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Abstract

This paper reviews recent important advances in our understanding of the response of precipitation
extremes to warming from theory and from idealized cloud-resolving simulations. A theoretical
scaling for precipitation extremes has been proposed and refined in the past decades, allowing to
address separately the contributions from the thermodynamics, the dynamics and the microphysics.
Theoretical constraints, as well as remaining uncertainties, associated with each of these three
contributions to precipitation extremes, are discussed. Notably, although to leading order precipita-
tion extremes seem to follow the thermodynamic theoretical expectation in idealized simulations,
considerable uncertainty remains regarding the response of the dynamics and of the microphysics to
warming, and considerable departure from this theoretical expectation is found in observations and in
more realistic simulations. We also emphasize key outstanding questions, in particular the response of
mesoscale convective organization to warming. Observations suggest that extreme rainfall often
comes from an organized system in very moist environments. Improved understanding of the physical
processes behind convective organization is needed in order to achieve accurate extreme rainfall

prediction in our current, and in a warming climate.

1. Introduction

In recent decades, there have been important funda-
mental advances in our understanding of the response
of precipitation extremes to warming. Global climate
models (GCMs) used for climate prediction, disagree
on the amplitude of the response of precipitation
extremes, especially in the tropics where they largely
rely on convective parameterizations to represent deep
cloud dynamics and deep convection (Kharin et al
2007). Thus, progress on this question must also rely
on observations, theory, and high-resolution numer-
ical simulations which resolve deep convection,
instead of parameterizing it.

One difficulty with observations is that the
dependence of precipitation extremes on temperature
variations in our current climate, is not necessarily the
same as its dependence on temperature under climate
change (O’Gorman 2012). Also the response of

precipitation extremes to warming might differ at dif-
ferent spatial and temporal scales (Utsumi et al 2011).
Extreme rainfall intensity, frequency and duration
(e.g. instantaneous, hourly or daily extreme rainfall
rates) are all important for floods and risks.

It has become standard to phrase the response of
precipitation extremes to increasing temperatures, in
terms of the increase in atmospheric water vapor. If
changes in relative humidity are small, atmospheric
humidity is expected to increase roughly exponentially
with temperature following the Clausius—Clapeyron
equation, or ‘CC-scaling’ (Trenberth et al 2003, Pall
et al 2007), at a rate of about 7%-8% K" (though the
precise value depends on latitude O’Gorman and Mul-
ler 2010). Indeed, if the conditions under which the
precipitation forms remain unchanged and only
atmospheric water vapor increases, then precipitation
extremes can be expected to scale with the increased
available humidity in the atmosphere.

© 2020 The Author(s). Published by IOP Publishing Ltd
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There is now ample empirical evidence of sig-
nificant departure of the precipitation extremes—
temperature relationship from this CC-scaling in
observations and simulations, as recently reviewed by
Westra et al (2014). Rates of increase of up to double
the CC rate have been observed for subdaily precipita-
tion extremes for temperatures up to about 20 °C
(although this value is regionally variable, e.g. Dro-
binski et al 2016b), with decrease at warmer tempera-
tures. Notably, subdaily precipitation extremes could
be more sensitive to changes in local atmospheric
temperature than daily precipitation (Westra et al
2014). Possible explanations for this departure from
CC-scaling include event duration (Utsumi et al 2011),
change of precipitation type (convective versus strati-
form) (Berg and Haerter 2013), land/ocean contrasts
with aridity and moisture limitation at warmer tem-
peratures (Hardwick Jones et al 2010), dynamical
effects (Singleton and Toumi 2013), or convective
organization (Bao and Sherwood 2019).

GCMs also show a wide variety of rates of increase
of precipitation extremes with increasing surface tem-
peratures, as recently reviewed by O’Gorman (2015).
This is especially true in the tropics where the inter-
model range is largest. Interestingly, the modeled sen-
sitivity of precipitation extremes to global warming, is
correlated with their sensitivity to shorter term natural
climate variability (dominated by El-Nifio Southern
Oscillation, or ENSO) (O’Gorman 2012). Thus, GCM
sensitivities can be constrained using this robust rela-
tionship between sensitivities for climate change and
for variability, along with observations of tropical
variability. The sensitivities of the 99.9th percentile of
daily precipitation inferred for climate change confirm
the highest sensitivity and uncertainty in the tropics
(O’Gorman 2015), due to the small-scale nature of
convective precipitation there.

In the extratropics, precipitation extremes are gen-
erally associated with larger-scale frontal systems, thus
better resolved in GCMs. Accordingly, the intermodel
scatter of precipitation extremes changes with warm-
ing, is smaller at midlatitudes (Kharin et al 2007,
O’Gorman 2015). We note though that there remain
important outstanding questions on extratropical pre-
cipitation extremes, notably the role of ocean-atmos-
phere interactions, snowfall extremes, the role of
orography, or extremes associated with long-lived
mesoscale convective systems over midlatitudes in
summer. These are beyond the scope of this review,
but the interested reader is referred to O’Gorman
(2015) and references therein for a more in-depth
discussion.

Instead here, we will focus on tropical precipita-
tion extremes, and will review recent theoretical and
idealized studies, in order to highlight robust results
and responses. We will also review key outstanding
questions and uncertainties that these idealized studies
either raise, or do not include. We will first review the
theoretical basis for the thermodynamic CC-scaling.
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We will then discuss the other contributions to pre-
cipitation extremes, which can lead to departures from
the CC rate, with a particular emphasis on recently
identified theoretical constraints on those additional
contributions.

Theory and high-resolution simulations have
helped clarify the relevant physics. Notably, a theor-
etical scaling for precipitation extremes has been
introduced (Betts and Harshvardhan 1987, O’Gorman
and Schneider 2009) and refined to account for micro-
physics (Muller et al 2011). It relates the changes of
precipitation extremes to three contributions: a ther-
modynamic contribution related to water vapor (the
‘CC-scaling’ mentioned above), a dynamic contrib-
ution related to vertical mass flux in extreme updrafts,
and a microphysic contribution related to precipita-
tion efficiency. The latter is defined as the fraction of
the condensation in a convective updraft which even-
tually reaches the surface as precipitation. It is typically
less than one as some of the condensates are either
advected away as clouds, or evaporate as they pre-
cipitate through unsaturated air below the cloud
before reaching the surface. Each of these three con-
tributions is subject to different theoretical con-
straints, and may respond differently to warming.

In this paper, we provide a brief overview of the
origin of this theoretical scaling. It can be derived from
energetics, or from the water budget. We will review
the former approach, and its link to the water budget.
Recent theoretical advances on the three contributions
to precipitation extremes and their response to warm-
ing will also be presented. Questions of particular
interest are:

+ By how much do precipitation extremes increase
with warming, and how does it compare to the
thermodynamic contribution expected from the
theoretical scaling?

+ How do vertical velocities in updrafts change, and
how does it relate to the dynamic contribution to
precipitation extremes?

+ How does the microphysic contribution to the
theoretical scaling, through changes in precipitation
efficiency, respond to warming?

As mentioned above, we will focus on tropical pre-
cipitation extremes, where the disagreement between
GCMs is largest, due to the small-scale nature of tropi-
cal convection. The focus on tropical precipitation
extremes is also motivated by the fact that it allows
comparison with cloud-resolving model (CRM) simu-
lations in non-rotating radiative-convective equili-
brium (RCE). RCE is an idealization of the tropical
atmosphere, where the large-scale circulation (larger
than the domain size) is neglected. In other words,
there is no import or export of energy into or out of the
domain. Non-rotating RCE further neglects the
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Coriolis force, a reasonable approximation in the deep
tropics where the Coriolis parameter is small. As we
will see, such idealized simulations have proven extre-
mely useful in improving our understanding of the
physical processes at stake. The intriguing fact that a
comprehensive GCM run in RCE can reproduce rea-
sonably well the tropical climate, and explain 50% of
the climate sensitivity of realistic GCM runs (part of
the discrepancy being attributable to the lack of polar
amplification in RCE) also provides some evidence
that this is a valid comparison to make (Popke et al
2013).

Beyond these idealized theoretical and numerical
investigations, observations of the processes behind
precipitation extremes in our current climate can help
shed some light on projections of precipitation
extremes in future climate. Observations of extreme
convection versus extreme rainfall highlight the
importance of organized systems. These recent results,
as well as implications for extreme rainfall rates in our
warming climate, will be discussed.

The paper is laid out as follows; section 2 reviews
the derivation of the theoretical scaling for precipita-
tion extremes. Theoretical expectations from this scal-
ing are compared to CRM simulations in section 3.
This comparison highlights the importance of the
thermodynamic contribution, due to increased
boundary layer water vapor with warming. Changes in
vertical velocities in extreme updrafts with warming
are investigated in section 4, where CRM results are
interpreted in light of a zero-buoyancy plume model,
and implications for the dynamic contribution to pre-
cipitation extremes are discussed. Section 5 sum-
marizes recent results and outstanding uncertainties
regarding the microphysic contribution, related to
precipitation efficiency. Results from observations are
presented in section 6, and conclusions, as well as key
outstanding open questions, are discussed in section 7.

2. Theoretical scaling for precipitation
extremes

2.1. Derivation of the scaling

A scaling for precipitation extremes can be derived
from energetics, using the vertically-integrated dry
static energy (DSE) budget (Muller et al 2011). An
energy rather than a water budget is used because an
energy budget allows to more easily define a thermo-
dynamic component (no dependence on relative
humidity), and because the weak horizontal temper-
ature gradients in the tropics allow to eliminate the
horizontal advection terms Following (Muller et al
2011), we use the thermodynamic formulation con-
sistent with the CRM ‘System for Atmospheric Model-
ing’ (SAM; see Khairoutdinov and Randall 2003 for a
detailed description), and using standard notations the
DSE budget becomes:

P Letters
Ds D(q, +4q,)
—pdz = LV -t dz
J et =t [ =5
D(q, + q, + 9,
LsfMp dz_l’_LvP’
Dt
(D

where s = ¢,T + gz denotes DSE, p(z) the mean
density profile, P surface precipitation (only involving
the liquid phase at typical tropical temperatures) and
dr o 9s e i denote the mixing ratios of respectively
liquid rain, liquid cloud condensates, snow, graupel
and cloud ice (all water condensates in SAM). The
Lagrangian derivative is given by

D 0 0

== by

Dt Ot Ox;
with u; resolved wind speed along the x; direction,
1 < i < 3 (note that the total vertical flux of con-
densates includes both the resolved vertical velocity,
included in the D/Dt term, and the terminal fall speed
of hydrometeors, included in the precipitation term,
see Khairoutdinov and Randall 2003 for details). The
mass weighted integral f (...)p dz is taken from the
surface to the tropopause.

Note that this is a local energy budget, i.e. meant to
be evaluated locally in the extreme event. Thus sub-
grid-scale fluxes and radiative cooling contributions
have been neglected in the DSE budget, anticipating
that those terms are negligible compared to the latent
heat terms at locations of extreme rainfall.

Also, at extremes, the time rate of change of DSE is
largely dominated by the vertical advection (due to
both strong updrafts and weak horizontal temperature
gradients):

(@)

Ds Os

— & w—.

Dt 0z
If we further neglect the difference between L, and L;
for the purpose of deriving a simple approximate
expression, and if we assume that the tropical atmos-
phere is close to a moist adiabat ds ~ —L,dq,,, where
qsar denotes saturation mixing ratio, then

85 L aqsut ,

E% "oz

and (1) becomes

0q
l)e% __ _Zsat d
fpw( 0z ) ‘

D(q, + 9. + 4, + 4, + 49))
dz

—-Jp o NG
This yields the following scaling for precipitation
extremes
P = 6fpw(%)dz, 4)
0z

where € denotes a precipitation efficiency. Although
this scaling has been derived from energetics, it
resembles a water budget and can be interpreted as
such. The first integral on the right hand side of (3)
represents the total net condensation (and deposition)
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Figure 1. Values of daily precipitation extremes (i.e. high percentiles, left panel) in the cold (blue) and warm (red) simulations. The
ratio between the warm and cold rainfall rates is shown in the middle panel. Similar results are obtained at hourly time scales (right
panel, after Muller et al 2011), reproduced with permission, copyright [2011] AMS.
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in the updraft (assumed saturated), including conden-
sation from upward motion as well as evaporation of
condensates maintaining a moist adiabat in down-
drafts. A fraction € of this net condensation reaches the
surface as precipitation, thus we refer to € as precipita-
tion efficiency. In the limit € = 1, all the net con-
densates precipitate out; in the limit € =0, all
condensates are advected from or accumulate in the
column over the time scaling in question (second term
on the right hand side of (3)).

As mentioned earlier, this is a local scaling, i.e.
meant to be evaluated at locations of precipitation
extremes. One worry then, is the potential sensitivity
to spatial and temporal averaging. Muller ef al (2011)
investigate hourly versus daily precipitation extremes
(their figure 4, see also figure 1 below), as well as
coarse-grained results (from 2 to 24 km horizontal
extent, their figure 6). The results are extremely robust
and the scaling shows excellent agreement with pre-
cipitation extremes amplification with warming in
cloud-resolving simulations. Therefore, although the
value of precipitation extremes is sensitive to spatial/
temporal averaging, its amplification with warming
seems to be robust and to be well captured by this scal-
ing, at least in idealized RCE simulations as discussed
in more detail in the next section. We note however
that this result is not necessarily robust in more realis-
tic simulations and in observations (Westra et al 2014).
Notably, Lenderink et al (2019) investigate the amplifi-
cation of precipitation extremes in warming experi-
ments over western Central Europe and over western
Mediterranean. They find that the amplification is in
general stronger at CRM resolution (convection-per-
mitting regional climate model with 2-3km hor-
izontal resolution) than at coarser resolution
(conventional regional climate model with 12-15 km
horizontal resolution). This difference between sensi-
tivity to resolution in idealized versus more realistic
studies, is in our opinion interesting and deserves fur-
ther investigation (see section 6 for a more in-depth
discussion).

As it involves net condensation (condensation
minus evaporation), € differs slightly from the conven-
tional precipitation efficiency defined as the fraction of

total condensation reaching the surface as precipita-
tion. Alternatively, if the integration in (4) is limited to
heights where w > 0 as is sometimes the case in the
literature, then € represents the conventional pre-
cipitation efficiency. Similar scalings were derived
prior to Muller et al (2011) for precipitation extremes
(Iribarne and Godson 1981, Betts and Harshvard-
han 1987, O’Gorman and Schneider 2009, Sugiyama
et al 2010), except that in (4) w is now at the convective
scale, and there is the additional factor involving pre-
cipitation efficiency.

We note that (Abbott et al 2019) recently further
refined this scaling, noting that the mass flux profiles
collapse to a common shape across various climates
when plotted in a moisture-based vertical coordinate.
In other words, the integral can be simplified if expres-
sed USing qsqi/qsar, as vertical coordinate (i.e. satur-
ation specific humidity normalized by saturation
specific humidity at the surface).

We also note that in pressure coordinates, the scal-
ing becomes

p=-cf e B, )
I g

where w denotes pressure vertical velocity (in hPas ™).
In the extratropics, where the atmosphere is not
necessarily on a moist adiabat, the scaling can be
extended, replacing the vertical derivative by a deriva-
tive along a moist adiabat, i.e. with constant saturation
equivalent potential temperature 0, (O’Gorman
and Schneider 2009, O’Gorman 2015)

0y,

6
op (6)

Oc,sat

2.2. Using the scaling to split precipitation extremes
into three contributions

The scaling in (4) can be used to relate changes of
precipitation extremes, to changes of the dynamics
through the mass flux pw, of the thermodynamics
through 0¢,,/ 0z, and of the microphysics through e
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P, 6 f ow ( q)
scaling
8e f o(pw) ( ) dz
L f pw ( qsur)
microphysic
dynamic
fpw 6( q”’) dz
®)

T ()

thermodynamic

where § denotes a difference between a warm and a
cold climate, and following (Muller et al 2011,
Muller 2013) we neglected second-order terms.

Assuming that changes in precipitation efficiency
are small with warming, changes in precipitation
extremes can be related to changes in the dynamics
and in the thermodynamics (second and third terms
on the right hand side of (8)). This simple scaling is
found to be in very good agreement with cloud-resol-
ving simulations in non-rotating RCE, as discussed in
more detail in the next section.

3. Comparison with cloud-resolving
simulations, and thermodynamic
contribution

3.1. Numerical results

Extremes, i.e. high percentiles, of daily precipitation in
cloud-resolving simulations in non-rotating RCE at
sea-surface temperatures (SSTs) of 300 and 305 K are
shown in the left panel of figure 1 (adapted from
Muller et al 2011). Extremes are computed over all
times and all points in space (including both wet and
dry days). We note that defining extremes based on
wet days only (when precipitation exceeds a certain
threshold) can yield quantitatively different statistics,
notably in cases where significant changes in the wet-
day frequency occur and are not accounted for Schir
etal (2016).

For a given percentile, the corresponding rainfall
rate is always larger in the warmer simulation. Con-
sistently, the ratio between precipitation percentiles in
the warm and in the cold runs is above 1. This ratio is
shown in the middle panel for daily precipitation, and
in the right panel for hourly precipitation. Although
the values of precipitation extremes are sensitive to the
temporal average, the ratio is not. In other words, the
fractional increase in precipitation extremes is robust
to the time scale used, and asymptotes in both cases at
the highest percentiles to ~7% K.

From figure 2, this increase is remarkably well cap-
tured by the scaling (7) neglecting changes in pre-
cipitation efficiency (i.e. only accounting for the
thermodynamic and dynamic contributions). To first
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order, the amplification of precipitation extremes is
well captured by the thermodynamic scaling, which is
close to the low-level water vapor increase, and smaller
than the atmospheric water vapor increase. The
dynamics play a secondary role, and tend to oppose
the amplification of extreme rainfall rates with
warming.

3.2. Approximate scaling and thermodynamic
contribution

If the dynamics of convective updrafts do not change
with warming, the thermodynamic contribution to
precipitation extremes could be expected to scale with
the moisture convergence into deep convective
updrafts, which would then scale with water vapor
following the Clausius—Clapeyron equation (assuming
small changes in relative humidity). But these numer-
ical results suggest that we can instead expect tropical
precipitation extremes to follow the low-level water
vapor, which increases at a smaller pace than atmo-
spheric water vapor (following boundary-layer Clau-
sius—Clapeyron).

The fact that precipitation extremes follow low-
tropospheric humidity, and not atmospheric humid-
ity, can be understood using a simplified scaling
derived from (4) (Muller 2013). Indeed, if we assume
that the mass flux pw at 500 hPa is a representative

value for pw:
6P ~ (f——pwdz) )

5]
~ 5((/0W)500hpa f—%dz) (10)
~ 6((pw)500hPa qsat’BL): (11)

simplifiedscaling

where g, p; denotes the saturation specific humidity
in the boundary layer. If changes in relative humidity
are small, the thermodynamic contribution to pre-
cipitation extremes is thus expected to follow low-
tropospheric water vapor, consistent with the numer-
ical results discussed above.

Similar increases in precipitation extremes, close
to low-tropospheric moisture, have been found in
another idealized study using a different CRM
(Romps 2011), suggesting robustness to the model
used, although more CRM studies beyond those two
are needed to assess robustness with confidence.
Abbott et al (2019) further confirm the dominance of
the thermodynamic contribution to changes in instan-
taneous precipitation extremes, following near-sur-
face moisture, across a wide range of climates. In the
tropics, GCMs predict an increase of water vapor lar-
ger than 8% K ' (O’Gorman and Muller 2010). If
instead precipitation extremes follow low-tropo-
spheric water vapor as suggested by the aforemen-
tioned CRM studies, the rate of increase is significantly
reduced, to less than 6% K™ ' (O’Gorman and
Muller 2010).
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etal 2011), reproduced with permission, copyright [2011] AMS.
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Figure 2. Increase in high percentiles (black curve) of hourly mean precipitation when the SST is increased from 300 to 305 K in CRM
simulations, and comparison with the theoretical scaling (8) (blue curve) involving a dynamic and a thermodynamic contribution.
The increase in atmospheric water vapor (wv) and low-tropospheric water vapor (wv sfc) are also shown. The amplification of
extremes asymptotes 7% K" at the highest percentiles (ratio of about 1.35, red line, for a 5 K warming). Figure after (Muller

=" "Scaling .

Faster increases in precipitation extremes with
warming have been found in CRM simulations of
squall lines, when the warming is uniform in height
(Singleton and Toumi 2013), a situation more relevant
to the mid latitudes. In the tropics, one expects the
atmosphere to warm following a moist adiabat, with
larger warming aloft, as was the case in the CRM stu-
dies discussed above. If instead the warming is uni-
form with height, atmospheric instability is enhanced
(Loriaux et al 2013). Consistently, faster updrafts con-
tribute positively to the dynamic contribution, yield-
ing amplifications of precipitation extremes with
warming exceeding significantly the thermodynamic
theoretical expectation (Singleton and Toumi 2013).
The dynamic contribution will be discussed in more
detail in the next section.

4. Dynamic contribution

The dynamic contribution was found to play a
secondary role compared to the leading-order ther-
modynamic contribution in idealized CRM simula-
tions, and was slightly weakening the amplification of
precipitation extremes with warming. This dynamic
contribution is related, though not equal to, vertical
velocity in extreme updrafts w. In this section, we
review recent theoretical advances on estimates for
vertical velocities in updrafts and their sensitivity to
warming. We then discuss its relationship with the
dynamic contribution to precipitation extremes.

4.1. Theory for CAPE, and response to warming
Convective Available Potential Energy (CAPE),
defined as the vertically integrated buoyancy of

adiabatically lifted undilute subcloud air, measures the
potential energy available for convection. It provides

2 as it is related to the

an upper bound for %w
maximum amount of kinetic energy available for
convection. Consistently, it is routinely used in
weather centers to issue severe storm warnings, and
predict e.g. thunderstorm severity (Brooks et al 1994),
or precipitation extremes (Lepore e al 2015).

Recent work has produced a theoretical scaling for
CAPE and its response to warming (Singh and O’Gor-
man 2013, Seeley and Romps 2015), using a zero-
buoyancy plume model. In this model, the atmos-
phere is assumed to be neutral to an entraining plume
(entraining plume models are widely used simplified
representations of an ensemble of convective clouds
Tiedtke 1989). In other words, clouds are assumed to
have zero buoyancy, an assumption motivated by the
relative smallness of cloud buoyancy compared to
CAPE in CRM simulations (Muller et al 2011). CAPE
is thus proportional to the temperature difference AT
(neglecting virtual effects) between a hypothetical
undilute subcloud parcel lifted adiabatically, and the
temperature of the entraining plume.

The undilute parcel has Moist Static Energy
(MSE = DSE + L,q, where g, denotes water vapor
specific humidity), denoted h,,, constant with height:
dh,/dz = 0. The environment being neutral to the
entraining plume, the latter thus has temperature
equal to that of the environment T, (again, neglecting
virtual effects). Noting that the cloudy plume is satu-
rated above cloud base, its MSE is given by h, g, =
cTe + gz + LigyalT,) and it satisfies the plume
equation

6
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Figure 3. (a) Buoyancy profiles of adiabatically-lifted near-surface parcels in a CRM (plain) and expected from the zero-buoyancy
plume mode (dashed), when SST is varied from 290 to 320 K. The plain color circles indicate the height above which the denominator
in (13) is dominated by c,. (b) CAPE response to SST changes in the CRM (plain) and from the zero-buoyancy plume model (dashed).
The Clausius—Clapeyron scaling of 7% K is also shown for reference, as well as CAPE when integration is performed up to a fixed
height not varying with SST, instead of integrating to the level of neutral buoyancy (LNB diagnosed from the CRM simulation). Figure
after (Seeley and Romps 2015), reproduced with permission, copyright [2015] AGU.
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8he,sat
0z

= _V(he,sat — he) = —vL,(1 — RH)qsat,e’

12)

where v denotes fractional entrainment rate (in m '),
RH relative humidity of the environment, and where
we have used the fact that the plume is saturated
Gsate = qv,sat(Te)- NOting that

Ah _ hu _ he = Cp i Lv aqsat,e AT
’ oT

Lz
= | + ﬁqsat,e AT,

vie

and that dAh/dz = —dh, i,/ dz, one obtains
AT(z):%f L,v (1 - RH)q,, , dz,
S + ﬁqsat,e

(13)

where the integration is performed from cloud base
(entrainment is assumed to act only above cloud base).

Figure 3 shows the buoyancy profiles at different
SSTs in a CRM, as well as those expected from this
zero-buoyancy plume model. The figure also shows
the response of CAPE to SST variations (Seeley and
Romps 2015). For the CAPE computation, since the
zero-buoyancy plume model does not predict the
height of convection (from (13)), the integration is
performed up to the level of neutral buoyancy diag-
nosed from the CRM simulations. The fractional
entrainment rate is assumed to decay in 1/z (Holloway
and Neelin 2009).

The plume model reproduces remarkably well the
behavior of buoyancy and CAPE. CAPE is found to
increase with SST roughly following Clausius-

Clapeyron scaling. As can be seen from figure 3(b), this
increase comes from the upper atmosphere. It is due to
two contributions: increased height reached by con-
vection at warmer temperatures (Hartmann and Lar-
son 2002), and increased saturation specific humidity
with warming ¢, in the numerator in (13). Physi-
cally, this latter contribution leads to an increased
saturation deficit (1 — RH)qqu,e, itself leading to more
effect of entrainment at warmer temperatures, and
thus more temperature difference between the undi-
lute and the entraining plumes. Note that at low levels,
the denominator also scales with g, . (leading term in
the denominator up to the altitudes of the filled
colored circles in figure 3(a)), which explains why this
contribution is dominated by upper atmospheric
levels.

We also note that a recent theoretical model,
derived in the specific case of severe weather over con-
tinents, shows a similar increase in CAPE, following
Clausius—Clapeyron over a range of surface tempera-
tures (Agard and Emanuel 2017). Unlike what was
presented above, in that study CAPE is not estimated
from a scaling derived in equilibrium. Instead, max-
imum transient CAPE, in response to a diurnal cycle of
surface fluxes, is estimated. These results suggest a
potential occurrence of increased severe continental
convection in warmer climates.

4.2. CAPE, buoyancy, and w

This fast increase in CAPE with warming does not
necessarily imply a similar increase of cloud buoyancy
B and thus vertical updraft velocities w. Indeed, %Wz is
typically found to increase with warming, but at a rate
close to the increase in B, smaller than that of CAPE
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(Muller et al 2011, Singh and O’Gorman 2013). Singh
and O’Gorman (2015) investigated this behavior using
an extension of the zero-buoyancy plume model
discussed in the previous section, into a two-plume
model. In the latter, a weakly entraining plume
represents the most intense updrafts, and the environ-
ment is again assumed to adjust to a zero-buoyancy
entraining plume. In other words, typical updrafts are
represented as an entraining plume with a relatively
strong entrainment rate, while the most extreme
updrafts are represented as a second entraining plume
with weaker entrainment rate.

This two-plume model reproduces the slower
increase with warming of B and extreme updraft velo-
cities compared to CAPE in CRM simulations. Thus,
updraft velocities increase with warming at a lower
fractional rate than CAPE because of the influence of
entrainment on both the mean stratification and the
updrafts themselves. But fairly low entrainment rates
need to be used for the weakly entraining plume to
match the CRM results. This suggests that this two-
plume model may be successful in capturing the phy-
sics responsible for this contrasting behaviour
between CAPE and B, but more work is desirable to
quantitatively clarify the amplification of extreme
updraft speeds with warming and its link with entrain-
ment. Notably, the role of microphysics, and in part-
icular of the terminal velocity of precipitating
condensates on updraft velocities, remains unclear
(Parodi and Emanuel 2009, Singh and O’Gor-
man 2015). Further investigation of the robustness of
these results at higher resolution as well as in observa-
tions would be welcome. Entrainment processes,
which are found to be key, are not well represented at
CRM resolutions (typically kilometric horizontal reso-
lutions) used in the aforementioned studies. Evidence
of similar entrainment ranges and of the rarity of undi-
lute ascent in higher resolution simulations exist, but
remain scarce (e.g. Romps and Kuang 2010).

4.3. Dynamic contribution to precipitation extremes
Increased vertical velocities in extreme updrafts do not
necessarily imply larger precipitation extremes (Singh
and O’Gorman 2015). The dynamic contribution to
precipitation extremes is indeed related to the con-
vective mass flux pw, not w itself. In some warming
CRM simulations, (Muller 2013) even find that high
percentiles of the convective mass flux pw can decrease
while high percentiles of w increase.

It is unclear how extreme convective mass fluxes
should change with warming. The mean mass flux M
on the other hand (averaged over all upward convect-
ing regions) is expected to decrease (Betts 1998, Held
and Soden 2006). Indeed, it can be estimated from the
mean precipitation P and near-surface specific humid-
ity q, g1, noting that P ~ Mg, s, thus
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Unlike precipitation extremes, mean precipitation
changes are constrained by the mean energetics
(Trenberth 1998, Allen and Ingram 2002, Held and
Soden 2006, Muller and O’Gorman 2011). In RCE
simulations over oceans, where sensible heat fluxes are
small compared to latent heat fluxes, this yields an
increase in mean precipitation following radiative
cooling changes, with slower increase (~2-3% K )
than specific humidity changes which follow Clau-
sius—Clapeyron (~6-7% K "). Consistently, the mean
mass flux decreases at a rate of about 3—4% K.

But this decrease in mean mass flux does not neces-
sarily entail a decrease in convective mass flux in
extreme updrafts. Nor does it necessarily imply a
decreased mean upward velocity in the ascending
branch of the tropical circulation, due to a potential tigh-
tening of the ascent area (Su et al 2019). Changes in
skewness of the vertical velocity distribution (Pender-
grass and Gerber 2016), and changes in precipitation fre-
quency with convective organization also complicate the
picture (less convective events with the same individual
mass fluxes yield a smaller mean mass flux Muller 2013).
Given its impact on precipitation extremes, more work
is desirable to investigate in detail the distribution of
convective mass flux, its link with entrainment and con-
densate fall speed, and its response to warming.

We note that the intermodel scatter between GCM
estimates of tropical precipitation extremes men-
tioned in the introduction can be traced back to the
dynamic contribution. This is true for both tropical
precipitation extremes (O’Gorman and Schnei-
der 2009, Sugiyama et al 2010) and for smaller regional
scales (Pfahl et al 2017). Although the scales are differ-
ent from the convective scales investigated in CRM
simulations, this further highlights the need to
improve our fundamental understanding of the
uncertain dynamic contribution to precipitation
extremes, in order to reduce uncertainties in future
projections of precipitation extremes.

5. Microphysic contribution

The microphysic contribution to precipitation extremes
is related to the precipitation efficiency € in (4). As
mentioned earlier, if the integral is performed over
heights where w > 0, then € represents the conventional
precipitation efficiency, namely the fraction of total
condensation which reaches the surface as precipitation.
If the integration is performed at all heights, then e differs
slightly from this classical definition as it represents the
fraction of net condensation (condensation minus
evaporation) reaching the ground. In this section, we will
review recent results regarding the former, which is the
conventional definition of precipitation efficiency.
Precipitation efficiency and its response to warm-
ing remain poorly understood and poorly constrained.
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In the aforementioned CRM studies, the changes in €
with warming of a few degrees were empirically found
to be small, at least without convective organization. A
recent study addressed this question in CRM simula-
tions over a wider range of SSTs (Lutsko and Cro-
nin 2018). They investigate the domain-mean ¢, which
is likely different from precipitation efficiency at
extremes, since the domain mean includes shallow
convection with low efficiency compared to deep con-
vection. Still the results help shed some light into the
response to warming and the sensitivity to details of
the microphysics.

The precipitation efficiency € can be split into two
contributions (Langhans et al 2015)

e=a(l — P). (15)

In a first step, a fraction a of cloud condensates is
converted into precipitation. « is thus a conversion
efficiency. The remaining fraction (I — «) of cloud
condensates either stays suspended as a cloud or is
detrained from the convective region and evaporates.
In a second step, a fraction 3 of the precipitation
evaporates as it falls through subsaturated air. (1 — ()
is thus a sedimentation efficiency (probability that a
precipitating hydrometeor reaches the surface), and
the total amount reaching the surface is given by (15).

Both contributions are expected to be sensitive to
details of the microphysics. Notably, in the single-
moment microphysic schemes used in Lutsko and
Cronin (2018), the autoconversion is carried out by a
fractional removal scheme when the mixing ratio of
cloud condensates g, exceeds a threshold g, o

0q
p
—_r _ 0, _ ,
o max(0, lq, — q.,))

(16)
where g, is the mixing ratio of precipitating species,
and 7 an autoconversion rate coefficient (this equation
applies to both liquid and ice phases but with different
coefficients). A different, double-moment microphy-
sic scheme is also investigated. In both cases, to
leading-order, the evaporation of precipitation can be
assumed to scale with the saturation deficit
(1 — RH), and with the fall time 7:

B~ (1 —RH) x T. (17)

Despite different values of e with the different
microphysics  (single-moment double-
moment), its response to warming is surprisingly
robust, with an increase of about 1% K~' for SSTs
between 292.5 and 310 K (figure 4). But the attribution
depends on the microphysic scheme. With single-
moment microphysics, the increase is entirely due to
increased conversion efficiency. This increased con-
version efficiency follows from larger cloud con-
densate amounts, resulting in the autoconversion
threshold in (16) being exceeded more often. In the
two-moment microphysic scheme, it is due to
increased sedimentation efficiency at SSTs below
302.5 K, and to increased conversion efficiency above.

The two-moment scheme below 302.5K differs
from the single-moment scheme, because the larger
cloud condensate amount in that case is offset by
higher precipitation source heights, where cloud con-
densate amounts are not as sensitive to SST. Once
302.5K is reached though, the precipitation source
heights reach lower altitudes, and the larger cloud con-
densate amounts there affect the conversion efficiency
as in the single-moment microphysics. The contrib-
ution from sedimentation efficiency also differs
between the single-moment and the double-moment
microphysics, due to different sensitivities of satur-
ation deficit and hydrometeor fall speeds to warming
(see Lutsko and Cronin 2018 for more details).

Overall, these results and the significant sensitivity
to the microphysic scheme highlight the importance
of accurately representing microphysical processes,
and in particular the height and thus temperature at
which precipitation forms As mentioned earlier, these
results pertain to large-scale precipitation efficiency.
There will likely be some differences between pre-
cipitation efficiency at large scales and convective
scales. The latter has been the focus of a recent obser-
vational study (Narsey et al 2019), yielding the first
estimate of precipitation efficiency (defined as in
equation (4)) at convective scales in the tropics. Larger
precipitation rates are associated with higher

versus
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efficiency, while larger CAPE is associated with lower
efficiency. Also, as expected from basic theory, pre-
cipitation efficiency increases with midtropospheric
moisture. It is unclear from idealized modeling studies
whether precipitation efficiency should remain the
same (Muller et al 2011) or potentially increase (Singh
and O’Gorman 2014, Lutsko and Cronin 2018) with
surface warming. The presence of convective organi-
zation can also strongly impact the precipitation effi-
ciency, with intriguing sensitivity to the microphysics
(and notably the fall speed of hydrometeors) (Bao and
Sherwood 2019), which deserves further investigation.

6. Precipitation extremes in observations,
and importance of organized convection

The relationship between precipitation extremes and
temperature in our current climate has been widely
investigated in observations (e.g. Trenberth and
Shea 2005, Lenderink and van Meijgaard 2008, Hard-
wick Jones et al 2010, Utsumi et al 2011). Difficulties
may arise when this relationship is extrapolated to the
relationship between precipitation extremes and
temperature changes due to global warming, since the
response of precipitation extremes to temperature
changes due to climate natural variability is not
necessarily the same as the response due to climate
change (e.g. O’Gorman 2012, Drobinski et al 2016b,
Bao et al 2017). Still, in any event, investigations of
processes which bring precipitation extremes in our
current climate should shed some light on projections
of precipitation extremes in future climate.

As mentioned in the introduction, there is now
strong observational evidence of significant departures
from the theoretical CC-scaling. One contribution to
these departures is aridity at the warmest temperatures
over land, which can lead to a decrease of precipitation
extremes with temperature at the warmest tempera-
tures (Westra et al 2014). Indeed, although rainfall
intensity scales positively with integrated water vapor,
integrated water vapor does not consistently scale
positively with surface air temperature, as extreme
temperature days can be associated with insufficient
surface moisture (Roderick et al 2019). In this special
ERL issue, (Roca 2019) confirms the decreasing regime
after a peak temperature for daily precipitation
extremes over tropical land. At intermediate tempera-
tures though, a CC-like scaling is observed, while a flat
regime is identified at colder temperatures, whose ori-
gin is unclear (Roca 2019). Since moisture availability
becomes the dominant driver of extreme precipitation
at higher temperatures, a number of studies have sug-
gested the use of dew point temperature as a scaling
variable, to overcome humidity limitations. Con-
sistently, the scaling for daily precipitation extremes
becomes more consistent in space by using dew point
temperature as a scaling variable instead of surface air
temperature (Ali etal 2018).

P Letters

Also, as noted in the introduction, the sensitivity of
subdaily precipitation extremes to warming may be
different from the sensitivity of daily precipitation
extremes. More generally, impacts of temporal/spatial
averaging have been reported (e.g. Utsumi et al 2011),
which could be attributable to event duration and/or
different precipitation types. Indeed, different pre-
cipitation types have different duration, and from
observations we have been aware of variations of pre-
cipitation types affecting the sensitivity of precipita-
tion to temperature change.

First, an apparent distinction can be found
between large-scale precipitation, observed more in
mid-latitudes, and convective precipitation, observed
more in the tropics. Berg et al (2013) separated strati-
form (large-scale) and convective precipitation by
combining the radar and rain gauge observations in
Germany, and showed a clear difference in precipita-
tion dependence on temperature between the two
types of rainfall. Namely, large-scale stratiform pre-
cipitation followed the Clausius—Clapeyron (CC) rela-
tionship, while the convective precipitation was more
sensitive to temperature. Further, (Berg and Haer-
ter 2013) indicated that a super-CC scaling occurs at
the transition temperature between the above two
types of rainfall. Seasonal effects in precipitation
extremes in the south of France were also suggested by
Drobinski et al (2016a), and attributed to seasonal
precipitation type differences, from large-scale to
convection.

Secondly, in a warmer range of temperature, we
are further aware of at least two distinct types of con-
vective precipitation extremes. Conventionally, we
have assumed that the most active kind of convection
causes the heaviest precipitation, which we experience
in our daily lives. However, accumulation of three-
dimensional data of precipitation systems observed
from space-borne precipitation radars, namely, Tropi-
cal Rainfall Measuring Mission/Precipitation Radar
(TRMM/PR) and Global Precipitation Measurement/
Dual-frequency Precipitation Radar (GPM/DPR),
made us reconsider this conventional assumption.

Hamada et al (2015) investigated more than 135
million tropical and subtropical precipitation events,
which are the contiguous features of radar-observed
precipitation systems obtained from 12 years of
TRMM PR2A25 data. By accumulating precipitation
events in each 2.5° x 2.5° latitude-longitude grids,
they picked up the top 0.1 percentile extremes for con-
vection and rainfall intensities, separately, in each grid.
Convection extremes were defined with the maximum
height of 40 dBZ reflectivity in each rainfall event, and
precipitation extremes were defined with the max-
imum pixel intensity at near surface, respectively. As a
result, it was shown that only 10% of each extremes
satisfy the other extremes criteria. Moreover, from a
comparison of vertical profiles of precipitation inten-
sity histograms, it was shown that convection
extremes are associated with a lot of cold-type rain
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which consists of a lot of solid precipitation in the
upper levels, while precipitation extremes have com-
paratively shallower structure, indicating a dominance
of warm-type rainfalls (figure 5). The environmental
conditions for each extremes also differ, in the manner
that the convective systems are embedded in environ-
ments with large instability, while precipitation
extremes are embedded in environments with deep
moist layer in the troposphere, but the atmospheric
stratification is relatively more stable.

Hamada and Takayabu (2018) further explored
the extreme convection and extreme rainfall in a
region around Japan in midsummer. In their study, it
was found that the extreme convection had smaller
area size and was accompanied by much more fre-
quent lightening, while extreme rainfall had relatively
larger area size with larger stratiform ratio and much
less lightening. These results indicate that extreme
convection is rather an isolated plume under an
unstable environment, while extreme rainfall often
comes from organized systems in a very moist
environment.

The above results are also in concert with a finding
by Sohn et al (2013) that heavy rainfall in moist mon-
soon regions, like over Korea, consist largely of warm-
type rainfall, while heavy precipitation comes from
cold-type rainfall in drier regions as in Oklahoma, US.
Bretherton et al (2004) pointed out that tropical pre-
cipitation picks up drastically with a certain column
water vapor (CWV), or more generally, with a certain
column relative humidity (CRH) over the tropical
oceans. Ahmed and Schumacher (2015) further uti-
lized the TRMM PR data to partition the contributions
to the precipitation pickup with the CRH, into

different types of rainfalls. As a result, they suggested
that stratiform precipitation from organized systems
contribute to the CWV dependence.

More recently, (Yokoyama et al 2019) utilized the
three-dimensional radar observations from the GPM
DPR, to separate the precipitation system around
Japan in warm seasons into three types, namely, mid-
latitude type, small type, and organized type. They
showed that dependencies of occurrence frequencies
on environmental conditions differ in those three
types. Among the latter two convective types, small
type precipitation obeys more to sea-surface temper-
ature, while organized types are more controlled by
the state of large-scale circulation. Combined with
future large-scale environmental variables obtained
from CMIP5 RCP8.5 data, they alert a projection that
the organized type, which often causes disastrous rain-
fall in the western part of Japan, will increase in the
northern part of Japan in the future.

The above studies indicate the importance of orga-
nized systems in extreme precipitation in the warmer
range. Organized systems occur more frequently in a
moister but not necessarily unstable condition. On the
other hand, extreme convection in unstable (large-
CAPE) condition occur more with rather isolated
small-scale precipitation systems. Here we emphasize
that we are now observationally aware of distinct
dependencies on environments between isolated con-
vection and organized systems. The observational stu-
dies also highlight the need to improve our
fundamental understanding of mesoscale convective
organization and its response to warming, to achieve
accurate projections of precipitation extremes in our
changing climate.
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7. Conclusions and outstanding questions

Improved fundamental understanding of deep con-
vection, partly thanks to idealized CRM studies, have
allowed to robustly predict an amplification of pre-
cipitation extremes with warming. This can be under-
stood from simple thermodynamics, with an increase
at a rate of about 6%—7% K ' following the low-
tropospheric humidity as dictated by the Clausius—
Clapeyron equation (Held and Soden 2006, O’Gor-
man and Schneider 2009, Muller et al 2011). This rate
of increase of low-tropospheric humidity is slower
than the increase in atmospheric humidity (O’Gor-
man and Muller 2010).

Beyond this thermodynamic theoretical expecta-
tion, the dynamics, via increased vertical mass flux in
extreme updrafts, and the microphysics, via increased
precipitation efficiency, can further amplify the
response of precipitation extremes to warming. In
fact, there is now ample observational evidence of
departures from the theoretical CC scaling. Even
within the limits of the idealized studies reviewed here,
precipitation extremes only follow the thermo-
dynamic theoretical expectation for the highest per-
centiles (above the 99.9th percentile or so; see also
Pendergrass 2018 for a discussion of the sensitivity to
the definition of extremes). Without a complete the-
ory for the dynamical and microphysical changes with
warming, we can not properly attribute causes for the
corresponding contributions to extreme rainfall rates.
More work is desirable in particular to clarify the rela-
tive roles of convective entrainment (e.g. Seeley and
Romps 2015, Singh and O’Gorman 2015), hydro-
meteor fall speeds (e.g. Parodi and Emanuel 2009, Bao
and Sherwood 2019), and atmospheric stability (e.g.
Attema et al 2014, Hamada and Takayabu 2018), as
well as microphysical processes including cloud-rain

autoconversion and rain evaporation (e.g. Lutsko and
Cronin 2018).

Notably, increased atmospheric instability can lead
to an amplification of precipitation extremes exceeding
significantly the thermodynamic theoretical expecta-
tion, with faster updrafts contributing positively to the
dynamic contribution. We note however that the link
between stability and precipitation extremes is not
necessarily straightforward. Differences in atmospheric
stability may result in differences in convection, but
extremes in precipitation intensity do not necessarily
follow the atmospheric stability (Hamada et al 2015).
This suggests that changes in atmospheric stability asso-
ciated with sub-daily extreme precipitation events, and
the corresponding dynamic contribution to precipita-
tion extremes, need to be clarified.

Note also that a large uncertainty regarding tropi-
cal precipitation extremes and their response to warm-
ing, is related to convective organization and its
response to warming. Most CRM studies discussed
earlier did not include mesoscale convective organiza-
tion. In the tropics, a large amount of rainfall is asso-
ciated with organized systems (Houze 2004, Hamada
et al 2015). Muller (2013) investigated the impact of
mesoscale convective organization on the response of
precipitation extremes to warming. For a given level of
convective organization (squall lines in that study,
obtained by imposing a vertical wind shear
figures 6(a)—(c)), the amplification of precipitation
extremes is again found to be given to leading order by
the thermodynamic contribution, close to low-tropo-
spheric water vapor about 7% K. But the amplifica-
tion of precipitation extremes due to organization for
a given SST, is found to be significantly larger than the
amplification due to warming by five degrees for a
given level of organization (figures 6(d) and (e)). Thus,
a large uncertainty in our current estimates of
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changing precipitation with warming comes from lack
of knowledge of how convective organization will
change with warming.

This important question is beyond the scope of
this paper, and will be discussed in more detail in a
separate paper specifically devoted to convective orga-
nization. But briefly, when the atmosphere is more
organized into a moist convecting region, and a dry
convection-free region, the moister environment of
deep convective updrafts is expected to enhance the
thermodynamic contribution as well as the micro-
physic contribution through larger precipitation effi-
ciency (reduced evaporation of rain falling through a
moister near-cloud environment). The dynamics and
duration of precipitating events are also affected, thus
the amplification of precipitation extremes could be
much larger than the thermodynamic theoretical
expectation (Bao and Sherwood 2019).

Recent observations show that most of the regio-
nal increase of tropical precipitation is associated with
changes in the frequency of organized convection (Tan
et al 2015). Improved fundamental understanding of
convective organization and its sensitivity to warming
is hence an area of priority for climate model develop-
ment to achieve accurate rainfall projections in a
warming climate.
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