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  Cri$cal	
  environmental,	
  socioeconomic,	
  and	
  defense	
  issues	
  have	
  focused	
  the	
  
people’s	
  a=en$on	
  on	
  the	
  coastal	
  zone.	
  	
  

  This	
  zone	
  is	
  par$cularly	
  vulnerable	
  in	
  the	
  Arc$c,	
  where	
  unprecedented	
  climate	
  
changes	
  have	
  already	
  been	
  observed	
  in	
  the	
  context	
  of	
  high	
  natural	
  variability	
  on	
  a	
  
range	
  of	
  $me	
  scales.	
  	
  

  Key	
  environmental	
  issues	
  affec$ng	
  human	
  ac$vi$es	
  on	
  the	
  Alaskan	
  North	
  Slope	
  
and	
  Siberian	
  coastal	
  regions	
  include:	
  

  coastal	
  erosion,	
  	
  
  recent	
  decline	
  in	
  ice	
  extent	
  and	
  thickness,	
  	
  
  less	
  stable	
  and	
  predictable	
  shore-­‐fast	
  ice,	
  gouging	
  of	
  shelves	
  and	
  coast	
  by	
  sea	
  ice,	
  

pile-­‐up	
  of	
  ice	
  on	
  shore,	
  	
  

  rise	
  in	
  sea	
  level,	
  and	
  storm	
  hazards.	
  	
  

  One	
  element	
  of	
  the	
  observed	
  climate	
  change	
  is	
  the	
  increased	
  frequency	
  and	
  
intensity	
  of	
  extreme	
  events.	
  

Outline/summary	
  



There	
  are	
  different	
  
defini-ons	
  of	
  the	
  Arc-c	
  
Region.	
  	
  

This	
  is	
  10°C	
  air	
  temperature	
  
isotherm	
  in	
  July.	
  	
  

For	
  “arc-c	
  storm	
  surges”	
  
–	
  this	
  could	
  be:	
  where	
  
sea	
  ice	
  influences	
  storm	
  
surges	
  	
  

Arc$c	
  polar	
  circle	
  

What	
  is	
  the	
  Arctic?	
  



	
  Today’s	
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 	
  Coastal	
  erosion…	
  	
  (October	
  2004)	
   	
  Coastal	
  erosion…	
  	
  (October	
  2004)	
  
	
  (Shishmaref	
  on	
  the	
  Chukchi	
  Sea	
  coast)	
  



 	
  Coastal	
  erosion…	
  	
  (October	
  2005)	
  
	
  (Shishmaref	
  on	
  the	
  Chukchi	
  Sea	
  coast)	
  



 	
  …	
  and	
  flooding	
  (inundation	
  –	
  storm	
  and	
  tsunami)	
  
(Teller,	
  on	
  the	
  Bering	
  Strait)	
  



 	
  …	
  and	
  flooding	
  (inundation	
  –	
  storm	
  and	
  tsunami)	
   	
  …	
  and	
  flooding	
  (inundation	
  –	
  storm	
  and	
  tsunami)	
  
(Teller,	
  on	
  the	
  Bering	
  Strait)	
  



Photos by Julie Baltar	
  ,	
  story	
  in	
  the	
  Nome	
  
Nugget	
  
Shishmaref,	
  AK	



Shishmaref	
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Bering	
  Strait	
  water	
  Inflow	
   Broad Shelves 
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  Rivers	
  

Exchange	
  with	
  the	
  
North	
  Atlan-c	
  	
  

Arctic	
  Ocean	
  features	
  influencing	
  storm	
  surges	
  

Pack	
  (drifting)	
  and	
  
land-­‐fast	
  	
  sea	
  ice	
  

Steep 
continental 
slope 



Origin	
  
The	
  major	
  difference	
  between	
  storm	
  surges	
  in	
  the	
  Arctic	
  and	
  mid	
  and	
  low	
  latitude	
  
oceans	
  is	
  the	
  presence	
  of	
  sea	
  ice	
  which	
  regulates	
  momentum,	
  heat	
  and	
  salt	
  fluxes	
  
between	
  the	
  ocean	
  and	
  atmosphere.	
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Arctic	
  stamukhi	
  -­‐	
  thick	
  ridges	
  that	
  become	
  grounded	
  
during	
  the	
  winter	
  and	
  become	
  part	
  of	
  the	
  fast	
  ice	
  zone;	
  
while	
  the	
  rest	
  of	
  the	
  fast	
  ice	
  melts	
  during	
  the	
  summer,	
  a	
  
stamukhi	
  remains	
  throughout	
  the	
  summer	
  attached	
  to	
  the	
  
ocean	
  bottom.	
  



Ice	
  gouges.	
  Fragment	
  of	
  sonar	
  records	
  (Baydaratskaya	
  Bay,	
  2007,	
  18	
  m	
  
depth)	
  	
  

“The	
  role	
  of	
  sea	
  ice	
  in	
  coastal	
  and	
  bo=om	
  dynamics	
  in	
  the	
  Baydaratskaya	
  Bay,	
  Kara	
  Sea”	
  by	
  S.A.Ogorodov	
  et	
  
al.	
  (ARCTIC	
  COASTAL	
  ZONES	
  AT	
  RISK,	
  Workshop	
  Proceedings	
  Tromsø,	
  Norway,	
  1.-­‐3.10.2007	
  

50	
  m	
  



Grounded	
  land-­‐fast	
  ice	
  
protects	
  coastal	
  erosion	
  	
  

Drifting	
  pack	
  ice	
  destroys	
  
coastlines	
  eroding	
  
hundreds	
  of	
  meters	
  of	
  
shoreline	
  



The	
  circum-­‐polar	
  region.	
  Sectors	
  identified	
  by	
  the	
  Arctic	
  Coastal	
  Dynamics	
  project	
  are	
  shown	
  as	
  grey	
  zones.	
  
Station	
  locations	
  are	
  indicated	
  by	
  black	
  dots.	
  (courtesy	
  of	
  David	
  Atkinson	
  [2005]).	
  



Proshutinsky	
  and	
  Johnson,	
  1997	
  (JGR)	
  updated	
  

A B	
  





The Northern Sea Route 

Ob’	
  and	
  Yenisey	
  
Rivers	
  

Dudinka	
  

	
  	
  	
  Noril’sk	
  

1978-­‐79	
   Year-­‐round	
  	
  
	
  Navigation	
  

Few	
  Recent	
  	
  	
  
	
  	
  	
  	
  Full	
  Transits	
  



Coastal	
  regions	
  with	
  low	
  relief	
  are	
  significantly	
  
influenced	
  by	
  storm	
  surges	
  

Kara	
  Sea	
  

Laptev	
  	
  

Sea	
  
East	
  Siberian	
  

Sea	
  

Chukchi	
  
Sea	
  

Barents	
  Sea	
  

The	
  combination	
  of	
  waves	
  and	
  high	
  water	
  levels	
  during	
  late	
  summer	
  and	
  fall	
  
storms	
  before	
  the	
  development	
  of	
  significant	
  sea-­‐ice	
  cover	
  can	
  be	
  particularly	
  
damaging	
  to	
  shorelines	
  



Sea Level data sources!

Sea level data sets were collected by the Arctic and Antarctic Research Institute 
for 71 stations (see station numbers) located in the Barents and Siberian Seas. The 
time series of sea level variability generally cover the period between 1948 and  
2000 but temporal coverage differs significantly from station to station. Red 
denotes stations with the most complete datasets. 



hQp://www.whoi.edu/science/PO/arc-csealevel/	
  

hQp://www.whoi.edu/science/PO/arc-csealevel	
  



Observed	
  maximum	
  sea	
  levels	
  due	
  to	
  storm	
  surges	
  

This	
  figure	
  shows	
  distribution	
  of	
  maximum	
  sea	
  surface	
  heights	
  measured	
  by	
  	
  
coastal	
  stations	
  in	
  the	
  Siberian	
  sector	
  of	
  the	
  Arctic	
  Ocean.	
  The	
  absolute	
  maximum	
  
was	
  observed	
  in	
  the	
  southern	
  part	
  of	
  the	
  Laptev	
  Sea.	
  



This	
  figure	
  shows	
  distribution	
  of	
  minimum	
  sea	
  surface	
  heights	
  measured	
  by	
  	
  
coastal	
  stations	
  in	
  the	
  Siberian	
  sector	
  of	
  the	
  Arctic	
  Ocean.	
  The	
  absolute	
  minimum	
  
was	
  observed	
  in	
  the	
  southern	
  part	
  of	
  the	
  Laptev	
  Sea.	
  

Observed	
  maximum	
  sea	
  levels	
  due	
  to	
  storm	
  surges	
  



Extreme	
  sea	
  levels	
  for	
  storm	
  surges	
  in	
  the	
  Kara	
  Sea	
  

Years	
  with	
  prevailing	
  cyclonic	
  (blue)	
  and	
  
anticyclonic	
  (yellow)	
  circulation	
  regimes	
  

Cyclonic	
  
regime	
  Anti-­‐

cyclonic	
  
regime	
  

Anti-­‐
cyclonic	
  
regime	
  

Cyclonic	
  
regime	
  



Extreme	
  sea	
  levels	
  for	
  storm	
  surges	
  in	
  the	
  East-­‐Siberian	
  Sea	
  

Anti-­‐
cyclonic	
  
regime	
  

Cyclonic	
  
regime	
  

Anti-­‐
cyclonic	
  
regime	
  

Cyclonic	
  
regime	
  



Extreme	
  sea	
  levels	
  for	
  storm	
  surges	
  in	
  the	
  Laptev	
  Sea	
  

Anti-­‐
cyclonic	
  
regime	
  

Anti-­‐
cyclonic	
  
regime	
  

Anti-­‐
cyclonic	
  
regime	
  

Cyclonic	
  
regime	
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Storms	
  impac$ng	
  the	
  Beaufort	
  Sea	
  	
  

Pacific-­‐born	
  storm	
  (upwelling)	
  	
  	
  

28	
  upwelling	
  and	
  7	
  downwelling	
  storms	
  in	
  2002-­‐3	
  alone!	
  	
  

Pickart,	
  R.	
  S.,	
  G.	
  W.	
  K.	
  Moore,	
  D.	
  J.	
  Torres,	
  P.	
  S.	
  Fratantoni,	
  R.	
  A.	
  Goldsmith,	
  and	
  J.	
  Yang	
  (2009),	
  Upwelling	
  on	
  the	
  
continental	
  slope	
  of	
  the	
  Alaskan	
  Beaufort	
  Sea:	
  Storms,	
  ice,	
  and	
  oceanographic	
  response,	
  J.	
  Geophys.	
  Res.,	
  114,	
  
C00A13,	
  doi:10.1029/2008JC005009.	
  

Alaska	
   Alaska	
  

Bering	
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Bering	
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Sea	
  



Normal and Selected Storm Tracks Near Barrow 
(adapted from Brunner et al., 2004).  

 Mean	
  annual	
  storm	
  
event	
  counts	
  by	
  month	
  

Mean	
  storm	
  maximum	
  wind	
  speed	
  (m/
s)	
  by	
  month	
  for	
  the	
  Beaufort	
  Sea	
  region	
  
(zone	
  6)	
  and	
  North	
  of	
  Greenland	
  (zone	
  
7).	
  Adapted	
  from	
  Atkinson	
  [2005].	
  

The	
  circum-­‐polar	
  region.	
  Sectors	
  iden$fied	
  
by	
  the	
  Arc$c	
  Coastal	
  Dynamics	
  project	
  are	
  
iden$fied	
  as	
  grey	
  zones.	
  Minor	
  modifica$ons	
  
adopted	
  in	
  this	
  report	
  are	
  indicated	
  with	
  
heavier	
  dashed	
  lines.	
  Sta$on	
  loca$ons	
  are	
  
indicated	
  by	
  black	
  dots.	
  In	
  some	
  cases,	
  two	
  
sta$ons	
  are	
  located	
  very	
  close	
  together	
  and	
  
appear	
  as	
  one	
  dot	
  (D.	
  Atkinson	
  [2005]).	
  



Number	
  of	
  storms	
  in	
  western	
  Arc$c	
  	
  

R.	
  Pickart	
  (2009):	
  More	
  frequent	
  and	
  intense	
  storms.	
  



Predic-ng	
  systems	
  
The	
  first	
  sea	
  ice	
  forecasts	
  for	
  the	
  Russian	
  Arc$c	
  were	
  seasonal	
  forecasts	
  made	
  in	
  the	
  

1920’s	
  and	
  provided	
  a	
  general	
  descrip$on	
  of	
  expected	
  sea	
  ice	
  condi$ons	
  and	
  sea	
  
level	
  changes.	
  The	
  predic$on	
  methods	
  used	
  sta$s$cal	
  rela$ons	
  and	
  major	
  
understanding	
  of	
  the	
  Arc$c	
  seasonality.	
  As	
  traffic	
  along	
  the	
  Northern	
  Sea	
  Route	
  
(NSR)	
  increased,	
  the	
  need	
  for	
  more	
  detailed	
  short-­‐term	
  forecasts	
  arose.	
  	
  	
  

Short-­‐term	
  (1-­‐5	
  days)	
  forecasts	
  are	
  required	
  for	
  planning	
  naviga$on	
  opera$ons.	
  One	
  
of	
  the	
  factors	
  of	
  importance	
  of	
  naviga$on	
  along	
  the	
  NSR	
  is	
  the	
  forecas$ng	
  of	
  
storm	
  surges	
  and	
  $des.	
  Storm	
  surge	
  effects	
  dominate	
  over	
  $des	
  in	
  the	
  Arc$c	
  and	
  
are	
  strongest	
  in	
  July-­‐October,	
  when	
  sea	
  ice	
  cover	
  is	
  retreated.	
  	
  

Un$l	
  1986,	
  sta$s$cal	
  models	
  for	
  different	
  arc$c	
  ports	
  were	
  employed	
  for	
  predic$ons	
  
of	
  storm	
  surges	
  .	
  Aker	
  1986,	
  a	
  set	
  of	
  numerical	
  regional	
  (en$re	
  arc$c)	
  and	
  local	
  
models	
  (for	
  the	
  Barents,	
  White,	
  Kara,	
  Laptev,	
  East-­‐Siberian	
  and	
  Chukchi	
  Seas)	
  
were	
  developed	
  and	
  used	
  un$l	
  present.	
  	
  



Diagram	
  for	
  predic-ng	
  of	
  sea	
  levels	
  in	
  Tiksi	
  Bay	
  (the	
  
Laptev	
  Sea)	
  depending	
  on	
  wind	
  direc-on	
  and	
  wind	
  
speed	
  a^er	
  12	
  hours	
  of	
  wind	
  ac-on	
  

Wind	
  direction	
  
Wind	
  speed	
  

5	
  m/s	
  

2o	
  m/s	
  
15	
  m/s	
  
10	
  m/s	
  

Circles	
  –	
  sea	
  level	
  
(cm)	
  



2-­‐D	
  coupled	
  ice-­‐ocean	
  model	
  

Proshutinsky,	
  1986	
  



Model	
  ini$a$on	
  and	
  forcing:	
  

This	
  model	
  is	
  forced	
  by:	
  

 	
  winds	
  and	
  sea	
  level	
  atmospheric	
  pressure	
  fields	
  derived	
  from	
  European	
  Center	
  
for	
  Medium-­‐Range	
  Weather	
  Forecasts	
  	
  

 	
  river	
  runoff	
  and	
  Bering	
  Strait	
  transport	
  are	
  prescribed	
  for	
  rivers	
  based	
  on	
  river	
  
runoff	
  predic$ons	
  or	
  based	
  on	
  climatology.	
  

Ini$al	
  sea	
  ice	
  condi$ons	
  (climatologic	
  ice	
  thickness	
  corrected	
  by	
  available	
  
observa$ons)	
  and	
  real	
  sea	
  ice	
  concentra$on	
  derived	
  from	
  satellite	
  data	
  are	
  used	
  
to	
  start	
  each	
  model	
  run.	
  

The	
  predic$on	
  system	
  provides	
  forecasts	
  :	
  
of	
  sea	
  surface	
  heights,	
  ice	
  drik	
  and	
  ocean	
  currents	
  for	
  the	
  Arc$c	
  Ocean	
  model	
  
domain	
  with	
  horizontal	
  resolu$on	
  of	
  13.89	
  km.	
  



3-­‐D	
  model	
  
The	
  UW	
  model	
  is	
  a	
  variant	
  of	
  the	
  Global	
  Parallel	
  
Ocean	
  and	
  Ice	
  Model	
  (POIM)	
  [Zhang	
  and	
  
Rothrock,	
  2003].	
  This	
  is	
  a	
  so	
  called	
  super	
  
regional	
  POIM	
  with	
  a	
  southern	
  open	
  boundary	
  
along	
  the	
  latitude	
  of	
  45N.	
  The	
  POIM	
  couples	
  the	
  
POP	
  with	
  a	
  sea	
  ice	
  model	
  of	
  Zhang	
  and	
  
Rothrock	
  [2003].	
  The	
  mean	
  model	
  horizontal	
  
resolution	
  is	
  22	
  km	
  for	
  the	
  Arctic,	
  Barents,	
  and	
  
GIN	
  (Greenland-­‐Iceland-­‐Norwegian)	
  seas,	
  and	
  
Baffin	
  Bay.	
  The	
  model	
  was	
  driven	
  by	
  daily	
  NCEP/
NCAR	
  reanalysis	
  data.	
  The	
  calculations	
  of	
  
surface	
  momentum	
  and	
  radiation	
  fluxes	
  follow	
  
Zhang	
  and	
  Rothrock	
  [2003]	
  and	
  differ	
  from	
  the	
  
specifications	
  for	
  the	
  AOMIP	
  coordinated	
  runs.	
  
No	
  climate	
  restoring	
  is	
  allowed.	
  The	
  open	
  
boundary	
  conditions	
  are	
  from	
  a	
  global	
  POIM	
  
driven	
  also	
  by	
  the	
  reanalysis.	
  Additional	
  
information	
  about	
  some	
  of	
  the	
  ocean	
  
parameters	
  can	
  be	
  found	
  in	
  Zhang	
  and	
  Steele	
  
[2007].	
  



Model	
  calibra-on	
  and	
  valida-on	
  

Dates  Exper
iment 
condi
tions 

Obse
rved  
SSH, 
cm 

Simul
ated,  
SSH 
cm 

Mean 
absolute  
error, 
cm 

MSR error, 
Cm^2 

Correlation 
coefficient 

1-11 
01.71 

No 
ice 

76  141  24.9 29.2 0.86 

With 
ice 

76  73 13.9 13.9 0.89 

13-16 
12.84 

No 
ice 

109 178  32.2 40.4 0.89 

With 
ice 

109 129 20.0 25.1 0.85 

9-19 
09.90 

No 
ice 

117 133 13.6 17.4 0.94 

With 
ice 

117 131 13.3 16.9 0.94 

500	
  

400	
  

300	
  

200	
  

100	
  

SSH,	
  cm	
   Solid	
  –	
  observations	
  

Dashed	
  -­‐	
  simulated	
  The	
  Laptev	
  Sea,	
  station	
  Tiksi:	
  



Theoretically possible sea level elevations of sea level 
under forcing of winds of approximately 15 m/s. 

Theoretically possible sea level elevations of sea level 
under forcing of winds of approximately 25 m/s. 



20	
  miles	
  off	
  the	
  town	
  of	
  Tiksi	
  in	
  the	
  Sakha	
  republic	
  on	
  
August	
  27.	
  Three	
  crewmembers	
  from	
  14th	
  were	
  saved	
  
a^er	
  a	
  tanker	
  rushed	
  to	
  the	
  sinking	
  ...	
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ALASKA:	
  	
  
2000	
  August	
  storm	
  

The	
  storm	
  strengthened	
  to	
  996	
  millibars	
  by	
  August	
  
11,	
  when	
  its	
  center	
  was	
  posi-oned	
  north	
  of	
  
Prudhoe	
  Bay	
  (Fig.	
  1),	
  and	
  it	
  developed	
  a	
  very	
  
strong	
  pressure	
  gradient	
  to	
  the	
  west.	
  The	
  strong	
  
pressure	
  gradient	
  generated	
  observed	
  winds	
  of	
  70	
  
kts	
  (36m/s),	
  which	
  caused	
  the	
  storm	
  to	
  develop	
  
heavy	
  sea	
  states	
  that	
  included	
  a	
  moderate	
  surge	
  
and	
  high	
  waves.	
  	
  
The	
  storm	
  also	
  ini-ated	
  rapid	
  cooling	
  that	
  was	
  
fairly	
  uniformly	
  expressed	
  at	
  all	
  sites,	
  despite	
  their	
  
varying	
  distances	
  from	
  the	
  coast.	
  At	
  all	
  sites	
  30cm	
  
ground	
  temperature	
  dropped	
  from	
  4C	
  to	
  1C	
  which,	
  
at	
  the	
  coastal	
  sites,	
  did	
  not	
  return	
  to	
  pre-­‐storm	
  
summer	
  levels	
  before	
  the	
  ini-a-on	
  of	
  winter	
  
despite	
  two	
  subsequent	
  warm	
  periods.	
  

All	
  told,	
  this	
  event	
  caused	
  $7.7	
  million	
  dollars	
  in	
  
infrastructure	
  damages	
  along	
  the	
  North	
  Slope,	
  
including	
  the	
  sinking	
  of	
  a	
  barge	
  (Koslow	
  2000).	
  
Unusual	
  for	
  Alaska,	
  this	
  event	
  also	
  caused	
  
substan-al	
  wind	
  damage	
  in	
  the	
  form	
  of	
  roof	
  
failure.	
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Historical	
  observa-ons	
  and	
  future	
  IPCC	
  projec-ons	
  
conclude	
  that	
  under	
  condi-ons	
  of	
  climate	
  change:	
  

• 	
  	
  Sea	
  ice	
  is	
  (and	
  will	
  con-nue)	
  mel-ng	
  and	
  its	
  thickness	
  is	
  
reducing;	
  	
  

• 	
  	
  Sea	
  level	
  is	
  (and	
  will	
  con-nue)	
  rising;	
  

• 	
  	
  Number	
  of	
  storm	
  surges	
  is	
  (and	
  will	
  con-nue)	
  increasing.	
  	
  

These	
  factors	
  are	
  crucial	
  for	
  coastal	
  processes	
  influencing	
  	
  
naviga-on	
  and	
  key	
  social-­‐economic	
  ac-vi-es	
  in	
  the	
  region.	
  
Following	
  slides	
  illustrate	
  this.	
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Sea	
  level	
  (SL)	
  time	
  series	
  
from	
  nine	
  coastal	
  stations	
  in	
  
the	
  Siberian	
  Seas,	
  having	
  
representative	
  records	
  for	
  
the	
  period	
  of	
  1954–2009	
  
(The	
  sea	
  level	
  data	
  are	
  from	
  
I.	
  Ashik,	
  Arctic	
  and	
  
Antarctic	
  Research	
  
Institute).	
  	
  

Absolute	
  maximum	
  

Sea	
  Level	
  is	
  rising:	
  



  Cri$cal	
  environmental,	
  socioeconomic,	
  and	
  defense	
  issues	
  have	
  focused	
  the	
  
people’s	
  a=en$on	
  on	
  the	
  coastal	
  zone.	
  	
  

  This	
  zone	
  is	
  par$cularly	
  vulnerable	
  in	
  the	
  Arc$c,	
  where	
  unprecedented	
  climate	
  
changes	
  have	
  already	
  been	
  observed	
  in	
  the	
  context	
  of	
  high	
  natural	
  variability	
  on	
  a	
  
range	
  of	
  $me	
  scales.	
  	
  

  Key	
  environmental	
  issues	
  affec$ng	
  human	
  ac$vi$es	
  on	
  the	
  Alaskan	
  North	
  Slope	
  
and	
  Siberian	
  coastal	
  regions	
  include:	
  

  coastal	
  erosion,	
  	
  
  recent	
  decline	
  in	
  ice	
  extent	
  and	
  thickness,	
  	
  
  less	
  stable	
  and	
  predictable	
  shore-­‐fast	
  ice,	
  gouging	
  of	
  shelves	
  and	
  coast	
  by	
  sea	
  ice,	
  

pile-­‐up	
  of	
  ice	
  on	
  shore,	
  	
  

  rise	
  in	
  sea	
  level,	
  and	
  storm	
  hazards.	
  	
  

  One	
  element	
  of	
  the	
  observed	
  climate	
  change	
  is	
  the	
  increased	
  frequency	
  and	
  
intensity	
  of	
  extreme	
  events.	
  

Summary	
  


