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Abstract 11 

During a precipitation a transient increase of gamma activity is generated by 214Pb and 214Bi, daughters of atmospheric 12 

222Rn, which are collected by rain droplets and brought to the ground. A continuous monitoring of this gamma radiation can 13 

be an efficient alternative to a 222Rn direct measurement in clouds and allows for estimating rain-induced variations in 14 

environmental gamma radiation.  15 

This work presents the results of a seven months proximal gamma-ray spectroscopy experiment, specifically tailored 16 

for gathering reliable and unbiased estimates of atmospheric 214Pb gamma activity related to rainfalls. We developed a 17 

reproducible model for reconstructing the temporal evolution of the 214Pb net count rate during rain episodes as function of 18 

the rain rate. The effectiveness of the model is proved by an excellent linear correlation (r2 = 0.91) between measured and 19 

estimated 214Pb count rates. We observed that the sudden increase of 214Pb count rates (Δ�) is clearly related to the rain rate 20 

(R) by a power law dependence Δ� ∝ ��.��±�.�	. We assessed that the radon daughter 214Pb content (G) of the rain water 21 

depends on the rain rate with G ∝ 1 ��.�
±�.�	⁄  and on the rain median volume diameter (��) with G ∝ 1 ���.�⁄ . We proved 22 

that, for a fixed rainfall amount, lower is the rainfall intensity (i.e. the longer is the rain duration), higher is the radon 23 

daughters’ content of the rain water. 24 
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1 Introduction 29 

In the last decades the transient increase of gamma activity occurring during and after a precipitation has been 30 

widely observed and studied as a relevant cause of variation of the environmental gamma radiation background (Minato, 31 

1980; Yakovleva et al., 2016). The comprehension of such a variation is necessary in order to establish reliable and proper 32 

thresholds for radiological emergencies (Melintescu et al., 2018).  33 

222Rn is a radioactive noble gas with poor chemical reactivity. Thanks to its 3.82 days half-life, 222Rn lives long 34 

enough to be of significance to events related to turbulence (~1 h time scale) but it lives also quite little to have a high 35 

concentration gradient through the lower troposphere (Baldoncini et al., 2017; Baskaran, 2016; Wilkening, 1981). These 36 

properties make 222Rn a widespread atmospheric tracer, together with anthropogenic radionuclides (mainly derived from 37 

open-air nuclear weapon testing and occasional nuclear accidents) and cosmogenic radionuclides produced by the 38 

interaction of cosmic rays with the gaseous components of the atmosphere (Froehlich, 2009; Turekian and Graustein, 2003). 39 

Monitoring atmospheric 222Rn has plenty of applications in environmental sciences, including the comprehension of air 40 

vertical mixing processes (Chambers et al., 2016) and the testing of meteorological models describing the transport of 41 

pollutants (Chambers et al., 2015), with consequent implications on studies related to climate change and removal processes 42 

of gases and aerosols (Jacob and Prather, 1990; Jacob et al., 1997). 43 

The continuous 222Rn monitoring at low concentrations, as found in the atmosphere, is more challenging than 44 

monitoring its gamma emitting daughters 214Pb and 214Bi (Barbosa et al., 2017). Although various radionuclides such as 7Be, 45 

212Pb and 210Pb are observed in precipitation, the main sources of rain-induced gamma activity at ground level are 214Pb and 46 

214Bi, produced in the decay of atmospheric 222Rn and brought to the ground after being collected by rain droplets (Bossew 47 

et al., 2017).  48 

Continuous and spatially distributed measurements of 214Pb and 214Bi gamma activity can be a powerful 49 

experimental technique in meteorology. Indeed, increased dose rates due to wet deposited 222Rn gamma emitting progeny 50 

can provide insights into air mass origin and regional characteristics of precipitations. In previous studies (Inomata et al., 51 

2007; Mercier et al., 2009; Paatero, 2000; Yoshioka, 1992) 214Pb and 214Bi gamma activity measurements allowed for 52 

instance to demonstrate that a cloud with marine (continental) origin is usually characterized by a 222Rn concentration lower 53 

(higher) with respect to the average concentration. Furthermore, since in precipitation water the temporal evolution of the 54 

214Pb/214Bi activity ratio is governed only by the half-lives of the two radionuclides ( �� �⁄ ����� = 26.8 �� ; �� �⁄ !"��� =55 

19.9 �� ), the 214Pb/214Bi activity ratio measurement enables the determination of rain and snow age (Greenfield et al., 56 

2008) and can shed light into advection, convection and diffusion processes in the troposphere (Porstendörfer, 1994; 57 

Shapiro and Forbes-Resha, 1975). 58 

Measuring the gamma activity of 222Rn progeny in precipitation has also applications in health studies, earthquake 59 

predictions (Harrison et al., 2014), cosmic rays research and radiation levels monitoring. (Eatough and Henshaw, 1995) 60 

estimated that 2% of non-melanoma skin cancers in the UK may be caused by environmental radon exposure, which may be 61 

increased as a result of rain-out processes (Kendall and Smith, 2002). In the last years many studies were performed with 62 

the aim of establishing a correlation between seismic activity and increase of outdoor radon and radon progeny 63 

concentration (Friedmann, 2012; Karangelos et al., 2005; Riggio and Santulin, 2015; Woith, 2015). Such correlation has not 64 

yet been proved but the advancement in the field cannot disregard precipitation as a source of additional gamma activity, 65 

which could give rise to false positives and consequently fake earthquake alarms. Rainfall induced gamma activity 66 

represents also a source of background in measuring low energy secondary cosmic rays (Muraki et al., 2004) and it is 67 
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particularly relevant when radiation from anthropic sources must be discriminated from that of natural origin. Indeed, 68 

radiation monitoring of nuclear facilities (Mercier et al., 2009) and detection of illicit movement of special nuclear material 69 

(Livesay et al., 2014), generally require the assessment of environmental radiation at levels as low as a few percent of 70 

natural background (Minato, 1980).  71 

In this work we present the results of a proximal gamma-ray spectroscopy experiment aimed at studying the 214Pb 72 

gamma activity temporal profile in relation to rainfalls. The experiment was performed by installing an agro-meteorological 73 

station, provided with a traditional bucket rain gauge, and a custom gamma-ray spectroscopy station, equipped with a 1L 74 

sodium iodide (NaI) scintillator, in an agricultural test field. Meteorological and radiometric data were continuously 75 

acquired for 7 months, temporally aligned and analysed in order to address the following research questions:  76 

(i) Can a reproducible mathematical model reconstruct the temporal profile of the rain-induced 214Pb gamma 77 

activity? 78 

(ii) What is the dependence between the sudden increase of 214Pb count rates observed during every rain and 79 

the rain rate? 80 

(iii) Can the radon daughters’ content of rain water be quantitative inferred from the rain rate? 81 

(iv) Can proximal gamma-ray spectroscopy be a valuable tool to have insights on the radioactivity content of 82 

rain droplets? 83 

2 Materials and Methods 84 

2.1 Modelling rain induced activity 85 

This work focuses on the reconstruction of the gamma signal generated by 214Pb, which has a half-life of 26.8 86 

minutes (comparable to rain time-scales) and which activity has been already monitored in previous studies in relation to 87 

rains (Inomata et al., 2007; Livesay et al., 2014; Mercier et al., 2009).  88 

222Rn is a gaseous parent radionuclide which triggers the decay chain described in Figure 1. Since during an alpha 89 

decay few electrons are stripped from the recoil of the parent atom (Stevanović et al., 2004), the results of 222Rn decay is a 90 

charged ion 218Po+ in ~90% of decays (Hopke, 1989; Porstendörfer, 1994). Due to its lower first ionization potential (8.34 91 

eV) with respect to the atmospheric surrounded molecules elements, 218Po+ may prevent the process of total neutralization, 92 

leaving the atom in a charged state (Figure 2). The fates of 214Pb+ and 214Bi+, having ionization potentials 7.42 and 7.29 eV 93 

respectively, are expected to be the same (Castleman, 1991). Therefore, radon daughters adhere to the water molecules in 94 

the air or react with vapours and trace gases in less than 1 s. The obtained small clusters (0.5 to 5 nm), characterized by a 95 

high mobility, attach to aerosol in time scale of 1-100 s forming a “radioactive aerosol” (diameter ~ 100 – 300 µm) 96 

(Mostafa et al., 2020) which in turn attaches to droplets. These in-cloud scavenging (rainout) processes are responsible for 97 

the radioactive enrichment into rain droplets with an efficiency higher than below-cloud scavenging (washout) (Figure 2). 98 

222Rn and its progenies are considered in secular equilibrium in the clouds (Greenfield et al., 2008; Takeyasu et al., 2006), 99 

but when rain droplets begin their descent to ground the equilibrium is broken. 100 

  101 
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 102 

Figure 1. Simplified 238U decay sub-chain from 222Rn to 210Pb comprising 3 α decays and 2 β-γ decays. The decay channels with 103 

branching fractions $ 0.05% are excluded. For each α or β-γ decay (horizontal arrow) the Q-value in MeV and the half-life (d = day, m = 104 

minute, µs = 10-6 seconds) of the father nucleus are reported. The β-γ decay used in the model is the one transforming 214Pb into 214Bi 105 

with the most intense gamma rays having characteristic energies of 295 ()* and 352 ()*, with the latter chosen for the estimation of the 106 

experimental 214Pb net photopeak count rate. 107 

 108 

 109 

Figure 2. Scheme of the rainout (i.e in-cloud scavenging) and washout (i.e. below-cloud scavenging) radioactivity charge mechanisms of 110 

raindrop. The increasing of gamma signal can be detected by a permanent station of gamma ray spectroscopy measurement. 111 

The model developed for reconstructing the 214Pb gamma activity time series at ground level as function of the 112 

rainfall rate is based on the following assumptions. 113 

• The increase of 214Pb gamma activity at ground level is due only to the decay of 214Pb attached to rain drops.  114 

• For a single rain episode, the temporal evolution of the 214Pb rain induced-gamma activity depends only on the 115 

rainfall rate. Two factors affecting the 214Pb concentration are considered negligible: the contribution due to the 116 

below-cloud scavenging (Greenfield et al., 2008) and the radon-aerosol heterogeneities in the clouds. Indeed, since 117 

the system radon-aerosol depends on cloud history, the efficiency of in-cloud scavenging change among different 118 

rain episodes, but it can be considered homogenous for a rain of few hours (see Section 2.3). 119 

• The 214Pb net background count rate (describing the not rain-induced gamma activity) before and after the rain time 120 

are in principle different. This is reasonable since precipitated water soaks the soil, attenuating the signal produced by 121 

the 214Pb present in the ground. 122 

In the presented model the temporal bin has a width of 0.25 h corresponding to the experimental temporal 123 

resolution of synchronized radiometric and rainfall data. However, the model is independent from this choice, since the data 124 

collected in a single bin are associated to its centre as a delta function. Given a rain bin (i.e. bin with a non-zero rainfall 125 

amount) separated from the previous one by at least 9.5 ,, a rain Episode is defined as four consecutive time Periods (P) 126 

described as follows (Figure 3): 127 
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• P1: this Period covers the 5 , (see Section 2.3) before the beginning of the rainfall and permits the estimation of the 128 

214Pb background net count rate �!-.!/012/
; 129 

• P2: this Period starts and ends respectively at the first and last temporal bins for which a non-zero rainfall amount is 130 

measured. Note that this Period can include more rain bins separated by no rainfall time intervals (e.g. Episode 1 in 131 

Figure 8) shorter than 9.5 ,; 132 

• P3: this Period follows the end of P2 for a duration of 4.5 ,, corresponding to ~10 214Pb half-lives, necessary to let 133 

the 214Pb net count rate decrease exponentially to the after-rain background value �!-.506/2
; 134 

• P4: this Period covers the 5 , after the end of P3 and permits to estimate the 214Pb background net count rate �!-.506/2
. 135 

 136 

Figure 3. Temporal evolution of the 214Pb net counts during the four Periods (P) described in Section 2.1. The two consecutive impulsive 137 

rains (light blue bars) produce the count rate increase Δ�� and Δ��. The black dots and the orange line represent the measured and the 138 

estimated 214Pb net count rates respectively. The black line describes the estimated temporal evolution of the 214Pb background net counts 139 

during P2 and P3.  140 

With the purpose of describing the gamma 214Pb net count rate time series during a rain episode, two signal 141 

components must be considered: i) the rain induced source term and ii) the 214Pb radioactive decay term. The source term in 142 

the 214Pb Bateman equation due to the 218Po decay is neglected since its half-life (3.1 �� ) is sufficiently short that it will 143 

have decayed to 0.01% of its initial activity by the precipitation age (~ 30 �� ), i.e. the average time between the removal 144 

of the 222Rn progeny from secular equilibrium by rain and their deposition on the ground (Greenfield et al., 2008). The 145 

description of the 214Bi net count rate time series during a rain episode would, instead, require an additional time dependent 146 

source term due to the 214Pb decays and, as a consequence, add an additional source of uncertainty. 147 

The variation in time of the number of 214Pb nuclei 7��(�) per unit of surface :; can be written as: 148 

 
:7��(�):; ∙ :� = + :7��>?"@(�):; ∙ :� − ��� ∙ :7��(�):;   (1) 

where :7��>?"@ is the increase in 214Pb nuclei associated to the rain deposition and ��� = 1 B��C = 4.28 ⋅ 10E� FE� =149 

1.54 ,E� is the 214Pb decay constant which rules the exponential decay. The rain-induced source term 
GHIJKLMN

GO∙G6  can be 150 

described as a function of the rain rate � P��Q R:  151 
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:7��>?"@(�):; ∙ :� =  ∙ S6/2� ∙ 7��T21U = �*V ⋅ 7��T21U

  (2) 

where  PG21UW�X R is the density at ground level of number raindrops having identical size, 7��T21U P�� @YZ[/"G21U R is the number of 152 

214Pb nuclei in a raindrop having volume *V[�	]and S6/2�  [�W ] is the raindrop terminal velocity. Since in principle 7��T21U
 153 

can depend on the rain rate �, the rain induced source term is not expected to linearly scale with � but can be parameterized 154 

as a power law of the rain rate � with exponent :: 155 

 
:7��>?"@(�):; ∙ :� ~�G  (3) 

As the efficiency, the position and the field of view of the Proximal Gamma Ray (PGR) spectroscopy station do 156 

not change over time, the footprint area of proximal gamma-ray spectroscopy measurement can be considered constant and 157 

having a ~25 � radius. Consequently, the gamma count rate increase Δ� [^_F] recorded in a time interval Δ` [,] is directly 158 

proportional to the number of 214Pb nuclei accumulated to the ground during the same time: 159 

 
Δ7��>?"@Δ` ∝ Δ�Δ` = a ⋅ �G   (4) 

where a P ZUW��b ,�EGR is a proportionality factor that depends on the response of the 1L NaI(Tl) detector installed in the PGR 160 

station and on in-cloud 222Rn concentration.  161 

 This theoretical background can be also formulated in terms of activity density c[ ZUW��], corresponding to the 214Pb 162 

gamma activity in a rainwater layer of thickness Δd [��], accumulated on the ground in a time interval Δ` by a rainfall of 163 

rate �, 164 

 
1� e�e` = e�ed = c = a ⋅ �GE� f�g 0 $ : $ 1 → c �F � S)iF)jk ^lii)jm�): n��, � �g : = 1 → c �F � :)_) :) � gil� �            �g : > 1 → c �F _lF���S)jk ^lii)jm�): n��, �      (5) 

For a rain occurring in a single bin with duration Δ` = �� − �� = 0.25 , (Figure 4) it is assumed that the rain has 165 

fallen instantaneously to the ground at � = �� + �.�� Q� . At � $ �� + �.�� Q�  the 214Pb net count rate �(�)[^_F] is expected to be 166 

equal to the background count rate before the rain �!-.!/012/
. At the beginning of the rain at � = �� + �.�� Q� , �(�) has a sharp 167 

increase due to the rain-induced activity source term Δ�. At � > �� + �.�� Q� , �(�) is then expected to asymptotically 168 

approach the after-rain background value �!-.506/2
. The temporal evolution of the 214Pb net count rate �(�) shown in Figure 4 169 

can therefore be written as: 170 

 

pq
r
qs �(�) = �!-.!/012/                                               n��, � $ �� + 0.25 ,2�(�) = e� ∙ )EtIJP6Eu6�v�.�� Q� wR + �!-. (�)       n��, �� + 0.25 ,2 ≤ � $ �� + 0.25 ,2  

�(�) = e� ∙ )EtIJP6Eu6�v�.�� Q� wR + �!-.506/2                        n��, � ≥ �� + 0.25 ,2
  (6) 
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where Δ� [^_F] = Δ` ⋅ a ⋅ �G is the sudden increase of count rate associated to the single impulse of rainfall.  171 

In order to develop a theory adequate for describing an episode which rain lasts for   temporal bins with a e` 172 

width, characterized by �" rain rates, Δ�" sudden increase of count rate have to be introduced, with: 173 

 e�" = e` ⋅ a ⋅ �"G, 1 ≤ � ≤    (7) 

Under the assumption of constant radon (and radon progenies) concentration in clouds during a given rain episode, the a 174 

scaling factor and the exponent : are assumed to be constant during the episode duration, but they can to vary from one rain 175 

episode to another.  176 

Considering that the 214Pb background net count rates before (�!-.!/012/
) and after (�!-.506/2

) are not necessarily equal, 177 

a time dependent background �!-.(�) in period P2 is evaluated on the basis of a linear trend describing the transition from 178 

Before

Bkg
C  to 

After

Bkg
C (Figure 3). Consequently, the 214Pb net count rate time series can be mathematically described by the 179 

equations in Table 1. Figure 3 shows the modelling of the 214Pb net count rate �(�) for a rain episode with a P2 including 180 

multiple temporal bins with a non-zero rainfall amount. 181 

Table 1. Scheme of the mathematical process used for reconstructing the 214Pb net count rate time series during a rain episode. Every 182 

interval of time corresponds to a period P of the episode. The equations in the third column are used sequentially for fitting the count rate 183 �(�) as function of time � (in hours) for obtaining the sudden increase of count rate (e�) and the background (�!-.), knowing ���. The 184 

sudden increase of count rate (e�" ) depends on the parameters (a, :) as reported in Eq. (7). 185 

Period Interval of time Equations 

 
P1 � $ �� + 0.25 ,2  �(�) = �!-.!/012/

 

 

P2 

�� + 0.25 ,2 ≤ � $ �� + 0.25 ,2  �(�) = e��)EtIJP6Eu6�v�.�� Q� wR + �!-.(�) 

�" + 0.25 ,2 ≤ � $  �"v� + 0.25 ,2  �(�) = e��)EtIJP6Eu6�v�.�� Q� wR+. . . +e�")EtIJP6Eu6Mv�.�� Q� wR + �!-.(�) 

�@ + 0.25 ,2 ≤ � $ �@v� + 0.25 ,2  �(�) = e��)EtIJP6Eu6�v�.�� Q� wR+. . . +e�@)EtIJP6Eu6Nv�.�� Q� wR + �!-.(�) 

 
P3 �@v� + 0.25 ,2 ≤ � $ �@v� + 4.5 , �(�) = e��)EtIJP6Eu6�v�.�� Q� wR + ⋯ + e�@)EtIJP6Eu6Nv�.�� Q� wR + �!-.506/2

 

 P4 � ≥ �@v� + 4.5 , �(�) = �!-.506/2
 

 186 
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 187 

Figure 4. Temporal evolution of the 214Pb net count rate time series during an impulsive rain (light blue bar) occurring in a single 188 

temporal bin and producing a count rate increase Δ�. The black dots and the orange line represent the measured and the estimated 214Pb 189 

net count rates respectively. Before the rain, the 214Pb net count rate is equal to the estimated background value �!-.!/012/
. When rainfall 190 

stops the 214Pb net count rate follows an exponential decrease ruled by the 214Pb decay constant till it reaches the after-rain background 191 

asymptotic value �!-.506/2
. 192 

2.2 Experimental site and setup  193 

The experiment was performed in the period 4 April - 2 November 2017 in a 40 × 108 m2 agricultural test field of 194 

the Acqua Campus, a research centre of the Emiliano-Romagnolo Canal (CER) irrigation district in the Emilia Romagna 195 

region, Italy.  196 
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 197 

Figure 5. Panel (a): Proximal Gamma-Ray (PGR) spectroscopy station, equipped with a 1L NaI(Tl) detector, and agro-meteorological 198 

station installed at the test field located in the Emiliano-Romagnolo Canal irrigation district in Emilia Romagna, Italy (44.57° N, 11.53° 199 

E, 16 m above sea level). Panels (b) to (e) illustrate the rationale at the basis of rain-induced 214Pb activity measurements through 200 

proximal gamma-ray spectroscopy. In absence of rain the detector receives gamma radiation produced in the decay of 214Pb distributed in 201 

the soil (panel b) and measures a gamma spectrum (panel c) characterized by a net area in the main 214Pb photopeak (in red) proportional 202 

to the 214Pb ground abundance. When it rains, 214Pb atoms in the clouds attach to rain drops (panel d) which, by falling off, generate a 203 

rain-induced increase of the 214Pb gamma activity at ground level, experimentally observed as an increase in the 214Pb photopeak net area 204 

(panel e).  205 

The experimental setup (Figure 5a) consisted of an agro-meteorological station (MeteoSense 2.0, Netsens) and a 206 

custom Proximal Gamma-Ray (PGR) spectroscopy station. The agro-meteorological station measured air temperature [°C], 207 

relative air humidity [%], wind direction [�W ], and rainfall amount [��]. The PGR station comprised a 1L NaI(Tl) 208 

scintillator providing a continuous log of individual energy depositions and corresponding detection times. By placing the 209 

detector at a 2.25 m height, PGR spectroscopy provided soil moisture measurements with a ~25 m footprint radius 210 

(Baldoncini et al., 2018a; Strati et al., 2018). Thanks to the installation of a solar panel and a GPRS antenna, both stations 211 

were self-powered and web connected. A dedicated software was developed to remotely pre-process the data for 212 

synchronizing meteorological and radiometric observations in a unique time-referenced dataset having a 0.25 hours 213 

temporal resolution.  214 

As 40K, 238U and 232Th amounts in the soil were constant, temporal variations in measured gamma spectra could be 215 

ascribed to: i) changes in soil and biomass water content, extensively studied in (Baldoncini et al., 2019), ii) changes in 216 

atmospheric 222Rn, iii) changes in cosmic radiation levels and iv) rain-induced gamma activity, which could be traced by 217 

monitoring the 214Pb net photopeak count rate. In absence of rain the net number of events recorded in the 214Pb photopeak 218 

area was attributable to gamma radiation emitted in the decay of 214Pb distributed in the soil (Figure 5b and Figure 5c). In 219 

presence of rainfall 214Pb radionuclides brought to ground by rain drops increase the 214Pb gamma activity at ground level, 220 

leading to an increase of the 214Pb photopeak net area (Figure 5d and Figure 5e). 221 

The experimental setup and conditions were specifically tailored for gathering reliable and unbiased estimates of 222 

the 214Pb activity at ground level and for studying its time series in relation to rainfall episodes. The Acqua Campus research 223 

centre has been identified as an ideal site for hosting the experiment since irrigation amounts were carefully monitored and 224 

daily logged. The PGR station provided continuous measurements over a 7 months data-taking period with a 94.8% duty 225 
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cycle overlapping with synchronized agro-meteorological acquisitions, including rainfall amount data relevant for this 226 

study. The 1L detector volume allowed for recording good counting statistics with a sampling frequency adequate for 227 

modelling the plateau, peak and exponential decay phases of the rain-induced 214Pb gamma activity temporal dynamics (see 228 

Table 3 and Figure 8). Even if cosmic radiation can be subject to day-night and seasonal variations, it gives rise to a smooth 229 

gamma spectral shape (Baldoncini et al., 2018b) having no peaks interfering with the estimation of 214Pb net photopeak 230 

count rates. The attenuation effect on the gamma radiation due to the aluminium box surrounding the NaI(Tl) detector was 231 

constant over time and did not affect 214Pb activity measurements. Moreover, potential spectral gain variations due to 232 

temperature fluctuations were accounted for energy calibrating each 0.25 hours gamma-ray spectrum in order to properly 233 

integrate net count rates in the 214Pb photopeak energy window. Measurement conditions were stable and under control 234 

during the entire data-taking period as there were no potential anthropic interferences, no surrounding tall trees affecting 235 

rainfall estimations and both stations were installed in a homogeneous and morphologically flat terrain. Finally, attention 236 

was paid in placing the bucket rain gauge of the agro-meteorological station far enough from the two solar panels to avoid 237 

rainfall interception and consequently biased rain amount measurements.  238 

2.3 Experimental data 239 

Among the 42 rains recorded over the 190 days of effective data-taking period (4 April – 2 November 2017), 12 240 

rain Episodes reported in Table 2 were identified according to the following two criteria: (i) mean rainfall rate ≥ 3 mm/h and 241 

(ii) P2 duration < 4 h (Figure 6). The first criterion was applied in order to assure the actual observation of a rainfall. Since 242 

the rain gauge sensitivity is 0.25 mm and the temporal bin of the model is 0.25 h a threshold rainfall rate of 3 mm/h was 243 

conservatively defined. After this selection 14 Episodes were selected. Then we rejected 2 rainfall occurrences which lasted 244 

9.75 and 15 hours (Figure 6) since for these long and intermittent rains the assumptions described in Section 2.1 were not 245 

valid. The radon-aerosol heterogeneities in the clouds related to the cloud history could have significant impact on 246 

estimation of count rate background and model parameters (A and d). Note that it was not necessary to take precautions in 247 

case of irrigations concomitant or close in time to rainfalls as irrigation water does not produce any increase in the 214Pb net 248 

count rate (see panel 6 of Figure 8). 249 

The 12 episodes include globally (P1+P2+P3+P4) 832 temporal bins of 0.25 , each. The minimum and maximum 250 

rain duration were respectively 0.75 , and 3.50 ,, the minimum and maximum average rainfall rates were respectively 251 3.0 �� ,E� and 13.0 �� ,E�, and the minimum and maximum amount of precipitated water in a single episode were 252 

respectively 3.8 �� and 23.5 �� (Table 2). 253 
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   254 

Figure 6. Scatter plot of the rainfall rate (in mm/h) versus the rain duration (in h) for each of the 42 rains occurred during the data taking 255 

period. Note that 13 rains, having the same duration (0.25 h) and rainfall rate (1 mm/h), are indistinguishable in the plot. The first 256 

criterion excludes the rains (light blue symbols) with a rainfall rate < 3 mm/h (red dashed line). The second criterion excludes two rains 257 

(red symbols) with a duration > 4 h. The dark blue symbols represent the 12 Episode selected for the analysis.  258 

The well-known day-night fluctuation (Greenfield et al., 2002; Sturrock et al., 2018; Wilkening, 1990) is clearly 259 

observed in our dataset of 214Pb net count rate: a subset of 15 days is reported in Figure 7. The average dispersion of the 260 

count rate (i.e. maximum-minimum value) is 1.6 ^_F, corresponding to an average linear variation of 0.13 ^_F ,E� in an 261 

interval approximately of ~12 ,. Considering that the mean standard deviation characterizing a single 214Pb net count rate 262 

measurement is 0.22 ^_F, a background count rate linear variation corresponding to 3 standard deviations (0.66 ^_F) would 263 

be registered in 5 ,. This argument justifies the adoption of the 5 , reference time for the estimation of the average 214Pb 264 

background net count rates before and after the beginning and the end of the rain (see Section 2.1). A further investigation 265 

of these fluctuations could shed light on possible sources of periodical signal increase/decrease related for instance to 266 

cosmic radiation, radon day/night average concentrations, variations in day/night top-soil moisture levels.  267 

  268 
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Table 2. Main features of the selected 12 rain Episodes, listed in chronological order. In the columns 3, 4 and 5 are presented the start, end 269 

time and duration referred to the period called P2 (see Section 2.1 for the definition). The total precipitation of each episode was 270 

estimated by summing individual precipitation amounts recorded over the episode duration. The mean rain rate of each episode was 271 

evaluated by dividing the total precipitation amount by the corresponding P2 duration. 272 

N. 

episode 

 Start Day 

[DD/MM/YYYY] 

P2 Start Time 

[hh:mm] 

P2 End Time 

[hh:mm] 

P2 Duration 

[h] 

Precipitation 

[mm] 

Rate 

[mm/h] 

1 16/04/2017 23:15 02:00 2.75 8.0 3.0 

2 27/04/2017 21:15 23:30 2.25 7.8 3.4 

3 04/05/2017 23:00 23:45 0.75 6.3 8.3 

4 25/06/2017 13:30 14:15 0.75 3.8 5.1 

5 28/06/2017 18:45 20:15 1.50 15.3 10.2 

6 11/07/2017 15:00 18:15 3.25 23.5 7.2 

7 06/08/2017 18:30 20:15 1.75 18.3 10.4 

8 10/08/2017 13:45 14:45 1:00 13.0 13.0 

9 02/09/2017 22:15 23:00 0.75 3.8 5.1 

10 07/09/2017 23:00 0:45 1.75 5.5 3.1 

11 24/09/2017 12:30 13:45 1.25 9.0 7.2 

12 06/10/2017 16:45 20:30 3.50 19.0 5.1 

 273 

Figure 7. 214Pb net count rate measured with 1 , temporal resolution over a continuous period of 15 days in absence of irrigation and 274 

rainfall fitted with a function (red line) having a period of 1.0 ±  0.1 days. As expected, the maxima and minima signals are recorded 275 

during the selected year period in the evening (~5: 30 ~�) and in the morning (~5: 30 a�), respectively.  276 

  277 
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Table 3 reports the 214Pb counting statistics for the 12 rain Episodes. For each 0.25 , temporal bin, individual 214Pb 278 

gross count rates were obtained by integrating all events recorded in the (320 –  380) ()* photopeak energy window 279 

corresponding to the 352 ()* gamma emission line. The net 214Pb photopeak area determination was performed according 280 

to the trapezoid method described in Section 5.4.1 of (Gilmore, 2008), where a fixed value of 3.5 was adopted for the � 281 

parameter, i.e. the mean number of channels on each side of the peak region used to estimate the linear background beneath 282 

the peak. Following the approach described in Section 2.1, the 214Pb background count rate before and after the rain time 283 

were calculated respectively over period P1 and P4 for each rain episode (see also Figure 5 and Figure 8). They are a 284 

baseline representing the 214Pb gamma signal associated to the soil source and to a mean atmospheric 222Rn concentration, 285 

which is typically affected by a daily modulation (Figure 7).  286 

Table 3. Gross and net counting statistics in the 214Pb photopeak energy window before, during and after the period P2 for the 12 rain 287 

Episodes. The mean 214Pb gross and net background count rates of the Period 1 (P1) and Period 4 (P4) are the average and standard 288 

deviation of individual count rates measured before and after the rain respectively. The max gross and net 214Pb count rates of P2 + P3 289 

correspond to the maximum gross and net values recorded during the rain periods (Period 2 and Period 3). By assuming a Poissonian 290 

counting distribution, the uncertainty on the maximum gross count rate in the rain period was estimated as the square root of the gross 291 

counts divided by the width of the temporal bin. The uncertainty on the maximum net counts was obtained by combining the Poissonian 292 

uncertainty with the uncertainty associated to the background estimation, adapted from Equation 5.42 of (Gilmore, 2008). For the 293 

definitions of periods P1, P2, P3 and P4 see Section 2.1 and Figure 4. 294 

 

 
P1 P2 + P3 P4 

N. 

episode 

Mean gross 

[cps] 

Mean net 

[cps] 

Max gross 

[cps] 

Max net 

[cps] 

Mean gross 

[cps] 

Mean net 

[cps] 

1 32.0 ± 0.5 1.3 ± 0.2 46.0 ± 0.2 4.5 ± 0.3 31.1 ± 0.7 1.1 ± 0.2 

2 31.0 ± 0.6 1.1 ± 0.2 43.8 ± 0.2 4.9 ± 0.3 30.3 ± 0.5 1.0 ± 0.2 

3 31.4 ± 0.7 1.1 ± 0.2 41.2 ± 0.2 4.0 ± 0.2 31.3 ± 0.8 1.1 ± 0.2 

4 32.1 ± 0.6 1.2 ± 0.3 49.7 ± 0.2 6.2 ± 0.3 31.3 ± 0.5 1.0 ± 0.2 

5 30.7 ± 0.7 1.0 ± 0.3 53.6 ± 0.2 5.6 ± 0.3 29.9 ± 0.5 1.1 ± 0.2 

6 29.6 ± 0.6 0.8 ± 0.2 62.0 ± 0.3 7.5 ± 0.3 29.4 ± 0.6 1.0 ± 0.3 

7 32.8 ± 1.4 1.4 ± 0.3 73.6 ± 0.3 7.3 ± 0.3 30.2 ± 0.5 1.0 ± 0.2 

8 32.0 ± 0.7 1.1 ± 0.2 44.3 ± 0.2 3.9 ± 0.3 28.4 ± 0.6 0.8 ± 0.3 

9 32.9 ± 1.6 1.4 ± 0.4 48.7 ± 0.2 4.5 ± 0.3 31.1 ± 0.6 1.0 ± 0.3 

10 31.4 ± 0.8 1.0 ± 0.2 50.3 ± 0.2 5.5 ± 0.3 31.1 ± 0.6 0.9 ± 0.2 

11 34.4 ± 1.1 1.5 ± 0.3 50.5 ± 0.2 4.3 ± 0.3 31.3 ± 0.5 1.1 ± 0.3 

12 34.1 ± 0.8 1.3 ± 0.2 69.2 ± 0.3 6.2 ± 0.3 31.9 ± 0.5 1.1 ± 0.2 

 295 

The time-series of the 214Pb net count rates during each rain episode together with the predictions of the model 296 

presented in Section 2.1 are plotted in Figure 8. As expected, measurements performed with the PGR station are extremely 297 

sensitive to rain water but insensitive to irrigation water (Figure 8, Episode 6). Indeed, contrary to rain droplets, irrigation 298 

water does not collect 222Rn daughters and therefore is not responsible for any increase in the 214Pb count rate.  299 
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 300 

Figure 8. Time-series of the 214Pb net count rates for the 12 rain Episodes. For each episode, the black dots represent the net count rates 301 

measured in the 214Pb photopeak energy window, together with their uncertainties, while the orange dots correspond to the net count rates 302 

predicted by the model. The yellow (green) bands are the 1�-interval of the average net count rates estimated in periods P1 (P4) (see also 303 

Table 3 and Figure 3). Blue and grey bars report the amount of rainfall and irrigation water, respectively. Episode 6 shows an irrigation 304 

which, as expected, does not produce any increase in the 214Pb net count rate. The drizzles (rain rate < 3 mm/h) which occurred before 305 

(Episode 5) or after (Episodes 3 and 9) the main rain episode were not defined as rain Episodes but were considered for the 214Pb net 306 

count rate time series reconstruction. 307 

  308 
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3 Results and discussions 309 

The model was applied against radiometric data measured for each of the 12 rain Episodes (Figure 8) in order to 310 

reconstruct the experimental 214Pb net count rate series and to estimate the best fit values of four free parameters: 311 

a, :, �!-.!/012/
 and �!-.506/2

. For a given rain Episode, the model C given by the equations in Table 1 with parameters 312 

�a, :, �!-.!/012/ , �!-.506/2� was fitted to � experimental 214Pb net count rates k� [^_F], measured with uncertainty �� [^_F] at 313 

temporal positions �� [F] , by minimizing the following �� function:  314 

 �� = � �k� − ����; a, :, �!-.!/012/ , �!-.506/2  ���
���

�
���   (8) 

where the m index indicates a 0.25 , temporal bin and runs from 1, corresponding to the beginning of period P1, up to �, 315 

corresponding to the end of period P4. 316 

Table 4 summarizes the main results obtained in reconstructing the experimental 214Pb net count rate time series 317 

over the 12 rain episodes according to the model developed in the previous section. The best fit values for the 214Pb 318 

background net count rates �!-.!/012/
and �!-.506/2

 (Table 4), obtained respectively for P1 and P4, are compatible with the 319 

corresponding experimental values (Table 2) for each rain episode. As expected, �!-.!/012/
 is generally larger than �!-.506/2

 320 

because of the shielding effect caused by rain water deposited to the ground and penetrated into the soil (Baldoncini et al., 321 

2019). The exception is represented by Episode 6, for which �!-.506/2
 is larger than �!-.!/012/

, and can be explained considering 322 

that irrigation water was distributed to the soil approximately 5 to 3 hours prior the beginning of the rain time (panel 6 of 323 

Figure 8). 324 

In order to assess the reliability of the model in predicting the 214Pb gamma activity increase in P2 and the 325 

subsequent decrease in P3, the distributions of residuals have been inspected. All the distributions prove centred in 0, 326 

allowing to exclude systematic biases in the predictions and confirming a good model accuracy. The corresponding standard 327 

deviations are always lower than 0.5 cps, demonstrating the precision of the model estimates. 328 

  329 

  330 
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Table 4. Best fit parameters obtained by applying the model developed in Section 2.1 to fit the experimental 214Pb net count rate time 331 

series measured during the 12 rain episodes, listed in chronological order (see also Figure 8). The first and second columns identify 332 

respectively the rain episode number and date. In the third column are reported the mean and the standard deviation associated to the 333 

distribution of residuals (k� − �(�� ) see Eq. 8) obtained from the fit function in P2 and P3. The last four columns report respectively the 334 

best fit values of the A, d, CBkg
Before and CBkg

After free parameters, together with their estimation uncertainty, obtained after the χ2 335 

minimization procedure. 336 

N. 

episode 

Date 

[DD/MM/YYYY] 
Residuals 

[cps] 

A±δA  

[cps mm-d hd-1] 
d±δd 

CBkg
Before±δCBkg

Before 

[cps] 

CBkg
After±δCBkg

After 

[cps] 

1 16/04/2017 0.05 ± 0.28 2.6 ± 1.0 0.48 ± 0.06 1.25 ± 0.05 1.14 ± 0.04 

2 27/04/2017 -0.03 ± 0.32 1.5 ± 0.6 0.77 ± 0.06 1.07 ± 0.05 0.94 ± 0.04 

3 04/05/2017 0.01 ± 0.32 1.0 ± 0.4 0.75 ± 0.07 1.15 ± 0.05 1.13 ± 0.04 

4 25/06/2017 0.02 ± 0.37 5.4 ± 3.2 0.42 ± 0.09 1.14 ± 0.05 1.05 ± 0.04 

5 28/06/2017 -0.03 ± 0.37 3.4 ± 0.7 0.34 ± 0.03 1.14 ± 0.04 1.00 ± 0.03 

6 11/07/2017 -0.02 ± 0.34 2.5 ± 0.5 0.48 ± 0.04 0.77 ± 0.05 0.99 ± 0.04 

7 06/08/2017 -0.04 ± 0.31 1.4 ± 0.3 0.71 ± 0.05 1.36 ± 0.05 0.94 ± 0.05 

8 10/08/2017 0.04 ± 0.26 3.4 ± 0.2 0.16 ± 0.09 1.15 ± 0.05 0.83 ± 0.04 

9 02/09/2017 0.00 ± 0.32 2.6 ± 1.0 0.48 ± 0.05 1.35 ± 0.05 1.02 ± 0.04 

10 07/09/2017 -0.07 ± 0.30 4.6 ± 3.7 0.23 ± 0.11 0.94 ± 0.05 0.86 ± 0.04 

11 24/09/2017 -0.02 ± 0.41 0.7 ± 0.6 0.99 ± 0.15 1.50 ± 0.05 1.06 ± 0.04 

12 06/10/2017 0.03 ± 0.37 4.0 ± 0.8 0.39 ± 0.03 1.34 ± 0.05 1.05 ± 0.04 

 337 

The linear relation between measured and estimated 214Pb net count rates (Figure 9a), described by a slope (0.94 ±338  0.14) and intercept (0.13 ±  0.21)[^_F] with a coefficient of determination r2 = 0.93, proves the good reliability of the 339 

model in the reconstructions of the 355 temporal bins of P2 and P3. If we consider only the 139 bins of P2 (Figure 9b), the 340 

fit further improves with resulting value of (0.99 ±  0.19) for the slope and (0.04 ±  0.48)[^_F] for the intercept with r2 = 341 

0.91. Slope and intercept values are always respectively compatible with 1 and 0 within 1σ, confirming the exclusion of 342 

statistically significant systematics.  343 
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Figure 9. The 214Pb net Reconstructed Count Rate (RCR) versus the 214Pb net Measured Count Rate (MCR) are reported together with the 344 

linear regression (black lines) considering only statistical uncertainties. The coefficient of determination obtained fitting the 355 temporal 345 

bins of P2 (blue dots) and of P3 (red dots) is r2 = 0.93 (panel a). Analysing the 139 temporal bins of P3, the coefficient of determination is 346 

r2 = 0.91. 347 

As introduced in Section 2.1, the sudden increase of the count rate e� and the gamma activity density c can be 348 

analysed as tracers of precipitations. In particular, the model functions built from Eq. (4) and Eq. (5) are adopted to 349 

reproduce respectively the e� and c dependence on the rain rate �:  350 

 e� = e` ⋅ a ⋅ �G (9) 

 c = a ⋅ �GE� (10) 

where for a fixed e` = 0.25 ℎ, e� and G are obtained with �a, :���  and �a, :�V  as free parameters respectively. We 351 

analysed 82 temporal bins of the P2 characterized by non-zero rainfall amount. The fit of e� and c as a function of the rain 352 

rate R is shown in Figure 10 and Figure 11 and permits us to calculate the best values of �a, :���  and �a, :�V . 353 

 354 

 355 
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Figure 10. Plot of the sudden increase of 214Pb count rate e� as function of the rainfall rate �. The e� values were calculated over all the 356 

82 temporal bins (Δ` = 0.25 ,) of the P2 characterized by non-zero rainfall amounts. The best fit curve in red was obtained using Eq. (9) 357 

as model function.  358 

 359 

 360 

Figure 11. Plot of the 214Pb activity density c as function of the rainfall rate �. The c values were calculated over all the 82 temporal bins 361 

(e` = 0.25 ,) of the P2 characterized by non-zero rainfall amounts. The best fit curve in red was obtained using Eq. (10) as model 362 

function. 363 

We note that the best fit parameters �a = (2.15 ±  0.15)[^_F ��E�.��,E�.��], : = (0.50 ±  0.03)�Δ� and 364 �a = (1.94 ±  0.13)[^_F ��E�.��,E�.�
], : = (0.52 ±  0.03)�� are completely compatible within 1�. In the theoretical 365 

framework described in Section 2.1, these two independent results prove that rain induced gamma activity and the activity 366 

density are directly and inversely related to the rain rate respectively. Since the : parameter is detector independent, we 367 

emphasize that our result is in excellent agreement with the value � = (0.5 ±  0.1) published by (Mercier et al., 2009). The 368 

variability of a and : values reported in Table 4 can be explained with variations of in-cloud 222Rn concentration and/or of 369 

in-cloud scavenging efficiency (Mercier et al., 2009).  370 

Results shown in Figure 10 confirm that the sudden increase of count rate increase Δ� is positively correlated with 371 

the rain rate � (Δ� ∝ ��/� ), which implies that the more intense is the precipitation, the higher is the count rate increase 372 

recorded by the PGR station. Similarly, results presented in Figure 11 show that the 214Pb gamma activity density c is 373 

inversely correlated with the rain rate R (c ∝ �E�/�), which means that, being equal the absolute precipitation amount, the 374 

lower is the rainfall intensity (i.e. the longer is the rain duration), the higher is the radioactive content of rain water. For 375 

instance, although Episode 12 and 7 were characterized by approximately the same amount of precipitated water (Table 2), 376 

Episode 12 had about half the mean rain rate of Episode 7 but a larger overall 214Pb gamma activity increase, as can be 377 

inferred from the 214Pb net count rate time series over the rain time (Figure 8).  378 

These evidences appear even clearer by studying the activity density c as a function of the droplet diameter. 379 

Following (Villermaux and Bossa, 2009), the rain rate � can be linked to the average droplet diameter 〈�〉 [^�] by the 380 

relation: 381 

 〈�〉 = ( ∙ ��� 
 (11) 
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where ( = ��
.� �^� ⋅ u��Q wE�/��. By substituting Eq. (11) in Eq. (10), it is possible to infer the correlation between the 382 

activity density c as a function of the average droplet diameter 〈�〉: 383 

 c = a ⋅ �GE� = a ⋅ ��〈�〉( ����
GE�

= a ⋅ �〈�〉( ���⋅(GE�)
  (12) 

By substituting the best fit parameters �a = (1.94 ±  0.13)[^_F ��E�.��,E�.�
], : = (0.52 ±  0.03)�� (Figure 11) in 384 

Eq. (12), it is possible to obtain the following relation: 385 

 c = 1.94 ⋅ �〈�〉( ���⋅(�.��E�) = 4.43 ⋅ 10E� ⋅ 〈�〉E�.�� 
 (13) 

where c is expressed in [ZUW��] and 〈�〉 in [^�]. However, frequency in raindrop size distributions is usually based upon 386 

volume rather than number: it is useful to define a median volume diameter ��, which divides the larger and smaller drops 387 

of the distribution into two groups of equal volume (Laws and Parsons, 1943). By assuming an exponential drop size 388 

distribution (Villermaux and Bossa, 2009), the median volume diameter �� can be linked to the average droplet diameter 389 〈�〉 as (Eq. (5) of (Ulbrich and meteorology, 1983) with � = 0): 390 

 �� = 3.67 ⋅ 〈�〉  (14) 

As depicted in Figure 12, it is hence possible to express the relation between the activity density c[ZUW��] and the median 391 

volume diameter �� [^�]: 392 

 c = 7.35 ⋅ 10E	 ⋅ ��E�.��  (15) 
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  393 

Figure 12. The activity density c [^_F/��] of 214Pb nuclei in raindrops as a function of the median volume diameter ��  [^�] follows a 394 

curve (red line) described by Eq. (15). The shaded pink line shows the uncertainty due to the standard deviations of the best fit parameters 395 

of Figure 11. 396 

4 Conclusions 397 

In this work we present an exhaustive study of the radon daughters’ gamma activity measured at the ground in 398 

relation to rain rate. The results shown in this paper have been achieved by analysing data acquired for 7 months with a 399 

proximal gamma-ray spectroscopy detector and an agro-meteorological station installed in a test field. We summarize here 400 

the main conclusions of this paper. 401 

i) A reproducible mathematical model was developed for reconstructing the temporal evolution of the 214Pb 402 

net count rate during rain episodes as function of the rain rate �. The reliability of the method was 403 

confirmed by two relevant results. The predicted 214Pb net count rates, 5 hours before the rainfall and 5 404 

hours after the 214Pb exponential decrease post-rainfall, are in agreement at 1σ level with the measured 405 

values (Table 3 and Table 4). The 214Pb signals reconstructed by the model are linearly correlated with the 406 

values measured during the rain time with a coefficient of determination r2=0.91. Moreover, the slope and 407 

the intercept coefficients are compatible within 1� with 1 and 0 respectively (Figure 9). 408 

ii) The sudden increase of 214Pb count rates (Δ�) observed during every rainfall is clearly related to the rain 409 

rate (R) by the power law Δ� = a ⋅ �G, where a = (2.15 ±  0.15)[^_F ��E�.��,E�.��] is an equipment 410 

dependent parameter. The calculated universal parameter : = (0.50 ±  0.03) proves that the expected 411 

increase of radon daughters’ activity at the ground due to rainfalls depends on the square root of the rain 412 

rate (Figure 10). 413 

iii) For a fixed rainfall amount, the lower is the rainfall intensity (i.e. the longer is the rain duration), the 414 

higher is the radon daughters’ content in the rain water (i.e. the 214Pb activity density c). We observed a 415 

power law dependence c = a ⋅ �GE� between the 214Pb gamma activity density c [ZUW��] and the rain rate � 416 

(Figure 11). The best fit parameters a = (1.94 ±  0.13)[^_F ��E�.��,E�.�
] and : = (0.52 ±  0.03) 417 

agree with those obtained by an independent analysis in ii). 418 

iv) Studying the 214Pb activity density c as a function of droplet size, we can conclude that radon daughters’ 419 

abundance in a rain droplet is inversely proportional to the rain median volume diameter ��, according to 420 
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the following function: c = 7.35 ⋅ 10E	 ⋅ ��E�.��. This experimental evidence shows that the smaller 421 

droplets have on average higher radon daughters’ abundances. 422 

We shall learn more about the rain formation and scavenging mechanisms from future refined gamma 423 

measurements at the ground, including 214Bi data. Using the data from the network of thousands gamma sensors distributed 424 

on the ground (typically utilised for monitoring the air radioactivity in case of nuclear fallout) or radiation portal monitors, 425 

the activity density of the rain could provide valuable information to cloud science. Finally, further studies could exploit the 426 

presented model to assess the impact of the rain induced radiation on absorbed outdoor dose rates. 427 

 428 

  429 
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