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Abstract
It has been suggested that high latitude systems are one of the regions wheretheconsequences of global warming are becoming more evident. From an oceanographic point of
view, glacial fjords are particularly sensitive to climate change because oftheseasonaldynamics of sea-ice formation and melting and the important amount of sediment delivered
by tidewater glaciers. Our understanding of glacial fjords dynamics in the context of global
warming, however, has been the subject of study only during the last two decades. Glacial
fjords are estuaries whose complexity arise from a combination of submarine freshwater
discharges, as buoyant jets, a highly non-hydrostatic process. Although buoyant jets and
sediment transport associated with these processes have received attention through experimental,numericaland field studies, an integrated study of these processes and theestuarine
circulation in glacial fjord has been missing. This is explained partly by the difficulty in
collecting field data to validate and compare with modeled and experimental results. This
thesis describes the estuarine circulation and fine sediment transport associated with a subglacial freshwater discharge in a glacial fjord through simplified numerical simulations.
Results showed that the discharge of freshwater underneath a glacier into an idealized fjord
induces an estuarine-like circulation which is dynamically unstable in the near field, with
gradient Richardson number at the sheared interface less than < 1/4. The dilution factors
and velocities of the vertical and surface plumes are strongly and nonlinearly related to
the Froude number. The buoyancy flux primarily controls the resulting circulation with the

momentum flux playing a secondary role. Fine sediment transport experiments showed that
jet-dominated conditions are more sensitive to the presence of suspended sediment in the
discharge than buoyancy-dominated conditions. At high concentrations, sediment settles in
the far field, driven by convective sedimentation, and is transported back to the near field
by the landward estuarine current. Convective sedimentation is triggered when density is
increased by the higher sediment concentration at the interface between the upper and lower
layer.
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Chapter 1
Introduction and Overview

1.1

Introduction

Effects of global warming are expected to be strongest in polar regions, where sea-ice cover
and duration have declined (Comiso, 2002; Sorteberg and Kvingedal, 2006), and glaciers
and ice caps are melting and retreating rapidly (Oerlemans, 1993; Solomon et al., 2007;
Straneoetal.,2011).Thisaccelerationofglaciersmeltingandretreatingresults from complex feedback between ice melting and oceanographic conditions (e.g. in Greenland) (Holland et al., 2008; Rignot et al., 2010; Straneo et al., 2010; Mortensen et al., 2011; Straneo
etal.,2011). Some important consequences of this rapid melting and retreat of glaciers
are the increase in meltwater outflow (Solomon et al., 2007) and higher sediment input to
coastal marine environments (Hallet et al., 1996; Peizhen et al., 2001; Koppes and Hallet,
2002).
Glaciers that terminate in the sea and discharge ice (icebergs) through calvingarecalled
tidewater glaciers (Vieli, 2011). Most tidewater glaciers are fast-flowing, have intense
crevassingandterminateinnearlyverticalicecliffsupt080mhigh(Warren,2011). Some
authors have defined "tidewater outlet glaciers" (or outlet glaciers) to refer to glaciers that

discharge ice from ice caps or ice sheets into glacial fjords (Vieli, 2011). In tidewater
glaciers, freshwater can result from ice melting at the submerged glacier face or from a
combination of supraglacial flows and englacial or subglacial freshwater discharges.
Previous oceanographic studies related to glacial fjords were initially focused on the
submarine ice melting at the glacier face and icebergs, and the resulting buoyant plume
(Neshyba, 1977; Josberger, 1978; Josberger and Martin, 1981; Neshyba and Josberger,
1980; Horne, 1985). Subsequent studies tackled the probable structure of the buoyant jet
that provides the freshwater inflow in glacial fjords but their structure has been described
mainly in qualitative terms and without reference to structure of the water column or estuarine circulation (Syvitski, 1989; Powell, 1990; Russell and Arnott, 2003; Mugford and
Dowdeswell, 2011). Sediment transport by these discharges has been inferred from temporal and spatial variability of sediment characteristics and distribution in the water column
and on the bottom, but it has not been related to the characteristics of the subglacial buoyant jet (Powell, 1990; Domack and Williams, 1990; Cowan and Powell, 1991; Hill et al.,
1998; Curran et al., 2004; Trusel et al., 2010; Mugford and Dowdeswell, 2011). The main
reason for this lack of information is that subglacial discharges are more frequent and intense during the melting season (Powell, 1990; Cowan, 1992) when calving is more intense
(van der Veen, 2002): calving is a problem for mooring instruments, making it difficult to
make direct measurements. Therefore, an estimate of the relationship between the characteristics of the subglacial buoyant jet and the estuarine circulation and sediment transport
in the adjacent coastal zone would provide valuable information abouttheprocessestaking
place in glacial fjords.
Since glaciers are melting and retreating more rapidly, it is necessary to have a quantitative estimate of the impact of glaciers melting and sediment load on the adjacent coast.
The links between the tidewater dynamics and the characteristics of the glacimarine environrnenthavebeen well documented. The concentration of total suspended solids and the

extension of sedimentation processes in a glacial fjord influence somecharacteristicssuch
as heat exchange with atmosphere, flocculation of colloids andaggregationofparticles(influenceoncarbonflux),physical-chemicalandgeotechnicalpropertiesof the sea floor and
the extent of the photic zone (Svendsen et al., 2002). Suspended solids also have a direct
impact on organisms living both in the water column and in bottom sediments. Thus the
high sediment load in glacial fjords has a strong influence on the structureanddistribution
of planktonic and benthic communities (Gorlich et al., 1987; Hop et al., 2002; Fetzer et ai.,
2002; Etherington et al., 2007). Massive zooplankton mortality caused by osmotic shock
has also been observed (W~slawski and Legezyiiska, 1998; Zaj~czkowski and Legezyiiska,
2001).
This thesis investigates the relationship between the characteristics of subglacial buoyant jets and the estuarine circulation and fine sediment transport in glacial fjords. I took a
fundamental perspective, using a simplified setting in order to better understand the main
forcing under study, the buoyant jet. This simplification implies using a 2D modeling and
discarding other potentially important forcings, like tides and wind; discarding some initial
conditions, like stratification and pulse-like discharges; and dispensing with the wall shear
stressontheglaciaifaceandheatexchangewithsurroundingwater.Asaconsequence,this
approach imposes some constraints to the conclusions that can be drawn from this study.
However, these results lay the foundations for future investigations 0 nsubglacialbuoyant
jets,estuarinecirculationandsedimenttransportinmorecompiexscenarios.

1.1.1

Objectives

My general objective was to study hydrodynarnicand hydrographic responsesintheiceproximal zone of glacial fjords to subsurface freshwater and sediment discharges.
My specific objectives were:
1. To determine relationships between quantities that characterize the steady-stateestu-

arinedynamic(e.g. surfacelayerthickness,stability,strengthofestuarinecircu1ation)
and characteristics of subglacial buoyant jets.
2. To examine characteristics (e.g. velocity, dilution) of the freshwater/sediment plume
rising against the face of the glacier in relation to forcing parameters.
3. To test certain conceptual models, such as the Syvitski (1989) Froude number model
upon which the buoyant jet characteristics depend.
4. Todescribethetransportofcohesivesedimentbroughtintothefjordbyasubglacial
buoyant jet, for different sediment concentrations and jet conditions.

1.2

Literature Review

1.2.1

Glacial fjords

Fjords are highly stratified estuaries created by glacial carving and often characterized by
one or more submarine sills separating deep basins (Syvitski and Murray, 1981). The main
characteristics of fjords are their large length L to width W ratio (i.e. L/W » I), and
their steep sides and great depths compared to the adjacent continental shelves (Farmer and
Freeland,1983).
The principal areas where fjords are located are the western coasts of North and South
America (above about 45 0 latitude), the Kerguelen Islands and parts of Kamchatka, the
western coasts of mainland Europe and Britain (north of 56 0 N in Scotland), the coasts
of Spitsbergen, Iceland and Greenland, the Canadian Arctic Archipelago, the coasts of
Labrador and Newfoundland, the southwest coast of South Island, New Zealand, the open
coasts of Antarctica and of South Georgia, and other high latitude islands (Farmer and
Freeland, 1983). Gilbert (1983) gives a more specific definition for arctic and subarctic
fjords, defining them as those which are influenced by the presence of sea ice through at

least part of the year, including fjords of the Arctic Archipelago from Ellesmere Island to
Baffin Island, and of the east coast from northern Labrador to the Gulf of S1. Lawrence.
Moreover Gilbert (l983) separates arctic and subarctic fjords from mid-latitude fjords based
on that arctic fjords receive a lesser amount ofrunotfand this flow occurs only during brief
summer periods; that sea ice influences fjord processes; and calving glaciersandicebergs
contribute fresh water and sediment, in some cases, at considerable depth.
Fjords generally receive most of their freshwater from a river source at the head of the
fjord (Farmer and Freeland, 1983). This freshwater drives an estuarine circulation, with
brackish water moving seaward at the surface and a compensating lower seawater layer
flowing landward. However, as glacial fjords are bound at the head by tidewater glaciers,
the freshwater input comes from the subsurface meltwater that rises as a buoyant plume
("upwelling"),entrainsseawateralongtheglacierface, and then spreads horizontallyasa
gravity current at the surface or at mid depth (Curran et al., 2004). This particular kind of
fjord, known as a glacial fjord, is not uncommon, Syvitski (1989) estimated that 25% of the
world's fjords are under the influence of tidewater glaciers or f10atingglaciers.
In glacial fjords, freshwater can arise from a combination of supraglacial flows (from
melting at the top of glacier), ice melting at the front (submerged and emerged) of the
glacier, and subsurface freshwater discharges which can be at middle depth (englacial) or
underneath the glacier (subglacial). Concerning to the relative importance of these freshwater sources, Matthews and Quinlan (1975) hypothesized that, during summer, glacial ice
melting could be masked by the much larger input corning from subglacial streams. Cowan
(1992) also concluded that the influence of glacier melting is minor compared with the
discharge of meltwater from the subglacial tunnel.
Glacial meltwater discharges influence the distribution of physical characteristics of
glacial fjords. Pickard (1967) observed that glacial fjords had lower temperatures (2 - 3°C
lower) and a narrower range of salinity and density than non-glacial fjords. Matthews

and Quinlan (1975) described a warm surface layer spreading over a cold tongue from the
glacier and stated that tidal glaciers act as a heat sink and a source of oxygenated water.
The circulation pattern in glacial fjords is not always dominated by strong estuarine type
surface outflows but it can also show midwater and deepwater tongues near the glacial front
(Domack and Williams, 1990).
Subsurface discharges in glacial fjords are markedly variable and seasonal (Mackiewicz
et al., 1984). In Columbia Bay, Walters et al. (1988) mentioned that the dominant runoff
component is the meltwater flow that peaks in summer (over 300 m3

S-1

versus < 10 m3

S-1

in winter). This seasonality was also mentioned by Mackiewicz et al. (1984) and Cowan
(1992), who both explained that most of the freshwater enters these fjords during summer
from large streams discharged at the base of the water column. More recently, Svendsen
et al. (2002) observed that the main freshwater input to the fjord occurs in the summer season, mainly due to the melting of snow and ice, and that 90% of the freshwater is supplied
to the fjord during three summer months. Similarly, Motyka et al. (2003) described a strong
upwelling during late summer, observing water rising 0.5 m above the surface of the ambient water level; a thick overflow plume (30-35 m) consisting of a mixture of warm seawater
and cold freshwater was also observed. Moreover, diurnal variability in melting discharges
has been documented by Reed (1988), who observed maximal glacial discharges in the late
afternoon and early evening, after the maximum solar radiation in the middle 0 ftheday.
One of the first attempts to provide a comprehensive description of the oceanographic
processes in glacier-influenced fjords was made by Syvitski (l989). Syvitski(1989)asserted that subglacial or eng1acial discharges probably take the form of ajet whose behavior
depends on the density difference between the plume (Po) and the ambient fluid (Pa), and
jet momentum. Also, the curvature of the jet axis depends on the distance s from the point
of discharge (the ice tunnel), measured along the axis of the jet, thedistancerfromtheaxis
of the jet, the diameter dofthe ice tunnel, the initial jet velocity Uo and the Froudenurnber:

Fr= (gd(;»1/2'

(Ll)

The curvature will be large if IFrl is small. When IFrl - 0, then the jet will be directed
vertically upwards immediately after leaving the tunnel. On the other hand, the influence of
the initial momentum will depend on the angle (j3) between the tangent to the central axis of
the jet and the horizontal plane (for f3 = 0, the initial momentum predominates; for f3 = 90,
the buoyancy predominates). Furthermore, when the discharge is subglacial, the jet is a
planejetbecauseitinteractswiththeseafloor,whereitdecelerates more rapidly because
of the bottom friction, whereas englacial discharges are axisymmetric (Powell, 1990). As
the momentum flux is commonly small for most stream discharges, in comparison to the
buoyancy flux, the jet quickly transforms to a vertical jet and plume (Cowan and Powell,
1990). Russell and Amott (2003) also stated that when a flow is exiting along the basin
floor, the jet is better modeled as a plane-wall jet. The flow can be supercritical (Fr >
1) when just leaving the tunnel but then it can slow down and thicken, convertingkinetic
energy to potential energy (Fr < 1) and forming a hydraulic jump.
The main characteristics of the glacial fjords can be summarized as estuaries bound by
a vertical ice wall at the head and where, unlike typical fjords, the freshwater inflow is a
discontinuous subglacial buoyant jet at the base of the glacier. This discharge is highly seasonal and influences the physical characteristics and sediment distribution in the fjord. The
characteristics of the buoyant jet determine its further influence on theadjacentenvironment
butthisinteractionhasnotbeenstudiedfromanintegratedperspective.

1.2.2

Sedimentation in glacial fjords

About one-tenth of the world's coasts actually present active glacimarine environments or
environments where sediment is finally deposited after being dischargedfromglacierice

(Curran etal., 2004). In these environments, glacial fjords present characteristics such as
a steep coastline with little or no sediment accumulation on beaches, sediment discharges
mostly from only one source, a negligible bedload movement, and high inorganic sedimentationrates(SyvitskiandMurray, 1981;Syvitskietal., 1987; Curran et al., 2004).
Sedimentation in glacial fjords is determined by the combination ofsedimentinflowat
the base of the water column or from englacial discharges; the effect of ice calving on proximal sediment; a stratified water mass; and the presence of the glacial front (Mackiewicz
et al., 1984; Elverh~i et al., 1983). Additionally, katabatic winds can enhance upwelling at
the glacial front and affect sediment transport away from the glacier, as shown by a comparison of suspended sediment between days with and without winds (Cowan and Powell,
1990). Moreover,therecouldbesecondarysedimentdistributionbys1ides,gravityflows,
creep, waves and tidal action (Syvitski, 1989; Cowan and Powell, 1990).
The presence ofa glacier in direct contact with seawater causes adi fferentsedimentation
pattern. Recently, Zaj~czkowski (2008) compared two glacial fjords, a glacial-contact fjord,
with an englacial runoff; and non glacial-contact fjord, with a tidal flat 0.7 km wide between
the glacier and the fjord. Suspended particulate matter (SPM) was transported farther into
the fjord at the glacial contact fjord and a removal of 71 % of total SPM was caused by
tidal pumping and water mixing. Whereas in the glaciated fjord sediment was transported
by a buoyant flow of brackish water, in the non-glacial fjord, sediment was transported and
mixed in a flow along the bottom of the tidal flat.
Especially in temperate glacial fjords, meltwater plumes are the primary mechanism
whereby fine sediment (i.e. silt and clay) is transported (Curran et al., 2004). In one of the
first observations of buoyant plumes in glacial fjords, Hartley and Dunbar (1938) described
brown zones where surface currents moved away from ice (- 0.25 m

S-l)

and the water was

very muddy and coffee colored. The upwelling of melt-water can elevate the sea surface
by 0.1-1.0 m (Walters et aI., 1988). In this zone the concentration of suspended matter

may be 50-60 times higher than in the ambient water surrounding the ice front (Syvitski,
1989). Cowan and Powell (1990) observed suspended sediment concentrations averaging
0.73 kg m-3 at the surface of an upwelling zone that increased up to 1.4 kg m- 3 during
summer. Suspended sediment concentration in the overflow can be > 0.1 kg m- 3 within 1.5
kmawayoftheglacier.
Subglacial discharges have not only been observed in glacial fjords but also in openmarine tidewater ice fronts. One example is the Austfonna ice cap on Nordaustlandet,
Svalbard Archipelago, which has a long

(~

200 km) open-marine tidewater ice front. High

sediment loads in the Austfonna meltwater discharge indicated a subglacial origin and regions of high surface turbidity were often observed to extend some 15 kmperpendicularto
the ice front (Pfirman and Solheim, 1989).
Sediment modifies the behavior of buoyant jets and their interaction with the ambient
water. The suspended sediment load increases the jet momentum and initial velocity which,
along with the increased water viscosity from low temperatures, provides greater capacity
for meltwater streams to carry large volumes of debris (Syvitski, 1989). This effect is most
notorious for fine-grained sand (80 to 90 pm) but it is less important for sedimentsizes
less than 62 pm and greater than 250 pm (Mackiewicz et al., 1984). Due to the significant
settling velocity of coarser particles in comparison to a parcel of fluid, the progressive
settling of particles will produce a more rapid decaying of the jet velocity than that observed
inajetcontainingonlydissolvedmatter(Syvitski,1989).
Concentrations of suspended sediment higher than 30-40 kg m- 3 are necessary to compensate the density contrast between the water spouting from the ice tunnel and normal
seawater. However, normal suspended sediment concentrations in inflow to arctic fjords
are several orders of magnitude less than that (Gilbert, 1983). When the sediment concentrationisveryhigh,muchofthesedimentconsistsmainJyofcoarseandsand gravel
(Syvitski, 1989). During large storms, late in the melt season, however, the suspended

10
sediment load can be exceptionally high (up to five times normal) (Cowan et al., 1988).
In general, meltwater plume sedimentation rates show an exponential decrease away
from the glacier. Suspended fine sand and coarse silt sink as single grains whereas finer silt
and clay settle down within floes (Syvitski, 1989; Curran et al., 2004). Gilbert (1982) stated
that most of the sediment sinks from the overflow (and thus potentially deposited) within
15 to 20 km from the fjord head, although sedimentary structures are best preserved near
the head of the fjords. In this zone, very fine laminae can be preserved because the high
sedimentation rate inhibits the bioturbation and bottom currents are weak or absent (Cowan
andPowell,1990;JaegerandNittrouer, 1999).
Jaeger and Nittrouer (1999) affirm that deposition of sediment varied from highly nonsteady-stateatice-proxirnal stations to steady-state ata mid-fjord station, with deposition
rates that decreased systematically down fjord from 0.003 m d- I to 0.0002 m d- I , respectively. In this sense, Elverhl2lietal. (1983) observed that sediment concentrations in the
plume adjacent to the Kongsvegen can reach 0.3-0.5 kg m- 3 and are deposited at rates between 0.5 and 1 my-I, decreasing to I x 10-3 - 5 X 10-3 kg m-3 in central and outer parts
of the fjord, where the rate is 0.05-0.1 my-I. Thus about 90% of the sediment input from
Kongsvegen is deposited relatively adjacent to the ice front (Elverhl2li et al., 1983). In a
recent investigation, Svendsenetal. (2002) observed that during summerparticulateinorganic matter (PIM) is - 0.34 kg m- 3 at the glacier front and decreases to < 0.02 kg m- 3 , 10
km away. In the same area, Zaborska et al. (2006) classified all sediments of the Kongsfjorden as mud, but the proportion of clay and the organic matter concentration in sediments
increases with the distance from the glacier.
As observed by Mackiewicz et al. (1984), overflows or interflows have a cyclic nature
because of the diumal and seasonal fluctuations of the discharges and the cyclictidalcurrents. Accordingly, sediments have been observed to accumulate in theforrn of layers at
the base ofastratified water body that has a discontinuous or pulsating supplyofsediment,
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and each layer corresponds to a separate sediment influx episode.

1.2.2.1

Cohesive sediment and flocculation

Sediment particles are classified according to their size, following the Wentworth (or UddenWentworth) scale (Wentworth, 1922), subsequently modified by Krumbein and Sloss (1963).
In this scale, sediment finer than 62.5 Jim is commonly referred as fine sediment or mud
and includes silt and clays. Given their small size, these particles have very slow settling
velocities (e.g., particles between 2 and 4 Jim would settle with a velocity of 3 x 10- 6 m

S-l

to 1.4 X 10-5 m S-I). On average, these particles would settle 86 em in one day (Komar,
1976). The settling of cohesive particles, however, cannot be calculated from the relative
density, size and shape of the particle, because other processes, such as Brownian motion,
local shear, and differential settling, become significant at this level (Dyer, 1995;Shi and
Zhou, 2004). Moreover, these fine particles collide with each other and form aggregations
or floes whose size and settling velocity are several orders of magnitude higher than those
of individual particles (Partheniades, 1986).
Syvitski (1989) described three different processes causing particles aggregation: flocculation, aggregation, and pelletization. Flocculation consists in the neutralization of the
surface ionic charges on the particles by the water ions and the attraction ereatedthrough
van der Waals interaction (Syvitski, 1989; Dyer, 1995). Aggregation is the agglomeration
of particles caused by organic films or secretions from organisms. Pelletization is caused
by the ingestion of individual particles by zooplankton and the subsequent excretion in
the form of fecal pellets. Since the high load of sediment inhibits a significant presence
of planktonic organisms in glacial fjords, it is likely that flocculation must be the more
important process linked to particles aggregation in these systems.
Among many factors affecting flocculation, concentration is the most important (Burt,
1986). Therefore, flocculation increases the effective settling velocity which in tum be-
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comes a function of particle concentration rather that the grain size (Dyer, 1988). However,
itis worth pointing out that the settlingveloeity of mud flocscan be also affected byother
proeesses, such as turbulence, shear or bottom shear stress, floc strength, fracta! structure,
sediment composition and residence time of flocs (Shi and Zhou, 2004).
The relation between concentration and floc sett1ing velocity is not constant but presents
different regimes according to the range of concentration. At very low concentration, aggregation is negligible and the settlingveloeity (w s ) does not depend on concentration(Mehta,
1986). Within a certain range of concentrations, the relationship between

Ws

and concen-

tration C, is found to be of the form:

ws=kC n

(1.2)

When the suspended sediment concentration is higher than 0.1-0.3 kg m- 3 the free settlingchanges to flocculation sett1ingbecause of the increased probabilities of particles collision. Above approximately 2 kg m-3 , the settling velocity decreases with increasing sediment concentration due to the hindrance between particles (Mehta, 1989).
By making measurements in situ, Hill et a1. (1998) observed that floes can grow to
diameters of the order of I mm and sink at speeds of approximately 0.5 x 10-3
m

S-I.

-

3

X

10-3

Measuring floes in a range of 0.63 - 5.05 mm of equivalent circular diameter, they

were able to fit a regression which allowed to estimate a settling velocity of 1.5 x 10-3
m

S-1

for a I mm diameter floc in Glacier Bay, Alaska. More recently, You (2004) found

that the settling velocity is independent of sediment concentration if the concentration is <
0.3 kg m- 3 , whereas there is a nonlinear relationship for concentrations between 0.3 and
4.3 kg m- 3 , and a hindered settling regime for concentrations higher than 4.3 kg m- 3 . An
empirical formula was proposed (Eq. 1.3):

Ws

=

Wo

exp (0.9779C - 0.1080C2),

(1.3)

13

where w, and Wo are settling velocities, in mm S-l, and C is the sediment concentration, in

So far, simple expressions have been used to represent the effectofconcentrationon
flocculation and settling velocity, as shown above. Moreover, new expressions that inelude turbulence and shear stress have been proposed, such as the formula proposed by
Van Leussen (1994) (Eq. 1.4):

w, = -O.OOlC

IJ

(~1++0~~~~)'

(1.4)

where G = (Ps+Pb)fv, P, = K m [(oufod+(ovfoz)2], and Pb = gfPoKh(op)foz (Km=vertical
eddy viscosity; Kh=vertical eddy diffusivity), or that proposed by Manning etal. (2007)
(Eq.1.5):

w, = 0.6 + 0.6T - 6.7? + 0.00052 SPM,

where

T

(1.5)

is the turbulent shear stress (N m- 2 ) and SPM is suspended particulate matter

concentration (mg L- 1).
A similar expression was fit for the Tamar estuary by Dyer et al. (2002):

w, = -0.243 + 0.000567 SPM + 0.981 G - 0.0934G 2 ,

(1.6)

where SPM is suspended sediment concentration (mg L- 1). G is the turbulent parameter
(G = CU:f(KYZ))O.5) (S-l), where U. is the friction velocity, K is the kinematic viscosity and

v is the von Karman's constant, and z is the height above the bed.
The process of resuspensionfdeposition of fine sediments at the bottom is more complicated than forcohesiveless sediments, owing to the cohesiveness ofpartieles smaller
than 100 pm (Komar, 1976). However, cohesiveness varies with changes in mineral composition, organic matter content, and sediment bulk properties (Komar, 1976). Therefore,
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depending on the characteristics of the fine sediment and degree of consolidation, the shear
stress or current velocities necessaries to start their motion can be significantly higherthan
those corresponding to coarser sediments. In a recent review of field and laboratory observations, van Rijn (2007) stated that the initiation of motion of fine sediment beds is in the
range of 0.1 - 0.2N m- 2 and cohesive effects become important for particles finer than 62
pm.

1.2.2.2

Sedimentation from buoyant jets and plumes

Field and laboratory studies about sedimentation from buoyant jets and plumes have been
mainly focused on non-cohesive sediments (Carey et al., 1988; Sparks et al., 1991; Bursik,
1995; Ernst et al., 1996; Lane-Serif and Moran, 2005). Recently, Lane-Serff (2011) modeled the deposition of cohesive sediment from buoyant jets and found that the fall-speed
decreases as the sediment load decreases. Also this author observed that deposition rate
was lower near the origin but was higher further away from the source as more sediment
remained in the current for longer distances.
Convective sedimentation is a process that has recently been observed in the sediment
transport associated with buoyant plumes (McCool and Parsons, 2004). This convection
occurs when the stratification hinders the fall speed of the sediment and, as a result, sedimentconcentrates along the pycnocline, until the region becomes gravitationallyunstable
and the inhomogeneities in the density field can eventually turn into convective cells (Hoyal
et al., 1999; Parsons and Garcia, 2001; McCool and Parsons, 2004). The first laboratory observations about this process, also called "sediment fingering", were done by Green (1987)
who stated that this process can be important especially in conditions of high sediment
concentration, small particles and weak stratification. Furthermore, Parsons et al. (2001)
observed that the convection occurred even at sediment concentrations as low as 1 kg m- 3 ,
and described the generation ofabottom turbidity current, orhyperpycnal pIumeoverthe
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bottom.

In synthesis, glacial fjords present characteristics that make them ideal naturallaboratories to study sediment transport. Subglacial discharges can transportsedimentin very high
concentrations. Most of the sediment (especially, the coarser fractions) sinks near to the
glacier, whereas the fine sediment can be transported longer distances. The fine sediment
(silt and clay) setiling is not particle-like but it is affected by differentaggregationprocesses
that cause a more rapid deposition through the water column. The most important aggregation process is flocculation, which is primarily concentration-dependent. When sediment is
transported by buoyant plumes, a process called convective sedimentationcantakeplace.

1.2.3 Wall jets and plumes
As it has been described above, circulation in a glacial fjord results from a combination
of freshwater discharges as subsurface buoyant jets; a buoyant wall plume rising along the
glacier face; and a horizontal flow spreading at the surface or mid-depth. Wall jets have
been studied experimentally (Sharp and Vyas, 1977) and numerically (Huai et al., 2010).
Sharp and Vyas (1977) found that wall jets cling to the bottom before going up under the
effect of buoyancy, along a distance which is directly related to the Frnumber. Similar
results were found numerically by Huai et al. (2010). However, both cases consisted of a
point source and not a wall jet issuing from a vertical wall.
Buoyant jets or forced plumes originate from sources of both momentum and buoyancy.
According to Fischer et al. (1979), however, all buoyant jets behave as plumes after certain
distance along the flow. The distance along the plume axis where the initial momentum flux
is significant depends on the Morton's length scale, 1m (Morton, 1959), defined as the ratio
of initial momentum flux (M) to initial buoyancy flux (B) raised to 2/3 (for plane jets). In
this way, for

z < 1m

the buoyant jet is momentum dominated (jetlike) whereas that if z > 1m

flow is buoyancy dorninated (plumelike) (Fischeretal., 1979).
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An important feature of buoyant jets in fjords is their confinement within the limit imposed by the height of the free surface. The experimental and analytical studies on the
effect of confined depth on buoyant jets were begun by Jirka and Harleman (1973) and subsequently complemented by other investigations (Jirka and Harleman, 1979; Lee and Jirka,
1981; Jirka, 1982). Jirkaand Harleman (1973) divided a buoyant jet in confined depth into
four zones: the buoyant jet; the surface impingement; the internal hydraulic jump; and the
stratified counterflow. One of their most important results, however, was to demonstrate
that the structure and dilution at each zone can be defined as function of only three dimensionless parameters: the Froude number Fr, the relative submergence Hid (where H is the
total depth) and the vertical angle of discharge (B). JirkaandHarleman(l973)observed that
the near-field zone (formed by the buoyant jet; the surface impingement; and the internal
hydraulic jump) is stable only for a limited range of Froude numbers and relative submergence. A stable jet was defined as not showing re-entrainmentand recirculationcellsand
the solution defining the limit between stable and unstable conditions was found to be:

(1.7)

This dependence of the stability and mixing of a buoyant jets on Fr and Hid in a confined depth has been observed experimentally and modeled in horizontal buoyant jets (Jirka
and Harleman, 1973; Jirka, 1982; Sobey et al., 1988) and vertical buoyant jets (Jirka and
Harleman, 1979; Lee and Jirka, 1981; Wright et al., 1991; Kuang and Lee, 2001, 2006).
One of the first comprehensive works about turbulent jets and plumes was done by List
(1982) who asserted that an increase in momentum with distance along vertical turbulent
plumes is observed as a result of the continuous buoyancy flux at the sourceo Although
many studies have concentrated on dilution caused by mixing along the rising jet, Wright
etal. (l991) indicated that dilution can be even greater if an internal hydraulic jump is
present. However, Kuang and Lee (2006) stated that this hydraulic jump zone may not be
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observed.
Vertical buoyant wall plumes have been studied mostly in the field of flames and heat
transport (Grella and Faeth, 1975; Ljuboja and Rodi, 1981; Lai et al., 1986; Lai and Faeth,
1987; Sangras et al., 1998, 1999,2000). In particular, Ljuboja and Rodi (1981) observed a
considerably smaller spreading and dilution for this kind of plume, compared with the case
ofafreevertical buoyant jet (or plume). This idea has also been highlighted bySangras
et al. (1999) who also pointed out that the presence of the wall limits mixing to one side
and inhibits the development of large eddies normally present in freebuoyantplumes.
Even though all the processes described above have been studied separately, from the
perspective of pure fluid mechanics, an analytical and integrated description ofa glacial
fjord considering these components has not been undertaken.

1.2.4 Modeling
1.2.4.1

Modeling of glacial fjords processes

To date, there have been some efforts to model buoyant jets in glacial fjords and ice caps.
One of the first attempts to model the buoyant jet in a glacial fjord was by Greisman (1979),
who investigated the ice melting on a glacier face. Greisman (1979) proposed that the
glacier melting below the water line appeared to be the most probable process driving the
upwelling observed at the glacier face. Employing a simple equation of state, basic thermodynarnics, and laboratory results, themeltrateperunitareamofavertical ice wall ina
stratified ocean was proposed to be:

t '
-1/5

moc(/:iT)8/ 5 (

)

(1.8)

where /:iT is the temperature difference between seawater in contact with the glacier and the
far field seawater; and 8p/8z is the far field density stratification. This equation says that
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the melt rate is a strong function of the far field water temperature and weakly dependent
upon the density gradient.
MacAyeal (1985) used a stream tube model to examine the evolution of subsurface meltwater plumes and showed that the net vertical penetration of the plume was controlled by
the ice melting along the plume path in contact with the glacier face, driven by turbulent entrainment of ambient seawater. In a recent investigation, Mugford and Dowdeswell (2011)
used an integral jet model that conserved volume, momentum, buoyancy, and sediment flux
along the path of a turbulent buoyant plume and included and empirical expression to represent flocculation. The model results were in good agreement with sedimentation observed
in McBride Glacier (Alaska).
In a broader context, freshwater runoff into glacial fjords have also received attention during the last decade. Motyka et al. (2003) applied a model for convective flow in
proglacial waters and calculated that 88.7% of the total discharge of the plume was entrained seawater. From the other 11.3%, subglacial discharge represented 10.8% and only
0.5% came from ice melting. The significance of the freshwater runoff was also highlighted
in a recent study in Glacier Bay by Hill et al. (2009), who estimated that the freshwater
runoff could range between a few hundreds to a few thousands m3
could peak up to 10000 m 3

S-l

S-l

but the discharges

during extreme events.

Given the importance of sediments in fjords and estuaries, much modeling efforts have
beenfocusedonthissubject.Someoftheseeffortshavebeenspecificallyfocusedonglacial
fjords. Syvitski and Andrews (1994) used a numerical model to evaluate the changes in the
fluvial sediment outputs for two contrasting climate-change scenarios (warmer summers
versus warmer and moister winters) in the eastern Canadian Arctic and established that the
largest impact would be observed during warmer summers, by causing ice caps to melt and
induce more expansive and turbid river plumes, increase the progradation of the coastlines,
raise the relative sealevel, and increase the number and sizeofturbiditycurrentsgenerated
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olfrivermouths.
A modeling of sedimentation of suspended particulate from fluvial plumes in the distal
region of a fjord was undertaken by Bursik (1995). In this model, it was assumed that
the particle suspension was sufficiently dilute that it did not alfect plume density. The
results suggested that the empirical modeling of the sedimentation from fluvial plumes was
also derivable from physical reasoning by including the governing dynamical principles
of buoyancy and sedimentation (Bursik, 1995). In a similar approach, Liu (2005) used a
vertical two-dimensional model to investigate the influence of settling velocity on cohesive
sediment transport under low flow conditions in the Tanshui River estuary. The results
of the model were in qualitative agreement with the available data. However, Liu (2005)
recognized that although the settling velocity was expected to increase with the size, large
floes could have smaller density and there was nota unique relation between floc size and
settling velocity. Thus, flocculation is a complex process whose dependence on chemical
and physical parameters make difficult to include it in quantitative and analytical models.
From a perspective of glacier dynamics, Oerlemans (1993) used a total mass budget, including sediment transport, to simulate the advance-retreat cycle of a tidewater glacier and
could link the glacier advance and sediment accumulation to the climatic forcing. Similarly,
Mugford and Dowdeswell (2007) used a stratigraphic simulation model to compare the sedimentation between a meltwater-dominated glacier and an iceberg-dominated glacier. In
both cases a two-dimensional model accounted for the conservation of mass, momentum,
buoyancy and sediment flux along the path of the turbulent, entraining plume flowing into
a stably stratified ambient fluid. The application of this glacimarine sedimentation model
was able to link the environmental and climatic conditions in these contrasting glaciological settings to the geological formation of distinctive glacimarinedeposits (Mugford and
Dowdeswell, 2007).
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1.2.4.2 Nonhydrostatic modeling
Presently, the applications of CFD have taken two main approached to parameterize turbulence and avoid the high memory and processing work of direct numerical simulations
(DNS), which are very demanding in terms of processing and memory because a solution
of the complete time-dependent Navier-Stokes equations is sought. Reynolds Averaged
Navier-Stokes simulations (RANS) are simulations where equations are time-averaged and
space-averaged where turbulence is not completely described as function of time. These
simulations save a lot of computational time. Large Eddy Simulations (LES) are simulations where only large eddies are directly computed whereas smaller scale eddies are implicitly solved or modeled through a subgrid scale model (SOS model). In this case, some
kind of filtering is used to discriminate large and subgrid fluctuations. Comparatively, LES
are closer to observed flow patterns but are more memory and processing demanding than
RANS.
Most models used in oceanography consider the hydrostatic assumption as justified
when horizontal length scales Lofthe motion are several orders ofmagnitudelargerthan
vertical length scales H (Cushman-Roisin, 1994), i.e. when

H«L

(1.9)

By scaling the continuity equation it can be shown that 1.9 is equivalent to

W«U,

(1.10)

whereUand Ware, respectively, characteristic horizontal and vertical velocityscalesofthe
flow.
Under conditions 1.9 or 1.10 the vertical momentum equation can be reduced to the
hydrostatic equation. However, in spite of the great advantage in simplifying the numer-
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ics and being suitable for modeling large-scale ocean circulation, hydrostatic models are
not adequate to reproduce many small-scale processes. Marshalletal. (l997) stated that
hydrostatic primitive equations (HPE) begin to break down for flows with horizontal scale
between 10 and 1 Ian.
Compared to standard fjords, glacial fjords presentafreshwaterinflowenteringthefjord
at depth, either as subglacial or englacial discharges. This causes a narrow rising plume of
freshwater of typical horizontal length scale L - 1 m, much smaller than the vertical scale
of the plume, typically of order of the fjord depth, i.e. H - 100 m. The freshwater forcing
in glacial fjord is therefore highly nonhydrostatic since H/L » 1. Standard hydrostatic
models can therefore not be used to simulate glacial fjords dynamics, unless the rising
plume can be somewhat parameterized. However, there is little information for such a
parameterization.
Insurnrnary, the modeling efforts related to glacial fjords have been focused on the
structureofthesubglacialbuoyantjet,thefreshwaterbalanceandtheresponseofthesediment load associated with tidewater glaciers. These approaches are, however, fragmentary
and do not provide a description of the subglacial buoyant jet and the resulting estuarine
circulation and fine sediment transport as a whole. Furthermore, a nonhydrostatic model
has never been used in order to sirnulate these processes, in spite of its suitability.

1.3

Overview

The present thesis expands the knowledge from existing studies about circulation and sedimenttransportinglacial fjords, by carrying out fundamental numerical experimentsofthe
process, using a fully nonlinear and nonhydrostatic model set in an idealized 2D configuration. For the sake of simplicity, these numerical experiments did not include ambient
stratification, ocean currents, or any ice process, as the main objectiveofthisinvestigation
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was to capture a basic understanding about the flow structure and processes associatedwith
a subglacial discharge in glacial fjords.
The first part of this thesis explored the estuarine circulation in a glacial fjord and Iooked
at the relationship between the characteristics of the subglacial buoyant jet and the structure of the water column in the ice-proximal zone, such as stratification, stability, and the
strength of the estuarine circulation. These experiments were set to encompass a range of
momentum-dominated to buoyancy-dominated conditions respect to the characteristics of
the issuing jet. This work has been published by Salcedo-Castro et al. (201Ib).
Thesecondpartofthethesiscoveredthetransportoffinesediments(mud)that is injected into a glacial fjord by the subglacial buoyant jet. A number of experiments from
the first part was selected to investigate the estuarine circulation andtransportofsediment
associated with sedirnent-laden buoyant discharges. The size of the sediment chosen for
these experiments demanded to include flocculation as an important component transport
of fine grained sediment. This work has been submitted by Salcedo-Castro et al. (201Ia)
for publication.
The last chapter of this thesis summarizes the main results of this research and highlights
some conclusions. Some suggestions for future work are presented in the finalchapter.
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Connecting Text
In order to study the relationship between the characteristics ofasubglacialbuoyantjetand
the associated estuarine circulation in a glacial fjord, a series of fundamentalexperiments
was undertaken. The buoyant jets were defined in terms of buoyancy and momentum dominance, using the Grasof and Reynolds numbers, respectively. The balance between momentum and buoyancy was finally represented by the Froude number. Another important
nondimensional number included in these experiments was the relative submergence which
accounted for the effect of the finite depth on the evolution ofthebuoyantjet. It is observed
that the estuarine circulation is dynarnically unstable in the near field anddependenton the
jet Froude number. These conclusions and settings are combined in the Chapter 3 to study
the transport of fine sediment carried by a subglacial buoyant jet.
This paper is titled "Circulation induced by subglacial discharge in glacial fjords: Results from idealized numerical simulations". It has been published in Continental Shelf

Research (Salcedo-Castroetal., 2011).
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Chapter 2
Circulation induced by subglacial
discharge in glacial fjords: Results from
idealized numerical simulations

2.1

Abstract

The flow caused by the discharge of freshwater underneath a glacier into an idealized fjord
is simulated with a 20 nonhydrostatic model. As the freshwater leaves horizontally the
subglacial opening into a fjord of uniformly denser water it spreads along the bottom as
a jet, until buoyancy forces it to rise. Ouring the initial rising phase, the plurne meanders
into complex flow patterns while mixing with the surrounding fluid until it reaches the
surface and then spreads horizontally as a surface seaward flowing plume of brackish water.
The process induces an estuarine-like circulation. Once steady state is reached, the flow
consists of an almost undiluted buoyant plume rising straight along theface of the glacier
that turns into a horizontal surface layer thickening as it flows seaward. Over the range
ofpararneters examined, the estuarine circulation is dynamically unstable with gradient
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Richardson number at the sheared interface having values of < 1/4. The surface velocity
and dilution factors are strongly and nonlinearly related to the Froude number. It is the
buoyancy flux that primarily controls the resulting circulation with the momentum flux
playing a secondary role.

2.2

Introduction

Polar regions are particularly sensitive to global climate change sinceglaciersandicecaps
are among the systems that show the most significant response to warming (Solomon et al.,
2007). For example, substantial reductions of the sea-ice pack extent may lead to important
changes to the structure and function of the Arctic marine environment, such as increases
in meltwater outflow (Solomon et al., 2007) and greater sediment input to coastal marine
environments (Peizhen etal., 2001).
The connection between ice and ocean boundaries in Arctic environments can be through
glacial fjords. In these systems, freshwater can come from supraglacial flows (from melting at the top of glacier), subsurface freshwater discharges which can be at middle depth
(englacial) or underneath the glacier (subglacial), or ice melting at the front (submerged
and emerged) of the glacier produced by the ambient water. The last process has been proposed as the main mechanism driving the vertical circulation and melt driven upwelling
along the glaciers and icebergs face, from a combination of laboratory and theoretical studies (Josberger and Martin, 1981), field observations in the Weddell Sea (Neshyba, 1977),
icebergs off NE coast of Newfoundland (Josberger and Neshyba, 1980) and South Cape
Fjord(Horne,1985),andacombinationoflaboratoryandfieldstudiesintheLabradorSea
(Josberger, 1978) and the Antarctic (Neshyba and Josberger, 1980).
In some subpolar glacial fjords, however, the glacial ice melting can be masked by
the much larger freshwater input from subglacial streams, during the melting season, as
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observed in Muir Inlet by Matthews and Quinlan (1975) and in Columbia Bay by Walters
et al. (1988). The same conclusion was reached by Mackiewicz et al. (1984) in a study of
Muir Inlet, and by Cowan (1992), in a study of McBride Inlet. This has also been stated by
Svendsen et al. (2002), in their study of the Kongsfjorden-Krossfjorden system, and, more
recently, by Motyka et al. (2003), who applied a model for convective flow in proglacial
waters (immediately in front of the glacier face) of LeConte Glacier and estimated that
88.7% of the outflow was entrained seawater, 10.8% from subglacial discharge, and only
0.5% from ice melt. Therefore, besides the importance of the feedback between ocean
properties and melt rates on the ice face, itis also necessary to focus onhow an alteration
of the retreat rate of tidewater glaciers and meltwater outflow will affect the adjacent coastal

One of the first reviews of the oceanographic processes in glacially influenced fjords
was done by Syvitski (1989) and later expanded by Powell (1990). They asserted that
subglacial discharges take the form of a buoyant jet whose behavior depends mostly on the
density difference between the plume (Po) and the ambient fluid (Pa), the diameter d of the
tunnel opening located at the base or at mid depth of the glacier face, and the initial jet
ve10city uo, all these variables being represented in the Froude number:

Fr=(gd(;»1/2'

(2.1)

where g is the gravitational acceleration. According to this conceptual model, the initial
horizontal jet is directed upward immediately after leaving the tunnel forsituationscharacterized with IFrl - 0 (Fig. 2.1, left). In addition, the influence of the initial momentum
depends on the angle (j3) between the tangent to the central axis of the jet and thehorizontal
plane (for f3 = 0, initial momentum predominates; for f3 = 90, buoyancy predominates).
Therefore, circulation in a glacial fjord during the melting season can be summarized as
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a subglacial buoyant jet producing a buoyant wall plume rising along the ice face; and a
horizontalbuoyantflowspreadingatthesurfaceormid-depth(Fig.2.l,right).

IFI"o

1

Figure 2.1: Left: Proposed scheme of the dependence of subglacial jet circulation on the
densimetric Froude number (Fr) (modified from Syvitski, 1989). Right: Different zones
defining the structure of a forced plume entering the sea as a plane jet (VBP: Vertical buoyant plume; HBP: Horizontal buoyant plume) (after Powell, 1990).

The effect of confined depth on buoyant jets has been object of many studies. One of
the first experimental and theoretical investigations was carried out by Jirka and Harleman
(1973) and further studied by others (Jirka, 1982; Jirka and Harleman, 1979; Lee and Jirka,
1981). Accordingtothismodel,abuoyantjetinconfineddepthcanbeschematizedinto
four zones: the buoyant jet; the surface impingement; internal hydraulic jump; and the
stratified counterflow. One of the most important results of this model was to establish that
the structure and dilution at each zone can be defined as function of only three dimensionless parameters: the Froude number Fr, the relative submergence Hid (where H is the total
depth) and the vertical angle of discharge (B). In this sense, List (1982) has also stated
that the vertical motion in turbulent buoyant jets undergoes an increase in momentum with
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distance along the path as a result of the continuous buoyancy flux at the source.
Jirka and Harleman (1973) also separated stable and unstable jets in function of these
three parameters, where a stable jet was defined as not showing re-entrainment and recirculation cells. This dependence of the stability and mixing of a buoyant jets on Fr and H / d
in a confined depth has been observed experimentally and modeled in horizontal buoyant
jets (Jirka and Harleman, 1973; Jirka, 1982; Sobey et al., 1988) and vertical buoyant jets
(Jirka and Harleman, 1979; Lee and Jirka, 1981; Wright et al., 1991; Kuang and Lee, 2001,
2006).
To date, the response ofa glacial fjord to a subglacial freshwaterdischargehas been
studied mostly qualitatively based on simplified theories. Here we expand existing studies by attempting to carry out a fundamental numerical study of the process using a fully
nonlinear and nonhydrostatic model set in an idealized 20 configuration. These numerical
experiments do notinc\udeambientstratification, ocean currents, or any ice processes, as
we hope to capture some basic understanding about the flow structure and processescaused
only by a subglacial discharge in glacial fjords.

2.3

Methods

2.3.1

Model

Compared to fjords in general, glacial fjords present freshwater entering the fjord at depth,
either as subglacial orenglacial discharges. This causes a narrow rising plumeoffreshwater
with a typical horizontal length scale L - 1 m, much smaller than the vertical scale of the
plume which is roughly the fjord depth, i.e. H - 100 m. The freshwater forcing in a glacial
fjord is therefore highly nonhydrostatic since H/L» 1 (Marshall et al., 1997). Standard
hydrostatic models can therefore not be used to sirnulate glacial fjords dynarnics, unless the
rising plume could be parameterized in some way. There is, however, no information for
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such a parameterization.
In this study, idealized two-dimensional numerical simulations were carned out to understand the plume response to different forcing situations. The model used is a nonhydrostatic, two dimensional, laterally averaged model (Bourgault and Kelley, 2004).
The model has been validated by comparing its results with results from typical problems in fluid dynamics, like lock-exchange flow, shear instability, collision of an internal
wave with sloping bottom, and exchange flow through a contracting channel. Moreover,
the model was compared with realistic oceanographic conditions, varying the depth and
the channel width along the axis of the domain, and with strong nonhydrostatic features
(Bourgault and Kelley, 2004).
The chosen model is of the type large eddy simulations (LES), where large eddies are
explicitly solved whereas smaller scale eddies are implicitly solved through a subgrid scale
model (SGS model). In this case the model uses the Smagorinsky scheme to parameterize
subgrid scale turbulence processes. Thus, the mixing length is proportional to the grid size
used in the computation i.e. the turbulent viscosity is grid size dependent.
This model uses a finite difference scheme with a variable mesh z-coordinate C-grid
and solves the following equations:

~ +u~ +w~ = -~~ _.£..g +!.... (ve~) +!!.. (ve~),
8t

8x

8z

Po 8z

Po

8x

8x

8z

8z

(2.3)

along with the two-dimensional continuity equation:

~+~=o,
and the advection-diffusion equation for density:

(2.4)
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8p
8p
8p
8 (8P ) 8 ( 8P )
7ft + ua.; + W-az- = a.; Kea.; +;3z Ke-az- '

(2.5)

where u(x, z, t) is the horizontal velocity component; w(x, Z, t) is the vertical velocity
(positive upward); p(x, z, t) is the pressure; Po is a constant reference density; p(x, z, t) is
the density; gis the gravitational acceleration; ve(x,z, t); and Ke(X, Z,t)arethecoefficientsof
eddy viscosity and diffusivity, respectively. The initial viscosity and diffusivity coefficients
were set to

Ve

= 1.0 X 10-6 m 2

S-I

and Ke = 1.0 X 10-7 m 2

S-I,

respectively.

Centered differences are used for the spatial derivatives in the momentum and continuity
equations as well as diffusion terms in the scalar equation. A second-order limited upstream
differencing scheme is used for the advection of scalar quantities in order to reduce the
numerical dispersion associated with the centered advection scheme.
Subgrid scale processes of viscosity and diffusivity are parameterized in themodel,fo1lowing Smagorinsky (1963), which is an adaptive scheme depending on the grid spacing
and velocity field and uses an adjustable constant of proportionality (Haidvogel and Beckmann, 1999). The Smagorinsky scheme is mostly used in 3D simulations, where important
processes like vortex stretching can be better simulated. In 2D simulations, however, important rotational and three dimensional turbulence processes like vortex stretching cannot
be modeled. In spite of this fact, the use of the Smagorinsky scheme has proved to be usefu1 in getting valuable information in 2D, stratified 2D (Ozgokmen et al., 2007) and quasi
2D simulations (Awad et al., 2008) which is comparable to the structures observed in 3D
modeling (Huang, 2001). Furthermore, the suitability of 2D models to represent turbulence
features that are essentially 3D has been previously stated (Batchelor, 1969).
Note that in Bourgault and Kelley (2004) the longitudinal section can have a variable
width, represented by a width term B, whereas equations 2.2-2.5 are written here for a
channel of constant width, i.e. forB = constant.
The numerical experiments are set in a two-dimensional configuration (x, z), a 10ngi-
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tudinalsectionofaglacialfjord,andwithfreshwaterforcingattheglacierface. All the
experiments were run with a free surface.
The total length of the numerical domain is 206 kIn for all simulations with a total
depth H = 100 m. The numerical grid has a constant vertical resolution of M = 1 m. In
the horizontal, the grid has a resolution of tu = 1 m for 0 < x < 100 m (i.e. the region of
interest). For x > 100 m the grid size increases linearly to a maximum of bx = 5000 m.
The domain is long compared to the plume width such that the seaward boundary condition
does not influence the results. All simulations reached steady state in the region x < 100 m
before the freshwater front reached the seaward boundary.
At the bottom, a bottom shear stress is imposed following

(2.6)

where Ub is the bottom cell horizontal velocity, and CD is a drag coefficient given by the law
of the wall (Kundu, 1990),
(2.7)

CD=[K/ln(l/Io)f,
where

K

= 0.41 is von Karman's constant, 1 is the height above the bottom, and 10 is the

roughness length, here set to 10 = 1.0 X 10-3 m.
At the seaward open boundary, the horizontal velocity

U

and density p are calculated

using the following radiation condition:

~+U~=O,

(2.8)

t+ut=O,

(2.9)

and

respectively. Note however that these seaward boundary conditions have little practical
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effect since, as mentioned above, simulations are stopped before the freshwaterreachesthe
seaward boundary.
In all experiments, the glacier was represented as a vertical wall with a no-slip boundary
condition. This approach was adopted as part of the simplification in the modeling effort.
A further step should be focused on evaluating the effect of friction with the verticalwall
representing the glacier. The initial condition was defined as still, uniform density water.
The only forcing was a steady flow produced at the open cells set through the glacier face.

2.3.2

Control parameters

The control pararneters of the simulation are: the total depth ofthefjordH,theopening
depth h, the opening size d, the jet velocity uo and the density difference !:lp = Pa - Po,
wherepaisthearnbientwaterdensity(Fig.2.2).

Glacier

--r cP
I
H

I

It

~

I
~~leD

~

~

Fjord
P.

Figure 2.2: Schematicrepresentationofaglacialfjord,showingpararnetersconsideredin
the numerical experiments.
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Two non-dimensional numbers characterize the experiments. The Reynolds number

Re=~,

(2.10)

characterizes the momentum flux; and the Grashof number

Gr = (Pa - Po) g d
Po y2
characterizes the buoyancy flux, where

y

= 1.0

3

X 10-6

,

m

(2.11)

2S-1

is the kinematic viscosity of

freshwater.
Although some authors have argued that the trajectory of the buoyant jet will depend
on these two numbers (Arakeri et al., 2000; He et al., 2002), Angirasa (1999) suggested
that the effects of the buoyancy are important only when jet velocities are small. Another
number that determines the relative importance of the jet flow and the buoyancy flow, is
the Froude number (Eq. 2.1), equivalent to the ratio of inertial to buoyancy forces (Fr =
Re/Gr I/2 ) (Arakeri et al., 2000). Therefore there are two limiting cases: when Re « Gr 1/2 ,
corresponding to a buoyancy-dominated flow; and when Re » Gr 1/2 , which results in a
forced convection jet problem.
Another important parameter that characterizes the geometry of the experiment is the
relative submergence, defined as the ratio between the total depth and the width of the
opening ,i.e.:

(2.12)
Although the experiments were defined in terms of the Re-Gr space, the relative submergenceand the depth of the opening h change in different runs as a consequence of varying
the opening sized.
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A number of experiments covering a range of buoyancy and jet dominated conditions

in a glacial fjord were run. The experiments encompass a range of Re between 104 and
106 whereas Or number ranges from 107 and 10 14 • The parameter space was set within
constraints imposed by the grid size and according to ranges approximately realistic of jet
velocity and density differences. The velocity is between 0.05 - 2 m S-I, densities (0-,) from
24-28 kg m- 3 (corresponding to salinities from 30 to 34). Thus the Fr varies between 0.02

and 3.8. These experiments are summarized in Table 2.1.
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Table 2.1: Control parameters and non-dimensional numbers for experiments of subglacial
freshwater discharges.
Run

lip

d
(m)

(ms- I )

Re

Gr

Fr

3.2

(kgm- 3 )

1

0.01

0.001

1.0xHl"

LOx 107

1

0.01

0.010

LOx 104

LOx108

1.0

1

om

0.102

1.0xlQ4

LOx109

0.32

1

0.01

1.019

1

0.01

I

0.1

1

LOx 104

1.0xlO I0

0.10

10.194 1.0xlQ4

LOx 1011

0.030

0.102

LOx lOS

LOx 109

3.2

0.1

1.019

LOx lOS

LOx 1010

1.0

1

0.1

10.194

1.0xlOS

LOx 1011

0.32

11

2

0.05

12.742

LOx lOS

LOx 1012 0.10

12

4

0.025

15.928

LOx lOS

LOx 10 13

0.030

13

7

0.014

29.719

LOx 105

1.0x10 14

0.010

18

1

1.0

10.194 1.0xl()6

LOx 1011

3.2

19

2

0.5

12.742 1.0xl<f

LOx 1012

1.0

20

4

0.25

15.928

1.0xl<f

LOx 1013 0.32

21

8

0.125

19.910

LOx106

LOx 1014

10

0.10
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2.4

Results

After issuing horizontally from the tunnel, the jet turns into a vertical plume rising along the
glacier face and, after impinging the surface, the plume spreads horizontally and thickens
progressively as it moves seaward. This pattern is similar in momentum-dominated conditions (i.e. Re» GritZ, Fig. 2.3) and buoyancy-dominated conditions (i.e. Re « GritZ,
Fig. 2.4). An interesting feature to note is that the vertical plume width does not increase
with height in spite of entrainment; instead, it accelerates and reaches a maximum velocityjustbelow the surface layer (about IOmdepth). This would be consequence of the
landward flow of the estuarine circulation that is pushing the buoyant jet and verticalplume
against the glacier face. Momentum-dominated conditions took longer to reach-steady state
and exhibited a bulb-shaped structure where the issuingjetprotrudedhorizontally along the
bottom before detaching and rising along the wall (Fig. 2.3).
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Figure 2.3: Sequence of density anomaly representing the rising (vertical) plume and
spreading of the surface plume observed in a typical momentum-dominated experiment
(run#8,Fr=3.16)
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Figure 2.4: Sequence of density anomaly representing the rising (vertical) plume and
spreading of the surface plume observed in a typical buoyancy-dominated experiment (run
#21,Fr=0.1)

The evolution of the coefficients of vertical viscosity (v.) and vertical diffusivity (K.) in
run # 8 (momentum-dominated conditions) is shown in Figs. 2.5 and 2.6, respectively. It
can be seen that the values of the vertical coefficient of viscosity associated with vertical
and horizontal plumes ranged between 1.0 x 10-6 and > 1.0 x 10-3 m2 S-I. On the other
hand the values of the vertical coefficientofdiffusivity in these regions varied in the same
range.
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Figure 2.5: Sequence representing the evolution of the coefficients of vertical viscosity
(v e ) along the rising (vertical) plume and surface horizontal plume observed in atypical
momentum-dominated experiment (run # 8, Fr = 3.16)
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Figure 2.6: Sequence representing the evolution of the coefficients of vertical diffusivity
(Ke ) along the rising (vertical) plume and surface horizontal plume observedinatypical
momentum-dominated experiment (run # 8, Fr = 3.16)

At steady state, the structure observed in all experiments consists ofahorizontalwall
jet at the bottom, a plume along the glacier face, a surface bulging region and a horizontal
surface plume. The surface bulging region is where an upliftofthefreesurface is produced
by the rising vertical plume and a transition to horizontal plume is observed (Fig.2.7).The
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limit between this region and the horizontal surface plume is marked by the point where the
upper layer is thinnest. The horizontal circulation is estuarine-like (Fig. 2.7), with a thin (5 m thick) upper layer moving seaward and a deep lower layer moving toward the glacier
(Fig. 2.7).

40
60
Distance(m)
(a)

10000.5

I

1.5

u(ms- 1)
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Figure 2.7: (a) Structure of density (I kg m- 3 between contour lines) and velocity (largest
arrows representing 1.8 m/s) and (b) horizontal velocity profile showing atypicalestuarine
circulation developed in a run buoyancy-dominated (run # 21, Fr = 0.1). For clarity, only
the first 10 meters are shown but the simulated fjord is 100 m deep.

2.4.1

Horizontal velocity

The structure of the horizontal velocity at the surface up exhibits two regions (as shown in
Fig. 2.8). The first region, immediately following the surface impingement caused by the
vertical plume, represents a transitional zone with a sharp linear increase in velocity along
the surface. The second region is a decelerating zone, where the plume velocity gradually
decreases.
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Figure 2.8: (a) Horizontal variation of plume velocity as function of distance from the
glacier. (b) Horizontal variation of plume dilution as function of distance from the glacier.
Velocity, dilution and horizontal distance were nondimensionalized with U"um S max and H,
respectively.
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For the transition region, a linear fit was constructed between velocity and distance
(non-dimensionalized as up

Ui)l

and x d- I , respectively). The slope b (representing the rate

of velocity increase as function of offshore distance in each experiment) was plotted as a
function of Fr as shown in Fig. 2.9(a). It can be seen that the velocity increase is higher
in buoyancy-dominated experiments (low Fr number) and decreases as the experiments
become momentum-dominated (high Fr number).
On the otherhand,forthedecreasing stretch alogarithrnic fit of the form:

y=

In(ai'),

(2.13)

was adjusted between non-dimensionalized velocity and distance; where b represents how
quickly up changes as a function of distance from the tunnel (bpositive represents an increase whereas a negative value represents a decrease). The slope b was plotted as function
ofFr and the resultant relationship is shown in Fig. 2.9(b). In this case a negative sign was
added to the slope to enable the logarithmic fit. Similar to what was observed in the transitionalregion, the rate of velocity decrease is higher in buoyancy-dominatedexperiments
and slower for momentum-dominated experiments.

45

-b=0.17Fr-()·68
2
r = 0.99

b=72.46 (dIH) Fr-()·68
(2=0.99
10'

10'

(a)

(b)

Figure 2.9: (a) Rate of velocity increase (linear fit) as function of distance along the increasing (transitional) stretch plotted as function of Fr. (b) Same plot corresponding to the
decreasing stretch (Note negative sign added to make possible the log fit).

2.4.2 Dilution factor
In order to evaluate the degreeofrnixing along the horizontal plume a di1ution factor was
defined as
(2.14)
where Pp is the plume density, which correspond to the values closest to the surface. These
definitions are commonly used in the analysis of plume dilution (Anwar, 1973; Lee and
Lee, 1998),andbuoyantjetsdilution(ChenandRodi, 1980;Huai etal., 2010). Sirnilarto
horizontal velocity, dilution along the surface exhibits two patterns. The first region (transitionalzone) shows a linear dilution rate along a short stretch which is followed by a region
with a slower dilution rate (Fig. 2.8). A linear fit was applied to the zone nearest to the
glacier face. The corresponding slope (representing the rate of dilution increase as function of distance for each experiment) was related to Fr according to the expression shown in
Fig. 2.10. On the other hand, a logarithmic fit (Eq. 2.13) was computed for the slow dilution
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stretch, and its slope was related to Fr in a similar way (Fig. 2.10). In this last case it was
necessary to add the H/dratioto this expression to account for differences in relative submergence between experiments. Buoyancy-dominated experiments (low Fr number) have a
higher dilution rate along the transitional stretch in comparison with momentum-dominated
experiments (high Fr number). A similar pattern is observed when comparing the dilution
rate along the slow increasing stretch.

b=0.45Fr-<l·62

b=O.004(Hld)Fr-<l·63

2

r =O.99

(a)

2

r =O.99

(b)

Figure 2.10: (a) Rate of dilution increase as function of distance along the fast increasing
(transitional) stretch plotted as function of Fr. (b) Same plot corresponding to the slow
increasing stretch.

2.4.3

Estuarine circulation

The response of the estuarine circulation is now assessed by examining the relationship between the surface velocity (normalized by uo) and dilution factor S and the Froude number
at distance 10 d from the glacier face. Similarly to the rate of velocity decrease (Fig. 2.9(b»,
the velocity of the surface layer is related to Fr according to a negative power function
(Fig. 2.II(a»,implyingthattheestuarinecirculationis mostly drivenbythebuoyancyflux
from the source (subglacial jet issuing at the bottom). As expected, the plume dilution
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is also higher at lower Fr (Fig. 2.11(b», showing a higher entrainment caused by faster
velocities at the surface layer.

10°

10-2

10-1

S=0.07 (Hid) Fr-o·65
1=0.99

10°

Fr
(b)

(a)

Figure 2.11: Variation of plume velocity (a) and plume dilution (b) as a function of Fr at a
distance equivalent to 10 d, where d is the opening diameter.

The presence ofa surface layer with higher velocity and dilution producesastratified
shear flow whose opposite effects of stratification and velocity shear can be characterized
in terms of the gradient Richardson number (Thorpe, 1968):

Ri=-~~

p(8uj8z)2·

(2.15)

Similarly to the plume velocity and dilution factor, Ri was computed at 10 d away from the
glacier and Ri profiles for the 15 experiments are shown in Fig. 2.12.
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Figure 2.12: (a) Profiles of gradient Ri number in the top 10 m of the water column (dashed
line shows Ri = 0.25) and (b) plot of minimum Ri min at the sheared interface as function of
Fr number at a distance equivalent to 10 d, where d is the opening diameter.

For all experiments the interface was located at 2 m depth, where maximum values of
buoyancy frequency and velocity shear occurred (See Eq. 15). The results suggest that
Ri is independent of the characteristics of the buoyant jet, since Ri < 1/4 (average Ri =
0.040 ± 0.005) at the interface in all the experiments (Fig. 2.12). This is confirmed by
plotting the minimum Ri values at the interface as a function of Fr (Fig. 2.12). Despite favorable conditions for shear instability (Ri < 1/4), some experiments (5 of 15 experiments)
did not show instabilities at steady-state (Fig. 2.13), presumably because the instabilities
are damped by the Smagorinsky scheme for those cases. All other experiments show a continuousgrowth and decay of shear instabilities at steady state (seefor example Fig. 2.4 and
Fig. 2.14).
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Figure 2.13: Sequenceofdensityanomalyrepresentingrising(vertical)plumeandspreading of surface plume observed in a typical momentum-dominated experiment (run # 8, Fr
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Figure 2.14: Sequence of density anomaly representing rising (vertical) plume and spreading of surface plume observed in a typical buoyancy-dominated experiment (run # 21, Fr =
0.1)

Another way to assess the fjord response is by comparing the buoyancy flux at the tunnel
opening with the intensity of the estuarine circulation. The buoyancy flux (8 0 , m3 s- 3) was
computed at the mouth of the tunnel as

8 = g d Uo (Pa - Po) .
0
Pa

(2.16)

The intensity of the estuarine circulation was estimated as the vertical1y integratedkinetic energy density (K" J m- 2 ), computed at a distance 10 d away from the glacier accord-
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ingto
(2.17)
The estuarine circulation (K,) intensifies as the buoyancy flux (80 ) gets higher (Fig. 2.15).
This is consistent with results for the surface velocity and dilution sinceahigherbuoyancy
flux intensifies the estuarine circulation.
K,= 10.9 x 10480°.67
3

10

l=0.99

10-6

10-4
B

10-2

10°

3 3
o <m s- )

Figure 2.15: Relationship between the buoyancy flux 8 0 and the intensity of estuarine circulation, computed as K, at a distance equivalent to 10 d, where d is the opening diameter.

The fjord's response can also be assessed by examining how the water column stratification is modified by the freshwater forcing. This is done here by computingthepotential
energy anomaly (PEA), defined as the equivalent work to homogenize the water column
(Simpson et al., 1978; O'Donnell, 2010),

(r/>, J m-2 ), which is expressed as

r/>=L~g(P-P)ZdZ,

(2.18)

-H

wherep represents the depth-averaged density:

p=

~ I:p(Z)dz.

(2.19)
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Similar to K" the PEA was computed at a distance equivalent to 10 d away from the
glacier and showed an increase with the buoyancy flux (B o) (Fig. 2.16).

</l= 22.1x104 B oO. 68
103

?=0.99

10'

Figure 2.16: Relationship between the buoyancy flux 80 and the potential energy anomaly
¢, at a distance equivalent to 10 d, where d is the opening diameter.

These results of vertically integrated kinetic energy density (K,) and potential energy
anomaly(¢),canberelatedtothetotalenergyinputatthesourcewhichisrepresented as
the sum of the kinetic energy (KE, J m- 2 )

(2.20)

and the available potential energy (APE,Jm-

2

)

APE = gdh!:J.p.

(2.21)

It can be seen that the ratio K,/(KE + APE) (Fig. 2.17) and the ratio ¢/(KE + APE)
(Fig. 2.17) are similarly related to the Froude number at the source, with an increasing
trend as Fr increases. This result shows that buoyancy-dominated flows exhibit an estuarine
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circulation whose energy is very small compared to the total energy influx at the source,
and that this proportion increases as Frincreases.
K I(KE+APE) =0.11 FrO. 6l

'r2 = 0.99

(a)

,I

=

(KE+APE) 0.18 FrO.60
.(1=0.99

(b)

Figure 2.17: Variation of Krj(KE + APE) (a) and the ratio ¢j(KE + APE) (b) as function
of Fr at a distance equivalent to 10 d, where d is the opening diameter.

2.5

Discussion

Once steady-state isreached,thestructureobserved in all the experiments consists ofa zone
of the wall jet at the bottom, arising plume along the glacier face and ahorizontalsurface
plume region producing an estuarine circulation. Also, in this last region it was possible to
distinguish two zones: a short transition zone with a rapid increase of velocity and dilution,
and a larger zone showing a slow decrease of velocity and increase of dilution (Fig. 2.18).
These structures have been observed in other numerical and experimental studies of vertical
(Jirka and Harleman, 1979; Wright et al., 1991; Kuang and Lee, 2006) and horizontal forced
plumes (Jirka and Harleman, 1973; Jirka, 1982). The increase in velocity observed in the
transitional zone was caused by the higher pressure gradient caused by the surface elevation
when the wall plume reaches the surface. The velocity in the transition zone depends on
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the source buoyancy as shown by the relationship between velocity and Fr number in this

The momentum-dominated discharge issuing at the foot of the glacier is a wall jet whose
momentum is rapidly lost due to friction with the bottom. In this sense, Powell (1990)
mentioned that friction contributes to changing effectively momentum-dominated flows to
plume-like flows. This process is not observed in buoyancy-dominated discharges due to a
combination of small Fr number and a high submergence ratio that make the flow to rise
immediately after leaving the tunnel (Sobey etal., 1988)
From some experimental work on buoyant jets (Jirka and Harleman, 1979; Wright et aI.,
1991), it is known that Fr can reach values up to 2 orders of magnitude higher than our
highest value. Considering this wider range, we can assert that the structures observed in
our results correspond to what Syvitski's conceptual model refers as "Fr - 0". However,
we propose that Syvitski's conceptual model can be complemented by also considering
the relative submergence, Hid. According to the model proposed by Jirka and Harleman
(l973) and Jirka (l982), the structure of buoyant discharges in finite depths is related toFr
and Hid (also dependent on jet discharge angle). These two parameters are also the base
for the criterion of the discharges stability. Therefore, according to this criterion, subglacial
buoyant jets can be described as a type of stable buoyant discharges, as they are observed
to remain attached to the glacier face and do not show recirculation celis up to the surface
(Fig. 2.18).
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Syvitski'sscheme

This study
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Figure 2.18: Comparison of schemes representing a subglacial discharge. Left: Syvitski
(1989) scheme, proposing dependence on Fr only. Right: This study, proposing dependence
on Fr and Hid (VBP: Vertical buoyant plume; HBP: Horizontal buoyant plume).

The Richardson number at the sheared estuarine interface is < 1/4 in all the experiments
within the first 100 m away from the glacier. The limits and instability of this region are
similar to the zone of internal hydraulic jump described in confined buoyant jets by Jirka
and Harleman (1973), which exhibits high entrainment rates (Jirka and Harleman, 1979;
Wright et aI., 1991; Kuang and Lee, 2006) and extends for a horizontal distance equal or
greaterthan2.5H. Thisconditionsuggeststhattheestuarinecirculationisdynarnically
unstableinthenear-field(first100mawayfromtheglacier),independentlyoftheforcing
conditions, over the parameter space explored here. It is worth mentioning that, in some
simulations, the growing of the instabilities could have been prevented by the Smagorinsky
subgrid scale model as the eddy diffusivity is increased and instabilities may be inhibited
when the shear is stronger than buoyancy, (see Eq. 25 in Bourgault and Kelley (2004».
These results show that a small part of the total energy input is converted into estuarine
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circulation in buoyancy-dominated cases whereas this conversion is higher in momentumdominatedexperirnents. Ingeneral,stratificationandestuarinecirculationdependprirnarily
on the buoyancy flux and available potential energy since kinetic energy at the source is
relatively smaller and jet momentum is rapidly lost when the jet is issuing from the tunnel.
This pattern is characteristic of buoyant jets (Fischer et al., 1979; Powell, 1990).
The nature of the jet at the bottom of the glacier is difficult to observe in nature. In this
sense, the quantitative relationships found in this study may be used to obtain an estimate
of the characteristics of the subglacial freshwater fluxes from observed far-fielddensityand
velocity observations.
Since this investigation considered a simplified scenario, a further step should explore
the effect of other variables such as stratification and tides. Another possibility would be
simulate pulse-like discharges and include ice wall melting to represent more realistically
the behavior of these discharges.

2.6

Summary and conclusion

Circulation associated with subglacial freshwater discharge issuing in a glacial fjord is characterized by a combination ofa wall jet, a vertical buoyant plume, andasurfaceplume
giving place to an estuarine circulation. There is a transition zone caused by the surface
elevation caused by the vertical buoyant plume, where rapid increases of velocity and dilution were observed. The characteristics of the estuarine circulation are related to the
Froude number and they are also influenced by the relative submergence Hid. Buoyancydominated discharges showed a more rapid change of velocity and dilution in comparison
with momentum-dominated discharges.
The structure of the vertical buoyant plume agrees with the model proposed by Syvitski
(1989) since the plume remains attached to the wall (glacier face) for the low Fr magni-
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tudes set in the experiments. However, as the circulation is determined by a buoyant jet in
confined depth, the relative submergence Hid is an important parameter to be included. We
propose a new schematic diagram for the circulation in glacial fjord, shown in Fig. 2.18.
Buoyancy flux is the most important forcing in subglacial plumes as jet momentum is
rapidly lost and processes like mixing, estuarine circulation and stratification are mainly
related to the buoyancy flux and the available potential energy.

2.7
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Connecting Text
This paper studies the transport of fine sediment associated with a subglacial buoyant jet. A
set of experiments from Chapter 2 was chosen in order to simulate the transport of cohesive
sediment in a glacial fjord. The setting included sediment concentrations ranging from 0.01
- 10 kg m-3 . Flocculation was also included in the modeling, by using a power law relationship between sediment concentration and sediment settling velocity. The results showed
that, at high concentrations, sediment settles in the far field, driven by the convective sedimentation, and is transported back to the ice-proximal zone by the estuarine circulation.
The conclusions from this chapter and those from the Chapter 2 are summarized in the
Chapter 4.
This paper is titled "Modeling ice-proximal fine sediment transport associated with a
subglacial buoyant jet in glacial fjords". It has been submitted to Marine Geology (SalcedoCastro etal., 201Ia).
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Chapter 3
Modeling ice-proximal fine sediment
transport associated with a subglacial
buoyant jet in glacial fjords

3.1

Abstract

Fine sediment transport produced by a subglacial freshwater discharge is simulated with
a 2D nonhydrostatic model. The circulation pattern revealed a buoyant jet issuing from
the tunnel, a vertically buoyant plume and a horizontal surfaceplumeforrning part of an
estuarine circulation. momentum-dominated experiments are more sensitive to the presence
suspended sediment in the discharge. At low concentrations, the sediment stays in the
vertical and horizontal plumes and its concentration is progressively decreased by mixing
but not noticeable settling is produced through the water column. At high concentrations,
the sediment settles in the far field and is transported back to the near field by the landward
estuarine current. Sediment came off the surface layer through convective sedimentation,
a process that was more effective than flocculation to transport sediment vertically, and
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showed vertical velocities faster than 1.0 x 10-2 m S-I. Implications of these results are
discussed.

3.2 Introduction
Approximately one-tenth of the world coastlines are active glacimarine environments or
environments where sediment is deposited after being discharged from glacier ice (Curran et aI., 2004). Some of these glacimarine environments are glacial fjords (ice fields or
glaciersinthehinterland),characterizedbyhighinorganicsedirnentationrates,withsediment discharges primarily from a single source (Syvitski and Murray, 1981; Curran et al.,
2004).
Changes in sedimentation pattern in glacial fjords can have important consequences on
other processes, as sedimentation influence some characteristics such as delivery ofnutrients (Apollonio, 1973; Hooge and Hooge, 2002), physical-chemical and geotechnical
properties of the seafloor (Sexton et al., 1992), aggregation and vertical flux of particles
(influence on carbon flux), heat exchange with the atmosphere, and thickness of the photic
zone (Svendsen et al., 2002). Direct impact of suspended solids on the structure and distribution of planktonic and benthic communities has also been well documented (Gorlich
et al., 1987; Carney et al., 1999; Hop et al., 2002; Fetzer et al., 2002; Etherington et aI.,
2007).
The estuarine circulation in a glacial fjord during the melting season can be idealized as
a subglacial buoyant jet which produces a buoyant wall plume rising along the glacier face,
and a gravity current at the surface or mid-depth (Syvitski, 1989; Powell, 1990; Russell and
Amott, 2003; Salcedo-Castro et al., 2011b). The behavior of a buoyant jet depends on the
balance between the buoyancy flux, given by the density difference between the plume (Po)
and the ambient fluid (Pa); and the momentum flux, represented by the initial jet velocity
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UQ.

This balance between buoyancy and momentum is represented by the Froude number

(Syvitski, 1989; Powell, 1990; Russell and Arnott, 2003; Salcedo-Castro et al., 2011b):

(3.1)

Fr = (gd(;»1/2'

where d is the opening size and g is the gravitational acceleration. Thus subglacial discharges can be buoyancy-dominated (Fr

~

0) or momentum-dominated (Fr

~

I) (Syvitski,

1989; Powell, 1990; Salcedo-Castro et al., 2011b).
The character of the sedimentation in glacial fjords is determined by the estuarine circu1ation caused by the subglacial sediment-laden discharge, thepresenceofastratifiedwater
mass, and the glacial front (Mackiewicz et al., 1984; ElverhllJi et al., 1983). Gilbert (1982)
showed that most of the sediment sinks from the gravity current (and is therefore deposited)
within 15 to 20 Ian from the fjord head. ElverhllJi et al. (1983) observed that about 90% of
the sediment input from Kongsvegen is deposited relatively adjacent to the ice front. Svendsen et al. (2002) found that during summer particulate inorganic matter (pIM) was

~

0.34

kg m- 3 at the glacier front and decreased to < 0.02 kg m- 3 , 10 Ian away.
Syvitski (1989) has pointed out that the presence of a suspended sediment load increases the initial momentum and velocity of a buoyant jet but a significant settling velocity
of particles will produce a more rapid decaying of the jet velocity than that observed in a
jet containing only dissolved matter. Thus it is expected that the suspended sediment will
affect the buoyant discharges differently, depending on whether they are buoyancy or jet
dominated. Studies of sedimentation in glacial fjords have however been primarily focused
on bulk sediment and so little is known about fine, cohesive, sediment transport in spite
of its predominance in these systems (Syvitski, 1989; Curran et aI., 2004). For instance,
Zaborska et al. (2006) classified all sediments of the Kongsfjorden as mud, but the proportion of clay and the organic matter concentration in sediments increases with distance
from the glacier. A similar conclusion was drawn by Trusel et aI. (2010) who asserted
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that the smallest particle size fraction (silt-clay) was the predominant sediment in suspension 470 m away from the glacier. Transportation and deposition of fine-grained sediment
and mud from the glacier to distal locations is primarily driven by gravity currents (Curran
et al., 2004) that can maintain concentrations of fine sediments greater than 10 kg m- 3 in
suspension (Mackiewicz et al., 1984).
Whereas suspended fine sand and coarse silt sink as single grains, the settling of finer silt
and clay is affected by flocculation and the existence of aggregates (Syvitski, 1989; Curran
et al., 2004). Flocculation is primarily dependent on sediment concentration (Mehta, 1986;
Dyer, 1995; Hill et al., 1998,2000; Shi and Zhou, 2004; Liu, 2005), but it is also influenced
to a lesser extent by salinity, turbulence and other factors (Winterwerp, 2002; Dyer et al.,
2002).
Field and laboratory studies of sedimentation from buoyant jets and plumes have been
mainly focused on non-cohesive sediments (Carey et al., 1988; Sparks et al., 1991; Bursik,
1995; Ernst et al., 1996; Lane-Serff and Moran, 2005). Recently, Lane-Serff (2011) modeled the deposition of cohesive sediment from buoyant jets and found that the fall-speed
decreases as the sediment load decreases. Lane-Serff also observed that the deposition rate
was lower near the source but higher further away as more sediment remained in the current
for longer distances.
Another process that has recently been shown to influence the sedimenttransportassociated with buoyant plumes is convective sedimentation (McCool and Parsons, 2004). This
is produced when the stratification hinders the descent speed of the sedimentand,asaresult,sedimentconcentratesalongthepycnocline,untiltheregionbecomesgravitationally
unstable and the inhomogeneities in the density field tum into convective cells (McCool
and Parsons, 2004; Royal et al., 1999; Parsons and Garcia, 2001). Laboratory observations
by Green (1987) about this "sediment fingering" showed that this process can be important
especially in conditions of high sediment concentration, small particles and weak stratifica-

68
tion. Parsonsetal. (2001) stated that this convection occurred even at secliment concentrations as low as I kg m- 3 , and one consequence of the convective instability of the original
hypopycnal plume was the generation of a bottom turbidity current, or hyperpycnal plume
that moved at moderate speeds over the bottom.
There have been some modeling efforts to study the sedimentation process in glacial
fjords. Mugford and Dowdeswell (2007) used a stratigraphic simulation model that could
link the environmental and climatic conditions to the geological formation of distinctive
glacimarine deposits in Kangerdlugssuaq Fjord (Greenland) and McBride Glacier (Alaska).
More recently, Mugford and Dowdeswell (2011) used ajet model and could reproduce some
important features of the sedimentation in McBride Glacier (Alaska).
Here we carry out a fundamental numerical study of fine sediment transport associated with buoyant discharges in glacial fjords, considering a range from buoyancy to
momentum-dominated conditions. We hope to capture some basic understanding about the
sediment transport in glacial fjords, using a simplified configuration that does not include
ambient stratification, ocean currents, or ice processes.
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3.3

Methods

3.3.1

Sediment transport

In glacial fjords the freshwater source is a buoyant jet that usually enters the fjord at the

base of the glacier, as subglacial discharges. The resulting vertical plume that flows along
the glacier face has a typical horizontal length scale L - I m, that is much smaller than the
vertical scale of the plume which is roughly the fjord depth, i.e. H - 100 m. The freshwater
forcing in glacial fjords is, therefore, highly nonhydrostatic because HIL » I (Marshall
etal.,1997).
Most models used in oceanography consider the hydrostatic assumption which is justified when horizontal length scales L of the motion are several orders of magnitude larger
than vertical length scales H (Cushman-Roisin, 1994). Hydrostatic models, however, are
not suitable to simulate higWy nonhydrostatic processes such as convection and highfrequency gravity waves (Marshall et al., 1997), shelf/slopeconvection, and buoyantly
driven coastal jets (Gallacher et al., 200 1; Shaw and Chao, 2006). Consequently, we used a
nonhydrostatic model developed by Bourgault and Kelley (2004). The model used is a two
dimensional, laterally averaged model and uses a finite difference scheme with avariabIe
mesh z-coordinate C-grid. The model details and experimental configuration used here are
described in Bourgault and Kelley (2004) and Salcedo-Castro et al. (2011b), respectively.
The numerical experiments were set in a two-dimensional configuration (x, z) representingalongitudinalsectionofag1acialfjord,andwithfreshwaterforcing at the glacier
face. The glacier was represented as a vertical wall with a no-slip boundary conditionand
the only forcing was a steady flow produced at the bottom open cells set through the glacier
face. The total length of the numerical domain was 206 Ian and the total depth was H

=

100 m. The numerical grid has a constant vertical resolution of t>.z = 1 m. In the horizontal,
the grid has a resolution of t>.x = I m for 0 < x < 100 m (i.e. the region of interest). For
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x > 100 m the grid size increases linearly to a maximum of !:J.x = 5000 m. The domain was

made very long compared to the plume width such that the seaward boundary condition did
not influence the results (Fig. 3.1).
The initial condition was set as still, uniform density ambient water and all simulations
were run with a free surface and reached steady state in the region x < 100 m before the
freshwater front reached the seaward boundary.
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Figure 3.1: Schematicrepresentationofaglacialfjord,showingparametersconsidered in
numerical experiments.

The module for sediment transport in the model includes an equation for the advectiondiffusion of sediment concentration,

(3.2)

where, eex,

z,

t) is the sediment concentration, KeeX,

z, t) is the coefficients of eddy diffu-

sivity; andw s is the sediment settiing velocity. The initial diffusivity coefficient was set to
Ke

= l.Ox 10-7 m2 s- l .

The following expression is included to account for the modification of the equation of

71
state for density by the presence of sediments (Wang et al., 2005):

(3.3)
where Pw is the density of water and p, is the density of sediment. Also, the model includes
the following bottom boundary condition to represent the processes of resuspension and
deposition (Partheniades, 1965; Kuijper et al., 1989; Markofsky and Westrich, 2007):

(3.4)

where:

E--lEO(~ -1)

if ITbl > Tc (resuspension)

b

Cbw,(I-~)

(3.5)

if ITbl < Tc (deposition)

Here, Eb is the bottom sediment flux, Eo is the erosion coefficient, Cb is the sediment
concentration at the bottom layer; andTc is the critical stress forresuspensionanddeposition (McAnally and Mehta, 2001; van Rijn, 2007). The choice of parameters used here is
shown in Table 3.1.
Table 3.1: Parameters used for sediment transport in the model
Parameter

Value

p, (kgm- 3 )

2,650

Pw (kgm- 3 )

1,000

wo (ms- I )

0.00001

Eo (kgm- 2 s- l )

0.0001

Tc (Pa)

0.3
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3.3.2 Flocculation
All runs considered the sediment grain fraction that predominates inglacialfjords,whichis
in the range of the silt-clay fraction (mud) (Table 3.2). Thus we chose a cohesive sediment
whose representative particle settling velocity was roughly 1.0 x 10-5 m S-l (very fine siltcoarse clay with grain density of - 2650 kg m- 3). Therefore, it was necessary to represent
the process of flocculation in the model.
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Table 3.2: Typical values of sediment concentration and grain size found in glacial fjords
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Table 3.3: Parameters used for flocculation in the model
Parameter

Value

kl

0.14
1.04
0.0001

k2

wso(ms-

I

)

0.0026
4.65

To represent flocculation, we used the well-known power law relationship between sedimentconcentration and settling velocity (Mehta, 1986)(eq.3.6b),modifiedtoaccountfor
reduced settling velocity caused by high sediment concentrations (Richardson and Zaki,
1954; Mehta, 1986; Puis etal., 1988) (eq. 3.6c):

Ws

=

10-3 kg m- 3

Wo

if C :5 8.6

klC"

if 8.6x 10-3 < C :5 1.7 kg m- 3

(3.6b)

if C > 1.7 kg m- 3

(3.6c)

1

W so

(I - k 2 C)fJ

X

(3.6a)

The setting for flocculation is shown in Table 3.3. The parameters set in Table 3.3 result
in a maximal settling velocity of 2.4 x 10-3 m S-I, which is in the range observed in the field
(Hill et al., 1998; Shi and Zhou, 2004). The dependence of settling velocity on sediment
concentration is linear up to a concentration ofl kgm- 3 (Fig. 3.2).
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Figure 3.2: Settling velocity as function of sediment concentration.

Experiments covering a range from buoyancy to jet dominated conditions were run.
These experiments encompassed a range of Fr between 0.01 and 3.2 and are summarized
in Fig. 3.3. Four sediment concentrations were set: 0.1, 0.1, 1, and 10 kg m- 3 • The upper
end of this range of concentrations was set according to observations made by some authors
(Gilbert, 1983; Mackiewicz et al., 1984; Gilbert et al., 2002).

10- 1

100

Sediment concentration (kgm-l )

Figure 3.3: Effect of sediment concentration on Fr number.
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3.4

Results

3.4.1

Plume sediment concentration

All experiments exhibited similar flow patterns: a buoyant jet issuing horizontally from
the tunnel opening, a vertical plume rising attached to the "wall" that produced a lifting of
the sea surface when reaching the surface and a gravity surface current that set an estuarine circulation (Fig. 3.4). There is a clear difference between momentum-dominated and
buoyancy-dominated runs. The momentum-dominated runs showed a jet spreading horizontally on the bottom for a distance of some meters until a balance is reached as momentum is lost and buoyancy forces the jet to veer up and back to the wall to riseasavertical
plume. On the other hand, the buoyancy-dominated runs went up immediately after leaving
the tunnel opening.
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Figure 3.4: Typical sequence of sediment concentration in a momentum-dominated jet issuing into the ambient denser water (mn08, initial jet sediment concentration: 0.1 kg m- 3).

Flocculation did not produce any noticeable deviation of the description above for concentrations lower than I kg m-3. When the initial jet sediment concentration was 10 kg m- 3,
the experiments exhibited a different pattern. After apparently having reached steady state,
some sediment commenced to settle through the water column in the far field (between
1500 and 5000 meters away of the glacier)(Fig. 3.5), in the form of finger-like extensions
that came off the surface layer. This convective transport was preceded by subsurface higher
sediment concentrations, between 0.3 - 0.4 kgm- 3, and reached velocities higher than
1.0 x 10-2 m S-l and involved deposition rates between 5.0 x 10-4 and 1.0 x 10-3 kg m-2 s- 1•
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In contrast, deposition rates between 1.0 and 8.0 x 10-4 kg m-2 s- 1 were observed above the
bottom. As sediment settled through the water column, it was carried back to the glacier
by the landward lower estuarine current and re-entrained into the vertical and horizontal
plumes (Fig. 3.6). This process was also observed in run # 09, with an initial jet sediment
concentrationof1kgm- 3 .
Vertical profiles of sediment concentration for the runs with an initial jet sediment concentration of 10 kg m- 3 were obtained at a distance 10 d away of the glacier (Fig. 3.7). The
sediment concentration at the surface is higher from run 10 to run 13 (increasingbuoyancydominance) and this causes a progressive weakening of the gradient at the interface. A
decrease of the sediment concentration through the water column from runlO to run 13 is
seen too. It is also possible to observe the lutocline above the bottom.
Density was affected by the presence of sediment in the far field and this can be seen in
Fig. 3.8. The sediment concentration increased and formed a thin layer of higher concentration at the base of the horizontal buoyant plume. After some time, this thin layer collapsed
and sediment settled through the water column, driven by convective mixing, and forming
clouds of sediment that are transported back to the glacier. This effect of sediment on the
density was also observed in the near field (Fig. 3.9).
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Figure 3.7: Sediment concentration profiles (red) taken at a distance equivalent to 10 d,
where d is the opening diameter (Initial jet sediment concentration: 10 kg m- 3). Experiments without flocculation are included (black lines) for comparison.
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Figure 3.9: Sequence of density anomaly field and changes associated with settling of
sediment in the near field (runlO, initial jet sediment concentration: 10 kg m- 3 ).

The maximum sediment concentration of the surface plume through a vertical crosssection at distance IOdfrom the glacier was extracted and compared to the input concentration. The same analysis was done for a horizontal cross-section taken through the
vertically rising plume at a distance IOd from the bottom. The sediment concentration,
nondimensionalized with the initial jet sediment concentration, is lower as we move from
momentum dominated (high Fr) to buoyancy dominated (low Fe) conditions in the vertical
(Fig. 3.IO(a» and horizontal plumes (Fig. 3.1O(b». Low sediment concentrations at the
discharge (10-2

-

10- 1 kg m- 3) primarily affected the momentum-dominated experiments
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as they showed a rapid increase as response to these low concentrations. On the other
hand, when the discharge carried higher sediment concentrations (I - 10 kg m-3 ) it was
possible to observe an increasing trend in buoyancy-dominated runs, especially at higher
concentrations. This response, however, is less intense as buoyancy becomes relatively
more important (decreasing Fr).
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Figure 3.10: Effect of sediment concentration on the vertical (a) and horizontal (b) plume
concentration for different Fr numbers at a distance equivalent to 10 d, where d is the
opening diameter.

The response to increasing sediment concentrations was also assessed in terms of the
upward sediment transport by the vertical plume. The sediment transport was computed
through the following equation:
X=P,dg,

F=

L

C wdx,

(3.7)

=0

where Pedge was defined as the seaward limit where w = 0.01 W maX •
The computed sediment fluxes increase as buoyancy increases (from run08 to runI3)(Fig. 3.11).
Runs 08 and 09 (momentum-dominated) showed a slight increase of sediment transport in
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spite of their more accentuated velocity drop because they kept relatively high sediment
concentrations with respect to the sediment concentration at the initial jet coming out from
the tunnel opening.

----.
•
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10°
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Figure 3.11: Vertical sediment flux (nondimensionaJized with the initial jet sediment flux)
computed at 10 d, where d is the opening diameter.

3.4.2 Plume velocity
Momentum-dominated runs were more sensitive to the presence of sediments (Figs. 3.12).
Under the effect of the sediment concentration, the vertical plume velocity rapidlydecays
in momentum-dominated conditions. In buoyancy-dominated experiments however this
deceleration is noticeable only at high sediment concentrations (Figs. 3.12(a)). A similar
pattern was observed in the maximum velocity of the surface plume, at a distance equivalent
to IOdawayfromtheglacier(Figs.3.12(b)).
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Figure 3.12: Effect of sediment concentration on the vertical (a) and horizontal (b)plume
velocity for different Fr numbers at a distance equivalent to 10 d, where d is the opening
diameter.

3.4.3 Plume dilution
A dilution factor (Anwar, 1973; Lee and Lee, 1998; Chen and Rodi, 1980; Huai et al., 2010)
was computed to evaluate the degree of mixing along the vertical and horizontal plumes,
which was defined as:

s = Pa -po,
Pa-Pp

(3.8)

where PP is the plume density, at a distance equivalent to 10 d above the tunnel opening for
the vertical plume and 10 d away from the glacier for the surface gravity plume.
Similartothecaseofvelocitiestheexperimentsshowedanincreasingplumedilutionas
buoyancy becomes more important (decreasing Fr) (Figs. 3.13). The vertical (Figs. 3. 13(a»
and horizontal (Figs. 3.13(b» plume dilution was relatively unaffected by low sediment
concentrations, with exception of the momentum-dominated runs (run08 and run09). As
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the jet sediment concentration increases, the buoyancy-dominated experiments showed a
decrease in their dilution capacity . This reduction in dilution, however, is lower as the
experiments are in the extreme of buoyancy-dominance.
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Figure3.l3: Effect of sediment concentration on the vertical (a) and horizontal (b)plume
dilution for different Fr numbers at a distance equivalent to 10 d, where d is the opening
diameter.
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3.5

Discussion

Theadditionofsedimentproducesadecreaseinbuoyancyand,consequently,ahigherFr
number. This is relevant in glacial fjords because, as Salcedo-Castro et al. (201Ib) pointed
out, the estuarine circulation is primarily driven by the plume buoyancy, withtheplume
momentum playing a secondary role. As observed in the variations of velocity, sediment
concentration and dilution, however, buoyancy still remains as the main factorcontrolling
the fine sediment transport and sediment produces significant changes only at relatively
high concentrations.
The experiments showed that fine sediment can be transported a relatively long distance
away of the glacier by the horizontal buoyant plume and the sediment concentration is
progressively diluted by entrainment before starting to settle through the water column.
Similarly, Lane-Serif (2011) observed a lower deposition rate of cohesive sediment near
the origin (compared to non-cohesive sediment) but became higher further away from the
source (as more sediment remains in the current for longer distances).
All experiments with jet sediment concentration of 10 kg m-3 exhibited higher subsurface sediment concentrations at the base of the horizontal plume in the far field. This higher
sediment concentration led to an instability and finally a convective transport of sediment
downward through the water column. This description seems to agree well with the explanation provided by Carey et al. (1988) who asserted that the downward flux of sediment
through the water column could be caused by the re-entrainment of sedimenting particles
in the fluid around the plume that increase the particle concentration oftheplume margins
so that it would have a density greater than either the ambient fluid or the plume interior.
The convective transport of sediment down through the water column observedinour
experiments had higher vertical velocities than those caused by flocculation. This pattern
was similar to the description given by McCool and Parsons (2004), who observed convec-
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tive plumes that dominated sedimentation and had vertical velocities of 1-2 cm

S-I,

two or-

dersofmagnitudelargerthanthosepredictedbyStokessettlingoftheconstituentparticles.
Also, surface plume concentrations as low as 380 mg L- 1 (0.38 kg m- 3 ) were documented

to support robust mixing-induced convective sedimentation (McCool and Parsons, 2004),
which is in the same range observed in this study.
The process of sediment being carried back and re-entrained into the vertical andhorizontal plumes has been described for non-cohesive sediments by other investigators. In
plumes with concentrations greater than 10 g L- 1, Carey et al. (1988) observed the generation of dilute downward moving flows along the side of the vertical plume. Sparks et al.
(1991) described an outer region where sediment falls out from the base 0 fa horizontal
turbulent gravity current and is drawn back towards the plume by a net inflow caused by the
entrainment of ambient fluid as the plume rises. Ernst et al. (1996) also observed that the
re-entrainment was most vigorous in runs with relatively fine-grained particles and buoyant
plumes or strong jets. More recently, Cuthbertson and Davies (2008) described a tendency
of settling of non-cohesive particles to be drawn back towards the margins of the rising
buoyant jet and this return flow could be sufficiently strong to re-entrain depositing partic1es into the rising buoyant jet. Besides, Cuthbertson etal. (2008) defined a critical distance
within which particles would be re-entrained back into the rising buoyant jet, whereas those
settling beyond this distance will deposit to the bed. Our results, however, showed a combination of these processes where sediment is transported from the far field back to the
vertical plumes and, at the same time, part of the sediment is being deposited on the bed.
The experiments with initial sediment concentrations of 10 kg m- 3 in the issuing jet had
sediment concentrations at the surface plume between 0.7 - I kg m- 3 which yield settling
f1ocvelocitiesofl-1.4mms- 1• This range is similar to what has been observed in fjords
and other estuaries by some authors. Hill et al. (1998) found that the predicted settling
velocity of a 1 mm diameter floc is 1.5 mm

S-I.

Shi and Zhou (2004) calculated settling
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velocities from 0.4 to 4.1

mIll S-l

for the point-sampled data set, and from 1.0 to 3.0 rom

S-l

for an acoustically measured dataset.
Despite the good representation of fine sediment transport by the model, there are other
processes not included and that could predominate during certain stages and in some regions of the jet and vertical and horizontal plumes. Verney et al. (2009) demonstrated that
turbulent intensity is one of the main determining factors of maximum floc size. In this
sense, Pejrup and Mikkelsen (2010) has shown that the with the inclusion of turbulence, an
improvement of up to 72% has been found in explaining the variation in settling velocity.
In this sense, Domack et al. (1994) stated that turbulent mixing near the seafloor can play
an important role in the transport and break-up offloccules.
In our simulations, the background environment was considered motionless, without
wind or tides that produce background turbulence. This is justified for high latitude systems where the tidal range is narrow when compared to other estuaries. In this sense, waveassociated resuspension is not considered important either, as we represented a glacial fjord
adjacent to a tidewater outlet glacier where shallow areas and tidal flats are practically inexistent. Further studies should consider the inclusion of turbulence and mixing associated
with waves, which is expected to produce somewhat different results. Simulations with
realistic tidal forcing and stratified conditions are left to further studies.
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3.6

Conclusion

Momentum-dominated conditions are more sensitive than buoyancy-dominated conditions
to the presence of sediment in the buoyant jet discharging into the ambient water. Therefore this type of experiments shows response at even low sediment concentrations. On the
other hand, buoyancy-dominated experiments exhibited noticeable changes only at high
sediment concentrations and this response was less intense as buoyancyincreased(Frbecoming smaller).
Cohesive sediments do not settle in the near field but it is transported to the far field
and settle there. Then it is carried back to the glacier and re-entrained into the vertical and
horizontal plumes.
Thedensityfieldisaffectedbythepresenceofsediment,asinstabilitieswereproduced
by higher subsurface sediment concentrations observed at the interface between the upper
and lower layer, and clouds of this denser water (and sediment) go down convectivelly
through the water column.
Convective sedimentation proved to be a more efficient mechanism of vertical sediment
transport of fine sediment, compared to individual particles settling and flocculation.
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Chapter 4
Summary and conclusions
4.1

Conclusions

The simulated circulation pattern showed a buoyant jet issuing from the tunnel, a vertically
buoyant plume and a horizontal surface plume forming part of an estuarine circulation. This
structure was observed for a combination of submergence ratios and Froude numbers that
determined the buoyant jets to be stable.
The quantities that describe the estuarine circulation are quantitatively related to the
characteristics of the subglacial buoyant jet, represented by the Froudenumber. The range
ofFr numbers set in these experiments is similar to what Syvitski (1989) described as "Fr0" conditions. A further improvement of the description provided by this rather qualitative
model is achieved when considering the relative submergence Hid, given that this ratio,
along with Fr and the jet angle fJ, determines the structure and dilution of buoyantjetsin
confined depth (Jirkaand Harleman, 1973).
Buoyancy is the main forcing that, within the range ofFr set in this study, drives the
estuarine circulation in glacial fjords, even for the case of momentum-dominated jets. This
result would be produced by the rapid lost of momentum after the jet issues into the ambient
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water, as stated by some authors (Fischer et al., 1979; List, 1982). In the context of global
warming, this implies that the circulation in glacial fjords could intensify as result of higher
freshwater discharges caused by increased ice melting rates.
Momentum-dominated experiments demonstrated to be more sensitive to the presence
suspended sediment in the discharge than buoyancy-dominated experiments. This situationiscausedbyaloweredbuoyancycausedbythepresenceofsedimentinthebuoyant
discharge and the little difference from the ambient water density. It is likely that such a
condition could be observed in nature when the discharges are sediment-laden and have a
rapid flow (Russell and Arnott, 2003). As buoyancy becomes the dominant forcing, more
sediment is necessary to produce any significant effect in the estuarinecirculationandthe
characteristics of the plumes.
At high concentrations the sediment settled in the far field in theforrn of "fingering"
or convective sedimentation. This process was highly effective removing sediment from
the surface layer and showed deposition rates that are noticeably higher than produced by
flocculation alone.
Despite fine sediment settled in the far field, the "clouds" of sediment were transported
back to the near field by the landward estuarine current. This result differs with the statementthatfine sediment settles in the far field and sets outquestionsforfurtherstudies.
Flocculation is an important process that is necessary to include when dealing with
fine sediment transport. The effect of not including flocculation is a completely different
pattern of distribution and the absence of important processes such as sediment induced
instabilities.
The results obtained with thesis showed the existence of a relationship between the
characteristics of the buoyant jet and those of the associated estuarinecirculation. Other
forcings and conditions, however, will modulate this interaction. Thus future experiments
should include subglacial buoyant discharges in a stratified fjord and the effect of tides
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in order to approach more realistic situations. Also, simulations of pulse-like discharges
would allow better representation of the discontinuous nature of these discharges.
A two dimensional nonhydrostatic proved to be a very useful tool to study the structure
of subglacial discharges and the estuarine circulation in glacial fjords, giventhecharacteristic scales and dimensions of these systems. In nature, however, thereis a third dimension
that was not considered in these experiments but can provide more information about the
evolution of these discharges in future studies. Vortices and eddies were observed in the
near field during the initial stages of the experiments. Once the experiments reached the
steady state, vortices and eddies disappeared but some KH instabilities remained in the near
field. In spite of being a 2D model and the inherent limitation to represent processes that are
essentially 3D, like vortex stretching, the model and grid resolution allowedtoreproduce
features like KH instabilities, vortices and vortex dipoles.
In spite of the oversimplification and fundamental focus of this investigation, the obtainedresults can provide away to estimate the consequences of modifying the buoyant
jet characteristics and relative submergence on the associated estuarine circulation and fine
sediment transport.

4.2 Future work
The numerical experiments carried out during this work did not consider salinity nor temperature in the interaction between the buoyant jet and the ambientwater but only included
directly density as the tracer. Considering the importance that some author have attributed
to the temperature difference in the ice melting andproductionofbuoyantplumesatthe
face of tidewater glaciers, future studies should include the temperature,salinityandthe
state equation in order to depict the circulation in glacial fjords under the effect of varying
ambient temperature.
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The possibility of including different sediment fractions in the model would allow for
simulations of discharges including a range of sediment size from coarsertofinersediment.
In this sense, it would be possible to represent processes from the interaction between
different fractions, such as differential settling.
An important result of this thesis was the simulation of convective sedimentation. A
next step should also involve salinity and temperature variations to get the instabilities, in
order to represent more realistic conditions and compare with experimental observations
from literature.
As flocculation is a necessary process to be included when modeling fine-sediment
transport, a following step should explore other expressions for flocculation, specially, the
recent equations that combine the effect of turbulence and sediment concentration on the
settling velocity.
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