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Effect of enhanced ionizing radiation on the cloud electricity after the Fukushima nuclear accident
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Abstract
The vertical downward component of the DC atmospheric electric field, or potential gradient (PG), at Kakioka 150 km southwest of the Fukushima Dai-ichi Nuclear Power Plant (FNPP1) was analyzed before and after the FNPP1 accident to examine possible influence of floating radioactive particles on the PG under the highly electrified clouds. Using 1-min PG data from March 13 to April 30 (late April 2011 corresponding to the time when floating radioactive materials decreased significantly) from 2006 to 2015, time profiles to/from the PG peaks (<[image: $$-\,100$$] or >[image: $$+\,100\,\hbox {V/m}$$]) for 2011 are compared with other years. The PG developed toward and decays from its negative peaks faster in the first 50 days after the FNPP1 accident than for the same period in other years, making the 10-min averaged PG values for the same negative PG peak higher (smaller in terms of absolute value) during the first 50 days after the FNPP1 accident than those in other years in the study period, while the distribution of peak PG values is similar between 2011 and the other years. The observed shortening of the timescale is symmetric between the rise and decay and is the most clear when the negative PG peak is about [image: $$-\,200$$] to [image: $$-\,400\,\hbox {V/m}$$]. For positive peaks, the change of the baseline resulting from the radioactive contamination on the ground in 2011 caused superficial difference on such time profiles. Otherwise, there are no significant difference between 2011 and the other years. Possible explanations based on increased ionizing radiation from floating radioactive particles, which are found to be concentrated at low altitudes ([image: $$<\,500\,\hbox {m}$$] according to radiosonde in-situ observations of gamma rays) where negative cloud charges normally exceed positive charges, are discussed. The scenarios discussed include enhanced electrostatic shielding and electric conductivity-led decay rate of cloud charges. The result opens up a new possibility of using PG as an independent monitor of radioactivity at some altitudes in case of nuclear accidents.[image: A40623_2018_780_Figa_HTML.gif]
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Introduction
The accident at Fukushima Dai-ichi Nuclear Power Plant (FNPP1) in March 2011 released massive quantities of radionuclides, including more than [image: $$10^{16}\,\hbox {Bq}$$] of [image: $$^{137}\hbox {Cs}$$] alone, to the atmosphere (NISA 2011). They emit ionizing radiation during their decay process and thus increase atmospheric ion density ([image: $$n_i$$]) and electric conductivity ([image: $$\sigma$$]), particularly near the ground where radioactive fallout accumulates. Such a local increase in [image: $$\sigma$$] suppresses the vertical (downward) component of the DC electric field, or potential gradient (PG), near the ground (e.g., Harris 1955; Tuomi 1988; Markson 2007; Rycroft et al. 2008; Williams 2009). This phenomenon were also observed at Kakioka, 150 km southwest of the FNPP1, after the radioactive fallout on March 14, 2011; the ground-level PG under fine weather conditions at Kakioka decreased by more than one order of magnitude (Takeda et al. 2011; Yamauchi et al. 2012).
Before the FNPP1 accident, only the effect of the increased [image: $$\sigma$$] near ground on positive PG under fine weather was studied. However, no estimation of the thickness of increased [image: $$\sigma$$] nor influence on negative PG under electrified clouds was discussed. If one can use PG to estimate the increased [image: $$\sigma$$] values by floating radioactive particles in the air, that would become a useful remote sensing clue for understanding the atmospheric transport of radioactive particles, particularly after accidents at nuclear plants.

Yamauchi et al. (2012) used the temporal variation of the PG under fine weather to estimate the motion (fallout, floating near ground, and re-suspension) of radioactive particles by comparing this data with the radiation dose rate, weather, and wind at ground level. These comparisons revealed that (a) the dry deposition on March 15 caused significant re-suspension, (b) the wet deposition starting from March 20 caused temporary settlement, but ready for re-suspension until late April after the land dried out, and (c) the accumulated radioactive particles on canopies dropped to the ground during heavy rain on and April 8 and 18. These indications mean that substantial quantities of radioactive particles were floating during first 50 days after the FNPP1 accident, as confirmed by the direct measurements both at a fixed station (Kanai 2012), samples (Kita et al. 2013), and balloon in situ measurements (Fukushima University 2011). Thus, PG data can also be used to estimate the motion of floating radionuclides in the air.
So far we have analyzed positive near-quiet PG data to estimate the distribution and dynamics of radionuclide. The next obvious question is whether floating radionuclides (or increased conductivity [image: $$\sigma$$]) causes any detectable effects on negative PGs, i.e., on the point-charge electric field under the electrified clouds. Israelsson et al. (1987) suggested that the electrical characteristics of raindrops or cloud nuclei might be affected. However, the effect of increased [image: $$\sigma$$] on the cloud-origin negative PG has never been considered.
One obvious candidate is (1) shortening of the charge-loss (discharge) time ([image: $$\tau _{\mathrm{d}}$$]) of cloud charges by the increased conductivity or ion density ([image: $$\tau _{\mathrm{d}} \propto \sigma ^{-1} \propto n_i^{-1}$$]). Here, we consider ion production by enhanced gamma rays from radionuclides (Fig. 1b) inside and near the cloud, and the discharge is mainly within the cloud without lightning. The gamma ray enhancement in the atmosphere was actually observed by the radiosonde measurements at Fukushima (Fukushima University 2011). They showed a notable enhancement of gamma rays at altitudes of [image: $$<\,500\,\hbox {m}$$] and 7–8 km.[image: A40623_2018_780_Fig1_HTML.gif]
Fig. 1Illustration of electrostatic shielding of cloud charge (large “[image: $$+$$]” and “−”) by surrounding ions (small “[image: $$+$$]” and “−”). a Normal condition, b when floating radionuclides emit extra gamma rays that increase number of ions





In addition to the increased [image: $$\sigma$$]-led discharge rate, we also expect electrostatic suppression of point-charge electric fields by the increased ion mobility in the electric field, as illustrated in Fig. 1, similar to the processes of either (2) Debye shielding or (3) dielectric media.
In the Debye shielding theory (Debye and Huckel 1923) that uses statistical thermodynamics, an isolated charge will be surrounded by oppositely charged ions unless a strong external force regulates the charge distribution. However, under electrified clouds, the atmospheric electric field reaches [image: $$10^3$$]–[image: $$10^4\,\hbox {V/m}$$], providing a much higher potential energy than thermal energy at only 1 mm from single charges. [This is the mean distance between the atmospheric ions under average atmospheric ion density of [image: $$10^9\,\hbox {m}^{-3}$$] (e.g., Harrison and Carslaw 2003).] In such a case, the thermal re-distribution of ions (Debye shielding) is not as effective as re-distribution by the external electric field.
Since the re-distribution of ions is strongly bounded by ion-neutral collisions in the atmosphere, we expect some electrostatic polarization with only small increase in the electric current. As the result, the electric field decreases for the same point charges, like a dielectric media (or condenser). Such a condenser effect has two timescales: One is regulated by the conduction current (large-scale motion), with expected timescale of few tens minutes in the lower atmosphere under normal conditions. The other is regulated by individual ion reactions to the changing electric field and is in the order of plasma frequency with mass of ions ([image: $$\propto n_i/m_i \sim 10^3\,\hbox {Hz}$$]), which is much smaller than the collision frequency. The shielding effect might already appear in the timescale of the PG measurement because of the second effect. In such a case, the effect is expected to be nearly proportional to the total numbers of ions distributed between the electrified cloud and the ground, and hence to the density [image: $$n_i$$].
All three mechanisms predict the suppression of ground-level PG for the same cloud charges. The next question is whether the predicted suppression of PG is detectable. Figure 2 shows examples of the PG behavior during rainfall events after the FNPP1 accident (March 15, 2011) and during a similar event with the rain strength, PG amplitude, and time of year before the accident (March 23, 2010). The temporal resolution of the rain measurement (accumulation method) is 10 min. The PG variation in Fig. 2a abruptly stopped when the rain ended ([image: $$\sim$$] 20:15 UT), but continued after 13:50 UT when the rain stopped in Fig. 2b, suggesting that the increased atmospheric radioactivity might have caused some detectable effects on PG. Such an effect has never been studied before, either after nuclear tests (Harris 1955) or the Chernobyl nuclear accident (Israelsson and Knudsen 1986; Tuomi 1988). Therefore, it is worth finding any statistical differences in the behavior of PG, particularly the negative peak values and timescale around it, between during the first 50 days after the Fukushima accident (when the atmospheric radioactivity increased) and the same time in the other years. This is the purpose of this paper.[image: A40623_2018_780_Fig2_HTML.gif]
Fig. 2One-minute averaged values of PG around isolated light rain (0.5 mm in 10-min accumulation) on a March 15, 2011, and b March 23, 2010. Horizontal blue lines and vertical blue arrows denote the rain periods and the registration timing of the accumulation rain





Data and analysis
We use 1-min resolution PG data from Kakioka from 2006, since the digital data are publicly available from that year. The sensor uses Masacart’s insulated water-dropper collector, placed 2.55 m above the ground and 1.17 m away from the wall inside a house, with water dropping outside this building (Shigeno et al. 2001). The insulation was tested and confirmed even during rainfall events as part of maintenance. The sampling rate is 1 Hz with a calibrated system response time of a few seconds for grounding and about a minute for [image: $$-\,700\,\hbox {V/m}$$] level PG. Furthermore, the system detected more than [image: $$2000\,\hbox {V/m}$$] changes in about 30 s, guaranteeing that the PG measurements react to changes in the cloud charges with [image: $$<\,1\,\hbox {min}$$] resolution.
At Kakioka, the rain data was also measured using the unmanned accumulation method every 10 min at 0.5-mm resolution to register rainfall accumulation without measuring other weather information. Therefore, light rain of less than 0.5 mm was not registered until the accumulated value reached 0.5 mm (cf. Fig. 2). For example, continuous rain of 0.3 mm/10 min will be registered in every other slices of 10 min.
Figure 3 shows distribution of PG values for different rain conditions at 10-min resolution at Kakioka from March 13 to April 30 for 2006–2015, divided into 2011 and the other years. We classified the weather conditions by the 10-min values of the registered rainfall; the figure shows three categories (see figure captions). We did not show strong rain cases (registering [image: $$\ge 1.0\,\hbox {mm}$$] in 10 min) because they are rare with insufficient statistics for 2011. For the [image: $$<\,0.5\,\hbox {mm}$$] category, the difference between 2011 and the average of the other years is not significant compared to the annual difference, e.g., 2009 (not shown here) had a low level similar to 2011, although it is larger than the statistical error calculated from the standard deviation. Under these restrictions, Fig. 3 shows that, after the FNPP1 accident, 10-min average values of the rain-time PG decreased compared to the other years with peak values unchanged, supporting the difference shown in Fig. 2 (10-min averaged negative PG values for the same peak values are reduced in 2011).[image: A40623_2018_780_Fig3_HTML.gif]
Fig. 3Observation probability of negative potential gradient (PG) near or during the rain time at Kakioka, 150 km southwest of the Fukushima Dai-ichi Nuclear Power Plant (FNPP1). The 1-min PG date in 10 min bins is used to classify according to a 10-min average, b minute values at negative peak, and c minute values at positive peak, into <[image: $$-\,400$$], [image: $$-\,400$$] to [image: $$-\,200$$], [image: $$-\,200$$] to [image: $$-\,100$$], [image: $$+\,100$$] to [image: $$+\,200$$], [image: $$+\,200$$] to [image: $$+\,400$$], and >[image: $$+\,400\,\hbox {V/m}$$] for different rain conditions: continuous rain ([image: $$\ge \,0.5\,\hbox {mm}$$]), either light rain ([image: $$<\,0.5\,\hbox {mm}$$]) or within 10 min before the rain, and no rain over 30 min before or after. Since the percentage is very low for no rain cases, the unit is changed in the graph (right axis). The rain record is obtained by an accumulation method every 10 min (see text for detail). The data are compared between immediately after the FNPP1 accident (13 March–30 April, 2011) and the same period (13 March–30 April) at different years (2006–2015). Total numbers of 10-min bins are given at the top of each bar





Here, we examined simple distribution of the 10-min PG values to improve the statistical reliability. Ideally, data would be subdivided according to meteorological properties (e.g., wind, cloud conditions, lightning conditions), but that makes statistics unreliable in the present event study. Fortunately, balloon and ground data at Tsukuba (20 km from Kakioka) shows that the rain-time wind velocities at ground and cloud altitudes from March 13 to April 30 in 2011 were about the average level of the same period of 2006–2015. Here, we treated all 10-min data from all weather conditions together when the 10-min bins included PG peaks of <[image: $$-\,100$$] or >[image: $$+\,150\,\hbox {V/m}$$] in the 1-min values, after removing minor stagnating peaks (less than 1% of the peak values from the trend) on the way or from the other larger peaks.
Figure 4 shows the peak value distributions (upper panel) and 10-min averages around these peak values (lower panel), using 1-min resolution PG values. The peaks are counted in the logarithmic bins (20% stepping) of the PG peak values. The occurrence rate of the PG peak values immediately after the FNPP1 accident is generally similar to those for the other years in Fig. 4a. However, the average PG over 10 min compared to minimum 1-min values was somewhat lower in 2011 than all the other years for PG peak values of <[image: $$-\,200\,\hbox {V/m}$$], suggesting that the rain-time difference shown in Fig. 3 could be real. This result also suggests that the ground PG values changed more quickly around the peak values in 2011 than the other years.[image: A40623_2018_780_Fig4_HTML.gif]
Fig. 4a Distribution of PG peak minute values during 50 days in the same season for 2006–2015. PG peaks are registered every 10 min, and numbers of these peaks within bins that are defined in logarithmic scale (20% stepping) are plotted, such that exponential distribution becomes a constant line, b 10-min averages for each bin of PG peaks. A larger difference means quick rise and/or quick decay from the peak values. In both panels, red crosses are for 2011, dashed lines are for the other years, and thick line is for the average





To examine how quickly the PG value reaches its negative peak or decays from it, Fig. 5a–l shows the time profile around the negative peaks with [image: $${\mathrm{PG}}_{\mathrm{peak}} < -\,100\,\hbox {V/m}$$]. Relative PG value against the peak value at each minute within [image: $$\pm\,5$$] min from the peak was averaged for three periods each year: (a)–(d) February 1–March 10, (e)–(h) March 14–April 30, and (i)–(l) May 1–31. For 2011, these periods correspond to: before the FNPP1 accident, periods of high radioactivity in the atmosphere, and sufficiently decreased radioactivity, respectively. To minimize the effect of variance with short timescale, we used the time range when the PG increase or decreased around the peak was monotonic. Therefore, different data points (minutes) have different numbers of samples, and those with fewer than seven samples are not plotted.
When the radioactive particles were floating, immediately after the FNPP1 accident (March 14–April 30, 2011), the PG increased toward and decreased from the negative peak faster than in the other years, as shown in Fig. 5e–h. The time constant (1/e time) changed from about 4–5 min to less than 3 min for both development and decay. The result is the same if we examine the characteristic time at which more than 50% of events have PG values less than the 1/e of the peak value. The difference between 2011 and the other years is most significant for the PG peak values of [image: $$-\,400$$] to [image: $$-\,200\,\hbox {V/m}$$] (with much lower ratio in 2011 than all the other years), but such a difference is also detectable for other PG peak values compared with the average of 2006–2015.[image: A40623_2018_780_Fig5_HTML.gif]
Fig. 5Relative PG values compared to peak values during 10 min centered at the peak time for different PG peaks values for three different periods of a year. From top raw to fourth raw are negative peaks: a, e, i [image: $$-\,1600< {\hbox {PG}}_{\mathrm{peak}} < -\,800\,\hbox {V/m}$$], b, f, j [image: $$-\,800< {\hbox {PG}}_{\mathrm{peak}} < -\,400\,\hbox {V/m}$$], c, g, k [image: $$-\,400< {\hbox {PG}}_{\mathrm{peak}} < -\,200\,\hbox {V/m}$$], and d, h, l [image: $$-\,200< {\hbox {PG}}_{\mathrm{peak}} < -\,100\,\hbox {V/m}$$]. The red-hatched area is range of standard deviation at each point of 2011 data. The bottom raw is for positive peaks from mid-March to April: m [image: $$+\,400< {\hbox {PG}}_{\mathrm{peak}} < +\,800\,\hbox {V/m}$$], n [image: $$+\,200< {\hbox {PG}}_{\mathrm{peak}} < +\,400\,\hbox {V/m}$$], and o [image: $$+\,100< {\hbox {PG}}_{\mathrm{peak}} < +\,200\,\hbox {V/m}$$]. Numbers of data point of each minute are given at the top of each panel with red text for 2011 and blue text for the other years. Data point with six samples or more are plotted. In all panels, red crosses are for 2011, dashed lines are for the other years, and the thick line is for the average





The shorter timescale for 2011 is not seen before the FNPP1 accident (Fig. 5a–d), or in May, during which the 2011 profile is within the range of the annual variation (Fig. 5i–l). In May, the floating radioactive particles (which may have included both new inflow from the FNPP1 area and re-suspensions from other areas) decreased significantly while the surface contamination level stayed at the same level (Yamauchi et al. 2012; Yamauchi 2012; Kanai 2012; Kita et al. 2013). The profiles for the normal years are different between May and March–April because of the different weather systems, but the March–April 2011 profile is still at the lowest limit of the annual variation for May, and outside the annual variation in Fig. 5g, h. Also, the average time profiles lie around the upper limit of the standard deviation of 2011 for each minute, and hence the anomaly in 2011 is most likely real.
For reference, Fig. 5m–o shows the change from the positive peaks, in which we do not see clear differences between 2011 and the other years when [image: $${\hbox {PG}}_{\mathrm{peak}} >+\,400\,\hbox {V/m}$$]. On the other hand, for the lower PG peak values (<[image: $$+\,200\,\hbox {V/m}$$]), the short time constant in 2011 is most likely an artifact from the difference in the fair-weather PG. (Start value and decay destination are [image: $$\sim 0\,\hbox {V/m}$$] for 2011 and [image: $$\sim +\,60\,\hbox {V/m}$$] for the other years.) The change in the offset value in turn reinforces the shortening of the timescale for negative PG in 2011.

Discussion
Figures 4b and 5 indicate that timescale toward/from the PG negative peak is shortened when the floating radioactive particles from the FNPP1 increased the atmospheric conductivity [image: $$\sigma$$] through the enhanced ionization rate. While the difference in PG behavior might simply have come from coincidental difference in the cloud and atmospheric condition as mentioned above, we consider a scenario by increased ionizing radiation.
In the introduction, we proposed three mechanisms in which the increased atmospheric radioactivity may influence the PG behavior (enhanced discharge rate, Debye shielding, and dielectric shielding). In all scenarios, we must also consider both (a) the local development case (ground-charge distance is constant) and (b) the moving case (ground-charge distance changes by either horizontal convection like Fig. 1 or vertical oscillation).
(1) The shortened [image: $$\tau _d$$] scenario predicts asymmetric change between rise (becomes slower) and decay (becomes faster) in both cases. (2) The Debye shielding scenario depends on the local ion density near the cloud charge within the Debye shielding distance, causing the reduction rate of PG rather constant at all phases. In other words, it predicts smaller PG (absolute) values with the same timescale in both cases. (3) The dielectric shielding depends largely on the total numbers of shielding ions and hence, the distance between the cloud charges and the ground. Therefore, we expect different time profiles, i.e., (a) constant suppression rate of PG without change in the timescale if the cloud charges develop/decay locally and (b) quick rise and quick decay (symmetric shortening of the timescale) if the cloud charges are moving, like Fig. 1.
In all scenarios, 10–20-min averaged PG values centered at the PG peak are expected to be smaller during the 50 days after the FNPP1 accident as compared to the same period of the other years, as shown in Fig. 3. On the other hand, the second scenario is not consistent with Figs. 4 and 5, and we can dismiss it. The first scenario predicts shorter decay time from the peak but not the shortening of rising time toward the peak, as is shown in Fig. 5g. Therefore, the observation cannot be explained by this scenario alone. The third scenario (dielectric shielding) predicts quick rise and quick decay for the moving-charge case.
Thus, we have at least one scenario that explains the observation (particularly Fig. 5g), i.e., electrostatic (dielectric) shielding of cloud charge moving such that distance (and total numbers of ions) between the charge and the ground first decreased to the minimum distance and then increased, as illustrated in Fig. 1. Although Fig. 1 illustrates horizontal motion, vertical oscillation is also possible because the average decay time of 4–5 min in the normal years corresponds to Brunt–Vaisala frequency of vertical oscillation of air parcel in a stable atmosphere.
Nevertheless, we still cannot dismiss the first scenario because the observed shortening of the decay time by a factor of nearly 2 indicates an enhancement of the ion density [image: $$n_i$$] by a factor of nearly 2, a realistic number, in this scenario. We have not found a scenario that also predicts faster rising time toward the PG peak, i.e., a mechanism that enhance the accumulation rate of the cloud charges (2–5 min in normal condition) when the surrounding radioactivity is enhanced. If such a mechanism is found, this scenario also becomes a plausible explanation.
Figures 4b and 5 also suggest that the timescale toward/from the PG positive peak is unchanged in 2011. This can be explained by the tendency that positive charges are located at higher altitude in electrified clouds (e.g., Israel 1973). If the radioactive particles from the FNPP1 did not spread above the altitude of negative charges, the electrostatic shielding by ions at higher altitudes is not very effective. In other words, the different PG profiles between around the positive peaks and around the negative peaks may hint the altitude extension of the floating radioactive particles.
Since rainfall sweeps the floating dusts from the air, we expect that the effect is strongest during light rain or just before the rain. Unfortunately, statistics for heavy rain are insufficient (cf. Fig. 3). Also the radar data of clouds (Yatagai et al. 2012) is not clear over Kakioka due to very low spatial resolution and sensitivity (Yatagai, private communication, 2016). Therefore, we can only point out that the difference between 2011 and the other years in the PG distribution during light rain ([image: $$\le \,0.5\,\hbox {mm}$$]) in Fig. 3 is consistent with this scenario. The washing of the floating radionuclides might also explain the largest difference in the time constant (Fig. 5) between 2011 and other years at moderately large negative PG ([image: $$-\,200$$] to [image: $$-\,400\,\hbox {V/m}$$]), because the largest negative PG (e.g., [image: $$<-\,800\,\hbox {V/m}$$]) are mainly observed during heavy rain.
Finally, we consider the effect of finite re-distribution time of PG at different altitudes through conduction current (the [image: $$\vec {J}$$] terms instead of the [image: $$\partial \vec {D}/\partial t$$] term in the Ampere’s law) in response to the cloud charge distribution, because this takes longer time near ground due to the much lower conductivity (or dielectric constant) than in the cloud. If the conductivity near the ground increases, this effect makes the response to semi-stable cloud charge (that stays for a half to a few minutes) faster, resulting measuring higher PG peak absolute values at ground for the same cloud charge. This scenario qualitatively explains the rising part of Fig. 5g, and is also consistent with Fig. 4a in which the distribution of peak PG values can be interpreted as being shifted toward higher absolute values. However, this scenario does not explain Fig. 5m although negative charges are located closer to the ground (expecting faster response) than the positive charges. Furthermore, if this mechanism is significant, we expect quick rise and slow decay in the normal year, but such asymmetry is not shown in Fig. 5. Therefore, this mechanism is unlikely a major factor to shorten the timescale (Fig. 5g), although it should contribute some.

Conclusions
One-minute resolution PG data and 10-min resolution weather data at Kakioka, 150 km southwest of the Fukushima Dai-ichi Nuclear Power Plant were analyzed during the February–May periods of 2006–2015 to find the effect of floating radioactive particles on PG under rain clouds. The data revealed that the characteristic time toward and from negative PG peaks of <[image: $$-\,200\,\hbox {V/m}$$] shortened ([image: $$\le \, 3\,\hbox {min}$$] for both development and decay) during March–April 2011 as compared to the same period of the other years (4–5 min) beyond the annual difference, while no significant difference is seen in February and May. Assuming the atmospheric conditions when electrified clouds present were the same, this result can be attributed to enhanced electrostatic (dielectric) shielding by the increased ion density even in extremely weakly ionized plasma with high collision frequency, although we cannot dismiss the effect of discharge rate enhancement (shortening of [image: $$\tau _d$$]) by the increased electric conductivity for the decay part. The result opens up new possibility of monitoring method for radioactivity in the atmosphere in case of nuclear accidents in the future.
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