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Abstract

Two feasible methods (the current—voltage method and the voltage decay method) for measuring atmospheric conductiv-
ity were introduced in this paper, both variants within the Gerdien tube method. To explore the characteristics of atmos-
pheric conductivity, we performed two balloon flight experiments on the Qinghai-Tibet Plateau on 27 August 2019 and
14 September 2020, and these two approaches were used. Detailed experiments and methods and a series of experimental
results are presented in this paper. The current—voltage method was used during the first experiment, and we further dem-
onstrated that atmospheric conductivity changed with changing altitude, primarily under the action of atmospheric gas and
ionic composition. The balloon passed through the clouds by chance, and we found that clouds caused abnormal variation
in atmospheric conductivity; the measured conductivity of the atmosphere changed suddenly by 7.5x 107> = 1.5x 1072
Q! m~!, which may have been caused by water vapor or charges in the clouds. For the second experiment, the voltage decay
method was used to explore further characteristics of atmospheric conductivity at the same location on the plateau. Unfor-
tunately, the balloon did not fly because of the device, and positive conductivity and negative conductivity were measured
on the ground at an altitude of 3.2 km. The feasibility of the two methods was proven by the two experiments. At the end
of the paper, we have discussed the experimental error and details of the two measuring methods, which can be used as a
reference for researchers concerned with atmospheric electricity.

1 Introduction The atmospheric conductivity in the low-altitude atmos-

phere is mainly affected by meteorological processes and

Atmospheric conductivity refers to a physical quantity
that describes the conductive ability of the atmosphere,
which is an important parameter in space electrodynamic
processes. There is a global atmospheric circuit between
the positively charged ionosphere and the earth, and it
provides a combination of charge generation in disturbed
weather regions and current flow in fair weather regions.
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human activities, while the atmospheric conductivity in the
high-altitude atmosphere is influenced by solar activities
(Rycroft et al. 2000). Therefore, atmospheric conductivity
is the key to determining the coupling between the lower
atmosphere and ionosphere (Volland 1987), and there are
irregular changes in atmospheric conductivity values at dif-
ferent moments of a day or at various geographical locations,
because the factors that affect atmospheric conductivity are
changeable; therefore, they have attracted much attention
(Holzworth et al. 1987; Kokorowski et al. 2006). In addition,
there are many other factors that influence atmospheric con-
ductivity, including aerosol concentration and water vapour
pressure (Sun 1987). In meteorology, visibility has been
found to be inversely proportional to atmospheric conduc-
tivity (Ruhnke 1966; Brazenor and Harrison 2005). There-
fore, atmospheric conductivity measurements are used for
monitoring air pollution and cosmic rays and for detection
of radioactive materials (Guo et al. 1996).

Kites, balloons, rockets, aircraft and other platforms
have been used to measure atmospheric electricity for over
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200 years (Nicoll 2012). Artificial balloons have been uti-
lized since the end of the nineteenth century to measure
atmospheric electricity, including the atmospheric potential
gradient, conductivity or current (Venkateswaran and Mani
1962; Harrison and Bennett 2007). Kraakevik (1958) used
airborne measurement results to show that atmospheric con-
ductivity was dependent on the altitude above the Greenland
fjord. Moreover, in August 1968, Mozer and Serlin (1969)
measured horizontal and vertical electric fields with two bal-
loons flown from Fort Churchill, Canada. Based on their
observations, they provided a detailed discussion of global
electric and magnetic fields. Byrne et al. (1988) observed
stratospheric conductivity and its change at three latitudes
(10-30 km) by using nine high-altitude balloons, and they
discussed the effects of aerosols and latitudinal temperature
variations. In addition, Hu and Holzworth (1996), Bering
et al. (2005) and John et al. (2009) have completed measure-
ments of stratospheric conductivity. They used the relaxation
probe method, which saves space and electricity and is also
applicable to space missions (Berthelier et al. 2000). With
the development of technology, ionization sensors can now
be flown with standard meteorological radiosondes, as evi-
denced by sensors developed at the University of Reading
(Harrison et al. 2013). The use of an existing radiosonde
provides an opportunity to monitor space weather between
the earth and the ionosphere.

This paper primarily describes two balloon flight experi-
ments that were used to study the characteristics of atmos-
pheric conductivity on the Qinghai Plateau in China. Alti-
tude refers to distance above the mean sea level, and the time
used in this paper is local time (UTC + 8). In the following,
we describe the procedures and experimental results of these
two experiments in detail.

2 Laboratory experiments

The current—voltage method and the voltage decay method
are both variants within the Gerdien tube method, and they
both use a central electrode tube to collect positive ions
(for positive conductivity measurements) or negative ions
(for negative conductivity measurements). The difference
between them is that the current—voltage method measures
the change of current between the central electrode and the
external electrode, while the voltage decay method measures
the change of voltage between these two electrodes. They
can both be used to measure the atmospheric conductivity.
Importantly, it should be mentioned that based on the work
of Nicoll and Harrison (2008), the voltage decay method
uses the change of voltage (not voltage decreases) to meas-
ure atmospheric conductivity, because negative ions were
collected by the central electrode during the measurement
of negative atmospheric conductivity, then the voltage was
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continuously increasing (the voltage increases only when
positive atmospheric conductivity was measured).

To ensure the success of the two balloon flight experi-
ments, we performed a laboratory experiment at the National
Space Science Center (Beijing, China) on July 14, 2019.
Two instruments using different methods (the current—volt-
age method and the voltage decay method) were combined,
and the measurements were started at the same time. The
measurement results are shown in Fig. 1, in which panel (a)
depicts the results of a laboratory current—voltage measure-
ment, dots represent original data, straight lines represent
the result of fitting, red lines represent positive conductiv-
ity results, and blue lines are negative conductivity results.
Panel (b) shows the results of laboratory voltage decay meas-
urements, and the red and blue lines have the same meanings
as in panel (a). In panel (b), the period of the voltage change
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Fig. 1 Laboratory current—voltage (a) and voltage decay (b) curves
and the comparison of conductivity measurement results (c). The dots
represent original data, the straight lines represent fitting results, the
red lines represent the measurement of positive conductivity, and the
blue lines represent the measurement of negative conductivity. The
solid lines indicate the results by using the current—voltage method,
while dashed lines are the results obtained by using the voltage decay
method
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is 100, the first 5 s was used for resetting the voltage, and the
next 95 s was used for measurement of the voltage. The volt-
age value changes in this period can be calculated to obtain
an atmospheric conductivity value, so the variation of volt-
age in 100 s is an average value of atmospheric conductivity.
Then panel (c) compares conductivity measurement results
where the red lines represent the measurement of positive
conductivity, the blue lines represent the measurement of
negative conductivity, and the solid lines indicate the results
from the current—voltage method while dashed lines are the
results of the voltage decay method.

In the laboratory experiments, the average atmospheric
conductivities measured by our first instrument (using the
current-voltage method) were as follows: 6, =2.77x 10714
Q'm 1and6.=2.17x 10" Q"m~!. The average values
of atmospheric conductivity measured by our second instru-
ment (using the voltage decay method) were as follows:
6,=237x10"* Q 'm™" and 6_=2.08x 10 Q'm~".
Figure 1c is the comparison of the results measured by these
two methods. Figure 1c shows that: (1) The results meas-
ured by these two methods are close, and 6, is 0.3 X 1074
-0.6x 107" Q~".m™! times larger than 6. measured in the
Beijing laboratory experiments. (2) The voltage decay
method measurement is more stable than the current—volt-
age method. Finally, we consider these two results as similar
and reasonable, so the measurement equipment and the two
methods are appropriate.

3 Two balloon flight experiments

The Qinghai-Tibet Plateau, an inland plateau in Asia, is the
largest plateau in China and the highest in the world. There
are few factors that can interfere with experiments on the
Qinghai-Tibet Plateau, so it is possible to obtain excellent
experimental results. Golmud is located in the midwestern
area of Qinghai Province, China. There are many mountains
with high-altitude strong ultraviolet rays in Golmud, which
is a useful experimental site.

To better compare the two atmospheric conductivity
measurement experiments, we planned to use the differ-
ent measurement methods and conduct two balloon flight
experiments at the same location; a map of this location is
shown in Fig. 2. The Dachaidan Town Area in Golmud is
part of the Qinghai-Tibet Plateau.

Meteorological data (mentioned below) from two bal-
loon experiments were provided by the local Meteorological
Bureau, and the wind speed was measured with an anemom-
eter on the grounds of the local Meteorological Bureau.

3.1 Firstflight experiment (current-voltage
method)

On August 27, 2019 (the air temperature was 12-24 °C, and
the northeast wind had a wind speed of 1-2 m-s‘l), a bal-
loon flight experiment was conducted on the Qinghai-Tibet

Fig.2 Map of the location for the two balloon flight experiments
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Plateau in China (Golmud is at 95.3°E, 37.7°N, and the alti-
tude is 3.2 km). The balloon was a sounding balloon with
good elasticity and filled with a few kilograms of helium.
The other sensors included ozone detectors, wide energy
spectrum neutron detectors, neutron radiation effect detec-
tors, ultraviolet radiation detectors, etc. The conductivity
measurement device had a built-in storage card. The data
were recorded in real time during the flight at a rate of one
per second. After the flight ended, the balloon platform was
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Fig. 3 Trajectory of the balloon flight on 27 August 2019
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Fig.4 Results from the first balloon flight experiment on 27 August
2019 where panel (a) is the profile of atmospheric conductivity with
increasing altitude measured during the first balloon flight experiment
on August 27, 2019. In panel (a), the green curve represents original
data, and red curve shows the result after smoothing. Panel (b) shows
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recovered, and the storage card was removed. Finally, we
obtained the stored data.

The experiment balloon took off at 3:50 am and rose to a
maximum altitude of 22.8 km at 7:21 am. Then, the balloon
was controlled from the ground and flown horizontally (the
height was kept constant). Finally, the level flight ended at
7:29 am, and the experimental tank landed. Then, we recy-
cled our equipment, including the conductivity metre, para-
chute, ozone detector, wide energy spectrum neutron detec-
tor, neutron radiation effect detector, ultraviolet radiation
detector, etc. The trajectory of the balloon flight is shown
in Fig. 3. The blue curve represents the trajectory and red
arrows are the direction of the balloon flight.

The voltage was set to 12.4 V and kept constant, and the
current in the Gerdien probe and the corresponding altitude
were measured during the experiment. After this balloon
flight experiment, the data obtained and the voltage (a con-
stant 12.4 V) were combined to obtain a profile of the atmos-
pheric conductivity and its variation with altitude, as shown
in Fig. 4a. For this method, the current was measured once
per second, which corresponded to a value of atmospheric
conductivity.

In Fig. 4a, the green curve represents the original con-
ductivity, and the red curve is the value after smoothing.
For the original conductivity, there are many fluctuations
suggesting that atmospheric conductivity is unstable and can
be affected by many factors. Figure 4a shows that the aver-
age atmospheric conductivity was approximately 1-5x 10714
Q~'m™! at an altitude of 3.2 km on the Qinghai-Tibet
Plateau. As the altitude increased, there were increasing
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the humidity during this balloon flight experiment. The blue curve
indicates results measured by our instruments, and the red curve indi-
cates results measured by a relative humidity sensor placed on the
balloon platform
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numbers of small ions, and the atmospheric conductivity
increased gradually. At an altitude of approximately 7.5 km,
the conductivity suddenly became negative and did not
return to positive until 10 km. From 10 to 11 km, it increased
rapidly and soon became normal. Above 11 km, the con-
ductivity increased significantly with height. At the highest
altitude (22.8 km), the atmospheric electrical conductivity
was approximately 1.1x 1072 Q" '.m~%.

Panel (b) in Fig. 4 shows the humidity measured during
this balloon flight experiment. The blue curve indicates data
measured by our instruments, while the red curve refers to
data measured by a relative humidity sensor placed on the
balloon platform. These two curves were not completely
coincident because there was a distance of approximately
100 m between the balloon platform and the instrument. We
can obtain effective information based on these two curves:
the relative humidity increased significantly from 7.5 km to
11 km, which indicates that there may be clouds with a large
amount of water vapour at 7.5-11 km. We did not obtain
detailed data for the clouds, and it was unclear whether the
clouds were charged. However, water vapour in clouds has
a substantial effect on atmospheric conductivity.

We believe that the abnormal change in atmospheric con-
ductivity was caused by water vapour in the clouds. When
the conductivity metre passed through the water vapour in
the clouds, the ions around the atmospheric conductivity
metre was affected by water molecules, the mobility of the
ions decreased, and the atmospheric conductivity decreased
significantly. Then, because the clouds might be charged, the
conductivity meter could also be charged. In this way, the
magnitude and direction of the current in the conductivity
meter changed, so the conductivity measured by our con-
ductivity meter suddenly became negative at approximately
7.5 km and remained negative for a period of time, as shown
in Fig. 4b. As the height of the balloon increased, the con-
ductivity meter gradually moved away from the clouds, and
then the measured conductivity gradually returned to a nor-
mal value at 7.5-11 km. In addition, Harrison et al. (2020)
showed that extensive layers of clouds were charged at their
upper and lower horizontal boundaries, and we can see from
Fig. 4a that there were sharp changes in atmospheric con-
ductivity at approximately 7 km and 11 km. We think these
results fit Harrison’s theory well.

Measurements of conductivity in clouds are rarely
described in relevant publications. Because large numbers
of cloud droplets hinder the measurement of conductivity,
which is usually dominated by small ions, this is a difficult
task. Despite these difficulties, reasonable measurements of
conductivities in clouds do exist. The balloon-borne con-
ductivity measurement of Jones et al. (1959) is an exam-
ple. They showed that conductivity decreased significantly
inside clouds. Raj et al. (1993) measured the atmospheric
conductivity over India with an airplane and found that the

atmospheric conductivity in clear skies was several orders
of magnitude higher than that in clouds. Venkateswaran
and Mani (1962) also discovered abnormal behaviour by
balloon instruments measuring conductivity inside cirrus
clouds. They found that the positive conductivity inside cir-
rus clouds was 70% higher than that under cirrus clouds. In
their view, the most likely explanation for the increase in
conductivity is that there were many ice crystals in the cirrus
clouds; these were adsorbed by the conductivity sensor and
resulted in abnormal conductivity.

3.2 Second flight experiment (voltage decay
method)

To study the characteristics of atmospheric conductivity
on the Qinghai-Tibet Plateau in more detail and to make a
comparison with the first experiment, another flight mission
was planned for the same location in 2020. We improved the
experimental instrument and used the voltage decay method
based on the research of Nicoll and Harrison (2008). The
Gerdien tube shown in Fig. 5 measures the voltage change
between the outer electrode and the central electrode, and
then the atmospheric conductivity is determined by the rate
of the voltage change. It is necessary to set the bias voltage
and measure the voltage between the two electrodes at the
same time, and this can be achieved by implementation of a
voltage reset, as shown in Fig. 5. Two junction field-effect
transistor (j-FET) diodes were switches used for resetting the
electrode voltage, and they were connected in anti-parallel
fashion to realize bipolar current. If a fault was found in the
experiment, the system easily recovers from the fault state.
In time—course experiments, the switch was set at "Meas-
ure", and the two diodes became blocking elements. The
two diodes conduct, and the central electrode voltage was
Vst if the transfer switch was set at "Reset". The V . of
the positive Gerdien capacitor was usually set to 2 V, and
the reset voltage of the negative capacitor was usually set to
5 V. In this case, the voltage changed during 100 s, and the
voltage value during this period was calculated to obtain
an average atmospheric conductivity value. Thus the 100 s

Vreset
Reset

J-FET Transistor |_>_|

Measure
ov
Gerdien Triode
Tube

Fig.5 Basic implementation of voltage reset and measurement in the
voltage decay method
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voltage variation curve corresponds to an average value of
atmospheric conductivity, for positive or negative atmos-
pheric conductivity.

After a half-year of preparation, another balloon flight
experiment was planned for implementation at the same
location (shown in Fig. 2) on the Qinghai-Tibet Plateau in
China (the altitude is 3.2 km) on September 14, 2020. To
avoid mistakes with the experimental equipment, at 15:39
(local time, UTC + 8) on the day before the balloon flight
test (13 September 2020; the air temperature was 7-21 C,
and the speed of the northwest wind was 1-2 m-s_l), a test
experiment was implemented in Golmud for nearly 9 h until
0:33 the next day (14 September 2020; the air tempera-
ture was 6-19 °C, and the speed of the northwest wind was
1-2 m-s™!). As shown in Fig. 6, in this test experiment, we
obtained a complete dataset describing the fluctuations in
atmospheric conductivity on the Qinghai-Tibet Plateau. At
approximately 7:00 AM, when we were preparing for the
balloon flight experiment, due to the overall device, the bal-
loon unfortunately did not fly.

Figure 6 shows the data measured on the ground on
the day before our second balloon flight experiment. In
Fig. 6, the red curves are the measurement of positive con-
ductivity and the blue curves denotes the measurement
of negative conductivity; the solid line indicates positive
conductivity, while the dashed line is negative conductiv-
ity. Figure 6 shows clearly that both positive and negative
voltages changed over time and exhibited sawtooth waves.
Every 100 s constituted a period, the first 5 s was used for
resetting the voltage, and the next 95 s was used for meas-
urement of the voltage. Using the voltage change data, we
easily obtained positive and negative conductivity values,
as shown in Fig. 6. There was little difference between posi-
tive conductivity and negative conductivity, but the positive

conductivity was slightly larger than the negative conductiv-
ity. In the early morning on the ground of the Qinghai-Tibet
Plateau at an altitude of 3.2 km, the value for positive con-
ductivity was approximately 2x 107 Q~! m~!, the nega-
tive conductivity was approximately 1x 1074 —1.5x 1074
Q' m™!, and the total atmospheric conductivity was approx-
imately 3x 107 -3.5x 10" Q! m~! on the ground in
Golmud. Although the second balloon flight experiment
did not occur, we obtained data for positive conductivity
and negative conductivity on the ground at an altitude of
3.2 km, and the feasibility of the voltage decay method was
also evaluated.

Comparing Figs. 1c and 6, we can conclude that (1) the
atmospheric conductivity is slightly larger in Beijing labora-
tory larger than on the Qinghai-Tibet Plateau, and the rea-
son may be that the different environments between in lab
and out of lab. (2) The positive atmospheric conductivity is
slightly larger than the negative atmospheric conductivity by
0.3x 107141 x 1074 Q! m~! either in the Beijing laboratory
or on the Qinghai-Tibet Plateau.

4 Conclusion and discussion

Based on the two experiments described above; (1) the
atmospheric conductivity on the Qinghai-Tibet Pla-
teau ground at an altitude of 3.2 km is approximately
1x107=5%x 10" Q7' m™', the value at an altitude
of 22.8 km is approximately 1.1x 1072 Q~'.m~! and it
increases with increasing altitude; (2) either in the Beijing
laboratory or on the Qinghai-Tibet Plateau ground, the
positive atmospheric conductivity is slightly larger than the
negative conductivity by 0.3x 10— 1x 1074 Q™! m~!;
(3) atmospheric conductivity is easily affected by clouds,

Fig.6 Measurements obtained 5.0 8
during the ground experiment Voltage variation in positive conductivity measurement — — - Positive conductivity
on 13 September 2020. The red 4.5 4 Voltage variation in negative conductivity measurement — — - Negative conductivity L7
curves depicts the measurement
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and if the conductivity detector passes through the clouds,
the measured conductivity of the atmosphere changes sud-
denly by 7.5x 1072~ 1.5x 107'2Q ! m~!. The height of the
clouds can be determined by measuring the relative humid-
ity in the atmosphere; and (4) the atmospheric conductivity
in the Beijing laboratory is about 5x 1074 Q~! m~!, which
is slightly larger than that on the Qinghai-Tibet Plateau by
0x107-1.5x 107 Q="' m™!, and this difference may be
caused by the different environments between in lab and
out of lab.

The value for atmospheric conductivity is determined by
the concentration of light ions multiplied by their mobility.
As the altitude increases, the intensity of cosmic radiation
increases, an increasing number of molecules in the air are
ionized, and then the concentration of small ions increases.
Furthermore, at high altitudes, the air density is low, and the
mobility of ions is large. Hence, the atmospheric conductiv-
ity increases as the altitude increases.

There may be reasonable errors in the measurements of
atmospheric conductivity, including systematic errors and
external errors. First, the air flow inside the short tubes
was uneven, and the edge effect made it preferable to use
the measured capacitance (Aplin and Harrison 2001). Fur-
thermore, the smoothness of the inner and outer electrodes
affected air turbulence and changed the measurement accu-
racy. During the flight experiments, the ambient temperature
changed, and the measurements were significantly affected,
especially with the current—voltage method (because of the
high resistance and greater susceptibility to temperature).
Finally, for the current—voltage method, the current meas-
ured was very weak and susceptible to interference from
surrounding environmental charges.

There may be reasonable errors in the measurements of
atmospheric conductivity, including systematic errors and
external errors. First, the air flow inside the short tubes was
uneven, and the edge effect made it preferable to use the
measured capacitance. (Aplin and Harrison 2001). Accord-
ing to the parameters marked on the capacitor, the total error
due to the capacitor was approximately +4%. Furthermore,
the smoothness of the inner and outer electrodes affected
air turbulence and changed the measurement accuracy, this
error was small and depended on the smoothness of elec-
trodes. During the flight experiments, the ambient tempera-
ture changed, and the measurements were greatly affected,
especially with the current—voltage method (because of the
high resistance and greater susceptibility to temperature),
and the resistance error due to ambient temperature was esti-
mated to be + 1%. Finally, for the current—voltage method,
the measured current was very weak and susceptible to inter-
ference from surrounding environmental charges.

In summary, two balloon flight experiments were imple-
mented at the same location with different methods, as shown
in Fig. 2. Both the current—voltage method and the voltage

decay method use a Gerdien tube. The difference is that the
voltage decay method has simple requirements for the circuit
system, but the air in the tube must have stable and uniform
flow for a long time, or large measurement errors can result.
The I-V method requires a high impedance with a low tem-
perature coefficient to amplify the weak current, which results
in higher requirements for the amplification circuit, but it has
higher accuracy and greater precision than the voltage decay
method. By comparison, the two methods have their own
advantages and disadvantages. Additional research on the
characteristics of atmospheric conductivity will be conducted
by our academic team in different environments, such as vol-
canoes, landslides, and earthquakes.

Acknowledgements We appreciate Professor Xiong Hu, Zhaoai Yan,
Feng Wei, Qingchen Xu, Yong Wei, Hong Yuan for their contributions
to the balloon flight experiments, and thank Liang Song for providing
the humidity and trajectory data of the first balloon flight.

Author contributions TC conceptualized the study. LL and JS finished
the two experiments. LL processed and analysed the data. TC and LL
prepared the original draft with contributions from all authors. ST, HW,
JL, WL and RL were responsible for discussions. All authors read and
approved the final manuscript.

Funding This research is part of the Hong-Hu Special Project of
China. This work was supported by the Strategic Priority Research
Program of Chinese Academy of Sciences (Grant No. XDA17010301,
XDA17040505, XDA15052500, XDA15350201), the National Natural
Science Foundation of China (Grant No. 41874175 and 41931073),
the Yunnan Basic Research Youth Project (Grant No. 2019FD111)
and the Specialized Research Fund for State Key Laboratories and
CAS-NSSC-135 project.

Availability of data and materials The datasets used or analysed dur-
ing the current study are available from the corresponding author on
reasonable request.

Code availability Not applicable.

Declarations

Conflict of interest The authors have no financial interests to disclose.
Ethical approval Each of the authors confirms that this manuscript has
not been previously published and is not currently under consideration
by any other journal. Additionally, all of the authors have approved the
contents of this paper and have agreed to the submission policies of
Meteorology and Atmospheric Physics.

Consent to participate All authors agree to participate.

Consent for publication All authors agree to publish this paper.

@ Springer



40 Page8o0f8

L. Lietal.

References

Aplin KL, Harrison RG (2001) A self-calibrating programable mobility
spectrometer for atmospheric ion measurements. Rev Sci Instrum
72:3467-3469. https://doi.org/10.1063/1.1382634

Bering E, Holzworth R, Reddell B et al (2005) Balloon observations
of temporal and spatial fluctuations in stratospheric conductiv-
ity. Adv Space Res 35:1434-1449. https://doi.org/10.1016/j.asr.
2005.04.009

Berthelier JJ, Grard R, Laakso H, Parrot M (2000) ARES, atmospheric
relaxation and electric field sensor, the electric field experiment
on NETLANDER. Planet Space Sci 48:1193-1200. https://doi.
org/10.1016/S0032-0633(00)00103-3

Brazenor TJ, Harrison RG (2005) Aerosol modulation of the optical
and electrical properties of urban air. Atmos Environ 39:5205-
5212. https://doi.org/10.1016/j.atmosenv.2005.05.022

Byrne GJ, Benbrook JR, Bering EA, Oré D, Seubert CO, Sheldon
WR (1988) Observations of the stratospheric conductivity and its
variation at three latitudes. J Geophys Res Atmos 93:3879-3891.
https://doi.org/10.1029/JD093iD04p03879

Guo Y, Barthakur NN, Bhartendu S (1996) Using atmospheric elec-
trical conductivity as an urban air pollution indicator. J] Geophys
Res Atmos 101:9197-9203. https://doi.org/10.1029/95JD02904

Harrison RG, Bennett AJ (2007) Cosmic ray and air conductivity pro-
files retrieved from early twentieth century balloon soundings of
the lower troposphere. J Atmos Sol Terr Phys 69:515-527. https://
doi.org/10.1016/j.jastp.2006.09.008

Harrison RG, Nicoll KA, Lomas AG (2013) Note: Geiger tube coin-
cidence counter for lower atmosphere radiosonde measurements.
Rev Sci Instrum 84:076103. https://doi.org/10.1063/1.4815832

Harrison RG, Nicoll KA, Mareev E, Slyunyaev N, Rycroft MJ (2020)
Extensive layer clouds in the global electric circuit: their effects
on vertical charge distribution and storage. Proc Math Phys Eng
Sci 476:20190758. https://doi.org/10.1098/rspa.2019.0758

Holzworth RH, Norville KW, Williamson PR (1987) Solar flare per-
turbations in stratospheric current systems. Geophys Res Lett
14:852-855. https://doi.org/10.1029/GL014i008p00852

Hu H, Holzworth RH (1996) Observations and parameterization of
the stratospheric electrical conductivity. J Geophys Res Atmos
101:29539-29552. https://doi.org/10.1029/96JD01060

John T, Chopra P, Garg SC (2009) Effect of photoelectric emission
on blunt probe conductivity measurements in the stratosphere. J
Atmos Sol Terr Phys 71:905-910. https://doi.org/10.1016/j.jastp.
2009.03.001

@ Springer

Jones OC, Maddever RS, Sanders JH (1959) Radiosonde measurement
of vertical electrical field and polar conductivity. J Sci Instrum
36:24-28. https://doi.org/10.1088/0950-7671/36/1/309

Kokorowski M, Sample J, Holzworth R et al (2006) Rapid fluctuations
of stratospheric electric field following a solar energetic parti-
cle event. Geophys Res Lett 33:L.20105. https://doi.org/10.1029/
2006GL027718

Kraakevik JH (1958) The airborne measurement of atmospheric con-
ductivity. J Geophys Res 63:161-169. https://doi.org/10.1029/
JZ063i001p00161

Mozer FS, Serlin R (1969) Magnetospheric electric field measurements
with balloons. J Geophys Res 74:4739-4754. https://doi.org/10.
1029/JA074i019p04739

Nicoll KA (2012) Measurements of atmospheric electricity
aloft. Surv Geophys 33:991-1057. https://doi.org/10.1007/
s10712-012-9188-9

Nicoll KA, Harrison RG (2008) A double Gerdien instrument for
simultaneous bipolar air conductivity measurements on balloon
platforms. Rev Sci Instrum 79:084502. https://doi.org/10.1063/1.
2964927

Raj PE, Devara PCS, Selvam AM, Murty ASR (1993) Aircraft observa-
tions of electrical conductivity in warm clouds. Adv Atmos Sci
10:95-102. https://doi.org/10.1007/BF02656957

Ruhnke LH (1966) Visibility and small-ion density. J] Geophys Res
71:4235-4241. https://doi.org/10.1029/JZ071i1018p04235

Rycroft MJ, Israelsson S, Price C (2000) The global atmospheric elec-
tric circuit, solar activity and climate change. J Atmos Sol Terr
Phys 62:1563-1576. https://doi.org/10.1016/S1364-6826(00)
00112-7

Sun JQ (1987) Fundamentals of atmospheric electricity. Meteorologi-
cal Press

Venkateswaran SV, Mani A (1962) Measurements of electrical
potential gradient in the free atmosphere over Poona. J Atmos
Sci 19:226-231. https://doi.org/10.1175/1520-0469(1962)019%
3¢0226:MOEPGI%3¢e2.0.CO;2

Volland H (1987) Electromagnetic coupling between lower and upper
atmosphere. Phys Scr 1987:289. https://doi.org/10.1088/0031-
8949/1987/T18/029

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1063/1.1382634
https://doi.org/10.1016/j.asr.2005.04.009
https://doi.org/10.1016/j.asr.2005.04.009
https://doi.org/10.1016/S0032-0633(00)00103-3
https://doi.org/10.1016/S0032-0633(00)00103-3
https://doi.org/10.1016/j.atmosenv.2005.05.022
https://doi.org/10.1029/JD093iD04p03879
https://doi.org/10.1029/95JD02904
https://doi.org/10.1016/j.jastp.2006.09.008
https://doi.org/10.1016/j.jastp.2006.09.008
https://doi.org/10.1063/1.4815832
https://doi.org/10.1098/rspa.2019.0758
https://doi.org/10.1029/GL014i008p00852
https://doi.org/10.1029/96JD01060
https://doi.org/10.1016/j.jastp.2009.03.001
https://doi.org/10.1016/j.jastp.2009.03.001
https://doi.org/10.1088/0950-7671/36/1/309
https://doi.org/10.1029/2006GL027718
https://doi.org/10.1029/2006GL027718
https://doi.org/10.1029/JZ063i001p00161
https://doi.org/10.1029/JZ063i001p00161
https://doi.org/10.1029/JA074i019p04739
https://doi.org/10.1029/JA074i019p04739
https://doi.org/10.1007/s10712-012-9188-9
https://doi.org/10.1007/s10712-012-9188-9
https://doi.org/10.1063/1.2964927
https://doi.org/10.1063/1.2964927
https://doi.org/10.1007/BF02656957
https://doi.org/10.1029/JZ071i018p04235
https://doi.org/10.1016/S1364-6826(00)00112-7
https://doi.org/10.1016/S1364-6826(00)00112-7
https://doi.org/10.1175/1520-0469(1962)019%3c0226:MOEPGI%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1962)019%3c0226:MOEPGI%3e2.0.CO;2
https://doi.org/10.1088/0031-8949/1987/T18/029
https://doi.org/10.1088/0031-8949/1987/T18/029

	Measurement of atmospheric conductivity on the Qinghai-Tibet Plateau in China
	Abstract
	1 Introduction
	2 Laboratory experiments
	3 Two balloon flight experiments
	3.1 First flight experiment (current–voltage method)
	3.2 Second flight experiment (voltage decay method)

	4 Conclusion and discussion
	Acknowledgements 
	References




