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Deploying drones for atmospheric research

• Observations are often surface-based

• Drones provide important access to 

vertical dimension.

International field campaigns using drones 

to study fog, clouds, and ocean aerosol 

emissions.
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• Maldives AUAV Campaign (Maldives)

• Impact of pollution on energy balance and aerosol-cloud interactions

• Coordinated fleet for simultaneous observations of a vertical column

MAC (2006) 

Clouds



UAV fleet in stacked formation (Maldives, 2006)

Three vertically-stacked UAVs to observe aerosol-cloud interactions 
on a cloud-by-cloud basis with 20+ hrs synchronized flights
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UAV fleet to study clouds and energy budget

Maldives AUAV Campaign (2006)
18 missions , 45 flights, 23 hrs synch. obs.. 350 clouds
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• Synchronized, stacked fleet for measuring aerosols, clouds and albedo

• Heating of aerosol layers (regional warming ~ scale as CO2)

• Linking aerosol-cloud interactions on individual cloud scales
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796 maslgrid: 100 m

distance: 1250 m

Ramanathan et al., Nature, 2007; Roberts et al., PNAS, 2008; Ramana et al., QJRMS, 2007; Corrigan et al., ACP, 2008



VOLTIGE (2013)

• ANR VOLTIGE (France)

• Using ultralight UAVs to study fog events

• Adaptive sampling and mission-specific UAV fleet

Fog



• UAV fleet for simultaneously observing the 

boundary layer, fog event and radiation budget. 

• Temperature, humidity, wind profiles compared 

to AROME 2.5km operational model

• In-situ measurements show strong inversion not 

captured in model → in-situ observations would

improve forecasts

Boundary layer and fog studies
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• BACCHUS (Cyprus, Ireland)

• Aerosol-cloud-radiative closure studies

• Mission-specific fleet of lightweight UAVs

Clouds



S

Sc

z

‘bottom-up’ closure

→ use measured updraft and 

aerosol measurements to 

initial cloud model and 

compare cloud properties 

‘top-down’ closure

→ compare in-situ measurements 

with those derived from satellite 

Related publications: doi:10.1002/2015JD024595; doi.org/10.5194/amt-2017-233; doi: 10.1175/BAMS-D-15-00317; doi: 10.1038/nature22806  

Using UAVs to link observations and models

NCCN

SC

A
er

o
so

l-
cl

o
u

d
 

p
ar

ce
l m

o
d

e
l

???

???

Mace Head, Ireland

Soumi NPP VIIRS

BACCHUS



Payloads for aerosol-cloud interactions
Standard instruments (all) Standard Parameters

Pressure, temperature, humidity PTU → Tdew → Lifting condens. level

Autopilot & Pitot u, v → horizontal winds

Video camera E, zinversion

Data acquisition data downlink

Atmospheric dynamics 3D winds and solar 
fluxes

5-hole probe w → supersturation→
nD_f(CCN,SS)

Pyranometer (up & 
down)

se→ nD x r2 ; F↑ / F↓→

Albedo

Cloud / charge Cloud microphysical 

properties

Cloud sensor (3-l) se → nD x r2 ; Reff

Charge sensor Atmospheric charge

3D winds / solar flux

Aerosol / Irradiance

Cloud / charge

Aerosol / 

irradiance

Aerosol properties & 

solar flux

Optical Particle 

Counter

number concentration (Dp

> 0.3 mm)

Aerosol Inlet unbiased size distribution 

(0.3 < Dp < 3 mm)

Pyranometer (up & 

down)

DFaerosol → W m-2; F↑ / F↓

→ Albedo



Coupling UAV observations with models and satellite

• UAVs link ground-based and satellite observations 

to cloud models (bottom-up and top-down closures)

• Quantified impact of entrainment on shortwave 

radiative cloud forcing

Suomi NPP satellite – Mace Head, Ireland 

Mace Head

entrainment

Publications related to this work:
❖ Sanchez et al., ACP, 2017
❖ Calmer et al., AMT, 2018
❖ Calmer et al., ACP, 2019
❖ Sanchez et al., GRL, 2020
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First airborne operations at Mace Head

Ramp launch

Net landingIn the clouds

Flight area



MIRIAD (2017)

• MIRIAD / ReNovRisk (France, La Réunion)

• Vertical mixing of ocean surface layer, sea 

surface state and marine aerosol fluxes

• Low altitude flights using lightweight and 

long endurance UAVs
MIRIAD/ReNovRisk (2019)

Ocean
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Near-surface UAV observations to study air-sea exchange

• Sea salt aerosol at Cap d’ Homy 
(Atlantic coast, France)

• Vertical profiles from 6 to 150 
m.asl with UAV equipped to 
measure aerosol concentration 
and size distributions.

• Steep gradient in aerosol 
between boundary layer and 
surface layer

Flux estimate: F = D (dC / dz)
:: r ~ 2 g/cm3; D ~ 10-2 m2 / s

→ F ~ 1 ng / m2.s (PMA surf zone)

Skywalker X6

Aerosol emissions (surface layer)

surface layer

boundary layer

OPC

MIRIAD



UAV payload for studying marine aerosol fluxes

Atmospheric state

Pressure, temperature, 

humidity

boundary layer stability; lifting 

condensation level

Wind Speed & Flux

multi-hole probe U, V → horizontal wind speed

w → vertical wind; eddy flux correlation

Aerosol

Optical Particle Counter Number & mass concentration (Dp > 0.3 

um)

Condensation Particle 

Counter

Number concentration (Dp > 0.01 um)

Wave Height; Sea State

Radar altimeter Wave height

Video camera White cap fraction

Sea surface temperature 

(SST)

IR temperature SST→ kinematic viscocity

Marine aerosol flux parameterization

Boreal UAV



Payload for MIRIAD / ReNovRisk

• Designed to measure air-sea interactions (4.5 kg):  Aerosol concentration and size distribution, 

3D winds and turbulence; sea surface temperature, wave height, solar flux, temp / RH, video

• Payload data sent to ground-station in real-time for mission planning.

particle counters
INS & DAQ

DAQ

IR temperature

dryer



MIRIAD / ReNovRisk (Réunion Island, 2019)

• 4 – 19 February; 21 March – 2 April 2019 
during cyclone season (Indian Ocean)

• 12 research flights; 53.7 hours; 5012 km 

• Airspace within 500 km diameter circle 

• Surface to 1000 m.asl (w/ corridor to 
access international airspace)

Mauritius

Reunion
Island

[France metropole shown for scale]

2019.03.25 – Cyclone Joaninha

http://windy.com

Reunion
Island

Mauritius

mesoscale



MIRIAD / ReNovRisk Operations

• MIRIAD, develop the scientific payload on 
Boreal UAV to study air-sea interactions

• ReNovRisk, study the impacts of aerosol fluxes 
on the development of tropical cyclones  (w/ 
Univ. La Réunion and LACy)

Boreal UAV

Real-time tracking of ship traffic on marinetraffic.com 

and onboard video for safety during low altitudes flights 

(< 80 m.asl)

Boreal UAV

Precipitation overlay provided by PLANET 

(SatCom) for real-time flight planning

S/ADS-B Transponder for integration of Boreal into 

civilian airspace.  Screenshot from flightradar24.com

Boreal UAV

http://www.flightradar24.com/


Marine aerosol emissions and wind measurements
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MesoNH

Boreal flight track

Horizontal wind (m/s)

• Aerosol concentrations (Dp > 0.3 
um) relatively high – marine 
aerosol emission related to wind 
and wave height

• Réunion Island wind wake visible 
in measurements and MesoNH
model (not seen in all models)



NEPHELAE (2020)

• NEPHELAE – EUREC4A (Barbados)

• Evolution of cloud life cycle using measurements of cloud optical properties 

Simultaneous observations with UAV fleet, adaptive sampling, cloud mapping

Clouds



• Traditionally a cloud is sampled via a 

straight passage through a cloud

• The relative amount of cloud edge 

(yellow) and cloud core (green) depends 

on the trajectory which leads to biases in 

inferring the structure of the cloud

➢ As cloud lifetime ~ 20 minutes, need to 

optimize trajectories and/or deploy 

multiple observations simultaneously

NEPHELAE: Network for studying Entrainment and 
microPHysics of cLouds using Adaptive Exploration
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Cloud sampling with ACTOS

How do you study a cloud ?



Adaptive sampling and mapping  of virtual cloud

t = 0 sec

t = 500 sec

Single transect GPR reconstruction
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Gaussian Progress Regression reproduces reference cloud within five transects (< 50% of area sampled).

153 px 17 px

Five transects

72 px

Reference cloud

GPR reconstruction



Cloud mapping with Gaussian Process Regression

• Statistical analysis (random 

entries) based on 10 

explorations of the same 

reference cloud

• Comparison of total liquid 

water in horizontal cross-

section at 150 m above 

cloud base

GPR with single UAV reproduces reference cloud 1) much faster (~350 sec) 
and 2) with less uncertainty compared to observations (even with two UAVs).
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Time to catch some real clouds



Flight Overview – NEPHELAE - EUREC4A

15 km

Airspace (ceiling at 1000 or 2000 m.asl)

GCS

• Flight operations over the ocean on the east coast of Barbados 

• 50+ flights; 17 flights with adaptive sampling (following 26 clouds for more than a minute)



adaptive samplingtransit cloud search recovery

Following a cloud

Mission protocol: 
• take-off and profile to cloud level (ca. 750 to 1000 m.asl)
• transit to cloud field; time to begin science mission ca. 20 minutes after take-off
• Transition to hippodrome patterns perpendicular to wind until cloud detection
• follow cloud (Langrangian) using in/out cloud detection & adaptive pattern (i.e., Trinity)   

adaptive sampling

Trinity pattern 
in a small cloud

Cloud radar & ceilometer at BCO (Deebles Point) → cloud base height and thickness



Detection in/out of cloud and reference frame

time
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Individual cloud passages
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x
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UAV trajectory in cloud frame

Time series of cloud sensor

Creating cloud map 

by transforming earth 

reference frame to 

cloud reference frame 

based on horizontal 

winds

Verdu et al., 2020



Tracking a cloud in time and space

• High values of qv and θ ⇒ High values of 
extinction (in-cloud; positive buoyancy)

• Low values of qv and θ ⇒ Cloud edge 
(negative buoyancy)

• Cloud becomes negatively buoyant with 
time (dissipation; transition blue to yellow)

No cloud Cloud Potential temperature

Relative humidity

Extinction (cyan)

Extinction (IR)
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Take Aways

• UAS are particularly well-suited for lower atmospheric 

and cloud process studies providing synergy with ground-

based and satellite observations

• Coordinated flights changes the observation paradigm

• Science-driven payloads and sensor-driven trajectories 

dramatically improves sampling strategy 
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NEPHELAE flight operations for adaptive sampling

Real-time GPR mapping

Ground control station

Mission scientist

3-l cloud sensor

X6 Skywalker

Adaptive sampling

T, RH



Perspectives of using UAVs for atmospheric research

• Select aircraft around payload needs (smallest size for science mission)

• Watch out for “requirement creep” → stay focused on the science goals

• Human factors cause of most incidents – experience matters

• Divergence between engineering, research and operational uses (i.e., a 

new UAV & payload is only the starting point for the science)

• Changing regulatory environment, payload development and 

accumulated experience requires continuity in UAV team



NEPHELAE operations in airspace

Balloon

Drone



Adaptive sampling with two UAVs simultaneously

• Tracking the cloud system with two 
UAVs using ‘trinity’ pattern 

• UAVs vertically separated by ca. 50 m 
to avoid potential collisions

• Cloud appears to be in dissipating 
stage; two clouds close together

View from Skywalker: X6-7

View from Skywalker: X6-10



Finding an adequate platform to chase clouds 

• Manta UAV: sub-contracted experienced 
operator; limited opportunities to 
test/deploy payload testing

• UAV Cost-Action 2009-2013 (J.Reuder); 
SUMO; PPRZ with to integrated IMU 
(clouds had not been possible)

• Smaller UAVs are easier operate 
logistically (but not too small)

• Backwards flight with EasyStar in 
convective cloud → need platform 
adapted for wind, adequate duration and 
payload capacity

wind

CRA, Lannemezan (2012)



EUREC4A field experiment

• Science objectives :
• Role of ocean surface on mesoscale 

cloud field (sugar, flower, gravel, fish)
• Cloud development / dissipation
• Impact of clouds on radiative budget 

and precipitation

• UAV operations
• Skywalker X6 (CNRM, France): 

NEPHELAE; adaptive sampling 
• Raaven (Colorado, USA): turbulence in 

MBL and updrafts at cloud base
• Boréal (CNRM, France): air-sea 

interactions, aerosol emission, 
turbulence in MBL

20 January – 15 February 2020

Skywalker 

Sandrine Bony (LMD, CNRS); Bjorn Stevens (MPI Meteorology); David Farrell (CIMH)

Raaven
Boreal 

UAV ops

Website:  http://eurec4a.eu/

trade cu

sugar clouds



Flights with Boreal during EUREC4A

Complete data set Partial data set No data

• Aerosol, turbulence, sea surface 

temperature, wave height, 

meteorological 

• ~20 km circle and multiple altitudes  

within trade wind corridor

• 10 Flights (33.7 hours)

• Data analysis underway



Platform: BOREAL
Specifications:

• Wingspan: 4.2 m; 25 kg max take-off 

• Flight capacity up to 700 km with a 5 kg payload
(ca. 7 hrs)

• Two-stroke gas engine

• 95 km/h cruise air speed (26.4 m/s); Range: 60-
130 km/h

• Catapult take-off; belly landing

Onboard instrumentation during ReNovRisk):
• Transponder (mode S/ADS-B) 
• Strobe
• C2Link RF communication & Iridium satellite with real-

time video (up to 50 km from GCS)
• Radar altimeter to measure sea state and for security
• Science payload to measure 3D winds, aerosol, 

turbulent fluxes



Fire plume flux measurements using UAS

CRA, Lannemezan (August 2016)
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BBQ • Cylindrical flight around source (1 hour up to 150 

m.agl; vertical res. ~5 m; horizontal res. ~15 m) 

• Measured aerosol concentration and wind vector;

• Subtract background to calculate particle flux

Flux (N.m-2.s-1) = Speed (m/s) * Concentration(N/m3)

Wind (GPS) Particle Counter (OPC)

STRAP :  Stage – Antoine Hubans


