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ABSTRACT
    To establish a technology for near-continuous and near-real-time monitoring of marine 

radioactivity and to enhance early warning of abnormal radioactivity in the ocean, we constructed 

a marine in situ automated gamma radioactivity monitoring buoy station off the northeastern coast 

of Yilan, Taiwan, in 2022. The data is transmitted via 4G and automatically converted into activity 

concentrations using an automatic alarm module that determines and issues threshold concentration 

alerts, thus establishing a comprehensive procedure for marine radioactivity alarms. Data reliability 

was ensured through the use of the naturally occurring nuclide 40K. During the monitoring period, 

from August to December 2021, activity concentrations of the anthropogenic nuclide 137Cs 

remained consistently below the instrumental detection limit. This observation provides conclusive 

evidence of the absence of safety concerns related to 137Cs contamination in the seawater off the 

coast of Yilan. Furthermore, the dose rates of naturally occurring nuclide 214Bi exhibited a 

correlation with precipitation, especially during rainfalls caused by typhoons passing through the 

buoy deployment area and the East Asian Monsoon in winter. However, for typhoon-induced 

precipitation events that did not traverse the study area, substantial amounts of 214Bi were generated, 

yet no significant relationship was observed between the rainfall amount and the corresponding 
214Bi activity concentration. The underlying mechanism behind this preliminary observation 

requires further investigation.
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     The ocean encompasses three-quarters of the Earth's surface and serves as the ultimate repository for 
various substances, including anthropogenic radioactive materials. These materials exist in solid, liquid, and 
gaseous forms and enter the ocean through processes such as atmospheric deposition, rainfall or snowfall, rivers 
or glaciers, and submarine groundwater (Buesseler et al., 2016; Povinec & Hirose, 2012). Anthropogenic 
radioactive substances released into the ocean, whether actively (e.g., nuclear testing, emissions from nuclear 
power plants) or passively (e.g., nuclear power plant accidents, leakage, or disposal of radioactive waste), 
disperse, suspend, settle, or associate with particles in the ocean, manifesting as ions and colloids, encountering 
particle adsorption and biological uptake processes (Santschi, 2018).

        The radioactive isotopes present in the ocean are primarily of natural origin. The most abundant isotope is 
potassium-40 (40K, with a half-life of 1.25×109 years and an activity concentration of approximately 11,000 to 
14,000 Bq m-3), followed by uranium-238 (238U, with a half-life of 4.67×109 years and an activity concentration 
of approximately 40 Bq m-3). The total activities of these two isotopes in seawater, calculated based on the total
volume, are approximately 1.5×107 PBq and 3.7×104 PBq, respectively (Buesseler, 2014). In comparison, the
total quantity of anthropogenically produced radioactive isotopes is considerably smaller. These isotopes are
primarily the result of nuclear testing since the 1950s, the Three Mile Island nuclear power plant accident in
1979, the Chernobyl nuclear power plant accident in 1986, and the Fukushima Daiichi nuclear power plant
accident in 2011. For instance, the total activity of cesium-137 (137Cs, with a half-life of 30.2 years) is 
approximately 1.1×103 PBq (Buesseler, 2014). However, certain anthropogenic radionuclides tend to be readily 
absorbed and accumulated by organisms (Topcuo�lu, 2001; Tracy et al., 2013). Through the growth of 
organisms and transfers within the food chain, they continue to accumulate, posing adverse implications for 
food safety in fisheries and the health and safety of recreational activities in marine areas. Therefore, regular 
monitoring of anthropogenic radiation background in the ocean is essential.

        To enable real-time monitoring of marine radioactivity pollution and prompt responses, the development
of in situ automated detection instruments for ocean radioactivity has advanced since the 1990s. Radioactive
isotopes emit three types of radiation: alpha (α), beta (β), and gamma (γ) radiation. Alpha and beta radiation
have limited ranges in water due to ionization and elastic scattering and are undetectable in situ. In contrast,
gamma radiation possesses substantial penetration power and can be used to identify the activity concentration
of specific nuclides by detecting characteristic gamma energy spectra. Based on their mechanism, radiation
detectors can be categorized into scintillation detectors, ionization detectors, and semiconductor detectors.
Currently, the most widely used detectors for gamma spectrum detection are high purity germanium 
semiconductor (HPGe) detectors and scintillation detectors such as sodium iodide (NaI(Tl)) or lanthanum
bromide (LaBr3) detectors (Dou et al., 2021; Kwak et al., 2017). HPGe detectors provide exceptional energy
resolution; however, they require controlled working environments and are characterized by large equipment 
sizes. As a result, they are more aptly utilized for high-precision laboratory analysis, rather than for continuous
and extended in situ monitoring. LaBr3 detectors possess higher energy resolution (approximately 3�)
compared to NaI(Tl) detectors (approximately 7�), but exhibit lower detection efficiency and more stringent
working environment requirements, including inherent spectral interference from LaBr3. Consequently, NaI(Tl) 
detectors remain the mainstream choice for environmental field applications and commercially available 
instrument products (Povinec & Hirose, 2012). Gamma radiation detectors using NaI(Tl) crystals as probes
currently dominate international marine gamma radiation monitoring due to their relatively high detection
efficiency, lower working environment thresholds, cost-effectiveness, and compact size advantages (Kumagai
et al., 2012; Pensieri et al., 2018; Ren et al., 2017).

1 INTRODUCTION
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        Considering the absence of automated real-time radiation monitoring technology in Taiwan's oceanic areas,
the National Academy of Marine Research has introduced marine gamma spectrometers and related technology
through international collaboration. By integrating this technology with established buoy technology, a 
preliminary gamma radioactivity mooring buoy station has been established off the northeastern coast of Yilan
(121°55' 33"E, 24°57'3"N), Taiwan (Figure 1). This station serves two purposes: conducting preliminary
experiments for automated gamma radioactivity monitoring and enhancing the Taiwanese government's
capabilities in ocean radioactivity monitoring and early pollution warning.

      The anthropogenic radioactive substances present in the waters surrounding Taiwan primarily originate
from nuclear testing and are transported by ocean currents (Aoyama et al., 2008; Huang et al., 2021; Wu, 2018). 
They are less directly affected by the three major international nuclear accidents mentioned earlier. As time 
progresses, radioactive isotopes generated during the nuclear testing era naturally decay, allowing the ocean to 
gradually return to its normal state (Inomata et al., 2008).

      Furthermore, Taiwan operated three nuclear power plants between the 1970s and 1980s. However, the
Taiwanese government has been actively promoting energy transition and electricity industry reform policies
since 2016, with the goal of achieving a "nuclear-free homeland" by 2025. Two nuclear power plants have
already been shut down and are in the process of decommissioning. Nevertheless, Taiwan is not entirely within
a nuclear-free safety environment. The rapid economic development of China in the 21st century has led to a
significant increase in electricity demand, resulting in the construction of numerous power plants, including
nuclear power facilities. Currently, there are more than twenty nuclear power plants situated along the coastal
regions of China, with particularly high concentration in the southeastern coastal cities (Yu et al., 2020).

2.1 Overview of marine radioactivity monitoring in Taiwan

2 MATERIALS AND METHODS

Figure 1. (A) Location of the gamma radioactivity monitoring buoy (marked with a yellow dot) off the
northeastern coast of Yilan, Taiwan; (B) Deployment of the in situ automated gamma radioactivity
monitoring buoy (the arrow indicates the position of the gamma spectrometer); (C) Fundamental
working principle of gamma spectrometry; (D) Data transfer process in our system. The NODASS

platform is responsible for data storage and automatic radiation exceeding standard warnings.
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    The presence of numerous nuclear power plants along the Chinese coast heightens the potential for 
anthropogenic radioactive pollution in the Taiwan Strait, posing potential risks to the Taiwanese population in
terms of marine recreational activities, fisheries, and seafood consumption. Of particular concern is China's lack
of transparency regarding its nuclear safety incidents. For instance, (1) the Fuqing Nuclear Power Plant in Fujian
Province experienced abnormalities in June and October 2020, leading to the shutdown of its generating units.
The occurrence of radiation leakage remains uncertain, even though the plant is located only 162 kilometers
away from Miaoli in Central Taiwan. (2) The Taishan Nuclear Power Plant in Guangdong Province was reported
to have experienced fuel rod damage resulting in radiation leakage in June 2021. Given the quantity of nuclear
power plants along the Chinese coast and the lack of transparency, it is imperative for Taiwan to develop a real-
time monitoring and early warning system for radiation in its marine areas to enable prompt responses in the 
event of a nuclear safety incident.

     The operational principle of gamma spectrometry relies on the phenomenon of photon generation when
gamma particles within seawater interact with a scintillation crystal, producing photons in direct proportion to
the energy of the gamma particles (Figure 1C). These photons subsequently impinge upon a photomultiplier
tube, where they undergo conversion into electronic signals and amplification. These electronic signals are
further processed into voltage pulse signals, directly proportional to the energy of the gamma particles. 
Ultimately, the integral of the characteristic energy peaks, acquired through multi-channel energy spectrum
analysis, furnishes the energy intensity of specific nuclides. Furthermore, the instrument's sensing area requires
sealing within a watertight metallic structure for protection, and it is coated with anti-biofouling plastic material.
The framework is constructed from anti-corrosion stainless steel SUS316, with joints designed for underwater 
plugging and unplugging, permitting replacement of the radiation detection instrument underwater when 
necessary.

     To facilitate system calibration and maintenance during the trial operation phase, the gamma radiation 
detection instrument in this project will be positioned on the lower bracket of the buoy, located 1.5 meters below
the sea surface. Natural radioactive nuclide 40K (with a primary peak at 1,460 KeV) and the gross count of
gamma radioactivity will serve as references for assessing the gamma spectrometer's performance, considering
the experimental field conditions. For this study, the gamma spectrometer on the buoy will be configured to
continuously transmit integrated gamma spectrum data at one-hour intervals. The integrated counting values 
for a day (24 hours) will then be converted into activity concentrations, based on the integrated values of the
characteristic peaks of each nuclide in the spectrum.

      In this study, we opted for a NaI(Tl) crystal, characterized by its relatively high luminous efficiency, low 
detection technology threshold, and cost-effectiveness (KATERINA II, standard model, manufactured by 
HORST) (Pensieri et al., 2018). This underwater gamma-ray spectrometer can detect both natural and 
anthropogenic radioactive nuclides. The NaI(Tl) scintillation crystal, in its standard configuration, measures
7.62×7.62 cm and encompasses 1,024 spectral channels for analyzing the energy spectrum range of gamma
radioactivity, spanning from 50 to 2,800 KeV. For 137Cs (with a peak energy of approximately 661 KeV), the
instrument exhibits a detection resolution of approximately 6.5� and a lower detection limit of approximately
30 Bq m-3. It remains operational at a maximum underwater depth of 400 meters. While the detection limit for
137Cs of the KATERINA II exceeds that of the surrounding seawaters in Taiwan and the Western Pacific
(approximately 1.0±0.5 Bq m-3) (Huang et al., 2021), the instrument is highly sensitive and can monitor 
radioactivity levels that breach the criteria specified by both the Atomic Energy Council's Environmental 
Radiation Monitoring Regulations (<2,000 Bq m-3) and the World Health Organization (WHO) drinking water
standard (<10,000 Bq m-3).

2.2 Gamma spectrometer used in this study
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     The real-time gamma radioactivity monitoring buoy system, to be established for this study, comprises 
three essential components: a radioactivity detection instrument, a data buoy, and a data processing backend
(Figure 2). The buoy is constructed from aluminum alloy, with a diameter of 1.8 meters. Positioned atop the 
base of the buoy are three 90-watt solar panels, serving to provide the required long-term operational power for
observations. Additionally, the buoy system incorporates warning lights and radar reflectors to notify nearby
vessels and prevent potential collisions. The gamma radiation detector is affixed to the lower bracket of the
buoy, positioned approximately two meters below the water's surface. The detected gamma radiation values of
seawater are retrieved by the data acquisition system aboard the buoy, configured to record data at hourly
intervals by default. The gamma spectrum data, in conjunction with latitude and longitude coordinates and
system voltage, are transmitted in near real time to the onshore data monitoring station through the data
transmission equipment of the buoy, utilizing 4G as the primary communication method, with Iridium satellite
transmission as a secondary option (Figure 1D).

   This buoy-based observation technology has been operational in Taiwan for decades, undergoing 
significant technical development, and has been primarily employed for marine meteorological observations
(Kao et al., 2003). The key advantage of utilizing this buoy lies in its substantial size, affording increased 
buoyancy and ample space for the necessary solar panels and battery systems for power supply, as well as 
facilitating the installation of surface and underwater scientific instruments. The buoy system itself possesses
real-time transmission capabilities, enabling the regular transmission of instrument detection values to onshore
receiving stations through 4G or satellite communication. To ensure data integrity, the buoy is equipped with a
data logger, serving as a backup mechanism to safeguard data in the event of communication disruptions.

       Within this system configuration, an additional gamma spectrometer is installed to monitor anthropogenic
radioactive nuclides, such as 137Cs, along with natural radionuclides including 40K, bismuth-214 (214Bi), and
lead-214 (214Pb), spanning the entire gamma energy spectrum. The anchoring of the buoy system relies on robust
iron chains characterized by a higher working load capacity. To reduce the weight of these iron chains 
underwater, the system employs a taut mooring design, ensuring that the communication and charging devices
positioned atop the buoy remain at the sea surface, thereby maintaining efficient communication transmission
and solar panel charging. Two sizes of iron chains, measuring 19 cm and 26 cm, are employed, boasting a
maximum tensile strength capable of withstanding extreme conditions, such as waves and currents, providing
a safety factor of more than two. These iron chains undergo hot-dip galvanization to ensure corrosion resistance 
in seawater for up to 1.5 years. The anchoring system comprises three sets of 1.2-ton train wheels, boasting a 
total weight exceeding 3.6 tons, equipped to withstand typhoons and the formidable waves commonly 
encountered in the Western Pacific Ocean.

2.3 Features of the in situ automated gamma radioactivity monitoring buoy
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     The selection of the site for setting up the near-real-time gamma radioactivity monitoring buoy in this 
study was informed by numerical simulations of the rate and extent of oceanic transport and dispersion of 
anthropogenic radionuclides during the 2011 Fukushima Daiichi nuclear disaster, in conjunction with in situ
seawater radioactivity sampling data (Behrens et al., 2012; Buesseler et al., 2016; Burr et al., 2020; Kumamoto
et al., 2017), as well as the three-dimensional spatial distribution of anthropogenic radionuclide activity 
concentrations in the Western Pacific (Aoyama et al., 2008; Men et al., 2015). Despite the reduction in activity
due to dilution, particle removal, or radioactive decay during the dispersion of radioactive nuclides, materials
released from the Fukushima coastal area in 2011 generally followed the surface circulation patterns of the
North Pacific. If water carrying radioactive substances is transported by the Kuroshio Current to the eastern
waters of Taiwan or even enters the southwestern waters of Taiwan via the Luzon Strait during winter, the
journey would span approximately one to five years (Behrens et al., 2012). In the event that water carrying 
radioactive substances diffuses within mesoscale eddies during the initial phase of source dispersion, radioactive
materials could reach the eastern waters of Taiwan and the entire Western Pacific within several months. 
Consequently, we have chosen Honeymoon Bay at the northeastern coast of Yilan, Taiwan, as the initial 
monitoring area for nuclear pollution, functioning as a "sentinel" (Figure 1A). This selection serves as a 
benchmark for assessing the potential presence of gamma-emitting radionuclides in wastewater released from
the Fukushima Daiichi nuclear power plant in Japan. Furthermore, the site selection avoids the influence of
gamma radiation releases from coastal nuclear power plants in China (Burr et al., 2020) and serves as a reference
point for low gamma radiation background levels, relevant to future automatic radiation monitoring stations in
the Taiwan Strait.

2.4 Testing area, buoy deployment, and quality control

Figure 2. Schematic representation of the main components of the marine in situ automated gamma
radioactivity monitoring buoy and the associated algorithms applied for data reduction.
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      The buoy deployment process involved using a maritime working vessel equipped with a rear A-frame
capable of safely hoisting a minimum load of five tons, thus facilitating the lifting of the approximately 4-ton 
anchor (Figure 1B). Buoy deployment operations were conducted under sea state conditions of level 3 or below. 
The deployment sequence included the buoy, followed by the iron chain, with the anchor being released last. 
The quality control and operation of the buoy system and data adhered to the practices outlined by the National
Data Buoy Center (NDBC) in the United States and the Quality Control and Operation Specifications for Data 
Buoys provided by the Central Weather Administration in Taiwan (Doong et al., 2007). In this study, the natural 
radionuclide 40K served as the basis for evaluating the spectrum validation and data quality control of the gamma 
radiation detector. Upon confirming that both the gross count and radiation count of the 40K peak in the gamma 
spectrum fell within normal ranges, the activity concentration (A) of each radionuclide could be calculated from 
the spectrum using Equation (1) presented below:

     In Equation (1), CPS represents the integrated signal strength in the characteristic peak of a specific 
radionuclide per unit time, Iγ signifies the emission probability of gamma radiation, and �m denotes the detector
efficiency in the marine environment (per cubic meter).

    The determination of the minimum detectable amount (MDA) for each radionuclide in the gamma 
spectrometer relies on a 24-hour measurement conducted during rainy periods and a background spectrum 
recorded during non-rainy periods (absent precipitation events). This determination is accomplished through 
Equation (2):

       In this equation, LD signifies the detection limit, T represents the detection time, Iγ denotes the emission 
probability of gamma radiation, and εm stands for the detector's efficiency in the marine environment (in cubic
meters). The data reading and processing adhere to the procedures outlined for KATERINA II (Kalfas et al.,
2016; Pensieri et al., 2018). This includes the utilization of SPECTRW software and its algorithms for the
correction of background interference, Compton photons, and the overlapping energy peaks (Kalfas et al., 2016)
(Figure 2).
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      The marine in situ automated gamma radioactivity monitoring buoy station, deployed off the northeastern
coast of Yilan, has undergone a smooth 4-month trial operation, characterized by uninterrupted data 
transmission (as shown in Table 1). Given the exceedingly low activity concentration of anthropogenic 
radionuclides in the marine environment during typical periods, we have employed natural radionuclide 40K as
a reference for assessing the stability and data quality of the instrument's detection results (Figure 3A). This
approach relies on the understanding that potassium constitutes one of the primary elements in seawater, with
a concentration of 390±10 mg L-1. It is considered a conservative element with generally stable concentration
in seawater, except for the influence of rainfall or river inflow. In accordance with this premise, we have 
calculated the daily radioactivity concentration of 40K, excluding data from rainy periods for comparison with
existing literature, yielding a value of 12,212±195 Bq m-3 (mean±SD, SD denotes 1 standard deviation). This
value aligns with the range of literature values, falling between 12,000 to 14,000 Bq m-3 (Bailly du Bois et al.,
2020; Choi et al., 2023; Tsabaris et al., 2021); the observed 1.6� variation (1SD) in the non-rainfall 40K data
implies the stability of the detection capabilities of the instrument during non-rainfall periods, under the
assumption that seawater salinity remains constant throughout this interval. Conversely, during rainfall periods, 
rainwater dilutes seawater salinity, resulting in a decrease in the 40K activity concentration (Figure 3A). In the 
absence of rainfall, the gross gamma radiation count in surface seawater in the study area measured 33,608±620
Bq m-3 (mean±SD). This outcome not only affirms the proper functioning of the NaI(Tl) scintillation detector
and photomultiplier tube, but underscores the instrument's stability by exhibiting only minimal variation of
approximately 1.8� (1SD). This indicates that gamma radiation values in surface seawater in the study area
during non-rainfall periods exhibit limited short-term variability, which closely approximates the systematic
detection error of the instrument. The results, derived using 40K and the total gamma radiation count, 
demonstrate that our instrument setup and spectral calculations can precisely and accurately determine the
activity concentration of individual radionuclide energy peaks. Regrettably, this study lacks records of seawater 
salinity. Our future plans include the addition of a conductivity sensor to the data buoy, which will allow us to 
elucidate the relationship between 40K and rainfall during precipitation events.

3.1 Stability of in situ gamma radioactivity observation

3 RESULTS AND DISCUSSION

      Like previous studies (Pensieri et al., 2018; Tsabaris et al., 2021), we have also observed that rainfall and
seasonal variations in water temperature can impact gamma radiation counting and spectral energy. For instance, 
rainfall affects the 40K signal primarily due to seawater potassium dilution by rainwater, leading to a reduction
in the 40K activity concentration. Furthermore, some atmospheric gamma radiation enters the surface seawater,
partially overlapping with the 40K peak in the spectrum (Patiris et al., 2021). Temperature variations induce
spectral drift, an inherent challenge in scintillation gamma spectrum techniques, as temperature fluctuations can
result in voltage variations within the instrument, thereby influencing energy distribution in the spectrum
(Pensieri et al., 2018). The KATERINA II gamma spectrometer employed in this study featured digital
electronics within its electronic module, allowing the compensation of spectrum variations caused by voltage
drift. This mechanism adjusted the voltage output for strong peaks, effectively mitigating significant effects
over short periods of time (e.g., a few hours). However, seasonal surface water temperature fluctuations, from
summer to autumn and winter, did induce spectral drift (Figure 4). Fortunately, this drift in the spectrum appears
not to disrupt the signal intensity of individual energy peaks. Consequently, we have been able to correct for
this drift by identifying characteristic energy peaks, including 40K and low-energy backscattering. For this study
we utilized software to automatically search for and define the characteristic energy peak of 40K as a reference
for energy peak drift correction. Following the subtraction of background interference from Compton photons
and the removal of overlapping energy peaks using differential equations, we ultimately obtained a more precise
estimate of nuclide activity concentration.
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Figure 3. Temporal variations of (A) 40K (in black) and gross count (in red), (B) 137Cs, with an arrow
indicating the WHO drinking water contamination standard for 137Cs, (C) 214Bi (black line) and 214Pb

(green dot), and (D) daily rainfall (data was obtained from the Dasi Fishing Harbor station operated by
the Center Weather Administration, Taiwan); All data have been corrected for spectral interference

and converted to activity concentration; Typhoons are highlighted with yellow backgrounds, including
Hinnamnor (Hn), Mufa (Mf), Noru (Nr), Nesat (Ns), and Nalgae (Ng).
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Figure 4. Spectral drift is observed across the 1,024 channels in the gamma spectrometer during the
monitoring period from late July to the end of December in 2022; the grey curve represents a standard

reference used to assess peak drift, encompassing both the Compton photon background and the
marked characteristic peaks/nuclides.

Table 1. Monitoring data obtained from the gamma spectrometer and the temperature sensor equipped
on the data buoy.
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       We performed the integration of gamma spectra from the northeastern coast of Yilan at the buoy monitoring
station. However, the characteristic energy peak at 661 keV did not reveal a clear 137Cs peak, regardless of
whether we integrated the data over 12 hours, 24 hours, 36 hours, or 48 hours. This suggests that the 137Cs
activity concentration in the seawater of this region falls below the lower detection limit of the instrument,
which is 30 Bq m-3. This level of the detection limit is attributed to the tailing background signal at the Compton 
edge and the insufficient detection resolution of the crystal. Consequently, we opted to analyze the data by
converting the 24-hour integration data into hourly activity concentrations, reducing counting errors per hour 
and enhancing statistical significance. The average 137Cs value from July 29 to December 30 was 10.1±7.7 Bq 
m-3 (mean±SD, n=156) (Figure 3B). Notably, this result exceeds the actual 137Cs level in the study area (Huang
et al., 2021), indicating that the NaI(Tl) detector is inadequate for accurately quantifying low-concentration
137Cs in the environment during periods without marine radiation pollution events. While we have corrected the 
137Cs data for spectral interference from Compton photons and 214Bi tailing, some noise induced by rainfall 
remains unavoidable, particularly during non-typhoon rainfall periods. The inaccurate measurement of 137Cs is 
primarily attributed to the high lower detection limit (LOD) of the instrument and consequently, a high limit of 
quantification (LOQ). We anticipate that the quantitative results will become more accurate once the 
radioactivity levels exceed 90 Bq m-3 or even 150 Bq m-3 (3 to 5 times of the LOD).

3.1 Time-series variation of 137Cs
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       The main reason for our inability to measure 137Cs activity concentration in seawater is the normal value
of 137Cs in the surface seawater off the coast of Yilan or the Kuroshio Current extending to the eastern coast of
Taiwan, which is approximately 1.0±0.3 Bq m-3 (Huang et al., 2021; Wu et al., 2020). This concentration level 
significantly falls below the lower detection limit of the instrument. Nevertheless, the primary objective of 
establishing the in situ automated gamma radioactivity monitoring buoy station is to furnish early warnings for 
abnormal gamma radiation in the marine environment. The absence of 137Cs signals under normal conditions 
signifies the absence of concerns regarding gamma radiation contamination in the surface seawater off the coast 
of Yilan or the Kuroshio surface water.

          The gamma radioactivity spectrometer employed in this study is of the standard type (non-high sensitivity).
Although its detection limit does not meet the background survey requirements for 137Cs activity concentration 
in the territorial waters off Taiwan, it still possesses substantial capabilities for early warning of radiation 
anomalies. These anomalies could include nuclear power plant accidents, marine leakage, nuclear waste 
disposal, and offshore nuclear tests. In the future, if the need for the detection of low activity concentrations
arises, the instrument can be replaced with a high-sensitivity model (featuring a larger crystal) to potentially
reduce the detection limit to 5 Bq m-3 or lower.

          Our data confirm a clear relationship between 214Pb, 214Bi, and the gross gamma count with rainfall events
(Figure 3C and 3D). The data reveals a highly positive correlation between the daily cumulative counts of 214Bi 
and 214Pb during the monitoring period (r=0.996, n=156). Additionally, daily cumulative rainfall accurately 
mirrors the daily average rainfall (r=1.000, n=94). Considering that 214Pb is susceptible to significant 
interference from signals resulting from low-energy backscattering, we have opted to discuss the correlation
using the daily cumulative count of 214Bi and the daily cumulative rainfall. The observed fluctuations in 214Bi
during rainfall events, alongside the moderate correlation between 214Bi and rainfall (r=0.448, n=94), serve as
confirmation of the relationship between 214Pb, 214Bi, and rainfall in the surface seawater of the study area.

        We have conducted a comparative analysis of the relationship between 214Bi and both general rainfall and
typhoon-induced rainfall using the same set of monitoring data (Figure 5). Our analysis assumes that 222Rn 
levels in the atmosphere remain relatively constant within the same season (Moriizumi et al., 2008). During 
non-typhoon periods, 214Bi exhibits a strong positive correlation with rainfall (r=0.704, n=79), primarily 
reflecting rainfall events associated with the prevailing East Asian winter monsoon, which occur from late 
autumn to winter. These rainfall events are characterized by extended durations (spanning several consecutive 
days) but low rainfall intensity, averaging 13.0±14.5 mm (mean±1SD). In contrast, during typhoon periods, 
such as Typhoon Hinnamnor and Typhoon Mufa, which followed a trajectory along the eastern Kuroshio 
Current and brushed past the Yilan oceanic region, a high correlation with accumulated rainfall is evident, with 
correlation coefficients of r=0.980 (n=3) and 0.641 (n=3), respectively. Notably, the other three typhoons, 

       Previous research has consistently documented that rainfall precipitation can result in an elevation of the
gross gamma count in seawater, primarily attributable to increased levels of natural radioisotopes 214Pb and
214Bi. This phenomenon stems from the introduction of radon gas from the atmosphere to the sea surface during
rainfall, which, through the decay of its daughter isotopes 214Pb and 214Bi, subsequently augments the gross 
gamma count in seawater (Patiris et al., 2021; Tsabaris et al., 2021). The decay sequence initiates with radon-
222 (222Rn, with a half-life of 3.8 days), progressing to polonium-218 (218Po, with a half-life of 3.1 minutes).
This process further involves decay to 214Pb (with a half-life of 26.8 minutes), subsequent decay to 214Bi (with 
a half-life of approximately 19.9 minutes), and ultimately concluding with the decay to stable lead-206 (206Pb). 
Importantly, throughout this decay sequence, the decay of 214Pb and 214Bi is accompanied by gamma radiation, 
with 214Pb exhibiting major gamma energy peaks at 295 and 352 keV, and 214Bi displaying major gamma energy
peaks at 609 and 1,764 keV.

3.3 Feasibility of estimating rainfall with 214Pb and 214Bi
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including Typhoon Noru, Typhoon Nesat, and Typhoon Nalgae, which traversed the eastern side of Luzon (off
Southern Taiwan) from the Western Pacific Ocean before entering the South China Sea, exhibited no significant
relationship between surface seawater 214Bi activity concentration and rainfall during their respective periods. 
However, it is important to highlight that Typhoons Nesat and Nalgae resulted in substantial rainfall in the Yilan
region, with the daily cumulative 214Bi activity concentrations surpassing those observed during Typhoon 
Hinnamnor when it approached Taiwan. Although we currently lack a definitive explanation for this 'excess
214Bi,' it can be inferred from the typhoon paths that this excess may be associated with moisture carried by the
outer circulation of the typhoons. This moisture potentially contains additional 214Bi. Furthermore, our
observations reveal that, during various rainfall events, the highest activity concentrations of 214Bi do not 
necessarily coincide with the peak of rainfall; at times, there is a delay, and the levels rapidly return to
background levels after rainfall cessation. This delayed phenomenon may be indicative of contributions from 
land-based surface runoff or the transport of 214Bi by surface currents from adjacent regions due to the extensive
coverage of rainfall or distinct rain cells within the same event. These hypotheses warrant further validation in 
future studies. Similar delayed occurrences of 214Bi during rainfall have been observed elsewhere (Bottardi et 
al., 2020; Patiris et al., 2021). However, our observations do not support the notion that 222Rn needs time for 
decay to produce this delay (Patiris et al., 2021). Instead, our data suggest that a substantial amount of 214Bi and
214Pb may already exist in atmospheric aerosol particles before the onset of rainfall.

       Prior research has directly utilized 214Bi and 214Pb to estimate the increase in gamma dose rates resulting 
from natural gamma radiation due to rainfall or to estimate atmospheric 222Rn (Ambrosino et al., 2020; Bottardi 
et al., 2020). Based on our initial observations, future investigations may contemplate additional factors, such 
as rainfall intensity, surface runoff into the ocean, and the concentration of fine atmospheric aerosol particles 
(e.g., PM2.5) during individual rainfall events, to accurately estimate the natural gamma dose rate. This endeavor
can build upon the existing framework established by previous studies.

Figure 5. Radon progeny 214Bi activity concentration over daily accumulated rainfall; Symbols
represent typhoons Hinnamnor (Hn), Mufa (Mf), Noru (Nr), Nesat (Ns), and Nalgae (Ng), as well as the

rainfall occurring during the prevailing East Asian winter monsoon.
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       We have successfully deployed a marine, in-situ automated gamma radioactivity monitoring buoy station
off the northeastern coast of Yilan, Taiwan, since the end of July 2022. It has operated smoothly for the past
five months, concluding at the end of December 2022. The continuous automatic gamma spectrum data have
been successfully transmitted to the onshore data receiving station via 4G, and the gamma energy peaks have
been automatically converted into activity concentrations. The data are archived in the NODASS, and the 137Cs
data is also publicly available through the NODASS website platform. It is important to reiterate that the purpose
of establishing the in situ seawater radioactivity monitoring system is to facilitate the prompt response to
unidentified nuclear accidents through the monitoring system's alarm system, rather than replacing traditional 
laboratory testing.

The in situ automatic monitoring of gamma radiation data in this study's area revealed the following:

1.The total counts and 40K reflect good instrument stability, as well as high accuracy and precision of 
   measurements.

2.The anthropogenic radionuclide 137Cs in the surface seawater off the coast of Yilan is below the 
  instrumental detection limit of 30 Bq m-3 (past monitoring data by water sampling indicates local 
   seawater is around 1.0 Bq m-3), which is much lower than the WHO drinking water standard of 10,000

4 CONCLUSIONS

   The primary objective behind establishing the sea-based, in situ automated gamma radioactivity 
monitoring buoy station in this study is to address public concerns in Taiwan arising from the potential release
of tritium-containing water from the Fukushima Daiichi Nuclear Power Plant. By providing scientific 
monitoring results, this initiative aims to mitigate apprehensions related to the presence of residual radioactive 
substances beyond tritium in the released water. Furthermore, the introduction of advanced monitoring  
instruments and technologies enhances Taiwan's capacity for radiation monitoring in the marine environment. 
Currently, the operation of the in situ automated gamma radioactivity monitoring buoy station proceeds 
smoothly, with all monitoring data transmitted via 4G to the database of the National Academy of Marine 
Research. The time-series variations of 137Cs monitoring values in the waters off the northeastern coast of Yilan
are accessible through the National Ocean Database and Sharing System (NODASS) platform 
(https://nodass.namr.gov.tw/) (Figure 1D). Additionally, the relevant data may be accessible on the GoOcean
platform (https://goocean.namr.gov.tw/), which offers marine recreation risk information to the public.

       In the future, our plan is to expand the monitored oceanic areas and proactively prepare for potential risks
associated with nuclear power plants in neighboring countries. This will enable us to utilize the monitoring 
system as needed and overcome the limitations of the current traditional approach, which involves collecting 
seawater samples every three months. The traditional method primarily serves as a 'historical record' for 
assessing background radiation in the marine environment at three-month intervals, lacking the capability to 
detect marine radiation pollution in real time. Moreover, the process of collecting seawater samples necessitates 
their transportation back to the laboratory, consuming both time and human resources for subsequent processing 
and analysis. Additionally, personnel involved in sample collection are exposed to potential radiation 
contamination risks in the field, which may remain unknown at the time of sampling. In comparison to the 
seasonal marine radioactivity surveys currently conducted by the Atomic Energy Council and its affiliated 
institutions of Taiwan, the establishment of our in situ automated gamma radioactivity mooring buoy station is 
a noteworthy achievement. It showcases Taiwan's ability to engage in in situ, near-continuous monitoring and 
near-real-time remote transmission of 137Cs gamma radiation data in marine areas.

3.4 Public information display platform and future planning
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Bq m-3. This instrument is suitable for detecting nuclear pollution in seawater and is not intended for 
measuring low-concentration seawater radiation background values.

3.The activity concentrations of the natural radionuclides 214Pb and 214Bi demonstrated an elevation during
    rainfall events and remained thereafter, leading to an increase in the total gamma radiation counts. Based
  on existing evidence, we speculate that the relationship between rainfall and 214Bi or 214Pb radiation 
   doses is not solely determined by rainfall volume, but also influenced by factors such as nearby surface
   runoff, different rainfall cells, surface ocean currents, and atmospheric aerosol concentration.

        The establishment of the automated gamma radioactivity monitoring buoy station in this sea area has
achieved automatic and near-continuous monitoring of marine gamma radioactivity in near real time. This lays 
the foundation for the development of a diversified underwater Internet of Things and provides enhanced 
security for maritime users. This study has successfully established Taiwan's first maritime gamma radiation 
monitoring station, demonstrating the technical capability of Taiwan for long-term, near-real-time automatic 
monitoring of marine gamma radioactivity. In the next phase, we will attempt to improve buoy power to enable 
the observation of other marine environmental parameters and develop in situ detection techniques for beta (β) 
radiation. We also hope that with this successful example, we can expand monitoring stations in various critical 
sea areas in the future to serve as a mechanical sentinel for monitoring potential marine radiation pollution. In 
combination with nowcast and forecast numerical models for the marine transport of radioactive substances, 
we aim to further enhance Taiwan's warning capabilities for offshore marine radiation and ensure public health 
and safety.
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their assistance in data archiving and website display. We extend special thanks to former NAMR President 
Yung-Fang Chiu for his strong support of this project, as well as to the INER, AEC for their technical guidance 
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