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Background	  
Arc$c	  Ocean:	  Inflow,	  OuXlow,	  and	  Circula$on	  

The	  Arc(c	  Ocean	  is	  an	  ice	  factory	  and	  
mixing	  bowl	  for	  Atlan(c	  Water	  (S~35),	  
Pac.	  Water	  (S~31-‐32),	  &	  runoff	  (S=0)	  .	  	  
	  
Average	  circula(on	  has	  commonly	  
been	  characterizedy	  by:	  
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Winter	  ice	  extent	  been	  rela(vely	  
stable,	  witness	  March	  2012	  
	  But	  average	  thickness	  as	  changed	  
from	  about	  	  3m	  to	  about	  2m	  in	  
recent	  decades	  
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Minimum	  ice	  extent	  has	  decreased	  
drama(cally,	  witness	  record	  
minimum	  in	  Sept	  2012	  
	  Consequently	  the	  average	  ice	  
volume	  has	  dropped	  over	  50%.	  

The	  Arc(c	  Ocean	  is	  an	  ice	  factory	  and	  
mixing	  bowl	  for	  Atlan(c	  Water	  (S~35),	  
Pac.	  Water	  (S~31-‐32),	  &	  runoff	  (S=0)	  .	  	  
	  
Average	  circula(on	  has	  commonly	  
been	  characterized	  solely	  by:	  



Background	  
Arc$c	  Ocean:	  Important	  $dbits	  

•  Arc(c	  Ocean	  is	  salt	  stra(fied	  
(salini(es	  differences	  	  large	  &	  
thermal	  expansion	  coefficient	  small)	  
•  Deep	  mixing	  is	  weak	  
•  Pacific	  Water	  circulates	  
an(cyclonically	  in	  the	  wind-‐driven	  
Beaufort	  Gyre	  
•  Atlan(c	  Water	  circulates	  
cyclonically	  descending	  below	  
Pacific	  Water	  
•  Average	  ice	  dri[:	  	  1-‐3	  cm/s	  approx	  
with	  surface	  geostrophic	  current	  &	  
parallel	  to	  atmos	  isobars,	  but	  tends	  
to	  converge	  under	  an(cyclone,	  
diverge	  under	  cyclone	  	  
•  RMS	  ice	  dri[:	  7-‐10	  cm/s	  
corresponding	  to	  2-‐3%	  RMS	  wind	  
speed	  	  
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Background	  
Arc$c	  Ocean:	  Poten$al	  Climate	  Feedbacks	  
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Ice-‐Albedo	  Feedback:	  
Reduc(on	  in	  ice	  area	  allows	  more	  
radia(ve	  hea(ng	  of	  the	  ocean	  which	  
reduces	  ice	  area	  further	  

Freshwater	  Effect	  on	  Global	  
Thermohaline	  Circula$on:	  
Ice	  and	  freshwater	  export	  increases	  
stra(fica(on	  and	  reduces	  poten(al	  for	  
convec(on	  in	  the	  sub-‐Arc(c	  seas*	  	  

*	  R.R.	  Dickson,	  J.	  Meincke,	  S.-‐A.	  Malmberg,	  A.J.	  Lee,The	  
"Great	  Salinity	  Anomaly"	  in	  the	  northern	  North	  Atlan(c,	  
1968-‐1982,	  Progress	  in	  Oceanography,	  20	  (2)	  (1988),	  pp.	  
103–151	  
	  

Flushing	  of	  Glacier	  Termini:	  
Export	  of	  freezing	  point	  water	  along	  
N.E.	  Greenland	  shelf	  protects	  glacier	  
termini.	  Increased	  current	  flushes	  
away	  protec(on	  



Spring 2008 dynamic height and surface 
geostrophic current relative to 500 dbar 

from available hydrographic profiles 
only show the Beaufort Gyre and 

Transpolar Drift 

Kwok,	  R.,	  and	  J.	  Morison	  (2011),	  Dynamic	  topography	  of	  the	  ice-‐covered	  Arc(c	  Ocean	  from	  ICESat,	  Geophysical	  
Research	  Le0ers,	  38(L02501),	  L02501.	  

ICESat dynamic ocean topography 
(DOT) and surface geostrophic current 

reveal DOT trough and cyclonic 
circulation on the Russian side of the 

Arctic Ocean

•  Agreement	  between	  dynamic	  height	  and	  DOT	  (r	  =	  0.92)	  =>	  mostly	  baroclinic	  

Cyclonic	  Circula$on	  

Beaufort	  Gyre	  
Core	  

Transpolar	  
Dri[	  

	  To	  in	  Situ	  Observa$ons,	  the	  Arc$c	  Ocean	  is	  the	  Beaufort	  Gyre	  



This is important to climate because patterns of circulation are consistent with 
Anticyclonic (A) and Cyclonic (B) regimes of surface circulation of the Arctic 

Ocean from Sokolov [1962] & Proshutinsky and Johnson [1997]

Sokolov,	  A.	  L.	  (1962),	  Dri[	  of	  ice	  in	  the	  Arc(c	  Basin	  and	  changes	  in	  ice	  condi(ons	  
over	  the	  northern	  sea	  route,	  Probl.	  Arct.	  Antarct.,	  Engl.	  Transl.,	  11,	  j1-‐j20.	  
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the Arctic Ocean [Polyakov and Timokhov, 1995] are presented 
in Figure 2. Many well-known features of the Arctic Ocean 
surface circulation are reproduced, such as the Beaufort Sea 
Gyre, Trans-Arctic Current, East Greenland Current, and 
Norwegian Current. Generally, there is no seasonal change in 
the direction of the surface thermohaline circulation. There is 
a visible decrease of velocities in winter relative to summer, 
although in winter the Trans-Arctic Current and the Beaufort 
Sea Gyre are more pronounced than they are in summer. 
Year-to-year variability of the Arctic Ocean thermohaline cir- 
culation remains poorly known because of lack of data. While 
these results demonstrate that the thermohaline circulation is 

seasonally very stable, note that these results were obtained on 
the basis of averaging about 40 years of data. 

Gudkovich [1961a, b] explained the stability of Arctic cur- 
rents by the presence of strong vertical stratification. In a 
simple view, the Arctic Ocean's vertical structure is a two-layer 
fluid with cold, low-salinity surface waters and relatively warm, 
high-salinity deep waters. The upper layer responds to wind 
forcing by turning to the right of the direction of motion; 
winter anticyclonic flow drives the upper waters to the center 
of the circulation, raising its sea level while the boundary be- 
tween the two layers is lowered. Along the coasts, the sea level 
is lower, but the interface is higher than it is when undisturbed 
(Figure 3). In contrast, the summer cyclonic wind circulation 
lowers sea level in the basin center and elevates the interface, 
while along the coasts the sea level is higher and the interface 
is depressed. Proshutinsky [1988, 1993] and Doronin and Pro- 
shutinsky [1991] showed that the boundary between the two 
layers varies seasonally by as much as 30 m and the vertical 
migration of the Atlantic waters along the coasts reaches tens 
of meters, in good agreement with observations [Nikiforov and 
Shpaikher, 1980]. 

1.2. Regimes of Circulation 
References exist in both the meteorological and oceano- 

graphic literature describing different periods of the Arctic 
Ocean climate variability. Nikiforov and Shpaikher [1980], for 
example, suggested that a 5- to 6-year cycle in the Arctic Basin 
circulation was driven by feedback loops between terrestrial 
hydrologic processes and oceanic deep water formation, ice 
growth dynamics, and thermohaline circulation. This hypoth- 
esis is described briefly in section 4.2. Karklin [1977] found that 
the ice conditions and ice drift in the Arctic seas had a peri- 
odicity of 6-7 years and concluded that the long-period tides 
are responsible for these changes in the Arctic. After analyses 
of hydrologic, sea ice, oceanic, and atmospheric data from the 
Greenland and Labrador Seas and from the Arctic and north- 

ern Canada, Mysak et al. [1990] and Mysak [1995] suggested the 
existence of an interdecadal (15-20 years) Arctic climate cycle 
linked to the North Atlantic. 

By comparing the atmospheric pressure distribution to the 
observed currents in the Arctic Basin, Gudkovich [1961a, b] 
concluded that two types of surface circulation existed (Figure 
4). The principal and most valuable aspect of Gudkovich's 
work was his demonstration of the existence of an anticyclonic 
circulation system in the Canadian region (Beaufort Gyre) and 
a cyclonic circulation with its center to the north of the Laptev 
Sea. The Trans-Arctic ice drift flows between these two circu- 

lation cells. Type A circulation usually occurs during years 
when a prominent winter polar high drives the system so that 
the area of anticyclonic surface circulation increases and the 
area of cyclonic circulation shrinks. The axis of the Trans- 
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1. Low sea level along the coastlines 
2. Upwelling of Atlantic waters and their penetration on the shelf 
3. Low river runoff 
4. Weak vertical water stratification 
5. Increase of heat exchange between atmosphere and ocean 
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1. High sea level along the coastlines 
2. Downwelling of Atlantic waters and their removal from the shelf 
3. High river runoff 
4. Strong vertical water stratification 
5. Low heat exchange between atmosphere and ocean 

Figure 3. Schematic water mass structure and prevailing pro- 
cesses during winter and summer. Pacific and deep waters are 
not shown. 

Arctic Current is moved to the northern margins of the Arctic 
seas and carries ice into the Greenland Sea from the Laptev, 
East Siberian, and Chukchi Seas. Navigation improves along 
the Kara, Laptev, East Siberian and Chukchi coastline (north- 
ern sea route). 

Type B circulation arises with the dissipation of the polar 
high (usually centered over the Beaufort Sea) and the propa- 
gation of the Siberian high (northern extension of the Asian 
high located over Siberia) to the northern margins of the east- 
ern Arctic seas. In this case the Siberian high is responsible for 
west to east winds over the Siberian seas. Type B circulation is 
characterized by contraction of the anticyclonic circulation and 
expansion of the cyclonic circulation. The Trans-Arctic Cur- 
rent slows and shifts toward North America, leading to cyclonic 
surface and ice circulation in the East Siberian and Chukchi 

Seas. Navigation conditions are favorable in the Kara Sea but 
are unfavorable in the Laptev and East Siberian Seas. 

These observed changes in the ice conditions suggest a high 
correlation between atmospheric and oceanic circulation in the 
Arctic. According to Nikiforov and Shpaikher [1980], the coef- 
ficient of correlation between ocean and atmospheric circula- 
tion may reach 80% for the upper 200 m layer of the ocean. 
Thomdike and Colony [1982] demonstrated that about 70% of 
the variance of the daily ice velocity was accounted for by the 
geostrophic winds and concluded that ocean currents were 
responsible for only about 15% of the ice motion. They found 
that about half of the long-term average ice motion is directly 
related to the wind, the other half being due to the mean ocean 
currents. These correlations suggest that atmospheric forcing is 
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Figure 4. Regimes of surface currents and ice drift in the Arctic Ocean redrawn from Sokolov [1962]. (a) 
Type A circulation, corresponding to prevailing Arctic High atmospheric pressure; (b) Type B circulation, 
corresponding to prevailing Icelandic Low atmospheric pressure. Numbered features are 1, Beaufort Gyre; 2, 
Transarctic Drift Current; 3, Laptev Sea cyclonic circulation; 4, Barents Sea currents; 5, East Siberian Sea 
circulation; and 6, Kara Sea coastal flow. 

a very important factor driving variability in the Arctic Ocean 
circulation. 

In this paper we will focus on seasonal and decadal varia- 
tions and the two relevant circulation regimes that characterize 
them. The paper is organized in the following manner. Basic 
model equations and boundary conditions for the model are 
described in section 2. Model results and comparisons with 
observations are given in section 3. Section 4 is the discussion. 
The summary and conclusions are presented in section 5. 

2. Two-Dimensional Coupled Ice-Ocean Model 
2.1. Model Equations 

We use a system of equations of motion and continuity 
written in vector notation and in the stereographic polar co- 
ordinates, 

dU 

d•- + fk x U = -gDmV• + Nhm2V2U 
cT, + (1 - c)T,- T•, 

+ 
p 

o•/ot = -m2V(U/m) (2) 
and the equations of motion and continuity for ice, 

du, T,•,- T, 
--+ fk x u,: -gmV• + p,h, +F, (3) dt 

Oc/Ot = -m2V(u,c/m) (4) 

Here, x, y are the lateral coordinates, with their origin at the 
north pole; t is time; • denotes free surface elevation; U is a 
vector of volume transport with components U, V along x and 
y directions; ui is a vector of ice velocity; Ti is a vector of ice 
stress between water and ice; T•s is a vector of ice stress be- 
tween atmosphere and ice; T o is a vector of bottom stress; T s 

is a vector of water stress between atmosphere and water; F i is 
a vector of internal ice forces; Pi is ice density; p is water 
density; c is ice concentration, 0 -< c -< 1; h, is ice thickness; 
N h is horizontal eddy viscosity (= 5 x 10 '• cm 2 s-•); D is total 
depth (= H + •); f denotes the Coriolis parameter; k is a unit 
vector along the vertical direction; and m denotes a map co- 
efficient. In the operator 

only the first-order nonlinear terms are retained. The stereo- 
graphic polar coordinate system used in (1)-(4) is very close to 
the rectangular system of coordinates except for the map co- 
efficient m that describes a correction from a spherical to polar 
stereographic projection. Its value changes from 1 at 90øN to 
1.071 at 60øN. 

The interaction of water and atmosphere is described by 

T•: p•R,WIWI (5) 

where W is a vector of surface wind and 9, and R, are air 
density and friction coetficient between air and water, respec- 
tively. 

The surface wind was determined from geostrophic relation- 
ships with consideration of the transitional coefficient C• and 
angle of deviation of surface wind from the geostrophic direc- 
tion, .4 •. Implemented in the model calculations is the algo- 
rithm in which 

C,=0.7 A,=30 ø if W<15 ms -• 

C,=0.8 A,=20 ø if W>15 ms -• 

The surface wind transitional coefficients and turning angles 
are based on the model calibration, diagnostic and prognostic 
sinulations of the ice drift, and storm surges in the Kara, 
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Figure 4. Regimes of surface currents and ice drift in the Arctic Ocean redrawn from Sokolov [1962]. (a) 
Type A circulation, corresponding to prevailing Arctic High atmospheric pressure; (b) Type B circulation, 
corresponding to prevailing Icelandic Low atmospheric pressure. Numbered features are 1, Beaufort Gyre; 2, 
Transarctic Drift Current; 3, Laptev Sea cyclonic circulation; 4, Barents Sea currents; 5, East Siberian Sea 
circulation; and 6, Kara Sea coastal flow. 

a very important factor driving variability in the Arctic Ocean 
circulation. 

In this paper we will focus on seasonal and decadal varia- 
tions and the two relevant circulation regimes that characterize 
them. The paper is organized in the following manner. Basic 
model equations and boundary conditions for the model are 
described in section 2. Model results and comparisons with 
observations are given in section 3. Section 4 is the discussion. 
The summary and conclusions are presented in section 5. 

2. Two-Dimensional Coupled Ice-Ocean Model 
2.1. Model Equations 

We use a system of equations of motion and continuity 
written in vector notation and in the stereographic polar co- 
ordinates, 

dU 

d•- + fk x U = -gDmV• + Nhm2V2U 
cT, + (1 - c)T,- T•, 

+ 
p 

o•/ot = -m2V(U/m) (2) 
and the equations of motion and continuity for ice, 

du, T,•,- T, 
--+ fk x u,: -gmV• + p,h, +F, (3) dt 

Oc/Ot = -m2V(u,c/m) (4) 

Here, x, y are the lateral coordinates, with their origin at the 
north pole; t is time; • denotes free surface elevation; U is a 
vector of volume transport with components U, V along x and 
y directions; ui is a vector of ice velocity; Ti is a vector of ice 
stress between water and ice; T•s is a vector of ice stress be- 
tween atmosphere and ice; T o is a vector of bottom stress; T s 

is a vector of water stress between atmosphere and water; F i is 
a vector of internal ice forces; Pi is ice density; p is water 
density; c is ice concentration, 0 -< c -< 1; h, is ice thickness; 
N h is horizontal eddy viscosity (= 5 x 10 '• cm 2 s-•); D is total 
depth (= H + •); f denotes the Coriolis parameter; k is a unit 
vector along the vertical direction; and m denotes a map co- 
efficient. In the operator 

only the first-order nonlinear terms are retained. The stereo- 
graphic polar coordinate system used in (1)-(4) is very close to 
the rectangular system of coordinates except for the map co- 
efficient m that describes a correction from a spherical to polar 
stereographic projection. Its value changes from 1 at 90øN to 
1.071 at 60øN. 

The interaction of water and atmosphere is described by 

T•: p•R,WIWI (5) 

where W is a vector of surface wind and 9, and R, are air 
density and friction coetficient between air and water, respec- 
tively. 

The surface wind was determined from geostrophic relation- 
ships with consideration of the transitional coefficient C• and 
angle of deviation of surface wind from the geostrophic direc- 
tion, .4 •. Implemented in the model calculations is the algo- 
rithm in which 

C,=0.7 A,=30 ø if W<15 ms -• 

C,=0.8 A,=20 ø if W>15 ms -• 

The surface wind transitional coefficients and turning angles 
are based on the model calibration, diagnostic and prognostic 
sinulations of the ice drift, and storm surges in the Kara, 

An$cyclonic	  Mode	  

	  
	  Changes	  in	  the	  early	  
1990s	  suggested	  shi[	  to	  
the	  cyclonic	  mode	  with	  
$ghter	  Beaufort	  Gyre,	  
counterclockwise	  shi[	  in	  
Transpolar	  Dri[,	  and	  
cyclonic	  circula$on	  (ccw)	  
on	  Russian	  side	  
	  

Cyclonic	  Mode	  



Can we relate the cyclonic mode of circulation to global climate?

The AO pattern in the Arctic strengthens the Icelandic 
Low and may weaken part of the Beaufort (Polar) 
High. In modern terms, cyclonic mode prevails when 
the AO is high.

Sokolov [1962] =>  cyclonic mode 
prevails when the Icelandic Low is 
strong relative to the Polar High.	  

[Morison,	  J.,	  R.	  Kwok,	  C.	  Peralta-‐Ferriz,	  M.	  Alkire,	  I.	  Rigor,	  R.	  Andersen,	  and	  M.	  
Steele	  (2012),	  Changing	  Arc(c	  Ocean	  freshwater	  pathways,	  Nature,	  481(7379),	  
66-‐70.]	  

New	  Siberian	  
Islands	  

Iceland	  

 = pattern of SLP under a positive 
phase of the Arctic Oscillation	  



Regime of high winter AO starting in 1989
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Regime of high winter AO starting in 1989
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SSH Trend 2005-08 From ICESat Altimetry  
And From GRACE Bottom Pressure - CTD Steric Pressure (triangles)

[Morison,	  J.,	  R.	  Kwok,	  C.	  Peralta-‐Ferriz,	  M.	  Alkire,	  I.	  Rigor,	  R.	  Andersen,	  and	  M.	  Steele	  (2012),	  Changing	  
Arc(c	  Ocean	  freshwater	  pathways,	  Nature,	  481(7379),	  66-‐70.	  
]	  

DOT Trend 2005-2008

Color	  contours	  of	  SSH	  change	  
and	  velocity	  trends	  2005-‐2008	  
also	  =>	  shi[	  to	  cyclonic	  mode.	  
Beaufort	  Gyre	  $ghtens	  
becomes	  more	  intense	  with	  
increase	  in	  freshwater.	  

Developing	  SSH	  	  trough	  
aligned	  with	  the	  Russian	  shelf	  
break	  produces	  cyclonic	  
circula$on.	  

ICESat	  &	  GRACE	  	  	  	  	  	  	  	  	  	  	  In	  Situ	  Hydro	  

Which	  carries	  Eurasian	  
runoff	  (plus	  	  Russian	  
pollutants)	  eastward	  to	  
enter	  Beaufort	  Gyre.	  
	  



Regime of high winter AO starting in 1989
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DOT 2011-14 From CryoSat-2 
Altimetry =>

	  Kwok,	  R.	  and	  J.	  Morison	  (2015),	  Sea	  surface	  height	  and	  dynamic	  topography	  of	  the	  ice-‐covered	  oceans	  from	  
CryoSat-‐2:	  2011-‐2014,	  submined	  to	  JGR	  Sept.	  2015.	  

There	  is	  variability	  but	  for	  all	  
periods,	  the	  core	  of	  Beaufort	  
Gyre	  is	  southeast	  in	  the	  
Beaufort	  Sea	  and	  a	  trough	  of	  
low	  DOT	  extends	  along	  the	  
Russian	  side	  of	  the	  Arc$c	  
Ocean	  producing	  cyclonic	  
circula$on	  there,	  hallmarks	  of	  
the	  cyclonic	  mode.	  

Key	  element	  not	  observed	  
with	  in	  situ	  observa$ons	  	  
alone	  is	  rising	  DOT	  towards	  
Russian	  Coast,	  a	  downwelling	  
paSern	  that	  creates	  an	  
eastward	  alongshore	  flow.	  	  



Consistent	  with	  these	  circula$on	  changes,	  high	  winter	  AO	  	  results	  in:	  
-  Increased	  air	  temperature	  over	  the	  Russian	  Arc$c	  [Thompson	  and	  Wallace,	  1998]	  

decreasing	  winter	  ice	  growth	  
-  Sea	  ice	  divergence	  	  and	  enhanced	  transpolar	  dri[	  	  and	  ice	  export	  (Kwok	  et	  al.	  2013)	  	  

leading	  to	  reduced	  ice	  age,	  thickness	  	  and	  extent	  (Rigor	  et	  al.,	  2002,	  2004;	  Lindsay	  
and	  Zhang,	  2005)	  thereby	  triggering/enhancing	  ice	  albedo	  feedback.	  

-  Enhanced	  freshwater	  and	  ice	  export	  export	  (Kwok	  et	  al.	  2013)	  	  tends	  to	  stra$fy	  the	  
sub-‐arc$c	  seas	  weakening	  convec$on	  there	  

-  Cyclonic	  circula$on	  sends	  Eurasian	  runoff	  to	  freshen	  the	  Canada	  Basin	  at	  the	  
expense	  of	  the	  Eurasian	  Basin	  (Morison	  et	  al.,	  2012)	  

-  Diversion	  of	  Eurasian	  runoff	  to	  the	  Canada	  Basin	  also	  shrinks	  the	  cold-‐halocline	  of	  
the	  Eurasian	  Basin	  that	  isolates	  the	  sea	  ice	  from	  the	  heat	  in	  the	  deeper	  Atlan$c	  
water	  (Steele	  and	  Boyd,	  1998)	  

-  Increased	  strength	  of	  the	  ouXlow	  of	  ice	  and	  cold	  low-‐salinity	  Arc$c	  water	  along	  the	  
East	  Greenland	  con$nental	  shelf	  may	  also	  impact	  ocean	  temperatures	  affec$ng	  the	  
marine	  termina$ng	  glaciers	  of	  the	  Greenland	  ice	  sheet.	  There	  is	  also	  evidence	  that	  
recent	  freshening	  of	  the	  whole	  water	  column	  of	  the	  Nordic	  sub-‐Arc$c	  seas	  has	  
freshened	  the	  en$re	  North	  Atlan$c	  (Curry	  et	  al.	  2003).	  

-  	  Some	  early	  studies	  suggest	  increased	  AO	  with	  global	  warming	  (Fyfe	  et	  al.,	  1999;	  
Shindell	  et	  al.,	  1999;	  Randel	  and	  Wu,	  1999)	  	  

Possible	  Influences	  of	  High	  AO	  /	  Cyclonic	  Regime	  on	  Climate	  
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