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Arctic sea-ice “tipping point”

éunstoppable loss

(a saddle-ndgde bifurcation)

reversible retreat:

greenhouse gases >



minimal complexity model: positive ice-albedo feedback
vs. stabilizing sea ice thermodynamics
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The 0-d model

(after Eisenman & Wettlaufer, PNAS 2009)

State variable E(t): energy per unit surface area
(relative to Arctic ocean mixed layer at the freezing point)

—L;h;(t) if E <0 (2.e. E ice thickness h;
B(t) — { () fE<0 )

CsT(t) ifE>0

7~ N\

i.e. B o< mixed layer temp. T)

L, = latent heat of fusion of ice
(s = ocean heat capacity per unit surface area



The 0-d model

(after Eisenman & Wettlaufer, PNAS 2009)

A(E) + BT(E) N /Fsozar(t)

F bottom

dFE

E — [1 — Q(E)]Fsolafr (t) + Fbottom + Fsouth - U’ice(E) o [A(E) + BT(E)]



The 0-d model

(after Eisenman & Wettlaufer, PNAS 2009)

A(E) + BT(E) N /Fsozar(t)

F bottom

dE
d_ [1 — Q(E)]Fsolar (t) + Fbottom + Fsouth + Vice (E)
t X A 1

constants ~E (for E<O0, otherwise 0
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The 0-d model

(after Eisenman & Wettlaufer, PNAS 2009)
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The 0-d model

(after Eisenman & Wettlaufer, PNAS 2009)

Outgoing Long-Wave Radiation (Top of the atmosphere):
Ingredients: “oT*” linearized about 273 K (T=0)

AZ'?.ZS_- -
1 “Long-wave cloud feedback”

A; = Ay — AAyp,

i 1 A A i 1 A A A 1 A A A 1 A " " 1 A 1-
-40 -20 0 20 40

dFE
E — [1 — &(E)]Fsolar (t) + Fbottom + Fsouth + Vice (E) _



The 0-d model

(after Eisenman & Wettlaufer, PNAS 2009)

Sea-ice thermodynamics (E<0)

. atm TFW - —ki=  if T <0 (Fyop > 0)
. 1 _ top — ; ,
Z=N T Ttop op Lz dgg lf T — 0 (Ftop S O)
ice —kz I __ pout _pin
h,- h; top — L surface sur face
z=h_+ J’ TB — () — [A + BT — Fsouth] — [1 — Oé]Fsola/r
= ocean
Fbottom

dF
E - [1 o &(E)]Fsolar (t) + Frottom + Fsouth + vice(E) o [A(E)



The 0-d model

(after Eisenman & Wettlaufer, PNAS 2009)

T @) if £ <0 (i.e. E oice thickness h;)

if T <0 (Fiop > 0)
lfT:O (Ftop SO)

(Xq)
sur face

TE) | pX

sur face

-( — ice - — *Ocean_} — [A - BT - Fsouth] — [1 _ a]FSOlCLT

dE
E _ [1 B &(E)]Fsolar (t) + Fbottom —+ Fsouth + Uice(E) o [A(E)



The 0-d model

(after Eisenman & Wettlaufer, PNAS 2009)

—L;h;(t) if E<0 (i.e. E ocice thickness h;)
C,T(t) ifE>0 (ie E o mixed layer temp. T)
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dE
E _ [1 B &(E)]Fsolar (t) + Fbottom —+ Fsouth + Uice(E) o [A(E)



The 0-d model

(after Eisenman & Wettlaufer, PNAS 2009)

—L;h;(t) if E<0 (i.e. E ocice thickness h;)
C,T(t) ifE>0 (ie E o mixed layer temp. T)

of  summer . —k% if T'< 0 (Fiop > 0)
P T L i T =0 (Fpp < 0)
: )z T dt — top =

-30[
: winter — 5
o T(E out mn
~sobi .. ST i ) N, I k FtOP — Lsurface = *'surface
< Ice ple ocean—» — [A + BT — Fsouth] _ [1 _ a]Fsolar
dE

— [1 — &(E)]Fsolar (t) + Fbottom + Fsouth + vice(E) — [A(E) + B@]



EWO09 results:

the role of sea ice thermodynamics: no summer tipping point?

ice albedo feedback only with sea ice thermodynamics
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bifurcation diagrams from Eisenman & Wettlaufer, PNAS 2009

dE v
rr = [1 — a(E)| Fsotar (t) + Frottom + Fsouth + Vice(F) — [A% + BT(E)]



“cloud feedbacks™: no summer tipping point?

(a) ¢.=0.588

Figures from Abbot, Silber,
Pierrehumbert 2010 preprint
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(a) ¢.=0.588
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Seasonal Ice

[l. Two lce States Coexis

ha=0'25 AL l. No Summer
Tipping Point
0.26 0.28 0.3 0.32 10
Aocc

-2
En+1-En [Wyrm™]




-2
En+1—En (W yrm “]

10

-

I
o)
T

-10

. NO Summer
Tipping Point

15 ,
En [Wyrm <]



(a) Act =0.3, AA =25 [W m™] () .=0.588
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Some analysis:

determining existence conditions for seasonally ice-free states

Approximation: piecewise constant X(E) and A(E)
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Some analysis:

determining existence conditions for seasonally ice-free states

Smoothed albedo attractors Piece-wise constant albedo attractors
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Some analysis:

determining existence conditions for seasonally ice-free states

Smoothed albedo attractors 10 . Poincare map:
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Some analysis:

determining existence conditions for seasonally ice-free states

B() = £(0) piecewise constant albedo: B~ E0) smoothed albedo:
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Existence conditions for seasonally ice-free states

d—E — [1 — &(E)]Fsola’r’ (t) + Fbottom + Fsouth + vice(E) o [A(E) + BT(E)]
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Existence conditions for seasonally ice-free states
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Existence conditions for seasonally ice-free states

Periodic solutions: fixed points of appropriate Poincaré map (P = P; o F,)
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Existence conditions for seasonally ice-free states

Periodic solutions: fixed points of appropriate Poincaré map (P = P; o F,)

P, P;
t=tm, E=0)—(t=t;, E=0)— (t=t,n,+1,E=0)...ad infinitum
E >0 E <0

Py(E =05ty tr, A—AA., 0o+ Aa.) =0
PZ(E — O;tm,tf,A, O&,;) = 0

dF

E = [1 — (X(E)]Fsolar (t) + Frottom + Fsouth + Uz‘ce(E) — [A(E) + BT(E)]
Fo

dl; BE M

It | C — [1 — Uy — A040]175()Za7° (t) + [Fbottom + Fsouth — A + AAC]
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