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ABSTRACT

One of the seven Grand Challenges listed by the World Climate Research Programme is
Clouds, Circulation and Climate Sensitivity which, as per them, is “a specific barrier pre-
venting progress in a critical area of climate science”. At the heart of this challenge lies the
problem of feedback of marine low-level clouds to climate change, which arises mainly
from a poor understanding of how clouds couple to circulation. This dissertation builds
upon recent advances in measurements of atmospheric vertical motion to investigate
through observations how circulation impacts cloudiness and to characterise circulation
in the trade-wind regions, thus confronting the core of clouds-circulation coupling.

A long-standing lack of measurements of meso-scale circulation has been filled by two
recent field campaigns in the northern tropical Atlantic – theNext Generation Remote Sens-
ing for Validation Studies campaign (NARVAL2 ), which took place in August, 2016 and
ElUcidating the RolE of Cloud-Circulation Coupling in ClimAte (EUREC4A) field campaign,
which took place in January-February, 2020. Both campaigns employed aircraft to launch
dropsondes along a circular path, and estimate key circulation parameters such as area-
averaged horizontal mass divergence (𝒟), vorticity (𝜁) and subsidence rate (𝜔).

From NARVAL2, I analyse case-studies of co-located measurements of both 𝜔 and
cloudiness. I show that at the meso scale, 𝜔 more effectively regulates shallow clouds’
area fraction, liquid water path and rain water path, compared to cloud-controlling fac-
tors that are effective at the climate scale. For this, I use a simplistic mass-flux estimate
and in the process, also reveal that the response of clouds tomeso-scale circulation is non-
linear. This has major implications on the current strategy of climate models to simulate
clouds using large-scale parameters instead of ones at the meso scale.

I produce a dataset called Joint dropsonde Observations of the Atmosphere in tropical North
atlaNtic meso-scale Environments (with the backronym JOANNE) out of the EUREC4A
dropsondemeasurements. Courtesy of the extensivemeasurements, the dataset provides
rich statistics of themeso-scale circulation parameters and thus, facilitates understanding
the trade-wind atmosphere in terms of both thermodynamics and kinematics. JOANNE
not only includes quality control of the data, but also data productswhich are synthesised
for much easier use by the larger scientific community. The uniformly gridded data and
the circle estimates of area-averaged quantities are especially proving to be helpful tools
in studies that target shallow cumulus cloud processes and their interaction with the
atmospheric variables.

Using the estimates of area-averaged quantities from the JOANNE dataset, I describe
the meso-scale circulation in the trades. This addresses a critical gap in current knowl-
edge, because the lack of observations had rendered the nature of atmospheric meso-
scale circulation unknown. I describe the mean vertical structure of 𝒟 , 𝜁 and 𝜔 and
the variability in these parameters across days as well as within a few hours. Moreover,
I propose a shallow-circulation mechanism whose persistence in the trades explains a
negative association observed between the mean sub-cloud and cloud 𝒟 anomalies, as
well as the influence of 𝒟 on other parameters such as humidity and temperature.

Thus, gaining from themeasurements of theNARVAL2 andEUREC4Afield campaigns,
this dissertation not only describes the nature of meso-scale circulation and how it in-
fluences clouds, but also opens pathways for future investigations of clouds-circulation
coupling.
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ZUSAMMENFAS SUNG

Eine der sieben großen Herausforderungen (Grand Challenges), die das Weltklimafor-
schungsprogramm benennt, ist das Thema Wolken, Zirkulation und Klimasensitivität
(Clouds, Circulation and Climate Sensitivity). Es heißt, dass dieses Thema “eine spezifi-
sche Barriere darstellt, die den Fortschritt in einem kritischen Bereich der Klimawissen-
schaft verhindert”. ImKern dieserHerausforderung liegt das Problemder Rückkopplung
von marinen flachen Cumuluswolken auf ein verändertes Klima, welches sich haupt-
sächlich aus einem mangelnden Verständnis der Kopplung von jenen Wolken mit der
Zirkulation ergibt. Diese Dissertation baut auf den jüngsten Fortschritten in der Mes-
sung der atmosphärischen Vertikalbewegung auf. Basierend auf Beobachtungen wird
der Einfluss der Zirkulation auf die Bewölkung untersucht und die Zirkulation in den
Passatwindregion charakterisiert, um sich so dem Kern der Kopplung von Wolken und
Zirkulation zu nähern.

Ein langjähriger Mangel an Messungen der mesoskaligen Zirkulation wurde durch
zwei kürzlich durchgeführte Feldmesskampagnen im nördlichen tropischen Atlantik be-
hoben - die Next Generation Remote Sensing for Validation Studies-Kampagne (NARVAL2 ),
welche imAugust 2016 statt fandunddieElUcidating the RolE of Cloud-CirculationCoupling
in ClimAte (EUREC4A) Kampagne, die im Januar-Februar 2020 statt fand. Bei beiden
Kampagnen wurden Flugzeuge eingesetzt, um Dropsonden entlang einer Kreisbahn zu
starten und wichtige Zirkulationsparameter wie die flächengemittelte horizontale Mas-
sendivergenz (𝒟), die Wirbelstärke (𝜁) und die Absinkrate (𝜔) zu bestimmen.

Anhand von NARVAL2 Daten analysiere ich in Fallstudien kombinierte Messungen
von 𝜔 und Bewölkung. Ich zeige, dass 𝜔 auf der Mesoskala den Flächenanteil der fla-
chenWolken und deren Flüssigwasserpfad und Regenwasserpfad effektiver reguliert als
Einflussfaktoren auf Wolken, die auf der Klimaskala wirksam sind. Dazu verwende ich
eine vereinfachte Schätzung des Massenflusses und zeige dabei auch, dass die Reaktion
der Wolken auf die mesoskalige Zirkulation nichtlinear ist. Letzteres hat große Auswir-
kungen auf die derzeitige Strategie der Klimamodelle, welche Wolken mit großskaligen
Parametern simulieren statt mit jenen auf der Mesoskala.

Ich erstelle einen Datensatz namens Joint dropsonde Observations of the Atmosphere in
tropical North atlaNtic meso-scale Environments (mit dem Backronym JOANNE) aus den
EUREC4A-Dropsondenmessungen. Dank der umfangreichen Messungen liefert der Da-
tensatz reichhaltige Statistiken der mesoskaligen Zirkulationsparameter und erleichtert
so das Verständnis der Passatwindatmosphäre sowohl in Bezug auf die Thermodynamik
als auch auf die Kinematik. JOANNE umfasst nicht nur die Qualitätskontrolle der Da-
ten, sondern auch synthetisiert Datenprodukte für eine einfachere Nutzung durch die
größere wissenschaftliche Gemeinschaft. Die Daten auf einheitlichem Gitter und auch
die flächengemittelten Größen auf der Kreis-Skala erweisen sich als besonders hilfreiche
Werkzeuge bei Studien, die auf Prozesse der flachen Cumuluswolken und deren Wech-
selwirkung mit den atmosphärischen Variablen abzielen.

Unter Verwendung der flächengemittelten Größen aus dem JOANNE-Datensatz be-
schreibe ich die mesoskalige Zirkulation in der Passatwindregion. Dies schließt eine
kritische Lücke im derzeitigen Wissen, da die Natur der atmosphärischen mesoskaligen
Zirkulation aufgrund fehlender Beobachtungen bisher unbekanntwar. Ich beschreibe die
mittlere vertikale Struktur von 𝒟 , 𝜁 und 𝜔 und die Variabilität dieser Parameter sowohl

x



über mehrere Tage hinweg als auch innerhalb weniger Stunden. Darüber hinaus schlage
ich einen Mechanismus zur Beschreibung der flachen Zirkulation vor. Dieser Mechanis-
mus ist vorherrschend in der Passatwindregion und erklärt eine beobachtete negative
Korrelation zwischen den mittleren 𝒟 Anomalien in der bodennahen Grenzschicht und
in der darüber liegendenWolkenschicht. Weiterhin erklärt der Mechnismus den Einfluss
von 𝒟 auf weitere Parameter wie Feuchtigkeit und Temperatur.

Ausgehend von den Messungen der Feldkampagnen NARVAL2 und EUREC4A be-
schreibt diese Dissertation nicht nur die Natur der mesoskaligen Zirkulation und deren
Einfluss auf die Wolken, sondern eröffnet auch Wege für zukünftige Erforschung der
Kopplung von Wolken und Zirkulation.
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PRE FACE

The main part of this dissertation is a unifying essay which provides an overview of the
three studies that form this cumulative thesis. The studies are added as appendices.

All three studies come out of measurements taken from two field campaigns that took
place in the tropical north Atlantic – NARVAL21 and EUREC4A. The first study (Ap-
pendix A) describes a dataset of dropsondemeasurementswhich contain a rich sampling
of trade-wind atmospheric variables including, importantly, measurements of mesoscale
circulation. The second study (Appendix B) uses colocated measurements of cloudiness
and atmospheric vertical motion to investigate the influence of circulation on clouds at
the mesoscale. The third study (Appendix C) characterises the properties of mesoscale
circulation in the trade-wind regions by describing the mean vertical structure and the
variability of quantities such as horizontal divergence and vertical velocity. The sequence
of the first two studies here are swapped from how they were carried out chronologically,
so as to provide the reader first with information about howmeasurements of the vertical
motion are made.

In the unifying essay, I start with providing background on the clouds-circulation
problem and list my research questions. Then, I summarise the three studies and place
them in the overarching theme of the dissertation, i.e. the observations of circulation and
its influence on clouds. At the end, I give the major implications of the studies and how
they fit into the larger picture of understanding the clouds-circulation problem. To do this,
I use the results of the studies and answer the research questions posed in the beginning
of the essay.

1Acronyms for field campaigns and instruments are usually more familiar terms than their long forms.
Therefore, to smoothen the flowof reading, all field campaign and instrument name acronyms are introduced
in a separate list following this preface instead of at their first mentions in the text. A couple of model names
and products are also part of the list.
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ACRONYMS

ACTIVATE . . . . . . Aerosol Cloud Meteorology Interactions over the Western At-
lantic Experiment

AFLUX . . . . . . . . . Arctic Amplification: Fluxes in the Cloudy Atmospheric Bound-
ary Layer

ASPEN . . . . . . . . Atmospheric Sounding Processing Environment
ATEX . . . . . . . . . Atlantic Tradewind Experiment
AVAPS . . . . . . . . . Airborne Vertical Atmospheric Profiling System
BCO . . . . . . . . . . Barbados Cloud Observatory
BOMEX . . . . . . . . Barbados Oceanographic and Meteorological Experiment
DYAMOND-Winter . Second phase of the Dynamics of the Atmospheric General Cir-

culation Modeled On Non-hydrostatic Domains
ECMWF . . . . . . . . European Centre for Medium-Range Weather Forecasts
ERA5 . . . . . . . . . . Fifth-generation ECMWF Atmospheric Reanalysis
EUREC4A . . . . . . . Elucidating the Role of Clouds–Circulation Coupling in Climate
GATE . . . . . . . . . GARP (Global Atmospheric Research Program) Atlantic Tropi-

cal Experiment
GOES-13 . . . . . . . GeostationaryOperational Environmental Satellite Program - 13
HALO . . . . . . . . . High-Altitude and Long Range
HALO-(AC)3 . . . . . HALO Arctic Amplification: Climate relevant atmospheric and

surface processes and feedback mechanisms
HAMP . . . . . . . . . HALO Microwave Package
IFS . . . . . . . . . . . Integrated Forecasting System
NARVAL2 . . . . . . . Second Next Generation Remote Sensing for Validation Studies
RICO . . . . . . . . . Rain in Cumulus over the Ocean
TOGA-COARE . . . . TropicalOcean-GlobalAtmosphere (TOGA)CoupledOceanAt-

mosphere Response Experiment
WALES . . . . . . . . Water-vapor Lidar Experiment in Space
WP-3D . . . . . . . . . Lockheed WP-3D Orion (N43RF / ”Miss Piggy”)
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Part I

UN I FY ING E S SAY





1
BACKGROUND

An experiment is a question which science
poses to Nature, and a measurement is the
recording of Nature’s answer.

- Max Planck (1949)

1.1 c louds - c i rculat ion coupl ing

Clouds can be perceived as the visual embodiment of the circulation1 of the atmosphere.
This seems especially obvious when the global distribution of clouds is viewed through
satellite imagery, such as in Fig. 1.1a. The circulation of the tropical atmosphere is dictated
by the Hadley cell, and can be described briefly as mean, ascending motion of air near
the thermal equator and relatively larger adjacent regions experiencing a compensating
subsidence. A schematic is shown in Fig. 1.1b. Clouds are deeper in the ascending branch
of the Hadley cell and often reach the top of the tropopause, whereas much shallower
clouds like cumuli and stratocumuli are observed in the subsiding branch. Just outside
the tropics, the subsidence can sometimes be strong enough to maintain climatological
high pressure regions, thus completely preventing cloud formation. This association of
clouds, and subsequently precipitation, with theHadley cell is the reasonwhy rainforests
are persistent near equatorial latitudes and major deserts are located at the edge of the
sub-tropics.

Before going further, I define the terms meso scale and large scale, as they will be ap-
pearing frequently in the text. The meso scale can be thought of as the timescale of the
evolution of clouds themselves, whereas the large scale is the timescale thought to be
relevant for determining themean, synoptic environmental state and thus controls the cli-
matology of clouds. Environmental conditions in the meso scale (20-200 km) can change
within a few hours to a day, whereas over the large-scale (𝑂(1000) km), conditions can
be expected to persist from a few days to over a month. Although the term ‘environment’
(or ‘atmospheric state’) is generally inclusive of clouds, I use the term here to mean the
surroundings inhabited by clouds and the atmospheric conditions that shape the clouds.

Clouds are integral participants in shaping the climate, because of their interaction
with radiation in both the longwave and shortwave spectra.However in terms of feedback,
i.e. their response to a warming climate, clouds are still a major source of uncertainty
(Zelinka et al., 2020). Particularly important in this respect are marine, low-level clouds
such as shallow cumuli found in the trade-wind regions. This is because of their relative
abundance on the planet, as well as current climate models’ inability to arrive at robust
estimates of their feedbacks (Vial et al., 2016).

In addition to the clouds-circulation coupling at the planetary scale discussed in the
beginning, the coupling of these low-level cloudswith circulation at large andmeso scales
is also important for cloud feedbacks (Bony et al., 2015). The interplay between clouds
and circulation is therefore crucial to improving our understanding of the climate in its

1In this dissertation, I use circulation as a blanket term to mean the kinematic parameters of the atmo-
sphere, especially the vertical motion and terms associated with it.
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Figure 1.1: (a) Infrared composite of geostationary satellite data taken on March 29th
2004 at 12:00 GMT, inspired by Bony et al. (2015) and is courtesy of Météo-
France/CMS/SATMOS/Lannion. The overlain green box shows the north Atlantic
trade-wind region – the area in focus for this dissertation and (b) A not-to-scale
schematic view of the atmospheric circulation in the tropics and the often-occuring
cloud types in the regimes is shown. Some important processes, precipitation among
them, have been excluded in the schematic.

present form as well as for models to predict future climate scenarios more accurately.
However, an accurate coupling of clouds to circulation is an important missing piece of
the puzzle in current models (Stevens and Bony, 2013).

1.1.1 Current reliance on large scale parameters

Previous studies, owing to observational challenges, have relied on reanalysis products
to study the link between clouds and circulation. Due to reanalysis products being more
reliable over the large scale, such studies have focused on the environment’s control of
clouds at the large scale (e. g. Bony et al., 2004; Stevens et al., 2007;Myers andNorris, 2013,
among others). Conventionally accepted cloud-controlling factors that we are confident
of (e.g. Klein et al., 2017) are also ones that are applicable on the large-scale, such as
lower tropospheric stability (Klein and Hartmann, 1993), sea surface temperature (Qu
et al., 2015), relative humidity (Slingo, 1980), and others.
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Therefore, it is no surprise, that current climate models (typically general circulation
models or GCMs) currently predict cloudiness in the tropics using relationships that are
only known at the large scale, e.g. by using values of subsidence (𝜔) at 500 hPa (𝜔500)
to separate shallow from deep convection. Negative values of 𝜔 indicate rising motion.
Models thus simulate deep convection for regions with negative 𝜔500, and conversely,
simulate shallow clouds for regions with positive values. 𝜔500 has consistently been
shown as a reliable parameter for this purpose in the past decades (Slingo, 1987; Bony
et al., 2004; Myers and Norris, 2013). Additional constraints from another large-scale
parameter, atmospheric stability, is further used to distinguish between shallow-cloud
regimes of cumulus and stratocumulus (Medeiros and Stevens, 2009). Thus, large-scale
parameters such as 𝜔 and stability dictate important aspects of cloudiness in current
climate models.

1.1.2 The need to understand meso-scale circulation

Observations show thatmore than 50%and 75%of the variability in shallow clouds occur
over time scales of 1 and 5 days, respectively (Nuijens et al., 2015b), thus highlighting
the importance of the meso scale. However, what controls tropical clouds at the meso
scale is not as well-investigated as that at the large scale. For the large-scale we have
answers about how clouds are linked to some aspects of circulation, but none at the meso
scale. This is due to there not being enough understanding about the state of atmospheric
circulation at the meso scale, which in turn can be blamed on the lack of observations.

Klein (1997) and Brueck et al. (2015) show that the relationships observed at the large
scale often do not hold over scales of 5-days or shorter. Moreover observations show that
whilst factors such as humidity, stability and 𝜔850 explain ∼56% of the monthly variance
in trade-wind cloud cover, the same factors fail to explain any more than 24% of the daily
variance (Nuijens et al., 2015a). Thus, large scale parameters are not capable of sufficiently
representing cloudiness at the meso scale, which is also roughly the same scale as the
grid-box sizes of climate models today.

The reliance on large scale cloud-environment relationships also points to an inherent
assumption in climate models’ parameterisation of clouds – that the effects of the meso-
scale perturbations should average out over the large scale. However, this assumption is
only valid if the response of clouds to meso-scale conditions is linear. We do not know
if this response is linear, primarily because we do not know the nature of the meso-scale
circulation and therefore, we do not know how clouds respond to it.

Limited-area models that do not resolve the global circulation, such as large eddy
simulations (LES) and some cloud-resolving models (CRMs), need the vertical motion
profile to be prescribed as part of the forcing to the model. Suchmodels show that clouds
are very sensitive to the prescribed circulation (Bony et al., 2015; Dussen et al., 2016).
Currently, models use forcings that are either not constrained by any observations (Sobel
and Bretherton, 2000; Romps, 2012) or if they use observations, then they are large-scale
estimates and not really reflective of the conditions at the meso scale, e.g. TOGA-COARE
forcings from Johnson et al. (2002) andRICO forcings fromVanZanten et al. (2011). Thus,
along with how circulation couples to clouds, it is also important to know the meso scale
structure and variability of circulation itself.
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1.2 measur ing vert i cal mot ion

There has been a long standing agreement in literature that the role of 𝜔 in cloud predic-
tion is not negligible (e.g. Yanai et al., 1973; Bony et al., 2004; Brueck et al., 2015).However,
measuring the meso-scale circulation is very difficult. Thus, 𝜔 has thus always been in
the game, but never really in the grasp.

Early attempts to compute area-averaged vertical motion of the atmosphere were with
field campaigns in the Atlantic trade-wind regions such as the Atlantic Expedition of
1965 , ATEX in 1969 (Augstein et al., 1974) and BOMEX in 1969 (Holland, 1970). These
field campaigns deployed large-scale networks of research vessels, and via simultane-
ous radiosonde soundings from these platforms, computed the horizontal divergence
(𝒟) and thus, the mass, heat and moisture budgets at several levels in the atmosphere.
Later, several other campaigns such as GATE and TOGA-COARE also successfully im-
plemented similar sounding arrays to compute the divergence and vertical motion over
large-scale areas, with dimensions ranging between 800−1000 km. Lenschow et al. (1999,
2007), although not the first to demonstrate, solidified the use of airplane measurements
to measure area-averaged divergence (𝒟) using the line-integral and regression method.
The advantage here was that the spatial scale could be made smaller than in previous
field campaigns; however, information about vertical motion was missing, because 𝒟
was only estimated at one level.

Overcoming the limitation of aircraft to sample a single level in the atmosphere,
Bony and Stevens (2019) recently used dropsondes launched along a circular path of
roughly 180 kmdiameter to estimate area-averaged horizontal mass divergence and, con-
sequently, vertical motion in a field campaign called NARVAL2 (details of the method
and the field campaign in Section 2). They demonstrated the robustness of the method
by making repeated measurements in the same airmass, and found that estimates of the
divergence profile thus computed showed robust area-averaged signals rather than noise.
The repetition also allowed them to experimentally check if the regression error is con-
sistent with the measurement error. The major breakthrough of Bony and Stevens (2019)
was indeed themeasurements of 𝜔 at themeso scale. However, their use of the regression
methodprovides the added advantage that an estimate of the standard error of regression
is also available, thus letting us know what the confidence in these measurements of 𝜔
are.

1.3 r e s earch que st ions

Following Bony and Stevens (2019) area-averaged, meso-scale measurements of hori-
zontal mass divergence (𝒟) and subsidence rate (𝜔) are now possible and available
thanks to field campaigns such asNARVAL2 and EUREC4A (both described in Section 2).
Improving the current understanding of clouds-circulation coupling at themeso scale can
thus be targeted via two approaches:

(a) the study of relationships that are apparent in observations by using colocated
measurements of clouds and circulation

(b) the study of simulated relationships of clouds with circulation, by providing accu-
rate forcings of the meso-scale circulation to LES and CRMs

However, we do not currently have accurate forcings because, as discussed in sec-
tion 1.1.2, we do not know what the atmospheric circulation looks like in the meso scale.
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Therefore, for approach (b) a pre-requisite needs to be met, i.e. first, a characterisation of
the meso scale circulation is needed in terms of its mean vertical structure and variability.
Approach (a) and the pre-requisite for approach (b) form the basis of this dissertation.
The research questions are listed more explicitly with the relevant sub-questions as fol-
lows.

1. Given the state of the atmosphere in the meso scale, what can be said about the
cloudiness?
a) How well do conventional cloud-controlling factors perform in predicting

cloudiness at the meso scale?
b) What is the influence of meso-scale vertical motion on clouds?
c) Could extending meso-scale relationships to the large scale potentially affect

cloud and climate processes, i.e. Can we comment on the linearity of the cloud
response to meso-scale conditions?

2. What are the characteristics of the meso-scale circulation?
a) What is the mean vertical structure?
b) What is the variability in the circulation parameters and how does this com-

pare with that of thermodynamic quantities on the meso scale?
c) What is the interplay between the meso-scale circulation and other environ-

mental quantities thought to influence cloudiness?
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2
MEASUREMENTS OF VERT I CAL MOT ION

I have still another concern. How are younger,
less known, less well-funded meteorologists
going to obtain access to the data?

- Joanne Simpson (1976)
(writing about data collected during the

GATE field experiment)

2.1 drop sonde s to de scr i b e the stat e of the atmosphere

2.1.1 The instrument

Measurements from dropsondes are at the core of all three studies that form this dis-
sertation and therefore, the instrument warrants a detailed introduction. Dropsondes
hold sensors for measurement of pressure (𝑝), temperature (𝑇), relative humidity (RH)
and Global Positioning System (GPS) signals, from which horizontal winds are derived.
Thus, a dropsonde sounding provides fundamental quantities for describing the state of
the atmosphere. After dropsondes are launched from an aircraft, they slowly sink down
through the atmosphere with an open parachute, and on their way provide the afore-
mentioned measurements. Dropsondes are essentially the same as radiosondes, except
the former come down to Earth’s surface after being released from an aircraft and the
latter rise up through the atmosphere, while attached to aweather balloon. The studies in
this dissertation benefit from Vaisala’s RD-92 (for NARVAL2 ) and RD-41 (for EUREC4A)
dropsondes. The details about the sensors on the dropsondes are available in Table A.1.

Despite the lack of information about condensates, essential thermodynamic quantities
such as density, geopotential height, measures of stability and column water vapour can
bederived from thedropsondemeasurements.Additionally, the high sampling rate of the
dropsondes also resolves the vertical gradients in the atmosphere, that are often missed
by remote-sensing instruments (Stevens et al., 2017). These vertical gradients help derive
important features of the atmosphere’s vertical structure such as the mixed layer depth
and the inversion layer. Dropsondes thus provide important in-situmeasurements for the
characterisation of the atmospheric environment.

2.1.2 Measuring vertical motion

Individual dropsonde soundings provide local horizontal wind measurements from the
GPS tracking of the sondes. However, vertical wind measurements – which are a few
orders of magnitude lower than horizontal wind values – cannot be estimated reliably
from individual soundings.

Bony and Stevens (2019) demonstrated the method of regression to obtain area-
averaged estimates of divergence and vorticity, by launching dropsondes in circular paths
of diameter ∼200 km. We simply refer to such dropsonde-circles as circles hereafter. If
time-steadiness over roughly the period of one hour and linearity in horizontal space are
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Figure 2.1: (a) Schematic of dropsonde measurements taken across a circular flight path, (b)
Location of dropsonde launches made during NARVAL2 and (c) Schematic showing
the area of aircraft operations during EUREC4A. HALO is shown along with other
participant aircraft.

assumed, the measurement of any parameter 𝜙 taken at position (𝑥𝑖, 𝑦𝑖) can be related to
the area-averaged mean of 𝜙 as,

𝜙(𝑥𝑖, 𝑦𝑖) ≈ 𝜙𝑜 + 𝜕𝜙
𝜕𝑥 Δ𝑥𝑖 + 𝜕𝜙

𝜕𝑦 Δ𝑦𝑖, (2.1)

where 𝜙𝑜 is the meso-scale mean value, and Δ𝑥𝑖 and Δ𝑦𝑖 are the eastward and northward
distances, respectively of the 𝑖𝑡ℎ dropsonde from the mean center-point of all observed
points included in the regression (see Fig. 2.1a). Equation 2.1 is solved for the system
of all dropsondes launched in the circle such that the least-squared errors for the fit are
minimised. This provides the regression coefficients, i.e. the horizontal gradients in the
eastward (𝜕𝜙

𝜕𝑥 ) and northward (𝜕𝜙
𝜕𝑦 ) direction, alongwith the intercept value, i.e. themean

meso-scale value (𝜙𝑜).
Using gradients obtained from equation 2.1, the meso-scale divergence (𝒟) and vor-

ticity (𝜁) can thus be estimated as,

𝒟 = 𝜕𝑢
𝜕𝑥 + 𝜕𝑣

𝜕𝑦 and 𝜁 = 𝜕𝑣
𝜕𝑥 − 𝜕𝑢

𝜕𝑦 (2.2)
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where 𝑢 and 𝑣 are the eastward and northward components of the horizontal wind,
respectively. Thus, from continuity, it becomes possible to estimate the area-averaged
vertical velocity as,

𝑊(𝑧) = − ∫
𝑧

0
𝒟𝑑𝑧 (2.3)

and subsequently, subsidence (or pressure velocity) can be estimated as,

𝜔(𝑧) = −𝜌(𝑧) ⋅ 𝑔 ⋅ 𝑊(𝑧), (2.4)

where 𝜌 is density, 𝑔 is the gravitational acceleration.
These circle measurements of 𝒟 and 𝜔 were first successfully demonstrated at the

meso scale by Bony and Stevens (2019) during the NARVAL2 campaign, and then, im-
plemented extensively during the EUREC4A campaign.

2.2 the f i e ld campa igns and the i r c i rc l e s

2.2.1 HALO

The German HALO aircraft, described aptly as an airborne “cloud observatory” by
Stevens et al. (2019a),was integral tomeasurements in bothfield campaignsNARVAL2 and
EUREC4A. The aircraft served as a platform for making cloud measurements from ad-
vanced remote-sensing instruments and for launching dropsondes, thus simultaneously
quantifying cloudiness and measuring the state of the atmosphere.

The positioning and configuration of instruments aboard HALO is shown in Fig. 2.2a.
Dropsondes are first initialised by connecting them to theAVAPS computer (see Fig. 2.2b)
at the rear side of the aircraft, and after successful initialisation, they are launched out
of the aircraft from a pneumatic launch chute (see Fig. 2.2c), which forces the sonde
out of the aircraft due to the difference in cabin and ambient pressure. Details about the
other instruments on board HALO are provided by Stevens et al. (2019a) and references
therein.

2.2.2 NARVAL2 Campaign

The field campaign NARVAL2was carried out from August 8−28 , 2016. The campaign
primarily involved ten research flights across the tropical north Atlantic region east of
Barbados, of which four flights included circles (diameter ∼180−200 km), in line with
the strategy explained in section 2.1.2. Eachflight had two circles, and the launch locations
of the dropsondes along these eight circles are shown in Fig. 2.1b. The circles typically con-
sisted of circle pairs, i.e. once flown clockwise and then the second flown anti-clockwise
in the ‘same’ location as the first, but shifted to account for the mean wind. The idea
behind this flight strategy was to test the measurements within the same airmass. More
details about the flights are provided by Stevens et al. (2019a).

2.2.3 EUREC4A Campaign

During my time as doctoral student, I had the immense privilege of participating in
EUREC4A and was primarily responsible for the dropsonde operations aboard HALO.
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Figure 2.2: (a) Figure from Stevens et al. (2019a), showing the setup of instruments aboardHALO
for the NARVAL2 and EUREC4A field campaigns, in addition to HALO’s default con-
figuration. The thermal imagerwas available only for EUREC4A. (b) Photograph taken
during a dropsonde’s initialisation a few minutes before its launch. The unpacked
dropsonde is connected to the AVAPS computer whose screen is seen above the drop-
sonde rack and (c) Photograph of the pneumatic launch-chute located on the starboard
side of HALO, oriented downwards and facing away from the fuselage. Photographs
(b) and (c) were taken during EUREC4A flight HALO-126 and are from Konow et al.
(2021).

EUREC4A was a field experiment focused on understanding shallow cumulus cloud
processes and their environment with a multitude of land-based, sea-based and airborne
platforms in the north Atlantic trade-wind region over January-February, 2020 (Bony et
al., 2017; Stevens et al., 2021).

A total of 1216 dropsondes were launched from HALO and the US-American WP-3D
aircraft during EUREC4A over 26 flights. The campaign employed the circle strategy as
its core activity, and roughly 85% of the total sondes were launched in one of the 85
circles flown during EUREC4A. Of these 85 circles, HALO flew 70 circles of ∼222 km
diameter with fixed center coordinates (57.67°W, 13.31°N), to facilitate synergy with
other platforms in the campaign. We call these circles EUREC4A-circles. Fig. 2.1c shows a
schematic of the EUREC4A strategy for measurements with participant aircraft. HALO is
shown flying the EUREC4A-circle just upwind of the Barbados CloudObservatory (BCO;
Stevens et al., 2016).
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A typical HALO flight consisted of 6 circles per flight, usually arranged with an excur-
sion of one hour between two sets of 3 circles, and flown at an altitude of ∼9.5 km. From
that altitude, it took around 12 minutes for a dropsonde to land. Considering a mean
easterly wind of ∼8 m/s, the air mass sampled by HALO would move from the eastern
boundary to the western boundary (diameter ∼222 km) in roughly 8 hours. Thus, with 6
circles spread across 7-8 hours over 13 flight-days, it becomes possible to study the intra-
and inter-day variability of the environmental parameters.

For both NARVAL2 and EUREC4A, it took roughly 55 minutes to an hour for HALO
to complete one circle, and dropsondes were launched at regular intervals of every 4-
5 minutes. Therefore the cloudiness and environments characterised by these circles are
representative of conditions over time-scales of 1-2 hours. The diameter of the circles in
both campaigns also fall within the 160-220 km range, and therefore, with respect to both
the time and space dimension, the circles fit our objectives of characterizing the meso
scale suitably (see definition of meso scale in section 1.1). For reference, the circles fall
into the ∼20-200 range or the meso-𝛽 scale, as per Orlanski (1975).

2.3 joanne

EUREC4A’s rich dropsonde measurements and in particular, the circles, present a unique
opportunity for themeso-scale trade-wind conditions to be studied in a statisticalmanner,
and at a scale on which observations were not available previously. Thus, a quality-
controlled, uniformly gridded dataset with circle products such as 𝒟 and 𝜔 can be im-
mensely useful for the research community. With these objectives in mind, the EUREC4A
dropsondes dataset was made available. The dataset is called Joint dropsonde Observations
of the Atmosphere in tropical North atlaNtic meso-scale Environments, and has the backronym
JOANNE, as an ode to one of the most influential researchers in the field of tropical
meteorology, Joanne Simpson.

An overview schematic of the data levels and the processes involved in JOANNE is
shown as a flowchart in Fig. 2.3. A more detailed description of the dataset is available in
the publication added as Appendix A. In this essay, I only touch upon the quality control,
the dry bias encountered in HALO sondes and a brief description of the different data
products that are part of JOANNE.

2.3.1 Quality control

Dropsonde data are collected on the aircraft using the AVAPS system (UCAR/NCAR,
1993) system, which receives the radio signals transmitted from in-flight dropsondes.
These raw data are processed using the state-of-the-art software ASPEN (Martin and
Suhr, 2021) and provides sounding data after applying standard quality-control algo-
rithms and corrections. More details about the ASPEN processing and the primary data
processing it performs can be found in Martin and Suhr (2021).

After processing raw data with ASPEN, I apply an additional round of quality-control
(QC) to the data. A key objective of this QC is to provide data that do not contain any
obviously erroneous measurements with regard to the conditions expected in the trade-
wind regions. I also aim to keep missing data to a minimum in the dataset, to have more
efficiency and minimise troubleshooting during data analyses.

With these objectives inmind, I devised three QC tests. Every sounding passes through
these tests and its performance in each of the tests is collectively recorded in a parameter
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called the qc_flag, which decides the sounding’s success or failure in the QC process. The
possible values for qc_flag are good, bad and ugly, which stand for fully-usable, non-usable
and partially-usable data, respectively. The three QC tests are briefly described below:

1. Launch Detection Test: Most dropsonde instrument failures during EUREC4Awere
due to a fault in their automatic detection of launch. This test looks for such failures
in soundings and removes them.

2. Profile Fullness Test: This test checks if data is available for at least 80% of the
measured profile.

3. Low-altitude Measurements Test: This test checks if data in the moist layer falls
within the expected bounds of the respective parameter’s values.

Details about how the collective performance in these tests decides the qc_flag for a
sounding is provided in the study in Appendix A.

Overall, 1067 sondes passed the QC tests and were flagged good, while 41were flagged
bad and provided no data. An additional 98 contained partial data and were flagged ugly,
i.e. even though they are not included in JOANNE from Level-2 onwards, there are still
measurements for some parameters or for some parts of the atmospheric profile that can
be salvaged.

2.3.2 Dry bias in HALO Dropsondes

An advantage of the EUREC4A campaign is the abundance of measurements from dif-
ferent platforms of several atmospheric quantities, among which water vapour is an
important one. Although not exactly colocated, the proximity of these different mea-
surements in space and time makes it possible to make reasonable comparisons and
also create synergistic products. One such comparison of relative humidity (RH) from
HALO dropsondes with measurements in the vicinity revealed a potential dry bias in
the HALO soundings, i.e. RH values from HALO sondes were underestimated. After
eliminating other possibilities, the most plausible reason for this dry bias was found to be
the improper reconditioning of dropsondes during their initialisation procedure before
launch. The dry bias is suspected to have been caused due to contaminant retention on
the moisture sensor, which should otherwise have been removed in case of a regular
reconditioning.

The current understanding of how sensor contamination affects moisture measure-
ments is quite poor and hence, an adequate correction based on physical reasoning is
not possible. Nevertheless, the dry bias could have unintentional, far-reaching influences
on further analyses via quantities such as precipitable water, area-averaged subsidence
rate and density among many others. Therefore, I took an empirical approach to obtain
a correction for the HALO sondes. I compared the HALO RH measurements with ra-
diosonde launches from the neighbouring research vessel Meteor and the BCO (Stevens
et al., 2016). Comparing the three RH distributions over different altitude windows in
the atmosphere, I found the bias in the HALO measurements to have a scaled offset (see
Fig. A.5 in Appendix A). Applying a multiplicative factor of 1.06 to the HALO humidity
measurements shows much better agreement among the compared RH distributions. It
is strongly recommended to apply the correction to the HALO humidity measurements.

Although the correction stems from an empirical analysis, it is currently the best ap-
proach to such a dry bias in dropsondes. This correction can also guide approaches for
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Figure 2.3: Flowchart outlining the processes and data products involved in JOANNE. Details of
the processes and products are provided in Appendix A.

other datasets that have experienced a similar dry bias, e.g. the dropsondemeasurements
from Polar 5 during AFLUX 2019 (Becker et al., 2020).

2.3.3 JOANNE Data Levels

JOANNE is divided into five levels of data products, eachwith added layers of processing
and synthesis. Level-0 contains the raw data files and logs of the dropsonde instruments,
whereas Level-1 contains the output of the ASPEN processing run on the Level-0 raw
files. Starting Level-1 onwards, all files in JOANNE are of the netCDF format.

The quality control, described in section 2.3.1, is run on the Level-1 files, and the
soundings flagged as good are included in Level-2, after removing redundant state vari-
ables. Only quantities measured by dropsondes are kept as variables in Level-2. Level-3
comprises all soundings from Level-2, gridded on a uniform vertical spacing of 10 m
with additional products such as potential temperature and specific humidity. Level-4
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includes circle products and thus contains area-averaged quantities estimated from the
circles flown during EUREC4A.

JOANNE, in tandem with measurements from other platforms of EUREC4A, such as
the data from the radiosondes network (Stephan et al., 2020), is already being used by
several research studies for characterising different aspects of the trade-wind atmosphere.
For example, the divergence, vorticity and subsidence variables available from Level-4
form the core of the third study in this dissertation (see Appendix C), where the meso-
scale circulation is characterised. The study is summarised in chapter 4.
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3
THE INFLUENCE OF VERT I CAL MOT ION ON CLOUD INE S S

It does not say in the Bible that all laws of
nature are expressible linearly!

- Enrico Fermi (Gleick, 1987)

3.1 the narval2 cas e stud i e s

TheNARVAL2 circles are the first set ofmeasurements in the trade-wind regions,wherein
both the cloudiness and the environment – in terms of the thermodynamics and the
kinematics – are well-characterised. In a sense, these data can be thought of as coming
from a cloud chamber experiment where the tuning parameters and the results, although
completely in Nature’s control, are known to us. Therefore, it presents the opportunity
to understand the meso-scale environment’s control on tropical clouds, in particular the
influence of vertical motion.

The measurements taken during NARVAL2were not limited to trade-wind conditions,
but extended to conditions closer to the moist tropics, or the inter-tropical convergence
zone (ITCZ). Inspired by the bimodal distribution of column moisture in the tropics
(Mapes et al., 2018), I divided the eight NARVAL2 circles into four S-circles and four
A-circles. The ‘S’ and ‘A’ stand for suppressed (or shallow-convective) and active (or deep-
convective) cases, respectively. We investigate these eight case-studies to determine how
the environment controls cloudiness at the meso scale.

3.2 character i s ing the env i ronment and cloud ine s s

3.2.1 The environment

I used dropsonde measurements as the primary tool for characterising environmental
quantities. These can be separated into (a) thermodynamic quantities such as static
energy, precipitable water (PW), free tropospheric humidity, lifting condensation level
(LCL), lower tropospheric stability (LTS), inversion height and (b) kinematic quantities
such as the surface wind speed, the area-averaged divergence (𝒟) and subsidence (𝜔).
Fig. 3.1 gives a quick visualisation of the thermodynamic (left panel) and kinematic (right
panel) aspects of the environment for the S-circles (shown row-wise).

The vertical structure of the static energy profiles does not vary much among the S-
circles. The thermodynamic structure varies more among days than among circles far
away, but flown on the same day. This indicates that such variations occur rather over the
large scale than the meso scale. Conventional cloud-controlling factors such as SST, PW
and LTS also do not show significant changes among the S-circles, despite there being
variations in cloudiness as we shall see in the following subsection.
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Figure 3.1: For the S-circles in NARVAL2 , the static energy profiles (left), cloudiness profiles
(centre) and the meso-scale vertical motion profiles (right) are shown. The grey lines,
cutting horizontally across all profiles are, frombottom to top, levels of LCL,maximum
N2, 700 hPa and 500 hPa, for the particular circle. The static energy values, 𝜔 and
vertical velocity are determined from dropsonde measurements, and the cloudiness
profiles are obtained from the HAMP radar as echo fractions of total cloud fraction
(grey) and shallow cumulus cloud fraction (dark red).

3.2.2 Cloudiness

To characterise the cloudiness in the circles, I mainly use HALO’s suite of remote-sensing
instruments (see Fig. 2.2a). Measurements from the HAMP radar are used to estimate
total cloud fraction. Additionally, with some restraints on cloud base height (<1km) and
cloud top height (<4km), I extract the shallow cumulus cloud fraction (see middle col-
umn in Fig. 3.1) from the total cloud fraction. TheHAMPmicrowave radiometer provides
estimates of liquid water path (LWP) and rain water path (RWP), used to quantify cloud
activity and precipitation in the circles, respectively. TheWALES (Wirth et al., 2009) lidar
provides cloud top height values from its measured backscatter profile. I estimate the
cloud cover in the circle using the fraction of WALES profiles that encountered clouds.

Since the aircraft only samples the circumference, satellite observations from GOES-13
(Knapp, 2017) are used to quantify cloudiness within the circle. As the satellite and lidar
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Figure 3.2: Schematic shows terms involved in the estimation of mass flux (𝑀) by equa-
tions 3.1 and 3.2. The terms are explained in the text.

profiles only provide information about cloud tops, cumulative profiles of cloud cover
going from top to the surface are obtained from both instruments, as opposed to vertical
profiles of cloud fraction obtained from the radar.

Among the S-circles, the radar cloud fraction profiles show S4 to have a significantly
larger cloud fraction compared to the remaining three S-circles (Fig. 3.1). S4 also has
relatively greater values of LWPandRWP, showing that there ismore liquidwater content
and precipitation in circle-S4 compared to the others. Satellite observations show that S4
also had higher cloud tops (∼3.5 km) compared to the other S-circles, wherein clouds
had their tops at ∼2 km. The characterisation of cloudiness in the A-circles and how they
compare to the S-circles has been detailed in Appendix B and has not been discussed here
for brevity.

3.3 in f luence of vert i cal mot ion on cloud ine s s

A key difference in the circles with the largest occurences of shallow clouds (S4 and A2)
is that both show converging airmasses in their sub-cloud layer. I assert this as a crucial
factor responsible for the higher measures of cloudiness, especially among the S-circles
since they vary little in terms of their thermodynamic conditions.

A hypothesis that provides a possible explanation is how the influence of vertical
motion on the convective mass flux increases cloud core area fraction. Fig. 3.2 provides
a simplistic schematic which shows the terms associated with this hypothesis. A simple
description of the convective mass flux velocity (𝑀) is the rate of air ventilated out of the
sub-cloud layer via the base of clouds through updrafts of air. Since all parts of a cloud
do not experience updrafts, the parts that do are called the cores of clouds. Thus, 𝑀 can,
by definition, be estimated as

𝑀(𝑧) = 𝑎𝑐𝑜(𝑧) ⋅ 𝑤𝑐𝑜(𝑧) (3.1)

where 𝑎𝑐𝑜 is the area of cloud cores and 𝑤𝑐𝑜 is the mean updraft velocity at cloud base.
Anotherway of estimating𝑀 as an area-averaged quantity is by calculating it as a residual
of the sub-cloud layer mass budget including the entrainment rate 𝐸 and the meso-scale
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Figure 3.3: Peak shallow cumulus cloud fraction (CF𝑆ℎ𝐶𝑢) from the radar is plotted against the
large-scale vertical velocity at respective LCL heights of the circles. The shaded regions
show the range of estimated cloud core fractions based onmass flux calculations (refer
to the text)

vertical velocity 𝑊 at the top of the sub-cloud layer (Vogel et al., 2020). Thus, assuming
the depth of the sub-cloud layer to be steady over the period of 1-2 hours, we estimate 𝑀
as,

𝑀 = 𝐸 + 𝑊 (3.2)

Combining equations 3.1 and 3.2 gives a way to estimate cloud-core area fraction from
the meso-scale vertical velocity as,

𝑎𝑐𝑜 = 𝐸 + 𝑊
𝑤𝑐𝑜

(3.3)

Thus with expected values of 𝐸 (Vogel et al., 2020) and 𝑤𝑐𝑜 (Sakradzija and Klingebiel,
2020) for the region, I can use equation 3.3 to make a simplistic theoretical prediction
of the cloud-core area fraction given the vertical velocity, 𝑊. This is shown by the blue
line and shaded region in Fig.3.3. I overlay actual cloud fraction from the radar on this
prediction, which is shown bymarkers of circle names in Fig.3.3. There are some nuances
to the interpretation of Fig. 3.3, which are provided in Appendix B. But overall, the rea-
sonable agreement between the measurements and the simplistic theoretical prediction
strengthens the argument that, over the meso scale, vertical velocity in the sub-cloud
layer has more control over cloudiness than do thermodynamic factors. While this has
been suggested previously by Mauger and Norris (2010) and Szoeke et al. (2016), such
relationships have not been observed in nature before.

The scaling of cloud fraction with 𝑊 also tells us about the nature of the relationship
between cloudiness and the meso-scale circulation. No measure of cloudiness can be
negative. Hence, the relationship between 𝑊 and clouds is, in fact, non-linear. This goes
to invalidate the argument that the response of clouds to the meso scale averages out to
zero over the large scale, and that the large-scale relationships between clouds and their
environment are sufficient to predict clouds accurately at the climate scale.
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4
CHARACTER I Z ING THE C I RCULAT ION

Before one can make any serious attempt to
explain the circulation of the atmosphere, he
must become familiar with the circulation
which he wishes to explain... experience
suggests that the investigator who attempts to
deduce the atmospheric circulation without
first observing it is placing himself at a
considerable disadvantage...

-Edward Lorenz (1967)

Findings from the NARVAL2 case-studies highlight the importance of circulation in
cloud processes, and strengthens the case to better understand themeso-scale circulation
itself. Here, I usemeasurements from the 70 EUREC4A circles flown byHALO to describe
the structure and variability ofmeso-scale circulation parameters such as horizontalmass
divergence (𝒟), relative vorticity (𝜁) and subsidence rate (𝜔) in the winter-time trades.

4.1 mean vert i cal structure

4.1.1 Vertical structure of the atmosphere in the trades

Certain layers of the trade-wind atmosphere are of special importance in setting the
vertical structure and have been used in studies pertaining to the trade-wind regime
since decades (Malkus, 1958; Augstein et al., 1974; Vogel et al., 2020). These will also
aid in our discussion of the structure of meso-scale circulation quantities. Here I call
them collectively as layers of interest and only identify them, but more detail on their
definitions is provided in Appendix C. The layers are as follows with mean values during
EUREC4A indicated in parentheses.

1. surface layer : the lowest 50m from the surface

2. mixed layer : the neutrally stable, well-mixed layer from the top of the surface layer
up to the level of maximum relative humidity (∼630m)

3. inversion layer : the stable moisture-capping layer, a characteristic feature of the
trades (∼2260 m)

4. triple-point isotherm : the altitude at which the atmospheric temperature is the triple-
point temperature of water (∼4840m).

There is often a transition layer at the top of the mixed layer, and they both together
form the sub-cloud layer. The layer between the sub-cloud layer top and the inversion
layer is called the cloud layer. The entire layer from the surface to the inversion layer
is called the moist layer. The layers are shown in Fig. 4.1 along with the profiles of
divergence, vorticity and subsidence from EUREC4A measurements.
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Figure 4.1: The vertical structure of the atmosphere in the trade-wind regions shown by measure-
ments taken during the EUREC4A campaign of divergence (left), vorticity (middle)
and subsidence rate (right). Thick, blue line shows the mean and the grey, shaded
region indicates the inter-quartile range of measurements through the period of the
campaign. Horizontal dotted lines cutting across panels show mean values of mixed
layer top (bottom-most), inversion height (middle) and triple-point isotherm (upper-
most) during EUREC4A.

4.1.2 Mean profile of divergence, vorticity and subsidence

The 𝒟 mean profile (see left-most panel in Fig. 4.1) shows three key features between
the surface and the triple-point isotherm, namely (a) a layer of divergence throughout
the moist layer with a local minimum at the mixed layer top, (b) layers of alternating
convergence (below) and divergence (above) just above the inversion, (c) layers of alter-
nating divergence below and convergence above the triple-point isotherm. The colocation
of these features with the layers of interest is an interesting feature, since 𝒟 is estimated
from horizontal winds whereas the layers are estimated from specific humidity (𝑞) and
potential temperature (𝜃). The divergence structure is driven by the radiative cooling
profile in the long-term and I assert that this is how the structure of 𝑞 and 𝜃 set the
structure for 𝒟 over time scales longer than a few days.

The mean profile of 𝜔 (shown in the right-most panel in Fig. 4.1) shows an almost
linear increase of subsidence from surface upto a local maximum at the inversion layer,
due to the complete divergence in the moist layer. Thereafter, in the free troposphere, 𝜔
is relatively consistent and has a mean value of 1 hPa h−1. This mean subsidence value
in the free troposphere can be used to estimate the mean cooling rate of the atmosphere.
An approximation of the weak temperature gradient (Sobel et al., 2001) can be applied
to do so. The mean cooling rate comes to ∼1.29K d−1 which conforms with previous
understanding about the cooling rate of the sub-tropics (Hartmann and Larson, 2002;
McFarlane et al., 2007).

Diverging airmasses are often associated with anti-cyclonic rotation of air, and this is
also observed in themean profile of 𝜁 (seemiddle panel in Fig. 4.1). Thus, throughout the
moist layer, 𝜁 shows negative values following the positive 𝒟 . However, the agreement
between both is only for themean profile and profiles of individual circles or even of daily
means do not show a similar association.
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Figure 4.2: Vertical profiles of (a) 𝒟 and (c) 𝑞 averaged over all HALO-EUREC4A circle measure-
ments. The anomaly from time-mean (shown as hues) of 𝒟 , and 𝑞 for individual circle
profiles are shown in (b) and (d), respectively. The profiles are separated into different
boxes based on their respective flight dates, which are indicated on the bottom of the
x-axis in (d). Each box includes the same number of profiles corresponding to the
EUREC4A-circles flown during the respective flight. Profiles are sequenced based on
circle-count, and the scale of x-axis is not linear in time. The mixed-layer top and in-
version height are overlaid as green and black dots (lines on left panels), respectively.

4.2 var iab i l i t y

A quick overview of the range of meso-scale circulation conditions sampled during
EUREC4A can be seen in Fig. 4.2b and 4.2d. Since the measurements were taken with
no partiality towards any meteorological conditions, they provide an unbiased picture of
the variability in the trades for the time period sampled.

I investigate the variability of the atmospheric parameters with dispersion measures
such as the inter-quartile range (shown in Fig. 4.1) and the coefficient of variation (not
shown here), the latter to compare the quantities over different units. These dispersion
measures show that the magnitude of variability in area-averaged quantities (𝒟 , 𝜁 and
𝜔) is much greater than that in the thermodynamics (𝑞 and 𝜃). For example, the standard
deviation of 𝜔 is roughly four times that of its mean value in the free troposphere and
even greater in themoist layer. On the contrary, the standard deviation for 𝑞 is of the same
order of magnitude as its mean in the free troposphere and even lesser in the moist layer.

Observing such large ranges of variability in circulation parameters challenge current
modelling strategies wherein climatological values are prescribed as forcings (e.g. Van-
Zanten et al., 2011), even for limited-area high-resolution models where the spatial and
temporal spacings are of the order of the meso scale I discuss here. It becomes espe-
cially important if processes in the meso scale are non-linear (such as those I find in
section 3.3), since such large variability can amplify the difference betweenmodel results
of prescribedmeso-scale and large-scale forcings. Therefore, sincemeasurements are now
available, efforts must be made to restrain forcings to meso-scale profiles.
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Figure 4.3: Schematic of the shallow circulation discussed in section 4.3 is shown. The marker ′

against any parameter indicates the parameter’s anomaly from its mean. 𝐸 stands for
entrainment rate, 𝑀 for shallow convective mass flux and 𝑄𝑟 for radiative cooling rate.
The remaining symbols have the same meaning as in the text.

4.3 shallow c i rculat ions

For most of the flight-days, in case of 𝒟 anomaly from mean, the sign of the mean value
in the mixed layer tends to be opposite to that of the mean in the cloud layer. A similar
negative association is also found between the mixed-layer mean values of 𝒟 anomaly
and 𝑞 anomaly.

I present a hypothesis that these associations can be explained by the presence of local
shallow circulations in the trade-wind regions, which are of the depth of the moist layer.
In the ascending branch of the circulation, air converges in the mixed layer and exports
moisture vertically into the cloud layer via increased mass flux (equation 3.2). The in-
creased moisture in the cloud layer reduces the drying efficiency of entrainment. There-
fore, for a given entrainment rate, a converging mixed layer will moisten the cloud layer
and subsequently, the mixed layer will have a greater moisture anomaly. Conversely, a
diverging mixed layer will, over time, maintain a drying anomaly in the cloud andmixed
layers. The differential radiative cooling between themoist, ascending region and the dry,
descending region could potentially maintain the shallow circulation state (Schulz and
Stevens, 2018; Naumann et al., 2019). A schematic of the proposed shallow circulations
is shown in Fig. 4.3.

The moistening and drying of the cloud layer is not an instantaneous process, and
its effect on the drying efficiency of entrainment takes time. This explains why the as-
sociations found as evidence for the shallow circulations are clearer over day-means or
circling-means rather than individual circle values. The 𝑞 anomaly in themixed layer also
correlates positively with that in the cloud layer over day-means, thus providing more
evidence to the hypothesized shallow circulation.

More details regarding the meso-scale circulation quantities such as their day-to-day
variability, their intra-day variability as well as how measurements varied under spe-
cial meteorological conditions such as cold pools and shallow convection organisation
patterns, are discussed in the study (Appendix C) but have been left out of this brief
summary.
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5
CONCLUS ION AND OUTLOOK

A cloud does not know why it moves in just
such a direction and at such a speed, it feels an
impulsion... But the sky knows the reasons
and the patterns behind all clouds, and you
will know too, when you lift yourself high
enough to see beyond horizons.

- Richard Bach (1981)

5.1 answer ing the re s earch que st ions

Here, we look at how the results of the three studies summarised in sections 2 through 4
help answer the research questions posed in section 1.3. The summaries alone do not
cover all arguments used in this chapter to answer the research questions, so I refer the
more ambitious reader to the complete studies in appendices A through C.

1. Given the state of the atmosphere in the meso scale, what can be said about the
cloudiness?
For understanding the relationships between the environment and cloudiness, we
looked at the case-studies from NARVAL2, where the cloudiness and the environ-
ment have both been extensively characterised. At the meso scale, vertical motion
plays a stronger role in regulating cloudiness than cloud-controlling factors shown
to be important at the large scale. Particularly, conditions with converging bound-
ary layers show a greater occurrence of cloudiness and precipitation in the trade-
wind regimes. The argument also extends to conditions of deep convection but
weakly, since the comparison of thermodynamics is not as straightforward in deep
convection cases as in trade-wind cases, where thermodynamics do not vary much.

a) How well do conventional cloud-controlling factors perform in predicting cloudiness
at the meso scale?
Conventional cloud-controlling factors such as lower tropospheric stability,
sea surface temperature, and surface winds do not adequately explain the
variability observed in the cloudiness. Whereas factors such as subsidence at
500 hPa (𝜔500) and precipitable water are able to distinguish cases of deep
convection from shallow convection, these still do not correlate well with any
measure of cloudiness within a given regime.

b) What is the influence of meso-scale vertical motion on clouds?
A comparison of case-studies of suppressed convection reveals that with a
converging sub-cloud layer, increased amounts of cloudiness are observed in
terms of cloud fraction, liquid water and rain water path. This is not enough
to prove that the vertical motion influences cloudiness. However, in the lack
of such an argument, no explanations remain for the increased cloudiness
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because other factors (e.g. thermodynamics) do not vary significantly among
the cases. Thus, the rising vertical air in the sub-cloud layer becomes the most
plausible explanation for the greater cloudiness. This also means that at the
meso scale, the vertical motion holds a stronger influence on clouds than do
other cloud-controlling parameters influential at the large scale.

c) Could extending meso scale relationships to the large scale potentially affect cloud and
climate processes, i.e. Can we comment on the linearity of the cloud response to meso-
scale conditions?
An explanation of howverticalmotion influences cloudiness is provided via its
regulation of the shallow convective mass flux (𝑀). This relationship shows
a positive scaling of cloud-core fraction with vertical velocity. This relation-
ship is thus non-linear, because at large negative values of vertical velocity
(𝑊), cloudiness cannot go below zero. This challenges the ansatz of current
climate models that the influence of meso-scale conditions is inconsequential
when averaged over the large scale. If the response of clouds to the meso-
scale conditions is non linear, as we show, then the clouds’ response to meso-
scale perturbations is not zero. Thus, the current parameterisation strategy of
not including vertical motion becomes particularly concerning, because any
changes occuring in the meso-scale circulation due to global warming will not
be reflected by changes in clouds and cloud feedbacks due to their assumption
of linearity.

The NARVAL2 case studies are a small sample (eight circles), and therefore, the
relationships might not be robust. It is worth noting however, that there is great
depth in characterisation of the atmosphere and the clouds for this limited sample.
Thus, relationships apparent in these observations cannot be dismissed solely due
to the low number of instances. The relationships expressed here certainly cannot
be taken quantitatively. But the NARVAL2 cases put forth the argument that for
determining cloudiness accurately, the meso-scale circulation is not something that
should be ignored any more, especially with field campaigns such as EUREC4A
making investigations in this direction more feasible than ever before.

2. What are the characteristics of the meso-scale circulation?
I usemeasurements from 70 EUREC4A circles, unbiased towards any particular me-
teorological conditions, to describe the characteristics of the meso-scale circulation
via its defining variables such as horizontal mass divergence (𝒟), relative vorticity
(𝜁) and subsidence rate (𝜔). The 70 circles ranged over 13 flight-days and on most
days, 6 circles were flown within a period of 7-8 hours. This opens the possibility
to investigate variability of circulation parameters on inter- and intra-day scales.

a) What is the mean vertical structure?
The mean divergence structure shows positive values, i.e. diverging air,
throughout the moist layer, indicating a consistency in kinematic characteris-
tics of the sub-cloud and cloud layer in long termmeans. Above themoist layer,
two distinct alternating bands of divergence and convergence are observed,
one each at the inversion height and the triple-point isotherm. Moreover, in
terms of subsidence, a completely subsiding mean profile is observed, with
values in the moist layer increasing linearly upwards and a local maximum at
the inversion height. The mean vorticity distinctly shows negative values in
the moist layer, indicative of anti-cyclonic direction of rotation.
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b) What is the variability in the circulation parameters and how does this compare with
that of thermodynamic quantities on the meso scale?
Over several different measures of dispersion, I find that values of divergence,
vorticity and subsidence show much larger magnitudes of variability com-
pared to their mean values. This is in stark contrast to the variability observed
in thermodynamic parameters. Themean profile of humidity or potential tem-
perature can also be representative of an hourly or daily profile of humidity.
However, the nature of the circulation parameters to change sign and show
such large variability means that their value on any given day bears no re-
semblance to that of the long term mean, neither in magnitude nor in vertical
structure. Some consistent features can be observed in the day-to-day profiles
of divergence though. On almost all days, the divergence anomaly from the
mean in the sub-cloud layer showed opposite sign from that in the cloud layer.
Moreover, in most days a sign change in divergence can be observed within
the proximity of the inversion layer.

c) What is the interplay between the meso-scale circulation and other environmental
quantities thought to influence cloudiness?
I propose a shallow circulationmechanism of the depth of themoist layer to ex-
plain the negative association between divergence in the sub-cloud and cloud
layers. It also explains the negative association of divergence and humidity
in the sub-cloud layer. These shallow circulations can maintain areas of high
and low moisture and could potentially maintain themselves by the resulting
radiative cooling difference between the moist and dry branches of the circu-
lation. Such shallow circulations could also potentially aid in the aggregation
of convection and clouds. In terms of the mean values though, the co-location
of striking features in divergence with the atmosphere’s distinct layers leads
to the reasoning that over the long-term the humidity and temperature set the
radiative cooling profile which in turn could regulate the divergence structure.

The biggest takeaway from the EUREC4A characterisation of meso-scale circulation
is that at the meso scale, variables that describe the circulation, i.e. divergence,
vorticity and subsidence, vary greatly from the climatology, not only in magnitude
by a factor of at least four times themean, but also in terms of their vertical structure,
which shows drastic changes over two to three days. This raises a question about
how effective is the current strategy of prescribing climatological values to mod-
els. Whilst this would definitely provide undesirable results for process studies, it
could also be detrimental over the climate scales if there is even little deviation
from linearity in the way clouds couple to the meso-scale circulation. These results
strongly recommend that models be prescribed forcings of vertical motion at meso-
scale values, constrained by measurements like the ones discussed here.

5.2 f ru i t ful collaborat ions

Myworkwith the circlemeasurements fromNARVAL2 placedme in a privilegedposition
where I could develop an expertise in the analysis of these novelmeasurements of vertical
motion. During the EUREC4A campaign I was thus made responsible for coordinating
dropsonde operations from HALO. Participating in the campaign and working with the
measurements opened the doors for collaboration on studies led by other colleagues,
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where I contribute with my knowledge of the measurements and the analysis of the area-
averaged quantities of the atmosphere. I provide a brief summary of existing and ongoing
studies here.

It is a pleasure to be part of the EUREC4A overview paper (Stevens et al., 2021), via
my contribution of Figure-9 and related ideas in section 3.1 of the paper, both of which
describe how EUREC4A achieves the objective of making measurements to test hypoth-
esized cloud feedbacks. My primary involvement with the HALO flights also helped
me contribute to the paper describing HALO’s participation in the EUREC4A campaign
(Konow et al., 2021), which we plan to submit in a matter of days. For this paper, I am
involved in the segmentation of flight tracks of HALO and in the provision of metadata
via the dropsondes. Additionally, my involvement in the paper is also as a mission PI for
one of the HALO flights during the campaign, a role I am grateful to have played.

Comparing the EUREC4A observations with global storm-resolving models provides
an idea of how well the new high-resolution models represent the trade-wind character-
istics and if there are any clear biases present in the model. I carry out this comparison as
a part of a study by Wengel et al. (2021), which gives an overview of these DYAMOND-
Winter ICON runs.

I am also involved in a study (Nuijens et al., 2021) where the objective is to describe
the trade-wind momentum budget and its variability from the EUREC4A circle measure-
ments. In another study (Savazzi et al., 2021), we use wind observations from EUREC4A
to evaluate the tropospheric wind bias in the IFS model of the ECMWF and attempt to
explain these biases with the tendencies and divergence observed in the campaign.

Outside of working with the NARVAL2 and EUREC4A data, I also collaborated with
colleagues from the ACTIVATE field experiment, wherein I estimated the area-averaged
quantities for ACTIVATE’s circles which sampled cold-air outbreak events. The study
tests the sensitivity of the atmospheric boundary layer and clouds to forcings during cold
air outbreaks and is detailed in Li et al. (2021).

5.3 outlook

JOANNE has already begun contributing to the scientific community by its use in several
studies (e.g. Albright et al., 2021; Stephan and Mariaccia, 2021; Touzé-Peiffer et al., 2021,
and others in preparation). It can serve as a benchmark and template for future cam-
paigns involving dropsondes measurement. The HALO-(AC)3 team are already plan-
ning to adopt JOANNE’s structure with some necessary modifications to create a similar
dataset for their dropsonde measurements for their campaign in 2022.

Similar to the analysis in theNARVAL2 circles, case-study analyses of EUREC4A circles
can give a deeper understanding of the processes bywhich circulation impacts cloudiness.
Further, investigations into shallow circulations can bemade to findmore evidencewhich
either confirm or invalidate the hypothesis, both of which raise interesting possibilities.
EUREC4A measurements of cloudiness can also help understand if clouds are regulated
by the kinematic or the thermodynamic regulation of these shallow circulations. A com-
parison of the meso-scale circulation measurements from EUREC4A with models and
reanalysis products will also benefit in understanding biases in the latter and finding
solutions for their improvement.

The studies in this dissertation are evidence that measurements from EUREC4A and
similar field experiments can push the frontiers of understanding the clouds-circulation
coupling. To look at it in a metaphorical sense, one can go back to the quote by Richard
Bach (1981) in the beginning of this chapter, but here I would cheekily add a few words,
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“... the sky knows the reasons and the patterns behind all clouds, and you will know too,
when you lift yourself high enough to see beyond horizons... or just high enough to fly circles
and launch sondes.”
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A
J OANNE : J O INT DROP SONDE OB SERVAT IONS OF THE
ATMOSPHERE IN TROP ICAL NORTH ATLANT IC MESO - SCALE
ENV I RONMENTS

The work in this appendix has been published as:

George, Geet, Bjorn Stevens, Sandrine Bony, Robert Pincus, Chris Fairall, Hauke Schulz,
Tobias Kölling, Quinn T. Kalen, Marcus Klingebiel, Heike Konow, Ashley Lundry, Marc
Prange, and Jule Radtke. (2021). “JOANNE : Joint dropsonde Observations of the Atmo-
sphere in tropical North atlaNtic meso-scale Environments”. Earth Syst. Sci. Data Discuss.
[preprint], in review, doi:10.5194/essd-2021-162

The contributions of the authors to this paper are as follows:
JOANNEwas conceived by GG. The sounding strategy for EUREC4Awas designed by BS
and SB. RP and CF adapted this for the P3’s participation through ATOMIC. HS and TK
contributed to the design and processing of the data. GG and BS performed the quality
control. Themanuscriptwasmainlywritten byGGwith contributions by BS.GG,HS,MK,
HK, MP and JR were responsible for dropsonde launch operations and real-time data
quality control over different HALO flights. QK and AL were responsible for processing
and quality-controlling the data for the P3 flights. All authors read and approved of the
manuscript.
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ab stract

As part of the EUREC4Afield campaignwhich took place over the tropical North Atlantic
during January-February 2020, 1216 dropsondes from the HALO and WP-3D aircraft
were deployed through 26 flights to characterize the thermodynamic and dynamic en-
vironment of clouds in the trade-wind regions. We present JOANNE (Joint dropsonde
Observations of the Atmosphere in tropical North atlaNticmeso-scale Environments), the dataset
that contains these dropsondemeasurements and the products derived from them.Along
with the raw measurement profiles and basic post-processing of pressure, temperature,
relative humidity and horizontal winds, the dataset also includes a homogenized and
gridded data set with 10 m vertical spacing. The gridded data are used as a basis for
deriving diagnostics of the area-averaged meso-scale circulation properties such as di-
vergence, vorticity, vertical velocity and gradient terms, making use of sondes dropped
at regular intervals along a circular flight path. 85 such circles, ∼222 km in diameter, were
flownduring EUREC4A.Wedescribe the sampling strategy for dropsondemeasurements
during EUREC4A, the quality control for the data, themethods of estimation of additional
products from the measurements and the different post-processed levels of the dataset.
The dataset is publicly available (https://doi.org/10.25326/221) as is the software
used to create it (https://doi.org/10.5281/zenodo.4746313).
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a.1 in troduct ion

“EUREKA! This is what I want to study for the rest of my life.”

In an exclamation of serendipitous prescience Joanne Simpson is reported to have said
these words upon learning about the possibility of studying trade-wind cumulus clouds
through airborne measurements (Fleming, 2020). Her subsequent research proved foun-
dational for tropical meteorology. Some seven decades later, the 2020 ElUcidating the
RolE of Cloud-Circulation Coupling in ClimAte (EUREC4A) field campaign, unwittingly
expressed her exclamation of enthusiasm in finding purpose on the same topic.

The EUREC4A field-campaign took place in January-February, 2020 and comprised
measurements from many platforms. It adopted Barbados as its base of operations and
focused its measurements in an area extending eastward of the Barbados Cloud Obser-
vatory (BCO; Stevens et al., 2016). EUREC4A’s initial scientific motivation, its subsequent
evolution, and the final execution are described in Bony et al. (2017) and Stevens et
al. (2021). As these papers emphasise, a central element of EUREC4A was the airborne
release of dropsondes to characterise themesoscale meteorological environment of cloud
fields in the trades. The dropsondes were mostly deployed to enable accurate estimates
of the mean vertical motion field, using an approach inspired by Lenschow et al. (1999,
2007) and adapted to dropsondes by Bony and Stevens, 2019. Beyond estimating meso-
scale vertical motion, the dropsondes were also aimed at characterising the thermody-
namic structure in this region. In the stratified atmosphere of the trades, the dropsondes
can resolve strong vertical gradients in temperature and moisture over short vertical
distances, which are difficult to measure through remote-sensing (Stevens et al., 2017).
The dropsondes are thus essential in characterising the atmospheric environment within
which many complementary measurements took place during EUREC4A. The purpose
of this manuscript is to describe the resultant dropsonde dataset, which we call the Joint
dropsonde Observations of the Atmosphere in tropical North atlaNtic meso-scale Environments,
or JOANNE, in honour of Joanne Simpson’s seminal contributions to our field of research.

JOANNE comprises five levels of data products, with each successive level encompass-
ing a greater degree of synthesis and post-processing. The basic measurements that go
into the JOANNE data products, and how they were made, are discussed in Section A.2.
Quality control (QC) on the data are explained in SectionA.3, and evidence for a possible
dry bias is presented in Section A.4. The different levels of data products, and how they
were constructed, are described in Section A.5 and Section A.6 concludes with a brief
summary.

a.2 sampl ing and measurement s

a.2.1 Instrument and Sensors

JOANNE is based entirely on data collected by Vaisala’s RD-41 dropsondes (hereafter
also ‘sondes’; Vaisala, 2020a). A dropsonde is similar to a radiosonde, with the exception
that it is designed to be launched out of airborne platforms and sinks down through
the atmosphere to the surface while making measurements. Each sonde has a cylindri-
cal, cardboard casing that houses within it the measurement sensors, a GPS receiver, a
battery and a signal transmitter for communicating with the airborne receiving station.
The casing is attached to a parachute that is designed to align the sonde properly for
measurements and to reduce the fall speed.
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Table A.1: Details about sensors used in the RD-41 and RS-41 sondes are provided. Repeatability
is the standard deviation of differences in twin soundings. The values for the sensors
are obtained from Vaisala (2020a) and values for wind measurements estimated from
GPS are obtained from Vaisala (2020b). All numbers are provided in terms of absolute
units, correspondingly in the first column.

Sensor / Measurements
(Units)

Type Range Least
Count

Repeatability

Pressure (hPa) Silicon
capacitor

surface pressure to 3 0.01 0.4

Temperature (∘C) Platinum
resistor

-90 to +60 0.01 0.1

Relative Humidity (%) Thin‑film
capacitor

0 to 100 0.1 2

Wind speed (ms−1) estimated
fromGPS

max reported 180 0.1 0.15

Wind direction (°) estimated
fromGPS

0 to 360 0.1 2

The sondes carry three sensors - one each for measuring pressure (p), temperature (T)
and relative humidity (RH), together referred to as the PTU sensors and with a sampling
frequency of 2Hz. The GPS receiver allows the position of the dropsonde to be tracked,
from which ambient winds are estimated at a sampling frequency of 4Hz. The sensors
included in the sondes are the same as in Vaisala’s RS-41 radiosondes (upsondes), which
were also employed during EUREC4A from the BCO and four other ship-based platforms
(Stephan et al., 2020). Table A.1 provides a brief summary of the type, the resolution and
the expected performance from the sensors used in the RD-41 and RS-41 sondes.

a.2.2 Sondes Deployment

A total of 1216 dropsondes were launched: 896 from the German High-Altitude Long
Range aircraft (HALO) and 320 from the National Oceanic and Atmospheric Admin-
istration’s (NOAA) Lockheed WP-3D Orion N43-RF aircraft (P3). The P3 was oper-
ated as a part of the Atlantic Tradewind Ocean-Atmosphere Mesoscale Interaction Cam-
paign (ATOMIC), which itself was a part of the EUREC4A campaign. Throughout this
manuscript, we use the term EUREC4A to refer to both experiments.

Both aircraft used the Airborne Vertical Atmospheric Profiling System (AVAPS;
UCAR/NCAR, 1993) with 8 simultaneous channels, for the operation of the dropson-
des, as well as for the processing and quality control of collected data. For HALO, the
dropsondes are launched from a pneumatic chute controlled manually, which is located
at the rear, starboard side of the aircraft, slightly oriented towards the bottom of the
fuselage. For the P3, the drop point is near the center of the fuselage, with a little offset to
the starboard side. HALO typically launched sondes at an altitude between 10–10.5 km,
whereas the P3 did so typically at∼7.5 km. SomeP3 sondeswere launched at∼3 km, when
the P3 was flying typical lawn-mower patterns (straight, parallel, long legs connected
by shorter, perpendicular legs; parts of some visible in the north in Fig. A.1) at low
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altitudes to facilitate launching Airborne eXpendable BathyThermographs (AXBTs). The
total number of dropsondes launched from the two aircraft per flight is given in Table A.2.

Nearly ninety percent (∼87%) of the dropsondes launched reported data as expected,
with partial data being recorded by a large percentage of remaining sondes. Only 51
(∼4%) sondes provided no usable data. Almost all of these 51 sondes failed because of
an error in automatically detecting launch, the cause for which was later attributed to
a manufacturing error in certain batches of dropsondes (Vaisala, personal communica-
tion). Success rates for the other aspects of measurements are described in more detail in
Section A.3.

A core part of the EUREC4A campaign was meso-scale circular flight patterns, which
were adopted for most (1021 sondes, ∼84%) of the dropsonde launches. The use of a
repetitive flight pattern was based on a desire to provide consistent and comparable
estimates of meteorological variables. Circles were chosen to facilitate estimates of the
profile of the meso (circle) scale divergence of the horizontal wind. Following the error
analysis of Bony and Stevens, 2019 each circle aimed to launch twelve sondes. The number
of sondes launched per circle is provided in Table A.3.

Most circles were flown along a fixed circular path, called the EUREC4A-circle (Stevens
et al., 2021), which was planned with the centre coordinates as 57.72°W, 13.30°N and a
diameter of roughly 220 km. The location of the sonde launches shown in Fig. A.1, high-
light the density of HALO sondes concentrated along the circumference of the EUREC4A-
circle. This circle was chosen such that complementary measurements are maximised
between the aircraft and other platforms in EUREC4A. Measurements performed along
the EUREC4A-circle weremade irrespective of meteorological conditions and hence were
unbiased. Flight times (see Table A.2) were adjusted to best sample the diel cycle given
operational constraints. HALO was mostly restricted to daylight hours, while the P3
made 3 flights at night and is the only sampling of the night-time trades from EUREC4A
dropsondes.

The actual mean diameter of all EUREC4A-circles marked by dropsonde launches was
222.82 km, and the mean centre was 57.67°W, 13.31°N. One circuit around the EUREC4A-
circle took HALO roughly 60min to execute at a flight level of about 9.5 km, resulting in
sonde launches separated by about 5min. There were 85 dropsonde circles flown dur-
ing EUREC4A (see details in Table A.3), and 73 of these were EUREC4A-circles, with
HALO flying 70 of them and the rest flown by the P3. Of the 12 circles flown which
were not EUREC4A-circles, one (HALO-0215_c3) was flown by HALO to provide spatial
contrast for comparison with measurements in the EUREC4A-circle. The remaining 11
non-EUREC4A circles were flown by the P3 and were mostly centered on the location of
the NOAA research vessel Ronald H. Brown. The flight track of some of the P3 circles
were approximated by a dodecagon.

Sondes were also dropped to sample conditions upwind and in the vicinity of
EUREC4A-circles, to aid calibration of other instruments, as references for satellite under-
passes, and to support surface based measurements from Research Vessels and buoys.
For instance, HALO typically separated a set of three standard EUREC4A-circles by an
upwind ‘excursion’ toward the Northwest Tropical Atlantic Station buoy (NTAS) near
51.02°W, 14.82°N, along which 1 to 3 sondes were launched per flight.
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Table A.2: Total number of dropsondes launched, circles flown during the flight, as well as takeoff
and landing times (in UTC) for the flight are provided with corresponding flight IDs.
Numbers in parentheses in the second column indicate the number of gooddropsondes
per flight (explained in § A.3). Note that the table only shows circles with dropsonde
launches. There were also circles flownwith no dropsonde launches during EUREC4A.

Flight ID Dropsondes
(Good)

Takeoff time Landing time Circles with
dropsondes

P3-0117 23 (17) 2020-01-17 14:00:02 2020-01-17 20:50:00 1
P3-0119 28 (23) 2020-01-19 13:25:25 2020-01-19 21:47:51 1
P3-0123 38 (31) 2020-01-23 13:21:02 2020-01-23 21:29:14 2
P3-0124 16 (15) 2020-01-24 13:21:05 2020-01-24 22:14:32 0
P3-0131 25 (17) 2020-01-31 15:32:27 2020-01-31 23:36:04 1
P3-0203 22 (17) 2020-02-03 13:19:02 2020-02-03 19:21:57 1
P3-0204 31 (28) 2020-02-04 13:19:52 2020-02-04 21:54:08 1
P3-0205 29 (23) 2020-02-05 13:22:23 2020-02-05 21:59:43 1
P3-0209 32 (25) 2020-02-09 01:56:28 2020-02-09 10:13:37 2
P3-0210 32 (26) 2020-02-10 01:48:57 2020-02-10 09:54:42 2
P3-0211 44 (36) 2020-02-11 03:15:07 2020-02-11 11:21:50 2
HALO-0119 15 (12) 2020-01-19 09:34:25 2020-01-19 18:48:03 1
HALO-0122 73 (69) 2020-01-22 14:57:35 2020-01-23 00:10:30 6
HALO-0124 77 (71) 2020-01-24 09:29:30 2020-01-24 18:41:13 6
HALO-0126 75 (70) 2020-01-26 12:05:30 2020-01-26 21:20:49 6
HALO-0128 74 (71) 2020-01-28 14:58:34 2020-01-28 23:55:17 6
HALO-0130 4 (4) 2020-01-30 11:19:34 2020-01-30 15:08:20 0
HALO-0131 74 (68) 2020-01-31 15:08:35 2020-01-31 23:56:53 6
HALO-0202 89 (76) 2020-02-02 11:28:02 2020-02-02 20:13:24 6
HALO-0205 76 (65) 2020-02-05 09:15:51 2020-02-05 18:21:22 6
HALO-0207 73 (62) 2020-02-07 12:02:24 2020-02-07 21:11:40 6
HALO-0209 73 (66) 2020-02-09 09:14:31 2020-02-09 18:03:00 6
HALO-0211 61 (58) 2020-02-11 12:29:05 2020-02-11 21:37:29 5
HALO-0213 73 (69) 2020-02-13 07:56:10 2020-02-13 17:17:17 6
HALO-0215 51 (48) 2020-02-15 15:07:30 2020-02-16 00:12:44 5
HALO-0218 7 (1) 2020-02-18 10:11:05 2020-02-18 18:55:31 0
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Table A.3: Details of circles flown during EUREC4A. Circle Time is the mean launch time for
all sondes in the circle. Longitude (°E), latitude (°N) and diameter (km) are those
associatedwith the center of a least-squares fitted circle to all sondes. Dropsondes show
total number of sondes launched in each circle. The number in parentheses (L4) show
the number of good sondes (explained in §3) used for regression in Level-4.

Circle ID Circle Time Longitude Latitude Diameter Dropsondes (L4)

P3-0117_ci1 15:55 -51.00 14.84 181.86 12 (9)
P3-0119_ci1 15:02 -52.97 14.50 180.90 12 (9)
P3-0123_ci1 14:31 -54.96 14.38 186.96 12 (11)
P3-0123_ci2 20:12 -55.68 13.29 185.34 12 (9)
P3-0131_ci1 16:53 -54.38 13.84 184.74 12 (7)
P3-0203_ci1 14:40 -54.50 13.92 183.19 13 (11)
P3-0204_ci1 14:50 -53.14 13.49 184.45 12 (11)
P3-0205_ci1 15:12 -53.26 12.23 179.63 12 (10)
P3-0209_ci1 04:55 -57.67 13.26 243.92 12 (10)
P3-0209_ci2 06:22 -54.87 13.84 187.64 12 (10)
P3-0210_ci1 04:55 -57.74 13.30 220.41 12 (7)
P3-0210_ci2 06:12 -54.78 13.77 184.77 12 (11)
P3-0211_ci1 06:06 -57.71 13.30 221.59 12 (12)
P3-0211_ci2 07:16 -55.49 14.23 185.69 13 (10)
HALO-0119_c1 17:53 -57.86 13.27 186.65 12 (10)
HALO-0122_c1 15:45 -57.70 13.27 222.45 12 (12)
HALO-0122_c2 16:58 -57.71 13.28 223.80 12 (12)
HALO-0122_c3 18:09 -57.72 13.27 220.95 12 (11)
HALO-0122_c4 20:12 -57.70 13.29 224.13 13 (12)
HALO-0122_c5 21:27 -57.71 13.29 223.64 12 (11)
HALO-0122_c6 22:34 -57.71 13.31 225.99 12 (11)
HALO-0124_c1 10:19 -57.62 13.23 231.01 13 (10)
HALO-0124_c2 11:30 -57.66 13.28 224.16 13 (13)
HALO-0124_c3 12:42 -57.69 13.28 223.83 12 (12)
HALO-0124_c4 13:57 -57.68 13.27 223.80 12 (12)
HALO-0124_c5 15:07 -57.69 13.27 223.98 12 (12)
HALO-0124_c6 16:16 -57.68 13.27 223.47 13 (11)
HALO-0126_c1 12:49 -57.68 13.29 224.27 12 (12)
HALO-0126_c2 14:01 -57.67 13.30 219.53 12 (10)
HALO-0126_c3 15:10 -57.69 13.28 221.75 12 (11)
HALO-0126_c4 17:47 -57.67 13.29 224.49 12 (12)
HALO-0126_c5 19:00 -57.69 13.28 221.71 12 (11)

Continued on next page
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Table A.3: Details of circles flown during EUREC4A. Circle Time is the mean launch time for
all sondes in the circle. Longitude (°E), latitude (°N) and diameter (km) are those
associatedwith the center of a least-squares fitted circle to all sondes. Dropsondes show
total number of sondes launched in each circle. The number in parentheses (L4) show
the number of good sondes (explained in §3) used for regression in Level-4.

Circle ID Circle Time Longitude Latitude Diameter Dropsondes (L4)

HALO-0126_c6 20:19 -57.67 13.29 224.16 12 (12)
HALO-0128_c1 15:46 -57.70 13.30 223.86 12 (12)
HALO-0128_c2 16:57 -57.70 13.30 223.84 12 (12)
HALO-0128_c3 18:11 -57.69 13.32 221.09 12 (11)
HALO-0128_c4 20:25 -57.71 13.32 226.18 12 (11)
HALO-0128_c5 21:41 -57.70 13.30 223.89 12 (12)
HALO-0128_c6 22:55 -57.70 13.30 224.00 13 (12)
HALO-0131_c1 15:57 -57.70 13.31 225.87 11 (11)
HALO-0131_c2 17:06 -57.72 13.31 226.37 12 (11)
HALO-0131_c3 18:20 -57.69 13.30 219.07 12 (10)
HALO-0131_c4 20:28 -57.69 13.29 224.03 12 (12)
HALO-0131_c5 21:42 -57.70 13.29 224.15 12 (12)
HALO-0131_c6 22:54 -57.68 13.29 221.11 12 (11)
HALO-0202_c1 12:12 -57.72 13.29 224.80 12 (10)
HALO-0202_c2 13:18 -57.71 13.28 223.70 12 (11)
HALO-0202_c3 14:27 -57.71 13.27 225.77 13 (11)
HALO-0202_c4 16:55 -57.70 13.28 226.26 12 (9)
HALO-0202_c5 18:03 -57.72 13.28 222.28 12 (11)
HALO-0202_c6 19:06 -57.71 13.29 224.82 13 (12)
HALO-0205_c1 09:59 -57.70 13.29 220.90 12 (11)
HALO-0205_c2 11:11 -57.70 13.28 220.83 14 (11)
HALO-0205_c3 12:21 -57.72 13.26 223.22 12 (11)
HALO-0205_c4 15:03 -57.71 13.23 224.79 12 (10)
HALO-0205_c5 16:11 -57.73 13.28 226.25 13 (10)
HALO-0205_c6 17:24 -57.73 13.26 221.54 12 (11)
HALO-0207_c1 12:47 -57.73 13.28 223.83 12 (12)
HALO-0207_c2 13:57 -57.74 13.28 223.89 12 (11)
HALO-0207_c3 15:08 -57.73 13.29 223.34 12 (7)
HALO-0207_c4 17:44 -57.74 13.28 228.51 12 (10)
HALO-0207_c5 18:57 -57.73 13.28 224.13 12 (12)
HALO-0207_c6 20:14 -57.75 13.30 226.98 12 (9)
HALO-0209_c1 10:00 -57.70 13.26 224.99 12 (11)
HALO-0209_c2 11:12 -57.70 13.26 224.47 12 (10)

Continued on next page
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Table A.3: Details of circles flown during EUREC4A. Circle Time is the mean launch time for
all sondes in the circle. Longitude (°E), latitude (°N) and diameter (km) are those
associatedwith the center of a least-squares fitted circle to all sondes. Dropsondes show
total number of sondes launched in each circle. The number in parentheses (L4) show
the number of good sondes (explained in §3) used for regression in Level-4.

Circle ID Circle Time Longitude Latitude Diameter Dropsondes (L4)

HALO-0209_c3 12:26 -57.68 13.28 221.13 12 (11)
HALO-0209_c4 14:27 -57.70 13.26 224.30 12 (11)
HALO-0209_c5 15:37 -57.70 13.26 223.40 12 (11)
HALO-0209_c6 16:53 -57.68 13.28 220.94 12 (11)
HALO-0211_c1 13:25 -57.71 13.32 229.02 12 (10)
HALO-0211_c2 14:38 -57.66 13.30 223.89 12 (12)
HALO-0211_c3 15:49 -57.64 13.31 221.66 11 (11)
HALO-0211_c4 17:05 -57.67 13.32 225.76 12 (11)
HALO-0211_c5 18:25 -57.66 13.30 224.00 12 (12)
HALO-0213_c1 08:43 -57.65 13.32 223.47 12 (12)
HALO-0213_c2 09:55 -57.65 13.33 222.41 12 (10)
HALO-0213_c3 11:04 -57.65 13.32 223.76 12 (12)
HALO-0213_c4 13:33 -57.65 13.32 223.49 12 (12)
HALO-0213_c5 14:49 -57.65 13.32 223.42 12 (12)
HALO-0213_c6 16:03 -57.66 13.32 224.27 12 (11)
HALO-0215_c1 16:06 -57.73 13.29 223.31 11 (11)
HALO-0215_c2 17:14 -57.68 13.25 229.76 8 (7)
HALO-0215_c3 18:47 -52.04 13.91 224.94 12 (11)
HALO-0215_c5 22:10 -57.67 13.33 222.44 13 (13)
HALO-0215_c6 23:12 -57.59 13.22 237.56 7 (6)

Additional details and strategies for HALO and P3 flights which may be informative
for those sondes not launched on standard circles, can be found in Konow et al. (2021)
and Pincus et al. (2021), respectively.

The maximum drift of the sondes from their launch locations in the horizontal space
had a median of around 2.5 km, as seen in Figs. A.2 and A.3. In the lower troposphere,
the drift was generally more along the zonal direction than in the meridional direction,
with sondes tending to drift towards the southeast of the launch location. Due to a clima-
tological wind reversal at near 3 km the maximum displacement for HALO is at about
this level, whereas for the P3 which dropped its sondes from a lower altitude and thus
sampled less of the upper level westerlies, the maximum displacement is at the surface.
This also explains why the drift of the P3 sondes is systematically to the west of the drop,
and less directionally biased for the HALO sondes. The P3 sondes typically sampled the
sub-cloud layer ∼0.03° southwest of the launch location, whereas for HALO sondes, the
direction of drift was influenced strongly by the winds above 3 km, and therefore varied
between different flight days.
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Table A.4: Table shows file types included in Level-0, which are all files in the raw data collected
by the dropsondes, and a brief description of what they entail.

File Type Description
A Files Sounding attributes file; includes channel configuration, COM

ports data, hardware configuration, launch obs data, sensor
errors, aircraft data, software config and firmware information

B Files File containing binary data; same as D-Files
C Files Sounding data stored as comma-separated-value files
D Files Raw sounding data recorded for timestamp at every 0.25 s
D_P Files Only post-launch raw data; same as D-Files
R Files Receiver ports data: signal strength and receiver frequency
0_SysLog Files comma-separated-value file of all AVAPS system logs
1_Aircraft Files TXT file of aircraft position data in the IWGADTS Format

(IWG1)
2_GPSRef Files TXT file of GPS data: GPGGA (system fix data) and GPRMC

(minimum specific GPS/Transit data)
3_SpecAnlyzr
Files

TXT file of logs of spectral analyzer

a.2.3 Raw Data and Initial Processing

The raw data collected on the aircraft by AVAPS and the subsequent processing with
the Atmospheric Sounding Processing Environment (ASPEN; Martin and Suhr, 2021)
software constitute Levels 0 and 1 of JOANNE, respectively. The data included as part
of these two levels involve no external adjustments other than the standard processing
and quality control by AVAPS and ASPEN – both state-of-the-art tools for dropsonde
measurements.

a.2.3.1 Level-0 (Raw data)

Level-0 includes the raw files generated by AVAPS during dropsondemeasurements. For
every dropsonde launch, multiple files are generated, which store the collected data in
different formats, with there being some extent of information overlap between them.
These files have names starting with a capitalised letter and are described in Table A.4
with the corresponding letter as the file type.

In addition to these files, information about the hardware and the aircraft data are
generated and stored each time the AVAPS system is switched on, usually once per flight.
These files have names preceded by a number, and the type and content of these files are
given in Table A.4.

All Level-0 files of a single day (as per UTC) are stored in their respective date directo-
ries, with their names in the format YYYYMMDD. The P3 andHALOdirectories are separated
into two different directories named after the respective aircraft.
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Figure A.1: Map showing the launch locations of the dropsondes during EUREC4A from HALO
(teal) and P3 (red). The flight paths for HALO (light teal), P3 (light pink) andMeteor
(gray) are shown as shaded lines. The crosses near the west and east edges of the
displayed domain mark the location of the BCO and the NTAS buoy, respectively.

a.2.3.2 Level-1 (ASPEN processed data)

Level-1 includes all files from Level-0 after processing by ASPEN. ASPEN takes in D-type
files (see Table A.4) as input, and gives an output of quality controlled files. For JOANNE,
the D files were supplied as input to BatchASPEN v3.4.3, and all output files have the
suffix _QC. The files are in NetCDF format. For ASPEN processing, we used the standard
editsonde configuration. A detailed explanation of the file-structure of these _QC.nc files
and the processing steps carried out by ASPEN are outlined in detail by Martin and Suhr
(2021). These Level-1 _QC.nc files serve as the input for further processing in JOANNE.

a.3 qual i t y control (qc)

For the data products post Level-1, JOANNE aims to provide sounding profiles that do
not contain any obvious measurement errors and contain minimal missing data records.
After the ASPEN processing, we run additional QC tests on all Level-1 sounding profiles
and filter out soundings that do not meet these objectives. Profiles which are filtered
out during this QC are not included in Level-2 and onwards. We believe that soundings
passing such a QC stage would best fulfil the purpose of the dropsondes – to characterise
the EUREC4A atmospheric environment – with little to no troubleshooting at the user
end. However, users who wish to pursue a specific measurement that did not make it
past the QC stage can still avail themselves of it in the exhaustive Level-0 and Level-1
data products.
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Figure A.2: Figure shows an overview of the drift in HALO sondes. Δ indicates horizontal dis-
placement in sondes from launch location. Figures (a)-(c) show themedian drift from
launch and the corresponding interquartile range for (a) horizontal displacement,
(b) longitude and (c) latitude. Figures (d)-(f) show as colours the kernel density
estimates (KDE) of drift from launch location (red cross) at (d) median altitude of
maximum drift in the profile, ̃𝑧=3140m (e) sub-cloud layer mean (0-500 m) and (f)
at altitude of 2 km, where usually the cloud-top layer is present.

A sounding’s success in the QC stage is provided by a parameter qc_flag which has
possible values of good, bad and ugly. The values stand for fully-usable, non-usable and
partially-usable data, respectively and are described inmore detail laterwith relevant con-
text. Only soundings flagged as good are included in JOANNE after Level-1. A sounding’s
qc_flag value is determined by its collective performance in three tests that are designed
with the aforementioned QC objectives in mind. These tests are listed as follows.

1. Launch Detection Test (ld_test) : This test filters sondes that failed to detect an
automatic launch

2. Profile Fullness Test (sat_test) : This test filters sondes that did not record measure-
ments for at least 80% of the time measured in the profile

3. Low-altitudeMeasurements Test (low_test) : This test filters sondeswhosemeasure-
ments in the lower levels of the atmosphere do not fall within the expected bounds
of parameter values.

The details of how a sounding’s performance is judged with these tests and how these
tests combine to give the qc_flag value for the sounding are explained further in this
section.
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Figure A.3: Same as Fig. A.2, but for P3 sondes instead of HALO sondes. For (d), median altitude
of maximum drift in the profile, ̃𝑧=10m

a.3.1 Launch Detection Test (ld_test)

This test checks whether the sonde detected a launch automatically. If a sonde fails to
automatically detect a launch, it does not switch to high-power signal transmission, and
thus, fails to send data back to the AVAPS PC in the aircraft, after it has passed further
than a short range. The receiver in the aircraft failed to detect any signal from such sondes
usually after they had fallen below pressure levels of 300 hPa.

A sounding’s success in this test is marked by a parameter of the same name, i.e. ld_test
and has possible values of 0 and 1, which correspond to bad and good, respectively. The
primary method to check launch detection is to parse through the sounding attribute log
files (A-type; see Table A.4) in Level-0. These files have names starting with ’A’ and are
followed by the date and time of launch. The file extension is the number of the channel
used to initialise the sonde and receive its signal. Note that for sondes that did not detect
a launch, the file name has time when the sonde was initialised, whereas for the rest, the
file name is for the time of the detected launch. The log file contains an internal record
termed ’LaunchObsDone?’. If this value is 1, the launchwas detected, else if it is 0, launch
was not detected. The same values are used to mark the ld_test.

a.3.2 Profile Fullness Test (sat_test)

This test checks the abundance of measurements within a sounding profile relative to
the flight time of the sonde. For a raw measurement profile, time is the independent di-
mension along which records of measurements are made. The time record is given by the
4Hz GPS measurements which means that for the 2Hz PTU measurements every other
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Figure A.4: Kernel density estimate of ratio of actual measurement counts (𝑛) out of maximum
possible count of measurements (𝑁), based on the timestamp records in each sonde
Level-1 file for (a) HALO and (b) P3. For 𝑢, 𝑁 would be the total timestamp records
in any given sonde profile, whereas for the rest it would be half that. In the legend,
labels stand for temperature (𝑡𝑎), relative humidity (𝑟ℎ), pressure (𝑝) and eastward
wind (𝑢). The northward wind (𝑣) has the same distribution as 𝑢, and is hence not
shown.

record is a missing value. Ideally, all parameters (except u,v) will have measurements
at every other time record, and u,v at every time record, but in practice, the number of
records with measurements always falls short of the ideal number. This is because the
time records also include values during initialisation as well as during a little before and
after the launch, when no signal can be sent back to the AVAPS PC. Thus, the ratio of
actual measurements to total possible measurements is lower than the ideal estimate of
1.

The profile fullness test is run by checking the abundance of measurements individu-
ally for all parameters in a sounding. The success of the test for a parameter 𝜙 is recorded
in a corresponding parameter 𝜙_test, e.g. p_test corresponding to p (pressure) and this
success is determined by the ratio of the count of itsmeasurements (𝑛) to its total possible
measurements (𝑁), denoted by,

𝜙sat = 𝑛(𝜙)
𝑁(𝜙). (A.1)

Accounting for the different sampling rates of the GPS and PTU measurements, the
distributions of 𝜙sat is shown in Fig. A.4, which shows that peaks start to flatten below
0.8. Thus, we set a threshold value of 0.8, and if parameter 𝜙 has 𝜙sat lower than this
threshold, then it is taken as not having a complete profile, and 𝜙_test is flagged as ugly.
If 𝜙sat exceeds or matches the threshold, 𝜙_test is flagged as good. If all values are missing,
i.e. 𝜙sat = 0, then 𝜙_test is flagged as bad.

Whereas the aforementioned tests (𝜙_test) recorded the success for every parameter
in a sounding, we use sat_test to record the success of a sounding. For a given sounding,
if all parameter tests are good, the sounding’s sat_test is flagged as good. Similarly, if all
individual parameter tests are bad, sat_test is flagged as bad. If neither of these conditions
is met, sat_test is flagged as ugly.
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a.3.3 Low-altitude Measurements Test (low_test)

This test functions as a sanity-check for the measurements from a sounding in the lower
levels of the atmosphere, which is mostly near the surface except for one test where the
check is for the lowest 4 km. Similar to the profile fullness test, this test is also determined
by the success of parameters over different individual tests. The success of these indi-
vidual tests are recorded with a parameter name same as that of the corresponding test
name. For each of these tests, if the sounding passes the test, it is marked as good, else as
bad. The individual tests and their criteria for passing are as follows.

1. low_p_test
This test checks if maximum pressure measured in a sounding is within bounds
(1000–1020 hPa) and if so, the sounding passes the test. If maximum value of p is
greater than upper bound, it is unrealistic, and if lesser than lower bound, it means
that the sonde did not measure the near-surface levels of the atmosphere. This test
does not check anyGPSvalues. Even if therewere nopressuremeasurements higher
than 1000 hPa, there may still be GPS measurements in the low-altitude levels. Such
sondes can still be useful for wind and wind-derived products.

2. low_t_test
This test checks if air temperature measured in a sounding is within bounds. It
sets two criteria for bounds, which are (a) maximum air temperature recorded
should not be greater than 30 ∘C and (b) mean T in the bottom 100 m should not be
lesser than 20 ∘C. If either of the above limits is violated, measurement of T for the
sounding is considered out of bounds, andmarked as bad. The sonde is alsomarked
bad, if there are no measurements in the bottom 100 m (by GPS altitude (gpsalt) in
Level-1).

3. low_rh_test
This test checks if relative humidity measured in a sounding is within bounds. The
criterion is that mean RH in the bottom 100m should not be lesser than 50%. If this
bound is violated, RH for the sonde is considered out of bounds, andmarked as bad.
The sonde is also marked bad, if there are no measurements in the bottom 100m.

4. low_z_test
This test checks if minimum gpsalt of a sounding is within bounds, i.e. ≤ 30m above
mean sea level. A value higher than the bound means there are no near-surface
measurement values of GPS and consequently, horizontal winds. This flag does not
include any geopotential height values. Even if there are no GPS values below 30m,
there may still be PTU measurements in the lowest levels.

5. palt_gpsalt_rms_test
This test checks if the root mean square (RMS) difference between geopotential
altitude (palt) and the GPS altitude (gpsalt),for values below 4 km, and is lower
than 100m. If the estimated RMS difference is below the limit, then the sounding
is flagged as good. If the estimated RMS difference is greater than the limit, or if
there are no values of either palt or gpsalt overlapping in the lower 4 km, then the
sounding is flagged as bad. The lack of overlap could be because either there are no
palt values or no gpsalt values or both.
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Table A.5: Determination of qc_flag value based on success of sounding in the three QC tests
– ld_test, sat_test and low_test. The * indicates that any value for the test satisfies the
condition.

ld_test sat_test low_test qc_flag

good good good good
bad * * bad
* bad bad bad

– All other combinations – ugly

Table A.6: Count of sondes that passed each QC test, separated by platforms

Platform Classification ld_test sat_test low_test qc_flag

HALO Good 854 814 831 810
Bad 41 1 40 41
Ugly N/A 80 24 44

P3 Good 312 270 280 258
Bad 4 0 8 10
Ugly N/A 52 34 54

Based on the success in the aforementioned individual tests, the overall success of a
sounding for the low-altitude measurements test is recorded in the parameter low_test.
If all individual tests are flagged as good, the low_test is flagged as good, and similarly, if
all individual tests are flagged as bad, the low_test is flagged as bad. If neither of these
conditions is met, the sounding’s low_test is flagged as ugly.

Note that the bounds used for the individual tests are all considered keeping in mind
the EUREC4A region and conditions. For a similar QC in a different region or environ-
ment, the bounds for the parameters will likely be different.

a.3.4 qc_flag

The overall success of a sounding is recorded as values of good, bad or ugly in the qc_flag
parameter, and is determined by the combination of success through the three QC tests,
as shown in Table A.5.

Table A.6 summarises the statistics of the QC tests for HALO and P3. Although the
process of classifying the sondes can be simplified by other combinations of the sat_test
and low_test values, the method we present ensures no good sondes are omitted, and no
bad sondes are admitted. The rest of the sondes, the ugly sondes, still have data that can
be salvaged, and after some additional QC, can be combined with the other good sondes
depending on the user’s objective.

JOANNE provides a status file per platform, which stores the results for each individ-
ual test and group of tests mentioned above, as well as the final qc_flag classification for
each sounding. Thus, the user can still mould the classification based on their objectives,
add or remove tests to the process and customise the sonde selection for themselves.
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a.4 dry b ia s in halo drop sonde s

The radiosonde measurements during EUREC4A taken from the BCO and the research
vessel Meteor show evidence of a dry bias in the humidity measurements of the HALO
dropsondes. The HALO measurements are bounded by Meteor’s on the upwind side
and BCO’s on the downwind side (see Fig. A.1). Since all three platforms have unbi-
ased sampling, we expect that the HALO distribution should be between the other two.
Fig. A.5 shows that the BCO and Meteor distributions of RH align closely throughout
the lower troposphere and thus, HALO measurements should not differ. The offset in
the HALO measurements towards lower RH values suggests a dry bias in the HALO
sondes. Since the sensors for the dropsondes and the radiosondes are the same, an
instrument difference can be ruled out. Further comparisons with other water vapour
measurements in the vicinity such as the radiosondes from the ship Ron Brown, surface
humidity measurements from both ships and dropsondes from the P3 aircraft also show
HALO’s median specific humidity to be lower than expected (not shown).

A possible contamination of the polymer film in the moisture sensor could affect its
dielectric constant, whose fluctuations with respect to relative humidity is subsequently
affected. The most plausible explanation is that the reconditioning procedure of HALO
dropsondes was improper, which resulted in some trace gas pollutants being retained on
the humidity sensor, and should otherwise have been removed during the reconditioning.
The protocols of operation for P3 and HALO were not the same, and this leads us to
believe that the improper reconditioning was only an issue for the dropsondes launched
from HALO. In the case of radiosondes, the reconditioning is part of the automatic cali-
bration process, and so it is not expected to cause problems.

A multiplicative correction factor of 1.06 to the RH values (dotted line in Fig. A.5)
aligns the HALO distributions well with the BCO and Meteor distributions. The success
of this simple rescaling, in both matching the mean and the variance of the distributions,
suggests that the bias is both multiplicative and systematic. Had the bias come from a
subset of the sondes, amultiplicative correction tomatch themeanwould have resulted in
a broader distribution. Had the bias been an additive one, then the correctionwould have
not been as successful at all heights. It is not, however, understood how the contamination
of the sensor leads to this dry bias, andwhy themultiplicative correction appears to work
so well. For these reasons, the correction is not applied to the published data.

Users of the data should also be aware that the uncorrected dry bias in HALO drop-
sonde measurements will propagate into other variables, especially PW and moisture
gradients (since it is apparently multiplicative) and will even have a slight effect on
estimates of geopotential altitude which depend on the atmospheric density, and hence
moisture content. However, the proposed multiplicative correction, should users wish to
adopt it, is straightforward to apply to these data.

a.5 data product s

a.5.1 Level-2 (Quality Controlled Sounding Data)

The Level-2 NetCDF files contain data from individual soundings, which passed with
a qc_flag value of good from the QC stage (discussed in Section A.3). For Level-2, only
variables that are measurements from the dropsonde sensors are included. Redundant
state variables are not carried forward from the Level-1 files. Products up to Level 2 main-
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Figure A.5: Spread (kernel density estimates) in relative humidity values from soundings made
by BCO, Meteor and HALO at (a) mean of 0-500 m, (b) mean of 750-1500 m and
(c) mean of 2000 - 4000 m. The last item in the legend is for RH values of HALO
multiplied by 1.06. To coincide with HALO measurement times, BCO and Meteor
soundings between 03:00 and 09:00 UTC have been excluded from these distributions,
which has a relatively insignificant impact.

tain the raw measurement profile, and data variables are aligned along the independent
dimension time.

File names in Level-1 are generally indicative of launch times, however for sondes that
did not detect a launch, the file name indicates time of initialisation. The attribute Launch-
time-(UTC) in every sounding file of Level-2 should be considered as the final authority
on launch time. This is the same as the variable launch_time in Levels-1 and 3.
sonde_id is a variable available in JOANNE products from Level-2 onwards. This is

a unique, immutable identifier and is meant to identify exactly one dropsonde which
corresponds to exactly one soundingprofile.Note that the identifier variable sounding_id
in the EUREC4A radiosondes dataset (Stephan et al., 2020) identifies sounding trajectory
and not instrument, since one instrument can have upward and downward trajectories.
The JOANNE variable sonde_id functions solely as an identifier and no information
should be interpreted from the semantics of this variable.

The Level-2 product consists of individual files for every sounding with the file struc-
ture as shown in Table A.7. All files also include flight information such as position,
height, and speed as attributes. These are saved by the AVAPS aircraft computer in the
sonde A-files (see Table A.4) and is input from the aircraft system itself. The files also
have additional attributes such as the software version for post-processing and quality
control. The file names are in the format:
[campaign]_[project]_[instrument]_[sonde_id]_[version].nc,
e.g. EUREC4A_JOANNE_Dropsonde-RD41_HALO-0124_s42_v0.11.0.nc. Note that sonde_id

includes one underscore character within its value for the example shown.

a.5.2 Level-3 (Gridded Data)

Level 3 is a product combining dropsondemeasurements launched from both the HALO
and P3 aircraft, interpolated onto a uniform vertical grid of 10 m spacing, similar to the
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Table A.7: Table shows the structure for the Level-2 product, outlining the coordinates, variables
and their corresponding descriptions, units and dimensions.

OBJECT NAME DESCRIPTION UNITS DIMENSION

Coordinates time time of recorded measure-
ment

seconds since
2020-01-01

time

alt geopotential height m time
lat latitude degree_north time
lon longitude degree_east time

Variables p atmospheric pressure Pa time
ta air temperature K time
rh relative humidity time
wspd wind speed m s−1 time
wdir wind direction degrees time
sonde_id sonde identifier

processing of EUREC4A radiosounding profiles (Stephan et al., 2020). The product is a
single file which contains, all dropsondes from Level-2 along the altitude dimension alt.

a.5.2.1 Gridding

The primary objective behind the Level-3 product is gridding all soundings on a common,
vertical grid, thusmaking it easier to use the soundings for different analyses. The vertical
grid spacing for the dataset is kept at 10 m, up to an altitude of 10 km.

In the case of a regular drop, i.e. if there are no issues like a fast fall, or a failed parachute,
the average descent rate of the dropsondes is ∼21m s−1 at 12 km altitude and ∼11m s−1
near to the surface. The PTU sensors have a measurement frequency of 2Hz, while the
GPS has a 4Hz measurement frequency. This would translate to a vertical sampling of
roughly 9–10m atHALO’s flight altitude, and 5–6m close to the surface for the PTUvalues
and correspondingly finer vertical sampling for the GPS-basedmeasurements. Hence the
data are slightly coarsened, and only for PTU values in the upper-mid troposphere do the
interpolated values exceed the resolution of the measurements. The gridding is carried
out through the following steps.

1. Variables q (specific humidity), theta (potential temperature), u (eastward wind),
and v (northward wind) are computed and added to the dataset (for details, see
Section A.5.2.2).

2. All variables along the height coordinate in the dataset are averaged on 10m bins
up to 10 km altitude. In cases where no data are available in the altitude bin, a linear
interpolation fromneighbouringmeasurements along the height dimension is used
to estimate the value in the altitude bin, with the restraint that the neighbouring
measurements are not further apart than 50m. If data are not available within 50m
of the desired height level, values at that height level are assigned _FillValue.
While this still allows for a few missing values (∼2-3 considering a fall speed
of 15–20m s−1, it does not lead to substantial artificial information created by the
smoothened interpolation between points relatively farther away.
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3. Pressure values are interpolated logarithmically and these values replace the lin-
early interpolated pressure values.

4. Temperature (T) and relative humidity (RH) are the originally measured proper-
ties by the dropsonde sensors. However, for interpolation 𝑞 and 𝜃 are preferred, as
these variables are conserved. After interpolation, T and RH are recomputed from
the interpolated values of 𝜃 and 𝑞. The recomputed values for T and RH replace the
previously interpolated T and RH variables from the sounding.

5. Wind speed and wind direction are computed from the interpolated values of u
and v and added to the interpolated dataset.

Table A.8: Table shows the structure for the Level-3 product, outlining the coordinates, variables
and their corresponding descriptions, units and dimensions.

OBJECT NAME DESCRIPTION UNITS DIMENSION

Coordinates alt height obtained by inte-
grating upwards the at-
mospheric thickness esti-
mated from the hypsomet-
ric equation

m alt

sonde_id unique sonde ID sonde_id
launch_time time of dropsonde launch seconds since

2020-01-01
sonde_id

interpolated_timevalue of time (original in-
dependent dimension) lin-
early interpolated to alti-
tude grid

seconds since
2020-01-01

sonde_id,
alt

lat latitude degree_north sonde_id,
alt

lon longitude degree_east sonde_id,
alt

Variables p atmospheric pressure Pa sonde_id,
alt

ta dry bulb temperature K sonde_id,
alt

rh relative humidity sonde_id,
alt

wspd wind speed m s−1 sonde_id,
alt

wdir wind direction degree sonde_id,
alt

u u-component of the wind m s−1 sonde_id,
alt

Continued on next page
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Table A.8: Table shows the structure for the Level-3 product, outlining the coordinates, variables
and their corresponding descriptions, units and dimensions.

OBJECT NAME DESCRIPTION UNITS DIMENSION

v v-component of the wind m s−1 sonde_id,
alt

theta air potential temperature K sonde_id,
alt

q specific humidity kg kg−1 sonde_id,
alt

low_height_flag flag if flight height < 4
km when dropsonde was
launched

sonde_id

platform_id platform fromwhich drop-
sonde was launched

sonde_id

flight_altitude altitude of the aircraft
when dropsonde was
launched

m sonde_id

flight_lat north latitude of the air-
craft when dropsonde was
launched

degree_north sonde_id

flight_lon east longitude of the air-
craft when dropsonde was
launched

degree_east sonde_id

N_p number of observations
used to derive level 3
pressure data

sonde_id,
alt

N_ta number of observations
used to derive level 3
temperature data

sonde_id,
alt

N_rh number of observations
used to derive level 3
relative humidity data

sonde_id,
alt

N_gps number of observations
used to derive level 3
GPS-data

sonde_id,
alt

m_p method used to derive
Level-3 pressure data

sonde_id,
alt

m_ta method used to derive
Level-3 temperature data

sonde_id,
alt

m_rh method used to derive
Level-3 relative humidity
data

sonde_id,
alt

Continued on next page
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Table A.8: Table shows the structure for the Level-3 product, outlining the coordinates, variables
and their corresponding descriptions, units and dimensions.

OBJECT NAME DESCRIPTION UNITS DIMENSION

m_gps method used to derive
Level-3 GPS-data

sonde_id,
alt

alt_bnds cell interval bounds for al-
titude

m alt, nv

a.5.2.2 Added Variables

The complete list of variables, their units and dimensions for Level-3 are provided in
Table A.8. The descriptions of variables added in Level-3 are as follows.

Launch Time (launch_time)
Level-3 data are of the trajectory type with a single timestamp associated with each
sounding, i.e. the launch time. This variable is the same as launch_time present in
all Level-1 files.

Potential Temperature, 𝜃 (theta) and Specific Humidity, 𝑞 (q)
For estimating 𝜃, we consider standard pressure, i.e. 1000 hPa. For the estimation of
saturated vapour pressure, the method by Hardy (1998) is used with temperature
at every altitude level as input and subsequently, specific humidity (𝑞) is estimated.
The values of 𝜃 and 𝑞 are estimated from the soundings on their respective, raw
vertical grid, before interpolating them on to a common grid.

Platform Name (platform)
Although all soundings are in a single file in Level-3, they can still be separated into
HALO and P3 sondes, using this variable, which specifies the platform fromwhich
the dropsonde was launched. The values of the variable are strings, and have two
possible values – “HALO” and “P3”.

Interpolated time (interpolated_time)
Since time is the independent dimension along which the measurements are made,
it is illogical to average or interpolate time along the altitude dimension. Therefore,
time is not available as a variable from Level-3 onwards. However, for practical pur-
poses, this can be useful information for instance, to compare with remote-sensing
instruments on the aircraft. Thus, relying on the high sampling rate and based on
the robust assumption that the dropsondes have negligible upward motion, Level-
3 includes the variable interpolated_time. The variable is computed with linear
interpolation, same as for other variables except pressure.

Low Flight Height Flag (low_height_flag)
Some of the sondes from the P3 were launched at an altitude of ∼3 km when the
aircraft was also launching AXBTs. Therefore, these soundings sampled only the
lower levels of the atmosphere, over just half of the depth sampled by other P3
sondes, and a third of that ofHALO’s typical sondes. The low_height_flag variable
in Level-3 marks sondes that have a launch altitude of less than 4 km, with a value
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of 1 and otherwise, 0. This flag is useful to put in to context estimates of integrated
quantities such as total column moisture, as well as to act as an easy separator for
users who want to look at profiles in the free troposphere.

Number of Measurements in Bin (N_p, N_ta, N_rh, N_gps and Bin Method (m_p, m_ta,
m_rh, m_gps))
The variables N_p, N_ta, N_rh and N_gps provide the number of pressure, temper-
ature, relative humidity and GPS measurements, respectively in each altitude bin
for gridding. Depending on the values of these N-variables, the corresponding cell
methods – denoted by the m-variables – are provided. For the m-variables, possible
values are 0, 1 and 2 and stand for no data, interpolation and averaging, respectively.

a.5.3 Level-4 (Circle Products)

As discussed in Section A.2.2, the estimation of area-averagedmesoscale properties, such
as divergence, was the primary objective behind the sondes’ deployment over circular
patterns. The Level-4 product provides these circle products as gradient terms estimated
by regressing the parameters at each level for a set of sondes comprising a circle. Level-4
also includes terms of divergence, vorticity, vertical velocity and pressure velocity, which
are subsequently computed from the gradient terms. The input data are from the gridded
dataset in Level-3.

a.5.3.1 Identifying circles and corresponding sondes

The flight phase segmentation (FPS) files for HALO (Konow et al., 2021) and for P3
(Pincus et al., 2021) are used for identifying the circles and the dropsondes corresponding
to these circle segments. To facilitate ease of working with JOANNE and the FPS files, the
circle segments in JOANNELevel-4 have been taggedwith the same segment IDs as those
in the FPS files. Moreover, the FPS files include a list of dropsondes associated with every
flight segment, and this list is comprised of sonde IDs that are the same as that in the
JOANNE Level-3 gridded product.

a.5.3.2 Regression

Following Bony and Stevens (2019), for any parameter 𝜙 measured by a dropsonde,
assuming that variation at any altitude level is linear in horizontal space and is steady
in time, the value at any point can be estimated as,

𝜙(𝑥, 𝑦) ≈ 𝜙𝑜 + 𝜕𝜙
𝜕𝑥 Δ𝑥 + 𝜕𝜙

𝜕𝑦 Δ𝑦, (A.2)

where 𝜙𝑜 is the meso-scale mean value, Δ𝑥 and Δ𝑦 are the eastward and northward
distances respectively, from the mean center-point of all observed points included in the
regression. Minimising the least-squared errors for the linear regression fit shown in Eq-
A.2, would give an estimate of the linear variation in the eastward (𝜕𝜙

𝜕𝑥 ) and northward
(𝜕𝜙

𝜕𝑦 ) direction, along with a value for the intercept for the line (𝜙𝑜), providing the mean
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meso-scale value for 𝜙. Formulating this least-squares problem for an overdetermined
system of 𝑘 points as,

min𝑥 ‖𝐴𝑥 − 𝑏‖2, (A.3)

where 𝐴 =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

1 𝑥1 𝑦1

1 𝑥2 𝑦2

... ... ...
1 𝑥𝑘 𝑦𝑘

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

, 𝑥 =
⎛⎜⎜⎜⎜⎜⎜
⎝

𝜙𝑜

𝜕𝑥𝜙
𝜕𝑦𝜙

⎞⎟⎟⎟⎟⎟⎟
⎠

and 𝑏 =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

𝜙1

𝜙2

...
𝜙𝑘

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

, we solve for 𝑥 and compute the

regression estimates as,

𝑥 = 𝐴+𝑏, (A.4)

where 𝐴+ is theMoore-Penrose pseudo-inverse. This pseudo-inverse is obtained from the
components of singular value decomposition (SVD) of 𝐴. If the SVD of 𝐴 is written as
𝑈 ⋅ Σ ⋅ 𝑉𝑇 , then 𝐴+ is estimated from the inverse of the SVD components as 𝑉 ⋅ Σ+ ⋅ 𝑈𝑇 .
Here, 𝑈 and 𝑉 are unitary matrices, Σ is a rectangular diagonal matrix with A’s singular
values and Σ+ is a rectangular diagonal matrix with the reciprocal of A’s singular values.
We use the linalg.pinv function from the numpy Python library (v1.18.3) to calculate
𝐴+.

As a sanity check, we tested the Moore-Penrose pseudo-inverse method of least-
squares fitting against the ordinary least-squares fitting by Bony and Stevens (2019), and
found no difference between the solutions (not shown). The advantage with incorporat-
ing SVD in the regression is that it significantly reduces computing time, because of the
availability of vectorized functions in the numpy library.

The Level-4 product includes the eastward (zonal) and northward (meridional) gra-
dients of temperature, pressure, specific humidity as well as u- and v-winds. Derived
from these, Level-4 also provides area-averagedmeso-scale divergence (𝒟), vorticity (𝜁),
vertical velocity (𝑊) and pressure velocity (𝜔), following Bony and Stevens (2019). The
dataset also provides the standard error of each of these regressed estimates as ancillaries
to the corresponding variables, thus establishing an extent of confidence in the calculation
of these meso-scale properties.

Derived variables in Level-4 are at the same vertical grid of 10 m spacing as in
Level-3, and the number of sondes regressed at every level is provided as a variable
(sondes_regressed). If at any level, fewer than 6 sondes have data available, the value
for regressed values at that level is set to NaN. This includes data missing due to no data
being recorded as well as sondes removed in any of the previous QC steps. Since the
number of sondes regressed change at different levels, this causes abrupt, but generally
minor fluctuations in integrated products such as pressure velocity and vertical velocity.

All data variables in Level-4 are along the circle and alt dimension (see Table A.9),
and individual sounding data are excluded. The list of sonde IDs included in every circle
is included as a variable along dimension sonde_id, making it easier to retrieve data for
the individual soundings in the circle.
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Table A.9: Table shows the structure for the Level-4 product, outlining the coordinates, variables
and their corresponding descriptions, units and dimensions. The ancillary variables
(with the prefix ‘se_’) give the standard error for their corresponding variables indi-
cated by the suffix in the name.

OBJECT NAME DESCRIPTION UNITS DIMENSION

Coordinates alt height obtained by inte-
grating upwards the at-
mospheric thickness esti-
mated from the hypsomet-
ric equation

m alt

sounding sonde number sounding
circle circle number circle
circle_lon longitude of fitted circle

for all regressed sondes in
circle

degree_east circle

circle_lat latitude of fitted circle for
all regressed sondes in cir-
cle

degree_north circle

circle_time mean launch time of all
sondes in circle

seconds since
2020-01-01

circle

segment_id unique segment ID circle

Variables platform_id platform which flew the
circle

circle

flight_altitude mean altitude of the air-
craft during the circle

m circle

circle_diameter diameter of fitted circle for
all regressed sondes in cir-
cle

m circle

u mean eastwardwind in cir-
cle

m s−1 circle, alt

dudx zonal gradient of eastward
wind

s−1 circle, alt

dudy meridional gradient of
eastward wind

s−1 circle, alt

sonde_id unique sonde ID circle,
sounding

v mean northward wind in
circle

m s−1 circle, alt

dvdx zonal gradient of north-
ward wind

s−1 circle, alt

Continued on next page
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Table A.9: Table shows the structure for the Level-4 product, outlining the coordinates, variables
and their corresponding descriptions, units and dimensions. The ancillary variables
(with the prefix ‘se_’) give the standard error for their corresponding variables indi-
cated by the suffix in the name.

OBJECT NAME DESCRIPTION UNITS DIMENSION

dvdy meridional gradient of
northward wind

s−1 circle, alt

q mean specific humidity in
circle

kg kg−1 circle, alt

dqdx zonal gradient of specific
humidity

kg kg−1 m−1 circle, alt

dqdy meridional gradient of
specific humidity

kg kg−1 m−1 circle, alt

ta mean air temperature in
circle

K circle, alt

dtadx zonal gradient of tempera-
ture

K m−1 circle, alt

dtady meridional gradient of
temperature

K m−1 circle, alt

p mean air pressure in circle Pa circle, alt
dpdx zonal gradient of pressure Pa m−1 circle, alt
dpdy meridional gradient of

pressure
Pa m−1 circle, alt

D area averaged horizontal
mass divergence

s−1 circle, alt

vor area averaged horizontal
relative vorticity

s−1 circle, alt

W area averaged vertical air
velocity

m s−1 circle, alt

se_dudx s−1 circle, alt
se_dudy s−1 circle, alt
se_dvdx s−1 circle, alt
se_dvdy s−1 circle, alt
se_dqdx kg kg−1 m−1 circle, alt
se_dqdy kg kg−1 m−1 circle, alt
se_dpdx Pa m−1 circle, alt
se_dpdy Pa m−1 circle, alt
se_dtadx K m−1 circle, alt
se_dtady K m−1 circle, alt
se_D s−1 circle, alt

Continued on next page
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Table A.9: Table shows the structure for the Level-4 product, outlining the coordinates, variables
and their corresponding descriptions, units and dimensions. The ancillary variables
(with the prefix ‘se_’) give the standard error for their corresponding variables indi-
cated by the suffix in the name.

OBJECT NAME DESCRIPTION UNITS DIMENSION

se_vor s−1 circle, alt
se_W m s−1 circle, alt
omega area averaged atmo-

spheric pressure velocity
Pa s−1 circle, alt

a.6 summary

The EUREC4A field-campaign took place in January-February, 2020 over the North At-
lantic trade-wind region. The campaign employed a multitude of platforms measuring
a range of atmospheric and oceanographic variables with the objective of understanding
shallow clouds and processes that influence them. A core part of the campaign was the
deployment of dropsondes to characterise the thermodynamic and dynamic structure of
the atmospheric environment. Here, we present JOANNE, the dataset that provides these
dropsonde data and additional derived products.

JOANNEpresentsmeasurements from 1216 dropsondes launchedduring EUREC4Aby
the German research aircraft HALO and the NOAA WP-3D. Dropsondes were primarily
released in groups of twelve circumscribing a mesoscale, 223 km diameter, circle centered
near 57.7°W, 13.3°N, which we call the EUREC4A-circle. Eighty-five circle patterns were
flownwith dropsonde launches, seventy-three being flown byHALO over the EUREC4A-
circle along patterns that were not biased toward particular meteorological conditions.
In addition, sondes were launched on circular flight patterns centered elsewhere, along
lawn-mower flight patterns coinciding with AXBT drops, and in a variety of other lo-
cations to provide context, or calibration for other measurements. Data presented in
JOANNE have been quality controlled to eliminate sondes with no, or partially corrupted
data. 51 of the 1216 sondes did not provide usable data, and another 98 provided only
partial data and are not included in data products from Level-2 onwards.

A comparison of the HALO dropsondes with radiosondes intensively launched from
the R/V Meteor close to the western (upwind) edge of the EUREC4A-circle, and with
radiosondes launched from the downwind Barbados Cloud Observatory, suggest a dry-
bias.Multiplying relative humidity values by 1.06 appears to largely correct the bias, how-
ever due to a lack of physical justification, this correction is not applied to the JOANNE
data. We found no evidence of such a bias in the P3 sondes, and the difference seems
attributable to different reconditioning procedures applied on the P3 as compared to
HALO.

JOANNE is divided in 5 levels of data products, with increasing order of processing
and product retrieval. Level-0 comprises the rawmeasurement data from the dropsondes
collected by AVAPS on the aircraft. Level-1 provides data processed using ASPEN – a
state-of-the-art tool for processing rawdropsondedata files. Level-2 consists of individual
sounding files that passed through theQC check, butwith redundant quantities removed
and no derived variables added. Level-3 provides the data after gridding them to a
uniform vertical spacing of 10m, along with derived variables such as potential tempera-
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Figure A.6: Vertical profiles of mean potential temperature (a) and specific humidity (b) from
measurements of HALO and P3 sondes. (c) shows vertical profile of mean vertical
velocity from estimates of HALO’s EUREC4A-circle measurements. Shaded regions
in (a)-(c) show interquartile range (IQR) of the respective properties. (d) shows the
histogram for the flight altitude of dropsondes launched from both platforms.

ture and specific humidity. Level-4 contains the circle products which are area-averaged,
meso-scale variables such as gradients, divergence, vorticity and vertical velocity. The
vertical profiles and histogram of flight altitude for dropsonde launches shown in Fig. A.6
provide an overview for a subset of the atmospheric observations that JOANNE provides.
While reaffirming the typical steadiness in the thermodynamic structure of the trades,
JOANNE also confirms the high variability in meso-scale vertical motion found by Bony
and Stevens (2019) compared to the mean over longer time-scales.

a.7 code and data ava i lab i l i t y

The JOANNE dataset (George et al., 2021b) described in this manuscript is freely avail-
able at AERIS (https://doi.org/10.25326/221). The software used to process the drop-
sondedata and create JOANNE is also publicly available (https://doi.org/10.5281/zenodo.4746313;
George (2021))
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ab stract

We use estimates ofmeso-scale vertical velocity and co-located cloudmeasurements from
the second Next-Generation Aircraft Remote Sensing for Validation campaign (NARVAL2)
in the tropical North Atlantic to show the observed impact of meso-scale vertical motion
on tropical clouds. Our results not only confirm previously untested hypotheses about
the role of dynamics being non-negligible in determining cloudiness, but go further to
show that at the meso-scale, the dynamics has a more dominant control on cloudiness
variability than thermodynamics. A simple mass-flux estimate reveals that meso-scale
vertical velocity at the sub-cloud layer top explains much of the variations in peak shal-
low cumulus cloud fraction. In contrast, we find that thermodynamic cloud-controlling
factors, such as humidity and stability, are unable to explain the variations in cloudiness
at the meso-scale. Thus, capturing the observed variability of cloudiness may require not
only a consideration of thermodynamic factors, but also dynamic ones such as the meso-
scale vertical velocity.
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Significance Statement. Knowing how low clouds link to atmospheric circulation over
a few hundred kilometers, will reduce current uncertainties in the sensitivity of earth’s
climate to warming. Such investigations have previously been limited by lack of circu-
lation measurements at the meso-scale. However, using measurements now available
from a recent field campaign over the tropical North Atlantic along with cloud measure-
ments, we demonstrate how atmospheric vertical motion especially in the lower layers
can influence the extent and structure of clouds. We find that the kinematics have a more
dominant control on low-level cloudiness than conventionally studied thermodynamics.
Our results show why it is important to focus attention to the circulation to improve our
understanding of the variability in cloudiness.

b.1 in troduct ion

Understanding how low-level clouds respond to their environment can help reduce un-
certainties in climate sensitivity estimates (Bony andDufresne, 2005; Zelinka et al., 2020).
Tropical environmental conditions on the meso-scale (20-200 km) can change within a
few hours to a day, whereas over the large-scale, 𝒪(1000 km), conditions can be expected
to persist for multiple days. What controls cloudiness at the meso-scale is not as well-
investigated as what controls them at the large-scale. This shortcoming is mainly due to a
limited understanding of how the atmospheric state varies at themeso-scale, especially in
terms of circulation, which in turn can be attributed to an absence of observations at such
scales. Nevertheless, the clouds-circulation coupling from the cloud-scale to the large-
scale is thought to be important for the strength of cloud feedbacks and consequently, for
projecting the future climate (Bony et al., 2015). In this study, we aim to provide insights
into how atmospheric circulation can influence tropical cloudiness at the meso-scale.

Predicting cloudiness for an air parcel a priori is simple, and can be linked directly to the
occurrence of saturation. In the tropical boundary layer, saturation is primarily associated
with ascending air, and therefore, it is necessary to understandwhat determines the inten-
sity, the spatial distribution and the vertical extent of coherent ascents. This amounts to
determining what controls the shallow convective mass flux. Vogel et al., 2020 show that
mass flux is regulated by environmental factors, primarily the meso-scale atmospheric
vertical motion at cloud base. This suggests that clouds depend directly on meso-scale
circulation features, and that the connection between the two may need to be accounted
for when predicting cloudiness.

To study the influence of circulation on clouds, observational challenges have com-
pelled previous investigations to use reanalysis data, and since these are more reliable
over larger scales of time and space, such studies focus on the large-scale (e.g. Bony et al.,
2004; Stevens et al., 2007; Myers and Norris, 2013, and others). An unequivocal finding
from these studies is that pressure velocity (𝜔) in the free troposphere (e.g. at 500 hPa,
700 hPa, etc.) can be used to separate cloudiness into regimes of shallow convection
(subsidence) and deep convection (ascent). Additionally, if lower-tropospheric stability
(LTS) is considered, one can classify the shallow convection regimes into stratocumuli
(stronger inversion) and trade-wind cumuli (weaker inversion), as shown by Medeiros
and Stevens, 2009. Along with stability and kinematic factors such as 𝜔, clouds are
also shown to be strongly associated with other thermodynamic factors such as relative
humidity (Slingo, 1987) and sea surface temperature (SST; Qu et al., 2015), which them-
selves are influenced by kinematic factors (or motion field parameters).

Klein, 1997 and Brueck et al., 2015, however, show that on scales of 5-days or shorter,
these associations weaken significantly. Moreover, Nuijens et al., 2015b show that while
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humidity, lapse-rate, surface wind-speed and 𝜔 at 850 hPa (𝜔850) together explain close
to 56% of the monthly variance in cloud cover in the trade-wind region, they account
for only 24% of the daily variance. These results indicate that factors controlling clouds
on longer time and larger space scales hold lesser influence at the shorter (hours to
day) and finer (20-200 km) scales, and that other factors might be more dominant in
controlling cloudiness therein. The importance of determining these day to day or scene-
scale controls is further highlighted by the finding of Nuijens et al., 2015a, that more than
50% and 75% of the variability observed in low-level cloudiness occurs over time-scales
shorter than 1 and 5 days, respectively.

The influence of dynamics on clouds has been investigated by several studies, but these
were mainly restricted to stratocumulus regimes and have only used reanalysis products
to characterise the environment, especially circulation parameters. Mauger and Norris,
2010, using a Lagrangian framework, show that factors such as large-scale divergence
(𝒟) at the surface and 𝜔700 have amore instantaneous control (0-12 h) on stratocumulus
clouds compared to thermodynamic factors like LTS and SST (12-48 h). They also find
that strong subsidence at 700 hPa leads to a reduction in cloud fraction. Myers and
Norris, 2013 similarly show that for constant inversion strength, stratocumulus cloud
fraction increases with weakening subsidence. Szoeke et al., 2016 find a similar effect
as in both previous studies on the sub-daily time scale, wherein clouds away from the
stratocumulus regimes increase in amount with ascent in the free troposphere (𝜔700).
These aforementioned findings imply that cloudiness might be enhanced by low-level
convergence at the meso-scale – a hypothesis currently lacking observational evidence
for shallow cumulus clouds. Moreover, Stevens and Brenguier, 2009 point out that in
contrast to thermodynamic factors, the role that dynamic factors such as divergence play
in controlling cloudiness is uncertain and far from trivial, particularly on finer scales
which are less strongly coupled to the large-scale thermodynamic environment. Thus, for
determining tropical cloudiness at such scales, it appears necessary to test the hypothesis
about low-level convergence enhancing cloud fraction and to understand how clouds are
controlled by the meso-scale dynamics. The long-standing challenge though, has been in
measuring said dynamics.

Some field campaigns such as the Barbados Oceanographic and Meteorological Experiment
(BOMEX, Holland, 1970) and the Atlantic Trade-wind Experiment (ATEX, Augstein et al.,
1974) have successfully measured divergence previously. But their small number of mea-
surement points over the large-scale makes it difficult to establish the veracity of these
measurements, particularly on the meso-scale. These were also best constrained by large-
scale budgets on much larger space and time scales than would be relevant for the meso-
scale. However, Bony and Stevens, 2019, using recent measurements from the second
Next-Generation Aircraft Remote Sensing for Validation campaign (NARVAL2; Stevens et
al., 2019a), demonstrate that area-averaged meso-scale 𝒟 and 𝜔 can be measured using
horizontal wind observations from dropsondes launched along a circular path. With suc-
cessivemeasurements within the same airmasses and confirmation from high-resolution
simulations, they show that the NARVAL2 vertical motion estimates are indeed ones that
can be confidently used at the meso-scale, which we aim to study here.

The vertical motion estimates and the collocated cloudmeasurements fromNARVAL2
make it possible to investigate shallow cumulus clouds in their immediate environment,
where both the thermodynamics and dynamics are well-characterised. We exploit this
opportunity and study how 𝜔 at different levels in the atmosphere (i.e. in the moist layer,
at 700 hPa and 500 hPa) controls shallow cloudiness differently, thus providing insight
into how the circulation influences cloudiness at the meso-scale.
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Figure B.1: Markers show dropsonde location for the different circles throughout NARVAL2, and
are connected by the flight path during the circles. The marker colors indicate PW
retrieved from the respective sondes. The red marker in the west shows the location
of BCO. The colorbar for PW indicates the labels of dry mode (DM), moist mode
(MM) and the moist threshold (MT), used to categorise the circles (refer to the text in
Section B.2B.2.2).

The structure of the paper is as follows. We give a short description of the data used
in Section-B.2, along with the methodology of their analyses. In Section-B.3, we provide
a quantative picture of the cloudiness sampled during the campaign. This is followed by
a discussion of associations between cloudiness and meso-scale environmental factors
in Section-B.4. Here, we look at the impact that thermodynamics and dynamics have on
cloudiness, and test if 𝜔 can potentially be used as a predictor of cloudiness. In Section-
B.5, we summarise our findings, provide implications thereof and give an outlook for
future studies.

b.2 data and methodology

b.2.1 Circle environments

TheNARVAL2 campaign took place inAugust 2016 over the tropical NorthAtlantic – east
of Barbados – and included ten research flights (RF) flownwith theHighAltitude and Long
Range aircraft (HALO, Stevens et al., 2019a). Five of these flights included segments flown
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in circular patterns with a mean diameter of ∼175 km (circles, hereafter), along which
dropsondes were launched approximately every 4-6 minutes. One of these circles during
research flight RF10 was located in the extra-tropics at about 35∘N, and is excluded from
the study. Data from the remaining eight circles (a total of 137 dropsondes) form the
basis for this study. Their location and timing is summarised by Fig. B.1 and Table B.1,
respectively. Circles other than those during RF07 were flown in pairs of a clockwise
and an anticlockwise round each. Here, we use the term ‘circle’ to mean these circle
pairs, unless specified otherwise. Stevens et al., 2019a providemore information about the
campaign and the instruments employed for measurements, and the circle flight strategy
is explained in detail by Bony and Stevens (2019).

Vaisala RD-94 dropsondes were used during the campaign (refer to Wang et al., 2015
for details). For processing the dropsonde raw data, we use the Atmospheric Sounding
Processing Environment (ASPEN), version 3.3-297 software and interpolate the measure-
ments to a uniform 10mvertical grid. These processeddata are used to estimate kinematic
parameters such as 𝒟 , 𝜔 and vertical velocity (𝑊) following Bony and Stevens (2019), as
well as thermodynamic parameters such as static energy, precipitable water (PW), free
tropospheric humidity (FTH), surface wind speed, lifting condensation level (LCL), LTS,
inversion height and surface fluxes. PW and FTH are estimated as column water vapour
from surface and from 700 hPa level, respectively, with the upper limit of the profile
set to 5850 m, to be consistent with the lowest-flown circle. The surface wind speed is
estimated as the mean of dropsonde measurements in the 50 m closest to the surface. We
estimate the LCL using values of pressure, temperature and humidity averaged over the
bottom 200 m and follow the method by Bolton, 1980. LTS is defined as the difference
between the potential temperature at 700 hPa and that at surface (10 m), following Klein
and Hartmann, 1993. For the inversion height, we use the height at which the squared
Brunt-Vaisala frequency (N2) has its first local maximum from the surface.

To estimate surface fluxes, we use dropsonde measurements of humidity, temperature
and wind speed at 20 m altitude, and apply the Coupled Ocean–Atmosphere Response
Experiment (COARE) bulk flux algorithm version 3.6 as detailed in Fairall et al., 2003
and Edson et al., 2013. For SST, we use the nearest values from the European Centre
for Medium-Range Weather Forecasts (ECMWF) reanalysis product (ERA5; CDS, 2017;
Hersbach et al., 2020) at 0.25∘ horizontal and 1 h temporal resolution.

b.2.2 Classifying the circles

TheNARVAL2 circles sampled both deep and shallow convection. Herewe refer to circles
with deep convection and with profiles relatively closer to saturation as Active circles
(A-circles) and the circles with a substantially drier atmosphere and shallow convective
activity as Suppressed circles (S-circles).1 WeusemeanPWof the circles (see Table B.1) as a
basis of classification.Mapes et al. (2018) set a PWmoist threshold (MT) of 48 kgm−2 for
deep convection. Their study also confirms thewell-known bimodality in the distribution
of tropical PW, andwe associate their modes at lesser PW (∼32 kgm−2; dry mode (DM))
and at greater PW(∼52 kgm−2; moistmode (MM))with theA and S-circles, respectively.
Note that the PW values in Mapes et al. (2018) were taken for the moisture in the entire
atmospheric column, whereas the values here are for profiles only up to 5850 m, as

1In boreal winter, we don’t expect deep convective regimes in this area, and active situations might thus
be associated with disturbed regimes and termed as such, whereas the more suppressed conditions are the
undisturbed regimes. This is mentioned as a point of clarification to distinguish them from the corresponding
terms ‘active’ and ‘suppressed’, used for the respective regions during the summer.
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explained in Section B.2.1. For the circles with the moistest free troposphere (A3 and
A4), the difference between estimating PW upto 5.85 km and upto flight altitude ( 9 km)
is ∼5%, while for all S-circles, this difference is ∼1% or lesser. This confirms the general
understanding about moisture in the trades, that there is very little moisture above 6 km.
Thereforewe use the values fromMapes et al. (2018) as is, without any substantial impact
on our separation of deep and shallow convection regimes.

Placing the NARVAL2 circles in the context of the abovementionedmodes, we identify
circles of RF07 as A-circles (A3 & A4) and those of RF03 and RF06 as S-circles (S1-
S4), since their PW values match closely with the dry and moist modes, respectively.
For the circles of RF02, this classification is a bit more delicate. Flight reports from the
campaign confirm that they sampled the edge of deep convection areas, but in doing
so also extended across air-mass boundaries to include dry air masses. Thus, although
PW values for some dropsondes in the RF02 circles are below the moist threshold (see
Fig B.1), we classify them as A-circles (A1 & A2). In the nomenclature of the circles, the
digits following the capitalised letters indicate the chronological sequence of the circles
in their respective groups.

b.2.3 Quantifying cloudiness

b.2.3.1 Airborne radar and microwave measurements

To quantify cloudiness, we use the unified dataset by Konow et al. (2019) for measure-
ments from the HALO Microwave Package (HAMP; Mech et al., 2014), which includes
microwave radiometers and a 35 GHz cloud radar, all looking nadir from the aircraft.
As we focus here on low-level clouds, we also extract profiles of shallow cumulus clouds
from the HAMP radar, with a cloudmask developed by segmenting the radar cloud data
into individual two-dimensional cloud objects along time and height, which we refer to
here as the Konowmask. All objects derived from the Konowmaskwith base below 1 km
and top below 4 km are classified as shallow cumulus (ShCu) clouds. We estimate the
fraction of radar echoes >-50 dBZ as a proxy for cloud fraction (CF) for the ShCu cloud
objects as well as for all hydrometeors detected by the radar, and call them CFShCu and
CFtotal, respectively.

We also use estimates of liquid water path (LWP) and rain water path (RWP) from
HAMP measurements by Jacob et al., 2019 to quantify cloud activity and precipitation,
respectively. For LWP and RWP, only values > 50 gm−2 and > 1.5 g m−2, respectively are
considered for both mean and fractions (see Table B.2). This filter is to ensure that very
low values that are likely noise are kept out of the estimation.

b.2.3.2 Airborne lidar measurements

We also quantify cloudiness with the nadir-looking WALES lidar (Water-vapor Lidar Ex-
periment in Space; Wirth et al., 2009) on board HALO, from which estimates of cloud top
height (CTH) are retrieved by Gutleben et al., 2019, by setting a fixed threshold of 20
for the backscatter ratio at the 532 nm channel. The cloud cover over the flight path is
estimated by calculating the fraction of lidar profiles that encountered a cloud from the
total number of profiles. CTH values are not available for circles in RF02. For the rest of
the circles, lidar coverage time exceeded 97% of the circle duration.
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Figure B.2: The GOES-13 Channel-4 brightness temperature values are plotted for all circles, with
the upper and lower limit on the colorbar being the cloud detection threshold and indi-
cator of deep convection, respectively. The red markers and lines show the dropsonde
launch locations and the flight path, respectively. The time of satellite observation is
the hour nearest to the circlemean time and the circle locations are shifted accordingly,
following the mean wind. The CC𝑐𝑖𝑟𝑐𝑙𝑒 values over every box indicate the cloud cover
within the circle area.
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b.2.3.3 Satellite measurements

Since the radar and lidar measurements quantify clouds only over the circumference of
the circle,we rely on satellitemeasurements to look at the cloudinesswithin the circle area
(see Fig. B.2). Hourlymeasurements at ∼4 km (0.04∘) horizontal resolution fromGridded
Satellite (GridSat) from the Geostationary Operational Environmental Satellite Program - 13
(GOES-13) for the Western Hemisphere (GridSat-GOES) v01 (Knapp, 2017) are used.

We follow the method of Benner and Curry, 1998 to select cloudy pixels from satellite
images using threshold values for Channel-4 (brightness temperature from 11 μm chan-
nel) and Channel-1 (reflectance from 0.6 μm band) for all circles. Since their method
is applicable only to scattered cloudiness, such as in S-circles, we take the mean of the
Channel-4 thresholds for all S-circles, and apply this as a fixed threshold (295.59K) across
all circles to determine cloudy grid points and thus cloud cover (CC) in the circle area.
Thismethodworkswell under the assumption that the SST and lifting condensation level
(LCL) temperatures do not vary too much across the circles. Unlike the average Channel-
4 threshold, the Channel-1 thresholds are still estimated individually for all circles. The
cloud cover we estimate from satellites is only for the grid points that are completely
within the circle or are overlapping the edges of the circle fitted to the dropsonde launch
locations.

b.2.3.4 Cumulative cloud cover profiles

Since the lidar and satellite cannot see past cloud tops, the cloud cover profiles deter-
mined by the lidar and satellite are shown as cumulative profiles (see Fig. B.3), with
values increasing as altitude decreases, and the maximum value giving the total cloud
cover for the circle area. For the satellite, since cloud detection is based on brightness
temperatures and since these are not a monotonic function of height, we fit a mean tem-
perature profile to altitude for every circle, by applying an isotonic linear regression (non-
increasing with height) to the respective circles’ dropsonde temperature measurements.

b.2.4 Sampling scale

The above-mentioned environmental and cloud parameters are provided in Table B.1 and
Table B.2, respectively. The average lateral drift in the sondes was ∼5 km in the direction
of themean flow, and hence, the displacement of the circle along the vertical profile can be
considered negligible in terms of both the remotely-sensed clouds and the environmental
parameters sampled by the dropsondes. Also, since every round in a circle took around
45 minutes to 1 hour, the environments and cloudiness of the circles characterised here
should be taken as representative for the circles at a time-scale of 1-2 hours. Along with
this time-scale, the circles’ average diameter of ∼175 km also fitswell with our objective of
studying clouds and the environment at the meso-scale of ∼20-200 km, which Orlanski
(1975) calls the meso-𝛽 scale.

b.3 character i z ing the cloud ine s s

In this section, we sketch out what the clouds looked like for the different circles. For
this, we resort to the aforementioned satellite measurements (Figs. B.2 & B.3), the radar
measurements (Figs. B.3, B.4 & B.5) and the lidar measurements (Fig. B.3).
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Flight ID RF03 RF06 RF02 RF07
Circle ID S1 S2 S3 S4 A1 A2 A3 A4

Date
(08-2016) 12 12 19 19 10 10 22 22

Diameter
(km) 167.37 168.08 177.37 176.99 133.24 131.46 221.42 221.62

Time
(UTC) 13:54 17:42 14:33 17:57 14:07 17:44 15:37 19:07

Total Sondes 12+12 12+12 12+12 13+11 6+6 11+6 6 6

Flight Altitude
(m) 9024 9003 9035 9014 5894 5878 9011 8913

PW
(kg m−2)

29.4
(1.5)

31.4
(2.2)

31.0
(2.5)

32.1
(0.8)

46.9
(1.5)

40.2
(6.0)

50.1
(1.8)

52.3
(2.0)

FTH
(kg m−2)

4.3
(0.5)

4.5
(0.3)

3.0
(1.2)

1.9
(0.8)

8.4
(1.4)

4.5
(2.1)

12.4
(0.8)

10.1
(1.6)

LTS
(K)

14.1
(0.4)

13.3
(0.3)

14.7
(0.2)

13.5
(0.2)

13.0
(0.3)

13.5
(0.4)

11.3
(0.4)

13.6
(0.8)

Surface Wind
(m s−1)

6.2
(0.4)

7.8
(0.3)

5.1
(0.2)

6.5
(0.2)

4.7
(0.3)

8.7
(0.4)

3.3
(0.4)

1.8
(0.8)

Latent Heat Flux
(W m−2)

146.8
(26.7)

199.2
(26.5)

102.3
(19.8)

118.4
(16.2)

89.8
(13.2)

145.2
(39.4)

97.4
(57.7)

40.3
(7.7)

SST
(∘C)

28.4
(0.2)

29.4
(0.2)

27.9
(0.2)

28.1
(0.0)

29.0
(0.3)

28.8
(0.3)

29.8
(0.3)

28.7
(0.3)

LCL
(m) 795 865 730 675 590 590 720 510

Inversion Height
(m) 1390 1620 1650 1630 1400 1410 680 1630

Table B.1: The table provides details of the circles together with mean values of selected thermo-
dynamic parameters. Units are given in parentheses following parameter names. Total
sondes are the number of sondes launched in the circle, for the clockwise (first number)
and the anticlockwise (second number) rounds, respectively. Parameter definitions are
given in Section B.2.1. Note that due to the lack of a steady inversion, the inversion
height value for A3 is unusually low and cannot be considered as an estimate for the
true inversion height, like for the other circles. Numbers in parentheses are standard
deviations.
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Flight ID RF03 RF06 RF02 RF07
Circle ID S1 S2 S3 S4 A1 A2 A3 A4

Satellite CC
(%) 1.2 7.8 11.9 16.0 11.4 55.1 92.5 61.1

Lidar CC
(%) 11.9 17.8 17.5 17.4 - - 52.3 47.1

Radar CC
(%) 3.4 2.9 3.4 7.1 4.1 28.2 37.2 25.6

Peak ShCu CF
(%) 0.3 1.3 0.7 4.0 1.5 10.5 1.0 0.8

RWP
(g m−2) 7.0 2.9 2.7 10.1 2.5 20.7 8.5 15.2

RWP Fraction
(%) 0.0 0.1 0.1 0.8 0.1 3.4 2.4 4.4

LWP
(g m−2) 165.1 132.3 129.8 200.1 126.3 201.1 105.4 207.9

LWP Fraction
(%) 0.8 2.4 1.7 5.3 1.2 14.5 21.6 11.6

ShCu Top
(m) 1254.0 1422.0 1410.0 1512.5 1211.2 1158.5 1496.0 1135.4

ShCu Base
(m) 834.0 858.0 690.0 578.3 611.2 613.0 746.0 676.2

Table B.2: The table provides details of the cloudiness parameters for the circles. Units are given
in parentheses following parameter names. All parameters that do not have a ’%’ unit
show mean values for the circle. Details of how the parameters are estimated are pro-
vided in Section B.2.3.

b.3.1 Clouds in the S-circles

From Fig. B.2, we see that circles S1 and S2 are part of a much larger, relatively homo-
geneous, cloud-free area, and thus have low CC𝑐𝑖𝑟𝑐𝑙𝑒 values. S3 is also mostly cloud-free,
albeit with some bands of stratiform clouds at the northern and northeastern edges and
a blanket of dust present towards the south - both also confirmed by visual testimony in
the flight reports.

Both satellite and radar measurements show greater cloudiness in circle S4 compared
to the other three S-circles, in terms of CC𝑐𝑖𝑟𝑐𝑙𝑒, CF𝑆ℎ𝐶𝑢 and CF𝑡𝑜𝑡𝑎𝑙 (see Figs. B.2-B.4 and
Table B.2). A perception of how active the clouds in these circleswere can be derived from
the LWP and RWP estimates. Comparing the S-circles in Table B.2 and Fig. B.4, we see
that S4 has more instances of relatively high LWP, and that its mean LWP is much higher
than that of the other S-circles. The RWP also indicates that S4 has a greater number of
precipitating clouds (large RWP fraction), with an overall higher intensity (larger mean
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Figure B.3: For all circles, the static energy profiles (left), cloudiness profiles (centre) and the
meso-scale vertical motion profiles (right) are shown. The grey lines, cutting horizon-
tally across all profiles are, from bottom to top, levels of LCL, maximum 𝑁2, 700 hPa
and 500 hPa, for the particular circle. The static energy values, pressure velocity (𝜔)
and vertical velocity (𝑊) are determined from dropsonde measurements, and the
cloudiness profiles are obtained from the HAMP radar, WALES lidar and the GOES
satellite, as per the legend.

RWP). Since the HAMP radar detects even low amounts of rain (Jacob et al., 2020), it
would be fair to assume from Fig. B.4, that S4 was the only S-circle along which any
noticeable precipitation was measured.

In terms of lidar cloud cover (see Table B.2), the S-circles do not vary much from each
other except S1, which shows smaller values. This difference in cloudiness between the
radar and lidar can be mostly explained by the difference in LWP values among the S-
circles. Jacob et al., 2020 show that the HAMP radar misses more than 75% of the clouds
detected by the WALES lidar, when LWP < 50 g m−2. Thus, the lower LWP values of S1
through S3 result in the radar cloudiness deviating greatly from that of the lidar, as seen
in the profiles in Fig. B.3. Additionally, for S3, the lidar cloud cover also accumulates a
distinct offset from the radar CF at an altitude of around ∼1.7 km. This can be attributed
to the presence of the stratiform clouds in the northern part of the circle, which were too
shallow for the radar to detect. In contrast to the other S-circles, for S4 the radar is able to
detect a larger proportion of the clouds detected by the lidar, indicating that most of the
clouds in S4 were active clouds with relatively larger LWP.

The satellite cloud cover profile in Fig. B.3 shows that S4 had some clouds with tops
reaching to ∼3.5 km which are much higher than cloud tops in the other S-circles, which
had maximum values of about 2 km. The general agreement between the satellite cloud
cover and the radar measurements provides confidence that the airborne measurements
were not simply sampling discrepancies. Thus, over several measures of cloudiness such
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Figure B.4: Radar reflectivity (top), rain water path (RWP; middle) and liquid water path (LWP;
bottom) are shown for all four S-circles.

as occurrence (CF and CC), activity (LWP and RWP) and vertical extent (cloud top
height), we find that circle S4 is significantly ‘cloudier’ than the other three S-circles.

b.3.2 Clouds in the A-circles

A-circles show higher cloud tops (see grey regions in Fig. B.2), and although A1 does
not have any within the circle area itself, it is surrounded by similar spurts of high cloud
tops. The HAMP radar gave echoes for parts of these cloud systems from surface upto
the flight altitude (see Fig. B.5), thus indicating that the high cloud tops we see from
the satellite were indeed parts of deep convective clouds and their attached anvils. The
greater spatial coverage (CC𝑐𝑖𝑟𝑐𝑙𝑒) and higher cloud tops in A-circles (with the exception
of A1) are in contrast to the S-circles, which are relatively cloud-free and have shallow
clouds, with tops not exceeding brightness temperatures of ∼288 K.

The contrast between S- and A-circles is also visible in cloud fraction profiles from the
radar (Fig. B.3). The peak low-level cloud fraction in the S-circles is at most one-sixth
of that of the A2-A4 circles, and this could partially be explained also by the high LWP
values obtained for the latter set of circles (see Fig. B.5). The cloud fraction not only varies
in amount, but also in its vertical structure. No cloudiness is observed above ∼2 km, for
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Figure B.5: Radar reflectivity (top), rain water path (RWP; middle) and liquid water path (LWP;
bottom) are shown for all four A-circles. Note that the scale of the Y-axis is different
for the top and bottom panels and also different from that in Fig B.4.

the S-circles, whereas, for A-circles, the cloudiness can be observed up to flight level. A
large proportion of clouds in A-circles have cloud tops much higher than 2 km, as shown
in Fig. B.5.

b.4 r e lat ionsh i p b e tween the me so - scale env i ronment and clouds

b.4.1 The thermodynamic environment

The dry, moist and saturated moist static energy profiles in Fig. B.3 together characterize
the thermodynamic state of the atmosphere in the circles. The vertical structure of these
profiles is consistent among the S-circles. All circles show the same features of well-mixed
sub-cloud layers, a relatively dry free troposphere, and inversions present at ∼1.6 km
(indicated by the max N2 line), which align well with the cloud tops from the remote-
sensing instruments. There are minor differences among the static energy profiles of
the circles. However, these differences are more between days than across circles flown
on the same day yet several hundreds of kilometers apart. As an example, consider the
similarity among circles S3 and S4, both flown on the same day, a couple of hours apart.
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Both circles, compared to S1 and S2, show stronger inversions at ∼1.8 km, as well as
slightly less humidity and weaker stability at ∼4-4.5 km. These differences indicate that
the thermodynamic environments sampled are more homogeneous in space than they
are stationary in time. In contrast, the variation in cloudiness among the S-circles (e.g.
the greater cloudiness in S4) is on the meso-scale, and is not consistent for circles flown
on the same day. Therefore, due to the similarity in its state across the large-scale, the
thermodynamics cannot be relied upon here to diagnose the meso-scale variability in
cloudiness.With these observations,we thus findno support for the hypothesis thatmean
thermodynamic factors are adequate predictors of clouds for the meso-scale.

Upon analyzing conventional cloud-controlling factors for the S-circles,we find that the
spread is small in the observed values for SST (27.9 - 29.4 ∘C), LTS (13 - 14 K) and PW
(30 - 32 kgm−2). For S4, none of these parameters has values that stand out as excessively
large or small, compared to the other S-circles. Thus, the conventional cloud-controlling
factors also fail to explain why S4 shows more cloudiness across several aspects. This in-
dicates that although conventional cloud-controlling factors explain substantial variance
on longer space and time scales, they are not as strongly correlated with the cloudiness
at the meso-scale, which is consistent with findings of previous studies, e.g. Klein et al.
(1995), Brueck et al. (2015) and Nuijens et al. (2015b).

b.4.2 Influence of sub-cloud vertical motion on mass flux

An important, and we assert decisive, distinction among the S-circles is that for S4, the
low-level flow is converging, leading to a layer of upward motion between the surface
and ∼2 km (see velocity profiles in Fig. B.3). The other three S-circles show an almost
completely subsiding layer from the surface to about 6 km. S4 is also the circlewith largest
values of shallow cumulus cloud fraction as well as cloud cover (see CF𝑆ℎ𝐶𝑢 in Fig. B.3
and Table B.2). Thus, since no thermodynamic component of the environment explains
the large cloud amounts in S4, we hypothesize that the low-level convergence in S4 can
provide a causal explanation. The convergence and subsequent upward vertical motion
in the sub-cloud layer can exert its influence on clouds via the shallow convective mass
flux (𝑀). This hypothesis can also be extended to circle A2, which also has converging
airmasses in the sub-cloud layer and has the largest shallow cumulus cloud fraction. To
test our hypothesis, we use a simple mass-flux estimate for the circles.

Vogel et al., 2020 demonstrate that 𝑀 can be estimated as a residual of the sub-cloud
layer mass budget, relating 𝑀 to the entrainment rate responsible for deepening the sub-
cloud layer via small-scale mixing at its top (𝐸) and meso-scale vertical velocity (𝑊) at
the top of the sub-cloud layer through the following budget equation:

𝜕ℎ
𝜕𝑡 = 𝐸 + 𝑊 − 𝑀, (B.1)

where 𝜕ℎ
𝜕𝑡 is the rate of change of sub-cloud layer depth. Following Vogel et al., 2020 we

neglect the temporal change of h in the budget and estimate 𝑀 as

𝑀 = 𝐸 + 𝑊. (B.2)

The shallow convective mass flux at any height z can also be estimated in a more direct
manner by the equation

𝑀(𝑧) = 𝑎𝑐𝑜(𝑧) ⋅ 𝑤𝑐𝑜(𝑧), (B.3)
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where 𝑎𝑐𝑜 is the cloud-core area fraction occupied by clouds and 𝑤𝑐𝑜 is the mean updraft
velocity in the clouds. The cloud-core area fraction is defined as the fraction of the cloud
area that has positive vertical velocity at cloud base. Combining Eqs. B.2 and B.3 gives
us a relationship between cloud core fraction at cloud base and the meso-scale vertical
velocity as

𝑎𝑐𝑜 = 𝐸 + 𝑊
𝑤𝑐𝑜

. (B.4)

The estimates of meso-scale vertical velocity from the circle measurements are used to
obtain 𝑊. Since the LCL can be taken as a proxy for the top of the sub-cloud layer, we
take a mean value of the vertical velocity in a range of 50m above and below the LCL as
the value for 𝑊.

To ensure a robust assumption for the values of 𝐸 and 𝑤𝑐𝑜, we rely on findings from pre-
vious studies. Vogel et al., 2020 show that day-to-day variations in 𝑀 are more correlated
to variations in 𝑊 than to variations in 𝐸. Following this, we assume a constant value of
𝐸 for all circles. Vogel et al., 2020 obtain a mean value of 12.5 mm s−1 over the S-circles,
and we take this as the value of 𝐸 for all circles, with an uncertainty of ± 2.5 mm s−1.

For core updraft velocities, we use theDeardorff convective velocity scale 𝑤∗, which is a
good approximation for cloud-base convective updrafts over the ocean surface as shown
by Stratum et al. (2014) and Zheng (2019). The values of w∗ are linearly related to the
cloud-base height, or the LCL (Zheng and Rosenfeld, 2015; Zheng, 2019). With values
of the LCL ranging between 510 and 865 m, we use values from the linear relationship
shown by Zheng (2019) and assume a conservative range for variations in 𝑤𝑐𝑜 from 0.4
to 0.8 m s−1, with a mean of 0.6 m s−1.

Thus, we theoretically estimate the cloud-core area fraction at cloud base by using the
aforementioned values of 𝑊, 𝐸 and 𝑤𝑐𝑜 as described by Eq. B.4. The blue line in Fig. B.6
shows predicted 𝑎𝑐𝑜 and the shaded region indicates expected variability, for assumed
variations in 𝐸 and 𝑤𝑐𝑜. The peak shallow cumulus cloud fraction from the airborne
HAMP radar has been overlaid on the theoretical estimates in Fig. B.6. The peak values
are usually found within a ∼300 m deep layer above the LCL. It is important to note here
that the theoretical cloud-core area fraction is only the area of cloud cover with positive
updraft velocity at cloud base. The cloud fraction from the radar however, is inclusive
also of cloud areas that are negatively buoyant at cloud base, and thus, play no role in
transporting mass outside the sub-cloud layer. The ratio of cloud core to total cloud cover
has been empirically estimated to be 0.5 (Siebesma et al., 2003). Thus, the radar CF is
expected to be greater than the estimated core fraction.

The CF values from the HAMP radar, however, are quite close to the predicted core
fraction estimates. This is explained by the low sensitivity of the radar in detecting smaller
clouds, and thus, giving lower cloud cover. Jacob et al. (2020) show that the HAMP radar
could have missed an absolute value of ∼7% of cloud fraction with radar reflectivity >-
50 dBZ. Moreover, their study also shows that almost 75% of the clouds with LWP values
< 50 g m−2 were missed by the radar. This explains why the radar CF is underestimated.
The cloud fraction of A2 is higher compared to the estimated core fraction. This is con-
sistent with the higher LWP and RWP (see Table B.2), which indicates a greater vertical
development of the clouds rooted in the sub-cloud layer and that the majority of the
clouds were captured by the radar.

Notwithstanding the difference in absolute values of estimated and actual fraction due
to instrument limitations, the trend of the cloud fraction with respect to 𝑊 is seen to be
positive – similar to the theoretical estimation – thus lending strength to our hypothesis
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Figure B.6: Peak shallow cumulus cloud fraction (CF𝑆ℎ𝐶𝑢) from the radar is plotted against the
large-scale vertical velocity at respective LCL heights of the circles. The shaded regions
show range of estimated cloud core fraction based on mass flux calculations (refer to
the text in Section B.4.2). 𝑤𝑐𝑜 and 𝐸 values used for prediction are shown as mean
(below thick blue line) and bounds (adjacent to shaded envelope boundaries). The
regression lines are lines of least-squares fit for the data points indicated in the legend.

that themeso-scale vertical velocity at LCL can influence cloud base cloud fraction via the
mass flux. These estimates thus provide a possible explanation as to why we see a higher
cloud cover in S4 compared to the other S-circles. Clouds in S4 need to ventilate more
air out of the mixed layer to balance the convergence of mass. This might be the cause
for more active clouds in the region, with relatively higher LWP and RWP compared to
the other S-circles. Even though subsidence reduces the mass flux for the other three S-
circles, it is still not strong enough to offset the entrainment at the top of the mixed layer
(equation B.2). Hence, we still get positive values ofmass flux and the prevalence of some
cloudiness in the region, although much less than in the region with convergence (circle
S4).

The primary takeaway from Fig. B.6 thus is that the W-scaling provides a possible
explanation for the variability in shallow cumulus cloudiness. However, the relationship
in the figure cannot be taken as that having statistical significance because of the small
number of samples. Nevertheless, the positive relationship we see strengthens the argu-
ment in favor of our hypothesis that low-level convergence controls cloud fraction more
instantaneously at the meso-scale than do thermodynamics – something that is also put
forward by previous studies using reanalysis products (e.g. Mauger and Norris, 2010;
Myers and Norris, 2013; Szoeke et al., 2016).

We remind the reader that the values of cloud fraction plotted in Fig. B.6 are only for
shallow cumulus clouds. If the total cloud cover were shown instead, circles A3 and A4
would show a large increase, as can be understood from Fig. B.7, which shows total cloud
cover. Whereas Eq. B.4 describes controls on cloud base cloud fraction, it does not inform
estimates of total cloud cover insofar as this is influenced by stratiform or other cloud
processes aloft, e.g. the stratiform clouds pronounced in S3’s lidar profile (Fig. B.3) are
not explained by the equation.
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Figure B.7: Mean cloud cover from radar and satellite estimates of all circles plotted against the
mean vertical velocity between pressure levels of 700 hPa and 500 hPa. Horizontal
bars show standard deviation of W and extents of the vertical bars show the lower
and upper estimate of cloud cover, with these estimates being from the radar and the
satellite, respectively for all circles.

Another important takeaway from Fig. B.6 is the linearity in the relationship between
peak ShCu fraction and vertical velocity among the eight circles. However, if extrapolated
towards values of larger negative 𝑊, this would not be linear any more, since cloudiness
cannot be negative. This is important in light of how current cloud schemes deal with
meso-scale variability. They attempt to account for variability on scales that are smaller
than the grid-scale for today’s climate models (Sommeria and Deardorff, 1977), but they
do not specifically account for meso-scale (20-200 km) variability, such as that associated
with the organization of shallow convection (Stevens et al., 2019b). Thus, in effect, cloud
schemes assume that the meso-scale contributions average to zero. This assumption is
valid only if the relationship between cloudiness and the meso-scale perturbations is
linear. Thus, if there is large variability in meso-scale conditions, the assumption that
the meso-scale influence would average to zero does not hold true because of the non-
linearity discussed above.

b.4.3 Free tropospheric vertical motion

In contrast to 𝑊 in the lower levels, 𝑊 in the free troposphere has long been linked to
cloudiness. In one of the earliest applications of this idea, Slingo (1987) demonstrated
that 𝜔 in the upper troposphere can be an effective indicator of the synoptic regime, and
consequently, can determine the cloud type prevailing in the region. Several studies since
then have shown consistently how 𝜔 in the free troposphere influences time-averaged
cloudiness over large (≫ 200 km) spatial scales (e.g. Bony et al., 2004; Myers and Norris,
2013). We test this idea for our ‘snapshots’ of cloudiness on the meso-scale by associating
the total cloud cover estimates of the circle from the radar and satellite to the mean 𝑊 (as
a proxy for 𝜔) in the free troposphere between pressure levels of 700 hPa and 500 hPa in
Fig. B.7.
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The clustering of data points of A-circles away from that of S-circles in Fig. B.7 shows
the influence that 𝜔 in the free troposphere holds in setting the regime for cloudiness.
However, this association becomes poor if taken for values of vertical velocity only at 500
hPa or only at 700 hPa (not shown), and serves as a hint that at the meso-scale, these
values cannot be used as predictors (as previously suggested by Stevens and Brenguier
(2009)). This is especially true for the S-circles. If we want to correctly predict the differ-
ences in cloudiness among S-circles, just a measure of the standard 𝜔500ℎ𝑃𝑎 or 𝜔700ℎ𝑃𝑎
values are not enough, since a subsiding layer is a characteristic feature of the trade wind
regions and will always be present.

Foregoing studies (e.g. Medeiros and Stevens, 2009; Webb et al., 2015) have already
noted this, stating that 𝜔500 alone is not a good predictor of low-level cloudiness within
subsidence regimes, and that LTS is a better predictor for these regimes. But from the
NARVAL2 observations, we find that even both these predictors jointly are insufficient.
Free tropospheric 𝜔 (or 𝑊) helps distinguish between cloud types, but to distinguish
between different extents of cloudiness within suppressed trade-wind environments,
focus should shift to factors that control cloudiness at the meso-scale. Therefore, in this
sense, the vertical motion in the sub-cloud layer might hold more importance than that
in the free troposphere.

b.5 conclus ions

We use estimates of meso-scale atmospheric vertical motion and collocated cloud mea-
surements from the NARVAL2 campaign to understand the response of tropical clouds
to theirmeso-scale environments. For this, we examine four cases each of low-level cloudi-
ness forming in suppressed (S-circles) and active (A-circles) meso-scale environments.

Among the circles in the suppressed environments, circle S4 with air converging in
its sub-cloud layer has greater cloudiness in terms of cloud fraction, liquid water path
(LWP) and rain water path (RWP). The only other circle, which also has a converging
sub-cloud layer is A2, and it also shows large values of shallow cumulus cloud fraction,
LWP and RWP. From this association alone, it is difficult to establish if the convergence
is causing the cloudiness or if it is a consequence of the cloudiness. In case of the latter
though, we are left with no explanations for the cloudiness. Thus, in the absence of any
thermodynamic factor that could explain the variation in cloudiness, we believe that the
most plausible explanation for the increased cloudiness in S4 and A2 is the low-level
convergence.

We find that large-scale parameters such as free tropospheric 𝜔 or precipitable wa-
ter can be useful in distinguishing between cloud regimes, such as shallow and deep
convection. However, these are not helpful in distinguishing between the amount of
cloudiness and its meso-scale variability within a given regime (e.g. suppressed). In this
sense, the meso-scale dynamics proves to be more useful. We use a simple mass-flux
estimate to show how the meso-scale vertical motion within the sub-cloud layer might
regulate shallow cumulus cloud fraction at cloud base. This measure serves as a good
indicator of shallow cloud amount across all flights, irrespective of thermodynamic state.
Thus, the vertical velocity at the top of the sub-cloud layer helps explain variations in
cloud base cloud amounts that cannot otherwise be explained. While the relationship
between mass flux and meso-scale vertical velocity for steady state has been emphasized
previously (Neggers et al., 2006; Vogel et al., 2020), this is the first timewe see a potential
manifestation of it in nature through cloud area fraction at cloud base.
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Although the relationship between mass flux and vertical velocity is linear, the same
cannot be said for the relationship between cloudiness and vertical velocity, as cloudiness
cannot be negative. This means that the response of clouds to their meso-scale circulation
is non-linear. Thus our results challenge the ansatz of general circulation model (GCM)
parameterizations that the influence of the meso-scale circulation on cloudiness is incon-
sequential over larger scales. This outlook becomes especially important in the context of
global warming, since any changes to themeso-scale circulationwould not be reflected in
the clouds, and will thus mask the changes in clouds and cloud feedbacks in a warming
climate.

Our finding of the influence ofmeso-scale dynamics on clouds could also be considered
to revisit strategies of estimating cloud fraction in climate models. Currently, all cloud
parameterisation schemes rely on thermodynamical variables to determine cloudiness.
Although dynamics strongly influences thermodynamical variables, cloud schemes keep
them out of direct consideration. Grid-scale pressure velocity, 𝜔, being a variable that
already exists in GCMs, can be used to adjust parameterizations so as to depend also on
meso-scale dynamics, along with the thermodynamic variables. Our results strengthen
and provide observational support to the reasoning that dynamics needs to be incorpo-
rated directly into cloud schemes.

The NARVAL2 observations, although with a small sample size (8 circles), have the
advantage of being well-characterized in terms of their environment (thermodynamics
and dynamics) as well as the cloudiness (radar, lidar and satellite remote-sensing), and
sample regimes of both deep and shallow convection. With the limited sample size in
mind, we do not provide a quantitative relationship between the variation in cloudiness
and the vertical velocity. Instead, we put forward the argument that to understand the
variability in meso-scale cloudiness, the circulation at that scale is something that we
cannot ignore. Observations from the ElUcidating the RolE of Cloud-Circulation Coupling in
ClimAte (EUREC4A; Bony et al., 2017; Stevens et al., 2021) field campaign, which were
focused on the trade-wind suppressed regimes during January-February of 2020, will
offer a larger statistical sampling of cloudiness and dynamical conditions, to quantify the
variability inmeso-scale conditions and thus help test the hypothesiswemake. EUREC4A
will also provide more direct estimates of cloud base cloud fraction and more robust
estimates of the shallow convective mass flux.

Nevertheless, an advantage with the NARVAL2 cases is the sampling over active
regimes. Our results provide observational evidence in favor of the argument that at the
meso-scale, kinematic factors – such as sub-cloud meso-scale vertical velocity – can have
greater control over low-level clouds than do thermodynamic factors, and as shown by
both active and suppressed cases, this relationship does not seem to vary based on the
regime of convection.
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ab stract

We paint a picture of the meso-scale circulation in the trades by using measurements
of meso-scale area-averaged horizontal mass divergence (𝒟), relative vorticity (𝜁) and
subsidence rate (𝜔) taken during the ElUcidating the RolE of Cloud-Circulation Coupling
in ClimAte (EUREC4A) field campaign over the northern tropical Atlantic, to describe
the quantities’ mean vertical structure and their variability across days and over a period
of a few hours. The sub-cloud and cloud layers are both found to have positive 𝒟 and
negative 𝜁 in their mean structure. However, in contrast, we find that the sub-cloud 𝒟
anomalies and cloud 𝒟 anomalies have varying signs of divergence consistently across
flight-days. We propose a shallow circulation mechanism that aims to explain this nega-
tive association as well as connects other pieces of evidence such as a negative association
between sub-cloud 𝒟 and humidity. Moreover, we find the variability of 𝒟 and 𝜔 to be of
magnitudes much larger than their mean values, as opposed to those of quantities such
as humidity and temperature. These results argue for models to include a more robust
prescription of meso-scale forcings, which are constrained by measurements such as the
ones discussed here.

c.1 in troduct ion

A long-standing lack of observations have limited the current understanding of the nature
of atmospheric circulation at the meso scale. Here, the meso scale stands for a spatial
scale of 20-200 km and a temporal scale of a few hours, or the meso-𝛽 scale as per Or-
lanski (1975). The meso-scale circulation plays a crucial role in how clouds respond to
a warming climate (Bony et al., 2015) and therefore, an understanding of its structure
and variability is important to improve the understanding of clouds-circulation coupling.
A recent aircraft campaign in the trade-wind regions of the north Atlantic measured
meso-scale area-averaged quantities relevant to circulation, over 13 different days during
a month-long period in early 2020. Here, we use these measurements to describe the
circulation parameters such as horizontal mass divergence (𝒟), relative vorticity (𝜁)
and subsidence rate (𝜔) in terms of their mean vertical structure and their variability
observed over time-scales of a few hours and across days. We also propose a persistent
shallow circulation mechanism in the trades to explain the associations we find between
moist-layer quantities of divergence and moisture.
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Investigations related to the meso-scale circulation have been quite overlooked com-
pared to circulations at the synoptic scale. This traces back to the lack of measurements at
the former scale. The poor understanding of meso-scale circulation also results in current
models being prescribed climatological mean values of subsidence (e.g. Jansson et al.,
2021), despite the spatial grid and time-steps of the simulations being often of the order of
themeso scale. As such, cloud feedbacks to changes in the circulation can still be studied if
these feedbacks are of a linear nature, but observationalmeasurements point towards that
not being the case (George et al., 2021a). To use models to understand clouds-circulation
coupling therefore, both at the meso scale and at the climate scale, it is important that
models are prescribed forcings of subsidence which are more representative of the meso-
scale than of the climatology. Forcings for meso-scale subsidence however are practically
unused, since they are not constrained from any observations of the meso-scale circula-
tion.

Outside of the modeling approach to understand cloud-circulation coupling, an ob-
servational approach is also required to describe the processes in nature and investigate
how the circulation impacts the clouds and other atmospheric parameters (Bony et al.,
2017). This is also important in interpreting the seemingly different cloud feedbacks to
circulation amongmodels (e.g. in high-resolution simulations by Vial et al. (2017) and in
climatemodels byWebb et al. (2015)). Moreover, recent studies show that themeso-scale
vertical velocity can be important regulators of the shallow convective mass flux (Vogel
et al., 2020) and cloud core-area fraction (George et al., 2021a). Therefore, despite being
important quantities in characterising the circulation of the atmosphere, and therefore a
potentially significant cloud-controlling factor, observational challenges have rendered
the mean and variability of circulation parameters in the trade-wind regions elusive.

The atmospheric environment can primarily be characterised by the state variables
obtained from dropsonde measurements. These can be divided into thermodynamic
and kinematic quantities, with pressure, temperature and humidity coming under the
former, and wind measurements coming under the latter category. Whereas individ-
ual dropsonde soundings provide local horizontal wind measurements, vertical wind
measurements – which are of a few orders of magnitude lower than horizontal wind
values – cannot be estimated reliably from individual soundings. However, a regression
method demonstrated and tested by Bony and Stevens (2019) can be applied to obtain
area-averaged estimates of divergence and vorticity if the dropsondes are launched along
a circular path (hereafter simply called circles). Based on mass conservation, one can in-
tegrate values of divergence at every altitude from the surface upwards to get an estimate
of the area-averaged vertical velocity.

This method of estimating area-averaged measurements of the motion field was em-
ployed extensively in the recent ElUcidating the RolE of Cloud-Circulation Coupling in Cli-
mAte (EUREC4A; Stevens et al., 2021) field campaign, where 85 circles were flown to
measure the meso-scale circulation parameters and describe the meso-scale state of the
atmosphere. We use the measurements from 70 out of 85 circles from EUREC4A, since
these were unbiased in terms of the meteorological conditions sampled. This provides
a unique opportunity to investigate the divergence and motion-field in the trades with
some statistical confidence.

The structure of this manuscript is as follows. The data andmethodology are described
in section C.2.We describe themean structure of the divergence, subsidence and vorticity
in section C.3, and their variability in different aspects in section C.4. A shallow circula-
tion hypothesis is described in section C.5 along with the evidence that we see for it in
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the measurements. Finally, we provide a summary of our results and some concluding
points in section C.6.

c.2 data and methodology

c.2.1 Data

Here, we primarily use data measured from dropsondes during the EUREC4A field cam-
paign. EUREC4A took place in January-February, 2020 over the north tropical Atlantic
upwind of Barbados. The dropsondemeasurements taken during the campaign aremade
available as a dataset called Joint dropsonde Observations of the Atmosphere in tropical North
atlaNtic meso-scale Environments, with the backronym JOANNE (George et al., 2021c). One
of the data products of JOANNE, Level-4, provides area-averaged quantities at 10 m
vertical spacing from the circle measurements of EUREC4A, such as horizontal mass
divergence and relative vorticity among others. The measured quantities are from the
surface up to∼10 km,whichwas the typical flight altitude during the circles. Thus,weuse
JOANNE Level-4 extensively here to characterise the meso-scale circulation parameters.

During EUREC4A, a standard circle was fixed for measurements to facilitate synergy
with other participating platforms, with a diameter of 222.82 km and centred at 57.67°W,
13.31°N. Following Stevens et al. (2021), we call this the EUREC4A-circle. In all, 85 circles
were sampled during EUREC4A, out of which 73 were EUREC4A-circles. For this study,
wewill resort to statistics from the 70 EUREC4A-circles flownby theGermanHighAltitude
and Long range aircraft (HALO), to restrain samples only during daytime. Flight-phase
segmentation files provided by Konow et al. (2021) give details about the circle segments
during the campaign, and we use these to identify the HALO-EUREC4A circles from the
remaining circles.

The 70 HALO-EUREC4A circles were flown over 13 different flight-days, with a typical
flight including 6 circles, each launching 12 dropsondes spaced equally around the circle
over a period of an hour. On most flight days, HALO flew two sets of three circles each
with an excursion in between aimed at sampling upwind conditions. We call these sets
here as circling-sets. Thus, for a typical flight, sampling of two circling sets was carried
out over a period of 7-8 hours. An overview of the circles flown during EUREC4A and
the dropsondes therein is provided in George et al. (2021c).

The consecutive nature of circles provide an opportunity to study the area-averaged
quantities on a finer scale than just one value every hour. Since there is new information
collected with every dropsonde, we can stagger the circle measurements to effectively
provide the state of the atmosphere every 5-6 minutes. To qualify as staggered circles, we
set three conditions; (a) There should be at least 12 sondes in every staggered circle, (b)
the difference between the launch time of the first and the last sonde should be less than
90 minutes and (c) there should be sonde measurements present in at least three out of
the four quadrants of the EUREC4A circle. With these conditions, there are roughly 45
such staggered circles per flight day. We use these to look into how the atmospheric state
variables vary over the shorter time period of 2-3 hours.
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c.2.2 Estimating standard error

Whereas one of the main objectives of this study is to describe the mean vertical structure
of the kinematic properties, this description would be incomplete without a provision of
the uncertainty of the mean.

The 70 EUREC4A circles provide, by a big margin, the largest sample of measurements
available as yet for estimating themean structure of divergence in the trade-wind regions.
There is, however, the question of how well 70 semi-independent circles can provide the
mean structure of divergence over a month-long period. If the samples are assured to be
independent, one can use the estimator for the standard error of mean (𝜎𝜇𝑥

),

𝜎𝜇𝑥
= 𝜎𝑥

√𝑛 (C.1)

where 𝜎𝑥 is the standard deviation of measurements in the sample and 𝑛 is the number
of measurements. However, the samples taken during EUREC4A cannot be considered
truly independent. Whereas every circle was an independent measurement, the time-
correlationmakes circle measurements dependent, especially those flown on a single day.
Therefore, instead of taking 70 as the value of 𝑛 in equation C.1, we take a cautious sample
size of half the actual number, i.e. 𝑛 = 35, thus increasing the standard error estimate.

c.2.3 Atmospheric layers of interest

We first define some known features of the trade-wind atmosphere’s vertical structure to
aid in our characterisation of the thermodynamic and kinematic parameters. The terms
discussed here have been knownandobserved since decades (e.g.Malkus, 1958;Augstein
et al., 1974), and are still currently used to define the vertical structure of the trade-wind
environment (e.g. Vogel et al., 2020). Nevertheless, the definitions used in this study are
presented below.

From the ocean surface up to ∼50 m, the atmosphere experiences ‘friction’ of the
surface and is characterised by a sharp decrease in humidity from surface upwards. This
is called the surface layer. Above the surface layer, a neutrally stratified layer is present,
characterised by turbulent eddies and resulting in a constant distribution of specific
humidity through the layer. This layer is thus called themixed layer. The top of the mixed
layer is marked by a local maximum in relative humidity – a result of the constant specific
humidity and an adiabatic lapse-rate in the layer. We thus define the top of the mixed
layer height (ℎ) as the level of maximum relative humidity in the bottom 1000 m.

One of themost persistent features of the trades, the trade-wind inversion, is where the
atmosphere is distinctly stable and displays a relatively strong decrease in moisture, or a
hydrolapse. We define the inversion height (𝑧inv) as the level at which the Brunt-Väisälä
frequency squared (𝑁2) is themaximum below 3000m. 𝑁2 is estimated using the virtual
potential temperature (𝜃𝑣) and its vertical gradient (𝑑𝜃𝑣

𝑑𝑧 ) as,

𝑁2 = 𝑔
𝜃𝑣

𝑑𝜃𝑣
𝑑𝑧 , (C.2)

where 𝑔 stands for gravitational acceleration. The use of 𝑁2 thus considers the effects of
the temperature and humidity gradients at the inversion.

The cloud layer is essentially the layer between the mixed layer top and the inversion
height. However, there is often a transition layer present between the mixed layer top and
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Figure C.1: Mean profiles of quantities – (a) specific humidity, (b) potential temperature, (c) east-
ward wind, (d) northward wind, (e) horizontal mass divergence, (f) absolute vortic-
ity, (g) pressure velocity – measured during EUREC4A are shown by blue lines. Grey
shaded regions indicate the inter-quartile range (IQR) for measurements through
the EUREC4A period and orange shaded regions indicate the estimator of standard
error for mean values (𝜎𝜇). Horizontal dotted lines cutting across lower and upper
panels show mixed layer top (bottom-most), inversion height (middle) and triple-
point isotherm (upper-most).

the cloud base height. The transition layer is marked by a strong reduction in humidity
compared to the mixed layer. Similarly, the inversion height is not a single stable level,
rather a layer over which the inversion conditions persist, and thus cap the moist layer.
Therefore, to ensure that we exclude any variability present in the transition layer or the
inversion layer, we conservatively define the cloud layer as the layer between ℎ + 250 m
and 𝑧inv- 250 m.

Additionally, another level of significance is the level at which the temperature in the
atmosphere reaches the triple-point temperature of water, similar to the definition of
Stevens et al. (2017). We call this the triple-point level (𝑧∗). The layer between 𝑧inv and 𝑧∗

is called the lower free troposphere.
The average height of the sub-cloud layer top during the campaign is ∼630m, indicated

by the bottom-most horizontal line in upper and lower panels in Fig. C.1, while the aver-
age inversion height is estimated at ∼2260m,which is indicated by themiddle horizontal
line. The triple-point isotherm is shown by the upper-most horizontal line with a mean
value of 4840 m.

91



c.3 mean vert i cal structure

In this section, we describe the mean vertical structure of the state variables from the
measurements. Fig. C.1 shows the mean profiles of atmospheric state variables and the
estimated corrected standard error of the mean (orange shaded regions).

c.3.1 Thermodynamic Quantities

The mean profiles of specific humidity (𝑞) and potential temperature (𝜃) shown in
Fig. C.1 reflect several of the aforementioned features related to the layers of interest in
the vertical structure of the trade-wind atmosphere. The surface layer (0-50 m) displays
sharp vertical gradients for humidity. The vertically homogeneous values of 𝜃 and 𝑞 below
ℎ indicate a well-mixed layer. The 𝜃 profile shows the base of a stable layer at ∼2 km from
the surface, indicating the well-known trade-wind inversion layer. At the same altitude,
following the inversion, we see a strong negative gradient in the 𝑞 profile, also called
the hydrolapse. Above the inversion layer, in the free troposphere, the charateristically
dry atmosphere of the trade-winds is observed, although this is not the case for all flight
days. Conditions with much greater humidity in the free troposphere were also sampled
during the campaign. These are discussed in detail in section C.4.

c.3.2 Kinematic Quantities

c.3.2.1 Divergence (𝒟)

The mean value for 𝒟 (blue line in Fig. C.1e) between the surface and the triple-point
isotherm shows three clear features: (a) a diverging layer in the moist layer, i.e. from
the surface to the inversion layer, (b) layers of alternating signs just above the inversion
height, with sharp convergence below and divergence above and (c) layers of sharp
divergence below and convergence above the triple-point isotherm.

The divergent layer from surface to the inversion height has a localminimumat the sub-
cloud layer top. Both the cloud and sub-cloud layer show similar profiles with diverging
airmasses. This feature, however, is only observed in the mean profile. At shorter time
scales such as over a day or over circling-sets, the sub-cloud and cloud layers often show
opposing signs, as we shall see in section C.5.1.

It is worth noting here that the co-location of the above features in the mean profile
of 𝒟 with the previously discussed levels of interest come from independent measure-
ments. The former is derived from horizontal winds, whereas the latter are obtained
from measurements of humidity and temperature. The mean divergence structure is
thus intricately linked to the environment’s thermodynamic parameters. This association
can likely be attributed to the structure of radiative cooling at these levels, which sets
the mean divergence structure over the long term. However, further investigations are
needed to understand why we see these clear features in the divergence structure occur
exactly at the levels of interest.

c.3.2.2 Subsidence rate (𝜔)

The features in the mean structure of 𝒟 are also reflected subsequently in the mean struc-
ture of 𝜔 (blue line in Fig. C.1g). The atmospheric column is, on average, in a subsiding
regime. Since the moist layer has mean divergence throughout, we see increasing values
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of subsidence up to the top of the moist layer, above which 𝜔 stays relatively consistent
around a free tropospheric mean of 0.028 Pa s−1 (or 1.00 hPa h−1), with minor, com-
pensating fluctuations due to the aforementioned alternating layers of divergence and
convergence.

Based on the weak temperature gradient approximation, the time-mean cooling rate of
the atmosphere 𝑄 can also be estimated from the mean subsidence rate and temperature
lapse rate as,

𝑄 = −𝜔𝑇
𝜃

𝑑𝜃
𝑑𝑝 (C.3)

We make a back-of-the-envelope calculation with time-mean values averaged over the
measured free-tropospheric column for the quantities on the right-hand side in Eq. C.3
(𝑇

𝜃 =0.82; 𝑑𝜃
𝑑𝑝 = -0.06 K hPa−1). This gives values of 𝑄 as 1.29 K/day,which is roughly how

quickly the subsidingwing of the Hadley cell can be expected to cool (e.g. Hartmann and
Larson, 2002; McFarlane et al., 2007).

c.3.2.3 Relative Vorticity (𝜁)

In the moist layer, the 𝜁 mean profile shows negative values, i.e. anti-cyclonic rotation,
with the magnitude peaking just above the mixed layer height. This is consistent with the
𝒟 pattern in the moist layer, since diverging air is usually associated with anti-cyclonic
movement. At the inversion layer, consistent with 𝒟 , 𝜁 reduces to zero and shows a
layer of positive 𝜁 just above it. The similarity between the 𝒟 and 𝜁 mean profiles is
not observed above this layer.

c.4 var iab i l i t y

In this section, we discuss the variability observed in the state variables with dispersion
measures of inter-quartile range and the coefficient of variation. Later, we also discuss the
variability in the variables across time-scales of days as well as over a few hours.

c.4.1 Inter-quartile range

The range of different conditions sampled by the EUREC4A-circles and the impartiality in
samplingmeteorological conditions allows us to understand the variability of meso-scale
conditions in the trades. The inter-quartile range of state variables is shown by the grey
shaded region in Fig. C.1.

Moisture varies most in the sub-cloud layers and above the cloud layer. The presence
of elevated moist layers sampled during some of the flights causes the greater variability
seen at and above 3 km. Temperature values remain quite steady within the moist layer
and most of the variation is seen in the free troposphere.

The kinematic quantities, i.e. the wind components in the three dimensions along with
divergence and vorticity, show large variability. For the area-averaged quantities, the
range of variability is in fact an order of magnitude than the mean values. Divergence
values at the top of the mixed layer and vorticity values within the mixed layer show a
noticeable drop in variability compared to the rest of the vertical profile.
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Figure C.2: Absolute values of coefficient of variation (CV) of specific humidity (𝑞), potential
temperature (𝜃), wind speed (𝑈), and pressure velocity (𝜔) during EUREC4A.Values
greater than 7 are not shown.

c.4.2 Coefficient of Variation

At first glance, the thermodynamic quantites seem to be fairly invariant, whereas the
kinematic quantities show relatively large variability. However, since the quantities are
over different units, a better comparison would be using the coefficient of variation for
the different quantities, which is defined as the ratio of standard deviation to the mean,
thus providing a dimensionless quantity. We show the absolute values of the coefficient
of variation for humidity, potential temperature, horizontal wind speed and subsidence
rate in Fig. C.2.

A comparison of the variability among the parameters in Fig. C.2 shows that there are
differences over orders of magnitude in how quantities can vary from their mean values
in themeso-scale. For example, potential temperature shows the least variability from the
mean, but pressure velocity can be expected to vary by four times the mean value itself.
This difference between the parameters’ variabilities is also reflected in the standard error
estimates in Fig. C.1, where the confidence in retrieving the mean for the thermodynamic
quantities is much higher than that for the kinematic quantities.

The large variability of 𝜔 with respect to the mean has important implications in the
way forcings are provided to models, especially for the boundary layer. Since 𝜔 varies
by a much greater magnitude than the mean, providing a time-mean forcing to models
that run over short time-scales will affect investigations into processes at the cloud scale.
It also affects models that run over longer time-scales and investigate climate processes if
the response to the forcings are non-linear. George et al. (2021a) show that the response
of clouds to the meso-scale circulation could potentially be non-linear. In case of non-
linearities, such large variabilities from the mean would greatly compound the errors in
estimating feedbacks on the climate scale.

In contrast, for quantities like 𝑞, especiallywithin themoist layer, the variability ismuch
less compared to the mean value. Thus, if the mean value of 𝑞 is prescribed to models, it
wouldn’t be as detrimental to the output as would providing a climatological profile of
𝜔, which can vary by an order of magnitude from the mean over shorter time-scales.
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Figure C.3: Vertical profiles of (a) 𝒟 in s−1, (c) 𝜁 in s−1 and (e) 𝜔 in Pa s−1 averaged over
all HALO-EUREC4A circle measurements. The anomaly from time-mean (shown as
hues) of 𝒟 , 𝜁 and 𝜔 for individual circle profiles are shown in (b), (d) and (f),
respectively. The profiles are separated into different boxes based on their respective
flight dates, which are indicated on the bottom of the x-axis in (f). Each box includes
the same number of profiles corresponding to the EUREC4A-circles flown during the
respective flight. Profiles are sequenced based on circle-count, and the scale of x-axis
is not linear in time. The mixed-layer top height and inversion height are overlaid as
green and black markers (lines over the mean profiles), respectively.

Currently, widely-used large-eddy simulations (LES) forcings, such as from the RICO
measurements (VanZanten et al., 2011), prescribe a long-term mean of 𝜔, with values
fixed throughout the boundary layer.

c.4.3 Day-to-day meso-scale conditions

c.4.3.1 Divergence

The day-to-day values in all area-averaged quantities, i.e. 𝒟 , 𝜁 and 𝜔 show an order of
magnitude larger values than the time-mean (see Fig. C.3). This is in contrast to the
quantities shown in Fig. C.4. The mean profile of 𝑞 or 𝜃 could as well be a measured
profile taken over any randomday. However, the same cannot be said for 𝒟 or 𝜔, wherein
neither the structure nor the magnitude on any given day bear similarity to the mean
profiles.

The vertical structures of 𝒟 across days show finer-scale features in the vertical struc-
ture than any other parameters (see Figs. C.3 and C.4), but they vary drastically over
days. On one hand, on some days, such as on 9th February, the entire measured profile
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Figure C.4: Vertical profiles of (a) 𝑞 in kg kg−1, (c) 𝜃 in K, (e) 𝑢 in m s−1 and (g) 𝑣 in m s−1

averaged over all HALO-EUREC4A circle measurements. The anomaly from time-
mean (shown as hues) of 𝑞, 𝜃, 𝑢 and 𝑣 for individual circle profiles are shown in (b),
(d), (f) and (h), respectively. The profiles are separated into different boxes based
on their respective flight dates, which are indicated on the bottom of the x-axis in (h).
Each box includes the same number of profiles corresponding to the EUREC4A-circles
flown during the respective flight. Profiles are sequenced based on circle-count, and
the scale of x-axis is not linear in time. Themixed-layer top height and inversion height
are overlaid as green and black markers (lines over the mean profiles), respectively

can be seen as alternating bands of anomalously high and low divergence during the
entire 7-8 hours of sampling. On the other hand, there are also exampleswhen divergence
varied drastically during the same flight, such as on 22nd January. A clear instance of the
propagation of an inertial gravity wave was also sampled on 31st January. The sign of
𝒟 just above and below the inversion layer can be seen alternating from the first three
circles of the flight to the next three. The wave signature was also visible in satellite cloud
observations, as reported by Stephan and Mariaccia (2021).

There is no apparent fixed structure to the vertical profile of 𝒟 on a daily scale. There
are, however, some consistencies that can be found across the days, especially in the lower
free troposphere. The 𝒟 in the mixed layer very rarely changes sign through the day, i.e.
over the sampling period of 7-8 hours, although the intensity can vary quite a bit. The
same can be said about 𝒟 in the cloud layer with the exception of 3-4 days. For most
days, the signs of the anomaly of 𝒟 are opposite between the mixed and cloud layers,
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Figure C.5: Divergence profiles from staggered circles are shown along the time axis for the differ-
ent flight days as indicated by the titles of the sub-plots. The white gaps throughout
in the timelines are because no circles which qualified criteria to be a staggered circle
were found for the time.

with the neutral layer of zero divergence often lying at or just above the top of the mixed
layer. On most days, the value of 𝒟 also shows a sign change just above and below the
inversion.

c.4.3.2 Humidity

Free-tropospheric humidity tends to be low for most of the days, except the last three
flight-days when a large increase is observed (see Fig. C.4b). These are mostly indicative
of elevated moisture layers, such as those described in Stevens et al. (2017) and their
persistence over a period of days suggests it to be a large scale signal. Flight reports also
confirm the presence of thick, altus clouds during the flights on 13th and 15th February,
thus providing visual confirmation of upper-level humidity. Incidentally, on these days
the sub-cloud and cloud layers are anomalously drier compared to the campaign-mean.
The free troposphere is alsomoister on 24th January, when intense cold-pool activity was
observed within and surrounding the circle region. We discuss this in section C.5.2.2.

c.4.4 Variability within circling sets

The staggered circles (described in section C.2.1) can be used to study the variability of
quantities over a period of a few hours, i.e. within the circles of a day, or within a single
circling set. The divergence profiles from these staggered circles are shown in Fig. C.5,
which displays a finer structure of divergence temporally than from estimates of just
the six circles. The most striking feature is the difference in the vertical structure across
days, especially in the free troposphere. The days also show different rates of change of
the structure through the day. However, compared to the other quantities used here to
describe the atmospheric state (not shown), the vertical structure of divergence is the
least consistent through the day.

The time regularity of the staggered circles also allows for an autocorrelation analysis
to determine how rapidly a quantity decorrelates with itself and thus, gives an idea of
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Figure C.6: Autocorrelation estimates of state variables from the staggered circles are shown over
2 hours for different levels in the atmosphere, as indicated by the titles of the sub-plots.

the time scale at which quantities vary. We grouped the staggered circle estimates in to
fiveminute intervals, based on a restrained nearest neighbourmethod, and estimated the
auto-correlation coefficients. Fig. C.6 shows the autocorrelation coefficients for the area-
averaged quantities (marked as crosses) 𝒟 , 𝜁 , 𝜔 along with other quantities (marked
as circles) 𝑞, 𝜃, 𝑢 and 𝑣. The divergence is the most rapidly decorrelating variable with
values of autocorrelation reaching e-folding values within two hours, except in the sub-
cloud layer (or mixed layer). The variability of divergence is highest at the cloud top (or
the inversion level). Since 𝜔 is derived from 𝒟 , it also shows similar extents of decorrela-
tion. All other quantities show relatively little decorrelation within two hours, with two
notable exceptions – vorticity in the sub-cloud layer and humidity in the cloud layer. Thus,
the time-scale of variability is much smaller for 𝒟 compared to those of thermodynamic
quantities such as 𝜃 or 𝑞, with the one exception noted above. The horizontal winds are
also remarkably steady over such a short time-scale compared to 𝒟 .

c.5 shallow c i rculat ion hypothe s i s

c.5.1 Evident associations

A quick glance at the divergence anomalies in Fig. C.3 shows that very often, divergence
values have opposite signs in the sub-cloud layer and cloud layer. This also becomes
evident in Fig. C.7a, which shows how mean divergence anomaly in the sub-cloud layer
varies with that in the cloud layer. The green-coloured points indicate mean values for
circles flown over a single day. This captures typically 7-8 hours of a day, and does not
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Figure C.7: (a) Mean sub-cloud layer anomaly of 𝒟 from time-mean plotted against that in the
cloud layer, (b) Mean sub-cloud layer anomaly of 𝒟 from time-mean plotted against
mean sub-cloud anomaly of 𝑞 and (c) Mean sub-cloud layer anomaly of 𝑞 from time-
mean plotted against that in the cloud layer. Day means are shown by green markers
and circling set means by grey markers. Error bars show the standard deviation in the
mean along altitude.

represent a “daily” mean. Grey points indicate mean values for circling sets, which are
typically 3 circles, as explained earlier.

We interpret the negative association between𝒟 in the sub-cloud and cloud layer as the
presence of shallow circulations within themoist layer, such as shown in the schematic in
Fig. C.8. The measurements across different flight days sample both the converging and
diverging branches with no particular bias towards either. Thus, we do not suspect this
association to be of a shallow circulation between the moist convergence zones and the
trade-wind regions, but rather that of local circulations in the trade-wind regions.

The clear outlier is the flight on 24th January,when both the sub-cloud and cloud layers
experienced strong convergence. This flight was with persistent, and strong cold-pool
activity as also identified by Touzé-Peiffer et al. (2021), and hence, we would not expect
a steady low-circulation feature.

The flight-days with a mean converging sub-cloud layer tend to show greater mean
sub-cloud 𝑞 anomaly values. Fig. C.7b shows anomalies of 𝑞 and 𝜔 averaged over the
sub-cloud layer plotted against each other. The negative association between 𝑞 and 𝜔 is
more distinct with the day-means rather than circling set means and single circle values
(latter not shown). Thus, the relationship likely holds strong only over longer averaging
periods, indicating that the process driving this is of a temporal scale greater than an
hour or more.

A similar association of 𝑞 and 𝒟 in the sub-cloud layer has also been observed in
the summertime trade-wind measurements from the Next Generation Remote Sensing for
Validation Studies campaign (NARVAL2 ). Although NARVAL2 had a limited sample size
of eight circles, the only two circles with converging sub-clouds also showed the moistest
sub-cloud and cloud layers (George et al., 2021a).

c.5.2 Proposed Mechanism

We hypothesise that shallow circulations within the moist layer explain the associations
discussed in section C.5.1. A schematic for our proposed mechanism is shown in Fig. C.8.
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Figure C.8: Schematic of the shallow circulation discussed in section C.5 is shown. The marker ′

against any parameter indicates the parameter’s anomaly from its long-term mean. 𝐸
stands for entrainment rate, 𝑀 for shallow convective mass flux and 𝑄𝑟 for radiative
cooling rate. The remaining symbols have the same meaning as in the text.

In the rising branch of the circulation, with convergence in the mixed layer, an increase
in mass flux is observed as a result of the rising air. Considering constant turbulent
fluxes and entrainment, thismoistens the cloud layer, since themixed layer containsmore
absolute moisture than the cloud layer. The moistened cloud layer reduces the drying
efficiency of entrainment and hence, the mixed layer does not dry as rapidly, causing it
to remain moist.

Conversely, on the other branch of the circulation with divergence in the mixed layer,
air descends from the cloud layer to the mixed layer. The air in the cloud layer being
drier than that in the mixed layer increases entrainment efficiency. The subsidence also
means that mass flux is reduced. Thus, the cloud layer gets drier and the drying of the
mixed layer by the entrainment is amplified. Thus, these mechanisms in the rising and
descending branch of the circulation maintain the anomalous moistness and dryness,
respectively. The time required to moisten the cloud layer enough to reduce entrainment
drying efficiency also explains why the associations we see in section C.5.1 are stronger
over longer time-scales.

The maintenance of the moistness and dryness in their respective branches of the
circulationwill cause differential radiative cooling rates between the branches, because of
the difference in themoisture fields. This could thus be a factor inmaintaining the shallow
circulation, causing converging areas to get moister andmoister areas to cool slower than
the surroundings. This would cause surrounding air to converge to the area and thus,
the cycle continues. The converse argument can be made with the descending branch
and how divergence and dryness feed each other. The differential radiative cooling rate
has also been attributed as a factor in driving and maintaining shallow circulations by
Schulz and Stevens (2018) andNaumann et al. (2019). Such an auto-maintenance of these
shallow circulations also explains their longevity through the sampling period of a day.

This hypothesis also ties in with the observation that a moister sub-cloud layer is most
often associated with a moister cloud-layer (see Fig. C.7c), and conversely, a drier sub-
cloud layer tends to show a dry anomaly in the cloud layer. The only notable exception
here are measurements from the flight on 22nd January, where the sub-cloud and cloud
layers show dry and wet anomalies, respectively. This case is discussed later.
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Based on the above reasoning, we hypothesise that on different days, HALO sampled
one of the branches of these local, shallow circulations. Further analyses of understanding
their effects on clouds can be carried out by taking advantage of colocatedmeasurements
of clouds from the remote-sensing data taken by the HALO, ATR-42 and Meteor plat-
forms.

Despite the mixed layer and cloud layer 𝒟 being inversely coupled, the mean 𝒟 for
the campaign shows positive values, i.e. diverging airmasses in both. Therefore, we assert
that these hypothesised shallow circulations are embedded within the large-scale mean
flow. This indicates that over long term means, there is a continuity in the sub-cloud
and cloud layer, but in a non-intuitive way in short term variability due to the shallow
circulations.

c.5.2.1 Circle measurements in the wake of a fish

The circle measurements for the flight on 22nd January were made in the cloud-free,
subsiding regions of a large fishpattern in the south. Compared to usualwintertime trade-
wind conditions, fish – likely features of extratropical disturbances – have anomalously
strong low-level convergence and moist cloud layers (Schulz et al., 2021). The detrain-
ment from the fish’s anamolously moist cloud-layer could be why the cloud-layer in the
EUREC4A-circle is also anomalously high.

c.5.2.2 Circle measurements amidst cold pools

A notable exception from the observed vertical structure of 𝒟 in all days, is that on the
24th of January, wherein convergencewas found to be present throughout themoist layer,
as also indicated by Fig. C.7a. The circle region on this day was marked by constant cold-
pool activity during the sampling period, and we believe could have broken down any
structure of shallow circulations that may have been present. The soundings made in the
cold-pool could also have affected the estimates of divergence, as shown by Touzé-Peiffer
et al. (2021).

c.6 summary and conclus ion

We use measurements taken during the EUREC4A campaign to characterise the meso
scale circulation parameters in thewintertime trade-wind conditions in the tropical north
Atlantic. For this, we use the dropsonde measurements from the circles flown by HALO
during the campaign. We use the following quantities to describe the state of the at-
mosphere and subsequently characterise their mean vertical structure and variability:
specific humidity (𝑞), potential temperature (𝜃), horizontal winds (𝑢 and 𝑣), horizontal
mass divergence (𝒟), relative vorticity (𝜁) and pressure velocity or subsidence rate (𝜔).

Using measurements from the HALO-EUREC4A circles, we describe the mean vertical
structure of 𝒟 , 𝜁 and 𝜔. Mean positive divergence is observed in both the mixed and
cloud layer, with a local minimum in the values between the two layers, indicating con-
sistent conditions in both layers over long-time averages. Other interesting features in the
vertical structure such as sign change in mean divergence is observed to be co-located at
altitudes of interest in the trade-wind region, i.e. mixed-layer top, inversion height and
the triple-point isotherm. The mean profile of 𝜔 shows a completely subsiding profile,
and a mean value of ∼0.028 Pa s−1 in the free troposphere, thus also being in agreement
with the climatological radiative cooling rate in the region. The mean 𝜁 throughout the
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moist layer is negative, indicative of anti-cyclonic rotationwhich is expected from regions
experiencing divergence.

Over flight-daymeans,we findnegative associations between anomalies ofmixed-layer
𝒟 and cloud-layer 𝒟 . Further, the anomalies of mixed-layer 𝒟 and mixed-layer 𝑞 are
also negatively associated. We hypothesise that these are in fact, evidences of shallow
circulations in the moist layer of the trades. In the ascending branch, with convergence in
the mixed layer, the moist layer is anomalously moist, whereas in the descending branch,
the divergence in themixed layer keeps themoist layer anomalously dry. Since the drying
and moistening is linked to the increased and reduced drying efficiency of the entrain-
ment, respectively, this process occurs over longer time-periods than just an hour, and
therefore, the evidences are clearer in the day means of circling set means, compared to
individual circle values. If our hypothesis is true, it means that HALO sampled different
branches of shallow circulations during the different flight-days.

Our hypothesisedmechanism is a rather simplistic viewnot accounting for several com-
plexities in nature, such as varying entrainment rates and turbulent fluxes. Conditions
on the synoptic scale also potentially interfere with such shallow circulations, reducing
their clarity in EUREC4A observations. But the evidence we find in most flight-days
is a mark of the persistence of these shallow circulations and their regulation of other
environmental parameters such as humidity, temperature, and plausibly, the cloudiness.
Shallow circulations such as these can explain the aggregation ofmoisture and cloudiness
(as also shown by Bony et al., 2017; Bretherton and Blossey, 2017), thus furthering areas
for the investigation of persistent organisation patterns in shallow clouds (Schulz et al.,
2021).

The EUREC4A-circle measurements were unbiased toward any meteorological state
and despite that, a large range of variability was sampled during the EUREC4A period.
Overall, thermodynamic quantities show little variability compared to the kinematic ones.
An analysis of the coefficient of variation for the variables shows that 𝜔 varies by almost
four times the mean value. Moreover, a look into the day-to-day variability shows that
values of 𝒟 and 𝜔 vary by an order of magnitude compared to the mean.

The large variability seen in𝒟 and𝜔, compared to the other thermodynamic quantities,
highlight the importance of prescribing accurate forcings to models. If climatological
mean values are input to models as forcings, it rests on the assumption that the influence
of the meso scale averages out. But even minor non-linearities in meso scale processes
will mean that the model outputs will deviate greatly from results if models had been
provided meso-scale forcings instead, because of the large difference between the magni-
tudes of meso-scale and climatological values of divergence and subsidence.

Further investigations are planned into understanding how the different components
of the budgets of mass, moisture and thermal energy regulate the conditions in the meso
scale. The colocated measurements of clouds from EUREC4A are also planned to be
studied with these divergence measurements as a step towards understanding clouds-
circulation coupling.
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