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Sobell 2013), massive storm surge, and damaging in-
undation. Peak storm-tide levels, which occurred near 
local high tide, had staggering recurrence probabili-
ties (e.g., 1570 years at the Battery, Fig. 6.1a). Though 
the data records do not always span such long inter-
vals, Sandy was phenomenal based on historical data. 
Our model aspects (e.g., flatter GEV return curve at 
the Battery than at Sandy Hook, Fig. 6.2a) are sensi-
tive to tide gauge record length, which miss a relevant 
1821 hurricane strike (Scileppi and Donnelly 2007). 
This may explain why our direct statistical recurrence 
estimates for Sandy at the Battery are longer than the 
~1000-year estimate (MHHW adjusted) simulated 
under historical climatic conditions by circulation-
hurricane models (Lin et al. 2012).

Another important but less-salient factor attribut-
able to Sandy impacts is the effect of SLR. Climate 
change-related SLR exacerbates extreme-event in-
undation relative to fixed elevations (Hunter 2010; 
Tebaldi et al. 2012, Obeysekera and Park 2012). Ac-
cordingly, we estimate that SLRrel over 1950–2012 
from global SLR (thermal expansion and ice melt), 
VLM (subsidence), and ocean circulation variability 

has contributed to a one- to two-thirds decrease in 
Sandy-level event recurrences. Our future scenarios 
of Sandy-level return intervals are concerning, as they 
imply that events of less and less severity (from less 
powerful storms) will produce similar impacts (Field 
et al. 2012). Further aggravating, the frequency and 
intensity of major storms/surges are likely to increase 
in a warming climate (Lin et al. 2012; Grinsted et 
al. 2013). Our scenarios scale similarly with future-
climate/circulation/hurricane models (Lin et al. 2012) 
and show that present (Boon 2012) and future SLR 
accelerations will nonlinearly compress the time-
dependent recurrence intervals in a nonuniform 
fashion across the region. Lastly, the scenarios do 
not include regional SLR contributions from ocean 
freshening and circulation slowdown (Sallenger et al. 
2012; Ezer et al. 2013), which affect regional coastal 
flooding (Sweet et al. 2009) and may add ≥0.25 m to 
overall mid-Atlantic SLRrel (Yin et al. 2009). Coastal 
communities are facing a looming SLRrel crisis, one 
that will manifest itself as increased frequency of 
Sandy-like inundation disasters in the coming de-
cades along the mid-Atlantic and elsewhere.
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Introduction. On 18 September 2012, the Arctic sea 
ice extent hit a new record low of 3.41 million km2 as 
reported by the National Snow and Ice Data Center 
(NSIDC), i.e., about half of the 1979–2000 September 
mean. From 6 August to 8 August 2012, an extreme 
storm (Simmonds and Rudeva 2012) also transited 
over the Arctic. Such an intense storm had the po-
tential to accelerate the sea ice loss through increased 
ice breaking and transport toward warmer regions 
(Parkinson and Comiso 2013) and through increased 
ocean mixing (Zhang et al. 2013). None of the forecast 
systems participating in the Study of Environmental 
ARctic CHange (SEARCH) program were able to pre-
dict the extreme 2012 summer sea ice melting at lead 
times greater than one month. Was this record low 
extent preconditioned by the sea ice loss from previ-

ous years but missed by the climate models because 
they underestimate the rate of radiatively forced sea 
ice loss (Stroeve et al. 2012)? Was this record largely 
driven by the extreme storm?

Reproducing the Arctic sea ice minimum. We performed 
an experiment, called CTRL, with the Louvan-la-
Neuve 2 (LIM2) sea ice model (Fichefet and Maqueda 
1997; Goosse and Fichefet 1999) embedded into the 
Nucleus for European Modelling of the Ocean 3.2 
(NEMO3.2) ocean model (Madec et al. 2008) forced 
with ERA-Interim (Dee et al. 2011) atmospheric 
surface fields through the Large and Yeager’s (2004) 
bulk formulae. Five members were initialized every 
1 June from 2000 to 2012 from a five-member sea ice 
reconstruction described and validated extensively 
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in Guemas et al. (2013; HistEraNudg simulation) 
and described briefly in the Supplemental materials.

The mean bias in CTRL daily sea ice extent, com-
puted over the 2000–12 period, as a function of the 
boreal summer day (Fig. 7.1a, blue curve) shows an 
underestimation as compared to the NSIDC estimates 
(Fetterer et al. 2009). After bias correction following 
the Kharin et al. (2012) method, which accounts for 
the influence of the long-term trend on the model 
bias, the RMSE of the anomalies (Fig. 7.1a, brown 
curve) shows an error of about 0.25 million km2 at 
the beginning of the summer that increases to about 
0.75 million km2 at the end of the summer. The Sep-
tember minima in sea ice extent (Fig. 7.1b) are cap-
tured with a correlation of 0.80, reduced to 0.58 after 
linear detrending, both significant at the 95% level. 
The observed 2012 September minimum is 2.01 mil-
lion km2 lower than the 2000–11 average September 
minimum. This excess sea ice loss is underestimated 
by 0.05 million km2 (2.5%) by our ensemble mean 
2012 CTRL minimum when using the Kharin et al. 
(2012) method for bias correction (Fig. 7.1b) while it 
is overestimated by 0.43 million km2 (21%) if we bias 
correct by subtracting the climatology shown in Fig. 
7.1a, indicating that our climate model overestimates 
the long-term trend in sea ice extent. We aim here at 
attributing the observed 2.01 million km2 excess loss 
to either the extreme August cyclone, the warmer 
than usual atmospheric conditions, or the persistence 
of 1 June 2012 sea ice initial conditions.

At t r i bu t i on  t hr ough 
sensitivity experiments. 
We performed a first 
sensitivity experiment, 
called STORM, (Fig. 
7.2; blue) in which we 
replaced all the global 
atmospheric forcing 
f ields during 5 Au-
gust–8 August 2012, 
w h e n  t h e  e x t re m e 
storm occurred, by 
the global atmospheric 
forcing fields from the 5 
August–8 August 2011. 
The simulated excess 
sea ice loss relative to 
the 2000–11 average is 
reduced by 0.02 mil-
lion km2 (1%; blue-red 

in Fig. 7.2) only in STORM as compared to CTRL. 
We, therefore, conclude to a negligible contribution 
of the extreme 2012 summer cyclone to the Arctic sea 
ice extent minimum, which is consistent with Zhang 
et al. (2013)’s results. However, sea ice fracturation 
processes and melt ponds are not represented in our 
model, which can be responsible for an underesti-
mated response to the extreme storm, through an 
underestimation of the shortwave radiation absorp-
tion (Screen and Simmonds 2012) and of the heat 

Fig. 7.1. CTRL performance in capturing the Arctic sea ice extent (×106 km2). (a) 
Mean 2000–12 bias as compared to the NSIDC daily observations (http://nsidc.
org/data/seaice_index/archives.html) in blue and RMSE of the anomalies after bias 
correction (Kharin et al. 2012) in brown as a function of the simulation day. (b) Sep 
minima in the NSIDC daily observations in black and in CTRL after bias correction 
(Kharin et al. 2012) in red as a function of the year. A big square is shown for the 
ensemble mean, small dots for the ensemble members. The method from Kharin et 
al. (2012) consists in correcting, not only the mean bias shown in panel (a), but also 
the differences in the long-term trend between the model and the observations, 
both obtained by a least square linear regression as a function of the calendar day.

Fig. 7.2. Sensitivity experiments of 2012. Black squares 
indicate the observed 2012 minimum (×106 km2). The 
black line indicates the 2000–11 average minimum. Red 
is the same 2012 CTRL minimum as in Fig. 7.1b. Blue, 
green, purple, and brown are the September minima 
from the STORM, MEMORY, WARM, and M-W sensi-
tivity experiments respectively. A square indicates the 
ensemble mean, small dots the ensemble members.
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exchanges between the sea ice and ocean components. 
Indeed, the study by Parkinson and Comiso (2013) 
suggests a larger contribution from the extreme 
storm. Hence, the robustness of those conclusions 
should be assessed with more sea ice models.

We performed a second sensitivity experiment, 
called MEMORY, (Fig. 7.2; green) in which we re-
placed the observed sea ice initial conditions for 1 
June 2012 with the climatology of 1 June 2000–11. The 
simulated excess sea ice loss relative to the 2000–11 
average is reduced by 1.09 million km2 (54%; green-
red in Fig. 7.2) in MEMORY as compared to CTRL. 
We, therefore, conclude that about half of the excess 
sea ice loss during the 2012 summer was precondi-
tioned by the previous history of the sea ice cover. 
However, the 1 June 2012 sea ice extent is underesti-
mated in CTRL, which might lead to an overestimated 
role of the sea ice memory. 

A third sensitivity experiment, called WARM, 
(Fig. 7.2; purple) was performed in which we in-
troduced an offset in the near-surface atmospheric 
temperature and humidity computed as the difference 
at the grid-point level between the average over the 
2000–11 melting season and the 2012 melting season. 
The simulated sea ice loss relative to the 2000–11 
average is reduced by 1.14 million km2 (56%; purple-
red in Fig. 7.2) in WARM as compared to CTRL. We, 
therefore, conclude that about half of the excess sea 
ice loss during the 2012 summer was induced by the 
warmer-than-usual atmospheric conditions. Those 
warmer atmospheric conditions over the Arctic might 
have been, however, themselves partly forced by the 
feedback of the sea ice loss into the atmosphere.

We, therefore, performed a last sensitivity experi-
ment, called M-W (Fig 7.2, brown) which combines 
both the characteristics of the MEMORY and WARM 
experiments to assess the contribution of the inter-
action between the sea ice memory and the warmer 
atmospheric conditions. We replaced, in this M-W 
experiment, the observed sea ice initial conditions for 
1 June 2012 with the climatology of 1 June 2000–11, 
and we introduced an offset in the near-surface atmo-
spheric temperature and humidity computed as the 
difference at the grid-point level between the average 
over the 2000–11 melting season and the 2012 melting 
season. The simulated sea ice loss is reduced by 2.41 
million km2 in M-W as compared to CTRL, i.e., 0.17 
million km2 (8%) in excess compared to the sum of the 
individual contributions from the preconditioning by 

the previous history of the sea ice cover (1.09 million 
km2) and from the 2012 warmer atmospheric condi-
tions (1.14 million km2). We, therefore, conclude that 
the positive retroaction between the sea ice memory 
and the warm atmospheric conditions explain a few 
percentage of the excess sea ice loss during the 
2012 summer.

The 2012 sea ice loss we attributed to the storm, 
to the sea ice memory, to the atmospheric warming, 
and to the interaction between sea ice memory and 
atmospheric warming amount respectively to 0.02 
million km2, 1.09 million km2, 1.14 million km2, and 
0.17 million km2. This makes a total of 2.42 million 
km2, which overestimates the 2012 observed sea ice 
loss by 0.41 million km2. This amount of 0.41 million 
km2 corresponds approximately to the bias corrected 
by the Kharin et al. (2012) method to account for 
the overestimated long-term trend in sea ice extent 
in CTRL. This overestimation by 0.41 million km2, 
therefore, corresponds most probably to an overesti-
mation of the contribution from the sea ice memory 
and the warm atmospheric conditions (and their 
positive retroaction).

Conclusions. The Arctic sea ice extent experienced 
an extreme low on 18 September 2012, 2.01 mil-
lion km2 below the 2000–11 mean September 
minimum. This study aimed at estimating the 
contributions from three different factors to this 
2.01 million km2 excess sea ice loss: (i) the extreme 
August summer storm that transited over the 
Arctic, fracturing sea ice, transporting it toward 
warmer regions, and increasing the ocean mixing; 
(ii) the preconditioning by the history of the sea 
ice cover prior to the beginning of the melt season 
(among which the sea ice thinning related to the 
long-term warming); and (iii) the warmer-than-
usual surface atmospheric conditions (also partly 
related to the long-term warming). Our modeling 
results indicate that the exceptional 2012 sea ice 
loss was primarily due to the sea ice memory and 
to the positive feedback of the warm atmospheric 
conditions, both contributing approximately 
equally. Our results also point at a negligible 
contribution of the extreme 2012 summer storm. 
However, our model fails to reproduce the abrupt 
fall in daily sea ice extent observed by satellite at 
the storm passage (not shown), which suggests that 
we underestimate its contribution in this study.


