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Mass loss from glaciers & ice sheet = sea level rise

GRACE observations of ice mass changes
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Hypothesis: warmer ocean waters increased submarine melting

and triggered glacier acceleration

Subtropical
North Atlantic

reland ’
50°N
<-1.5 -0.5 -0.2 0 0.2 0.5

N | |
Metres per year

Dynamic mass |0oss concentrated at marine margins

(e.g. Thomas 2004;
Holland et al. 2008:;
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Increasing freshwater into ocean from Greenland
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Heat & freshwater exchanges
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Ice sheet

tidewater glaciers

(common in Greenland)

Greenland ice sheet
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Calving front (grounded) Vieli 2015

near-vertical ice face with calving & submarine melt
large freshwater flux of subglacial discharge
freshwater fluxes very poorly constrained

>~ submarine melting: almost no direct obs.

> subglacial discharge: estimated with atm. models

relatively small scales — hard to resolve in models
> fjord: 5 x 80 km || ice-ocean interface: 5 km x 500 m

VS.

ice shelves

(common in Antarctica)

Antarctic ice sheet
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Grounding line

near-horizontal ice face; melt often dominant

no or little subglacial discharge

submarine melt rates are better constrained

> with satellite data (assuming floatation) and drilling

through ice shelves

larger scales
> ice shelf cavity: 100 x 100 km or more!



Drivers of circulation & heat/freshwater transport
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Scales: from subpolar gyre to ocean-ice boundary
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Outline

surface melt
e near-glacier plumes: melting & mixing “calving
» theory & models x GLACIER
» testing with observations —OPEN < T .
freshwater L melt
e fjord circulation ¢ :

ubglacial

e

shelf | fjord

e measuring freshwater fluxes
» flord budgets
» Noble gases
» multibeam surveys

e connection to shelf & subpolar gyre
» glacier—ocean:
ecosystems, convection

» ocean—glacier: suope ,s i’
water mass origin & variability ° o

Ta Sa

entrainment |,

ambient
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Plumes, melting & mixing
2 ‘Theory & Models
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Plumes drive mixing & melting at glacier terminus
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| ES model of a discharge plume
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Large Eddy Simulation, Eric Skyllingstad



Plumes from subglacial discharge & ambient melt

ambient
melt

subglacial
discharge plume
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—Xisting near-glacier observations: e
U et a
* downstream or at surface (almost none in upwelling region) Sendieen el 201
L . eaird et a
e |[Imited velocity measurements Mankoff et al 2016
o , _ Stevens et al 2016
 <10% freshwater in plume after upwelling Jackson et al 2017

Everett et al 2018






Numerical modeling of glacial plumes & melting
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Buoyant plume theory (BPT) for glacial plumes

|
|
: > Conservation equations
I Ice T g
i N Mass . (wD) = é+m
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Ambient a
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| > water Z 0
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Entrainment parametrization

e=oaw «o~0.1
m —»
Melt parametrization

m (c;(Ty — Tiee) + L) = TpC 2 cow(T — T)

TpSp— Cp = drag coefticient
mSy = FSC;/ 2w(S — Sp) ['s. I't = transfer coefficients

Tb — )\135 -+ )\2 + )\32




glacier

plume
T,5

u Ta)Sa

bg, Ug, T{'JJSG

Morton et al. 1956; Ellison & Turner 1959
MacAyeal 1985; Jenkins, 2011

fljord =

e BPT on Its own

eocean models with mixing tuned to BPT

Buoyant plume theory (BPT) used to represent plumes & mixing
IN ocean-glacier models

Carroll et al 2016; Bartholomaus et al 2016;
Mankoff et al. 2016; Slater et al, 2016;
Slater et al 2017, Beckmann et al 2017...

0 === - — T
. o R oo I, e g e = CE R W

- e e = 17 ‘Eﬁ

e e e e e . ... 3 I3 I

SIITIITIICIIOWIITTIIIINEIISCCICCIIIIIINNgSEEEEEV Y 1L H
______________________________
e e | -~ = ;{’I!‘,—_’

g

S

\\\\\\
\\\\\\\

<

=<

e =~ =N

e,
= =
S SESJE o

.............................

...........................
e B e CCcccocooccocooaccoooooDo oS 0 Y
..............................................

[
- =
> s

S e
e e e
e g

= e
e o

..............................................

....................._._.-_-_-_—-'-r;

e 0 T S B & & & 5 2 & 5o & = L D o= L
.................................................
MR [ [ e e =0 = £ 2 2 0= = = = = Y

...................................................

....................................................

ecoupling BPT with ocean or glacier model

model oulin;t‘essljrf:zes
orwhen pa = pp = utflow from .
Yz‘% T R e, Cowton et al, 2015;
2\ 1 S Slater et al, 2016;
elti ent

Meltingat ~ UPwellng é_
plume-ice entrainment 4
interface
<
Subglacial
runoff ¥

Distance [m]

Sciascia et al, 2013; Kimura et al, 2014;
Carroll et al, 2015; Gladish et al, 2015;
Slater et al, 2015; Slater et al, 2017....

Cowton et al, 2016:
Envarmont o Carroll et al, 2017;
Amundson & Carroll, 2018




Models forced by buoyant plume theory (BPT): pro & cons

e BPT Is practical

» deals with non-hydrostatic
processes offline

» only need near-glacier T, S and
discharge to represent plume & melt

e BPT gets some basics right

» diluted, sulbsurface input of
freshwater

» way better than just dumping
freshwater in at the surface

dishar . e BUT, not validated with observations!
S Important b/c BPT sets the nature of
ocean-glacier interactions in many
velocity at sil | Carrol et al 2017 moaels. .

T P



Plumes, melting & mixing

Testing theory & models
with observations



Autonomous kayaks to measure plumes & melting

“.\ iridium & radio comms

200 m CTD
profiling

T-chain

ROB/ROSS developed by J. Nash &
Oregon State Robotics Team




: v

sped up 2x

(drone footage from D. Sutherland)




Near-glacier surveying with ship & autonomous kayak

- L pi .
VR
L

T

* ship & kayak
(ROB) surveying:
velocity & water
properties

* MOOrings,
surface drifters,
time-lapse
camera, etc.

Jackson et al, GRL (2017)



Outflowing discharge plume originating at prow of glacier
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Qutflowing plume is subsurface intensified
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11 repeat sections over 26 hours
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Two versions of buoyant plume theory (BPT)

axisymmetric plume theory line plume theory

a.k.a. point source, half-cone

e used for discharge plumes in Greenland e used for weak ©

IStributec

e assumes plume spreads radially from smal across whole te

discharge

minus, O

rambient melt

outlet (<10 m) to radius ~10-30 m ¢ assumes plume thickness « width (W)



Parameter space of plume volume flux & salinity
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Best fit is ‘truncated’ line plume of 220+20 m width, with 200+40 m?3/s
of discharge

1 [ l l l l l
KS-1 (mean) line plume
1+ KS-1 (each section) (W=E)100m) line plume
O KS-0 (W=4km)
12000 - line plume _
(W=300m)

. line plume )

m&’ 10000 F (W= 220m) — | I
3 line plume . 1400 £
OH (W=200m) T

. @)
é 8000 B ] i 300 q)"
P o

c line plume g

= (W=100m) 8

S 6000 %e 18 200 5

£ uy See [

= gy \ IS
) a B @)

— B | 100 &

4000 axisym. plume 55)

[

[=

2000 - . o

O l l l l l l

31 31.5 32 32.5 33 33.5 34
terminal salinity, St



Best fit Is ‘truncated’ line plume of 220+20 m width

Compare to:

Multibeam sonar shows ~200 m wide undercut In terminus where plume emerges

depth

glacier

- ° F
250 RN RG s o
undercuttmg

0 50 100 150 200 250 300 Fried et al 2015

Easting (m)




What about other glaciers”

Saqgagarliup Sermia, West Greenland LeConte Glacier, Alaska

160 120 80 40 O 63035'
Depth [m] ’

® 1000 2000
6299 AL e . | AT |
658 659 660 661 662
Mankoff et al, 2016 ongoing work (Jackson, Nash, Sutherland,

Amundson, Motyka)



These observations also suggest a ‘truncated’ line plume
of ~100 m width

Sagagarliup Sermia, West Greenland
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— pest fit are line plumes of W~100 m

(7))

00\
200 =
1175 &
[0}

150 O
4y}

' S
125 &
©

100 .©
)

o

75 B
- |

v
503
:'é‘

25 =

6000 [

5000 -

SN
o
o
o

terminal volume flux, Qt (m3/s)

1000

LeConte Glacier, Alaska

3000

2000

[
line plume \
line plume (W=400m) \ line plume
(W=200m) (W=1 km)
N
line plume \
(W=100m) \
xf
line plume
(W=70m) |
axisym. plume

23 235

24 24.5 25 25.5 26
terminal salinity, S,

26.5

27 27.5

1400

<300

200 -

100

initial subglacial discharge, QS 3 (m3)



Does this matter for modeling ocean-glacier interactions?

For a given input of subglacial discharge (200 m3/s ) at KS:

axisymmetric plume ‘truncated’ line plume

(W:220 m) dishorge
terminal volume flux 3,600 m3/s 6,500 m?3/s »2x more vigorous fjord circulation
freshwater in plume 6% 3% »2x mixing of freshwater

»3X more melting

7
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Does this matter for modeling ocean-glacier interactions?

O '_'_"'.,. O
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lTesting the melt parameterization (used within BP [

LeConte Glacier, Alaska
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lTesting the melt parameterization: ambient melting
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Entrainment
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ambient melt plumes

T: D. Carrol

1

1. [plume theory + melt parameterization] often used for both
) subglacial discharge plumes & ambient melt plumes



lTesting the melt parameterization: ambient melting

0
| h[ Xm &melt boundary
Urel b AR | e ransfers
—p [
D heat mp |, = & T 50|
It = B E
> w0, & Cp £
drag Q.
O~ pume ! g Eigr o &
0 R | velocity 1 & 100 74 :
entrainment | «
o 90 =
1 150 L=
g Jackson et al, submitted
melt rates appear to be x100 higher than expected from standard theory

possible adjustments to melt parameterization:
e increase drag coefficient: Cp x 175

e increase transfer coefficients: [I'sI't] X 13
¢ odd horizontal velocity....?

—>these coefficients are untested for tidewater glaciers but used widely in ocean-glacier
studies!









Fjord circulation: connecting glacier to shelf ocean
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Buoyancy-driven exchange in Sermilik Fjord
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Buoyancy-driven exchange tlow in other fjords

depth (m)

LeConte, AK
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Buoyancy-driven exchange flow: theory”?

GLACIAL FJORD ~ calving strength of exchange flow
T
. mixing
= = g !

z' dilution of freshwater

& melt

-

o "

discharge But where does mixing occur in

glacial fjords?
all in upwelling plumes or additional

“TYPICAL"™ ESTUARY/FJORD river modification/mixing elsewhere in fiords?
=) e ~ No existing theory for the dynamics

of the exchange flow in glacial fjords
plume theory describes upwelling plumes,
but then what?



And other modes of circulation to consider

surface melt

. fjord winds buoyancy forcing
& shelf winds , calving

ik GLACIER
"
%ﬁ . freshwater {fmm | melt |
o o XAl ipmaring 4

shelf forcing heat » melt
—>

R

& [}
subglacial
discharge

shelf | fjord

these other drivers can:

» mask the mean exchange flow
» contribute to the mean exchange

» fransport heat and salt through edady fluxes



Shelf forcing % —

. [ [ [ 1
a.k.a. intermediary circulation, Shelf 3
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Jackson et al. 2018 » drives rapid exchange between fjord & shelf



Strong seasonality in fjord drivers & circulation

Subglacial discharge
RACMO2.3 model 1500 —— Daily -900
| —&— Monthly climatology
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Measuring
freshwater
fluxes

-fjord budgets
*noble gases
*multibeam sonar



Inferring freshwater tluxes from ocean measurements

Re
- submarine
- meltwater

heat

o

o

R
Hai q
Note!
runoff

: runoff = subglacial discharge

Several variations in literature...
Motyka et al. 2003
Rignot et al. 2010
Johnson et al. 2011
Christoffersen et al. 2011
Sutherland & Straneo 2012
Motyka et al. 2013
Xu et al. 2013
nall et al. 2014
Viortensen et al. 2014
Bendtsen el al. 2015
Jackson & Straneo, 2016




Budgets for glacial fjords

............................................................................................................

4— Qmw

Qr = runoff

Qumw = submarine meltwater
of glacier and icebergs



Budgets for glacial fjords

dVe
> Su i dt
Qmw —P
(udA 4— Qmw
u — g
MASS
e <+ Qg

Qr = runoff

Qumw = submarine meltwater
of glacier and icebergs



Budgets for glacial fjords

HEAT Hx 4—’ HStorage 4_} Huvw

MASS JUdA G

Qr = runoff

Qumw = submarine meltwater
of glacier and icebergs



Budgets for glacial fjords

i orage E
HEAT Hx 4—’ HStorage 4—} HMW

MASS JUdA G

Qr = runoff

Qumw = submarine meltwater
of glacier and icebergs



Budgets for glacial fjords

HSurf
t  Huw @ |
- Qmw —P
SALT FX H FStorage \ HMeIt ﬁ
HEAT Hy b Hstorage <«> Hyw
+*+
UJA MW
MASS Juoh 4=
<> Hr
__________________________________________________________________________________________________________________________________________ 4 Qr
Time-average budgets and decompose cross-section transports into: (building on estuarine salt budgets
studies, e.qg. Lerczak et al. 2006;
MacCready & Banas 2011)
0. Barotropic 1. Exchange 2. Fluctuating
depth-average, time-average, residual
time-average depth-varying
Uo U+ u2



Budgets for glacial fjords

HSurf
t  Huw @ |
- Quw =—p
SALT F2+F1+FO H FStorage \ HMeIt ﬁ
HEAT Ho+Hi+Ho e Hstorage <«> Hyw
-
MASS oA +— |
4—> HRr
__________________________________________________________________________________________________________________________________________ 4 Qr
Time-average budgets and decompose cross-section transports into: (building on estuarine salt budgets studies,
e.qg. Lerczak et al. 2006;
MacCready & Banas 2011)
0. Barotropic 1. Exchange 2. Fluctuating
depth-average, time-average, residual
time-average depth-varying
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Inferring freshwater fluxes from budgets

unknowns

unknowns

Fa+F FStorage
Ho+H1+ EH HStorage

Total freshwater flux from measurable salt budget terms:

QFW — SLQ [ Fi + F2 — FStorage ]

Submarine meltwater from measurable heat budget terms + total freshwater flux:

QMW — oL ! [pCpQFW(eR o 90) + Hi + Ho — HStorage — Hsuri ]

adj —PCp(Onrw —OR)

Runoff from the difference:

QR — QFW o QMW

Jackson & Straneo, 2016



Results from Sermilik Fjord budgets

non-summer summer
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Evaluating fjord budgets: observational challenges

glacier with ice melange glacier with open water
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* MOOrings vs. synoptic surveys: temporal vs. spatial coverage

» different challenges in different tjords
» does it help to get closer to the glacier?
smaller storage issues, but also smaller spatial scales to resolve...

e at best, gives bulk numbers and requires extensive velocity data (hard!)



Nobles gases as tracers for meltwater in ocean

Used in Antarctica

e.g. Loose & Jenkins 2014

Growing use in Greenland

Beaird
Bealro

Beairo

et a
et a
et a

201
20"

20"

5
.
3

Rhein et al 2018

32 33 34
Salinity

owith T & S alone — cannot determine freshwater content in
most fjords (underdetermined system)

¢ add noble gases — robust quantification of submarine melt &
runoff/discharge concentrations



Nobles gases reveal freshwater export pathways

Mean V [mis] glacier
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Multibeam sonar: repeat surveys to measure submarine melt
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Connections to the
shelf & subpolar gyre




Greenland—ocean: freshening & impacts on convection?

freshwater content from Greenland

Latitude (° N)

56 48 40
Longitude (° W)

200 400 600 800 1,000 1,200
m

3oning et al 2016

30

Increased meltwater from Greenland
» freshening coastal current & Labrador sea Longitude (° W)
» potential iImpacts on deep winter convection

But freshwater from Greenland is injected into the model at the surface (in top 6m bin).... !
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Greenland—ocean: input & upwelling of nutrients

75°N

GREENLAND

60°N
| ! 5
— s G Irminger
?ﬁi Sea
l G B =
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Freshwater depth Okubo-Weiss parameter Chlorophyll a '
(m) (10" s2) (mg m?) Arrlgo et al 2017



Ocean—Greenland: origin & variability of source waters

JFMAM
=

Greenland NS (a)

1%

>40%
1%
5] >40%

Gelderloos et al. 2017

tracing origin & variability in fjord water masses:
warm Atlantic waters & cold Polar waters



How to interpret correlations between ocean & Greenland lce Sheet?

Mass change (Gt yr!) o

Temperature an. (°C) @
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Straneo & Heimbach, 2013



How to disentangle potential drivers of glacier?

surface melt

iIce melange
calving
x. A GLACIER
freshwater « x. y
a - _ submarine
It
heat » me
plumes \
X
subglacial
shelf | fjord discharge

An example:

warm ocean waters — increase submarine melt = glacier acceleration/retreat

atmospheric

_ increase surface melt = increase discharge — increase submarine melt — glacier acceleration/retreat
warming

increase surface melt = increase discharge — increase basal lubrication — glacier acceleration/retreat

weaken ice melange & sea ice — reduce back stress — glacier acceleration/retreat



summary

* plume dynamics modulate melting & mixing
» just starting to test parameterizations with observations —
should be treated with caution!
¢ freshwater input at depth drives massive upwelling

» freshwater is often exported subsurface, after it has mixed
~30:1 with deep fjord waters

» future fjord parameterizations for large-scale ocean models
need to account for this

® progress in measuring freshwater fluxes (melt & discharge) but
monitoring variability is an open challenge

¢ increasing freshwater flux from Greenland has potential impacts
on coastal currents, subpolar gyre, ecosystems, etc.

¢ shelf and subpolar processes control origin & variability of fjord
waters that drive submarine melting

e challenge to disentangle various glacier drivers & feedbacks
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How robust is the correlation between ocean & glacier?

Jakobshavn, W. Greenland Helheim, E. Greenland
Khazandar et al 2019 Straneo et al. 2016

2003 SST from MODIS-Terra
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