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Peak precipitation intensity in relation to atmospheric
conditions and large-scale forcing at midlatitudes

Jessica M. Loriaux'2, Geert Lenderink’, and A. Pier Siebesma'~

TRoyal Netherlands Meteorological Institute, De Bilt, Netherlands, 2Department of Civil Engineering, Delft University of
Technology, Delft, Netherlands

Abstract Research on relations between atmospheric conditions and extreme precipitation is important
to understand and model present-day climate extremes and assess how precipitation extremes might
evolve in a future climate. Here we present a statistical analysis of the relation between large-scale
conditions and hourly precipitation at midlatitudes, by using observations of the Netherlands combined
with a regional reanalysis. The aim is to gain a better understanding of the typical large-scale atmospheric
conditions and large-scale forcing associated with extreme hourly precipitation and determine the typical
differences between cases of extreme precipitation and weaker events. To avoid double counting, we
perform an event-based analysis and consider the hourly peak intensity, rather than all hourly data.
Atmospheric large-scale profiles consistently show a clear separation between precipitation deciles,
characterized by increasing instability and moisture content of the atmosphere for more extreme
precipitation. Furthermore, stronger events are characterized by larger atmospheric forcing preceding the
event, which primarily relates to vertical motions. Based on these results, four atmospheric parameters,
describing atmospheric moisture, stability and large-scale convergence, are analyzed as potential indicators
of strong precipitation events. Despite positive relations between these parameters and the peak intensity,
their correlations are found to be weak.

1. Introduction

Due to the high-impact of extreme precipitation events on society, numerous studies have been done to
assess the response of extreme precipitation to climate change [Westra et al., 2014; O'Gorman, 2015]. There is
general consensus that climate change will lead to a global increase in frequency and magnitude of extreme
precipitation [IPCC, 2014] and observed changes are already being attributed to observed warming [Min et al.,
2011; Pall et al., 2011; Lenderink and Attema, 2015].

Various studies describe the atmospheric conditions related to extreme precipitation events at midlatitudes
by presenting detailed descriptions of mesoscale dynamics [Houze, 2004] or by describing essential ingredi-
ents for extreme events to occur [Doswell et al., 1996]. These approaches are valuable, especially in the area
of weather prediction, where detailed structures of the atmosphere at the mesoscale need to be considered
for accurate forecasting. However, these studies are often based on analysis of a limited number of events
or rather short periods [Hand et al., 2004; Ducrocq et al., 2013] and usually contain qualitative rather than
quantitative descriptions. This limits the applicability for research in climate and climate change.

In view of climate and climate change, an important line of research focuses on the sensitivity of precipitation
intensity to temperature and moisture. Observational studies of hourly precipitation over midlatitudes show
sensitivities from 7% up to 14%/K for local precipitation extremes for a large range of temperatures [Lenderink
and Meijgaard, 2008; Lenderink and van Meijgaard, 2010; Berg et al., 2013; Blenkinsop et al., 2015]. Whether these
observed sensitivities can be used as guide for future changes remains an open question [Westra et al., 2014].
They do not necessarily express a direct cause and effect relation, with precipitation responding to the higher
moisture content of a warmer atmosphere. Furthermore, Loriaux et al. [2013] demonstrated that changes in
atmospheric stability potentially affect the sensitivity results. Thus, observed sensitivities are likely connected
to changes in circulation and atmospheric stability. Changes in atmospheric flow conditions are also likely to
affect the changes in precipitation extremes in the future climate [O’'Gorman and Schneider, 2009; Emori and
Brown, 2005].
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At midlatitudes, strong convection tends to occur ahead of synoptic disturbances, where upward vertical
motions lead to moistening and destabilization of the atmosphere [Doswell and Bosart, 2001]. Studies have
tried to connect extreme precipitation to cyclones [Pfahl and Wernli, 2012] and fronts [Catto and Pfahl, 2013].
A large amount of 6-hourly precipitation extremes were associated with fronts. Since many precipitation
extremes occur under a combination of convective and large-scale precipitation, in this study we will not
make an explicit distinction between the different precipitation types.

In order to determine what causes extremes, several studies have focused on the role of convective available
potential energy (CAPE) and moisture. For example, Lepore et al. [2015] have analyzed the dependence of
CAPE and dew point temperature for extreme precipitation in a climatological study over the U.S., finding that
both parameters are of similar importance. The relations between tropical precipitation and large-scale mois-
ture convergence and atmospheric stability parameters have been studied by Davies et al. [2013]. They found
a strong relation between precipitation and moisture convergence, but no strong relation between atmo-
spheric stability, such as measured by CAPE, and precipitation intensity. Another tropical study [Dorrestijn
etal., 2014] found a strong cross correlation between large-scale vertical velocity and deep convection.

A study for Europe showed weak correlations of extreme precipitation with CAPE, and stronger correlations
with atmospheric moisture [Barkidija and Fuchs, 2013] based on radiosonde soundings, taken from nearby
stations. The use of proximity data from radiosonde soundings or relatively low resolution global reanalysis
data is widespread in studies relating extreme events to atmospheric conditions [Dyson et al., 2014; Craven
and Brooks, 2004; Allen and Karoly, 2014]. However, due to the coarse spatial resolution, these data may not
always represent the atmospheric conditions very well.

With this study we aim to catalog the atmospheric conditions and large-scale forcing that accompany precip-
itation events of increasing intensities in a statistical sense. We will investigate how large-scale advection of
moisture influences precipitation intensity and how these terms evolve over time. The atmospheric conditions
are derived from a regional reanalysis using a downscaling of ERA-Interim, which provides high-resolution
data both in time and space. These data are combined with surface observations, for instance, when deriving
CAPE. Based on the combination of surface observations and model output, we furthermore evaluate several
controlling factors for extreme precipitation. To this end, we investigate whether the large-scale vertical veloc-
ity and stability parameters correlate well over the Netherlands, since Davies et al. [2013] and Dorrestijn et al.
[2014] show a strong correlation between tropical precipitation and vertical velocity but weak correlations
for stability parameters. Furthermore, the water vapor path is evaluated as a potential indicator for extreme
events, as this is also an often used sensitivity parameter for tropical precipitation [Bretherton and Peters, 2004;
Peters and Neelin, 2006].

To summarize, we aim to realize a better understanding of atmospheric conditions for the precipitating atmo-
sphere at midlatitudes and assess potential indicators for extreme precipitation events at midlatitudes. To this
end, we first present the data sets used and the postprocessing of the data in section 2. Section 3 contains an
analysis of the atmospheric profiles and large-scale forcing and their temporal evolution. This is followed by a
comprehensive survey of potential precipitation indicators in section 4. To conclude, in section 5 we present
a summary of our findings.

2. Data and Methods

In this study, we try to identify typical midlatitudinal atmospheric conditions for precipitation events and
examine the relations between these conditions and precipitation intensity, with an emphasis on the more
extreme precipitation events. To this end, we first analyze the environmental profiles of moisture, temperature,
and large-scale forcing, followed by an analysis of several potential indicators of extreme precipitation, based
on moisture, stability, and convergence. This analysis uses in situ precipitation observations and constrained
model results, which are evaluated in an event-based setting.

The precipitation data set consists of the Royal Netherlands Meteorological Institute hourly rain gauge data
from 1995 to 28 June 2014 [KNMI, 2014]. Measurements from 34 automated weather stations (AWSs) across
the Netherlands are used (Figure 1), resulting in 5.8 million hours of data, of which 2.4 - 10° h (i.e., 4%) are wet
(> 0.5 mm/h).

The atmospheric profiles and other large-scale atmospheric conditions are determined for the same period,
using the high-resolution Regional Atmospheric Climate Model (RACMO) [Van Meijgaard et al., 2008]. RACMO
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has been used as an interpolator of
54°N - the ERA-Interim reanalysis [Dee et al.,
2011] by performing short 36 h fore-
casts starting from 12 UTC. These fore-
casts are initialized from ERA-Interim
and use ERA-Interim boundary fields.
The model forecasts from 12 h to 36 h

53°N —

52°N — . .
are used to build a continuous data set
of atmospheric conditions. While the
51N — atmospheric profiles are comparable

with ERA-Interim, the RACMO output
is available at a high resolution (12 km

T T T | T T T and (sub)hourly), making it more suit-
2E S°E +E S 6k 7B 8 able for this purpose. Model output

Figure 1. Map of the locations of the in situ observations (open and closed  consists of surface data that have been
circles). The RACMO point data are available at the same locations. The interpolated to all 34 AWS station loca-
closed circles are locations for which RACMO profile data are available,

which will be used in section 3. The area of this figure is the area used to tions, profile data that have beeninter-
calculate large-scale vertical velocity, w;s. polated to 7 AWS stations spread out

across the Netherlands (closed circles
in Figure 1), and several cross sections of the vertical velocity. An overview of the data that have been used
can be found in Table 1.

In section 3, we analyze large-scale potential temperature, specific and relative humidity, and vertical veloc-
ity profiles as well as the temperature and moisture tendency profiles, by combining hourly mean profiles
based on 4 min snapshots from the seven locations marked by closed circles in Figure 1, into one large-scale
profile over the Netherlands. Furthermore, in section 4 we study several atmospheric parameters that might
be relevant as precipitation indicators: the large-scale vertical velocity at 700 hPa (w, ), convective available
potential energy (CAPE), the water vapor path (WVP), and the K index. These hourly parameters are obtained
from the RACMO output in different ways.

The vertical velocity is a highly fluctuating parameter. In order to get a good estimation of the large-scale ver-
tical velocity, we therefore make use of a cross section of the vertical velocity at 700 hPa. This is done by taking
a field average of the hourly instantaneous vertical velocity over an area of approximately 50.05°N-54.5°N by
1.68°E-8.31°E. This corresponds to the area displayed in Figure 1 (approximately 450 km x 500 km). Smaller
areas were also used, but this did not affect the data (not shown). The obtained hourly w,  is used at all 34 loca-
tions corresponding to the AWS stations shown in Figure 1. Unfortunately, this method cannot be extended
to the profiles of the vertical velocity, since we only have three cross sections. Therefore, the vertical velocity
profile used in section 3 has been determined by combining the profiles of the seven station locations instead.

The hourly mean water vapor path based on 4 min snapshots is available at all 34 locations. At the same
locations, hourly snapshot profiles of temperature and specific humidity are used to calculate the K index
and CAPE.

The K index is originally an indicator for the likelihood of thunderstorms to occur [Charba, 1977]. It uses
the temperature lapse rate (LTS, first right-hand side (RHS) term), lower atmospheric moisture content (LLM,

Table 1. Overview of the Data Used?

Source Variable Spatial Resolution Postprocessed
AWS precipitation intensity 34 stations 34 stations
surface T, g, 34 stations 34 stations
5 (700 hPa) 12km x 12 km area mean
RACMO profiles (T, g,, RH, ) 7 stations mean profile
surface (WVP, T, q,) 34 stations 34 stations

3The locations of the stations can be found in Figure 1, along with the domain over which the large-scale vertical
velocity was calculated.
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Figure 2. Scatterplot of (left) CAPE from soundings versus CAPE calculated for RACMO data and (right) CAPE
supplemented with surface temperature and specific humidity from the sounding data.

second RHS term), and midlevel relative humidity (MLH, third RHS term) of the atmosphere:
Kiox = (Tgsonpa — Tsoonpa) + Tagsonpa — (T700npa — Ta.700npa)- M

An alternative method for calculating the K index was presented by Davies et al. [2013]. The alternative K index
uses a mean of (dew point) temperature values at 1000 hPa and 850 hPa, rather than 850 hPa. Both K indexes
have been analyzed and lead to similar results. Since it is more widely used, in this document we will present
results for the established K index.

CAPE is calculated from hourly RACMO temperature and specific humidity profiles at all station locations in
Figure 1, using

T

v.e

2 T, ,—T
CAPE = / g tvey, @
20

which describes the vertical integral of the buoyancy, calculated from the difference between the virtual tem-
perature of the parcel, Ty pr and the environment, T, ,, along with the gravitational constant, g. Here the lower
bound of the integral, z,, is the level of free convection, while the upper bound of the integral, z,, is the height
of the equilibrium level, so that CAPE is calculated over the region above cloud base, where the temperature

excess is positive. The parcel is released near the surface.

Figure 2 shows scatterplots for CAPE calculated from radiosonde data at 12 UTC at station De Bilt (KNMI)
against CAPE calculated from the modeled temperature, humidity, and pressure profiles from RACMO over
the period 1995 to 2012 (left). The modeled CAPE underestimates the CAPE based on radiosonde data. Profile
analysis (not shown) suggests that this is primarily due to the underestimation by the model of near-surface
high moisture conditions that sometimes accompany high CAPE values. To overcome this, we calculated CAPE
for RACMO profiles where the parcel profiles were initialized with 2 m specific humidity and temperature from
the radiosonde (Figure 2, right). It is clear that this greatly improves the results. Apparently, the RACMO profiles
beyond the surface layer are very accurate. In this study, we have therefore enhanced the CAPE calculations
using RACMO profiles, by initializing the parcel profiles with 2 m specific humidity and temperature from the
KNMI in situ data set. These data are available at the same temporal resolution and station locations as the
precipitation observations.

In order to avoid double counting and scatter in the analysis of the relation between atmospheric conditions
and the precipitation strength, we will analyze the data in terms of precipitation events. The strength of the
event will be measured by its peak intensity, i.e., the highest measured hourly precipitation intensity during
the event. Previous studies [Gadl et al., 2014; Molnar et al., 2015] have proposed a way to organize rain gauge
data into events by using a precipitation threshold and a dry interval to separate events. We have applied a
similar method. However, the stations used are often located close together. Since one event can pass multiple
stations, we have also added a spatial condition. This way, events that are spaced too closely together are
also connected.

This means that precipitation events are formed based on a precipitation threshold, a minimum dry inter-
val (separation time), and a minimum distance between events (spatial threshold). We use a precipitation
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Table 2. Peak Intensities (mm/h) and Their Range for Each Decile Bin®

Deciles Decile Range Peak Intensity Intensity Range
10% 0%-10% 0.51 0.5-0.6
20% 10%-20% 0.64 0.6-0.7
30% 20%-30% 0.79 0.7-0.9
40% 30%-40% 0.99 0.9-1.1
50% 40%-50% 1.24 1.1-14
60% 50%-60% 1.56 1.4-1.8
70% 60%-70% 1.99 1.8-2.3
80% 70%-80% 2.62 23-3.0
90% 80%-90% 3.74 3.0-4.7
100% 90%-100% 8.40 4.7-79
Percentiles Percentile Range Peak Intensity Intensity Range
91% 90%-91% 4.83 4.7-5.0
92% 91%-92% 5.13 5.0-53
93% 92%-93% 5.49 53-57
94% 93%-94% 5.91 5.7-6.1
95% 94%-95% 6.43 6.1-6.7
96% 95%-96% 7.12 6.7-7.6
97% 96%-97% 8.07 7.6-8.7
98% 97%-98% 943 8.7-10.3
99% 98%-99% 11.67 10.3-13.7
100% 99%-100% 19.98 13.7-79

3There are 4447 data points in each bin. The percentile bins (444 points per bin) are shown below the horizontal line.

threshold of 0.5 mm/h, considering all other data as dry. Following Gadl et al. [2014] and Molnar et al. [2015], a
separation time of 2 h is used. The spatial threshold has been set at 50 km. Increasing this parameter reduces
the amount of scatter and also causes a reduction in the amount of events, while decreasing the spatial thresh-
old leads to an increase of scatter as well as events. Overall, the results are not greatly affected by adjusting
this parameter.

Using a precipitation threshold of 0.5 mm/h, separation time of 2 h, and distance of 50 km, we are left
with 44,475 separate precipitation events. For each event, we have determined the peak precipitation inten-
sity. The atmospheric data are selected for the corresponding time +12 h and (if applicable) location of the
peak intensity.

This is a coarse but effective method to ensure that extreme intensities belonging to the same event are not
double counted. However, sometimes unrelated events can also be connected, and only the highest intensity
of this selection will be used in our analysis. As a result, weaker peak intensities are a bit underrepresented in
the statistics, and event characteristics such as the duration are not reliable.

For part of our analysis, the event data are grouped into bins separated by deciles of the peak intensity of the
event, so that changes in behavior from mild to heavy precipitation events can be seen. Table 2 shows the
decile bins, along with the mean peak intensity and the intensity range within the bin. In section 4, we will look
at potential indicators, and it will be useful to zoom in on more extreme events. Therefore, the highest decile
has also been split up into percentile bins. With a mean peak intensity of nearly 20 mm/h, the top percentile
bin contains the strongest precipitation events.

3. Atmospheric Forcing and Response

We start our examination of the precipitating atmosphere by analyzing the atmospheric conditions and
large-scale tendency profiles. Figure 3 shows the mean atmospheric profiles of relevant parameters for deciles
of the peak precipitation intensity. These profiles are taken 3 h prior to the peak intensity of the event, to mini-
mize event-induced effects. They are created by combining hourly profiles from seven station locations in the
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Figure 3. Atmospheric profiles of (a) potential temperature, (b) specific humidity, (c) relative humidity, and (d) vertical
velocity, 3 h prior to the peak precipitation intensity of the event. The mean profile is shown in black, while the profiles
for precipitation deciles are shown from blue (weak precipitation) to red (strong precipitation).

Netherlands (closed circles in Figure 1), by means of a spatial average over these seven stations. The profiles
are depicted for precipitation bins, separated by the precipitation deciles (Table 2), and increase in strength
from blue to red.

Figure 3a shows the hourly mean potential temperature profile of the environment. The tropopause is located
ataround 250 hPa. As expected, an increase in temperature at all levels is observed for increasing precipitation
deciles. Figure 3b shows the specific humidity, g,. While g, increases over the full profile with increasing pre-
cipitation deciles, the absolute difference between deciles is largest near the surface. Both the temperature
and moisture profiles show the most pronounced increase for the highest precipitation decile bin.

The temperature and moisture profiles are combined in Figure 3¢, which shows the relative humidity profiles.
Interestingly, while the first through ninth deciles show a steady increase of relative humidity with increasing
peak intensity, the highest precipitation decile has a deviating profile. Both surface and midtropospheric rel-
ative humidity are lower than most of the weaker deciles. This shows that for the most extreme precipitation
events, the temperature increase with respect to less extreme deciles dominates over the increase in specific
humidity, leading to a lower relative humidity.

Figure 3d shows the vertical velocity (@) which is an indirect measure of the large-scale convergence. Note
that we have defined w positive in the upward direction. All of the decile bins show upward motion, which
increases until it peaks somewhere between 850 (weak precipitation) and 700 hPa (strong precipitation), after
which the vertical velocity decreases again, approaching zero as the tropopause is reached. Note that the
upper decile bin has a slightly different shape than the weaker deciles, which may be an indication of different
large-scale dynamics.

Although the order of magnitude of the maximum vertical velocity is quite similar for strong precipitation,
these profiles differ from more tropical vertical velocity profiles [Davies et al., 2013]. For weaker precipitation
we still find upward vertical velocity, while Davies et al. [2013] see downward motion over a large pressure
range for most precipitation deciles in the tropics.
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Figure 4. Atmospheric tendency profiles of (a—c) temperature and (d-f) specific humidity 3 h prior to the peak precipitation intensity of the event. The
dynamical (Figures 4a and 4d) and physical (Figures 4b and 4e) contributions are followed by the total tendency profiles in Figures 4c and 4f. Colors are as

described in Figure 3.

Next, we look at the 1T h mean temperature (a-c) and specific humidity tendencies (d—f) in Figure 4. Apart
from the total tendencies, the model provides a decomposition into dynamical and physical components. The
dynamical component gives the tendency contribution due to resolved processes, i.e., horizontal and vertical
advection, while the physics component contains the tendencies caused by model parameterizations, such
as the radiation, convection, and condensation. In Figure 4, the dynamical (a and d) and physical (b and e)
components are shown separately, as well as the sum of both components (c and f).

The dynamical component of the temperature tendency shows cooling up to 400 to 300 hPa (weak,
respectively strong precipitation), which destabilizes the temperature profile. This is mostly due to vertical
advection (not shown), which means that the dynamical tendency is largely influenced by the vertical veloc-
ity profiles shown in Figure 3d. The dynamical temperature tendency is largest for the highest precipitation
decile and peaks at —7 K/d, near 650 hPa. The lower deciles show the same pattern, but with lower values and
peaking at lower altitudes. Above the cooling layer, the tendency is positive, peaking on average at 3 Kd™!
around 200 hPa. This can be explained by the drop in tropopause height as the event approaches. As can be
seen from the dynamical moisture tendency profile, the tropospheric cooling is accompanied by a moisten-
ing of the troposphere, apart from the boundary layer. Again, this is mainly caused by the vertical advection.
Similar to the vertical velocity and dynamical temperature tendency profiles, the signal is strongest for the
highest precipitation decile, showing a moistening of 3 g kg~ d~' at 750 hPa. This moistening and cooling of
the layer leads to conditions more favorable for convection and condensation.

The physical tendency components show cooling and moistening near the surface, but drying and warming
in the rest of the troposphere, indicating possible condensation and condensational heating as a result of
the dynamical tendencies. Again, we see a clear stratification for the precipitation deciles, with the strongest
tendencies (5 Kd~', =2 g kg~' d~") occurring for the highest precipitation deciles.
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Figure 5. Temporal evolution of the atmospheric profiles of (a) potential temperature, (b) specific humidity, (c) relative
humidity, and (d) vertical velocity at 700 hPa, from 12 h prior to 12 h after the time of the peak intensity of the event.
Colors are as described in Figure 3.

The combined dynamical and physical temperature contributions show cooling from the surface up to
approximately 300 hPa that is weak and near constant with height for the lowest deciles but becomes more
stratified and increases to —2 K d~' at 400 hPa for the highest deciles. There is quite a strong warming ten-
dency above 300 hPa, peaking at 3.5 Kd~" since the dynamical contribution is not compensated by a strong
physical cooling component. The combined moisture tendency shows moistening of the atmospheric profile
up to approximately 600 hPa, which increases with increasing precipitation deciles. At higher levels, the phys-
ical and dynamical contributions approximately cancel each other out. For both moisture and temperature
tendencies, the dynamical contribution appears to dominate over the physical contribution, and tendencies
are stronger for the highest precipitation deciles. However, the combined moisture and temperature tenden-
cies are both much weaker than the separate dynamical and physical components. Though the separation
into dynamical and physical tendency components is not exactly the same as a separation into large-scale and
convective tendency components, it is interesting to note the parallel with the work of Zhang [2002, 2003],
suggesting that the atmosphere is close to convective quasi-equilibrium.

To get a better idea of the changing atmospheric state and the timing of separate tendency contributions,
we also look at the temporal evolution of these terms. Since the vertical velocity and tendency profiles all
peak between 650 and 750 hPa, we have chosen to analyze the temporal evolution of the profiles at 700 hPa
(Figures 5 and 6).

Figure 5 shows the temporal evolution of the atmospheric profiles of Figure 3 from 12 h before to 12 h after
the peak intensity. The potential temperature (Figure 5a) shows cooling of approximately 0.5 to 1.5 K/d for
weak to strong precipitation deciles, respectively. During the full period, the temperature tends to be higher
for the higher precipitation deciles. The temporal evolution of the specific humidity (Figure 5b) shows the
strongest pre-event moistening for the highest precipitation deciles. For lower deciles the temporal signal
is much weaker. After the peak intensity is reached, the specific humidity decreases to values below the ini-
tial specific humidity for each decile bin. Figure 5¢ shows the temporal evolution of the relative humidity. At
700 hPa, the highest precipitation decile does not yet show the decrease in relative humidity with respect
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Figure 6. Temporal evolution of the (a-c) atmospheric temperature and (d-f) specific humidity tendencies at 700 hPa from 12 h prior to 12 h after the time of
the peak intensity of the event. The dynamical (Figures 6a and 6d) and physical contributions (Figures 6b and 6e) are followed by the total tendency profiles in
Figures 6¢ and 6f. Colors are as described in Figure 3.

to the lower precipitation deciles seen in Figure 3c. Therefore, the temporal evolution does not show a clear
deviation between the highest decile and the other deciles. The relative humidity simply increases as the
event approaches, after which the relative humidity decreases to below starting values. The vertical veloc-
ity (Figure 5d) has a strong stratification, with weak temporal variations for the lowest precipitation deciles,
but a very clear increase leading up to the time of the peak intensity, after which the vertical velocity rapidly
decreases to approximately 2 hPa/h, which is slightly lower than the starting value. To summarize, at 700 hPa,
weak and strong precipitation events all lead to cooling of the layer, with moistening and an increase in vertical
velocity leading up to the event, followed by drying and a decrease in large-scale vertical velocity. Eventu-
ally, the atmosphere is left in a colder, drier state, with weaker large-scale convergence. These effects are most
pronounced in the highest deciles.

Next, we look at the temporal evolution of the temperature and moisture tendencies (Figure 6). The dynami-
cal (Figure 6a) and physical (Figure 6b) temperature tendency components both show the strongest temporal
signal for the highest precipitation deciles. Prior to the event, there is cooling due to vertical advection which
increases as the event approaches (Figure 6a). Simultaneously, the physical component of the temperature
tendency (Figure 6b) increases as well, indicating that convection and condensational heating are already tak-
ing place, compensating for the destabilizing cold air advection. There is no time lag between the physical and
dynamical components, and the total temperature tendency is fairly constant and shows little stratification
up to 3 h before the peak intensity of the event. After that, the highest precipitation deciles show a net cooling
which increases up to approximately 3 h after the peak intensity and decreases until the temperature ten-
dency almost vanishes. This is in line with our earlier observation that the system is close to quasi-equilibrium,
even for the highest precipitation deciles.

The moisture tendencies (Figures 6d-6f) also show the strongest temporal signals for the highest precipita-
tion deciles. The dynamical component (Figure 6d) clearly shows advection of moist air, which peaks 4 h before
the height of the event. The physical component of the moisture tendency (Figure 6e) lags behind, peaking
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at the time of the event. This time lag indicates that the moistening precedes the condensation, which unsur-
prisingly peaks at the time of the peak intensity. The combined effect (Figure 6f) is a moistening of the layer
due to advection of moist air, which is followed by drying of the layer, due to the event itself.

4, Precipitation Indicators

The clear stratifications and temporal signals seen for the profiles discussed in section 3 indicate interaction
between precipitation and vertical velocity, moisture, and stability. Therefore, we next look at a few relevant
parameters and evaluate their potential role as indicators for extreme precipitation.

Over the tropics, the large-scale vertical velocity correlates well with deep convection [Dorrestijn et al., 2014],
and large-scale moisture convergence relates well with tropical total precipitation [Davies et al., 2013]. We will
therefore continue the analysis of the vertical velocity in this section to determine its potential as an indicator
for heavy precipitation over midlatitudes. In the previous section, we already analyzed the vertical velocity
profile and its temporal evolution at 700 hPa, based on seven locations, and observed a clear decile stratifica-
tion of this parameter. As the vertical velocity is a highly fluctuating parameter, we will use the 700 hPa field
mean vertical velocity, @, rather than the profile cross section used before.

A highly unstable atmosphere leads to vigorous convection, which can result in strong precipitation inten-
sities. This can also be seen in the dynamical temperature tendency profile in Figure 4a, which shows the
strongest destabilization of the atmosphere for the highest precipitation decile. Using an entraining plume
model, Loriaux et al. [2013] have shown that the sensitivity of precipitation intensity to temperature increases
with atmospheric instability. Here we investigate if the atmospheric stability itself is a good indicator of
extreme precipitation by examining the relation between CAPE and peak precipitation intensity.

The systematic intensification of the moisture tendency profiles with increasing precipitation deciles con-
firms that there is also a relation between atmospheric moisture and the precipitation intensity. Furthermore,
tropical precipitation intensities exhibit critical behavior in relation to the water vapor path [Peters and Neelin,
2006]. Therefore, we will also evaluate the water vapor path (WVP).

Lastly, we will consider the K index, a parameter which incorporates both stability and moisture, to determine
if a combined effect leads to a better precipitation indicator. The K index is originally an indicator for the
likelihood of thunderstorms to occur and is based on the temperature lapse rate and atmospheric moisture
components, as was shown in equation (1). The highest K index values are reached when the atmosphere is
moist and unstable with high low-level moisture. Therefore, we expect to find a positive relationship between
the K index and precipitation intensity. An advantage of this parameter is that it is not affected by the surface
conditions as much as CAPE is. Therefore, the K index is more robust in space and time.

We will first consider the temporal evolution of the parameters separated into groups based on precipi-
tation intensity, as was done in section 3. Next we analyze the relation between the peak intensity and
the atmospheric parameters directly. This will illustrate which precipitation intensity is most observed for a
certain value of the atmospheric parameter, rather than separating the atmospheric parameter into precipi-
tation deciles. Finally, a lag correlation analysis is done to determine how peak precipitation responds to the
parameters and at what time the correlation is highest.

4.1. Average Temporal Evolution

Unsurprisingly, the temporal evolution of the large-scale vertical velocity (Figure 7a) compares well with our
first approximation based on the vertical velocity profile (Figure 5d), albeit with slight differences. Note that
the top decile has been split up into percentile bins (dashed) to emphasize the extreme intensities. The vertical
velocity peaks a few hours before the maximum intensity of the event and drops to approximately 1 hPa/h for
all percentiles, which is weaker than the starting value of approximately 2.5 hPa/h. This peak in @ s is not seen
for the weakest deciles. Furthermore, the separation into percentiles shows that there is hardly any difference
in the temporal signal of the vertical velocity for events in the 80th percentile or higher. Apparently, @ s levels
off for the highest precipitation intensities.

The temporal evolution of CAPE is shown in Figure 7b for deciles (solid) and the top 10 percentiles (dashed) of
peak precipitation intensity. The lowest deciles hardly show a signal, but for the highest intensities, there is a
strong increase in CAPE leading up to a few hours before the height of the event, after which CAPE drops dras-
tically at the time of the peak intensity. This signal increases for increasing precipitation percentiles. It indicates
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Figure 7. Temporal evolution of (a) large-scale vertical velocity, (b) CAPE, (c) WVP, and (d) K index, from 12 h prior to
12 h after the time of the peak intensity of the event. The mean profile is shown in black, while the profiles for
increasing precipitation bins are shown from blue (weak precipitation) to red (strong precipitation). The solid lines are
decile bins. The highest decile bin has been split up into percentile bins (dashed lines).

a strong destabilization of the atmosphere leading up to the heavy precipitation events, after which CAPE is
quickly reduced due to surface cooling and consumption by the event. At the time of the peak intensity, CAPE
has reached its minimum value, and CAPE is slightly restored and remains steady at low values.

The temporal evolution of the water vapor path (Figure 7c) shows a modest increase in the water vapor path
leading up to the peak intensity, which is most clear for the highest percentiles. As the water vapor is con-
densed and precipitated out, the atmosphere becomes slightly drier than it was 12 h before the peak intensity.
The water vapor path shows hardly any distinction between the lowest deciles, but the spread increases for
the highest deciles. The top 10 percentiles show a very strong increase of WVP with increasing intensity.

Figure 7d shows the temporal evolution of the K index from 12 h before to 12 h after the maximum precipita-
tion intensity is reached. The spread of increasing K index for increasing precipitation intensity deciles is very
clear for the top 20% of the peak intensities in this figure. There is also a clear temporal signal, where the K
index increases up to an hour before the event peaks and decreases afterward to a slightly lower value than
it started off with.

4.2, Distributions

The distributions of the atmospheric parameters discussed in this section and the relations between the peak
intensity and these parameters are shown in Figure 8. Again, the atmospheric parameters are taken ata 3 h
lead with respect to the peak intensity, to keep event-induced effects to a minimum. The data are evaluated
for 25 bins of equal sample size of the atmospheric parameter. The black solid line in the top panel of each
atmospheric parameter shown in Figure 8 shows the mean relation with the peak intensity. The shaded area
indicates the range of the 10th to 90th precipitation percentiles, and the binned 99th percentile is shown by
the dashed line. The bottom panels of each parameter shows the distribution of the frequency of occurrence
of the parameter values. A good precipitation indicator will show a positive (or negative) relation with peak
intensity, with hardly any difference between the different precipitation percentiles and the mean.
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Figure 8. The top pannel of (a) shows the mean vertical velocity 3 h prior to peak intensity versus peak intensity based
on 25 of equal sample sizes w| 5 bins (solid). The grey shading gives the range from 10th to 90th percentile. The dashed
line is 99th percentile. The bottom panel gives the frequency distribution of the vertical velocity. The same is shown for
CAPE (b), WVP (c), and the K index (d).

The relation between 5 and the peak intensity is shown in Figure 8a. The bin-averaged peak intensity
increases from 1.5 to 3.5 mm/h with increasing large-scale vertical velocity (solid). The 99th percentile
increases from approximately 10 to 20 mm/h over the same range of vertical velocity. While most of the data
are concentrated around weak @ values, there are plenty of data where the vertical velocity exceeds 5 hPa.
This means that the leveling off seen in Figure 7a for precipitation percentiles is not due to a physical limit.
Instead, it results from the high concentration of data around low w5 values, in combination with the weak
increase in the peak intensity with w 5. As a consequence, even the heaviest precipitation percentiles will
contain a relatively large amount of weak w, 5 values, leading to the observed leveling off when we look at the
percentile spread in Figure 7a.

The peak intensity shows a stronger increase with CAPE (Figure 8b), from 2 to 10 mm/h. The spread and the
99th percentile also increase with increasing CAPE, indicating that an increase in CAPE leads to a large range
of precipitation intensities, both high and low. This may have to do with the fact that CAPE is a potential
that does not have to be consumed, increasing the amount of scatter in the relation between CAPE and peak
precipitation. However, removing data with a high convective inhibition from the data set has not lead to
significant changes in the results (not shown). Most of the data are concentrated around low CAPE values.
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Table 3. Maximum Cross Correlations With the Peak Intensity and the
Time at Which the Maximum Cross Correlation Is Reached?

Variable Cross Correlation Time
Vertical velocity 0.15 Oh
CAPE 033 -3h
WVP 0.30 —-1h
K index 0.24 —2h
LTS 0.10 -1h
LLM 0.28 —-1h
MLH 0.08 +1h

3The decomposition of the K index is shown below the horizontal line.

Figure 8c shows the relation between the water vapor path and peak intensity. The slope of the peak intensity
versus the water vapor path increases with increasing water vapor path but does not show the same charac-
teristic critical behavior as can be seen in, e.g., Peters and Neelin [2006]. However, this may be due to the fact
that the water vapor path does not reach the tropical WVP values at which they observe critical behavior. The
peak intensity clearly increases with increasing WVP, from 1 to 6 mm/h in the mean and from 4 to 29 mm/h
for the 99th percentile. This, in combination with a reasonably uniform frequency distribution, explains the
increase in stratification with increasing deciles of peak precipitation in Figure 7c. The highest precipitation
deciles only contain a small range of WVP values, while the lower deciles all contain a large range of WVP val-
ues, causing the difference between each weakening decile to decrease. Furthermore, the increasing spread
of the peak intensity shows that while low water vapor paths hardly ever result in heavy precipitation, a high
water vapor path can lead to a large range of precipitation intensities.

Finally, the relation between the K index and the peak intensity is shown in Figure 8d. While for low K index
values there is hardly any relation with the peak intensity, the peak intensity starts to rapidly increase for K
index values beyond roughly 20 K. However, the range between the 10th and 90th percentile also increases
for the K index above 20K, so that again, a high K index does not necessarily have to lead to high precipitation
intensities.

4.3. Lag Correlation

So far, we have found clear stratification in the precipitation deciles and percentiles of the atmospheric param-
eters shown in Figure 7. Furthermore, the peak intensity is positively related to all atmospheric parameters
(Figure 8). However, the latter figure also shows a large amount of scatter in these relations, as shown, for
instance, by the broad grey shading between the 10th and 90th percentiles. Figure 9 (black lines) shows the
lag correlations between w5 (a), CAPE (b), WVP (c), and the K index, and the peak intensity, which enables us
to see how the correlation between these parameters and the peak intensity changes in time. The values of
the maximum correlations can be found in Table 3.

The CAPE correlation pattern is similar to the temporal evolution seen in Figure 7b. At t = —3 h a maximum
correlation of 0.33 is reached, after which it drops drastically. As expected from Figure 7b, the correlation
reaches its minimum value at t = 0 h. The correlation between CAPE and the peak intensity is the highest of
all parameters, despite the large amount of scatter seen in Figure 8b. It seems that high CAPE does increase
the chance of an extreme event occurring in the next couple of hours, but the relation is not strong enough
for CAPE alone to be a good indicator for extreme precipitation. While extreme events are usually preceded
by high CAPE values, high CAPE conditions do not necessarily lead to strong precipitation.

The correlation between the water vapor path and the peakintensity has a weaker temporal signal, increasing
from 0.26 t0 0.30 att = —1 h, after which the correlation gradually decreases to 0.22 at t = +12 h. The fact that
the correlation is not influenced much by the timing of the event shows that this is more of a climatological
correlation; the precipitation intensity is stronger when the atmosphere contains more moisture.

The K index correlation with the peak intensity increases from 0.16 att = —12 h to 0.24 at t = —2 h, followed
by a decrease to 0.14 at t = +12 h. Despite the strong increase of peak precipitation with K index (Figure 8d),
the maximum correlation is weak. Apart from a still significant amount of scatter, this can also be explained
by the large range (up to 25 K) where there is hardly any increase in the peak intensity with increasing K index.
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Figure 9. Lag correlations between peak intensity and (a) vertical velocity, (b) CAPE, (c) water vapor path, and (d) the K
index. The correlation of the whole peak intensity distribution is shown in black. The high intensities (90-100%) are
shown in red and the weak to moderate intensities in blue.

Of the three moisture and stability terms that form the K index (equation (1)), the correlation with precipitation
intensity of the LLM resembles the correlation of the K index the most and even exceeds it (Table 3). There is
hardly any correlation between precipitation intensity and the MLH or LTS. Apparently, this combination of
qualities does not lead to an enhanced correlation with the peak intensity.

In contrast to tropical results [Dorrestijn et al., 2014; Davies et al., 2013], the correlation between the vertical
velocity and the peak intensity is almost nonexistent at +12 h and is nearly symmetrical about the time of the
event, at which it peaks at 0.15. This very weak correlation is in line with the leveling off seen in Figure 7a and
the weak relation between the vertical velocity and peak intensity seen in Figure 8a. While these figures show
that precipitation intensities are more prone to stronger upward velocities, the distinction between moderate
(80th percentile) and more extreme precipitation (99th percentile) is weak.

To investigate whether these correlations depend on the intensity range, Figure 9 also shows the correlations
for lower intensities (decile range 0 to 90, blue) and the upper decile range (red). While the correlations of
CAPE (b), the water vapor path (c), and the K index (d) are mainly determined by the highest peak intensities,
the correlation with large-scale vertical velocity (a) is mainly controlled by the lower intensities. This is not an
unexpected result, since lower intensities often occur in the presence of fronts. Overall, these results suggest
that while large-scale vertical velocity tends to be higher for high peak intensities than low peak intensities,
the atmospheric stability becomes a controlling factor for more extreme precipitation to occur.

The correlations depicted in Figure 9 are rather weak and follow similar temporal patterns as in Figure 7. It
seems counterintuitive for a correlation to be weak, despite the strong stratification for precipitation deciles.
But a strong stratification based on precipitation percentiles does not necessarily mean that this parameter
will be a good indicator for precipitation. Figure 8 has already shown that there is a large amount of scat-
ter in these relations, which ultimately leads to the weak correlations seen in Figure 9. Even for CAPE, which
has the highest peak correlation, Figure 8c shows that a high CAPE can still lead to a large range of peak

LORIAUX ET AL.

PEAK INTENSITY RELATED TO THE ATMOSPHERE 5484



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2015JD024274

intensities. In order to find an atmospheric indicator for extreme precipitation, it may be necessary to combine
the atmospheric parameters discussed here.

5. Summary and Final Remarks

With this study, we present a comprehensive statistical analysis of atmospheric conditions for the precipitating
atmosphere and precipitation controlling factors at midlatitudes. To this end, in situ precipitation observa-
tions over the Netherlands are used in combination with atmospheric data from a high-resolution reanalysis.
To remove double counting, the data have been evaluated in an event-based setting.

To gain a better understanding of what the precipitating atmosphere looks like, we have performed profile
and temporal analyses of large-scale atmospheric conditions and forcing. Separation of the data into precipi-
tation deciles was used to reveal the change in atmospheric conditions with increasing event intensity. These
analyses have shown that heavy precipitation events tend to occur under warmer, moister conditions than
weaker events and have a stronger temporal signal.

The large-scale vertical velocity is positive, which is associated with large-scale convergence, and nearly dou-
bles for strong peak intensities with respect to the weakest precipitation decile. The temporal signal also
increases for more extreme peak intensities. Driven by vertical advection, the dynamical temperature and
moisture tendencies are strongest for the heaviest peak intensities and show cooling and moistening prior to
the event. This is largely compensated by the condensation and condensational heating resulting in a precipi-
tation response. The total tendencies, temperature in particular, are much weaker than the separate dynamical
(large-scale) and physical (convection) components, suggesting near-convective quasi-equilibrium.

Based on the profile analysis, we have evaluated four atmospheric parameters as potential precipitation indi-
cators at midlatitudes: the large-scale vertical velocity, CAPE, the water vapor path, and the K index. The
temporal signal tends to increase with increasing precipitation deciles, indicating that these atmospheric
parameters are more strongly influenced by the event than weaker events. Furthermore, the stratification of
the atmospheric parameters increases for increasing deciles of peak intensity, apart from the vertical velocity,
which shows a leveling off for the upper 20% of peak intensities. Overall, the strongest events are prone to
stronger convergence and take place under moister, more unstable conditions than weaker events.

However, this does not necessarily mean that, for example, a very unstable atmosphere will always lead to
heavy precipitation. In fact, the relations between the peak intensity and all four atmospheric parameters
contain a large amount of scatter. The leveling off seen for high precipitation percentiles of @ is not caused
by a physical process but is induced statistically by the weak increase of peak intensity with vertical velocity
and the large spread of the vertical velocity. Because of the large spread, the mean vertical velocity does
not increase much with increasing intensity deciles, even though individual values of omega can be much
higher. This also leads to a very weak correlation between the large-scale vertical velocity and peak intensity.
The other parameters show a stronger increase and also contain large amounts of scatter, again leading to
weak correlations. With 0.33, CAPE at —3 h has the highest correlation with the peak precipitation intensity.
A decomposition into weak to moderate (<4.7 mm/h) and heavy (>4.7 mm/h) peak intensities has shown
that the correlation between peak intensity and CAPE is mainly determined by heavy intensities, while the
opposite is true for the vertical velocity.

Interestingly, CAPE and the vertical velocity show large variations in time, whereas atmospheric moisture
hardly shows a temporal signal. The K index, which is based on both absolute and relative moisture, as well
as the vertical temperature gradient, displays an in-between behavior. This suggests that moisture is a back-
ground forcing; precipitation tends to be more extreme with higher moisture contents but at the same time
does not link very well with the timing of the event. On the other hand, CAPE and the vertical velocity do
appear to be linked to the timing of the event. The high variations in CAPE also show that using CAPE from
proximity data such as radio sondes has its limitations, possibly explaining the different results reported on
the relation between CAPE and precipitation extremes [Dyson et al., 2014; Barkidija and Fuchs, 2013].

In summary, we presented an analysis of the relation between atmospheric conditions and large-scale forc-
ing related to precipitation evens of different magnitudes, with an emphasis on the most extreme cases. This
research has shown that overall, the strongest precipitation events take place under warmer, moister condi-
tions than weak events, enduring stronger large-scale convergence. The temporal signal of these attributes
with respect to the time of the peak intensity increases with increasing peak intensity deciles as well. These
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results do not translate to one single indicator for precipitation, unlike the tropics, where strong relations
are found between convection and convective precipitation, and the vertical velocity [Dorrestijn et al., 2014;
Davies et al., 2013]. Apparently, while high deciles of peak intensity do show a preference for high moisture,
instability, and large-scale convergence, none of these conditions are reliable indicators for high precipitation
amounts.
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