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The Arctic Ocean Climate — a balance between
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Could there be an ice free ocean north of Eurasia and North America?
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Bent 1872, (from Hayes, 2003)



This is perhaps a strange idea considering
the many failed attempts find a Northeast
Passage and a Northwest Passage.

Lainema & Nurminen, 2001

Hayes, 2003

Parry’s expedition 1819-1820 was perhaps
the most successful of the many British

expeditions in the 19th century to find the  Parry overwintering in Winter Harbour
Northwest Passage. 1819-1820

Delgado, 1999



The distribution of the surface air temperatures was well known
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and showed that the annual mean temperature was below zero north of ~ 70°N
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A vision of vessels penetrating
into the open Arctic Ocean

Why an open Arctic Ocean?

Observations: Open water seen in the
north e.g. a permanent polynya north of
the Laptev Sea coast.

Sea ice contains little salt. Perhaps sea
water does not freeze?

Beyond the influence of river runoff the
ocean would then be open.

The heat carried by the Gulf Stream
prevents the Arctic Ocean from freezing.

AWI, 1993



The drift of Fram
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The discovery of parts of the
wreckage of Juliette in southwest
Greenland in 1884 gave Nansen the

idea to drift with the ice across the
Arctic Ocean.

No open Polar Ocean was
encountered by Nansen and Fram.

Nansen, 1902



The Arctic Ocean is a deep ocean
A shallow ocean was expected because less water then has to be cooled to the
freezing point to form ice.
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The warm Atlantic water was found in the deep Arctic Ocean basin
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but the Atlantic layer was isolated from the ice by low salinity surface water

AR R R AL

-
-
- Sttt o Nonre Mo S
- Moty o 10wy Soom
- T S S r s rn -
- o . =
T e TS I . B e 2o
. LS
-l - - — — -
> - b - -~ - b —-

Nansen, 1902



The bottom layer was found to be highly saline.
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The salinities were later found to be in error, but they got Nansen to speculate over possibility
that ice formation and brine rejection on the shelves could generate the saline bottom water.



The ocean currents and the transport of heat from low to high latitudes were
believed to be driven by the cooling taking place in the northern latitudes.

Tropen Arktisch
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Such circulation was %f ?//////////7///// A
investigated experimentally / % / /p

by Sandstrom (1908).

B

A thermally driven circulation was found and the strength of the circulation
depended on the relative vertical positions of the warm and cold sources.

1
! ’ The warm source should be
| Wa located below the cold source.
armstes Wasser

Lrarm — In the opposite case no

— — —————————

— circulation was observed.
Kaltestes Wasser

Sandstrom, 1908



Das Bodenwasser und die Abkiihlung des Meeres.
Von

Fridtjof Nansen.

eoc
r Experiments on the effects of
16F cooling through melting of ice
191
14r
; Hy
B=—77% 7% 1% 2% 16
15"
Three cases Gl
13F
I: Ice melting directly on top of al
the water. al
Il & IlI: Ice melting on the water or
but in a metal bowl. 9
8
IV: Ice melting in a bowl above 7ﬁ
the water (Radiative cooling). &
77% 72% 7% 2

Nansen, 1912



The most important processes controlling and influencing the climate
of the Arctic Ocean were then identified already 100 years ago:

Cooling at high latitudes makes water denser. It sinks and returns south,
causing a compensating northward flow of warm water at the surface.

The input of freshwater stabilises the water column and inhibits upward
mixing of warmer water from the deep ocean allowing ice to form.

Ice melts on and cools warm water but generates less dense surface water;

the buoyancy input of melt water is larger than the buoyancy loss due to
cooling.

The Arctic Ocean climate is a balance between transports and mixing!



Outline

Early observations in the Arctic Ocean.
The radiation and heat balances.

The circulation of Atlantic water in the Arctic Ocean and the heat transfer
to ice and atmosphere.

Freshwater balance and freshwater transports.

The global thermohaline circulation, and its possible changes due to a
warmer climate.



Outline

Early observations in the Arctic Ocean
The radiation and heat balances

The circulation of Atlantic water in the Arctic Ocean and the heat transfer
to ice and atmosphere.

Freshwater balance and freshwater transports

The global thermohaline circulation, and its possible changes due to a
warmer climate.



H. Wilkins was expedition leader
and H.U. Sverdrup oceanographer.

Wikipedia & Sverdrup, 1933

The field work in the Arctic Ocean has
had its disappointments

The Nautilus expedition 1931 — an attempt to
explore the Arctic Ocean using a submarine.

Nautilus route north of Svalbard
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and successes.

The first Soviet ice
station North Pole —1,
led by I.D. Papanin,

May 1937 — February
1938.

The participant before the
start of the expedition

.........

Daily routines Ugryumov & Korovin, 2005

Nordpolzn 1.

Vardagens arbete, Laktionov, 1960
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Soviet airborne hydrographic
stations up the end of the 1950s.
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180" - 135 90°E

Ice camps and airborne expeditions
added to the knowledge of the
bathymetry of the Arctic Ocean
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and provided information of the extent, RS
seasonal variations and drift of the = (  ION
sea ice and of the surface currents. e A

Rudels et al., 2012 N




Outline

Early observations in the Arctic Ocean.
The radiation and heat balances.

The circulation of Atlantic water in the Arctic Ocean and the heat transfer
to ice and atmosphere.

Freshwater balance and freshwater transports.

The global thermohaline circulation and its possible changes due to a
warmer climate.
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Ferrel, 1856

Most of this transport
occurs in the atmosphere.

Heat balance north of 70 N

January

Total Input

Residual

Total Input
Total Output

Atmosphere
JA /dt=

LW

-4
- 139

Total Output = 178

=-35

=6
58

top

July

178

SW_

Atmosphere
0A p/dt=2

Total Input =101
Total Qutput = 100
Residual =-]

Total Input
Total Output

Serreze et al., 2007

LW 231
top



But heat is also carried by the
ocean

&

heat added in summer is
stored by ice melt and
released by freezing in winter.

Heat balance north of 70 N
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Outline

Early observations in the Arctic Ocean.
The radiation and heat balances.

The circulation of Atlantic water in the Arctic Ocean and the heat
transfer to ice and atmosphere.

Freshwater balance and freshwater transports.

The global thermohaline circulation and its possible changes due to a
warmer climate.



Ymer did not penetrate far into the Arctic
Ocean but the expedition marked the
beginning of a more intense icebreaker
activity in the high Arctic.

Ymer — 80 was one of the early
scientific icebreaker expeditions
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One research topics was: could a reduction of the freshwater input lead to a decrease
of the Arctic Ocean ice cover, due to larger heat flux from the warm Atlantic water, and
Ymer observed the transports through Fram Strait where the main inflow of warm

Atlantic water takes place.

Northward flowing warm, saline Atlantic water in the West Spitsbergen Current
southward flowing cold, low salinity Polar water in the East Greenland Current
Southward flowing cooled Atlantic water in the East Greenland Current.

Ymer temperature section in Fram Strait Ymer salinity section in Fram Strait

Rudels, 1987



The circulation of Atlantic water in the Arctic ocean

Oden in the Arctic Ocean 1991 B —

Lni/

[ International Arctic Ocean Expedition 1991

— I -

. Ol PULY I, AL
.~ Ship Tracks During the Expedition Y
~ \ & COBN Tracaies (1390 UTC) "\ 120E

TR e\ The eastern section
‘ v 4 from Svalbard to the
Makarov Basin
across the
Lomonosov Ridge.

Two temperature
fronts

temperature section




Potential temperature and salinity sections from the eastern Eurasian Basin
indicating a colder,less saline inflow from the Barents Sea.
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The Fram Strait inflow branch mainly stays in the Nansen Basin and exits through
Fram Strait colder than it entered.

The colder and less saline Barents Sea branch supplies most of the Atlantic and
intermediate water in the other parts of the Arctic Ocean.

180" _135°E S0°E

Barents Sea branch

Fram Strait branch

45"W - - | 0°
Rudels et al., 2012



Evolution of the ice cover and the upper layer temperature, when ice is
melting on warmer water and heat loss to the atmosphere takes place
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Atlantic water 1y
\
Initial mixed =~ e
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entrainment &
heat loss

i &

Atlantic water

time
A low salinity surface layer is created, which deepens by wind mixing.
Heat loss creates negative buoyancy, while melting adds positive buoyancy.

Since the ice melt is caused by oceanic heat, the stability between the surface layer
and the warm water below depends upon the fraction ¢ of heat Q’ going to ice melt.



The reservoir of sensible heat in the mixed
layer will eventually be removed.

If ¢, is the fraction giving minimum ice melt
the salinity of the upper layer becomes:

/0’0

33 33.5 34 34.5 35
Salinity [psu]

Open diamonds indicate the salinity at the freezing point for the Fram Strait branch and the
Barents Sea branch , when only the fraction ¢, = 2aL(cpS,)" goes to ice mel.

For comparison the salinity when all heat goes to
ice melt is shown as solid diamonds.

Rudels, 2010




North of the Laptev Sea and farther east this
layer becomes covered by low salinity water
from the shelves carrying river runoff and Pacific

The Atlantic inflow melts
sea ice in the Nansen
Basin north of Fram Strait
and in the northern
Barents and Kara seas
forming a less dense and
less saline upper layer.

135°W

The winter convection
reaches to the Atlantic
layer in the Nansen Basin.

Rudels et al., 2012



Outline

Early observations in the Arctic Ocean.
The radiation and heat balances.

The circulation of Atlantic water in the Arctic Ocean and the heat transfer
to ice and atmosphere.

Freshwater balance and freshwater transports.

The global thermohaline circulation and its possible changes due to a
warmer climate.



Arctic Basin Freshwater Budget

Arctic Basin Freshwater Budget
(units: km®)

b 4900 Freshwater is

ATMOSPHERE transported by the
(LAND + OCEAN) atmosphere -
E40 = 200 river runoff & net
precipitation

ET;.
Resid.* = 4800

Freshwater is A
supplied by the
ocean through

OCEAN
Storage

LAND

Inflow

Total = 84000
H 1 As Sea Ice = 10000

BS = 2500

Bering Strait S-ase0 | e e 1000 920(.)ma. Outow® = 3200
Norwegian Total Inflow = 8500 lotal Inflow (P—ET). = 2900
Coastal Current | 1mbalance = =700 v Imbalance = =300
NCC =250 R

Obs = 3200
—)

Fram Strait
Deep water
FSD =500

Barents Sea Branch
BSB =340

West Spitsbergen Current
WSC =760

cmamaric  Freshwater is exported to the North

Archipelago Ice

CAT=160 Atlantic as liquid freshwater
e through the Canadian Arctic

AA =3200 " .
Archipelago and Fram Strait and as

B S sea ice through Fram Strait

yU = 2400

mmsetice 1€ 1CE@ €Xport is mainly
“ controlled by the wind fields!

* Resid. is the residual of observed
precipitation minus aerological (A) P — ET.

Serreze et al., 2006



iquid freshwater ex
In cold waters the density is mainly The liquid freshwater export

controlled by the salinity. X x+dxA
For a geostrophically balanced flow ir o

the upper layer, the transport of

freshwater only depends upon the

number of openings, the thickness >

of the freshwater storage and the
salinity of the lower layer.

Defant, 1961

The width of the current is independent
of the total transport.
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Strait and two channels in the
Canadian Arctic Archipelago.
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The liquid freshwater export, F, can then be used to determine the mean freshwater
storage, m, in the Arctic Ocean

With three openings the present average freshwater storage is: m ~ 8.25 m

Meters of Freshwater
0 2 4 3 8 .10 12 14 16 18— -2002

If there were only seasonal sea ice and no ice o
export, the net freshwater input would increase = ="
by 0.08-0.09 Sv

The freshwater content then rises to: 10.1 m
The freshwater storage in the Arctic Ocean

increases as (F)”: while the residence time of ._ & e _
freshwater decreases as (F). . s [ 5

Serreze et al., 2007

These results are independent of mixing mechanisms and entrainment.

The mixed layer thickness is not uniform throughout the deep Arctic Ocean!



AO positive AO negative

1007w 1BOW

Atmospheric

circulation patterns
such as the Arctic
Oscillation and

Goodman

Warm &
less sea

P ice
Col& r'e

Cold &
more sea
ice

the North Atlantic
Oscillation will affect
the distribution and the
exports of freshwater
in the Arctic Ocean

NAO Negative Mode NAO Positive Mode



Outline

Early observations in the Arctic Ocean.
The radiation and heat balances.

The circulation of Atlantic water in the Arctic Ocean and the heat transfer
to ice and atmosphere.

Freshwater balance and freshwater transports.

The global thermohaline circulation and its possible changes due to
a warmer climate.



Vessel | Vessel 2

- 1 : overflow l £
Stommel two-box model ——
driven by heating and cooling|and ol q .
evaporation and precipitation. % ,, s, - S5
2
The different time constants for the copillary
restoring forces of heat (qu_t) and - Stommel, 1961
salt (slow) create instabilities and
different circulation pattern. Thermally driven  Freshwater driven
warm cold salt fresh
2--$(1,8,3)
Equator Pole Equator Pole

Q One cold solution O Three (1-2 warm) solutions Djikstra, 2005



Evaporation Fig 3a
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Deep mixing, bringing the water back to the surface layer must also be present.



The transport of water vapour across the Isthmus of Panama makes the North Pacific
surface water less dense relative to the North Atlantic.

Its sea level is higher, allowing for a return flow of low salinity water through Bering Strait.
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The higher salinity in the
North Atlantic forces the
global overturning
circulation and brings
heat to the northern

North Atlantic.

Kuhlbrodt et al., 2005

=== Surface flow ® Wind-driven upwelling L Labrador Sea

=== Deep flow (® Mixing-driven upwelling N Nordic Seas

=== Bottom flow =  Salinity > 36 %e W  Weddell Sea
= Deep Water Formation w Salinity < 34 %o R Ross Sea

The wind driven
circulation accounts for
much of the meridional
oceanic heat transport
and perhaps close to 40 %
even in the North Atlantic.




The Stommel type of models and the | S T
effects of freshwater input are more often o
discussed in the context of a breakdown z ) t |
of the thermohaline circulation due to z Present Stormel
. . = climate? bifurcation
increased freshwater input. = p
E b g }
L] ] 0- o‘.
How valid are such simple models? . T . >
-0.1 0.1

Ocean releases large amount

North Atlantic Ocean Circulation Today SFRES Ioamomnes.

Ocean wator Cools becomes densers
and unks to form a powerful, deep
southward curmont.

Less heat is released 1o
North Atlantic Ocean Circulation ~20,000 Years Ago (Peak of Last lce Age)  the atmasphere.

* Vher

Wates sinks to lntenmsediate
depths and spreads without

Wasters from the south fill filling the deap Atlantic

more of the deep Athantic

Freshwater forcing (Sv)
Rahmstorf, 2006

Weakening and
breakdowns have
occurred in the past
and the question is:

Can they happen
again?



During the last glacial
maximum there was more
ice on land, a higher albedo
and the temperatures at
high latitudes were lower,
implying less outgoing long
wave radiation.

The energy balance could
be maintained by export of
ice to lower latitudes, where
it would melt.

Ice discharge from the
glaciers could, and did,
flood the North Atlantic.

Figure by Martin Jakobsson

The Arctic Ocean would, by the high albedo and the ice export,
strongly influence the global climate.



Today the atmosphere provides 5 SO ST -0%5/207/2013
most of the meridional heat g TPt e
transport, partly through the

condensation of water vapour.

Eventually no ice export may be
needed for the heat balance,
signaling the advent of a
seasonal ice cover.

The transport of oceanic
sensible heat might become
smaller due to weaker thermal
forcing rather than through an
increased freshwater input.

The effects of a melting of the
Greenland ice sheet are,
however, largely unknown.

The cryosphere today

The climate in the Arctic today appears controlled by processes occurring
at lower latitudes, especially the meridional transport of water vapour that
affects both the heat balance and the radiation balance.



The ocean — open questions:

How much, and by what processes, does the Atlantic water lose heat in
the Nansen Basin beyond the melt area north of Fram Strait?

How much does this reduce the sea ice production in the Nansen Basin?

Why does the fraction of oceanic heat loss to ice giving minimum ice melt
appear to realistically predict the salinity in the melt water layer?

How well can the mean freshwater export and freshwater storage be
estimated by the assumption of geostrophic flow through the passages?

What drives the Atlantic water inflow, the large-scale wind fields (e.g wind
stress curl), or the mixing and water transformations in the Arctic Ocean?

Does an increased inflow of warm Atlantic water lead to a larger heat flux
to ice and atmosphere, or is the heat flux determined by the strength of the
mixing processes?

What were the impacts of the closing and opening of Bering Strait on the
evolution of the glacial periods?
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