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Abstract

Extreme convective precipitation is expected to increase with global warming.

However, the rate of increase and the understanding of contributing processes

remain highly uncertain. We investigated characteristics of convective rain cells

like area, intensity, and lifetime as simulated by a convection-permitting climate

model in the area of Germany under historical (1976–2005) and future (end-of-

century, RCP8.5 scenario) conditions. To this end, a tracking algorithm was

applied to 5-min precipitation output. While the number of convective cells is

virtually similar under historical and future conditions, there are more intense

and larger cells in the future. This yields an increase in hourly precipitation

extremes, although mean precipitation decreases. The relative change in the fre-

quency distributions of area, intensity, and precipitation sum per cell is highest

for the most extreme percentiles, suggesting that extreme events intensify the

most. Furthermore, we investigated the temperature and moisture scaling of cell

characteristics. The temperature scaling drops off at high temperatures, with a

shift in drop-off towards higher temperatures in the future, allowing for higher

peak values. In contrast, dew point temperature scaling shows consistent rates

across the whole dew point range. Cell characteristics scale at varying rates,

either below (mean intensity), at about (maximum intensity and area), or above

(precipitation sum) the Clausius–Clapeyron rate. Thus, the widely investigated

extreme precipitation scaling at fixed locations is a complex product of the scal-

ing of different cell characteristics. The dew point scaling rates and absolute

values of the scaling curves in historical and future conditions are closest for the

highest percentiles. Therefore, near-surface humidity provides a good predictor

for the upper limit of for example, maximum intensity and total precipitation of

individual convective cells. However, the frequency distribution of the number

of cells depending on dew point temperature changes in the future, preventing

statistical inference of extreme precipitation from near-surface humidity.
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1 | INTRODUCTION

The question of how extreme precipitation will change in
the future due to climate change is of high relevance due
to the potentially severe hazards accompanying it. While
daily precipitation extremes are projected to increase
close to the Clausius–Clapeyron (CC) rate of ca. 7%/K on
average in mid-latitudes, the change of precipitation
extremes at regional level and on shorter time scales
(e.g., hourly) is still uncertain (Zhang et al., 2017).

Observational studies show that the temperature scal-
ing of extreme precipitation can divert from the CC rate
on sub-daily timescales (Lenderink and van
Meijgaard, 2008), especially in the case of convective pre-
cipitation (Berg et al., 2013). Furthermore, Schroeer and
Kirchengast (2018) showed that the scaling can vary con-
siderably at small spatial scales and depending on the
season.

Since hourly precipitation extremes are primarily cau-
sed by convective precipitation in mid-latitudes, it is nec-
essary to use models that can simulate deep convection
explicitly, so- called convection-permitting climate
models (CPMs). CPMs substantially improve the repre-
sentation of convective precipitation, especially in terms
of extreme precipitation, in contrast to coarser models,
parameterizing deep convection (Prein et al., 2015;
Brisson et al., 2016). Convection-permitting simulations
agree on an increase in extreme hourly precipitation with
global warming showing the highest increases for the
highest percentiles (Knist et al., 2018).

A common way of investigating extreme precipitation
in CPMs is calculating the temperature scaling of precipi-
tation extremes. The temperature scaling on the hourly
scale found in CPM studies varies between values slightly
below (Fosser et al., 2017) or above the CC rate (Kendon
et al., 2014; Knist et al., 2018). What is common among
these studies is that the scaling curves keep their charac-
teristic shape but are shifted towards higher peak values
at high temperatures in future conditions (Prein
et al., 2017a). This suggests that atmospheric conditions
with sufficient humidity are present at higher tempera-
tures in the future.

Varying scaling rates in observations and shifting
scaling curves in CPMs indicate that the dynamics of
deep convection and changes in the large-scale environ-
ment have a strong influence on the scaling rate and that
the temperature scaling of extreme hourly precipitation
under current climate conditions cannot be used to infer
how convective events might react to climate change.

The rationale behind the procedure of relating
extreme precipitation to near-surface temperature is that
near-surface temperature provides a proxy for absolute
humidity if relative humidity remains unchanged.

However, the severity and structure of deep convective
storms are determined by at least two additional ingredi-
ents besides near-surface moisture: static instability, as
measured, for example, by convective available potential
energy (CAPE), and wind shear (Weisman and
Klemp, 1982). When coarse regional or global climate
models (grid spacing larger than 4 km) are used to inves-
tigate how severe convection might change in a warmer
climate, a combination of these three parameters is usu-
ally used to calculate changes in the frequency of thermo-
dynamic environments favourable for convection
(e.g., Seeley and Romps, 2015). Púčik et al. (2017) found
an increase in storm favouring environments in Europe
based on an ensemble of 14 regional climate models.

Solid understanding of the changes in deep convec-
tion and the processes involved can strengthen the reli-
ability and plausibility of results. Therefore, we apply a
tracking algorithm to 5-min precipitation output from
the regional climate model COSMO-CLM to investigate
convective rain cells' characteristics under historical and
future conditions. Applying such a Lagrangian approach
has the advantage of being able to monitor precipitating
convective cells along their entire lifecycle. Observational
studies based on weather radars show that convective
cells increase in area and intensity with temperature in
central Europe (Moseley et al., 2013; Lochbihler
et al., 2017; Purr et al., 2019), whereas no area increase
and generally lower scaling rates were found in Mediter-
ranean and semi-arid climate (Peleg et al., 2018). Prein
et al. (2017b) investigated the characteristics of Mesoscale
Convective Systems in the USA by applying a tracking
algorithm to hourly precipitation data from a CPM. They
found an increase in the storm size and storm intensity
for future conditions using a pseudo-global warming
approach. Rasmussen et al. (2020) found an increase in
intense convective precipitation events and a decrease in
moderate events for North America at the end of the cen-
tury. They used the WRF-model in a pseudo global
warming setup. They attributed these changes to
increases in both CAPE and convective inhibition (CIN).

This study compares cell characteristics and their
dependence on near-surface temperature and humidity
in two 30-year periods, covering historical (1976–2005)
and future (2071–2100) conditions. We relate the scaling
of cell characteristics to the scaling of precipitation at
fixed locations and discuss the influence of static stability
and wind shear on the scaling rates.

In Section 2, we describe the simulations that were
performed and the tracking algorithm. The setup we use
here has been shown to represent convective cell charac-
teristics adequately in Purr et al. (2019). In this former
study we evaluated the same model setup as used here
but driven by reanalysis instead of a general circulation
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model. We will refer to these evaluation results specifi-
cally by stating the model's limitations in representing
the individual cell characteristics in the respective result
sections. The following section describes the setup of the
CPM simulations, the tracking algorithm, and the way
the temperature and moisture scaling was calculated. In
the result section we first show ‘traditional’ precipitation
statistics such as change in mean precipitation and fre-
quency distribution of hourly precipitation. Afterward,
we investigate the overall frequency distributions of cell
characteristics as well as their diurnal cycle and spatial
distribution. Subsequently, the dependence of cell charac-
teristics on near-surface temperature and dew point tem-
perature is investigated. At the end, we discuss the
influence of the large-scale environment described by
CAPE and wind shear and potential limitations of the
current study.

2 | METHODS

2.1 | COSMO simulations

The simulations analysed in this study were performed
with the Consortium for Small-Scale Modelling in cli-
mate mode (COSMO-CLM) model. The COSMO-CLM
model is a non-hydrostatic limited-area climate model,
based on the COSMO model (Steppeler et al., 2003), a
model designed by the Deutsche Wetterdienst (DWD) for
operational weather predictions. The climate limited-area
modelling (CLM) community adapted this model to per-
form climate projections (Böhm et al., 2003; Rockel
et al., 2008). For time integration, the fifth order Runge–
Kutta split-explicit time stepping scheme is used. The
lower boundary fluxes are provided by the TERRA model
(Doms et al., 2018). The radiative scheme is the Ritter
and Geleyn (1992) scheme. As recommended in Brisson
et al. (2015), we used a one-moment microphysics
scheme, including graupel in the finest nest, which pro-
vides a more realistic representation of deep convective
clouds. Shallow convection is parameterized using the
convection scheme after Tiedtke (1989).

Two continuous 30-year long simulations were per-
formed: 1976–2005 (named historical from now on) and
2071–2100 (named RCP8.5) at a resolution of 0.025�. The
model is forced by the global climate model EC-Earth
(Hazeleger et al., 2012), in particular realization r12i1p1
of the CMIP5 ensemble, in a one-way nesting setup with
an intermediate COSMO-CLM nest which has a resolu-
tion of 0.22�. The RCP8.5 emission scenario was used for
the future simulation. The model domain covers an area
in central Europe (Figure 1) and comprises 368 × 306
grid points.

2.2 | Tracking algorithm

We use a tracking algorithm to obtain convective cell
characteristics from model simulations. A detailed
description of the tracking algorithm can be found in
Purr et al. (2019). In summary, the tracking algorithm
consists of three major steps:

1. Contiguous precipitation areas with precipitation
intensity above a threshold of 8.5 mm/hr (within
5 min), potential convective objects, are identified in
the current and the subsequent time step. The mini-
mum cell area is set to 4 grid points.

2. Wind information is used to predict the position of
the cell at the subsequent time step. To this end, a
‘cone of detection’ is set up for each pixel of every cell
in the current time step. If a new cell is present in the
cone, a probability value is assigned to the origin pixel
of the cone, which links this pixel to the new cell.

3. The probability values of all pixels are summed up for
each cell. If a single cell is present in the cone, the
corresponding objects from the current and the subse-
quent time step are connected. If multiple cells are
present, the current cell is associated with the cell
with the highest probability in the subsequent
time step.

Cells are considered for analysis only if they are trace-
able for at least three time steps. It should be noted that
cell mergers and splits are not accounted for. If two cells
merge, the cell track with the higher probability of cell
association is continued. The other track is regarded as
an individual track in itself. The same applies to cells that
split. The characteristics that are extracted by the

FIGURE 1 Model domain of the 0.025� simulation. Colours

indicate the model orography in the evaluation region. The non-

coloured margin is the relaxation zone, which is not used for

evaluation [Colour figure can be viewed at wileyonlinelibrary.com]
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algorithm for each cell are: (1) lifetime; (2) mean inten-
sity, that is, the temporal and spatial mean over the entire
lifetime; (3) maximum intensity, that is, the highest grid-
point intensity during the entire lifetime; (4) maximum
area, defined as the maximum instantaneous area over
the entire lifetime; (5) precipitation sum, that is, the total
spatial and temporal precipitation sum over the entire
lifetime; and (6) mean speed, defined as the temporal
mean speed of the cells' centre of mass.

2.3 | Temperature- and moisture-scaling
methods

The temperature and moisture scaling of cell characteris-
tics are investigated by assigning 2 m-temperature and
2 m-dew point temperature to each cell. We use daily
mean values of temperature and dew point temperature
from the driving, intermediate nest. For each cell, the
respective conditions at the start location of the cell
are used.

Cells are sorted into bins of 1�C width for both
temperature and dew point. For each bin, the 95th
and 99th percentiles of the investigated cell characteris-
tics are computed. The scaling rates si are computed as
the fractional change of the respective quantity
(e.g., precipitation sum, maximum intensity, etc.) P from
bin i to i + 1 as: si= lnPi+1

Pi
= Ti+1−Tið Þ where T denotes

temperature or dew point temperature for temperature
and dew point temperature scaling, respectively.

3 | RESULTS AND DISCUSSION

The following section starts by describing the simula-
tions' general precipitation statistics, and putting them
into context with other regional climate simulations.
Afterward, the frequency distributions, spatial distribu-
tion, and diurnal cycle of convective cell characteristics
are analysed in Section 3.2. The scaling of these charac-
teristics with temperature and dew point temperature is
investigated in Section 3.3, followed by a description of
the influence of CAPE and wind shear on these scalings.

3.1 | Mean and extreme precipitation

Mean summer precipitation (Apr–Sep) is reduced by 15%
in the future period compared to historical conditions on
domain average (Figure 2). The mean temperature
change signal in the simulation is +3.4 K. Both values are
within the range of the EURO-CORDEX ensemble pro-
jections (Jacob et al., 2014). The mean dew point

temperature change is +3.0 K. The reduction of precipita-
tion is strongest in the Southwest of the domain covering
northeastern France and the Netherlands. In the eastern
part of the domain, there is an increase in precipitation.

Despite the decrease in mean precipitation, the fre-
quency of hourly precipitation intensities above 5 mm/hr
increases. The relative change is highest for the highest
percentiles (Figure 3). Accordingly, mean convective pre-
cipitation (defined as spatial and temporal mean of pre-
cipitation classified by the tracking algorithm) increases
from 0.25 to 0.29 mm/day, whereas non-classified precip-
itation decreases from 1.34 to 1.05 mm/day. This

FIGURE 2 Relative change in mean summer (APR-SEP)

precipitation from historical to RCP8.5 [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 3 Frequency distribution of hourly precipitation

intensity in historical (blue) and RCP8.5 (red) [Colour figure can be

viewed at wileyonlinelibrary.com]
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translates to an increase in the fraction of convective to
total precipitation from 15.8 to 21.8%.

3.2 | Cell characteristics

In this subsection, we investigate the frequency distribu-
tions of cell characteristics as well as the diurnal cycle
and the spatial distribution of convective cells. The num-
ber of cells remains approximately constant. In the future
simulation, ca. 5 × 105 cells are detected, which is a
decrease of only 0.4% compared to the historical simula-
tion. The frequency distribution of cell lifetime does not
change either (Figure 4a). There is a decrease in fre-
quency towards longer lifetimes in both simulations. The
median and 99th percentile of cell lifetime are 35 and
255 min respectively in both historical and RCP8.5. There
is a shift towards higher mean (Figure 4b) and maximum
intensity. Furthermore, maximum cell area is increasing
(Figure 4c). The increase in mean intensity and area

results in an increase in total precipitation sum per cell
(Figure 4d).

The relative increase is strongest for the highest per-
centiles for all of these characteristics (mean and maxi-
mum intensity, area, and precipitation sum). However,
caution should be taken when interpreting results related
to the most severe cells since it has been shown that the
precipitation intensity is underestimated by the model
especially for long-lasting, organized convection
(Purr et al., 2019). Table 1 summarizes the relative
changes. The trend scaling (relative changes divided by
the mean temperature change signal, Zhang et al., 2017)
is slightly above the CC rate for the highest percentiles of
precipitation sum and maximum area and below the CC
rate for mean and maximum intensity.

The mean speed of convective cells increases in the
future by 9%. The increase is approximately constant for
all percentiles showing the highest value for the 99th per-
centile with +11%. Interestingly, the mean large-scale
wind speed in the mid-troposphere, provided by the

FIGURE 4 Frequency distribution of cell characteristics in the historical (blue) and RCP8.5 (red) simulations: (a) lifetime, (b) mean

intensity, (c) maximum area, (d) precipitation sum. Shaded areas denote the 95% confidence interval obtained from 1,000 bootstrap samples

of all cells. Dashed, vertical lines denote the 99th percentiles. Circles show the midpoints of bins [Colour figure can be viewed at

wileyonlinelibrary.com]
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daily-mean wind speed in the 850, 700, and 500 hPa
height levels of the driving intermediate simulation does
not change accordingly. The overall mean changes in
daily mean wind speed are between −0.7 and −3.9% for
the 500 and 850 hPa levels. The changes in the 99th per-
centile of daily mean wind speed are within ±1% for all
three levels. However, when only considering the large-
scale wind speed in the presence of convective cells, there
is an increase between 4.5 (850 hPa) and 7.7% (500 hPa)
in mean wind speed.

3.2.1 | Diurnal cycle

Deep convection has a pronounced maximum in the
afternoon in mid-latitudes over land caused by solar insu-
lation, which acts to destabilize the boundary layer. The
model is capable of reproducing the timing of this maxi-
mum with a delay of about 40 min compared to observa-
tions (Purr et al., 2019). This characteristic convective
maximum is damped in the future, whereas the number
of convective cells increases during the night and morn-
ing hours (Figure 5a). In contrast to the number of cells,
the mean intensity per cell increases throughout the
whole diurnal cycle in the future compared to present

conditions (Figure 5b). This increase in precipitation per
cell compensates for the drop in the number of cells
resulting in only a slight decrease in total convective pre-
cipitation in the afternoon and an increase during the
nighttime and early morning hours (Figure 5c). These
results are in line with the findings of Meredith
et al. (2019), who report a shift in the diurnal cycle of
extreme precipitation from afternoon to early morning
hours for future conditions under RCP8.5 using COSMO-
CLM-simulations driven by MPI-ESM.

The increase in cell speed reported in the previous
subsection is present during the whole diurnal cycle but is
more pronounced at the time of increased convective
activity. While the mean speed of cells initiated between
00:00 UTC and 09:00 UTC increases from 3.8 to 4.0 m/s
(i.e., 5.2%), this value increases from 3.2 to 3.5 m/s
(i.e., 8.8%) for cells initiated between 09:00 UTC and 18:00
UTC. This increase during the daytime is mainly caused
by fewer slow-moving cells. Stratifying cells as slow-
moving (< 3.3 m/s) and fast-moving (> 3.3 m/s) shows
that the number of slow-moving cells decreases by 24%,
whereas the number of fast-moving cells decreases by 5%
during the daytime. This decrease in slow-moving cells is
not present during nighttime, where slow-moving cells
increase by 22%, and fast-moving cells increase by 34%.

TABLE 1 Relative changes (from historical to RCP8.5) in the frequency of cell characteristics

Change in % Lifetime Max. area Precipitation sum Mean intensity Max intensity Mean speed

Mean −2.1 +13.4 +18.3 +3.3 +8.3 +9.0

Median 0.0 +9.1 +3.2 +2.4 +5.8 +7.9

P95 0.0 +16.9 +16.9 +6.4 +12.6 +10.0

P99 0.0 +27.9 +27.0 +9.3 +15.8 +11.0

P99.9 +1.1 +32.0 +30.6 +11.3 +19.1 +13.4

Trend scaling of P99 (%/K) 0.0 +8.2 +7.9 +2.7 +4.6 +3.2

FIGURE 5 Diurnal cycle of (a) number of cells, (b) mean intensity per cell, and (c) mean sum of convective precipitation [Colour figure

can be viewed at wileyonlinelibrary.com]
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3.2.2 | Spatial distribution

The spatial distribution of convective cells is tightly
coupled to the orography in Germany since mountains
can initiate deep convection through various processes.
The regions of highest convective activity in Germany are
the alpine and pre-alpine area as well as the Black forest
with values up to four times as high as in the flatlands of
Northern Germany (Figure 6a). The model is capable of
reproducing the observed spatial distribution of convec-
tive cells in Germany with a tendency to overestimate
convective activity in the mountains and to underesti-
mate it slightly in the lowlands (Purr et al., 2019).

The total number of cells stays approximately con-
stant in the future, but the change in cell number varies
considerably in space (Figure 6b). In South-West
Germany, the number of convective cells decreases while
in the North-East increases prevail. However, these
changes are not uniform, and changes between increases

and decreases occur at small spatial scales of about
10–100 km. This pattern is not related to orography and
likely caused by internal variability of the convective
cells. Mean intensity increases throughout the domain.
The sum of convective precipitation, which can be
derived as cell number times mean intensity, therefore,
shows a pattern similar to the number of convective cells
(Figure 6c).

3.3 | Temperature and moisture scaling

In this subsection, we investigate the scaling of cell prop-
erties with temperature and dew point temperature as a
measure for absolute humidity. The highest percentiles of
cell area, mean intensity, maximum intensity, and precip-
itation sum increase with temperature. All of these char-
acteristics follow a qualitatively similar increase up to a
specific temperature. Above this temperature, the scaling

FIGURE 6 Spatial distribution of (a) cell number in the historical simulation, (b) relative change in cell number in RCP8.5, and

(c) relative change in convective precipitation sum [Colour figure can be viewed at wileyonlinelibrary.com]
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curves level off. In contrast to this, lifetime does not
increase with temperature. The scaling rates under his-
torical conditions are in close agreement with the tem-
perature scaling in a simulation using a similar setup
with ERA-Interim reanalysis as driving data instead of
the EC-Earth model (Purr et al., 2019). There are two
main differences between modelled and observed scaling
of cell characteristics. Firstly, the lifetime of cells does
not increase with temperature in the model, whereas it
does in the observations. Secondly, mean intensity levels
off in the simulations whereas it increases constantly,
even at high temperatures, in the observations, which
can be attributed to the underestimation of intensity in
long-lasting, severe cells mentioned previously.

While maximum intensity and area increase close to
the CC rate at the intermediate temperature range
between 10 and 20�C, mean intensity scales at consider-
ably lower values (Figure 7a,c,e). Precipitation sum
shows super CC-scaling in the intermediate temperature
range and a drop-off at high temperatures (Figure 7g).
The peak values for all of these characteristics are higher
in the future compared to historical values and occur at
higher temperatures. Thus, the scaling curves show the
same characteristic shift that is well known for extreme
precipitation at fixed-locations (Prein et al., 2017a; Knist
et al., 2018) and is also found in this study (Figure S1).
Furthermore, the number of cells occurring at high tem-
peratures which have a higher potential for large precipi-
tation sums, areas, and intensity increases (Figure 7i).

To investigate the influence of limited moisture supply at
high temperatures, which has been suggested as a cause for
the drop off at high temperatures, we investigate the scaling
of cell properties with dew point temperature. As expected,
there is no drop off at high dew point temperatures, and the
scaling rates are more continuous across the whole dew
point range. The maximum area increases at rates slightly
above the CC rate (Figure 7b). The scaling rates for present
and future conditions do not differ significantly. Also, the
99th and 95th percentile's absolute values of do not differ sig-
nificantly in present and future conditions.

The scaling rates for the maximum intensity are
remarkably close to the CC rate (Figure 7d). Interest-
ingly, the 90th (not shown) and the 95th percentile values
are smaller in the future compared to present conditions;
the values for the 99th percentile are closer. This also
implies that the scaling rates under future conditions
(7.4%/K for the 99th percentile) are a little higher than
under historical conditions (6.1%/K).

Like for temperature, the mean intensity scales at
values lower than the CC rate (Figure 7f). Again, the
absolute values for the 90th and 95th percentile under
historical conditions are higher than the future values for
a large part of the dew point temperature range up to

17�C. This indicates that changes in other factors (like
atmospheric instability) influence the cell properties in
the future. The precipitation sum scales at values of about
14%/K close to twice the CC rate (Figure 7h).

More cells occur at high moisture levels in the future
(Figure 7j). The increase in number at high dew point tem-
peratures is compensated by a decrease at low dew point
temperatures. While only 0.4% of all cells at present condi-
tions occur at dew point temperatures above 18�C, in future
conditions this ratio increases to 8.5% Thus, the increase in
the high percentiles of the overall frequency distribution of
cell properties is largely caused by more cells occurring at
higher moisture levels in the future. However, when
looking at the relative number of cells per dew point bin
(the number of cells per dew point bin divided by the num-
ber of occurrences of the dew point bin) as indicated by the
lines in Figure 7j, we see apparent differences in present
and future conditions. For dew point temperatures up to
18�C, the relative number of cells is substantially lower in
the future. For higher humidity levels, the relative number
increases in the future while it decreases in the present. In
contrast, the relative number of cells per temperature bin
follows the same curve in the future with a maximum at
18�C (Figure 7i).

3.4 | Influence of static instability
and wind shear

Since static instability plays a major role in determining
the severity of atmospheric convection, we investigate the
influence of CAPE on the moisture scaling of cell proper-
ties. In addition, the direct influence of CAPE and wind
shear is investigated in Appendix S1.

From conceptual models, it can be shown that CAPE
increases with warming. Specifically, peak CAPE in a
continental environment which is characterized by not
being in radiative-convective equilibrium scales with
moisture at the CC rate (Agard and Emanuel, 2017).
These findings obtained from a simplified conceptual
model are also supported by more complex regional cli-
mate models. Púčik et al. (2017) investigated the occur-
rence of storm environments and found an increase in
static instability under warmer conditions.

In our simulations, the highest percentiles of daily
maximum CAPE increase with dew point temperature at
varying rates well above the CC rate. Since high dew
point values are much more abundant in the future, this
leads to a strong increase in extreme CAPE values. As an
example, the frequency of daily maximum CAPE exceed-
ing 2,000 J/kg increases from 0.8 to 2.2%. The connection
between the increase in CAPE and high dew point tem-
perature is not uniform but occurs mostly at high dew
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point levels. To investigate the effect of instability on the
moisture scaling of cell properties, we stratify the convec-
tive cells according to environmental CAPE. Cells which
occur at CAPE values below 200 J/kg are classified as
low-CAPE cells while those above 200 J/kg are classified
as high-CAPE cells. As expected, cells occurring at high

CAPE are more extreme than low-CAPE cells, as illus-
trated by the 99th percentile of precipitation sum for
high-CAPE cells and low-CAPE cells in Figure 8a.
Despite the overall increase in CAPE, the scaling rates do
not change from historical to future conditions. The scal-
ing rate of precipitation sum per cell is below the 2×CC

FIGURE 7 Temperature scaling (left

column) and dew point temperature scaling

(right column) of cell properties. (a) and (b):

Maximum area; (c) and (d): Maximum

intensity; (e) and (f): Mean intensity; (g) and

(h): Precipitation sum. Shaded areas denote

the uncertainty range caused by varying bin

occupancy, obtained from bootstrapping

cells in each bin. (i) and (j) show the

frequency distribution of cells, where bars

denote the absolute number of cells per

temperature or dew point class (left y-axis)

and lines denote the relative number of cells

per occurrence of temperature or dew point

temperature class (right y-axis) [Colour

figure can be viewed at

wileyonlinelibrary.com]
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rate found for all cells when considering only low-CAPE
(historical: 5.9%/K, RCP8.5: 9.2%/K) cells or only high-
CAPE cells (historical: 10.4%/K, RCP8.5: 8.8%/K). The
reason for this is that more low-CAPE cells occur at low
dew point temperatures and more high-CAPE cells occur
at high dew point temperatures so that the overall scaling
curve follows the lower values of the low-CAPE curve at
low dew point temperature and shifts towards the high-
CAPE curve at high dew point temperatures.

We now investigate the influence of wind shear on
the scaling rates. We calculate wind shear as the differ-
ence between the wind in the 850 and 500 hPa height
levels. Higher wind shear leads to higher organization of
convective cells. Thus, it is not surprising that higher
wind shear leads to higher precipitation sum per cell
(Figure 8b). The frequency distribution of wind shear
does not change in the future. In contrast to CAPE, wind
shear and dew point temperature are not correlated. As a
result, an equal number of low- and high-wind shear
cells occur at each dew point bin. The scaling rates are
identical for low-wind shear and high wind shear cells.

4 | CONCLUSIONS AND OUTLOOK

We investigated how the characteristics of convective
cells might change in a climate change scenario by apply-
ing a tracking algorithm to CPM precipitation with high
temporal resolution. Changes in the frequency distribu-
tion of cell characteristics show a complex picture of the
response of deep convection to climate warming. While
the total number of cells and the lifetime does not change
significantly in the future, as simulated for the end of the
21st century under RCP8.5, there is a shift towards larger
and more intense events. In combination, this leads to
higher precipitation sums per cell. We showed that the
increase in extreme hourly precipitation is caused by an

increase in the number of large, long-living convective
cells occurring at high temperature and moisture levels.

The diurnal cycle of convective activity changes towards
fewer convective cells during the afternoon maximum and
more cells during the night time. In combination with the
increase in mean precipitation intensity per cell this leads
to up to 50% more convective precipitation during night-
time and a small decrease during the afternoon maximum.
The afternoon decrease in cell number is primarily caused
by fewer slow-moving cells despite the fact that there is no
change in the large-scale wind speed. This suggests that
there is less air mass convection in the future, which would
be in line with the findings of Rasmussen et al. (2020), who
report a shift towards more extreme and less moderate
events because of increased CAPE and CIN values. The
increase during evening and night time could be explained
by the fact that once convection is initiated, the tendency
towards more intense cells implies that these cells produce
stronger cold pools which can trigger new cells.

The temperature scaling curves of cell properties peak
at higher values in the future, which is caused by more
abundant humidity at these high temperatures, resem-
bling the scaling curves of extreme hourly precipitation
at fixed locations. In contrast to the temperature scaling,
dew point scaling curves in historical and future condi-
tions are consistent across the whole dew point range.

The CC scaling of cell area and maximum cell intensity
in combination leads to super CC scaling (ca. 14%/K) of the
precipitation sum per cell. As a cause for super CC scaling of
extreme precipitation, a positive feedback of updraft strength
with moisture supply has been discussed in the literature
(Lenderink et al., 2017). While this may indeed contribute to
super CC scaling, we point out that the correlation of dew
point temperature with CAPE may be a simple reason that
can partially explain scaling above the CC rate.

The scaling curves under historical and future condi-
tions are most similar for the highest percentiles. The

FIGURE 8 Dew point scaling of precipitation sum dependent on (a) environmental daily maximum CAPE, and (b) wind shear. Shaded

areas denote the uncertainty range obtained from bootstrapping. The uncertainty range for the future period is omitted for readability

[Colour figure can be viewed at wileyonlinelibrary.com]
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differences for the lower percentiles reflect the complex
changes in the properties of convective cells related to,
for example, the change in diurnal cycle. The similar dew
point scaling curves for the highest percentiles of cell
characteristics facilitate inference of the upper limit of
convective cell properties from large scale humidity
values. However, the fact that the number of convective
cells per dew point bin changes both in absolute and rela-
tive terms (number of cells per occurrence of dew point
bin) prevents inference of extreme precipitation at fixed
locations. This is also illustrated by the differences in the
dew point temperature scaling curves of extreme precipi-
tation at fixed locations.

While one CPM simulation is not sufficient to robustly
estimate the increase in extreme precipitation, the
Lagrangian approach adopted here can help to understand
processes related to deep convection. More projections are
necessary to determine the uncertainty related to large-
scale changes in the general circulation because general
circulation models vary in their representation of climate
change in mid-latitudes. Common deficiencies that cur-
rently limit the skill of convection-permitting climate
models at the kilometre scale include the representation of
cold pools as a trigger mechanism (e.g., Hirt et al., 2020).
Furthermore, the tracking algorithm could be enhanced to
include the merging and splitting of convective cells. This
would facilitate the investigation of convective organiza-
tion, a topic mainly investigated in idealized simulations
so far (Moseley et al., 2016; Lochbihler et al., 2019).
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