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The role of hydrometeor fall speed in the scaling of precipitation

extremes with temperature

Martin S. Singh1 & Paul A. O’Gorman1

Simulations of radiative-convective equilibrium with a
cloud-system resolving model are used to investigate the
scaling of high percentiles of the precipitation distribu-
tion (precipitation extremes) over a wide range of surface
temperatures. At surface temperatures characteristic of
Earth’s tropics or higher, precipitation extremes increase
with warming in proportion to the increase in surface mois-
ture, following what is termed Clausius-Clapeyron (CC)
scaling. At lower temperatures, the rate of increase of pre-
cipitation extremes depends on the period of accumulation
considered and exceeds CC scaling for accumulation periods
of one hour or less. The reason for this higher rate of increase
is found to be a change in the mean fall speed of hydrome-
teors that accompanies changes in the relative proportions
of snow and rain in the column. The possible relevance of
these results to recent observations of high rates of increase
of precipitation extremes with temperature is discussed.

1. Introduction

Increases in the intensity of precipitation extremes are
seen in simulations of climate warming [Kharin et al., 2007;
O’Gorman and Schneider , 2009] and have been identified in
observational trends [Westra et al., 2013]. Analyses of vari-
ability in the current climate also show a relation between
precipitation extremes and the temperature at which they
occur [e.g., Allan and Soden, 2008; Lenderink and van Mei-
jgaard , 2008]. However, the rate at which precipitation ex-
tremes strengthen as the climate warms remains uncertain
to the extent that they involve moist-convective processes
that are difficult to represent in climate models [Wilcox and
Donner , 2007; O’Gorman, 2012].

Here we investigate the precipitation distribution in sim-
ulations with a cloud-system resolving model (CRM) in the
idealized setting of radiative-convective equilibrium (RCE).
Previous studies of the precipitation distribution in RCE
have found that, at surface temperatures characteristic of
Earth’s tropics, precipitation extremes increase with warm-
ing following what is known as Clausius-Clapeyron (CC)
scaling, increasing roughly in proportion to the satura-
tion specific humidity near the surface [Muller et al., 2011;
Romps, 2011]. This conclusion holds even when the con-
vection is organized [Muller , 2013]. CC scaling of precipi-
tation extremes with surface temperature is consistent with
a simple view of the response of strong precipitation events
to warming in which the amount of converged water va-
por increases due to the increased amount of moisture near
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the surface. However, the close agreement with CC scal-
ing found in modeling studies of RCE may be coincidental
because the water-vapor convergence does not occur only
at the surface and the strength and vertical profile of the
updraft changes with warming [Muller et al., 2011; Romps,
2011]. In this study, we extend previous results to a wider
range of surface temperatures and find that, in general, pre-
cipitation extremes in RCE do not follow a simple scaling
based on the amount of near-surface moisture. In partic-
ular, for accumulation periods shorter than one hour and
surface temperatures lower than 295 K, precipitation ex-
tremes increase with warming at a considerably higher rate
than implied by CC scaling.

We argue that the high rate of increase of precipitation
extremes found in our simulations is a result of a change
in the mean fall speed of hydrometeors in a warming at-
mosphere. In simulations in which the fall speeds of hy-
drometeors are fixed to a constant value, the increase of
precipitation extremes with warming is generally at a lower
rate than predicted by CC scaling, and the precipitation ex-
tremes depend strongly on the imposed fall speed. When
interactive fall speeds are included, the mean fall speed of
precipitation increases with temperature as the makeup of
hydrometeors in the column switches from being dominated
by slowly falling snow to more rapidly falling rain. The rate
of increase of precipitation extremes may then be seen to be
largely a result of the increase in surface moisture in com-
bination with the increase in hydrometeor fall speed as the
atmosphere warms. A role for hydrometeor fall speeds in de-
termining both the precipitation intensity and the updraft
strength in RCE has been suggested previously [Parodi and
Emanuel , 2009; Parodi et al., 2011]. Here we find that the
hydrometeor fall speed affects the precipitation rate through
changes in precipitation efficiency, but that the effect on up-
drafts is weak.

While the results we will show are for the idealized case
of RCE, the mechanisms involved are sufficiently general to
be of potential relevance to Earth’s atmosphere. Observa-
tional relationships between temperature and precipitation
extremes on sub-daily timescales can vary substantially by
region [Hardwick Jones et al., 2010], but analyses of sta-
tion observations have suggested a scaling of precipitation
extremes with temperature of up to twice the CC rate at
particular locations [Lenderink and van Meijgaard , 2008;
Lenderink et al., 2011; Berg et al., 2013]. The increase in
the fall speed of hydrometeors accompanying warming is
one possible mechanism contributing to such high rates of
increase of precipitation extremes.

2. Precipitation extremes in radiative-
convective equiilbrium

We investigate precipitation extremes in a series of sim-
ulations of RCE conducted using version 16 of the Bryan
Cloud Model [Bryan and Fritsch, 2002]. These simula-
tions are similar to those described in Singh and O’Gorman
[2013] where the focus was on understanding increases in
convective available potential energy in RCE with warm-
ing. The model is compressible and non-hydrostatic, and
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Figure 1. 99.99th percentile of precipitation rate in
high-resolution simulations (black lines) calculated using
various accumulation periods and shown as a function
of the mean temperature at the lowest model level (Ts).
Accumulation periods of one model time-step (inst), one
hour (1 hr), three hours (3 hr), six hours (6 hr) and one
day (24 hr) are shown. Gray lines are contours propor-
tional to the surface saturation specific humidity, and
red-dashed lines are contours proportional to the square
of the surface saturation specific humidity; each succes-
sive line corresponds to a factor of two increase.

uses 6th order spatial differencing coupled with a 6th order
diffusion scheme for numerical stability, and a split time-
stepping scheme following Wicker and Skamarock [2002].
Bulk aerodynamic formulae are used to calculate the sur-
face fluxes, with exchange coefficients determined based on
Monin-Obukov similarity theory. Sub-grid scale motions are
parameterized through a Smagorinsky turbulence scheme
with different diffusion coefficients in the horizontal and ver-
tical [Bryan and Rotunno, 2009]. The simulations include
a band-averaged radiative transfer scheme, but no diurnal
cycle; all simulations are performed with a constant solar
flux of 390 W m−2 incident at a zenith angle of 43◦. Micro-
physics are treated using a six-species, one-moment scheme
based on Lin et al. [1983] in which there are three hydrom-
eteor species (rain, snow and hail) each with a different fall
speed that depends on mixing ratio.

We present results based on a series of simulations in
which each simulation has a different imposed CO2 concen-
tration in the range 1 – 640 ppmv. The series is run at
three different horizontal resolutions, with all simulations
including 64 vertical levels. First, a set of low-resolution
simulations (2 km horizontal grid-spacing, 80 × 80 km do-
main) are run to equilibrium over a slab ocean of depth 1 m.
These slab-ocean simulations achieve equilibrium SSTs in
the range 281 – 311 K. A set of intermediate-resolution sim-
ulations (1 km horizontal grid spacing, 84× 84 km domain)
and a set of high-resolution simulations (0.5 km horizontal
grid spacing, 160×160 km domain) are then conducted with
the same range of CO2 concentrations and using the equi-
librium SSTs of the corresponding slab-ocean simulations
as a fixed lower boundary condition. The intermediate-
resolution simulations are each run for 40 days, and the
high-resolution simulations are run for 30 days. In both
cases we begin collecting statistics at hourly intervals after
20 days of simulation. Results are broadly similar across

resolutions; we show results from the high resolution simu-
lations in this section, but in following sections we switch to
the intermediate-resolution results to allow direct compar-
ison with additional intermediate-resolution simulations in
which the fall speeds of hydrometeors are set to fixed values.

Fig. 1 shows precipitation extremes as measured by the
99.99th percentile of gridbox precipitation rates (zero pre-
cipitation rates are included when calculating percentiles)
in the high-resolution simulations as a function of the mean
temperature in the lowest model level (Ts) and for different
accumulation time periods. The precipitation extremes in-
crease as the accumulation period decreases, with the high-
est values occurring for instantaneous (i.e., accumulated over
one model time step) precipitation extremes. The fractional
rate of increase of precipitation extremes with warming also
varies with the accumulation period used. At surface tem-
peratures below ∼ 295 K instantaneous precipitation ex-
tremes increase rapidly with temperature, exceeding the rate
of increase given by CC scaling (gray lines) of 6-7% K−1 and
approaching twice that rate (red-dashed lines). As the sur-
face temperature increases above 295 K the rate of increase
drops to be very close to that implied by CC scaling.

At longer accumulation periods of 3 hours and above,
precipitation extremes increase at a rate that is generally
close to that implied by CC scaling, although there is some
variability in the rate of increase with temperature. At an
intermediate accumulation period of one hour the rate of
increase of precipitation extremes is somewhat higher than
CC scaling at most temperatures. Consistent with previ-
ous studies [Muller et al., 2011; Romps, 2011], the rate of
increase of precipitation extremes at surface temperatures
typical of Earth’s tropics is close to that implied by CC
scaling at all accumulation periods.

The scaling of precipitation extremes documented here
is somewhat sensitive to the percentile chosen. Higher per-
centiles (99.999th) show results consistent with Fig. 1, but
lower percentiles (99.9th) show considerable variation in the
rate of increase of precipitation extremes with warming.
Nevertheless, instantaneous precipitation extremes gener-
ally increase at a rate substantially higher than implied by
CC scaling over part of the range of temperatures simu-
lated. This super-CC increase is worthy of further investi-
gation since similar rates of increase have been reported in
sub-daily station observations at both sub-tropical and tem-
perate latitudes when precipitation is binned by daily mean
surface temperature [Lenderink and van Meijgaard , 2008;
Lenderink et al., 2011].

3. Scaling of condensation extremes with
surface temperature

To examine the processes leading to deviations in the rate
of increase of precipitation extremes from CC scaling we first
consider extremes of the column net-condensation rate (Fig.
2a). The column net-condensation rate refers to the instan-
taneous condensation rate minus the instantaneous evapo-
ration rate integrated over a column. Net-condensation ex-
tremes increase at a rate close to or slightly less than the CC
rate over all temperatures, in contrast to the super-CC in-
crease in instantaneous precipitation extremes, and despite
the peak vertical velocity conditioned on net-condensation
extremes increasing from 7 to 12 m s−1 over the range of
temperatures simulated (Fig. 3). In order to explain the
sub-CC scaling of net-condensation extremes in light of the
increase in peak updraft strength we consider a decomposi-
tion of the net condensation similar to that given by Muller
et al. [2011]:

Ce = εC

∫ zt

0

∂q∗

∂z
ρwe dz. (1)
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Figure 2. The 99.99th percentile of instantaneous (a) column net-condensation rate and (b) surface precipitation rate
as a function of the mean temperature of the lowest model level (Ts) in intermediate-resolution simulations. Black lines
correspond to full-microphysics simulations while colored lines show results from simulations in which the fall speed of
all hydrometeors is set to constant values of 1 (blue), 2 (cyan), 4 (green) and 8 (maroon) m s−1. Marker colors in (b)
correspond to the effective fall speed of hydrometeors in the full-microphysics simulations (see text). Thin gray lines are
contours proportional to the surface saturation specific humidity, with each successive line corresponding to a factor of two
increase.

Here Ce is the 99.99th percentile of column net condensa-
tion, ρ is the density, q∗ is the saturation specific humidity,
the over-bar represents a time and domain mean and zt is
the height of the tropopause. The vertical velocity profile
we is calculated as the mean vertical velocity for points in
which the column net-condensation rate exceeds its 99.99th
percentile. The integral in (1) represents an estimate of the
column net-condensation rate derived from the dry static
energy budget [see Muller et al., 2011]. The inaccuracies
in the estimate associated with the approximations made in
the derivation are collected into the condensation efficiency
εC so that (1) is exactly satisfied.

Consider the simple case in which the mass flux ρwe dur-
ing net-condensation extremes is constant in the vertical ex-
cept for near the surface, where there is strong convergence,
and near the tropopause, where there is strong divergence.
The integral in (1) may then be approximately evaluated as
proportional to the near-surface saturation specific humidity
[O’Gorman and Schneider , 2009; Muller et al., 2011]. If we
further assume there are no changes in the mass flux or con-
densation efficiency with warming, condensation extremes
must increase with warming at the CC rate.

Deviations of net-condensation extremes from CC scal-
ing result from a more realistic mass-flux profile, or from
changes in the mass-flux profile or efficiency εC with tem-
perature. In particular, the expression for the condensa-
tion rate (1) includes the vertical velocity within an integral
weighted by the vertical gradient in saturation specific hu-
midity. This vertical gradient maximizes at the surface and
decreases exponentially above, making the low-level verti-
cal velocity critical in setting the net-condensation rate. In
our simulations, we decreases with warming at levels below
800 hPa. Low-level changes in we, therefore, have a nega-
tive influence on net-condensation extremes, explaining how
the peak updraft increases but the net-condensation rate in-
creases at a rate lower than that implied by CC scaling. We
find that the condensation efficiency εC decreases between
0.84 and 0.74 across the intermediate-resolution simulations
(not shown), also contributing to the sub-CC scaling of in-
stantaneous net condensation in the simulations.

4. The effect of the fall speed of hydrometeors
on precipitation extremes

It is useful to represent the relationship between instan-
taneous net-condensation extremes and instantaneous pre-
cipitation extremes by an efficiency εP such that,

Pe = εPCe, (2)

where Pe is the 99.99th percentile of the precipitation rate.
Since we consider net-condensation, and since the occur-
rence of precipitation extremes may not be exactly col-
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Figure 3. Mean vertical velocity profiles for points
in which the instantaneous net-condensation rate in the
column exceeds its 99.99th percentile. Intermediate-
resolution simulations with mean temperatures of the
lowest model level (Ts) of 277 (black), 285, 292, 298 and
309 K (orange) are shown.
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located in space and time with the occurrence of net-
condensation extremes, εP is not a precipitation efficiency
in the traditional sense. Nevertheless, εP represents the effi-
ciency by which large net-condensation events are translated
into large precipitation events as the condensate falls to the
surface.

At low temperatures, the fractional rate of increase of in-
stantaneous precipitation extremes with warming is larger
than that of instantaneous net-condensation extremes, in-
dicating that εP increases with warming. The value of εP
is determined by the degree to which the precipitation is
spread out relative to the column net-condensation both spa-
tially and temporally, as well as the fraction of condensation
that evaporates in the time between the net-condensation
event and its related precipitation event. These mechanisms
are particularly sensitive to the microphysical properties of
clouds. For instance, in the limit of instantaneous removal
of condensate from the atmosphere, the precipitation rate
equals the condensation rate, and εP is unity at all tem-
peratures. In the opposite limit, in which condensed water
takes a long time to form precipitation or the hydrometeor
fall speed is low, turbulence and the cloud-scale circulation
have a long time to act in removing the condensate from
the column, and the precipitating hydrometeors may spend
long periods of time in sub-saturated air (Fig. 4a). A low
hydrometeor fall speed may also affect εP by spreading out
the precipitation in time. Since the condensation occurs at
a range of heights, precipitation will reach the ground at
different times, even if the condensation were to occur at
a single instant. If the timescale over which precipitation
falls out is larger than the timescale of condensation events,
this has the effect of spreading the precipitation event over
a longer time period relative to the condensation event (Fig.
4b). For instantaneous precipitation extremes a lower hy-
drometeor fall speed would tend to reduce εP , but for pre-
cipitation accumulation times substantially longer than an
individual convective event (∼ 1 hour) the effect would be
minimal.

The hydrometeor fall speed is sensitive to temperature
changes; snow has typical fall speeds of 0.5 – 1 m s−1, while
rain often falls at speeds of 5 – 8 m s−1. In the coldest
simulations, precipitating hydrometeors spend most of their
life as snow even though the surface precipitation is almost
entirely in liquid form. We hypothesize that the super-CC
scaling of precipitation extremes seen in the simulations is
a result of a transition in hydrometeor distribution from a
snow dominated regime to a rain dominated regime.

To investigate this hypothesis we examine additional
intermediate-resolution simulations in which the model mi-
crophysics are altered such that the fall speed of all hydrom-
eteors are fixed to a constant value. Sets of simulations are
conducted with fall speeds in the range 1 – 8 m s−1; for
each fall speed, seven simulations are run with different SST
boundary conditions corresponding to a subset of the SSTs
used in the full-microphysics simulations described in sec-
tion 2. Apart from the values of the fall speeds of snow,
rain and hail, the model used for each of these simulations
is identical to the model used for the corresponding full-
microphysics simulation at the same SST.

Previous work has shown that the hydrometeor fall speed
strongly affects precipitation rates in RCE [Parodi et al.,
2011]. Parodi and Emanuel [2009] also showed that the fall
speed influenced updraft velocities in moist convection. But
in the simulations shown here net-condensation extremes
(Fig. 2a) and the magnitude of the strongest updrafts
(not shown) are relatively insensitive to the hydrometeor
fall speed. Some dependence of the updraft strength on
hydrometeor fall speed is found if only warm-rain micro-
physical processes are allowed as in Parodi and Emanuel
[2009], but in general the effect of hydrometer fall speed
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Figure 4. Schematic showing mechanisms affecting the
value of εP . (a) Removal of liquid and solid water from
the column by (1) the cloud-scale circulation and (2) tur-
bulence (both resolved and sub-grid), as well as (3) evap-
oration and sublimation of precipitation. (b) Spreading
of the precipitation event in time as the hydrometeor fall
speed decreases (maroon to green to blue). Dashed black
line represents the column net-condensation rate.

on εP is a much larger factor in determining the intensity
of precipitation extremes. An increase in fall speed from 1
to 8 m s−1 results in an increase in instantaneous precipi-
tation extremes by more than a factor of five at a surface
temperature of Ts = 298 K (Fig. 2b). (For the case of 3
hourly accumulation this factor is reduced to approximately
2.5.) On the other hand, increasing the surface tempera-
ture while keeping the hydrometeor fall speed fixed results
in an increase in precipitation extremes somewhat less than
predicted by CC scaling.

An effective hydrometeor fall speed is defined by taking
the hydrometeor-mass weighted mean of the fall speeds of
all hydrometeors in the column conditioned on the precip-
itation rate exceeding its 99.99th percentile. In the fixed
fall-speed simulations this is simply equal to the imposed
hydrometeor fall speed. In the simulations with full micro-
physics, the effective fall speed ranges from less than 1 m s−1

in the coldest simulation to above 7 m s−1 in the warmest
simulation (Fig. 2b). This is primarily a result of the in-
creasing fraction of rain compared to snow in the column
as the atmosphere warms, but the increase in rain mixing
ratios with warming also increases the mean fall speed of
rain itself. Hail has a fall speed larger than both snow and
rain, but it contributes only a small fraction of the total
hydrometeor loading of the atmosphere.

The precipitation extremes in a given full-microphysics
simulation are roughly consistent with those in a fixed fall-
speed simulation at the same surface temperature and with
the same effective fall speed (compare the marker colors
and line colors in Fig. 2b). This implies that without the
change in fall speed, the increase of precipitation extremes
with warming in the full-microphysics simulations would be
somewhat below the CC rate. We thus conclude that the
super-CC increase in instantaneous precipitation extremes
found in the full-microphysics simulations is a result of the
increase in the mean fall speed of hydrometeors that accom-
panies a switch from a snow-dominated to a rain-dominated
hydrometeor distribution. Even for longer accumulation pe-
riods, the increase in precipitation extremes with warming
for simulations with fixed hydrometeor fall speeds is less
than the CC rate (not shown). The rough CC-scaling of
precipitation extremes at accumulation periods longer than
one hour in the full-microphysics simulations appears to re-
sult from increases in hydrometeor fall speed that increase
the precipitation efficiency relative to the fixed fall-speed
case.
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5. Conclusions

We have investigated the relationship between precipita-
tion extremes and surface temperature in CRM simulations
of RCE. At temperatures characteristic of Earth’s tropics or
higher, the increase in precipitation extremes with warming
is consistent with Clausius-Clapeyron scaling, whereby pre-
cipitation extremes scale with the near-surface saturation
specific humidity. At lower surface temperatures the rate
of increase of precipitation extremes with warming depends
on the accumulation period under consideration. For accu-
mulation periods of one hour or less stronger increases in
precipitation extremes than expected from CC scaling are
found over a broad range of temperatures, and at the short-
est timescale the increase in precipitation extremes with
warming approaches twice the CC rate. For longer accumu-
lation periods, the rate of increase in precipitation extremes
depends somewhat on temperature, but remains relatively
close to the CC rate.

The reasons for the super-CC scaling of precipitation ex-
tremes are found to relate to changes in the fall speed of
hydrometeors as the surface temperature is increased. At
low temperatures, the precipitating water in the column is
primarily composed of snow, while at higher temperatures
it is primarily composed of rain, which falls at much faster
speeds. The fall speed of hydrometeors has a large impact
on precipitation rates in the simulations, consistent with re-
cent studies [Parodi and Emanuel , 2009; Parodi et al., 2011].
But unlike Parodi and Emanuel [2009], the updraft veloc-
ity is relatively insensitive to changes in hydrometeor fall
speed. The effect of hydrometeor fall speed on precipitation
extremes in the simulations shown here is a result of changes
in the efficiency with which large net-condensation events
are translated into large precipitation events. The changing
efficiency is likely to be a result of a changing fraction of
condensate that is turbulently diffused out of the column
or re-evaporated before reaching the ground, as well as, for
short accumulation periods, a spreading out of the precip-
itation event in time. In simulations in which the model
microphysics are altered such that hydrometeors fall at a
fixed speed, precipitation extremes increase with tempera-
ture more slowly than the CC rate. These results suggest
that, absent changes in fall speed, the rate of change of pre-
cipitation extremes with warming would not necessarily be
close to the CC rate, even for accumulation periods longer
than one hour.

The increase of hydrometeor fall speed with temperature
across the simulations is qualitatively consistent with a shift
from snow to rain and is likely to be a robust result because
of the large difference in the fall speeds of snow and rain.
Snow falls relatively slowly (∼ 0.6 m s−1) in the particular
implementation of the one-moment microphysical parame-
terization of Lin et al. [1983] used in the simulations for this
study. Additional simulations in which the hydrometeor fall
speeds are calculated identically to Lin et al. [1983] as up-
dated by Potter [1991] have slightly faster falling snow but
show similar results for the scaling of precipitation extremes.

The super-CC scaling of precipitation extremes with tem-
perature seen in the simulations resembles the scaling of pre-
cipitation extremes found in some high temporal-resolution
station observations when stratified by surface tempera-
ture [Berg et al., 2013]. It has been argued that this ob-
served super-CC scaling of precipitation extremes is the re-
sult of stronger updrafts occuring during warm events [Lo-
riaux et al., 2013]. In the simulations shown here, changes
in updraft velocity only weakly affect the precipitation rate,
and it is the fall speed of hydrometeors that is important
for the scaling of precipitation extremes. One discrepancy

is that the observed super-CC scaling of precipitation ex-
tremes with temperature occurs for accumulation periods of
both one hour and 5 minutes [Berg et al., 2013], while in the
simulations the instantaneous precipitation extremes exceed
CC scaling to a greater extent than the hourly precipitation
extremes. Additionally, other high-resolution precipitation
observations do not show robust scaling of precipitation ex-
tremes at greater than the CC rate in response to local
temperature variation [Hardwick Jones et al., 2010]. Fur-
ther study is required to evaluate under what conditions the
mechanisms outlined here in simulations of RCE may be rel-
evant for convective precipitation in the mid-latitudes and
sub-tropics in the current climate or under climate change.
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