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Intro: Iceberg basics

* Icebergs are blocks of freshwater ice that calve off a glacier or ice shelf
(mainly in Greenland and Antarctica).

* Typical size: 100s by 10s of m in Greenland, larger (~15km) in Antarctica.
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Intro: Iceberg basics

* Icebergs are blocks of freshwater ice that calve off a glacier or ice shelf
(mainly in Greenland and Antarctica).

* Typical size: 100s by 10s of m in Greenland, larger (~15km) in Antarctica.
* Mass loss primarily from wave erosion of the sidewall (~1 m/day).

* Drift 1,000s of km during lifetime of ~1 yr: found in western North Atlantic and
Southern Ocean.
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Intro: Iceberg meltwater

* Iceberg freshwater flux influences ocean circulation through effect on seawater density.

* Empirical rule-of-thumb: icebergs drift at
2% of wind velocity relative to ocean current.

* This has been observed in many empirical
studies (Garrett et al. 1985, Smith and
Donaldson 1987, Smith 1993, etc) and
reproduced in numerical models (e.g., Bigg
et al. 1997), but it has never previously
been physically derived or justified.

* Why 2%? Where does this approximation break down?

* Goal #1: Analytically derive 2% rule.



Intro: Observed changes

* Increasing discharge during recent years (e.g., Rignot et al. 2011, Velicogna & Wahr 2013).
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Intro: Projected changes

* Projections suggest massive increases during the coming century (e.g., Nick et al. 2013,
Joughin et al. 2014, DeConto & Pollard 2016).

* Huge iceberg discharges, called Heinrich Events, are believed to have occurred during
the last glacial period, disrupting the global climate (e.g., Broecker 1994, Hemming 2004,

Stokes et al. 2015).
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! Leaving Stress  TRUMP ADMITTED

As More Waits
In Trip Abroad

Tumult at Home Raises
Stakes for President

By PETER BAKER

WASHINGTON — President
‘Trump embarked on Friday on his
first foreign mission since taking
office, beginning a challenging
nine-day, multistop, multifaceted
journey to the Middle East and
Europe and leaving behind a capi-
tal consumed by investigations
and int

Mr. Trump’s first stop wil be Ri-
yadh, Saudi Arabia, where he will
meet with dozens of Arab and
Muslim leaders. He will later trav-
el to Jerusalem, Bethlehem, Vati-
can City, Brussels and finally Sici-
ly before returning May 27.

Aninaugural foreign trip would

oy | have been daunting for a di-
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Antarctic Dispatches: A Continent at Risk

The Ross Ice Shelf, a floating chunk of ice the size of California, is stable for now. But a rapid disintegration of Antarctic ice could
raise the sea level by as much as six feet by the middle of the century, deluging major coastal cities, including New York. Page Al

plomatic novice under any cir-
cumstances, given the panoply of
complicated issues that will con-
front Mr. Trump, including terror-
ism, religion, economics, Middle
East peace, the war in Al

DISMISSAL ATEB.L.
EASED PRESSURE

CALLED COMEY ‘NUT JOB’

Remarks to Russians in
the Oval Office a Day
After the Firing

This article is by Matt Apuzzo,
Maggie Haberman and Matthew
Rosenberg.

WASHINGTON — President
Trump told Russian officials in the
Oval Office this month that firing
the EBI director, James B.
Comey, had relieved “great pres-
urefou i acenelugto 8 dos-
ment summarizing eeting.

“Ijustfired the head Jofthe FBL.
He was crazy, a real nut job,” Mr.
Trump said, according to the doc-
ument, which was read to The
New York Times by an American
official. “I faced great pressure be-
cause of Russia. That's taken off”

o 20 Ty e, T i G-

NATOand
e aggression. But it will be
only more so given the distrac-
tions back home as a newly ap-
pointed special counsel begins
Innlrinnintn anwtiae hatwaan Bue..

“Theconversation,duringaMay
10 meeting — the day after he fired
Mr. Comey — reinforces the no-
tion that the president dismissed
i eienariti hasaien af ths Ins




Intro: Heinrich Events

* During the last glacial period (about 100 ka until 20 ka),
the Laurentide Ice Sheet covered much of North America.
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Intro: Heinrich Events

* During the last glacial period (about 100 ka until 20 ka), | |
the Laurentide Ice Sheet covered much of North America. |

» Sediment cores in the North Atlantic (40°N-55°N)
contain layers of “ice rafted debris” (IRD),
indicating vast armadas of icebergs (Heinrich 1988).
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Intro: Map of Heinrich IRD layers

* IRD layers in sediment cores provide a record of iceberg drift and decay.

* Layer thickness is far more zonally uniform than would be expected, implying
trajectories strikingly different than today.

* Goal #2: Address enigma of how icebergs traveled so far.
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Roadmap

* Construct Lagrangian model of iceberg drift and decay, building on previous studies.
* Physically derive the empirical rule of thumb that \7,' = VW + 2% \76, :
* Validate the model using an ocean state estimate and iceberg observations.
 Simulate Heinrich Event IRD deposition in glacial climate.

* Propose and test a mechanism for enhanced iceberg spread during Heinrich Events.



Roadmap

* Construct Lagrangian model of iceberg drift and decay, building on previous studies.



Iceberg model: Ingredients
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* Drift: Iceberg velocity as function of ocean currents and winds.

* Decay: Primarily wave erosion; also side melt and basal melt.



Governing equations

air wave
drag rad1at10n
dv vl
Water pressure
inertia Coriolis drag gradient force seaice

(e.g., Bigg et al. 1997)
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Roadmap

* Physically derive the empirical rule of thumb that \7,' = VW + 2% \7a :



Approximations

air wave
- drag radiation
d 1% I A . — — — — —
inertia Coriolis V(g?;egr gl'alzilfe::;stu’[frce sea ice

1. iceberg acceleration is small
2. drag from sea ice and wave radiation are small (e.g., Bigg et al. 1997, Gladstone et al. 2001)

3. pressure gradient force approximated from geostrophic ocean velocity
(e.g., Smith & Banke 1983, Gladstone et al. 2001, Stern at al. 2016)

4. iceberg velocity is much smaller than air velocity



Approximations

air wave
drag radiation
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1. iceberg acceleration is small
2. drag from sea ice and wave radiation are small (e.g., Bigg et al. 1997, Gladstone et al. 2001)

3. pressure gradient force approximated from geostrophic ocean velocity
(e.g., Smith & Banke 1983, Gladstone et al. 2001, Stern at al. 2016)

4. iceberg velocity is much smaller than air velocity



Approximations

air wave
drag radiation
o . — — —
=|—M fk X Vi|HEy|HFa|+|F |+
e 0 0
ST water pressure .
inertia () Coriolis drag gradient force sedice

1. iceberg acceleration is small
2. drag from sea ice and wave radiation are small (e.g., Bigg et al. 1997, Gladstone et al. 2001)

3. pressure gradient force approximated from geostrophic ocean velocity
(e.g., Smith & Banke 1983, Gladstone et al. 2001, Stern at al. 2016)

4. iceberg velocity is much smaller than air velocity



Approximations

air wave
drag radiation
A N — — —
=|—M fk X V| HE|HEFo|+F|+
Coriolis water pressure U sea ice
inertia () drag gradient force

1. iceberg acceleration is small
2. drag from sea ice and wave radiation are small (e.g., Bigg et al. 1997, Gladstone et al. 2001)

3. pressure gradient force approximated from geostrophic ocean velocity
(e.g., Smith & Banke 1983, Gladstone et al. 2001, Stern at al. 2016)

- Fp = -2 VP~ Mfkx7,

4. iceberg velocity is much smaller than air velocity



Approximations

air wave
drag radiation
A - — — —
=M fl X Vi Fy [ E HF |+
- 0 0
ioli water pressure .
inertia 0 Coriolis drag gradient force seaice

Insert standard representations of water and air form drag:

—

Fy = 30uCuAw [V — Vi| (B — Vi), Aw=2L Z(L+W)H

Fo = 1paCata [Va — Vil (Vg — Vi), Aa=22P1A,,




Approximations

Coriolis & PGF water drag air drag

—

0= Mfhkx (Vo = %) + howcwan [P = V| (B = Vi) + Spacata [ — Vil (Ve — W)



Approximations

Coriolis water drag air drag

—

0= Mf]% X ( — \7,) + %pWCWAw ‘Vw — \71‘ (Vw — Vi) + %paCaAa ‘1761 —w (va —

1. iceberg acceleration is small
2. drag from sea ice and wave radiation are small (e.g., Bigg et al. 1997, Gladstone et al. 2001)

3. pressure gradient force approximated from geostrophic ocean velocity
(e.g., Smith & Banke 1983, Gladstone et al. 2001, Stern at al. 2016)

—

4. iceberg velocity is much smaller than air velocity



Analytical solution

Coriolis & PGF water drag air drag
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Asymptotic limits
Vi =V +y(—ok b Va4 V)

L (m) [when [Va|=5.7 m/s]
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Asymptotic limits

v =9, + y( —ak %7, +[317a)

L (m) [when [¥,|=5.7 m/s]
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Asymptotic limits
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Asymptotic limits
5y = 7 (—tk x 7+ BT
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Explanation of 2% rule

Coriolis & PGF water drag air drag
0=Mfkx (V,, —V;) + Lowcwaw [V — Vil (Vi — Vi) + Lpacasa [Va| (V)
~ hn'ad v’
L*H LH LH
Small L: %PwaAw |‘71 — ‘—;wl (‘71 — VW) — %PaCaAa |‘7a‘ (va)
1/2
i = By (gwgwiw> By = Vi + 2%,

Large L: Mfk x (V,, —¥;) =0



Roadmap

* Validate the model using an ocean state estimate and iceberg observations.



Iceberg decay model

—C—C —'C—C

Wind-Driven
Wave Erosion | T M(Tw)
ceber t{w)
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M, (Vi, Tw)
Turbulent Basal Melt



Iceberg decay model

dL_dw _
dt N dt B wavf sidev
erosion melt

M, = & (1+cos[mA;]) (T, — To) S(|Va])

(Bigg et al. 1997)



Model validation

* Simulate non-interactive individual icebergs using observational estimate of v, v, & T,
(from ECCO2), with empirically-based seeding locations and initial iceberg size distributions
(L is 100-1500m in NH and 15km-20km in SH).

* Qualitative agreement with region of observed icebergs in NH and
distribution of satellite-derived trajectories in SH.




Roadmap

 Simulate Heinrich Event IRD deposition in glacial climate.



Simulated modern vs glacial icebergs

* Use CCSM4 coupled GCM simulation of LGM climate (Brady et al. 2013) forv,, v,, & 7,,.
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Simulated modern vs glacial icebergs
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Roadmap

* Propose and test a mechanism for enhanced iceberg spread during Heinrich Events.



Inhibition of wave erosion by sea ice

* Iceberg meltwater normally spreads horizontally over 10s of km.
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latitude

Observed small iceberg cluster far from sea ice edge in Southern Ocean



Inhibition of wave erosion by sea ice

* Iceberg meltwater normally spreads horizontally over 10s of km.
* With icebergs concentrated over scales larger than this, sfc freshwater accumulates.
* Surface waters cool in fall but do not sink below this halocline: sea ice forms.

* Wintertime sea ice cover inhibits wave erosion, nearly turning off iceberg decay.

summer melt — fresh surface layer winter cooling — cold halocline sea ice growth — reduced wave erosion




Inhibition of wave erosion by sea ice

* Iceberg meltwater normally spreads horizontally over 10s of km.

* With icebergs concentrated over scales larger than this, sfc freshwater accumulates.
* Surface waters cool in fall but do not sink below this halocline: sea ice forms.

* Wintertime sea ice cover inhibits wave erosion, nearly turning off iceberg decay.

= The icebergs would create their own
microclimate, analogous to the mélanges that
form in Greenland Fjords (cf. Sulak et al. 2017).




Plausibility of sea ice formation

» Use estimated iceberg discharge plus T & S profiles in GCM-simulated glacial IRD belt.

* If 2 months of freshwater flux is concentrated in 25% of 40°N-55°N Atlantic Ocean
& in upper 10m of column: halocline is sufficient to allow sea ice growth.

* This shallow halocline would substantially reduce the effective surface heat capacity.

* We make the crude approximation that this would allow winter air temperatures to
become as cold as average over land in 40°N-55°N.

* Assume sea ice coincides with air temperatures below —8°C, as in GCM.

= This effect would allow ~4 months of sea ice (Dec-Mar).



Influence of sea ice on icebergs
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Summary

* Constructed an idealized analytical model of iceberg drift, and derived from
physical principles the empirical rule-of-thumb that v, = v,, + 2%V, .
Showed that this applies only for icebergs smaller than about 800m.

Wagner, Dell, Eisenman (J. Phys. Oceanogr., 2017)

* Proposed a mechanism for the trans-Atlantic ice rafting of debris during
Heinrich Events: meltwater from icebergs during summer = halocline =
winter sea ice = reduced wave erosion of icebergs during winter (only works
when icebergs are densely packed over 10s of km).

Wagner, Dell, Eisenman, Keeling, Severinghaus (Earth Planet. Sci. Lett., in press)

(Model code at http://eisenman.ucsd.edu)



