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ABSTRACT

Large-eddy simulations with strong lateral forcing representative of precipitation over the Netherlands are

performed to investigate the influence of stability, relative humidity (RH), and moisture convergence on

precipitation. Furthermore, a simple climate perturbation is applied to analyze the precipitation response to

increasing temperatures. Precipitation is decomposed to distinguish between processes affecting the pre-

cipitating area and the precipitation intensity. It is shown that amplification of the moisture convergence and

destabilization of the atmosphere both lead to an increase in precipitation, but on account of different effects:

atmospheric stability mainly influences the precipitation intensity, whereas the moisture convergence mainly

controls the precipitation area fraction. Extreme precipitation intensities show qualitatively similar sensi-

tivities to atmospheric stability andmoisture convergence. Precipitation increases with RH due to an increase

in area fraction, despite a decrease in intensity. The precipitation response to the climate perturbation shows a

stronger response for the precipitation intensity than the overall precipitation, with no clear dependency on

changes in atmospheric stability, moisture convergence, and relative humidity.

1. Introduction

In view of the disruptive nature of precipitation ex-

tremes to society, many studies have been published on

the behavior of extreme precipitation and its response to

climate change (O’Gorman 2015; Westra et al. 2014).

Model predictions indicate that extreme precipitation

will intensify and become more frequent with warming

(IPCC 2014), and studies have already been able to at-

tribute changes in extreme precipitation to observed

warming (Min et al. 2011; Pall et al. 2011; Lenderink and

Attema 2015). However, the magnitude of the response

is quite variable (e.g., O’Gorman 2012) and the sensi-

tivity of the response to mesoscale conditions is not yet

completely understood in either present-day or future

climate.

Present-day relations between observed temperature

and precipitation extremes show an increase of ap-

proximately 7%–14%K21, depending on the surface

temperature, over western Europe (Lenderink and

Meijgaard 2008; Lenderink and van Meijgaard 2010;

Berg et al. 2013; Blenkinsop et al. 2015). Similar results

were found for stations across Australia (Hardwick-

Jones et al. 2010) and the United States (Mishra et al.

2012). Since these observed sensitivities of extreme

precipitation may not necessarily translate to a response

to global warming (Westra et al. 2014), it is important to

understand the physical processes that influence ex-

treme precipitation as well as the precipitation response.

The moisture holding capacity of the atmosphere in-

creases with temperature. In areas where enough mois-

ture is available, the specific humidity of the atmosphere

will increase following the Clausius–Clapeyron (CC)

equation. Near the surface, this amounts to an in-

crease of approximately 6%–7%K21 (CC scaling). If
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thermodynamics are dominant in determining extreme

precipitation intensities, they are expected to increase at

the same rate (Allen and Ingram 2002). However, pre-

cipitation extremes can be invigorated or diminished by

dynamical processes (Trenberth et al. 2003; Emori and

Brown 2005) and microphysics (Singh and O’Gorman

2014). These components are conceptualized in the fol-

lowing approximation of the precipitation rate:

P’2«

ðzt
zb

w
c

›q
s,c

›z
r dz. (1)

This equation simply states that the precipitation rate P

is determined by a precipitation efficiency « times the

vertically integrated condensation rate in the cloud. The

condensation rate consists of a dynamic and thermody-

namic contribution through the updraft velocity wc and

the vertical derivative of the saturation specific humidity

following the parcel, namely qs,c, respectively. If the

updraft velocity and efficiency are constant with warm-

ing, for deep convection the precipitation response leads

to CC scaling.

Analysis of the precipitation response to climate

change in terms of Eq. (1) has been presented in nu-

merous studies, using general circulation models

(O’Gorman and Schneider 2009a,b), cloud-resolving

models (Muller et al. 2011; Romps 2011; Muller 2013;

Singh and O’Gorman 2015), and a conceptual model

(Loriaux et al. 2013). While the thermodynamic com-

ponent is understood quite well, the other components

remain rather difficult to predict.

The influence of large-scale dynamics and environ-

mental conditions on extreme precipitation, which in-

directly influences the different components of (1), is not

yet understood well enough. Combining observations

and reanalysis data, Davies et al. (2013) studied the re-

lations between large-scale moisture convergence, sta-

bility parameters, and tropical precipitation, finding that

convective precipitation has a strong relationship with

the large-scale vertical velocity and moisture conver-

gence. Another study has analyzed circulation and sev-

eral atmospheric conditions in relation to midlatitude

peak precipitation (Loriaux et al. 2016b), finding only

weak relationships with atmospheric stability and ver-

tical velocity. Here, we present a sensitivity study based

on the Loriaux et al. (2016b) setup to investigate the role

of large-scale dynamics and environmental conditions

with regard to precipitation and the precipitation re-

sponse to climate change.

For this purpose, we use a large-eddy simulation

(LES)model to simulate strong convective precipitation

typical for the Netherlands based on composite profiles

of the highest 10 percentiles of peak intensities as

described by Loriaux et al. (2016b). Realistic large-

scale advective tendencies for heat and moisture are

used to drive the simulations. Using these atmospheric

conditions as a reference, we systematically vary the

relative humidity, stability, and large-scale vertical

velocity. Furthermore, this analysis is repeated under a

temperature perturbation, to simulate a warmer

climate.

Within a convective framework, based on a case study

of Loriaux et al. (2016b), we thus aim to

1) understand how precipitation depends on atmo-

spheric conditions and lateral forcing, and

2) analyze how precipitation is affected by a climate

perturbation.

To this end, we first present our methods in section 2.

This is followed by the results for the present-day cli-

mate in section 3, where we present sensitivity analyses

of the moisture budget, attribute changes in the mean

precipitation to changes in the precipitation area and

changes in the intensity of precipitation, and assess the

behavior of extreme precipitation. In section 4, we

present an analysis of the response of these precipitation

parameters to climate change. Finally, the implications

of these results and the conclusions of this study are

presented in section 5.

2. Methodology and case setup

Loriaux et al. (2016b) provide an event-based analysis

that describes the atmospheric conditions accompany-

ing precipitation events grouped by intensity deciles,

from 12h prior to 12h after the peak intensity of the

event. These conditions follow from 20 years of in situ

precipitation data over the Netherlands (KNMI 2014),

accompanied by a high-resolutionmodel dataset (12km).

This dataset consists of a series of consecutive hindcasts

over a period of 20 years using theRegionalAtmospheric

Climate Model (RACMO; van Meijgaard et al. 2008),

forced and initialized by the ERA-Interim reanalysis

(Dee et al. 2011).

Using the same datasets as Loriaux et al. (2016b), a

strongly precipitating composite case has been derived

by grouping together the upper 10% of the precipitation

peak intensities from 12h prior to 12h after the peak

intensity of the event. Only afternoon hours [1200 to

2000 central European time (CET)] have been selected,

since we are specifically interested in simulating daytime

convective precipitation. The resulting composite case

starts at 0500 CET and peaks at 1700 CET. We will use

this composite as the standard reference case to be

simulated with the Dutch Atmospheric Large Eddy

Simulation model (DALES 4.0; Heus et al. 2010; Böing
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et al. 2012a), with the icemicrophysics scheme described

by Böing et al. (2012a).

DALES is an anelastic, high-resolution model that

resolves the largest turbulent eddies and parameterizes

the smaller turbulent eddies realistically using the well-

known turbulent scaling relations in inertial subrange.

The prognostic variables are the three wind components

u, y, w, the liquid water potential temperature ul, the

total water specific humidity qt, and finally qr, the rain-

water specific humidity. In the model, the total water

specific humidity and the liquid water potential tem-

perature are defined as

q
t
5 q

y
1 q

c
and (2)

u
l
5 u2

L
y

c
p,d
P
q
c
, (3)

respectively. Here, qy is the specific humidity, and qc is

the cloud condensate that contains both cloud liquid

water and cloud ice. Furthermore, u describes the po-

tential temperature and P5 (p/p0)
Rd/cp,d the Exner

function. The latent heat of vaporization is given by Ly,

and the heat capacity for dry air is cp,d. The gas constant

of dry air is Rd.

All runs are performed over a domain of 96 km 3
96km3 22kmwith a horizontal resolution of 200m, and

240 nonequidistant vertical levels, spaced apart 40m

near the surface, up to 175m at 22km. This horizontal

resolution is supported by Stein et al. (2015). A test run

with a larger domain did not have any noticeable effects

on the simulation. This was not pursued further in this

study. Initial profiles of liquid water potential tempera-

ture and total water specific humidity 12 h prior to the

peak intensity of the composite case study are used as

initial conditions for the reference case (Figs. 1a,b). The

resulting relative humidity profile is shown in Fig. 1c.

The initial horizontal wind is taken unidirectionally and

increases with height from approximately 6ms21 at the

surface to 20m s21 at the tropopause (not shown).

Besides initial conditions it is crucial to prescribe re-

alistic large-scale forcings originating from scales larger

than the domain of the model. The large-scale forcing

terms can be introduced by considering the prognostic

equations of f5 ful, qt, u, y, wg averaged over the do-

main of the LES model in a schematic way:

›f

›t
5

�
›f

›t

�
LES

1

�
›f

›t

�
LS

, (4)

where the overbar denotes an average over the LES

domain. The first term on the right-hand side denotes

the tendencies resolved by the LES model while the

second term hosts contributions from the large scale that

cannot be represented by the LES model. For the heat

and moisture equation (i.e., f5 ful, qtg) these are es-

sentially the large-scale advection terms. The large-scale

advection terms have been derived from the composite

event. Comparison of the magnitudes of the advection

terms shows that, especially around the maximum peak

intensity, the vertical advection term dominates over the

horizontal advection term. We therefore approximate

the large-scale forcing by only taking the vertical ad-

vection term into account; that is,

�
›f

›t

�
LS

52u
›f

›x
2 y

›f

›y
2w

›f

›z
’ 2w

›f

›z
. (5)

Therefore, the large-scale forcing of heat and moisture

in this study can, to first order, simply be prescribed by

the large-scale vertical velocity w.

Since the moisture budget plays a crucial role in this

study, we derive the resulting vertical integrated mois-

ture budget. The LES resolved tendency for f5 qt is

given by

�
›q

t

›t

�
LES

52
1

r

›rw0q0
t

›z
2G , (6)

where the first term describes the moistening due to

vertical turbulent transport, r denotes the density that

only depends on the height, and G represents the

autoconversion rate from qt to rain. Primes denote de-

viations from the domain average values. Substituting

(6) and (5) into (4) and vertically integrating gives

ðtoa
0

›q
t

›t
r dz52

ðtoa
0

rw
›q

t

›z
dz1 r

0
w0q0

t0
2P , (7)

which describes themoisture budget of the domain. Here

P denotes the domain-averaged surface precipitation

while the second term on the right-hand side represents

the surface evaporation. The vertical advection in (7)

represents the large-scale moisture convergence.

The prescribed large-scale vertical velocityw is shown

in Fig. 1d and is derived from the composite event that

we are aiming to simulate. It increases up to t 5 12h,

with a maximum of approximately 2.4 cm s21 at 6 km,

steadily decreasing until the end of the simulation

after that. As a result, the moisture convergence also

increases up to 12 h, peaking at approximately

12.5mmday21, after which it decreases again. In addi-

tion, the simulation is forced over time by prescribed

values of the surface sensible and latent heat fluxes

(Fig. 1e), and the geostrophic wind from 12h before to

12 h after the peak intensity. These parameters are also

taken from the composite case. Since the domain-

averaged radiative tendencies are weaker than the
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heating terms due to convection and large-scale advec-

tion (up to 6Kday21), we have ignored radiative cooling

effects in this case for simplicity. All further details of

the profiles and forcings used to set up this LES study

can be found online at Loriaux et al. (2016a).

In addition to the reference experiment described

above, a number of additional experiments are defined

in which the relative humidity and vertical stability of

the mean initial profiles are systematically varied, as

well as the strength of the prescribed large-scale

vertical velocity. This way, the strength of the pre-

cipitation response as a function of the initial condi-

tions and the large-scale forcing can be systematically

assessed.

The stability is perturbed by subtracting a moist adi-

abatic correction term from the initial potential tem-

perature profile:

u5 u
0
2a

L
y

c
p
P
q
l,ma

. (8)

FIG. 1. Model input parameters. The initial reference profiles of (a) liquid water potential temperature, (b) total

water humidity, and (c) relative humidity with respect to water. The dashed lines indicate the perturbed climate

profiles. Note that for the reference and perturbed climate, the relative humidity profiles are identical. (d) The

time–height representation of the large-scale vertical velocity (cm s21). (e) The sensible (solid) and latent (dashed)

heat fluxes at the surface.
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Here, u0 is the initial profile of the reference experience,

ql,ma is the liquid water humidity for a moist adiabat

based on the surface conditions, and a is the stability

factor. For a5 0, the profile is unchanged and remains

close to the moist adiabat. For a5 1, the profile ap-

proaches the dry adiabat, becoming extremely unstable.

We have chosen values ofa between20.075 and 0.225 in

steps of 0.075, which for the reference experiment leads

to potential temperature lapse rates ranging from 2.1 to

3.6Kkm21 at 1100m, a typical level for cloud base in

this experiment. Figure 2a shows the perturbations to

the reference liquid water potential temperature profile.

The relative humidity (RH) is perturbed by multi-

plying the initial relative humidity by a factor ranging

from 0.9 to 1.1 in steps of 0.05, from 1100m up. Below

that the factor decreases linearly to 1 at the surface. The

resulting perturbations to the initial RH profile, as well

as the profiles themselves are shown in Fig. 2b. This

leads to a combined set of 25 experiments, based on five

stability and five RH perturbations.

To analyze the influence of the large-scale moisture

convergence, we have furthermore performed a few

additional perturbations to the reference experiment, by

multiplying the vertical velocity profiles by a factor of

0.5, 2, and 4. These perturbations lead to a moisture

convergence that peaks at 6 to 60mmday21, ranging

from the weakest to strongest perturbation.

Finally, to assess the change in precipitation in a

changing climate, we have performed a simple climate

change simulation, by uniformly warming the reference

experiment by 2 degrees, while keeping the relative hu-

midity constant (Sherwood et al. 2010; Dal Gesso et al.

2014). Uniform warming is a reasonable assumption for

midlatitudes, as was previously shown by Attema et al.

(2014). Note that, because of our choice of uniform

warming, the atmospheric stability with respect to moist

processes decreases from present-day to future climate.

In this study, we will focus on the reference experi-

ments of the present-day and future climate in more

detail. Since single experiments contain a fair amount of

noise due to the chaotic behavior of clouds, we have

analyzed an ensemble of five members for both refer-

ence experiments in order to give an idea of the un-

certainty of the results. In DALES, simulations are

initialized by randomly perturbing the initial ul and qt

profiles. The array of random numbers used for these

perturbations is determined by the randomization seed.

Each ensemble member has a different randomization

seed, but the same input profiles. These ensembles are

used when analyzing the reference state of the present

and future climate.

3. Present-day climate

Themoisture budget plays a key role in understanding

how precipitation responds to different forcings and

atmospheric conditions. A symbolic representation of

the vertically integrated moisture budget (7) is

S5M1E2P . (9)

Moisture is added to the domain through lateral mois-

ture convergenceM and the surface evaporation E, and

lost through precipitation P. Any imbalance between

the inflow and precipitation will affect the moisture

content of the domain. The difference between the gain

FIG. 2. Perturbations to the initial reference profiles of the (a) liquid water potential temperature and (b) relative

humidity.
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and loss term makes up the moisture tendency, which

describes if the domain is becoming moister or drier.

This is the storage term S. If more moisture is added to

the system but the storage term remains relatively the

same or decreases, the precipitation efficiency increases,

and vice versa.

First, we take a look at the temporal development of

themoisture budget of the reference experiment. To this

end, the temporal evolution of the moisture budget is

shown in Fig. 3. The moisture input due to the latent

heat flux at the surface maximizes at t 5 8h, at

3.5mmday21. The lateral moisture convergence domi-

nates the moisture input, peaking at t 5 12h, at

12.5mmday21. In response to the increasing moisture

input, the total water specific humidity of the domain

increases, as can be seen in the storage term, until it

starts to rain at t 5 8 h. The precipitation very quickly

picks up, causing the moisture tendency to drop. Fol-

lowing the moisture convergence, most precipitation

falls between t 5 10h and t 5 15 h, peaking at

approximately 215mmday21.

Figure 4 shows a precipitation snapshot of the domain

at t5 12h, at which time it has been raining for a while,

and the precipitation intensities are high. There are

several small precipitation clusters, with diameters of

approximately 5km, most of which have maximum

precipitation intensities that exceed 5mm (10min)21.

The largest cluster is located at x 5 30 km, y 5 50km,

and spans approximately 10 km by 20km. In this cluster,

precipitation intensities are found that are far higher

than 10mm/10min. There are no clear signs of large-

scale organization.

As can be seen in Fig. 3, the amount of precipitation

weakens as the moisture convergence starts to decrease

during the second half of the experiment. Once the

precipitation sets in at t 5 8 h, the moisture inflow is

closely, but never completely, balanced by precipitation,

which means that the moisture content of the domain

continues to slowly increase over time.

Next, we analyze the time-averaged moisture budget

of the domain:

hINi2 hPi5 hSi , (10)

where h::i5 Ð 24h
0h

:: dt/ttotal, and IN5M1E. The sensi-

tivity of the time-integrated moisture budget to initial

relative humidity and stability is shown in the left col-

umn of Fig. 5. The relative humidity perturbations are

shown along the x axis and the stability perturbations

along the y axis, with the most unstable, moist (stable,

dry) conditions at the top right (bottom left). Figure 5a

shows the sensitivity of the moisture input in the

present-day climate. As the latent heat flux is fixed, the

dependence of the moisture input on the initial relative

humidity and stability is completely due to the moisture

convergence, and maximizes for more stable, wet con-

ditions. The moisture inflow increases by approximately

9% from the lowest to highest values.

The moisture loss term consists of the mean pre-

cipitation rate (Fig. 5b). It is influenced by both stability

and relative humidity. With the highest values corre-

sponding to the more unstable experiments with high

relative humidity, this result is consistent with the results

found by Böing et al. (2012b). The mean precipitation

FIG. 3. Moisture budget of the five-member ensemble mean

reference experiment for the current (solid) and warm (dashed)

climate.

FIG. 4. Precipitation intensity (mm/10min) snapshot at the surface,

at t 5 12 h.
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rate approximately doubles from dry, stable to moist,

unstable conditions.

Since the sensitivity of the moisture convergence to

RH and stability conditions is far lower than the domain

averaged precipitation, the storage term approximately

mirrors the precipitation (Fig. 5c). Storage is lowest for

moist, unstable conditions, and highest for dry, stable

conditions, where the mean precipitation is lowest.

Similar to the precipitation, we see approximately

doubling of the storage term over the phase space.

The domain-averaged precipitation is not very in-

formative concerning the actual precipitation intensity

as the area of precipitation is less than 10% (see Fig. 4).

We will therefore reserve the term ‘‘precipitation

intensity’’ for the precipitation conditioned on the

precipitating area. To this end, the mean precipitation

rate hPi can be further decomposed into the mean pre-

cipitation intensity, hIi, and the mean precipitation area

fraction, hai, the fraction of grid columns with pre-

cipitation reaching the surface:

hPi5 haihIi . (11)

A precipitation threshold of 0.01mm(10min)21 is used.

Figure 6 shows the decomposition of the mean pre-

cipitation into the precipitation area fraction (Fig. 6a),

and the mean intensity (Fig. 6b). The area fraction

shows that, on average, 5.5% of the domain is covered

by precipitation. It is mostly determined by the relative

humidity, and nearly doubles from the dry to moist

FIG. 5. Phase space results of the moisture budget, showing the (top) moisture input, (middle) precipitation, and (bottom) storage for

the (a)–(c) present-day and (d)–(f) future climate, and (g)–(i) climate response. Relative humidity perturbations are shown along the

x axis; stability perturbations along the y axis.
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perturbations. While the change in area fraction over

the phase space is comparable to themean precipitation,

the stability hardly affects the area fraction.

Consequently, the mean intensity is not influenced by

RH in the same way as the mean precipitation seen in

Fig. 5c. Instead, the mean intensity is highest for un-

stable but drier conditions. A physical interpretation of

these results is that when the relative humidity is high, it

rains sooner, leading to many light events. When the

relative humidity is lower, more buildup is necessary

before it rains, leading to fewer but stronger events. The

increase in precipitation intensity with instability follows

from increased updraft velocities (not shown). Averag-

ing at 4.3mmh21, the mean intensity increases by ap-

proximately 60% over the range of perturbations.

So far, we have focused on the mean precipitation.

Although the mean state already represents strong

convective precipitation by means of the experimental

setup, we will also focus on the extremes of this exper-

iment. Figure 7a shows the probability of exceedance

distribution of the precipitation intensity (data exceed-

ing the precipitation threshold) for the five-member

ensemblemean reference experiment of the present-day

climate (solid line). The gray band denotes61 standard

deviation to the mean. Only approximately 20% of the

precipitation intensities exceed 1mm(10min)21; however,

the highest intensities go beyond 25mm (10min)21. As

can be expected, the standard deviation increases with

decreasing probability of exceedance. Since we want to

ensure that the sensitivity to the different perturbations

can be reliably estimated, wewill use the 99th percentile of

the precipitation intensity (1% exceedance) when looking

at precipitation extremes. This corresponds to ;6.5mm

(10min)21 for the reference experiment. The equivalent

percentile for precipitation is approximately the 99.95th

percentile (0.05% exceedance).

Figure 8a shows the phase space for the extreme

precipitation intensity. Similar to themean intensity, the

extreme precipitation is sensitive to stability and RH.

When it is raining, a relatively dry but unstable atmo-

sphere will lead to the strongest precipitation intensities.

This supports the theory that there is more precipitation

build-up for dry but unstable conditions, eventually

leading to stronger intensities. With an average extreme

intensity of 43.6mmh21, the extreme intensity increases

by 60% across the phase space.

However, extreme precipitation (not conditioned on

the precipitation area) no longer depends on the initial

RH, and increases as the initial stability of the atmo-

sphere decreases (Fig. 8b). While the mean and extreme

intensities share the same preference for drier, unstable

conditions, extreme precipitation is not predisposed

FIG. 6. Phase space results of the (top) area fraction and (bottom) precipitation intensity for the (a),(b) present-day and

(c),(d) future climate, and (e),(f) climate response. Relative humidity perturbations are shown along the x axis; stability perturbations along the

y axis.
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toward high initial RH conditions like mean pre-

cipitation is. This is because the increase of the mean

precipitation rate with increasing RH is caused by an

increase in the area fraction, but a decrease in intensity.

As a result, the upper percentiles of the distribution of

the precipitation rate are not strongly affected by the

RH for the range investigated in this study. Note that for

low values of relative humidity a dependence of the

extreme precipitation intensity is expected as the lack of

moisture availability begins to play a role.

We next examine the role of large-scale dynamics on

precipitation by performing a few coarse perturbations

to the large-scale vertical velocity, and hence the mois-

ture convergence. Figure 9a shows the relative change of

the different components of the moisture budget due to

these perturbations, with respect to the reference ex-

periment. As a result of these perturbations, the total

moisture input increases slightly less than the w per-

turbation factor. This, of course, is due to the un-

changing surface LHF, which makes up for part of the

moisture input. Indeed, mean precipitation increases by

more than the perturbation factor—up to 5.2 times the

mean precipitation of the reference experiment.

To assess whether this change in mean precipitation is

achieved by an increase in the area fraction or intensity,

we again decompose the mean precipitation rate. The

precipitation intensity (I) and area fraction (a) are also

shown in Fig. 9a. It is clear that the increase in mean

intensity is caused by an increase in the precipitation

area fraction, with a slight decrease in themean intensity

for larger moisture convergence. In other words, be-

cause of an increase in the large-scale vertical velocity, it

rains more, rather than more intensely.

It is possible that this increase in the area fraction can

simply be explained by the fact that in a domain that is

favorable to convection, more large-scale uplift triggers

more convective updrafts by lifting parcels to a level

where they become unstable. In this setup, while the

area fraction increases, the individual precipitation cells

do not appear to grow much larger for higher moisture

convergence. The area fraction is thus mostly increased

because more of these cells are present in the domain,

rather than a higher level of organization. This should be

further investigated in future work.

The same relations are seen for extreme precipitation

(Pextr), although they aremore subtle.While the extreme

precipitation shows a small increase with increasing

moisture convergence, the extreme intensity (Iextr) shows

the same weak decrease as the mean intensity. Since the

extreme precipitation increases with increasing moisture

convergence, the decrease in the extreme intensity is

probably caused by a shift in the intensity distribution

toward weaker events, even though stronger intensities

do also occur. However, it is clear that the moisture

convergence has a stronger effect on the area fraction

than the precipitation intensity.

This concludes our sensitivity analysis of the present-

day climate. The different effects of the stability and

moisture convergence perturbations, both leading to an

increase in precipitation, are visualized in Fig. 10. While

increasing the atmospheric instability leads to more in-

tense precipitation without greatly affecting the area

fraction, moisture convergence leads to a larger pre-

cipitation area without substantially influencing the

intensity. The relative humidity has two opposing ef-

fects. First, the higher the relative humidity, the more

FIG. 7. (a) Probability of exceedance for the present-day (solid) and perturbed climate (dashed) and (b) percentile

response to the climate perturbation, using a precipitation intensity threshold of 0.01mm (10min)21.
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precipitation; this is best seen in the precipitation area

fraction. Second, the lower the relative humidity, the

higher the intensity. This is best seen in the sampled

phase spaces, after the effect of the area fraction has

been removed.

4. Future climate

We have performed a simple warming experiment by

perturbing the initial temperature profile by 2K while

keeping the relative humidity constant. For comparison

with the present-day climate, the same sensitivity ana-

lyses of the relative humidity and stability, and finally

the vertical velocity, have been performed for the

warm setup.

The dashed lines in Fig. 3 show the moisture budget of

the warm run. It is clear that the temporal evolution of

the experiment is quite similar to the reference. The

moisture convergence rises as a result of the increase in

total water specific humidity. In fact, with a growth of

7%K21, the moisture convergence is almost completely

determined by the CC relation. This can be understood

when we approximate the specific humidity of the future

climate as q1 ’ qref(11 0:07DT) to account for the

moisture increase of CC. After substituting this into M,

it can be easily shown that the future climate moisture

convergence equals the present-day moisture conver-

gence multiplied by the CC increase factor. Note that in

actuality, the CC factor slightly increases with height in

the troposphere.

The center column of Fig. 5 shows the phase spaces of

the time integrated moisture budget components for the

warm setup. The right column shows the rate of change

between the warm and present-day climate, normalized

by the temperature perturbation. With an increase of

approximately 9% from dry, unstable conditions to

moist, stable conditions, the sensitivity of the mean

moisture input (Fig. 5d) to initial stability and relative

humidity remains the same as the for the present-day

climate. As a result, the increase in moisture input from

the present-day to future climate is very robust, at

4.5%K21, with a spread of 4.2% to 4.6%K21 (Fig. 5g).

The response of the moisture input is weaker than the

response of the moisture convergence alone because

the surface evaporation remains constant.

Similar to the present-day climate, the precipitation

rate of the future climate also increases from stable and

dry to unstable and wet conditions (Fig. 5e). The mean

precipitation increases on average by 3.7%K21

(Fig. 5h). There is no clear sensitivity pattern in the re-

sponse, which means that the change in mean pre-

cipitation is not very sensitive to the initial conditions.

FIG. 8. Phase space results of the (top) extreme intensity and (bottom) extremeprecipitation for the (a),(b) present-day and (c),(d) future climate,

and (e),(f) climate response. Relative humidity perturbations are shown along the x axis; stability perturbations along the y axis.
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The storage term (Fig. 5f) again depends on stability

and RH the same way as in the present-day climate,

increasing frommoist, unstable conditions to drier, more

stable conditions. From present-day to future climate,

the storage term grows by approximately 6.2%K21

(Fig. 5i). The variation in this phase space is quite high,

but again no dependence on stability or relative hu-

midity can be observed.

To determine whether the relative importance of the

area fraction and mean wet precipitation intensity

changes due to the climate perturbation, we return now

to Fig. 6. A quick comparison of the area fraction

(Fig. 6c) and mean precipitation intensity (Fig. 6d) with

the reference shows that the dependencies of the mois-

ture budget on initial stability and relative humidity do

not change due to warming. Furthermore, as can be seen

in Figs. 6e and 6f, respectively, the response does not

depend on the initial relative humidity or stability for

either component. The area fraction shows a slight de-

crease, of approximately 2.4%K21 due to warming,

whereas the mean intensity increases by approximately

6.7%K21. This means that as a result of warming it will

on average rain slightly less, but more intensely.

The probability of exceedance for the five-member

ensemble run of the warm climate reference experiment

(Fig. 7a, dashed) shows that precipitation intensities are

consistently higher than in the present-day climate.

Figure 7b shows the fractional rate of change of per-

centiles of the precipitation intensity for the ensemble

reference experiments of the present-day and future

climate. From the 60th to the 99.99th percentile, the

fractional rate of change shows a fairly robust increase,

between 7% and 10%K21. For higher percentiles the

fractional rate of change is slightly lower, with an in-

crease of 5%–7%K21. The gray band denotes 61

standard deviation, showing that the spread is quite

large, especially for the high percentiles.

Figure 8 shows the dependence of extreme pre-

cipitation on initial relative humidity and stability in the

warm climate (Figs. 8c,d) and the rate of change from

present-day to warm climate (Figs. 8e,f). The climate

perturbation does not change the dependencies of the

FIG. 9. (left) Response of the different components of the moisture budget and decomposition of P into the area

fraction and precipitation intensity to vertical velocity perturbations in the present-day climate. Results are nor-

malized for the reference (perturbation factor 5 1). (right) The response of mean and extreme precipitation,

intensity, and the area fraction to climate change for perturbations of the vertical velocity.

FIG. 10. Conceptual drawing showing the effects of (b) stability and (c) moisture convergence perturbations on precipitation, with

respect to (a) the reference experiment. Destabilization and increasedmoisture convergence both lead to an increase in precipitation. This

occurs through intensification in (b) and an increase in the precipitation area fraction in (c), respectively.
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extremes within the phase spaces, but it does lead to an

increase in both extreme precipitation and intensity. On

average, the extreme intensity increases by 6.4%K21

due to the climate perturbation (Fig. 8e), which is

slightly below the rise in the mean intensity. Because of

the decrease in the area fraction, the response of ex-

treme precipitation to the climate perturbation is a bit

weaker (5.3%K21; Fig. 8f).

The climate response of the moisture budget, pre-

cipitation components, and extremes for perturbations

of the large-scale dynamics through M are shown in

Fig. 9b. The response of the components of the moisture

budget show that with an increase of approximately 4.5

to 5%K21, the response of the moisture gain (M1E)

and loss (P) terms are hardly affected by enhancing the

large-scale dynamics. This leads to an increase of the

storage response S from approximately 5.5%K21 up to

11%K21 with increasing perturbations of M. For

weaker large-scale dynamics (a perturbation factor of

0.5), the mean precipitation decreases as a result of

warming, and the storage again has a strong, positive

response. Overall, the budget components do not show

clear systematic dependencies of the moisture

convergence.

Similar to Fig. 6e, the area fraction decreases due to

warming.With a response between28% and21%K21,

there is quite a large spread, but no clear dependence of

the response on the amount of large-scale forcing ap-

plied. The responses of the mean (I) and extreme (Iextr)

intensity also have a large spread, in the range of 6% to

12%K21 and 4% to 10%K21, respectively, without a

clear dependency on the large-scale dynamics. The re-

sponse of the extreme precipitation does appear to in-

crease with increasing moisture convergence. As was

found in the sensitivity analysis with respect to relative

humidity and stability, the response of the extreme in-

tensity is stronger than the extreme precipitation

response.

Overall, these results suggest that the changes in

precipitation characteristics in a future climate are not

very sensitive to the relative humidity, stability, and

moisture convergence. As a result of warming, more

moisture is brought to the system, leading to moistening

(storage), and higher mean and extreme precipitation.

This is accomplished by means of higher precipitation

intensities, while the precipitation area fraction slightly

decreases.

5. Discussion and conclusions

We have set up a composite LES case for convective

precipitation using strong large-scale forcing based on

idealized profiles for the highest 10 percentiles of peak

intensities over the Netherlands, as described by

Loriaux et al. (2016b). In this setting, we have performed

sensitivity analyses for atmospheric stability, large-scale

moisture convergence, and relative humidity and have

compared present-day climate to a warmer future

climate.

Sensitivity analysis has shown that precipitation re-

sponds differently to changes in relative humidity, sta-

bility, and large-scale moisture convergence. Mean

precipitation increases with relative humidity. However,

decomposition in intensity and precipitation area frac-

tion shows that while the area fraction also increases

with relative humidity, the intensity decreases. This in-

dicates that when the relative humidity rises it rains

sooner, leading to more but weaker precipitation due to

the lack in buildup of precipitable water prior to

the event.

By enhancing the instability of the atmosphere or the

moisture convergence, themean precipitation increases.

However, this increase is caused by two different effects.

While the rise in precipitation with heightened in-

stability is caused by an increase in the mean intensity

with only minor changes in the area fraction, the oppo-

site is true for the increased precipitation rate due to

large-scale moisture convergence. Here, the increase in

the mean precipitation rate is caused by a very distinct

expansion of the area fraction, but the mean intensity

remains relatively constant.

Changes in the behavior of extreme versus mean

precipitation with respect to the relative humidity and

large-scale moisture convergence indicate a shift in the

precipitation distribution. For example, because of an

increase in relative humidity, nonprecipitating points

become weakly precipitating points. This does not in-

fluence the extreme precipitation rate, but does lead to a

shift in the intensity distribution toward weaker in-

tensities. As a result, the extreme intensity decreases

with increasing relative humidity, while extreme pre-

cipitation remains constant with respect to relative hu-

midity perturbations.

Similar to the precipitation response to relative hu-

midity, the rise in mean precipitation with increasing

moisture convergence is caused by an expansion of the

area fraction. Therefore, it is not surprising that the

extreme intensity decreases with increasing moisture

convergence. However, unlike the relative humidity, the

moisture convergence does lead to a small increase in

the extreme precipitation rate. This indicates that while

the intensity distribution does shift toward lighter in-

tensities, higher intensities also increase.

The sensitivities of mean and extreme precipitation to

the initial relative humidity, stability, and large-scale

forcing in the future climate are very similar to the
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present-day climate. As a result, no patterns can be

found in the phase spaces of the precipitation response,

indicating that the relations between precipitation and

large-scale conditions in the present-day climate are

robust for a changing climate.

The precipitation response to climate change is

weaker than expected based on observed relations be-

tween temperature and precipitation intensity in the

present-day climate. The response of the precipitation

intensity follows CC scaling (6%–7%K21) for both

mean and extreme intensities. The area fraction de-

creases from present-day to future climate, causing the

precipitation response to be lower than the response of

the precipitation intensity. In other words, our climate

perturbation indicates that with warming it will rain

more intensely but in fewer places, leading to a mean

increase in precipitation of 3.5%K21.

This setup has provided useful insights regarding the

sensitivity of precipitation to large-scale forcing and

atmospheric conditions, and the continuity of the phase

space patterns gives us confidence in the results. How-

ever, it might be useful to study in more detail why this

setup did not reach expected super-CC precipitation

responses. We have seen in Eq. (1) that for local

precipitation a response below CC scaling can be caused

by dynamics or the precipitation efficiency. Here, the

dynamical contribution is connected to the updraft ve-

locity, while the precipitation efficiency contains in-

formation on the entrainment and detrainment,

autoconversion rate, and other processes controlling the

precipitation intensity. Using conditionally sampled

profiles, it is possible to approximate a convective

plume. This can be used to determine the climate re-

sponse for a constant precipitation efficiency based on

Eq. (1) to examine if the combined dynamic and ther-

modynamic contributions explain the precipitation in-

tensity response found in this study of 6.5%K21:

I
th,d

52

ðzt
zb

w
c

›q
s,c

›z
r dz, (12)

where the subscript c indicates that it concerns fields that

are averaged only over the active convective updrafts. A

positive dynamical contribution will cause the approxi-

mated intensity response to exceed CC scaling, and vice

versa. Strong deviations of the response of Ith,d from

6.5%K21 would suggest that the precipitation efficiency

is an important factor in determining the precipitation

response. Preliminary results using cloud core sampled

profiles (ql . 0 and uy . 0) do suggest a strong dynamical

component, leading to a super-CC response of Ith,d.

Future work should focus on following precipitation

events by means of a clustering scheme, in order to

better connect the large-scale conditions to the event-

scale (thermo)dynamics and efficiency.
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