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ABSTRACT: Atmospheric electricity measurements made from small unmanned aircraft systems

(UAS) are rare but are of increasing interest to the atmospheric science community due to the

information that they can provide about aerosol and turbulence characteristics of the atmospheric

boundary layer (ABL). Here we present the first analysis of a new data set of space charge and

meteorology measurements made from the small, electric, fixed-wing UAS model MASC-3. Two

distinct experiments are discussed: (1) Flights past a 99 m metal tower to test the response of

the charge sensor to a fixed distortion of the electric field caused by the geometry of the tower.

Excellent agreement is found between the charge sensor response from the MASC-3 and modeled

electric field around the tower. (2) Vertical profiles up to an altitude of 2500 m to study the

evolution of the ABL with the time of day. These flights demonstrated close agreement between

the space charge profiles and temperature, relative humidity, and turbulence parameters, as would

be expected on a fair-weather day with summertime convection. Maximum values of space charge

measured were of order 70 pC m−3, comparable with other measurements in the literature from

balloon platforms. These measurements demonstrate the suitability of small UAS for atmospheric

electrical measurements, provided that care is taken over the choice of aircraft platform, sensor

placement, minimization of electrical interference, and careful choice of the flight path. Such

aircraft are typically more cost-effective than manned aircraft and are being increasingly used for

atmospheric science purposes.
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1. Introduction26

Charge is ubiquitous in Earth’s atmosphere and is created by galactic cosmic rays from space,27

as well as surface radioactivity. Vertical separation of this positive and negative charge occurs28

in thunderstorms and electrified shower clouds, causing Earth’s surface to become negatively29

charged, and the ionosphere (at approx. 70km altitude) positively charged (Wilson 1921). This30

potential difference generates an atmospheric electric field (E-field), which is present globally, and31

is directed vertically, such that positive charge flows downwards to Earth. Near the surface, the32

E-field is approximately -100 V m−1 during fair weather conditions, and typically decreases in33

magnitude with height exponentially (Gish 1944). Clark (1957) devised a rough parameterisation34

for the decrease of the E-field with height (𝐸𝑧) in the troposphere in clear air (equation 1).35

𝐸𝑧 = 𝐸0exp−𝑎𝑧 (1)

E0 is the surface E-field. The reciprocal of the scale height (a = 0.25 km−1), and height (z)36

are in km. The presence of the atmospheric boundary layer as well as aerosol and cloud layers37

generally perturb this idealised profile, causing regions of increased E-field from the clear air case38

(Fig. 1). Measurements of the E-field in fair weather conditions are important for for investigating39

Earth’s global electric circuit, its connection to climate processes and processes in the atmospheric40

boundary layer (ABL). (Markson and Price 1999; Williams 2009; Rycroft et al. 2012). Atmospheric41

electrical variables can also provide information on the aerosol content of air (Sagalyn and Faucher42

1954), including Saharan dust (Gringel and Muhleisen 1978; Nicoll et al. 2010) and Volcanic ash43

(Harrison et al. 2010), as well as well as local turbulence characteristics (Markson et al. 1981).44

This is because the same meteorological processes that transport heat, momentum, moisture, and45

aerosol within the lower atmosphere also transport charge (Hoppel et al. 1986).46

The vertical profile of the atmospheric electric field has been measured since the late 1800s53

(Tuma 1899), originally using water dropper sensors flown on hot air balloons. Since the early days54

of these measurements, electric field sensors and airborne platforms have developed substantially,55

with vertical profiles now typically measured with electric field mills carried by manned aircraft56

(Winn 1993; Bateman et al. 2007). Measuring the atmospheric E-field using an aicraft is chal-57

lenging, because every measurement will be influenced by the aircraft’s own E-field, which can58
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Fig. 1. Schematic of the atmospheric E-field, with the color shading representing the E-field intensity, and

the black lines representing equal electric potential. In fair weather conditions, current flows from the positively

charged Ionosphere to the Earth’s surface. Changes in the atmosphere’s resistance, such as the capping inversion

of the ABL or clouds create local distortions in the E-field. Distortions in the E-field can also be caused by

thermodynamic processes. The E-field close to the surface is approximately -100 V m−1 during fair weather

conditions, and typically decreases in magnitude with height exponentially (Gish 1944).
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lead to substantial measurement errors in regions of high E-fields, such as in convective clouds,59

thunderstorms, precipitation, or inside dust and aerosol plumes. While early aircraft measurements60

of E-field were made by using two E-field sensors mounted above and below the wing (Gunn 1947,61

1948; Gish and Wait 1950), it was recognized that multiple E-field sensors were required in order to62

remove the effect of aircraft charge on the measurements. In addition, charging of aircraft surfaces,63

which influences E-field measurements, can also result from the engine exhaust gases. Subsequent64

aircraft flights by Clark (1957, 1958) further characterized this distortion of the ambient E-field by65

the presence of the aircraft ("aircraft reduction factor"). Aircraft measurements of the atmospheric66

E-field are also affected by the movement of the aircraft itself. Since the total E-field, E, is a vector67

quantity, consisting of components 𝐸𝑥 , 𝐸𝑦 and 𝐸𝑧, the motion of the aircraft can act to perturb68

one or more of these E-field components. This effect becomes even more pronounced with large69

changes in attitude, such as in turns. Winn (1993) discusses the various methods which have been70

used to correct for the motion of the aircraft. These include using scale models of aircraft (Laroche71

1986), electrostatic modeling of the airframe (Mazur et al. 1987), and calibration maneuvering72
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techniques (Winn 1993) to account for pitch and roll motion. More recent aircraft measurements73

of E-field have attempted to develop procedures to remove all of the above-described effects of74

the aircraft from the E-field measurements using ever more sophisticated methods. Koshak et al.75

(1994), Mach and Koshak (2007) and Mach (2015) discuss a detailed inversion matrix technique for76

calibrating aircraft E-field sensors, as well as a series of aircraft calibration maneuvers required to77

determine various calibration coefficients. For this technique to work well, several E-field sensors78

must be mounted on the aircraft (enough to measure at least one component of the E-field), with79

5-8 E-field sensors typically used. If the E-field sensors are small (as developed by Bateman et al.80

2007), this is possible to implement on a large airframe, but not if payload capacity is limited, such81

as on small Unmanned Aerial Systems (UAS).82

The measurements mentioned above demonstrate that the E-field measured on a moving aircraft83

platform is often not a direct detection of the ambient E-field, but rather a combination of the84

aircraft-enhanced ambient field, aircraft motion, charge on the aircraft, and various other effects85

due to engine exhaust charging, or corona discharge when large E-fields are present. Therefore, it86

is necessary to remove all perturbations of the natural ambient field caused by the presence of the87

aircraft to detect the actual ambient field with aircraft measurements.88

As opposed to the large aircraft mentioned above, small UAS as a platform for atmospheric89

electricity measurements are flexible, inexpensive, and allow measurements in conditions that90

are not possible for crewed aircraft (for example, very close to the ground, near obstacles, or91

when launching and landing without any infrastructure). Despite the abundant availability of92

UAS for commercial and hobbyist applications, meteorological measurements from UAS are still93

relatively rare. Reasons for this include a lack of commercially available, low cost, high accuracy94

meteorological sensors, a lack of commercially available fixed wing platforms which are suitable95

for such measurements, complexities of autopilot operation, as well as challenges (both legal and96

practical) associated with flying at altitudes above standard visual line of sight limits. Technological97

developments are leading to more meteorological measurements from UAS (e.g., Pinto et al.98

2021). Examples of UAS measurements in atmospheric electricity include the development of an99

“electrostatic autopilot” (Hill 1972, 1982), as well as the miniature E-field sensor measurements of100

Bateman et al. (2007) on the NASA Altus II UAS. More recently Zhang et al. (2016) instrumented a101

small UAS with multiple AC electrical potential sensors which utilize the pitch and roll movement102
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of the aircraft to generate voltage differences between pairs of sensors mounted on the pitch and103

roll axes of the aircraft. Finally, Harrison et al. (2021) described measurements of space charge104

from a 2 m wingspan fixed UAS through a thin cloud layer.105

In this work, we describe two types of measurement, made from a small fixed-wing UAS, model106

MASC-3. Its small size means that it is not feasible to carry a large number of E-field sensors107

as per the common approach used on larger aircraft. Instead, we have instrumented the airframe108

with highly sensitive bespoke miniature space charge sensors (Nicoll and Harrison 2009). Space109

charge, 𝜌, is the difference between positive and negative charge per unit volume, and is related to110

the divergence of the E-field, by Gauss’ law (equation 2).111

▽ ·E =
𝜌

𝜖0
(2)

where 𝜖0 is the permittivity of free space, and E is a three-dimensional vector of orthogonal112

components 𝐸𝑥 , 𝐸𝑦 and 𝐸𝑧. When measuring space charge in the atmospheric boundary layer113

(ABL), we are concerned with the vertical profile of 𝜌 which can be derived by considering the114

vertical component of the electric field, 𝐸𝑧 (provided that variations in 𝐸𝑥 and 𝐸𝑦 are smaller than115

those in 𝐸𝑧, as is often the case in fair-weather conditions). Thus, 𝜌 can be derived by equation 3,116

where z is the vertical coordinate, and the positive z direction is upwards.117

𝜌 = 𝜖0
𝑑𝐸𝑧

𝑑𝑧
(3)

We performed two types of measurements at the MOL-RAO (Meteorological Observatory Lin-118

denberg, Richard-Aßmann Observatory) of the German Meteorological Service (Deutscher Wet-119

terdienst, DWD) in Germany. First, the validity of the charge sensor is tested by detecting a known120

distortion in the E-field caused by a 99 m metal tower, and comparing the measurement results121

with a model (Section 3a). Second, we describe new measurements of vertical profiles of space122

charge. Flights took place only during fair weather conditions, which minimized the effect of123

charge build-up on the airframe or corona discharge issues; and the lack of aircraft exhaust from124

the UAS (which uses an entirely electric propulsion system) means that there is no aircraft charging125

from emissions, unlike on a manned aircraft.126
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The instrumentation and aircraft platform are described in section 2a, and the flight location and127

experimental setup are described in section 2b. Sections 2c and 2d investigate the effect of aircraft128

movement on the charge measurements, and the development of a technique to remove it. While129

section 3a serves as a validation for the charge sensor by comparing the measurement to a known130

perturbation in the E-field caused by a metal tower, section 3b demonstrates the effectiveness of131

the charge sensor at measuring natural variations in space charge by describing vertical profiles of132

space charge and meteorological measurements in a series of flights within the ABL at different133

hours. A discussion section is provided in section 4 and conclusions in section 5.134

2. Methods135

a. UAS platform136

The UAS flights described in this paper were performed by the MASC-3 (Multiple Purpose Air-137

borne Sensor System), a 4 m wingspan fixed-wing UAS for atmospheric measurements (Wildmann138

et al. 2014a; Mauz et al. 2019; Rautenberg et al. 2019) (Table 1, Fig. 2 b). MASC-3 carries a sensor139

payload of up to 1.8 kg for measuring the three-dimensional wind vector and air temperature with140

a temporal resolution of up to 30 Hz, using a five-hole probe and a fine-wire platinum thermometer141

(Wildmann et al. 2013, 2014b) in combination with an IMU (Inertial Measurement Unit). In142

addition, the relative humidity is measured using a slower digital temperature and humidity sensor.143

Data is logged and saved on board the aircraft at a sampling rate of 100 Hz (Rautenberg et al.144

2019). MASC-3 is controlled by an autopilot, so it can repeat measurement patterns reliably. It145

performs all measurements during straight flight sections, with a constant airspeed of 18.5 m s−1,146

and with the autopilot stabilising the aircraft’s attitude along the roll, yaw and pitch axes (Fig. 2).147

Changes in flight direction are achieved by a change in the aircraft’s attitude, mainly along the roll148

and yaw axes. However, turbulence can also change the aircraft’s attitude during a straight section,149

with the autopilot working against these movements to stabilize the aircraft.150

In addition to the standard sensor payload, two pods carrying charge sensors are attached to151

the wings, 1 m from the fuselage of the aircraft (Fig. 2). The charge sensors are similar to those152

described in Nicoll and Harrison (2009) and Nicoll (2013). They consist of a small (12 mm)153

spherical sensing electrode connected to an electrometer circuit. The sensors measure the rate154

of voltage change on the electrode, where the voltage change is due to the current flow between155
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Table 1. Technical Data for the MASC-3 UAS with Charge Measurement Pods attached.

Wingspan 4 m

Takeoff Weight 8 kg

Payload 1.8 kg

Max. Endurance 1.5 hours

Cruising/Measurement Airspeed 18.5 m s−1

Service Ceiling 4500 m AGL

Propulsion Electric (pusher configuration)

Autopilot System Cube, Arduplane firmware

Fuselage Material Glass Fiber Composite

Wing Material Carbon Fiber Composite

the atmosphere and the electrode due to the sensor’s motion through an E-field. The circuit uses156

a current to voltage converter with a T-network of resistors to minimize the need for high value157

resistors (as discussed in Nicoll (2013). Details of the method used to convert the measured charge158

sensor current to space charge are described in section 3e.159

MASC-3 carries four of these charge sensors, with one "normal" range sensor and one "sensitive"160

sensor on each wing. The "sensitive" sensor provides an increased resolution, while the "normal"161

sensor has a wider range and is therefore more robust against saturation when measuring a strong162

signal. Both for the tower fly by (Section 3a) and the vertical profiles of the ABL (Section 3b) is163

better suited. Generally, the selection of the sensor sensitivity is done in post processing based on164

the range of the captured signal.165

The sensors are mounted in the front of the pods so that the electrodes are about 20 cm away166

from the leading edge of the wing. The front part of the pods is wrapped with conductive copper167

foil. This reduces the potential influence of static charge build-up on the charge measurement.168

Both pods include a microcontroller-based logging system, which captures the analog 0-5 V signal169

from the charge sensors with a resolution of 14 bits and a sampling rate of 100 Hz directly to an170

SD-Card inside the pod. The timestamp of the charge sensor data and the rest of the sensor system171

are referenced to GPS time for synchronization.172

b. Site Description and Experimental Setup181

The UAS flights described here took place at the German Meteorological Service (DWD) MOL-182

RAO (Meteorological Observatory Lindenberg, Richard-Aßmann Observatory), about 60 km183
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Fig. 2. a: Charge sensor pod for MASC-3. Sensing electrode (1), plastic-covered connector to sensor board

(2), shell painted with conductive graphite paint, front section covered in conductive copper foil (3), status lights

(4), wing mount (5), sensor board, and an analog-digital converter (6), Adafruit Feather microcontroller for

logging and GPS antenna for creating timestamps (7).

b: MASC-3 with charge sensor pods attached. The charge sensor pods (8) are covered in conductive copper foil

to reduce the influence of static charge around the non-conductive surface of the wings. The sensor payload is

in the front for measuring the wind vector, temperature, and humidity (9). The three dimensions of movement

(yaw, pitch, roll) of MASC-3 are measured by the IMU mounted in the sensor payload.

173

174

175

176

177

178

179

180

southeast of Berlin (Fig. 3). Flights were performed during June 2021 by the Environmental184

Physics Workgroup of the University of Tübingen. The MOL-RAO site also includes a 99 m high185
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Fig. 3. Location of the MOL-RAO meteorological tower, MASC-3 passing the tower during a measurement

flight.

188

189

meteorological measurement mast, located at 52.1665◦ E 14.1222◦ N, 73 m above sea level (ASL).186

The site is flat, with a maximum variation in terrain elevation of 10 m within a 5 km radius.187

In order to test the response of the charge sensors on the UAS, two types of measurement flight190

were conducted. To validate the MASC-3 space charge measurement, an experiment was designed191

in which MASC-3 flies through a known distortion in the E-field, caused by the measurement192

tower. To establish this reference for the measurements of MASC-3, the E-field around the tower193

was modeled in the COMSOL physics software (electrostatics package) (COMSOL 2021). Like194

any large metal object, the tower perturbs the E-field around it, which causes changes in the charge195

sensor output as the MASC-3 flies past it. The space charge calculated from the charge sensor196

output is then compared to the divergence of the modeled E-field. (section 3a).197

The second pattern involved vertical profiles, where MASC-3 climbs to 2500 m above ground198

with a constant vertical velocity of 1.5 m s−1 in a series of 1.5 km long sections (Fig. 4). From these199

sections, only a central section of 800 m length is used for analysis to further reduce the influence200

of the turns at the end of the sections. This flight pattern aimed to measure natural perturbations in201
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Fig. 4. MASC-3 flight path for the vertical profile flights. The profile is divided into several sections. Each

pair of these sections (upwind and downwind) covers a height of 10% of the boundary layer height 0.1 · 𝑧𝑖 .The

maximum altitude for each flight varies, dependent on weather situation and airspace restrictions, see Tab. 2.

204

205

206

the E-field caused by variation of the ABL in fair weather and is discussed in section 3b. Of this202

pattern, a total of 13 flights were conducted (as shown in Table 2).203

To perform these measurement flights beyond the pilot’s visual line of sight (BVLOS) at these207

altitudes, special permits are required in most countries. In the case presented here, the flights208

were made possible by the establishment of a no-fly zone and subsequent permits for BVLOS209

UAS flights. In the EU, these permits are not necessarily expensive, but it is important to contact210

the relevant authorities at an early stage, as such procedures may take a long time and be quite211

extensive, depending on the risk assessment of the planned flights.212

c. Effect of UAS movement on charge measurements216

Aircraft movement is well known to affect E-field measurements made from manned aircraft217

platforms (Winn 1993; Mach and Koshak 2007). Winn (1993) suggest that the total charge, 𝑄,218

induced on an E-field sensor electrode is a linear sum of the contributions of the E-field in the x, y219

and z directions (𝐸𝑥 ,𝐸𝑦,𝐸𝑧) as well as the charge on the aircraft 𝑄𝐴 (equation 4)220
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Table 2. Overview of the MASC-3 measurement flights with charge sensor pods performed in May and

June 2021. The tower fly by flight (discussed in section 3a), and vertical profiles discussed in section 3b are

highlighted in bold. Time is local time (LT): Central European Summer Time

213

214

215

Flight No. Date Time (LT - CEST) Type Max. Altitude (m AGL)

calibration 03.05.2021 14:00 - 14:23 Horizontal Legs 100

1 09.06.2021 15:53 - 17:00 Vertical Profile 2200

2 10.06.2021 09:14 - 10:32 Vertical Profile 700

3 10.06.2021 11:24 - 12:33 Vertical Profile 1700

4 10.06.2021 14:13 - 15:30 Vertical Profile 2000

5 10.06.2021 15:56 - 16:45 Vertical Profile 2000

6 13.06.2021 19:02 - 20:00 Vertical Profile 2100

7 14.06.2021 07:05 - 08:08 Vertical Profile 2100

8 14.06.2021 09:03 - 10:15 Vertical Profile 1600

9 14.06.2021 13:57 - 15:01 Vertical Profile 1780

10 14.06.2021 16:57 - 17:45 Vertical Profile 1750

11 16.06.2021 20:16 - 21:30 Tower fly by 150

12 17.06.2021 09:53 - 11:30 Vertical Profile 2360

13 17.06.2021 14:00 - 15:00 Vertical Profile 2500

14 17.06.2021 16:53 - 18:30 Vertical Profile 2300

𝑄 = 𝑎𝐸𝑥 + 𝑏𝐸𝑦 + 𝑐𝐸𝑧 +𝑄𝐴 (4)

(where 𝑎, 𝑏, 𝑐 are coefficients specific to the aircraft). Aircraft charging is most likely to occur221

when flying through layers of droplets (e.g. clouds) or particles (dust, sand, smoke, ash). By flying222

in only fair weather conditions with no clouds or haze layers, the effects of 𝑄𝐴 are minimized so223

that this term becomes negligible.224

The 𝐸𝑥 and 𝐸𝑦 terms will likely be most sensitive to pitch and roll maneuvers from the UAS, and225

the 𝐸𝑧 term will vary with UAS altitude as the aircraft climbs or descends. The degree to which226

the E-field measurement is affected by pitch and roll movements depends on the placement of the227

sensors with respect to the various axes of rotation of the UAS. For the MASC-3, the charge sensor228

pods were deliberately mounted on the wings, relatively close to the aircraft’s main body (1 m229

distance), rather than nearer the wingtips. Placement towards the end of the wings would result in230

a much larger sensitivity to roll maneuvers due to the larger angles through which the UAS wings231

move.232
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The dependence of the charge sensors on the UAS movement was investigated by cross-correlating233

the charge sensor voltage output with all MASC-3 flight parameters, including roll angle, roll234

velocity, pitch velocity, and yaw velocity (aircraft axes are depicted in Fig. 2b), for multiple235

measurement flights. The result of this was an observed high correlation between charge sensor236

output and roll velocity (with a maximum correlation coefficient between 0.6 and 0.9, at a lag237

between 0.1 s and 0.3 s). A less significant correlation with pitch velocity was observed, with238

typical correlation coefficients between 0.2 and 0.4. The high correlation with roll velocity is likely239

due to the placement of the charge sensors. Since the sensors are mounted on the wings, 1 m away240

from the aircraft’s axis of rotation, a slight roll movement is translated by the leverage into a fast241

absolute movement of the charge sensor, while the sensor’s movement is minimal during a pitch242

movement, since it is only about 20 cm away from the pitch axis. Correlation to movement around243

the yaw axis is not detected, and MASC-3 is generally more stable in the yaw axis than in the roll244

or pitch axes.245

To further investigate the sensitivity of the charge sensors to changes in the UAS roll velocity,246

calibration maneuvers were devised in which the human pilot deliberately performed a slow rolling247

motion of the aircraft. This is demonstrated in Fig. 5. A strong correlation is seen between the248

charge sensor output and the roll velocity of the MASC-3. Fig. 5 shows the data for the sensor249

located on the right wing (which is positively correlated with roll velocity). The left wing charge250

sensor shows an equal but opposite (i.e., negative) correlation with roll velocity, as expected (not251

shown here). To minimize the influence of the roll maneuvers of MASC-3 on the charge sensor252

output, the measurement flights were carried out as a series of straight, 1 km long sections, which253

are called measurement legs (for straight and level sections) or measurement sections (for straight254

sections including an ascent/descent) in the remainder of this study. Only these sections are taken255

into account in the data analysis sections of 3a and 3b, and data from the turns are discarded (as the256

charge sensor often saturates due to the high roll velocities from the UAS). For sections with roll257

velocities below 0.2 rad s−1, the correlation coefficient of the charge sensor and the roll velocity258

drops below 0.5. Although this approach minimizes the influence of the roll velocity on the charge259

sensor data, it does not remove it completely. For example, the roll influence is visible in straight260

measurement sections when the MASC-3 autopilot performs roll movements to compensate for261

atmospheric turbulence. This may be a problem in turbulent conditions, such as a convective ABL,262
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Fig. 5. a: Time Series of charge sensor signal (black) and roll velocity (red) for a calibration leg with an

oscillating roll movement generated by the pilot. The time shift between roll movement and charge sensor

response is approx. 0.2 s. b: Relationship between roll speed and charge sensor output for an entire flight with

pilot-generated roll movement, created from 108 s of data sampled with 100 Hz. Roll Velocity data is timeshifted

by 0.2 s to account for the lag in the charge sensor response.

266

267

268

269

270

where a charge signal with a higher amplitude is measured due to the stronger roll movements.263

Therefore, a roll velocity correction to the charge sensor data is required to interpret the charge264

sensor measurements.265

d. Exponential Smoothing Correction Method271

With the roll velocity and charge measurements recorded during the calibration flight (Table272

2), a correction method for the charge measurements can be implemented. This method uses the273

roll velocity to generate a correction signal that is subtracted from the charge sensor signal to274

eliminate roll influence as much as possible. When comparing the charge sensor output signal (0275

- 5 V), 𝑈raw and roll velocity signal 𝑣roll, a lag between the two signals is apparent (typically 0.1276

- 0.3 s, depending on the sensor). The charge sensors slower response time causes its response277

to resemble a smoothed and lagged version of the roll velocity signal. A simple method of278
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modeling this response is by filtering an appropriately normalized roll velocity signal 𝑣roll,norm279

with an exponentially weighted moving average (EWMA) (Holt 2004). 𝑣roll,norm is obtained using280

the anomalies of roll velocity during a calibration leg, 𝑣′roll,calib, which are scaled to have the same281

signal energy as the charge signal anomalies 𝑈′
raw,calib (Guido 2016) and then shifted to match the282

charge signal mean (equation 5).283

𝑣roll,norm =

√√√√√√√∫ ���𝑈′
raw,calib

���2 𝑑𝑡∫ ���𝑣′roll,calib

���2 𝑑𝑡 · 𝑣′roll +𝑈raw (5)

Applying the EMWA filter on the normalized roll velocity 𝑣roll,norm yields a correction signal284

𝑠corr which closely models the roll velocity’s influence on the charge signal (equation 6).285

𝑠corr = 𝑣roll,norm ∗ 𝑘exp (𝜏) (6)

To find the kernel 𝑘exp (𝜏) for the EMWA filter, we use the charge sensor’s time-constant 𝜏.286

Determining 𝜏 is possible by minimizing a cost function representing the deviation between287

𝑠corr (𝜏) and 𝑈raw in a flight leg with reasonably strong, controlled, pilot-induced roll movements288

where no external influence on the charge sensor is expected (Fig. 6). The roll velocity during this289

calibration must be high enough to produce a clear signal in the charge sensor but low enough not290

to cause saturation of the sensor. We used the root-mean-squared-error (RMSE) as a cost function.291

Subtracting 𝑠corr from the raw charge signal 𝑐raw results in a corrected charge signal 𝑐corr with292

reduced roll velocity influence (equation 7).293

𝑈corr =𝑈raw − 𝑠corr (7)

The results of this correction method are shown in Fig. 6 for both a calibration leg and a normal294

straight leg during a measurement flight. Our proposed correction method greatly reduces the roll295

velocity’s influence on the charge sensor signal. For the calibration period (Fig. 6a), the signal296

energy of the erroneously oscillating charge signal is reduced by 85 percent. In a straight leg of297

the same flight, numerous roll-induced peaks in the charge measurement are diminished, leaving298

a cleaner and easier to interpret time series (Fig. 6b). For legs and flight sections during the299
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Fig. 6. a: Calibration leg containing a rolling motion created by the pilot to determine the charge signal’s

time constant. The normalized roll velocity (𝑣roll,norm orange) is filtered with an exponentially weighted moving

average (EMWA) to match the original charge signal (𝑈raw, black) as closely as possible. The resulting optimized

signal (𝑠corr, purple) is then subtracted from the charge signal to obtain a corrected charge signal (𝑈corr, blue).

The optimization of the EMWA kernel yields a time constant 𝜏 of 18.97 ms for the charge sensor signal.

b: The parameters calculated in the calibration leg are used to filter the influence of roll velocity (red) on the

charge measurement (black) in a measurement leg of the same flight as the calibration leg. The filtered signal

(blue) shows a reduced influence of the rolling motion. Note the lower amplitude of both charge and roll velocity

during measurement legs without intentionally created rolling motion.
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305

306

307

308

309

310

measurement flights performed in Lindenberg (Table 2), the correlation coefficients between 𝑣roll300

and charge are reduced from 0.5 - 0.6 to ≈0.4 by implementing the filtering approach.301

e. Space Charge Calculation311

The space charge measured by the charge sensor is derived using a series of procedures detailed312

below. Firstly, the current 𝐼𝑖 is calculated from the corrected (as described in section d) 0-5 V313

output of the sensor𝑈corr, as the sensor is essentially a displacement current sensor, which produces314

a current in response to a varying E-field. (equation 8).315

16



𝐼𝑖 =
−
(
𝑈corr −𝑈bg

)
𝑅sensor

(8)

The value of the gain resistor is 𝑅sensor = 2.4 · 1011Ω, and 𝑈bg is the background voltage of the316

charge sensor (this is typically 2.55 V for the flights discussed on June 14).317

Secondly, 𝐼𝑖, is then converted to space charge 𝜌 (equation 9), by dividing 𝐼𝑖 by the vertical speed318

of MASC-3 𝑤MASC multiplied with the effective area term of the sensor 𝐴eff = 0.02 m2, derived319

from experimental calibration (Nicoll and Harrison 2016).320

𝜌 =
𝐼𝑖

𝐴eff
·𝑤MASC (9)

It is assumed that in fair weather conditions, any changes in space charge in the horizontal will be321

minimal and that changes in the vertical will dominate the space charge measurement. For vertical322

profiles of the ABL, we therefore use the vertical speed 𝑤MASC measured by the IMU aboard323

MASC-3 (in m s−1, positive upwards). For the flights presented here, this is 𝑤MASC ≈1.5 m s−1.324

Finally, only the absolute value of space charge is used here as discussed in Nicoll et al. (2018).325

3. Results326

a. Tower fly by327

To validate the response of the charge sensor to changes in the ambient E-field on a moving UAS328

platform, a series of flights were performed next to a 99 m meteorological measurement tower.329

This was located at the MOL-RAO (Meteorological Observatory Lindenberg - Richard-Aßmann330

Observatory) of the German Meteorological Service (Deutscher Wetterdienst, DWD) in the area331

of Brandenburg, Germany, 60 km southeast from Berlin. The structure of the tower consists of a332

99 m metal mast, supported by four guy ropes (which extend diagonally 45 m from the center of333

the tower), as shown in Fig. 7. It is well understood that the existence of such a tower will distort334

the ambient atmospheric E-field around it due to the enhanced geometry of the structure. As such,335

flying the UAS past the tower at various distances and altitudes provides a control experiment336

testing the response of the charge sensor to the variations in the E-field caused by the tower. Fig. 7337

shows the various flight legs performed with the UAS at four altitudes (40 m, 60 m, 80 m, and338

100 m). Per altitude, measurement legs were flown as repeated 400 m straight legs past the tower at339
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Fig. 7. Top view and Profile of the meteorological Tower at Falkenberg including its guy ropes (red) and the

MASC-3 measurement legs next to the tower (blue). The coordinate system is relative to the position of the

tower.

344

345

346

three different horizontal distances (coordinate 𝑥). For the lowest altitude of 40 m, these distances340

are 60 m, 80 m, and 120 m from the center of the tower. In an attempt to follow the angle of the guy341

ropes, the horizontal distance from the tower became smaller with altitude (as shown in Fig. 7b),342

but always maintained a consistent (closest) distance of 40 m from the guy ropes.343

To model the distortion of the E-field around the tower, the COMSOL physics software was used.347

This solves Gauss’ Law for the electric field using the scalar electric potential as the dependent348

variable. The tower was modeled as a 99 m tall, 5 m diameter metal conductor, with four diagonal349

conductive guy ropes, all of which are earthed. As an approximation of the ambient fair-weather350

atmospheric E-field, the E-field is generated by a parallel plate capacitor setup with a vertical351

separation distance between the plates of 300 m. The capacitor is cylindrical (to enable axial352

symmetry), and the top plate is at 30,000 V, in effect generating a uniform E-field of 100 V m−1.353

Fig. 8 shows the modeled E-field around the tower through a cut-plane at 45 degrees to the 𝑥 axis354

(i.e., the guy ropes appear on either side of the tower as in Fig. 7b). It is seen that the intensity of the355

E-field drops significantly in between 0 m and 50 m distance from the tower and varies with altitude.356

The equipotential lines are highly curved close to the tower and guy ropes, but this decreases with357

horizontal distance and is negligible at distances of two to three times the towers height (i.e., beyond358
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Fig. 8. COMSOL modelling of distortion of E-field around a 99 m mast. Coloured contours show modelled

E-field and black lines are lines of equal electric potential at 20 m intervals (from 20 m - 100 m). Red circles

denote the location of the UAS flight legs as in Fig. 7.

364

365

366

200 m). It should be noted that the model of the tower is very much an approximation of the real359

tower, hence the COMSOL simulation will not capture any effects of corona discharge, which may360

affect the E-field and space charge around sharp points such as crossbeams on the tower. The361

fair weather conditions (and hence small ambient atmospheric E-fields) during the flights should362

minimise this issue.363

An example of the typical response of the charge sensor as the UAS flies past the tower is shown367

in Fig. 9. This illustrates that the charge sensor voltage is relatively stable on approach to the tower368

(i.e., left-hand side of the plot). When the UAS gets within 50 m (coordinate 𝑦 as shown in Fig. 8b)369

of the tower, the charge sensor voltage decreases and reaches a minimum at the closest distance370

to the tower. As the UAS continues to fly past the tower, the charge sensor voltage increases and371

returns to approximately its original value. Although the example shown in Fig. 9 is for the flight372

leg flown at 40 m horizontal 𝑥 distance from the tower at an altitude of 80 m AGL, all of the flight373

legs in Fig. 7 show a similar type of response for the charge sensor, just with varying values of374

voltage change. To calculate the space charge 𝜌 from this signal, equation 9 has to modified for375

this experiment to use the velocity along the flight path 𝑣 instead of the vertical velocity 𝑤, since376

the E-field mainly changes along the flight path, as the aircraft passes the influence of the tower.377
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Fig. 9. The typical response of the charge sensor (black) during a measurement leg at an altitude of 80 m AGL

with the closest distance of 40 m to the tower. The local minimum of the waveform is typically around the point

closest to the tower, the local maximum within 100 m after passing the tower. Space charge is calculated from

this measurement leg (red), with the maximum space charge within a ± 100 m distance along the 𝑦 coordinate

along the tower (red dashed line).

383

384

385

386

387

As such, we calculate the maximum space charge 𝜌𝑚𝑎𝑥 for each flight leg within a coordinate 𝑦378

of ± 100 m from the center of the tower. This calculation is made for each of the 12 flight legs379

(i.e., straight and level flight sections) at different 𝑥 distances and altitudes from the tower as shown380

in Fig. 8b. 𝜌𝑚𝑎𝑥 for each leg are shown as black crosses in Fig. 10, illustrating an exponential381

decrease in 𝜌 with 𝑥 distance from the tower.382

As described in eq. 3, 𝜌 is directly related to the divergence of the E-field along the component388

along which the E-field is changing most. For the E-field around the tower, we assume this389

component to be the distance to the tower 𝑟. Therefore, a qualitative comparison between the390

divergence of the simulated E-field with respect to the distance to the tower, 𝑑Esim
𝑑r , and the measured391

space charge 𝜌 is possible. Both 𝑑Esim
𝑑r and 𝜌 show an exponential decrease with increasing 𝑟392

(Fig. 10). Exponential fits of the form 𝑦(𝑥) = 𝑦 𝑓 + (𝑦0 − 𝑦 𝑓 ) · 𝑒−𝛼·𝑥 to the measured and modeled393

data demonstrate that the values of the coefficients of the exponents, 𝛼, are similar between the394
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Fig. 10. Comparison of E-field divergence in relation to the distance to the tower 𝑑Esim
𝑑r from COMSOL

Simulation with charge sensor space charge 𝜌 in relation to the lateral distance from the tower. Exponential

fit is of the form 𝑦(𝑥) = 𝑦 𝑓 + (𝑦0 − 𝑦 𝑓 ) · 𝑒−𝛼·𝑥 , 𝛼 = 0.043 km−1 for the measured data, 𝛼 = 0.035 km−1 for the

simulation.
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399

400

401

two fits (0.043 km−1 for the measured data and 0.035 km−1 for the modeled data). This gives395

confidence that the charge sensor responds to the E-field distortion produced by the tower in an396

expected way.397

b. Vertical Profiles402

To investigate the response of the charge sensor mounted on MASC-3 to natural variations in403

E-field, vertical profiles were performed throughout the ABL at the MOL-RAO. Of the 13 vertical404

profiles mentioned in Tab. 2, three of these are selected here for detailed analysis. These flights405

were performed on the same day (14 June 2021) to study the evolution of the ABL, with flights406

occurring at 0700, 0900, and 1400 LT (local time, CEST). The weather conditions were dominated407

by fair weather, with relatively high pressure (1016-1011 hPa). Scattered clouds in the early408

morning dissipated shortly after sunrise, followed by cloudless conditions for the remainder of the409

day. The maximum temperature was 25◦ C, and near-surface wind speed was very low throughout410

the day, at 1-2 m s−1. Fig. 11 shows vertical profiles of the meteorological variables measured411
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during June 14 from MASC-3 (including temperature, relative humidity, wind speed, 𝑘), and the412

absolute value of space charge derived from the normal charge sensor on the right wing.413
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Fig. 11. MASC-3 Vertical Profiles showing the ABL development on 14 June 2021. The altitude of the

capping inversion 𝑧𝑖 is marked by a dashed grey line. Time information is in Local Time (LT, CEST). Wind

Speed and TKE 𝑘 (as described in appendix a) is per 800 m measurement section, space charge is calculated

according to the method in section 2e, with each black dot representing a space charge measurement at 100 Hz

sampling rate. The red line in the space charge profiles shows a 10 second moving average of space charge. For

the flights at 0700 LT and 0900 LT, the space charge is calculated from the "standard" range sensors on the left

and right wing, for the flight at 1400 LT, the left wing sensor malfunctioned, so only the right wing sensor is

shown.
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Starting with the first vertical profile at 0700 LT, the temperature profile is stable, with an422

inversion at 190 m ASL (120 m AGL) (Fig. 11a). This is a manifestation of the nocturnal boundary423

layer from the previous night. The wind speed (Fig. 11b) increases almost linearly up to the altitude424

of the capping inversion (𝑧𝑖). Examination of the space charge profile (Fig. 11c, d) shows little425

variation in space charge with height and values typically up to 20 pC m−3. There is a hint of426

slightly larger values of space charge within the ABL, but this is not significant. By the time of the427

second flight at 0900 LT (Fig. 11e), the morning transition eroded the ground-based temperature428

inversion, and the temperature decreases almost linearly with height, following the dry adiabatic429

lapse rate (DALR). The temperature inversion at 1 km has strengthened. Fig. 11f shows that 𝑘 also430

starts to increase within the ABL, signifying that convective processes are becoming dominant.431

Evidence of this is also present in the space charge profile (Fig. 11g, h), which shows much more432

variability than the previous flight, with three distinct layers forming at approximately 0-400 m,433

600-700 m, and 800-1000 m. Values of up to 70 pC m−3 are now observed. The space charge434

correlates with 𝑘 and is significantly stronger within the ABL than above, demonstrating the strong435

link between space charge and turbulent processes and that the space charge is prevented from436

mixing to higher altitudes by the capping inversion. By the time of the final flight at 1400 LT, the437

ABL is well mixed, with the height of 𝑧𝑖 increasing to 1.5 km, and the 𝑘 values approximately438

constant with height to this altitude. The distinct layers of space charge from the 0900 LT profile439

have been replaced by a profile that shows high variability with values of up to 40 pC m−3 over the440

complete profile up to the maximum flight altitude of 1.5 km (Fig. 11k).441

4. Discussion442

This paper addresses three aspects to test whether a small UAS is a suitable platform for443

atmospheric electricity measurements.444

First, the influence of aircraft movement on the E-field around an aircraft, which is a phenomenon445

described in depth in the literature (Clark 1957, 1958; Winn 1993; Laroche 1986; Mazur et al.446

1987; Winn 1993; Koshak et al. 1994; Mach and Koshak 2007; Mach 2015) has to be evaluated,447

and the influence of the aircraft on the charge sensor signal must be isolated as far as possible.448

MASC-3 is a pusher aircraft, with the propeller located at the back of the UAS, more than 1 m449

distant from any of the sensors. This ensures minimal disruption to the charge sensors from the450
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propulsion system. The design of the sensor pods also helps reducing interference to the charge451

sensors. The geometry of the pods was specially designed to minimize turbulent airflow around452

the sensors, and mounting them tens of centimeters in front of the wings also assists with this. The453

placement of the pods, relatively close to the center of the aircraft body, is a compromise between454

minimizing the effect of roll velocity on the charge measurements and an increased risk of problems455

from a build-up of static charge on the aircraft fuselage (which cannot be made entirely conductive456

as this would affect radio communication with the UAS). By mounting the charge sensors at a457

distance from the surface of the wings and encasing them in a conductive housing, the influence of458

any static charge that may build up during flight on the wings is also minimized. Using an entirely459

electric aircraft also removes any chance of charging the aircraft body from exhaust emissions. To460

minimize electrical noise from the aircraft systems, the power supply and logging of the charge461

sensors were completely decoupled from the rest of the aircraft. Another thing of importance to462

the quality of the charge measurements is the flight path of the UAS. Section 2c demonstrates463

the importance of roll velocity influence on the charge sensor measurements. Although this can464

be removed through developing a calibration method (as discussed in section 2d), it is also good465

practice to minimize the roll velocity to ensure that the sensor does not saturate. Here we employ a466

flight path that prioritizes long straight sections with minimal turns (and the turns are not included in467

the analysis of the final scientific measurements). Although the exact dependency of the movement468

of the UAS on the charge measurements (be it roll, yaw or pitch) will depend on the placement469

of the sensors on the aircraft, it is good practice to try to minimize the effect of such movements470

to minimize the complexity of correction method required. Proper tuning of the autopilot’s flight471

control is also important, as it can greatly increase the stability of the UAS. As mentioned in472

section 2c, flying in straight sections minimizes the effect of the roll velocity on the measurements473

but does not completely delete it. This is particularly apparent when the UAS is flying within the474

ABL in convective conditions, and the autopilot makes corrections to the flight path to account for475

turbulent motions. Fig. 12 demonstrates the relationship between the roll velocity and charge sensor476

output voltage below the ABL (a) and above it (b). There is an approximately linear relationship477

between the two in both cases, but the gradient is steeper in the ABL (1.9 V m−1 s−1) than above478

it (0.5 V m−1 s−1). This is likely related to the aircraft’s fuselage charging up more within the479

ABL than above it, which leads to an increased influence of the aircraft’s motion on the charge480
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sensors. A similar effect was reported by Hill (1982), who demonstrated that the gradient of the481

relationship between the bank angle of their UAS and E-field was steeper at 2000 ft than 6000 ft.482

Thus, flying above the ABL, rather than below it, is also advantageous to minimize the effects of483

aircraft movement on charge measurements. The correction method described in section 2d could484

be further improved by performing separate calibrations in and above the ABL.485

Secondly, the flight past a metallic meteorological tower serves as a validation of the charge486

sensors and can be compared well with physical models. It enables investigating the behavior of487

the charge sensors on MASC-3 under controlled and reproducible conditions (section 3a). The488

results show excellent agreement between the space charge measured by the the sensor and the489

divergence of the E-field in the COMSOL simulation (Fig. 10). This shows that MASC-3 can490

reliably measure the space charge when the influence of the movement of the aircraft is removed.491

Third, the first half of the diurnal cycle of a convective (fair weather) ABL is investigated,492

thus applying the measurement technique to a meteorological problem under realistic conditions493

(section 3b). The vertical profiles (Fig. 11) demonstrate the similarities between the space charge494

profiles and the meteorological profiles, which has been observed in other similar studies from495

balloons (e.g., Nicoll et al. 2018) and manned aircraft (Sagalyn and Faucher 1954). The magnitude496

of the space charge (up to 70 pC m−3) is also comparable with balloon measurements of the same497

charge sensor as reported in Nicoll et al. (2018), which detected space charge of up to 100 pC m−3
498

in the ABL in fair weather conditions. This provides further evidence that the space charge499

measurements from the MASC-3 are responding to natural variations in the E-field.500
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Fig. 12. a: Comparison of the different responses of the charge sensor to the roll velocity in the boundary layer

(a) and above the boundary layer (b) in the free atmosphere. The data shown are composed of all measurement

flights in which a clear inversion is identifiable as the upper limit of the ABL (flights 6,7,8,9,10,13). Note that

the data shown contains the turns, as there is not enough rolling motion on the straight measurement sections to

make a clear correlation discernible. The data is not corrected for roll velocity, and is timeshifted by 0.2 seconds

to account for the timeshift in the charge sensor measurement (Fig. 5).
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5. Conclusions507

This study presents the first analysis of a new series of space charge and meteorology measure-508

ments made from a small unmanned aircraft platform. Charge measurements were made from509

wing-mounted probes using a 4 m wingspan fixed-wing UAS known as MASC-3. Flight data510

demonstrates a dependence of the charge sensor output on roll velocity of the UAS, which is511

corrected for using a series of calibration maneuvers during a calibration flight. A series of flights512

past a 99 m metal tower demonstrated excellent agreement between the charge sensor response513

and expected distortion in the E-field caused by the geometry of the mast, as modeled using the514

COMSOL electrostatic modeling software. Several vertical profile flights (up to 2.5 km) per-515

formed at different times during a fair-weather day characterized the evolution of the ABL. This516

demonstrated a close agreement between the space charge profiles and meteorological variables517

(particularly turbulence and boundary layer height), as would be expected on a fair-weather day518

with summertime convection.519

The flight data discussed here supports the conclusion that it is possible to make sensible520

measurements of space charge in fair weather conditions from small unmanned aircraft, which are521

not significantly affected by the presence and movement of the aircraft. Further, this is possible with522

only a single small, inexpensive sensor and relatively straightforward data processing techniques.523

This contrasts with the E-field measurements from crewed aircraft discussed in the literature, which524

typically require many sensors and complex analysis techniques to derive accurate measurements525

of fair weather E-fields. Due to the increasing use of UAS in atmospheric science, this is an526

important finding, which may drive forward an increase in atmospheric electricity measurements527

from such platforms, and will help characterize and study the ABL and aerosol processes, including528

the transport of dust and volcanic ash layers. Additionally, further research into developing small529

and light E-field sensors is worth pursuing, since this would allow the E-field to be measured530

directly with small UAS.531
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APPENDIX546

Supplementary Information547

a. Calculation of turbulent kinetic energy548

To obtain a vertical profile of the ABL, MASC-3 flies a series of measurement sections at a549

constant rate of climb from the ground to beyond the capping inversion of the ABL (Fig. 4). From550

these measurement sections, the temperature and humidity measurements are plotted as vertical551

profiles (Fig. 11a).552

As a measure of turbulent fluctuations, the turbulent kinetic energy 𝑘 is calculated for each553

measurement section (Fig. 11). Since the measurement sections are not horizontal but slant (from554

altitudes 𝑧1 to 𝑧2, Fig. 4), 𝑘 (equation A1) is representative not only for a particular height but for555

a volume defined by 𝑧1, 𝑧2, and the length of the slant flight section above ground. For the flights556

presented here, 𝑧2 − 𝑧1 is around 10 % of the ABL height 𝑧𝑖. By ensuring the duration of each557

measurement section is longer than the integral time scale T of the wind components 𝑢, 𝑣 and 𝑤,558

the measured volume includes the largest vortices present in the ABL (Stull 2015; Bange et al.559

2013, 2002). For all measurement sections presented here, T is lower than 9 s, while the duration560

of each measurement section is around 50 s.561

𝑘 = 0.5 ·
(
u′2 +v′2 +w′2

)
(A1)
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