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The in-flight cosmic radiation exposure of crew members in commercial jet aircraft
is considered occupational exposure. In Japan, a guideline for the management
of in-flight exposure of aircraft crews was established in 2006 by the radiation
council. Accordingly, in-flight doses of aircraft crews have been calculated, and
their annual in-flight doses have been recorded for the last 18 years, for which
the authors have cooperated with airlines to calculate aviation route doses on a
monthly basis. In this brief report, we present the trend of annual dose distributions
of cabin attendants (CAs) and pilots (PLs) working in one of the Japanese airlines
over the period of the COVID-19 pandemic from fiscal year 2019 to 2022. The
cosmic radiation exposure of the CAs was significantly affected by the pandemic.
The percentage of the CAs who annually received >1 mSv sharply decreased from
65% in the pre-pandemic year (2019) to 4.6% in the first year of the pandemic
(2020), and their collective doses notably decreased in 2020 to 30% of the pre-
pandemic level, followed by gradual recovery in subsequent two years. In contrast,
the annual dose distribution of the PLs did not show a notable change, which is
attributable to the increase in cargo flights and the introduction of small aircrafts
during the pandemic.
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1 Introduction

An increase in certain types of cancers, such as skin and breast cancers, has been observed
in aircraft crews although a causal relationship is yet to be clarified (1-4). The enhanced cosmic
radiation at aviation altitude is considered to be one of the causes of the cancer risk increase,
as the effective dose rate of cosmic radiation at typical cruising altitude (10-12 km) is
approximately 100 times higher than that on the ground. At aviation altitudes, neutrons
account for approximately 50% of the effective dose, with protons contributing 10-20%,
whereas the muons account for nearly 80% dose on the ground (5). Based on these facts, the
International Commission on Radiological Protection (ICRP) recommends that the exposure
of personnel to cosmic radiation during the operation of commercial jet aircraft should
be treated as occupational exposure (6-8).

Along the ICRP recommendations and corresponding legal settings, in-flight cosmic
radiation exposure of aircraft crews has been managed in selected countries or regions, such
as the United States (9), Europe (10-12), and Japan (13). Partial data on the cosmic radiation
doses of aircraft crews indicated that their annual doses were 1-3 mSv on average and 4-6 mSv
in maximum (13-17). For example, according to an only source that were published by the
Japanese government, the annual in-flight effective doses of the aircraft crews of Japanese
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airlines operating international flights were approximately 2 mSv on
average and 4 mSv at maximum, as shown in Table 1 (13). Considering
the reality of the cosmic radiation exposure of aircraft crews, national
authorities have set regulations or guidance with reference dose levels
above which additional protective actions, such as more precise
individual monitoring and longer record keeping, need to be taken.
The current reference levels are 6 mSv y~' in most European countries
(10-12) and 5 mSv y" in Japan (13).

However, these data were published before the COVID-19
pandemic began in early 2020, and its effects on the cosmic radiation
exposure of aircraft crews remain unclear. During the initial phase of
the pandemic, people feared the serious consequences of infection
with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
and many of them cancelled air travel. Subsequent international and
domestic travel restrictions and quarantine regulations caused a
remarkable drop in flights on a global scale (18-20), which is
presumed to have significantly reduced the cosmic radiation exposure
of aircraft crews, as reported for Japanese passengers (21). Therefore,
in this study, we present the trend of in-flight dose distributions of
aircraft crew working for a Japanese airline over the period of the
COVID-19 pandemic (2019-2022), with the aim of contributing to
discussions about the total impact of this pandemic on public and
occupational health.

2 Methods

This study focused on the four-years period over the COVID-19
pandemic from 2019 (one year before the pandemic) to 2022 (third
year of the pandemic). Annual in-flight doses of aircraft crews for this
period were provided by a Japanese airline without traceable
information that could be used to identify individuals. The dose from
cosmic radiation during each flight (hereafter called “route dose”) was
calculated based on a flight plan, which was determined by the airline.
The authors cooperated in the route-dose calculations using the
program “JISCARD EX” that was developed as part of the program
package “JISCARD” (22) for the management of cosmic radiation
exposure of aircraft crews in Japan (13). JISCARD EX incorporated
an analytical code for calculation of atmospheric dose rates, named
‘PARMA; which was originally developed in Japan (23) and, by
default, employed the up-to-date radiation and tissue weighting
factors recommended in the ICRP recommendations (7). The
accuracy of the aviation doses calculated by the JISCARD EX was
validated through comparisons with in-flight measurements (24-27)
and different calculation codes developed in other countries (28, 29).
In the comparison with German code EPCARD. Net, the route doses
calculated by JISCARD EX for 68 major commercial flight routes

TABLE 1 Annual in-flight effective doses of aircraft crews of Japanese
airlines operating international flights in the fiscal year 2007 (April 1,
2007 to March 31, 2008) (13).

Cabin attendants Pilots
(CA) (PL)
Number 12,219 5,851
Maximum effective dose [mSv] 424 3.79
Mean effective dose [mSv] 2.15 1.68
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agreed within +20%, which is considered satisfactory for radiological
protection purposes (28).

Route doses calculated by the JISCARD EX were provided to the
airline every month. The airline estimated the individual effective
doses of aircraft crews for each fiscal year (April-March) by adding
the route doses provided by the authors and their flight records during
the respective period. In this process, the route doses of domestic
flights were uniformly given as 2 pSv per flight after careful
examination of the dose levels and their uncertainties for the major
domestic routes. For examples, we confirmed that the route doses
from Tokyo/Haneda to Chitose (flight time: 70 min) were
approximately 1.9 pSv in 2019 and 1.3 pSv in 2022, and those from
Tokyo/Haneda to Fukuoka (flight time: 90 min) were approximately
2.6 pSv in 2019 and 2.4 pSv in 2022; the flying times of most other
domestic flights were between those of these two routes. As the levels
of any domestic route doses in Japan were significantly lower than
those of long-haul international flights from Japan to Europe or North
America (>50 pSv) (21), it was considered that the impact of this
simplification was small and acceptable from the viewpoint of
radiological protection. Therefore, we judged that a uniform route
dose of 2 pSv per domestic flight could be rationalized for the
management of cosmic radiation exposure of Japanese aircraft crews.

3 Results

The histograms of the annual effective doses of cabin attendants
(CA) for each fiscal year are shown in Figure 1 where the dose level of
1 mSv is indicated with a dotted line in each graph, considering that
the European Union directive requires European airlines whose
aircraft crew may annually receive an effective dose greater than 1 mSv
to carry out dose assessments (10-12). Remarkable changes in the
dose levels were observed during the focused period (2019-2022). The
maximum and mean CA doses in 2020 were 2.7 mSv and 0.5 mSy,
respectively, both of which were much smaller than those in 2019
(4.8 mSv and 1.4 mSv, respectively) and also those in 2007 (4.2 mSv
and 2.2 mSy, respectively) shown in Table 1. The dose levels gradually
recovered in subsequent years with increasing mean dose (0.6 mSv in
2021 and 0.9 mSv in 2022). It should be noted that, while the total
number of CA did not notably change during the pandemic period,
the percentage of the CAs who received the annual doses of >1 mSv
remarkably decreased from 65% in 2019 to 5% in 2020, followed by a
gradual increase to 15% in 2021 and 40% in 2022. As a result, the
collective dose decreased by 29% in 2020 and recovered to
approximately 50% by 2022, compared to the 2019 values. The
bimodal shapes of the CA dose distributions can be attributed to the
flight regions they mainly engaged in; the crew engaged in flights to
Asian or Oceanian cities from Japan, including domestic flights,
receive notably lower doses than those engaged in long-haul flights to
European or North American cities.

Histograms of the annual doses of pilots (PL) are shown in
Figure 2. Unfortunately, the annual doses of PL in the initial period of
the pandemic (2020-2021) were missing because the unexpected
changes in their work plan caused the boarding of flights that did not
have monthly flight plans, which were necessary for calculating route
doses. Nevertheless, it was confirmed that the change in PL doses
between the pre-pandemic year (2019) and the third year of the
pandemic (2022) was much smaller than that in CA doses. The PL
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Histograms showing annual effective dose distributions of pilots (PL) for 2019 (a) and 2022 (b). A vertical dashed line in each graph marks the level of 1.0 mSv.
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dose distributions in both years exhibited similar bimodal shapes,
which could be deconvoluted into two-peak normal distributions. The
maximum and mean PL doses in 2020 were 4.1 mSv and 1.7 mSy,
respectively, while those in 2022 were 3.7 mSv and 1.6 mSy,
respectively. These dose values were comparable to those in 2007
(3.8 mSv and 1.7 mSy, respectively) (Table 1). Unlike the CA doses,
the percentage of the PLs who received >1 mSv slightly increased from
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65% in 2019 to 68% in 2022, whereas the collective dose decreased by
approximately 5%.

Figure 3 shows the cumulative probability plots of the annual
doses of CAs (Figure 3A) and PLs (Figure 3B) for the study period.
The CA doses exhibited remarkable changes in both dose level and
distribution shape with time. After an overall notable reduction in the
first year of the pandemic (2020) from the previous year, a prompt
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recovery of the CA doses in 2021 was observed only in the higher dose ~ the CAs who annually received >1 mSv remarkably decreased by
range, followed by considerable recovery in the lower dose range in ~ >93% in the first year of the pandemic (2020) in comparison to the
2022. In contrast, the PL doses did not show a notable change between ~ previous year, followed by a gradual recovery during the
the pre-pandemic year (2019) and the third year of the pandemic  subsequent two years (~2022). These data indicate significant
(2022) (Figure 2). The selected statistical values regarding the annual  effects of the pandemic on the work of CAs, as previously reported
doses of CAs and PLs are summarized in Table 2. (18-20).
In contrast, such changes were not observed with PL doses. This
] ) is partially attributable to an increase in the number of cargo flights
4 Discussion during the pandemic period as observed worldwide (30-32), which
contributed to an increase in flight opportunities only for pilots. In
This study presented quantitative estimates of in-flight cosmic  addition, according to information privately shared by the airline
radiation doses of aircraft crews of a Japanese airline, including  company, the stability of the PL doses was attributable to their efforts
>8,000 cabin attendants and >2,100 pilots, over the COVID-19  to reduce operational costs by introducing small aircrafts, which has
pandemic period (2019-2022) for the first time. The annual doses  continued over the pandemic period. To respond to the reduction in
of CAs were significantly affected by the pandemic. The number of  passengers, they attempted to maintain the operated flights for each
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FIGURE 3
Cumulative probability plots of annual effective doses of cabin attendants (CA) (a) and pilots (PL) (b) from fiscal year 2019 to 2022. A vertical dashed
line in each graph marks the level of 1.0 mSv.

TABLE 2 Statistical values on the annual in-flight effective doses of aircraft crews of a Japanese airline over the COVID-19 pandemic period (fiscal year
2019-2022).

Cabin attendants (CA) Pilots (PL)
2019 2020 2021 2022 2019 2022

Number 9,645 8,944 8,304 8,095 2,115 2,172
Minimum effective dose [mSv] 0.004 0.004 0.002 0.002 0.004 0.006
Maximum effective dose [mSv] 4.826 2.656 3.088 3.146 4.118 3.674
Mean effective dose [mSv] 1.440 0.455 0.616 0.889 1.726 1.590
Median dose [mSv] 1.560 0.439 0.423 0.775 1.706 1.403
Number with >1 mSv 6,277 407 1,275 3,186 1,384 1,480
Percent with >1 mSv [%] 65.1 4.6 15.4 394 65.4 68.1

Collective dose [person mSv] 13,885 4,068 5,113 7,196 3,651 3,454
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FIGURE 4
Changes in the monthly and annual average heliocentric potentials
over the period from 2019 to 2022 (34).

route by promoting aircraft downsizing from the beginning of the
pandemic. Consequently, while the flight opportunities of cabin
attendants significantly decreased with the reduced number of
passengers, those of pilots did not notably change because they were
required to be on board regardless of aircraft size. This information is
consistent with our previous findings which implied insignificant
changes in the flight route distributions of Japanese travelers in the
first year of the pandemic (2020) (21).

The smaller PL doses in 2022 only in a higher dose range
(>1.4 mSv per year) (Figure 3B) compared to those in 2019 could
be partially explained by the change in solar activity shown in Figure 4.
The heliocentric potential, which indicates the strength of solar
modulation related to the cosmic radiation incidence to the Earth’s
atmosphere (33), was relatively stable for the initial three years of this
study (fiscal years 2019-2021), and notably increased in the fiscal year
2022 (34), which is considered to have reduced the cosmic radiation
doses received only in long high-latitude flights. It should be noted
that large solar flares, which can significantly affect cosmic radiation
dose rates at aviation altitude (35), did not occur during the
study period.

This study had some limitations, mainly due to the limited access
to detailed records that could be used to identify individuals. While
the annual doses of aircraft crews were calculated from the monthly
determined route doses based on flight plans, real flights may have
different times (speeds) and routes, including altitudes, owing to bad
weather or traffic status. Potential errors due to such unexpected
changes could not be quantified in this study because the authors were
not allowed to obtain the precise flight-log data linked to individual
crew members. In addition, we cannot discuss the effect of the
pandemic on the cumulative doses of aircraft crews over two or more
years because of the lack of information for personnel identification.
In particular, missing PL doses during the initial period of the
pandemic (2020-2021) have made this study incomplete, and it is
desirable to present these critical data through a comprehensive
analysis. We will continue further efforts to overcome these limitations
for a deeper discussion on the recent changes in the cosmic radiation
exposure of aircraft crews.
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