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® The list of extreme climate events in t
Atlantic is long:

freshening of the northern Atlantic (~1970s-1990s), e.g. Dickson e
alNamre 2002) and increased Arctic outflow (1970s and 1990s)
and increased Greenland melting

connecting fresh-water inputs with primary productivity of the
Labrador Sea (Frajka-Williams et al. Deep-sea Res 2009, 2010.)

slowing of the subpolar surface gyre cyclonic gyre and
associated variability of the deep circulation (1990s-2000s, Hakkinen &
Rhines Science 2004, Vcige et Deep-Sea Res 2011, Dengler et al. GRL 2006, Han et
al. GRL. 2010. )

invasion of warm waters from subtropics to subpolar Atlantic,
Nordic Seas and associated change of general circulation (many authors, e.g.
Holliday et al. 2003, Hatun et al. Science 2004, Hakkinen & Rhines, [GR 2009,
2011)




connecting the warm episodes in northern A ..
atmospheric blocking/NAO behavior with long perlod Atlantic
Multi-decadal Variability (AMOC=>AMYV, Hakkinen & Rhines, 2011,

Science, submitted)

connecting the warm episodes in northern Atlantic and

atmospheric blocking/NAO behavior with long period Atlantic Multi-
decadal Variability (AMOC=>AMV, Hakkinen & Rhines, 2011, Science,
submitted)

atmospheric circulation variability associated with high
latitudes 1n recent decades (poleward shift of jet stream, blocking histories,
storm tracks..) (e.g. Woollings et al. Q.].Royal Met. Soc. 2010)

dislocation of fisheries, ecosystems, birds, whales... (many
authors, e.g. Hatun et al. Prog. in Oceanogr. 2009, Laidre et al., Proc.

Royal Soc. B, 2008)




The Atlantic
meridional overturning
circulation (warm=red

cold=black, purple

note the interlinked
horizontal gyres, boundary
currents and vertical
circulation (sinking of

dense waters, rising again
far to the south)

In the upper ocean, low
salinity waters flow from the
Arctic, both east and west
of Greenland




® The list of extreme climate events in t
Atlantic is long:

® connecting fresh-water inputs with primary productivity of the
Labrador Sea (Frajka-Williams et al. Deep-sea Res 2009, 2010.)

slowing of the subpolar surface gyre cyclonic gyre and
associated variability of the deep circulation (1990s-2000s, Hakkinen &
Rhines Science 2004, Vcige et Deep-Sea Res 2011, Dengler et al. GRL 2006, Han et
al. GRL. 2010. )

invasion of warm waters from subtropics to subpolar Atlantic,
Nordic Seas and associated change of general circulation (many authors, e.g.
Holliday et al. 2003, Hatun et al. Science 2004, Hakkinen & Rhines, [GR 2009,
2011)




““*"'m

Fram Strait

L S S

- VA ey

Dickson,
Yashayaev,

ol rege wn WATA VAW

Meincke,
Turrell, Dye
and Holfort,

Denmark Nature 2002

Strait

et v e A s -

Labrador Sea

“‘--”-

2002




o'W W 5w oW IWw 1w oW

20
19
18
17
16
1%
14
13
12
11
10
9
8

| 7
5
5
4
3
2
1
0




W50 1955 10 'S 18O

DN ABRIINM

Polenta Temperature 3

1988 1570 9% 1580 1565 1560 1668 2000 2008

E
p

Yashayaev 2005 i

Oceanography

NEADW

Sakndy

1985 190D 157% 1680 1505 1560 1S54 2000 2008
Yea







Relevant to the near-
surface outflow of
low-salinity water,

perennial (multi-year)

ice cover in the Arctic

Ocean, 1957-2007: ice thickness
video reconstructed from
icebuoys and winds:
http://seaice.apl.washington.edu/

Lgnatins Rigor, GRL 2007

~ _Fifth-order regression
u—& QuikSCAT observation

Perennial ice extent (million km?)







Hatun et al 2007 JPO: site of deep convection fro
Pickart et al. 2002.JPO controlled by the plume of FW f

west Greenland boundary current/shelf




® The list of extreme climate events in t
Atlantic is long:

freshening of the northern Atlantic (~1970s-1990s), e.g. Dickson ¢/
alNamre 2002) and increased Arctic outflow (1970s and 1990s)
and increased Greenland melting

slowing of the subpolar surface gyre cyclonic gyre and

associated variability of the deep circulation (1990s-2000s, Hakkinen &
Rhines Science 2004, 1 dge et Deep-Sea Res 2011, Dengler et al. GRL 2006, Han et

al. GRL 2010. )

invasion of warm waters from subtropics to subpolar Atlantic,
Nordic Seas and associated change of general circulation (many authors, e.g.
Holliday et al. 2003, Hatun et al. Science 2004, Hakkinen & Rhines, [GR 2009,
2011)




Connections with upper ocean

biology

Spring bloom, Labrador Sea
(Frajka-Williams et al., Deep-Sea Res.
2009, 2010)




SeaWiFS satellite: oceanic surface phytoplankton
2005 days 91-120




SeaWiFS satellite: oceanic surface phytoplankton
[)( ]




SeaWiFS satellite: oceanic surface phytoplankton
ale A3

blosive

¥ 2008)




Seaglider: 1.8 m long (+ antenna), 52 kg.
range ~ 5000 km, power consumption /2 Watt
Lithium battery pack: 10M]J + ~ 3 Kwh




Low salinity surface waters flowing from near the coa
of Greenland, and from local run-off, and sea ice melt
produce a buoyant ‘blanket’ over the ocean which
stabilizes the water column.

{ Steffen (Hydrolog. Processes 2009)

estimates that Greenland runoff + ice calving is now ~ 3 times bigger

than in recent decades ~ 786 km? yr! contributing 0.7 mm yr! to globa
sea level rise...roughly 25%

...and 17% of the FW input to the Greenland Sea

(4700 km? yr! coming from the Arctic).}




Plankton can happily remain in the sunshine, and
their growth initiates an intense growth of zooplankton
(Calanus finmarchicus especially), all the way to

large animals and birds.

=>This is the dominant spring bloom
in the northwest Atlantic
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Close up of offshore

plume of fresh near-surface

water in Labrador Sea:

(Frajka-Williams&> Rhines
DSR 2009, 2010)
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Buoyancy barrier to convection: 0-500m difference between thermal and
haline components of dynamic height (blue: salinity wins, red: temp

wins) ..... Fresh-water buoyancy resists heat-flux driven convection

(Bailey et al Climate Dyn 2005)
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® The list of extreme climate events in t
Atlantic is long:

freshening of the northern Atlantic (~1970s-1990s), e.g. Dickson ¢/
alNamre 2002) and increased Arctic outflow (1970s and 1990s)
and increased Greenland melting

connecting fresh-water inputs with primary productivity of the
Labrador Sea (Frajka-Williams et al. Deep-sea Res 2009, 2010.)

slowing of the subpolar surface gyre cyclonic gyre and
associated variability of the deep circulation (1990s-2000s, Hakkinen &
Rhines Science 2004, Vcige et Deep-Sea Res 2011, Dengler et al. GRL 2006, Han et
al. GRL. 2010. )




Increasing salinity and
temperature of the Atlantic
flow in the channels leading
to the Nordic Seas since 1996
with a steep increase since
2002 (Holliday et al 2008)

— Cannot be explained by
local changes in atmospheric
forcing (surface heat and P-E
fluxes)

Holliday et al. GRL 2008




Relevant to the northward flow of Atlantic
Water, the subpolar gyre and subtropical
gyres have complex, variable exchange

properties




® Satellite altimetry provides nearly 20 years of surface circulation
dynamics for the world ocean. Here we have plotted surface
kinetic energy density to bring out smaller scale features: the

animations are available at
www.ocean.washington.edu/research/gfd

The integrity of these small nonlinear Rossby waves,
‘MODE-" mesoscale eddies and boundary currents has stood up to
numerous ground-truth observations, including the Rossby O/eander
sections of the Gulf Stream and individual eddy events observed 7

sitn and with altimetery.
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Warm-water pathway northward from subtropics to subpolar
gyre, and into Nordic Seas with approx winter outcrop densities
(Brambilla & Talley JGR 2008)




® The list of extreme climate events in t
Atlantic is long:

o freshening of the northern Atlantic (~1970s-1990s), e.g. Dickson ¢/
alNamre 2002) and increased Arctic outflow (1970s and 1990s)
and increased Greenland melting

connecting fresh-water inputs with primary productivity of the
Labrador Sea (Frajka-Williams et al. Deep-sea Res 2009, 2010.)

invasion of warm waters from subtropics to subpolar Atlantic,

Nordic Seas and associated change of general circulation (many authors, e.g.
Holliday et al. 2003, Hatun et al. Science 2004, Hakkinen & Rhines, [GR 2009,
2011)




| BACKGROUND

Update of Hiakkinen and Rhines
(Science, 2004); EOF | of the
alumetric sea-surface height

*WEAKENING and SHRINKING SUBPOLAR
GYRE - FROM ALTIMETRY (Hakkinen <& Rbines
Science 2004) -> WESTWARD SHIFT OF THE
SUBPOLAR FRONT (Bersch 2002; Hatun et al., Science
2005)

*EXPANSION AND WEAKENING OF THE
SUBTROPICAL GYRE FROM SATELLITE
ALTIMETRY AND SEAWIFS (McClain et al 2004,
Polvina et al. 2008)

* NO SUBTROPICAL SURFACE DRIFTERS
ENTERED SUBPOLAR GYRE BEFORE 2002
(Bramibilia & Talley, PO 2006)

BUT THEY DID SO AFTER 2001 (Hakkinen &
Rhbimes, JGR 2009)

2 *CHANGES IN THE UPPER LIMB OF THE
AMOC ?
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Subpolar Gyre; Subpolar Gyre!

strong positive eak positive wi
wind stress curl




Atlantic and

® atmospheric circulation variability associated with high
latitudes 1n recent decades (poleward shift of jet stream, blocking histories,
storm tracks..) (e.g. Woollings et al. Q.].Royal Met. Soc. 2010)

® dislocation of fisheries, ecosystems, birds, whales. .. (many
authors, e.g. Hatun et al. Prog. in Oceanogr. 2009, Laidre et al., Proc.

Royal Soc. B, 2008)




We see in the northern Atlantic episodes of variability over
decades and also over the much longer, century time-scale
(AMO index of subpolar sea-surface temperature in black)
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Fig 2. Blocking days by decade: 1901-1950 from the 20'™ century
reanalysis, 1951-2010 from NCEP/NCAR Compo et al. Reanalysis.

gl g S g




We had begun to track the past 50 years using satellite altimetry
(which records the surface ocean circulation variability in great
detail) : episodes of warm subtropical waters invade the Arctic
and subpolar latitudes
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Fig. 3. Climate indices. Annual averages of: the Atlantic Multi-decadal Osallation
(AMO) (Enfield et al, 2001) the SST west of the British Isles (Rayner et al, 2006)
(see text), the inverted gyre index (GI) (Hatan et al, 2005b) and the North Atlantic
Oscillation (NAO, inverted) (http://www.ecdcnoaagov) are shown. The Central




The following slide shows the combination of two variability

that seem to describe the atmospheric sea-level pressure behavio
(trom Woollings, Hannachi & Hoskins, Q | Royal Met Soc 2010). The
fioure shows various combinations of the NAO and East Atlantic
Pattern, which together can describe the lack of stationarity of the
NAO by itself: systems move east and west as well as north and
south. This 1s very similar to our two EOFs for the (different) field
of wind-stress curl that is actively driving the ocean. Similar

decompostions have been suggested by Hurrel/ & Deser | Mar.
Systems 2010), where they name the 4 extreme modes: NAO+,
NAO-, Atlantic Ridge and Blocking.

A distinction in the new work is that wind-stress curl 1s
differentiated, and squared quantity which can be more spatially
concentrated than high- and low- SLP systems
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A key aspect of blocking is its location east and west.
Blocking occurs over Europe and over Greenland, with the Eu

more frequent (see 1yrlis & Hoskins, | Atmos Sci 2008).

The next slide shows that our two EOFs of wind-stress curl

correspond, respectively, to Greenland and European sector
blocking events. Woollings has associated the Greenland anticyclonie
blocks sitting over Greenland with NAO- : the negative NAO
pattern in which the high latitude ‘eddy-driven’ jet stream moves
southward and nearly merges with thesubtropical ‘Hadley-cell’

]€t stream.




The two EOFs
contribute
these patterns
of blocking
(frequency of
blocking days),

PC1 over
Greenland and

g PC2 over Europe




Quite surprisingly, we find from the 20® C. reanal
NCAR by Compo et al. (Q ]. Royal Met. Soc. 201T) that
blocking, though describing typically 4- to 10-day durat
blocking episodes, varies strongly over decade-to-centu
timescales, following closely the Atlantic Multidecadal
Variabilty (AMV) (or AMO the ”....Oscillation™).

The AMYV is a measure of warm episodes in northern
Atlantic SST after removal of the long-term trend.
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Displaying transport across (roughly) east-west sections on the © /S plane
gives a portrait of the meridional flux of mass, heat and fresh-water anomaly
(given by the respective 0™ and 15t moments of these diagrams. Integrating
them along potential density curves gives the overturning streamfuntion,
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3. Nordic Seas
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Layer 16

Layer 17

Transport of fresh
and cold water

Salinity
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