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The distribution of the ambient dose equivalent rate
(i.e., air dose rate) after a nuclear disaster is cru-
cial for zoning contaminated areas to facilitate au-
thorities’ effective decision making. Several countries
are considering a gradual characterization strategy
where airborne measurement is performed first fol-
lowed by ground measurement (i.e., via manborne or
carborne surveys). Nonetheless, potential differences
might emerge in country-specific air dose rate assess-
ment methods. Explaining these discrepancies can im-
prove and converge existing methodologies. The Japan
Atomic Energy Agency (JAEA) and the French Insti-
tute for Radiological Protection and Nuclear Safety
(IRSN), which are organizations involved in post-
nuclear accident crisis management, jointly performed
air dose rate measurements in 2019 at contaminated
sites around the Fukushima Daiichi Nuclear Power
Station. The similarities and differences between the
two organizations’ methods and results were quantita-
tively assessed by comparing the average air dose rates
obtained within a grid created with a geographic in-
formation system, and the reasons for the differences
between the organizations’ results were investigated.
The air dose rates obtained by the manborne measure-
ments varied depending on the calibration method.
Comparing the air dose rate assessment methods and
mapping techniques used in different countries will
contribute to developing international guidelines for
recommending the best method for determining air
dose rates.

Keywords: Fukushima Daiichi Nuclear Power Station
accident, ambient dose equivalent rate, gamma-ray spec-
trometry, mapping technologies, intercomparison

1. Introduction

After a nuclear power plant accident, one of the most
significant objectives is zoning contaminated territories
according to the ambient dose equivalent rate (i.e., air
dose rate) derived from the radionuclides a reactor re-

leases. The International Atomic Energy Agency (IAEA)
has established operational intervention levels to deter-
mine zones [1]. Each zone implements protective mea-
sures for residents such as evacuation, decontamination,
and restrictions on food and drink consumption. More-
over, appropriate monitoring methods should be applied
depending on the scale of the identified contaminated area.
Several countries are considering a gradual characteriza-
tion strategy to provide decision makers with information
promptly. First, an airborne survey is used to assess the
average contamination in the targeted area [2].

In recent years, airborne survey technologies using un-
manned aerial vehicles (i.e., drones) have developed re-
markably [3–6]. Nonetheless, a complex system response
inversion [7] or ground measurement is performed to more
precisely delimit contaminated and non-contaminated ar-
eas and evaluate the air dose rate near the ground. Map-
ping can be performed using detectors installed on vehi-
cles and in backpacks carried by humans. Compared with
manborne surveys, carborne surveys allow for the rapid as-
sessment of air dose rate distributions over large areas, pri-
marily on roads [8–14]. With a manborne survey, air dose
rate distribution can be assessed more locally by moving
to areas with high populations [12, 15–18].

In Japan, following the Fukushima Daiichi Nuclear
Power Station (FDNPS) accident, instruments and map-
ping methods for assessing air dose rate distribution have
been continuously developed as part of the national map-
ping project [19]. In particular, the Japan Atomic Energy
Agency (JAEA) has conducted airborne surveys using
manned helicopters since the FDNPS accident to assess
changes in air dose rate distribution in eastern Japan [20].
Moreover, ongoing surveys use unmanned helicopters,
which can fly at lower altitudes than manned helicopters,
to evaluate the detailed air dose rate distributions within a
5 km radius of the FDNPS [20]. For environments such
as urban areas where conducting airborne surveys is chal-
lenging, air dose rate distributions have been evaluated us-
ing mobile measurements, such as carborne [10] and man-
borne measurement [16], as well as using measurements
taken at fixed points with conventional gamma-ray detec-
tors [21]. In France, which has several operational nuclear
power plants, the French Institute for Radiological Protec-
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tion and Nuclear Safety (IRSN) plays a central role in char-
acterizing contaminated areas through airborne, carborne,
and manborne surveys in case of an accident in a nuclear
facility [22].

Although Japan and France have similar overall post-
accident contamination characterization strategies, the de-
tectors and data treatment methods used for their airborne,
carborne, and manborne surveys might differ, leading to a
potential bias in the results. In the event of a nuclear power
station accident, radionuclides are dispersed throughout
the country where the nuclear power plant is located as
well as in neighboring countries [23]. Thus, determining
the differences in the responses of the detectors used to
assess the dose rates is crucial.

In-situ gamma-ray spectrometry in the field has been
documented and published in international guidelines [24,
25]. Thus, aerial measurements have been integrated
in different countries and intercomparison exercises have
been organized. Examples of international comparisons of
air dose rate determination methods include the European
Calibration and Coordination of Mobile and Airborne
Gamma Spectrometry, which assessed the competence
of a manned helicopter and fixed-wing aerial survey
teams, primarily in the European project [26–28], and the
joint Japanese–Korean cross-check measurements of air-
borne [29] and ground [12, 30] measurement techniques.
However, each study separately discussed airborne and
ground measurement techniques for dose rate assessment.
Examples of a comprehensive discussion of the two are
mainly limited to Japan’s measurement techniques [28,31,
32]. Furthermore, the influence of specific conditions on
assessing air dose rates and on the measurement results,
such as the energy range of interest in the spectrum and
the size and type of detectors, has not been assessed.

Comparing different national air dose rate assessment
methods allows for the estimation of uncertainty sources
in dose rates during nuclear disasters and their impact on
the final assessment results. In this study, the JAEA and
the IRSN conducted joint manborne, carborne, and air-
borne surveys in the area surrounding the FDNPS in 2019
to estimate the measurement divergence quantitatively. A
comparison of the IRSN’s and JAEA’s methods can assist
in developing international guidelines that recommend the
best method for determining air dose rates in the event of
future cross-border nuclear disasters.

2. Materials and Methods

2.1. Study Sites

This study was conducted in the Fukushima difficult-to-
return zone. The map in Fig. 1 shows the air dose rates ob-
tained through airborne surveys using manned helicopters
that the Nuclear Regulation Authority of Japan conducted
between August 29 and September 18, 2019 [32]. The
air dose rate data were decay-corrected to September 18,
2019. Using this air dose rate map, manborne and airborne
surveys targeted sites with high 137Cs deposition densi-

ties [34] and air dose rates that were expected to be signif-
icantly higher than the background dose rates [35]. Fig. 1
shows the locations of the study sites and the survey path-
ways at each site, and Table 1 provides basic information
about the study sites.

2.2. Materials
A portable gamma-ray spectrometer–dosimeter and a

portable dosimeter were employed in the analysis. Table 2
shows the detectors the JAEA and IRSN used for their sur-
veys.

For the manborne and carborne surveys, the JAEA’s and
IRSN’s portable spectrometers–dosimeters were based on
a rectangular CsI(Tl) scintillation detector (1.5 × 1.5 ×
1.0 in.) and a cylindrical NaI(Tl) scintillation detector
(q3.0 in. × 3.0 in.) associated with Geiger–Müller coun-
ters for the IRSN. The multichannel analyzer was adjusted
to 1,024 channels, converting the energy range presented
in Table 2. The gamma-ray spectrum and dose rate are
displayed on the tablet. The portable dosemeter the IRSN
used comprises a Geiger–Müller counter coupled to a plas-
tic scintillator, covering the energy range presented in Ta-
ble 2. The dose rate and cartography are presented on a
tablet. The detector was placed in a backpack and inside
the trunk of a car for the manborne and carborne surveys,
respectively.

The airborne survey used a portable spectrometer–
dosimeter based on three cylindrical LaBr3(Ce) scintilla-
tion detectors (q1.5 in. × 1.5 in.) for the JAEA or a semi-
cylindrical NaI(Tl) scintillation detector (1.3×2.0 in.) with
two Geiger–Müller detectors for the IRSN. The detectors
were fixed under the lower part of an unmanned helicopter
(Fazer G2, Yamaha Co., Ltd., Japan) used for pesticide ap-
plication. Each detector was associated with a global nav-
igation satellite system (GNSS) unit to link the air dose
rates with location information (Table 2). The devices
were calibrated in terms of the air dose rate.

2.3. Evaluation of the Air Dose Rates
2.3.1. Evaluation Methods

The gamma-ray interaction with the detector was ob-
tained first to ascertain the counting rate. Conversion
of the counting rate into the air dose rate differs accord-
ing to the equipment used. For some equipment, a con-
version factor (CF, [(µSv/h)s]) is calculated from the to-
tal counting rate. The counting rate in the energy range
(50–7000 keV) is converted to an air does rate when mea-
sured with a device using a plastic scintillator as the detec-
tor (potable dosimeter) near a 137Cs source. Two methods
exist for calculating the CF for equipment with a gamma-
ray detector.

The first method for evaluating the CF uses a conversion
coefficient (� (�)) to represent the contribution of each
energy counting rate to the air dose rate [36]. This method
can only be applied to gamma-ray spectrometer–dosimeter
devices. The � (�) values of the CsI(Tl) and NaI(Tl) scin-
tillation detectors that evaluate dose rates in manborne
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Fig. 1. Site locations and survey paths at each site. This map was created using ArcGIS 10.6.1. The maps of the air dose rate
distributions in the top-right image were reconstructed using published data [32]. The background maps in the top-right, middle,
and lower images were based on the satellite image taken in April 2018 [33].
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Table 1. Basic study site information.

Study site JAEA office Site A Site B Park
Latitude 37.634520 37.408710 37.413450 37.404390
Longitude 140.994300 140.989300 140.985600 140.982400
Dose rate [µSv/h] 0.0956 3.91 7.81 2.35
Background dose rate [µSv/h] 0.0399 0.0411 0.0423 0.0417
137Cs deposition density [MBq/m2] 0.0488 2.91 4.46 2.74

Table 2. Information about the devices used in the survey.

Organization JAEA IRSN

Survey Manborne Carborne Airborne Manborne Manborne and
carborne Airborne

Image

Manufacturer
(detector)

Hamamatsu Photonics
Co., Ltd.

Japan Radiation
Engineering Co., Ltd. Saphymo Mirion Technologies Inc.

Element (crystal) CsI(Tl)
(1.5 × 1.5 × 1.0 in.)

LaBr3(Ce)
(q1.5 in. × 1.5 in. × 3) Plastic scintillator NaI(Tl) (q3.0 in. × 3.0 in. or 1.3 × 2.0 in.)

and two Geiger–Müller counters
ROI [keV] 30–2000 50–2800 50–7000 30–3000
Time constant [µs] 12 7.0 – – –
Integration interval
of counts [s] 1.0 1.0 1.0 1.0

Manufacturer
(GNSS) Hemisphere Co., Ltd. NovAtel Inc. GENEQ Inc. EOS Positioning Systems

Model A325 GNSS
Smart Antenna OEM 729 SXBlue ARROW

Received signal GPS, GLONASS GPS, GLONASS,
Galileo, etc. GPS, GLONASS GPS, GLONASS, Galileo, BeiDou

Positioning system Differential
CFall [(µSv/h)s]
(Site A) 4.51 × 10−4 4.51 × 10−4 2.55 × 10−4 – 1.11 × 10−4 8.32 × 10−4

and carborne surveys were calculated using Monte Carlo
simulations. Fig. 2 shows an example of � (�) for the
CsI(Tl) scintillation detector. The air dose rates obtained
from manborne and carborne surveys are estimated from
Eq. (1):

� =

∫ �max

�min

� (�)# (�) 3�, . . . . . . . . (1)

where � is the air dose rate [µSv/h], �max / min are the
maximum and minimum values of the gamma-ray energy
on the spectrum in the limited energy range [keV], � (�)
is the conversion coefficient [(µSv/h)s], and # (�) is the
counting rate at energy E [/s/keV].

The second method for evaluating CF uses CFall, which
considers the counting rate integrated over an energy
range [20]. In this study’s manborne and carborne sur-
veys, air dose rates were evaluated using the first method.
However, to facilitate comparison with CFall used in the
airborne surveys, CFall for manborne and carborne surveys
was determined by considering either the air dose rate cal-
culated using the second method outside the car during the
carborne survey or by taking the air dose rate values from

G
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Fig. 2. Pulse height of air dose rate conversion function
� (�) for a CsI(Tl) scintillation detector.

a reference handle radiometer (Table 2). For the airborne
survey, CFall was obtained using the geometric mean of
the air dose rates obtained via manborne survey within a
radius of 30 m from the hovering point and the counting
rate obtained at 1 m above ground level (agl.) via the air-
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Fig. 3. Evaluation result of shielding and attenuation factors.

borne survey at the same point. The JAEA and the IRSN
focused on counting rates of 50–2800 and 30–3000 keV,
respectively, to avoid the influence of cosmic rays (Ta-
ble 2). The equations for the air dose rates obtained via
airborne survey are described in Section 2.3.3.

The choice between the first and second methods de-
pends on the composition of the radionuclides deposited
on the target ground surface. Approximately one month
after an accident, most short-lived nuclides, such as 131I
and 133Xe, have decayed, leaving radiocesium (134Cs
and 137Cs) in the environment as the primary radionu-
clide [37]. Applying the CFall method based on the count-
ing rate integrated over an energy range is preferable in an
environment with few radionuclide types at a specific time
after the fallout.

2.3.2. Attenuation Carrier Correction
Except for airborne measurements where the gamma-

ray flux from the ground directly arrives at the detector
surface, radiation attenuation due to the human body or
a car must be considered in manborne and carborne sur-
veys. The attenuation corrective factor (SFH and SFC for a
human body or a car, respectively) is determined by mea-
suring the gamma-ray flux with and without the carrier.
Since the car used for the carborne survey was not the typ-
ical model the IRSN uses, the air dose rates were measured
at several sites (sites A and B and parking lots) inside and
outside the vehicle while staying at the same location to
calculate SFC. The slope of the linear correlation equation
represents the relationship between the dose rates inside
and outside the car, corresponding to the SFC (Fig. 3).

2.3.3. Attenuation Air Correction and a Method for
Calculating the Air Dose Rate at 1 m agl.

The counting rate attenuates exponentially with increas-
ing altitude (Fig. 3), necessitating conversion of the air
dose rate measured by airborne survey into a dose rate at
1 m agl., which represents the impact on the population.

For airborne surveys, the IRSN calculates air dose rates
using two methods. The first method, the IRSN method,
is implemented through data acquisition software using
Eq. (2) to calculate air dose rates at 1 m agl. [25, 38].

�1m = �L + �Cos + �Rad + �BG, . . . . . (2)

where �L is the local air dose rate based on � (�) in
Eq. (1) without a natural dose rate contribution calcu-
lated at 1 m agl. [µSv/h], �Cos is the air dose rate de-
rived from the cosmic rays at 1 m agl. [µSv/h], �Rad
is the air dose rate derived from the radon progeny at
1 m agl. [µSv/h], and �BG is the background air dose rate
derived from self-contamination of the detector [µSv/h].
The detailed calculation methods for each dose rate are
shown in Eqs. (5)–(10).

The second method, the JAEA method, is based on
Eq. (3) [20].

�1m = (�all − �BG)CFall exp
[
−AF(�m − �std)

]
, (3)

where �all is the total counting rate [/s] at 50–2800 or
30–3000 keV, �BG is the background counting rate, in-
cluding self-contamination of the detector [/s], AF is the
attenuation factor [/m], �m is the flight altitude agl. [m],
and �std is the standard altitude agl. (1 m).

Unmanned helicopter flights at 10–100 m in hover mode
were used to estimate AF at site A. The same altitude was
maintained for at least 100 s. The average �all at differ-
ent altitudes was determined. The slope of the exponen-
tial formulation of the average net counting rate (�net) at
10–100 m agl. was used to obtain the AF (Fig. 3).

Since the LaBr3(Ce) detectors the JAEA uses con-
tain 138La, a radioactive element, self-contamination of
the detector must be evaluated. Background spectra were
collected by aircraft hovering at 200 m offshore of the
Ukedo River to analyze the average �BG. The counting
rates of�all and�BG were integrated over the energy range
(Table 2). However, the NaI(Tl) scintillation detector the
IRSN uses has lower self-contamination than LaBr3(Ce)
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Table 3. Basic information about the surveys.

Survey Manborne Carborne Airborne

Site A B
Road

between
sites

A

Survey date Nov. 6,
2019

Nov. 7,
2019

Nov. 7,
2019

Nov. 1,
2019

(JAEA)
Nov. 7,
2019

(IRSN)
Survey con-
dition Grid pattern Line pattern Line pattern

hovering
Movement
speed [m/s] 0.5 16 2.0

Survey line
interval [m] 2.5 25 – 10

detectors. The IRSN performed a hover flight at 50 m agl.
at a non-contaminated site and over the sea to determine
the NaI(Tl) scintillation detector’s �BG.

2.4. Measurement Strategy for the
Intercomparison

Both organizations performed each survey on the same
day or week for the airborne measurement to directly com-
pare the results. For the manborne survey, the JAEA
and IRSN measurements were taken by walking along
the same route. For the carborne survey, both organiza-
tions’ detectors were placed in the trunk of the same car
at 1 m agl. For the airborne survey, both organizations’
detectors were mounted on the same unmanned helicopter
with the program set to allow them to measure the same
route at the same speed and altitude at site A.

For each site, the measurement parameters were previ-
ously defined, including the characterization pattern (line
and grid), the distance between the lines, and the speed.
Table 3 summarizes these measurement conditions.

2.5. Air Dose Rate Intercomparison Method
The average air dose rates obtained by the JAEA and the

IRSN within a common grid were compared using Eq. (4):

Relative deviation (RD) =
�I − �J

�J
, . . . . (4)

where �I and �J are the air dose rates obtained by the
IRSN and the JAEA [µSv/h], respectively. A detailed
schematic of the creation of a common grid is provided
in Appendix A. The closer the median and mean of the
RD are to zero, the lower the difference between the air
dose rates measured by the two organizations.

3. Results and Discussion

3.1. Conversion Factors for Air Dose Rates
For the manborne and carborne surveys, conversion of

the counting rate to the air dose rate was based on Eq. (1).
For the airborne survey, CFall used in Eq. (3) is presented

CF

[  
 ] [  
 ]

[  
 ]

[  
 ]

[  
 ]

[  
 ]

[              ]

n

n

n

Fig. 4. Distribution of CFall for the manborne survey ob-
tained using the JAEA’s detector. RF: relative frequency;
CRF: cumulative relative frequency.

in Table 2. The LaBr3(Ce) detector the JAEA used in
the airborne survey had three scintillators with a higher
detection surface than the NaI(Tl) detector of the IRSN.
Thus, the CFall in the airborne survey was lower than that
in the other survey. The CFall values used in Eq. (3) for the
manborne and carborne surveys were compared (Table 2).
Fig. 4 shows the distributions of CFall at the three sites.
The between-site differences in the mean values of CFall
can be ascribed to differences in the composition of the
radionuclides deposited on the ground surface, that is, the
Compton scattering contribution of radionuclides. Fig. 5
presents examples of the gamma-ray spectra obtained at
different sites, where the intensities of the full absorption
peaks of each radionuclide varied significantly in areas
with different air dose rates.
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[  
 ]

[       ]

Fig. 5. Gamma-ray spectra measured with a CsI(Tl) scintil-
lation detector for 2 min. obtained by the manborne survey.

3.2. Corrective Factor
The air dose rate should be precise when evaluating

site contamination. In a manborne survey, the attenua-
tion of gamma-rays by a carrier (SFH) along the way of
the gamma-ray flux to the detector must be considered.
Given that the radionuclides remaining at sites A and B
were Cs isotopes (Fig. 5), the IRSN used a correction fac-
tor of 1.23 based on the human body’s gamma-ray shield-
ing (the mean value for Cs isotopes is from Ref. [39, 40]
for 3 in. detectors and personal communication (not pub-
lished)). For the JAEA, the air dose rates were measured
and compared using a CsI(Tl) scintillation detector and
q1.0 in.×1.0 in. NaI(Tl) scintillation detector (TCS-172B,
Hitachi-Aloka Ltd., Tokyo, Japan) at various points in a
previous study [12, 30]. Moreover, the JAEA used a cor-
rection factor of 1.40 to address the human body’s gamma-
ray shielding.

Figure 3 shows the average air dose rates measured
inside and outside the car at three sites (sites A, B, and
nearby parking lots) for calculating the SFC used for the
carborne survey. This study showed that the bias due to
the methods used to determine the SFC was approximately
10%. The same SFC value was used to explain the dif-
ferences between the characteristics of the JAEA’s and
IRSN’s detectors and the similar air dose rates inside the
car. Determining SFC for the airborne survey was unnec-
essary because the detector was below the unmanned he-
licopter.

3.3. Air Dose Rate Calculation at 1 m agl.
For the manborne and carborne surveys, the measure-

ment height was approximately 1 m agl., different from
the airborne measurements. The dose rate in the airborne
survey at a flight altitude of 1 m agl. was converted us-
ing Eq. (3). The relationship between the mean value of
�net and the ground altitude is shown in Fig. 3 to calcu-
late the AF using Eq. (3). The counting rate the IRSN
measured was statistically lower than that measured by the
JAEA (Welch’s C-test, ∗? < 0.05). This result reflects the
difference in the total detection volume used by the two

Fig. 6. Variations in attenuation factor with flight altitude
during evaluation.

[          ]

[  
 ] [  
 ]n

Fig. 7. Distribution of the ln-transformed air dose rates ob-
tained by the manborne survey at site A (JAEA). RF: relative
frequency; CRF: cumulative relative frequency.

organizations. Nonetheless, the AF uncertainty was con-
sidered small based on the variations in the �net the JAEA
measured when the altitude was less than 2%. Due to the
IRSN detector’s small volume, the total absorption peak
of radiocesium (approximately 605 keV and 662 keV) on
the gamma-ray spectrum measured 40 m agl. at the con-
taminated site with an air dose rate of 3–4 µSv/h, which
was not clearly distinguished from the spectrum baseline.
The AF variations according to the flight levels were in-
vestigated to evaluate the AF factor with a bias of up to
35% for the IRSN detector (Fig. 6); however, the impact
on the air dose rate determination was 1%–11%.

The �net at 1 m agl. calculated by extrapolating the ex-
ponential relation in Fig. 3 and �net measured at 1 m agl.
in the supplementary data correlated well. Therefore, the
counting rate based on hovering flights could reasonably
evaluate CFall. Furthermore, a measurement with an un-
manned aerial detector at 1 m agl. was unnecessary.

Expressing the air dose rate measured at a flight alti-
tude of several meters to an air dose rate at 1 m agl. is sub-
ject to the assumption of homogeneity of contamination in
the detector’s field of view. Fig. 7 visualizes a histogram
of the ln-transformed air dose rates from the manborne
survey within a radius of 30 m from the hovering point,
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Fig. 8. Distribution of the air dose rates at 1 m agl. obtained by manborne surveys at sites A and B. This map was created using
ArcGIS 10.6.1.

showing a non-log normal distribution reflecting hetero-
geneous ground contamination. Thus, the CFall determi-
nation used the mean value of the manborne survey at a
radius of 30 m around a hovering point. The contribution
of radiocesium-derived gamma-rays deposited in an area
within a radius of 30 m to the air dose rate at an altitude
of 20 m is approximately 30% [2]. Therefore, the gamma-
rays can be ascribed to an area wider than the area range
on which this study focused, resulting in a discrepancy be-
tween the airborne and manborne survey results. Nonethe-
less, it was considered a more reasonable representation of
the actual air dose rate distribution on the ground surface
than the dose rate value directly obtained below the hov-
ering point. Considering the small uncertainty of AF in
evaluating CFall in the airborne survey and the geometric
standard deviation of the air dose rates shown in Fig. 7, the
heterogeneity of the air dose rates at the ground surface
within an area was considered the primary contributor to
the uncertainty in evaluating CFall for the airborne survey.

3.4. Distribution of Air Dose Rates
Manborne surveys were conducted at sites A and B

(Fig. 8). Both organizations’ measurements revealed the
non-uniform distribution of air dose rates in the area.
Fig. 9 shows the air dose rate distributions obtained from
the carborne survey. The characterizations highlighted the
validity of the manborne survey as a suitable for local-
scale zoning, whereas the carborne survey was deemed as
a suitable method for the rapid zoning of large areas acces-
sible by road. Fig. 10 shows the air dose rate distributions
obtained from the airborne survey at site A, confirming
that the airborne survey is the best method for assessing
the air dose rate distribution over a wide area.

Several biases in the air dose rate distributions were ob-
served, especially for the manborne survey at site B and the
airborne survey at site A. The primary reason for the dis-
crepancy between the air dose rate distributions the JAEA
and the IRSN measured is the accuracy of the GNSS unit
the IRSN used. For site B, although both organizations
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Fig. 9. Distribution of air dose rates at 1 m agl. obtained by carborne survey. This map was created using ArcGIS 10.6.1.

followed the same route (grid pattern), the trajectory of
the IRSN measurements deviated from that of the JAEA
in some areas by several meters. Similarly, for the air-
borne survey, the IRSN measurements deviated by sev-
eral meters in the southeast direction relative to the JAEA
results. The most northerly measurement lines were off
when measured by the IRSN at an altitude of 10 m agl.
because nearby schools shielded the radio waves the satel-
lite emitted at lower altitudes. The higher the flight al-
titude, the closer the IRSN’s flight trajectory approached
that of the JAEA, validating this hypothesis. This devia-
tion resulted from the limited accuracy of the GNSS unit
the IRSN used, which could be improved by increasing the
sensitivity of the receiver for countries outside the Euro-
pean zone.

3.5. Intercomparison Results
Figure 11 shows the RD histogram of air dose rates

and correlations to quantitatively evaluate the divergence
of the air dose rates the two organizations measured. For
the manborne, carborne, and airborne surveys, the air dose
rates the IRSN measured were 0.5–2.0 times those mea-
sured by the JAEA.

For the manborne survey, the air dose rates the IRSN
measured with the plastic scintillation detector differed
significantly from those the JAEA measured with the
CsI(Tl) scintillation detector (Welch’s C-test, ∗? < 0.05),
with the average RD indicating that the former was ap-
proximately 16% higher than the latter. No statistical dif-
ference occurred between the air dose rates the JAEA mea-

sured with CsI(Tl) and those the IRSN measured with the
NaI(Tl) scintillation detector (Student’s C-test, ∗? = 0.05)
because of the detectors’ similar dose rate calculation
methods. The plastic scintillator the IRSN used focused
on the counting rate derived from gamma- and beta-rays
and on an energy range wider than that of the CsI(Tl) or
NaI(Tl) detectors. However, considering the shielding of
the beta-rays by the electrical components, the backpack
around the detector, and the body of the person carrying
the backpack, most of the contribution to the air dose rate
can be ascribed to the gamma-rays emitting from radionu-
clides. In the manborne and airborne surveys, the data out-
side the targeted grid were excluded from the analysis due
to the GNSS equipment’s performance limitations.

Comparison of the data between the manborne and air-
borne surveys (Fig. 12) did not exhibit significant differ-
ences between the air dose rates obtained from the IRSN
airborne surveys using the JAEA method at an altitude of
10 m and those obtained from the JAEA manborne survey
(Welch’s C-test, ∗? = 0.05). Significant differences were
found between the two at other flight altitudes (Welch’s
C-test, ∗? < 0.05). The mean and median RDs deviated
from zero at higher altitudes in both organizations’ results,
with a greater deviation being observed for the JAEA air-
borne survey. This discrepancy indicates differences in the
measurement characteristics of the JAEA’s and IRSN’s de-
tectors when assessing heterogeneous ground contamina-
tion [2, 32].
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Fig. 10. Distribution of air dose rates at 1 m agl. obtained by airborne survey in site A. This map was created using ArcGIS 10.6.1.

4. Conclusions

Although no standard measurement methods exist for
post-nuclear disaster assessment of contaminated areas,
some countries, such as Japan and France, have the same
strategy using similar equipment, that is, a preliminary
characterization phase using a manned helicopter, fol-
lowed by improving the results obtained in the contami-
nated and uncontaminated areas using an unmanned heli-
copter at a low altitude and manborne surveys. Carborne
surveys supplement these characterizations for areas ac-
cessible by car.

The JAEA and IRSN conducted joint manborne, car-

borne, and airborne surveys around the FDNPS in this
study. This opportunity to realize such joint measurements
in “peacetime” allows for the exchange of post-accident
measurement strategies. This opportunity also permits
comparison of data treatment methods and determination
of uncertainties, which are crucial for cross-border evalua-
tion of contaminated zones in the case of nuclear disasters.
The following findings were obtained.

1. The manborne survey results showed that the air dose
rates the IRSN measured were similar to those mea-
sured by the JAEA based on comparison of the data
obtained by the NaI(Tl) and CsI(Tl) detectors given
that the same evaluation method was used. A plas-
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tic scintillation detector yields higher air dose rates
(16%) because of the process used to convert the
count rate to estimate the air dose rate.

2. The carborne survey results confirmed that the air
dose rates the two organizations measured correlated
well. The method used to calculate the car attenua-
tion to obtain an air dose rate in the environment and
not in the car could lead to a difference of approxi-
mately 10%.

3. The airborne survey results showed that the air
dose rates evaluated with the same methodology
(the JAEA method) presented smaller differences be-
tween the organizations with less than 10% bias. This
intercomparison highlighted the need for all organi-
zations to use the same data processing method to cal-
culate the air dose rate at 1 m agl.

4. For the airborne survey, AF, one of the parameters
needed to convert the air dose rate at flight altitude
into a height of 1 m agl., was determined by hovering
at a ground altitude of 10–100 m. AF assessment at
smaller altitudes had a lower impact on the air dose
rate (in the range of 1%–11%).

5. In particular, the GNSS units’ reception accuracy was
expected to affect the grid comparison method re-
sults.

6. The discrepancy in the air dose rates between man-
borne and airborne surveys became significant as the
ground altitude increased under heterogeneous con-
tamination.

These results confirmed the effectiveness of both orga-
nizations’ post-nuclear accident radiological monitoring
methods. Since each organization has its own monitoring
methods, continuous cooperation can enable rapid shar-
ing of information on the diffusion of radioactive materials
and the associated distribution of air dose rates in the event
of a nuclear power plant accident or similar emergencies.
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Appendix A. Supplementary Information
(Creation of Common Grid)

A square grid was created using ArcGIS (Environ-
mental Systems Research Institute Inc., California, USA)
based on the location information of the air dose rate mea-
surement data the JAEA obtained (Fig. 13(a)). A grid was
maintained if it contained at least one IRSN measurement
point and one JAEA measurement point. The average air
dose rate for each grid was calculated for each organiza-
tion (Fig. 13(b)). The horizontal positioning accuracy of
the GNSS unit associated with the detector was evaluated
to determine the grid size (Table 4). We used the root
mean square (RMS) as an evaluation metric, which is the
radius of the circle containing 63%–68% of all data rela-
tive to the reference coordinates.

The same detectors and GNSS units were used for the
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Table 4. Information about the GNSS unit’s horizontal position accuracy.

Organization JAEA IRSN
Survey Manborne Carborne Airborne Manborne Carborne Airborne
Site A B A B A A B A B A
= 103 122 104 161 614 – – – – 594
Calculated
RMS [cm] 21 48 2.6 7.3 51 – – – – 160

Reference
RMS [cm] 30 30 40 30 30 30

Fig. 14. Example of the evaluation horizontal position accu-
racy based on the airborne survey results obtained by JAEA.

manborne and carborne surveys. The location information
measured outside the car was used to evaluate the RMS of
the manborne survey, whereas that measured inside the car
was used to evaluate the RMS of the carborne survey.

For the airborne survey, a grid was created based on po-
sition information from the JAEA flight at 30 m agl. The
RMS was calculated using position information measured
at ground altitudes of 10 m, 20 m, and 30 m during hover-
ing flights.

Figure 14 shows an image of RMS evaluation for the
JAEA’s airborne survey. The RMS evaluated according
to the data from each field survey was almost equivalent
to the RMS of the catalog specifications proposed by the
manufacturer (Table 4).

Considering these RMS values, the integration interval
of the counts shown in Table 2, and the movement speed
shown in Table 3, the grid size was set to maximize the
data contained in each grid. The length of one side of the
square grid was defined as 5 m for the manborne and air-
borne surveys and 50 m for the carborne survey.

Appendix B. Supplementary Information
(Dose Rate Evaluation)

Equations (5)–(10) show the calculation of the dose
rates in Eq. (2).

�1m = �L + �Cos + �Rad + �BG, . . . . . (5)
�L = �L,HAlt�m,p, . . . . . . . . . . (6)

�L,HAlt = �Det,HAlt − �Cos,HAltMFCos − �Rad − �BG, (7)
�Cos = �Cos,HAlt exp

[
−�stdAFCos

]
, . . . . . (8)

�Cos,HAlt = �Cos,Hs exp
[
�AltAFCos

]
, . . . . . . (9)

�m,p = exp
[{

)std%m�Alt

()m + )std)%std
− �std

}
AFAir

]
, . (10)

where �1m is the air dose rate at the standard 1 m altitude
(�std [m]) [µSv/h], �L is the local air dose rate without
a natural dose rate contribution at �std [µSv/h], �Cos is
the air dose rate derived from cosmic rays at �std [µSv/h],
�Rad is the air dose rate derived from radon progeny at
�std [µSv/h], �BG is the background air dose rate derived
from self-contamination of a detector [µSv/h], �L,HAlt is
the local air dose rate at flight altitude (�Alt [m]) [µSv/h],
�m,p is the factor of the altitude corrected for the tempera-
ture and atmospheric pressure [m], �Det,HAlt is the air dose
rate at�Alt calculated in Eq. (1) [µSv/h], �Cos,HAlt is the lo-
cal air dose rate derived from cosmic rays at �Alt [µSv/h],
MFCos is the measured cosmic factor, AFCos is the cos-
mic attenuation factor [/m], �Cos,Hs is the air dose rate de-
rived from cosmic rays at sea level (�s [m]) [µSv/h], )std
is the standard temperature (273 K), %m is the measured
pressure [hPa], )m is the measured temperature [K], %std
is the standard pressure (1013 hPa), and AFAir is the air
attenuation factor [/m]. The first data treatment was per-
formed using default data as follows: AFCos = 438.8/m,
AFAir = 0.0056/m, �Cos,Hs = 32 nSv/h, MFCos = 0.075,
�Rad = 0 nSv/h (considered negligible), and �BG =

2 nSv/h (considered negligible).
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