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Abstract. Measurements of wind and momentum fluxes are not typically at the centre of field studies on (shal-
low) cumulus convection, but the mesoscale organization of convection is likely closely tied to patterns in wind.
This study combines in situ high-frequency turbulence measurements from a gust probe onboard a Cessna air-
craft with downward profiling Doppler wind lidar (DWL) measurements onboard a Falcon aircraft to study
variability in the wind profile and momentum fluxes in regions of convection. The dual-aircraft measurements
were made during three prototype flights in shallow convective regimes over German agricultural areas (two of
which had hilly topography, one flat) in late spring 2019, including forced cumulus humilis under weak winds
and “popcorn” cumuli during stronger wind and wind shear after front passages.

All flights show pronounced meso-gamma (2-20 km) scale variability in the wind, with the largest wind vari-
ance (on the order of 2—4 m? s~2) towards cloud base and in the cloud layer on flights with large vertical wind
shear. The wind and wind variance profiles measured in situ and by lidar compare very well, despite the DWL’s
coarse (~ 8 km) horizontal footprint. This highlights the presence of wind fluctuations on scales larger than a
few kilometres and that wind lidars can be used more deliberately in field studies to map (mesoscale) flows.

Cloudy transects are associated with more than twice the momentum flux compared with cloud-free transects.
The contribution of the updraft to the total momentum flux, typically one-third to two-thirds, is far less than the
typical contribution of the updraft to buoyancy flux. Even on the same flight day, momentum flux profiles can
differ per track, with one case of counter-gradient momentum transport when the updraft does carry substantial
momentum flux. Scales beyond 1 km contribute significantly to the momentum flux and there is clear evidence
for compensating flux contributions across scales. The results demonstrate that momentum flux profiles and their
variability require understanding of motions across a range of scales, with non-negligible contributions of the
clear-sky fluxes and of mesoscales that are likely coupled to the convection.

Doppler wind lidar (DWL) with traditional in situ turbulence

Observations of the vertical profile of wind are valuable for
reducing forecast errors and for advancing the understanding
of processes that influence wind variability, including large-
scale and mesoscale dynamics and small-scale turbulent pro-
cesses. In this paper we combine state-of-the-art airborne

measurements to measure the profile of wind and turbulent
wind fluctuations within cloud-topped boundary layers, in
which thermally driven (convective) plumes are thought to
play an important role in transporting wind. By measuring
wind profiles at levels beyond meteorological towers and
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ground-based operational DWLs, we aim to investigate wind
and momentum flux variability beyond the surface layer.

On local and regional scales, the growing wind energy in-
dustry has boosted wind profiling observations in the lowest
layers of the atmosphere through the deployment of DWLs.
DWLs conventionally measure high-resolution wind to the
top of the wind turbine or to hub height (the centre of the
wind turbine’s rotor, up to 250 m). Such measurements are
used to understand turbulent wind fluctuations in the surface
layer that are influenced by weather, terrain, turbine wake ef-
fects, or shear across the rotor-swept area (Bakhshi and Sand-
born, 2020; Banta et al., 2013; Tungo and Porté-Agel, 2013;
Krishnamurthy et al., 2013; Mann et al., 2010).

One source of wind in the surface layer is the (downward)
mixing of momentum from higher levels. Not only dry con-
vection, but also moist convection plays an important role
in this process, because clouds extend the boundary layer
height, tapping in regions aloft with faster-moving winds.
This transport of momentum (momentum fluxes) by convec-
tive eddies (thermals) and through clouds is broadly called
“convective momentum transport” (CMT). Like small-scale
turbulence, CMT is an unresolved process in forecast mod-
els that contributes to uncertainties in local wind predictions.
However, unlike the turbulent wind fluctuations measured
in the surface layer through most commercial DWLs, few
high-resolution wind profiles extend beyond the surface layer
(>200m) to target wind fluctuations and momentum trans-
port at heights where moist convection develops.

Our understanding of turbulent wind fluctuations through-
out the boundary layer largely stems from a handful of in situ
turbulence measurements during research aircraft fights at
selected height levels in subtropical settings. A seminal study
is that by LeMone and Pennell (1976), where flight tracks be-
low and through cumulus fields near Puerto Rico were used
to derive wind and flux profiles. This work highlighted that
the momentum flux profile can take a very different shape de-
pending on clouds overhead. In particular, the authors found
that in fields of cumulus clouds organized in rolls, the rolls
were responsible for a significant amount of the momentum
transport even though the clouds were extremely shallow. In
fields of more significant and randomly distributed clouds,
the linear flux dependence disappeared, becoming counter-
gradient at various altitudes. However, some doubt remained
as to whether the wind profile could have evolved during the
flight, because the profile itself was only sampled by the tur-
bulence measurements at selected legs.

Large-eddy simulations (LES) have revealed the very dif-
ferent nature that momentum flux profiles can take depending
on the scales and domains considered (Zhu, 2015; Schlem-
mer et al., 2017; Saggiorato et al., 2020). LES output sug-
gests that turbulent fluctuations on scales larger than 400 m
explain a considerable part of the momentum flux, in par-
ticular above the surface layer towards the mixed-layer top
and within the cloud layer. Recently, Dixit et al. (2021) sug-
gested that the absence of mesoscale circulations in idealized
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periodic-boundary LESs leads to an underestimation of mo-
mentum flux that tends to be counter-gradient in the cumulus
layer. So far, we lack understanding about the contribution of
mesoscale horizontal flows to the momentum flux and its net
effect on the wind. However, observations and simulations
both clearly show the spatial variability in wind that is large
in areas of convection, especially in the presence of precipita-
tion whose evaporation can lead to cold pools and associated
gust fronts (Zuidema et al., 2012; Li et al., 2014; Helfer and
Nuijens, 2021).

Three prototype flights were carried out focusing on mea-
suring the wind environment in convective situations to eval-
uate turbulent-to-mesoscale (up to 7km) wind fluctuations
and implications for the momentum flux profile. The cam-
paign involved dual-aeroplane flights over Germany using
the Falcon and Cessna research aircrafts from the German
Aerospace Center (Deutsches Zentrum fiir Luft- und Raum-
fahrt e.V., DLR) in Oberpfaffenhofen. The Falcon flew at
high altitudes deploying a downward-looking 2 um DWL,
used here, as well as the sideward-looking ADM Aeolus
demonstrator (A2D) lidar — the airborne prototype for the
space-borne Aeolus measurements. A comparison of the
A2D, DWL, and Aeolus measurements can be found in
Witschas et al. (2020) and Lux et al. (2020). The smaller
Cessna aeroplane flew below the Falcon at lower altitudes
in the boundary layer collecting in situ wind and turbulence
measurements. The three collocated flights captured condi-
tions ranging from fair-weather shallow cumulus developing
over hilly terrains to pre- and post-frontal convection with
popcorn convection over flat terrains. Land use below the
flight track was often agricultural with grass or low crops and
very few bare lands. Few patches of trees were encountered,
especially during the flight on 24 May 2019, as well as few
villages.

The number of statistical data collected with just three
flights is limited, but demonstrate the value of wind profiling
by the DWL by showing, on the one hand, how robust the
wind profile is as derived by the in situ measurements and,
on the other hand, by revealing variability in winds carried at
different scales. The questions we address in this paper are
as follows:

— How do the DWL wind profiles match with in situ wind
measurements?

— Are the measured momentum flux profiles in the sub-
cloud layer and in the cloud layer in line with our ex-
pectations and can they be explained by convective up-
drafts?

— Which scales contribute significantly to wind variance
and momentum flux?

This paper includes a description of the flight strategy and
measurement techniques in Sect. 2, which also includes a
short explanation of eddy covariance flux estimation and the
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updraft detection method. Section 3 describes the meteoro-
logical conditions during the three flights. Section 4 explores
the different momentum fluxes in relation to the wind profiles
and convection, including an analysis of the contributions of
updrafts and scales that carry most of the momentum. Our
findings are summarized in Sect. 5.

2 Flight measurements and data processing

2.1 Flight strategy and measurements

The CloudBrake measurement campaign took place in Ger-
many at the end of May and beginning of June 2019, a pe-
riod that is known to often display (shallow) cumulus clouds.
Starting from around noon until 13:30 or 14:30 local time
(CEST), the flights targeted a time of the day during which
cumulus clouds are typically well developed. An impres-
sion of the cumulus and weather conditions during each
flights is given in Fig. 1. The first flight on 24 May (2019)
was a typical shallow cumulus day: Starting out with clear
skies and weak winds, local shallow cumulus began form-
ing over the hilly parts of the Swabian Jura. Clouds remained
shallow, reaching a thickness of approximately 500 m. The
second flight, on 27 May 2019, was under the influence
of an approaching cold front, providing an interesting and
dynamic mixture of shallow cumulus- and stratocumulus-
topped boundary layers. Above the shallow cumulus that
were around 1km thick, mid-level alto-cumulus and stratus
layers were present. The third flight, on 4 June 2019, experi-
enced post-cold-front conditions. There was a large cumulus
field with very diverse cloud tops. Clouds were at most 800 m
thick and were typically thicker at the northern part of the leg.

During the 2-2.5h flights, the two aeroplanes flew back
and forth across the same pre-defined tracks. Because the
two planes have different cruising speed (the Cessna about
70ms~!, the Falcon about 200 m s_l), the pre-defined tracks
ensure overlap in space and time to the degree possible.
Flight legs were mostly flown cross wind and ranged from 50
to 100km in length to ensure sufficient low-frequency wind
variability. During some of the flights the tracks were moved
or shortened with respect to the original plan to ensure cu-
mulus clouds were captured. All flown tracks are shown in
Fig. 1. The terrain below was mostly used for agriculture
with low crops, occasionally encountering patches of trees
or villages. On the first two flights a hilly topography was
present, whereas the last flight was above flat land.

Turbulence measurements using an in situ (3D) turbulence
probe aboard the DLR Cessna Grand Caravan were taken
at 100 Hz along the track at four different altitudes: within
the mixed-layer, near cloud base, within the cloud layer, and
through the tops of only the thickest clouds. Employing the
downward staring DWLs at a measurement rate of 40 s, the
DLR Falcon remained at around 11 km altitude throughout
the flight. The instruments are described next.

https://doi.org/10.5194/acp-22-7373-2022
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2.1.1 In situ turbulence probe

The DLR Cessna Grand Caravan was equipped with (i) a
meteorological sensor package (METPOD) that measures
temperature, humidity, pressure, and wind, and (ii) the IGI
systems’ AEROcontrol system, which combines measure-
ments of a Differential Global Positioning System (DGPS)
with a high-accuracy inertial reference system. Calibration of
the devices before the flight and applying corrections after-
wards results in a horizontal wind measurement uncertainty
of 0.3 and 0.2ms~! for the vertical wind component. Fur-
ther details on the instrument specifics, calibration, correc-
tion procedure, and uncertainties can be found in Mallaun
et al. (2015).

The high-frequency 100Hz wind measurements, taken
with a boom-mounted Rosemount model 858 AJ air veloc-
ity probe, are used for flux calculations. The aircraft move-
ments are corrected using IGI. A linear fit is subtracted from
the data before flux calculations. All scales from 10~ Hz are
included in this calculation, unless stated otherwise.

2.1.2 Energy spectra

To check the quality of the measurements, we calculated the
power spectral density (based on the fast Fourier transform),
after subtracting a linear trend from the data. The Welch
method was used with a Hann window with 1000 samples
and 50 % overlap to reduce noise in the spectrum. The spec-
tra of the streamwise, cross, and vertical wind components
at four heights are displayed in Fig. 2 for the western track
on 4 June. Note that the streamwise and cross wind do not
change much from zonal and meridional winds. The legs
flown in the sub-cloud layer and in the cloud layer contain
more energy than the legs flown near the cloud base and
cloud top. Comparing the three wind components, turbulence
appears to have anisotropic behaviour: from 0.01 to 1Hz,
w contains similar (or in the sub-cloud layer more) energy
than u and v. Between 1 and 10 Hz, the streamwise compo-
nent has the most energy, and w the least. The characteris-
tic 5/3 slope of the inertial sub-range (dashed line) is seen
from ~0.2 to 15Hz (equivalent to a spatial resolution of
350 m down to 5 m, assuming a typical cruising speed of 65—
75ms~!). From 15 Hz onward, the dampening of the fluctua-
tions in the tube becomes visible and the signal falls of faster,
except for one peak at 30 Hz, which is attributed to propeller
effects (Mallaun et al., 2015). For calculations of the (eddy-
covariance) fluxes and variances, we apply a high-pass filter-
ing after linear detrending, removing the contributions by ed-
dies with a horizontal length scale larger than 7 km (having a
frequency lower than 0.01 Hz), a method that is also followed
by Brilouet et al. (2021). Filtering out these frequencies will
lead to an error because we lose information; however, the
random error that is generated by the finite sample size will
be reduced (Lenschow et al., 1994).

Atmos. Chem. Phys., 22, 7373-7388, 2022
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Figure 1. Photographs (upper row) and Modis satellite images from NASA Worldview Snapshots (lower row) of the cumulus fields during
the flights on 24 May 2019 (left), where white is the cloud-free area and black the cloudy area, 27 May 2019 (middle), where the west track
is indicated in black, the east track in red, and the southern track in yellow, and 4 June 2019 (right), where the west track is indicated in
black and east track in red. In each satellite picture, the horizontal black and white bar indicates a total distance of 20 km and the mean wind

direction during the flight is drawn in the windrose.

2.1.3 Eddy-covariance fluxes

The time series are partitioned in leg-averaged values ¢ and
fluctuating parts ¢’ by subtracting a linear trend from the
time series and applying a high-pass filter, a method that
has also been applied by Brilouet et al. (2021). Doing so re-
moves the influence of larger scales having frequencies lower
than the cut-off frequency and will lead to a loss of informa-
tion (Lenschow et al., 1994). Fluxes and variances are then
calculated by multiplying and averaging the fluctuations of
w and ¢ over a specific time window, known as the “eddy-
covariance method”. For instance, the leg average flux of ¢
is given by

N
W' =1/NY wg). (D

i=1

The smallest resolved frequency depends on the length of the
leg, i.e. on the number of samples N: fmin = fs/N, in which
fs is the sampling rate in Hz. Flying at a cruising speed of
~65-75ms~ ! at a constant hei ght, and with constant ground
speed, it is reasonable to assume that a static turbulent field
is sampled. However, the statistical representation of the low
frequencies is poor and therefore needs cautious interpreta-
tion.

Atmos. Chem. Phys., 22, 7373-7388, 2022

2.1.4 Airborne Doppler wind lidar

DWLs are the international standard for wind measurements
and have been used for, among other things, (1) data as-
similation experiments (e.g. Hordnyi et al., 2015; Pu et al.,
2017; George et al., 2021), (2) to study for instance turbu-
lence, gravity waves, orographic effects (e.g. Yuan et al.,
2020; Gisinger et al., 2020; Baidar et al., 2020), and (3) to
monitor the flow in wind farms (e.g. Kisler et al., 2010;
Wagner et al., 2017; Zhan et al., 2020; Schneemann et al.,
2021). The coherent detection DWL employed in this study
has a wavelength of 2022.54 nm (approximately 2 um), be-
ing eye-safe and operating in the Rayleigh scattering regime.
The (vertical) resolution of the wind measurements depends
on both the duration of the pulse, also called “pulse width”,
and the distance that the signal can travel during the sam-
pling time. The shorter the pulse, the better the spatial res-
olution, although a reasonable sampling duration is needed
to ensure sufficient accuracy of the velocity estimation (Liu
et al., 2019). With a pulse width of ~400ns and an averag-
ing time of 1s, we have a vertical resolution of 100 m (i.e.
along-beam resolution approx. 94 m) (Witschas et al., 2017).
Furthermore, the aircraft speed influences the horizontal res-
olution. Flying with approximately 200ms~! and having a
sampling frequency of ~ 40, the horizontal resolution (dis-

https://doi.org/10.5194/acp-22-7373-2022
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Figure 2. Power spectrum of the streamwise, orthogonal, and vertical wind components for the western legs flown on 4 June 2019. Each
altitude is shown in an individual panel. The dashed line represents the —5/3 slope corresponding to the inertial sub-range. The Welch
method with a Hann window of 1000 samples and 50 % overlap has been applied to reduce noise.

tance travelled between two measurements) is about 8 km.
Pulsed lidars have a blind spot of tens to hundreds of me-
tres near the beam source, depending on the pulse duration
and range gate width (Liu et al., 2019). Therefore, although
flying at 11km, the first wind velocities are obtained from
approximately 7 km altitude down to about 500 m. The DWL
employed in this study has previously been compared with
dropsonde measurements, in which the systematic error has
been found to remain below 0.1 ms~! and the random error
to vary between 0.92 and 1.5m g1 (Weissmann et al., 2005;
Chouza et al., 2016; Schaefler et al., 2018; Witschas et al.,
2020).

The velocity—azimuth display technique (Browning and
Wexler, 1968) with an off-nadir angle of 20° is used to re-
trieve all three wind components. The processing algorithm
that is applied to retrieve the wind vectors from one revolu-
tion of line-of-sight measurements is described in Witschas
etal. (2017).

Figure 3 shows an example of the wind anomalies (i.e.
the wind measurements of which the average wind during
the measurement flight is subtracted) on 4 June 2019. The

https://doi.org/10.5194/acp-22-7373-2022

turning points indicating reverse heading on the same leg
are indicated with white vertical lines, revealing similar but
mirrored wind structures on subsequent legs. On this partic-
ular flight, the track was moved further to the east around
11:40 UTC, where different structures are visible. Data gaps,
which can be associated with clouds, are indicated in black.

The top of the boundary layer that is at around 2 km alti-
tude is clearly visible in the w fluctuations, with larger fluc-
tuations below, and smaller above. The top of the boundary
layer is marked by predominantly blue colours, indicating
negative velocities produced by overshooting thermals that
become negatively buoyant. Within the boundary layer, up-
drafts generate the largest fluctuations, while a few down-
drafts extending to the surface are also evident. It appears
that the DWL can at least to some extent observe the coher-
ent convective features that are responsible for mass transport
of scalars and momentum.

For one of the legs on 4 June, the histograms of the sub-
cloud layer u, v, and w wind are compared in Fig. 4. Mean
horizontal wind measurements over this leg are comparable
for the DWL and in situ measurements. Despite its much

Atmos. Chem. Phys., 22, 7373—-7388, 2022
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Figure 4. Distribution of u, v, and w wind in the sub-cloud layer of the western track at 617 m altitude on 4 June 2019, as measured by the
Doppler wind lidar (DWL; a—c, blue) and the in situ turbulence probe (d—f, black). The DWL range bin closest to the in situ flight height was

used.

coarser resolution and its missing v winds < 2.5 ms~!, the
wind variance observed by the DWL is only slightly smaller
(0.1 ms~! less than in the in situ measurements). This gives
us confidence that the DWL can provide complementary in-
formation of the (horizontal) wind profile at heights where in
situ measurements are absent. It also tells us that horizontal
wind fluctuations are largely set by scales of 8 km or larger
and that cloud convection scales of 1-2km are less impor-
tant. On the other hand, the vertical wind shows much less
variation than the in situ measurements. This is explained by

Atmos. Chem. Phys., 22, 7373-7388, 2022

the much larger area that is measured by the DWL: it can
only see the average vertical velocity in this area, which on
average is much lower than the vertical velocity of vertical
transient small eddies than can be better captured by the in
situ measurements.

2.2 Updraft detection algorithm

Using conditional sampling we identify updrafts, following
the method described and tested by Lenschow and Stephens
(1980). We conditionally sample on updrafts (w’ > 0 & w >

https://doi.org/10.5194/acp-22-7373-2022
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Table 1. Number of updrafts, relative updraft area, average updraft size, and average updraft speed for the legs flown on 4 June 2019.

Updraft statistics Number of  Updraft area  Chord length ~ Updraft velocity
updrafts (% of leg) (m) (ms™ l)
West (thicker clouds)
Cloud top 8 2.3 264 1.6
Cloud layer 12 5.4 412 2.2
Cloud base 20 8.1 328 1.4
Mixed layer 16 8.2 333 1.7
East (thinner clouds)
Cloud top 1 0.6 372 2.1
Cloud base 3 1.8 412 1.5
Mixed layer 10 4.7 289 1.4

0) that are wider than 100 m, and that have an excess in abso-
lute humidity p, > 0.50,; . This method is more robust than
using virtual temperature or buoyancy, and can be applied
both in the sub-cloud and cloud layer.

Table 1 shows the updraft statistics of the legs flown on
4 June 2019. It lists the number of updrafts, the relative
length of the leg that they occupy, the average horizontal size,
and the average updraft velocity. We find that the fraction of
the leg that is covered by updrafts (updraft area) decreases
with height, although the average updraft chord length (the
length of the updraft slice that we passed through) peaks
at cloud base for the thinner clouds on the eastern track on
4 June as well for the clouds on 24 May 2019 (not shown).
On 24 May, we find more and stronger updrafts in the cloud-
topped mixed layer than under clear skies, whereas the up-
draft chord length is comparable. This is in agreement with
the findings of, e.g. Nicholls and LeMone (1980), who found
stronger sub-cloud and lower cloud-layer vertical velocity
standard deviation in more cloudy conditions. The largest av-
erage updraft velocity is found at the cloud base, suggesting
that the stronger mixed layer updrafts reach the lifted con-
densation level and benefit from the energy released at con-
densation. On 4 June, the fastest average updraft speeds are
found in the cloud layer in the case of thicker clouds. With
the thinner clouds the fastest updraft speed is found at the
cloud top, although we must be careful as this includes only
one sample.

3 Flight conditions: wind and thermodynamic
profiles

Although the 3 flight days all captured a shallow cloud
regime, they differed substantially in their wind character-
istics (wind speed, wind shear, and directional shear), pro-
viding a set of diverse case studies, whose wind and thermo-
dynamic profiles are described next. For the wind, an entire
profile of the mean and variance is shown from the DWL,
with the in situ measurements denoted on top (Fig. 5). Ex-

https://doi.org/10.5194/acp-22-7373-2022

cept for the wind direction on 24 May, which varied greatly
in the sub-cloud layer, the mean DWL and in situ winds com-
pare very well.

The first flight (24 May) took place after a number of
overcast days and heavy rain. Southern Germany was under
the influence of a broad area of high pressure west of Eu-
rope and over the North Atlantic, and the conditions were
very stable with hardly any clouds in southern Germany.
The northern part of the leg was flown over the Swabian
Alps, where numerous gliders were making use of the ther-
mal structures that typically develop here, and shallow cu-
mulus with cloud bases near 2 km (horizontal dashed lines)
and tops near 2.5 km developed. These were the focus of our
measurements. Winds were weak and reasonably well mixed
up to 1400 m, topped by a layer with strong wind turning
near 1.5 km (some 500 m below cloud base), and wind speed
increased up to 2500 m in a layer extending through cloud
base (Fig. 5). By contrast, temperature and humidity were
very well mixed vertically. The atmosphere was relatively
dry, with a pronounced inversion in temperature and mois-
ture starting near 2.2km (Fig. 6), as well as a typical region
of negative buoyancy below cloud base (Fig. 6) that was not
captured in the other two flights.

Considerably stronger wind speeds, but far less wind
shear, were present during the second flight (27 May) when
we sampled air masses ahead of a cold front located SW-
NE across eastern Germany (Figs. 1b, 5b, e). The air masses
were somewhat warmer and moister, but with a thermody-
namic structure and a cloud base similar to that of the first
flight (Fig. 6). Besides shallow convection, there was abun-
dant mid- and upper-level cloud, which we encountered at
the end of the first flight leg towards the north. Later, the
front seemed to break up and skies were clearer, especially
towards the southeast. Eventually, also in the southeastern
area of our operations, shallow cumulus made way for stra-
tocumulus layers, with only rare sights of clear sky and sun-
shine.

Atmos. Chem. Phys., 22, 7373-7388, 2022
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During the third flight (4 June), we measured an extended
field of shallow cumulus clouds that developed behind a cold
front over northwestern Germany in air masses that were
considerably colder and moister (Fig. 6¢c, f), with much lower
cloud bases near 1000 (western N-S leg) and 1200 m (east-
ern N-S leg) and very diverse cloud top heights (see Fig. 1c¢),
with maximum tops near 2 km. The cloud field was organized
in patches of alternating cloudy and cloud-free air masses.
As the clouds got deeper towards the northern parts of the
leg, the relative sizes of the patches increased. The difference
in the inversion strength of the temperature profile is clearly
visible between the western and eastern leg (Fig. 6¢), as well
as a large difference in moisture flux (Fig. 7). Near-surface
winds were weak and from the south, with strong shear and
a turning from southeasterly to southwesterly winds right
around cloud base (Fig. 5c, f).

Based on the wind profiles, the three flights could be clas-
sified as having weak wind and strong shear either in the
sub-cloud layer (Flight 1) or in the cloud layer (Flight 3),
and having strong wind but little shear (Flight 2). In the next
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section, we explore the associated turbulent statistics of these
flights and evaluate whether the derived momentum flux pro-
files are in line with our expectations, e.g. that momentum
fluxes throughout the mixed layer and cloud layer increase
with wind shear as predicted by K theory.

4 Momentum flux profiles

4.1 Sub-cloud and cloud layer profiles

In Figs. 8 and 9 we consider the profiles of wind and momen-
tum flux for the vector wind components u and v separately.
As in Fig. 5, the wind speed is shown for both the DWL (in
blue) and the in situ turbulence probe at the flight levels (cir-
cles, squares). A guideline for the flux profiles in cloudy con-
ditions is indicated in solid black lines, which are linearly in-
terpolated between leg-averaged values at the different flight
levels (and are sometimes averaged over multiple legs at the
same level).

https://doi.org/10.5194/acp-22-7373-2022
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When fluxes are dominated by small-scale turbulent diffu- wind gradient lead to a K value that is in line with down-
sion, it may be modelled (parameterized) by using so-called gradient diffusion, acting to reduce the wind gradient.
flux—gradient relationships, also known as “K diffusion”. We On 24 May, ignoring the strong gradients in u below

find that most of the fluxes and their relationship with the ~700m, d,u > 0. This implies that air parcels that are dis-
placed upward (w’ > 0) generally have a negative u pertur-
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Figure 10. Variance of u’, v’, w’ for each flight.

bation compared with their environment (4’ < 0), acting to
remove the wind gradient, in line with K theory. This holds
generally for all flight days. Negative u perturbations are in
particular evident from the actual wind in air masses sam-
pled within updrafts, which tend to be several ms~! slower
(pink triangles in Figs. 8 and 9). Similarly, the meridional
momentum fluxes are also down-gradient; for example, the
gradient d,v < 0 above 1 km on 24 May, corresponding to a
positive meridional momentum flux (v'w’ > 0), and d,v > 0
on 4 June, corresponding to v'w’ < 0.

The profiles of u’w’, v'w’ reveal that larger fluxes are mea-
sured on 24 May than on 27 May, in line with the stronger
shear present in u# and (to a lesser extent) in v. Fluxes typi-
cally decrease towards the boundary layer height (cloud top
or mixed-layer top in the case of clear sky) as the variance of
vertical velocity decreases towards the top of the boundary
layer (Fig. 10).

Evidently, on 24 May the momentum fluxes throughout
the mixed layer increased considerably from the first tran-
sect of the flight, which captured a dry convective boundary
layer (open circles), to the second transect, which is when
cumulus clouds developed on top of the mixed layer (filled
squares), although both transects have comparable u, v pro-
files (Figs. 8, 9). The larger fluxes reflect the presence of
stronger turbulent eddies. Especially just below and at cloud
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base, much larger variances are present in u# and v, and
throughout the mixed layer in w (Fig. 10).

While on 24 May, on 27 May, and the eastern leg on 4 June
the fluxes decreased towards cloud base, with little flux re-
maining in the cloud layer, the western leg on 4 June shows
an increase in momentum fluxes with height (in particular
w'w’ but also v/'w’). Whereas the flux in the mixed layer
below clouds is almost negligible, one of the largest fluxes
was measured in the cloud layer (u'w’ ~ 0.4 m? s~2). Clouds
on this western leg had a lower base (just above 1km) and
higher cloud tops (up to 2km) and thus were thicker than
the clouds that were encountered on the eastern track. The
thicker clouds have not only a larger momentum transport in
the cloud layer, but also a much larger (percentage) contri-
bution of the updraft to the total flux than any of the other
measurements (Fig. 6). The fraction of the leg that was oc-
cupied by updrafts was also significantly larger than in all
other cases. The deeper clouds may have been accompanied
by wider updrafts with better protected cores that may be re-
sponsible for carrying larger fluxes.

Figure 11 shows a time series of turbulence measured at
600m in the mixed layer on the western track on 4 June.
The unfiltered turbulence statistics are shown in grey, while
black shows the linearly detrended and high-pass filtered
(f > 0.01 Hz) statistics. Cloudy updrafts can have vertical
speeds up to Sms~!, in both altitudes. Evidently, large buoy-
ancy fluxes (w'6;, top row) are associated with large mo-
mentum fluxes (bottom row), which reveals the importance
of convection in generating a large momentum flux. Some-
times, for instance at 11:33 UTC, the convergence (Fig. 11e)
is closely tied to convection. Typically, updrafts carry wind
speeds that are much slower (up to Sms~! for cloudy up-
drafts) than the environment. Looking carefully, one can see
that u’ and w’ peak at different times and that u” has a differ-
ent sign in various updrafts. This could explain a much lower
momentum flux. We discuss this further in the next few sec-
tions, where we explore the fluxes sampled on (cloudy) up-
drafts, as well as how eddies of different scales contribute to
the fluxes.

4.2 Scale contributions to flux

Observations in the surface layer, for instance during the
Kansas experiment, show that the cospectra of the u’w’ flux
follow a fixed slope, with the large scales being more signif-
icant (Kaimal et al., 1972). However, throughout the bound-
ary layer, large-eddy simulations of various cases indicate
that the momentum flux carried by small-scale shear-driven
turbulent eddies (with a size smaller than ~ 200 m) can con-
tribute more than 50 % of momentum fluxes. Small-scale tur-
bulence may also transport momentum in an opposite direc-
tion than larger more coherent eddy structures (Zhu, 2015).
This is particularly true for the lower mixed layer and near
cloud tops. However, in shallow cumulus cases, especially
from the middle of the mixed layer (sub-cloud layer) to the

Atmos. Chem. Phys., 22, 7373—-7388, 2022
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middle of the cloud layer, the net momentum fluxes are al-
most entirely carried by eddies with scales greater than 400 m
(Zhu, 2015).

In Fig. 12, the total (net) momentum flux is shown for the
legs in the sub-cloud layer, near the cloud base, within the
cloud layer, and near the cloud top for 4 June. The momen-
tum flux at different scales is calculated using a high-pass
filter that removes larger scales with increasing cut-off fre-
quency. The flux all the way to the right is, for instance car-
ried by eddies up to a scale of ~ 7 km, corresponding to a cut-
off frequency of 0.01 Hz. When the flux magnitude increases
rapidly from left to right, it implies that larger-scale eddies
contribute more to the momentum flux than smaller scales. If
considerable flux is already at smaller scales (higher cut-off
frequencies), as is the case in the zonal flux at cloud top in
the eastern leg, the smaller eddies play a more important role.

The results suggest that momentum fluxes carried by ed-
dies of different scales can counteract to reduce the overall
flux. The relatively small flux (in the profiles, Figs. 8, 9),
for instance in u’w’ in the mixed layer on the western leg
with thicker clouds is produced by a positive #’w’ carried by
scales larger than 2.8 km up to maximally 7 km ( fo = 0.025—
0.01 Hz), which almost compensates for the negative u’w’

Atmos. Chem. Phys., 22, 7373-7388, 2022

flux carried by turbulence on scales less than 2.8km (f; =
0.025 Hz).

The same is true for u’w’ near cloud top in the eastern leg
with thinner clouds, and to a lesser extent in the flux of v/w’
in that leg within the mixed layer and near cloud tops. In the
leg with thick clouds, the change in sign of the v'w’ flux takes
place already between 0.7 and 2.8 km. In other words, the
profiles deviate from a profile where fluxes linearly decrease
with height when scales beyond 1-2 km (cloud scale) play an
important role.

Having less shear, for instance on 27 May, the fluxes are
much smaller in general (Figs. 8 and 9). There, smaller scales
do not matter much and the flux is solely generated by the
largest scales (not shown).

5 Conclusions

In this paper we aimed to investigate the variability in wind
profiles and momentum fluxes under convective conditions,
motivated by a lack of knowledge on the nature of the mo-
mentum flux profile in cloud-topped boundary layers. As in
seminal marine cumulus field studies, we used traditional in
situ turbulence measurements on board a Cessna aircraft that
flew 50-100km tracks at different legs below and within
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clouds, the red bars represent the eastern leg with thinner clouds.

the cloud layer. These measurements were complemented
with downward profiling Doppler wind lidar (DWL) mea-
surements onboard a Falcon aircraft that flew the same track
at higher altitudes. DWLs are not typically employed in field
studies of convection and clouds, but can help elucidate flows
on mesoscales that accompany (organized) convection.

We carried out a limited number of flights in different wind
and convective conditions. The first day had calm winds,
but strong directional shear with areas of clear sky as well
as areas with convective cumulus humilis of maximum 500
m extend. The two other days displayed pre-frontal convec-
tion with weak shear and post-frontal convection with strong
shear. On both days convection was deeper than in the first
case and was embedded in flows with strong winds.

First, we aimed to answer how the wind profiles and vari-
ance in the in situ and DWL measurements compare. Both
the mean horizontal wind and the variance of horizontal wind
at given heights compared well despite the much larger hor-
izontal sampling scale of the DWL (7km vs 70 m). Wind
fluctuations on scales larger than turbulence and (cloudy) up-
drafts (on meso-gamma scales from 2 to 20 km) were found
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to be up to £5ms~!. This emphasizes that flight legs need to
be sufficiently long to capture mesoscale fluctuations in the
mean wind (and its variance).

The profiles of wind derived from the few sampling legs
of the Cessna compared reasonably well with the DWL pro-
files, in other words, the wind profile did not evolve signif-
icantly during the course of the flight as the Cessna transi-
tioned from one leg altitude to another. The DWL also re-
vealed the location of up- and downdrafts, such as negative
vertical velocities at the top of the boundary layer where ther-
mal plumes encounter a warmer environment and become
negatively buoyant.

Second, we asked whether the measured momentum flux
profiles in the sub-cloud layer and in the cloud layer are in
line with our expectations, as well as to what extent we can
explain them from convective updrafts alone. On the same
flight day and even on the same track, substantial differ-
ences in the momentum flux could be seen associated with
regions of convection. Most of the momentum flux profiles
revealed down-gradient momentum transport that was gener-
ally strongest within the mixed layer and decreasing towards

Atmos. Chem. Phys., 22, 7373—-7388, 2022
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cloud tops, but counter-gradient transport was also observed
on the third flight day with post-frontal convection and strong
shear, on which distinct alternating patches of clear sky and
sheared clouds of about 1 km deep were seen. Different flight
segments, even on that same flight day, had a very different
momentum flux profile that was not explained by turbulent
transport across the local vertical gradient in the wind.

Although momentum fluxes generally increased in areas
with (cloudy) updrafts, the contribution of the updraft to the
total momentum flux was typically (only) one-third to two-
thirds, which is comparatively small considering the contri-
bution of the updraft to the buoyancy flux (pending). Hor-
izontal momentum perturbations carried by updrafts below
and within clouds were clearly distinguishable on all flights,
but especially large on the third flight (up to almost Sms™!
in the cloud layer).

Finally, we asked which scales contribute significantly to
wind variance and the momentum flux. We found that scales
beyond 1km contribute significantly to the momentum flux
and there is clear evidence for compensating flux contribu-
tions from different scales. In the post-frontal convection day,
cancellation of fluxes of different signs may have explained a
differing momentum flux profile with relatively small fluxes
in the well-mixed sub-cloud layer (compared with the fluxes
in the cloud layer).

The limited number of flights do not allow us to draw a
general conclusion across a wide range of convective states.
Nevertheless, they highlight that momentum flux profiles
and their variability require understanding of motions across
a range of scales, with non-negligible contributions of the
clear-sky fluxes and of mesoscales that may be coupled with
the convection. Wind lidars can help elucidate the flows on
larger than cloud scales and should be used more deliberately
in studies of clouds and their spatial organization.
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