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• The Earth’s Climate – an overview

• Weather and Climate for Poets

• Observed Mean Climate of the Earth

• Selected Examples of Climate Variability

• Mechanisms of Climate Variability

• Predictability of Weather and Climate (?)

• Climate Change (?)

• Overview of the Workshop



The Earth’s ClimateThe Earth’s Climate
• Physics, Chemistry, and Biology of: Ocean, Atmosphere, Biosphere, Cryosphere

• Dynamics of Atmosphere, Ocean, and Coupled Atmosphere – Ocean System

• Energy and Water Balance: Energy Exchanges; Potential and Kinetic Energies of 
Atmosphere, Ocean; Global Water Cycle

• The Mean Climate:

– Annual Mean; Annual Cycle; Diurnal Cycle

– Daily, intraseasonal, seasonal, interannual, decadal, multi-decadal variability

• Mechanisms of Climate Variability:

– Atmosphere – Ocean Interactions

– Atmosphere – Land Interactions

– Atmosphere – Ocean – Land – Cryosphere Interaction

• Climate Change: 

– Natural (Solar, Volcanoes) & Anthropogenic (GHG, Deforestation, Land Use…)



“ I think the causes of the General Trade-Winds have 

not been fully explained by any of those who have 

wrote on that subject….” (George Hadley, 1735)

“The  (above) opening words of Hadley’s classical 

paper afford an apt description of the state of the 

same subject today.” (Edward N. Lorenz, 1967)







The Climate of a Planet Depends On …The Climate of a Planet Depends On …
1. Energy from the Sun

(energy from the interior)

2. Planetary Albedo

3. Speed of Planet’s Rotation

4. Mass of the Planet

5. Radius of the Planet

6. Atmospheric Composition

7. Ocean-Land, Topography

8. Biosphere, Cryosphere
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CLIMATE DYNAMICS CLIMATE DYNAMICS 
OF THE PLANET EARTHOF THE PLANET EARTH
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hydrodynamic instabilities of shear flows; stratification & 
rotation; moist thermodynamics

day-to-day weather fluctuations; 
wavelike motions: wavelength, period, amplitude
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h*: mountains, oceans (SST)
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Sea Level Pressure (mb) & Precipitation Rate (mm/12Hr)Sea Level Pressure (mb) & Precipitation Rate (mm/12Hr)
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Sea Level Pressure (mb) & Precipitation Rate (mm/12Hr)Sea Level Pressure (mb) & Precipitation Rate (mm/12Hr)
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Sea Level Pressure (mb) & Precipitation Rate (mm/12Hr)Sea Level Pressure (mb) & Precipitation Rate (mm/12Hr)
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Daily Average Temperature at 49N, 112WDaily Average Temperature at 49N, 112W





Energy and Water Energy and Water 
BalanceBalance



CLIMATE DYNAMICS OF THE PLANET EARTH:
Energy Balance



Annual Mean Solar Radiation at Sea Surface Annual Mean Solar Radiation at Sea Surface 
[W/m[W/m22] COADS] COADS









NASA ERBE RadiationNASA ERBE Radiation



Why don’t the tropics get hotter and the polar regions get colder?Why don’t the tropics get hotter and the polar regions get colder?

Need for a Need for a polewardpoleward flux of energy across 38flux of energy across 38oo latitudelatitude



Northward Energy TransportNorthward Energy Transport



Atmosphere - Ocean General Circulations
are

Benevolent Distributionists!

The planet Earth has a stable equilibrium climate because 
atmosphere and ocean circulations interactively transfer 
heat, momentum, energy, and water/moisture from the 
tropical regions to the polar regions.



Global Annual Mean Hydrological CycleGlobal Annual Mean Hydrological Cycle

LAND OCEAN
31 cm 13 cm

31 cm 13 cm

41 cm72 cm 125 cm112 cm

[Global, annual mean]

[Vertical column ~ 2-3 gm/cm2 of water]

[Time scale ~ 3 weeks]



The Mean ClimateThe Mean Climate

(Atmosphere)(Atmosphere)



Zonal mean temperature
January mean, zonal mean temperatureJanuary mean, zonal mean temperature



January mean, zonal mean windJanuary mean, zonal mean wind



Zonal mean wind Zonal mean wind 
and temperatureand temperature DJF

JJA



Mean Meridional Mean Meridional StreamfunctionStreamfunction
Why there are 3 cells?



Mean Sea Level Pressure for 15 yearsMean Sea Level Pressure for 15 years

JJA

DJF



Climatology of PrecipitationClimatology of Precipitation

DJF

JJA



Climatology of Sea Surface TemperatureClimatology of Sea Surface Temperature
Hadely Center SST for 1979-2007 (oC)

DJF

JJA



Temperature for Temperature for 
September 2007 toSeptember 2007 to
August 2008August 2008

Annual CycleAnnual Cycle

Diurnal CycleDiurnal Cycle

QBOQBO



Tropical General CirculationTropical General Circulation
QBO (zonal mean U, 1.25 lat, UKMO)



Annual cycle of Rainfall over IndiaAnnual cycle of Rainfall over India

Daily 
Clim

Daily Clim.Monthly Clim.



The Mean ClimateThe Mean Climate

(Ocean)(Ocean)



OISST version 2 SST (OISST version 2 SST (ooC), May 2011C), May 2011



Equatorial Equatorial ThermoclineThermocline

Note the high vertical temperature gradient around 20oC isotherm.





Schematic  Schematic  Picture Picture of the of the Major Surface Major Surface 
Currents Currents of the of the World OceansWorld Oceans

Note the anticyclonic circulation in the subtropics (the subtropical gyres)



Mean Sea Level Pressure for Mean Sea Level Pressure for 15 15 yearsyears

JJA

DJF



An Example:
Gulf Stream

Questions: 
Why does the Gulf Stream 
concentrate near the 
western boundary?

What determines its width 
and speed?

Why are there meanders 
and rings?

Any climate significance?
…….



Annual Annual Mean Evaporation [mm/day] COADSMean Evaporation [mm/day] COADS



Annual Mean Annual Mean EE--P [mm/day] COADSP [mm/day] COADS



Mean Sea Surface Salinity (SSS)Mean Sea Surface Salinity (SSS)
• SSS distribution is 
mostly zonal
(range: 33-37)

• Minimum north of 
the equator (ITCZ) 

• Maximum in 
subtropics (trade 
winds)

• Lower around 
coast (river) and 
polar region 
(melting ice)

• Mediterranean, 39 
and Red Sea, 41 
(large evaporation )

NODC WOA98, Levitus et al.



Kara, A. B., P. A. Rochford, and H. E. Hurlburt, 2003: Mixed layer depth variability over the global 
ocean. J. Geophys. Res., 108, doi:10.1029/2000C000736.

Mixed layer depthMixed layer depth



Kara, A. B., P. A. Rochford, and H. E. Hurlburt, 2003: Mixed layer depth variability over the global 
ocean. J. Geophys. Res., 108, doi:10.1029/2000C000736.

Mixed layer depthMixed layer depth



Mechanisms of SeasonalMechanisms of Seasonal--Interannual VariabilityInterannual Variability

• INTERNAL DYNAMICS

• BOUNDARY FORCING

Atmosphere-Ocean Interaction

Atmosphere-Land Interaction

Atmosphere-Ocean-Land Interaction



Boundary Forced PredictabilityBoundary Forced Predictability



GOLD Soil Wetness (fraction) & HADISST SST (GOLD Soil Wetness (fraction) & HADISST SST (ooC)C)
Total in November 1997Total in November 1997



NESDIS Snow Cover Anomaly (Fraction) andNESDIS Snow Cover Anomaly (Fraction) and
HADISST Sea Ice Anomaly (%) for Jan 1983HADISST Sea Ice Anomaly (%) for Jan 1983

(1966(1966--1990 climatology)1990 climatology)



Mechanisms of VariabilityMechanisms of Variability
Internal External 

Weather: 1. Internal Dynamics of 
Atmosphere

• Boundary Condition of 
SST, Soil wetness, Snow, 
Sea ice, etc.

Climate:
(seasonal-
decadal)

2. Internal Dynamics of 
Coupled Ocean-Land-
Atmospshere

• Solar, Volcanoes

Climate 
Change:

3. Internal Dynamics of 
Sun-Earth System

• Human effects: 
(Greenhouse gases, land 
use changes)



Daily, Intraseasonal, Seasonal, Daily, Intraseasonal, Seasonal, 
Interannual, and Decadal VariationsInterannual, and Decadal Variations

 “Short range” 
weather variation

• Hours; thunderstorms, tornadoes, squall lines, fronts, ….
• Diurnal cycle; Organized convection
• “Cyclones”, Eeasterly waves, Depressions, …. 

 “Medium range” 
weather variations

• Blocking; Growth, decay of tropical, tropospherical 
disturbances

 Intraseaonal 
variations

• Madden Julian “Oscillation” (MJO), Monsoon Intraseasonal 
variations, Pacific North American (PNA) variations, Annular 
modes

 Seasonal mean 
variations

• Persistent droughts; Floods; Persistent “hot” and “cold” days; 
“Anomalous” number and tracks of cyclones 

 Interannual 
variations

• ENSO, QBO, TBO, NAO, NAM, SAM

 Decadal 
variations

• PDO, AMO, Thermohaline circulation, Sahel drought, Decadal 
ENSO

 Climate change • Solar, Volcanoes, Greenhouse gases, Land use change



Patterns of Weather and Climate VariabilityPatterns of Weather and Climate Variability

 Tropics • Organized convections, Hurricanes, Typhoons, 
Easterly waves, Monsoon depressions, Madden 
Julian “Oscillation” (MJO), QBO,  Monsoons, ENSO, 
TBO, Droughts and floods, Hadley cell and Walker 
cell

 Extratropics • Cyclones, Storms, Blocking, PNA,  PDO, NAO, AMO, 
Ferrel cell

 Polar • Arctic Oscillation (NAM), Antarctic Oscillation (SAM)

 Global • Thermohaline circulation



Examples of Weather and Climate VariabilityExamples of Weather and Climate Variability

•• Annual CycleAnnual Cycle

•• Daily WeatherDaily Weather

•• Seasonal ClimateSeasonal Climate

•• Interannual (ENSO)Interannual (ENSO)

•• Decadal Decadal 

•• Centennial (Climate Change)Centennial (Climate Change)



Biology

Fishery

Climate Impacts

Teleconnections

AtmosphereAtmosphere--Ocean InteractionOcean Interaction







NormalNormal



El NinoEl Nino





Sea Surface Temperature and ClimatologySea Surface Temperature and Climatology
(NINO12, 90(NINO12, 90oo--8080ooW, 10W, 10ooSS--Eq. )Eq. )



Interannual Variability of Tropical Pacific SSTAInterannual Variability of Tropical Pacific SSTA
(NINO3, 150(NINO3, 150oo--9090ooW, 5W, 5ooSS--55ooN )N )





El Nino/Southern OscillationEl Nino/Southern Oscillation



1998 JFM SST [oC]

JFM SST Climatology [oC]

1998 JFM SST Anomaly [oC]

El Nino/Southern OscillationEl Nino/Southern Oscillation









Equatorial Southern Oscillation IndexEquatorial Southern Oscillation Index

Similarly, the Equatorial Southern Oscillation 
Index or EQSOI represents the difference in air 
pressure measured over the eastern and western 
Pacific. The EQSOI is calculated as the difference 
in standardized mean sea level pressure over a 
swath of the eastern equatorial Pacific Ocean 
(5°N-5°S, 80°W-130°W) and another swath that 
spans Indonesia (5°N-5°S, 90°E-140°E).





ENSOENSO--MonsoonMonsoon



Annual cycle of Rainfall over IndiaAnnual cycle of Rainfall over India

Daily 
Clim

Daily Clim.Monthly Clim.





This figure shows the time series evolution of AISMR anomalies, 
expressed as percent departures from its long-term mean.

AllAll--India Summer Monsoon Rainfall (India Summer Monsoon Rainfall (18711871--20092009))
(based on  IITM homogeneous Indian Monsoon Rainfall dataset)(based on  IITM homogeneous Indian Monsoon Rainfall dataset)  















No droughts 

when ENSO index >1

No excess rainfall

when ENSO index < ‐1

But several extremes 
when ‐1< ENSO Index  
< 1

ENSO and Monsoon rainfall over IndiaENSO and Monsoon rainfall over India



 1997 Pacific forcing(only) W/m2  1997 Pacific + IO forcing W/m2

 Response: 
Psi/ wind at 850hPa

 Response: 
Psi/ wind at 850hPa

Pacific Only vs. Pacific + Indian OceanPacific Only vs. Pacific + Indian Ocean



Easterly Waves (Africa)Easterly Waves (Africa)

MJOMJO

Monsoon DepressionsMonsoon Depressions

Hurricanes/TyphoonsHurricanes/Typhoons



Westward Westward 
propagating propagating 
easterly waves easterly waves 



Chang, 1970

Westward Westward 
propagating propagating 
easterly waves easterly waves 



Eastward propagating MJO (composite rainfall)Eastward propagating MJO (composite rainfall)



Eastward Eastward 
propagating MJO propagating MJO 
forecast (NOAA)forecast (NOAA)



20-50day 3B42 rain rate (75-100E), 
Wang et al. 2006

1998

1999

2000

2001

2002

2003

2004

Northward Northward 
propagating propagating 
summer summer 
intraseasonal intraseasonal 
oscillation (ISO)oscillation (ISO)













The active (break) 
phase is defined when 
the daily all-India 
average rainfall is 
above (below) a 
threshold of one half 
of the standard 
deviation of all-Indian 
average rainfall fro at 
least five consecutive 
days.

Active and Break Composites of Rainfall and Active and Break Composites of Rainfall and 
Depressions during JJAS Depressions during JJAS 19011901--19701970

Rainfall

Depression



GlobalGlobal TTropicalropical CCycloneyclone TTracksracks ((19851985 –– 20052005))

TTyphoon yphoon 

SSevere tropical cycloneevere tropical cyclone

SSevere cyclonic stormevere cyclonic storm
hurricanehurricane

TTropical cycloneropical cyclone



Atlantic Hurricanes TAtlantic Hurricanes Tracksracks ((1188886 6 –– 1996)1996)



Mechanisms of SeasonalMechanisms of Seasonal--Interannual VariabilityInterannual Variability

• INTERNAL DYNAMICS

• BOUNDARY FORCING

Atmosphere-Ocean Interaction

Atmosphere-Land Interaction

Atmosphere-Ocean-Land Interaction



AtmosphereAtmosphere--Land InteractionLand Interaction



Global Annual Mean Hydrological Cycle

LAND OCEAN
31 cm 13 cm

31 cm 13 cm

41 cm72 cm 125 cm112 cm

[Global, annual mean]

[Vertical column ~ 2-3 gm/cm2 of water]

[Time scale ~ 3 weeks]



Center of Ocean-Land-
Atmosphere studies

[m]

Climatological Vegetation TypesClimatological Vegetation Types

Sib V1.1 data



P E Vq

●∆= -
Precipitation Evaporation Moisture Flux Conv.

Albedo

Vegetation, Roughness Radiation Soil wetness

Local
Circulation

Large Scale
Dyanmics

( V,T,P,q )



Sahel RainfallSahel Rainfall

Sahel rainfall index (JJASO mean anomaly, 10-20oN, 20oW-10oE)







Decadal VariabilityDecadal Variability





… and the 
interannual 

variations need 
not be ENSO-like:



North Atlantic North Atlantic 
OscillationOscillation:

the major mode of 
variation in the extra-
tropical winter climate 
(contracted in summer)



Decadal Variability of North Atlantic Oscillation Decadal Variability of North Atlantic Oscillation 

The NAO index is defined as the anomalous difference between the 
polar low and the subtropical high during the winter season 
(December through March).



Atlantic MultiAtlantic Multi--decadal Oscillation decadal Oscillation 

The Atlantic Multi-decadal Oscillation Index is defined as area weighted 
average detrended SST anomaly over the North Atlantic, 0 to 70oN.



North Atlantic Tripole PatternNorth Atlantic Tripole Pattern

Fan and Schneider (2011)
JFM SST



Atlantic MultiAtlantic Multi--
decadal Oscillationdecadal Oscillation

Huang (Personal Communication)
Annual Mean Hadley SST



Atlantic SST PatternAtlantic SST Pattern

Wallace et al. (PACS)



Pacific Decadal Oscillation Pacific Decadal Oscillation 

The Pacific Decadal Oscillation (PDO) Index is defined as the leading 
principal component of North Pacific monthly sea surface temperature 

variability (poleward of 20oN, Mantua et al. 1997)



Pacific Decadal Oscillation Pacific Decadal Oscillation 

The Pacific Decadal Oscillation (PDO) Index is defined as the leading 
principal component of North Pacific monthly sea surface temperature 

variability (poleward of 20oN, Mantua et al. 1997)



Great Ocean Conveyer Belt (Broecker 1991)Great Ocean Conveyer Belt (Broecker 1991)

This paradigm emphasizes the role of North Atlantic Deep Water cell as 
well as the Indonesian through flow in the global scale of the overturning, 

but completely misses the Antarctic Bottom Water cell.



Global WarmingGlobal Warming
Global Warming is the increase in the average temperature of the 
Earth’s near surface air and oceans since the mid-20th century and 
its projected continuation. (Wikipedia)

0.76°C (1.4°F) since 1900 

0.55°C (1.0°F) since 1979 

Global Temperature Change (oC)

Annual Mean
5-year Mean



An Elegant Science Question: An Elegant Science Question: 
Are increases in greenhouse gases responsible for 

increase in global mean temperature (global warming)?  

0.76°C (1.4°F) since 1900 

0.55°C (1.0°F) since 1979 

395

365

335

305

275

14.6

14.4

14.0

13.8

13.4

14.2

13.6

Global Temperature & Carbon Dioxide 1860-2008



Key Assertions of Global Warming TheoryKey Assertions of Global Warming Theory
Global Warming is RealGlobal Warming is Real

(Sresa1b YR 71(Sresa1b YR 71--100) minus (20c3m 1969100) minus (20c3m 1969--98),  Global Average = 2.6198),  Global Average = 2.61



IPCC 2007

11..00º Cº C

Increase in Surface TemperatureIncrease in Surface Temperature

Observations
Predictions with Anthropogenic/Natural forcings
Predictions with Natrual forcings



GlobalGlobal--mean Surface Temperaturemean Surface Temperature

On the Time-Varying Trend in Global-Mean Surface Temperature 
by Huang, Wu, Wallace, Smoliak, Chen, Tucker

EEMD: Ensemble Empirical Mode Decomposition; MDV: Multi Decadal Variability



“ I think the causes of the General Trade-Winds have 

not been fully explained by any of those who have 

wrote on that subject….” (George Hadley, 1735)

“The  (above) opening words of Hadley’s classical 

paper afford an apt description of the state of the 

same subject today.” (Edward N. Lorenz, 1967)



THANK YOU!

ANY QUESTIONS? 



Sahel Rainfall (1900Sahel Rainfall (1900--2007)2007)

Sahel rainfall index (JJASO mean anomaly, 10-20oN, 20oW-10oE)





Eastward propagating Eastward propagating 
MJO (composite MJO (composite 
rainfall)rainfall)



Schematic  Schematic  Picture Picture of the of the Major Surface Major Surface 
Currents Currents of the of the World OceansWorld Oceans

Note the anticyclonic circulation in the subtropics (the subtropical gyres)



Schematic  Schematic  Picture Picture of the of the Major Surface Major Surface 
Currents Currents of the of the World OceansWorld Oceans

Note the anticyclonic circulation in the subtropics (the subtropical gyres)



Schematic  Schematic  Picture Picture of the of the Major Surface Major Surface 
Currents Currents of the of the World OceansWorld Oceans

Note the anticyclonic circulation in the subtropics (the subtropical gyres)























Global SST Anomaly (0C) and Anomaly Tendency (from CPC)
- Negative SSTA presented in the tropical eastern and 
central Pacific, consistent with La Niña conditions.

- Negative PDO SST pattern presented in N. Pacific.

- Positive SSTA presented in the tropical Indian Ocean 
and tropical W. Pacific.

- Tripole SST anomaly  pattern  persisted  in North 
Atlantic, and positive SSTA in the tropical North Atlantic 
has been near historical high during Mar-Jul 2010.

- SSTA continuously decreased in the central  and 
eastern tropical Pacific, suggesting strengthening of La 
Niña conditions.

- SST tendency was large in N. Pacific.

- Both positive and negative SST tendency existed in 
the tropical Indian Ocean.

- Tripole SSTA tendency pattern suggested the 
persistency and slightly northward shift of the tripole 
SSTA pattern in North Atlantic.

Fig. G1. Sea surface temperature anomalies (top) and anomaly tendency (bottom). Data are derived from the 
NCEP OI SST analysis, and anomalies are departures from the 1971-2000 base period means.





Southern Oscillation Index (SOI)Southern Oscillation Index (SOI)

The Southern Oscillation Index or SOI represents 
the difference in average air pressure measured at 
Tahiti and Darwin, Australia. More specifically, the 
SOI is calculated as the difference in monthly 
averages of standardized mean sea level pressure 
at each station.



PolewardPoleward Heat FluxesHeat Fluxes



Mean 20Mean 20ooC C Isotherm and Isotherm and ThermoclineThermocline

•The thermocline zone is sometimes characterized by the depth at which 
the temperature gradient is a maximum (the “thermocline depth”).

• In the low-latitude ocean, 20oC isotherm is a good indicator of the 
themocline location.

•The maxima of the 20oC isotherm (the major warm waters in the upper 
ocean) are located differently from those of SST (The former is mainly 
determined by ocean dynamics while the latter also by surface heat flux)

Climatology from ocean data assimilation (1958-1998)



• Strengthening and weakening of the Hadley and Walker circulations 
play a crucial role in reinforcing El Niño/La Niña perturbations to the 
mean tropical Pacific ocean-atmosphere climatology 

• La Niña Stronger than average trade winds 
tend to push the warm surface layer of the 
ocean (upper few 100 meters) towards the 
western end, creating a thick warm layer. It 
has higher than average precipitation in 
Australia, India & Indonesia.

• El Niño: Weaker trades relax pressure on 
surface ocean layer & it starts to move back 
across Pacific from west to east, raising SST 
in the eastern tropical water, including Peru, 
with the zone of heavy rains shifting out over 
the central Pacific islands.

El Niño and La NiñaEl Niño and La Niña








