
 第八章： 

全球增暖背景下的 
大气环流 

授课教师：张洋
2019.12.11



PART I: 

An introduction of 

 global warming 



!3授课教师：张洋

The green house effect 
! Green house effect is a 

process by which thermal radiation 
from a planetary surface is 
absorbed by atmospheric 
greenhouse gases, and re-radiated 
in all directions. Since part of this 
re-radiation is back towards the 
surface, energy is transferred to the 
surface and the lower atmosphere. 
As a result, the temperature there 
is higher than it would be if direct 
heating by solar radiation were the 
only warming mechanism. 98

Frequently Asked Questions

Frequently Asked Question 1.3
What is the Greenhouse Effect?

The Sun powers Earth’s climate, radiating energy at very short 
wavelengths, predominately in the visible or near-visible (e.g., ul-
traviolet) part of the spectrum. Roughly one-third of the solar 
energy that reaches the top of Earth’s atmosphere is reflected di-
rectly back to space. The remaining two-thirds is absorbed by the 
surface and, to a lesser extent, by the atmosphere. To balance the 
absorbed incoming energy, the Earth must, on average, radiate the 
same amount of energy back to space. Because the Earth is much 
colder than the Sun, it radiates at much longer wavelengths, pri-
marily in the infrared part of the spectrum (see Figure 1). Much 
of this thermal radiation emitted by the land and ocean is ab-
sorbed by the atmosphere, including clouds, and reradiated back 
to Earth. This is called the greenhouse effect. The glass walls in 
a greenhouse reduce airflow and increase the temperature of the 
air inside. Analogously, but through a different physical process, 
the Earth’s greenhouse effect warms the surface of the planet. 
Without the natural greenhouse effect, the average temperature at 
Earth’s surface would be below the freezing point of water. Thus, 

Earth’s natural greenhouse effect makes life as we know it pos-
sible. However, human activities, primarily the burning of fossil 
fuels and clearing of forests, have greatly intensified the natural 
greenhouse effect, causing global warming. 

The two most abundant gases in the atmosphere, nitrogen 
(comprising 78% of the dry atmosphere) and oxygen (comprising 
21%), exert almost no greenhouse effect. Instead, the greenhouse 
effect comes from molecules that are more complex and much less 
common. Water vapour is the most important greenhouse gas, and 
carbon dioxide (CO2) is the second-most important one. Methane, 
nitrous oxide, ozone and several other gases present in the atmo-
sphere in small amounts also contribute to the greenhouse effect. 
In the humid equatorial regions, where there is so much water 
vapour in the air that the greenhouse effect is very large, add-
ing a small additional amount of CO2 or water vapour has only a 
small direct impact on downward infrared radiation. However, in 
the cold, dry polar regions, the effect of a small increase in CO2 or 

FAQ 1.3, Figure 1. An idealised model of the natural greenhouse effect. See text for explanation.

(continued)

Adapted from AR4
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Frequently Asked Questions

Frequently Asked Question 1.1
What Factors Determine Earth’s Climate?

The climate system is a complex, interactive system consisting 
of the atmosphere, land surface, snow and ice, oceans and other 
bodies of water, and living things. The atmospheric component of 
the climate system most obviously characterises climate; climate 
is often defined as ‘average weather’. Climate is usually described 
in terms of the mean and variability of temperature, precipitation 
and wind over a period of time, ranging from months to millions 
of years (the classical period is 30 years). The climate system 
evolves in time under the influence of its own internal dynamics 
and due to changes in external factors that affect climate (called 
‘forcings’). External forcings include natural phenomena such as 
volcanic eruptions and solar variations, as well as human-induced 
changes in atmospheric composition. Solar radiation powers the 
climate system. There are three fundamental ways to change the 
radiation balance of the Earth: 1) by changing the incoming solar 
radiation (e.g., by changes in Earth’s orbit or in the Sun itself); 2) 
by changing the fraction of solar radiation that is reflected (called 

‘albedo’; e.g., by changes in cloud cover, atmospheric particles or 
vegetation); and 3) by altering the longwave radiation from Earth 
back towards space (e.g., by changing greenhouse gas concentra-
tions). Climate, in turn, responds directly to such changes, as well 
as indirectly, through a variety of feedback mechanisms. 

The amount of energy reaching the top of Earth’s atmosphere 
each second on a surface area of one square metre facing the 
Sun during daytime is about 1,370 Watts, and the amount of en-
ergy per square metre per second averaged over the entire planet 
is one-quarter of this (see Figure 1). About 30% of the sunlight 
that reaches the top of the atmosphere is reflected back to space. 
Roughly two-thirds of this reflectivity is due to clouds and small 
particles in the atmosphere known as ‘aerosols’. Light-coloured  
areas of Earth’s surface – mainly snow, ice and deserts – reflect the 
remaining one-third of the sunlight. The most dramatic change in 
aerosol-produced reflectivity comes when major volcanic erup-
tions eject material very high into the atmosphere. Rain typically 

FAQ 1.1, Figure 1. Estimate of the Earth’s annual and global mean energy balance. Over the long term, the amount of incoming solar radiation absorbed by the Earth and 
atmosphere is balanced by the Earth and atmosphere releasing the same amount of outgoing longwave radiation. About half of the incoming solar radiation is absorbed by the 
Earth’s surface. This energy is transferred to the atmosphere by warming the air in contact with the surface (thermals), by evapotranspiration and by longwave radiation that is 
absorbed by clouds and greenhouse gases. The atmosphere in turn radiates longwave energy back to Earth as well as out to space. Source: Kiehl and Trenberth (1997).

(continued)
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The green house effect 
! Green house gases, with their percentage contribution to the 

greenhouse effect on Earth: 
■ water vapor (H2O), 36–70%
■ carbon dioxide (CO2), 9–26%
■ methane (CH4), 4–9%
■ ozone (O3), 3–7%

! The major non-gas contributor to the Earth's greenhouse 
effect, clouds 

http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Methane
http://en.wikipedia.org/wiki/Ozone
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The observed increase of GHG 

SPM

Summary for Policymakers

12

• Annual CO2 emissions from fossil fuel combustion and cement  production were 8.3 [7.6 to 9.0] GtC12 yr–1 averaged over 
2002–2011 (high confidence) and were 9.5 [8.7 to 10.3] GtC yr–1 in 2011, 54% above the 1990 level. Annual net CO2 
emissions from  anthropogenic land use change were 0.9 [0.1 to 1.7] GtC yr–1 on average during 2002 to 2011 (medium 
confidence). {6.3}

• From 1750 to 2011, CO2 emissions from fossil fuel combustion and cement production have released 375 [345 to 405] 
GtC to the atmosphere, while deforestation and other land use change are estimated to have released 180 [100 to 260] 
GtC. This results in cumulative anthropogenic emissions of 555 [470 to 640] GtC. {6.3}

• Of these cumulative anthropogenic CO2 emissions, 240 [230 to 250] GtC have accumulated in the atmosphere, 155 [125 
to 185] GtC have been taken up by the ocean and 160 [70 to 250] GtC have accumulated in natural terrestrial ecosystems 
(i.e., the cumulative residual land sink). {Figure TS.4, 3.8, 6.3}

• Ocean acidification is quantified by decreases in pH13. The pH of ocean surface water has decreased by 0.1 since the 
beginning of the industrial era (high confidence), corresponding to a 26% increase in hydrogen ion concentration (see 
Figure SPM.4). {3.8, Box 3.2}

Figure SPM.4 |  Multiple observed indicators of a changing global carbon cycle: (a) atmospheric concentrations of carbon dioxide (CO2) from Mauna Loa 
(19°32’N, 155°34’W – red) and South Pole (89°59’S, 24°48’W – black) since 1958; (b) partial pressure of dissolved CO2 at the ocean surface (blue curves) 
and in situ pH (green curves), a measure of the acidity of ocean water. Measurements are from three stations from the Atlantic (29°10’N, 15°30’W – dark 
blue/dark green; 31°40’N, 64°10’W – blue/green) and the Pacific Oceans (22°45’N, 158°00’W − light blue/light green). Full details of the datasets shown 
here are provided in the underlying report and the Technical Summary Supplementary Material. {Figures 2.1 and 3.18; Figure TS.5}
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12 1 Gigatonne of carbon = 1 GtC = 1015 grams of carbon. This corresponds to 3.667 GtCO2.
13 pH is a measure of acidity using a logarithmic scale: a pH decrease of 1 unit corresponds to a 10-fold increase in hydrogen ion concentration, or acidity. 
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(a) atmospheric concentrations of carbon 
dioxide (CO2) from Mauna Loa (19°32’N, 
155°34’W – red) and South Pole (89°59’S, 
24°48’W – black) since 1958;

b) partial pressure of dissolved CO2 at the 
ocean surface (blue curves) and in situ pH 
(green curves), a measure of the acidity of 
ocean water. Measurements are from three 
stations from the Atlantic (29°10’N, 15°30’W – 
dark blue/dark green; 31°40’N, 64°10’W – blue/
green) and the Pacific Oceans (22°45’N, 
158°00’W − light blue/light green)
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The observed global warming 
! The Intergovernmental Panel on Climate Change (IPCC) is a scientific 

intergovernmental body tasked with reviewing and assessing the most recent 
scientific, technical and socio-economic information produced worldwide relevant 
to the understanding of climate change. It provides the world with a scientific view 
on the current state of climate change and its potential environmental and socio-
economic consequences, notably the risk of climate change caused by human 
activity. The panel was established in 1988 by the World Meteorological 
Organization (WMO) and the United Nations Environment Programme 
(UNEP), two organizations of the United Nations. 

The Fifth Assessment Report (AR5) of IPCC, is the fifth in a series of reports 
intended to provide an update of knowledge on scientific, technical and socio-
economic information concerning climate change. The first Working Group Report 
“The Physical Science Basis”was published in 2013 and the rest were completed 
in 2014.

http://en.wikipedia.org/wiki/Risk_management
http://en.wikipedia.org/wiki/Climate_change
http://en.wikipedia.org/wiki/World_Meteorological_Organization
http://en.wikipedia.org/wiki/World_Meteorological_Organization
http://en.wikipedia.org/wiki/United_Nations_Environment_Programme
http://en.wikipedia.org/wiki/United_Nations
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The observed global warming 
! Global warming is the increase in the global average temperature of Earth near-surface 

air and oceans since the mid-20th century and its projected continuation. According to the 
2013 Fifth Assessment Report (AR5) by the Intergovernmental Panel on Climate Change 
(IPCC), global surface temperature increased 0.85 [0.65 to 1.06] °C, over the period 
1880-2012. 
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Figure SPM.1 |  (a) Observed global mean combined land and ocean surface temperature anomalies, from 1850 to 2012 from three data sets. Top panel: 
annual mean values. Bottom panel: decadal mean values including the estimate of uncertainty for one dataset (black). Anomalies are relative to the mean 
of 1961−1990. (b) Map of the observed surface temperature change from 1901 to 2012 derived from temperature trends determined by linear regression 
from one dataset (orange line in panel a). Trends have been calculated where data availability permits a robust estimate (i.e., only for grid boxes with 
greater than 70% complete records and more than 20% data availability in the first and last 10% of the time period). Other areas are white. Grid boxes 
where the trend is significant at the 10% level are indicated by a + sign. For a listing of the datasets and further technical details see the Technical Summary 
Supplementary Material. {Figures 2.19–2.21; Figure TS.2}
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http://en.wikipedia.org/wiki/IPCC_Fourth_Assessment_Report
http://en.wikipedia.org/wiki/Intergovernmental_Panel_on_Climate_Change
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The observed global warming 
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Each of the last three decades has 
been successively warmer at the 
Earth’s surface than any preceding 
decade since 1850. 

In the Northern Hemisphere, 1983–
2012 was likely the warmest 30-year 
period of the last 1400 years (medium 
confidence)
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The observed global warming 
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Figure SPM.3 |  Multiple observed indicators of a changing global climate: (a) Extent of Northern Hemisphere March-April (spring) average snow cover; (b) 
extent of Arctic July-August-September (summer) average sea ice; (c) change in global mean upper ocean (0–700 m) heat content aligned to 2006−2010, 
and relative to the mean of all datasets for 1970; (d) global mean sea level relative to the 1900–1905 mean of the longest running dataset, and with all 
datasets aligned to have the same value in 1993, the first year of satellite altimetry data. All time-series (coloured lines indicating different data sets) show 
annual values, and where assessed, uncertainties are indicated by coloured shading. See Technical Summary Supplementary Material for a listing of the 
datasets. {Figures 3.2, 3.13, 4.19, and 4.3; FAQ 2.1, Figure 2; Figure TS.1}
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Figure SPM.3 |  Multiple observed indicators of a changing global climate: (a) Extent of Northern Hemisphere March-April (spring) average snow cover; (b) 
extent of Arctic July-August-September (summer) average sea ice; (c) change in global mean upper ocean (0–700 m) heat content aligned to 2006−2010, 
and relative to the mean of all datasets for 1970; (d) global mean sea level relative to the 1900–1905 mean of the longest running dataset, and with all 
datasets aligned to have the same value in 1993, the first year of satellite altimetry data. All time-series (coloured lines indicating different data sets) show 
annual values, and where assessed, uncertainties are indicated by coloured shading. See Technical Summary Supplementary Material for a listing of the 
datasets. {Figures 3.2, 3.13, 4.19, and 4.3; FAQ 2.1, Figure 2; Figure TS.1}

It is virtually 
certain that the 
upper ocean 
(0−700 m) 
warmed
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! The First Assessment Report (FAR) published in 1990, global mean surface air temperature has 
increased by 0.3 to 0.6 oC over the last 100 years, which is also of the same magnitude as natural 
climate variability. Thus the observed increase could be largely due to this natural variability; 
alternatively...

! The Second Assessment Report (SAR) published in 1995, “The balance of evidence suggests a 
discernible human influence on global climate”

! The Third Assessment Report (TAR) published in 2001, “There is new and stronger evidence that most 
of the warming observed over the last 50 years is attributable to human activities”

!  AR4 in 2007, “Most of the observed increase in global average temperatures since the mid-20th century 
is very likely due to the observed increase in anthropogenic greenhouse gas concentrations."

! AR5 in 2013, “It is extremely likely that more than half of the observed increase in global average 
surface temperature from 1951 to 2010 was caused by the anthropogenic increase in greenhouse gas 
concentrations and other anthropogenic forcings together. ”

Attributing the global warming 
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Attributing the global warming 
! In AR5 
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Figure SPM.6 |  Comparison of observed and simulated climate change based on three large-scale indicators in the atmosphere, the cryosphere and 
the ocean: change in continental land surface air temperatures (yellow panels), Arctic and Antarctic September sea ice extent (white panels), and upper 
ocean heat content in the major ocean basins (blue panels). Global average changes are also given. Anomalies are given relative to 1880–1919 for surface 
temperatures, 1960–1980 for ocean heat content and 1979–1999 for sea ice. All time-series are decadal averages, plotted at the centre of the decade. 
For temperature panels, observations are dashed lines if the spatial coverage of areas being examined is below 50%. For ocean heat content and sea ice 
panels the solid line is where the coverage of data is good and higher in quality, and the dashed line is where the data coverage is only adequate, and 
thus, uncertainty is larger. Model results shown are Coupled Model Intercomparison Project Phase 5 (CMIP5) multi-model ensemble ranges, with shaded 
bands indicating the 5 to 95% confidence intervals. For further technical details, including region definitions see the Technical Summary Supplementary 
Material. {Figure 10.21; Figure TS.12}
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Models using both natural and anthropogenic forcings
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Ocean heat contentLand and ocean surface
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Attributing the global warming 
! In AR5 
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Attributing the global warming 

High latitude  
amplification  
in the N.H.

cooling in the stratosphere

warming in  
the troposphere

! In AR4 



!15授课教师：张洋

Attributing the global warming 

Total Solar forcing Volcanoes

Green house forcing Sulphate aerosol Tropopause and 
stratosphere ozone
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Attributing the global warming 

Total Solar forcing Volcanoes

Green house forcing Sulfate aerosol Tropopause and 
stratosphere ozone

!  “Most of the observed increase in global average temperatures since the mid-20th century is very 
likely due to the observed increase in anthropogenic greenhouse gas concentrations."



PART II: 

An observed  
variation of external forcing  

in the global warming 
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Variation of external forcing  

GHG, TAR6  Stratosphere Ozone depletion, TAR6

Troposphere Ozone, TAR6  Direct effect sulfate aerosol, TAR6
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Variation of external forcing  

Direct black carbon from biomass

Emission of mineral dust Indirect of sulphate aerosol

Direct black carbon from fossil fuel
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Variation of external forcing  

Solar forcingSurface albedo change (land use)
Figure 6.7: Examples of the geographical distribution of present-day annual-average radiative forcing (1750 to 2000) due to (a) well-mixed 
greenhouse gases including CO2, CH4, N2O, CFC-11 and CFC-12 (Shine and Forster, 1999); (b) stratospheric ozone depletion over the 
period 1979 to 1994 given by WMO, 1995 (Shine and Forster, 1999); (c) increases in tropospheric O3 (Berntsen et al., 1997; Shine and 
Forster, 1999); (d) the direct effect of sulphate aerosol (Haywood et al., 1997a); (e) the direct effect of organic carbon and black carbon 
from biomass burning (Penner et al., 1998b; Grant et al., 1999); (f) the direct effect of organic carbon and black carbon from fossil fuel 
burning (Penner et al., 1998b; Grant et al., 1999), (g) the direct effect of anthropogenic emissions of mineral dust (Tegen et al., 1996); (h) 
the “first” indirect effect of sulphate aerosol calculated diagnostically in a similar way to Jones and Slingo (1997), but based on a more 
recent version of the Hadley Centre model (HadAM3; Pope et al., 2000), using sulphur emission scenarios for year 2000 from the SRES 
scenario (Johns et al., 2001) and including a simple parametrization of sea salt aerosol (Jones et al., 1999); (i) contrails (Minnis et al., 
1999); (j) surface albedo change due to changes in land use (Hansen et al., 1998), (k) solar variability (Haigh, 1996). Note that the scale 
differs for the various panels. Different modelling studies may show considerably different spatial patterns as described in the text. (Units: 
Wm−2)
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Variation of external forcing  
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from black carbon absorption of solar radiation. There is high confidence that  aerosols and their interactions with clouds 
have offset a substantial portion of global mean forcing from well-mixed greenhouse gases. They continue to contribute 
the largest uncertainty to the total RF estimate. {7.5, 8.3, 8.5}

• The forcing from stratospheric volcanic aerosols can have a large impact on the climate for some years after volcanic 
eruptions. Several small eruptions have caused an RF of –0.11 [–0.15 to –0.08] W m–2 for the years 2008 to 2011, which 
is approximately twice as strong as during the years 1999 to 2002. {8.4}

• The RF due to changes in solar irradiance is estimated as 0.05 [0.00 to 0.10] W m−2 (see Figure SPM.5). Satellite obser-
vations of total solar irradiance changes from 1978 to 2011 indicate that the last solar minimum was lower than the 
previous two. This results in an RF of –0.04 [–0.08 to 0.00] W m–2 between the most recent minimum in 2008 and the 
1986 minimum. {8.4}

• The total natural RF from solar irradiance changes and stratospheric volcanic aerosols made only a small contribution to 
the net radiative forcing throughout the last century, except for brief periods after large volcanic eruptions. {8.5}

Figure SPM.5 |  Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for the main drivers of climate change. Values are 
global average radiative forcing (RF14), partitioned according to the emitted compounds or processes that result in a combination of drivers. The best esti-
mates of the net radiative forcing are shown as black diamonds with corresponding uncertainty intervals; the numerical values are provided on the right 
of the figure, together with the confidence level in the net forcing (VH – very high, H – high, M – medium, L – low, VL – very low). Albedo forcing due to 
black carbon on snow and ice is included in the black carbon aerosol bar. Small forcings due to contrails (0.05 W m–2, including contrail induced cirrus), 
and HFCs, PFCs and SF6 (total 0.03 W m–2) are not shown. Concentration-based RFs for gases can be obtained by summing the like-coloured bars. Volcanic 
forcing is not included as its episodic nature makes is difficult to compare to other forcing mechanisms. Total anthropogenic radiative forcing is provided 
for three different years relative to 1750. For further technical details, including uncertainty ranges associated with individual components and processes, 
see the Technical Summary Supplementary Material. {8.5; Figures 8.14–8.18; Figures TS.6 and TS.7}
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the tropics have been expanding over the past few decades and 
that this widening may continue into the future in association with 
anthropogenic climate change. Such an expansion of the tropical 
belt could have broad scientific implications and societal impacts.

EFFECTS OF GLOBAL WARMING ON THE WIDTH OF THE TROPICAL BELT

According to the most recent assessment of the Intergovernmental 
Panel on Climate Change4, increases in greenhouse gases and other 
human-induced climate forcings would lead to warming of the 
troposphere (the lower atmosphere), cooling of the stratosphere, 
rise of the tropopause, weakening of tropical circulation patterns, 
poleward migration of midlatitude storm tracks, an increase in 
tropical precipitation, and other climatic changes. Many of these have 
already been seen in observations covering the last few decades or 
more5. Taken together, it is not obvious how these changes might 
relate to variations in the width of the tropical belt, and it is only 
recently that this question has received much attention.

As summarized in Box 1, several recent studies found that in 
climate model simulations the jet streams and the associated wind and 
precipitation patterns tend to move poleward under global warming. 
As the jet streams are indicators of the poleward limits of the tropics, 
this implies that the tropics will expand as the Earth warms. Based 
on these studies, it appears that climate forcings over the twenty-first 
century would be expected to lead to an expansion of the tropics by as 
much as 2 degrees latitude.

WIDENING OF THE TROPICAL BELT SINCE 1979

Remarkably, the tropics appear to have already expanded — during 
only the last few decades of the twentieth century — by at least the same 
margin as models predict for this century. Several recent studies, using 
independent datasets, show robust trends in different measures of the 
width of the tropical belt. Based on five different types of measurement, 
they find a widening of several degrees latitude since 1979.

Hudson et al.6 analysed satellite observations of atmospheric 
ozone concentrations, focusing on the well-known distinction 

Climate models are widely used to simulate the effects of natural 
and anthropogenic perturbations on climate. Although most 
attention has been paid to projected changes in temperature, 
precipitation, the cryosphere, and sea level, several recent studies 
have also investigated how the atmospheric circulation is altered 
under a changing climate. Some of these indicate that the tropical 
belt expands under global warming.
Listed here are some climate model studies with results consistent 
with a widening of the tropics:

v Southern Hemisphere jet stream moves poleward under  
 global warming26.

v Stratospheric cooling intensifies the stratospheric  
 polar vortex and induces a poleward shift of   
 tropospheric jets27,28.

v Midlatitude storm tracks shift poleward under global  
 warming, particularly in the Southern Hemisphere29,30.

v Stratospheric cooling leads to a lifting of the tropopause,  
 which causes poleward movement of tropospheric  
 jet streams17,18.

v Specific anomalies in sea surface temperatures lead to a  
 poleward shift of the zonal mean    
 atmospheric circulation15,16.

v During the twenty-first century, global warming will  
 shift the boundaries of the Hadley circulation and  
 subtropical dry zone poleward, and it will decrease  
 precipitation and soil moisture in the subtropics14,22.

Under the most extreme warming scenario (the A2 scenario4), 
the model projected mean change is about two degrees latitude 
over the course of the twenty-first century, with a wide range of 
predictions from individual models. Surprisingly, this widening 
is smaller than the expansion that observations indicate has 
already taken place during the past 25 years (See Fig. 2).

Analysis of predicted twenty-first century changes suggests 
that the decadal time-scale variability of the width of the 
tropical belt alone is probably not large enough to explain the 
trends observed over the past quarter century. In a sample of 
40 100-year projections by 16 climate models, under the A2 
scenario, widening over 25-year periods has a mean value of 
0.5 degrees latitude, exceeds 2 degrees in only 3% of the cases, 
and never exceeds 2.75 degrees (C. M. Johanson, personal 
communication). Similar inconsistency has been noted between 
observed and model-projected trends in a related feature of 
the climate system, Northern Hemisphere sea-level pressure 
patterns31. However, those predictions are from models that do 
not represent stratospheric processes and interactions between the 
stratosphere and troposphere well, which may play an important 
role in the observed recent changes. Reducing uncertainties 
associated with these trend estimates will require not only more 
refined observations and better models, but also a more complete 
understanding of the processes responsible for the simulated and 
observed expansion and its drivers. Ultimately, this will improve 
predictions of future climate change.

Box 1 Climate model projections of expansion of the tropics
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Figure 1 What climatological features distinguish the tropics? Some of the 
atmospheric structure, circulation, and hydrological features shown in this schematic 
diagram of the Earth have moved poleward in recent decades, indicating a widening 
of the tropical belt and the Hadley circulation.
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between the tropical regions, where total column ozone concentration 
is relatively low, and extratropical regions, where it is higher. In an 
effort to distinguish chemical and meteorological effects on ozone 
trends, they demonstrated that 1979–2003 trends in total column 
ozone in the Northern Hemisphere are partly due to trends in the 
relative area of the tropics, midlatitudes and polar regions, as defined 
meteorologically. As shown in Fig. 2, their analysis indicates that the 
area of the Northern Hemisphere occupied by the tropical region, as 
defined by ozone values, grew during the 25-year period at a rate of 
1 degree latitude per decade (or a net widening of about 2.5 degrees 
in the Northern Hemisphere part of the tropics).

From analysis of a completely independent set of satellite-based 
microwave observations of atmospheric temperature, Fu et al.7 
inferred tropical-belt widening for the period 1979–2005. Noting 
that stratospheric cooling and tropospheric warming trends are 
stronger in the 15–45 degree latitude belts of both hemispheres, they 
invoked dynamical and thermodynamical arguments to suggest 
that, unless compensated by surface pressure changes, the shape of 
tropospheric pressure surfaces would change in such a way as to 
shift the jet streams of both hemispheres poleward. They estimate a 
net widening of the tropical belt of about 2 degrees latitude, which 
is about half of the ozone-based estimate made by Hudson et al.6 for 
the Northern Hemisphere alone.

A third approach, by Seidel and Randel8 used tropopause height 
changes in the subtropics to estimate changes in the width of the 
tropics. Radiosonde (weather balloon) and reanalysis (observations 
assimilated into, and analysed by, an atmospheric model) data both 
show that the height of the tropopause has a bimodal distribution in 
subtropical latitudes, but not within the tropics or the high latitudes. 
Defining the tropics as the region of frequent high (> 15 km) 
tropopause, they report an expansion of 5 to 8 degrees latitude 
during 1979–2005, with the Southern Hemisphere showing a more 
longitudinally consistent trend than the Northern Hemisphere. 
Reichler and Held (presented at the American Meteorological 
Society Conference on Climate Variability and Change, 2005) found 
consistent results in other aspects of the tropopause.

Using two other types of observations, Hu and Fu9 also found a 
widening of the tropical Hadley circulation system, and estimate its 
magnitude as 2 to 4.5 degrees latitude during 1979–2005. They used 
atmospheric reanalysis data to locate the latitude of zero net wind 
flowing in a north–south direction. They also used satellite observations 
of outgoing longwave (infrared) radiation emitted by the Earth (which 
is strongly dependent on cloud cover and atmospheric water vapour) 
to find the dry subsidence regions at the edges of the Hadley cells. Both 
methods showed robust evidence of tropical belt expansion.

In addition to this poleward expansion of the tropical belt, its 
height, as measured by the height of the tropical tropopause, has 
also increased, by some tens of metres over the past few decades10–12. 
The overall three-dimensional growth of the atmospheric volume of 
the tropical belt is roughly 5%.

OUTSTANDING RESEARCH QUESTIONS

These findings are intriguing and raise a number of questions 
for further research. As summarized above, there are differences 
among the various observational estimates of widening trends 
which have not been examined. These differences might be due to 
a decoupling of the physical processes involving different measures 
of the width of the tropics, or they may be reconcilable in terms of 
observational uncertainty. Regional and seasonal characteristics of 
the widening have not been explored in any detail. The observed 
widening appears to have occurred faster than climate models 
predict in their projections of anthropogenic climate change. What 
does this tell us about the ability of models to simulate the processes 
responsible for the observed changes? To explain this difference 

will require a more nuanced understanding of the nature of the 
widening and its causes.

There are other indicators, some as yet unexamined, of the width of 
the tropical belt. For example, other aspects of the hydrologic cycle (in 
addition to clouds) may be helpful in delineating the tropical belt and 
finding evidence of changes in its width. These include atmospheric 
water vapour, which may have a sharp gradient at the edge of the 
tropics13, precipitation, and the location of the ‘zero-crossing’ of 
precipitation minus evaporation fields14. Aspects of the tropospheric 
wind field could be examined in more detail, including the boundary 
between the tropical easterlies and midlatitude westerlies, the position 
of the axis of the subtropical jet streams, and the location of maximum 
surface westerlies. Stratospheric circulation (the Brewer–Dobson 
circulation) may show evidence of changes in the tropics and may 
give indications of linkages between stratospheric, tropospheric and 
tropopause changes. Aspects of changes in atmospheric radiation 
fields might be usefully explored to determine whether the expansion 
is related to changes in atmospheric composition.

Indeed, considerable uncertainty surrounds the mechanisms 
causing the observed widening of the tropics and, specifically, of 
the Hadley circulation. Some possibilities include: internal low-
frequency climate variability; stratospheric ozone depletion; warming 
of sea surface temperatures15; a change in the vertical temperature 
structure of the troposphere14,16; and an overall increase in tropopause 
height10,17–19. Other potential, still unexplored, mechanisms include 
changes in the El Niño Southern Oscillation system20, stratospheric 
climate changes, and changes in the characteristics of extratropical 
weather systems and ocean currents and how they redistribute heat 
and moisture from the tropics into the higher latitudes21.

WORLDWIDE IMPLICATIONS

The edges of the tropical belt are the outer boundaries of the 
subtropical dry zones (Fig. 1) and their poleward shift could lead 

Ozone (NH only, Hudson et al.)
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Figure 2 Changes in several estimates of the width of the tropical belt since 
1979. These include: the width of the Hadley circulation, based on both outgoing 
longwave radiation and horizontal winds streamfunction10; the separation of the 
Northern and Southern Hemisphere subtropical jet-stream cores; the width of the 
region of frequent high tropopause levels8; and the width of the region with tropical 
column ozone levels (Northern Hemisphere only, right axis, ref. 6). Although each 
shows an increase since 1979, the rates vary from 2.0 to 4.8 degrees latitude per 
25 years, with an even larger range when considering the entire spread of trend 
estimates in each individual study.
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PROGRESS ARTICLE

22 nature geoscience | VOL 1 | JANUARY 2008 | www.nature.com/naturegeoscience

the tropics have been expanding over the past few decades and 
that this widening may continue into the future in association with 
anthropogenic climate change. Such an expansion of the tropical 
belt could have broad scientific implications and societal impacts.

EFFECTS OF GLOBAL WARMING ON THE WIDTH OF THE TROPICAL BELT

According to the most recent assessment of the Intergovernmental 
Panel on Climate Change4, increases in greenhouse gases and other 
human-induced climate forcings would lead to warming of the 
troposphere (the lower atmosphere), cooling of the stratosphere, 
rise of the tropopause, weakening of tropical circulation patterns, 
poleward migration of midlatitude storm tracks, an increase in 
tropical precipitation, and other climatic changes. Many of these have 
already been seen in observations covering the last few decades or 
more5. Taken together, it is not obvious how these changes might 
relate to variations in the width of the tropical belt, and it is only 
recently that this question has received much attention.

As summarized in Box 1, several recent studies found that in 
climate model simulations the jet streams and the associated wind and 
precipitation patterns tend to move poleward under global warming. 
As the jet streams are indicators of the poleward limits of the tropics, 
this implies that the tropics will expand as the Earth warms. Based 
on these studies, it appears that climate forcings over the twenty-first 
century would be expected to lead to an expansion of the tropics by as 
much as 2 degrees latitude.

WIDENING OF THE TROPICAL BELT SINCE 1979

Remarkably, the tropics appear to have already expanded — during 
only the last few decades of the twentieth century — by at least the same 
margin as models predict for this century. Several recent studies, using 
independent datasets, show robust trends in different measures of the 
width of the tropical belt. Based on five different types of measurement, 
they find a widening of several degrees latitude since 1979.

Hudson et al.6 analysed satellite observations of atmospheric 
ozone concentrations, focusing on the well-known distinction 

Climate models are widely used to simulate the effects of natural 
and anthropogenic perturbations on climate. Although most 
attention has been paid to projected changes in temperature, 
precipitation, the cryosphere, and sea level, several recent studies 
have also investigated how the atmospheric circulation is altered 
under a changing climate. Some of these indicate that the tropical 
belt expands under global warming.
Listed here are some climate model studies with results consistent 
with a widening of the tropics:

v Southern Hemisphere jet stream moves poleward under  
 global warming26.

v Stratospheric cooling intensifies the stratospheric  
 polar vortex and induces a poleward shift of   
 tropospheric jets27,28.

v Midlatitude storm tracks shift poleward under global  
 warming, particularly in the Southern Hemisphere29,30.

v Stratospheric cooling leads to a lifting of the tropopause,  
 which causes poleward movement of tropospheric  
 jet streams17,18.

v Specific anomalies in sea surface temperatures lead to a  
 poleward shift of the zonal mean    
 atmospheric circulation15,16.

v During the twenty-first century, global warming will  
 shift the boundaries of the Hadley circulation and  
 subtropical dry zone poleward, and it will decrease  
 precipitation and soil moisture in the subtropics14,22.

Under the most extreme warming scenario (the A2 scenario4), 
the model projected mean change is about two degrees latitude 
over the course of the twenty-first century, with a wide range of 
predictions from individual models. Surprisingly, this widening 
is smaller than the expansion that observations indicate has 
already taken place during the past 25 years (See Fig. 2).

Analysis of predicted twenty-first century changes suggests 
that the decadal time-scale variability of the width of the 
tropical belt alone is probably not large enough to explain the 
trends observed over the past quarter century. In a sample of 
40 100-year projections by 16 climate models, under the A2 
scenario, widening over 25-year periods has a mean value of 
0.5 degrees latitude, exceeds 2 degrees in only 3% of the cases, 
and never exceeds 2.75 degrees (C. M. Johanson, personal 
communication). Similar inconsistency has been noted between 
observed and model-projected trends in a related feature of 
the climate system, Northern Hemisphere sea-level pressure 
patterns31. However, those predictions are from models that do 
not represent stratospheric processes and interactions between the 
stratosphere and troposphere well, which may play an important 
role in the observed recent changes. Reducing uncertainties 
associated with these trend estimates will require not only more 
refined observations and better models, but also a more complete 
understanding of the processes responsible for the simulated and 
observed expansion and its drivers. Ultimately, this will improve 
predictions of future climate change.

Box 1 Climate model projections of expansion of the tropics
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Figure 1 What climatological features distinguish the tropics? Some of the 
atmospheric structure, circulation, and hydrological features shown in this schematic 
diagram of the Earth have moved poleward in recent decades, indicating a widening 
of the tropical belt and the Hadley circulation.
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!IPCC AR4 model experiments: 
! SRES A1b: 720 ppm CO2 by 2100
! 21st Century climate change: Compare years 2081-2100 
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Figure 3: Ensemble-mean zonal-mean climatological zonal wind for the 20th century 

(shaded) and the ensemble-mean zonal-mean change in zonal wind (contours). a) Winter. 

b) Spring. c) Summer. d) Fall. 
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El Niño in a changing climate
Sang-Wook Yeh1, Jong-Seong Kug1, Boris Dewitte2, Min-Ho Kwon3, Ben P. Kirtman4 & Fei-Fei Jin3

ElNiño events, characterized by anomalouswarming in the eastern
equatorial Pacific Ocean, have global climatic teleconnections
and are the most dominant feature of cyclic climate variability on
subdecadal timescales. Understanding changes in the frequency or
characteristics of El Niño events in a changing climate is therefore
of broad scientific and socioeconomic interest. Recent studies1–5

show that the canonical El Niño has become less frequent and that
a different kind of El Niño has become more common during the
late twentieth century, in which warm sea surface temperatures
(SSTs) in the central Pacific are flanked on the east and west by
cooler SSTs. This type of ElNiño, termed the central Pacific ElNiño
(CP-El Niño; also termed the dateline El Niño2, El NiñoModoki3 or
warm pool El Niño5), differs from the canonical eastern Pacific El
Niño (EP-ElNiño) in both the location ofmaximumSSTanomalies
and tropical–midlatitude teleconnections. Here we show changes
in the ratio of CP-El Niño to EP-El Niño under projected global
warming scenarios from the Coupled Model Intercomparison
Project phase 3 multi-model data set6. Using calculations based
on historical El Niño indices, we find that projections of anthro-
pogenic climate change are associated with an increased frequency
of the CP-El Niño compared to the EP-El Niño. When restricted
to the six climate models with the best representation of the
twentieth-century ratio of CP-El Niño to EP-El Niño, the occur-
rence ratio of CP-El Niño/EP-El Niño is projected to increase as
much as five times under global warming. The change is related to a
flattening of the thermocline in the equatorial Pacific.

El Niño statistics exhibits variations on decadal timescales7–10. For
instance, the properties of El Niño exhibited frequency and amplitude
changes before and after the late 1970s10. During the late 1990s and
2000s, on the other hand, ElNiño events showdifferent characteristics
in terms of location of maximum anomalous SST compared to the
conventional El Niño1–5. For instance, a prolonged El Niño event
during the period of 1990–1994, showed that, in the conventional El
Niño region (the far eastern Pacific), the SST anomaly has waxed and
waned, while the SST anomaly in the NINO4 region (160uE–150uW,
5uN–5u S) remained positive1. Other recent studies also argued that
there exists a phenomenon in the tropical Pacific that is distinctly
different from the canonical El Niño11—this variation12 of El Niño
has a ‘horseshoe’ spatial pattern, flanked by a colder SST on both sides
along the Equator2–5. These studies led to various definitions of a new
type of ElNiño: the dateline ElNiño2, the ElNiñoModoki3, the central
Pacific ElNiño4 and thewarmpool ElNiño5. The ElNiñoModokiwas
named to represent the phenomenon in 2004 that had a maximum
SST anomaly in the central tropical Pacific, differing from the con-
ventional El Niño3. In addition, such modification in the structure of
El Niño has implications for its teleconnection pattern in many
countries surrounding the Pacific Ocean2,13,14. These observations
raise the question of whether human-induced global warming15 can
modify our conventional view of El Niño.

We use the historical El Niño indices (the NINO3 SST index and
the NINO4 SST index) and the Extended Reconstruction SST data
for 1854–2007 to distinguish two variations of El Niño during the
boreal winter (December-January-February, DJF).We term these the
eastern Pacific El Niño (EP-El Niño) and the central Pacific El Niño
(CP-El Niño). These terms have previously been used but with dif-
ferent definitions4. Here the terms EP-El Niño and CP-El Niño refer
to the years in which the EP-El Niño and the CP-El Niño occurred
during winter. Since the 1850s (Supplementary Table 1) the EP-El
Niño occurred 32 times and the CP-El Niño occurred 7 times.

1Climate Change and Coastal Disaster Research Department, Korea Ocean Research and Development Institute, 426-744, Ansan, Korea. 2Laboratoire d’Etude en Geophysique et
Oceanographie Spatiale, 14 avenue Edouard Belin, 31400, Toulouse, France. 3Department of Meteorology, School of Ocean and Earth Science and Technology, University of Hawaii,
1680 East-West Road, Honolulu, 96822, Hawaii, USA. 4University of Miami, Rosenstiel School of Marine and Atmospheric Science, 4600 Rickenbacker Causeway, Miami, Florida,
33149, USA.
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Although the number of CP-El Niño events is relatively small, its
frequency increased noticeably after 1990. For the period of 1854–
2007, the occurrence ratio of the EP-El Niño before and after 1990 is
0.19 per year and 0.29 per year, respectively, whereas that of the CP-El
Niño before and after 1990 is 0.01 per year and 0.29 per year, respec-
tively. Simply put, this result indicates that anomalous warm SSTs in
the central equatorial Pacific (that is, CP-El Niño) has been observed
more frequently during recent decades3. This result is detectable even
if the data are detrended (Supplementary Table 1) and taken from
two additional SST data sets (Supplementary Table 3). A profound
change in the characteristics of El Niño in recent years is also detect-
able in an 11-year window sliding correlation coefficients between
the two NINO indices (Supplementary Fig. 1).

Figure 1a and b displays the deviation of mean SST for the EP-El
Niño and the CP-El Niño from the climatological mean SST (1854–
2006). As expected, the EP-El Niño (Fig. 1a) is characterized by
maximum anomalous SST in the eastern equatorial Pacific; on the
other hand, the centre ofmaximumSST in theCP-El Niño (Fig. 1b) is
located near the dateline in the central equatorial Pacific. The SST
composite in Fig. 1b is similar to the previously defined new type of El
Niño2–5 in spite of an extension of the analysed period and the use of
the simple definition of the historical El Niño indices. Figure 1c
clearly indicates that the centre of maximum SST of the CP-El
Niño is significantly shifted to the west compared to that of the
EP-El Niño. The details of the new type of El Niño suggested by
previous studies1–5 differ slightly from those of the CP-El Niño
described here but the overall characteristics are similar.

The large difference of anomalousmean SST between the two types
of El Niño results in changes in the total SST pattern in the tropical
Pacific (not shown here), which determines the atmospheric res-
ponse16. Figure 2a and b displays the composite rainfall corresponding
to the EP-El Niño and the CP-El Niño. For the EP-El Niño (Fig. 2a),
the centre of maximum anomalous rainfall is observed around the
dateline; for the CP-El Niño (Fig. 2b) it is shifted westward to around

165uE. It is clear that anomalous rainfall is largely enhanced in the
central and eastern equatorial Pacific and reduced in the western
equatorial Pacific during the EP-El Niño compared to the CP-El
Niño. Changes in the atmospheric diabatic forcing over the tropics
have the potential tomodify the tropical–midlatitude teleconnections
to the El Niño17,18. Therefore, we would expect the midlatitude res-
ponse to the EP-ElNiño to differ from that of theCP-ElNiño, and this
has been shown to be true during the last 30 years14. This is evident
from the patterns for anomalous mean atmospheric circulation at
500 hPa in the northern extratropics even over the extended period
studied here (Fig. 2c and d) and anomalous mean SST and low-level
winds (925hPa) in the North Pacific (Fig. 2e and f) associated with
both types of El Niño. The most striking difference in the teleconnec-
tion pattern between the two types of El Niño is in the position of the
principal atmospheric centres of action in the extratropics (Fig. 2c
and d). In addition, the anomalous North Pacific SST in response to
the EP-El Niño and the CP-El Niño is also significantly different
(Fig. 2e and f). The spatial manifestation of anomalous SST associated
with the EP-El Niño (Fig. 2e) is characterized by cool temperatures in
the central North Pacific with an elliptical shape and is accompanied
by SST anomalies of the opposite sign to the east, north and south. In
contrast to the EP-El Niño, anomalous easterly winds dominate over
the central and eastern North Pacific, which may induce anomalous
warm SSTs (Fig. 2f). The low-level winds during both types of El
Niño are reasonably consistent with the wind–SST interactions in
the midlatitudes19.

Because El Niño and its teleconnections have dramatic societal
impacts, such results call for an examination of the El Niño as simu-
lated by the climate models under climate change projections. Here,
we examine eleven coupled general circulation models (CGCMs):
eleven control runs and eleven climate change runs (Supplementary
Table 4). The control run is the twentieth-century climate change
model simulation to year 2000 with anthropogenic and natural
forcing (that is, 20C3M). The climate change run corresponds to
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Although the number of CP-El Niño events is relatively small, its
frequency increased noticeably after 1990. For the period of 1854–
2007, the occurrence ratio of the EP-El Niño before and after 1990 is
0.19 per year and 0.29 per year, respectively, whereas that of the CP-El
Niño before and after 1990 is 0.01 per year and 0.29 per year, respec-
tively. Simply put, this result indicates that anomalous warm SSTs in
the central equatorial Pacific (that is, CP-El Niño) has been observed
more frequently during recent decades3. This result is detectable even
if the data are detrended (Supplementary Table 1) and taken from
two additional SST data sets (Supplementary Table 3). A profound
change in the characteristics of El Niño in recent years is also detect-
able in an 11-year window sliding correlation coefficients between
the two NINO indices (Supplementary Fig. 1).

Figure 1a and b displays the deviation of mean SST for the EP-El
Niño and the CP-El Niño from the climatological mean SST (1854–
2006). As expected, the EP-El Niño (Fig. 1a) is characterized by
maximum anomalous SST in the eastern equatorial Pacific; on the
other hand, the centre ofmaximumSST in theCP-El Niño (Fig. 1b) is
located near the dateline in the central equatorial Pacific. The SST
composite in Fig. 1b is similar to the previously defined new type of El
Niño2–5 in spite of an extension of the analysed period and the use of
the simple definition of the historical El Niño indices. Figure 1c
clearly indicates that the centre of maximum SST of the CP-El
Niño is significantly shifted to the west compared to that of the
EP-El Niño. The details of the new type of El Niño suggested by
previous studies1–5 differ slightly from those of the CP-El Niño
described here but the overall characteristics are similar.

The large difference of anomalousmean SST between the two types
of El Niño results in changes in the total SST pattern in the tropical
Pacific (not shown here), which determines the atmospheric res-
ponse16. Figure 2a and b displays the composite rainfall corresponding
to the EP-El Niño and the CP-El Niño. For the EP-El Niño (Fig. 2a),
the centre of maximum anomalous rainfall is observed around the
dateline; for the CP-El Niño (Fig. 2b) it is shifted westward to around

165uE. It is clear that anomalous rainfall is largely enhanced in the
central and eastern equatorial Pacific and reduced in the western
equatorial Pacific during the EP-El Niño compared to the CP-El
Niño. Changes in the atmospheric diabatic forcing over the tropics
have the potential tomodify the tropical–midlatitude teleconnections
to the El Niño17,18. Therefore, we would expect the midlatitude res-
ponse to the EP-ElNiño to differ from that of theCP-ElNiño, and this
has been shown to be true during the last 30 years14. This is evident
from the patterns for anomalous mean atmospheric circulation at
500 hPa in the northern extratropics even over the extended period
studied here (Fig. 2c and d) and anomalous mean SST and low-level
winds (925hPa) in the North Pacific (Fig. 2e and f) associated with
both types of El Niño. The most striking difference in the teleconnec-
tion pattern between the two types of El Niño is in the position of the
principal atmospheric centres of action in the extratropics (Fig. 2c
and d). In addition, the anomalous North Pacific SST in response to
the EP-El Niño and the CP-El Niño is also significantly different
(Fig. 2e and f). The spatial manifestation of anomalous SST associated
with the EP-El Niño (Fig. 2e) is characterized by cool temperatures in
the central North Pacific with an elliptical shape and is accompanied
by SST anomalies of the opposite sign to the east, north and south. In
contrast to the EP-El Niño, anomalous easterly winds dominate over
the central and eastern North Pacific, which may induce anomalous
warm SSTs (Fig. 2f). The low-level winds during both types of El
Niño are reasonably consistent with the wind–SST interactions in
the midlatitudes19.

Because El Niño and its teleconnections have dramatic societal
impacts, such results call for an examination of the El Niño as simu-
lated by the climate models under climate change projections. Here,
we examine eleven coupled general circulation models (CGCMs):
eleven control runs and eleven climate change runs (Supplementary
Table 4). The control run is the twentieth-century climate change
model simulation to year 2000 with anthropogenic and natural
forcing (that is, 20C3M). The climate change run corresponds to
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Figure 2 | Deviations for the two characteristics of El Niño from their
climatology. a, b, The deviation of mean rainfall for the EP-El Niño (a) and
the CP-El Niño (b). The contour interval is 1mm per day. c, d, Mean
geopotential height at 500hPa. The contour interval is 5m. e, f, Mean winds
at 925hPa (arrows, see scale arrow below) and mean SST (line). The solid

(dotted) line denotes positive (negative) deviations from the mean. The
contour interval is 0.1 uC. Shading in all panels indicates the region exceeding
95%significancebasedona t-test and the zero line is denotedby the thick line.
The climatology periods are 1979–2006 (for rainfall), 1950–2006 (for
geopotential height and winds) and 1854–2006 (for SST), respectively.
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El Niño in a changing climate
Sang-Wook Yeh1, Jong-Seong Kug1, Boris Dewitte2, Min-Ho Kwon3, Ben P. Kirtman4 & Fei-Fei Jin3

ElNiño events, characterized by anomalouswarming in the eastern
equatorial Pacific Ocean, have global climatic teleconnections
and are the most dominant feature of cyclic climate variability on
subdecadal timescales. Understanding changes in the frequency or
characteristics of El Niño events in a changing climate is therefore
of broad scientific and socioeconomic interest. Recent studies1–5

show that the canonical El Niño has become less frequent and that
a different kind of El Niño has become more common during the
late twentieth century, in which warm sea surface temperatures
(SSTs) in the central Pacific are flanked on the east and west by
cooler SSTs. This type of ElNiño, termed the central Pacific ElNiño
(CP-El Niño; also termed the dateline El Niño2, El NiñoModoki3 or
warm pool El Niño5), differs from the canonical eastern Pacific El
Niño (EP-ElNiño) in both the location ofmaximumSSTanomalies
and tropical–midlatitude teleconnections. Here we show changes
in the ratio of CP-El Niño to EP-El Niño under projected global
warming scenarios from the Coupled Model Intercomparison
Project phase 3 multi-model data set6. Using calculations based
on historical El Niño indices, we find that projections of anthro-
pogenic climate change are associated with an increased frequency
of the CP-El Niño compared to the EP-El Niño. When restricted
to the six climate models with the best representation of the
twentieth-century ratio of CP-El Niño to EP-El Niño, the occur-
rence ratio of CP-El Niño/EP-El Niño is projected to increase as
much as five times under global warming. The change is related to a
flattening of the thermocline in the equatorial Pacific.

El Niño statistics exhibits variations on decadal timescales7–10. For
instance, the properties of El Niño exhibited frequency and amplitude
changes before and after the late 1970s10. During the late 1990s and
2000s, on the other hand, ElNiño events showdifferent characteristics
in terms of location of maximum anomalous SST compared to the
conventional El Niño1–5. For instance, a prolonged El Niño event
during the period of 1990–1994, showed that, in the conventional El
Niño region (the far eastern Pacific), the SST anomaly has waxed and
waned, while the SST anomaly in the NINO4 region (160uE–150uW,
5uN–5u S) remained positive1. Other recent studies also argued that
there exists a phenomenon in the tropical Pacific that is distinctly
different from the canonical El Niño11—this variation12 of El Niño
has a ‘horseshoe’ spatial pattern, flanked by a colder SST on both sides
along the Equator2–5. These studies led to various definitions of a new
type of ElNiño: the dateline ElNiño2, the ElNiñoModoki3, the central
Pacific ElNiño4 and thewarmpool ElNiño5. The ElNiñoModokiwas
named to represent the phenomenon in 2004 that had a maximum
SST anomaly in the central tropical Pacific, differing from the con-
ventional El Niño3. In addition, such modification in the structure of
El Niño has implications for its teleconnection pattern in many
countries surrounding the Pacific Ocean2,13,14. These observations
raise the question of whether human-induced global warming15 can
modify our conventional view of El Niño.

We use the historical El Niño indices (the NINO3 SST index and
the NINO4 SST index) and the Extended Reconstruction SST data
for 1854–2007 to distinguish two variations of El Niño during the
boreal winter (December-January-February, DJF).We term these the
eastern Pacific El Niño (EP-El Niño) and the central Pacific El Niño
(CP-El Niño). These terms have previously been used but with dif-
ferent definitions4. Here the terms EP-El Niño and CP-El Niño refer
to the years in which the EP-El Niño and the CP-El Niño occurred
during winter. Since the 1850s (Supplementary Table 1) the EP-El
Niño occurred 32 times and the CP-El Niño occurred 7 times.

1Climate Change and Coastal Disaster Research Department, Korea Ocean Research and Development Institute, 426-744, Ansan, Korea. 2Laboratoire d’Etude en Geophysique et
Oceanographie Spatiale, 14 avenue Edouard Belin, 31400, Toulouse, France. 3Department of Meteorology, School of Ocean and Earth Science and Technology, University of Hawaii,
1680 East-West Road, Honolulu, 96822, Hawaii, USA. 4University of Miami, Rosenstiel School of Marine and Atmospheric Science, 4600 Rickenbacker Causeway, Miami, Florida,
33149, USA.
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Figure 1 | Deviations of mean SST for the two characteristics of El Niño
from the 1854–2006 climatology. a, The EP-El Niño; b, the CP-El Niño.
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the Special Report for Emission Scenario A1B climate change projec-
tion (that is, SRESA1B). Here, ‘20C3M run’ refers to data from the
100-years simulation period for the 20C3M run. The term ‘SRESA1B
run’ refers to the last 100 years of the SRESA1B run, in which the
concentration of CO2 is fixed to about 700 p.p.m. We show the
ensemble mean composite of the EP-El Niño and the CP-El Niño in
the 20C3M run and the SRESA1B run, respectively (Supplementary
Figs 2 and 3).

Figure 3 displays the occurrence ratio of the CP-El Niño and EP-El
Niño between the control run and the SRESA1B run. Despite the fact
that there are discrepancies among CGCMs, it is remarkable that, in
eight of 11 models, the occurrence ratio of the CP-El Niño versus the
EP-El Niño increases from the 20C3M run to the SRESA1B run. The
ensemble mean result for the eleven CGCMs is statistically significant
at the 95% confidence level based on the bootstrap method.
Furthermore, we test whether the ratio change in each CGCM is sig-
nificant. The ratio of CP-El Niño to EP-El Niño significantly increases
in four of 11 CGCMs at the 95% confidence level, and no other
CGCMs show a significant decrease of the occurrence ratio of CP-El
Niño to EP-ElNiño. Statistical evidence for the increase of CP-ElNiño
under global warming becomes much stronger when we select the six
CGCMs that most realistically capture the occurrence ratio of CP-El
Niño to EP-El Niño in the 20C3M run compared to observations (see
Supplementary Information). Thus, climate change projections indi-
cate that the CP-El Niño occurs more frequently compared to the EP-
El Niño. We also show how the SST variability changes from the
20C3M run to the SRESA1B run in the UKMO-HadCM3 model
(Supplementary Fig. 4). We may hypothesize that more frequent
CP-El Niño occurrence during recent decades is associated with an
anthropogenic climate change. Such changes in ElNiño characteristics
in future climate are significant enough to modify the tropics–
extratropics teleconnection pattern (Supplementary Fig. 5) despite
the ability of current models realistically to simulate teleconnections.
Furthermore, we expect that such frequent CP-El Niño occurrence
under global warming could lead to more effective forcing of drought
over India3,13,20 and Australia21.

Because El Niño dynamics is tightly linked to equatorial ocean
mean state22, we argue that such frequent CP-El Niño occurrence is
associated with change in the background state under anthropogenic

global warming, in particular change in the thermocline structure in
the equatorial Pacific. Figure 4 displays the change in mean
thermocline depth from the control run to the SRESA1B run. The
mean thermocline has risen under global warming in the western-
central Pacific, whereas it is slightly deeper in the far eastern Pacific.
This results in an overall flattening of the equatorial mean thermo-
cline, which is consistent with a weakened atmospheric Walker cir-
culation and tradewinds under global warming23 and even changes in
the thermocline depth during recent decades3. In other words, the
SST warms as a result of thermal forcing, which leads to weaker
easterlies and enhanced poleward Sverdrup transport and hence a
shoaling of the thermocline depth. Howmight this affect the stability
of the CP-El Niño?

We can understand this destabilizing process in terms of the two
important feedback processes associated with El Niño dynamics, that
is, thermocline feedback versus zonal advective feedback. Although
the trade winds reduce under global warming, this reduces upwelling
and thus the thermocline feedback. In contrast, a shallower thermo-
cline in the central Pacific, as in the SRESA1B run, tends to enhance
the SST anomaly induced by vertical advection there (because iso-
therm vertical displacements within the thermocline depth can more
easily influence the SST). In addition, such a shallowing thermocline
tends to dominate the zonal advective feedback in the central Pacific,
which may promote a more intense CP-El Niño5,22,24. Overall, the
change in thermocline structure from the 20CM3 run to the
SRESA1B run is consistent with the increased variability of the SST
anomaly in the central Pacific. This physical consistency fits with the
result reported here: the probable increased occurrence of the CP-El
Niño under global warming.

METHODS SUMMARY
The two kinds of El Nino were diagnosed from observations and eleven models
of the Program for Climate Model Diagnosis and Intercomparison (PCMDI).
We propose a classification based on the historical NINO3 and NINO4 SST
indices during winter and inferred from composite analyses to distinguish the
CP-El Niño from the EP-El Niño. Applied to the simulation for the present
(20C3M) and for the future (SRESA1B), we derived a projection of the occur-
rence ratio of CP-El Niño to EP-El Niño. See the Supplementary Information.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.

Received 29 December 2008; accepted 21 July 2009.
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maximum along the Equator. The blue data points indicate that the change
in the mean thermocline depth from the 20C3M run to the SRESA1B run is
significant at the 95% confidence level, based on a t-test.
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AR5: Projected variation of 
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! IPCC5:CMIP5 experiment design: For the Fifth Assessment Report 
of IPCC, the scientific community has defined a set of four new 
scenarios, denoted Representative Concentration Pathways (RCP)

! They are identified by their approximate total radiative forcing in year 2100 
relative to 1750: 

! 2.6 W m-2 for RCP2.6, 4.5 W m-2 for RCP4.5, 6.0 W m-2 for RCP6.0, and 8.5 
W m-2 for RCP8.5.

! with prescribed CO2 concentrations reaching 421 ppm (RCP2.6), 538 ppm 
(RCP4.5), 670 ppm (RCP6.0), and 936 ppm (RCP 8.5) by the year 2100.

! Including also the prescribed concentrations of CH4 and N2O, the combined 
CO2-equivalent concentrations are 475 ppm (RCP2.6), 630 ppm (RCP4.5), 800 
ppm (RCP6.0), and 1313 ppm (RCP8.5).
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! Monsoonal circulation 
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Chapter 14 Climate Phenomena and their Relevance for Future Regional Climate Change

14

Frequently Asked Questions  
FAQ 14.1 |  How is Climate Change Affecting Monsoons?

Monsoons are the most important mode of seasonal climate variation in the tropics, and are responsible for a large 
fraction of the annual rainfall in many regions. Their strength and timing is related to atmospheric moisture con-
tent, land–sea temperature contrast, land cover and use, atmospheric aerosol loadings and other factors. Overall, 
monsoonal rainfall is projected to become more intense in future, and to affect larger areas, because atmospheric 
moisture content increases with temperature. However, the localized effects of climate change on regional mon-
soon strength and variability are complex and more uncertain.

Monsoon rains fall over all tropical continents: Asia, Australia, the Americas and Africa. The monsoon circulation is 
driven by the difference in temperature between land and sea, which varies seasonally with the distribution of solar 
heating. The duration and amount of rainfall depends on the moisture content of the air, and on the configuration 
and strength of the atmospheric circulation. The regional distribution of land and ocean also plays a role, as does 
topography. For example, the Tibetan Plateau—through variations in its snow cover and surface heating—modu-
lates the strength of the complex Asian monsoon systems. Where moist on-shore winds rise over mountains, as they 
do in southwest India, monsoon rainfall is intensified. On the lee side of such mountains, it lessens.

Since the late 1970s, the East Asian summer monsoon has been weakening and not extending as far north as it used 
to in earlier times , as a result of changes in the atmospheric circulation. That in turn has led to increasing drought 
in northern China, but floods in the Yangtze River Valley farther south. In contrast, the Indo-Australian and West-
ern Pacific monsoon systems show no coherent trends since the mid-20th century, but are strongly modulated by 
the El Niño-Southern Oscillation (ENSO). Similarly, changes observed in the South American monsoon system over 
the last few decades are strongly related to ENSO variability. Evidence of trends in the North American monsoon 
system is limited, but a tendency towards heavier rainfalls on the northern side of the main monsoon region has 
been observed. No systematic long-term trends have been observed in the behaviour of the Indian or the African 
monsoons.

The land surface warms more rapidly than the ocean surface, so that surface temperature contrast is increasing in 
most regions. The tropical atmospheric overturning circulation, however, slows down on average as the climate 
warms due to energy balance constraints in the tropical atmosphere. These changes in the atmospheric circulation 
lead to regional changes in monsoon intensity, area and timing. There are a number of other effects as to how 

FAQ 14.1, Figure 1 |  Schematic diagram illustrating the main ways that human activity influences monsoon rainfall. As the climate warms, increasing water vapour 
transport from the ocean into land increases because warmer air contains more water vapour. This also increases the potential for heavy rainfalls. Warming-related 
changes in large-scale circulation influence the strength and extent of the overall monsoon circulation. Land use change and atmospheric aerosol loading can also affect 
the amount of solar radiation that is absorbed in the atmosphere and land, potentially moderating the land–sea temperature difference.
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Figure SPM.8 | Maps of CMIP5 multi-model mean results for the scenarios RCP2.6 and RCP8.5 in 2081–2100 of (a) annual mean surface temperature 
change, (b) average percent change in annual mean precipitation, (c) Northern Hemisphere September sea ice extent, and (d) change in ocean surface pH. 
Changes in panels (a), (b) and (d) are shown relative to 1986–2005. The number of CMIP5 models used to calculate the multi-model mean is indicated in 
the upper right corner of each panel. For panels (a) and (b), hatching indicates regions where the multi-model mean is small compared to natural internal 
variability (i.e., less than one standard deviation of natural internal variability in 20-year means). Stippling indicates regions where the multi-model mean is 
large compared to natural internal variability (i.e., greater than two standard deviations of natural internal variability in 20-year means) and where at least 
90% of models agree on the sign of change (see Box 12.1). In panel (c), the lines are the modelled means for 1986−2005; the filled areas are for the end 
of the century. The CMIP5 multi-model mean is given in white colour, the projected mean sea ice extent of a subset of models (number of models given in 
brackets) that most closely reproduce the climatological mean state and 1979 to 2012 trend of the Arctic sea ice extent is given in light blue colour. For 
further technical details see the Technical Summary Supplementary Material. {Figures 6.28, 12.11, 12.22, and 12.29; Figures TS.15, TS.16, TS.17, and TS.20}
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The high latitudes and the equatorial Pacific Ocean are likely to experience an increase 
in annual mean precipitation by the end of this century under the RCP8.5 scenario.

In many mid-latitude and subtropical dry regions, mean precipitation will likely decrease, 
while in many mid-latitude wet regions, mean precipitation will likely increase by the end 
of this century under the RCP8.5 scenario.

RCP2.6 RCP8.5
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90% of models agree on the sign of change (see Box 12.1). In panel (c), the lines are the modelled means for 1986−2005; the filled areas are for the end 
of the century. The CMIP5 multi-model mean is given in white colour, the projected mean sea ice extent of a subset of models (number of models given in 
brackets) that most closely reproduce the climatological mean state and 1979 to 2012 trend of the Arctic sea ice extent is given in light blue colour. For 
further technical details see the Technical Summary Supplementary Material. {Figures 6.28, 12.11, 12.22, and 12.29; Figures TS.15, TS.16, TS.17, and TS.20}
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Summary:
! Variations both observed in the past decades and in the models under the global warming  

scenario:
! Temperature: warming in the troposphere, cooling in the stratosphere, rise of 

the tropopause, the resulting variation of the flow baroclinicity.
! Tropical belt/Hadley cell: Hadley cell expansion/widening of tropical belt, 

poleward shift of jet stream, an increase in tropical precipitation.
! Midlatitude: Poleward migration of storm tracks.

! The model projected:
! Precipitation: an increase in tropical and high-latitude precipitation, decrease in 

the subtropic.
! ENSO: dominant inter-annual signal with central pacific El Nino seemed appear 

more frequently. 
! Monsoon: enhanced precipitation but weaken circulation. 


