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This study quantifies worldwide health effects of the Fukushima Daiichi nuclear accident on 11 March
2011. Effects are quantified with a 3-D global atmospheric model driven by emission estimates and
evaluated against daily worldwide Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO)
measurements and observed deposition rates. Inhalation exposure, ground-level external exposure, and
atmospheric external exposure pathways of radioactive iodine-131, cesium-137, and cesium-134
released from Fukushima are accounted for using a linear no-threshold (LNT) model of human
exposure. Exposure due to ingestion of contaminated food and water is estimated by extrapolation. We
estimate an additional 130 (15-1100) cancer-related mortalities and 180 (24-1800) cancer-related
morbidities incorporating uncertainties associated with the exposure-dose and dose-response models
used in the study. We also discuss the LNT model’s uncertainty at low doses. Sensitivities to emission
rates, gas to particulate I-131 partitioning, and the mandatory evacuation radius around the plant are
also explored, and may increase upper bound mortalities and morbidities in the ranges above to 1300
and 2500, respectively. Radiation exposure to workers at the plant is projected to result in 2 to 12
morbidities. An additional ~600 mortalities have been reported due to non-radiological causes such as
mandatory evacuations. Lastly, a hypothetical accident at the Diablo Canyon Power Plant in
California, USA with identical emissions to Fukushima was studied to analyze the influence of location
and seasonality on the impact of a nuclear accident. This hypothetical accident may cause ~25% more
mortalities than Fukushima despite California having one fourth the local population density due to
differing meteorological conditions.
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On 11 March 2011, a 9.0 magnitude earthquake and subsequent
tsunami occurred off the Oshika Peninsula of Tohoku Japan,
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causing widespread loss of life and property.! The tsunami
inundated the Fukushima Daiichi Nuclear Power Station in
northeastern Japan, causing a significant meltdown of nuclear
fuel rods along with multiple explosions of hydrogen gas in three
reactors after diesel backup cooling systems failed. Uranium fuel

Broader context

This study provides first estimates of the worldwide health impacts of the Fukushima nuclear accident. Because of the significant
number of current nuclear power plants and their potential increase in the future, quantification of the health impacts from
Fukushima is important. We find that inhalation exposure, external exposure, and ingestion exposure of the public to radioactivity
may result in 15 to 1300 cancer mortalities and 24 to 2500 cancer morbidities worldwide, mostly in Japan. Exposure of workers to
radioactivity at the plant is projected to result in another 2 to 12 cancers cases. This radiological health effect compares with the ~600
non-radiological deaths already attributed to the evacuation following the accident. Sensitivities of the estimated health effect to
emission rates, gas to particle partitioning, and the mandatory evacuation radius around the plant are also calculated. Mortalities
from Fukushima may be less than Chernobyl by much more than an order of magnitude due to a lower total emission of radio-
activity, lower radioactivity deposition rates over land, and more precautionary measures taken immediately following the
Fukushima accident. Lastly, a hypothetical accident at the Diablo Canyon Power Plant in California, USA is simulated to study the
impact of meteorology on another coastal nuclear accident.

This journal is © The Royal Society of Chemistry 2012 Energy Environ. Sci.


http://dx.doi.org/10.1039/c2ee22019a
http://dx.doi.org/10.1039/c2ee22019a
http://dx.doi.org/10.1039/c2ee22019a
http://dx.doi.org/10.1039/c2ee22019a
http://dx.doi.org/10.1039/c2ee22019a

rods in the reactor #4 spent fuel pool also lost their cooling.
Radiation from the crippled reactors began to leak no later than
12 March 2011.2 The radiation release poisoned local water and
food supplies and created a dead-zone of several hundred square
kilometers around the site that may not be safe to inhabit for
decades to centuries.* Some radiation was also transported long
distances, and was detected as far away as North America and
Europe.*® Although emissions after a month were orders of
magnitude lower than during the first few days, minimal releases
continued until a total cold shutdown of the plant was achieved
in December 2011.°

Several studies have tracked the emission, transport, and
deposition of radionuclides from Fukushima using observa-
tional datasets and chemical transport models.*”*! Initial
studies have suggested that less than one quarter of the
radioactivity was deposited over land in Japan, and only 1% of
the radiation reached Europe.* However, no study to date has
examined the global health effects of such radioactivity or
simulated the radioactivity with a model that treats size-
resolved aerosol particle microphysics or gas—aerosol-cloud
interactions. Here, we used the GATOR-GCMOM global
model to simulate the emissions, advection, decay, dissolution,
aerosol-aerosol coagulation, aerosol-cloud coagulation, aero-
sol nucleation scavenging, rainout, washout, and dry deposi-
tion of radionuclides from the Fukushima Daiichi nuclear
accident.'»®  Atmospheric and ocean circulation, clouds,
precipitation, aerosol processes, cloud processes, aerosol-cloud
interactions, air—surface interactions, and radiation were all
treated online in the model.’® Results were evaluated against
daily worldwide Comprehensive Nuclear-Test-Ban Treaty
Organization (CTBTO) airborne radionuclide concentrations
and deposition rates from around Japan.'*'S Atmospheric
and ground concentrations of iodine-131 (I-131), cesium-137
(Cs-137) and cesium-134 (Cs-134) were then used to
estimate the worldwide health effects from the radioactive
fallout.

Previous studies have modeled the dispersion and health
effects of radioactive plumes from the Chernobyl nuclear
accident.’®2® Some of these studies have attributed thousands
of cancer-related mortalities in Europe and Asia to the accident
from a combination of acute and low-dose radiation expo-
sure.’®181° An increase in thyroid cancer attributed to the
Chernobyl accident has been found in children and adolescents
living in highly contaminated areas and an increase in leukemia
has been detected among recovery and clean-up workers.'®
Overall, radioactive emissions from Fukushima were roughly
an order of magnitude lower than from Chernobyl.* In addi-
tion, over 80% of the radioactivity from Fukushima was
advected over the Pacific Ocean whereas the radioactivity from
Chernobyl was largely deposited over land. Furthermore,
collective radiation exposure to workers and local populations
appears to be lower from Fukushima compared with Cher-
nobyl due to stricter safety precautions taken after the
Fukushima accident.”’* For these reasons, some have sug-
gested that radiation exposure from the Fukushima nuclear
accident had no health effects.**?* This contention is evaluated
here.

Inhaled or ingested 1-131 at low doses becomes localized in
the thyroid gland increasing the risk of latent thyroid cancer

and other thyroid diseases, whereas inhaled or ingested Cs-137
becomes distributed in soft tissues increasing the risk of various
cancers.”® A linear no-threshold (LNT) model of human expo-
sure was used to calculate radiological health effects, similar to
previous Chernobyl studies.'®*”*® The LNT model assumes that
each radionuclide disintegration has the same probability of
causing cell transformation and that each transformed cell has
the same probability of developing into a cancer. The LNT
model has been employed extensively in the radiation safety and
prevention communities,?”° yet some studies have questioned
its validity at low doses resulting in an ongoing debate.3¢
Epidemiological studies have shown a statistically significant
increase in stochastic cancer risk for doses above 100 mSv,
however at doses below 100 mSv, significance or insignificance
has not been demonstrated.*® Similarly, linearity between dose
and cancer risk has been detected for moderate doses with a
lower bound of 45 mGy according to Japanese atomic bomb
survivor data, but has not been demonstrated for low doses.’*3*
Some studies even suggest that low doses of ionizing radiation
may instead be beneficial by stimulating immune response.®’
Yet, supporters of the LNT model claim that the difficulty in
detecting and attributing a small number of cancers to low
doses in a large population does not necessarily indicate there is
an absence of risk at these low doses.*® The U.S. Nuclear
Regulatory Commission (NRC) states “The radiation protec-
tion community conservatively assumes that any amount of
radiation may pose some risk for causing cancer and hereditary
effect, and that the risk is higher for higher radiation exposures.
The LNT hypothesis is accepted by the NRC as a conservative
model for determining radiation dose standards, recognizing
that the model may overestimate radiation risk”.3® The United
Nations Scientific Committee on the Effects of Atomic Radia-
tion (UNSCEAR) also supports a non-threshold response of
radiation-induced cancer development at low doses.’® Future
developments in the field of health physics may confirm or
refute the LNT hypothesis at low doses, but currently the
analysis here remains within the accepted standards of radiation
health methodologies.

In addition to modeling the radioactive release from
Fukushima Daiichi, this study also examines the impact of
radioactive release with identical emissions to Fukushima from
a hypothetical nuclear accident at the Diablo Canyon Nuclear
Power Plant in Avila Beach, CA during the months of March
and September. These simulations were conducted to study the
impact of geographic location and seasonality on health effects
of a nuclear accident in comparison with Fukushima. The
Diablo Canyon nuclear plant uses pressurized water reactors
(PWRs) rather than the boiling water reactors used at the
Fukushima Daiichi plant, yet PWRs are also susceptible to
meltdown if reactor cooling is not continuously applied after
the insertion of control rods, such as during the Three Mile
Island nuclear accident.** The Diablo Canyon plant is also
situated near multiple fault lines, and a 20-year extension of the
plant’s operating lifetime beyond 2025 is currently in doubt
until new seismic studies can be conducted.*' If the plant
receives its license renewal, the chance that it will be subject to
an earthquake exceeding its “safe shutdown earthquake” level
is 13%.%* Furthermore, an inspection of the Diablo Canyon
Power Plant by the U.S. NRC following the disaster at
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Fukushima Daiichi found a series of problems that could
impact the ability to respond to a Fukushima-like event,
including a susceptibility of the diesel generators to common
failures due to similarities in design and location and a lack of
training on how to operate diesel generators in adverse condi-
tions.*®* We chose Diablo Canyon due to its earthquake
vulnerability; however, every nuclear plant is susceptible to
natural disaster or terrorist attack to some degree.*

Methods
Estimating radionuclide emissions based on observations

Emission rates of I-131 and Cs-137 in the model were constrained
by emission estimates based on inverse modeling of worldwide
Comprehensive ~ Nuclear-Test-Ban ~ Treaty = Organization
(CTBTO) observed concentrations. The CTBTO is a network of
over 80 radionuclide monitoring stations used to detect and
quantify radioactive species from nuclear explosions as well as
fission-based products from nuclear power plants.’* Stations
located in Japan, Alaska, California, Hawaii, and the Pacific
Islands were used to estimate source strengths in Becquerels (Bq)
on the majority of days following the accident. The data were
provided by the U.S. National Data Center and the Zentralan-
stalt fiir Meteorologie und Geodynamik (ZAMG).** The ZAMG
estimated I-131 emissions between 1 x 10'* and 1 x 10'7 Bq per
day and Cs-137 emissions between 1 x 10> and 1 x 10'® Bq per
day, which compare well with our estimates provided in Table 1.
We estimate total 1-131 (Cs-137) emissions as 6.53 x 10'¢ Bq
(1.70 x 10'® Bq) during the month following the accident. Our
estimates are generally conservative by a factor of two with
respect to I-131 and in line with respect to Cs-137 compared with
estimates made by the Japanese government, including the
Nuclear and Industrial Safety Agency and the Japan Atomic
Energy Agency.'! The Japanese Nuclear Safety Commission
estimated an emission of 1.5 x 10'7 Bq of I-131 and 1.2 x 10'®
Bq of Cs-137 between 12 March 2011 and 5 April 2011,* which
was updated to 1.3 x 10'® Bq of Cs-137 by Chino et al. [2011].
The Nuclear and Industrial Safety Agency estimated an emission
of 1.6 x 10'7 Bq of I-131 and 1.5 x 10" Bq of Cs-137 between 12
March 2011 and 16 March 2011. Winiarek et al. [2012] predicted
a comparable total Cs-137 emission rate (1.2 x 10'® Bq) but a
higher 1-131 emission rate (1.9-3.8 x 10'7 Bq) over 11 March

Table 1 Estimated I-131 and Cs-137 emission rates (Bq per day) from
Fukushima Daiichi over the period 12 March 2011 to 12 April 2011. This
emission profile is employed in all simulations. The last row denotes the
total emissions (Bq) over the month-long simulation

1-131 emissions Cs-137 emissions

Date (Bq per day) (Bq per day)
03/12/11 3.0 x 101 7.5 x 1013
03/13/11 4.0 x 10" 1.0 x 10
03/14/11-03/15/11 2.5 x 10'° 5.0 x 10
03/16/11-03/19/11 1.0 x 10" 7.5 x 10
03/20/11-03/26/11 5.0 x 10 5.0 x 10™
03/27/11-04/04/11 7.5 x 1013 2.5 x 10"
04/05/11-04/12/11 1.0 x 10" 7.5 x 10'?
Total (Bq) 6.526 x 10'° 1.696 x 10'°

2011 to 26 March 2011 compared with our estimates.*’ Stohl
et al. [2011] predicted a Cs-137 emission rate roughly twice our
emission rate using a similar methodology incorporating
dispersion modeling and CTBTO observations,’ yet their esti-
mate is higher than other published estimates."

During CTBTO measurements, large volumes of air pass
through high efficiency filter paper used to collect particles over a
24 hour period. After 24 hours, the radioactivity is measured by a
high-resolution gamma detector.*® Maximum CTBTO detection
limits are specified as 5 uBq m~ for I-131 and 10 pBq m~? for
Cs-137, however, the detection limit of 1-131 may realistically
extend to 10 pBq m~3* These filters measure only particle
activity concentrations, and do not measure gas concentrations;
therefore, total radioactive emission estimates based solely on
CTBTO measurements are adjusted to account for gas plus
particle emissions using the method described in the following
paragraph.

Environmental Protection Agency (EPA) RadNet measure-
ments were used to determine the fraction of total ambient gas
plus particle radioactive I-131 that was in the gas phase in order
to scale CTBTO I-131 particle measurements to total gas plus
particle 1-131 values for comparison with the model.*® U.S.
Environmental Protection Agency (EPA) RadNet observations
provided both particle and gas + particle I-131 taken from 12
sensors around the United States in Dutch Harbor, AK, Juneau,
AK, Nome, AK, Montgomery, AL, Anaheim, CA, San Ber-
nardino, CA, Kauai, HI, Oahu, HI, Boise, ID, Guam, Saipan,
and Las Vegas, NV during the first two weeks of the accident.
The EPA performs both filter sampling to measure particles as
well as air cartridge sampling to measure both particles and
gases. Over all stations and observations, the mean ratio of gas +
particle I-131 to particle I-131 was 5.28 with a relatively small
standard error of 0.51. This value agrees closely with other
studies.'®! Measured CTBTO I-131 particle concentrations were
multiplied by this ratio to estimate CTBTO I-131 gas + particle
concentrations.

Modeled wet and dry deposition rates of Cs-137 were
compared with observed daily deposition rates collected around
Japan,’s as well as with results from previous chemical transport
model simulations.’ Deposition rates were collected by the
Ministry of Education, Culture, Sports, Science, and Technology
of Japan beginning a few days after the accident.

GATOR-GCMOM model description

GATOR-GCMOM simulates atmospheric and ocean circula-
tion, clouds, precipitation, emissions, transport, deposition,
chemistry, aerosol processes, radiation, and air-surface interac-
tions.'>!* Horizontal and vertical advection of grid-scale gases
and aerosols were solved with a peak-preserving, mass-
conserving advection algorithm.** Total (gas plus particle) I-131
was treated as a gas and Cs-137 and Cs-134 were treated as sized-
resolved particle components.”® Based on EPA RadNet
measurements, 81% of ambient I-131 was detected in the gas
phase and 19% was detected in the particle phase. Because (a) the
bulk of I-131 was in the gas phase, (b) the half-life of I-131 (8.03
days) is the same whether it is in the gas or particle phase, and (c)
some gas-to-particle conversion mechanisms and properties of

This journal is © The Royal Society of Chemistry 2012

Energy Environ. Sci.



1-131 are uncertain, total gas plus particle I-131 was treated as a
gas in the model.

Following emission, I-131 was subject to radioactive decay,
loss to clouds and precipitation (based on dissolution in clouds
and rain), loss to the ocean (based on non-equilibrium gas-ocean
transfer equations), dry deposition to land, snow, and ice
surfaces, advection, convection, molecular diffusion, and
turbulent diffusion. A Henry’s law constant of 0.08 mol kg~!
atm™! at 298 K was assumed for I-131 for gas—cloud and gas—
ocean dissolution.** In health effect calculations, the percentage
of I-131 assumed to be in the gas and particle phases was varied
to find the sensitivity of the final result to the all-gas assumption
for 1-131. In these sensitivity calculations, particle I-131 was
scaled from particle Cs-137 according to the relative emission
rates of I-131 to Cs-137.

Cs-137 and Cs-134 were assumed to exist exclusively as
particle components.®® For Cs-137, the model treated size-
resolved emissions, radioactive decay (with a half-life of 30.1
years), horizontal and vertical advection, cloud drop and ice
crystal activation, aerosol-aerosol coagulation, aerosol-hydro-
meteor coagulation, tracking of Cs-137 in hydrometeor particles
from entry to precipitation, aerosol sedimentation, aerosol dry
deposition, condensational and dissolutional growth/evapora-
tion of gases onto aerosol particles, and internal aerosol
chemistry and hydration of aerosol particles.’** Cs-134
concentrations and deposition rates in each grid cell and time
step were scaled from Cs-137 concentrations and deposition
rates assuming a Cs-134 to Cs-137 activity ratio of 0.9. This
ratio was based on CTBTO observations following Fukushima,
and is higher than the value of 0.5-0.6 associated with the
Chernobyl fallout.* Constant mass activity coefficients for I-131
(4.587495 x 10" Bq g ') and Cs-137 (3.20722 x 10" Bq g™}
were used to convert between mass and activity concentrations.
A geometric mean number particle diameter of 0.06 um and a
geometric standard deviation of 2.0 were used to construct a
lognormal distribution, which was then discretized into 14
aerosol size bins.>® This emission size distribution is in the range
of radioactive particle size distributions from the Chernobyl
disaster and contains particle sizes small enough to be carried
long distances.”” Three hydrometeor distributions of cloud
liquid, ice, and graupel were also used, each with 30 discrete
size bins.

Wet and dry deposition of radionuclides were treated online in
the model and were evaluated against observations and previous
studies. Equations used for wet and dry deposition can be found
in Jacobson [2005].5 Ground surface concentrations of I-131,
Cs-137, barium-137m (Ba-137m, the radioactive progeny of Cs-
137), and Cs-134 were calculated in space and time by solving
eqn (1), where Fy.p is the location-(ij) and time-resolved (7)
deposition rate, k is the decay rate, and r is the weathering
removal rate. About 93.5% of Cs-137 disintegrates to the meta-
stable isotope Ba-137m after releasing a beta particle, which in
turn disintegrates to the stable isotope Ba-137 after releasing a
gamma particle.®® We use decay rates of 1.4395 x 107° s7!,
7.3217 x 107957, 4.5268 x 10 *s ™', and 1.0652 x 10~ s~ for
1-131, Cs-137, Ba-137m, and Cs-134, respectively.>” The weath-
ering removal rate for I-131 is estimated to be 1 x 107 s~ ! and
the weathering removal rate for Cs-134 and Cs-137 is estimated
tobe5.73 x 10775715

dir= 1315, _ — (kiis1 + r)[1 - 131]
dz = Ldep-1-131;;, I-131 =131 =1
d[Cs — 137]”-,
T‘ = Fdep7CS*137i./‘./ - (sz—137
+res-137)[Cs — 137],',/,171
ABa = 137l 035kes 1p(Cs — 13
— O cs-137[Cs — 7]i,/,1—1
— kpa—137m[Ba — 137m]i1j,r—l
d[Cs — 134];‘,/1
T’ = Faep-cs134;;, — (kcs-134

+VCS,134)[CS — 134]1-']-,,71 (1)

Model simulations

Simulations to assess the worldwide transport and removal of
airborne radioactive plumes from the Fukushima Daiichi
Nuclear Power Station (141.0322° E, 37.4230° N) were con-
ducted for the period between 12Z, 12 March 2011 and 127, 12
April 2011. A global simulation with a horizontal resolution of
1.5 W/E x 1.5° N/S and a vertical resolution of 68 sigma-
pressure levels was run. Fifteen of the model layers were in the
bottom 1 km and radioactive emissions were added at about
15 m height to the lowest model layer. The model was initialized
with Global Forecast Systems (GFS) meteorological data cor-
responding to the start of simulation with no model spin-up.®®
Airborne concentrations and deposition rates at the end of the
month-long simulation were assumed to decrease exponentially
to a near-zero concentration during the following 8.5 months
until a cold shutdown of the plant was assumed to occur.®

A nested global-high-resolution-regional simulation was also
run to analyze the impact of the 20 km evacuation radius around
the plant, declared a day after the accident.®' The high resolution
simulation was initialized on 12Z, 12 March 2011 to the same
time as the start of the global simulation. A horizontal resolution
of 0.45° W/E x 0.36° N/S and a vertical resolution of 35 sigma
pressure levels were used for the interior domain. Due to the
large computational time of this nested simulation, only an 84
hour run was conducted. The 20 km evacuation radius extended
partially into four high-resolution-simulation grid cells contain-
ing the Fukushima plant. We assumed a constant population
density across each grid cell and distributed the fraction of the
population within the 20 km evacuation radius equally into the
11 nearest grid cells with land. This scenario assumed that
evacuees did not travel more than 130 km from the Fukushima
power plant. We compared this scenario with an alternate
evacuation scenario where the evacuees were equally distributed
among the specific spots recommended for evacuation in Aka-
hane et al. [2012].%® These analyses provided only a rough esti-
mate of the effect of the evacuation since the precise number of
evacuees, the time at which evacuees relocated, and the exact
location where evacuees relocated to were not well-known
enough to draw firm conclusions.

To illustrate the effect of geographic location on the health
impact of a nuclear accident, simulations were conducted for a
hypothetical accident at the Diablo Canyon Power Plant
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(120.8561° W, 35.2108° N). One simulation was initialized on the
same day as the Fukushima simulation, 12 March 2011, and
another was initialized on 12 September 2006 to study the effect
of the background meteorology on results. In California,
frequent winter storms stemming from the Aleutian Low occur
during March. The Pacific High dominates the weather during
the month of September, resulting in a shallow inversion layer
and predominantly clear skies. In both simulations, radioactive
emission rates over time were identical to those from the
Fukushima Daiichi accident for the month-long simulation
period. Airborne concentrations and deposition rates at the end
of each simulation were assumed to decrease exponentially to a
near-zero concentration during the following 8.5 months, similar
to Fukushima.

Calculation of health effects

Inhalation exposure, ground-level external exposure, and atmo-
spheric external exposure pathways were considered in this study
for 1-131, Cs-134, Cs-137, and Ba-137m. Exposure-dose rela-
tionships and dose-response relationships for each radionuclide
were determined using the U.S. EPA Dose and Risk Calculation
(DCAL) software.?”** The software provided organ-specific, age-
specific, and gender-specific relative risk coefficients for the
inhalation pathway. A dose and dose rate effectiveness factor of
two was applied to all organ-specific risk coefficients except for
the breast.?”*® Organ-specific risk coefficients were then inte-
grated over the body to obtain whole-body risk coefficients. Age-
and gender-specific relative risk coefficients®* and inhalation
rates?” were weighted by the age and gender distribution of each
country and continent.®®* Material-specific deposition and
absorption models from the lungs to the blood were contained
within the inhalation relative risk coefficients and slow, medium,
and fast absorption models were used to provide a range in the
coefficients.®* A dose and dose rate effectiveness factor of two
was also applied to all whole-body external exposure relative risk
coefficients. Radionuclide-specific uncertainties were assigned to
all inhalation and external exposure relative risk coefficients
according to sensitivity studies using different but equally plau-
sible biokinetic and dosimetric models.?” These uncertainties
provided a relatively large range in the relative risk coefficients
used in this study; however, these ranges are appropriate since
many of the computed relative risk coefficients are not well
established. For these ranges, the best estimate is near the
geometric mean of the lower bound and upper bound estimates.
For inhalation exposure, the maximum uncertainty range was
provided given absorption model uncertainties and biokinetic
model uncertainties, resulting in a larger health effect range for
inhalation exposure compared with external exposure. Health
effects from radionuclide ingestion pathways were not calculated
in this study due to the additional complexities and uncertainties
relating to international trade and human consumption of food
and water. However, we roughly estimate the health effect from
this pathway based on a previous study of the Chernobyl nuclear
accident.'®

The excess lifetime cancer mortality or morbidity risk due to
the inhalation exposure pathway was determined from eqn (2),
where y, is the total number of lifetime cancer mortalities or
morbidities due to species s over all times ¢ and grid cells i,j, P;;is

the 2003 population in each grid cell i,j scaled to estimated 2010
values,®® B is the relative cancer mortality or morbidity risk
coefficient for species s expressed in units of Bq~!, I is the
inhalation rate, x;;, is the species concentration s in each grid
cell i,j at time ¢, and xy, s is the threshold concentration below
which no health effect occurs.®* A minimum threshold value of
zero was assigned to each radionuclide, in accordance with the
LNT assumption. External ground-level and external atmo-
spheric exposure were calculated using a similar equation
without / and with 8, having units of m* Bq~'s~' orm® Bq~'s~".
The effect of sheltering inside structures was also taken into
account by assuming a 30% reduction in exposure from partic-
ulate Cs-137 and Cs-134 for 12 hours each day when people are
assumed to be indoors.®> We assume an average particle size of
1 pum and average air exchange rate and air filter removal
efficiencies for typical buildings.®®

Vs = Z Z{Pu 1 —exp |: — By Z(Imax(xij.t,s - xlh,s70)):|:| }
2

Inhalation exposure, ground-level external exposure, and
atmospheric external exposure health effects were calculated for
all radionuclides using modeled air and ground concentrations
over the month-long simulation. Between the end of the simu-
lation and the assumed cold shutdown 8.5 months later, health
effects for all radionuclides were calculated using estimated
airborne concentrations and deposition rates. Between cold
shutdown and the following 50 years, only ground-level exposure
was calculated for Cs-137, Ba-137m, and Cs-134. Ground-level
exposure from [-131 was assumed to be negligible after the 8.5
months following the simulation due to its short half-life.
Mortality risk is defined as an estimate of the risk to an average
member of the population of dying from cancer over their life-
time. Morbidity risk is the risk of experiencing radiogenic cancer
during a person’s lifetime, whether or not the cancer is fatal.

Results
Fukushima simulations

Fig. 1 compares CTBTO measured concentrations with modeled
I-131 and Cs-137 concentrations for the first 20 days of the
simulation. The figure shows relatively good agreement between
modeled and observed concentrations for all eight stations
pictured, although some under- and over-predictions are
observed. For instance, concentrations were under-predicted on
17 March 2011-21 March 2011 at the closest station to the
Fukushima nuclear plant, Takasaki, Japan, located 200 km to
the southeast. The timing of the plume reaching most stations is
predicted reasonably well, however. Radioactivity reached the
west coast of North America roughly four days after the start of
the simulation and reached the east coast of North America
roughly seven days after the start of the simulation.
GATOR-GCMOM gaseous dry deposition rates have been
validated against measurements in previous simulations. In a 10
year climate simulation using GATOR-GCMOM, the modeled
worldwide H, dry deposition rate was calculated as 72.9 Tg per
year. This value is in the range of estimates from other studies,
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a) Takasaki, Japan (139.08°E, 36.30°N)

[ 131 Model

| [ 1131 CTBTO
A Cs-137 Model | & 10
Chics137 ceT0 | G 10

b) Wake Island (166.64°E, 19.28°N)

Concentration (qu/m3)

03715 0317 0319 0321 0323 03/25 03727 03/28

¢) Midway Island (177.37°W, 28.22°N)

Concentration uBa/m®)

0315 0317 0318 0321 03/23 03/25 03727 03/23 03/31

e) Sand Point, AK (160.49°W, 55.34°N)

Concentration (qu/ma)
3

03115 0317 0319 0321 0323 03/25 03727 03723 03/31

g) Sacramento, CA (121.34°WV, 38.66°N)

Concentration uBag/m°)

0315 0317 0319 0321 0323 0325 03727 03/23 03/31

0315 0317 0319 03/21 03723 0325 0327 0323 03/31

d) Oahu, HI (157.97°W, 21.48°N)

0315 0317 0319 03/21 03/23 0325 03727 0323 0331

f) Eielson AFB, AK (147.10°W, 64.69°N)

0315 0317 0319 03/21 03723 03/25 03/27 03723 03/31

h) Charlottesville, VA (78.48°W, 38.03°N)

Concentration
258

0315 0317 0319 03/21 03/23 0325 0327 0328 0331

Fig. 1 Comparison between CTBTO activity concentration measurements and near-surface modeled activity concentrations (uBq m~>) of I-131 (solid
bars) and Cs-137 (dashed bars) for the first 20 days of the Fukushima Daiichi simulation at eight worldwide locations, (a)—(h). Dark blue and cyan colors
represent an overestimate by the model for I-131 and Cs-137, respectively, and dark red and pink colors represent an underestimate by the model for
1-131 and Cs-137, respectively. Grey represents overlap between observations and model results. Model results are not shown for days with missing
CTBTO measurements. The same 24 h sampling window, ending on the stated day, was employed between observations and model results. No

radioactivity was measured at any station before 15 March 2011.

56-90 Tg per year.*% Wet deposition rates were validated using
measured values of ground Cs-137 concentrations throughout
Japan in the weeks following the Fukushima nuclear accident.!s
Fig. 2 shows dry, wet, and total deposition rates of Cs-137 over
Japan during the one-month simulation period. Deposition
rates near the accident (Fig. 2a and b) and farther downwind
(Fig. 2c—f) were relatively consistent between the observations
and the model. While inconsistencies between model results and
observations occurred on several days, the timing of the precip-
itation events matched relatively well for most stations. The high
deposition rates modeled on 15 March 2011-16 March 2011 in
Fig. 2a-c, before observations were taken, were consistent
with chemical transport model simulations from Morino et al.
[2011].%°

Fig. 3 shows a map of total Cs-137 deposition summed over the
month-long simulation. Only 19% of total worldwide deposited
Cs-137 was deposited over land areas while the remaining 81%
was deposited over oceans. These percentages are in close agree-
ment with Morino et al. [2011] who estimated that 22% of Cs-137
was deposited over land in Japan.'® Fig. 4 shows time series of
ground Cs-137 concentrations averaged over different regions.
Ground concentrations were roughly an order of magnitude
higher in Japan than in the United States, China, or Europe. Peak

ground concentrations in Japan occurred on 15 March 2011-16
March 2011 when both emission rates and wet deposition rates
were highest (Table 1 and Fig. 2). Other local maxima on 23
March 2011 and 26 March 2011 also corresponded to precipita-
tion events. Peak ground concentrations in the United States
occurred nearly two weeks later, on 28 March 2011.

Fig. 5 shows four snapshots of the I-131 plume throughout the
simulation. The evolution of the Cs-137 plume is shown in Fig. 6.
During the first 36 hours of simulation, the majority of radio-
active emissions were advected eastward over the Pacific Ocean
(Fig. 5a). A week into the simulation, radioactivity had spread
throughout the Northern Pacific, reaching the contiguous United
States, Alaska, and Russia (Fig. 5b). By the second week of the
simulation, radioactivity had spread across the Atlantic but had
not crossed the equator (Fig. 5¢). By the third week of the
simulation, radioactivity was relatively well-mixed throughout
the Northern Hemisphere (NH). Population-weighted concen-
trations averaged over the NH increased to a maximum of
3170 000 uBq m > for I-131 and 5 28 000 pBq m > for Cs-137
about two and a half days into the simulation. Average
concentrations then decreased for the remainder of the month-
long simulation to final values of 4100 pBq m~> for I-131 and
260 uBq m* for Cs-137.
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Fig. 2 Comparison between modeled dry, wet, and total deposition
rates of Cs-137 activity and measured Cs-137 deposition rates for the first
20 days of the Fukushima Daiichi simulation at six locations across
Japan (a)—(f). Observations began no earlier than 19 March 2011.

Table 2 indicates the range of excess mortality and morbidity
due to radioactivity from Fukushima Daiichi by country,
continent, and exposure pathway. The range in each table cell is
derived from uncertainties in the assumed relative risk coeffi-
cients and not from uncertainties in emissions or model
processes. The middle value in each range represents the best
estimate. Two to three significant digits are provided to highlight
differences between regions and pathways, but are not meant to
imply the significance of the results. Also indicated in Table 2 is
the percentage of mortalities and morbidities attributed to

NH Avg: 0.063 kBq/m’

160°W 110°w 60%W

10°-3 100-2 10n-1 10~0 100 1002 103

100°E 150°E

Fig.3 Total wet + dry deposition of Cs-137 (kBq m~2) summed over the
one-month Fukushima Daiichi simulation. The Northern Hemisphere
(NH) average noted above the figure is weighted by population.

Cs-137 Concentration (kBq/mQ)

9 = LI
03113 03/18 03/23 03/28 04/02 04/07 04/12

Fig.4 Time series of Cs-137 ground concentrations (kBq m~>) averaged
over Japan, the United States, China, and Europe for the one-month
Fukushima Daiichi simulation.

radioactivity between the end of the one-month simulation on 12
April 2011 and 50 years after the accident, including the 8.5
month period between the end of the one-month model simula-
tion and the date the plant was assumed to achieve a cold
shutdown.

The majority of the worldwide health effects occurred in Japan
near the beginning of the simulation when emission rates were
high. For other countries, the health impacts were much smaller.
About 22% (27%) of the inhalation exposure and external
exposure mortality (morbidity) was due to I-131, 21% (17%) was
due to Cs-137 and Ba-137m, and 57% (56%) was due to Cs-134.
The high percentage attributed to Cs-134 is due to its higher
relative risk compared with Cs-137 and its longer half-life
compared with 1-131.*7 In sum, I-131, Cs-137 (and Ba-137m),
and Cs-134 released from the Fukushima nuclear accident was
estimated to result in 100 (14-950) worldwide excess cancer-
related mortalities and 140 (23-1600) excess morbidities through
inhalation, ground-level external exposure, and atmospheric
external exposure combined.

These health impacts occurred in addition to radionuclide
impacts on local water supplies, soils, agricultural crops, and
livestock, which were not explicitly quantified here. A study of
the Chernobyl nuclear accident suggested that between 50% and
90% of the external exposure + ingestion, 50 year health effects
may have been due to external exposure.'® Therefore, multiplying
our low-end worldwide external exposure health effect by 1.1,
our high-end worldwide external exposure health effect by 2.0,
and our best guess external exposure health effect by 1.6 and
adding these scaled estimates to the inhalation health effect
provided a crude estimate of the total radiological health effect
from Fukushima, accounting for all exposure pathways. Per-
forming this extrapolation, we estimate 130 (15-1100) worldwide
excess mortalities and 180 (24-1800) excess morbidities from all
exposure pathways. A more detailed analysis of the ingestion
exposure pathway is needed to better approximate total radio-
logical health effects from Fukushima; however, we believe that a
more accurate analysis will likely fall within the estimates
provided here. Of total best estimate mortalities (morbidities),
48% (46%) was due to the inhalation exposure pathway, 33%
(34%) was due to the ground-level exposure pathway, 19% (19%)
was due to the ingestion pathway, and ~1% was due to the
atmospheric exposure pathway. We also find that over 90% of
total worldwide mortalitites and morbidities are projected to
occur in Japan.

This journal is © The Royal Society of Chemistry 2012

Energy Environ. Sci.



Fig.5 Modeled near-surface atmospheric worldwide activity concentrations (uWBq m ) of I-131 (a) 36 hours (1.5 days), (b) 180 hours (7.5 days), (c) 324
hours (13.5 days), and (d) 468 hours (19.5 days) into the Fukushima Daiichi simulation. Northern Hemisphere (NH) averages noted above each panel
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A 20 km evacuation radius around the plant was declared
soon after the accident, adding uncertainty to the calculation of
local health impacts. A high-resolution nested simulation was

conducted for 84

hours over Japan to assess the effect of this

evacuation radius. 22% fewer total mortalities and morbidities
due to evacuation procedures were calculated assuming
evacuees moved in equal proportions to neighboring grid cells.

Fig. 6 Modeled near-surface atmospheric worldwide activity concentrations (1Bq m—>) of Cs-137 (a) 36 hours (1.5 days), (b) 180 hours (7.5 days), (c)
324 hours (13.5 days), and (d) 468 hours (19.5 days) into the Fukushima Daiichi simulation. Northern Hemisphere (NH) averages noted above each
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If evacuees were assumed to take shelter in the specific spots
recommended for evacuation, the resulting health benefits were
similar, 20% fewer mortalities and morbidities.®® Yet, the
lives saved due to the evacuation may be an overestimate
since reports indicate that policymakers failed to evacuate
people away from the plume immediately following the

accident.®
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occurring in the 50 years following the one-month simulation, including the 8.5 month period between the end of the one-month simulation and when cold shutdown of the plant was assumed to occur.

Table 2 Excess lifetime mortalities and morbidities from radioactivity released from Fukushima Daiichi by region. The middle value provides the best estimate and the upper and lower values provide
the uncertainty in the health effect based on uncertainties in the biokinetic, dosimetric, and absorption models used. The “Percent Total After End Simulation” is the percent of mortalities or morbidities
The final row provides an estimate of the total health effect including ingestion exposure extrapolated from Chernobyl estimates
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Health effects were also found to be sensitive to the emission
rate of I-131 and the treatment of I-131 as a gas or particle. If
total I-131 emissions were doubled to 1.31 x 10'7 Bg, an estimate
more in line with others,’ total mortalities from all exposure
pathways would increase by 18% (16%) for the best (upper
bound) estimates and total excess morbidities would increase by
22% (35%) for the best (upper bound) estimates. If I-131 were
treated exclusively as a particle rather than a gas, an extreme
scenario inconsistent with observations, mortalities would
increase by 45% (23%) for the best (upper bound) estimates and
morbidities would increase by 46% (11%) for the best (upper
bound) estimates. If 80% of radioactive I-131 were in the gaseous
form, as suggested by EPA RadNet measurements,*® scaling the
numbers above would increase best (upper bound) mortalities by
9% (5%) and increase best (upper bound) morbidities by 9%
(2%). Thus, a doubling of the I-131 emission rate and a 4 to 1 gas
to particle I-131 ratio would increase best (upper bound)
mortalities to 160 (1300) and best (upper bound) morbidities to
240 (2500). Overall, the evacuation radius, emissions profile, and
the gas to particle I-131 ratio are all somewhat uncertain, which
is why sensitivity analyses were conducted here. Despite these
uncertainties, our most confident estimate of radiological
health effects to the public determined by this study is provided
in Table 2.

Diablo Canyon simulations

Simulations with an identical emission profile to Fukushima
were run for hypothetical nuclear releases from the Diablo
Canyon Power Plant in California, USA. Two simulations were
run, one beginning in March and one beginning in September, to
study the impact of location and background meteorology on the
health effects of a nuclear accident. Fig. 7 and 8 show the
evolution of the I-131 plume for simulations beginning in March
and September, respectively. The evolution of the Cs-137 plume
for the March and September simulations is shown in ESI Figs. 1
and 2.7 Table 3 shows the range in health effects between the two
simulations. Projected worldwide mortalities and morbidities for
all exposure pathways for the simulation beginning in March
were 170 (24-1400) and 250 (38-2300), respectively, and were 140
(11-1600) and 190 (20-2700) for the simulation beginning in
September. This results in a total range of 11-1600 mortalities
and 20-2700 morbidities over both simulations. In both simu-
lations, a large majority of the total health effect was local to the
United States.

Even though the population density of California is roughly
one fourth that of Japan, Table 3 indicates that a Diablo Canyon
release identical to Fukushima could surpass Fukushima in
terms of excess mortalities and morbidities by ~25% for best
estimates. This is because the bulk of radioactive emissions at
Fukushima were advected westward over the Pacific Ocean,
where they decayed or became diluted and removed, whereas in
the Diablo Canyon simulations, radioactivity was trapped by an
inversion as it was slowly transported along the California
coastline over populated regions of Los Angeles and San Diego
before it was transported offshore.

Due to the lower latitude storm track in March, radioactivity
was dispersed over a larger area in March than in September. In
March, fast-moving storms carried radioactivity to the east but

This journal is

© The Royal Society of Chemistry 2012
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Fig.7 Modeled near-surface atmospheric worldwide activity concentrations (uWBq m ) of I-131 (a) 36 hours (1.5 days), (b) 180 hours (7.5 days), (c) 324
hours (13.5 days), and (d) 468 hours (19.5 days) into the hypothetical Diablo Canyon simulation beginning on 12 March 2011. Northern Hemisphere

(NH) averages noted above each panel are weighted by population.

some radioactivity was also carried to the southwest along the
south side of the Pacific High (Fig. 7). In September, the bulk of
the radioactivity was transported slowly to the southwest, along
the Pacific High. Lower wind speeds hampered the vertical and
horizontal dispersion of radionuclides and clear skies prevented
wet removal, keeping radioactivity over nearby populated
regions for a longer time relative to March (Fig. 8). Fig. 9 shows
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total deposition of Cs-137 over the month-long March and
September simulations. In the March simulation, 51% of total
worldwide deposited Cs-137 was deposited over land areas
compared with 33% in the September simulation. Population-
weighted Cs-137 deposition was also higher in the March
simulation by about a factor of four. The higher total Cs-137
deposition over land areas in the March simulation was due to
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Fig.8 Modeled near-surface atmospheric worldwide activity concentrations (uBq m~>) of I-131 (a) 36 hours (1.5 days), (b) 180 hours (7.5 days), (c) 324
hours (13.5 days), and (d) 468 hours (19.5 days) into the hypothetical Diablo Canyon simulation beginning on 12 September 2006. Northern Hemisphere

(NH) averages noted above each panel are weighted by population.
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location, as well as the background meteorology and season, may
substantially impact the potential health risk from a nuclear
accident.

Discussion and conclusions

In 2011, 440 nuclear reactors existed in the world. To date,
modest to major radionuclide releases have occurred in almost
1.5 percent of all reactors ever built (Three-Mile Island, 1979;
Saint-Laurent, 1980; Chernobyl, 1986; 3 at Fukushima, 2011),
suggesting that the risk of a meltdown is not small. This study
finds that atmospheric and ground-level radioactivity from a
meltdown, even when diluted to the large scale, may have
quantifiable health impacts assuming a LNT model of human
exposure. Health effects from inhalation, external exposure, and
ingestion of radionuclides from the Fukushima accident are
estimated to result in 130 (15-1100) cancer-related mortalities
and 180 (24-1800) cancer-related morbidities worldwide, taking
into account uncertainties associated with the exposure—dose and
dose-response models employed. The majority of the health
effect is local to Japan and projected mortalities in other coun-
tries are much smaller. Sensitivities to the [-131 emission rate and
the gas to particle I-131 ratio suggest that total mortalities
(morbidities) could increase to 160 (240) for best estimates and
1300 (2500) for upper bound estimates. Yet, due to the
substantial uncertainty in the cancer risk from low-dose radia-
tion, the actual number of cancer-related mortalities and
morbidities may still fall outside the confidence intervals repor-
ted here.

These estimates do not account for the increased radiation risk
to the roughly 20 000 workers at the plant in the months
following the accident. Recent reports indicate that 146
employees received radiation doses above 100 mSv, the minimum
level statistically shown to increase cancer risk.*"7° Six workers
received above 250 mSv, two workers in reactor control rooms
received above 600 mSv, and two other workers received skin
doses of 2-3 Sv while standing in contaminated water.”®”*
Roughly 400 workers received doses above the annual limit for
Japanese workers of 50 mSv.”* Yet, no acute radiation sickness
or acute radiation effects have been reported thus far.?! One
estimate of the total collective exposure is 115 person-Sv.”!
Assuming a LNT model of human exposure where an exposure
of 100 mSv increases lifetime cancer risk by 1%, the collective
exposure of 115 person-Sv is projected to result in an additional
~12 worker cancers. If the analysis is restricted only to exposures
above 100 mSv, the LNT model predicts ~2 to 5 radiological
worker cancers depending on the precise amount of radiation
received by each grouping.

Health effects due to radiation exposure quantified here occur
in addition to other health impacts from the nuclear disaster.
Nearly 600 deaths were already certified as “disaster-related” by
the 13 municipalities affected by the crisis at Fukushima.” These
deaths were caused indirectly by fatigue or aggravation of
chronic illness due to the disaster, many of which can be attrib-
uted to the mandatory evacuation following the accident. We
calculated that evacuation procedures after the accident may
have potentially reduced radiological mortalities by up to 22%. A
22% reduction translates into a prevention of 3-245 mortalities
with a best estimate of 28 mortalities. Interestingly, even the

upper bound projection of the lives saved from the evacuation is
lower than the number of deaths already caused by the evacua-
tion itself.

The Chernobyl disaster has illustrated that long-term
psychological effects, including depression, anxiety, fear, and
unexplained physical symptoms, may increase following a
nuclear accident.'®”*7 Similar psychological effects are likely to
occur in evacuees after Fukushima. Widespread mistrust of the
Japanese government following the accident may also have
contributed to these symptoms.?* In addition to the physical and
mental health effects discussed here, the accident also resulted in
economic losses in the billions of dollars due to cleanup costs and
reduced economic activity in radioactive areas around
Fukushima.?

Our results are relatively consistent with an estimate of the
local health effects from Fukushima. von Hippel [2011] estimated
that 1 million people live in areas with more than 1 curie per km?
deposition of Cs-137, and that people living in these areas were
subject to a 0.1% increase in cancer risk, resulting in 1000 excess
cancers.>”>7 Qur results are somewhat lower than those of von
Hippel [2011] due to the lower relative risk per unit of radioac-
tivity assumed in our study. Total Cs-137 wet + dry deposition in
the grid cell containing Fukushima (population ~2 million) was
65 kBq m~2, above the threshold of 1 curie per km? (37 kBq
m~2), but we estimate only 66 (7-680) excess mortalities in this
grid cell. Our study accounted for time-dependent and location-
dependent emission, transport, removal, and decay of radioac-
tivity in the atmosphere and on the ground, which von Hippel
[2011] did not, and still our results are relatively consistent. A
study by the Institut de Radioprotection et de Sureté Nucléaire
(IRSN) estimated a population of 21 100 receiving >16 mSv,
3100 receiving >50 mSv, and 2200 receiving 100-500 mSv near
Fukushima.” Assuming a LNT model where an exposure of
100 mSv increases lifetime cancer risk by 1%, the collective
exposure estimated by IRSN is projected to result in ~70-250
excess cancers depending on the precise amount of radiation
received by each grouping. Our estimate of ~180 excess cancers is
within this range.

Several studies have attributed several thousand cancer
mortalities to radiation released from Chernobyl, including
nearly 30 workers that died of acute radiation sickness.’*' To
date, nearly 6000 thyroid cancers have been detected in
contaminated regions, many from I-131 exposure from the
accident.'® Studies estimate an additional 10 000-40 000 cancers
over the next several decades.'®'*?* Why is the number of cancer
morbidities predicted from Fukushima substantially less than the
number of morbidities predicted from Chernobyl? Firstly, total
I-131 and Cs-137 radiation released from Fukushima is roughly
an order of magnitude lower than the total radiation released
from Chernobyl.>*” In comparison, the total amount of I-131
and Cs-137 released from the Three Mile Island accident was
1/100 000 and 1/100 000 000 000 that of Fukushima, respec-
tively, suggesting a total excess cancer burden of near zero
associated with the Three Mile Island accident.*® Secondly, a
majority of the radioactivity from Fukushima was deposited
over the Pacific Ocean (~81% calculated here). After Chernobyl,
in comparison, a large majority of the radiation was deposited
over land areas in Europe and Asia and <10% was deposited over
oceans.>*”” Lastly, preventive actions taken by the Japanese
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government after Fukushima may have reduced radiological
health impacts substantially. Five days after the accident, stable
iodine tablets were distributed to people in evacuation centers
under 40 years of age to prevent I-131 uptake by the thyroid.®' In
addition, the government prohibited cultivation of all vegetables,
grain, milk, and other food products containing more than 2000
Bq kg~! radioactive iodine and 500 Bq kg~' radioactive
cesium.?** About 1000 children evacuated from the 20 km zone
around the plant were tested for I-131 exposure at the end of
March, and no child revealed thyroid dose rates above 0.07 uSv
h™!, suggesting that high dose rates did not occur in the group.®!
In contrast, millions of children ingested contaminated milk in
the countries of Belarus, Ukraine, and the Russian Federation
after Chernobyl, resulting in mean thyroid doses between 100
and 5000 mGy and thousands of cases of thyroid cancer.”®
Additional factors resulting in the differences between dose rates
following Chernobyl and Fukushima are detailed by Boice
[2011].2

A hypothetical accident at the Diablo Canyon Nuclear Power
Plant, in California, USA was simulated to analyze the influence
of location and background meteorology on health effects
resulting from a nuclear accident. Two simulations, one begin-
ning in March and one beginning in September, were run with
identical emissions to the Fukushima accident. We estimate total
excess mortalities of 160 (11-1600) and morbidities of 220
(20-2700) over both Diablo Canyon simulations. Similar to
Fukushima, a large majority of the health effect is local. Aver-
aged over both Diablo Canyon simulations, we find ~25% more
mortalities compared with the Fukushima simulation for best
estimates. The larger projected health effect occurs despite a
lower local population density in California relative to Japan,
and is attributed to differences in meteorological conditions
between the two simulated accidents. In the Diablo Canyon
simulations, radiation was capped in a shallow layer near the
surface and was slowly advected over nearby populated areas
whereas in the Fukushima simulation, much of the radiation was
quickly advected offshore where it was diluted and removed.

We also find a difference in the age of the affected population
between the Fukushima and Diablo Canyon simulations. In the
Fukushima simulation, 36% of mortalities occur in people 0-20
years of age and 19% of mortalities occur in people 60 and older.
Averaged over both Diablo Canyon simulations, 50% of
mortalities occur in people 0-20 years of age and 10% of
mortalities occur in people 60+. The difference is due to Japan’s
aging population — Japan has the highest proportion of elderly
citizens compared to any other country in the world, resulting in
the higher percentage of mortalities in the Fukushima simulation
for people 60+.78 In general, however, cancer risks are greater for
younger ages, resulting in a higher cancer incidence rate in the
0-20 population compared with the 60+ population even though
the 0-20 population is about 40% lower than the 60+ population
in Japan.%* In both simulations, about 45% of the mortalities
occurred in males and 55% occurred in females. The higher
number of cancers in females is largely because there are more
females than males in the populations of both Japan and the
United States integrated over all age groups since women
generally live longer than men.®

The future of the nuclear energy industry relies on the
contention that nuclear energy is safe. Here, we find that the

Fukushima nuclear accident may cause nontrivial cancer
mortality and morbidity assuming an LNT model of human
exposure, and hypothetical accidents at the Diablo Canyon
Power Plant of comparable magnitude may cause similar health
effects despite having one fourth the local population density as
Fukushima. The number of projected mortalities, however, is
still considerably smaller than the nearly 20 000 mortalities from
the Tohoku earthquake and tsunami” and is also smaller than
the estimated number of projected mortalities from the Cher-
nobyl nuclear accident.'®'®1%7¢ Nevertheless, long-term cancer
risk studies should be conducted in Japan to compare with the
estimates developed here as well as with future modeling studies
of the health effects from Fukushima.*® The risks and conse-
quences of a meltdown must be considered along with other
impacts, risks, costs, and benefits of nuclear power, discussed
elsewhere, in comparison with other electric power sources in
deciding the future direction of worldwide energy policy.
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