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1. Introduction :
Climate and Climate System
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Weather and Climate

Weather

Weather describes short term natural events - such as fog,
rain, snow, blizzards, wind and thunder storms, tropical
cyclones, etc. - in a specific place and time.

What i1s Climate?

Climate, sometimes understood as the "average weather,” is
defined as the measurement of the mean and variability of
relevant quantities of certain variables (such as temperature,
precipitation or wind) over a period of time, ranging from
months to thousands or millions of years. Climate in a wider
sense Is the state, including a statistical description, of the
climate system.

https://public.wmo.int/en/our-mandate/weather
https://public.wmo.int/en/about-us/frequently-asked-qguestions/climate
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Climate and Climate System

What is Climate?

Climate, sometimes understood as the "average weather,” is defined as the
measurement of the mean and variability of relevant quantities of certain
variables (such as temperature, precipitation or wind) over a period of time,
ranging from months to thousands or millions of years. Climate in a wider
sense is the state, including a statistical description, of the climate system.

What is the Climate System?

The climate system consists of five major components: the atmosphere the
hydrosphere, the cryosphere, land surface, and the biosphere.

The climate system is continually changing due to the interactions between
the components as well as external factors such as volcanic eruptions or
solar variations and human-induced factors such as changes to the
atmosphere and changes in land use.

https://public.wmo.int/en/about-us/frequently-asked-questions/climate 1-1b
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IPCC AR5

Climate System
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FAQ 1.2, Figure 1. Schematic view of the components of the dimate system, their processes and interactions.

Climate System has many Compositions, and is a very complex system !

Ice Albedo feedback



The Climate System Is described using science

® The climate system is described by an equation system
consisting of fluid dynamics, radiation transfer, turbulence,
dry/moist convection... , and the interactions among
components.

» Current climate models are collections of our
understandings of the climate system.

® Building simpler approximation systems by selecting
Important processes and reducing spatiotemporal

dimensions has helped to elucidate the essence of the

climate system.

» For example, wave dynamics inherent in the system also
serves as a powerful concept.
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The purpose of this lecture

® To know how climate is formed and its variability Iis
caused

® By using these simpler approximation systems,
simple images and powerful tools to explain some
of the basic concepts of climatology
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2. Global Mean Temperature and
Radiative Balance

® 0/ 1 dimension (spatial and temporal average)

» Circulation (horizontal movement) Is not included.

® Basically only the radiation process is considered,
whereas the concept of convection are handled in a
very simple form.
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O-dimensional average Temperature
(almost equilibrium state)
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Earth’s temperature from space

obtained by the radiative energy balance

Solar

Solar constant S =1370Wm *

insolation at the top of the atmosphere :

§ ~ 342Wm 2
4

planetary albedo o, =0.31

absorption %(1—ap)z 235Wm?

Terrestrial

equibrium radiative temperature T,

emission oT." <« black body

S(l -0p)
—_—
—
S albedo, o
——
—_—

Absorbed =5 (1-a,) 7 r? Lost=o T,'4mr?

Solar absorption
= Terrestorial emission

17 =g 30=2) o5 ~ 100
do
Real World:

15° C
Something is wrong 2.2

Surface Temperature =



Solar
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Absorption of solar radiation
and Emission of the earth
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radiation
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(a) Spectral distribution of long-wave emission from
blackbodxcs at 6000 K and 255 K, corresponding to the mcan
cmitting temperatures of the Sun and Earth, respectively, and (b)

percentage of atmospheric absorption for radiation passing from  [from MacCracken and Luther, 1985).

wave length

Percentage of
atmospheric absorption

the top of the atmosphere to the surface. Notice the compara-
tively weak absorption of the solar spectrum and the region of
weak absorption from 8 to 12 pum in the long-wave spectrum
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A simple Model of Green House Effect

(1-a)S,/4 + ecTa* = o Ts*
2 6Ta* = oTs*

<
(1-0)Sy/4 = (2-€)/2 o Ts?

Ts* = (1-0)Sy/4/0 x 2/(2-€)

space [ A
(1-2)
-
S./4
aSO/4‘ I 0 5T T
atmosphere Ta eoTs? S
transparent absorbed T
eoTa?
surface \L
(I-a)Sy/4 6Ts* Ts
blackbody
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A simple Model of Green House Effect

space
Sy/4 (1-¢) goTat (1-0)Sy/4 + ecTa*= o'Ts*

; N <
atmosphere Ta eo'Ts emission  (1-q)S,/4 = (2-¢)/2 oTs?

transparent Apsoises
Ts* = (1-0)S,/4/0 x 2/(2-¢)
4 S0=1370
\1 cola a=0.31
surface X 7 0=5.67E-8
(1-a)S,/4 oTs* if £=0.8
b'ackbody Ll Ts = 289K = 16°C
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Summary :
Global Mean Surface Temperature

® The global mean surface temperature can be obtained close
to reality by using a very simple system.

® |n the system, consideration should be given to solar
radiation, earth radiation, planetary albedo, and an
atmosphere whose absorption rate depends on wavelength.

v' Remark: If you set € larger, you can get larger Ts. It
corresponds to the global warming.

space [
S,/4 (1-) caTat  (1-0)Sy/4 + ecTa*= gTs*
aSy/4 ‘ I o oTs* 2 oTa* = oTs*

) . ¥

atmosphere Ta eoTs emission  (].¢)S,/4 = (2-)/2 oTs*
transparent P '
Ts* =(1-u)Sy/4/c x 2/(2-5)
T S50=1370
\l eola a=0.31
surface o=5.6TE-8
(1-0)S,/4 oTs' T & Bl

blackbody
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Radiative Equilibrium and
Radiative-Convective Equilibrium

vertical (one dimensional) radiative transfer model

the effect of Convection
Thermal Equilibrium of the Atmosphere with a Convective Adjustment

2021 Nobel Prize in Physics
SYURURD MANABE AND RoBERT F. STRICKLER
|

{-mﬂrﬂi Cirenlalion Research Laboralory, U, 5. Wealker Burean, Washinglon, D. C.
E——— 4 19 December 1963, in revised form 13 April 1964)

Dr. Manabe's Selected Publications
https://scholar.princeton.edu/manabe/pubs
The 1st one of the list is this paper

HOME
Selected Publications
, Syukuro Manal

The 1st one is this paper.

‘ Py e v
o
e P — =

Monthly Weather Review 93(12)227-768, 1965
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Radiative Equilibrium and
Radiative-Convective Equilibrium
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surface albedo = 0.102
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Radiative heating tends to
create vertical instability
between heated ground and
cooled atmosphere.

= To obtain realistic vertical
temperature profile, it is
necessary to introduce the
effect of convection

Radiation Equilibrium Only

= with dry adiabatic adjustment
(10K/km)

or with critical convective lapse rage
(6.5K/km)
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Radiative-Convective Equilibrium
- Effect of greenhouse gases -
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pressure [hraj
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| » ® H,O is the strongest
H,0 /HZO . greenhouse gas.

H,0 |\t CO, /+co, o |
+ O, . ® O, heating is required to
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-] temperature profile in
> S the stratosphere.
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surface albedo = 0.102
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Energy Budget - vertical heat transport -

79+398-342-239= -104 ‘

thermal outgoinyg

TOA In the real climate

* system, the surface of
the earth is heated by
105W by radiation.
Atmosphere is just as
cooled.

atmospheric

- window e 14‘
2

o b s greenhouse
solar absorbed Wl gases
atmosphere £ »

Vertical instability is

- eliminated by vertical
B, o s 4 T heat transport in

s it b R L o i convective and

turbulence processes.

161+342-398=105 IPCC AR5 (2014)
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summary :
Radiative-Convective Equilibrium

® The vertical one-dimensional temperature profile
can be reproduced fairly well by the radiation
transfer equation in the atmosphere containing
greenhouse gases, with the effect of convection
(turbulence) simply.

® |t Is suggested that water vapor Is the strongest
greenhouse effect gas.

® In order to reproduce the peak temperature of the
stratosphere, it Is necessary to consider solar
radiation absorption by ozone.
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3. Annual Mean Circulation and
Horizontal Heating Contrast

Circulation (motion) is introduced in this section.

Horizontal heat transport associated with circulations in the
atmosphere and ocean reduces horizontal heat imbalance due
to radiation.

The main topics are the latitudinal
circulations due to North-South
energy imbalance.

Remark:

The large-scale circulation structure in the
longitude direction is limited.

Because the rotation period (1day) is shorter
than the time scale of radiation (O(10days)),
Exception is Walker circulation, and we will be
back on the topic of El Nino.




Latitudinal heating contrast of
Annual mean radiation balance
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Energy transport
by the atmosphere and ocean

Integration from the South Pole of Net
radiation absorbed in the Earth

sr IIIII

- = RT (ERBE) _
| - == NCEP OT S T i
4 —-—= NCEP AT (RT - OT) ".-' R\ |
o /< Atmosphere
z [ ol 3
L4 2:- I T me i
s [ < Ocean i N J
2 o T 7 =
gt S Ocean -
Atmosphere /
i \'\ /, ]
-SF L L 1:' | 1 I 1 | | Pzl 1
80 60 40 " 20 EQ 20 _ 40 60 80
South Pole - North Pole
latitude

Trenberth and Caron (2001)

The atmospheric circulation
carries more energy than the
ocean circulation.
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Observed atmospheric general circulation

EASTWARD wind, mid-high lat

=lose eastward momentum | © Heat transfer by waves.
POLE

upper level
weslerlies

W/M@g‘)\\: W Colder

lies
0 W § ortheasterl @
surface trade vm(m Hadley
1/ circulation
WESTWARD wind; : W /) Warmer
= gain eastward momentum \ \ fj low lat

Heat transfer by
From Marshall J., and R. A. Plumb, 2008: Atmosphe o . lati
Climate Dynamics, Academic Press, 319pp. Irect circulation.
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Energy and Momentum transport by
atmospheric general circulation
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Summary :
Elimination of Horizontal Heating/Momentum Imbalance

® Net radiation iIs positive at low latitudes, while negative at
high latitudes.

® This imbalance is compensated for by heat transport by
atmospheric and ocean circulation, and atmospheric heat
transport is larger than ocean one.

® At low latitudes, the contribution of transport by the Hadley
circulation is dominant,

® while at medium and high latitudes, the contribution of
transport by waves is dominant.

® The circulation also transports momentum.

® The latitudinal transport of heat and momentum has a great
Influence on the distribution of the mean state.
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4. Seasonal Change and Heat Capacity

Seasonal change is caused by
the revolution of the earth and
the tilt of the rotation axis.

These cause seasonal changes in solar
radiation at each latitude.

f1l]

CRRES R The differences in heat capacity among the ocean,

the The Earth's orl I i
e b the land and .th.e atmosphere are important. They give
great characteristics to seasonal changes.

4-0



Seasonal Change of Solar Insolation and
Temperature

Temp (850hPa) [°C] Solar Insolation [wim?  Temp (50hPa) [°C]

90N
EQ.
90S
L ot MR APR AT JON AU SEPOCT e
JAN JUL DEC JAN JUL DEC JAN JUL DEC
BEOKELRER AT R

REE/N 4-1



Heat Capacity of atmosphere and ocean

___________ Atmosphere

Density

Mass(per 1 m?2)

Specific heat

Heat capacity
(per 1 m?)

1.2-1.3kgm3 103kgm=3 [ atm. x 800
(Top ~ Surface) (Surface ~10m depth)
10%kgm-2 10%kgm-2

103Jkg1K-1 4 x103JkgiK1t [atm.x 4
(Top ~ Surface) (Surface ~ 2.5m depth)
107JK-1m-2 107JK-1m-2

Heat capacity of the atmosphere is the same
as that of ocean with 2.5m depth
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Jan-Jul contrast of surface temperature [C]

60E 120E

I | I I I ]
-40 -35 -30 -25 -20 -15 -10 -5 O 5 10 15 20 25 30

The heat capacity of land is much smaller
than that of ocean.

Larger temperature contrast over lands
Winter: land temp. < ocean temp.
s eemmm——— - SyYMmMmer: land temp. > ocean temp.




Monsoon circulation
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Monsoon circulation

A concentrated subtropical
rainfall forms a typical summer
monsoon

o e | ; e Ww-—- 1. an upper-level anti-cyclonic
- o il : : circulation,
T e 2. a monsoon trough

3. alow-level jet
%&A\\m}:ﬁﬁ 4. asubtrc_)pical rainfall band
@: R expanding north eastward
SR> 5. extensive downward

motions causing dry region
= 850hPa Stream-Function o In the north WeStward

= 200hPa Stream-Function

In the northern hemisphere
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Role of orography on climate

crreoTs or wowNTAWS [pLATeAUs Mountains also have impacts on not only

A.) TEMPERATURE

ATMOSPHERIC
SNOW COVE|

e \E@} the time-averaged atmospheric circulation,

STRONG SURFACE
COOLING V ¢

M , e ™ but also seasonal changes in local climate
B) UPSLOPE / DOWNSLOPE WINDS AND RAINFALL PATTERNS through thermal and dynamical proceSSeS-
j VAL

MOISTURE
ADVECTION

CAARREREHRRRITRAAS

SIDE
VIEW

thermal effects

C) SUMMER HEATING AND MONSOON CIRCULATION
—————

dynamical effect

2020200 m s,
SURFACE WINDS

Kutzbach et al. (1993) J.Geology 4-6



Role of orography on climate

Simulation by Climate Model
Simulation by Climate Model without mountain

MRI-CGCM2.2 no—mountain

Af Am Aw B2 BW Ca Cw ct Df Dw ET EF

Af Amm  Aw B3 BW Ca Cw Ct Dt Dw ET EF

Kitoh (2005)

Mountains would be responsible for the real world climate of humid
summer and somewhat cold winter in the eastern parts of the continents.
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Summary :
Seasonal Change and Heat Capacity

® Due to the orbital elements of the earth, seasonal
changes in shortwave radiation occur, which leads to
seasonal changes.

® |[n seasonal changes, the magnitude of heat capacity has
a great influence on the amplitude and spatial distribution
of changes in physical quantities.

® The characteristic monsoon circulation is created mainly
by the difference in heat capacity between land and ocean.

® Mountains also have impacts on seasonal changes
through thermal and dynamical processes.
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5. Introduction of Variabilities

Characteristics of Variabilities
® Origin
® Time Scale

Powerful Tool for understanding Variabilities
® \Waves

v IGW (Inertial Gravity Waves)

v' Rossby Wave
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Origin of variabilities

® Natural origin
external: land-sea distribution, orography, solar constant,
orbital variations, volcano
Internal: internal mode, air-sea interaction, ...

® Anthropogenic origin
emission of greenhouse gases, destruction of ozone layer,
land surface modification,,, (main factors of current climate

changes)
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Time scales of climate variabilities

® Days to intra-seasonal variability
Blocking, Quasi-stationary Rossby wave
Madden-Julian Oscillation (MJO)
® Seasonal to interannual climate variability
El Nino/Southern Oscillation (ENSO)
monsoon variability
modes of variability (NAO, PNA, WP patterns)
® Decadal to interdecadal climate variability : O(10yr)
Ocean thermohaline circulation : O(4000yr)
® Glacial and interglacial, and more

N.B. climate system is not in equilibrium

5-2



Geophysical Fluid Dynamics

Waves asintroduction of GFD

"Wave" is a powerful tool for describing and predicting time
evolution. It is inherent in the system of GFD.

For example, when you throw a stone into a calm water surface,
waves (anomaly of height and velocity on the surface) are
created. If you look at the initial state, you may predict/imagin
the time progress of the anomaly, by using "waves dynamics".
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Waves: shallow water linear equations in rotating system

® \West/eastward IGWs (Inertial gravity waves) and Rossby
waves exist as normal modes.

(g2 <o

ot dx By
rfitr dh
— _fy=—g— — I
fuv 95 ~ b,
5‘11 dh
— —g— — b
m + fu gﬂy v,

® In the equatorial 3 plane(f = By), Kelvin waves and mixed

Rossby gravity waves also exist. (Matsuno (1966), Gill(1980))
1 ~IGW

tou—yv-+ikdg=0
Jf’f’f_f.fﬁfﬁf-i‘-"""' mlxed -gravity Rossbhy

TONES j;riff.—}--d—g{jv =
4 . Rossby
dv 1
1wp -tk —= .
g dy ) dispersion relationship
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Waves: linear primitive equation model

® By means of vertical normal modes, a multi-level primitive
equation model can be reduced to sets of shallow water
equations characterized by various equivalent depths.

v Therefore, IGWs and Rossby waves exist in the system.

O Remark: In the real world, latent heating exists. We
sometimes have to consider modulation. The phase speed in
the real world is slower than that of theory.

5-5



Waves: Rosshy waves

® Climate often deals with large-scale phenomena, where
Rossby waves, also known as planetary waves, are often
Important.

® The phase velocity of Rossby waves is negative (westward)
regardless of wavelength, but the group velocity (velocity of
wave packet) is positive (eastward) for short wavelengths
waves.

® |f the flow velocity in the base field cancels with the phase
velocity, the effective phase velocity becomes zero (stationary

wave).
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6. Intra-seasonal to Interannual Variability
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Quasi-stationary Rossby waves

Rossby waves are

® large scale waves in the atmosphere and ocean.

® obey the conservation law of potential vorticity.

® are dispersive and propagate westward (longer wave is faster).

® are stationary if phase speed is the same as westerly wind which advects
the waves.

Group velocity of stationary Rossby wave packet is eastward.

Stationary Rossby wave packet tends to propagate trapped by Jet streams.

T 7 = ) .
/.
_24 _20 -16 —12 -8 -4 0 4 8 12 16 20 24 anomalies(1x10%m*/s)
30°W a* 30°E 60°E 90°E 120°E 150°E 180° 150°W 120°W 90°W B0°W 30w
BO°N I | - | ) | _ | ] _

2005/1/26-1/30

—r e

a T T T T T T T T ~
Five day mean 200 hPa stream function and anomaly {26Jan.2005-30Jan.2005) CPDAUMA

The contours show the stream function at intervals of 10x10® m3s, and the shading shows stream function anomalies.

Anomalies are deviations from the 1981 -2010 average. 6_ 1



Blocking over the North Atlantic and
Rossby wave trains along the Asian jet

5-day mean stream function anomalies at 200hPa 2005.1.18-

1.18 — 1.22
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Blocking over the North Atlantic and
Rossby wave trains along the Asian jet

Time cross section of stream function anomalies at 200hPa
x-axis : distance along the red line from a base point (60W,60N)
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Decay of Blocking due to Rossby wave radiation

200hPa Stream Function Anomaly

Se+07
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Madden-Julian Oscillation (MJO)
and equatorial waves

Multi-scale clouds in the tropics Outgoing Longwave
Radiation (OLR)
from MTSAT JMA
at 00 UTC Oct. 5,
2005

In the troplcs Heavy preC|p|tat|on -> Deep cloud ->
Low cloud-top temperature -> Low OLR
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Madden-Julian Oscillation (MJO)

50 hPa Vector Wind Anomalies
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A broad area of active cloud
and rainfall propagates
eastwards around the equator
at intervals of between about
30-60 days.

8 phases

Time (phase)

Wheeler and Hendon(2004)
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Madden-Julian Oscillation (MJO)

tz  Schematic structure of MJO

e ra

From Wang (2005)
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Interannual Variability
El Nino and Southern Oscillation (ENSO)

El Nino/La Nifa is important !!
Predominant inter-annual
climate variability

Big Impact on the world climate

Predictable with one or two
seasons lead time

-4 -3 -2 -1 0 1 2 3 4 5
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Sea surface temperature (SST)

-1 0 1 2 3 4 & & ¥ 8 9 10 11 12 13 14 15 16 17 18 19 20 271 22 23 24 25 26 27 29 29 30 31 32

90°E 120°E 150°E 180° 150°W 120'W 90'W 60'W  30'W

———_y

Q° 30°E 6&0°E 90°F 120°E 150°E  180° 150°W 120°W 90°N S80°W  30°W
cooler in the east
(typically around 22°C)

warmer in the west
(typically around 30°C)

1-month mean sea surface temperature observed in July 2005 when the
conditions in the equatorial Pacific Ocean stayed close to normal.
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Atmosphere-ocean interaction during El Nino

Normal condition El Nifo condition
Normal @ El Nifio '@ Weaker
‘Y Easterly wind ‘e easterly wind

Cool gouth Pacific Ocean
Pacific Ocean America

Indonesia Indonesia

Warmer SST in the eastern Pacific - Eastward shift of active convection

T ! ]

Eastward shift of warm water _ Weaker easterly trade wind
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Atmosphere-ocean interaction during La Nina

Normal condition La Nifa condition
La Nifa
@M
N | mg :;i##_) Strong
arma
\‘W Easterly wind " K Trade Wind

Cool South Cold South

Pacific Ocean i - Water :
Americagll |ndonesia Pacific America

Indonesia

Colder SST in the eastern Pacific ‘ Westward shift of active convection

L] ! ]

Westward shift of warm water - Stronger easterly trade wind

6-11-01



Statistical relationship between NINO.3 and
atmospheric circulation fields in DJF

‘Sea Level Pressure
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Some simple solutions for heat-induced tropical circulation

Quarterly Journal of the Royal Meteorological Society
Volume 106, Issue 449, July 1980, Pages: 447-462, A. E. Gill

Symmetric Heating Anomaly

about the equator

Lower-layer wind (arrows) and vertical velocity (contours)

¥ T o
ay O F -
.j:-'|b
¥
Rossby o o] : : Kelvin
wave wave
" Walker
i ! circulation
10 —-=5 } - ; 15 Io‘r\:girtttljiilr;al
Liid ! circulation
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Lingering impacts of ENSO through change In
SST in Tropical Indian Ocean (TI1O)

SST in TIO tends to raise

associated with El Nino with
one-season lag

-

Ninod.4 . — —

Fig. 1. Comelation of tropical Indian Ocean (40-100°E, 20°5-20°N) 55T (solid) with the Nino3 4
(170°W-120°W, 5°5-FN) 55T index for Now(0)-Dec(0)-Jan{1). Numerals in parentheses
denote years relative to E1 Nmo: 0 for its developing and 1 for decay vear. The dashed curve
is the Nino3 4 55T auto-comrelation as a fimetion of lag. The black tmangle denotes Deci(l),
the peak phase of ENSO.

Warm SST in TIO has impact on atmospheric
circulation in Asia Pacific region in JJA

b
Iy

Precipitation anomaly
(mm/month)

“ \ >
" e0F S 1006 [F3 140E 1608 180

Xie et al.(2009)
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El Nino Modoki & CP El Nino

Nature,2009 Nature,2009
The El Nifio with a difference El Nifio in a changing climate

Karumuri Ashok and Toshio Yamagata Sang-Wook Yeh', Jong-Seong Kug', Boris Dewitte®, Min-Ho Kwon®, Ben P. Kirtman* & Fei-Fei Jin

8 oeopl MIng
20 M

Figure 2| Anomalous conditions in the tropical Pacific. a, An El Nifio event is produced when the
easterly winds weaken; sometimes, in the west, westerlies prevail. This condition is categorized by
warmer than normal sea surface temperatures (SSTs) in the east of the ocean, and is associated with )
alterations in the thermocline and in the atmospheric circulation that make the east wetter and the 'ui"m- E 150 E 18 .- 120~ W oW
west drier. b, An El Nino Modoki event is an anomalous condition of a distinctly different kind.
The warmest SSTs occur in the central Pacific, flanked by colder waters to the east and west, and are :_t“;l! Deviations “;m S5Tiar _‘t‘_‘“ c]hu.h:te;htﬂf 'M E!I I'ﬂ‘i_ﬁ
associated with distinct patterns of atmospheric convection. c,d, The opposite (La Nifta) phases of the k ',]::' -5_.'_2“:]6_ mm}‘ﬂ;hl d:s[_ M b, - (-E;IE N,
El Nifto and El Nifio Modoki respectively. Yeh ef al.” argue that the increasing frequency of the Modoki The: contousinteral it .2 "Cound 4 e enotes a statistica cont =
condition is due to anthropogenic warming, and that these events in the central Pacific will occur 5% “”ﬁd'_m'"_ ]“_d 1“""] A j“""km ¥ D-bett, & The z'_m']_‘w““ fuer
more frequently if 1 ing increases. the uu':1'p|m1.: _['..F'-['.] Mime (thin line) and CP-E] Nino (thick line) averaged
& over 27N o 275,
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ENSO-Monsoon relation

Severe droughts in India have always been accompanied by El Niflo events.
SST anomalies in the central equatorial Pacific are more effective in focusing
drought-producing subsidence over India.

Relation between NINO3 SSTA and Indian Monsoon Rain: 1871-2002

A

T T T T I T T T T T T

Indian Monsoon Rainfall Std. Anomaly

NINO2JJAS Std. Ano

Plot of standardized, all-India summer [June to
September (JJAS)] monsoon rainfall and summer
NINO3 anomaly index. Severe drought and
drought-free years during El Nifio events
(standardized NINO3 anomalies > 1) are shown
in red and green, respectively.

Kumar et al.(2006)

20N
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EQ
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408
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~— Non-ENSO
—— Drought
~— No Drought

Probability Density
°

:

:

500 650 800 950

Rainfall (mm)

30E 60E 90E 120E 150E 180 150w 120w 90W

3 25 2 15 -1 0505 1 15 2 25 3

(A) Composite SST difference pattern between severe drought (shaded)

and drought-free El Nifio years. Composite SST anomaly patterns of

drought-free years are shown as contours. (B) Composite difference pattern
between severe drought and drought-free years of velocity potential

(contours) and rainfall (shaded). (C) PDF of all-India summer monsoon

rainfall from severe-drought (red curve) and drought-free (blue curve)

years associated with El Nino occurrence and from the non-ENSO years

(green curve). SST and velocity potential composite differences are based

on 1950 to 2004, rainfall composites are based on 1979 to 2004, and PDFs

are based on 1873 to 2004. 6 16



A dipole mode in the tropical Indian Ocean

=1y
oueg=0.96 ms-!

.........................................................

MNormalized anomaly
]

1960 1965 1970 1975 1880 1985 1980 1995
Time (years)

Figure 1 Dipole mode and El Nifio events since 1958. Plotted in blue, the dipole mode
index (DMI) exhibits a pattem of evolution distinctly different from that of the EI Nifio, which
is represented by the Nino3 sea surface temperature (SST) anomalies (black ling). On the
other hand, equatorial zonalwind anomalies U, (plotted in red) coevolves with the DMI. All
the three time series have been normalized by their respective standard deviations. We
have removed variability with periods of 7 years or longer, based on harmonic analysis,
Figure 2 A composite dipole mode event. a—d, Evolution of composite SST and suriace  analysed anomalies were estimated by the two-talled fest. Ano from all the data sets used in this anal]"SiS' In addition, we have smoothed the ime series
wind anomalies from May—June (a) to Nov=Dec (d). The statistical significance of the  exceeding 90% significance are indicated by shading and bold  USING @ 5-month running mean.

Saji et al., Nature 1999

Figure 4 Rainfall shifts northwest of the OTCZ during dipole mode events. The map
correlates the DMI and rainfall to illustrate these shifts. The areas within the white curve
exceed the 90% level of confidence for non-zero comelation (using a two-tailed Etest).
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Indian Ocean Dipole mode

Possible Impacts of Indian Ocean Dipole model events on

global climate

IOD Composites
10N g T

EQ - - ¢ -
1054 3O el

2054

10N 7

EQ

10S 1

20S -

T T T T

0 30E 0 15E 30E
Fig. 1. Composite OND rain anomaly over Africa for (a) 19 IOD events, (b) 11
ENSO-independent IOD events, (c) 20 ENSO events and (d) 12 IOD-independent

ENSO events. The composite anomaly was normalized by the standard deviation
of rain during OND. Contours given at =1, +2, etc.

IOD associated surface temperature anomaly; JJASO

0 60E 120E 180 120W 60W

L = B |
—0.8-0.7-0.6-0.5—-0.4-0.3-0.2 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 21. Partial correlation of land and sea-surface temperature on DMI independent of Nino3 during JJASO

Saji et al.(2003)
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Decadal Oscillation

7-0



Pacific Decadal Oscillation (PDO)

Pacific Decadal Oscillation

. 25%
» O~ variance

Core domain
110°E-100°W %
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PDO index
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PDO index
(from JMA website)
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Zonal wind
BON =

PDQO and local climate
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Global Warming Slowdown and PDO

Global temperature anomaly 1850-2017 relative to 1981-2010
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E -02- | N / <>
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- LYY Wi «—» 2% Phases of global warming

o | T e slowdown (“hiatus”)
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PDO index
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Global warming slowdown and PDO/IPO

06 F—— MLOST HadCRUT4 —— GISS

S
o N B

Temperature Anomaly (°C)
© © & o o
(o)) RS N

1850 1900 1950 2000

Annual Global Mean Surface Temperature (GMST)
anomalies relative to a 1961-1990 climatology from
the latest version of the three combined Land-
Surface Air Temperature (LSAT) and Sea Surface
Temperature (SST)

datasets (HadCRUT4, GISS and NCDC MLOST).

IPCC AR5 (2014)

g_
g -
2 4
g

S0E 120E 150 180 150W 120W GOW 80w
b) Accelerated decades surface temperature *Cldecade
SON
60N e B
:‘ “ s 7
-~
30N — - '
rd
%
9] d“"-‘%\ ;
- A\
] A, > o CHE
605 - —
.
B e e
90E 120E 150E 180 1S0W 120W O0W 60W 30W 0 S0E 60E 90E
I T [ [ [T

2 1.75-16-1.25 -1 -076-05-025 0 02505075 1 12515176 2
Five CCSM4 21st century simulations with RCP4.5
(uniform increase in GHGs, no volcanoes):
Composites of decades with near-zero warming trend (hiatus decades) and decades
with rapid global warming (accelerated warming decades) show opposite phases of
the IPO in the Pacific
(hiatus=linear trend of global T <-0.10K/decade; 8 hiatus decades
Accelerated=linear trend of global T>+0.41K/decade; 7 accelerated warming decades)

Meehl et al. (2013)

*IPO in positive phase = Accelerated warming decades
*IPO in negative phase = Hiatus decades 6
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Atlantic Multidecadal Oscillation (AMO)

Atlantic Multidecadal Oscillation (AMQ)

0.4

0.3 1
0.2 1
0.1 1
0
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-0.3
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SST anomalies averaged in North Atalntic after removed _ I I I _

linear trend. From JMA-HP -0.6 -0.4 -0.2 0 0.2 0.4 0.6
SST change per index s.d. (°C per s.d.)
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Decadal variability of ENSO/ Monsoon and their relationship

0.5

0.4 F

Fig. 1. (A) Shown are 21-year sliding standardized
means of Indian summer monsoon rainfall (thin
line) and June to August (JJA) NINO3 SST anom-
alies (thin dashed line) during 1856-1997. The
corresponding solid lines represent the smoothed
values (smoothing is done by fitting a polynomi-
| al). The sign of NINO3 SST is reversed to facilitate
O s e e e T es a0 direct comparison. (B) Shown are 21-year sliding
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Global Warming

® Boundary Condition Problem
v External Anthropogenic Forcing
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Changes In greenhouse gases
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Example: MRI Earth System Model

MRI-CCM2 742 (~280km) MASINGAR 7105 (~180km)
Atmos. Chemical ‘ Aerosol Chemical
Climate Model Transport Model
Ozone (Strat. + Tropo.) Sulfate, BC, OC, Dust, Sea-salt
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( AN ) &Y AP
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Land l‘ w1 T | ciow AGCM
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Sea ice Ocean
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Each component can be coupled with different resolutions
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Historical Global Warming Experiments

Radiative forcing is the difference between insolation (sunlight) absorbed

by the Earth and energy radiated back to space.

Model Experiments

Radiative Forcing
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Summary

The global climate system consists of atmosphere including its composition and
circulation, the ocean, hydrosphere, land surface, biosphere, snow and ice,
solar and volcanic activities. These components interact on various spatial and
temporal scales through the exchanges of heat, momentum, radiation, water
and other materials.

We have used science, especially physics, to describe the concepts of the
climate system and to predict the behavior.

Climate variability refers to variations in the mean state and other statistics of
the climate on all spatial and temporal scales beyond that of individual weather
events. Climate variability may be due to natural internal processes within the
climate system (internal variability), or to variations in natural or anthropogenic
external forcing.

Experts of climate services must learn climate system, causes, impacts, and
predicatbility of climate variability in various spatial and temporal scales.
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