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Abstract In this study, we investigate and quantify differ-
ent contributors to inter-model differences in regional pre-
cipitation projections among CMIP5 climate models. Con-
tributors to the spread are very contrasted between land and
ocean. While circulation changes dominate the spread over
oceans and continental coasts, thermodynamic changes
associated with water vapor increase dominate over inland
regions. The inter-model spread in the dynamic component
is associated with the change in atmospheric radiative cool-
ing with warming, which largely relates to atmospheric
cloud radiative effects. Differences in the thermodynamic
component result from the differences in the change in sur-
face evaporation that is explained by decreases in surface
humidity and limited surface water availability over land.
Secondary contributions to the inter-model spread in ther-
modynamic and dynamic components result respectively
from present-day climatology (owing to the Clausius—Cla-
peyron scaling) and from the shape of the vertical velocity
profile associated with changes in surface temperature gra-
dients. Advancing the physical understanding of the cloud-
circulation and precipitation-evaporation couplings and
improving their representation in climate models may stand
the best chance to reduce uncertainty in regional precipita-
tion projections.
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1 Introduction

Societies are vulnerable to regional precipitation change
in response to global warming because they are directly
affected by the water resources distribution, availability and
variability. Understanding and anticipating the response
of tropical precipitation to climate change is thus highly
needed to develop adequate adaptation strategies but it also
remains a major challenge. Precipitation projections from
general circulation models (GCMs) exhibit some robust
features at the global and zonal scales, such as a general
intensification of the global hydrological cycle (Held and
Soden 2006). This response can be understood by consid-
ering the energy balance of the atmosphere (Mitchell et al.
1987; Stephens and Ellis 2008; Previdi 2010; O’Gorman
et al. 2012). Indeed, the sensitivity of global mean pre-
cipitation to global warming is energetically constrained
by the change in the net tropospheric radiative cooling. In
response to climate warming, the radiative cooling of the
atmosphere is enhanced through increased longwave radia-
tion to space associated with higher atmospheric tempera-
tures. The radiative budget is also affected by radiative
feedbacks associated with water vapor and clouds. In addi-
tion, the radiative forcing of carbon dioxide can directly
influence the radiative cooling rate and therefore precipita-
tion through fast adjustments independent on global-mean
surface temperature change (Andrews et al. 2010; Bony
et al. 2013). In particular, an increase in GHG concentra-
tions tends to reduce the net radiative cooling of the tropo-
sphere, resulting in a reduced rainfall rate and a weakened
overturning circulation (Bony et al. 2013). The energetic
constraint on global mean precipitation imposes that pre-
cipitation increases with surface temperature at a much
slower rate (about 2-3 % K~!) than water vapour (about
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Fig.1 a Projected change in annual precipitation in the tropics for
2081-2100 in the RCPS8.5 scenario, relative to 1986-2005 from
15 CMIP5 models summarized in Table 1. b Inter-model spread of

7.5 % K~') (Mitchell et al. 1987; Held and Soden 2006).
This difference implies a slowing down of the tropical cir-
culation (Held and Soden 2006). The weakening of the
tropical circulation can be interpreted as a consequence of
the change in the dry static stability: Knutson and Manabe
(1995) proposed that in subsidence regions radiative cool-
ing increases at a much slower rate than dry static stabil-
ity in response to global warming. Given that subsidence is
constrained by the radiative cooling and the dry static sta-
bility, it results in a weakening of downward motions and,
owing to mass conservation, in a weakening of the tropical
circulation.

Precipitation change at the global scale is explained
by robust mechanisms reproduced by all models imply-
ing a widespread consensus in hydrological sensitivity
across models (Popke et al. 2014, submitted). However, the
regional precipitation change exhibits a much lower agree-
ment between models.

The spatial pattern of precipitation change over ocean is
characterized, on the large scale, by an increase in precipi-
tation in the wettest regions and a decrease in dry regions
(Allen and Ingram 2002; Held and Soden 2006). This is
illustrated in Fig. la which shows the multi-model annual
precipitation projected by CMIP5' climate models at the
end of the 21st century in RCP8.5 scenario. The wet-get-
wetter (WeGW) and dry-get-drier view can be simply
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regional precipitation projections computed as the inter-model stand-
ard deviation of precipitation changes

understood from the water vapor budget, relating the differ-
ence between precipitation and evaporation to the water
vapor flux convergence. However, on smaller scales and
over land, the WeGW response is less robust because the
slowing down of tropical circulation can overwhelm the
increase in moisture (Chadwick et al. 2013; Bony et al.
2013; Greve et al. 2014). In addition, the WeGW view does
not explain the precipitation pattern in dry regions (e.g.
East Africa) and near precipitation margins because of local
surface evaporation that partly opposes and sometimes
dominates the dry-get-drier response in subsidence regions.
Precipitation change is also affected by tropical Sea Sur-
face Temperature (SST) pattern changes, with rainfall
increasing in regions where SSTs are warming more than
the tropical mean [namely the Warmer get wetter mecha-
nism, Xie et al. (2010)]. This response likely contributes to
the large precipitation increase in the equatorial Pacific (see
Fig. 1a) where models predict an enhanced equatorial
warming (Liu et al. 2005; Xie et al. 2010). These results
highlight the importance of both mean and relative SST
warming for tropical circulation changes and, in turn, for
the resulting precipitation pattern. This was also empha-
sized by Huang et al. (2013) who showed that both the
Warmer get wetter and Wet get wetter mechanisms are
important for tropical rainfall change, dominating the
annual mean and seasonal anomalies, respectively. How-
ever, by comparing Atmospheric General Circulation
Model (AGCM) global warming simulations, He et al.
(2014) and He and Soden (2015) showed that the warmer
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get wetter mechanism was relevant mostly over the equato-
rial oceans, and that elsewhere the regional precipitation
response was rather dominated by the direct effect of CO,
and global warming. In addition to the direct radiative forc-
ing of CO, and SST change, land-sea warming contrast
may also contribute substantially to the precipitation
response (Chadwick et al. 2014; He and Soden 2015).

All these studies contribute to better understand what
controls the multi-model mean and robust changes in the
precipitation response under global warming. However,
precipitation projections still exhibit large disagreements
between models at the regional scale. This is shown in
Fig. 1b which exhibits the inter-model spread in precipita-
tion among CMIP5 models at the end of the 21st century
in RCP8.5 scenario. The largest uncertainties arise over
tropical oceans, the Maritime Continent and most of South
America. The causes of these uncertainties have not been
fully explored. However, some ideas have emerged to
explain the inter-model spread in precipitation projections.
In particular, because the wet-get-wetter response implies
that precipitation changes associated with warming are
highly dependent on the present-day pattern of precipita-
tion, biases in the simulation of present-day climatology
will lead to biases in the projections of future precipitation
change (Mitchell et al. 1987; Bony et al. 2013). In addition,
the atmospheric response to changes in global-mean and
regional patterns of SST (Stevens and Bony 2013; Ma and
Xie 2013) are an important source of inter-model diversity
in tropical rainfall projection. Cloud radiative feedbacks
and surface sensible heat fluxes are other contributors to the
inter-model scatter in the response of precipitation (Previdi
2010). Based on the analysis of idealized simulations from
two GCMs, Voigt and Shaw (2015) showed that cloud radi-
ative effects could lead to pronounced changes in the circu-
lation patterns in response to global warming. How much
these effects contribute to the spread in regional precipita-
tion projections in a more realistic framework remains an
open question.

This paper further examines the mechanisms control-
ling the regional precipitation response under global
warming and the primary sources of inter-model spread.
Several questions arise from the different studies docu-
mented above: How strong is the dependence of precipi-
tation changes on the present-day pattern of precipitation
and associated biases? How much does the uncertainty in
climate sensitivity translate into an uncertainty in regional
precipitation projection? What processes are contributing
to inter-model differences in the large-scale circulation
response? How can we explain the contrasted responses
between land and ocean in precipitation change that have
been highlighted in previous studies (Lambert and Allen
2009; O’Gorman and Muller 2010; Muller and O’Gorman
2011; Greve et al. 2014)?

This paper examines these questions by using the frame-
work of analysis of precipitation and circulation change
proposed by Bony et al. (2013). We examine in particular
the relative roles of carbon dioxide direct effect and climate
warming, as well as dynamical and thermodynamical pro-
cesses, in the spread of tropical precipitation projections.

The paper is structured as follows. Section 2 describes
the data and the methodology used in this study. Section 3
examines the role of dynamic and thermodynamic compo-
nents, as well as fast and long-term processes in the spread
of tropical precipitation projections. Section 4 proposes
an interpretation of the inter-model spread and highlights
the role of evaporation and cloud radiative effects. These
results are summarized in Sect. 5.

2 Data and methodology
2.1 Model data

The analysis is conducted using numerical simulations from 15
state-of-the-art coupled ocean-atmosphere general circulation
models (OAGCMs) participating in the Fifth Phase of the Cou-
pled Models Inter-comparison Project [CMIP5, Taylor et al.
(2012)] and for which model outputs necessary to our analy-
sis are available. Table 1 summarizes the characteristics of the
models used with their names and acronyms and their horizon-
tal and vertical resolutions. We use monthly mean outputs of
30 years of pre-industrial and abrupt 4 x CO, coupled ocean-
atmosphere simulations and 20 years (2080-2099) of repre-
sentative concentration pathway 8.5 (RCP8.5) simulations.

2.2 Methodology

The change in precipitation is analysed using a framework
starting from the monthly-mean vertically-integrated water
budget (Bony et al. 2013). Regional precipitation can be
decomposed as

P=E—[qV-V]—[V-Vql, 1

where E is evaporation, V the horizontal wind, g the ver-
tical profile of specific humidity. Brackets refer to mass-
weighted vertical integral. The vertical profile of verti-
cal velocity w is close to the first baroclinic mode in the
tropics. Then, we can decompose it as w = 2 + (w — £2)
where £2(p) = w® (p) with w is the vertical mean of w and
@ a specified vertical structure so that £2(p) is close to the
first baroclinic mode and | @(p)d?p = 1. More details about
the decomposition and the maps of precipitation compo-
nents can be found in Bony et al. (2013). Then, Eq. 1 can
be rewritten as

P=E+wly;+V,+ Hy, )
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Table 1 List of models analyzed in this study

Modeling groups Model name Atmospheric resolution

National Centre for Atmospheric Research (NCAR) CCSM4 0.9°x 1.25°-1L.26

Canadian Centre for Climate Modeling and Analysis CanESM2 T63-L35

LASG-IAP/LASG, Institute of Atmospheric Physics,Chinese Academy of Sciences (IAP) FGOALS-s2 2.5°x 4°- 126

Centre National de Recherches Meteorologiques (CNRM) CNRM-CM5 T127-L31

Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for MIROCS5 T85-L40
Environmental Studies, and Japan Agency for Marine-Earth Scice and Technology (MIROC) MIROC-ESM T42-1.80

Met Office Hadley Centre (MOHC) HadGEM2-ES 1.25°x 1.875°- L38

Meteorological Research Institute (MRI) MRI-CGCM3 TL159-148

Beijing Climate Center, China Meteorological Administration (BCC) BCC-CSM1-1 T42-1.26

Max Planck Institute for Meteorology (MPT) MPI-ESM-LR 1.9°x 1.9°- 147

Institute for Numerical Mathematics (INM) inmcm4 1.5°x 2°-L21

Norwegian Climate Centre (NCC) NorESM1-M 1.8°x 2.5°-1.26

Institut Pierre-Simon Laplace (IPSL)

IPSL-CM5A-LR  1.9°x 3.75°- L39
IPSL-CM5A-MR  1.25°x 2.5°-L39
IPSL-CM5B-LR  1.9°x 3.75°-L39

where Iy = —[®(p) 521, Vy = —[(@(p) — 2(p)) 5] corre-
sponding to the deviation of the shape of vertical velocity
from the first baroclinic mode and H, the vertically-inte-
grated horizontal moisture advection (—[V - Vg]).

The change in monthly-mean precipitation can be
expressed as

AP = (AE + AH, + BAT, + AV,) + [, A@ = APyer + APy,
3)

where APy, defined as I'y Aw, refers to the dynamic com-
ponent and is related to large-scale vertical motion changes.
It constitutes a leading term in the dynamically-induced
changes in precipitation. APy, is referred to as the ther-
modynamic component because it is strongly impacted by
changes in water vapor. Owing to the large contribution of
Clausius—Clapeyron relationship to water vapor changes,
AP ey exhibits a wet-get-wetter and dry-get-drier response
associated with increased moisture convergence in the
moist ascending regions and moisture divergence in the dry
subsiding regions (Bony et al. 2013).

3 Inter-model spread in precipitation projections

3.1 Dynamic and thermodynamic contributions:
contrasted responses between land and ocean

To examine the relative roles of the dynamic and thermo-
dynamic components in inter-model differences, we regress
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each of these two components against the total precipitation
change, so that APper = asper AP + byper for the thermo-
dynamic component and APgy, = agyu AP + bgy, for the
dynamic component, where aser gyn and byper 4y, are respec-
tively the slope and the intercept of the linear regression.
The slopes of the regression quantify the contribution of
each component to the total spread. Areas where the corre-
lation of (APyper, AP) and (APgy,, AP), and thus the linear
regression, is not statistically significant at the 95% confi-
dence level are masked. The patterns are shown in Fig. 2.

The dynamic and thermodynamic slopes show con-
trasted responses between land and ocean. Indeed, the
dynamic component dominates the spread of precipitation
change over ocean and continental coasts. The thermody-
namic component explains most of the spread over inland
regions, in particular over the Amazon forest.

This land-ocean contrast results from a different Clau-
sius—Clapeyron scaling of surface specific humidity
between land and ocean. Over ocean, relative humidity
(RH) is nearly unchanged in the perturbed climate and so
increases in water vapor closely follow the Clausius—Clap-
eyron relationship (O’Gorman and Muller 2010; Sherwood
et al. 2010). However, over land, the Clausius—Clapeyron
constitutes a weaker constraint. This is due to a strong
decrease in surface RH that is directly influenced by mois-
ture availability limitations on evaporation rates and by the
amplification of surface warming over land compared to
ocean (O’Gorman and Muller 2010; Byrne and O’ Gorman
2013).
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Fig. 2 Regression slopes of APy, versus AP (upper panel) and
APgy, versus AP (bottom panel). Areas where the correlation of
(APyper, AP) and (APgy,, AP) is not significant are masked. The

3.2 Relative contributions of the fast response,
hydrological sensitivity and climate sensitivity

In this section, we discuss the contributions of fast and
long-term responses to precipitation uncertainties. The
fast component characterizes the direct radiative forc-
ing of GHG which modifies the radiative budget directly
through fast atmospheric and surface changes inde-
pendent of global-mean surface temperature changes.
The slow component characterizes the feedbacks
that are mediated by changes in global mean surface
temperature.

The respective roles of carbon dioxide direct effect
and climate warming in the spread of tropical precipita-
tion responses are investigated by analysing the abrupt
4 x CO, simulations in which the atmospheric CO; con-
centration is abruptly quadrupled and then held fixed.
The radiative forcing in the 4 x CO, simulation is equiv-
alent to that produced in the RCP8.5 scenario at the end
of the 21C. The patterns of precipitation as well as the
inter-model spread being very similar between the two
simulations (not shown), the abrupt 4 x CO, simulations
can be used to assess the respective contributions of fast
and long-term responses to the spread in precipitation
change.

We express the dynamic and thermodynamic compo-
nents (noted i in the equation) as follows:

oP;
AP; =
dCO,

dP;
ACO, + ATs,
Ts 0Ts ) co,

“

slopes of the regression quantify the contribution of each component
to the spread in precipitation projection change

aP;
where ( 3C0;

(%) co, ATs is the long-term response. AT is the equilib-

)TAC02 is the fast response and
S

rium global mean surface temperature change in response
to CO, quadrupling. The fast component is computed from
the first simulated year of abrupt 4 x CO,. The long-term
response is decomposed into two contributions: the local

hydrological sensitivity ( 3T‘>C0 and the climate sensitiv-
2

ity ATs. The hydrological sensitivity is defined as the sen-
sitivity of the precipitation rate to a change in temperature
and is estimated through linear regression between AP; and
ATs from abrupt 4 x CO, simulations.

To assess the importance of each component in the
spread of precipitation change, we compute the intermodel
standard deviation of AP; differently by varying only one
term in each computation. We obtain 3 different computa-
tions of AP; as follows:

< ) CO,

aP;
AP =\ 3c0,

) ACO; +
Ts

i2 8C02 Ts 2 8] CcO, s
i3 8C02 Ts 2 ajs CO, >

where [[X]] denotes the multi-model mean of X. Comput-
ing the intermodel spread of AP; |, AP;; and AP; 3 allows

@ Springer
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us to isolate the contributions of the fast component, the
hydrological sensitivity and the climate sensitivity to the
total spread, respectively. These components are shown
in Fig. 3. The residuals (AP; — 2]3:1 AP; ;) are small
(<0.1 mm/day).

For both thermodynamic and dynamic components, the
precipitation uncertainty mediated by temperature change
is dominated by uncertainties in the hydrological sensitiv-
ity (see Fig. 3, AP; ). The inter-model spread of climate
sensitivity does not directly translate into the precipitation
spread (see Fig. 3, AP;3). This result is consistent with
Kent et al. (2015). The feedbacks associated with global
warming affect the radiative budget and contribute to the
hydrological sensitivity spread. These feedbacks include
for instance the temperature feedback which induces an
increase in LW emission due to higher temperatures affect-
ing therefore the radiative budget.

In addition to these temperature-mediated feedbacks, the
CO, radiative forcing contributes to the inter-model spread
in precipitation change through its direct effect (see Fig. 3,
AP gy, 1). As defined in Boucher (2013) and Sherwood et al.
(2015), the direct effect of CO, (or CO, adjustment) refers
to the changes that occur directly due to the forcing, with-
out mediation by the global-mean temperature change. By
decreasing the net upwelling longwave radiation at the top
of the atmosphere (TOA) more than it affects the radia-
tion at the surface, enhanced CO, concentrations weaken
the radiative cooling of the atmosphere. As the strength of
the atmospheric circulation is constrained by the radiative
cooling, the precipitation is reduced in convergence regions
and increased in divergence regions.

In a coupled ocean-atmosphere-land system, the radia-
tive effect of CO, and the fast circulation changes associ-
ated with it induce fast changes in surface temperature pat-
terns, both over land and over ocean regions with relatively
shallow mixed layers, which are part of the direct effect of
CO, (Watanabe et al. 2012; Sherwood et al. 2015). The fast
changes in SST patterns are, by construction, not captured by
the fixed-SST 4 x CO, experiments. However they are cap-
tured by the climate system response to an abrupt 4 x CO,
forcing, and contribute to the dynamical component of fast
precipitation changes (see Fig. 3, APy, 1). The fast changes
in SST patterns can differ across models, and thus contribute
to the spread in regional precipitation changes (Chadwick
et al. 2014). However, the comparison of regional circulation
and precipitation changes predicted by climate models in a
hierarchy of experiments (first year of coupled ocean-atmos-
phere abrupt 4 x CO,, atmosphere-only 4 x CO, with fixed
SSTs, atmosphere-only with uniform SST warming, aqua-
planet experiments) suggests that the effects of fast changes
in SST patterns on regional responses are mostly confined
over the equatorial oceans (Bony et al. 2013; He et al. 2014;
He and Soden 2015) and that they increase the spread in

these regions. Note that the slight global warming of the
ocean (less than 1K) during the first year of abrupt 4 x CO,
might also contribute to the spread of the regional precipita-
tion response. However, this contribution is likely to be small
since the spread of regional precipitation responses in simu-
lations forced by a much larger global warming (a uniform
+4K) is much smaller than the spread in the fast precipita-
tion response during the first year of abrupt 4 x CO, simula-
tions, although this argument does not account for the role
of coupled processes that are only captured only by abrupt
4 x CO, simulations. However, we think that their impact is
small, outside equatorial regions, as changes in atmospheric
circulation are very similar between the first year of abrupt
4 x CO, and fixed-SST 4 x CO, simulations. Therefore, the
spread of regional precipitation during the Ist year of abrupt
4 x CO, is primarily associated with the direct impact of the
CO, forcing on the atmospheric circulation and on the fast
changes in surface temperature patterns it induces over land
and over ocean.

In contrast, the thermodynamic component is not much
affected by the CO; radiative forcing, which leads to small
changes and differences between models at the short
time-scale (see Fig. 3, APyer 1). In fact, APy, is primar-
ily explained by the increase of water vapor with warming
through the Clausius—Clapeyron relationship (especially
over ocean).

In conclusion, the inter-model spread in large-scale cir-
culation results from differing direct effects of CO; on the
large-scale circulation and from differing sensitivities of
the vertical velocity to surface temperature changes. Over
ocean, these two contributions reinforce each other. How-
ever, over land, they exert opposing effects on the circu-
lation strength introducing an additional source of uncer-
tainty on the sign of the total change (Bony et al. 2013).
Over land, the spread in AP mostly results from the spread
in the hydrological sensitivity of APy,

4 Interpretation of the spread in the hydrological
sensitivity

4.1 Role of surface evaporation in the spread of the
thermodynamic component

The thermodynamic component is related to changes in
surface evaporation, moisture advection and present-day
vertical velocity w (see Eq. 3). In this section, we investi-
gate the respective roles of these components in the inter-
model spread of d}d)’T’f’. To do so we regress each of these
components against % following the same methodology
as described in Sect. 3.1. Patterns are shown in Fig. 4. The
slopes of the regression quantify the contribution of each

component to the inter-model spread in %.

@ Springer
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Fig. 4 Inter-model spread of the sensitivity of the thermodynamic
component to sea surface temperature estimated through linear
regression from abrupt 4 x CO, simulations (upper panel). The four
bottom panels show the regression slopes of the lines giving the sen-

Two contributions are 1mp0rtant for 4 7 spread over
land: surface evaporation ( ) and m01sture Vertlcal advec-
tion (2 7T q) with a dommant contribution from evapora-
tion. The spread of the vertical advection term is related
to differing RH changes. This response is modulated by
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sitivity of APy, components (defined by Eq. 3) to surface warming
as a function of ¢ ”'e’ . Areas where the correlation of 4 ”’" and its
components is not 81gn1ﬁcant are masked. The slopes of the regres-
sion quantify the contribution of each component to the total spread

evaporation. In fact, an increase in surface evaporation
amplifies the WeGW response but opposes the dry-get-
drier response. As a result, the magnitude of evaporation
modulates the thermodynamic component of precipita-
tion change, and thus contributes to the inter-model spread
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Fig. 5 Scatter plot of the thermodynamic component of precipitation change in RCP8.5 scenario versus a the change in surface evaporation
(R =0.9) and b the change in near-surface relative humidity (R = 0.76) over the northern part of South America (50-80W; 10S—10N)

over land. This is illustrated in Fig. 5a which clearly shows
that models do not agree on the sign and magnitude of
AP, and AE over South America. The strong correlation
between APy, and evaporation change (inter-model corre-
lation = 0.9) highlights the role played by the evaporation
in inter-model differences in precipitation over land, and
vice versa.

Lorenz et al. (2010) and Richter and Xie (2008) inves-
tigated the various mechanisms that contribute to sur-
face evaporation change and identified the important role
played by surface relative humidity over ocean: Decreased
relative humidity leads to increased evaporation through its
direct effect on the air-sea specific humidity difference and
its indirect effect of relative humidity on cloudiness, and
hence the net radiation at the surface. This anti-correlation
between E and RH does not explain the inter-model spread
in APy, over land. Indeed, Fig. 5b shows that AE and
ARH are positively correlated, highlighting the close con-
nection between AE and ARH. A decrease in RH results
in a decrease in precipitation. As a result, less moisture is
available over lakes and rivers, as well as, in the soil. These
drier conditions over land reduce E. As surface evaporation
is decreasing, moisture supply to the atmosphere decreases
resulting in decreases in RH.

In addition to evaporation, the change in moisture ver-
tical advection term (ijI;") due to the Clausius—Clapeyron
relationship plays an important role in the inter-model

spread of the thermodynamic component (see Fig. 4).

@dr,
s ol . .
tical gradient of humidity . To quantify the respective

roles of w and ! in the inter-model spread, we compute
s

depends on present-day vertical velocity @ and ver-

the inter-model standard deviation differently assuming that
either o or % is set to the multi-model mean (noted [[X]]),
as described in Sect. 3.2. As shown in Fig. 6, over ocean
and continental coasts, the inter-model spread of ETITE is
dominated by the spread in present-day climatology of the
atmospheric circulation. Over inland regions, both changes
in water vapor and present-day vertical velocity contrib-
ute to the precipitation spread. It implies that model biases
and differences in the simulation of present-day circulation
(and hence precipitation) lead to biases and differences in
the projections of future precipitation change (Mitchell et al.
1987; Bony et al. 2013). Hopefully, this also indicates that
this component of regional precipitation changes may be
partly constrained by observations of the current climate.

% follows Clausius—Clapeyron scaling which can be
directly evaluated assuming an unchanged distribution of
relative humidity. This is a good approximation over ocean.
However, there are deviations from Clausius—Clapeyron
scaling of water vapor over land explained by decreases in
surface relative humidity (O’Gorman and Muller 2010). Rel-
ative humidity contributes, therefore, to inter-model spread
in precipitation through its impact on evaporation and mois-
ture vertical advection. The role of relative humidity over
land is emphasized by plotting APy, as a function of rela-
tive humidity changes (see Fig. 5b). We can see that APy,
and ARH are highly correlated (correlation = 0.76) which
highlights a close connection between AP, AE and ARH.

Relative humidity is expected to decrease over most land
areas as temperatures increase and in particular over South
America (see Fig. 5b) (O’Gorman and Muller 2010; Fasullo
2012). This is directly linked to moisture availability
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Fig. 6 Inter-model standard deviation of E% (upper panel). The
two bottom panels show respectively the contributions of the vertical
advection of water vapor [[E]]d—% and present-day vertical velocity
E[[TT‘SI]] to the total spread. For these two panels, the inter-model

limitations on evaporation rates over land. In addition,
the land-ocean contrast in surface warming contributes
to the decrease of relative humidity over land through the
role of the ocean as a source of water vapor advected over
land (O’Gorman and Muller 2010; Byrne and O’Gorman
2013). Indeed, air moving from ocean to land is governed
by saturation temperatures of oceanic air. Over land, this
air is warmed resulting in a decrease in its relative humidity
because of limited air moistening over land (O’ Gorman and
Muller 2010; Byrne and O’Gorman 2013).

To summarize, the spread in APy, is dominated by
ARH over land and by the spread in present-day climatol-
ogy of w over ocean.

4.2 Role of cloud radiative effects in the spread of the
dynamic component

In this section, we focus on the contributors to inter-model
spread of the dynamic component (I'; Aw) by focusing on
the sensitivity of the vertical velocity to temperature change
%. Following Chou et al. (2009) and Fermepin and Bony
(2014), we use moist static energy diagnostics to examine
the processes controlling the maintenance of regional pre-
cipitation change in the tropics.

@ Springer

standard deviation is computed differently by varying only one com-
ponent of the advection term and setting the other one to the multi-
model mean (noted [[X]])

Following the methodology proposed for the analysis
of the water budget (see Sect. 2.2), the moist static energy
budget (h = C,T + Lg + gz) of the atmosphere can be
expressed as:

Fg+Rad+wly, +H,+V,=0 (6)

where Fs is the sum of surface latent and sensible heat
fluxes, Rad is the vertically-integrated radiative heating rate
of the atmosphere, and I}, V), and H, are defined similarly
to Iy, V, and H, (see Sect. 2.2) using h instead of the spe-

cific humidity q.
w can be written as:
. —F —Rad —H, -V,
®=— @
I I, I I,
The sensitivity of the vertical velocity to temperature
change t% can be expressed as:

d—5=F’+Rad’+H,;+F,;+V,’, ®)
dTs §
with:
1 dF;
Fy= -5
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Fig. 7 Inter-model spread of the sensitivity of mean vertical veloc-
ity to sea surface temperature estimated through linear regression
from abrupt 4 x CO, simulations (upper panel). The five bottom pan-
els show the regression slopes of the lines giving the sensitivity of

t _ _ 1 dRad

Rad’ = — %75
/ __LdHh
H), = Ty, dTs’
/__Qdfh
Fh_ Iy, dTs’

@ components (defined by Eq. 8) to surface warming as a function
of %. Areas where the correlation of % and its components is not
significant are masked. The slopes of the regression quantify the con-
tribution of each component to the total spread

V/ 1 th

= T T, dls

We examine the relative roles of the different compo-
nents by performing an inter-model regression of the dif-
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ferent contributions versus % following the same meth-
odology as described in Sect. 3.1. Patterns are shown in
Fig. 7. The slopes of the regression quantify the contri-
bution of each component to the total spread of %.

Figure 7 shows that, over ocean, the rate of change of the
atmospheric radiative heating with warming (dgj‘fsd) is the
dominant contributor to the regional large-scale circulation
sensitivity to temperature and hence to the regional hydro-
logical sensitivity. This result has been emphasized in dif-
ferent studies at the global scale (Mitchell et al. 1987; Ste-
phens and Ellis 2008; Previdi 2010; O’Gorman et al. 2012;
Voigt and Shaw 2015). In this work, we show that the inter-
model spread in vertical velocity and hence in the dynamic

component of regional precipitation changes is related to

120 b b b b e b e iy
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Fig. 8 Scatter plot of the dynamic component of precipitation change
in RCP8.5 scenario versus the change in radiative heating (R = 0.65)
in the tropical Pacific Ocean (15S-15N)
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180 150W 120W Y 60W 30w
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208

radiative heating. The strong relationship between APy,
and ARad (inter-model correlation = 0.65) is illustrated in
Fig. 8 which also clearly show that models do not agree on
the magnitude of APy, and on both magnitude and sign of
ARad over the Pacific Ocean.

Several radiative feedbacks modulate the sensitivity of
Rad to temperature. They are associated with changes in
tropospheric temperature, water vapor and clouds. Previdi
(2010) employed the radiative kernel technique to quan-
tify these different components. Increased temperature
enhances the radiative cooling of the troposphere through
increased atmospheric longwave emission to space. Water
vapor feedback tends to offset a significant portion of the
increase in radiative cooling associated with temperature
feedback and leads to a reduced rate of precipitation (Pre-
vidi 2010). Atmospheric Cloud radiative effects (ACRE)
associated with deep convection act to weaken the radia-
tive cooling of the atmosphere, while low-level clouds
feedbacks act to increase it. Cloud radiative effects are not
as large in magnitude as the temperature and water vapor
feedbacks but they are the major source of inter-model
spread in global hydrological sensitivity (Previdi 2010).
Figure 9 shows that the dominant role of cloud radiative
effects in the spread of Rad is also found at the regional
scale: the inter-model differences in Rad are related to
cloud changes, particularly by longwave cloud radia-
tive effects which enhance the net diabatic heating of the
atmospheric column and enhance large-scale circulation
and precipitation.

In addition to ACRE, % which relates to how the
shape of the vertical velocity profile varies with tempera-
ture, contributes to the spread of the dynamic compo-
nent in many regions of the tropical oceans (see Fig. 9).
This is illustrated in Fig. 10 which shows the normalized

Fig. 9 inter-model

standard deviations of the sensitivity of radiative heating (Rad’) and Atmospheric cloud radiative effect

(ACRE' = L =9ACRE) temperature computed from abrupt 4 x CO, simulations

Iy dTs
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Fig. 11 a Scatter plot of — %AVh in RCP8.5 scenario over the
Northern East Pacific (80—120W 5-15N) versus the change in merid-
ional SST gradient computed as a difference between the normalized
temperature in northern Pacific (80—120W; 5—15N) and at the equator

vertical velocity profile = ’”(p) over the North equatorial East-
ern Pacific (80-120W; 3 10N) for CMIP5 models com-
puted from the preindustrial and RCP8.5 scenarios. The
vertical velocity in this particular region is characterized by
a convective bottom-heavy profile with convergence below
800 hPa, consistent with the profile highlighted over the
eastern Pacific ITCZ by Back and Bretherthon (2006) using
reanalyses data (ERA40, NCEP, NCEP2). It was suggested
that the bottom-heaviness of the profile in the east-central
Pacific is driven by low-level convergence forced by strong
meridional SST gradients (Back and Bretherthon 2006).
This dynamical control of convection was also proposed to

- A Vh/Th (NE Pacific) [Pa/day]

(80-120W; 0-5N) (R = —0.62). b Scatter plot of Aw versus —fAV;,
in RCP8.5 scenario over the Northern East Pacific (80— 120W
5-15N) (R = —0.5)

explain the ITCZ location (Lindzen and Nigam 1987; Oue-
slati and Bellon 2013).

In response to global warming, CMIP5 models predict
different changes in the shape of the vertical velocity pro-
file. A common feature among all models is a deepening
of convection and a less pronounced bottom-heavy profile.
The theory of Back and Bretherthon (2006) would suggest
that this is associated with a weaker meridional SST gra-
dient in the RCP8.5 scenario, a hypothesis confirmed by
RCP8.5 simulations (see Fig. 11a). Apart from this com-
mon characteristic, the response of the vertical velocity
profile to global warming is very different across CMIP5
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models (see Fig. 11b). As a result, the inter-model spread
in the dynamic component of precipitation is related to not
only from the intensity of @ but also from the shape of w
profile (see Fig. 11b), consistently with inter-model differ-
ences in meridional SST gradient (see Fig. 11a). The SST
pattern influences precipitation thermodynamically through
changes in convective instability but also dynamically
through its gradient (Xie et al. 2010; Ma and Xie 2013),
contributing therefore to inter-model spread in precipitation
projections.

5 Conclusions

Precipitation projections from climate models remain quite
uncertain at the regional scale. This study unravels and
clarifies the primary contributors to the inter-model spread
in these projections among CMIP5 climate models. Con-
sistently with Kent et al. (2015), we show that the spread
in regional precipitation projections is not related to the
spread in climate sensitivity. As highlighted in previous
studies (Lambert and Allen 2009; O’Gorman and Muller
2010; Muller and O’Gorman 2011), land and ocean show
contrasted responses in precipitation change. In this study,
we show that the contributors to the inter-model spread
over land and ocean are also different:

e The spread in precipitation change is dominated by
thermodynamical changes over inland regions, and by
dynamical changes over ocean and continental coasts.
This conclusion might seem inconsistent with Kent
et al. (2015)’s suggestions that both over land and
ocean, the intermodel uncertainty of regional precipi-
tation change is predominantly related to spatial shifts
in convection and convergence. However it is not. The
apparent contradiction comes from the fact that the
dynamical/thermodynamical components are defined
differently in Kent et al. (2015) and in this study. In
Kent et al. (2015), the dynamical component is only
related to the shift of convective features (their term
relative to the circulation weakening is combined with
the thermodynamic component and surface relative
humidity change, and so the weakening component is
largely compensated by their thermodynamical compo-
nent) while in our study, it accounts for all dynamical
changes.

e Over land, the spread in AP primarily relates to the
spread in surface evaporation which is explained by
limited moisture availability over land and decreases
in relative humidity near the surface (O’Gorman and
Muller 2010; Byrne and O’Gorman 2013). The changes
in relative humidity are related to land-ocean warm-
ing contrast (O’Gorman and Muller 2010; Byrne and
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O’Gorman 2013). A secondary contribution to the
spread in AP over land results from present-day clima-
tology of the atmospheric circulation.

e Over ocean, the spread in AP primarily relates to the
spread in atmospheric cloud radiative effects and in
the vertical structure of w vertical profile. This latter is
due to differing changes in the meridional SST gradi-
ent. Further investigation will be needed to assess the
role of cloud radiative effects as a driver of precipita-
tion uncertainties. This could be addressed by using
COOKIE (Clouds On/Off Klimate Intercomparison
Experiment) (Stevens et al. 2012) numerical experi-
ments in which clouds are made transparent to radia-
tion.

This study shows that two types of processes are associ-
ated with the uncertainty in regional precipitation response
to enhanced greenhouse gases:

e the coupling between cloud radiative effects and cir-
culation, and its dependence on SST gradients, whose
understanding and representation in climate models is
recognized as being a Grand Challenge of climate sci-
ence (Bony et al. 2015).

e the coupling between surface evaporation and precipita-
tion over land.

e Advancing the physical understanding of these cou-
plings and improving their representation in climate
models might be crucial to reduce uncertainty in
regional precipitation projections.
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