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More	
  open	
  water	
  in	
  summer…	
  &ghter	
  coupling	
  with	
  atmosphere,	
  different	
  dynamics,	
  
changing	
  feedbacks,	
  increased	
  importance	
  of	
  the	
  seasonal	
  and	
  marginal	
  ice	
  zones.	
  



Models	
  Struggle	
  to	
  Reproduce	
  Observa&ons	
  
Projected	
  Changes	
  in	
  September	
  Arc7c	
  Sea	
  Ice	
  Extent	
  

Observed	
  Changes	
  in	
  Arc7c	
  Sea	
  Ice	
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Characterize	
  Environmental	
  Change	
  
•  Distributed,	
  persistent,	
  long-­‐term	
  observa&ons	
  

Improve	
  Predictability	
  –	
  Refine	
  Models	
  
•  Process-­‐level	
  inves&ga&ons	
  
•  Improve	
  physics,	
  parameteriza&ons	
  
•  Con&nued	
  tes&ng	
  against	
  sustained	
  observa&ons	
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How	
  do	
  the	
  Atmosphere,	
  Ice	
  &	
  Ocean	
  Interact?	
  

Ice	
  insulates	
  upper	
  
ocean	
  from	
  wind	
  and	
  
solar	
  warming	
  

More	
  solar	
  warming	
  
with	
  decreased	
  ice	
  

Surface	
  waves	
  generated	
  in	
  
open	
  water	
  break	
  up	
  ice	
  

More	
  mixing	
  with	
  
decreased	
  ice	
  

WARM,	
  SALTY	
  

COLD,	
  FRESH	
  

NUTRICLINE	
  

Lateral	
  and	
  Ver&cal	
  
Exchange	
  at	
  Ice	
  Edge	
  

Lee	
  et	
  al.	
  (2013)	
  



Wassmann	
  and	
  Reigstad	
  (2011)	
  

algae	
   phyto	
   detritus	
  

more	
  small	
  
plankton?	
  earlier	
  

growth	
  

stra&fica&on	
  ↑	
  
mixing	
  ↑	
  
nutrients	
  ?	
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Wind-­‐driven	
  upwelling	
  at	
  ice	
  
edge	
  +	
  light	
  through	
  melt	
  ponds	
  
drives	
  phytoplankton	
  growth	
  



ONR	
  Marginal	
  Ice	
  Zone	
  Experiment	
  

Ice	
  Mass	
  Balance	
  Buoys-­‐	
  Wilkinson,	
  Hwang	
  (SAMS),	
  Maksym	
  (WHOI)	
  
Wave	
  Buoys-­‐	
  Wadhams	
  (Cambridge),	
  Doble	
  (Laboratoire	
  d’Oceanographie	
  de	
  Villefranche)	
  
Wave	
  Measurements-­‐	
  Thomson	
  (APL-­‐UW)	
  
Autonomous	
  Gliders-­‐	
  Lee,	
  Rainville,	
  Gobat	
  (APL-­‐UW)	
  
Acous&c	
  Naviga&on	
  and	
  Wavegliders-­‐	
  Freitag	
  (WHOI)	
  
Profiling	
  Floats-­‐	
  Owens,	
  Jayne	
  (WHOI)	
  
Ice-­‐Tethered	
  Profilers-­‐	
  Toole,	
  Krishfield,	
  Cole,	
  Thwaites	
  (WHOI),	
  Timmermans	
  (Yale)	
  
Autonomous	
  Ocean	
  Flux	
  Buoys-­‐	
  Stanton,	
  Shaw	
  (NPS)	
  
MIZMAS	
  model-­‐	
  Zhang,	
  Schweiger,	
  Steel	
  (APL-­‐UW)	
  
Regional	
  Arc&c	
  Climate	
  System	
  Model-­‐	
  Maslowski,	
  Roberts,	
  Cassano,	
  Hughes	
  (NPS)	
  
Arc&c	
  Nowcast/Forecast	
  Model-­‐	
  Posey,	
  Allard.	
  Brozena,	
  Gardner	
  (NRL)	
  

March	
  –	
  October	
  2014	
  



Profiling	
  from	
  the	
  Ice	
  (ITP,	
  POPS,	
  AOFB)	
  
Stanton,	
  Shaw	
  (NPS)	
  ;	
  Krishfield,	
  Toole,	
  Proshu&nsky	
  (WHOI)	
  ;	
  
Kikuchi	
  (JASMTECH)	
  ;	
  Shimada	
  (Tokyo	
  Univ)	
  

•  Drij	
  with	
  the	
  ice	
  
•  Upper	
  ocean	
  &	
  atmospheric	
  
measurements.	
  

•  Poten&al	
  data	
  relay	
  for	
  
plakorms	
  opera&ng	
  beneath	
  
ice.	
  

Access	
  
- Distributed	
  
- Drij	
  palern	
  may	
  not	
  access	
  	
  
all	
  areas	
  of	
  interest.	
  

Risk	
  
- Break-­‐up	
  and	
  refreeze,	
  open	
  water	
  drij.	
  
- Real-­‐&me	
  data	
  return	
  mi&gates	
  risk.	
  

Persistence/Cost/Scalability	
  
- Persistent	
  presence,	
  long	
  endurance.	
  
- Moderate	
  cost	
  and	
  deployment	
  logis&cs.	
  

Adaptability/Flexibility	
  
- Adapt	
  for	
  use	
  in	
  marginal	
  ice	
  zone.	
  

Profiling	
  T,	
  S,	
  u…	
  

GPS	
  &	
  Iridium	
  

Ice-­‐Tethered	
  Profilers	
  
Polar	
  Ocean	
  Profilers	
  

GPS	
  &	
  Iridium	
  
met	
  sensors	
  

turbulence	
  



Autonomous	
  Ice	
  Mass	
  Balance	
  (IMB)	
  	
  

Diagram	
  of	
  chain	
  set	
  up,. 

Wilkinson	
  (BAS),	
  Hwang	
  (SAMS),	
  Maksym	
  (WHOI)	
  
Perovich,	
  Richter-­‐Menge	
  (CRREL)	
  

•  Attribute changes in ice cover 
•  Quantify: 

Snow accumulation & melt 
Ice growth 
Ice surface & bottom ablation 
Air, ice, ocean temperature 
Net surface heat budget 
Ocean heat flux 
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Access	
  
-  Distributed	
  
-  Drij	
  palern	
  may	
  not	
  access	
  	
  
all	
  areas	
  of	
  interest.	
  

Risk	
  
-  Real-­‐&me	
  data	
  return	
  
mi&gates	
  risk.	
  

Persistence/Cost/Scalability	
  
-  Persistent	
  presence,	
  long	
  
endurance.	
  

-  Inexpensive,	
  light	
  logis&cs.	
  
Adaptability/Flexibility	
  
-  Easy	
  to	
  reconfigure.	
  



Autonomous	
  Wave	
  Measurements:	
  Ice	
  &	
  Water	
  

Ice conditions and power spectral density of swell waves seen by a wave buoy 
from the first trans-Arctic wave experiment: Beaufort Sea to Fram Strait 
(Wilkinson et al., 2008).  The circled region shows a ~15 second peak 
originating from ocean waves within the polynya.  	
  

~400 km

Tilt meter buoy
Original tilt meter 

buoy deployment site

2 May 2007

~400 km

Tilt meter buoy
Original tilt meter 

buoy deployment site

2 May 2007
Ionomer foam
floatation disc

Deep-cycle 
rechargeable batteries 
for winter

Aluminium tube
∅ = 25cmElectronics

package

Accelerometers
at centre of buoyancy

Mounting flange

Solar panelsPerspex dome

GPS + Iridium antennae

Wadhams	
  (Cambridge),	
  Dobble	
  (LOV),	
  Wilkinson	
  (BAS),	
  Hwang	
  (SAMS),	
  Maksym	
  (WHOI)	
  Objectives

The overall objective is to improve understanding of wind and wave processes a↵ecting the upper ocean
boundary layer, with an emphasis on in situ observations of small scales (i.e., the equilibrium range at high
wavenumbers). The specific goals are to:

• Measure frequency-directional wave spectra, including the equilibrium range,

• Estimate the direct input of momentum from the wind to the waves and from the wind to the upper
ocean,

• Estimate the transfer of momentum from waves to the upper ocean as the residual of wave growth,
wave radiation, and wave breaking,

Research Plan

Field observations will use SWIFT buoys to measure wind stress and wave breaking dissipation (Thomson,
2012) and Waveriders to measure frequency-directional wave spectra (Kuik et al., 1988). Figure 2 shows an
example of the dissipation profile beneath a breaking wave observed with a SWIFT, and Figure 1 shows
wave spectra at station P (N 50, W 145) observed with a Waverider. These measurements will provide the
forcing and context for a DRI field experiment in 2015, while simultaneously investigating the momentum
balance of the equilibrium range.

Nortek 
Vector

1.25M 
Draft

0.8M
 Aquadopp 

HR Beam

Video

GPS 
Logger

Kestral 4500 MET

0.9M

0.3M Dia.

Surface Wave Instrument Float w/ Tracking (SWIFT)

0 0.5 1 1.5 2 2.5 3

x 10
−3

0

0.1

0.2

0.3

0.4

0.5

0.6

z 
[m

]

ε [m
2
/s

3
]

∫ ρ ε dz = 0.74 ± 0.097 W/m
2

(d)

Figure 2: SWIFT buoy (left) and example of turbulent dissipation profile beneath a breaking wave (right), where
the water surface is at z = 0.

Preferable conditions for Langmuir circulations are shallow mixed layers and strong wave forcing. These
conditions are typical of the North Pacific Ocean in October, as observed at Station P from a unique long-
time series of upper ocean and surface variables, supported by NOAA-PMEL, Canadian IOS, and APL-UW.
Recent winter-spring observations of waves and mixing at Station P show moderately enhanced mixing via
Langmuir circulations (D’Asaro et al., in prep). We propose to build on these results and target the fall
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pt
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Waves	
  in	
  Sea	
  Ice	
  

Surface	
  Waves	
  in	
  Open	
  Water	
  

Access	
  
-  Distributed	
  
-  Drij	
  palern	
  may	
  not	
  access	
  	
  

all	
  areas	
  of	
  interest.	
  
Risk	
  
-  Real-­‐&me	
  data	
  return	
  mi&gates	
  risk.	
  

Persistence/Cost/Scalability	
  
-  Persistent	
  presence,	
  long	
  endurance.	
  
-  Inexpensive,	
  light	
  logis&cs.	
  

Adaptability/Flexibility	
  
-  Easy	
  to	
  reconfigure.	
  



Acous&c	
  Naviga&on	
  

Purpose	
  
•  Provide	
  real-­‐&me	
  naviga&on	
  for	
  gliders	
  

and	
  floats	
  from	
  drijing	
  beacons.	
  
•  Transmit	
  simple	
  commands	
  to	
  gliders	
  

to	
  alter	
  mission.	
  

Acous7c	
  Parameters	
  
•  900	
  Hz	
  carrier,	
  25	
  Hz	
  bandwidth,	
  183	
  

dB	
  SPL.	
  
•  Very	
  low	
  data	
  rate(1	
  bit/sec),	
  but	
  could	
  

have	
  been	
  faster	
  given	
  condi&ons.	
  

Results	
  
•  Range	
  far-­‐exceeded	
  expecta&ons:	
  

120-­‐230	
  km	
  typical,	
  Max	
  is	
  380	
  km!	
  

•  Duct	
  at	
  100	
  m	
  prevents	
  sound	
  from	
  
scalering	
  off	
  ice.	
  

•  Typical	
  max	
  error	
  is	
  less	
  than	
  100	
  m	
  
and	
  average	
  is	
  20	
  m.	
  

Freitag	
  (WHOI)	
  

•  Duct at 100 m prevents 
sound from scattering off ice. 

•  Thus received rays are purely 
refracted. 

•  Will this continue? Most likely, 
yes, because duct persists 
throughout the summer. 



Science	
  Objec&ves	
  
1.  Understand	
  the	
  physics	
  that	
  control	
  sea	
  ice	
  breakup	
  and	
  melt	
  

in	
  and	
  around	
  the	
  ice	
  edge	
  (Marginal	
  Ice	
  Zone	
  -­‐	
  MIZ).	
  	
  
2.  Characterize	
  changes	
  in	
  physics	
  associated	
  with	
  decreasing	
  ice/

increasing	
  open	
  water?	
  
3.  Explore	
  feedbacks	
  in	
  the	
  ice-­‐ocean-­‐atmosphere	
  system	
  that	
  

might	
  increase/decrease	
  the	
  speed	
  of	
  sea	
  ice	
  decline.	
  
4.  Collect	
  a	
  benchmark	
  dataset	
  for	
  refining	
  and	
  tes&ng	
  models.	
  	
  

Technical	
  Objec&ves	
  
1.  Develop	
  and	
  demonstrate	
  new	
  robo&c	
  networks	
  for	
  collec&ng	
  

observa&ons	
  in,	
  under	
  and	
  around	
  sea	
  ice.	
  
2.  Improve	
  interpreta&on	
  of	
  satellite	
  imagery.	
  
3.  Improve	
  numerical	
  models	
  to	
  enhance	
  seasonal	
  forecast	
  

capability.	
  



April	
  

July	
  

•  Array	
  drijs	
  with	
  ice	
  
pack-­‐	
  follow	
  evolu&on	
  
along	
  the	
  line.	
  

•  Maintains	
  focus	
  on	
  
MIZ	
  by	
  following	
  
northward	
  retreat	
  of	
  
ice	
  edge.	
  

•  Ice-­‐based	
  array	
  
samples	
  ice-­‐covered	
  
area.	
  

•  Drijing	
  plakorms	
  in	
  
open-­‐	
  and	
  ice-­‐covered	
  
water.	
  

•  Mobile	
  plakorms	
  span	
  
ice-­‐free,	
  MIZ	
  and	
  ice-­‐
covered	
  regions.	
  

•  Follow	
  MIZ	
  retreat	
  
northward	
  through	
  
September	
  2014.	
  

MIZ	
  Opera&onal	
  Approach	
  

Risk	
  Mi&ga&on:	
  20%	
  of	
  assets	
  held	
  for	
  deployment	
  in	
  
August	
  at	
  northernmost	
  site	
  using	
  Korean	
  icebreaker	
  Araon.	
  

Ice-­‐based	
  array	
  deployed	
  by	
  aircraj	
  in	
  
April	
  (full	
  ice	
  cover).	
  

Drijers	
  &	
  gliders	
  deployed	
  in	
  July,	
  
immediately	
  ajer	
  open	
  water	
  forms	
  
along	
  the	
  coast.	
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Camp	
  at	
  C3	
  

Accommoda&on	
  tents	
  

Kitchen	
  tent	
  

Helicopter	
  	
  site:	
  
fuel	
  +	
  equipment	
  

Twin	
  Oler	
  Runway	
  

Wave	
  Buoy	
  

Automa&c	
  weather	
  
	
  sta&on	
  	
  

Ice	
  mass	
  balance	
  	
  	
  
buoys	
  

Ice	
  tethered	
  	
  
profiler	
  

Autonomous	
  	
  
flux	
  buoy	
  

Personnel	
  =	
  6	
  persons	
  +	
  dog	
  
•  3	
  x	
  scien&sts/engineers	
  
•  3	
  x	
  helicopter	
  personnel	
  	
  	
  





Sea	
  Ice	
  February-­‐March	
  2013	
  

NASA	
  VIRS	
  (hlp://hlp://visibleearth.nasa.gov	
  

Barrow	
  



Rainville,	
  Lee	
  and	
  Woodgate	
  (2011)	
  

Mixing	
  and	
  Exchange	
  
•  Internal	
  waves,	
  mixing	
  

weak	
  in	
  ice-­‐covered	
  Arc&c	
  

•  Increased	
  open	
  water-­‐	
  
wind-­‐mixing,	
  internal	
  wave	
  
genera&on,	
  solar	
  warming,	
  
ice-­‐edge	
  upwelling/
downwelling,	
  fog/clouds	
  

•  Impacts	
  stra&fica&on,	
  
nutrient	
  flux,	
  light	
  
availability	
  

Few	
  direct	
  observa&ons	
  
of	
  mixing	
  



AircraP	
  
Ex	
  Yellowknife	
  	
  
–  Hercules	
  and	
  Buffalo	
  aircraj	
  used	
  to	
  bring	
  fuel,	
  supplies	
  and	
  scien&fic	
  equipment	
  to	
  Sachs	
  Harbour.	
  	
  
–  2	
  Herc	
  +	
  1	
  Buffalo	
  for	
  equipment	
  plus	
  2	
  Herc	
  flights	
  for	
  fuel	
  
	
  
Ex	
  Sachs	
  Harbour	
  
–  Twin	
  Olers	
  x2	
  (Ken	
  Borek/Bri&sh	
  Antarc&c	
  Survey)	
  

•  Workhorses:	
  Camp	
  equipment,	
  scien&fic	
  instrumenta&on,	
  drummed	
  fuel	
  and	
  personnel.	
  
•  13	
  flight	
  days	
  with	
  2	
  flights	
  per	
  day	
  

–  Bell	
  412	
  (Great	
  Slave	
  Helicopters)	
  
•  Pinpoint	
  deployment	
  of	
  instrumenta&on	
  
•  7	
  flight	
  days	
  for	
  40	
  precision	
  instrument	
  deployments	
  

	
  
Camp	
  Infrastructure	
  (2	
  small	
  camps	
  rather	
  than	
  a	
  large,	
  long-­‐term	
  ice	
  camp)	
  

–  Small	
  camps	
  =	
  minimal	
  gear,	
  quick	
  setup/breakdown,	
  flexible	
  site	
  selec&on	
  
–  Mul&ple	
  camps	
  allowed	
  closer	
  proximity	
  to	
  work	
  sites,	
  leapfrogging	
  to	
  minimize	
  popula&on	
  
–  3	
  x	
  heated	
  tents,	
  portable	
  generators,	
  food,	
  fuel,	
  comms,	
  etc	
  
–  90	
  person-­‐days	
  on	
  ice,	
  69	
  person-­‐nights	
  overnigh&ng	
  at	
  the	
  2	
  camps	
  (including	
  NASA/ESA	
  programs)	
  

Scarcity	
  of	
  large	
  pans	
  of	
  thick	
  ice	
  and	
  rapidly	
  changing	
  condi&ons	
  make	
  large,	
  long-­‐term	
  camps	
  risky	
  for	
  
both	
  personnel	
  and	
  mission.	
  This	
  'Fast	
  and	
  light'	
  approach	
  offers	
  an	
  alterna&ve	
  for	
  some	
  applica&ons.	
  
	
  

'Fast	
  &	
  Light'	
  Logis&cs	
  Requirements	
  


