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ABSTRACT

Idealized laboratory experiments have been conducted in a two-layer stratified fluid to investigate the

leading-order dynamics that control submarine melting and meltwater export near a vertical ice–ocean in-

terface as a function of subglacial discharge. In summer, the discharge of surface runoff at the base of a glacier

(subglacial discharge) generates strong buoyant plumes that rise along the glacier front entraining ambient

water along the way. The entrainment enhances the heat transport toward the glacier front and hence the

submarine melt rate increases with the subglacial discharge rate. In the laboratory, the effect of subglacial

discharge is simulated by introducing freshwater at freezing temperature from a point source at the base of an

ice block representing the glacier. The circulation pattern observed both with and without subglacial dis-

charge resembles those observed in previous observational and numerical studies. Buoyant plumes rise

vertically until they find either their neutrally buoyant level or the free surface. Hence, the meltwater can

deposit within the interior of the water column and not entirely at the free surface, as confirmed by field

observations. The heat budget in the tank, calculated following a new framework, gives estimates of sub-

marine melt rate that increase with the subglacial discharge and are in agreement with the directly measured

submarine melting. This laboratory study provides the first direct measurements of submarine melt rates for

different subglacial discharges, and the results are consistent with the predictions of previous theoretical and

numerical studies.

1. Introduction

Glacial fjords are thought to play an important role in

the recent rapid mass loss of the Greenland Ice Sheet

(GrIS). Half of themass loss is linked to the acceleration

and retreat of many outlet glaciers (Nick et al. 2009;

Vieli and Nick 2011; Howat et al. 2007) and a plausible

trigger is the increased submarine melting of glaciers

terminating in fjords (Murray et al. 2010; Joughin et al.

2012; Straneo et al. 2013). This hypothesis is consistent

with the atmospheric and ocean warming observed

around Greenland since the mid-1990s (Holland et al.

2008; Våge et al. 2011; Straneo et al. 2013). Furthermore,

fjord processes are responsible for the transformation of

the freshwater discharged from Greenland before it is

released into the large-scale ocean (Bamber et al. 2012).

At present, GrIS mass loss accounts for one quarter of

global sea level rise (Shepherd et al. 2012; Church et al.

2011), roughly twice the contribution of the Antarctic

Ice Sheet. Knowledge of the fjords’ dynamics is thus

fundamental to understanding ice sheet variability and

its impact on climate (Straneo and Cenedese 2015). The

dynamics occurring near the ice, in particular those

related to the influence of subglacial discharge on sub-

marine melting, are still poorly understood.

Observations from several fjords suggest that sub-

marine melting and the associated export of meltwaters

are affected both by the fjord stratification (Straneo

et al. 2011; Mortensen et al. 2011, 2013) and subglacial

discharge (Motyka et al. 2013). These findingsmotivated

recentmodel studies focusing on the role of stratification

and subglacial discharge on submarine melt distribution

and magnitudes (Jenkins 2011; Xu et al. 2012, 2013;

Corresponding author address: Claudia Cenedese, Physical

Oceanography Department, Woods Hole Oceanographic In-

stitution, 360 Woods Hole Road, Woods Hole, MA 02543.

E-mail: ccenedese@whoi.edu

OCTOBER 2016 CENEDESE AND GATTO 3155

DOI: 10.1175/JPO-D-16-0123.1

� 2016 American Meteorological Society

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Woods Hole Open Access Server

https://core.ac.uk/display/222885721?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:ccenedese@whoi.edu


Sciascia et al. 2013, 2014; Motyka et al. 2011, 2013;

Kimura et al. 2014; Slater et al. 2015; Carroll et al. 2015).

These modeling results, however, are sensitive to the

parameterizations of unresolved and poorly understood

processes, that is, ice–ocean boundary layer dynamics

and melting of the ice front, and caution should be used

whenmaking quantitative interpretation of themodeled

submarine melting (Straneo and Cenedese 2015).

The current paper presents the first laboratory ex-

periments investigating the influence of a single local-

ized source of subglacial discharge on the submarine

melting of a vertical ice face and on the heat flux toward

the glacier. The two-layer stratification in the laboratory

tank is similar to that found in Sermilik Fjord, where

Helheim Glacier terminates, and the subglacial volume

flux Qsg was varied. The laboratory results suggest an

increase in submarine melting with subglacial discharge.

Furthermore, the framework introduced by Jackson and

Straneo (2016) provides good estimates of the sub-

marine melt rates and aids in understanding the im-

portance of the different components controlling the

heat flux toward the glacier, which ultimately controls

the submarine melt rate.

2. Experimental apparatus

The description of the experimental apparatus

is similar to that of Cenedese and Gatto (2016). The

laboratory experiments were conducted in a rectangular

tank, 1503 153 30cm3 (Fig. 1), that was insulated using

triple-paned glass filled with argon. The tank was located

in a climate-controlled ‘‘cold room’’ with an approximate

constant temperature during each experiment, which varied

between Tair 5 2.88C and 3.48C for the different experi-

ments. In the tank, a two-layer stratification was obtained

by adding a bottom layer of depthH0
2 5 20.5cm of warmer

(T2 ’ 38C), saltier (S2 ’ 34gkg21) water. After this bot-

tom layer came to rest, a cooler (T1 ’ 0.58C), fresher
(S1 ’ 32gkg21) second layer of depth H0

1 5 5cm was

added from a reservoir through a float. The choices of the

ratio of the depths of the two layers and their temperatures

and salinities were made to match those observed in winter

in Sermilik Fjord (Straneo et al. 2010). After residual mo-

tions in the two-layer system came to a halt, the ex-

periment started. Consistent with the approach taken in

previous experiments (Sciascia et al. 2014; Cenedese and

Gatto 2016), the effect of Earth’s rotation was ignored. This

choice is justified because, in general, in Greenland along-

fjord variations tend to dominate over across-fjord varia-

tions, consistent with the fact that many fjords are too

narrow for the circulation to be significantly influenced by

Earth’s rotation (e.g., Straneo et al. 2010; Johnson et al.

2011; Sutherland et al. 2014).

A degassed and dyed (blue) ice block (Li 5 10 cm,

Wi 5 15 cm, Hi 5 30 cm) was positioned on the left side

of the tank (Fig. 1) to represent a glacier with a vertical

face. At the beginning of the experiment the tempera-

ture of the ice was Ti ’ 2218C, it increased to a value

Ti ’ 23.58C during the first 30min, and then it reached a

constant value Ti’21.68C after approximately 1 h. The

experiment started with the immersion of the ice block

on the left side of the tank (Fig. 1), which was done

FIG. 1. Laboratory experimental apparatus: (a) side view and (b) top view. Light gray

indicates the L-shaped plastic container that was used to store the plastic tube delivering the

subglacial dischargeQsg below the ice block. The same volume fluxQsg was withdrawn on the

right side of the tank to keep the volume in the tank constant. Not to scale. Adapted from

Cenedese and Gatto (2016).
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extremely slowly in order to reduce the motion in the

tank and any mixing between the two layers. After the

ice block was secured in place, both the subglacial dis-

charge and the sink pumps were started. The immersion

of the ice block in the tank caused the total water depth

to increase to HT 5 27 cm, while the bottom- and top-

layer depths increased toH25 21.7 cm andH15 5.3 cm,

respectively. An ‘‘L-shaped’’ plastic container was lo-

cated below the ice block (light gray in Fig. 1) and

contained the plastic tube delivering the subglacial dis-

charge to the source located near the bottom edge of the

ice block. The source had a diameter d 5 0.22 cm, was

pointed vertically upward, and was positioned halfway

across the width of the tank. The ice block distance from

the bottom and the left wall of the tank was 2.7 cm.

Freshwater dyed red and at the freezing temperature of

08C was used to simulate the subglacial discharge and

the flow rate took the values Qsg 5 0.6, 1.1, 2.3, and

3.4 cm3 s21. For the lowest flow rates, the buoyant plume

generated by the source of subglacial discharge became

fully turbulent within 2 cm from the source, while for the

largest flow rates it was fully turbulent much closer to

the source. The Reynolds number of the flow at the

source Re 5 4Qsg/(pdn) (n 5 0.018 cm2 s21; the

kinematic viscosity of water at 08C) varied between 193

and 1093 for the range of flow rates listed above.

An oceanic subglacial discharge is expected to have a

source that is oriented at an angle with the horizontal but

not necessarily vertical. Hence, a subglacial discharge

plume in the ocean will initially have both horizontal and

vertical momentum components. However, a jet is

attracted to a nearby surface due to the Coanda effect

(Wille and Fernholz 1965), and numerical simulations

suggest that for realistic subglacial discharge flow rates,

the subglacial discharge plume loses the horizontal mo-

mentum and attaches to the vertical ice front close to the

source (Kimura et al. 2014). In the laboratory, the choice

of a vertical source of subglacial discharge is therefore

suitable for investigating subglacial discharge plumes

along a vertical ice front.

On the far side of the tank, opposite the ice block, a

sink pipe was connected to a pump to maintain the

water volume constant (Fig. 1). The sink was located

either near the free surface or near the interface to be

at the same level as the intrusion generated by the

detachment of the buoyant plume from the ice face (see

section 3), and the withdraw flow rate was identical to

the subglacial discharge flow rate Qsg. While the total

water volume in the tank was constant during an

experiment, the temperature and salinity of the two

layers on the far side of the tank were not kept constant

because the waters of the two layers could not be

replenishedwithout further adding to the complexity of

the experimental procedure. Hence, the limitation of

this experimental set up is that the tank slowly filled up

with glacially modified water (see section 3), and all the

experiments ended when it reached a depth of 5 cm

above the bottom of the tank. Each experiment lasted

25–133min, and the time was inversely proportional to

Qsg, while the experiment with Qsg 5 0 cm3 s21

lasted 5 h.

The ice block was weighed at the beginning and end of

each experiment with a precision of 65 grams, and the

submarine meltwater volume flux is directly measured as

Q
MW

5
M

s
2M

e

r
f
Dt

, (1)

where Ms and Me are the weights of the ice block at the

start and end of the experiment, respectively; rf is the

freshwater density; and Dt is the duration of the exper-

iment that is knownwith an error of61min. TenHOBO

Pro v2 temperature dataloggers were mounted at dif-

ferent depths, approximately equally spaced in the ver-

tical, at 25 cm from the ice front (Fig. 1). Measurements

were taken every 30 s. Two measures of the horizontal

velocity were obtained by dropping potassium per-

manganate crystals near the center of the tank approx-

imately when the glacially modified water intrusion (see

section 3) reached the end of the tank and when it

reached half of the total water depth. Digital movies of

the purple streaks left behind by the crystals were taken

from the side of the tank, and their analysis gives two

measures of the horizontal velocity at two different

times at the depth corresponding to the location of the

temperature probes. A total of four experiments with

different values of Qsg were conducted, and one exper-

iment with no subglacial discharge.

3. Subglacial discharge plume

The subglacial discharge generates a buoyant plume

that ascends vertically along the ice face, entraining both

ambient waters and submarine meltwaters, and forming

what we will call in the remainder of the paper ‘‘glacially

modified waters.’’ Although submarine melting is pres-

ent, the primary buoyancy source is provided by the

subglacial discharge that generates a vigorous plume

(Fig. 2b), and the dynamics observed near the ice edge

are in agreement with the ‘‘convection-driven melting’’

regime (Motyka et al. 2003; Jenkins 2011). In the ab-

sence of subglacial discharge, a weaker buoyant plume

(Fig. 2a) is generated solely by the submarine melting,

and it rises vertically, entraining ambient waters. The

observed behavior in this experiment is indicative of the

‘‘melt-driven convection’’ regime (Jenkins 2011).
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The buoyant plume detaches from the vertical ice

front and forms an intrusion at the interface between the

two layers if its density at the interface depth is larger

than the top-layer density (Fig. 2a). At the beginning of

the experiment, for the parameters investigated in this

study, the main intrusion always occurs at the interface

between the two layers. However, for low subglacial

discharges (Qsg # 1.1 cm3 s21), a small fraction of the

plume is able to rise to the free surface. In these ex-

periments, two intrusions, one at the interface and one at

the free surface, are observed tomove glacially modified

waters away from the ice face. A possible explanation

for the generation of the free-surface intrusion is that the

plume density is not homogeneous, especially when the

plume is less vigorous, and the portion of the plume

closer to the ice face maintains a density lower than the

top-layer density, allowing the fluid to reach the free

surface and form a surface intrusion moving into the

fjord. In the laboratory, we can use color to distinguish

between the buoyant plume created by the combined

subglacial discharge and the ice block melting (mainly

red from the subglacial discharge; Fig. 2b) and the plume

created above the interface solely from the ice block

melting into the upper clear layer, which instead is blue

due to the ice block being dyed blue. The blue plume is

only observed in the absence of subglacial discharge

(Qsg 5 0 cm3 s21). For low subglacial discharges (0 ,
Qsg # 1.1 cm3 s21), as discussed above, a small fraction

of the plume forced by the subglacial discharge does rise

all the way to the free surface to form a surface intrusion.

Furthermore, for high subglacial discharges (Qsg $

1.1 cm3 s21), the plume forced by the subglacial dis-

charge is observed to have enough vertical momentum

to overshoot its neutrally buoyant level, reach the free

surface, and then readjust downward to form an in-

trusion between the two layers (Fig. 2b).

In summary, the experimental results suggest that

the glacially modified water can intrude at depth and not

only at the free surface, as also previously observed in

numerical studies (Sciascia et al. 2013; Xu et al. 2012,

2013) and field studies in Sermilik Fjord (Straneo

et al. 2011).

4. Control volume heat budget

Oceanic measurements of heat transport have been

used todetermine submarinemeltingofmarine-terminating

glaciers inGreenland fjords (e.g., Sutherland and Straneo

2012; Rignot et al. 2010; Motyka et al. 2013). A recent

study by Jackson and Straneo (2016) addressed the heat,

salt, and mass budgets in a fjord and developed a new

framework for inferring freshwater fluxes from these

budgets. Following their derivation, we obtain the heat

budget for the control volume enclosed by the dashed

black lines in Fig. 3 that is bounded by the tank bottom,

lateral walls, free surface, ice block, and a section X

located 25cm from the ice front, where the tempera-

ture measurements have been conducted. As illustrated

FIG. 2. Side view of the ice block face on the left and the buoyant plume forQsg5 (a) 0 and (b) 2.3 cm3 s21. (a) In

the absence of subglacial discharge, the buoyant plume is weaker and forms an intrusion at the interface. The plume

is green (blue) in the lower (upper) layer because the meltwater from the blue ice block mixes with the ambient

yellow (clear) fluid. The top blue plume is very weak due to the top layer’s low temperature. (b) When a high

subglacial discharge is present (dyed red), the plume overshoots its neutrally buoyant level, reaches the free surface,

and then readjusts downward to form an intrusion between the two layers.
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schematically in Fig. 3, the heat budget is composed

of six terms: the heat transport through the cross sec-

tionXHX, the heat transport from subglacial discharge

Hsg and submarine melting HMW, the change in heat

content of the control volume HStorage, the heat flux

through the free surface HSurf, and the heat lost to

submarine melting HMelting. Hence, the heat budget

can be written as

rc
p

ð
AX

uT dA

|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
HX

1 rc
p
Q

sg
T
sg|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

Hsg

1 rc
p
Q

MW
T
MW|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

HMW

5 rc
p

›

›t

ð
Vc

T dV

|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
HStorage

1 rL
adj
Q

MW|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
HMelting

1H
Surf

, (2)

where AX is the cross section X area; HMelting and HSurf

are positive if the control volume loses heat; u and T are

the velocity (positive toward the ice block) and temper-

ature measurements, respectively, at the cross section X;

r is the density of water; cp is the heat capacity of water;

Ladj is an adjusted latent heat to take into account both

the latent heat to melt ice and the heat required to raise

the ice temperature to the melting temperature [see

Jackson and Straneo (2016) for details]; Qsg and QMW

are the subglacial discharge and submarine meltwater

volume fluxes, respectively; and Tsg and TMW are their

respective temperatures. Assuming that HSurf is small,

that the control volume is unchanged (i.e., either the ice

volume lost to melting is small compared to the control

volume or the ice front location is fixed), that the velocity

at the cross section X is the same as in the center of the

tank where the measurements were taken, and decom-

posing the velocity and temperature signal into a baro-

tropic and a baroclinic part, that is, u 5 u0 1 u0 and T 5
T0 1 T0, (2) can be rearranged to obtain

rc
p

ð
AX

u0T 0 dA

|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
H0

1 rc
p
Q

sg
(T

sg
2T

0
)1 rc

p
Q

MW
(T

MW
2T

0
)

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
H01Hsg1HMW

5 rc
p

›

›t

ð
Vc

T dV

|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
HStorage

1 rL
adj
Q

MW|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
HMelting

, (3)

where HX 5 H0 1 H0 and H0 (H0) is the heat transport

associatedwith thebarotropic (baroclinic) flow.Furthermore,

we assumed that to conserve mass in the control volume

the barotropic velocity through the cross section X must

balance the freshwater inputs, that is,2u0AX5Qsg1QMW.

We note that in the laboratory QMW � Qsg for values of

Qsg . 0cm3s21 (Fig. 5a). The velocity and temperature

decompositions areobtainedusing the following expressions:

u
0
5

1

A
X

ð
AX

u dA, u0 5 u2 u
0
, and (4)

T
0
5

1

A
X

ð
AX

T dA, T 0 5T2T
0
. (5)

The first term on the lhs of (3) is the heat flux advected

by the baroclinic flow; the second term is the sum of the

heat flux advected by the barotropic flow and the

freshwater inputs due to subglacial discharge and sub-

marine melting. These two terms are balanced by the

change in heat content of the control volume, that is, the

first term on the rhs, and the heat lost to submarine

melting, that is, the second term on the rhs. The full

rigorous derivations of (2) and (3) can be found in

FIG. 3. Heat budget schematic for the control volume indicated by the dashed black line.

Adapted from Jackson and Straneo (2016).
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Jackson and Straneo (2016). We note that in our deri-

vation of (3) we did not need the salt budget equation as

in Jackson and Straneo (2016) because we know Qsg a

priori, and we can use the conservation of the mass

equation to estimate u0 given the fact that, as in the

ocean (Jackson and Straneo 2016), this quantity cannot

be measured reliably in the laboratory, as explained in

detail in section 5.

5. Fjord circulation and submarine melting

The circulation in the tank is characterized by an

intrusion of glacially modified waters that move away

from the ice front along the interface between the two

layers (Fig. 2) and with a velocity that increases with

increasing Qsg (Fig. 4a). The entrainment in the sub-

glacial discharge plume induces a velocity in the bot-

tom layer toward the ice front and that again increases

with increasing Qsg. This circulation transports rela-

tively warmer waters toward the ice front and moves

relatively cold waters away from it (Fig. 4b). Conser-

vation of mass suggests that the barotropic component

of the velocity field u0 is one to two orders of magnitude

smaller than the baroclinic component u0 (Fig. 4a). In
agreement with this result, the laboratory measure-

ments indicate that ju0j � max(ju0j). However, the

uncertainty in the velocity measurement makes the

laboratory estimate of u0 [(4)] indistinguishable

from zero.

The control volume heat budget [(3)] can be used to

obtain estimates of the heat lost to submarine melting

and therefore the submarine meltwater volume flux

QMW. This estimate can be compared with the direct

measure of ice melting [(1)], as shown in Fig. 5a.

The agreement between the measured and estimated

submarine meltwater volume flux is good, suggesting

that the assumptions made in section 4 are reasonable.

The various terms in (3) are plotted in Fig. 5b, and they

all increase in magnitude with increasing subglacial

discharge with the exception ofHMelting that for the two

largest values ofQsg has approximately the same value.

For small values of Qsg the term HStorage is small, and

the heat provided to submarine melting is given by

the heat transport associated with the baroclinic flow.

However, for large values of Qsg all the terms in (3)

need to be considered for an accurate estimate of

HMelting.

Previous studies (Jenkins 2011; Xu et al. 2012;

Sciascia et al. 2013) suggest that in the convection-

driven melting regime, that is, Qsg � QMW, submarine

melt rate should increase with the subglacial discharge

with a power-law exponent of 1/3. However, the melt

FIG. 4. Vertical profiles of baroclinic (a) velocity u0 and (b) temperature T 0. The interface between the two layers

is located at approximately z 5 20 cm. Thicker (thin) lines represent an earlier (later) in time profile. Positive

velocities are toward the ice block.
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rate measured in the laboratory experiments includes

both themelt rate due to the plume forced by subglacial

discharge, that is, convection-driven melting, and the

melting occurring in the region outside the plume due

to melt-driven convection. Using plume theory as in

Cenedese and Gatto (2016), one can estimate the ratio

of the area of the ice block face covered by the plume to

the remaining area. This ratio varies with subglacial

discharge and ranges from 0.33 to 0.85 for Qsg varying

from 0.6 to 3.4 cm3 s21. Hence, albeit the directly

measured submarine melt rate increases with sub-

glacial discharge (Fig. 6), the 1/3 scaling is not neces-

sarily expected to hold for the measured melting that

also includes the melting in the region outside

the plume.

6. Conclusions

Subglacial discharge at the base of a glacier

generates a buoyant plume that rises vertically until

it finds its level of neutral buoyancy or the free sur-

face. In this laboratory study submarine melting is

directly measured and does not depend on para-

meterizations of unresolved processes. Submarine

melting is observed to increase with increasing

subglacial discharge, consistent with previous theo-

retical and numerical results that parameterize the

ice–ocean boundary and melting processes (Jenkins

2011; Xu et al. 2012; Sciascia et al. 2013). The novel

framework introduced by Jackson and Straneo (2016)

for a complete and rigorous heat, salt, and mass

budget in a fjord was employed with the laboratory

data and the estimate of submarine melting was in

good agreement with the directly measured sub-

marine melting.

The importance of subglacial discharge on both

the circulation in the tank and the submarine melt-

ing suggests that the discharge details in a marine

terminating glacier are of primary importance

for a correct prediction of these variables. Further-

more, understanding of the small-scale processes

FIG. 6. The directly measured submarine meltwater volume

flux increases with increasing subglacial discharges. Error bars

are as in Fig. 5.

FIG. 5. (a) Submarine meltwater volume flux directly measured by weighing the ice block, that is, (1), and

estimated using the control volume heat budget, that is, (3), for different subglacial discharges. Dashed line rep-

resents the 1:1 slope. (b) Magnitude of the different terms in (3) for different subglacial discharges. Symbols are the

averages between the two estimates obtained with the two different measurements of temperature and velocity at

two different times. Error bars are given by the values of the two estimates, for the estimatedQMW, and calculated

from the uncertainties in the measurement of Dt and the ice block mass, for the measured QMW.
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influencing plume dynamics and submarine melting is

fundamental for their correct parameterization in nu-

merical models.
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