


Coupled processes

* |n addition to the seasonal cycle of weather
variability we have already discussed, there are a
number of modes of natural variability from
coupled atmosphere-ocean processes that
operate on multi-year to multi-decadal time
scales

 There are coupled atmosphere-ocean processes
in each ocean basin on a range of scales with
differing regional and global implications



El Nino/La Nina

The El Nino/La Nina phenomenon is an interannual cycle of surface
winds, currents, sea surface temperatures and pressure over the
tropical Pacific Ocean that has significant global impacts for
temperature and precipitation around the world, especially in the
tropics (but with some impacts in the mid-latitudes as well)

Much of the interannual climate variability in the tropics is
associated with the El Nino/La Nina phenomena and El Nino/La
Nina phase is generally predictable on the time scale of 6-12 month
lead times (although prediction through the “spring barrier” is a
challenge

The effects of El Nino and La Nina are particularly pronounced
along the Pacific coast of South America and strong El Nino events
often develop around Christmas time — in Spanish el nino means
“the boy”, but is often used to refer to Jesus Christ



Southern Oscillation and
ENSO history

* Inthe early 1900s, mathematician Gilbert Walker in colonial India
observed that famine and drought in India were related to the sea
level pressure differences between the Pacific Island of Tahiti and
Darwin, Australia

* This oscillation in pressure difference is known as the Southern
Oscillation and the index value is the SOI

 Around the 1960s, meteorologist Jacob Bjerknes connected the
Southern Oscillation pressure differences to anomalies in the sea
surface temperature pattern in the equatorial Pacific (El Nino) and
was able to explain the persistence of El Nino or La Nina phases

* Inthe 1970s, oceanographer Klaus Wyrtki established subsurface
ocean observations that shed light on how the depth of the
thermocline changed with ENSO phase

* Inthe 1980s, oceanographer Mark Cane and meteorologist Stephen
Zebiak developed the delayed-recharge oscillator model of ENSO
dynamics and made the first successful prediction of an El Nino

event




El Nino/La Nina mechanics
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* Normal/Neutral conditions Normal Conditions

— The eastern tropical Pacific has
upwelling because of Ekman transport,
so the thermocline is shallow, surface
waters are cool and atmospheric
pressure is relatively high

— The western tropical Pacific has warmer
surface waters and a deeper
thermocline and atmospheric pressure
is relatively low

— The low pressure in the western part of
the basin induces convection and 120° B0°W
enhanced precipitation, while the high
pressure in the eastern part of the basin
suppresses precipitation

— Surface winds blow from east to west

Thetmociline




Prevailing easterly winds
weaken, enabling an eastward
migration of warm water to
the central and eastern Pacific
(there is some shoaling of the
west Pacific thermocline)

Upwelling the eastern Pacific is
suppressed, the thermocline
deepens and the SSTs increase

The low pressure migrates to
the east shifting the position of
convective precipitation
eastward

El Ninos tend to happen
roughly every 2-7 years and
last for about 1-2 years

Positive/El Nino phase

El Nino Conditions

Tharmoecline




Prevailing easterly trade winds are
stronger than usual, forcing a further
westward migration of warm waters
in the western Pacific

Upwelling in the eastern Pacific is
enhanced, causing the SSTs to cool
and the thermocline to become
shallow (there is some deepening of
the west Pacific thermocline)

The cross-basin pressure gradient
intensifies, convective precipitation
over the western part of the Pacific
basin

La Ninas tend to last longer than El
Ninos and be between El Nino events

http://esminfo.prenhall.com/science/

geoanimations/animations/
26 NinoNina.html

'Negative/La Nina phase

La Nina Conditions

120°E



El Nino Modoki and
subtleties

* Not all EI Ninos (or La Ninas) are the same

 Some initiate from pressure or wind anomalies and others from
oceanographic anomalies

* Regional effects can also be differentiated

* Recently, the term El Nino Modoki has been applied to El Nino events
where the warming is greatest in the central, rather than Eastern Pacific
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El Nino/La Nina
teleconnections

Fe.
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NOAA Extended SST
Surface SST (C) Composite Anomaly 1971-200 climo

* Because the tropical Pacific is so vast and
ENSO changes are so significant, changes
to the tropical Pacific can have an impact
on the Atlantic and Indian Ocean basins as
well

 Under persistent El Nino conditions, the
Caribbean Sea, Gulf of Mexico and
northern tropical Atlantic often get o v o7 0 07
warmer than normal (while the opposite is e———EoT———rcCEEEETTCTETE—
true during La Nina)

 Under persistent El Nino conditions, in the
Indian Ocean the monsoon and equatorial
countercurrents tend to weaken and a
warm SST anomaly tends to form near the
coast of East Africa (while the opposite is
true during La Nina) and a cool SST
anomaly tends to form off the coast of SE
Africa

NOAA Extended SST
Surface SST (C) Composite Anomaly 1971-200 climo

Jan to Dec: 1988 to 1988
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El Nino impacts

 Effectsla rgely in the tropics but also WARM EPISODE RELATIONSHIPS JUNE - AUGUST
teleconnections to middle and high
latitudes

e Effects depend on season

 Wetter than normal in the central
and Eastern tropical Pacific/South
America, SE South America, SE and or ; ; s 1 .
NW US and EaSt Afrlca WARM EPISODE RELATIONSHIPS DECEMBER - FEBRUARY

e Drier than normal in Indonesia and
Australia, India, NE South America
and Southern Africa

* Inthe tropics, wet areas tend to be
close to warm SST anomalies and dry
areas tend to be close to cool SST
anomalies : - = e
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 To alarge degree, La Nina
impacts are the opposite
of El Nino impacts
(although this is not
universally true)

 Wetter than normal in

Indonesia, Australia, India,
Southern Africa and NE
South America/Caribbean

 Drier than normalin
central and Eastern
Pacific, East Africa, SE
USA, SE South America

'La Nina Impacts

COLD EPISODE RELATIONSHIPS JUNE - AUGUST

COLD EPISODE RELATIONSHIPS DECEMBER - FEBRUARY

EEREENERENEREE




More on ENSO impacts and
measurement

* El Nino state is generally measured by
the SST anomaly in designated regions SST Anomaly in Nino 3.4 Region (5N-5S,120-170W)
in the eastern to central tropical Pacific

* recent El Nino events: (strong) @
1982/83, 1997/98, (moderate) 2002, 20} v

3.0

2010, (moderate) 2007

* Some very severe droughts and
flooding events have been associated

i

* recent La Nina events: (strong) 1999,
MU‘V | ' M" vw 3m|hru$gmean

Anomaly in Degrees C
- o -
o o o
%P’
| _—
=
::lb
—r————
=
‘ 'z
—
e
L =

with ENSO events in the last 30 years 20} o
* ElINino events tend to suppress tropical » La Nina Threshold
cyclones in the North Atlantic 1950 1960 1970 1980 1990 2000 2010

Year

(increased wind shear), and in the
western Pacific (lower SSTs), but tend
to increase frequency of tropical
cyclones in the eastern tropical Pacific

 La Nina tends to have the opposite
effect on tropical cyclone formation

 http://www.pmel.noaa.gov/tao/vis/
explorer/t-dyn-med.html >

National Climatic Data Center / NESDIS / NOAA




Pacific Decadal Oscillation
(PDO)

20 O tnld On it
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e Multidecadal oscillation in the Pacific

* In the tropics, positive phase has a similar
signature to ENSO, but there are more
pronounced SST anomalies and climate
impacts on the extratropics

e Positive phase has warmth in NW North
America, cool in NE Asia and SE US

* Precipitation anomalies right along the NW £ Lo }
coast of the US are wet (positive phase) and i N\

other precipitation anomalies in the tropics
are similar to ENSO




Under neutral conditions, sea
level pressure around the Azores
is high and around Iceland is low

This, along with the prevailing
winds, serves to steer midlatitude
systems from west to east

However, this pressure gradient
varies from year to year and plays
an important role in the climate of
eastern North America, Europe
and Northern Africa, especially
during the winter

NAO has an annual to interannual
period

North Atlantic Oscillation

(NAO)

North Atlantic Oscilletion
\ Standardized 3—month running mean Index {through DEC 2013)
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AR LA IR

* |n the positive phase of the NAO,
the pressure gradient is intensified
(deeper low around Iceland and
stronger high around the Azores)

* This effectively steers weather
systems in a more meridional
direction (from south to north)

e The east coast of the US tends to
be warm and northern Europe
tends to be warm and wet TP s e Vi

North Atlantic Oscillation (NAQO)

e The Mediterranean tends to be SNE T T

drier than normal and Labrador = T G

and Greenland tend to be colder : Pt R
and drier than normal . e KR




In the negative phase of the NAO, the
pressure gradient is weakened (weaker
low around Iceland and weaker high
around the Azores)

This effectively steers weather systems in a
more zonal direction (from west to east)

The east coast of the US tends to be cold
and snowy and northern Europe tends to
be cold and dry

The Mediterranean tends to be wetter
than normal and Labrador and Greenland
tend to be warmer and wetter than normal

The cold, snowy winters of 2010 and 2011
for NJ were negative NAO winters

The NAO phase has a particularly large
impact on the Mediterranean because so
much of the annual precipitation comes
during the winter

Negative Phase of the Wintertime

North Atlantic Oscillation

(NAO)




Arctic Oscillation

No particular time scale
In the Arctic, the strength and position of the polar vortex (westerly winds
aloft) varies

In the positive phase, the vortex is very strong but relatively stationary
over the pole and polar air outbreaks to lower latitudes are rare

In the negative phase the polar vortex weakens and polar air outbreaks to
lower latitudes are more common (like we’ve had this past month)

Also an Antarctic Oscillation with similar characteristics

17
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Atlantic ENSO

* Like its Pacific counterpart, thereisan * E=mimss—"77
s , N o VNN
“El Nino like” phenomenon in the S s AR |
. X . ) A e o N\, o - > 2 > b %
tropical Atlantic on interannual time . eSS
scales, also known as the Atlantic 37 e oo o - PRI -
ial mod S - o usAal e
equatorial mode e GG |l
: : BRI BN - "~ -~ Al [
 when trade winds relax, equatorial .. S c | il
upwelllng can be suppressed’ CaUSIng 50° W 40° W 30° W 2Eor\:\;itude 10° W 0 10°E  gomst

-3

the tropical Atlantic to warm — this
phase tends to suppress west African
and NE Brazil precipitation

 when trade winds intensify, equatorial -
upwelling is more intense and SSTs FITEP ISP PSS ST F TS F O
drop, this tends to increase west
African and NE Brazil precipitation

(0.) Arewoue 1SS

Zonal velocity (m s™)
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Atlantic dipole

(a) Atlantic Meridional Mode (c) Atlantic Nifio

 Sometimes called the Atlantic
Meridional Mode, this is a longer time
scale process (decadal time scale)
involving the shifting the peak SST to
the north and south

* This causes a latitude dlsplacement of ®
the ITCZ and response in the
precipitation anomalies § 4

* Positive phase (northward shift of
warm SSTs and convective
precipitation)

 Negative phase (southward shift of

warm SSTs and convective
precipitation)




Y Atlantic Multidecadal
. o Oscillation (AMO)

5 7o -
A SRR Y 1

* The AMO is a longer period oscillation that is
generally measured by the SST anomaly in the NH
extratropical Atlantic

 There tends to be a positive correlation between
AMO index and north Atlantic tropical cyclone
frequency and between AMO and West African
precipitation oy s e L0 i 55 2000
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Indian Ocean Dipole (I0D)

* Interannual mode of coupled
variability in the tropical Indian
Ocean —related to ENSO

e Positive phase associated with
warmer SSTs, deeper thermocline
and more precipitation in western
part of Indian Ocean (flooding in
East Africa, suppressed precip in
Australia, Indonesia and India)

* Negative phase associated with

warmer SSTs, deeper thermocline S ’
and more precipitation in eastern \

part of Indian Ocean (flooding in  ERIII:
Indonesia and Australia, East
African drought)

e Attributed to some of the severe
weather in Australia

COLDER WATER

21



Madden Julian Oscillation

e 3 i
B 9

* A 30-90 day oscillation of 5 —doy Rumning Mean

pressure and convective - \

1MAY2006 -

rainfall that propagates ounvzoon [t
eastward across the nzone | =

16JUN2006 -3,

tropics, especially across 000 P
the Indian and Pacific R

Oceans R

1SEFP2006 -

* Can affect the timing of the w5
. S>> iECes =
mOnSOOnS, the formahon 20E 70 100E 140E 120W 20W 10W

of tropical cyclones, etc.

Data updated through 01 Oc¢ct 2006

Outgoing longwave radiation as a
function of longitude and time
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Quasi-Biennial Oscillation

* A quasi periodic two year oscillation of the
equatorial stratospheric zonal winds — the

wind anomalies propagate towards the
surface from the tropopause and have a

subtle effect on the jet stream, monsoons and
midlatitude climates
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Paleoclimatology

* The study of Earth’s past climates (before
modern instrumental records)

* Paleoclimatology relies on a wide range of
proxy records and inferential methods to draw
conclusions about the prior state of the
climate

* The paleoclimate record is also cross-checked
with fossil and geological evidence

24



Paleoclimate methods:
oxygen and hydrogen isotopes

There are two naturally occurring stable isotopes of oxygen: 120 and 20
and hydrogen comes in its conventional form and as deuterium 2H

160 and 'H are the more naturally abundant isotopes, but the small
concentrations of 180 and deuterium can be used to understand how the
climate changes over time

Since 180 and 2H are heavier, more thermal energy is required to
evaporate 30 and deuterium enriched water into the atmosphere — this
energy is more readily available at warm temperatures

Since 180 and deuterium are heavier, water vapor rich in 180 and
deuterium tend to fall as precipitation before water vapor rich in 160
“normal” hydrogen

This process is known as fractionation

During glacial times, the oceans are relatively rich in 180 and deuterium,
while the precipitation is relatively depleted in 180 and deuterium

The opposite is true during interglacial times
This can be seen in the glacial and sediment core records

25



lce Cores

* Ice cores drilled from glaciers contain trapped
gases and particulates from the Earth’s past
that can help to understand paleoclimates

 Each year’s ice appears distinct near the top of
the ice core because of partial melting and the
accumulation of debris during the summer

 Asone descends down an ice core, the layers
squeeze together and identifying annual layers
becomes more challenging, but significant

events with large signatures can still serve as
benchmarks




lce Cores

e The ice must be melted under carefully controlled
laboratory settings

 Particulate concentration and the concentration of
various gases in the trapped air bubbles are
measured

* Between the visual layering and the chemical and/
or particulate signature, an age/depth relationship
can be extrapolated — the thickness of the annual —
layers gives a sense of precipitation rate i et e

 Then the understanding of fractionation can be
applied and extrapolated temperature can be
plotted alongside the chemical and particulate
concentration as a function of age

CO, (p.p.m.v)

@ o &N ON
Temperature (°C)

0.0

\ ‘J/W \ ,/AV /k/ \/b\/ /\\‘ os
/j\ﬂw/ \/\ )

79 ) ST T W T T S L B S = . i
=0 50,000 100,000 150, 000 200 000 250, OOO 300 000 350 000 400000
Age (yrep)

 The majority of ice core research is done in
Greenland and Antarctica (where the ice is often
several km thick) and the oldest ice cores in
Antarctica have records that go back 800,000 years

8"0yim (%)

Insolation J 65°N

* However, some researchers do low and
midlatitude sampling from high mountain peaks 27



As with glaciers, lakes and marine
environments accumulate sediments
every year

Peat bogs also accumulate sediment
over time

Measuring the physical and chemical
properties of sediment cores
(including 180), examining any
trapped fossils and studying
embedded isotopes can give insight
into the past climate

Thick sedimentary deposits in
lakebeds can be an indication of
severe storms and intense runoff

Marine and lake sediments are taken
from most regions of the globe

The oldest sediment cores go back to
5 million years ago

Equivalent
Vostok AT (°C)

éoé:ixlbom
T T

Paleoclimate methods:
sediment cores
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Tree rings (dendrochonology)
and pollen

Each year a tree grows by
another layer

Ring thickness correlates
with temperature and
precipitation (generally
warmer and wetter
conditions are favorable for
thick rings)

Dendrochronological records
can be cross matched :

between living and dead :hull,ﬂ e kil Lo el e ‘

trees and extended back
Over 20 ) OOO yea rs 5000 4500 4000 3500 3000 2500 2000 1500 1000 560 6 500 1000 1560 2000

BC Years AD
Pollen concentration in
sediments can also be used
as a paleoclimate proxy

Anomalies, °C
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Corals grow in annual bands,
the thickness of which is a
proxy for temperature,
nutrient availability and water
clarity

further oxygen isotopes can be
extracted from a coral sample
to get a sense of past climates

Some fossil coral records date
back to over 100,000 years
before present

T TETET
http://www.ncdc.noaa.gov/ W HE ’
data-access/paleoclimatology- e L R T
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The common era

* Mann, Bradley and Jones LD e
“the hockey stick” |
centerpiece of the IPCC TAR

e The error bars before the
instrumental record reflects
uncertainty inherent in | S
paIeOCIimatiC prOXy records 1000 1200 1400 Soar 1600 1800 2000

Reconstructed Temperature

ge
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from the 1961 to 1990 avera

Departures

Data from thermome ( d) and from tree rings, |
corals, »cecoresand ical records (blue).

 Subject of considerable o 2004}
controversy, but basic 00 Warm Period
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by subsequent IPCC reports $ LA TR
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From 20kya to the present

5 E Average temperature over past 10,000 years = 15°C IPCC (2007) 5
4 % forezcaas'tcofgtl;‘out 45°C 3
© _band“gf
e L lacial ' d : ¢ Ty Foloaneh o0y sy ——— 5
ast glacial maximum aroun 2 e et [ @ .
2 E, | Mﬁi‘:ﬁ;ﬁg'a know our cultures today : ,' 2
20-18kya (global mean s =
reenlan
temperature about 5 C colder :
optmom Mediewl
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* Glaciers covered North America ; ; i
I I I
down to New Jersey . ; ; -
I I I 5
= T 1

* Warm up to about 13-12kya P

e Cool down (Younger Dryas),
especially in the Northern
hemisphere

* Continued warming to about 10
kya

* Roughly stable temperature until
recent record




The Younger Dryas was a period of
pronounced cold between 12 and
13kya, especially in the Northern
Hemisphere with a rapid onset and
rapid termination

It is thought that meltwater from the
receding Laurentide ice sheet flooded
the North Atlantic with fresh, buoyant
water, limiting/weakening the
thermohaline circulation and inducing
the cold by limiting poleward advection
of heat in the ocean atmosphere

system

In the Pleistocene, during the last
glaciation, there is evidence of ice
rafted debris (Heinrich events) from
abrupt meltings right before slight
warmings (Dansgard-Oeschger events)
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The Younger Dryas and the
thermohaline circulation
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100kya cycle to interglacial
and glacials over the last
million years

Shorter cycle before that

In the last million years,
rapid transition to
interglacials and slow
transition to glacials

Before the Pleistocene,

temperatures were 20
warmer and there was less -z«
glaciation T

Pleistocene temperatures

1790 ppb 386 ppm
o A,
o ]

Age (1000 years before present)
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It’s thought that the cycles of
Pleistocene glaciation are connected to
subtle changes in the Earth’s orbit on 3
different time scales — the premise being
that when more heat gets to higher
latitudes during the summer months,
glaciers will start to melt

The radiative variability from eccentricity
changes is not large enough by itself to
effect significant changes — some recent
research suggests that the 100kya cycle
may in fact be 2 or 3 40kya obliquity
cycles

The obliquity angle oscillates between
22.5 to 24.5 degrees

This forcing may then be amplified by
internal mechanisms and positive
feedbacks like the ice-albedo feedback
or the binge-purge idea

Milankovitch/orbital forcing

Eccentricity Cycle (100 k.y.)
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e
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Obliquity Cycle (41 k.y.)

~®

@Scolt Rutherford (1997)

Normal to Ecliptic

Precession of the Equinoxes (19 and 23 k.y.)

?’:D

Northern Hemisphere tilted away from the sun at aphelion.
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Northem hemisphere tilted toward t}ﬂ_eﬁsun at apheliog5




Largely inferred from fossils

Much of the Cenozoic was
comparatively warm

Most of the Mesozoic was
comparatively warm too

There is also evidence of extreme
glaciation before 500 mya

The major changes in climate have
coincided with major changes in
glaciation and sea level because the
total amount of water is conserved

Climate Change on
time scales

o [ Pal | Eo [ o ] Mio [rii]z
%":12 PETM § % 0~
gz :  £2 : 9| E
%E; 8 Eoc g ‘EE g% 'é 1 a
E.g 6 Optimum ‘g ":y: . 5(_3 g o

S 4 NE MMEE RS

. ‘III~ | ! A*‘Hm — 02

Ay O 2P o
e ol tl _r3
- o RS,
65 Million Years 552 £
: X 4 ¢
of Climate Change g3 g
-8
[ Pal | Eo [ o | Mio  [rif 5
60 50 40 30 20 10 0
Millions of Years Ago
Phanerozoic Climate Change
cm|[o[s[ o [ c [P v] Kk |Pg|N4
= Short-Term Average
—— Long-Term Average L3
n HOT
)
\ H-1
/AW )
R H1
\ ‘
\ v
\ . . COLD |?
v Glacial Periods
3
cm|[o[s[ o [ c [P ][ y] Kk [rg|N
542 500 450 400 350 300 250 200 150 100 50 O

Millions of Years Ago

36

3180 (parts per thousand)



