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Scheduling

- 1 credit class 

- two 75-minute lectures each week (T/Th 9-10:15) 

- this means class will be over in 5 weeks 

- tentative end-date is Sept. 25 

- lectures may need to be postponed until the ~end of November
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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)

http://barnes.atmos.colostate.edu/COURSES/AT780_F14/index.html
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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?!

‣ include analysis, results, figures, tables, etc. 

• critique: what was good about the paper? !

‣ 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
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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
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8. Stratospheric circulation [Alexandra]
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10. Additional topic (e.g. weather extremes, Arctic amplification, clouds)
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IPCC Reports

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

CLIMATE CHANGE 2013
The Physical Science Basis

WORKING GROUP I CONTRIBUTION TO THE 

FIFTH ASSESSMENT REPORT OF THE 

INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE

WG I

INTERGOVERNMENTAL PANEL ON�climate change

AR4: 2007

TAR: 2001
TAR: 1995

FAR: 1990

http://www.ipcc.ch/report/ar5/wg1/
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Likelihood metrics in AR5

- assessment includes both 
statistical analysis and 
“expert judgement” 

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

AR5 Technical Summary; Box TS.1

TS

Technical Summary

36

Box TS.1 |  Treatment of Uncertainty

Based on the Guidance Note for Lead Authors of the IPCC Fifth Assessment Report on Consistent Treatment of Uncertainties, this WGI 
Technical Summary and the WGI Summary for Policymakers rely on two metrics for communicating the degree of certainty in key find-
ings, which is based on author teams’ evaluations of underlying scientific understanding:

• Confidence in the validity of a finding, based on the type, amount, quality and consistency of evidence (e.g., mechanistic under-
standing, theory, data, models, expert judgement) and the degree of agreement. Confidence is expressed qualitatively.

• Quantified measures of uncertainty in a finding expressed probabilistically (based on statistical analysis of observations or model 
results, or expert judgement).

The AR5 Guidance Note refines the guidance provided to support the IPCC Third and Fourth Assessment Reports. Direct comparisons 
between assessment of uncertainties in findings in this Report and those in the AR4 and the SREX are difficult, because of the applica-
tion of the revised guidance note on uncertainties, as well as the availability of new information, improved scientific understanding, 
continued analyses of data and models and specific differences in methodologies applied in the assessed studies. For some climate 
variables, different aspects have been assessed and therefore a direct comparison would be inappropriate.

Each key finding is based on an author team’s evaluation of associated evidence and agreement. The confidence metric provides a 
qualitative synthesis of an author team’s judgement about the validity of a finding, as determined through evaluation of evidence and 
agreement. If uncertainties can be quantified probabilistically, an author team can characterize a finding using the calibrated likelihood 
language or a more precise presentation of probability. Unless otherwise indicated, high or very high confidence is associated with 
findings for which an author team has assigned a likelihood term.

The following summary terms are used to describe the available evidence: limited, medium, or robust; and for the degree of agreement: 
low, medium, or high. A level of confidence is expressed using five qualifiers very low, low, medium, high, and very high, and typeset 
in italics, e.g., medium confidence. Box TS.1, Figure 1 depicts summary statements for evidence and agreement and their relationship 
to confidence. There is flexibility in this relationship; for a given evidence and agreement statement, different confidence levels can be 
assigned, but increasing levels of evidence and degrees of agreement correlate with increasing confidence.
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Medium evidence
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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 of shading. Generally, evidence is most robust when there are multiple, consistent independent lines of high quality. {Figure 1.11}

The following terms have been used to indicate the assessed likelihood, and typeset in italics:

Term* Likelihood of the outcome
Virtually certain 99–100% probability
Very likely 90–100% probability
Likely 66–100% probability
About as likely as not 33–66% probability
Unlikely 0–33% probability
Very unlikely 0–10% probability
Exceptionally unlikely 0–1% probability

* Additional terms (extremely likely: 95–100% probability, more likely than not: >50–100% probability, and extremely unlikely: 
0–5% probability) may also be used when appropriate.
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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!
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RCPs = representative concentration pathways

Meinshausen et al. (2011)

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).

5 Discussion

5.1 Ensemble results compared to our default concentration and temperature projections

In the above text we selected a specific (‘best-estimate’) set of MAGICC parameters to use
in producing a standard set of RCP concentrations. Starting from the harmonized emissions,
we can also produce concentrations (and forcing and temperature projections) using 19
individual CMIP3 climate and 9 C4MIP carbon cycle emulations. How does our default set
of results compare with the distribution of results from these 171 (=19×9) cases?

We perform this comparison using the highest and the lowest RCP scenarios. The results are
shown in Fig. 6. Not surprisingly, because the responses to external forcings in all climate
models are largely linear, the ‘best-estimate’ results are similar to the median of the individual
model results, even in the high forcing RCP8.5 case. The ideal test of our projections, although
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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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Fig. 6 CO2 concentrations (a), total radiative forcing (natural and anthropogenic) (b) and global mean
surface temperatures (c) for RCP2.6 (called as well RCP3-PD) and RCP8.5 (solid lines) compared to the full
range of CMIP3 GCM and C4MIP carbon cycle model emulations (shaded areas). The small temporal
variations in future forcing are caused by the 11-year solar cycle assumption, influencing as well temperature
projections
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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

42 models

39
25
42
32

12
17
12
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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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Projections using CMIP5 models

page 978

- 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

979

Near-term Climate Change: Projections and Predictability Chapter 11
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Figure 11.8 |  Sources of uncertainty in climate projections as a function of lead time based on an analysis of CMIP5 results. (a) Projections of global mean decadal mean surface 
air temperature to 2100 together with a quantification of the uncertainty arising from internal variability (orange), model spread (blue) and RCP scenario spread (green). (b) Signal-
to-uncertainty ratio for various global and regional averages. The signal is defined as the simulated multi-model mean change in surface air temperature relative to the simulated 
mean surface air temperature in the period 1986–2005, and the uncertainty is defined as the total uncertainty. (c–f) The fraction of variance explained by each source of uncertainty 
for: global mean decadal and annual mean temperature (c), European (30°N to 75°N, 10°W to 40°E) decadal mean boreal winter (December to February) temperature (d) and 
precipitation (f), and East Asian (5°N to 45°N, 67.5°E to 130°E) decadal mean boreal summer (June to August) precipitation (e). See text and Hawkins and Sutton (2009) and 
Hawkins and Sutton (2011) for further details.
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- poleward shift of jet-streams 
and storm tracks, but caution 
given by the writers since 

• sensitive to small changes 
in model formulation 

• many features poorly 
simulated  

• large multi-decadal 
(internal) variability 

- only medium confidence 
Northern Hemisphere will shift 
poleward by 2050
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Fig. 3. Seasonal changes in the North America/North Atlantic sector between 2020-2044 and 1980-
2004 of (a) Arctic amplification change in Arctic temperature divided by global mean temperature
change, (b) 500 hPa zonal wind change averaged between 30o-70o N, (c) jet speed, (d) jet shift, (e)
500 hPa geopotential phase speed change for wave numbers 1-6 (f) maximum DayMaxMin* wave
extent, and (g) blocking frequency. Vertical bars denote the 10th-90th percentile range, and crosses
denote model responses that fall outside of this range. The horizontal bar denotes the multi-model
mean response.
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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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- SH jet has been shifting 
poleward in recent decades 
in summer (DJF) 

- 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

profile. For both the jet position and the dry zone edge,
the zonal-mean model data are interpolated using a cu-
bic spline to a 0.18 grid before the final calculation.
Plotted time series are smoothed using a 10-yr moving

average filter with time step of 1 yr. We have performed
similar analysis with unsmoothed data, and the smooth-
ing is not essential to the conclusions of this study. The
best-fit slopes of the time series are calculated from the
individual smoothedmodel data using linear least squares
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 pe-
riod differ slightly depending on the RCP used in the
smoothing.

3. Seasonal shifts of the circulation

The position of the Southern Hemisphere midlatitude
jet stream determines the path of storms and drives
ocean circulations and sea ice dispersion, and strato-
spheric 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
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
jet position’’ as the latitude of the jet with respect to its
average 1900–10 latitude. By plotting the relative posi-
tion of the jet (shift) over time between 1900 and 2100 in
each model, and then averaging the results together in
Fig. 1, we avoid the difficulty of model spread masking
the coherent poleward jet shift.
Four distinct time periods naturally emerge from the

time series of jet position in Fig. 1 (which represents
the multimodel mean): 1) HIST (1900–70), 2) O3DEPL
(1970–2005), 3) O3RCVR (2005–45), and 4) GHG-
dominated FUTR (2045–99). Throughout the HIST
period, the jet position remains relatively unchanged,
but a sharp southward shift is evident during the O3DEPL
period, with themultimodel mean showing a21.788 shift
of the jet in DJF in RCP8.5 (see Table 3): this number is
in excellent agreement with previous studies (see Table 2
of Polvani et al. 2011b).
If the large poleward shift of the jet during O3DEPL

was primarily a result of GHG emissions (which are
increasing over this period for all scenarios), then one
would expect the poleward trend in the jet position to
continue into the twenty-first century. Instead, the trend
in jet position halts abruptly around 2005, providing
strong evidence that ozone recovery is canceling the

FIG. 1. Time series of the CMIP5 Southern Hemisphere DJF
jet position relative to the 1900–10 value over the historical
and three climate scenarios, (a) RCP8.5, (b) RCP4.5, and (c) RCP2.6.
Thin black curves denote the individual models, and the multi-
model mean is plotted in black. Red lines denote the piecewise
linear least squares slopes, which are also given in the panels
above in units of degrees per decade. Time series have been
smoothed using a 10-yr moving average filter (see section 2d
for details).
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winds are likely to shift poleward relative to 1986–2005. However, even 
though a full recovery of the ozone hole is not expected until the 2060s 
to 2070s (Table 5.4; WMO, 2010; see Chapter 12), it is likely that over 
the near term there will be a reduced rate in the austral summertime 
poleward shift of the SH circumpolar trough, SH extratropical storm 
tracks and winds compared to its movement over the past 30 years, 
including the possibility of no detectable shift.

11.3.2.4.3 Tropical circulation

Increases in GHGs are expected to lead to a poleward shift of the 
Hadley Circulation (Lu et al., 2007; Chapter 12, Figure 11.18). Relative 
to the late 20th century, the tendency towards a poleward expansion 
of the Hadley Circulation will start to emerge by the mid-2030s, with 
certain intra-model consensus in the SH expansion, despite the coun-
teracting effect of ozone recovery (Figure 11.18). As with near-term 
changes in SH extratropical circulation, a key for near-term projections 
of the structure of the SH Hadley Circulation is the extent to which 
future stratospheric ozone recovery will counteract the impact of 
GHGs. The poleward expansion of the Hadley Circulation, particularly 
of the SH branch during austral summer, during the later decades of 
the 20th century has been largely attributed to the combined impact 
of stratospheric ozone depletion (Thompson and Solomon, 2002; Son 
et al., 2008, 2009a, 2009b; Polvani et al., 2011a, 2011b; Min and Son, 
2013) and the concurrent increase in GHGs (Arblaster and Meehl, 
2006; Arblaster et al., 2011) as discussed in the previous section. The 

poleward expansion of the Hadley Circulation driven by the response 
of the atmosphere to increasing GHGs (Lu et al., 2007; Kang et al., 
2011; Staten et al., 2011; Butler et al., 2012) would be counteract-
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 

Figure 11.15 |  CMIP5 multi-model ensemble mean of projected changes (m s–1) in 
zonal (west-to-east) wind at 850 hPa for 2016–2035 relative to 1986–2005 under 
RCP4.5. The number of CMIP5 models used is indicated in the upper right corner. Hatch-
ing and stippling as in Figure 11.10.
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Figure 11.16 | Projected changes in the annual averaged poleward edge of the Hadley Circulation (horizontal axis) and sub-tropical dry zones (vertical axis) based on 15 Atmo-
sphere–Ocean General Circulation Models (AOGCMs) from the CMIP5 (Taylor et al., 2012) multi-model ensemble, under 21st century RCP4.5. Orange symbols show the change 
in the northern 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 
multi-model average, while horizontal and vertical coloured lines indicate the ±1 standard deviation range for internal climate variability estimated from each model. Values refer-
enced to the 1986–2005 climatology. (Figure based on the methodology of Lu et al., 2007.)
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- GHGs expected to lead to a 
poleward shift of the Hadley 
circulation 

- considerable uncertainty in the 
magnitude of the expected 
shift 

- expected to emerge by 2030, 
but ozone recovery could 
counteract this effect in the SH 

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

- low confidence in the changes 
to the structure of the NH 
Hadley circulation
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winds are likely to shift poleward relative to 1986–2005. However, even 
though a full recovery of the ozone hole is not expected until the 2060s 
to 2070s (Table 5.4; WMO, 2010; see Chapter 12), it is likely that over 
the near term there will be a reduced rate in the austral summertime 
poleward shift of the SH circumpolar trough, SH extratropical storm 
tracks and winds compared to its movement over the past 30 years, 
including the possibility of no detectable shift.

11.3.2.4.3 Tropical circulation

Increases in GHGs are expected to lead to a poleward shift of the 
Hadley Circulation (Lu et al., 2007; Chapter 12, Figure 11.18). Relative 
to the late 20th century, the tendency towards a poleward expansion 
of the Hadley Circulation will start to emerge by the mid-2030s, with 
certain intra-model consensus in the SH expansion, despite the coun-
teracting effect of ozone recovery (Figure 11.18). As with near-term 
changes in SH extratropical circulation, a key for near-term projections 
of the structure of the SH Hadley Circulation is the extent to which 
future stratospheric ozone recovery will counteract the impact of 
GHGs. The poleward expansion of the Hadley Circulation, particularly 
of the SH branch during austral summer, during the later decades of 
the 20th century has been largely attributed to the combined impact 
of stratospheric ozone depletion (Thompson and Solomon, 2002; Son 
et al., 2008, 2009a, 2009b; Polvani et al., 2011a, 2011b; Min and Son, 
2013) and the concurrent increase in GHGs (Arblaster and Meehl, 
2006; Arblaster et al., 2011) as discussed in the previous section. The 

poleward expansion of the Hadley Circulation driven by the response 
of the atmosphere to increasing GHGs (Lu et al., 2007; Kang et al., 
2011; Staten et al., 2011; Butler et al., 2012) would be counteract-
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 

Figure 11.15 |  CMIP5 multi-model ensemble mean of projected changes (m s–1) in 
zonal (west-to-east) wind at 850 hPa for 2016–2035 relative to 1986–2005 under 
RCP4.5. The number of CMIP5 models used is indicated in the upper right corner. Hatch-
ing and stippling as in Figure 11.10.
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Figure 11.16 | Projected changes in the annual averaged poleward edge of the Hadley Circulation (horizontal axis) and sub-tropical dry zones (vertical axis) based on 15 Atmo-
sphere–Ocean General Circulation Models (AOGCMs) from the CMIP5 (Taylor et al., 2012) multi-model ensemble, under 21st century RCP4.5. Orange symbols show the change 
in the northern 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 
multi-model average, while horizontal and vertical coloured lines indicate the ±1 standard deviation range for internal climate variability estimated from each model. Values refer-
enced to the 1986–2005 climatology. (Figure based on the methodology of Lu et al., 2007.)
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Long-term temperature changes

page 1062-3

- larger warming for larger 
forcing 

- RCP2.6 shows little change 
beyond near-term response 

- larger warming over land vs 
ocean (not heat capacity 
effect), likely ratio of 1.4 to 
1.7 

- 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
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(e.g., Manabe et al., 1991; Kay et al., 2012). This is in agreement with 
recent observations (Serreze et al., 2009; Screen and Simmonds, 2010) 
but contrary to an earlier study that suggested a larger warming aloft 
(Graversen et al., 2008). The discrepancy in observed vertical structure 
may reflect inadequacies in data sets (Bitz and Fu, 2008; Grant et al., 
2008; Thorne, 2008) and sensitivity to the time period used for averag-
ing (see also Box 2.3). 

As also discussed in Box 5.1, there are many mechanisms that con-
tribute to Arctic amplification, some of which were identified in early 
modelling studies (Manabe and Stouffer, 1980). Feedbacks associat-
ed with changes in sea ice and snow amplify surface warming near 
the poles (Hall, 2004; Soden et al., 2008; Graversen and Wang, 2009; 
Kumar et al., 2010). The longwave radiation changes in the top of the 
atmosphere associated with surface warming opposes surface warm-
ing at all latitudes, but less so in the Arctic (Winton, 2006a; Soden et 
al., 2008). Rising temperature globally is expected to increase the hori-

Annual mean surface air temperature change

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, 
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 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 
number of CMIP5 models used is indicated in the upper right corner of each panel.

zontal latent heat transport by the atmosphere into the Arctic (Flan-
nery, 1984; Alexeev et al., 2005; Cai, 2005; Langen and Alexeev, 2007; 
Kug et al., 2010), which warms primarily the lower troposphere. On 
average, CMIP3 models simulate enhanced latent heat transport (Held 
and Soden, 2006), but north of about 65°N, the sensible heat transport 
declines enough to more than offset the latent heat transport increase 
(Hwang et al., 2011). Increased atmospheric heat transport into the 
Arctic and subsidence warming has been associated with a teleconnec-
tion driven by enhanced convection in the tropical western Pacific (Lee 
et al., 2011). Ocean heat transport plays a role in the simulated Arctic 
amplification, with both large late 20th century transport (Mahlstein 
and Knutti, 2011) and increases over the 21st century (Hwang et al., 
2011; Bitz et al., 2012) associated with higher amplification. As noted 
by Held and Soden (2006), Kay et al. (2012), and Alexeev and Jackson 
(2012), diagnosing the role of various factors in amplified warming is 
complicated by coupling in the system in which local feedbacks inter-
act with poleward heat transports.

RCP2.6

RCP4.5

RCP6.0

RCP8.5
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signature of anthropogenic climate change (Seneviratne et al., 2012), 
the magnitude of change and consensus among models varies with 
the characteristics of the event being considered (e.g., time scale, mag-
nitude, duration and spatial extent) as well as the definition used to 
describe the extreme.

Since the AR4 many advances have been made in establishing global 
observed records of extremes (Alexander et al., 2006; Perkins et al., 
2012; Donat et al., 2013) against which models can be evaluated to 
give context to future projections (Sillmann and Roeckner, 2008; Alex-
ander and Arblaster, 2009). Numerous regional assessments of future 
changes in extremes have also been performed and a comprehensive 
summary of these is given in Seneviratne et al. (2012). Here we sum-
marize the key findings from this report and assess updates since then. 

It is virtually certain that there will be more hot and fewer cold extremes 
as global temperature increases (Caesar and Lowe, 2012; Orlowsky 

and Seneviratne, 2012; Sillmann et al., 2013), consistent with previous 
assessments (Solomon et al., 2007; Seneviratne et al., 2012). Figure 
12.13 shows multi-model mean changes in the absolute temperature 
indices of the coldest day of the year and the hottest day of the year 
and the threshold-based indices of frost days and tropical nights from 
the CMIP5 ensemble (Sillmann et al., 2013). A robust increase in warm 
temperature extremes and decrease in cold temperature extremes 
is found at the end of the 21st century, with the magnitude of the 
changes increasing with increased anthropogenic forcing. The coldest 
night of the year undergoes larger increases than the hottest day in 
the globally averaged time series (Figure 12.13b and d). This tenden-
cy is consistent with the CMIP3 model results shown in Figure 12.13, 
which use different models and the SRES scenarios (see Seneviratne 
et al. (2012) for earlier CMIP3 results). Similarly, increases in the fre-
quency of warm nights are greater than increases in the frequency 
of warm days (Sillmann et al., 2013). Regionally, the largest increases 
in the coldest night of the year are projected in the high latitudes of 

Figure 12.12 |  CMIP5 multi-model changes in annual mean zonal mean temperature in the atmosphere and ocean 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 change mean 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).
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signature of anthropogenic climate change (Seneviratne et al., 2012), 
the magnitude of change and consensus among models varies with 
the characteristics of the event being considered (e.g., time scale, mag-
nitude, duration and spatial extent) as well as the definition used to 
describe the extreme.

Since the AR4 many advances have been made in establishing global 
observed records of extremes (Alexander et al., 2006; Perkins et al., 
2012; Donat et al., 2013) against which models can be evaluated to 
give context to future projections (Sillmann and Roeckner, 2008; Alex-
ander and Arblaster, 2009). Numerous regional assessments of future 
changes in extremes have also been performed and a comprehensive 
summary of these is given in Seneviratne et al. (2012). Here we sum-
marize the key findings from this report and assess updates since then. 

It is virtually certain that there will be more hot and fewer cold extremes 
as global temperature increases (Caesar and Lowe, 2012; Orlowsky 

and Seneviratne, 2012; Sillmann et al., 2013), consistent with previous 
assessments (Solomon et al., 2007; Seneviratne et al., 2012). Figure 
12.13 shows multi-model mean changes in the absolute temperature 
indices of the coldest day of the year and the hottest day of the year 
and the threshold-based indices of frost days and tropical nights from 
the CMIP5 ensemble (Sillmann et al., 2013). A robust increase in warm 
temperature extremes and decrease in cold temperature extremes 
is found at the end of the 21st century, with the magnitude of the 
changes increasing with increased anthropogenic forcing. The coldest 
night of the year undergoes larger increases than the hottest day in 
the globally averaged time series (Figure 12.13b and d). This tenden-
cy is consistent with the CMIP3 model results shown in Figure 12.13, 
which use different models and the SRES scenarios (see Seneviratne 
et al. (2012) for earlier CMIP3 results). Similarly, increases in the fre-
quency of warm nights are greater than increases in the frequency 
of warm days (Sillmann et al., 2013). Regionally, the largest increases 
in the coldest night of the year are projected in the high latitudes of 

Figure 12.12 |  CMIP5 multi-model changes in annual mean zonal mean temperature in the atmosphere and ocean 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 change mean 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).
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signature of anthropogenic climate change (Seneviratne et al., 2012), 
the magnitude of change and consensus among models varies with 
the characteristics of the event being considered (e.g., time scale, mag-
nitude, duration and spatial extent) as well as the definition used to 
describe the extreme.

Since the AR4 many advances have been made in establishing global 
observed records of extremes (Alexander et al., 2006; Perkins et al., 
2012; Donat et al., 2013) against which models can be evaluated to 
give context to future projections (Sillmann and Roeckner, 2008; Alex-
ander and Arblaster, 2009). Numerous regional assessments of future 
changes in extremes have also been performed and a comprehensive 
summary of these is given in Seneviratne et al. (2012). Here we sum-
marize the key findings from this report and assess updates since then. 

It is virtually certain that there will be more hot and fewer cold extremes 
as global temperature increases (Caesar and Lowe, 2012; Orlowsky 

and Seneviratne, 2012; Sillmann et al., 2013), consistent with previous 
assessments (Solomon et al., 2007; Seneviratne et al., 2012). Figure 
12.13 shows multi-model mean changes in the absolute temperature 
indices of the coldest day of the year and the hottest day of the year 
and the threshold-based indices of frost days and tropical nights from 
the CMIP5 ensemble (Sillmann et al., 2013). A robust increase in warm 
temperature extremes and decrease in cold temperature extremes 
is found at the end of the 21st century, with the magnitude of the 
changes increasing with increased anthropogenic forcing. The coldest 
night of the year undergoes larger increases than the hottest day in 
the globally averaged time series (Figure 12.13b and d). This tenden-
cy is consistent with the CMIP3 model results shown in Figure 12.13, 
which use different models and the SRES scenarios (see Seneviratne 
et al. (2012) for earlier CMIP3 results). Similarly, increases in the fre-
quency of warm nights are greater than increases in the frequency 
of warm days (Sillmann et al., 2013). Regionally, the largest increases 
in the coldest night of the year are projected in the high latitudes of 

Figure 12.12 |  CMIP5 multi-model changes in annual mean zonal mean temperature in the atmosphere and ocean 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 change mean 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).

Why are the RCP’s different in the SH polar lower stratosphere?
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NH seasonal-mean temperature changes

- Arctic amplification largest in NH winter 

- upper-tropospheric warming largest in summer

Barnes & Polvani (2014)
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Fig. 2. The multi-model mean air temperature response (shading) between 2099-2076 and 1980-
2004 under RCP8.5 zonally-averaged over the Northern Hemisphere. The white box denotes the
region used to calculate the polar temperature response and 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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Temperature Extremes

- virtually certain more hot 
extremes and fewer cold 
extremes (relative to today) 

- coldest day of the year warms 
more than warmest day of the 
year 

- coldest day increases largest 
in northern high-latitudes 

- regional extremes are larger 
than the global mean 

- there is high consensus 
among models in the sign of 
future changes in 
temperature extremes (but 
not the magnitude)
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Figure 12.13 |  CMIP5 multi-model mean geographical changes (relative to a 1981–2000 reference period in common with CMIP3) under RCP8.5 and 20-year smoothed time 
series for RCP2.6, RCP4.5 and RCP8.5 in the (a, b) annual minimum of daily minimum temperature, (c, d) annual maximum of daily maximum temperature, (e, f) frost days (number 
of days below 0°C) and (g, h) tropical nights (number of days above 20°C). White areas over land indicate regions where the index is not valid. Shading in the time series represents 
the interquartile ensemble spread (25th and 75th quantiles). The box-and-whisker plots show the interquartile ensemble spread (box) and outliers (whiskers) for 11 CMIP3 model 
simulations of the SRES scenarios A2 (orange), A1B (cyan), and B1 (purple) globally averaged over the respective future time periods (2046–2065 and 2081–2100) as anomalies 
from the 1981–2000 reference period. Stippling indicates grid points with changes that are significant at the 5% level using a Wilcoxon signed-ranked test. (Updated from Sillmann 
et al. (2013), excluding the FGOALS-s2 model.)
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Zonal-wind change

- intensification of SH tropospheric jet 

- large changes in tropical stratospheric winds 

- subtropical jet expected to strengthen, mid-latitude jet expected to shift…
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all other RCPs, the magnitude of SH extratropical changes scales with 
the RF, as found in previous model ensembles (Paeth and Pollinger, 
2010; Simpkins and Karpechko, 2012). 

Large increases in seasonal sea level pressure are also found in regions 
of sub-tropical drying such as the Mediterranean and northern Africa 
in DJF and Australia in JJA. Projected changes in the tropics are less 
consistent across the models; however, a decrease in the eastern equa-
torial Pacific and increase over the maritime continent, associated with 
a weakening of the Walker Circulation (Vecchi and Soden, 2007; Power 
and Kociuba, 2011b), is found in all RCPs.

Future changes in zonal and annual mean zonal winds (Figure 12.19) 
are seen throughout the atmosphere with stronger changes in higher 
RCPs. Large increases in winds are evident in the tropical stratosphere 
and a poleward shift and intensification of the SH tropospheric jet is 
seen under RCP4.5 and RCP8.5, associated with an increase in the 
SH upper tropospheric meridional temperature gradient (Figure 12.12) 
(Wilcox et al., 2012). In the NH, the response of the tropospheric jet 
is weaker and complicated by the additional thermal forcing of polar 
amplification (Woollings, 2008). Barnes and Polvani (2013) evaluate 
changes in the annual mean mid-latitude jets in the CMIP5 ensemble, 
finding consistent poleward shifts in both hemispheres under RCP8.5 
for the end of the 21st century. In the NH, the poleward shift is ~1$, 
similar to that found for the CMIP3 ensemble (Woollings and Black-
burn, 2012). In the SH, the annual mean mid-latitude jet shifts pole-
ward by ~2$ under RCP8.5 at the end of the 21st century in the CMIP5 
multi-model mean (Barnes and Polvani, 2013), with a similar shift of 
1.5$ in the surface westerlies (Swart and Fyfe, 2012). A strengthen-
ing of the SH surface westerlies is also found under all RCPs except 
RCP2.6 (Swart and Fyfe, 2012), with largest changes in the Pacific 
basin (Bracegirdle et al., 2013). In austral summer, ozone recovery off-
sets changes in GHGs to some extent, with a weak reversal of the jet 

shift found in the multi-model mean under the low emissions scenario 
of RCP2.6 (Swart and Fyfe, 2012) and weak or poleward shifts in other 
RCPs (Swart and Fyfe, 2012; Wilcox et al., 2012). Eyring et al. (2013) 
note the sensitivity of the CMIP5 SH summertime circulation changes 
to both the strength of the ozone recovery (simulated by some models 
interactively) and the rate of GHG increases. 

Although the poleward shift of the tropospheric jets are robust across 
models and likely under increased GHGs, the dynamical mechanisms 
behind these projections are still not completely understood and have 
been explored in both simple and complex models (Chen et al., 2008; 
Lim and Simmonds, 2009; Butler et al., 2010). The shifts are associated 
with a strengthening in the upper tropospheric meridional temperature 
gradient (Wilcox et al., 2012) and hypotheses for associated changes 
in planetary wave activity and/or synoptic eddy characteristics that 
impact on the position of the jet have been put forward (Gerber et 
al., 2012). Equatorward biases in the position of the SH jet (Section 
9.5.3.2), while somewhat improved over similar biases in the CMIP3 
models (Kidston and Gerber, 2010) still remain, limiting our confidence 
in the magnitude of future changes.

In summary, poleward shifts in the mid-latitude jets of about 1 to 2 
degrees latitude are likely at the end of the 21st century under RCP8.5 
in both hemispheres (medium confidence) with weaker shifts in the NH 
and under lower emission scenarios. Ozone recovery will likely weaken 
the GHG-induced changes in the SH extratropical circulation in austral 
summer. 

12.4.4.2 Planetary-Scale Overturning Circulations

Large-scale atmospheric overturning circulations and their interaction 
with other atmospheric mechanisms are significant in determining trop-
ical climate and regional changes in response to enhanced RF. Observed 

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).
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Jet shifts

Barnes & Polvani (2013)

- poleward shifts of the mid-
latitude jets are likely 
[medium confidence] 

- projected jet shifts are 
larger in the SH than the 
NH

denote the 25th–75th percentile range, while the crosses
denote those models that lie outside of that range.
Seasonal differences are readily apparent, with the
maximum jet shift occurring in autumn in all three

sectors [March–May (MAM) for the Southern Hemi-
sphere and September–November (SON) for the
Northern Hemisphere], and most notably, the North
Atlantic jet showing no clear shift in DJF by the end of
the twenty-first century. Consistent with the jet vari-
ability being a function of the mean jet latitude, we do
not find a consistent response in jet variability in the
wintertime North Atlantic (not shown). Thus, it is clear
that the annual-mean results from this study mask rich
seasonality among themodel responses, and future work
should address how the story differs among the seasons
in each sector. However, this additional work is beyond
the scope of this paper.
We will, nonetheless, address one aspect of the sea-

sonality of the jet variability response, namely that of the
North Pacific. We noted above that the North Pacific jet
response differs from the North Atlantic and Southern
Hemisphere jet responses due to the presence of a
strong subtropical jet in the annual mean. However, the
subtropical jet has a seasonal cycle, maximizing in the
winter months [December–February (DJF)]. Thus,
one might expect the North Pacific summertime [June–
August (JJA)] jet to behave more like the Southern
Hemisphere and North Atlantic jets when the sub-
tropical jet is weak. Figure 13 shows the percent variance
explained of u850,700 by ~Zlat, ~Zspd, ~Zwdt, and ~ZEOF1 in
the North Pacific for DJF and JJA. The jet is farther

FIG. 12. Seasonal-mean jet shift (degrees poleward) between the
Historical and RCP8.5 experiments for the three sectors. The bars
denote the 25th–75th percentile range of themultimodel spread (22
models total) and the diagonal crosses denote themodels outside of
this range.

FIG. 13. As in Fig. 6, but for the North Pacific sector during (a) winter (DJF) and (b) summer (JJA).
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Equatorward jet bias: Southern Hemisphere
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- equatorward bias of the jet position in the models limit our confidence
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Equatorward jet bias: North Atlantic

!

- equatorward bias of the jet position in the models limit our confidence
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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 (planetary 
waves) 

• wave excitation from 
diabetic heating 

• orographic waves from 
strengthened subtropical jet 

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

Morphology of the Brewer–Dobson Circulation

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−1s−1) is shown in logarithmically spaced grey
contours. Dashed contours represent negative values.

3.2. Turn-around latitudes and tropical upwelling mass flux

The tropical upwelling mass flux at height z is

M(z) = 2πa{ψmax(z) − ψmin(z)}, (4)

where ψmax and ψmin are the maximum/minimum values of
ψ , which occur at the northern/southern turn-around latitudes
(Rosenlof, 1995). Figure 2 shows climatological values for, and
trends in, the turn-around latitudes and the tropical upwelling
mass flux as a function of height. Seviour et al. (2012) point
out that, in ERA-Interim, the width of the upwelling region at
70 hPa is 53.3% of the global surface area. The corresponding
value for the multi-model mean is 56.4%. Thus on average the
extratropical downwelling velocities are greater than the tropical
upwelling velocities. Compared to ERA-Interim, the models are
too hemispherically symmetric, missing the property that the
southern turn-around latitude in the lower (upper) stratosphere
is further equatorward (poleward) than the northern turn-around
latitude.

Over the twenty-first century, the upwelling region becomes
narrower in the lower stratosphere (below ∼ 20 hPa), and
wider in the middle to upper stratosphere (from 20 to 3 hPa);
Figure 2 shows turn-around latitude trends. This suggests possibly
different mechanisms are responsible for the changes in these
two altitude bands, as discussed further below. Consistent with
Butchart et al. (2010), the upwelling mass flux is found to increase
with climate change at all altitudes throughout the stratosphere.
The percentage change in the upwelling mass flux (not shown) is
3.5% per decade at 70 hPa for the RCP 8.5 scenario analysed here,
which as expected is larger than the 1.8% per decade obtained by
Butchart et al. (2010) for the IPCC Special Report on Emissions
Scenarios A1B scenario (due to the faster increase in greenhouse
gas concentrations in RCP 8.5).

3.3. Changes in planetary wave propagation

Figure 3 shows the trend in w∗ for the period 2006–2099. As
mentioned in the last section, the increase in tropical upwelling
occurs throughout the entire tropical stratosphere. In the lower
stratosphere where the upwelling region becomes narrower, the
largest increase in w∗ is near the centre of the upwelling region,
with values of more than 5% per decade. However, at higher levels
where the upwelling region widens, w∗ increases most towards
the edges of the upwelling region.

In this section, the mechanisms leading to the changes in the
position of the turn-around latitudes are considered. In steady-
state conditions, the residual stream function, ψ , at a given
log-pressure height, z, and latitude, φ, is driven by the force
from wave breaking at latitude φ, and above log-pressure height
z (Eq. 2.5 in Haynes et al., 1991). The Charney–Drazin criterion
(Andrews et al., 1987, p. 178) states that stationary waves (waves
with zero phase speed) can only propagate in westerly zonal flow
(u > 0), thus u = 0 is the ‘critical line’ for such waves, separating
regions of wave propagation from regions of wave evanescence.
Near the critical line, nonlinear effects will dominate (Andrews
et al., 1987, pp. 253–258) and stationary wave breaking will likely
occur in the regions of weak zonal wind just poleward of the
critical line. Therefore the turn-around latitudes (situated at the
latitudes where ψ is a maximum/minimum) are located poleward
of the critical lines, as shown in Figure 3.

Figure 3 shows that, on average, the u = 0 critical line in the
CMIP5 models moves equatorward at all heights (from 100 to
3 hPa) by ∼ 4◦ due to climate change. The width of the associated

Rossby wave nonlinear critical layer, δNL =
!
a"v/kuφ

#1/2
(‘Critical

layers’ in Warren and Hahn, 2003), where "v is the amplitude
of wave latitudinal velocity at the critical line and k is zonal
wavenumber, is found here to increase, throughout the twenty-
first century, by at most 2◦ (not shown). The equatorward
movement of the critical line for stationary waves is therefore
expected to dominate the changes in the location of wave breaking.
However, as noted in the previous section, the turn-around
latitudes only move equatorward below 20 hPa, and they move
poleward from 20 to 3 hPa.

Figure 4 shows that the equatorward shift in the u = 0 critical
line position at all altitudes is due to u increasing almost
everywhere in the tropical stratosphere under climate change
(with the exception of two localised regions where the decrease
in u is likely associated with the Quasi-Biennial Oscillation
(QBO); note that the increase in the tropical stratosphere is
not statistically significant). This result is in agreement with
Shepherd and McLandress (2011) (for CMAM). In particular, in
the lower stratosphere (below ∼ 20 hPa; the shallow branch of
the Brewer–Dobson circulation), the subtropical jets get stronger
due to climate change, and the centre of the jets shifts upwards and
equatorwards (Figure 4; also Garcia and Randel, 2008; Li et al.,
2010). The consequent equatorward movement of the critical line
in the lower stratosphere allows synoptic- and planetary-scale
stationary waves to propagate further into the Tropics and higher
into the stratosphere (Calvo and Garcia, 2009; Shepherd and
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Morphology of the Brewer–Dobson Circulation

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−1s−1) is shown in logarithmically spaced grey
contours. Dashed contours represent negative values.
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Figure 2. Upper panels: Turn-around latitudes calculated from annual mean w∗(mm s−1) climatologies for ERA-Interim (1989–2009) and models (1960–2000).
Dashed black lines show the turn-around latitudes for ERA-Interim, with light grey shading showing the interannual standard deviation, scaled to represent a 95%
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.

Figure 3. Contours show trend in w∗(mm s−1decade−1) using a linear fit to
years 2006–2099 from the RCP 8.5 scenario simulations. Red lines show the
turn-around latitudes, with solid lines showing the mean position for the period
2006–2025, and dashed lines showing the mean position for the period 2080–2099.
Green lines show the stationary wave critical lines, u = 0, with solid lines showing
positions where multi-annual mean u(2006–2025) is zero, and dashed lines
showing positions where multi-annual mean u(2080–2099) is zero. Stippling
shows regions where the trend is NOT significant at the 95% level.

McLandress, 2011), with a subsequent equatorward movement
of the turn-around latitudes.

On the other hand, in the upper stratosphere (above ∼ 20 hPa;
the deep branch of the Brewer–Dobson circulation), the
equatorward movement of the critical line does not appear
to be the main factor in driving the change in the turn-around

latitudes. Instead, Figure 4 shows that the maximum increase
in u in the upper stratosphere occurs in the region 50◦ –60◦N,
a behaviour dominated by the winter hemisphere (not shown).
Estimating the wave refractive index (which assumes linear waves
propagating on a slowly varying background flow; Matsuno,
1970) from the monthly mean dynamical fields, it is found that
the equatorward refraction of the upward propagating planetary
waves in the winter hemisphere is weakened due to climate
change, most likely due to the increasing u in midlatitudes.
This will contribute to the poleward movement of the turn-
around latitudes. Furthermore, the explicitly calculated stationary
(monthly mean) component of the Eliassen–Palm flux (Andrews
et al., 1987) also indicates a reduced equatorward refraction in
the planetary wave flux in the upper stratosphere (not shown).
Whilst this stationary component may not be representative of
changes in the full Eliassen–Palm flux, the fact that this diagnostic
shows a consistent change to that in the wave-refractive index
adds weight to our conclusions. In addition, gravity wave drag
might also play an important role in the upwelling trends in the
upper stratosphere, as shown by Garcia and Randel (2008) for
the Whole-Atmosphere Community Climate Model (WACCM).
Unfortunately, the contribution of gravity wave drag cannot be
assessed in this study, as diagnostics of gravity wave drag are not
available.

In summary, we have shown that linear wave theory, as applied
to stationary waves, can explain the simulated changes in the
turn-around latitudes due to climate change, although the role
of transient resolved waves and gravity waves remains to be
investigated.

4. Seasonal cycle

Figure 5 shows the multi-model mean climatological w∗

(1960–2000) at 70 hPa as a function of latitude and month,
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frequency of storms 
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North Pacific 
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Figure 12.20 |  Change in winter, extratropical storm track density (2081–2100) – (1986–2005) in CMIP5 multi-model ensembles: (a) RCP4.5 Northern Hemisphere December, 
January and February (DJF) and (b) RCP8.5 Northern Hemisphere DJF, (c) RCP4.5 Southern Hemisphere June, July and August (JJA) and (d) RCP8.5 Southern Hemisphere JJA. 
Storm-track computation uses the method of Bengtsson et al. (2006, their Figure 13a) applied to 6-hourly 850 hPa vorticity computed from horizontal winds in the CMIP5 archive. 
The number of models used appears in the upper right of each panel. DJF panels include data for December 1985 and 2080 and exclude December 2005 and December 2100 for 
in-season continuity. Stippling marks locations where at least 90% of the models agree on the sign of the change; note that this criterion differs from that used for many other 
figures in this chapter, due to the small number of models providing sufficient data to estimate internal variability of 20-year means of storm-track statistics. Densities have units 
(number density per month per unit area), where the unit area is equivalent to a 5° spherical cap (~106 km2). Locations where the scenario or contemporary-climate ensemble 
average is below 0.5 density units are left white.
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 Projections of future changes in the water cycle are inextricably con-
nected to changes in the energy cycle (Section 12.4.3) and atmospheric 
circulation (Section 12.4.4). 

Saturation vapour pressure increases with temperature, but projected 
future changes in the water cycle are far more complex than projected 
temperature changes. Some regions of the world will be subject to 
decreases in hydrologic activity while others will be subject to increas-
es. There are important local seasonal differences among the responses 
of the water cycle to climate change as well.

At first sight, the water cycles simulated by CMIP3/5 models may 
appear to be inconsistent, particularly at regional scales. Anthropogen-
ic changes to the water cycle are superimposed on complex naturally 
varying modes of the climate (such as El Niño-Southern Oscillation 
(ENSO), AO, Pacific Decadal Oscillation (PDO), etc.) aggravating the dif-
ferences between model projections. However, by careful consideration 
of the interaction of the water cycle with changes in other aspects of 
the climate system, the mechanisms of change are revealed, increasing 
confidence in projections.

12.4.5.1 Atmospheric Humidity

Atmospheric water vapour is the primary GHG in the atmosphere. Its 
changes affect all parts of the water cycle. However, the amount of 
water vapour is dominated by naturally occurring processes and not 
significantly affected directly by human activities. A common experi-
ence from past modelling studies is that relative humidity (RH) remains 
approximately constant on climatological time scales and planetary 
space scales, implying a strong constraint by the Clausius–Clapeyron 
relationship on how specific humidity will change. The AR4 stated that 

‘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 chang-
es in cloud cover and atmospheric convection (Sherwood, 2010). More 
recent analysis provides further detail and insight on RH changes. Anal-
ysis of CMIP3 and CMIP5 models shows near-surface RH decreasing 
over most land areas as temperatures increase with the notable excep-
tion of parts of tropical Africa (O’Gorman and Muller, 2010) (Figure 
12.21). The prime contributor to these decreases in RH over land is the 
larger temperature increases over land than over ocean in the RCP sce-
narios (Joshi et al., 2008; Fasullo, 2010; O’Gorman and Muller, 2010). 
The specific humidity of air originating over more slowly warming 
oceans will be governed by saturation temperatures of oceanic air. As 
this air moves over land and is warmed, its relative humidity drops as 
any further moistening of the air over land is insufficient to maintain 
constant RH, a behaviour Sherwood et al. (2010) term a last-satura-
tion-temperature constraint. The RH decrease over most land areas by 
the end of the 21st century is consistent with a last-saturation-temper-
ature constraint and with observed behaviour during the first decade 
of the current century (Section 2.5.5; Simmons et al., 2010). Land–
ocean differences in warming are projected to continue through the 
21st century, and although the CMIP5 projected changes are small, 
they are consistent with a last-saturation constraint, indicating with 
medium confidence that reductions in near-surface RH over many land 
areas are likely.

12.4.5.2 Patterns of Projected Average Precipitation Changes

Global mean precipitation changes have been presented in Section 
12.4.1.1. The processes that govern large-scale changes in precipita-
tion are presented in Section 7.6, and are used here to interpret the 

Figure 12.21 |  Projected changes in near-surface relative humidity from the CMIP5 models under RCP8.5 for the December, January and February (DJF, left), June, July and August 
(JJA, middle) and annual mean (ANN, right) averages relative to 1986–2005 for the periods 2046–2065 (top row), 2081–2100 (bottom row). The changes are differences in relative 
humidity percentage (as opposed to a fractional or relative change). 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).
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ature constraint and with observed behaviour during the first decade 
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ocean differences in warming are projected to continue through the 
21st century, and although the CMIP5 projected changes are small, 
they are consistent with a last-saturation constraint, indicating with 
medium confidence that reductions in near-surface RH over many land 
areas are likely.
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Global mean precipitation changes have been presented in Section 
12.4.1.1. The processes that govern large-scale changes in precipita-
tion are presented in Section 7.6, and are used here to interpret the 

Figure 12.21 |  Projected changes in near-surface relative humidity from the CMIP5 models under RCP8.5 for the December, January and February (DJF, left), June, July and August 
(JJA, middle) and annual mean (ANN, right) averages relative to 1986–2005 for the periods 2046–2065 (top row), 2081–2100 (bottom row). The changes are differences in relative 
humidity percentage (as opposed to a fractional or relative change). 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).
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nected to changes in the energy cycle (Section 12.4.3) and atmospheric 
circulation (Section 12.4.4). 

Saturation vapour pressure increases with temperature, but projected 
future changes in the water cycle are far more complex than projected 
temperature changes. Some regions of the world will be subject to 
decreases in hydrologic activity while others will be subject to increas-
es. There are important local seasonal differences among the responses 
of the water cycle to climate change as well.

At first sight, the water cycles simulated by CMIP3/5 models may 
appear to be inconsistent, particularly at regional scales. Anthropogen-
ic changes to the water cycle are superimposed on complex naturally 
varying modes of the climate (such as El Niño-Southern Oscillation 
(ENSO), AO, Pacific Decadal Oscillation (PDO), etc.) aggravating the dif-
ferences between model projections. However, by careful consideration 
of the interaction of the water cycle with changes in other aspects of 
the climate system, the mechanisms of change are revealed, increasing 
confidence in projections.

12.4.5.1 Atmospheric Humidity

Atmospheric water vapour is the primary GHG in the atmosphere. Its 
changes affect all parts of the water cycle. However, the amount of 
water vapour is dominated by naturally occurring processes and not 
significantly affected directly by human activities. A common experi-
ence from past modelling studies is that relative humidity (RH) remains 
approximately constant on climatological time scales and planetary 
space scales, implying a strong constraint by the Clausius–Clapeyron 
relationship on how specific humidity will change. The AR4 stated that 

‘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 chang-
es in cloud cover and atmospheric convection (Sherwood, 2010). More 
recent analysis provides further detail and insight on RH changes. Anal-
ysis of CMIP3 and CMIP5 models shows near-surface RH decreasing 
over most land areas as temperatures increase with the notable excep-
tion of parts of tropical Africa (O’Gorman and Muller, 2010) (Figure 
12.21). The prime contributor to these decreases in RH over land is the 
larger temperature increases over land than over ocean in the RCP sce-
narios (Joshi et al., 2008; Fasullo, 2010; O’Gorman and Muller, 2010). 
The specific humidity of air originating over more slowly warming 
oceans will be governed by saturation temperatures of oceanic air. As 
this air moves over land and is warmed, its relative humidity drops as 
any further moistening of the air over land is insufficient to maintain 
constant RH, a behaviour Sherwood et al. (2010) term a last-satura-
tion-temperature constraint. The RH decrease over most land areas by 
the end of the 21st century is consistent with a last-saturation-temper-
ature constraint and with observed behaviour during the first decade 
of the current century (Section 2.5.5; Simmons et al., 2010). Land–
ocean differences in warming are projected to continue through the 
21st century, and although the CMIP5 projected changes are small, 
they are consistent with a last-saturation constraint, indicating with 
medium confidence that reductions in near-surface RH over many land 
areas are likely.

12.4.5.2 Patterns of Projected Average Precipitation Changes

Global mean precipitation changes have been presented in Section 
12.4.1.1. The processes that govern large-scale changes in precipita-
tion are presented in Section 7.6, and are used here to interpret the 

Figure 12.21 |  Projected changes in near-surface relative humidity from the CMIP5 models under RCP8.5 for the December, January and February (DJF, left), June, July and August 
(JJA, middle) and annual mean (ANN, right) averages relative to 1986–2005 for the periods 2046–2065 (top row), 2081–2100 (bottom row). The changes are differences in relative 
humidity percentage (as opposed to a fractional or relative change). 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).
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confidence in projections.
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water vapour is dominated by naturally occurring processes and not 
significantly affected directly by human activities. A common experi-
ence from past modelling studies is that relative humidity (RH) remains 
approximately constant on climatological time scales and planetary 
space scales, implying a strong constraint by the Clausius–Clapeyron 
relationship on how specific humidity will change. The AR4 stated that 
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recent analysis provides further detail and insight on RH changes. Anal-
ysis of CMIP3 and CMIP5 models shows near-surface RH decreasing 
over most land areas as temperatures increase with the notable excep-
tion of parts of tropical Africa (O’Gorman and Muller, 2010) (Figure 
12.21). The prime contributor to these decreases in RH over land is the 
larger temperature increases over land than over ocean in the RCP sce-
narios (Joshi et al., 2008; Fasullo, 2010; O’Gorman and Muller, 2010). 
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oceans will be governed by saturation temperatures of oceanic air. As 
this air moves over land and is warmed, its relative humidity drops as 
any further moistening of the air over land is insufficient to maintain 
constant RH, a behaviour Sherwood et al. (2010) term a last-satura-
tion-temperature constraint. The RH decrease over most land areas by 
the end of the 21st century is consistent with a last-saturation-temper-
ature constraint and with observed behaviour during the first decade 
of the current century (Section 2.5.5; Simmons et al., 2010). Land–
ocean differences in warming are projected to continue through the 
21st century, and although the CMIP5 projected changes are small, 
they are consistent with a last-saturation constraint, indicating with 
medium confidence that reductions in near-surface RH over many land 
areas are likely.

12.4.5.2 Patterns of Projected Average Precipitation Changes

Global mean precipitation changes have been presented in Section 
12.4.1.1. The processes that govern large-scale changes in precipita-
tion are presented in Section 7.6, and are used here to interpret the 

Figure 12.21 |  Projected changes in near-surface relative humidity from the CMIP5 models under RCP8.5 for the December, January and February (DJF, left), June, July and August 
(JJA, middle) and annual mean (ANN, right) averages relative to 1986–2005 for the periods 2046–2065 (top row), 2081–2100 (bottom row). The changes are differences in relative 
humidity percentage (as opposed to a fractional or relative change). 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).
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oceans will be governed by saturation temperatures of oceanic air. As 
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any further moistening of the air over land is insufficient to maintain 
constant RH, a behaviour Sherwood et al. (2010) term a last-satura-
tion-temperature constraint. The RH decrease over most land areas by 
the end of the 21st century is consistent with a last-saturation-temper-
ature constraint and with observed behaviour during the first decade 
of the current century (Section 2.5.5; Simmons et al., 2010). Land–
ocean differences in warming are projected to continue through the 
21st century, and although the CMIP5 projected changes are small, 
they are consistent with a last-saturation constraint, indicating with 
medium confidence that reductions in near-surface RH over many land 
areas are likely.
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(JJA, middle) and annual mean (ANN, right) averages relative to 1986–2005 for the periods 2046–2065 (top row), 2081–2100 (bottom row). The changes are differences in relative 
humidity percentage (as opposed to a fractional or relative change). 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).
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es. There are important local seasonal differences among the responses 
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At first sight, the water cycles simulated by CMIP3/5 models may 
appear to be inconsistent, particularly at regional scales. Anthropogen-
ic changes to the water cycle are superimposed on complex naturally 
varying modes of the climate (such as El Niño-Southern Oscillation 
(ENSO), AO, Pacific Decadal Oscillation (PDO), etc.) aggravating the dif-
ferences between model projections. However, by careful consideration 
of the interaction of the water cycle with changes in other aspects of 
the climate system, the mechanisms of change are revealed, increasing 
confidence in projections.

12.4.5.1 Atmospheric Humidity

Atmospheric water vapour is the primary GHG in the atmosphere. Its 
changes affect all parts of the water cycle. However, the amount of 
water vapour is dominated by naturally occurring processes and not 
significantly affected directly by human activities. A common experi-
ence from past modelling studies is that relative humidity (RH) remains 
approximately constant on climatological time scales and planetary 
space scales, implying a strong constraint by the Clausius–Clapeyron 
relationship on how specific humidity will change. The AR4 stated that 

‘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 chang-
es in cloud cover and atmospheric convection (Sherwood, 2010). More 
recent analysis provides further detail and insight on RH changes. Anal-
ysis of CMIP3 and CMIP5 models shows near-surface RH decreasing 
over most land areas as temperatures increase with the notable excep-
tion of parts of tropical Africa (O’Gorman and Muller, 2010) (Figure 
12.21). The prime contributor to these decreases in RH over land is the 
larger temperature increases over land than over ocean in the RCP sce-
narios (Joshi et al., 2008; Fasullo, 2010; O’Gorman and Muller, 2010). 
The specific humidity of air originating over more slowly warming 
oceans will be governed by saturation temperatures of oceanic air. As 
this air moves over land and is warmed, its relative humidity drops as 
any further moistening of the air over land is insufficient to maintain 
constant RH, a behaviour Sherwood et al. (2010) term a last-satura-
tion-temperature constraint. The RH decrease over most land areas by 
the end of the 21st century is consistent with a last-saturation-temper-
ature constraint and with observed behaviour during the first decade 
of the current century (Section 2.5.5; Simmons et al., 2010). Land–
ocean differences in warming are projected to continue through the 
21st century, and although the CMIP5 projected changes are small, 
they are consistent with a last-saturation constraint, indicating with 
medium confidence that reductions in near-surface RH over many land 
areas are likely.

12.4.5.2 Patterns of Projected Average Precipitation Changes

Global mean precipitation changes have been presented in Section 
12.4.1.1. The processes that govern large-scale changes in precipita-
tion are presented in Section 7.6, and are used here to interpret the 

Figure 12.21 |  Projected changes in near-surface relative humidity from the CMIP5 models under RCP8.5 for the December, January and February (DJF, left), June, July and August 
(JJA, middle) and annual mean (ANN, right) averages relative to 1986–2005 for the periods 2046–2065 (top row), 2081–2100 (bottom row). The changes are differences in relative 
humidity percentage (as opposed to a fractional or relative change). 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).
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agreement between models is the smallest (Chou et al., 2009; Allan, 
2012). A robust feature is the decline of precipitation on the poleward 
flanks of the subtropical dry zones as a consequence of the Hadley Cell 
expansion, with possible additional decrease from a poleward shift of 
the mid latitude storm tracks (Seager et al., 2010; Scheff and Frierson, 
2012). On seasonal time scales, the minimum and the maximum values 
of precipitation both increase, with a larger increase of the maximum 
and therefore an increase of the annual precipitation range (Sobel and 
Camargo, 2011; Chou and Lan, 2012). 

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 sig-
nificant 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 pos-
itive RF from increased atmospheric CO2 reduces the radiative cooling 

of the troposphere and the large scale rising motion and hence reduc-
es precipitation in the convective regions. Over large landmasses, the 
direct effect of CO2 on precipitation is the opposite owing to the small 
thermal inertia of land surfaces (Andrews et al., 2010; Bala et al., 2010; 
Cao et al., 2012; Bony et al., 2013). Regional precipitation changes are 
also influenced by aerosol and ozone (Ramanathan et al., 2001; Allen 
et al., 2012; Shindell et al., 2013a) through both local and large-scale 
processes, including changes in the circulation. Stratospheric ozone 
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 con-
tributors 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). 

Seasonal mean percentage precipitation change (RCP8.5)

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 the RCP8.5 forcing scenario. 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).

“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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on the sign of change (see Box 12.1).
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on the sign of change (see Box 12.1).
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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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LW radiation. The LW net flux depends mainly on two factors: the sur-
face temperature and the magnitude of the greenhouse effect of the 
atmosphere. During the 20th century, the rapid fluctuations of LW radi-
ation are driven by volcanic forcings, which decrease the absorbed SW 
radiation, surface temperature, and the LW radiation emitted by the 
Earth toward space. During the period 1960–2000, the fast increase of 
GHG concentrations also decreases the radiation emitted by the Earth. 
In response to this net heating of the Earth, temperatures warm and 
thereby increase emitted LW radiation although the change of the tem-
perature vertical profile, water vapour, and cloud properties modulate 
this response (e.g., Bony et al., 2006; Randall et al., 2007). 

12.4.3.5 Clouds

This section provides a summary description of future changes in 
clouds and their feedbacks on climate. A more general and more pre-
cise description and assessment of the role of clouds in the climate 
system is provided in Chapter 7, in particular Section 7.2 for cloud pro-
cesses and feedbacks and Section 7.4 for aerosol–cloud interactions. 
Cloud feedbacks and adjustments are presented in Section 7.2.5 and a 
synthesis is provided in Section 7.2.6. Clouds are a major component 
of the climate system and play an important role in climate sensitiv-
ity (Cess et al., 1990; Randall et al., 2007), the diurnal temperature 
range (DTR) over land (Zhou et al., 2009), and land–sea contrast (see 
Section 12.4.3.1). The observed global mean cloud RF is about –20 W 
m–2 (Loeb et al., 2009) (see Section 7.2.1), that is, clouds have a net 
cooling effect. Current GCMs simulate clouds through various complex 
 parameterizations (see Section 7.2.3), and cloud feedback is a major 
source of the spread of the climate sensitivity estimate (Soden and 
Held, 2006; Randall et al., 2007; Dufresne and Bony, 2008) (see Section 
9.7.2). 

Under future projections the multi-model pattern of total cloud 
amount shows consistent decreases in the subtropics, in conjunction 
with a decrease of the relative humidity there, and increases at high 
latitudes. Another robust pattern is an increase in cloud cover at all 
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 

Dufresne, 2005; Webb et al., 2006; Wyant et al., 2006). Since AR4, these 
results have been confirmed along with the positive feedbacks due to 
high level clouds in the CMIP3 or CFMIP models (Zelinka and Hart-
mann, 2010; Soden and Vecchi, 2011; Webb et al., 2013) and CMIP5 
models (Vial et al., 2013). Since AR4, the response of clouds has been 
partitioned in a direct or ‘rapid’ response of clouds to CO2 and a ‘slow’ 
response of clouds to the surface temperature increase (i.e., the usual 
feedback response) (Gregory and Webb, 2008). The radiative effect of 
clouds depends mainly on their fraction, optical depth and temper-
ature. The contribution of these variables to the cloud feedback has 
been quantified for the multi-model CMIP3 (Soden and Vecchi, 2011) 
and CFMIP1 database (Zelinka et al., 2012). These findings are con-
sistent with the radiative changes obtained with the CMIP5 models 
(Figure 12.16) and may be summarized as follows (see Section 7.2.5 
for more details).

The dominant contributor to the SW cloud feedback is the change in 
cloud fraction. The reduction of cloud fraction between 50°S and 50°N, 
except along the equator and the eastern part of the ocean basins 
(Figure 12.17), contributes to an increase in the absorbed solar radi-
ation (Figure 12.16c). Physical mechanisms and the role of different 
parameterizations have been proposed to explain this reduction of 
low-level clouds (Zhang and Bretherton, 2008; Caldwell and Breth-
erton, 2009; Brient and Bony, 2013; Webb et al., 2013). Poleward of 
50°S, the cloud fraction and the cloud optical depth increases, thereby 
increasing cloud reflectance. This leads to a decrease of solar absorp-
tion around Antarctica where the ocean is nearly ice free in summer 
(Figure 12.16c). However, there is low confidence in this result because 
GCMs do not reproduce the nearly 100% cloud cover observed there 
and the negative feedback could be overestimated (Trenberth and 
Fasullo, 2010) or, at the opposite, underestimated because the cloud 
optical depth simulated by models is biased high there (Zelinka et al., 
2012).

In the LW domain, the tropical high cloud changes exert the dominant 
effect. A lifting of the cloud top with warming is simulated consistently 
across models (Meehl et al., 2007b) which leads to a positive feed-
back 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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Precipitation

- “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.”

TS

 Technical Summary

91

TS.5.5.4 Projected Long-term Changes in the Water Cycle

On the planetary scale, relative humidity is projected to remain roughly 
constant, but specific humidity to increase in a warming climate. The 
projected differential warming of land and ocean promotes changes in 
atmospheric moistening that lead to small decreases in near-surface 
relative humidity over most land areas with the notable exception 
of parts of tropical Africa (medium confidence) (see TFE.1, Figure 1). 
{12.4.5}

It is virtually certain that, in the long term, global precipitation will 
increase with increased GMST. Global mean precipitation will increase 
at a rate per °C smaller than that of atmospheric water vapour. It will 
likely increase by 1 to 3% °C–1 for scenarios other than RCP2.6. For 
RCP2.6 the range of sensitivities in the CMIP5 models is 0.5 to 4% °C–1 
at the end of the 21st century. {7.6.2, 7.6.3, 12.4.1}

Changes in average precipitation in a warmer world will exhibit sub-
stantial spatial variation under RCP8.5. Some regions will experience 
increases, other regions will experience decreases and yet others will 
not experience significant changes at all (see Figure TS.16). There 
is 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. The  general pattern of change indicates that high latitudes 
are very likely to experience greater amounts of precipitation due to 
the increased specific humidity of the warmer troposphere as well as 
increased transport of water vapour from the tropics by the end of this 

Figure TS.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 
shown relative 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 
where the 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 
standard 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 
TS Supplementary Material. {Figure 12.22; Annex I}

century under the RCP8.5 scenario. Many mid-latitude and subtropical 
arid and semi-arid regions will likely experience less precipitation and 
many moist mid-latitude regions will likely experience more precipita-
tion by the end of this century under the RCP8.5 scenario. Maps of 
precipitation change for the four RCP scenarios are shown in Figure 
TS.16. {12.4.2, 12.4.5}

Globally, for short-duration precipitation events, a shift to more intense 
individual storms and fewer weak storms is likely as temperatures 
increase. Over most of the mid-latitude land masses and over wet tropi-
cal regions, extreme precipitation events will very likely be more intense 
and more frequent in a warmer world. The global average sensitivity 
of the 20-year return value of the annual maximum daily precipitation 
ranges from 4% °C–1 of local temperature increase (average of CMIP3 
models) to 5.3% °C–1 of local temperature increase (average of CMIP5 
models), but regionally there are wide variations. {12.4.2, 12.4.5}

Annual surface evaporation is projected to increase as global tempera-
tures rise over most of the ocean and is projected to change over land 
following a similar pattern as precipitation. Decreases in annual runoff 
are likely in parts of southern Europe, the Middle East and southern 
Africa by the end of this century under the RCP8.5 scenario. Increases in 
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 confi-
dence by the end of this century under the RCP8.5 scenario. Prominent 


