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Abstract. It was shown by a series of observations of wet deposition of radon decay products at 
Nagoya, Japan that extremely high deposition rate events were associated with convective 
precipitation under presence of continental air mass aloft. Atmospheric transport simulations 
showed that the high deposition rate events were caused by continental radon transported within a 
relatively thin layer from 1 to 3 km above sea level. 
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INTRODUCTION 
It is widely known that environmental gamma dose rate increases during 

precipitation due to the short-lived radon decay products in rain water. The increase in 
dose rate due to precipitation sometimes seriously interferes routine monitoring around 
nuclear facilities. However, it is still difficult to quantitatively predict how much the 
dose rate increases by this natural phenomenon. Contribution of long-range transported 
radon from the Asian continent to Japan to the dose rate increase is also a matter of 
controversy. This study focuses on characteristics in wet deposition of shot-lived radon 
decay products in Japan by measuring their concentration in rainwater and by analyzing 
radon transport in the atmosphere with a numerical model. 

OBSERVATION OF WET DEPOSITION 

Method 
Concentration and deposition rate of short-lived radon decay products were 

measured at Nagoya (35°19'N, 136°59'E), Japan from August, 2004 to October, 2006 
with an automated deposition monitor comprising a well-type Nal(Tl) detector installed 
in a 5 cm thick lead shielding, a funnel with a circular open mouth with a diameter of 300 
mm directed upward to collect rainwater and a rain gauge with a precision of 0.0083 mm. The 
sample cell in the detector has a volume of 15 ml and the same volume of sample rain 
water is introduced automatically when precipitation is detected. Counting of gamma 
rays from Pb (352keV) and Bi (609keV), flashing of the cell by de-ionized water 
and background counting is repeated every 15 min. The detector was calibrated with 
standard sample water, which was prepared by bubbling high radon concentration air 
and was evaluated with a liquid scintillation counter. Decay of radon progenies was 
taken into consideration in this calibration procedure. The gamma counts were 
converted to activity concentration of radon decay products in rain water (hereafter, 
referred to as deposition concentration) using the calibration results and then to wet 
deposition rate by multiplying the precipitation intensity. Since the main target of this 
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study is rain events that result in high environmental dose rate, representative values of 

deposition concentration and deposition rate of each event, which are defined as the 

averages of three successive 15-min periods that are largest in the event, are used in the 

following discussion rather than using average values for whole precipitation duration.  

RESULTS AND DISCUSSION 

During the observation period of 27 months, 81 rain events were observed except 

for events during instrument trouble and maintenance. The averages of representative 

values of deposition concentration and rate were 0.92 Bq mL
-1

 and 5.35 kBq m
-2

 h
-1

 

with large variations of 0.05-4.51 Bq mL
-1

 and 0.24-60.8 kBq m
-2

 h
-1

, respectively. The 

deposition concentration tended to be high in winter and early spring than in other 

seasons. On the other hand, extremely high deposition rates exceeding 20 kBq m
-2

 h
-1 

were observed in warm seasons when precipitation intensity was large.  

To interpret the large variations from event to event, observed rain events were 

categorized from two independent aspects: i) origin of air mass existing at high altitude 

during the precipitation and ii) type of precipitation. Since the observation point is 

located in the out-flow region of the northeasterly monsoon wind form the Asian 

continent, the first aspect was set to identify the air at  high altitudes where rain is 

formed is “continental origin” or “oceanic origin.” A back trajectory model, 

HYSPLIT4
1
 of NOAA, was used to determine origin of air mass by starting trajectories 

at 3 km above Nagoya at the start time of each rain event and by tracing the trajectories 

for five days.  Type of precipitation was determined by analyzing weather chart and 

precipitation intensity. A rain event was categorized as “convective” (or “non-

convective”) if it was caused by a cold (or warm) front system. If this criterion was not 

evidently applicable, event were categorized as convective if the precipitation intensity 

exceeded 3 mm h
-1

.  

Results of this categorization are summarized in TABLE 1. It is evident that the 

deposition concentration is substantially higher in continental cases than in oceanic 

ones. The maximum concentration of oceanic categories is about 1 Bq mL
-1

and all of 

oceanic rain evens are characterized by low concentration without an exception. This is 

simply due to the fact that oceanic air masses have substantially less radon source areas 

to pass over. The deposition rate is high only in continental and convective category. 

The difference in precipitation intensity between convective and non-convective rains 

resulted in this very high deposition rate of the category. Since the high environmental 

dose rate directory related with the deposition rate, it can be inferred that most of high 

dose rate events occur under the continental and convective conditions.  

 
TABLE 1.  Average and maximum deposition concentrations and deposition rates for each category.  

Category Number  

of Events 

Concentration (max.) 

Bq mL
-1

 

Rate (max.) 

kBq m
-2

 h
-1

 

Continental & Convective 29 1.57 (4.19) 11.2 (60.8) 

Continental & Non-convective 20 1.09 (2.46) 3.1 (12.9) 

Oceanic & Convective 21 0.36 (1.01) 3.3 (7.9) 

Oceanic & Non-convective 11 0.46 (1.00) 1.5 (5.8) 

NUMERICAL ANALYSIS OF LONG-RANGE TRANSPORT 

Observations of radon concentrations at higher altitude are not usually carried out. 

Therefore, the conclusion deduced in the previous section cannot be observationally 

validated. In this section, to illustrate how concentration fields aloft are formed and how 

they relate to wet deposition, numerical simulations of long-range atmospheric radon 

transport in the East Asian region were carried out.  
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Model and Calculation Conditions 
The model used was a combination of a meteorological model MM5 and a radon 

transport model^. The former calculates atmospheric dynamics as well as atmospheric 
physics such as and atmospheric turbulence processes. MM5 provides the latter model 
with three-dimensional wind and turbulent diffusivity distributions. In the present 
application, the MRF-PBL model was used to calculate vertical turbulent diffusivity. 
The latter model calculates advection and diffusion of radon. Source distribution used 
was after Schery and Wasiolek''. In the preset application, the size of domain was 9792 
km (W-E) by 7776 km (N-S) and the grid size was 72 km. Meteorological input data 
used were analysis data from Japan Meteorological Agency (JMA-GANAL). 

Calculation Results and their Relation with Observed Deposition 
Vertical profiles of radon concentration calculated by the model for continental and 

convective cases are shown in FIGURE 1. The vertical profiles for the high deposition 
concentration cases (left figure) have characteristic peaks of about 2Bq m'^ at 2 km. It 
was analyzed from three-dimensional radon concentration distribution and its temporal 
evolution that these peaks were maintained over long distance from the Asian continent 
by a layered structure of wind shear and turbulent diffusivity. The height of peaks can 
reasonably be in a rain-forming cloud layer, resulting in efficient supply of decay 
products captured by rain droplets. On the other hand, the profiles for low to middle 
deposition concentrations (right figure) did not have such the peaks. The high 
concentration in the boundary layer with a several hundred meter depth would also have 
contributed to the high deposition concentration. 

It is also interesting to notice that the deposition concentration clearly correlates 
with the vertically integrated radon concentration (FIGURE 2). The correlation is 
strongest for the continental and convective cases if the integration is done for the air 
column from 1 to 3 km, implying that this layer supplies rain water with radon decay 
products much more than in other layers at different altitude. 
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FIGURE 1. Vertical profiles of radon concentration calculated for continental and convective 
precipitation events with high (left) and low (right) deposition concentrations. 
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• FIGURE 2. Relation between radioactivity concentration of radon decay products in rain water and 
vertically integrated radon concentration in the air column from 1 to 3 km. 

CONCLUSIONS 
Continuous wet deposition observation and numerical simulations of long-range 

atmospheric transport of radon showed that high deposition rate events were caused by 
continental radon aloft, which resulted in high deposition concentrations combined with 
strong convective precipitation. The good correlation between the deposition 
concentration and radon amount in air column implies that high environmental dose rate 
events can be predicted quantitatively by numerical simulations of radon transport. 
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