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Atmospheric and Oceanic State Fundamental Physics

Introduction: An Analytic Form of a CICE Configuration
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Atmospheric and Oceanic State

Sea Ice State

Introduction: An Analytic Form of a CICE Configuration

Some Namelist Settings
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Atmospheric and Oceanic State

Sea Ice State

Introduction: Fundamental Couplings in a Nutshell



A sea ice model’s state space 
is fundamental to coupling
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g(h) h dh

g(h) is used to describe
mass conservation in

sea ice models:
dg

dt
=  +⇥� g(r · ẋ)

 Dynamic Redistribution,

⇥ Thermodynamic Redistribution
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Radiation
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10 km

Sea Ice Thickness Distribution 
as an expression of morphology
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Radiation Coupling
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Radiation Coupling: The Bulk Equation
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Focean

Tocean = Tf = −1.8 ◦

dh/dt = Focean/E2 Tf

Focean

Tocean > −µS

Tocean = Tf = −1.8 ◦

ϵσT 4
surf↑ + H + LW↓ + (1 − β)(1 − α)SW↓ = k

(
∂T

∂z

)
.

H LW↓ SW↓

α

β

β = 0.3

I = β(1 − α)SW↓

I = 0

I

e−4.6h h

σ ϵ = 0.98

T z

k k(∂T/∂z)

ki ks

ks = 0.31 −1 −1

0.22 −1 −1

0.31 −1 −1

Symbols		and	Constants	with	Rough	Estimates

6 Bulk Emissivity (typically 97-99%)
7 Boltzman Constant
89:;< Surface Temperature
= Surface Turbulent Fluxes
>?↓ Longwave Down
A Shortwave penetration fraction (~0.3)
B Bulk Albedo
S?↓ Shortwave Down
CD Thermal Conductivity of Ice (~2.03 W m-1 K-1)
CE Thermal Conductivity of Ice (~0.31 W m-1 K-1)
8 Depth-Varying Temperature in Sea Ice
F Vertical Coordinate in a sea ice column

This is the most basic form of thermodynamic coupling.
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Radiation: Shortwave: Surface Type 
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Bulk Albedo From Roberts (2005).
From Perovich 1998
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Radiation: Shortwave: Spectral Coupling
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Briegleb
and Light (2007)

Delta Eddington (DE) Radiation Scheme in CICE
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Radiation: Shortwave: Surface Type 
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Radiation Calculations are performed separately for bare ice, snow and melt 
ponds for each thickness category !"(ℎ)

3 
m

!&(ℎ)

!'(ℎ)

!((ℎ)

Sea Level

Coupling in CICE
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Radiation Coupling
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Radiation: Shortwave: Atmospheric Model
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Radiation: Shortwave: Atmospheric Model
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Coupling with CESM, RASM, E3SM



Radiation: Shortwave: Atmospheric Model

15

Coupling with CESM, RASM, E3SM

Inconsistent
Bands 
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Radiation Coupling
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Radiation Coupling: The Bulk Equation
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Focean

Tocean = Tf = −1.8 ◦

dh/dt = Focean/E2 Tf

Focean

Tocean > −µS

Tocean = Tf = −1.8 ◦

ϵσT 4
surf↑ + H + LW↓ + (1 − β)(1 − α)SW↓ = k

(
∂T

∂z

)
.

H LW↓ SW↓

α

β

β = 0.3

I = β(1 − α)SW↓

I = 0

I

e−4.6h h

σ ϵ = 0.98

T z

k k(∂T/∂z)

ki ks

ks = 0.31 −1 −1

0.22 −1 −1

0.31 −1 −1

Symbols		and	Constants	with	Rough	Approximations

8 Bulk Emissivity (typically 97-99%)
9 Boltzman Constant
:;<=> Surface Temperature
? Surface Turbulent Fluxes
@A↓ Longwave Down
C Shortwave penetration fraction (~0.3)
D Bulk Albedo
SA↓ Shortwave Down
EF Thermal Conductivity of Ice (~2.03 W m-1 K-1)
EG Thermal Conductivity of Ice (~0.31 W m-1 K-1)
: Depth-Varying Temperature in Sea Ice
H Vertical Coordinate in a sea ice column

Spectral coupling is being implemented in some models
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Heat and Momentum Coupling

18



Momentum Coupling: Relationship to Geostrophy



Barotropic Sea Ice Model: Hibler et al 2006

Momentum Coupling: Relationship to Geostrophy

Standard Geostrophic Signal in the Ocean With Tides Added



Nansen, F., 1902: The oceanography of the north polar basin. Vol. 3, 427 pp..

Momentum Coupling: Relationship to Geostrophy



Brunke, M. A., M. Zhou, X. Zeng, and E. L. Andreas, 2006: An intercomparison of bulk aerodynamic algorithms 
used over sea ice with data from the Surface Heat Budget for the Arctic Ocean (SHEBA) experiment. J. Geophys. 
Res., 111, C09001, doi:10.1029/2005JC002907.

Momentum Coupling: Relationship to Geostrophy



Momentum Coupling: Relationship to Geostrophy

Why does the ice-ocean stress have a turning angle here, 
but not the ice-atmosphere stress?



Mellor, G. L., 1996: Introduction to Physical Oceanography. American Institutde of Physics Press, 260 pp.

ocean magnitudes scaled to atmospheric values
atmospheric heights scaled to oceanic values

Momentum Coupling: Relationship to Geostrophy



Momentum Coupling: Relationship to Geostrophy

Why is the wind-ice speed difference not included above?
Does it matter?



Momentum Coupling: Relationship to Geostrophy

Let’s answer the previous question by asking another one.

What does this equation represent?



Heil, P., and W. D. Hibler, III, 2002: Modeling the high-frequency component of Arctic 
sea ice drift and deformation. J. Phys. Oceanogr., 32, 11, 3039-3057.

Momentum Coupling: Relationship to Geostrophy

This is the mass-transport version of the free drift equation



Heil, P., and W. D. Hibler, III, 2002: Modeling the high-frequency component of Arctic 
sea ice drift and deformation. J. Phys. Oceanogr., 32, 11, 3039-3057.

Momentum Coupling: Relationship to Geostrophy

A consequence of this is that ∇×$̃% should be conserved 

Few models conserve ∇×$̃% in coupling



•Forced harmonic oscillator 
•Oscillates with a period of 11.96 hours at the pole
•Linear Time Invariant (LTI) system

Momentum Coupling: Relationship to Geostrophy

Can be solved as:



CICE and Icepack Workshop and Tutorial February 3-5, 2020

Heat and Momentum Coupling
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Geiger, C. A., and D. K. Perovich, 2008: Springtime Ice Motion in the 
Western Antarctic Peninsula Region (U.S. GLOBEC contribution 
number 515). Deep-Sea Research II, 55, 3-4, 338-350.

clockwise anticlockwise

Momentum Coupling: Inertial Oscillations



Momentum Coupling: Inertial Oscillations



Momentum Coupling: Inertial Oscillations



Momentum Coupling: Inertial Oscillations

Why is the wind-ice speed difference not included above?
Does it matter?  YES



Momentum Coupling: Inertial Oscillations

Roberts et al. 2015



Momentum Coupling: Inertial Oscillations

Result from more frequent ice-ocean coupling in CESM: 
30 minutes instead of 1 day

Does it matter?



Daily oceanic coupling with CPL7
September extent years 30-80

30 min oceanic coupling  with CPL7x
September extent years 30-80 1979-2013 September Mean

20.38 × 106 km2 18.19 × 106 km2 18.83 × 106 km2

Difference: 2.19 × 106 km2

Momentum Coupling: Inertial Oscillations

Does it matter? YES
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Heat and Momentum Coupling
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Heat and Momentum Coupling: Turbulence
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!τ a = ρaCdmax umin , !ua − !ui( ) !ua − !ui( )
Fs = ρaCsmax umin , !ua − !ui( ) θa −Ts( )
Fl = ρaClmax umin , !ua − !ui( ) Qa −Qs( )
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APPENDIX A: TECHNICAL DETAILS OF MODELS
WITHIN THE REGIONAL ARCTIC SYSTEM MODEL
This appendix provides a technical description of individual
models that make up the Regional Arctic System Model. For
the ocean, POP is coupled to the other components in
RASM in the same manner as in CESM (Smith and others,
2010), except for regional constraints and coupling syn-
chronization. Oceanic state at the edge of the model
domain is supplied via Newtonian relaxation of 71 grid-
points adjacent to the closed lateral boundaries across all

vertical levels. The relaxation strength is 30 days for the first
48 gridpoints inward from the boundary, and linearly
weakens to zero at 71 gridpoints in from the lateral edge.
We have used the monthly PHC temperature and salinity
climatology interpolated to model time steps as the bound-
ary condition (Steele and others, 2001). This is sufficient for
investigating decadal timescales for which RASM is de-
signed, and where the primary signal of interest derives from
atmospheric coupling. We use a second-order-accurate
leapfrog scheme with time steps of !2min plus one
averaging time step within each 20min coupling period to
limit numerical diffusivity.

Within RASM, POP has 45 vertical ocean layers, with
7 ocean layers in the upper 42m to carefully resolve Ekman
layer dynamics. POP’s Richardson-number dependent mix-
ing scheme is used with a background diffusivity and
viscosity of 5" 10–6m2 s–1 and 2"10–5m2 s–1, respectively,
and a mixing coefficient of 0.005m2 s–1. This is different
from the K-profile parameterization (Large and others, 1994)
used in CESM simulations presented in this paper. Important
to this study is that the ice–ocean quadratic interfacial stress
e!w ¼ "oCo euoð0Þ & euij j euoð0Þ & euið Þ is calculated in CICE
using the surface current euoð0Þ communicated via the
coupler using a neutrally buoyant drag coefficient Co =
0.00536 for a given sea-ice drift eui.

The sea-ice model used in this study is CICE version 4, as
described in Hunke and Lipscomb (2010). It is coupled to
other models in RASM in an identical way to CESM, except
for changes described here. We use the vertical sea-ice
thermodynamic model of Bitz and Lipscomb (1999), the
elastic–viscous–plastic approximation (Hunke and Duko-
wicz, 1997), incremental remapping for advection (Lips-
comb and Hunke, 2004) and remapping between ice
thickness categories for vertical growth, deformation and
melt following Lipscomb (2001). Surface shortwave albedo
is calculated using the Delta-Eddington scheme for two
bands partitioned at 700 nm (Briegleb and Light, 2007), and
used by the CAM radiation scheme in WRF to calculate
dual-band net downward surface shortwave radiation. We
use four vertical sea-ice layers and one snow layer for each
of the five ice thickness categories divided as listed in
Table 1, with 2min dynamic time steps to tightly converge
the elliptic yield curve within each 20min thermodynamic
time step, set to be the same as the coupling period.

The most important change to the cited version of CICE as
used in this study is to the flux parameterization for surface
wind stress, sensible and latent heat fluxes, respectively:

e!a ¼ "aCdmax umin, eua & euij jð Þ eua & euið Þ
Fs ¼ "aCsmax umin, eua & euij jð Þ #a &Tsð Þ
Fl ¼ "aClmax umin, eua & euij jð Þ Qa &Qsð Þ

where the drag coefficient Cd, and transfer coefficientsCs and
Cl are dependent upon max ucrit, eua & euij jð Þ for wind velocity
eua and air density "a at a reference level 10m above the
surface. #a and Qa are the corresponding potential air
temperature and specific humidity, given the respective
surface temperature Ts and specific humidity Qs. In lower-
resolution CESM simulations it has been assumed that
ucrit = umin = 1m s–1 and euij j ¼ 0 for the purpose of ice–
atmosphere flux coupling. However, for coupled mesoscale
atmospheric simulations with potential for locally more
extreme surface winds and ice speeds, it is physically more
realistic not to make this assumption. However, when
euij j ' 0 is allowed, small background turbulent flux errors

Roberts and others: Simulating transient ice–ocean Ekman transport226

Transfer in the ocean remains a difficult problem
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Heat and Momentum Coupling: Turbulence: ! vs. "(ℎ)
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Cj > 0.001
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Surface temperature 
evolution is inherently 
noisy, but fluxes in thin 
thicknesses in g(h) 
serve to modulate 
rapid variations over 
thick sea ice.

Results shown here 
are from a sea ice 
forecast model for the 
Southern Ocean.
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Heat and Momentum Coupling
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44
and the only forces acting are the air drag and ocean
drag. Typical values found in the Arctic Ocean are Na5
1.7% at a geostrophic reference and Na 5 2.5% at
a surface reference (Lepp€aranta 2005). In the reference
SKIN run, the Nansen number takes the single value
Na5 1.65%. Figures 5j and 6j show the Nansen number
(multiplied by a factor of 103) in the FORM reference
run respectively in March (1.3% , Na , 2.0%) and
August (1.2% , Na , 2.0%) with the lowest values
realized at the ice edge. The observed decrease near the
ice edge reflects the reduced ice drift in these regions
within the new parameterization (see Figs. 8l, 9l).
Throughout the year large values of the Nansen number
can be found in heavily ridged regions in the Canadian
Archipelago and north of Greenland (Na 5 ;1.8%).

There the direct correlation between the Nansen ratio
and the ice drift is reduced because of the larger internal
sea ice stresses.
To summarize, we have demonstrated that the new

drag parameterization results in a wide temporal and
spatial variability of the ANDC and ONDC over the
Arctic Basin. Spatially, the range of values goes from
Cda , 5 3 1024 and Cdw , 3 3 1023 along most of the
eastern part of the Arctic Ocean and in the Baffin and
Davis Strait to Cda $ 3 3 1023 and Cdw $ 15 3 1023 in
the Canadian Archipelago and north of Greenland.
Temporally, the basin-averaged drag coefficients evolve
from aminimum inDecember with hCdai5;1.03 1023

and hCdwi 5 ;4 3 1023 to a maximum in August of
hCdai 5 ;2.0 3 1023 and hCdwi 5 ;1.1 3 1022. These

FIG. 9. Climatological (1990–2012) September ice concentration from (a) HadISST measurements, (b) the SKIN run, (c) the FORM
run, and (d) ice concentration difference between the FORM and SKIN runs. Same climatologies for ice thickness from (e) PIOMAS,
(f) the SKIN run, (g) the FORMrun, and (h) ice thickness difference between the FORMand SKIN runs. Also shown climatologies for the
ice drift from (i) Pathfinder, (j) the SKIN run, (k) the FORM run, and (l) ice drift difference between the FORMand SKIN runs. Note that
regions where the values exceed the range in the color bar are shown in white.

MAY 2014 T SAMADOS ET AL . 1345

Tsamados, M., Feltham, D. L., Schroeder, D., Flocco, D., Farrell, S. L., Kurtz, N., et al. (2014). Impact of Variable 
Atmospheric and Oceanic Form Drag on Simulations of Arctic Sea Ice. Journal of Physical Oceanography, 44, 1329–
1353. https://doi.org/10.1175/JPO-D-13-0215.1

Heat and Momentum Coupling: Form Drag 
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Mass Coupling: Sea Water: Freezing
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Temperature of density maximum and freezing 
temperature of sea ice water from Ono (1965)

This area of the Arctic can have salinities below 24.7 psu
due to river outflow.  Hence sea ice here may have some 

characteristics of lake ice and will typically form early during 
the onset of winter relative to other areas of the Arctic.

Couple Using the Liquidus Temperature
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Mass Coupling
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•Enthalpy-carrying precipitation and runoff

•Permafrost-sea ice coupling

•Rain and melt-pond water drainage

•Snow metamorphosis

Note that in this talk, I have not discussed wave-ice coupling or biogeochemical coupling, 
both areas of continued development.


