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ABSTRACT

This work addresses the short-term variability of gamma radiation measured continuously at the

Eastern North Atlantic (ENA) facility located in the Graciosa island (Azores, 39N; 28W ), a fixed site

of the  Atmospheric Radiation Measurement programme (ARM). The temporal variability of gamma

radiation  is  characterized  by  occasional  anomalies  over  a  slowly-varying  signal.  Sharp  peaks

lasting typically 2-4 hours are coincident with heavy precipitation  and result from the scavenging

effect of precipitation bringing radon progeny from the upper levels to the ground surface. However

the connection between gamma variability and precipitation is not straightforward as a result of the

complex interplay of factors such as the precipitation intensity, the PBL height, the cloud’s base

height and thickness, or the air mass origin and atmospheric concentration of sub-micron aerosols,

which  influence  the  scavenging  processes  and  therefore  the  concentration  of  radon  progeny.

Convective precipitation associated with cumuliform clouds forming under conditions of  warming

of the ground relative to the air does not produce enhancements in gamma radiation, since the

drop growing process is dominated by the fast accretion of liquid water, resulting in the reduction of

the concentration of radionuclides by dilution.  Events of convective precipitation further contribute

to a reduction in gamma counts by inhibiting radon release from the soil surface and by attenuating

gamma  rays  from  all  gamma-emitting elements  on  the  ground.   Anomalies  occurring  in  the

absence of precipitation are found to be associated with a diurnal cycle of maximum  gamma

counts before sunrise decreasing to a minimum in the evening, which are observed in conditions of

thermal stability and very weak winds enabling the build-up of near surface radon progeny during

the night.
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1.  Introduction

The omnipresence of Radon (Rn-222) in natural environments, its noble gas nature, and its half-life

of 3.8 days, make it particularly suitable as a natural environmental tracer in diverse geoscience

applications (e.g. Barbosa et  al.  2015).  Radon has been extensively used as an atmospheric

tracer (Wilkening, 1981), including as an indicator of atmospheric turbulence (e.g. Sesana et al.

2006) and as a tool to characterize the nocturnal stable boundary layer (e.g. Williams et al. 2013).

Radon measurements over the oceans have been used to identify radon-rich air masses that have

originated from continental areas (e.g.   Arnold et al. 2009; Chambers et al. 2009), particularly in

remote oceanic locations such as the Hawaii (Whittlestone et al. 1992; Chambers et al. 2013). 

Continuous radon monitoring, particularly in the case of very low concentrations such as typically

found  in  the  atmosphere,  is  much more  challenging  than  the  continuous  monitoring  of  radon

progeny, fostering the measurement of the gamma radiation from the radioactive decay of radon

progeny as an alternative to  the direct measurement of radon. Crystal scintillators for gamma rays

have  higher  relative  sensitivity  in  comparison  to  solid-state  alpha  detectors  and  ionization

chambers, allowing for a more detailed characterization of the temporal variability of environmental

radioactivity, particularly in the case of fast changes (Zafrir et al. 2011).

In the present study the temporal variability of gamma radiation is examined at a remote oceanic

site, on a small island in the middle of the North Atlantic Ocean (Graciosa island, Azores). The

specific geographical location of the site is a crucial aspect of the study. Graciosa is sufficiently

remote  to  be  clear  of  direct  continental  influence  (~1500  km  from  Europe)  and  typically

experiences relatively clean conditions advected from the central North Atlantic, but is also subject

to periodic episodes of continentally influenced polluted air masses from Western Europe, North

Africa, and North America (Logan et al. 2014; Wood et al. 2015). Continuous monitoring of gamma

radiation is carried out at the Eastern North Atlantic (ENA) facility, a fixed site of the  Atmospheric

Radiation  Measurement  programme (ARM),  established  and  supported  by  the  Department  of

Energy (DOE) of the United States of America with the collaboration of the local government and

University of the Azores. The collection of data at the ENA facility ensures the existence of detailed

knowledge on the atmospheric conditions at the site (Rémillard et al. 2012; Dong et al. 2014; Mann

et  al.  2014)  and   the  availability  of  a  comprehensive  suite  of  very  detailed  and  high-quality

atmospheric measurements that can be used as unique source of ancillary observations for the

interpretation of the radiation measurements.

Gamma radiation measured in the air at ~1m above the ground (the standard height for gamma

dose rate measurements) comprises gamma rays from both  the surface and the atmosphere.  The

largest surface contribution is from gamma rays originating inside mineral grains in the soil matrix,

either from the long-lived gamma-emitting elements (K-40, U-238, Th-232) or from Rn-222 and its

progeny, and is therefore stable in time, since the concentration of radionuclides  inside the mineral

grains  is constant in time. The surface contribution also includes radon atoms emanated from the

solid grains to the air or water-filled space of the porous medium which varies in time according to

the  overall  up  or  downward  transport  of  radon  inside  the  porous  medium.  The  atmospheric

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65



contribution includes gamma rays emitted by radon gas progeny in the near-surface atmosphere

as well as progeny brought down from the upper  atmosphere by below-cloud wash-out and in-

cloud  scavenging  by  nucleation  or  impaction  (e.g.  Levin  and  Cotton,  2008).   Stratiform  and

stratocumulus  clouds (Wood, 2012)  typically at low height and with small thickness, are limited to

scavenge radon progeny within the boundary layer,  while dynamically active cumuliform clouds

with high cloud tops are able to scavenge radon progeny from the troposphere.

This study focus on the short-term variability  (daily and sub-daily time scales) of gamma radiation

measured continuously at the ARM-ENA facility, and its association with atmospheric conditions.

The temporal variability of gamma radiation has been repeatedly addressed (e.g. Minato, 1980;

Takeuchi and Katase, 1982; Inomata et al. 2007; Mercier et al. 2009; Yakovleva et al. 2016) as it is

a crucial aspect in practical applications such as the routine monitoring of nuclear facilities. In this

environmental surveillance context it is fundamental to discriminate between increased levels of

gamma  radiation  associated  with  artificial  radioactivity,  and  the  natural  variability  in  gamma

radiation associated with specific atmospheric conditions such as the occurrence of precipitation.

Furthermore, the scientific applications relying on radionuclides as atmospheric tracers require a

detailed  understanding  of  the  different  processes  influencing  their  variability.   Several  studies

reported  strong  short-term  variations  in  environmental  gamma  radiation  associated  with

precipitation, but its dependence with the rate, duration and amount of precipitation is found to be

highly variable (Fujinami, 1996; Inomata et al. 2007; Burnett et al. 2010).  Furthermore, strong

enhancements in gamma rays have been reported even in the absence of precipitation (Inomata et

al. 2007; Yakovleva et al. 2016) as well as cases of precipitation events producing no detectable

effects  in  the  gamma  radiation,  and  interpreted  as  the   result  of  the  distance  between  the

precipitation measuring station and the gamma monitoring site  (Yakovleva et al. 2016). An obvious

hindrance of  previous  studies  is  the  lack  of  temporal  and/or  spatial  resolution  of  gamma and

meteorological measurements, for example relying on hourly averaged precipitation (e.g. Inomata

et al. 2007) or precipitation data collected only once every 12 h (Yakovleva et al. 2016).  Another

evident limitation is the noncontiguous location of gamma and precipitation measurements (e.g.

Yakovleva et al. 2016).

Here the link between gamma radiation short-term peaks and precipitation is investigated in-depth

taking advantage of  the extensive meteorological infrastructure available at the ARM-ENA site.

The monitoring site is described in section 2.1, the instrumental set-up is depicted in section 2.2.,

and the data used in the study are presented in section 2.3. The results are shown in section 3 and

discussed in section 4, along with concluding remarks.

2. Material and methods

2.1. Geographical setting

The  Graciosa  Island  (39  ºN  28  ºW)  is  the  second  smallest  island  of  the  Azores  Archipelago

(Portugal). It is a small ( ~60 km2 area)  and low lying (~400m ) volcanic island  dominated by a 1.6

km wide central caldera in the southeast (Fig. 1).  As a result of its location between the subtropics
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and the mid latitudes, Graciosa experiences a diverse range of air mass histories and is subject to

strong  synoptic  meteorological  variability including  cyclonic  systems,  fronts,  and  periods  of

extensive low-level cloudiness.  The island is small  and low enough that clouds above are not

strongly  influenced by its  presence,  making it  a  very suitable site for  the study of  the Marine

Boundary Layer (MBL).  While not subject to direct continental influence because of its remote

oceanic location, Graciosa experiences in addition to pristine arctic air masses from the north also

air masses that have been circulating around the Azores high pressure  system over the ocean for

several days as well as markedly polluted continental air masses from both North  America and

Europe, making it a very suitable site for studies on aerosols and microphysical cloud properties

(Wood et al. 2009).

Following the deployment of the ARM mobile facility at Graciosa (2009-2010) in the context of the

Clouds, Aerosol and Precipitation in the Marine Boundary Layer (CAP-MBL) field campaign (Wood

et  al.  2015),  a  new fixed  facility  became operational  at   Graciosa Island  at  the  end of  2013

(Nitschke et al. 2014). The gamma radiation monitoring field campaign at the ARM-ENA facility was

initiated in May 2015 and is expected to run continuously up to March 2018.

2.2. Instrumental set-up

Continuous monitoring of gamma rays is performed using an NaI(Tl) scintillation sensor of 3” x 3”

(Scionix,  Holland)  equipped  with  an  electronic  total  count  Single  Channel  Analyzer  (SCA)

measuring gamma radiation in the range 475 KeV to 3000 KeV. The instrument is placed inside a

metal container (6 m length, 2.44m width and 2.55m height) sitting 15 cm above a concrete slab of

25 cm depth. The sensor is placed vertically, looking upwards, at a height of 1.025 m from the

container floor. The total count of gamma rays registered by the scintillator is recorded  every 15

minutes.

The gamma scintillator measures the gamma radiation from the radioactive decay of the radon

progeny, Pb-214 (half-life 26.8 min)  and Bi-214 (half-life 19.9 min), as well as the contribution from

very long-lived radionuclides U-238, Th-232 and K-40. An additional potential source of gamma

rays is  the secondary radiation from atmospheric  interactions with cosmic rays (Brunetti  et  al.

2000;  Dorman, 2013).  However,  higher resolution measurements (e.g.  1-minute instead of  15-

minutes) would be preferable to detect that contribution.

2.3. Data

Data from the gamma radiation monitoring campaign at the ARM-ENA facility are considered for

the period from  day  128 (2015-05-08) to day 164 (2015-06-13). The time series of counts per

minute (cpm) for every 15-minutes is displayed in Fig. 2. A running median with a window of 3

observations (45 minutes) is applied to the raw measurements for minimal robust smoothing and

elimination of eventual isolated outliers (Härdle and Steiger, 1995), such as the ones associated

with  secondary  cosmic  rays.  Furthermore,  the  long-term variability  signal  (represented  by  the
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smooth curve in Fig. 2) is estimated by locally-weighted polynomial regression using the lowess

algorithm (Cleveland, 1979).  This slowly-varying signal in gamma radiation, with higher counts in

the middle (and drier) part of the record, is likely determined by the moisture content of the surface

and the resulting attenuation of gamma rays from the terrestrial radionuclides (K, U, Th). Since the

focus of the present study is on short-term variability, this long-term signal is subtracted from the

time series and the absolute counts are converted to relative counts (%) using a mean value of

7550 cpm. This detrended time series (Fig. 3) is considered hereafter.

Meteorological ancillary data at the monitoring site are obtained from the ARM Data Archive. These

include atmospheric pressure, air temperature, relative humidity, visibility, wind speed and wind

direction  from  ARM  standard  meteorological  instrumentation  at  surface  (MET  datastream);

precipitation  and  hydrometeor's  characteristics  from  OTT  Parsivel2  laser  disdrometer  (PARS

datastream);  concentration  of  aerosol  from  Humidified  Tandem  Differential  Mobility  Analyzer

(AOSHTDMA datastream); atmospheric boundary layer height from ceilometer (CEIL datastream);

cloud height  above ground level  from Micropulse Lidar cloud mask (MPLCMASK value added

product);   and CAPE (convective available potential energy) derived from microwave radiometer

profiler measurements (MWRP datastream). Although the sampling rate of the meteorological time

series is higher than the 15-minute rate of the gamma radiation series, the original ~10-min rate of

the AOSHTDMA  data and the 1-min rate of all the other variables is kept unchanged in order to

avoid the modification of temporal variability patterns  that could result from temporal aggregation

of the observations.

All times are UTC (Coordinated Universal Time). All gamma and meteorological data are freely

available from the ARM data archive.

3.  Results

The time series of variations in gamma radiation counts exhibits changes typically below 5% (Fig.

3).  However, the series displays very clear peaks, and despite the low percentage variation (3%-

6%)  these anomalies are statistically significant  and well above the average noise (<< 1%). Two

types of anomalies can be distinguished: sharp peaks (e.g. days 128, 129, 133, 161)  lasting a few

hours,  and  broader  peaks   (e.g.  days  141,  142,  150,153,  154,  156).  Troughs  are  smaller  in

magnitude and less common and mostly occur after a sharp peak (e.g. days 128, 162), although

there are exceptions (e.g. days 155, 160). Two periods characterized by  very low volatility and

absence of anomalies can be clearly identified from 14 th to 20th May 2015 (days 134 to 140) and

from May 23rd to 29th (days 143 to 149).

Atmospheric conditions are expected to strongly influence the concentration of radon progeny in

the  atmosphere  and  therefore  the  variability  of  gamma  radiation  counts.  The  state  of  the

atmosphere during the monitoring period  is addressed in section 3.1, and a detailed assessment

of its influence on gamma radiation short-term variability is presented in section 3.2.

3.1. Atmospheric conditions
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Surface atmospheric conditions for the period under consideration are examined from the time

series  of  basic  surface meteorological  observations  at  the  ENA facility  (Fig.  4).  The temporal

evolution of  atmospheric  pressure (Fig.  4 (a))  indicates three distinct  periods:  a first  period of

mainly  stormy  weather,  from  8th to  13th May  (days  128  to  133),  characterized  by  very  low

atmospheric pressure; an intermediate period of mainly fair weather, from 14th to 30th May (days

134 to 150), dominated by high atmospheric pressure; and a lower pressure period  from 31st  May

onward.  A corresponding distinction is  evident  in  the other  meteorological  variables:  in  the 1st

period the air temperature is lower and  with an irregular diurnal cycle (Fig. 4 (b)) and winds are

typically strong (Fig. 4 (c)) and from the S-SW (Fig. 4 (d)); the intermediate period is characterized

by  consistent  diurnal  temperature  variability and  stable  easterly  winds;  the  final  period  is

associated with warmer weather and mainly westerly winds.  The properties of  clouds are also

markedly different for the three periods, particularly in terms of cloud base height (Fig. 5 (a)), the

middle part of the record being characterized by low as well as thinner (Fig. 5 (b)) clouds. The

height  of  the  Planetary  Boundary  Layer  (PBL)  separating  the  free  atmosphere  from  the

atmosphere responding to surface forcings  also tends to be lower in the intermediate  than in the

beginning and end  periods (Fig 5 (c)). 

Precipitation conditions are assessed from  laser disdrometer measurements of precipitation and

hydrometeor's characteristics at the ENA site  (Fig. 6), including precipitation intensity (mm/hour),

the number of particles that fall to the surface (counts), the hydrometeors median volume diameter

(mm) and the type of precipitation as given by the weather code wawa , Table 4680 (WMO, 2015).

The beginning of the record displays two heavy precipitation events on May 8th - 9th  (days 128 and

129)  characterized by very high intensity rain (> 50 mm/hour) and large diameter raindrops (in

general > 2 mm). This stormy period is followed by a mostly dry period, with mainly drizzle or low

intensity  rain  and  small  diameter  hydrometeors.  The  last  part  of  the  monitoring  period  is

characterized by drizzle and rain events of moderate intensity, with the exception of an isolated

high-intensity precipitation event (> 30 mm/hour) at the end of  June 3rd  (day 154).

The  comparison  of  the  temporal  variability  of  gamma  radiation  counts  (Fig.  3)  and  of

meteorological  parameters (Fig.  4 and Fig.  6)  confirms the expected influence of  atmospheric

conditions on the radon progeny concentration in the atmosphere. For example, the most intense

precipitation events coincide with  sharp peaks in gamma radiation counts, which are absent on the

mainly dry period in the middle of the record.  However,  some precipitation events don't seem to

affect the gamma radiation counts (e.g. day 154), and the largest gamma peak (on day 161) is

associated with a comparatively low intensity rain event, confirming that further aspects need to be

taken into account for a more complete explanation of changes in gamma radiation. Since radon

progeny,  being mostly  positively  charged isotopes of  heavy metals  (bismuth,  lead,…) attaches

readily to airborne participate matter, aerosols are a further key aspect that needs to be taken into

consideration. Figure 7 shows the total aerosol concentration derived from HTDMA measurements

at  the  ENA facility.  The  time  series  is  dominated  by  a  few  events  of  very  large  aerosol

concentration (> 10 x103 particles/cm3), the largest one occurring on 13th May (day 133) (Fig. 7 (a)).
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Apart from these events which are typically very short (a few hours at most),  the total aerosol

concentration is usually small (Fig. 7(b)), as expected from the marine geographical location and

low pollution levels of the monitoring site. The most striking feature is the marked increase in total

aerosol concentration at the end of the record, particularly on June 10th (day 161), coinciding with

the occurrence of the largest peak in gamma radiation. 

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) 4 model (Stein et al. 2015)

is run with NCEP Global Data Assimilation System (GDAS) meteorological data in order to derive

daily 3-day back trajectories ending at Graciosa 500m above the ground level. The first part of the

record (from days 128 to 134) corresponds to air  masses with trajectories coming from  North

America, the middle part (from days 135 to 160) is associated with more local air masses and

recirculating Azores high flow, and days 161-163 are associated with air  masses from western

Europe, as  illustrated in Fig. 8.

3.2. Variability patterns

The short-term variability of gamma radiation is summarized in Table 1 in terms of the percentage

magnitude  of  the corresponding  anomalies.  The  largest  anomalies  are  sharp  peaks  lasting

typically 2-4 hours, while the broader peaks correspond to smaller variations in gamma counts and

have a diurnal pattern with an increase in the first hours of the day, reaching a maximum in the

early morning and decreasing again to a minimum in the evening. The sharp peaks are associated

with strong precipitation events (except for day 133), while the diurnal peaks are related mainly

with dry periods (except for day 154).

The concurrence of sharp anomalies in gamma radiation and heavy rain is confirmed by the detail

plot in Figure 9. For the three largest peaks (days 128, 129 and 161) the sharp increase in gamma

radiation is coincident with a rain event, with high counts persisting for about 30-45 minutes after

the  rain  ends.  Furthermore,  the  peaks  are  asymmetric,  decreasing  slower  and  returning  to  a

slightly  lower  level  than  before the  anomaly.  The  magnitude  of  the  largest  peak  on  day  161

corresponds to a comparatively lower precipitation intensity, but a significantly larger  concentration

of aerosols below 700 nm  (Fig. 10). Day 161 is also characterized by the largest  heights  of the

nocturnal PBL (Fig. 5). In contrast the peak on day 133 is wider and exhibits an opposite behavior,

increasing slower than the corresponding decrease. Furthermore, while the start of the anomaly

seems to coincide with heavy rain in the early morning,  the maximum is only reached about 3

hours later (around 08:30), coincident with very high concentration of aerosols (Fig. 10).

Two events of heavy precipitation, at the end of day 154 (3rd June), starting around 22:30 and

exceeding 30 mm/hour, and at the end of day 159 (8 th June), starting around 18:30 and exceeding

15 mm/hour,  are not  associated with concurrent  peaks in  gamma radiation counts.  A possible

explanation is the type of precipitation being of convective type for these events. This is supported

by the time series  of  convective available  potential  energy,  an indicator  of  convective activity,

displayed  in  Fig.  11.  The  two  largest  values  of  CAPE,  associated  with  strong  atmospheric

instability, occur for these same two days (3rd and 8th June).  These two precipitation events are
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also characterized by a large number of  large volume particles (Fig. 6).

The small diurnal cycles are observed in dry conditions and weak winds (Fig. 4(c)), indicating that

they are associated with the stability of the atmosphere and the diurnal cycle of the planetary

boundary layer. This is illustrated by the detailed time series shown in Figure 12. For day 141 the

peak in gamma counts is coincident with very low wind speed around 06:30 and starts to decrease

before 07:00 when the air temperature starts to increase. Weak winds are also observed during the

night of day 156, but the temperature starts to increase earlier, around 04:00, and gamma counts

start to decrease also earlier (Fig. 12). The radon gas is able to accumulate near the surface in

situations of calm winds during the night and weak turbulence conditions, but mixing due to thermal

turbulence starts to decrease the concentration of radon gas near the ground when temperature

starts to increase. This explanation for the diurnal variability is in agreement with previous work

reporting  the  build-up of  radon  during  the night  as  associated  with  the  formation  of  a  stable

nocturnal boundary layer  and depletion during the day as the result of near surface convection

and the formation of  a  convective boundary layer   (Pascale  et  al,  2014).  Day 154 seems an

exception in the sense that the diurnal cycle is observed on a non-dry day. However, the early

hours  of  the  day  are  characterized  by  weak  winds,  and  the  same  situation  of  radon  gas

accumulation before sunrise takes place. Intense precipitation (> 30 mm/h) only starts after 22h00,

and thus not affects the diurnal variability of gamma radiation.

Troughs occur less frequently and have much smaller magnitude than positive anomalies. The

larger  troughs  (on  days  155  and  160  -  4th and  9th June)  occur  after  heavy  precipitation  of

convective  type.  Negative  departures from the average also occur  after  heavy  non-convective

precipitation, but are of even smaller magnitude and have shorter duration.

4.  Discussion and conclusions

The interpretation of the temporal variability of gamma radiation requires a detailed examination of

the origin of  the gamma rays that  are  being measured.  Given the experimental  set-up  of  the

monitoring campaign, with the sensor placed 1m above the ground without  any lead shielding

below, the sensor is  able to measure both gamma rays from the atmosphere and from the surface

including gamma rays from the first ~30 cm of the soil layer. Although a sharp distinction between

terrestrial  and atmospheric sources of gamma rays is not possible with the current set-up, the

surface contribution is expected to be the dominant, given the much larger concentration of gamma

emitting  radionuclides  in  the  surface  than  in  the  atmosphere.  Furthermore,  being   largely

comprised by gamma rays originating inside mineral  grains,  the terrestrial  gamma radiation  is

expected to be stabler in time. Two main physical processes contribute to  temporal changes in the

surface  contribution:  radon  gas  transport  inside  the  porous  medium  (dependent  on  soil  and

meteorological  parameters)  and  attenuation  of  gamma  rays  associated  with  soil  moisture

(Yoshioka, 1994).  The atmospheric contribution from radon progeny in the near surface or brought

down from the upper atmosphere by precipitation scavenging is expected to produce sharper and

faster variability in gamma radiation. 
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The temporal  variability  of  gamma radiation  measured at  the  ENA facility  is  characterized  by

occasional peaks over  a slowly-varying signal.  The  long-term signal is interpreted as originating

from gamma radiation from the surface, while  the peaks  are considered to be driven mainly by

atmospheric sources. The sharp peaks that dominate the  short-term variability of gamma radiation

during the monitoring period are coincident with heavy precipitation events, therefore resulting from

the scavenging effect of  precipitation bringing radon progeny from the upper air  to the ground

surface. The persistence of high gamma counts for about 30-45 minutes after the rain stops is

consistent with the half-lives of gamma-emitting radon progeny Pb-214 (27 min), and Bi-214 (20

min). The return of gamma counts to a slightly lower level after the heavy rain can be explained by

the high water  content  of  the ground.  The increase in  soil  moisture associated with rain (and

consequent reduction in soil permeability) causes first a  decrease in the exhalation of radon gas

from the soil to the atmosphere and then due to water infiltration a decrease in radon concentration

associated  with  dilution  of  Rn  gas  and  migration  to  deeper  levels  (Pascale  et  al,  2015).

Furthermore, the gamma rays from all gamma-emitting elements in the ground are attenuated by

the presence of water in the medium (Yoshioka, 1994). Both effects contribute to a decrease in

gamma radiation following precipitation events. These same processes can explain the troughs in

gamma counts as observed in days 155 and 160, since these occur after heavy precipitation with

consequent increase of  the water content of the surface. 

Despite the obvious role played by precipitation on the short-term variability of gamma radiation,

the connection is far from being straightforward as a result of the complex interplay of factors such

as the precipitation intensity, the PBL height, the cloud’s base height and thickness, or the air mass

origin  and  atmospheric  concentration  of  aerosols,  which  influence  the  scavenging  processes

affecting the concentration of radon progeny.  The dominant mechanism of scavenging of radon

progeny from the atmosphere by precipitation is expected to be within the cloud rather than below-

cloud wash-out (Fujinami,  1996), since the radon progeny attaches mostly to aerosols  with a

diameter of a few hundred nanometres which are prone to nucleation scavenging and other in-

cloud processes but are not subject to impaction by falling hydrometeors (Paatero and Hatakka,

1999).  Wash-out is strongly dependent on the cloud base height since the drops falling through a

larger distance are able to catch more progeny by below-cloud wash-out. 

As an illustration, the precipitation events on days 128 and 129 have similar  characteristics in

terms of air mass history, precipitation intensity, and number and volume of particles, but originate

peaks in gamma radiation roughly  half the magnitude, as a result of the larger thickness and cloud

base height of clouds in day 128 compared to day 129, and consequent higher efficiency of below-

cloud wash-out. However, in both cases the   slower decreasing of gamma rays is in agreement

with model results for the radiation resulting from in-cloud scavenging  (Horng and Jiang, 2003),

indicating a dominant contribution from rainout processes to the observed enhancement in gamma

radiation.  The largest   peak in  gamma radiation  on day  161 occurs  for  a  much less  intense

precipitation event, but a very large concentration of fine aerosols associated with the arrival of an

air mass from western Europe. Day 161 is also characterized by very high nocturnal PBL enabling
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radon gas at  the near  surface to be mixed up to higher  levels.  The sharp  peak on day 133

coincides with a even less intense precipitation event but also high concentration of aerosols. The

distinct shape of the anomaly (slower increase) and the high cloud base suggests that below-cloud

wash-out is the dominant process in this case.

Enhancements in gamma radiation occurring in the absence of precipitation and already reported

in previous studies (Inomata et al. 2017; Yakovleva et al. 2016) are here attributed to nocturnal

atmospheric conditions of low winds and air temperature enabling the build-up of near surface

radon progeny during the night. These diurnal signals have a typical shape (maximum at dawn or

early  morning and typically  duration  exceeding 6  hours)  but   magnitudes comparable  to rain-

induced  peaks,  so  the  distinction  between  the  two  types  of  gamma  radiation  enhancement

enhancement can be challenging, particularly in the case of data with low temporal resolution.

As  also  previously  reported  (Yakovleva  et  al.  2016)  some  precipitation  events  don’t  produce

detectable effects in gamma radiation. Although this was interpreted as an artifact resulting from

the local  nature of  precipitation and the  distance between the meteorological  station and the

gamma monitoring  site,  here  this  effect  is  undoubtedly  observed  with  co-located  gamma and

meteorological measurements, in conditions of convective precipitation (for example at the end of

day 154). In the case of convective precipitation associated with cumuliform clouds forming under

conditions of warmer ground than the air, the dominant  microphysical mechanism is the faster

accretion of liquid water. Thus  in the drop growing process leading to convective rain, the addition

of water results in a reduction of the concentration of radionuclides by dilution, explaining the lack

of  sharp  peaks  in  gamma radiation.  In  contrast  dynamically  active  cumuliform clouds forming

behind a cold front rather than by warm updraft resulting from warming of the ground relative to the

air  (as is the case in day 128)  produce enhancements in gamma radiation due to the ability of

slowly  growing  cloud  condensation  nucleus  and  consequent  nucleation  scavenging  of  radon

progeny.

In addition to radon gas exhalation from the ground, the source of radon progeny in the air has a

remote component resulting from aerosols and condensation nuclei in upper levels, and can have

an additional local component resulting from wind transport and/or updraft of radon gas from the

Graciosa surface. As a result of the geographical location of the site, in the middle of the Atlantic

ocean, and given the natural land/ocean contrast in radon gas concentration, the local contribution

is  expected to  be smaller  than the remote component.  Advance  on the understanding of  the

relative  importance  of  these  components,  as  well  as  on  the  distinction  between  below-cloud

washout and in-cloud processes, could be obtained by means of simultaneous measurements of

radon  progeny  concentration  in  air  and  in  the  precipitation  itself,  which  unfortunately  are  not

available.  Continuous monitoring of atmospheric radon would be also extremely valuable, since

significant disequilibrium between Rn-222 and its progeny is expected to occur on all time scales,

including sub-synoptic time scales (Zahorowski et al.  2012).  Further insight is expected to be

gained by extending the monitoring set-up to include additional  alpha particle sensors, given the

advantages of the combination of the two types of measurements (Zafrir et al. 2011, 2013) for the
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understanding of the temporal variability of radon and its progeny.
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Day Date %variation
counts

~time of max ~duration Rain
(mm/hour)

Aerosol
(1/cm3)

161 10/06/2015 7% 12:00 4h >10 217

128 08/05/2015 6% 07:00 2h >50 46

129 09/05/2015 3% 13:00 4h >50 38

133 13/05/2015 3% 08:30 5h <10 883

142 22/05/2015 3% 06:00 >6h 0 66

141 21/05/2015 2.5% 06:00 >6h 0 95

154 03/06/2015 2.5% 02:30 >6h >30 98

153 02/06/2015 2% 06:30 >6h 0 140

150 30/05/2015 1.5% 06:30 >6h <3 71

156 05/06/2015 1.5% 04:00 >6h 0 115

Table 1: Characteristics of gamma anomalies, precipitation intensity, and daily averaged aerosol

concentration.
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Figure 1: Geographical location of the ARM-ENA facility at the Graciosa island, Azores archipelago.



Figure 2: Time series of gamma counts (grey) and long-term signal (black line).



Figure 3: Detrended time series of gamma counts variation.



Figure 4: Time series of 1-min surface meteorological observations at the ENA facility.



Figure 5: Summary plots of median (horizontal thick line), 1st quartile (Q1, lower edge of box) and 3rd quartile

(Q3, upper edge of box) values: (a) cloud base height, (b) cloud thickness (cloud top - cloud base), and (c)

planetary boundary layer height (PBLH). 



Figure 6: Time series of precipitation characteristics from laser disdrometer measurements: (a) precipitation

intensity (mm/hour), (b) number of aqueous particles detected at the surface (counts), (c) median volume

diameter of particles (mm) and (d) precipitation type from wawa weather code.



Figure 7: Time series of total aerosol concentration from HTDMA measurements: (a) full range and (b) zoom.



Figure 8: Trajectory maps (upper panels) and heights (lower panels) for 3-day airmass back-trajectories ending

at Graciosa 500m above ground level: day 133 (top), day 141 (middle), and day 161 (bottom).



Figure 9: Detail time series of gamma anomalies (+) and precipitation intensity (mm/year).



Figure 10: Concentration of aerosol from the HTDMA instrument.



Figure 11: Time series of CAPE (convective available potential energy) from microwave radiometer profiler.



(a)

(b)

Figure 12: Detail time series of gamma anomalies (+) and atmospheric parameters (air temperature, and wind

speed) for two individual days: (a) day 141 (21/05/2015); (b) day 156 (05/06/2015).


