
Understanding Convective Extreme Precipitation Scaling Using Observations
and an Entraining Plume Model

JESSICA M. LORIAUX

Delft University of Technology, Delft, and Royal Netherlands Meteorological Institute, De Bilt, Netherlands

GEERT LENDERINK

Royal Netherlands Meteorological Institute, De Bilt, Netherlands

STEPHAN R. DE ROODE

Delft University of Technology, Delft, Netherlands

A. PIER SIEBESMA

Delft University of Technology, Delft, and Royal Netherlands Meteorological Institute, De Bilt, Netherlands

(Manuscript received 26 November 2012, in final form 6 August 2013)

ABSTRACT

Previously observed twice-Clausius–Clapeyron (2CC) scaling for extreme precipitation at hourly time

scales has led to discussions about its origin. The robustness of this scaling is assessed by analyzing a subhourly

dataset of 10-min resolution over the Netherlands. The results confirm the validity of the previously found

2CC scaling for extreme convective precipitation.

Using a simple entraining plume model, an idealized deep convective environmental temperature profile

is perturbed to analyze extreme precipitation scaling from a frequently used relation based on the column

condensation rate. The plume model simulates a steady precipitation increase that is greater than Clausius–

Clapeyron scaling (super-CC scaling). Precipitation intensity increase is shown to be controlled by a flux of

moisture through the cloud base and in-cloud lateral moisture convergence. Decomposition of this scaling

relation into a dominant thermodynamic and additional dynamic component allows for better understanding

of the scaling and demonstrates the importance of vertical velocity in both dynamic and thermodynamic

scaling. Furthermore, systematically increasing the environmental stability by adjusting the temperature

perturbations from constant to moist adiabatic increase reveals a dependence of the scaling on the change in

environmental stability. As the perturbations become increasingly close to moist adiabatic, the scaling found

by the entraining plume model decreases to CC scaling. Thus, atmospheric stability changes, which are ex-

pected to be dependent on the latitude, may well play a key role in the behavior of precipitation extremes in

the future climate.

1. Introduction

Events of convective extreme precipitation are highly

disruptive to society and are likely to intensify with global

warming (Pall et al. 2011;Min et al. 2011).With increasing

temperatures, the moisture-holding capacity of the at-

mosphere increases. Therefore, when sufficient moisture

is available, precipitation extremes are expected to be

thermodynamically related to surface temperature through

the Clausius–Clapeyron relation of an approximately

6%–7% 8C21 increase (Allen and Ingram 2002; Pall et al.

2007). We will refer to this rate of precipitation increase

as CC scaling. However, dynamical processes may in-

fluence precipitation intensity leading to deviations from

CC scaling (O’Gorman and Schneider 2009a; Emori and

Brown 2005; Trenberth et al. 2003).With this researchwe

try to assess the behavior of extreme convective pre-

cipitation intensity over the Netherlands and determine

which processes are responsible for it.

Corresponding author address: Jessica M. Loriaux, Delft

University of Technology, P.O. Box 5048, 2628 CN, Delft, Neth-

erlands.

E-mail: j.m.loriaux@tudelft.nl

NOVEMBER 2013 LOR IAUX ET AL . 3641

DOI: 10.1175/JAS-D-12-0317.1

� 2013 American Meteorological Society

mailto:j.m.loriaux@tudelft.nl


Observational studies of extreme precipitation scaling

for different climatic regions have led to diverging re-

sults ranging from decreasing precipitation intensity

with temperature (Maeda et al. 2012) to an intensity

increase of up to 2 times CC (2CC) over the Netherlands

(Lenderink and van Meijgaard 2008, 2010). Scaling ex-

ceeding the CC relation (super-CC scaling) followed by

leveling off at 158C is observed for convective pre-

cipitation by Berg and Haerter (2011). Other studies

(Hardwick-Jones et al. 2010; Utsumi et al. 2011) show

CC increase for temperatures up to approximately 258C,
after which scaling becomes negative.

Theremay be several causes for these divergent scaling

results, such as different dynamic behavior in different

regions, but at least some of the varying results can be

attributed to the moisture availability in the area. In

moisture-deprived areas, the atmospheric moisture con-

tent does not necessarily increase with temperature, and

the precipitation rate can decrease. Research has shown

that using dewpoint temperature Td rather than temper-

ature leads to more robust scaling results, with more

uniform scaling over a larger range ofTd (Lenderink et al.

2011; Lenderink and van Meijgaard 2010). These dew-

point temperature studies for the Netherlands (Lenderink

et al. 2011; Lenderink and van Meijgaard 2010) and Hong

Kong (Lenderink et al. 2011) consistently showCC scaling

in the low Td range, with 2CC scaling for dewpoint tem-

peratures up to approximately 228C (Lenderink et al.

2011). For dewpoint temperatures beyond this, pre-

cipitation scaling displays a leveling-off behavior.

The 2CC scaling found byLenderink and vanMeijgaard

(2008) occurred for temperatures above approximately

128C, using hourly precipitation extremes at De Bilt,

Netherlands. At lower temperatures CC scaling applied.

In correspondence to this article, Haerter and Berg

(2009) have argued that the observed 2CC scaling might

be a statistical artifact, caused by a shift from stratiform

to convective precipitation extremes. Though similar

scaling results were found using dewpoint temperature

(Lenderink and van Meijgaard 2010; Lenderink et al.

2011), the validity of 2CC scaling for convective precip-

itation has not yet been resolved satisfactorily.

In this paper, we assess the validity of 2CC scaling over

the Netherlands using daily, hourly, and 10-min obser-

vations, with the aim of resolving whether 2CC scaling

applies for convective precipitation. FollowingLenderink

et al. (2011), this analysis is based on dewpoint temper-

ature rather than temperature, for more robust results.

Though the observational study is based on data from the

current climate, the underlying assumption when using

this observed scaling in a global warming scenario is that

the relevant parameters behave the same in a future

climate as in the current climate. Lenderink et al. (2011)

have found good agreement between observed scaling

relations and climate predictions. Therefore, in this study

we will assume precipitation scaling found from obser-

vations to be applicable to a global warming scenario.

Apart from observational analyses, convective pre-

cipitation scaling has also been analyzed using general

circulation models (GCMs), and nonhydrostatic high-

resolution models in which convection is resolved,

rather than parameterized. Based on a set of GCMs,

O’Gorman (2012) finds precipitation increases of ap-

proximately 10% 8C21 with a 90% confidence interval

of 6%–14% 8C21 for tropical extremes. Cloud-resolving

models (CRMs) with different resolutions show lower

tropical extreme precipitation increases, consistent with

CC scaling (Muller et al. 2011; Romps 2011).

Using an entraining plume model, we try to reproduce

observed precipitation-scaling behavior by analyzing

a condensation rate scaling relation similar to previously

used scaling relations (e.g., O’Gorman and Schneider

2009a,b; Romps 2011; Muller et al. 2011). To understand

the precipitation scaling better, we take a closer look at the

processes behind it in the plume model, as well as the

thermodynamic and dynamic contributions, and in par-

ticular the importance of the vertical velocity. Further-

more, we expect that some of the differences in scaling

results might be attributed to latitudinal dependencies.

While the thermal stratification in the tropics is expected

to increase approximatelymoist adiabatically (e.g., Romps

2011), this is not clear for midlatitudes (Frierson 2006;

Schneider and O’Gorman 2008). The influence of envi-

ronmental changes on the increase of extreme intensities

is investigated by perturbing the temperature profile based

on a moist adiabatic to constant temperature increase.

One of the limitations of the plume model with respect

to cloud-resolving models is that environmental condi-

tions are fixed, and we are unaware of processes that

might affect these conditions, such as convective organi-

zation. We recognize the limitations of the plume model,

and emphasize that it is used merely as a conceptual tool,

for better qualitative understanding of the processes de-

termining precipitation scaling.

Summarizing, this article considers two main research

questions:

(i) Is 2CC scaling robust for convective extreme precipi-

tation over the Netherlands, or can previously found

2CC scaling results be ascribed to a statistical artifact?

(ii) Can we increase our conceptual understanding of

extreme precipitation scaling using an entraining

plume model?

The first question is dealt with in section 2, in which the

observational setup and results are presented. This is fol-

lowed by the model description and experimental setup in
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section 3. The second question is treated in sections 4 and

5. In section 4, a precipitation rate scaling relation is in-

troduced, and plume model results are shown. Section 5

provides an analysis of thermal stratification changes. Fi-

nally, we present an overview of our findings in section 6.

2. Observations

Previous research on precipitation extremes in the

Netherlands has shown 2CC scaling behavior at an hourly

resolution for (dewpoint) temperatures above a certain

value (Lenderink and vanMeijgaard 2008, 2010; Lenderink

et al. 2011). At lower temperatures, CC scaling was found.

Whether this unexpectedly high 2CC scaling is an intrinsic

property of extreme convective precipitation or transitional

behavior between two scaling regimes has been a point of

discussion. Both points of view are related to the fact that

precipitation events can be of stratiform or convective

origin, and that both types have different characteristics.

First, stratiform events have longer durations and lower

intensities than convective events (Berg et al. 2013).

Second, convective events generally take place at higher

temperatures than stratiform events.

Lenderink and van Meijgaard believe that the 2CC

scaling observed at higher temperatures for the hourly

analysis is robust for convective extremes, while CC

scaling, as found for the daily and lower-temperature

hourly analyses, indicates extremes of a stratiform ori-

gin. They argue that, as a result of the typical time scales

of stratiform and convective precipitation, at a daily

resolution stratiform events dominate the extremes

even at high temperatures, while at an hourly resolution,

both convective and stratiform events are important.

Since stratiform extremes are expected to dominate at

lower temperatures than convective extremes, the bi-

furcation in hourly data between CC and 2CC scaling is

interpreted as a stratiform-dominated CC scaling range

and a convection-dominated 2CC scaling range.

However, based on the same characteristics, Haerter

and Berg (2009) have argued that the observed 2CC

scaling might be a statistical artifact, induced by the dif-

ference in intensities between stratiform and convective

extremes. They suggest that stratiform and convective

extreme events are both described by CC scaling, with

consistently higher intensities for convective events. On

an hourly time-scale, precipitation extremes are pre-

dominantly stratiform at low temperatures, while at high

temperatures convective extremes become dominant. In

the transition zone between these two precipitation types,

enhanced CC scaling (super-CC) is expected. According

to this explanation, the 2CC trend observed by Lenderink

and van Meijgaard originates from a transition between

stratiform-dominated and convection-dominated events.

Both hypotheses concur that the bifurcated scaling

found by Lenderink and van Meijgaard for hourly pre-

cipitation extremes is somehow caused by a shift from

stratiform to convective dominated extremes but differ

on the interpretation of the 2CC scaling. The hypotheses

are based on hourly and daily precipitation analyses.

Following the same arguments, convective extremes are

expected to dominate even at low dewpoint tempera-

tures when subhourly data are used. If a transition zone

is present in the subhourly data, it is thus expected at low

dewpoint temperatures. Therefore, by analyzing pre-

cipitation extremes at subhourly resolution, we can

clarify whether 2CC scaling is a property of convective

extremes or if it is simply a transitional effect between

two CC scaling regimes.

a. Methods

To examine how scaling of precipitation extremes

changes for different time scales, the Royal Netherlands

Meteorological Institute (KNMI) in situ precipitation

data from 27 stations across theNetherlands are analyzed

for three different temporal resolutions. The dataset with

the highest temporal resolution is a 10-min dataset of

precipitation data, with a length of 8 years. Because of the

amount of stations, this set contains 216 years of data. For

consistency hourly and daily datasets are also analyzed.

The hourly dataset contains 16 years of precipitation

data per station. A set of daily precipitation extremes is

obtained by upscaling an hourly dataset by binning into

groups of 24 h. To ensure a large enough data pool,

31 years of data per station are used for this.

For each dataset, only wet intervals are considered.

This is determined by a precipitation threshold of

0.1mm. Since scaling relations are more clear when

dewpoint temperature rather than temperature is used

(Lenderink et al. 2011), we will evaluate precipitation

intensities with respect to dewpoint temperature. When

analyzing the relation between precipitation intensities

and dewpoint temperature, the dewpoint temperature

used is measured 4 h prior to the event, to exclude anyTd

effects induced by the event itself. Results based on daily

Td, Td 2 h prior to the event, or instantaneous Td are

consistent with, but slightly more noisy than, the results

based on this method (not shown). The daily mean

dewpoint temperature is used for the analysis of daily

precipitation intensities. The precipitation data are

binned in overlapping 18C Td bins of 28C width.

For each bin, extreme precipitation is analyzed using

three different percentiles (90th, 99th, and 99.9th) in the

upper range of the distribution. These percentiles are

determined by pct 5 100(n 2 1/2)/N, where N is the

sample size of the bin, and n is the index of the sorted

distribution vector corresponding to percentile (pct). To
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ensure individual solutions, the distributions need to

consist of aminimumof n5N data points. To determine

the 90th percentile, there must therefore be at least

5 data points, while for the 99.9th percentile a minimum

of 500 data points are required. Bins with less than twice

this amount of data points are discarded.

b. Results

Figure 1 shows the 90th, 99th, and 99.9th percentile of

the precipitation intensity distributions with dewpoint

temperature along the x axis for daily, hourly, and 10-min

resolution. Note the logarithmic y axis, where pre-

cipitation intensity is given in millimeters per day, milli-

meters per hour, and millimeters per 10-min intervals for

the daily, hourly, and 10-min resolutions, respectively.

The dashed lines indicate an exponential 7% 8C21 in-

tensity increase, consistent with CC scaling for dewpoint

temperatures close to 128C. The dotted lines indicate an

exponential 14% 8C21 increase of intensity, consistent

with 2CC scaling in the same Td range. The gray shading

shows the 95% confidence level determined by means of

a Monte Carlo ensemble, by randomly dropping 10% of

the data for each bin for 100 runs.

For all temporal resolutions, the 90th percentile is

noisier and shows less clear scaling behavior than the

higher percentiles. This is especially true for the sub-

hourly resolution. It indicates that the scaling relations

discussed here are valid only for the most extreme cases,

while for less extreme events precipitation is no longer

determined by moisture availability alone, leading to

deviations from (2)CC scaling. The classification of

convective versus stratiform events in this paper is based

on the predominance of one type over the other for the

highest intensities given a temporal resolution. As we

move toward lower percentiles, the scaling is no longer

determined by either stratiform or convective events.

Figure 1a shows the daily extremes. At this temporal

resolution, stratiform extremes are expected to domi-

nate over convective extremes. The plotted percentiles

seem to follow CC scaling for all Td. At an hourly res-

olution (Fig. 1b) we find a transition from CC scaling at

Td , 88C to 2CC scaling at higher Td. These findings are

consistent with Lenderink and van Meijgaard (2008,

2010). To determine whether the 2CC scaling relation

found for hourly extremes is robust or a statistical arti-

fact as proposed by Haerter and Berg, we turn to 10-min

precipitation (Fig. 1c). At this temporal resolution,

convective extremes dominate stratiform extremes even

at low temperatures. Therefore, if 2CC scaling is indeed

caused by a shift from stratiform to convective extremes,

the transition zone should be present at lower dewpoint

temperatures than in the hourly analysis and show CC

scaling over most of the domain. However, the 99.9th

FIG. 1. Observed precipitation intensity for the 90th, 99th,

and 99.9th percentiles, with respect to dewpoint temperature at

(a) daily, (b) hourly, and (c) 10-min resolution. Gray shading in-

dicates the 95% confidence interval. Dashed lines indicate a CC in-

tensity increase, while dotted lines indicate a 2CC increase. Analysis

is performed following Lenderink et al. (2011).
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percentile displays 2CC scaling over the full range of

dewpoint temperatures, as does the 99th percentile for

dewpoint temperatures above approximately 78C. This
demonstrates that the observed shift in scaling is not

caused by a transition between two regimes with CC

scaling. Instead, while CC scaling seems applicable

for stratiform precipitation, 2CC scaling appears to

be an intrinsic property of convective precipitation

extremes.

3. The entraining plume model

The convective scaling found from observations will

be further analyzed using an entraining plume model

based on moist static energy and total water content.

Because of its simplicity, the model is very useful as a

conceptual tool, and therefore lends itself to the purpose

of gaining insight in the processes behind precipitation

scaling.

The bulk plume model that we use is standard and is

identical to many steady-state models that form the

basis of many moist convection parameterizations in

stratiformmodels (Tiedtke 1989; Siebesma andHoltslag

1996). In terms of the dry static energy s 5 cpT 1 gz,

specific humidity qy and liquid water ql, it can be for-

mulated as

wc

›sc
›z

5Lyc2 �wc(sc2 se) , (1)

wc

›qy,c
›z

52c2 �wc(qy,c 2qy,e), and (2)

wc

›ql,c
›z

5 c2G2 �wcql,c , (3)

where wc is the updraft velocity, c is the net condensa-

tion rate, and G is the autoconversion from ql to pre-

cipitable water. In the equations above, subscript c

refers to the in-cloud values, while subscript e indicates

the environment. The entrainment rate � can be set to

zero for an undiluted plume. For a diluted plume, a value

of �5max(0.4/z) (1024m21) is used (e.g., Siebesma 1998;

de Rooy and Siebesma 2008; Holloway and Neelin

2009). This set of equations can be recombined into

equations for moist static energy (sm,c5 sc1Lyqy,c) and

total water specific humidity (qt,c 5 qy,c 1 ql,c) in the

cloud. These parameters, in combination with pressure p,

describe the thermodynamic state of the atmosphere. The

equations for sm,c and qt,c become

wc

›sm,c

›z
52�wc(sm,c 2 sm,e) and (4)

wc

›qt,c
›z

52G2 �wc(qt,c 2 qt,e) . (5)

The equations above illustrate how at steady state the

advection of sm,c and qt,c is balanced by autoconversion

and lateral entrainment. Assuming zero evaporation of

rain, the surface precipitation rate P is related to the

autoconversion rate through

P5

ðz
t

z
b

Gr dz . (6)

Here, zb is the cloud-base height: the lifting condensa-

tion level (LCL). The cloud top zt is the height at which

the vertical velocity becomes zero. Since we are inter-

ested in extreme precipitation intensities, we assume

that the maximum amount of precipitation that can fall

out of an atmospheric column is determined by the total

amount of condensation in the column (Iribarne and

Godson 1981), so that ql,c5 0 and c5G. This assumption

relates the precipitation intensity directly to the con-

densation rate [see (2)].

In the subcloud layer, lateral entrainment is assumed

to be to zero. Hence, sm,c and qt,c are conserved in the

subcloud layer below the LCL. Above the LCL, qt,c is

bounded by qs,c as prescribed by the Clausius–Clapeyron

equation.1 To solve these equations, the vertical velocitywc

is computed from buoyancy B and the entrainment, using

1

2

›w2
c

›z
52a1�w

2
c 1a2B, where B5 g

Ty,c2Ty,e

Ty,e

.

(7)

Here, a15 1 and a25 0.6 are constants (de Roode et al.

2012). The buoyancy is computed from the difference

between cloud and environmental virtual temperature

Ty and gravitational constant g.

The model is implemented on a 20-m vertical grid.

Equations (4), (5), and (7) are solved in an upward loop

using a first-order implicit discretization in the vertical.

This process continues until the vertical velocity van-

ishes and the cloud top is reached.

The environmental profile used is based on a database of

soundings taken twice a day between 1995 and September

2011 at De Bilt. From these soundings, 10 profiles

with the highest undiluted, pseudoadiabatic convective

available potential energy (CAPE) have been combined

by taking the mean temperature and relative humidity

(RH) at each level, resulting in a typical profile for deep

1The Clausius–Clapeyron equation can be written as des/es5Ly/

RydT/T
2, where es is the saturation vapor pressure, and Ly and Ry

are the latent heat of vaporization and the gas constant, re-

spectively.
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convective circumstances. The temperature and mois-

ture conditions of this idealized profile, as well as the

parcel ascent, are shown in Fig. 2. In this figure, the dark

blue line indicates the dewpoint temperature profile,

while the temperature is depicted in pink. Skewed black

lines are lines of constant temperature, red lines repre-

sent dry adiabats, and green lines represent the moist

adiabats. The undiluted ascent is depicted by the dashed

black line and the diluted ascent is depicted by the

dashed gray line. In Fig. 3, the diluted and undiluted

profiles of sm,c and qy,c are plotted against the environ-

mental variables. For undiluted ascent, sm,c is conserved,

since it is not affected by condensation. The diluted

updraft profile decreases upon reaching cloud base as

a result of lateral entrainment. The figure shows that, for

both diluted and undiluted ascent, the updraft profiles

are unstable and deep. The qy,c profiles (right panel) are

affected by the condensation rate. The influence of

condensation is the difference between qy,c at cloud base

and the undiluted qy,c; the difference between the di-

luted and undiluted qy,c shows the influence of entrain-

ment. It is clear that the condensation rate has a larger

effect on the profiles than lateral entrainment does.

To analyze precipitation-scaling behavior, the envi-

ronmental temperature profile is perturbed by 238 to
138C in steps of 18C. These perturbations occur under

the assumption of constant relative humidity (Sherwood

et al. 2010), so that at each level for a 18C temperature

increase, Td increases following RH 5 es(T)/es(Td).

Similar temperature perturbations are carried out in

a recent precipitation study by Singleton and Toumi

(2012). The sensitivity to stability changes is analyzed in

section 5.

Figure 4 shows diluted parcel profiles of buoyancy,

vertical velocity, and condensation, for each perturba-

tion. All three parameters increase at all levels for in-

creasing temperature perturbations. The weight of the

profiles moves upward. For example, the maximum

condensation rate not only increases, but also shifts to-

ward higher altitudes for increasing temperature.

Perturbed profiles of the saturation specific humid-

ity and its gradient are shown in Fig. 5. The qs profile

decreases exponentially with height. With increasing

temperature perturbations, the moisture increases at all

heights. The saturation specific humidity gradient ›qs/›z

also becomes stronger with increasing perturbations.

Since there is hardly any moisture at higher levels, the

moisture gradient is most pronounced at low levels,

weakening with height.

Analysis of the changes in the perturbed profiles al-

lows for the scaling of model output with temperature.

The scaling of a variable X is written as dX/X, the frac-

tional rate of change. Here, the numerator gives the

difference between the perturbed and reference value.

The denominator gives the reference value. Rather than

using the initial profile as a reference, we have chosen to

use the lowest temperature perturbation (238C) instead
to ensure a continuous scaling range. This has not af-

fected scaling results. Following Hardwick-Jones et al.

(2010), the rate of change per degree is computed from

�
dX

X
1 1

�1/DT

2 1, (8)

where we assumed an exponential relation. Here, DT is

the temperature difference with respect to the reference

value.

4. Precipitation scaling

In section 2 it was shown that 2CC scaling is robust for

convective extremes over the Netherlands, which sug-

gests that this behavior is governed by a few basic pro-

cesses. The aim of the plume model experiment is to

analyze the modeled precipitation-scaling behavior in

order to assess the consistency with the observations

FIG. 2. Idealized environmental temperature (pink) and dew-

point temperature (blue) profiles. The updraft profiles for diluted

and undiluted ascent are shown by the dashed gray and black lines,

respectively. Skewed black lines are lines of equal temperature.

The red lines indicate dry adiabats, while the green lines give the

moist adiabats.
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made in section 2 and to further develop our under-

standing of this behavior. Since the autoconversion is

approximated by the rate of condensation, the column-

integrated precipitation rate P follows directly from the

condensation rate:

P5 [c],

5 2

�
wc

�
›qs,c
›z

1 �(qt,c 2qt,e)

��
, (9)

where for simplicity we use [�]5 Ð zt
zb
r dz. The precipita-

tion rate is thus determined from the vertical advection of

saturation specific humidity, corrected for entrainment.

To determine precipitation-scaling behavior due to

temperature perturbations of the initial profile, we take

the fractional rate of change of P

dP

P
5

d

�
wc

›qs,c
›z

�
1 d[wc�(qt,c 2qt,e)]�

wc

�
›qs,c
›z

1 �(qt,c 2 qt,e)

�� . (10)

The undiluted form of this equation (� 5 0) has been

frequently used for extreme precipitation analysis (e.g.,

Muller et al. 2011; O’Gorman and Schneider 2009a,b;

Romps 2011). In Fig. 6, the precipitation scaling for di-

luted and undiluted plumes are shown in blue. Auxiliary

lines for CC and 2CC scaling are also included. They are

computed from surface qs using Td, which approximates

CC scaling at cloud base, since the parcel rises undiluted

from the surface to this height. The fractional rate of

change of P shows super-CC scaling slightly below

10% 8C21 and varies little with perturbations, indicating

robust scaling behavior. Furthermore, the difference in

scaling behavior between diluted and undiluted plumes

is small. From this, we conclude that the fractional rate

of change ofP is hardly affected by the environment. For

simplicity, we therefore continue the scaling analysis for

the undiluted case.

a. Lateral versus cloud-base influence on
precipitation increase

By rewriting (9) for � 5 0, the two processes re-

sponsible for the scaling behavior of P appear:

P5wcrqs,cjz
b

1

ðz
t

z
b

›(rwc)

›z
qs,c dz . (11)

The first rhs term is the moisture flux at cloud base Pcb.

The moisture flux at cloud top has been neglected, since

vertical velocity is zero at this height, and qs decreases

exponentially with height. The second rhs term gives the

column-integrated lateral cloud moisture convergence

Plm. So, precipitation rate scaling is determined by the

FIG. 3. Environmental and modeled profiles of (left) moist static energy and (right) specific humidity.
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moisture flux at cloud base and the lateral moisture

convergence. This is also depicted in Fig. 7. To under-

stand how these processes contribute to the precipitation

intensity scaling, we substitute (11) into the undiluted

form of (10)

dP

P
5

dPcb

P
1
dPlm

P
. (12)

Each rhs term gives the total contribution to the 10% 8C21

increase found for precipitation rate scaling. For a

better understanding of the behavior of both terms,

we rewrite (12), so that

dP

P
5

Pcb

P

dPcb

Pcb

1
Plm

P

dPlm

Plm

. (13)

For each rhs term, the first part of the decomposition

gives the relative importance of the process to the total

precipitation scaling through the initial relative contri-

bution of the process (Pcb/P and Plm/P, respectively).

The second part of the rhs terms gives the fractional rate

of change of the process (dPcb/Pcb and dPlm/Plm).

Figure 7 shows how these processes contribute to the

rate of increase of precipitation intensity.With a relative

contribution of 54%, the lateral moisture convergence

has a slightly larger influence on the precipitation scaling

than themoisture flux at cloud base (46%). Both processes

are thus of almost equal importance to precipitation-

scaling behavior. Scaling of the cloud-base moisture

flux is shown in Fig. 6 (light blue). With an approximate

increase of 7% 8C21, it exceeds CC scaling by close to

1% 8C21. Scaling of the lateral moisture flux approaches

an increase close to 2CC scaling (Fig. 6, pink). Following

(13), we can indeed explain the precipitation scaling of

10% 8C21 as found from the model by weighing the

scaling of both the cloud base and lateral moisture fluxes

with their initial magnitude, since

dP

P
’ 0:463 6:71 0:543 12:5’ 10% 8C21 . (14)

b. Analysis of the role of (thermo-) dynamics and the
vertical velocity

Assuming changes in density with perturbations to

be small, scaling of the cloud-base moisture flux can be

understood in terms of thermodynamic and dynamic

changes. The thermodynamic changes are computed by

analyzing temperature and humidity variations using

FIG. 4. Evolution of (left) diluted buoyancy, (middle) vertical velocity, and (right) conden-

sation rate profiles with temperature perturbations from 238 (black squares) to 138C (black

triangles) to the environmental profile. The reference profile is depicted by the black line in the

middle, while gray lines depict the remaining perturbations between 238 and 138C.
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the velocity field from the reference profiles, whereas

dynamic changes are computed by analyzing the changes

in velocity, while using the temperature and humidity

profiles from the reference profile:

dPcb 5 dPcb,th1 dPcb,d , (15)

where Pcb,th5wcrd(qs,c)jzb and Pcb,d 5 d(wc)rqs,cjzb rep-
resent the thermodynamic and dynamic components of

Pcb, respectively. The thermodynamic scaling contri-

bution equals CC scaling at cloud base, which can be

approximated by CC scaling with surface Td. The

vertical velocity at cloud base also increases with in-

creasing temperature perturbations owing to increased

buoyancy. This accounts for another approximately

1% 8C21 scaling, leading to the small exceedance of

CC scaling. The results of this decomposition into

thermodynamic and dynamic scaling can be found in

Fig. 8.

Analogous to the cloud-base moisture flux, the in-

tegrated lateral moisture convergence scaling is also

governed by thermodynamic and dynamic changes, so

that

dPlm 5 dPlm,th1 dPlm,d , (16)

where Plm,th 5
Ð zt
zb
d(qs,c)›(rwc)/›z dz is the thermody-

namic and Plm,d 5
Ð zt
zb
qs,c›frd(wc)g/›z dz is the dynamic

component of Plm. With an increase close to 8% 8C21,

the thermodynamic contribution (first rhs term) exceeds

CC scaling. Bearing in mind the column-integrated na-

ture of the lateral moisture convergence, it is not sur-

prising that the thermodynamic increase lies closer to

the increase of column-integrated qs, or water vapor

path (WVP) scaling of 9% 8C21, than CC scaling as

determined from surface values. The dynamic contri-

bution (second rhs term) is positive and accounts for

another 5% 8C21 of the lateral moisture convergence

scaling (Fig. 8).

Now that we have an analysis of the thermodynamic

and dynamic changes per process, we can also assess the

total thermodynamic and dynamic contributions to the

precipitation, where

dP

P
5
dPth

P
1
dPd

P
. (17)

Here, Pth and Pd denote the thermodynamic and dy-

namic scaling contributions, respectively. Note that the

relative contributions of the integrated lateral (54%)

and cloud-base (46%) moisture flux are unchanged for

FIG. 5. Evolution of (left) diluted saturation specific humidity and (right) ›qs/›z with tem-

perature perturbations from 238 (black squares) to 138C (black triangles) to the environ-

mental profile. The reference profile is depicted by the black line in the middle, while the gray

lines depict the remaining perturbations between 238 and 138C.
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thermodynamic and dynamic decomposition. There-

fore, following (13), thermodynamic and dynamic con-

tributions become

dPth

P
5

Pcb

P

dPcb,th

Pcb

1
Plm

P

dPlm,th

Plm

(18)

’ 0:543 81 0:463 65 7% 8C21, and (19)

dPd

P
5

Pcb

P

dPcb,d

Pcb

1
Plm

P

dPlm,d

Plm

(20)

’ 0:543 51 0:463 0:75 3% 8C21 , (21)

respectively (Fig. 8). This shows that changes in ther-

modynamics account for most of the scaling, with slight

exceedance of surface CC scaling. This exceedance is

caused by the column-integrated moisture convergence.

The super-CC scaling found from the model is mostly

caused by the dynamic contribution, which adds an ad-

ditional 3% 8C21 to the precipitation intensity scaling.

This signifies the important role of vertical velocity

changes in precipitation intensity scaling.

Note, however, that apart from the dynamic contribu-

tion the reference vertical velocity profile also determines

the relative magnitude of the column-integrated and

cloud-base moisture fluxes. Depending on the shape and

magnitude of the vertical velocity profile, the balance

between the column-integrated moisture convergence

and the cloud-base moisture flux is determined. Though

thermodynamics make up for the largest part of pre-

cipitation scaling, this portrays the important role of the

FIG. 6. The fractional rate of change (8C21) of diluted and un-

diluted precipitation rate in blue. Scaling of the undiluted cloud-

base moisture flux and the integrated lateral moisture convergence

are shown in light blue and pink, respectively. For illustration

purposes CC (dashed black) and 2CC (dotted black) scaling are

also included.

FIG. 7. Cartoon describing how precipitation intensity scaling as

found from the plumemodel is built up from lateral and cloud-base

moisture fluxes. Green is used to indicate the initial state, while

scaling is depicted in red.

FIG. 8. The fractional rate of change (8C21) of the thermody-

namic (light blue) and dynamic (pink) scaling contributions, as well

as the cloud-base and lateral (thermo-) dynamic components. For

illustration purposes CC (dashed black),WVP (dash-dotted black),

and 2CC (dotted black) scaling are also included.
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vertical velocity in precipitation intensity scaling, not only

through the dynamic contribution, but also in determining

which process has the largest influence on the scaling.

c. Robustness of the results

To ensure the robustness of the experiment results, the

experiment was performed using several modifications to

the deep convective profile regarding the environmental

moisture. These profile variations yielded similar results

to those discussed in this paper. The experiment was also

repeated using the deep convective Weisman and Klemp

(1982) profiles. With a precipitation increase of around

9% 8C21, these results are consistent with the results

presented in this article. Furthermore, rather than using

the assumption that G5 c, we also implemented several

frequently used autoconversion schemes. Condensation

scaling when using Kessler autoconversion (Kessler

1969), as well as more advanced formulations such as

proposed by Sundqvist (1978) with and without ice

microphysics, did not significantly alter the results. This

puts the results found in this section in stronger footing.

5. Scaling sensitivity to environmental stability

In the tropics, the thermal stratification of the atmo-

sphere is dominated by moist convection. There, warming

following the moist adiabat appears to be a reasonable

approximation (Romps 2011). However, there is no con-

sensus in literature on the change in thermal stratification

for Northern Hemispheric midlatitudes (e.g., Frierson

2006; Schneider and O’Gorman 2008). The change in

thermal stratification with warming is likely to vary with

latitude.

Up to now, we have assumed warming to occur ho-

mogeneously with height, so that the temperature

perturbation at each height equals the surface tem-

perature perturbation, maintaining the dry stability of

the profile. This is not the case for a moist adiabatic

perturbation, which leads to stabilization of the profile

as the moist adiabatic lapse rate decreases with warming.

With this stabilization of the environmental profile,

precipitation scaling is expected to be lower than that

found in section 4. In this section we analyze how the

scaling of precipitation intensity is affected by changing

stability and assess whether the choice of perturbing

the climate by a constant amount is justified over the

Netherlands.

To determine how precipitation intensity scaling

changes when the environmental stability increases with

warming, we have systematically perturbed the climate

with increasing stability from the constant temperature

perturbation (c05 1) to the moist adiabatic temperature

perturbation (c0 5 0), following

T 0
e5Te 1 c0DT0 1 (12 c0)DTm . (22)

Here, T 0
e indicates the perturbed environmental tem-

perature profile, which is now described by linear com-

bination of the constant temperature perturbation DT0

and the moist adiabatic temperature perturbation DTm,

with c0 being a constant varying from zero to one. For

the moist adiabatic temperature perturbation, the en-

vironmental temperature is increased by DTm starting at

the LCL, where DTm is the difference between the moist

adiabatic profiles based on the original surface temper-

ature T0,e, and the perturbed surface temperature T0,e 1
DT0. Below the LCL, the temperature perturbation is

kept constant at DT0. Figure 9 shows the 28C tempera-

ture perturbations ranging fromDT0 toDTmwith height,

which ranges from 28C at the surface, to 6.58C at the top

of the troposphere, clearly showing the stabilization ef-

fect of the moist adiabatic adjustment.

The change in stability from the moist adiabatic to

constant perturbation with height is visualized in Fig. 10,

which shows the phase space of CAPE in the domain of

c0 versus DT0, that is, the perturbation step versus per-

turbation type. Since the c0 5 0 perturbation is based on

the same adiabats as the parcel, CAPE is unaffected by

the perturbation step in this case. As c0 increases, the

profile becomes less stable, and CAPEwill increase with

FIG. 9. Temperature perturbations from c0 5 0 (moist adiabatic;

black circles) to c0 5 1 (constant with height; black squares). The

perturbations based on a linear combination of these two pertur-

bation types, that is, for c0 5 [0, 1], are shown in gray.
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increasing DT0. This increase becomes more pronounced

as the stratification destabilizes. The growth rate of

CAPE is also visualized. It shows that the increase in

CAPE is more or less unaffected by the perturbation

step and increases from 0% 8C21 for c0 5 0 to ap-

proximately 14% 8C21 for c0 5 1.

Figure 11 shows the precipitation intensity increase in

the phase space of DT0 versus c0, where scaling is per-

formed for the entraining plume. The precipitation

scaling is fairly constant with perturbation step, which is

in line with Fig. 6. The precipitation rate ranges from

about 6% 8C21 for themoist adiabatic adjustment to just

under 10% 8C21 for the constant temperature pertur-

bation with height. As expected, scaling is lower when

profile perturbations show increasing stabilization with

height. Interestingly, the scaling for the moist adiabatic

perturbation is close to CC scaling, which is in agree-

ment with precipitation scaling in the tropics as found by

Muller et al. (2011) and Romps (2011). The figure also

contains contours of the ratio of precipitation scaling for

diluted versus undiluted ascent. Though scaling is more

or less unaffected by entrainment for the constant per-

turbation with height, the difference between diluted

and undiluted precipitation scaling increases as pertur-

bations come closer to the moist adiabatic perturbation.

These results show that the increase of precipitation

rate is strongly influenced by how the temperature is

perturbed.

Next, we determinewhether the constant temperature

perturbation is a reasonable choice for extreme pre-

cipitation over the Netherlands. For comparison, we

analyze the data of an eight-member downscaling with

the Regional Atmospheric Climate Model, version

2RACMO2 (Van Meijgaard et al. 2008), at 12-km res-

olution on a domain over western Europe, which is

driven by the global model EC-Earth (Hazeleger et al.

2012). The model configuration of the runs with the

global model are identical to those performed for phase

5 of the Coupled Model Intercomparison Project

(CMIP5) (Taylor et al. 2012) and use theRepresentative

Concentration Pathway 8.5 (RCP8.5) greenhouse gas

scenario. The period 2041–70 is compared to 1981–2010,

during which the global-mean-temperature rise reaches

28C. Profile data are available at seven points in

the Netherlands. Since we are interested in extremes,

a further selection is made of the 1000 profiles with

the highest CAPE for each summer month [June–

August (JJA)].

Figure 12 shows the temperature perturbation for

a data selection based on the profiles with the highest

CAPE in the summer months. The perturbation profile

is fairly constant with height up to about 750 hPa, de-

creases by about 0.58C to about 650 hPa, and then in-

creases to close to its surface value at 300 hPa, after

which it dies out. Though the perturbation is not con-

stant with height, deflections from the surface pertur-

bation are less than 18C, in both positive and negative

directions. The use of a perturbation constant in height

thus seems reasonable. Furthermore, the increase of

CAPE found for (near-) constant temperature pertur-

bations is consistent with the CAPE increase found for

the output of the RACMO2 climate analysis for the

Netherlands. Apparently, the change in stability is well

FIG. 10. The phase space of CAPE (J kg21) as a function of

surface perturbation and perturbation type.Here, c05 0 represents

a purely moist adiabatic perturbation, while c0 5 1 represents

a perturbation that is constant with height. The contours of the

fractional rate of change of CAPE are overlain in white.

FIG. 11. The phase space of the precipitation rate scaling (8C21)

for diluted ascent as a function of surface perturbation and per-

turbation type. Here, c0 5 0 represents a purely moist adiabatic

perturbation, while c05 1 represents a perturbation that is constant

with height. The ratio of the increase in precipitation rate for di-

luted over undiluted ascent is depicted in white.
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portrayed by this type of perturbation over the Neth-

erlands.

Overall, this analysis has provided important insights

in stability changes and precipitation scaling. Compari-

son with climate run data indicates that a perturbation

maintaining the tropospheric thermal stratification is

justified over the Netherlands. Furthermore, with super-

CC scaling for the perturbation that is constant with

height and CC scaling for the moist adiabatic pertur-

bation, it is clear that the perturbation intensity increase

is dependent on the change in environmental stability.

6. Summary and discussion

This paper offers a comprehensive analysis of extreme

precipitation intensity increase over the Netherlands.

First, a temporal analysis of precipitation data over the

Netherlands is used to verify that the previously found

2CC dependency of hourly extreme precipitation on

surface moisture is robust for convective events. To

understand this dependency, a frequently used scaling

based on the column condensation rate is analyzed in

depth by means of an entraining plume model. Scaling

analysis shows that the precipitation rate increase is

determined by both the integrated lateral moisture flux

and the cloud-base moisture flux. A decomposition into

thermodynamic and dynamic effects further enhances

our understanding of how this scaling is affected by

different parameters. Finally, a sensitivity study of en-

vironmental stability perturbations indicates that pre-

cipitation scaling is influenced by how the stability

changes with warming.

At an hourly resolution, previous studies have shown

bifurcated scaling behavior for extreme precipitation

over the Netherlands, with CC scaling for low surface

moisture and temperature and 2CC scaling at higher

values. Until now, it has remained unclear whether the

observed 2CC dependency describes the scaling of

convective extremes or if this behavior is a statistical

artifact induced by the transition between the stratiform

and convective regimes that both scale with CC. By

analyzing extreme scaling with respect to surface mois-

ture at three different temporal resolutions, we have

attempted to resolve this. While hourly precipitation

extreme scaling is analogous to previous work, CC

scaling is found for the daily resolution, where stratiform

precipitation dominates the extremes. By analyzing

subhourly precipitation, convective events are selected

from the dataset, leading to a 2CC trend over the entire

range of dewpoint temperatures. This places hourly

scaling relations into context, showing that 2CC is not

a statistical artifact. We instead confirm that while CC

scaling applies for stratiform extremes, 2CC scaling is

a robust relation for convective extreme precipitation in

the Netherlands.

Using a basic entraining plume model, we have

attempted to reproduce the 2CC dependency based on

the scaling of the condensation rate as proposed in

previous studies. Though the plume model does not

replicate 2CC, it produces a robust, super-CC conden-

sation rate increase just below 10% 8C21. Changes in

entrainment only have a minor effect on this. Two pro-

cesses are responsible for the scaling that we find: the

integrated lateral moisture convergence, with approxi-

mately 2CC, and the cloud-base moisture flux, which

shows an increase slightly greater than CC scaling. With

a weight of 54% versus 46%, respectively, the lateral

moisture convergence and the cloud-base moisture flux

contribute to the increase of precipitation rate almost

equally. These relative contributions are controlled by

the unperturbed vertical velocity and specific humidity

profiles. Decomposition into thermodynamic (per-

turbed humidity) and dynamic (perturbed vertical ve-

locity) contributions show that thermodynamic scaling is

related to surface CC scaling through the cloud-base

moisture flux and to WVP scaling through the in-

tegrated lateral moisture convergence, leading to a total

thermodynamic contribution of about 7% 8C21. An

FIG. 12. RACMO2 temperature perturbation profile, based on

the temperature increase of the 1000 profiles with the highest

CAPE per month for June, July, and August. For reference, the

constant (gray squares) and moist adiabatic (gray circles) pertur-

bations corresponding to the surface perturbation temperature of

the RACMO2 profile have been added.
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additional 3% 8C21 is provided by the dynamic scaling

contribution, based on changes in vertical velocity.

The scaling analysis of precipitation increase illus-

trates the important role of the vertical velocity. Muller

et al. (2011) find a negative dynamic contribution. In

their experiment, which uses radiative–convective equi-

librium, vertical velocity increases in the upper part of the

profile but decreases in the lower part, which has themost

weight because of the shape of the humidity gradient.

However, in this experiment the dynamic contribution

is always positive, simply because of the way that w has

been defined. Apart from determining dynamic scaling,

the vertical velocity also determines the importance of

the integrated lateral moisture flux with respect to the

cloud-base flux. Assuming the dynamic scaling to be un-

changed, alterations inw can theoretically lead to scaling

results in the range of approximately CC up to 2CC

scaling. To understand extreme precipitation scaling

therefore requires a deeper understanding in both shape

and evolution of the vertical velocity.

The influence of environmental stability change on

extreme intensity scaling is assessed by a sensitivity

analysis, where the environmental temperature is in-

creased by a range of moist adiabatic to constant tem-

perature perturbations. Use of the constant perturbation

for the Netherlands is supported by comparison to

RACMO2 climate data, while a moist adiabatic pertur-

bation might be more valid for the tropics. Precipitation

scaling varies with stability from CC scaling for the moist

adiabatic perturbation to super-CC scaling for the con-

stant temperature perturbation with height. The CC

scaling is in line with the intensity increase found for

CRM studies in the tropics (Romps 2011; Muller et al.

2011). These results thus imply that there could be a lat-

itudinal effect on the scaling of extreme precipitation,

which depends on how the thermal stratification changes

with global warming. This is an important point which

deserves more attention.

The entraining plume model is obviously a very sim-

ple representation of reality. This leads to shortcomings

in the dynamical contributions to the rate of change of

the precipitation intensity. For example, in nature the

dynamics of the subcloud layer are coupled to the dy-

namics of the cloud, as downdrafts generated in the

cloud influence the subcloud layer. This mechanism is

not present in the model, since there is no transfer of

information from high to lower levels, as is sometimes

done by using a scheme such as CAPE closure. This may

have consequences for the dynamical contribution at

cloud base. Furthermore, unlike cloud-resolving models,

the plume model has fixed environmental conditions.

Processes thatmight affect these conditions are not taken

into account. While the plume model has provided us

with useful insights into the scaling behavior of extreme

precipitation, we therefore think that to go further in this

analysis, using a model that resolves 3D dynamics is

needed.
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