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Grading/expectations
- Expectations
•

read the material before attending class

•

attend all classes (talk to me if you will be absent)

•

participate in class discussions (class with be really boring if you don’t)

•

give one lecture (to be discussed)

!
- Grading
•

No exams (final or otherwise), quizzes, etc.

•

Graded equally on
‣

participation

‣

presentation
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Webpage
- class webpage: http://barnes.atmos.colostate.edu/COURSES/AT780_F14/index.html
- webpage will contain
•

up-to-date reading assignments

•

slides from class

- syllabus is also posted, so please read it (it isn’t long or complicated)
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Presentation: part I
- this will be a student-led lecture series, you will present the material for the 75 minute
lecture
- present the assigned material but also include additional insights from other papers,
your experience, etc.
- I will be happy to help you prepare your material/go over your slides before class/
point you toward additional sources, etc.

assigned reading

extra resources
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Presentation: part II
- presentations should be structured around three themes:
•

what did the paper say?!
‣

•

critique: what was good about the paper? !
‣

•

include analysis, results, figures, tables, etc.

e.g. straight-forward analysis, novel conclusions, great figures, clear writing,
etc.

critique: what didn’t you like about the paper? !
‣

e.g. incorrect analysis, conclusions didn’t follow from the evidence, poor
presentation, writing was confusing

- for the critique portion, act as though you were a reviewer for this paper
- try and solicit class participation as much as possible
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Presentation: part III
1. IPCC 5th Assessment Report [Libby]
2. Internal atmospheric variability [Erin & Samantha]
3. Modes of variability
4. Storm tracks and jet-streams, part I [Marie]
5. Storm tracks and jet-streams, part II [Nick]
6. Stratospheric ozone recovery v.s. climate change
7. Hadley circulation and precipitation [Brandon]
8. Stratospheric circulation [Alexandra]
9. Model circulation biases with ties to dynamics [Todd]
10. Additional topic (e.g. weather extremes, Arctic amplification, clouds)
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IPCC Reports
IN TERGOV ERNMEN TA L PA NEL ON

FAR: 1990

climate change

CLIMATE CHANGE 2013

AR4: 2007

The Physical Science Basis

TAR: 1995

TAR: 2001

WG I

WORKING GROUP I CONTRIBUTION TO THE
FIFTH ASSESSMENT REPORT OF THE
INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE

http://www.ipcc.ch/report/ar5/wg1/
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TS

Technical Summary
Coordinating Lead Authors:
Thomas F. Stocker (Switzerland), Qin Dahe (China), Gian-Kasper Plattner (Switzerland)

Lead Authors:
Lisa V. Alexander (Australia), Simon K. Allen (Switzerland/New Zealand), Nathaniel L. Bindoff
(Australia), François-Marie Bréon (France), John A. Church (Australia), Ulrich Cubasch
(Germany), Seita Emori (Japan), Piers Forster (UK), Pierre Friedlingstein (UK/Belgium), Nathan
Gillett (Canada), Jonathan M. Gregory (UK), Dennis L. Hartmann (USA), Eystein Jansen (Norway),
Ben Kirtman (USA), Reto Knutti (Switzerland), Krishna Kumar Kanikicharla (India), Peter Lemke
(Germany), Jochem Marotzke (Germany), Valérie Masson-Delmotte (France), Gerald A. Meehl
(USA), Igor I. Mokhov (Russian Federation), Shilong Piao (China), Venkatachalam Ramaswamy
(USA), David Randall (USA), Monika Rhein (Germany), Maisa Rojas (Chile), Christopher Sabine
(USA), Drew Shindell (USA), Lynne D. Talley (USA), David G. Vaughan (UK), Shang-Ping Xie
(USA)

Contributing Authors:
Myles R. Allen (UK), Olivier Boucher (France), Don Chambers (USA), Jens Hesselbjerg
Christensen (Denmark), Philippe Ciais (France), Peter U. Clark (USA), Matthew Collins (UK),
Josefino C. Comiso (USA), Viviane Vasconcellos de Menezes (Australia/Brazil), Richard A. Feely
(USA), Thierry Fichefet (Belgium), Gregory Flato (Canada), Jesús Fidel González Rouco (Spain),
Ed Hawkins (UK), Paul J. Hezel (Belgium/USA), Gregory C. Johnson (USA), Simon A. Josey (UK),
Georg Kaser (Austria/Italy), Albert M.G. Klein Tank (Netherlands), Janina Körper (Germany),
Gunnar Myhre (Norway), Timothy Osborn (UK), Scott B. Power (Australia), Stephen R. Rintoul
(Australia), Joeri Rogelj (Switzerland/Belgium), Matilde Rusticucci (Argentina), Michael Schulz
(Germany), Jan Sedláček (Switzerland), Peter A. Stott (UK), Rowan Sutton (UK), Peter W. Thorne
(USA/Norway/UK), Donald Wuebbles (USA)

Review Editors:
Sylvie Joussaume (France), Joyce Penner (USA), Fredolin Tangang (Malaysia)
This Technical Summary should be cited as:
Stocker, T.F., D. Qin, G.-K. Plattner, L.V. Alexander, S.K. Allen, N.L. Bindoff, F.-M. Bréon, J.A. Church, U. Cubasch,
S. Emori, P. Forster, P. Friedlingstein, N. Gillett, J.M. Gregory, D.L. Hartmann, E. Jansen, B. Kirtman, R. Knutti, K.
Krishna Kumar, P. Lemke, J. Marotzke, V. Masson-Delmotte, G.A. Meehl, I.I. Mokhov, S. Piao, V. Ramaswamy, D.
Randall, M. Rhein, M. Rojas, C. Sabine, D. Shindell, L.D. Talley, D.G. Vaughan and S.-P. Xie, 2013: Technical Summary. In: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor,
S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA.
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hich anlow,
author
team has
assigned
a likelihood
term. is expressed using five qualifiers very low, low, medium, high, and very high, and typeset
medium,
or high.
A level
of confidence
in italics, e.g., medium confidence. Box TS.1, Figure 1 depicts summary statements for evidence and agreement and their relationship
summary
terms are used
to is
describe
the in
available
evidence: limited,
medium,
or robust;
and for thestatement,
degree of agreement:
to confidence.
There
flexibility
this relationship;
for a given
evidence
and agreement
different confidence levels can be
or high.
A level of
expressed
using five
low, low, medium,
very high,
and typeset
assigned,
butconfidence
increasingislevels
of evidence
andqualifiers
degreesvery
of agreement
correlatehigh,
with and
increasing
confidence.
medium confidence. Box TS.1, Figure 1 depicts summary statements for evidence and agreement and their relationship
There is flexibility in this relationship; for a given evidence and agreement statement, different confidence levels can be
increasing levels of evidence and degrees of agreement
correlateHigh
withagreement
increasing confidence.
High agreement
High agreement

Likelihood metrics in AR5

Agreement

High agreement
Limited evidence

Agreement

Limited evidence

Medium evidence

High agreement
High agreement
Medium
agreement
Medium
agreement Medium agreement
Medium evidence
Robust
evidence
Limited evidence
Medium evidence
Robust evidence

Medium agreement Medium agreement Medium agreement
Lowevidence
agreement Robust
Low
agreement
Limited evidence
Medium
evidence
Limited evidence
Medium evidence
Low agreement
Limited evidence

Robust evidence

Low agreement
Robust evidence

Low agreement
Low agreement
Confidence
Evidence
(type,
amount,
quality, consistency)
Medium evidence
Robust evidence
Scale

- assessment includes both
statistical analysis and
“expert judgement”

- while IPCC uses these terms
Confidence
very carefully, these
Scale
definitions are not often used
in the standard literature

Box TS.1, Figure 1 | A depiction of evidence and agreement statements and their relationship to confidence. Confidence increases toward the top right corner as
suggested by the increasing
strength
shading. quality,
Generally,consistency)
evidence is most robust when there are multiple, consistent independent lines of high quality. {Figure 1.11}
Evidence
(type,ofamount,

e 1 | A depiction of evidence and agreement statements and their relationship to confidence. Confidence increases toward the top right corner as
Thestrength
following
termsGenerally,
have been
used
to indicate
thethere
assessed
likelihood,
typesetlines
in italics:
increasing
of shading.
evidence
is most
robust when
are multiple,
consistentand
independent
of high quality. {Figure 1.11}

Term*
Likelihood of the outcome
terms have Virtually
been used
to indicate the assessed likelihood, and
typeset probability
in italics:
certain
99–100%
Very likely
90–100% probability
Likelihood of the outcome
Likely
certain
99–100% probability 66–100% probability
About as likely as not
y
90–100% probability 33–66% probability
Unlikely
66–100% probability 0–33% probability
likely as notVery unlikely
33–66% probability 0–10% probability
Exceptionally unlikely
0–33% probability 0–1% probability
kely
0–10% probability
* Additional terms (extremely likely: 95–100% probability, more likely than not: >50–100% probability, and extremely unlikely:
nally unlikely
0–1% probability
0–5% probability) may also be used when appropriate.
erms (extremely likely: 95–100% probability, more likely than not: >50–100% probability, and extremely unlikely:
bility) may also be used when appropriate.
36
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CMIP5 = coupled model intercomparison project, phase 5

- CMIP5 is meant to provide a framework for coordinated climate change experiments
- Many models (and modeling groups) participate
- CMIP5 is distinct from the IPCC report!
ATS 780: Atmosphere’s Response to Climate Change
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RCPs = representative concentration232 pathways
230

Climatic Change (2011) 109:213–241
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Fig. 4 Total radiative forcing (anthropogenic plus natural) for RCPs,—supporting the original names of the
four pathways as there is a close match between peaking, stabilization and 2100 levels for RCP2.6 (called as
well RCP3-PD), RCP4.5 & RCP6, as well as RCP8.5, respectively. Note that the stated radiative forcing
levels refer to the illustrative default median estimates only. There is substantial uncertainty in current and
future radiative forcing levels. Short-term variations in radiative forcing are due to both volcanic forcings in
the past (1800–2000) and cyclical solar forcing—assuming a constant 11-year solar cycle (following the
CMIP5 recommendation), except at times of stabilization
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SCP6to4.5
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RCP4.5
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circulation rates, outweighing initial decreases in tropospheric sinks due to lower OH
concentrations (see Section 2.4 and Fig. 5d).
RCP4.5 and RCP6 are both stabilization scenarios, with constant concentrations after
2150. By stabilizing CO2 concentrations at 543 ppm, RCP4.5 comes very close to a
doubling of pre-industrial CO2 concentration (278 ppm)—and is hence only slightly
higher than the SRES B1 scenario and its constant extension after 2100 with 540 ppm
CO2 (see Bern-CC (reference) case in Appendix II.2.1 in Houghton et al. 2001). The
RCP6 scenario stabilizes 200 ppm higher, at 752 ppm CO2 (see Fig. 5).
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Global temperature changes
- GMST = global mean surface
temperature
- rate of warming dependent
on the scenario mid-21st
century
- model spread is similar at
2100 for all scenarios

39
25
42
32

12
17
12

42 models
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Regional Temperature
- land will warm more than the
oceans [very high confidence]
- Arctic will warm the most [very
high confidence]
- more hot temperatures, fewer
cold temperatures [virtually
certain]

page 89
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Near-term Climate Change:
Projections and Predictability
Coordinating Lead Authors:
Ben Kirtman (USA), Scott B. Power (Australia)

Lead Authors:

2016-2035!
compared to 1986-2005

Akintayo John Adedoyin (Botswana), George J. Boer (Canada), Roxana Bojariu (Romania), Ines
Camilloni (Argentina), Francisco Doblas-Reyes (Spain), Arlene M. Fiore (USA), Masahide Kimoto
(Japan), Gerald Meehl (USA), Michael Prather (USA), Abdoulaye Sarr (Senegal), Christoph Schär
(Switzerland), Rowan Sutton (UK), Geert Jan van Oldenborgh (Netherlands), Gabriel Vecchi
(USA), Hui-Jun Wang (China)

Contributing Authors:
Nathaniel L. Bindoff (Australia), Philip Cameron-Smith (USA/New Zealand), Yoshimitsu
Chikamoto (USA/Japan), Olivia Clifton (USA), Susanna Corti (Italy), Paul J. Durack (USA/
Australia), Thierry Fichefet (Belgium), Javier García-Serrano (Spain), Paul Ginoux (USA), Lesley
Gray (UK), Virginie Guemas (Spain/France), Ed Hawkins (UK), Marika Holland (USA), Christopher
Holmes (USA), Johnna Infanti (USA), Masayoshi Ishii (Japan), Daniel Jacob (USA), Jasmin John
12
(USA), Zbigniew Klimont (Austria/Poland), Thomas Knutson (USA), Gerhard Krinner (France),
17 (USA), Vaishali Naik (USA/India),
David Lawrence (USA), Jian Lu (USA/Canada), Daniel Murphy
39
Alan Robock (USA), Luis Rodrigues (Spain/Brazil), Jan
Sedláček (Switzerland), Andrew Slater
12
(USA/Australia), Doug Smith (UK),
25David S. Stevenson (UK), Bart van den Hurk (Netherlands),
Twan van Noije (Netherlands), Steve Vavrus (USA), Apostolos Voulgarakis (UK/Greece), Antje
42
Weisheimer (UK/Germany), Oliver Wild (UK), Tim Woollings (UK), Paul Young (UK)

32

Review Editors:
Pascale Delecluse (France), Tim Palmer (UK), Theodore Shepherd (Canada), Francis Zwiers
(Canada)

42 models

This chapter should be cited as:
Kirtman, B., S.B. Power, J.A. Adedoyin, G.J. Boer, R. Bojariu, I. Camilloni, F.J. Doblas-Reyes, A.M. Fiore, M. Kimoto,
G.A. Meehl, M. Prather, A. Sarr, C. Schär, R. Sutton, G.J. van Oldenborgh, G. Vecchi and H.J. Wang, 2013: Near-term
Climate Change: Projections and Predictability. In: Climate Change 2013: The Physical Science Basis. Contribution
of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Stocker,
T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)].
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.
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Near-term Climate Change: Projections and Predictability

Projections using CMIP5 models
- projections are not initialized
using observations
•

this means e.g. models
will not replicate the
weather on a given day,
they weren’t designed that
way

- three sources of uncertainty:
•

internal variability

•

forcing of the system

•

response of the system

- more on this from Erin &
Samantha on Thursday

page 978
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NH Extratropical circulation by ~2035/45
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−0.5
Northern Hemisphere
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Fig. 1. The North America/North Atlantic sector (white contours) used to define the circulation
metrics used in this study. Also shown is the (shading) 500 geopotential height on January 15, 2005
from the GFDL-CM3 Historical integration. An example geopotential height isopleth (5350 m) is
outlined by the dashed black line, with white circles indicating the day’s maximum and minimum
latitudes over the North America/North Atlantic region.
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regression, and the bounds on the slopes denote the
symmetric 95% confidence interval. Note that the 10-yr
smoothing causes the O3DEPL period (1970–2005) to
include data from 2006 to 2010, when the different RCPs
begin to diverge. Thus, trends during the O3DEPL period differ slightly depending on the RCP used in the
smoothing.

SH Extratropical circulation by ~2035
- SH jet has been shifting
of the circulation
poleward 3.inSeasonal
recentshifts
decades
The position of the Southern Hemisphere midlatitude
in summerjet(DJF)
stream determines the path of storms and drives
ocean circulations and sea ice dispersion, and stratospheric ozone depletion is known to cause a poleward
shift of the Southern Hemisphere jet in summer. As for
previous generations of climate models (Kidston and
Gerber 2010), the CMIP5 models exhibit an up to 88
Near-term Climate Change: Projections and Predictability
Chapter 11
equatorward bias of the Southern Hemisphere jet stream
position (Barnes and Polvani 2013; Ceppi et al. 2012).
Thus, we define for each model simulation the ‘‘relative
winds are likely to shift
poleward relative to 1986–2005. However, even
jet position’’ as the latitude of the jet with respect to its
though a full recovery
of the ozone
holelatitude.
is not expected
untilthe
the relative
2060s posiaverage
1900–10
By plotting
to 2070s (Table 5.4; tion
WMO,
Chapter
12), itbetween
is likely 1900
that over
of 2010;
the jetsee
(shift)
over time
and 2100 in
the near term there each
will be
a reduced
rate averaging
in the austral
model,
and then
the summertime
results together in
Fig.
we avoid the
difficulty
of model spread
poleward shift of the
SH1,circumpolar
trough,
SH extratropical
stormmasking
the coherent
jetover
shift.the past 30 years,
tracks and winds compared
to itspoleward
movement
timeshift.
periods naturally emerge from the
including the possibilityFour
of nodistinct
detectable
time series of jet position in Fig. 1 (which represents
the multimodel mean): 1) HIST (1900–70), 2) O3DEPL
11.3.2.4.3 Tropical circulation
(1970–2005), 3) O3RCVR (2005–45), and 4) GHGdominated FUTR (2045–99). Throughout the HIST
Increases in GHGs are
expected
lead to remains
a poleward
shift ofunchanged,
the
period,
the jettoposition
relatively
Hadley Circulation (Lu
2007;
Chaptershift
12, isFigure
11.18).
Relative
buteta al.,
sharp
southward
evident
during
the O3DEPL
FIG. 1. Time series of the CMIP5 Southern Hemisphere DJF
to the late 20th century,
thewith
tendency
towards amean
poleward
expansion
period,
the multimodel
showing
a 21.788 shift
jet position relative to the 1900–10 value over the historical
of the Hadley Circulation
start
toinemerge
by(see
the Table
mid-2030s,
of thewill
jet in
DJF
RCP8.5
3): thiswith
number is
and three climate scenarios, (a) RCP8.5, (b) RCP4.5, and (c) RCP2.6.
in
excellent
agreement
with
previous
studies
(see
Table
2
certain intra-model consensus in the SH expansion, despite the coun- Figure 11.15
Thin black
curves
denote the
individual
and changes
the multi| CMIP5
multi-model
ensemble
meanmodels,
of projected
(m s–1) in
of Polvani
et al.(Figure
2011b).11.18). As with near-term zonal (west-to-east)
model meanwind
is plotted
black.
Red lines denote
piecewise under
teracting effect of ozone
recovery
at 850inhPa
for 2016–2035
relative the
to 1986–2005
linear least squares slopes, which are also given in the panels
pagechanges
988-9 in SH extratropical
If thecirculation,
large poleward
of the jetprojections
during O3DEPL
RCP4.5. The
number of CMIP5 models used is indicated in the upper right corner. Hatcha key shift
for near-term
above in units of degrees per decade. Time series have been
was primarily a result of GHG emissions (which ing
areand stippling
Barnes
et
al.
(2014)
as in Figure 11.10.
of the structure of the SH Hadley Circulation is the extent to which
smoothed using a 10-yr moving average filter (see section 2d
increasing over this period for all scenarios), then one
for details).
future stratospheric ozone recovery will counteract the impact of
expecttothe
poleward
trend in the jet position to
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- this is expected to have been
driven by stratospheric ozone
loss (not GHGs)
- recovery of stratospheric
ozone will oppose effects of
increasing GHGs

- likely that SH poleward jet
shift will slow down by 2050,
including the possibility of no
detectable shift

eric ozone depletion (Thompson and Solomon, 2002; Son
2009a, 2009b; Polvani et al., 2011a, 2011b; Min and Son,
he concurrent increase in GHGs (Arblaster and Meehl,
ter et al., 2011) as discussed in the previous section. The
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Hadley circulation
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- considerable uncertainty in the
magnitude of the expected
shift
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- GHGs expected to lead to a
poleward11shift of the Hadley
circulation
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6 GFDL−ESM2G
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411 15
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2
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- expected to emerge by 2030,
but ozone recovery could
counteract this effect in the SH

10

13

13

−0.6
southward

ed in the SH by reduced stratospheric ozone depletion but depends
on the rate of ozone recovery (UNEP and WMO, 2011). Increases in
the incoming solar radiation can lead to a widening of the Hadley
Cell (Haigh, 1996; Haigh et al., 2005) and large volcanic eruption to

NH
SH
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−0.6

southward

−0.4
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0

0.2

0.4

Displacement of the Hadely Cell boundaries (°lat)

0.6

0.8

- likely that poleward extent of
Hadley cell with increase by
2050

northward

- low confidence in the changes
Projected changes in the annual averaged poleward edge of the Hadley Circulation (horizontal axis) and sub-tropical dry zones (vertical axis) based on 15 Atmotothethe
General Circulation Models (AOGCMs) from the CMIP5 (Taylor et al., 2012) multi-model ensemble, under 21st century RCP4.5. Orange symbols show
changestructure of the NH
edge of the Hadley Circulation/dry zones, while blue symbols show the change in the southern edge of the Hadley Circulation/dry zones. Open circles indicate the
Hadley circulation
erage, while horizontal and vertical coloured lines indicate the ±1 standard deviation range for internal climate variability estimated from each model. Values refer-

86–2005 climatology. (Figure based on the methodology of Lu et al., 2007.)
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Long-term temperature changes
Long-term Climate Change: Projections, Commitments and Irreversibility

- larger warming for larger
forcing

Chapter 12

Annual mean surface air temperature change

- RCP2.6 shows little change
beyond near-term response RCP2.6
- larger warming over land vs
ocean (not heat capacity
effect), likely ratio of 1.4 to
1.7
RCP4.5
- very high confidence that
the Arctic will warm most
- very likely Atlantic
Meridional Overturning
circulation will weaken
(possibly leading to
observed cooling there)…
but no collapse

ATS 780: Atmosphere’s Response to

RCP6.0

RCP8.5

Figure 12.11 | Multi-model ensemble average of surface air temperature change (compared to 1986–2005 base period) for 2046–2065, 2081–2100, 2181–2200 for RCP2.6,
1062-3
4.5, 6.0 and 8.5. Hatching indicates regions where the multi-model mean change is less than one standard deviation of internal variability. Stippling page
indicates regions
where the
multi-model mean change is greater than two standard deviations of internal variability and where at least 90% of the models agree on the sign of change (see Box 12.1). The
of CMIP5 models used is indicated in the upper right corner of each panel.
Climatenumber
Change
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Long-term Climate Change: Projections, Commitments and Irreversibility

Zonal-mean temperature changes

Chapter 12

- maximum warming in the tropical upper troposphere (decline in moist adiabatic lapse rate)
- cooling in the mid- to upper-stratosphere
- clear Arctic amplification in RCP8.5
- meridional temperature gradients increase aloft and decrease near the surface
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Zonal-mean temperature changes
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- maximum warming in the tropical upper troposphere (decline in moist adiabatic lapse rate)
- cooling in the mid- to upper-stratosphere
- clear Arctic amplification in RCP8.5
- meridional temperature gradients increase aloft and decrease near the surface
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Long-term Climate Change: Projections, Commitments and Irreversibility

Zonal-mean temperature changes

Chapter 12

- maximum warming in the tropical upper troposphere (decline in moist adiabatic lapse rate)
- cooling in the mid- to upper-stratosphere
- clear Arctic amplification in RCP8.5
- meridional temperature gradients increase aloft and decrease near the surface

Why are the RCP’s different in the SH polar lower stratosphere?
page 1064-5
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NH seasonal-mean temperature changes
(a) temperature response [JFM]
(2076−2099) minus (1980−2004)

(b) temperature response [JAS]
(2076−2099) minus (1980−2004)
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Fig.
2. The
multi-modellargest
mean air
- Arctic
amplification
in temperature
NH winter response (shading) between 2099-2076 and 19802004 under RCP8.5 zonally-averaged over the Northern Hemisphere. The white box denotes the
region
used to calculate the
polar temperature
- upper-tropospheric
warming
largest inresponse
summerand Arctic amplification. Also shown is the
North America/North Atlantic jet-stream (zonal wind averaged over the sector) contoured every 5
m/s starting at 5 m/s, with the multi-model mean position of the midlatitude jet-stream denoted
by the dashed vertical line.

Barnes & Polvani (2014)
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NH seasonal-mean temperature changes
(a) temperature response [JFM]
(2076−2099) minus (1980−2004)

(b) temperature response [JAS]
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used to calculate the
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warming
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summerand Arctic amplification. Also shown is the
North America/North Atlantic jet-stream (zonal wind averaged over the sector) contoured every 5
m/s starting at 5 m/s, with the multi-model mean position of the midlatitude jet-stream denoted
by the dashed vertical line.
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Long-term Climate Change: Projections, Commitments and Irreversibility
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Zonal-wind change
Chapter 12

Long-term Climate Change: Projections, Commitments and Irreversibility

Figure 12.19 | Coupled Model Intercomparison Project Phase 5 (CMIP5) multi-model ensemble average of zonal and annual mean wind change (2081–2100 minus 1986–2005)
for, from left to right, Representative Concentration Pathway 2.6 (RCP2.6), 4.5 and 8.5. Black contours represent the multi-model average for the 1986–2005 base period. Hatching
indicates regions where the multi-model mean change is less than one standard deviation of internal variability. Stippling indicates regions where the multi-model mean change is
greater than two standard deviations of internal variability and where at least 90% of models agree on the sign of change (see Box 12.1).

- intensification of SH tropospheric jet

- large changes in tropical stratospheric winds

all other RCPs, the magnitude of SH extratropical changes scales with shift found in the multi-model mean under the low emissions scenario
the RF, as found in previous model ensembles (Paeth and Pollinger, of RCP2.6 (Swart and Fyfe, 2012) and weak or poleward shifts in other
-2010;subtropical
jet expected
to strengthen, mid-latitude
jet expected
to 2012).
shift…
Simpkins and Karpechko,
2012).
RCPs (Swart and Fyfe,
2012; Wilcox et al.,
Eyring et al. (2013)
note the sensitivity of the CMIP5 SH summertime circulation changes
Large increases in seasonal sea level pressure are also found in regions to both the strength of the ozone recovery (simulated by some models
page 1072
of sub-tropical drying such as the Mediterranean and northern Africa interactively) and the rate of GHG increases.
ATS 780:
Atmosphere’s
to Climate
Change
Fall 2014
in DJF
and AustraliaResponse
in JJA. Projected
changes
in the tropics are less

Jet shifts

7132

JOURNAL O

- poleward shifts of the midlatitude jets are likely
[medium confidence]
- projected jet shifts are
larger in the SH than the
NH

Barnes & Polvani (2013)
FIG. 12. Seasonal-mean jet shift (degrees poleward)
between the
ATS 780: Atmosphere’s Response to ClimateHistorical
Change
2014
and RCP8.5 experiments for the three sectors. TheFallbars

Equatorward jet bias: Southern Hemisphere
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- equatorward bias of the jet position in the models limit our confidence

ATS 780: Atmosphere’s Response to Climate Change

Fall 2014

Equatorward jet bias: North Atlantic
CMIP5 Historical jet latitude (N. Atlantic)
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Stratospheric circulation changes

ogy of the Brewer–Dobson Circulation

Hardiman, Butchart et al. (2014)

- Brewer-Dobson circulation is
likely to strengthen

Morphology of the Brewer–Dobson Circulation

- intensified tropical upward
Figure 2. Upper panels: Turn-around latitudes calculated from annual mean w (mm s ) climatologies for ERA-Interim (1989–2009) and models (1960–2000).
mass
possibly
due
Dashed black lines show the turn-around latitudes for ERA-Interim, with light grey shading showing the interannual
standardflux
deviation,
scaled to represent
a 95% to
mean w*

∗

−1

confidence interval. Solid black lines show turn-around latitudes for the multi-model mean w∗ , with dark grey shading showing inter-model standard error, scaled to
represent a 95% confidence interval. Individual model turn-around latitudes are shown by thin coloured lines, as specified in the key. Tropical upwelling is calculated
for each year, as the mass upwelling between turn-around latitudes, and then averaged (1960–2000 for the models,•and 1989–2009 for ERA-Interim). Lower panels:
Trend in the turn-around latitudes and upwelling mass flux for the models, using a linear fit to years 2006–2099 from the RCP 8.5 scenario simulations, with dark grey
shading showing inter-model standard error as above. Thin horizontal lines are shown at 70 and 10 hPa to aid comparison to previous studies. Note that, as discussed
in detail by Hardiman et al. (2007), the turn-around latitudes of the mean w∗ , and their trends, are not equal to the mean of the individual model turn-around
latitudes and their trends.

enhanced wave activity due
to jet changes (planetary
waves)

latitudes. Instead, Figure 4 shows that the maximum increase
•
◦
wave
excitation
from
occurs in
the region 50◦ –60
N,
in u in the upper stratosphere
a behaviour dominated by thediabetic
winter hemisphere
(not shown).
3.2. Turn-around latitudes and tropical upwelling mass flux
In this section, the mechanisms leading to the changes in the
heating
position of the turn-around
latitudesvalues
are considered.
In steady), for ERA-Interim (1989–2009), and the CMIP5 models. Multi-model
mean (MMM)
are shown,
Estimating the wave refractive index (which assumes linear waves
ψ , atgrey
a given
stream function,
tropical
upwelling
mass flux
height z isfunction (kg m−1state
s−1 conditions,
) is showntheinresidual
logarithmically
spaced
own as aThe
bold
black
contour.
Theat stream
propagating on a slowly varying background flow; Matsuno,
log-pressure height, z, and latitude, φ , is driven by the force
φ
,
and
above
log-pressure
height
from
wave
breaking
at
latitude
M(z) = 2π a{ψmax (z) − ψmin (z)},
(4)
1970) from the monthly •meanorographic
dynamical fields, itwaves
is found that
z (Eq. 2.5 in Haynes et al., 1991). The Charney–Drazin criterion
from
the equatorward refraction of the upward propagating planetary
where ψmax and ψmin are the maximum/minimum values of (Andrews et al., 1987, p. 178) states that stationary waves (waves
ψ , which occur at the northern/southern turn-around latitudes with zero phase speed) can only propagate in westerly zonal flow
waves
in the winter hemisphere
is weakened due to
climate
strengthened
subtropical
jet
u = 0 is theto
‘critical
for such waves,
(Rosenlof,
2 shows
and (u > 0), thus
w*
trend
g mass flux 1995). FigureIn
thisclimatological
section,values
the for,
mechanisms
leading
theline’
changes
in separating
the
trends in, the turn-around latitudes and the tropical upwelling regions of wave propagation from regions of wave evanescence.
change, most likely due to the increasing u in midlatitudes.
position
the etturn-around
latitudes
considered.
steadythe critical are
line, nonlinear
effects willIn
dominate
(Andrews
mass flux as a function
of height.of
Seviour
al. (2012) point Near
1987, pp. 253–258) and stationary wave breaking will likely
out that, in ERA-Interim,
width of the upwelling
at et al., stream
statetheconditions,
theregion
residual
function, ψ , at a given This will contribute to the poleward movement of the turn70 hPa is 53.3% of the global surface area. The corresponding occur in the regions of weak zonal wind just poleward of the
latitudes. Furthermore,
the explicitly calculated
stationary
line. Therefore
turn-aroundby
latitudes
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- strengthening
BDC
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value for the multi-model
mean is 56.4%.height,
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the critical
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critical
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as shownlog-pressure
in Figure 3.
upwelling velocities.
Compared
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are of theφ
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(4) from
result
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age
the al., 1987) also indicates
Figure 3 shows that, on average, the u = 0 critical line in et
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2.5
in
Haynes
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valueswider
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Figure 2 shows turn-around
latitude
Thispropagation
suggests possibly first
regions
oftrends.
wave
from
regions
of2◦wave
evanescence.
(not shown).
The equatorward
century,
by at most
opical upwelling
different mechanisms are responsible for the changes in these movement of the critical line for stationary waves is therefore
adds weight to our conclusions. In addition, gravity wave drag
thefurther
critical
line, nonlinear
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dominate
(Andrews
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bands, Near
as discussed
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with expectedeffects
to dominate
the changes
in the location
of wave breaking.
al. (2012)
point
Butchart et al. (2010),
upwelling
masspp.
flux is
found to increase
as noted wave
in the previous
section,
the likely
turn-around
might also play an important role in the upwelling trends in the pages 1073-4
ettheal.,
1987,
253–258)
andHowever,
stationary
breaking
will
elling with
region
climate at
change at all altitudes throughout the stratosphere. latitudes only move equatorward below 20 hPa, and they move
The percentage change
in the upwelling
flux (not shown)
is poleward
occur
in themassregions
of weak
zonal
just poleward of the upper stratosphere, as shown by Garcia and Randel (2008) for
from wind
20 to 3 hPa.
corresponding
∗ Figure 4−shows
1
−
1 equatorward shift in the u = 0 critical
3.5% per decadeFigure
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for Contours
the RCP 8.5 scenario
analysed
here,
that
the
show trendthe
inby
w Climate
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) using(situated
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line.
latitudes
attothe the Whole-Atmosphere Community Climate Model (WACCM).
as expected iscritical
larger than the
1.8%Therefore
per decade obtained
Figure 1. Annual mean residual vertical velocity, w∗ (mm s−1 ), for ERA-Interim (1989–2009), and the CMIP5 models. Multi-model mean (MMM) values are shown,
using historical simulations (1960–2000). The zero line is shown as a bold black contour. The stream function (kg m−1 s−1 ) is shown in logarithmically spaced grey
contours. Dashed contours represent negative values.
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change in storm track density

- low confidence in response of
NH storm track
- NH storm tracks show reduced
frequency of storms
- more intense cyclones over
North Pacific
c
Southern Hemisphere JJA

•

horizontal resolution

•

AMOC (Atlantic meridional
overturning circulation)

•

c
29 d
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- NH response is let certain
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Relative humidity (RH)
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- past studies have found RH remains approximately constant in future simulations…
el mean change is less than one standard deviation of internal
but response is more nuanced than this
of internal variability and where at least 90% of models agree
- near-surface RH tends to decrease over land [medium confidence, likely]…WHY?
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Projections of future changes in the water cycle are inextricably connected to changes in the energy cycle (Section 12.4.3) and atmospheric
circulation (Section 12.4.4).

‘a broad-scale, quasi-unchanged RH response [to climate change] is
uncontroversial’ (Randall et al., 2007). However, underlying this fairly
straightforward behaviour are changes in RH that can influence changes in cloud cover and atmospheric convection (Sherwood, 2010). More
Saturation vapour pressure increases with temperature, but projected recent analysis provides further detail and insight on RH changes. Analfuture changes in the water cycle are far more complex than projected ysis of CMIP3 and CMIP5 models shows near-surface RH decreasing
temperature changes. Some regions of the world will be subject to over most land areas as temperatures increase with the notable excepdecreases in hydrologic activity while others will be subject to increas- tion of parts of tropical Africa (O’Gorman and Muller, 2010) (Figure
es. There are important local seasonal differences among the responses 12.21). The prime contributor to these decreases in RH over land is the
of the water cycle to climate change as well.
larger temperature increases over land than over ocean in the RCP scenarios (Joshi et al., 2008; Fasullo, 2010; O’Gorman and Muller, 2010).
At first sight, the water cycles simulated by CMIP3/5 models may The specific humidity of air originating over more slowly warming
appear to be inconsistent, particularly at regional scales. Anthropogen- oceans will be governed by saturation temperatures of oceanic air. As
ic changes to the water cycle are superimposed on complex naturally this air moves over land and is warmed, its relative humidity drops as
varying modes of the climate (such as El Niño-Southern Oscillation any further moistening of the air over land is insufficient to maintain
(ENSO), AO, Pacific Decadal Oscillation (PDO), etc.) aggravating the dif- constant RH, a behaviour Sherwood et al. (2010) term a last-saturaferences between model projections. However, by careful consideration tion-temperature constraint. The RH decrease over most land areas by
of the interaction of the water cycle with changes in other aspects of the end of the 21st century is consistent with a last-saturation-temperthe climate system, the mechanisms of change are revealed, increasing ature constraint and with observed behaviour during the first decade
confidence in projections.
of the current century (Section 2.5.5; Simmons et al., 2010). Land–
ocean differences in warming are projected to continue through the
12.4.5.1 Atmospheric Humidity
21st century, and although the CMIP5 projected changes are small,
they
areregions
consistent
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indicating with
ges in near-surface
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underMMM
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MMM change
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for water
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12.1).
significantly affected directly by human activities. A common experi- 12.4.5.2 Patterns of Projected Average Precipitation Changes
ence from past modelling studies is that relative humidity (RH) remains
approximately constant on climatological time scales and planetary Global mean precipitation changes have been presented in Section
- past studies
have found RH remains approximately constant in future simulations…
space scales, implying a strong constraint by the Clausius–Clapeyron 12.4.1.1. The processes that govern large-scale changes in precipitarelationshipis
on more
how specific
humidity will change.
AR4 stated that tion are presented in Section 7.6, and are used here to interpret the
but response
nuanced
thanThethis

Relative humidity (RH)

cember, January and February (DJF, left), June, July and August
81–2100 (bottom row). The changes are differences in relative
el mean change is less than one standard deviation of internal
of internal variability and where at least 90% of models agree

- near-surface RH tends to decrease over land [medium confidence, likely]…WHY?
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2011; Chou and Lan, 2012).
c CO2Camargo,
reduces
the radiative cooling
Long-term precipitation changes are driven mainly by the increase of
the surface temperature, as presented above, but other factors also
contribute to them. Recent studies suggest that CO2 increase has a significant direct influence on atmospheric circulation, and therefore on
global and tropical precipitation changes (Andrews et al., 2010; Bala et
al., 2010; Cao et al., 2012; Bony et al., 2013). Over the ocean, the positive RF from increased atmospheric CO2 reduces the radiative cooling

Precipitation

depletion contributes to the poleward expansion of the Hadley Cell
and the related change of precipitation in the SH (Kang et al., 2011)
whereas black carbon and tropospheric ozone increases are major contributors in the NH (Allen et al., 2012). Regional precipitation changes
depend on regional forcings and on how models simulate their local
and remote effects. Based on CMIP3 results, the inter-model spread
of the estimate of precipitation changes over land is larger than the
inter-scenario spread except in East Asia (Frieler et al., 2012).

nal mean percentage precipitation change (RCP8.5)
- CMIP3: “wet get wetter, dry get drier”
Seasonal mean percentage precipitation change (RCP8.5)

- decline in precip. on poleward flanks of
subtropical dry zones (dynamics = Hadley
cell shift + jet shift)
- increased precip. in mid-to-high latitudes
mainly due to increasing temp.
(thermodynamics)

- equatorial changes are tied to equatorward
shift of ITCZ

12

- high-confidence that contrast between wet
and dry seasons will increase
- high-confidence that contrast between wet
and dry regions will increase
“Thus the amplitude of the multi-model ensemble mean
precipitation response significantly underestimates the
median amplitude computed from each individual model”
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Figure 12.22 | Multi-model CMIP5 average percentage change in seasonal mean precipitation relative to the reference period 1986–2005 averaged over the periods 2045–2065,
2081–2100
and 2181–2200 under Response
the RCP8.5 forcing scenario.
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Stratospheric circulation changes
- Brewer-Dobson circulation is likely
to strengthen
- intensified tropical upward mass
flux possibly due to
•

enhanced wave activity due to
jet changes

•

diabatic heating induced waves

•

orographic waves from
strengthened subtropical jet

- strengthening BDC likely to result in
a decreased mean age of air in the
lower stratosphere

“Introduction to Tropical Meteorology”, Laing & Evans
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latitudes in the vicinity of the tropopause, a signature of the increase of
the altitude of high level clouds in convective regions (Wetherald and
Manabe, 1988; Meehl et al., 2007b; Soden and Vecchi, 2011; Zelinka
et al., 2012). Low-level clouds were identified as a primary cause of
inter-model spread in cloud feedbacks in CMIP3 models (Bony and

Title here

across models (Meehl et al., 2007b) which leads to a positive feedback whereby the LW emissions from high clouds decrease as they
cool (Figure 12.16b). The dominant driver of this effect is the increase
of tropopause height and physical explanations have been proposed
(Hartmann and Larson, 2002; Lorenz and DeWeaver, 2007; Zelinka

Figure 12.17 | CMIP5 multi-model changes in annual mean total cloud fraction (in %) relative to 1986–2005 for 2081–2100 under the RCP2.6 (left), RCP4.5 (centre) and RCP8.5
(right) forcing scenarios. Hatching indicates regions where the multi-model mean change is less than one standard deviation of internal variability. Stippling indicates regions where
the multi-model mean change is greater than two standard deviations of internal variability and where 90% of the models agree on the sign of change (see Box 12.1). The number
of CMIP5 models used is indicated in the upper right corner of each panel.
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n dry and wet regions and that the contrast between wet
seasons will increase over most of the globe as temperatures
e. The general pattern of change indicates that high latitudes
y likely to experience greater amounts of precipitation due to
eased specific humidity of the warmer troposphere as well as
ed transport of water vapour from the tropics by the end of this

Precipitation

annual runoff are likely in the high northern latitudes corresponding to
large increases in winter and spring precipitation by the end of the 21st
century under the RCP8.5 scenario. Regional to global-scale projected
decreases in soil moisture and increased risk of agricultural drought
are likely in presently dry regions and are projected with medium confidence by the end of this century under the RCP8.5 scenario. Prominent

- “high confidence that the
contrast of annual mean
precipitation between dry and
wet regions and that the
contrast between wet and dry
seasons will increase over most
of the globe as temperatures
increase.”
- more intense storms, fewer
weak storms [likely]
- “Over most of the mid-latitude
land masses and over wet
tropical regions, extreme
precipitation events will very
likely be more intense and
more frequent in a warmer
world.”

S.16 | Maps of multi-model results for the scenarios RCP2.6, RCP4.5, RCP6.0 and RCP8.5 in 2081–2100 of average percent change in mean precipitation. Changes are
lative to 1986–2005. The number of CMIP5 models to calculate the multi-model mean is indicated in the upper right corner of each panel. Hatching indicates regions
e multi- model mean signal is less than 1 standard deviation of internal variability. Stippling indicates regions where the multi- model mean signal is greater than 2
deviations of internal variability and where 90% of models agree on the sign of change (see Box 12.1). Further detail regarding the related Figure SPM.8b is given in the
mentary Material. {Figure 12.22; Annex I}
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