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Introduction
Polynyas along the Antarctic coast are coupled oceanic/sea 
ice/atmospheric phenomena that are crucial to several 
important ocean processes including:

- Transport of heat to the floating ice shelves

- Shelf Water and Antarctic Bottom Water formation

- Biological productivity

To properly move ice away from the coast, and simulate the 
effects of having open water near the coast, requires high 
resolution in modeling the atmosphere (especially along 
steeply varying coastal terrain) and the ocean (especially 
over the continental shelf)
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Ross Sea regional 
model sea ice area 
with different 
wind forcings

ECHAM5 
climate 
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(bottom) sea ice concentration with 
ERA-Interim winds



Differences in SW Weddell Sea modeled ice concentration with 
NCEP (1.875° resolution), GME (40 km) and COSMO (regional 
atmospheric model: 15 and 5 km) modeled winds

(Haid et al., 2015)



Ice Shelf Melt and Model Resolution
• Coupled models are moving towards including dynamic 

ice sheet models to simulate ocean/land ice 
interactions

• Much of the heat brought onto the continental shelf 
is through intrusions of relatively warm Circumpolar 
Deep Water (CDW) and it is critical to be able to 
model changes in this transport



Ice Shelf Melt and Model Resolution
• Much of the CDW is thought to advect onto the 

continental shelf through troughs and the mean flow/ 
topography interactions may require ocean model 
resolution on the order of 5 km in some locations

• Even worse, the scale of eddies on the Antarctic 
continental shelf can be quite small (radius ~4-5 km) 
requiring ocean model resolution on the order of 1-2 
km and these eddies may be important to the CDW 
transport onto and across the shelf

• The mixing out of CDW heat over continental shelves 
depends greatly on polynya processes which can be 
modeled much more accurately with higher resolution 
(a couple 10’s of km) coastal winds than are currently 
available (~ 60-200 km) from global reanalyses



Mode 1: Melt due to cold (-1.9°C) salty SW formed by sea ice creation
Mode 2: Melt due to warm (> 0 °C ) CDW transport onto shelf
Mode 3: Melt due to seasonally warmed surface water
All three modes controlled (at least somewhat) by interaction between 
winds and sea ice
(schematic courtesy: A. Jenkins, BAS)

Ice shelf basal melting modes



10 km and 5 km resolution 
circum-Antarctic ROMS 
models with ice shelves and 
dynamic sea ice

Three simulations:
1) ERA-Interim reanalysis 

(~80 km) forcing
2) 1 + winds from a Polar 

WRF simulation (30 km) 
that was spectrally 
(scales > wave number 7) 
nudged to ERA-Interim

3) 1 + winds and 
temperatures from 
Polar WRF (30 km)



Higher resolution winds are 
slightly weaker over parts 
of the open ocean (mostly 
due to sea ice drag)

Higher resolution winds are 
significantly stronger near 
the coast (due to better 
resolution of the terrain)

Annual mean of 6 hr 10-m wind speed 
differences between PWRF and ERA-
Interim (positive = stronger PWRF)



Model accurately simulates sea 
ice extent with ERA-Interim 
winds

(top row: Feb. and Sep. model
bottom row: Feb. and Sep. obs.)

A)                                                            B)  

  
C)                                                             D)  

  



Total base case melt rate 
(664 Gt/yr) is slightly low 
compared to observational 
estimates (750-1450 Gt/yr)

Higher resolution winds 
significantly increase (14%) 
the total integrated 
Antarctic basal melt



Heat budget climatology for 
the ice shelf cavities shows 
the increased basal melt with 
high resolution winds is mostly 
driven by increased heat 
advection



Heat budget for the entire 
continental shelf shows PWRF 
winds lead to net increases in 
heat advected onto the shelf 
and in heat lost to the 
atmosphere (which is affected 
by changes in the modeled sea 
ice cover)



Total basal melt increases by
17% just by increasing the 
horizontal resolution from 10 
to 5 km

Increase in melt is not 
spread evenly:  Not much 
change for “cold” water 
(mode 1 melting) ice shelves, 
but dramatic improvement 
for “warm” (mode 2 melting)

10 km model (m/yr)      5 km model (m/yr)    Observations (m/yr)
Ross                     0.14 ± 0.06                  0.16 ± 0.07                  0.00 - 0.20
Filchner-Ronne     0.19 ± 0.02                  0.22 ± 0.02                 0.03 – 0.44
Getz                     0.66 ± 0.30                 1.36 ± 0.37                     1.1 – 4.7
George VI             1.19 ± 0.18                  4.08 ± 0.54                    2.1 – 4.8 
Pine Island            1.62 ± 0.97                 7.31 ± 1.07                      14 - 33



Model bottom layer temperature for West Antarctica



Shelf temperatures are much 
warmer for 1.5 km (eddy 
resolving) resolution (top) vs. 4.0 
km resolution (bottom) model of 
the Bellingshausen Sea, 
indicating stronger CDW 
transport along the length of 
the shelf

(Jenny Graham, et al., in review)



Shelf Water Formation
• A cold (-1.9 °C), salty and dense water mass created 

on some Antarctic continental shelves by brine 
rejection due to sea ice formation

• High Salinity Shelf Water is instrumental in creating 
Antarctic Bottom Water:  Densest water mass in the 
World Ocean and thus globally important (overturning 
circulation)

• Critically dependent on wind forcing of polynyas



Differences in HSSW formation in a Ross Sea model for MAR 
(regional atmospheric model: 40 km resolution) and DFS3 (ERA40 
plus a parameterization for coastal katabatic winds: 1.125 º 
resolution) winds

(Mathiot et al., 2012)



Primary Production
• Several factors control primary production on the 

Antarctic continental shelf, but the two most 
important are light and nutrient limitation

• Important to accurately simulate the summer 
expansion of the polynyas where most of the 
production occurs

• The mixed layer depths in the polynyas (important for 
light availability) will depend on the winds as well as 
changes in the sea ice melt water input

• Micro-nutrients (dFe):  Several possible sources are 
related to sea ice, including
– Melting sea ice
– Glacial melt
– Benthic sources 



Even in January, 
much of the 
continental shelf 
(white line – 1000m 
isobath) is covered 
by sea ice



ERA-Interim winds  (~80km)                PWRF winds (30km)

Temperature cross section (late January, top 100m) looking southward 
across the central and western Ross Sea from a 5 km circum-
Antarctic model

Slightly deeper and cooler summer mixed layers in the western Ross 
Sea (right side) with higher resolution winds



Eddy resolving (1.5 
km) simulation of the 
Amundsen Sea

(Pierre St-Laurent, et 
al., 2015, JGR)

Not only can eddies 
carry properties to 
the ice shelves, but 
they can also 
transport away from 
the ice shelves

Surface eddies here 
remove meltwater
from the coastal 
current into the shelf 
interior



Sea Ice Feedback on the Atmosphere
• The massive sensible and latent heat fluxes from the 

ocean into the atmosphere in coastal polynyas 
(especially in winter) must have some effect on the 
atmospheric simulation

• Example of small scale ocean effects on sea ice and 
heat fluxes: Tides in the Ross Sea



Probability that sea 
ice concentration 
does not exceed 95% 
over winter (Apr-
Nov), 2002-2009

Terra Nova Bay and 
front of Ross Ice 
Shelf are wind driven 
polynyas

Area off Cape Adare 
is due to divergence 
from strong tides 
along the slope

(Mack et al., 2013, GRL)



Model uses COARE 3.0 to calculate heat flux into ocean surface based 
on atmospheric conditions (does not use atmospheric model fluxes)

Enormous winter differences in heat flux with and without tides (net 
difference ~90 W/m2, but instantaneous differences > 400 W/m2)

Assume would make a large difference in an atmospheric model

(courtesy Stefanie Mack)



Conclusions/Questions
• Higher resolution winds than the current generation 

of climate models and reanalyses (although some 
reanalyses are getting close) improve simulated sea 
ice along the Antarctic coast

• Higher resolution winds and ocean circulation can 
impact polynya related processes that can have a 
global effect such as:
– Ice shelf melt (global sea level)
– SW formation (global overturning circulation)
– Antarctic primary productivity (CO2 uptake)

• Ocean/ice processes can feed back into the 
atmosphere

• What happens to these processes in models when we 
couple the atmosphere to the ocean?
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Higher resolution 
temperatures are cooler in 
summer near the coast (due 
to changes in clouds and 
longwave radiation over sea 
ice)

February mean of 12 hr 2-m air 
temperature differences between 
PWRF and ERA-Interim (positive = 
warmer PWRF)



EKE: 10km grid
(mean: 0.0180 m2/s2)

EKE: 20km grid
(mean: 0.0074 m2/s2)

EKE: 5km grid
(mean: 0.0218 m2/s2)

From AVISO estimates 
of geostrophic velocity 
anomalies for 2010.



West Antarctic 
Peninsula (WAP) 
regional model
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