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Big changes in water vapor with climate change
GFDL climate model under A1B global warming scenario  

~20% change in 
water vapor

Held and Soden, 2006



Atmospheric water vapor and thermodynamics

Stays relatively constant 
with climate change

Grows exponentially in 
temperature (Clausius- 

Clapeyron relation)

Relative 
humidity

Saturation vapor 
pressure

Vapor 
pressure = x



Effects of big increase in water vapor?

Effect of climate change on:

1) Mean precipitation:  (O’Gorman and Schneider, JOC 2008)

- growth of global precipitation?

- change in region where condensation and precipitation occurs?

2) Precipitation extremes?



Idealized General Circulation Model (GCM) as 
testbed for effects of climate change

Snapshot of midtropospheric vorticity in idealized GCM



Idealized General Circulation Model (GCM) as 
testbed for effects of climate change

Idealized GCM has ‘full’ large-scale fluid dynamics with:

• mixed layer ocean as lower boundary condition

• semigray radiation and no clouds or ice

Optical thickness of longwave radiative absorber varied to mimic 
changes in greenhouse gases 



Mean precipitation



Global mean precipitation in idealized GCM

16 equilibrium simulations with different LW optical depths
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Energy constraints on global mean precipitation

Evaporation limited by energy balance at surface
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Distribution of mean precipitation in idealized GCM

latitude
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Movement of extratropical max and subtropical 
min of precipitation
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Subtropical precipitation and water vapor budget

(m
m

 d
a
y!

1
)

Surface air temperature (K)
260 270 280 290 300 310 320

0

1

2

3

4

5

6

7
Evaporation

Precip
Mean div

Eddy div

Opposing changes in divergence and evaporation



Large scale condensation rate as climate changes

Implications for precipitation, clouds, ...
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Discrepancy between climate models and 
observations (red) in tropics ?

Tropical precipitation relative to 1979-2000 (Allan and Soden, 2007)
[13] Decomposing the tropical variability into ascending

and descending regions produces more coherent trends in
the data. For the ascending region of the tropical oceans
(Figure 1c), an upward trend in P is evident in both GPCP
and CMAP data from 1990–2006 with a similar trend for
the SSM/I data. For the period 1979–1987, a large
discrepancy between CMAP and GPCP data remains for
the ocean region which affects the overall trends calculated
in Table 1. An upward precipitation trend of 0.18 mm
day!1 dec!1 in the GPCP data is substantially larger than
the trend calculated for the entire tropics and a factor of
3 larger than the model ensemble mean trend.
[14] For the descending portions of the tropical circula-

tion (Figures 1e and 1f) a coherent negative trend in
observed precipitation is evident from all datasets over land
and ocean (ranging from !0.05 to !0.11 mm day!1 dec!1),
but not detectable in the model simulations (Table 1).

4. Sensitivity to Observing System

[15] It is clear that the observed trends in precipitation are
larger than the model simulations, in particular for the
descending regions. It is important to assess whether this
discrepancy may be explained by spurious changes in the
reanalysis w500 fields or in the satellite observing systems.
Figures 2a and 2b show that for the descending regime, a
negative precipitation trend is present for GPCP and CMAP
using NCEP w500 and the trend is larger still when using
ERA40 w500 (blue lines). Figures 2a and 2b also show the
changes in precipitation calculated when applying the
changing NCEP w500 to a long-term monthly climatology
of precipitation. Any detectable trend would relate to

changes in the reanalysis fields rather than the precipitation
estimates. A negative trend of around 0.025 mm day!1

decade!1 is calculated, less than 30% of the observational
trends calculated in Table 1, although this is not significant
at the 95% confidence level for the GPCP climatology. This
suggests that the observed changes in P are sensitive to the
reanalysis fields but that this cannot explain most of the
precipitation responses found in the descending region.
[16] Figure 2c displays increasing descent-region w500

(stronger descent) although with greater variability in
ERA40 than NCEP. It is possible that these changes are
artifacts of the observing system [Held and Soden, 2006]
and these may contribute to a portion of the observed trends.
Changes in the areal extent of the descending regime
(Figure 2d) shows coherent variability in NCEP and
ERA40 but no visible trend.
[17] We also examined the sensitivity of the observed

trends to the products used. Using the GPCP gauge-only
product (pg1–pg2) over land and the multi-satellite product
(pms) over oceans produced trends within the statistical
uncertainty of the standard GPCP product. The standard
CMAP product (V705) produced trends that were within the
statistical uncertainty of the enhanced product. Finally,
when a simple merged average of all the SSM/I satellites
was used, the negative trend over descending regions was
enhanced by 30% while trends elsewhere were not statisti-
cally significant.

5. Long Term Projections

[18] Having established the robust nature of observed
precipitation trends, we now place the variation in the

Figure 3. Tropical precipitation changes (mm day!1), relative to 1979–2000, simulated by CMIP3 models over the
period 1950–2100 for (a) all regions, (b) ascending regions, and (c) descending regions. Also shown are GPCP observed
estimates. A 2-year average is applied to the model and observational data.
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[13] Decomposing the tropical variability into ascending
and descending regions produces more coherent trends in
the data. For the ascending region of the tropical oceans
(Figure 1c), an upward trend in P is evident in both GPCP
and CMAP data from 1990–2006 with a similar trend for
the SSM/I data. For the period 1979–1987, a large
discrepancy between CMAP and GPCP data remains for
the ocean region which affects the overall trends calculated
in Table 1. An upward precipitation trend of 0.18 mm
day!1 dec!1 in the GPCP data is substantially larger than
the trend calculated for the entire tropics and a factor of
3 larger than the model ensemble mean trend.
[14] For the descending portions of the tropical circula-

tion (Figures 1e and 1f) a coherent negative trend in
observed precipitation is evident from all datasets over land
and ocean (ranging from !0.05 to !0.11 mm day!1 dec!1),
but not detectable in the model simulations (Table 1).

4. Sensitivity to Observing System

[15] It is clear that the observed trends in precipitation are
larger than the model simulations, in particular for the
descending regions. It is important to assess whether this
discrepancy may be explained by spurious changes in the
reanalysis w500 fields or in the satellite observing systems.
Figures 2a and 2b show that for the descending regime, a
negative precipitation trend is present for GPCP and CMAP
using NCEP w500 and the trend is larger still when using
ERA40 w500 (blue lines). Figures 2a and 2b also show the
changes in precipitation calculated when applying the
changing NCEP w500 to a long-term monthly climatology
of precipitation. Any detectable trend would relate to

changes in the reanalysis fields rather than the precipitation
estimates. A negative trend of around 0.025 mm day!1

decade!1 is calculated, less than 30% of the observational
trends calculated in Table 1, although this is not significant
at the 95% confidence level for the GPCP climatology. This
suggests that the observed changes in P are sensitive to the
reanalysis fields but that this cannot explain most of the
precipitation responses found in the descending region.
[16] Figure 2c displays increasing descent-region w500

(stronger descent) although with greater variability in
ERA40 than NCEP. It is possible that these changes are
artifacts of the observing system [Held and Soden, 2006]
and these may contribute to a portion of the observed trends.
Changes in the areal extent of the descending regime
(Figure 2d) shows coherent variability in NCEP and
ERA40 but no visible trend.
[17] We also examined the sensitivity of the observed

trends to the products used. Using the GPCP gauge-only
product (pg1–pg2) over land and the multi-satellite product
(pms) over oceans produced trends within the statistical
uncertainty of the standard GPCP product. The standard
CMAP product (V705) produced trends that were within the
statistical uncertainty of the enhanced product. Finally,
when a simple merged average of all the SSM/I satellites
was used, the negative trend over descending regions was
enhanced by 30% while trends elsewhere were not statisti-
cally significant.

5. Long Term Projections

[18] Having established the robust nature of observed
precipitation trends, we now place the variation in the

Figure 3. Tropical precipitation changes (mm day!1), relative to 1979–2000, simulated by CMIP3 models over the
period 1950–2100 for (a) all regions, (b) ascending regions, and (c) descending regions. Also shown are GPCP observed
estimates. A 2-year average is applied to the model and observational data.
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Precipitation extremes



Effect of climate change on intense precipitation 
events

• High quantiles of daily precipitation, e.g.  0.999 corresponds to:

- daily precipitation exceeded with probability 1/1000

- a return period of ~3 years

• Longer accumulations (e.g. 5 days) may be relevant for flooding



High quantiles of precipitation scale like water 
vapor?

• Trenberth (1999) and Allen and Ingram (2002) argue for 
extremes scaling like water vapor:

- extreme precipitation balanced by moisture convergence

- assume updraft intensity unchanged

• Pall et al (2007) speculate on ‘super Clausius-Clapeyron’ growth 
of extremes 



High quantiles of precipitation scale like water 
vapor?

per degree warming will be less than if this). This is
indeed a projected increase slower than the increase in
the extreme (~6.5% K–1).

It was then demonstrated that these concepts may
be emergent globally at least in one coupled climate
model, namely the Third Hadley Centre Coupled
Model, HadCM3 (Pope et al. 2000; Gordon et al. 2000.
Figure 1 (after their Fig. 4) shows their return level
plot illustrating, for the upper 50 percentiles of both a
transient CO2 and control HadCM3 simulation, the
change in precipitation at those percentiles.

We re-iterate the main features of this figure. Firstly
one sees that above approximately the 90th percentile
(1-in-10 day events and above) precipitation events in
a transient climate are becoming more intense at a
given percentile, and a given intensity of event is
becoming more probable, compared to the corre-
sponding control climate. In the context of a constraint,
there appears to be a convergence of the ratio of
transient to control precipitation to about a 26% in-
crease at the highest end of the distribution which is
indeed in the region expected from the Clausius–Cla-
peyron relationship. Furthermore, one could account
for the slightly higher than predicted precipitation
change value as being due to the dominance of the
tropics (generally the major source of extreme daily
precipitation) on the signal at the top percentiles and
super Clausius–Clapeyron conditions here.

Secondly, we note that such increases at the extreme
are more than double the increase in the global-mean
precipitation (i.e. the change summed over all per-
centiles). Indeed the increase at the heaviest rain
events is large enough that the energy constraint on the
total implies that on only 1 day in 10 does precipitation
increase (transient and control distributions cross
around the 90th percentile as noted above), with
accompanying decreases lower down in the distribu-
tion. The implication is that the change in mean pre-
cipitation would be a poorer indicator of the change in
extreme precipitation, than would using the Clausius–
Clapeyron prediction. This analysis, however, was only
at the global annual level and is unsatisfying in the
sense that behaviour at the extremes is dominated by
tropical precipitation, with 70 and 72% of the precip-
itation above the 90th percentile occurring between
30!N and 30!S in the transient and control climates
respectively (rising to 85% for precipitation above the
99.9th percentile in both climates). So relatively little
can be deduced about other regions here.

The purpose of this paper is to extend the analysis of
Allen and Ingram (2002) (henceforth referred to as
‘AI02’) to investigate, on regional and seasonal scales,
the degree to which a ‘Clausius–Clapeyron constraint’
is a better predictor of changes in extreme precipita-
tion, than is using the change in mean precipitation. If
the Clausius–Clapeyron constraint is indeed an
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Fig. 1 After Allen and Ingram (2002), Fig. 4. Log–log plot of the
change in distribution of global (all gridpoints and seasons) daily
precipitation at years 2070–2100 of a transient HadCM3 climate
change simulation. The solid curve shows the distribution in the
transient simulation, where CO2 levels have increased by a factor
of approximately 2.7. The dashed curve shows the corresponding
control simulation. Their ratio is shown by the dotted curve and

right-hand (linear) axis. The global-mean warming is 3.6 K and
the tropical-mean is 3.3 K, giving a Clausius–Clapeyron pre-
dicted limit on this ratio of about 23% as shown by the starred
point. Note that Allen and Ingram (2002) incorrectly: stated this
period as being around the time of CO2 doubling; found a 22%
Clausius–Clapeyron predicted limit; labelled the left-hand axis as
‘Intensity’)

P. Pall et al.: Testing the Clausius–Clapeyron constraint 353

123

Pall et al. 2007 (HadCM3 transient run)
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Mean and extreme precipitation grow slower than 
water vapor in idealized GCM

Change per degree global warming between two experiments
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Scaling of precipitation extremes

• Take account of:

- circulation changes

- water vapor

- latent heat release

- temperatures in extreme events



Can account for extremes if include latent heating, 
circulation changes, and temperature when 

precipitating 

Change per degree global warming between two experiments
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Growth of precipitation extremes in IPCC models

Multi-model mean change per degree global warming 
(A1B 2000-2100) (scaling without        )
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Precipitation extremes (0.999) grow like scaling in 
extratropics

Change per degree extratropical warming (A1B 2000-2100)

scaling or water vapor (%/K)
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No agreement for precipitation extremes (0.999) in 
tropics

Change per degree tropical warming (A1B 2000-2100)

scaling or water vapor (%/K)
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Conclusions

• Neither mean nor extreme precipitation grow like water vapor

• Region of large-scale condensation moves poleward and upward 
as climate warms 

• Extratropical maximum in precipitation doesn’t always follow 
storm track

• Can explain precipitation extremes in models in extratropics but 
little agreement in tropics 


