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Abstract. During the EUREC4A field experiment that took place over the tropical Atlantic Ocean east of Bar-
bados, the French ATR 42 environment research aircraft of SAFIRE aimed to characterize the shallow cloud
properties near cloud base and the turbulent structure of the subcloud layer. For this purpose, the aircraft payload
included radar and lidar remote sensing, microphysical probes, a laser spectrometer, and meteorological sensors.
In particular, the aircraft was equipped with a five-hole radome nose as well as several temperature and moisture
sensors allowing for measurements of wind, temperature and humidity at 25 Hz. This paper presents the high-
frequency measurements made with these sensors and their translation in terms of turbulent fluctuations, turbu-
lent moments and characteristic length scales of turbulence. A particular focus is on the calibration and the qual-
ity control of the air moisture measurements, which remain a challenge at fine scales. Level-2 and Level-3 data
are distributed as an ensemble of NetCDF files available to the public at AERIS (https://doi.org/10.25326/128,
Lothon and Brilouet, 2020).

1 Introduction

For many decades, difficulties in quantifying the strength of
the low-level cloud feedback, especially in the trade-wind
regions, have hindered precise estimates of the climate sen-
sitivity. Improving our estimate of the feedback requires a
better understanding of the physical processes that control
cloudiness in the trades and their dependence on environ-
mental conditions. The low-level clouds that form in the
trade-wind regimes are closely associated with shallow cu-
mulus convection, and early studies by Malkus (1958) and
LeMone and Pennell (1976) showed that the properties of
trade cumuli could be understood to a large extent by exam-
ining the properties of the subcloud layer. Moreover, trade-

wind clouds are known to organize in various mesoscale pat-
terns (referred to as “Sugar”, “Gravel”, “Fish” or “Flow-
ers”) that embed different cloud types and depend on en-
vironmental conditions (Stevens et al., 2020; Bony et al.,
2020). LeMone and Pennell (1976) and LeMone and Meitin
(1984) suggested that shallow cloud organization could also
be rooted in the structure of the subcloud layer. For in-
stance, LeMone and Pennell (1976) showed that in highly
suppressed conditions, the cloud distribution was related to
the organization of the subcloud layer in structures such as
roll vortices. In contrast, in situations of enhanced convection
the turbulence seemed to be more directly and locally linked
to individual clouds. The state of the subcloud layer thus
seems to influence the degree of coupling (or decoupling) be-
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tween the surface and clouds and thus the cloud distribution.
However, accurate and intensive observations are needed to
further elucidate the connection between the mesoscale cloud
patterns, the subcloud layer and the surface.

The EUREC4A field campaign was designed to bet-
ter understand what controls the trade-wind cloudiness, its
mesoscale organization, and its interplay with convection
and circulations over a wide range of scales (Bony et al.,
2017). The experiment took place in January–February 2020
over the tropical western Atlantic east of Barbados. Many
observing systems were deployed during the campaign, in-
cluding four research aircraft, four research vessels, and a
large number of autonomous observing systems in the ocean
and in the atmosphere (Stevens et al., 2021). One of the
aircraft was the ATR 42 operated by the French Research
Aircraft Infrastructure for Environmental Studies (SAFIRE).
During the campaign, its mission was primarily devoted to
the characterization of the shallow cloudiness near cloud
base (Chazette et al., 2020; Bony et al., 2017; Stevens et
al., 2021) and the turbulent properties of the subcloud layer.
Its flights were closely coordinated with those from HALO,
the German research aircraft, which was flying large cir-
cles at a higher altitude to observe clouds from above and
to characterize the dynamical and thermodynamical environ-
ment through intensive dropsonde measurements (Konow et
al., 2021). The characterization of the turbulence within the
marine atmospheric boundary layer (MABL) plays a major
role in EUREC4A, as it will help decipher the interactions
between turbulence, convection and clouds, as well as the
dependence of clouds on surface and large-scale conditions.
Moreover, the MABL being the interface between the ocean
surface and the cloud layer, the characterization of its turbu-
lent structures should also help understand how mesoscale
and sub-mesoscale heterogeneities at the ocean surface, as-
sociated with the presence of ocean eddies or sea surface
temperature fronts, could imprint themselves in the cloud or-
ganization aloft.

This paper describes the EUREC4A dataset containing the
turbulent fluctuations and turbulent moments associated with
the high-frequency measurements of temperature, moisture
and wind from the SAFIRE ATR 42 aircraft computed over
horizontal stabilized legs. Section 2 describes the flight strat-
egy and the type of meteorological and cloud conditions
encountered during the flights. Section 3 presents the in situ
instrumentation. Sections 4 and 5 explain the quality control
procedure and the calibration methodology used to process
the moisture and temperature fluctuations. Section 6 explains
how the turbulent moments are computed and how their sys-
tematic and random errors are quantified. Length scales char-
acteristic of the turbulent field are also estimated. Section 7
describes the turbulence dataset in more detail and shows
a few illustrations of its content. A conclusion is given in
Sect. 8.

Figure 1. Schematic horizontal trajectory of the SAFIRE ATR 42
within the HALO circle (gray dashed lines) during EUREC4A. Ma-
neuvers for alignment, ferry legs and other parts of the trajectory
projection are not shown here. The R pattern is shown in red, and
the L pattern is shown in blue.

2 Flight strategy and conditions

The core experimental strategy of the EUREC4A field cam-
paign was based on the coordination of the SAFIRE ATR
42 and HALO aircraft: while HALO was flying large circles
(200 km diameter, referred to as EUREC4A circles) at an al-
titude of about 9 km (Konow et al., 2021), the SAFIRE ATR
42 was flying in the lower troposphere of the western half of
the circle, describing two types of pattern (Fig. 1):

– an “R pattern” composed of at least two rectangles (of
about 120 km by 15 km) flown at cloud base to char-
acterize the cloud-base cloud fraction through horizon-
tally staring lidar and radar measurements and

– an “L pattern” flown within the subcloud layer at two
different heights to characterize the turbulence and the
coherent structures of the boundary layer.

At the end of most flights, these two patterns were completed
by a short surface leg (“S leg”) flown at 60 m above sea level
before returning to the airport.

During each SAFIRE ATR 42 flight, two to four rectan-
gles were flown, generally around the cloud-base level, ex-
cept when stratiform clouds were occurring higher up and a
rectangle was also flown around the trade inversion level. In
addition, two to four L patterns were flown, each pattern be-
ing composed of two straight legs of about 60 km (one along-
wind and one across-wind) flown either near the top or the
middle of the subcloud layer. These patterns aimed to ex-
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plore the anisotropy of the turbulence and the organization,
as well as the vertical structure of the boundary layer.

During a single HALO flight of about 9 h, the ATR 42 flew
two flights (using a similar flight plan) with a short refueling
in between. The repetitiveness of the flight plans makes it
possible to consider all the flights to be members of the same
statistical ensemble.

Table 1 describes each flight plan, together with some in-
formation about the mean wind within the subcloud layer
and the types of clouds observed. It shows how, during the
campaign, the conditions evolved from suppressed condi-
tions, with only rare and thin cumulus clouds, toward more
cloudiness and more vertical development. This was associ-
ated with a gradual strengthening of the mean wind in the
subcloud layer. Note that flights RF01 and RF02 are not in-
cluded in the table because they were electromagnetic inter-
ference (EMI) and test flights, and RF20 had no rapid mea-
surements because of an inertial navigation system failure.

3 Aircraft in situ instrumentation for high-rate
thermodynamical measurements

The SAFIRE ATR 42 is a turboprop airplane initially used for
commercial aviation, which has been profoundly modified
for the purpose of atmospheric and environmental research.
It is permanently instrumented with in situ basic measure-
ments (thermodynamics, radiation, microphysics) and also
has a large flexible payload capacity, which enables the use
of a large number of in situ and remote sensing observations.

The core in situ instrumentation used during EUREC4A
and the low-rate measurements (1 Hz) associated with it are
described in Bony et al. (2017) and Stevens et al. (2021).
The higher-rate measurements (25 Hz) are, to a large extent,
based on the same instrumentation.

The SAFIRE ATR 42 is equipped for high-rate measure-
ments of the three wind components of air motion, air tem-
perature and air moisture. Initially acquired at various higher
sampling rates consistent with the time response of the sen-
sors, the final high-rate measurements of the meteorologi-
cal variables were sampled at a common frequency of 25 Hz.
For a true air speed of about 100 m s−1, this corresponds to a
sample spacing of approximately 4 m.

The three components of the wind are obtained by adding
the velocity vector of the aircraft with respect to the Earth
and the velocity vector of the air with respect to the aircraft.
The ground velocity is measured with an inertial navigation
unit (AIRINS, model 6005214 from iXblue company). The
velocity of the air relative to the aircraft is computed from
the measurement of the true air speed magnitude as well
as the attack and side-slip angles, according to Lenschow
(1986). The attack and side-slip angles are respectively de-
duced from the vertically aligned and horizontally aligned
differential pressure measured on the five-hole nose radome
with pressure transducers, according to the technique first de-

scribed by Brown et al. (1983). The true air speed (TAS)
is calculated from the measurement of the dynamical pres-
sure and the static pressure. The static pressure is measured
on the fuselage side with a Pitot tube and a pressure trans-
ducer. The dynamical pressure is obtained by subtracting the
static pressure from the total pressure measured at the cen-
tral radome hole. The velocity measurement and computa-
tion have proven to be reliable in numerous field campaigns
(Lambert and Durand, 1998; Saïd et al., 2005, 2010).

Air temperature is retrieved from a platinum wire ther-
mometer placed in a Rosemount housing (E102AL Rose-
mount), after correction for the adiabatic heating due to the
air speed of the plane. During EUREC4A, temperature was
also measured using two fine wires (Baehr et al., 2002) that
were housed in a tubular antenna. The two platinum fine
wires are housed in a tubular antenna from SFIM company
(model T4113). They are more directly exposed to the stream
but protected from radiation, which consequently should not
have a significant impact.

Moisture fluctuations were measured with a krypton hy-
grometer Campbell KH20, which has been adapted for air-
planes. Initially used for measurements on ground towers,
this sensor was profoundly modified to be inserted into the
housing of a former moisture sensor (Lyman-alpha hygrom-
eter). The signal is calibrated based on reference slow (1 Hz)
measurements of humidity. Here we use the Water Vapor
Sensing System (WVSS2) for reference instead of the typi-
cal chilled-mirror sensor reference (General Eastern 1011). A
Li7500 LI-COR sensor was used as a spare for fast humidity
measurements. It was also adapted for aircraft measurements
and previously used in the HyMeX (Estournel et al., 2016)
and DACCIWA (Knippertz et al., 2015) field campaigns.

Due to several circumstances, some technical difficulties
were encountered during the field campaign, especially dur-
ing its first phase. In particular, a major issue concerned one
of the radome pressure transducers, making it impossible to
calculate the attack angle with the usual methodology. This
strongly impacts the air vertical velocity estimates. As a con-
sequence and due to the sensitivity of air motion measure-
ments, the dataset discussed here does not include the vertical
velocity for flights RF02 to RF08, nor any estimate related to
it.

The KH20 also showed issues during this first phase,
partly due to the particular conditions of the marine en-
vironment encountered during EUREC4A, which make it
challenging to measure air moisture at fine scale. The dras-
tic change in water vapor content from above the inversion
(where relative humidity can be as dry as a few percent)
to below cloud base (where relative humidity is generally
higher than 80 %) was a challenge, and the spacing between
the emitter and the receiver of the KH20 sensor has been ad-
justed. In the subcloud layer patterns, the sea salt loading of
the KH20 sensor generated a significant loss of signal dy-
namics. An assiduous cleaning of the optics at the beginning
of each flight allowed us to limit this loss of signal. Regard-
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Table 1. Flight plan and wind conditions associated with each flight during the EUREC4A field campaign. The flight altitude is indicated be-
tween brackets, and the notations “cb”, “strati” and “surf” refer to cloud base, stratiform layer and surface, respectively. The wind conditions
within the subcloud layer are inferred from the averaged airborne measurements over the L legs, including both the top and mid-subcloud
layer (except for RF16, during which there was no L pattern). ti and tf are UTC times for the start and end of the flights, respectively.

RF Date t i tf Flight strategy Wind conditions Cloud cover

03 26 January 11:59 16:04
2Rcb (800 m)

7.2± 0.8 m s−1 Small cloudiness
3L (580, 400, 60 m) Scarce and very thin Cu

04 26 January 16:57 21:26
3Rcb (800 m)

3.5± 0.7 m s−1 Small cloudiness
2L (600, 400 m) + Lsurf (60 m) Scarce and very thin Cu

05 28 January 20:36 24:50
2Rcb (670 m)

7.8± 0.6 m s−1 Small cloudiness
2L (450, 300 m) + Lstrati (1800 m) Getting smaller with time

06 30 January 11:11 15:31
3Rcb (650–750 m)

8.9± 0.5 m s−1 Scattered ShCu
2L (550, 300 m) + Lsurf (60 m) Less cloudy with time

07 31 January 14:59 18:48
2Rcb (600 m) + 1/2Rcb (700 m)

7.9± 0.7 m s−1 Sparse Cu at the
2L (400, 200 m) edge of cold pools

08 31 January 19:49 24:01
3Rcb (550–610 m)

6.6± 0.6 m s−1 Mostly ShCu
2L (450, 300 m) Few towering clouds

09 2 February 11:34 15:37
2Rcb (600 m)

7.4± 1.4 m s−1 Heterogeneous
2L (300, 600 m) + 1/2L (600 m) + Lstrati (1100 m)

10 2 February 16:44 21:03
3Rcb (710–770 m)

5.4± 0.8 m s−1 Heterogeneous
2L (580, 300 m) + Lsurf (60 m)

11 5 February 08:45 12:59
Rstrati (1830 m) + 2Rcb (680–740 m)

10.8± 1.0 m s−1 Succession of
2L (530, 250 m) + Lsurf (60 m) Flower clouds

12 5 February 13:48 18:04
3Rcb (790 m)

9.4± 0.4 m s−1 Increase in the
2L (550, 250 m) + Lsurf (60 m) cloud fraction

13 7 February 11:30 15:51
Rstrati (2100 m) + 2Rcb (750 m)

12.3± 1.0 m s−1 Heterogeneous
2L (540, 60 m) + 2L1/2 (280 m, 575 m)

14 7 February 17:20 21:42
3Rcb (980–775 m)

11.0± 0.4 m s−1 Heterogeneous
2L (640, 330 m) + Lsurf (60 m)

15 9 February 08:37 13:08
3Rcb (820 m)

10.9± 0.4 m s−1 Patchy clouds
2L (620, 300 m) + Lsurf (60 m) Few cold pools and strati layers

16 9 February 14:03 18:23
4Rcb (800 m)

11.8± 0.7 m s−1 Patchy clouds
Lsurf (60 m) Few cold pools and strati layers

17 11 February 05:55 10:21
Rstrati (1800 m) + 2Rcb (700 m)

12.5± 0.7 m s−1 Active convective cells
2L (570, 285 m)

18 11 February 11:30 15:50
3Rcb (775 m)

10.9± 0.4 m s−1 Multi-layer ShCu,
2L (560, 265 m) + Lsurf (60 m) tower Cu and strati layers

19 13 February 07:35 11:51
Rstrati (1850 m) + 2Rcb (790–855 m)

12.8± 0.7 m s−1 Cloud conditions with
2L (600, 300 m) StCu and towering Cu

For the description of the cloud cover, the abbreviations are defined as follows. Cu: cumulus, ShCu: shallow cumulus, StCu: stratocumulus, Flower clouds: circular clumped patterns as
introduced by Stevens et al. (2020).

ing the KH20 behavior, many technical issues were gradu-
ally solved and several improvements were made following
the feedbacks at the end of each flight. Thus, the KH20 per-
formances were significantly improved by the second phase
of the campaign (flights RF09 to RF19). The calibration of
moisture fluctuations, choice of reference slow measurement,
and the relative performances of the KH20 and LI-COR are
discussed further in Sect. 4.

As a consequence of those difficulties and after quality
control, there are flagged or rejected data within the dataset.
The second phase of the field, corresponding to flights RF09
to RF19, had much better-quality data.
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4 Calibration and qualification of the fast humidity
sensors

One of the current challenges of atmospheric turbulence
measurements is the fast measurement of humidity, which
remains difficult at frequencies higher than 1 Hz. For many
years in the past, a robust and high-performance krypton
hygrometer called Lyman-alpha was commonly used for
the measurement of (uncalibrated) air moisture fluctuations
(Buck, 1976; Saïd et al., 2010; Canut et al., 2010). Since the
UV source of this sensor is not available anymore, one had
to use another sensor. However, achieving a similar perfor-
mance remains a challenge. Here, we use a KH20 krypton
hygrometer, which has been recently adapted and installed
on board the SAFIRE ATR 42.

In this section, we discuss the data calibration and control
over stabilized legs of 5 min. This segmentation is a compro-
mise to ensure the best sampling representativity and homo-
geneity (see Sect. 6 for more details).

The time series shown in Fig. 2a illustrates a compari-
son of uncalibrated fast measurements from the KH20 sen-
sor with two slow sensors: the WVSS2 sensor and the 1011C
mirror hygrometer. The WVSS2 measures the relative hu-
midity in percent by absorption spectroscopy with a tunable
diode. The 1011C hygrometer is a condensation hygrome-
ter, which measures the dew point temperature. Absolute,
relative and specific humidity are then inferred from dew
point, temperature and pressure. To calibrate the fast sensor
with the reference slow measurement of absolute humidity,
both the slow and fast signals are initially low-pass-filtered
at 1/6 Hz, and then a linear regression is computed to ob-
tain the calibration slope and the intercept to be applied to
the fast signal. The quality of the calibration is assessed by
the R-squared value (R2) of the linear regression between the
low-pass signals of the reference sensor and of the fast sen-
sor. One expects R2 larger than 0.98 for high-quality signals
of slow and fast measurements. Figure 2b shows the result-
ing calibrated signal converted to a water vapor mixing ratio
and compared to the slow series of the same variable.

4.1 Choice of slow sensor

The measurements of the two slow sensors exhibit differ-
ences which can impact the calibration. To optimize the
choice of the slow reference and the calibration process, we
considered the second phase of the campaign (flights RF09
to RF19), which had fewer technical issues and during which
the KH20 showed a very good behavior in terms of time
response and consistency with other moisture sensors. Fig-
ure 4a and b show the distributions of R2 on all segments of
flights RF09 to RF19 when using either the 1011C mirror hy-
grometer or the WVSS2 sensor as a reference, respectively.
The R2 values are significantly higher when the WVSS2
sensor is used as a reference. This reveals a better behav-
ior of the WVSS2 sensor relative to the 1011C hygrometer.

The latter, despite its shorter response time, showed more
difficulties in following the large variability of air moisture
encountered during EUREC4A, which added to the chal-
lenges of measuring air moisture in an environment with sea
salt, clouds or even rain. This phenomenon can be noticed
around 10:29:20 UTC in Fig. 2b and more clearly in Fig. 3,
where the 1011C signal (dashed blue) shows several exagger-
ated peaks because it responded too slowly to the increasing
and following fast leveling of moisture. This behavior is ex-
plained by its measurement principle, with condensation at
the mirror surface, which requires time to recover by drying.
This issue resulted in a positive bias of about 27 % in the
estimated moisture variance when the KH20 was calibrated
with the 1011C hygrometer. This bias is visible in Fig. 2b
and even more clearly in Fig. 3b from the difference in fluc-
tuation energy between the two signals.

Figure 4 makes the distinction between legs flown within
the subcloud layer (or MABL legs, associated with more ho-
mogeneous turbulence) and the rest of the legs. At cloud
base, the turbulence is highly heterogeneous, with a mix of
cloudy air, subcloud layer air and free tropospheric air. On
the other hand, the legs flown higher up near the trade inver-
sion level exhibit a very weak turbulence or an intermittent
turbulence associated with individual clouds. The distribu-
tions do not show strong differences between one set and the
other. This indicates that the calibration against WVSS2 ac-
tually works both in the MABL and above the subcloud layer.

The WVSS2 is a slower sensor than the 1011C hygrom-
eter, with a time response of about 2.5 s against about 1 s.
Due to this significant delay (that can be seen in Fig. 2a), we
tested the impact of phasing the slow signal to the fast signal.
Figure 4c shows the significant improvement obtained with
this phasing: for most of the legs, R2 is now larger than 0.95.
Figure 2b shows the calibrated signal of the KH20 converted
to a water vapor mixing ratio, along with the phased slow
signal used for optimum calibration. Figure 5 shows that the
phasing has only a small impact on the variance of moisture:
it is only 1.7 % larger in the case of the phased slow signal,
which is much smaller than the random error.

For a thorough qualification of the fast moisture measure-
ments during EUREC4A, considering R-squared values is
not sufficient. Indeed, even if the correlation with the slow
signal is good, the sensor might not show the proper dynam-
ics of the amplitude of the fluctuations (e.g., due to sea salt
or to an inappropriate spacing between the emitter and the
receiver). For this reason, we used as an additional index,
the root mean squared error (RMSE), calculated between the
low-pass-filtered calibrated signal (1/6 Hz) and the slow ref-
erence signal (also low-passed). The smaller this index, the
better the agreement between the fast and slow sensors at
large scales.

The quality of the fast humidity measurements is thus as-
sessed with respect to two metrics: R2 and RMSE. For each
sensor (KH20 or LI-COR), we define a green, yellow or red
flag with respect to the combination of criteria for those two

https://doi.org/10.5194/essd-13-3379-2021 Earth Syst. Sci. Data, 13, 3379–3398, 2021



3384 P.-E. Brilouet et al.: The EUREC4A ATR 42 turbulence dataset

Figure 2. Example of humidity measurements and calibration during a leg (l1a) flown at z∼ 600 m on 13 February 2020 (RF19): (a) time
series of (gray line) the raw uncalibrated signal of the fast KH20 sensor and the water vapor mixing ratio inferred from (blue line) the 1011C
mirror hygrometer or (red line) the WVSS2 sensor. (b) Corresponding time series of the water vapor mixing ratio fast fluctuations derived
from the KH20 calibrated signal and the reference slow measurements phased in time with the fast sensor from (cyan line) the 1011C mirror
hygrometer and (pink line) the WVSS2 sensor.

Figure 3. Same as Fig. 2 for a leg (l1c) flown at z∼ 600 m on 13 February 2020 (RF19).

metrics (Fig. 6). The high-quality (green) flag is defined by
R2
≥ 0.9 and RMSE< 0.16. In contrast, the poor-quality

(red) flag is defined by R2 < 0.6 or RMSE> 0.6. All other
combinations of those two metrics correspond to an interme-
diate yellow flag. Note that the threshold values used to de-
fine these criteria result from a sensitivity analysis that com-
pares the moisture flux and the variance obtained with the
KH20 or LI-COR sensors.

4.2 Comparison of the KH20 and LI-COR sensors

During EUREC4A, two fast sensors were mounted on the
SAFIRE ATR 42: the LI-COR sensor, which had been pre-
viously adapted to the airplane, and the KH20 sensor, which
was adapted to the airplane more recently in the hope of im-
proving the performance of the high-rate humidity measure-
ments.

Figure 7a shows an example of time series from both sen-
sors during a subcloud layer segment of flight RF19 after
the calibration process discussed previously. First, it shows
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Figure 4. Histograms of the linear regression R-squared value (R2) associated with the calibration of the KH20 fast humidity measurement
with, as the reference slow measurement, (a) the 1011C mirror hygrometer, (b) the WVSS2 sensor and (c) the WVSS2 sensor phased in time
with the fast sensor. The comparison is done for all flights from RF11 to RF19, considering either the entire set of legs or just the legs flown
within the MABL. The vertical dashed line represents the R2

= 0.9 threshold.

Figure 5. Variance of the water vapor mixing ratio computed with
the KH20 sensor, after calibration with the WVSS2 sensor phased
in time, versus the variance obtained when the WVSS2 sensor is
not phased. The comparison is done for all flights from RF11 to
RF19, considering either the entire set of legs or just the legs flown
within the MABL. The markers refer to the different types of leg,
as sketched in Fig. 1.

that the signal from the LI-COR sensor was associated with
significant noise. This feature was present during the en-
tire field campaign. In addition to this noise issue, the LI-
COR showed appropriate moisture measurements at lower
frequencies, consistent with good R-squared coefficients of
the calibration (R2

= 0.99 for both KH20 and LI-COR in
Fig. 7). The corresponding spectra of those series shown in
Fig. 7b exhibit the noise issue of the LI-COR more clearly.
In contrast, the KH20 shows a nice behavior of the spectra
up to 6–8 Hz, notably showing the −2/3 slope in the inertial
subrange. This means that this sensor can be used to study
fine-scale processes.

Figure 6. For each sensor (KH20 or LI-COR), the quality of high-
rate humidity measurements is assessed against two metrics:R2 (on
the horizontal axis) and RMSE (on the vertical axis). The quality
decreases from green to red.

The determination of the thresholds of R2 and RMSE for
the green flag introduced above was made such that the se-
lected green-flagged legs showed good consistency between
the KH20 and the LI-COR for the estimates of moisture vari-
ance and covariance. This is illustrated with Fig. 8. Con-
sistently, when we consider only the legs with green flags
for both sensors, the agreement on variance (Fig. 8a) and
moisture flux (Fig. 8c) is very good, especially relative to
the small intensity of turbulence found in EUREC4A and the
large associated random errors.

The noise of the LI-COR signal naturally impacts the
variance estimates, leading to an overestimation of about
0.05 g2 kg−2 (Fig. 8a). However, the LI-COR noise does not
significantly impact the covariance estimates of vertical ve-
locity with moisture (w′r ′v), as shown in Fig. 8c, because the
noise signal is not correlated with the vertical velocity. More-
over, the energy of the correlation mainly ranges over scales
larger than those over which the noise predominates.
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Figure 7. Comparison of LI-COR and KH20 signals on a leg flown at z∼ 600 m on 13 February 2020 (RF19): (a) time series of water
vapor mixing ratio fluctuations from the LI-COR (in yellow) and from the KH20 (in blue). (b) Associated normalized energy density spectra.
Smoothed spectra are indicated by thick solid lines.

Figure 8. Humidity variances computed on 5 min segments for all the flights RF03 to RF19: (a) from the KH20 signals versus the LI-COR
signals and (b) from the KH20 signals versus the LI-COR signal corrected for noise. (c) Moisture flux from the KH20 signal versus from
the LI-COR signal for flights RF09 to RF19. The symbols correspond to the altitude of the leg. The dark green markers refer to legs with a
good-quality calibration of humidity for both sensors. Bright green markers refer to legs with a good-quality calibration of humidity for the
KH20 sensor only. The yellow–green markers refer to legs with a good-quality calibration of humidity for the LI-COR sensor only. Finally,
the bright pink markers correspond to the rest of the legs.

As a result of this analysis, the KH20 sensor is primar-
ily used for turbulence moment estimates and analysis of the
fine-scale processes. But in the case of strong failure of this
sensor, the LI-COR is used as an alternative for the covari-
ance estimates. The variances of the LI-COR were corrected
for noise (Fig. 8b) by using the value of the autocovariance
function of moisture fluctuations at the fifth lag as an esti-
mate of the variance. The use of the first lag is common and

adapted for taking account of uncorrelated noise (Lenschow
et al., 2000, 2012), since the autocovariance at zero lag is
equal to the variance of the signal plus the variance of the
white noise. Here, we found that using the fifth lag was more
appropriate due to slightly correlated noise and the need to
find a best compromise. This means that we lose the ampli-
tude of the fluctuations of scales smaller than 20 m.
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Figure 9. Definition of a combined flag for the humidity, depending
on the KH20 and the LI-COR sensor quality flags. The number of
segments and the associated percentage for each category of the
combined flag are indicated in the boxes on the right. It refers to
flights RF03 to RF19 for the short legs.

We found that, generally, the KH20 sensor encountered is-
sues in legs close to the surface due to sea salt. This is clearly
shown in Fig. 8c, where the legs with a green flag for LI-
COR only (yellow–green) all show larger covariances with
LI-COR. In contrast, the LI-COR had more difficulties when
the SAFIRE ATR 42 was crossing clouds or even rain dur-
ing the “R” legs, while the KH20 behaved much better in
those wet conditions. Indeed, in Fig. 8c, all the legs associ-
ated with a green flag for KH20 only show larger covariances
with KH20 than for LI-COR.

In order to obtain the best estimate of the turbulent mo-
ments and fluctuations for each leg, they have been calcu-
lated using either one sensor or the other depending on their
respective flags, with priority given to the KH20 sensor. This
results in the definition of a combined flag as illustrated in
Fig. 9. In total, over the 535 5 min segments, 241 segments
are based on the KH20 with a green flag (green combined
flag), 113 are based on the LI-COR with a green flag as an al-
ternate (yellow combined flag), 153 are based on the KH20 or
the LI-COR with a yellow flag (orange combined flag), and
28 are unusable (red combined flag). Therefore, the calcu-
lation of the turbulent moments associated with humidity is
trustworthy for the green and yellow combined flags. Orange
flags should preferably be avoided, and red flags are automat-
ically invalidated. Finally, although the confidence in the cal-
culation of turbulent moments for the yellow flag is good, the
use of LI-COR fluctuations for studying fine-scale processes
(e.g., with spectral analysis or probability density functions)
should be avoided, as shown in Sect. 4.2. The KH20 sensor
should be preferred because of its better description of the
expected spectrum in the inertial range and its better record-
ing of the amplitude and the distribution of the fluctuations.

5 Qualification of the fast temperature sensors

On board the SAFIRE ATR 42, the temperature was mea-
sured by two sensors: a Rosemount probe and a fine wire.
The typical and reference Rosemount temperature probe
showed some issues during the field campaign, including
spurious negative spikes that were not visible on the fine wire
sensor. Those were not easily explained but are supposed to
be inherent to the sensor itself. Rarely, large noise could also
appear locally in the presence of cloud droplets. The hous-
ing of the Rosemount probe makes it difficult for the cloud
droplets to penetrate the probe and to reach the sensor. How-
ever, should a droplet reach the sensor, it takes more time to
dry out. In contrast, the fine wire is more exposed, but it re-
covers quickly. A usual weakness of the fine wire is its ability
to break with shocks, in particular during takeoff or landing.
During EUREC4A, the fine wires did not break and turned
out to provide a better fine-scale signal than the Rosemount
probe.

The two fine wires were installed starting with flight RF09
and calibrated with the Rosemount probe at 1 Hz for each
flight. Both fine wires were consistent with the other, but one
showed some noise that the other did not show at all. We
consider only the latter here. We considered this measure-
ment non-absolute and used it only for the study of temper-
ature fluctuations. We calibrated the fine wire with the raw
impact temperature of the Rosemount probe temperature as
a reference, with one calibration per flight. The regression
slope was very close to 1 (1.07 on average, with a standard
deviation of 1.2 % over the 11 flights concerned). The most
significant variability was found in the offset (coordinate at
the origin of the regression line), which varied between−4.6
and −1.9 ◦C, with a standard deviation of 2.6 ◦C. This vari-
ation may be explained by the fine wire resistance varying
with time due to oxidation. From this calibration and due to
the incertitude of the housing features and recovery factor,
we applied the same recovery factor of the Rosemount (0.98)
to retrieve the static temperature from the impact tempera-
ture. Those results were similar to those found in the analysis
of Baehr et al. (2002) for the same type of fine wire and the
same antenna.

Figure 10a shows a time series of the temperature fluctu-
ations derived from each sensor during a subcloud layer leg
of RF19. The spikes of the Rosemount temperature probe
signal were particularly numerous in this example. The com-
parison also reveals the shorter time response of the fine wire
and its better ability to catch the small-scale variability. This
is confirmed by the comparison of the spectra (in Fig. 10b),
which shows how the fine wire temperature density energy
spectrum (multiplied by the frequency) better follows the ex-
pected −2/3 slope in the inertial subrange.

The covariance between temperature and moisture is fur-
ther evidence of the larger relevance of the fine wire signal
(Fig. 11). Temperature and moisture fluctuations are often
well correlated: for example, an intrusion of air from above
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Figure 10. (a) Time series of the temperature fluctuations measured by the Rosemount probe (in red) and by the fine wire (in green) during
a subcloud layer leg of RF19. (b) Corresponding density energy spectrum.

is associated with a drier and warmer structure (negative and
positive fluctuations of moisture and temperature, respec-
tively). Figure 11 shows that this correlation is higher when
the temperature is measured by the fine wire than when it
is measured by the Rosemount probe. It is partly explained
by the fact that the temperature variance is larger with the
fine wire, but also because the fine wire tracks the fine-scale
fluctuations of temperature better than the Rosemount probe.
For these reasons, the fine wire temperature signal was cho-
sen during EUREC4A for the best estimate of the turbulent
moments and fluctuations. The Rosemount probe tempera-
ture was used as a spare during the first part of the campaign
and during a few R legs of RF17 and RF19 when the fine
wire sensor was heavily impacted by cloud droplets. A green
flag was associated with the fine wire use and a yellow flag
with the use of the Rosemount probe.

6 Computation of turbulence moments and
associated errors

After control and calibration, the 25 Hz fluctuations are used
to compute the turbulence moments and other characteristics
of the MABL turbulence. The turbulent moments or charac-
teristics evaluated for each leg are listed in Table 2.

Only stabilized legs are considered for the turbulence data
processing due to the increase in errors in basic measure-
ments during turns or more generally during phases with

Figure 11. Comparison of the covariance of temperature and mois-
ture obtained when using the Rosemount probe temperature (y axis)
and the fine wire temperature (x axis). In both cases, the calculation
is based on the moisture fluctuations associated with a green flag.

varying flight attitude and speed. Moreover, to obtain a ho-
mogeneous statistical ensemble of turbulent moments associ-
ated with random and systematic error estimates, the straight
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Table 2. List of turbulent parameters calculated over each segment, their standard nomenclature and their names in the NetCDF files.

General characteristics

Start, end, central time ti, tf, t time_start, time_end, time
Start, end, central position lati, loni, latf, lonf, lat, lon lat_start, lon_start, lat_end, lon_end, lat, lon
duration T duration
Mean heading THDG MEAN_THDG
Mean true airspeed TAS MEAN_TAS
Mean ground velocity GS MEAN_GS
Mean height above the sea z alt
Mean pressure P MEAN_P
Mean static temperature Ts MEAN_TS
Mean air density ρa MEAN_RHO_A

Calibration information

Quality flag for humidity signal QC_MR
Humidity sensor used HUM_SENSOR
Quality flag for temperature signal QC_T
Temperature sensor TEMP_SENSOR

First-order moments

Mean wind FF, DD MEAN_WSPD, MEAN_WDIR
Mean potential temperature θ MEAN_THETA
Mean water vapor mixing ratio rv MEAN_MR

Second-order moments, filtering ratios and associated errors

Wind components variance u′2, R
u′2

, εs
u′2

VAR_U, RATIO_VAR_U, ERR_S_VAR_U

v′2, R
v′2

, εs
v′2

VAR_V, RATIO_VAR_V, ERR_S_VAR_V

w′2, R
w′2

, εs
w′2

VAR_W, RATIO_VAR_W, ERR_S_VAR_W

Turbulent kinetic energy e, Re TKE, RATIO_TKE

Turbulent kinetic energy dissipation rate ε EPSILON_TKE

Potential temperature variance θ ′2, R
θ ′2

, εs
θ ′2

VAR_T, RATIO_VAR_T, ERR_S_VAR_T

Water vapor mixing ratio variance r ′2v, R
r ′2v

, εs
r′2v

VAR_MR, RATIO_VAR_MR, ERR_S_VAR_MR

Covariances with the vertical velocity w′u′, R
w′u′

, εs
w′u′

, εr
w′u′

COVAR_WU, RATIO_COVAR_WU, ERR_S_COVAR_WU,
ERR_R_COVAR_WU

w′v′, R
w′v′

, εs
w′v′

, εr
w′v′

COVAR_WV, RATIO_COVAR_WV, ERR_S_COVAR_WV,
ERR_R_COVAR_WV

w′θ ′, R
w′θ ′

, εs
w′θ ′

, εr
w′θ ′

COVAR_WT, RATIO_COVAR_WT, ERR_S_COVAR_WT,
ERR_R_COVAR_WT

w′r ′v, R
w′r ′v

, εs
w′r′v

, εr
w′r′v

COVAR_WMR, RATIO_COVAR_WMR,

ERR_S_COVAR_WMR, ERR_R_COVAR_WMR

Third-order moments and filtering ratios

Wind component third-order moment
u′3, R

u′3
M3_U, RATIO_M3_U

v′3, R
v′3

M3_V, RATIO_M3_V

w′3, R
w′3

M3_W, RATIO_M3_W

Potential temperature third-order moment θ ′3, R
θ ′3

M3_THETA, RATIO_M3_THETA

Water vapor mixing ratio third-order moment r ′3v, R
r ′3v

M3_MR, RATIO_M3_MR

Skewness of each thermodynamic variables Su, Sv , Sw , Sθ , Srv SKEW_U, SKEW_V, SKEW_W, SKEW_T, SKEW_MR

Characteristic length scales

Vertical velocity spectrum peak wavelength λw LAMBDA_W
Integral length scales Lw , Lwu, Lwv , Lwθ , Lwrv L_W, L_WU, L_WV, L_WT, L_WMR
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Figure 12. Schematic view of the segmentation of stabilized legs
into segments of equal duration and length: 30 km, 5 min long seg-
ments (“short legs”, in red) and 60 km, 10 min long segments (“long
legs”, in purple). Also reported are the “longest legs” (in green),
which are the longest stabilized segments in one direction.

horizontal legs are divided into segments of equal duration
and length. Two types of segments are considered (Fig. 12):
segments of 60 km and 10 min (referred to as “long legs”),
which correspond to the length of an “L” branch, and seg-
ments of 30 km and 5 min (referred to as “short legs”). As
suggested by Lenschow et al. (1994), 30 km long segments
are a good compromise, as they are long enough to sam-
ple the structures which dominate the turbulent exchanges
and short enough to explore the spatial variability from one
leg to the other. Note that the short legs are occasionally ad-
justed within the subcloud layer (during L legs) to avoid wa-
ter droplets (two segments of that kind).

For each segment, the turbulent moments are calculated
from two types of fluctuations time series: detrended series or
high-pass-filtered series, with a cutoff frequency of 0.018 Hz
(about 5 km wavelength). This filter is meant to remove the
contribution of mesoscale features. The cutoff wavelength is
chosen based on the co-spectra of the vertical velocity with
all other variables (temperature, humidity, horizontal compo-
nents) so that all turbulent scales contributing to the covari-
ance are taken into account.

Figure 13 shows an example of the filtered time series of
five variables: w′, θ ′, r ′v , u′L and v′T . The prime symbol in-
dicates a fluctuation relative to the mean value. Here u′L and
v′T are respectively the longitudinal and lateral fluctuations of
the horizontal wind relative to the mean wind over the con-
sidered leg. The longitudinal and lateral fluctuations of the
horizontal wind relative to the aircraft, u′x and v′y , are also
calculated and made available in the dataset, as are the fluc-
tuations of eastward and northward components. The use of
one or the other referential depends on the purpose of the
turbulence data analysis. In all three referentials, the vertical
velocity is taken positive upward, and the referential systems
are direct and orthogonal.

The second- and third-order turbulent moments are com-
puted with the eddy correlation method. The covariance of

two variables x and y is defined as

x′y′ =
1
T

T∫
0

x′(t)y′(t)dt, (1)

where T is the duration of the leg. From the variances of u,
v and w, the turbulent kinetic energy (TKE) is calculated as
TKE= 1

2 (σ 2
u +σ

2
v +σ

2
w). Third-order turbulent moments are

also computed, enabling the calculation of the skewness of a
variable x:

Sx =
x′3(
x′2
)3/2 . (2)

For both second-order and third-order moments, the ratio, de-
noted as R in Table 2, between the moment obtained without
high-pass filtering (fluctuations obtained only by detrending
the original series) and that obtained after high-pass filtering
is computed. This index provides information about the sta-
tionarity and homogeneity of a sample. For a perfectly homo-
geneous and stationary sample with no impact of mesoscale
or sub-mesoscale structures, this ratio should theoretically be
equal to 1. It is often close to 1 for vertical velocity variance
but can be much larger for other variables and for covari-
ances.

Characteristic length scales suitable to describe the tur-
bulence field are also computed, such as the wavelength of
the vertical velocity spectrum peak or integral length scales.
The length scale of the maximum spectral density energy of
vertical velocity is obtained by fitting an analytical spectrum
of the form f S(f )= f S0

1+1.5
(
f
f0

)5/3 , where f is the frequency,

and S0 and f0 are fitted to the observed vertical velocity spec-
tra (Lambert and Durand, 1999; Attie et al., 1999). Depend-
ing on purpose, more complex analytical spectra may be used
to estimate the wavelength of maximum spectral energy (see,
e.g., Kristensen et al., 1989; Lothon et al., 2009 or Brilouet et
al., 2017) and other definitions (e.g., Pino et al., 2006). This
one is chosen for the sake of simplicity.

The integral length scale of a variable x is estimated as the
integral of the normalized autocorrelation function from zero
lag (τ = 0) to the first zero (τ0) of the function (Lenschow et
al., 1994):

Lx =
1

x′2

τ0∫
0

x′(t)x′(t + τ )dτ. (3)

The turbulent kinetic energy dissipation rate (ε) is esti-
mated from the vertical velocity energy spectrum Sw in the
inertial subrange (Lambert and Durand, 1998) based on the
Kolmogorov formulations: Sw(k)= 4

3αε
2/3k−5/3, where k is

the wavenumber (k = 2π
TASf ) and α is the Kolmogorov con-

stant, taken as α = 0.52 (Fairall and Larsen, 1986).
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Figure 13. Time series of the filtered fluctuations of (a) vertical velocity, (b) wind velocity component longitudinal to the wind, (c) wind
velocity component transverse to the wind, (d) potential temperature and (e) water vapor mixing ratio during a leg flown at z∼ 275 m on
13 February 2020 (RF19).

The reliability and accuracy of the observed turbulent mo-
ment estimates can be assessed based on sampling and fil-
tering conditions. As introduced by Lenschow et al. (1994),
using high-pass-filtered and finite-length samples generates
an error which can be decomposed into two contributions:
a systematic error (εs) and a random error (εr). The system-
atic error reflects the loss of information due to the high-pass
filtering and can be estimated as the difference between the
covariance of the detrended series (Fdet) and the covariance

of the high-pass-filtered series (Ffil):

εs =
Fdet−Ffil

Fdet
. (4)

The random error is generated by the finite length of the sam-
ple and is therefore inherent in the measurement and cannot
be removed. For a covariance between two variables x and y,
the associated random error can be estimated by

εr =

√
2Lxy
L

√
1+

1
r2
xy

, (5)
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where Lxy is the integral length scale of x′y′, L the length of
the leg, and rxy the correlation coefficient between x and y.

7 Available dataset

The dataset includes two kinds of data.

1. Moments. The turbulent moments are calculated over
each segment. The data are stored in NetCDF files
(with one file per flight) for the three sets of short
(30 km) and long (60 km) segments as well as over the
longest possible segments of stabilized legs. However,
one should note that these “longest” segments have dif-
ferent lengths that range from 60 to 125 km.

2. Fluctuations. The time series of fluctuations over each
segment, filtered and detrended only, are made available
to enable specific analyses or estimates of the turbulent
moments through an alternative approach. There is one
NetCDF file per segment and per flight.

Note that the fluctuations and moments over the longest
possible segments are also made available, even if this last
set is composed of segments of different lengths (from 60
to 125 km). It enables any user to work on the longest se-
ries of calibrated fluctuations for the entire stabilized legs. Of
course, moments of R legs of 125 km are likely still more het-
erogeneous and should be considered only in specific strict
conditions.

For both the turbulent fluctuations and turbulent moments,
two levels of data processing are considered.

– Level 2. All files of turbulent moments and fluctuations
are calculated for each sensor of temperature and hu-
midity.

– Level 3 (or “best estimates’). Turbulent moments and
fluctuations are derived from the sensors (or their com-
bination) that have the best quality flags for the leg un-
der consideration (the flags are described in Sects. 4 and
5); for each leg, they are considered as the best estimates
of moments and fluctuations given the available instru-
mentation.

Table 3 explains the file nomenclature using Fig. 12 for
the naming of each segment. For each flight, a YAML file is
provided together with the dataset that defines the start and
end times of each flight segment.

Figure 14 summarizes the availability and the quality of
the high-rate data associated with each key variable. Based
on the quality control described in Sects. 5 and 6 for temper-
ature and moisture, it displays the proportion of legs within
each flight that are associated with a green flag, as established
on the basis of the L3 “short legs” dataset. This table shows
how the quality of the measurements improved in the sec-
ond phase of the field campaign (from RF09), with the best
quality and availability achieved from RF15 onwards.

Figure 14. Quality flags associated with the turbulent data for
each SAFIRE ATR 42 flight during the campaign. The data qual-
ity increases from red (poor quality) to orange, yellow and green
(high quality). For moisture and temperature, the flag is the com-
bined flag described in Sects. 4 and 5, considering the short legs of
L3 data.

As an illustration of the dataset, Fig. 15 shows an overview
of the vertical profiles of variances for the entire field ex-
periment (RF03 to RF19). The profiles are normalized by
the lifting condensation level (LCL), estimated here as the
flight altitude of the rectangle at the cloud base minus 50 m.
Overall, the turbulence is weak in the subcloud layer during
EUREC4A. As expected in an MABL, the variance of verti-
cal velocity is maximum within the first half of the subcloud
layer, and the variance of the horizontal wind is larger near
the sea surface. The variances of temperature and moisture
are maximum near cloud base and the entrainment layer, and
they are minimum close to the surface. The very large scat-
ter of the turbulent moments on R legs flown around cloud
base likely reflects the large heterogeneity of the samples,
related to the crossing of clouds and the mix of air masses
of very different origins and characteristics (including non-
turbulent air masses). Over these legs, the moments need to
be taken with caution because their definition assumes a ho-
mogeneous sample, which is a condition rarely met at cloud
base.

Finally, Fig. 16 shows, for flights RF09 to RF19, the ver-
tical profiles of the covariance of the vertical velocity with
temperature (Fig. 16a) or moisture (Fig. 16b), as well as
their corresponding systematic and random errors. Around
cloud base (z∗ ∼ 1), the random and systematic errors are
very large. This is explained by the large heterogeneity of
the samples at this level and indicates that the vertical flux
estimates are mostly relevant below cloud base.

The sensible heat flux is very small near the surface (likely
due to the small air–sea temperature difference) and changes
sign with height, consistent with the entrainment near cloud
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Table 3. File nomenclature. YYYYMMDD corresponds to the flight date (e.g., 20200202), NN to the flight number (e.g., 09), LEG to the
segment identifier (e.g., R2B or l2c) and LEVEL to the level of data processing (L2 or L3).

Moments

30 km segments EUREC4A_ATR_turbulence_moments_YYYYMMDD_RFNN_shortlegs_LEVEL_version.nc
60 km segments EUREC4A_ATR_turbulence_moments_YYYYMMDD_RFNN_longlegs_LEVEL_version.nc
Longest segments EUREC4A_ATR_turbulence_moments_YYYYMMDD_RFNN_longestlegs_LEVEL_version.nc

Fluctuations

30 km segments EUREC4A_ATR_turbulence_fluctuations_YYYYMMDD_RFNN_textitLEG_LEVEL_version.nc
60 km segments EUREC4A_ATR_turbulence_fluctuations_YYYYMMDD_RFNN_textitLEG_LEVEL_version.nc
Longest segments EUREC4A_ATR_turbulence_fluctuations_YYYYMMDD_RFNN_textitLEG_LEVEL_version.nc

Figure 15. Normalized vertical profiles of the variance of (a) vertical velocity, (b) horizontal turbulent kinetic energy, (c) temperature and
(d) water vapor mixing ratio. Flight numbers are indicated in the top right box. For the water vapor mixing ratio, only the legs with a green
or a yellow combined flag have been considered. The normalized altitude z∗ is defined by z/LCL with LCL, the lifting condensation level.

base. The moisture flux is more significant, with a large value
near the surface and an overall decrease in the flux with
height.

For both the heat flux and the moisture flux, the system-
atic error can be particularly large. This is largely due to the

small fluctuations observed, resulting in very weak fluxes.
Inside the MABL, the random error increases with altitude,
partly related to the growth of the turbulent eddies. The pro-
files are similar to those found by Brilouet et al. (2017) dur-
ing the HyMeX campaign over the Mediterranean Sea, which
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Figure 16. Normalized vertical profiles of (a) the heat flux, (b) the moisture flux, systematic error (c) for the heat flux, systematic error
(d) for the moisture flux, random error (e) for the heat flux and random error (f) for the moisture flux. Flight numbers are indicated in the top
right box. The normalized altitude z∗ is defined by z/LCL with LCL, the lifting condensation level.
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took place in much stronger wind conditions than here. Like
in HyMeX, we find larger errors in the heat flux than in the
moisture flux due to the more significant moisture fluctua-
tions.

On the R legs above the MABL, the errors display a wide
variability and potentially large values. This again reflects
the high heterogeneity of the samples and the influence of
the mesoscales at this height.

8 Data availability

The dataset is available at https://eurec4a.aeris-data.fr/
(last access: 6 July 2021, Lothon and Brilouet, 2020,
https://doi.org/10.25326/128).

9 Conclusions

This paper presents the EUREC4A turbulent dataset that has
been produced based on the high-rate in situ measurements
of wind, temperature and moisture from the SAFIRE ATR
42. It explains the data processing strategies, the calibration
methodologies, the procedures of quality control applied to
the 25 Hz temperature and moisture measurements, and the
methods used to estimate the turbulent moments and their
associated errors.

The redundancy of temperature and moisture sensors on
board the aircraft enabled us to overcome the failure of one or
the other sensor and to optimize the data processing. All tur-
bulent moments and time series of turbulent fluctuations are
associated with some information about the sensor(s) from
which they are derived, plus a quality flag. These data con-
stitute the Level-2 dataset. In addition, a Level-3 dataset pro-
vides an ensemble of best estimates of the turbulent moments
and fluctuations over each stabilized leg of the SAFIRE ATR
42 flights.

Considering our analysis of the data as well as the flight
strategy and conditions, we make the following remarks and
recommendations to future users of this dataset.

– The data collected at cloud base over the R legs or seg-
ments should be used with great caution. First, the pres-
ence of cloud droplets or rain may affect the perfor-
mance of the high-rate sensors. In addition, at this level
the aircraft probes very contrasting air masses, includ-
ing clouds and cloud-free air originating from the sub-
cloud layer or entrained from above. The large hetero-
geneity of the samples makes the calculation of turbu-
lent moments quite uncertain around cloud base. How-
ever, the turbulent fluctuations remain relevant and can
be used for specific analyses such as conditional sam-
pling, object approaches or case studies.

– The moisture fluctuations measured by the LI-COR sen-
sor and the temperature fluctuations measured by the
Rosemount probe exhibit limitations at very fine scales.

The variance and covariance estimates are not affected
by these limitations, but we recommend that the spec-
tral or distribution analyses of the turbulent fluctuations
primarily use the data from the KH20 moisture sensor
and from the fine wire temperature sensor.

– Owing to the weakness of the turbulent fluxes during
EUREC4A, the turbulent moment estimates are asso-
ciated with large systematic and random errors. This,
added to the limited vertical sampling of the MABL,
suggests that extrapolating sea surface turbulent fluxes
from this dataset would not be accurate.

Despite these issues and the technical difficulties
encountered at the beginning of the campaign, a rich and
quality-controlled dataset has been produced based on the
high-rate measurements of the SAFIRE ATR 42 that will
make it possible to study the turbulence of the MABL during
EUREC4A.

These data will be used to characterize the structure and
the variability of the subcloud layer and the level of organi-
zation encountered underneath the clouds. Used jointly with
the other EUREC4A datasets from aircraft, balloons or un-
manned aerial vehicles, they will help to decipher the nature
of cloud–circulation interactions and to identify the roots of
the shallow convective organization. They will also help eval-
uate the ability of large-eddy simulations to predict the char-
acteristics of turbulence within the subcloud layer of trade-
wind regimes for a range of large-scale conditions.

Author contributions. PEB and ML designed the data processing
strategy, processed and analyzed the data, and wrote the paper. They
participated in the SAFIRE ATR 42 flight coordination on board
during the field experiment.

JCE and PR processed the initial SAFIRE data to generate the
25 Hz data and participated in the data quality control.

JL was the SAFIRE instrumentalist mostly involved in the adap-
tation of the KH20 sensor; he monitored and maintained the sensors
during the field experiment.

HB, GV, TP and JL are instrumentalist experts on the SAFIRE
ATR 42, who contributed to preparation for the field campaign re-
garding the airborne instrumentation.

TJ, FP, CL and MC were responsible for the data acquisition on
board and the preliminary data processing.

PM, TC and LG contributed with SAFIRE instrumentalists to the
initial adaptation of the KH20 sensor to the aircraft at the very start
of the instrumental project.

SB is the co-lead coordinator of the EUREC4A campaign and the
lead scientific coordinator of the SAFIRE ATR operations. She par-
ticipated in the flights and in the monitoring of the measurements.
She participated in the discussions on data analysis and edited the
paper.

JD and ML were co-coordinators of the SAFIRE ATR 42 opera-
tions during the EUREC4A campaign.

https://doi.org/10.5194/essd-13-3379-2021 Earth Syst. Sci. Data, 13, 3379–3398, 2021

https://eurec4a.aeris-data.fr/
https://doi.org/10.25326/128


3396 P.-E. Brilouet et al.: The EUREC4A ATR 42 turbulence dataset

Competing interests. The authors declare that they have no con-
flict of interest.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Special issue statement. This article is part of the special is-
sue “Elucidating the role of clouds–circulation coupling in climate:
datasets from the 2020 (EUREC4A) field campaign”. It is not asso-
ciated with a conference.

Acknowledgements. Airborne data were obtained from the ATR
aircraft operated by SAFIRE, the French facility for airborne re-
search, an infrastructure of the French National Center for Sci-
entific Research (CNRS), Météo-France and the French National
Center for Space Studies (CNES). Distributed data are processed
by SAFIRE and CNRM/GMEI/TRAMM. The authors gratefully
acknowledge all the SAFIRE staff, technicians, engineers, pilots
and directors for their considerable efforts and involvement in the
realization of the EUREC4A airborne operations. We also thank
Pierre Durand (Laboratoire d’Aérologie, University of Toulouse,
UPS, CNRS, France) for his contribution to the development of
the KH20 aircraft-adapted sensor at its origin as a first initiative.
We thank the Caribbean Regional Security System (RSS) for host-
ing the ATR and the ATR team in Barbados during the experiment,
David Farrell and the Caribbean Institute for Meteorology and Hy-
drology (CIMH) for their logistical and administrative support, and
the Department of Civil Aviation in Barbados and Andrea Hausold
(from DLR) for their help and support with airborne operations.
The authors also thank AERIS for their support during the cam-
paign and for managing the EUREC4A database. We also warmly
thank the ground-based support team, especially Raphaela Vogel
and Jessica Vial from LMD, for there contribution to the real-time
flight strategy and Cyrille Flamant for his contribution to the coor-
dination of the flight operations. Finally, we thank Bjorn Stevens
for co-coordinating EUREC4A with Sandrine Bony in a profes-
sional, ingenious and enthusiastic way. The EUREC4A project was
supported by the European Research Council (ERC) under the Eu-
ropean Union’s Horizon 2020 research and innovation program
(grant agreement no. 694768) with some additional support from
the French Space Agency CNES through the EECLAT proposal.

Financial support. This research has been supported by the Euro-
pean Research Council (ERC) H2020 research and innovation pro-
gram (EUREC4A (grant no. 694768)).

Review statement. This paper was edited by Gijs de Boer and
reviewed by two anonymous referees.

References

Attie, J., Druilhet, A., Benech, B., and Durand, P.: Turbulence
on the lee side of a mountain range: Aircraft observations
during PYREX, Q. J. Roy. Meteor. Soc., 125, 1359–1381,
https://doi.org/10.1002/qj.1999.49712555613, 1999.

Baehr, C., Mequignon, A., and Piguet, B.: Une premiere approche
du capteur de temperature a fils fins sur le Merlin IV, internal
technical report, 2002 (in French).

Bony, S., Stevens, B., Ament, F., Bigorre, S., Chazette, P., Crewell,
S., Delanoë, J., Emanuel, K., Farrell, D., Flamant, C., Gross,
S., Hirsch, L., Karstensen, J., Mayer, B., Nuijens, L., Ruppert,
J. H., Sandu, I., Siebesma, P., Speich, S., Szczap, F., Totems,
J., Vogel, R., Wendisch, M., and Wirth, M.: EUREC4A: A
Field Campaign to Elucidate the Couplings Between Clouds,
Convection and Circulation, Surv. Geophys., 38, 1529–1568,
https://doi.org/10.1007/s10712-017-9428-0, 2017.

Bony, S., Schulz, H., Vial, J., and Stevens, B.: Sugar, Gravel, Fish,
and Flowers: Dependence of Mesoscale Patterns of Trade-Wind
Clouds on Environmental Conditions, Geophys. Res. Lett., 47,
e2019GL085988, https://doi.org/10.1029/2019GL085988, 2020.

Brilouet, P. E., Durand, P., and Canut, G.: The marine atmo-
spheric boundary layer under strong wind conditions: Or-
ganized turbulence structure and flux estimates by airborne
measurements, J. Geophys. Res.-Atmos., 122, 2115–2130,
https://doi.org/10.1002/2016JD025960, 2017.

Brown, E. N., Friehe, K., and Lenschow, D. H.: The
Use of Pressure Fluctuations on the Nose of an Air-
craft for Measuring Air Motion, J. Appl. Meteo-
rol. Clim., 22, 171–180, https://doi.org/10.1175/1520-
0450(1983)022<0171:TUOPFO>2.0.CO;2, 1983.

Buck, A. L.: The variable-path Lyman-alpha hygrometer and its op-
erating characteristics, B. Am. Meteorol. Soc., 57, 1113–1119,
1976.

Canut, G., Lothon, M., and Said, F.: Observation of entrainment at
the interface between monsoon flow and Saharan Air Layer, Q.
J. Roy. Meteor. Soc., 136, 34–46, 2010.

Chazette, P., Totems, J., Baron, A., Flamant, C., and Bony,
S.: Trade-wind clouds and aerosols characterized by air-
borne horizontal lidar measurements during the EUREC4A
field campaign, Earth Syst. Sci. Data, 12, 2919–2936,
https://doi.org/10.5194/essd-12-2919-2020, 2020.

Estournel, C., Testor, P., Taupier-Letage, I., Bouin, M. N., Cop-
pola, L., Durand, P., Conan, P., Bosse, A., Brilouet, P. E.,
Beguery, L., Belamari, S., Béranger, K., Beuvier, J., Bour-
ras, D., Canut, G., Doerenbecher, A., de Madron, X. D.,
D’Ortenzio, F., Drobinski, P., Ducrocq, V., Fourrié, N., Gior-
dani, H., Houpert, L., Labatut, L., Brossier, C. L., Nuret, M.,
Prieur, L., Roussot, O., Seyfried, L., and Somot, S.: HyMeX-
SOP2: The field campaign dedicated to dense water formation
in the northwestern Mediterranean, Oceanography, 29, 196–206,
https://doi.org/10.5670/oceanog.2016.94, 2016.

Fairall, C. W. and Larsen, S. E.: Inertial-dissipation methods and
turbulent fluxes at the air-ocean interface, Bound.-Lay. Meteo-
rol., 34, 287–301, https://doi.org/10.1007/BF00122383, 1986.

Knippertz, P., Coe, H., Chiu, J. C., Evans, M. J., Fink, A. H.,
Kalthoff, N., Liousse, C., Mari, C., Allan, R. P., Brooks, B.,
Danour, S., Flamant, C., Jegede, O. O., Lohou, F., and Marsham,
J. H.: The dacciwa project: Dynamics-aerosol-chemistry-cloud

Earth Syst. Sci. Data, 13, 3379–3398, 2021 https://doi.org/10.5194/essd-13-3379-2021

https://doi.org/10.1002/qj.1999.49712555613
https://doi.org/10.1007/s10712-017-9428-0
https://doi.org/10.1029/2019GL085988
https://doi.org/10.1002/2016JD025960
https://doi.org/10.1175/1520-0450(1983)022<0171:TUOPFO>2.0.CO;2
https://doi.org/10.1175/1520-0450(1983)022<0171:TUOPFO>2.0.CO;2
https://doi.org/10.5194/essd-12-2919-2020
https://doi.org/10.5670/oceanog.2016.94
https://doi.org/10.1007/BF00122383


P.-E. Brilouet et al.: The EUREC4A ATR 42 turbulence dataset 3397

interactions in West Africa, B. Am. Meteorol. Soc., 96, 1451–
1460, https://doi.org/10.1175/BAMS-D-14-00108.1, 2015.

Konow, H., Ewald, F., George, G., Jacob, M., Klingebiel, M.,
Kölling, T., Luebke, A. E., Mieslinger, T., Pörtge, V., Radtke,
J., Schäfer, M., Schulz, H., Vogel, R., Wirth, M., Bony, S.,
Crewell, S., Ehrlich, A., Forster, L., Giez, A., Gödde, F., Groß,
S., Gutleben, M., Hagen, M., Hirsch, L., Jansen, F., Lang, T.,
Mayer, B., Mech, M., Prange, M., Schnitt, S., Vial, J., Wal-
bröl, A., Wendisch, M., Wolf, K., Zinner, T., Zöger, M., Ament,
F., and Stevens, B.: EUREC4A’s HALO, Earth Syst. Sci. Data
Discuss. [preprint], https://doi.org/10.5194/essd-2021-193, in re-
view, 2021.

Kristensen, L., Lenschow, D. H., Kirkegaard, P., and Courtney, M.:
The spectral velocity tensor for homogeneous boundary layer tur-
bulence, Bound.-Lay. Meteorol., 47, 149–193, 1989.

Lambert, D. and Durand, P.: Aircraft to aircraft intercomparison
during SEMAPHORE, J. Geophys. Res., 103, 25109–25123,
https://doi.org/10.1029/97JC02199, 1998.

Lambert, D. and Durand, P.: The marine atmospheric boundary
layer during SEMAPHORE. I: Mean vertical structure and non-
axisymmetry of turbulence, Q. J. Roy. Meteor. Soc., 125, 495–
512, https://doi.org/10.1256/smsqj.55406, 1999.

LeMone, M. A. and Meitin, R. J.: Three examples of fair-
weather mesoscale boundary-layer convection in the tropics,
Mon. Weather Rev., 112, 1985–1997, 1984.

LeMone, M. A. and Pennell, W. T.: The Relationship of Trade Wind
Cumulus Distribution to Subcloud Layer Fluxes and Structure,
Mon. Weather Rev., 104, 524–539, https://doi.org/10.1175/1520-
0493(1976)104<0524:trotwc>2.0.co;2, 1976.

Lenschow, D., Mann, J., and Kristensen, L.: How Long Is Long
Enough When Measuring Fluxes and Other Turbulence Statis-
tics?, J. Atmos. Ocean. Tech., 11, 661–673, 1994.

Lenschow, D. H. (Ed.): Aircraft measurements in the
boundary layer, in: Probing the Atmospheric Boundary
Layer, American Meteorological Society, Boston, MA,
https://doi.org/10.1007/978-1-944970-14-7_5, 1986.

Lenschow, D. H., Wulfmeyer, V., and Senff, C.: Measuring Second-
through Fourth-Order Moments in Noisy Data, J. Atmos.
Ocean. Tech., 17, 1330–1347, https://doi.org/10.1175/1520-
0426(2000)017<1330:MSTFOM>2.0.CO;2, 2000.

Lenschow, D. H., Lothon, M., Mayor, S. D., Sullivan, P. P., and
Canut, G.: A comparison of higher-order vertical velocity mo-
ments in the convective boundary layer from lidar with in situ
measurements and large-eddy simulation, Bound.-Lay. Meteo-
rol., 143, 107–123, 2012.

Lothon, M. and Brilouet, P.-E.: ATR-42 – Turbulence Data 25 Hz,
Aeris [data set], https://doi.org/10.25326/128, 2020 (available at:
https://eurec4a.aeris-data.fr/, last access: 6 July 2021).

Lothon, M., Lenschow, D. H., and Mayor, S. D.: Doppler lidar
measurements of vertical velocity spectra in the convective plan-
etary boundary layer, Bound.-Lay. Meteorol., 132, 205–226,
https://doi.org/10.1007/s10546-009-9398-y, 2009.

Malkus, J. S.: On the structure of the trade wind moist layer, Pa-
pers in Physical Oceanography and Meteorology, 13, 1958-08,
https://doi.org/10.1575/1912/1065, 1958.

Pino, D., Jonker, H. J. J., de Arellano, J., and Dosio, A.: Role of
shear and the inversion strength during sunset turbulence over
land: characteristic length scales, Bound.-Lay. Meteorol., 121,
537–556, 2006.

Saïd, F., Corsmeier, U., Kalthoff, N., Kottmeier, C., Lothon, M.,
Wieser, A., Hofherr, T., and Perros, P.: ESCOMPTE experiment:
intercomparison of four aircraft dynamical, thermodynamical,
radiation and chemical measurements, Atmos. Res., 74, 217–
252, https://doi.org/10.1016/j.atmosres.2004.06.012, 2005.

Saïd, F., Canut, G., Durand, P., Lohou, F., and Lothon, M.: Seasonal
evolution of boundary-layer turbulence measured by aircraft dur-
ing the AMMA 2006 Special Observation Period, Q. J. Roy. Me-
teor. Soc., 136, 47–65, https://doi.org/10.1002/qj.475, 2010.

Stevens, B., Bony, S., Brogniez, H., Hentgen, L., Hohenegger,
C., Kiemle, C., L’Ecuyer, T. S., Naumann, A. K., Schulz,
H., Siebesma, P. A., Vial, J., Winker, D. M., and Zuidema,
P.: Sugar, gravel, fish and flowers: Mesoscale cloud patterns
in the trade winds, Q. J. Roy. Meteor. Soc., 146, 141–152,
https://doi.org/10.1002/qj.3662, 2020.

Stevens, B., Bony, S., Farrell, D., Ament, F., Blyth, A., Fairall,
C., Karstensen, J., Quinn, P. K., Speich, S., Acquistapace, C.,
Aemisegger, F., Albright, A. L., Bellenger, H., Bodenschatz,
E., Caesar, K.-A., Chewitt-Lucas, R., de Boer, G., Delanoë, J.,
Denby, L., Ewald, F., Fildier, B., Forde, M., George, G., Gross,
S., Hagen, M., Hausold, A., Heywood, K. J., Hirsch, L., Jacob,
M., Jansen, F., Kinne, S., Klocke, D., Kölling, T., Konow, H.,
Lothon, M., Mohr, W., Naumann, A. K., Nuijens, L., Olivier,
L., Pincus, R., Pöhlker, M., Reverdin, G., Roberts, G., Schnitt,
S., Schulz, H., Siebesma, A. P., Stephan, C. C., Sullivan, P.,
Touzé-Peiffer, L., Vial, J., Vogel, R., Zuidema, P., Alexander, N.,
Alves, L., Arixi, S., Asmath, H., Bagheri, G., Baier, K., Bai-
ley, A., Baranowski, D., Baron, A., Barrau, S., Barrett, P. A.,
Batier, F., Behrendt, A., Bendinger, A., Beucher, F., Bigorre, S.,
Blades, E., Blossey, P., Bock, O., Böing, S., Bosser, P., Bourras,
D., Bouruet-Aubertot, P., Bower, K., Branellec, P., Branger, H.,
Brennek, M., Brewer, A., Brilouet, P.-E., Brügmann, B., Buehler,
S. A., Burke, E., Burton, R., Calmer, R., Canonici, J.-C., Carton,
X., Cato Jr., G., Charles, J. A., Chazette, P., Chen, Y., Chilinski,
M. T., Choularton, T., Chuang, P., Clarke, S., Coe, H., Cornet,
C., Coutris, P., Couvreux, F., Crewell, S., Cronin, T., Cui, Z.,
Cuypers, Y., Daley, A., Damerell, G. M., Dauhut, T., Deneke, H.,
Desbios, J.-P., Dörner, S., Donner, S., Douet, V., Drushka, K.,
Dütsch, M., Ehrlich, A., Emanuel, K., Emmanouilidis, A., Eti-
enne, J.-C., Etienne-Leblanc, S., Faure, G., Feingold, G., Ferrero,
L., Fix, A., Flamant, C., Flatau, P. J., Foltz, G. R., Forster, L.,
Furtuna, I., Gadian, A., Galewsky, J., Gallagher, M., Gallimore,
P., Gaston, C., Gentemann, C., Geyskens, N., Giez, A., Gollop,
J., Gouirand, I., Gourbeyre, C., de Graaf, D., de Groot, G. E.,
Grosz, R., Güttler, J., Gutleben, M., Hall, K., Harris, G., Helfer,
K. C., Henze, D., Herbert, C., Holanda, B., Ibanez-Landeta, A.,
Intrieri, J., Iyer, S., Julien, F., Kalesse, H., Kazil, J., Kellman, A.,
Kidane, A. T., Kirchner, U., Klingebiel, M., Körner, M., Krem-
per, L. A., Kretzschmar, J., Krüger, O., Kumala, W., Kurz, A.,
L’Hégaret, P., Labaste, M., Lachlan-Cope, T., Laing, A., Land-
schützer, P., Lang, T., Lange, D., Lange, I., Laplace, C., Lavik,
G., Laxenaire, R., Le Bihan, C., Leandro, M., Lefevre, N., Lena,
M., Lenschow, D., Li, Q., Lloyd, G., Los, S., Losi, N., Lovell,
O., Luneau, C., Makuch, P., Malinowski, S., Manta, G., Mari-
nou, E., Marsden, N., Masson, S., Maury, N., Mayer, B., Mayers-
Als, M., Mazel, C., McGeary, W., McWilliams, J. C., Mech,
M., Mehlmann, M., Meroni, A. N., Mieslinger, T., Minikin, A.,
Minnett, P., Möller, G., Morfa Avalos, Y., Muller, C., Musat, I.,
Napoli, A., Neuberger, A., Noisel, C., Noone, D., Nordsiek, F.,

https://doi.org/10.5194/essd-13-3379-2021 Earth Syst. Sci. Data, 13, 3379–3398, 2021

https://doi.org/10.1175/BAMS-D-14-00108.1
https://doi.org/10.5194/essd-2021-193
https://doi.org/10.1029/97JC02199
https://doi.org/10.1256/smsqj.55406
https://doi.org/10.1175/1520-0493(1976)104<0524:trotwc>2.0.co;2
https://doi.org/10.1175/1520-0493(1976)104<0524:trotwc>2.0.co;2
https://doi.org/10.1007/978-1-944970-14-7_5
https://doi.org/10.1175/1520-0426(2000)017<1330:MSTFOM>2.0.CO;2
https://doi.org/10.1175/1520-0426(2000)017<1330:MSTFOM>2.0.CO;2
https://doi.org/10.25326/128
https://eurec4a.aeris-data.fr/
https://doi.org/10.1007/s10546-009-9398-y
https://doi.org/10.1575/1912/1065
https://doi.org/10.1016/j.atmosres.2004.06.012
https://doi.org/10.1002/qj.475
https://doi.org/10.1002/qj.3662


3398 P.-E. Brilouet et al.: The EUREC4A ATR 42 turbulence dataset

Nowak, J. L., Oswald, L., Parker, D. J., Peck, C., Person, R.,
Philippi, M., Plueddemann, A., Pöhlker, C., Pörtge, V., Pöschl,
U., Pologne, L., Posyniak, M., Prange, M., Quiñones Meléndez,
E., Radtke, J., Ramage, K., Reimann, J., Renault, L., Reus, K.,
Reyes, A., Ribbe, J., Ringel, M., Ritschel, M., Rocha, C. B.,
Rochetin, N., Röttenbacher, J., Rollo, C., Royer, H., Sadoulet,
P., Saffin, L., Sandiford, S., Sandu, I., Schäfer, M., Schemann,
V., Schirmacher, I., Schlenczek, O., Schmidt, J., Schröder, M.,
Schwarzenboeck, A., Sealy, A., Senff, C. J., Serikov, I., Shohan,
S., Siddle, E., Smirnov, A., Späth, F., Spooner, B., Stolla, M.
K., Szkółka, W., de Szoeke, S. P., Tarot, S., Tetoni, E., Thomp-
son, E., Thomson, J., Tomassini, L., Totems, J., Ubele, A. A.,
Villiger, L., von Arx, J., Wagner, T., Walther, A., Webber, B.,
Wendisch, M., Whitehall, S., Wiltshire, A., Wing, A. A., Wirth,
M., Wiskandt, J., Wolf, K., Worbes, L., Wright, E., Wulfmeyer,
V., Young, S., Zhang, C., Zhang, D., Ziemen, F., Zinner, T., and
Zöger, M.: EUREC4A, Earth Syst. Sci. Data Discuss. [preprint],
https://doi.org/10.5194/essd-2021-18, in review, 2021.

Earth Syst. Sci. Data, 13, 3379–3398, 2021 https://doi.org/10.5194/essd-13-3379-2021

https://doi.org/10.5194/essd-2021-18

	Abstract
	Introduction
	Flight strategy and conditions
	Aircraft in situ instrumentation for high-rate thermodynamical measurements
	Calibration and qualification of the fast humidity sensors
	Choice of slow sensor
	Comparison of the KH20 and LI-COR sensors

	Qualification of the fast temperature sensors
	Computation of turbulence moments and associated errors
	Available dataset
	Data availability
	Conclusions
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Financial support
	Review statement
	References

