
Does the scaling of extreme 
precipitation depend on emissions 

scenario?  

Angeline Pendergrass 
 
 

NCAR  
Climate and Global Dynamics Division  

> Climate Analysis Section 
Advanced Studies Program 



What do we mean by  
precipitation?  

•  Let’s take a look at the distribution of rain: 
At what rain rate does rain fall?  
– Globally… 
– As a function of latitude, season, location? 
– How does this change? 

•  Just models today 
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Response to warming  
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What do we mean by  
extreme precipitation?  

•  Extreme rain rate: How hard the hardest 
rain events are 
– The rain rate at a percentile of the cumulative 

frequency distribution 



Extreme rain rate  
response to warming 
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Multi-model mean change in extreme rain 
rate: spatial pattern 
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Summary: things we just learned about rain 

With latitude… 
 The rate at which heavy rain falls varies surprisingly little 
 Light rain falls in the subtropics  

With season… 
Tropical rain migrates north and south 
Extra-tropical rain modulates in frequency 

With warming… 
Tropical rain migrates equatorward 
Extreme rain events get heavier in most places 



Does the scaling of extreme 
precipitation depend on emissions 

scenario?  

No. 



Greenhouse gas 
emissions trajectory 

What do we mean by  
emissions scenario?  

2 Climate model simulations

We focus on model simulations forced by 4 RCP scenarios as part of the CMIP5 model
intercomparison (Taylor et al., 2012). In order to quantify the internal variability, we also
include 15 members of an initial condition ensemble with the NCAR CESM1.1 model for the
RCP8.5 (Kay et al., in peer review?) and RCP4.5 sceanrios (and end in 2080, rather than
2100).

The Realistic Concentration Pathway (RCP) emissions scenarios (Moss et al., 2010) are
the forcing trajectories of greenhouse gases and aerosols. We will examine the response to
the four different RCP scenarios (2.6, 4.5, 6.0 and 8.5) relative to the historical period. The
number associated with each RCP scenario represents the target radiative forcing (in W
m−2) for the scenario over the next century. The scenarios with larger radiative forcing also
have much more warming. The larger scenarios are driven primarily by increased greenhouse
gases, though changes in aerosols are also included. Importantly for our analysis, the GHG
forcings are very different across the scenarios, while the changes in aerosol forcing are
much more similar. In the RCP scenarios, both sulphur dioxide and fossil-fuel black carbon
decrease over the 21st century (Bellouin et al., 2011).
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Figure 1: The CO2-equivalent top-of-atmosphere radiative forcing from Kyoto-controlled
GHGs and non-GHGs in the RCP and historical scenarios.

Figure 1 forcing data from Meinshausen et al. (2011). Figure 2 aerosol data from Lamar-
que et al. (2011).

From both of these scenarios, we examine daily rain accumulation data for 10 year periods.
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scenario. We focus on model simulations forced by four Representative Concentration Path-
way (RCP) emissions scenarios as part of the CMIP5 model intercomparison (Taylor et al.,
2012). In order to quantify the internal variability, we also include 15 members of an initial
condition ensemble with the NCAR CESM1.1 model for the RCP8.5 (Kay et al., 2014?) and
RCP4.5 sceanrios (and end in 2080, rather than 2100).

The RCP emissions scenarios (Moss et al., 2010) include relevant forcing magnitude tra-
jectories of greenhouse gases and aerosols. We examine the response to the four different
RCP scenarios (2.6, 4.5, 6.0 and 8.5) relative to the historical period. The number asso-
ciated with each RCP scenario represents the target radiative forcing (in W m−2) for the
scenario by the end of this century. The scenarios with larger radiative forcing also have
much more warming. In the scenarios with larger target radiative forcing, climate change is
driven primarily by increased greenhouse gases, though changes in aerosols are also included.
Importantly for our analysis, the GHG forcings are very different across the scenarios, while
the changes in aerosol forcing are much more similar. In the RCP scenarios, both sulphur
dioxide and fossil-fuel black carbon decrease over the 21st century (Bellouin et al., 2011),
which is shown in Fig. 1b and 2.
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Figure 1: The CO2-equivalent top-of-atmosphere radiative forcing from Kyoto-controlled
GHGs and non-GHGs in the RCP and historical scenarios. Note the differing y-axes of the
panels.

Figure 1 forcing data from Meinshausen et al. (2011). Figure 2 aerosol data from Lamar-
que et al. (2011).
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Does extreme precipitation scaling depend on emissions

scenario?

Angeline G Pendergrass1

1. Introduction

Global-mean surface temperature change is closely tied
to top-of-atmosphere (TOA) radiative forcing, and is oth-
erwise insensitive to the makeup emissions scenario. For
global-mean precipitation, it has been established that such
a relationship must include absorbing aerosol forcing in addi-
tion to TOA radiative forcing. Extreme precipitation events
are also important, for example because of their impacts. Do
extreme precipitation events scale with global-mean surface
temperature change, or do they behave more like mean pre-
cipitation and depend on emissions scenario?

Precipitation response to greenhouse gas (GHG) forcing
is more uncertain than warming: it is not as well represented
by climate models, and it is more easily confounded by in-
ternal variability [Deser et al., 2012]. The rate of increase
of mean precipitation with warming depends not only on
the magnitude of global-mean surface temperature change,
but also on absorbing aerosol forcing [Ming et al., 2010; Sh-
iogama et al., 2010; Frieler et al., 2011; Pendergrass and
Hartmann, 2012]. This is because (in the global mean),
precipitation only increases as fast as the atmosphere can
increase the rate at which it radiatively cools [Allen and
Ingram, 2002; Pendergrass and Hartmann, 2014a].

However, we should not assume that this is also the case
for extreme precipitation. To the extent that extreme pre-
cipitation events are driven by moisture convergence, and
relative humidity and circulation do not change, extreme
precipitation events should scale linearly with the change
in surface temperature [Trenberth, 1999]. However, projec-
tions for the next century from different climate models vary
widely in their extreme precipitation responses to CO2 in-
crease: 5 to 25 % K−1 [Pendergrass and Hartmann, 2014b].

Here we explore the response of extreme precipitation to
a range of realistic forcing scenarios in the CMIP5 multi-
model experiments, and compare it with changes in mean
precipitation.

2. Climate model simulations

The Coupled Model Intercomparison Project, version
5 (CMIP5) ensemble provides opportunity to investigate
whether and how extreme precipitation depends on emis-
sions scenario. We focus on model simulations forced by
four Representative Concentration Pathway (RCP) emis-
sions scenarios as part of the CMIP5 model intercomparison
[Taylor et al., 2012]. In order to quantify the internal vari-
ability, we also include 15 members of an initial condition
ensemble with the NCAR CESM1.1 model for the RCP8.5
[Kay et al., 2014] and RCP4.5 sceanrios (and end in 2080,
rather than 2100).

1National Center for Atmospheric Research, Boulder,
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Copyright 2015 by the American Geophysical Union.

0094-8276/15/$5.00

The RCP emissions scenarios [Moss et al., 2010] in-
clude relevant forcing magnitude trajectories of GHGs and
aerosols. We examine the response to the four different RCP
scenarios relative to the historical period. The RCP scenar-
ios are named for their target radiative forcings, 2.6, 4.5, 6.0
and 8.5, (in W m−2) for the scenario by the end of this cen-
tury. The scenarios with larger radiative forcing also have
more warming. Importantly for our analysis, the GHG forc-
ings are very different across the scenarios, while the changes
in aerosol forcing are much more similar. In the RCP scenar-
ios, fossil-fuel black carbon decreases over the 21st century
[Bellouin et al., 2011], which is shown in Fig. 1.
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Figure 1. (a) Top-of-atmosphere radiative forcing in
the RCP and historical scenarios. (b) Change in global-
mean black carbon emissions for the RCP scenarios and
the historical period. Both hydrophilic and hydrophobic
components of black carbon are included.

Figure 1a forcing data from Meinshausen et al. [2011].
Figure 1b aerosol data from Lamarque et al. [2011].

From each of these scenarios, we examine daily rain ac-
cumulation data for 10 year periods.

3. Global-mean precipitation increase

Global-mean surface temperature change responds closely
to radiative forcing and is independent of forcing agent to

1



What do we mean by  
emissions scenario?  

Aerosol emissions 
trajectory 
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Figure 2: Global-mean aerosol change for the RCP scenarios relative to the historical period.
Black carbon is generally an absorbing aerosol, sulfate is a reflecting aerosol, and organic
carbon is more reflecting than absorbing. Hydrophilic and hydrophobic components of black
and organic carbon were added together.
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2 Climate model simulations

We focus on model simulations forced by 4 RCP scenarios as part of the CMIP5 model
intercomparison (Taylor et al., 2012). In order to quantify the internal variability, we also
include 15 members of an initial condition ensemble with the NCAR CESM1.1 model for the
RCP8.5 (Kay et al., in peer review?) and RCP4.5 sceanrios (and end in 2080, rather than
2100).

The Realistic Concentration Pathway (RCP) emissions scenarios (Moss et al., 2010) are
the forcing trajectories of greenhouse gases and aerosols. We will examine the response to
the four different RCP scenarios (2.6, 4.5, 6.0 and 8.5) relative to the historical period. The
number associated with each RCP scenario represents the target radiative forcing (in W
m−2) for the scenario over the next century. The scenarios with larger radiative forcing also
have much more warming. The larger scenarios are driven primarily by increased greenhouse
gases, though changes in aerosols are also included. Importantly for our analysis, the GHG
forcings are very different across the scenarios, while the changes in aerosol forcing are
much more similar. In the RCP scenarios, both sulphur dioxide and fossil-fuel black carbon
decrease over the 21st century (Bellouin et al., 2011).
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Figure 1: The CO2-equivalent top-of-atmosphere radiative forcing from Kyoto-controlled
GHGs and non-GHGs in the RCP and historical scenarios.

Figure 1 forcing data from Meinshausen et al. (2011). Figure 2 aerosol data from Lamar-
que et al. (2011).

From both of these scenarios, we examine daily rain accumulation data for 10 year periods.
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Why would we care  
whether extreme precipitation depends 

on emissions scenario?  

For simplified representations of climate 
change. 
 
Integrated Assessment Modeling (IAM) 
Pattern scaling 



Environ. Res. Lett. 7 (2012) 024012 D P van Vuuren et al

Figure 1. Overview of some main components of IA and ES models. This letter discusses the possible exchange of information (coupling)
between these types of models as indicated by the horizontal arrows. The two vertical arrow illustrate the linkage between the human
system and natural earth system components that already exists in IA models.

Table 1. Advantages and disadvantages of the different types of IA–ES collaboration.

Method Advantages Disadvantages

A (off-line information
exchange, one-way)

• Work with existing terminology and
tools

• Feedbacks are only captured via (one-single)
iterations

• Transparent information exchange • Potential inconsistencies
• Flexibility
• Separate research strategies

B (improved IAMs) • Allows for good representation of
uncertainty

• Lack of detail in treatment of biophysical processes
(often meta-modeling)

• Model complexity tailored to question
• Detail in treatment of socio-economic

processes
C (improved ESMs) • Higher resolution analyses than in

IAMs
• Lack of detail in treatment of socio-economic

processes
• Detail in treatment of biophysical

processes
• Limitation of model runs limits representation of

uncertainty
D (full coupling) • Assessment of feedbacks • Technical difficulties

• Highest degree of consistency • Lack of representation of uncertainty
• Inflexibility
• Complexity/intransparency
• Limitations in knowledge may hamper progress

(C) The representation of societal elements within ES models
can be further improved by advancing, for instance, the
modeling of agricultural and water management options
within the ES models.

(D) IA and ES models can be fully coupled online, allowing
for more or less instantaneous two-way interactions.

These four different interactions also represent increasing
levels of complexity (from A to D). We briefly discuss the
advantages and disadvantages of each of these approaches
(see table 1 for a summary). Spatial and temporal scales also
play a critical role here. While IA models tend to describe
socio-economic processes at the regional scale, ES models
mostly use a more detailed geographical grid. A similar

situation holds with respect to time, where socio-economic
models often tend to focus on longer time scales (e.g. year)
than ES models (parts of a day). If necessary, the difference in
scale can be accounted for using downscaling techniques [23,
24], but this may be complex especially for time-related
issues. Another scale issue is that also regional IA and ES
models exist. While some of the arguments might also apply
for these models, regional modeling systems may introduce
additional constraints as well.

The simplest form of information exchange is a one-way
exchange of information (A). Successful examples of this
form include the ES model simulations on the basis of
IA scenarios (emissions, land use) and the extensive use
of climate output (temperature and precipitation) to assess
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Mean precipitation does depend on 
emissions scenario. 

2.6 4.5 6.0 8.5
0

1

2

3

4

5

RCP scenario

∆
P/
∆

T 
(%

/K
)

Mean

2.6 4.5 6.0 8.5
0

1

2

3

4

5

RCP scenario

∆
P/
∆

T 
(%

/K
)

Mean

2.6 4.5 6.0 8.5
0

1

2

3

4

5

RCP scenario

∆
P/
∆

T 
(%

/K
)

Mean

2.6 4.5 6.0 8.5
0

1

2

3

4

5

RCP scenario

∆
P/
∆

T 
(%

/K
)

Mean

 

 
CMIP5 models
Multi−model mean
CESM members

2.6 4.5 6.0 8.5
0

5

10

15

20

RCP scenario

∆
P9

9.
9/
∆

T 
(%

/K
)

Extreme

Figure 3: (left) The change in global mean precipitation per degree warming for the four
different RCP emissions scenarios. (right) The change in global extreme precipitation per
degree warming for the four different RCP emissions scenarios. Each open circle represents
one model run; the color of the circle for the multi-model ensemble indicates the model rank
in the RCP8.5 scenario value. Filled black circles indicate the CMIP5 multi-model mean.
Whiskers indicate the 95% confidence interval of the ensemble mean.
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But extreme precipitation does not necessarily behave 
the same way as mean precipitation 

Does extreme precipitation depend on emissions 
scenario (like mean precipitation)? Or not (like surface 

temperature)? 
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Figure 3: (left) The change in global mean precipitation per degree warming for the four
different RCP emissions scenarios. (right) The change in global extreme precipitation per
degree warming for the four different RCP emissions scenarios. Each open circle represents
one model run; the color of the circle for the multi-model ensemble indicates the model rank
in the RCP8.5 scenario value. Filled black circles indicate the CMIP5 multi-model mean.
Whiskers indicate the 95% confidence interval of the ensemble mean.

7

2.6 4.5 6.0 8.5
0

1

2

3

4

5

RCP scenario

∆
P/
∆

T 
(%

/K
)

Mean

 

 
CMIP5 models
Multi−model mean
CESM members

2.6 4.5 6.0 8.5
0

5

10

15

20

RCP scenario

∆
P9

9.
9/
∆

T 
(%

/K
)

Extreme

Figure 3: (left) The change in global mean precipitation per degree warming for the four
different RCP emissions scenarios. (right) The change in global extreme precipitation per
degree warming for the four different RCP emissions scenarios. Each open circle represents
one model run; the color of the circle for the multi-model ensemble indicates the model rank
in the RCP8.5 scenario value. Filled black circles indicate the CMIP5 multi-model mean.
Whiskers indicate the 95% confidence interval of the ensemble mean.

7

Does the scaling of extreme 
precipitation depend on emissions 

scenario?  
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different RCP emissions scenarios. (right) The change in global extreme precipitation per
degree warming for the four different RCP emissions scenarios. Each open circle represents
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in the RCP8.5 scenario value. Filled black circles indicate the CMIP5 multi-model mean.
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Figure 4: (left) The change in extreme precipitation over land per degree warming for the four
different RCP emissions scenarios. (right) The change in extra-tropical extreme precipitation
over land per degree warming for the four different RCP emissions scenarios.
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What if we restrict the analysis to land? 
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Figure 3: (left) The change in global mean precipitation per degree warming for the four
different RCP emissions scenarios. (right) The change in global extreme precipitation per
degree warming for the four different RCP emissions scenarios. Each open circle represents
one model run; the color of the circle for the multi-model ensemble indicates the model rank
in the RCP8.5 scenario value. Filled black circles indicate the CMIP5 multi-model mean.
Whiskers indicate the 95% confidence interval of the ensemble mean.
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Figure 4: (left) The change in extreme precipitation over land per degree warming for the four
different RCP emissions scenarios. (right) The change in extra-tropical extreme precipitation
over land per degree warming for the four different RCP emissions scenarios.
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…Extra-tropical land? 
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Figure 3: (left) The change in global mean precipitation per degree warming for the four
different RCP emissions scenarios. (right) The change in global extreme precipitation per
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one model run; the color of the circle for the multi-model ensemble indicates the model rank
in the RCP8.5 scenario value. Filled black circles indicate the CMIP5 multi-model mean.
Whiskers indicate the 95% confidence interval of the ensemble mean.

7



Figure 5: (left) The change in mean rainfall (top) and extreme rain rate (bottom) in the
RCP8.5 scenario. (right) Difference between the change in mean rainfall and extreme rain
rate between RCP8.5 and RCP4.5 scenarios.
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Does it hold locally? 



Does the scaling of extreme 
precipitation depend on emissions 

scenario?  
 
No, I don’t think so. (Are you convinced?) 
  

Caveat?: The extreme mode in some models.  
 
The signal is most reliable in the extratropics. 
 
Internal variability makes up half the signal across 
models (the other half is presumed structural).  
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