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ABSTRACT

Daily precipitation data from climate change simulations using the latest generation of coupled climate
system models are analyzed for potential future changes in precipitation characteristics. For the Intergov-
ernmental Panel on Climate Change (IPCC) Special Report on Emissions Scenarios (SRES) B1 (a low
projection), A1B (a medium projection), and A2 (a high projection) during the twenty-first century, all the
models consistently show a shift toward more intense and extreme precipitation for the globe as a whole and
over various regions. For both SRES B1 and A2, most models show decreased daily precipitation frequency
and all the models show increased daily precipitation intensity. The multimodel averaged percentage
increase in the precipitation intensity (2.0% K™!) is larger than the magnitude of the precipitation frequency
decrease (—0.7% K™'). However, the shift in precipitation frequency distribution toward extremes results
in large increases in very heavy precipitation events (>50 mm day '), so that for very heavy precipitation,
the percentage increase in frequency is much larger than the increase in intensity (31.2% versus 2.4%). The
climate model projected increases in daily precipitation intensity are, however, smaller than that based on
simple thermodynamics (~7% K™'). Multimodel ensemble means show that precipitation amount increases
during the twenty-first century over high latitudes, as well as over currently wet regions in low- and
midlatitudes more than other regions. This increase mostly results from a combination of increased fre-
quency and intensity. Over the dry regions in the subtropics, the precipitation amount generally declines
because of decreases in both frequency and intensity. This indicates that wet regions may get wetter and dry
regions may become drier mostly because of a simultaneous increase (decrease) of precipitation frequency
and intensity.
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1. Introduction

As the climate warms, changes in precipitation char-
acteristics, such as frequency, intensity, and duration,
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may occur. Tropospheric warming (e.g., due to in-
creased greenhouse gases) leads to exponential in-
creases in the water-holding capacity of the atmosphere
by ~7% K™!, which is largely governed by the Clau-
sius—Clapeyron equation (Trenberth 1998; Semenov
and Bengtsson 2002; Allen and Ingram 2002; Trenberth
et al. 2003). With little change in relative humidity (e.g.,
Soden et al. 2002; Dai 2006a), this means exponential
increases in atmospheric moisture content. Trenberth
et al. (2003) argued that in a warmer climate, heavy
precipitation intensity should increase at the same rate
as for atmospheric moisture (i.e., ~7% K™ ') because
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precipitation rates from storms are determined by low-
level moisture convergence. Since the change in the
overall intensity of the global hydrologic cycle (i.e.,
global evaporation or precipitation) is controlled by the
availability of energy at the surface, not by the avail-
ability of moisture (Boer 1993; Allen and Ingram 2002),
climate models predict that the intensity of the global
hydrological cycle increases by about 1%-2% K" (Cu-
basch et al. 2001). The implication is that there must be
a decrease in light or moderate precipitation and/or a
decrease in the frequency of precipitation events (Tren-
berth et al. 2003).

Analyses of historical precipitation records generally
show disproportionate increases of heavy or intense
precipitation during the last several decades over the
United States (Karl and Knight 1998; Kunkel et al.
2003; Groisman et al. 2004), Europe (Klein Tank and
Konnen 2003), Southeast Asia (Manton et al. 2001),
and other land areas (Groisman et al. 2005), although
the analyses are not always conclusive (e.g., Haylock
and Nicholls 2000). Some model studies have shown a
general increase in precipitation intensity and a de-
crease in the number of wet days with increased green-
house gases (e.g., Gordon et al. 1992; Hennessey et al.
1997). Cubasch et al. (2001) and more recent studies
(e.g., Wilby and Wigley 2002; Groisman et al. 2005;
Meehl et al. 2005; Emori and Brown 2005; Emori et al.
2005) indicate that the increase in precipitation inten-
sity remains a consistent result over many regions in
improved, more comprehensive models. Wilby and
Wigley (2002) suggest that the proportion of total pre-
cipitation derived from extreme and heavy events will
continue to increase in the twenty-first century relative
to moderate and light precipitation events. Emori and
Brown (2005) found that atmospheric thermodynamics
plays a dominant role in the difference between model-
simulated mean and extreme precipitation changes,
while atmospheric dynamics (i.e., circulation) has only
a secondary effect. Other studies (e.g., Semenov and
Bengtsson 2002; Watterson and Dix 2003) employed
sophisticated statistical analyses, such as the gamma
distribution, to examine potential changes in precipita-
tion characteristics and extremes in some individual
models, and they also found similar results.

Thus there exists both observational and model evi-
dence that supports a key role for thermodynamic ef-
fects on the changes in precipitation characteristics in
a warmer climate. However, climate change simulations
from many of the latest generation of climate models
have not been analyzed to validate these results. Fur-
thermore, changes in the frequency and intensity
of different categories of precipitation and their re-
gional response to different emissions scenarios have
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not been analyzed from the viewpoint of multimodel
ensembles.

Here we analyze monthly and daily precipitation
data from 17 of the latest generation of coupled global
climate models for changes in precipitation frequency
and intensity for different precipitation categories un-
der three future emissions scenarios. The focus here is
on the common features of multimodel ensembles. We
examine both the global and regional features of
changes in precipitation characteristics and the consis-
tency between the thermodynamic arguments (Tren-
berth et al. 2003) and the model projections. This study
is a continuation of our previous work on model-
simulated mean precipitation frequency and intensity
under current climate conditions (Sun et al. 2006). The
paper is organized as follows: section 2 describes the
data and analysis method; section 3 reveals the change
in precipitation distributions under the Intergovern-
mental Panel on Climate Change (IPCC) Special Re-
port on Emissions Scenarios (SRES); sections 4-6
present, respectively, the global mean, zonal mean, and
geographical distributions of changes in precipitation
frequency and intensity for the two emissions scenarios;
and section 7 provides a discussion and some conclu-
sions.

2. Data and analysis method

The model precipitation-related data for current
[1980-99, twentieth-century climate (20C3M)] and fu-
ture (2080-99) climates under three emissions scenarios
(SRES B1, with low emissions of greenhouse gases;
A1B, a medium emissions projection; and A2, a high
projection) were extracted from the IPCC simulations
for the Fourth Assessment (AR4). The IPCC AR4
dataset consists of the outputs from the newest genera-
tion of coupled general circulation models (CGCMs)
and has been archived at the Program for Climate
Model Diagnosis and Intercomparison (PCMDI). Here
monthly data from 17 models were used to analyze the
changes in precipitation, precipitable water (PW), sur-
face latent heat flux, and convective precipitation.
Daily precipitation data from 14 models were employed
for the analyses of precipitation frequency and inten-
sity. The models are CGCM3.1(T47), CGCM3.1(T63),
CNRM-CM3, CSIRO Mk3.0, GFDL CM2.0, GFDL
CM2.1, GISS-ER, FGOALS-g1.0, INM-CM3.0, IPSL
CM4, MIROC3.2(hires), MIROC3.2(medres),
ECHAMS, MRI CGCM2.3.2, CCSM3, PCM, and
UKMO-HadCM3. There is no daily data available in
models CSIRO Mk3.0, MRI CGCM2.3.2, and UKMO-
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TABLE 1. Percentage changes from 1980-99 to 2080-99 in globally averaged total precipitation amount (Pr), frequency (Freq),
intensity (Inten), convective precipitation amount (Prc), and absolute changes in surface air temperature for SRES B1 scenario (Tas).
The second column shows the letters used for different models in Figs. 3-5.

Model name Model symbol Pr (%) Freq (%) Inten (%) Prc (%) Tas (K)
CGCM3.1(T47) A 3.28 0.05 3.14 0.88 1.58
CGCM3.1(T63) B 4.46 0.44 3.92 3.00 2.16
CNRM-CM3 C 2.46 —0.34 3.23 1.86 1.61
CSIRO MK3.0 D 1.84 1.79 1.07
GFDL CM2.0 E 3.41 0.17 3.14 0.76 1.98
GFDL CM2.1 F 2.14 —0.06 2.20 —0.72 1.56
GISS-ER H 312 0.13 2.98 5.06 1.42
FGOALS-gl.0 K 2.10 0.66 243 2.56 1.64
INM-CM3.0 L 3.80 —0.57 4.69 6.44 1.97
IPSL CM4 M 4.92 —0.44 5.39 4.19 2.14
MIROC3.2(hires) N 542 —0.90 6.86 6.08 3.07
MIROC3.2(midres) R 3.74 —0.49 4.09 7.14 2.22
ECHAMS S 4.20 —2.44 7.18 4.11 2.16
MRI CGCM2.3.2 T 335 4.14 1.48
CCSM3 w 3.92 0.55 3.85 4.86 1.54
PCM X 4.69 0.22 3.67 5.41 1.42
UKMO-HadCM3 z 2.08 2.48 1.91
Average 3.47 —0.22 4.06 3.53 1.82

HadCM3. The available models for SRES A2 are less
than those for SRES B1. Tables 1 and 2 provide de-
tailed information about the models used in the present
paper. A description of the models can be found at
http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php. Addi-
tional information regarding precipitation parameter-
izations in these models is given in Dai (2006b) and Sun
et al. (2006).

The gridded daily precipitation data (0.5° X 0.5°,
1980-99) derived from rain gauge records included in
the Global Telecommunication System (GTS; P. Xie

2005, personal communication) were also used in the
paper. This land daily precipitation dataset was derived
by Xie et al. (1996) at the National Centers for Envi-
ronmental Prediction (NCEP) from GTS precipitation
reports (6000 stations) using the algorithm of Shepard
(1968). In this paper, we averaged the 0.5° X 0.5° data
onto a 3° X 3° grid (hereafter GTS_3D) for comparison
with model precipitation.

In this study, we examined the continuous histograms
of daily precipitation frequency and amount with a bin
size of 1 mm day . Precipitation amount in each bin is

TABLE 2. Same as in Table 1, except for SRES A2.

Model name Model Symbol Pr (%) Freq (%) Inten (%) Prc (%) Tas (K)
CGCM3.1(T47) A 6.16 -0.43 6.39 0.65 3.18
CGCM3.1(T63) B
CNRM-CM3 C 5.13 -1.01 7.11 3.49 3.42
CSIRO MKk3.0 D 4.28 4.35 2.57
GFDL CM2.0 E 2.59 —0.78 2.52 —5.08 3.26
GFDL CM2.1 F 1.67 -0.79 2.35 -5.85 3.01
GISS-ER H 4.90 -0.10 4.87 8.47 2.68
FGOALS-g1.0 K
INM-CM3.0 L 5.49 -1.58 7.33 10.41 325
IPSL CM4 M 7.49 -1.51 8.62 4.43 3.53
MIROC3.2(hires) N
MIROC3.2(medres) R 4.01 —1.28 5.41 6.85 3.61
ECHAMS S 6.12 —4.04 12.02 5.54 3.49
MRI CGCM2.3.2 T 5.41 6.54 2.54
CCSM3 W 7.26 0.43 7.68 8.60 3.58
PCM X 3.81 —0.006 4.24 4.10 227
UKMO-HadCM3 Z 2.78 2.92 3.28
Average 4.80 -1.0 6.23 4.00 3.12
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the total (accumulated) precipitation amount per year
for each bin. Furthermore, to facilitate the discussion of
spatial variations, we also classified daily precipitation
into a limited number of commonly used categories:
very light (0.1-1 mm day '), light (1-10 mm day!),
moderate (10-20 mm day '), heavy (20-50 mm day '),
and very heavy (>50 mm day ') precipitation. There
are other ways to define precipitation categories, such
as using percentiles of a distribution or the return pe-
riod of precipitation events under current climate.
These two definitions provide slightly different angles
to look at precipitation characteristics that account for
spatial variations in mean precipitation. Since all the
methods define the categories using fixed criteria based
on current climate, they all show some migration of the
precipitation events across fixed thresholds in a chang-
ing climate. This is true even when the percentile or
return period method is used since they actually corre-
spond to certain fixed precipitation intensity levels for
current climate at each grid point. The migration across
fixed thresholds is just one of the ways for the pre-
defined events to change in a changing climate. Our
continuous histograms, however, provide some context
for judging this kind of migration. Using definitions
similar to that used here, Sun et al. (2006) and Dai
(2006b) show the distributions of precipitation fre-
quency, intensity, and amount for various categories
from observations and the IPCC AR4 models under
current climate. Here we present model projected
changes in these precipitation characteristics under the
three warming scenarios.

Precipitation frequency was calculated by dividing
the number of days with precipitation within an inten-
sity interval or a precipitation category by the number
of all days with data and expressed as a percentage. The
mean precipitation intensity for each category was cal-
culated as the mean precipitation rates averaged over
the days with the corresponding precipitation events. In
this paper, the future (2080-99) changes in all the vari-
ables are expressed percentage changes relative to
present (1980-99) values. This makes the changes more
comparable spatially and among models and simula-
tions with differing mean climate states. There are
other approaches to describe the changes, such as nor-
malizing the data by the standard deviation of the time
series (e.g., Meehl et al. 2005; Tebaldi et al. 2006) or
scaling the results with global-mean precipitation
change to exclude the effects of different climate sen-
sitivity of the models and of different scenarios (Emori
and Brown 2005). These different approaches should
yield similar results regarding the sign and large-scale
patterns of future precipitation changes.
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3. Changes in precipitation histograms

Figure 1 shows the mean histograms of daily precipi-
tation frequency (Fig. 1a) and amount (Fig. 1c) derived
from observations (1980-99, GTS_3D) and 11-model
ensemble simulations for the present (1980-99, 20C3M)
and future (2080-99) climates under SRES B1, A1B,
and A2 scenarios. The percentage changes for the fu-
ture scenarios are shown in Figs. 1b and 1d. The ob-
served daily precipitation are only available over land,
so both land and global- (for models only) mean histo-
grams are shown in Fig. 1. The land and global-mean
histograms are derived by calculating the histogram
(i.e., distributions) at each grid box and then averaging
the histograms spatially. Figure 1 shows that the models
overestimate the frequency for precipitation less than
~20 mm day ' but underestimate the frequency for
precipitation more than ~20 mm day '. Also, the
amount of intense precipitation (>~20 mm day ') and
its contribution to total precipitation amount are higher
in observations than models (Fig. 1c). Figure 1 is con-
sistent with previous finding that precipitation occurs
too frequently at reduced intensity in climate models
(e.g., Chen et al. 1996; Dai et al. 1999; Sun et al. 2006;
Dai 2006b).

The multimodel ensemble (Fig. 1) shows a shift to-
ward more frequent heavy precipitation and a larger
amount of precipitation derived from these events un-
der all three warming scenarios than the present. The
highest emission scenario SRES A2 shows the largest
change in the precipitation distributions for both global
and land average. Figure 1 suggests increased risk of
flash floods over land from increased intense precipita-
tion under the SRES emissions scenarios. Examination
of individual regions revealed similar shifts toward in-
tense precipitation in the warmer climates.

The percentage increases in intense precipitation fre-
quency and amount are large, with the greatest increase
for under SRES A2. The increases are greater over
land than for the globe, which implies a greater re-
sponse of precipitation over land regions than the
oceans to atmospheric greenhouse gas forcing.

Figure 2 shows the precipitation frequency distribu-
tion averaged over land for the individual models and
from observations. With increased greenhouse gases,
all the models consistently show increased frequency of
heavy precipitation. However, the models considerably
underestimate the observed frequency of heavy precipi-
tation. One exception is the MIROC3.2(hires), which
shows good agreement with the observations except in
the segment from ~10 to ~40 mm day ' in which the
MIROC3.2(hires) overestimates the frequency. Sun et
al. (2006) suggest that this model’s relatively good per-
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FiG. 1. (a) Globally (dashed line) and land- (solid line) averaged distribution of daily
precipitation frequency as a function of precipitation intensity (bin size is 1 mm day ') from
observations (GTS_3D, 1980-99) and an 11-model ensemble of simulations for present [twen-
tieth-century climate (20C3M), 1980-99] and future (2080-99) climates under SRES B1, A1B,
and A2 scenarios; (b) Same as in (a) but for percentage changes; (c) same as in (a), but for
precipitation amount (mm) in each bin; and (d) same as in (c) but for percentage changes.

formance to reproduce intense precipitation may be
due to an empirical cumulus suppression added to the
Arakawa-Schubert scheme in this model.

4. Future changes in precipitation characteristics:
Global average

Figure 3 shows the scatterplots of globally averaged
percentage changes from 1980-99 to 2080-99 in precipi-
tation, precipitable water, surface latent heat flux, and
convective precipitation versus changes in global-mean
surface air temperature for scenario SRES B1 (blue)
and A2 (red). The global-mean surface temperature
increases by 1.1-3.6 K and precipitation by 1.7%-7.6%
for the two scenarios considered. A least squares fit to
all the model data yields a slope of 1.2% K™!, which is
similar to previous estimates (e.g., Cubasch et al. 2001;
Allen and Ingram 2002), but it is evident that certain
models depart from the general behavior. Compared
with the simulations with CO, forcing only (e.g., Cu-
basch et al. 2001), the intermodel scattering is large
here, which may reflect the different effects of aerosols,
especially their indirect effects in some of the models. If
the results of models E, F, R, and Z under SRES A2 are
excluded, the slope is 1.7% K™ '. The two GFDL mod-
els (E and F) show smaller precipitation increases in the

warmer SRES A2 case than the B1 case (Fig. 3a), which
results from decreases in convective precipitation in the
SRES A2 case.

Global-mean precipitable water in the models in-
creases linearly with the temperature at 9.1% K™',
which is slightly higher than the rough thermodynamic
estimate of ~7% K ™' (Trenberth et al. 2003). This may
be partly explained as global warming by the reduction
in the tropospheric temperature lapse rate in the Trop-
ics. Bony et al. (1995) have shown that in climate warm-
ing experiments, the precipitable water variation in the
Tropics is controlled by the variations not only in the
surface temperature but also in the lapse rate and rela-
tive humidity profile. This is different from the domi-
nant contribution of surface temperature to precipi-
table water variation in middle and high latitudes.
Therefore, as global warming may occur, with little
change in relative humidity, the extra contribution from
the lapse rate reduction in the Tropics, which is not
considered in the simple thermodynamic estimate, may
increase atmospheric precipitable water for given sur-
face warming. A reduction in the lapse rate is consistent
with enhanced warming in the middle and upper tro-
posphere found in most climate model projections (e.g.,
Cubasch et al. 2001; Dai et al. 2001a).

Most models show balanced increases in global-mean
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Fi1G. 2. Same as in Fig. 1a, but for 14 individual models.

precipitation (Fig. 3a) and evaporation (Fig. 3c, evapo-
ration = latent heat flux =~ L, where L = 2.5 X 10°7J
kg ! is the latent heat coefficient), which are expected
as atmospheric water storage is small. The correlation
between the changes in convective precipitation and
the temperature is weak (r = 0.13), but convective pre-
cipitation generally increases with the temperature, ex-
cept for the GFDL CM2.0 (E) and CM2.1 (F) models,
which show smaller increases in both total and convec-

tive precipitation for SRES A2 than SRES B1. The
reason for this abnormal behavior in the GFDL models
is unknown.

Figure 4 shows the global-mean percentage change in
precipitation frequency for different categories of pre-
cipitation as a function of global-mean temperature
changes from 1980-99 to 2080-99. For all the precipi-
tation events (>0.1 mm day '), the frequency changes
are small under the SRES B1 scenario in all the models
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F1G. 3. Scatterplots of model-simulated percentage changes (%) from 1980-99 to 2080-99
in globally averaged, annual-mean (a) precipitation amount, (b) precipitable water, (c) surface
latent heat flux, and (d) convective precipitation vs changes in global-mean temperature (K)
under the SRES B1 (blue) and A2 (red) scenarios. Each letter denotes one model (see Table
1 for model names). The “r” and “b” indicate the correlation coefficients and regression slope,
respectively. Precipitable water is not directly available in UKMO-HadCM3 (Z) and surface
latent flux is not available in CGCM3.1(T63) (B) and GFDL CM2.1 (F).

except for ECHAMS (S), which shows a decrease of
2.4% (Table 1). Under the warmer SRES A2 scenario,
most models show slight decreases (~—1%) in the fre-
quency, except for the CCSM3 (W), PCM (X), and
GISS-ER (H) (Table 2; Fig. 2a). The CCSM3 shows
slight increases (~0.5%) in the frequency under both
scenarios, while the ECHAMS shows the largest de-
crease (—4.04% in the SRES A2 case), which corre-
sponds to the largest increase in the intensity (Fig. 5a).
The difference in the sign of the frequency changes
between A2 and B1 results is mainly from the regional
response of precipitation frequency to different radia-
tive forcing. Under the high emissions scenario SRES
A2, the changes become more evident (not shown)
over most regions due to its large radiative forcing. As
shown below (cf. Fig. 10a), precipitation frequency de-
creases over most of mid- and low latitudes. As a result,
the globally averaged frequency decreases under SRES
A2 because of large area weight for these regions. This

is true in all the models except for model W (CCSM3)
(see Tables 1 and 2). The CCSM3 shows an unreason-
able (too large) frequency change in northern Africa
for reasons unknown. The present results imply that a
simple pattern scaling cannot be applied for the two
scenarios.

For very light and moderate precipitation (Figs.
4b,d), there is no consistent relationship between the
changes in frequency and temperature. Changes in the
frequency of light precipitation are small under the
SRES B1 scenario and generally negative (about —2%
to —5%) in the SRES A2 case (Fig. 4c). The similarity
between changes in the total and light precipitation fre-
quency (Figs. 4a,c) results partly from the large contri-
bution of the light precipitation to the total precipita-
tion. For most models, light precipitation contributes
more than 40% to the total precipitation amount, which
is too high compared with observations (Dai 2006b).
For heavy precipitation frequency, most models show
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FIG. 4. Same as Fig. 3, but for the frequency of (a) all precipitation events (>0.1 mm day '),
(b) very light (0.1-1.0 mm day '), (c) light (1-10 mm day '), (d) moderate (10-20 mm day '),
(e) heavy (20-50 mm day '), and (f) very heavy (>50 mm day ™) precipitation. Daily pre-
cipitation data are available only for 14 models under SRES B1 and for 11 models under

SRES A2 (see Tables 1 and 2).

increases of 7%-16% for SRES B1 and 7%-21% for
SRES A2 (Fig. 4e). The increase in frequency of very
heavy precipitation is very large for most of the models,
about 20%-60% for SRES B1 and 45%-125% for
SRES A2, and it increases with surface warming
(312% K™') (Fig. 4f). This trend of large percentage
increases of frequency for heavy precipitation contin-
ues with precipitation events >100 mm day '. These
events are only seen in the Tropics (~30°S-30°N) and
the East Asian summer monsoon region in the models.
The frequency change in these precipitation events (not

shown) is very large, with increases of ~50%-300% for
SRES B1 and ~100%-700% for SRES A2. The regres-
sion slope between temperature and the frequency
change is 132.7% K™! and correlation coefficient
among the models is 0.69.

The changes in the intensity of daily precipitation
(Fig. 5) are different to the above frequency changes.
All of the models show increases in the intensity of all
precipitation events for the two scenarios, at about
2.0% K™, with the two GFDL models (E and F) hav-
ing similar intensity increases under the two scenarios
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F1G. 5. Same as Fig. 3, but for the intensity of (a) all precipitation events, (b) very light, (c)
light, (d) moderate, (e) heavy, and (f) very heavy precipitation.

(Fig. 5a). Combined with the decreases in precipitation
frequency under SRES A2 (Fig. 4a), these two models
produce smaller precipitation increases under SRES
A2 than SRES B1 despite the larger warming for SRES
A2 (Fig. 3a), which is an exception among all the mod-
els. Changes in the intensity of very light and light pre-
cipitation are within =2% (Figs. 5b,c), whereas they are
all positive for the intensity of moderate to very heavy
precipitation for all the models, with the magnitude of
the percentage change increasing with the mean inten-
sity (Figs. 5d-f). Although variable from model to
model, the intensity increases with global surface
warming by about 0.8% K~! for the heavy precipitation
and by about 2.4% K™ for very heavy precipitation.

For precipitation events >100 mm day ', the intensity
increases with temperature by 1.8% K™' (not shown).
These rates are much lower than the moisture change
rate (~9.1% K™, see Fig. 3b) or the 7% K" implied
by the simple thermodynamic consideration (Trenberth
et al. 2003). This suggests that in most models the per-
centage increases in atmospheric water vapor are not
fully transferred to percentage increases in precipita-
tion intensity, as suggested by Trenberth et al. (2003).
We recognize that the predefined intensity for the cat-
egorized events limit the magnitude of increases in the
intensity (but not for the intensity for all precipitation
events). More discussions on this are given in the last
section.
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F1G. 6. Model-simulated future relative changes (%) from 1980-99 to 2080-99 in zonally
averaged, annual-mean (a) precipitation amount, (b) precipitable water, (c) surface latent
heat flux, and (d) convective precipitation for SRES B1.

5. Future changes in precipitation characteristics:
Zonal mean

Figure 6 shows the percentage change in precipita-
tion amount, precipitable water, surface latent heat
flux, and convective precipitation amount from 1980-99
to 2080-99 for scenario SRES B1 (similar patterns for
SRES A?2). Consistent with previous studies (e.g., Cu-
basch et al. 2001; Dai et al. 2001a,b), precipitation
amount increases in the Tropics and mid- and high lati-
tudes and decreases or changes little in the subtropics
in most of the models. Precipitable water increases at
all latitudes for almost all the models, except for a fluc-
tuation over southern high latitudes in the CSIRO
model. Model MIROC3.2(hires) has the largest in-
crease in precipitable water at all the latitudes, which is
due to the very large warming in this model. The zonal
distribution of changes in precipitable water is similar
to that in temperature (not shown), reflecting the
strong dependence of atmospheric moisture content on
temperature (Dai 2006a). Very warm temperatures in
MIROC3.2(hires) are associated with limited sea ice in
the high-latitude Northern Hemisphere in this model
(Zhang and Walsh 2006).

The surface latent heat flux generally exhibits an in-
crease at all latitudes (Fig. 6¢). In the Tropics and sub-
tropics, the percentage increase is small (2%-7%) with

relatively small intermodel spreads. The percentage in-
crease is very large (>50%) at high latitudes for some
of the models, but the small mean values at these lati-
tudes should be noted in this context. This is also true
for convective precipitation, which shows large percent-
age increases (>60%) in northern high latitudes for
many of the models (Fig. 6d). In the Tropics and sub-
tropics, the percentage change in convective precipita-
tion is similar to that in total precipitation, with de-
creases in the southern subtropics. Note that the GFDL
models show smaller changes in convective precipita-
tion than most models at all the latitudes, especially in
the Northern Hemisphere for SRES A2 (not shown),
which explains the small increase in global-mean con-
vective precipitation in these two models (Fig. 3d).
Figure 7 shows the percentage changes in the fre-
quency of different categories of precipitation. For all
types of precipitation events, most models show small
frequency increases (=2%) over the equator, small de-
creases (0%~—4%) in the subtropics (20°-40°), and
large increases (5%-20%) in the high latitudes. Model
ECHAMS shows much larger decreases in the subtrop-
ics than other models, which explains the large decrease
for this model in global-mean precipitation frequency
(cf. Fig. 4a). For very light precipitation, the frequency
decreases around 65°S and over the equator for most
models, whereas it increases at high latitudes but with
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F1G. 7. Same as in Fig. 6, but for the frequency of (a) all precipitation events, (b) very
light, (c) light, (d) moderate, (e) heavy, and (f) very heavy precipitation.

large spreads at the other latitudes. For light and mod-
erate precipitation, the percentage frequency changes
are fairly consistent among the models, with large in-
creases in high latitudes, small decreases in the subtrop-
ics, and small increases in midlatitudes and over the
equator. The amplitude of the percentage change for
moderate precipitation is larger than for light precipi-
tation. Figures 7e and 7f show that the frequency for
heavy and very heavy precipitation increases at all lati-
tudes except the subtropics in all the models. Many
models show very large percentage increases in the fre-
quency of very heavy precipitation in the Tropics
(=100%) and mid- and high latitudes (>400%). As
mentioned above, the very large values in the high lati-
tudes in Figs. 7d and 7f are related to the fact that

moderate, heavy, and very heavy precipitation occurs
infrequently in these regions in the current climate.
The intensity of all precipitation events increases by
5%-20% over the equator and mid- and high latitudes
and changes little or decreases slightly over 15°—45°S
and 5°-25°N (Fig. 8a). The longitudinal patterns of the
changes in intensity of total and light precipitation are
very similar (Figs. 8a,c) because of the large contribu-
tion of light precipitation to total precipitation. These
patterns are also similar to the pattern of change in
total precipitation amount (cf. Fig. 6a). For very light
precipitation, the intensity changes are small except
over the North Pole, where increases by 5%-20% are
obtained in some of the models (Fig. 8b). The changes
in the intensity of moderate and heavy precipitation are
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FiG. 8. Same as in Fig. 6, but for the intensity of (a) all precipitation events, (b) very light,
(c) light, (d) moderate, (e) heavy, and (f) very heavy precipitation.

also small, within =5% at most latitudes. The intensity
change for very heavy precipitation is generally posi-
tive, with a large intermodel range of —5%-15% (Fig.
8f). It should be emphasized that the intensity changes
are somewhat limited by the predefined rates of the
precipitation categories (cf. section 2).

6. Future changes in precipitation characteristics:
Geographical distribution

The geographical distributions of percentage change
from 1980-99 to 2080-99 in precipitation amount, sur-
face latent heat flux, precipitable water, and convective
precipitation are shown in Fig. 9 as the 17-model arith-
metic mean for SRES B1. Similar patterns are seen for

SRES A2 (not shown), except that the magnitude of
changes are larger due to increased radiative forcing.
As mentioned above, percentage increases are large at
high latitudes but the mean values are small in these
regions. The precipitation change patterns shown in
Fig. 9 are similar to those of previous studies (e.g., Cu-
basch et al. 2001). Precipitation amount increases by
10%-25% over the equatorial Pacific and by 5%-10%
over northern mid- and high latitudes. Precipitation de-
creases (by 5%-10%) over most of the subtropical re-
gions. Surface latent heat flux (i.e., evaporation) in-
creases over most of the globe, except for the midlati-
tude North Atlantic, parts of the Southern Oceans, and
a number of dry land areas, such as the Sahel, southern
Africa, and the southwestern United States (Fig. 9b),
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F1G. 9. Seventeen-model ensemble mean of future changes (%) from 1980-99 to 2080-99
under the SRES B1 scenario in annual-mean (a) precipitation amount, (b) precipitable water,
(c) surface latent heat flux, and (d) convective precipitation. Gray stippling denotes areas
where the magnitude of the multimodel ensemble mean exceeds the intermodel std dev.

where decreased precipitation (cf. Fig. 9a) is associated
with reduced evaporation. PW increases by 10%-15%
over most oceans and 15%-25% over most land areas
(Fig. 9¢). The ubiquitous increase in PW over the entire
globe comes from its strong dependence on air tem-
perature, which increases everywhere in the lower tro-
posphere (not shown). The relatively large increases in
PW over the equatorial Pacific and African-Indian
monsoon regions (Fig. 9c) are accompanied by large
increases in total and convective precipitation (Figs.
9a,d). Combined with the strong association between
PW and precipitation increases at northern mid- and
high latitudes (Figs. 9a,c), this suggests that local ther-
modynamics has a large effect on precipitation changes
over these regions. This is consistent with Emori and
Brown (2005) who found that thermodynamics plays a
primary role in the change of mean precipitation over
most of the globe. On the other hand, both the total and
convective precipitation decreases over many subtropi-
cal regions, where PW also increases. This indicates
that enhanced subsidence over these regions related to
more vigorous tropical convection is likely to be a sig-
nificant dynamic factor contributing to the decrease in
mean precipitation over the subtropical regions. Emori
and Brown (2005) found that the thermodynamic com-
ponent of mean precipitation change over the subtrop-
ics decreases or changes little in the downward and/or

weak upward motion regime over the subtropics, which
also reflects the important role of atmospheric circula-
tion changes.

Figure 10 shows the spatial distribution of changes in
precipitation frequency for SRES B1 based on a 14-
model ensemble since daily data are available only for
14 models. In most low and midlatitudes, precipitation
events are less frequent in 2080-99 than the present.
Over dry regions, such as northern Africa, the Arabian
Peninsula, the western United States, and southern
Australia, precipitation frequency decreases more
(>5%) than other parts of the world. Since these re-
gions are already dry, they could become more vulner-
able to drought in 2080-99. Over the tropical Pacific,
South Asian, and African monsoon regions and high
latitudes, precipitation frequency increases. The per-
centage increase over Antarctica is large, but mean val-
ues are small there. The pattern of change for light
precipitation frequency (Fig. 10c) is very similar to the
change in all precipitation events because of the large
contribution from light precipitation. The pattern for
very light precipitation is slightly different from that for
the other categories, with decreases of very light rainy
days over the tropical Pacific, most land areas, and
Southern Hemisphere high latitudes and increases over
the southern subtropical oceans and Antarctica.

The frequency over the tropical Pacific and the Af-
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FiG. 10. Fourteen-model ensemble mean of changes (%) from 1980-99 to 2080-99 under the
SRES B1 scenario in the annual-mean frequency of (a) all precipitation events, (b) very light,
(c) light, (d) moderate, (e) heavy, and (f) very heavy precipitation. Gray stippling denotes
areas where the magnitude of the multimodel ensemble mean exceeds the intermodel stan-
dard deviation. Gray shaded areas indicate that (d) moderate, (e) heavy, (f) and very heavy
precipitation never occur there in all the considered models.

rican monsoon regions increases for all the categories
except very light precipitation. For most of the Asian
monsoon regions, the frequency increases in moderate,
heavy, and very heavy precipitation but decreases in
light and very light precipitation. Over the high lati-
tudes and polar regions, the frequency generally in-
creases for all the categories. The frequency decreases
for light, moderate, and heavy precipitation over the
southern subtropical oceans. Over many dry regions,
such as northern Africa, the western United States, and
southern Australia, all the categories of precipitation
are less frequent in 2080-99 than the present.

The change in the intensity of all precipitation events
(Fig. 11a) is similar to the change in precipitation
amount (cf. Fig. 9a), as mentioned above. This is be-

cause the frequency changes are relatively small (Fig.
10a), and the precipitation amount changes come
largely from the intensity changes. The intensity
changes are large at high latitudes (in percentage
terms) partly because of relatively small mean values of
intensity there.

For very light and light precipitation, the intensity
increases by ~2%-6% over the tropical oceans and
high latitudes and decreases by ~1%-2% over the sub-
tropical oceans. For moderate, heavy, and very heavy
precipitation, the intensity increases over most of the
globe by 2%-5%. Even for very heavy precipitation
and precipitation >100 mm day ' (not shown), the in-
crease of intensity is only about 5% over most of the
Tropics, which is smaller than the large increases
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F1G. 11. Same as Fig. 9, but for the annual-mean intensity of (a) all precipitation events,
(b) very light, (c) light, (d) moderate, (e) heavy, and (f) very heavy precipitation.

(>100%) in the frequency over the same regions. The
frequency increase in heavy precipitation is enhanced
by the shift of precipitation frequency distribution to-
ward extreme events, while the large mean values of
intensity for heavy precipitation events limit the per-
centage increases of the intensity.

Over regions with >10% increases in precipitation
amount, such as high latitudes, the tropical Pacific, and
South Asian and African monsoon regions, both the
intensity and frequency increase in the warmer climates
(Figs. 9a, 10a, and 11a). On the other hand, both the
intensity and frequency decrease over some subtropical
dry regions with >10% decreases in precipitation
amount, such as northern Africa, the western United
States, southern subtropical oceans, and Australia.

The qualitative consistency of the precipitation
changes among the models was examined. The largest
intermodel difference can be seen in changes in con-

vective precipitation (Fig. 9d), frequency, and intensity
of heavy and very heavy precipitation (Figs. 10e,f and
11e,f), indicating the high uncertainty in simulating and
projecting these variables. Most models show qualita-
tively consistent changes over the regions with large
changes in precipitation frequency and intensity, such
as high latitudes, parts of the tropical Pacific and Asian
and African monsoon regions, and the Sahel. However,
over regions where the magnitude of change is small,
model results may differ even in the sign of change. In
addition, except high latitudes, the regions with a good
model agreement in precipitation change are also those
with good model agreement in changes of very light
and light precipitation frequency (cf. Figs. 10 and 11a).
This implies that the consistent precipitation change
over these regions is owing to models’ consistent be-
havior in simulating changes for very light and light
precipitation.
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7. Discussion and conclusions

Under the SRES B1, A1B, and A2 emissions sce-
narios examined here, precipitation histograms in all
the models show a shift toward the right-hand side from
1980-99 to 2080-99, indicating more intense and less
light precipitation. For both the SRES B1 and A2 emis-
sions scenarios, all 17 models examined show increases
in global-mean precipitation amount and intensity, pre-
cipitable water, and surface evaporation. Most models
show a decrease of global precipitation frequency un-
der SRES A2, a high emissions scenario, but more than
half of the models do not show decreased global-mean
precipitation frequency under SRES B1, a low emis-
sions scenario. This is mainly because the regional re-
sponse increases with increased radiative forcing. The
model results are qualitatively consistent with the theo-
retical conjecture that precipitation intensity will in-
crease at a faster rate than precipitation amount at the
expense of precipitation frequency in a warmer climate
(Trenberth et al. 2003).

The multimodel ensemble results show a global-
mean precipitation increase of about 1.2% K™! during
the twenty-first century, which is similar to previous
estimates (e.g., Cubasch et al. 2001). They also show an
increase of ~9.1% K™ ' in global precipitable water and
an increase of ~2.0% K ! in global precipitation inten-
sity but a decrease of ~0.7% K~ ! in global precipitation
frequency under both the SRES B1 and A2 scenarios.
The change in precipitable water has the best linear
relationship with temperature change, and the increas-
ing rate is slightly higher than that estimated from the
Clausius—Clapeyron equation (~7%, see Trenberth et
al. 2003). This discrepancy may partly result from the
extra contribution from the reduction in the tropo-
spheric temperature lapse rate in the Tropics under
global warming (Bony et al. 1995). The increase of pre-
cipitation intensity is much larger than the decrease of
the frequency, which reflects the fact that the increase
in precipitation amount is due to an increase in precipi-
tation intensity partly offset by a decrease in precipita-
tion frequency. However, the increase in the frequency
of very heavy precipitation is much larger than those in
their intensity. This suggests that there could be con-
siderably more frequent heavy precipitation events in
2080-99 than the present, but their intensity may not
change greatly in percentage terms in a warmer climate.
The frequency increase in heavy precipitation is en-
hanced by the shift of precipitation frequency distribu-
tion toward extreme events, while the large mean val-
ues of intensity for heavy precipitation events limit the
percentage increases of the intensity. Furthermore, the
high emissions scenario SRES A2 shows the largest
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shift toward heavy precipitation and the largest de-
crease in precipitation frequency, which implies an in-
creased risk of floods and droughts for many regions
with the large increase of greenhouse gases.

The model-predicted global-mean increase of pre-
cipitation intensity (~2.0% K™') is considerably
smaller than that estimated from the simple thermody-
namics by Trenberth et al. (2003), who suggested that
storm intensity should increase roughly at the same rate
as atmospheric water vapor (~7% K™!). The smaller
increase of intensity is consistent with Emori and
Brown (2005) who found that the precipitation increase
resulting from thermodynamics is smaller than the in-
crease in extreme precipitation (which is comparable to
increases in atmospheric water vapor) over certain ar-
eas. Many factors could contribute to the apparent dis-
crepancy between the model results and simple ther-
modynamics. For example, the rate of ~7% K~! for
precipitable water may not apply to precipitation gen-
erated from nonconvective events, which are impor-
tant, especially in mid- and high latitudes during the
cold season (Dai 2001; Dai 2006b). Also, the neglect of
the role of atmospheric circulation and regional varia-
tions in the simple thermodynamic calculation may con-
tribute to the quantitative difference. The shift toward
heavier precipitation events likely plays an important
role for the model-simulated intensity changes. On the
other hand, the poor performance of current climate
models in simulating the frequency and intensity of pre-
cipitation outside the 10-20 mm day ™' category (Sun et
al. 2006; Dai 2006b) is also a likely factor. Furthermore,
precipitation intensity defined in this paper is based on
daily precipitation totals that could be lower than actual
value because precipitation often occurs only during
part of the day. This may be one reason why the change
in precipitation intensity is less than that based on
simple thermodynamics.

Geographical distributions based on multimodel en-
sembles also show some interesting results. Over cur-
rently wet regions, such as the tropical Pacific Ocean,
South Asian, and African monsoon regions, precipita-
tion amount, frequency, and intensity are all projected
to increase for all precipitation events as a whole and
for almost all precipitation categories. An exception is
East and Southeast Asian monsoon regions, where the
total precipitation intensity increases but total fre-
quency decreases. However, the frequency for heavy
and very heavy precipitation increases over these re-
gions, indicating that the increase in precipitation
amount in these regions is mainly due to the shift to-
ward heavier precipitation. Over currently dry areas,
such as northern Africa, the western United States,
Australia, and southern subtropical oceans, precipita-
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tion amount, frequency, and intensity all decrease for
all precipitation categories. This indicates that under
future warming scenarios, wet regions may get wetter
and dry regions may become drier mostly because of
simultaneous increase (decrease) of total precipitation
frequency and intensity. Furthermore, our results show
that the percentage changes in all the precipitation-
related variables over the polar regions are much larger
than over other areas (e.g., Cubasch et al. 2001). Al-
though the large changes partly result from the small
mean values there, this reflects the vulnerability and
large climate sensitivity over the polar regions under
global warming.
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