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a b s t r a c t 

Modern society is confronted with emerging threats from chemical, biological, and radiological (CBR) hazardous 
substances, which are intensively utilized in the chemical, medical, and energy industries. The atmospheric dis- 
persion of released CBR hazardous pollutants can influence a large percentage of the population owing to their 
rapid process with extensive spatial coverage. It is important to comprehensively understand the behaviors of 
the released CBR pollutants in the atmosphere to fully evaluate the risks and protect public safety. In this study, 
we reviewed the advancements in the atmospheric transport of CBR pollutants, including the urban atmospheric 
boundary layer, unique concepts, and models for CBR pollutants. We underlined the development of innovative 
methodologies (e.g., inverse estimation and data assimilation methods) for the atmospheric transport of acciden- 
tally released CBR pollutants to reduce uncertainties in emissions and accumulated errors during dispersion by 
combining numerical models with monitoring data. Finally, we introduced progress in quantitative risk assess- 
ment, including exposure assessment and dose-response relationships for CBR hazardous pollutants. A framework, 
source, assimilation, fundamentals, exposure, and risk (SAFER), has been proposed to integrate the key compo- 
nents in the risk assessment of airborne CBR hazardous pollutants. These methods and models can contribute to 
effective risk preparedness, prevention, evidence-based policymaking, and emergency response to airborne CBR 
pollutants. 
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. Introduction 

With the constant development of economics and technology, peo-
le face emerging threats from chemical, biological, and radiological
CBR) hazardous pollutants. The atmospheric dispersion of released CBR
azardous pollutants is a rapid process with extensive spatial coverage,
hich can influence a large percentage of the population, thereby being
n important pathway for human exposure as well as having adverse
ealth and environmental effects. 

The spilled hydrogen sulfide from a drilling well in Chongqing, China
illed more than 200 people and poisoned more than 9000 people in
ecember 2003 [1] . The methyl isocyanate released from a pesticide
lant caused more than 2000 deaths and the exposure of over 500,000
eople in the Bhopal disaster, India, in December 1984 [2] . The 1976
ioxin accident in Seveso, Italy prompted the European Union to enact
he Seveso Directive in 1982 to prevent and control similar accidents
nvolving hazardous chemicals [3] . 

Airborne biological particles, namely bioaerosols, have caused sig-
ificant threats to human society during the past decades, including
∗ Corresponding author. 
E-mail address: jing.wang@ifu.baug.ethz.ch (J. Wang) . 
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he severe acute respiratory syndrome coronavirus (SARS-CoV) [4] , the
iddle Eastern respiratory syndrome coronavirus (MERS-CoV) [5] , the

wine-origin influenza A (H1N1) virus [6] , the severe Brucella infection
ccident in Lanzhou [7] , and the recent severe acute respiratory syn-
rome coronavirus 2 (SARS-CoV-2) [8] . 

The Chernobyl disaster in 1986 and the Fukushima Daiichi nuclear
isaster in 2011 accidentally released a large amount of radioactive
ollution, which rapidly dispersed in the atmosphere [9] . The cloud
nd ground deposition of radionuclides causes external gamma radia-
ion, thereby significantly contributing to radiation exposure, which is
ndispensable information for risk assessment and effective emergency
anagement, including sheltering, evacuation, and iodine prophylaxis

 10 , 11 ]. 
Existing review studies have mainly focused on atmospheric disper-

ion models as tools for emergency responses [12] and their applications
n the modeling of chemicals [13] , bioaerosols [14] , and radionuclides
15] . Comprehensive reviews of the technical evolution of atmospheric
ispersion models for airborne CBR substances between the Chernobyl
1986) and Fukushima (2011) accidents indicated that atmospheric dis-
ersion modeling plays an increasing role in emergency planning and
eptember 2022 
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esponse to CBR accidents, but there are still issues on how to effectively
se the model results to support decision making [15] . A recent review
f numerical models for the atmospheric transport of radionuclides has
uggested that the unknown accidental release rate is the largest uncer-
ain factor, underlining the importance of inverse modeling and data
ssimilation [16] . Studies on multi-sensing paradigms for detecting and
easuring released hazardous gas in urban areas have been reviewed,

nd a conceptual framework using wireless sensor networks and mo-
ile crowdsensing has been proposed to locate the source of hazardous
asses [17] . 

The combination of models and observations, for example, data as-
imilation and inverse modeling, can significantly reduce the uncer-
ainties in emissions and meteorological data in emergency situations
18–21] . For the effective communication of information on atmo-
pheric transport results, quantitative risk assessment can be utilized
s an interface between atmospheric transport results and decision-
aking during an emergency situation [22] . However, there is a lack

f comprehensive reviews on model-observation combinations or quan-
itative risk assessments for the accidental release of CBR hazardous
ollutants. 

The release of hazardous CBR substances significantly threatens pub-
ic safety. It is important to comprehensively understand the behaviors
f released hazardous pollutants in the ambient atmosphere to evaluate
nd manage risks and protect public safety. Professor Weicheng Fan,
he pioneer of public safety research in China, first proposed compre-
ensive and integrated risk assessment methods for public safety [23] .
pecifically, he developed innovative methodologies to investigate the
tmospheric transport of hazardous materials by integrating observa-
ions with numerical models to identify sources and reconstruct emis-
ions [24] . The author (X. Zhang) was inspired by these studies as a
octoral student at the Institute of Public Safety Research led by Profes-
or Fan at Tsinghua and has been researching related fields for approx-
mately 10 years. 

In this study, we reviewed the progress in the atmospheric transport
f CBR pollutants, including the urban atmospheric boundary layer and
nique concepts and models for modeling CBR pollutants. We under-
ined the development of innovative methodologies, such as the devel-
pment of data assimilation methods for the atmospheric transport of
ccidentally released CBR pollutants to reduce uncertainties in emis-
ions and dispersion by combining numerical models with monitoring
ata. Finally, we introduced progress in quantitative risk assessment,
ncluding exposure assessment and dose-response relationships for CBR
azardous pollutants. A framework, source, assimilation, fundamentals,
xposure, and risk (SAFER), has been proposed to integrate the key com-
onents in the risk assessment of airborne CBR hazardous pollutants.
his review also contributes to Professor Fan’s pioneering work on pub-

ic safety. 
The structure of the review is organized as follows: in Sections 2

nd 3, we introduced the common general fundamentals for the atmo-
pheric transport shared by the CBR pollutants, i.e., the structure of the
tmospheric boundary layer, turbulent fluxes, relevant horizontal scales,
eteorological data, and the various types of models for atmospheric

ransport. In Sections 4–6, we respectively introduced the unique prop-
rties of the airborne toxic and flammable chemicals, bioaerosols, and
irborne radionuclides, which will significantly influence their atmo-
pheric transport and associated risks, e.g., density, particle size dis-
ribution, and radiation. In Section 7, the development of innovative
ethodologies, which combine the models and observations, e.g., in-

erse modeling and data assimilation, were introduced; these method-
logies can be used for the atmospheric transport of different CBR pol-
utants. In Section 8, the quantitative risk assessment methodologies for
BR pollutants were reviewed. In Section 9, we summarized the study
nd proposed the SAFER integrated framework for the risk assessment
f airborne CBR hazardous pollutants. 
373 
. Atmospheric boundary layer and relevant scales 

Nearly all hazardous materials are released within the atmospheric
oundary (ABL), especially the urban boundary layers, where most of
he population lives. Consequently, the structure and characteristics of
he boundary layer are closely related to the transport of hazardous sub-
tances. The atmospheric boundary layer with a thickness of approxi-
ately 1–2 km is the lowest part of the troposphere (from the ground to

pproximately 11 km), and is directly influenced by the planetary sur-
ace [25] . The ABL responds rapidly to surface forcing with a timescale
f approximately 1 h, and there are significant turbulence and diurnal
ariations in the ABL. The horizontal transport of pollutants, heat, and
omentum in the ABL is dominated by the mean wind, namely advec-

ion, whereas vertical transport is dominated by turbulence. The free
tmosphere above the ABL lacks turbulence, leading to limited verti-
al transport of physical quantities. Therefore, the free atmosphere is
sually not influenced by surface changes. The urban and rural bound-
ry layers are atmospheric boundary layers in urban and rural areas,
espectively. Owing to the enhanced production of turbulence caused
y surfacing heating and buildings, urban boundary layers are usually
eeper than their rural counterparts [26] . 

.1. Structure of the atmospheric boundary layer 

As shown in Fig. 1(a) , the lowest bottom layer in the urban bound-
ry layer is called the urban canopy layer, which is between the ground
urface and the average height of the roughness elements or the aver-
ge building height H C . Above the urban canopy layer is the roughness
ublayer, the boundary of which is usually considered to be between 2
 C and 5 H C [ 27 ]; however, it should be noted that the estimates were
ainly based on studies of vegetated surfaces, mostly from wind tunnel

xperiments. Systematic estimates for urban surfaces are still lacking
 28 ]. The flow and turbulence in the roughness sublayer are directly
nfluenced by individual roughness elements; therefore, the roughness
ublayer has a fully three-dimensional structure [ 28 , 29 ]. Within the
oughness sublayer, the turbulence fluxes of pollutants, momentum,
nd energy are significantly dependent on height [30] , as indicated by
ig. 1(b) and ( c ). The influences of individual roughness elements are
lended and become spatially homogeneous by turbulence in the upper
art of the surface layer, that is, above the roughness sublayer, which
s called the inertial sublayer. The turbulence fluxes vary slightly with
eight in the inertial sublayer [31] , as shown in Fig. 1(c) . 

.2. Parameterizations of turbulent fluxes 

In the ABL, the vertical transport is dominated by turbulence. The
urbulent fluxes were estimated by the turbulent transport coefficients,
amely eddy diffusivity [32] . Most atmospheric models for weather
nd air quality simulations are based on the Reynolds-averaged Navier-
tokes equations (RANS) and employ first-order turbulence closures
33] , which are called gradient transport theory or K-theory. Accord-
ng to K-theory, the vertical turbulent flux ( 𝑤 

′𝑐 ′) is estimated as 

 

′𝑐 ′ = − 𝐾 𝑧 

𝜕 ̄𝑐 

𝜕𝑧 
(1)

here 𝑤 

′and 𝑐 ′are, respectively, the fluctuations of the vertical wind
peed and concentration of pollutants, 𝑐 is the mean concentration,
nd 𝐾 𝑧 is the eddy diffusivity in units of m 

2 s − 1 . The turbulent fluxes in
he x - and y -directions can be estimated in a similar manner. The eddy
iffusivity 𝐾 𝑧 is approximated as [32] : 

 𝑧 = 𝑢 ∗ ⋅Φ𝑠 ( 𝑧 ) ⋅ 𝑙 (2)

here Φ𝑠 ( 𝑧 ) is the dimensionless stability function [34] for scalar gradi-
nts developed based on field observations, which is referred to as the
onin-Obukhov similarity theory [35] , and embodies the influences of
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Fig. 1. Structure of boundary layer. (a) Structures of urban and rural boundary layers and the relevant horizontal scales for the atmospheric dispersion of hazardous 
pollutants. (b) Idealized vertical profile of the Reynolds stress [25] and the conceptual sketch of the Reynolds stress based on observations [ 28 ] in the atmospheric 
boundary layer. (c) Enlarged profile of the Reynolds stress in the surface layer. 
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on-neutral diabatic atmospheric conditions (non-zero gradients of po-
ential temperature), that is, stable and unstable conditions. l is the mix-
ng length (size of the turbulent eddies), and 𝑢 ∗ is the friction velocity,
hich is related to the Reynolds stress and is defined as 

 

2 
∗ = − 𝑢 ′𝑤 

′ (3)

here 𝑢 ′is the fluctuation of the horizontal velocity. 
It should be noted that the Monin-Obukhov similarity theory is

ot valid for the roughness sublayer [30] , where the turbulence is a
ully three-dimensional structure and the turbulence fluxes are height-
ependent [ 28 ]. Field studies showed that, in contrast to the idealized
ertical profile for smooth surfaces, the norm of Reynolds stress ap-
eared to increase with height in the roughness sublayer of the urban
oundary layer from a plane displacement height d close to zero before
eaching an approximately constant value in the inertial sublayer [ 28 ].
s a result, the existing parameterization models for eddy diffusivity
ased on the Monin-Obukhov similarity theory tend to overestimate the
eynolds stress and eddy diffusivity in the roughness sublayer, leading

o a potential underestimation of the concentration near the ground. It
s important to consider the turbulent structure in the roughness sub-
374 
ayer for the dispersion of pollutants [ 28 ]. However, current studies on
he dispersion in the roughness sublayer are still limited. 

The thermal stratification of the ABL can significantly influence the
tmospheric transport of pollutants. A thermally stratified wind tunnel
as built to investigate the effects of atmospheric stability, that is neu-

ral, stable, and unstable conditions, on the dispersion of pollutants over
ountainous areas [36–38] . The bulk Richardson number ( Ri b ) was uti-

ized to satisfy the similarity rule for different atmospheric stabilities,
ecause it is easier to achieve the similarity based on the bulk Richard-
on number than the others, for example, the gradient Richardson num-
er or the Monin-Obukhov length. The bulk Richardson number is 

𝑖 𝑏 = 

𝑔𝐿 Δ𝑇 
𝑇 𝑈 

2 (4)

here Δ𝑇 is the difference in potential temperature between the source
eight and ground, and U and T are the potential temperature and ve-
ocity at the source height ( L ), respectively. Recent studies using wind
unnel experiments [39] and computational fluid dynamics methods
40–43] have indicated that thermal stratification can significantly
nfluence the transport of pollutants in the roughness sublayer. How-
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ver, studies on the effects of thermal stratification are still in their in-
ancy. 

.3. Relevant horizontal scales for airborne hazards 

The atmospheric transport of hazardous substances is related to dif-
erent horizontal scales. The street scale (10–100 m) and the neighbor-
ood scale (0.1–1 km) are important for all types of hazards to depict
he atmospheric transport near the release sources because the concen-
rations or risks are normally high close to the sources. At these scales,
he size of the plume is normally comparable to the depth of the rough-
ess sublayer; therefore, detailed and sophisticated characterizations of
he turbulence structure are required for an appropriate assessment of
he transport. 

Despite the high dilution, the city scale (10–30 km) is still of high im-
ortance for bioaerosols and radiological substances because bioaerosols
an proliferate and the total amount of radiological substances could be
igh. Owing to significant public concern, the atmospheric transport
f radiological substances at regional (10 2 –10 3 km), continental, and
lobal scales could still be important, for example, atmospheric trans-
ort during the Fukushima accident. The transport of substances in large
reas (e.g., city or regional scales) is mainly in the inertial sublayer and
he mixing layer, so turbulence parameterization models based on the
onin-Obukhov similarity theory can be applied for a reasonable as-

essment. 

.4. Meteorological models and data 

Meteorological observations from a monitoring site can be utilized
or the estimation of atmospheric dispersion within relatively small hor-
zontal scales, for example, street to city scales, because meteorological
onditions are relatively homogeneous within the scale [16] . Downscale
odeling is usually required to consider the effects of the terrain and

uildings. The GRAMM-GRAL model [ 44 , 45 ], Quick Urban & Industrial
omplex (QUIC) Dispersion Modeling System [46–48] , and Simulator

Or Wind Farm Applications (SOWFA) [ 49 , 50 ] can take meteorological
easurements from a single site as the input and calculate the meteo-

ological field to provide detailed information. 
The spatial representativeness of the measurements from a single

ite becomes limited for dispersion processes at large scales and is cir-
umstantial. As a result, meteorological data from numerical weather
rediction (NWP) models are typically adopted. Retrospective stud-
es are usually conducted to investigate the atmospheric dispersion of
azardous pollutants during severe accidents, such as the Chernobyl
nd Fukushima Daiichi nuclear disasters. Meteorological reanalysis data
roducts can be used in retrospective studies. The reanalysis meteoro-
ogical data products combine the NWP results with historical observa-
ions, so they are generally more accurate than raw NWP data. The cur-
ent key reanalysis meteorological data products include the fifth gen-
ration reanalysis product (ERA5) of the European Center for Medium-
ange Weather Forecasts (ECMWF) [51] , National Centers for Environ-
ental Prediction/National Center for Atmospheric Research reanalysis

52] , Japanese 55-year atmospheric reanalysis [53] , and 40-year global
eanalysis (CRA-40) dataset from the National Meteorological Informa-
ion Center (NMIC) of the China Meteorological Administration (CMA)
54] . The resolution of the reanalysis data products is usually tens of
ilometers. For local dispersion processes, the aforementioned models
an be utilized to dynamically downscale the data into finer resolutions.
or regional transport, mesoscale meteorological models, such as the
eather Research and Forecasting model (WRF) [55] , can be used to

alculate meteorological data at finer resolutions (e.g., several kilome-
ers). 

The coupling between meteorological models and atmospheric trans-
ort models can be classified into two categories: offline and online [16] .
n offline coupling methods, the atmospheric dispersion model directly
375 
tilizes the output of NWPs; therefore, there is no feedback from atmo-
pheric dispersion models to the NWPs. Most current dispersion models
dopt an offline coupling method owing to its simplicity and relatively
ow computational cost. However, pollutants might also influence me-
eorological conditions by acting as cloud condensation nuclei (CCN) or
y affecting the radiation budget. Consequently, online coupling meth-
ds have been proposed to consider the two-way interactions between
eteorological models and atmospheric transport models, for example,
RF-Chem [56] . In accidental releases of hazardous pollutants, it is rea-

onable to utilize offline coupling methods if the released amount is low
nd the disturbance on the meteorological conditions is limited. How-
ver, when a large amount of pollutants is released, it might significantly
lter the meteorological conditions, such as wind and turbulence; there-
ore, online coupling methods should be adopted. 

. Atmospheric transport modeling 

The atmospheric transport of hazardous pollutants consists primar-
ly of advection and diffusion, which are driven by meteorological con-
itions, including the wind field, atmospheric stability, atmospheric
oundary layer height, and precipitation. Various methods have been
eveloped to simulate the atmospheric dispersion of hazardous pollu-
ants, including computational fluid dynamics (CFD), Gaussian plume,
agrangian puff and particle, and chemical transport models. Illustra-
ions of the results from different types of models are shown in Fig. 2 ,
nd the representative models or codes for different types of models are
ummarized in Table 1 . 

.1. Computational fluid dynamics 

CFD methods calculate the transport of pollutants based on the ve-
ocity field obtained by solving the Navier-Stokes equations [ 79 , 80 ]. In a
omprehensive review of CFD studies on the near-field dispersion of pol-
utants in the roughness sublayer of an urban environment, the studies
ere categorized into four typical cases [81] : an isolated building, a sin-
le street canyon, building arrays, and building complexes. The complex
nteraction between the atmospheric flow and buildings makes the flow
tructure around buildings highly three-dimensional in the near-field
ispersion, for example, the street and neighborhood scales. Various
actors influence the dispersion process, including horseshoe vortices,
ertical diffusion, building wakes, and flow along the street valley. 

When a large amount of hazardous pollution is released into the at-
osphere, the different physical properties (e.g., temperature and den-

ity) between the released pollutants and the ambient atmosphere will
lter the flow, which requires an online coupling calculation to take into
ccount the interactions. As a result, CFD models are normally adopted
o capture the structures of three-dimensional flow in the near-field dis-
ersion, to achieve online coupling between the ambient flow and the
ispersion of pollutants, and to appropriately simulate the physical pro-
esses at the street and neighborhood scales [81] . 

CFD models that solve the RANS equations in conjunction with a
urbulence closure model are widely used [82] . The turbulence closure
odels include the standard k –𝜀 model [83] , renormalization group

RNG) k –𝜀 model [84] , and Reynolds stress model (RSM) [85] . The k –𝜀
odel and its variations usually have better performance than the RSM
odel [ 86 , 87 ], which might be caused by uncertainties in the param-

ters of the high number of differential equations involved in the RSM
odel [81] . Turbulence models derived from the k - 𝜀 models are widely

dopted in the simulation of accidental releases of hazardous materials
 57 , 88 ]. In various types of k –𝜀 models, the turbulence flux of pollutants
s estimated based on the gradient transport hypothesis with eddy dif-
usivity, similar to the K-theory adopted in weather prediction and air
uality models introduced in the previous section. 

In k - 𝜀 models, the turbulent Schmidt number (Sc t ) is usually adopted
o link the eddy diffusivity to the eddy viscosity, which can be calculated
rom the turbulent kinetic energy ( k ) and turbulent dissipation rate ( 𝜀 )
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Fig. 2. Atmospheric dispersion of chemical, biological, and radiological pollutants calculated by different models. (a) Simulation of atmospheric dispersion 
of liquefied natural gas leaked from the top of the storage tank using the computational fluid dynamics rhoReactingBuoyantFoam solver in OpenFOAM. 
Reprinted with permission from ref. [57] . Copyright (2021) Elsevier B.V. (b) Concentration distribution of SO 2 predicted by the Gaussian plume model for 
one case of the Prairie Grass field experiment (mg m 

− 3 ). Reprinted with permission from ref. [58] . Copyright (2018) Elsevier B.V. (c) The plume of virus- 
laden bioaerosols released from the Wuhan seafood market calculated by the Lagrangian particle model [22] , visualized with the urban dispersion visualizer 
https://github.co m/z xiaole/urbanDispersionVisualization. (d) The dispersion of SF 6 released in the Kincaid tracer experiment using the Lagrangian puff model. 
Reprinted with permission from ref. [19] . Copyright (2015) Elsevier B.V. (e) The atmospheric dispersion of bioaerosols containing antimicrobial resistance-related 
genes from the layer farms in Beijing using the chemistry-transport model [59] . (f) The atmospheric transport of radioactive 131 I particles released during the 
Fukushima accident using the chemistry-transport model Polair3D [20] . 
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89] . It is often assumed that the turbulent Schmidt number is identical
o the turbulent Prandtl number in atmospheric models [33] . A Schmidt
umber of 0.7 to 0.9 is commonly used, but the optimum values in dif-
erent studies are widely spread from 0.2 to 1.3, depending on the flow
roperties and geometries [90] . It should be noted that the gradient
ransport hypothesis cannot depict the anisotropy of turbulent scalar
ux, which is common in near-field dispersion. To partially compensate

or this inherent limitation, two values of Sc t can be used to estimate
ateral and vertical eddy diffusivities [91] . 

Large-eddy simulations (LES) are another type of widely utilized tur-
ulence model. Unlike RANS, LES can resolve large-scale eddies, and
nly the sub-grid scale processes need to be modeled [92] . As a result,
he influence of the uncertainties in the turbulent Schmidt number at the
ub-grid scale becomes less significant because large-scale fluxes are ex-
licitly resolved in the LES. The performance of LES in estimating the
oncentration distribution is usually better than that of RANS, even with
he simple sub-grid scale model in LES [93] , which is mainly attributed
o the successful reproduction of the horizontal and vertical diffusions
376 
s well as the unsteady fluctuations of concentrations in LES simulations
81] . However, LES simulations are more computationally demanding
han RANS ones. 

As introduced above, CFD models can capture the fully three-
imensional flow and turbulence structure in the roughness sublayer
 28 , 29 ]. However, it is difficult and expensive to consider various in-
uencing factors in CFD models, such as atmospheric thermal stratifi-
ation and buoyancy. The mean inflow and turbulent properties have
 strong influence on the flow structure in the roughness sublayer. The
nflow properties corresponding to the actual weather conditions should
e given [94] . It is more challenging to consider the atmospheric ther-
al stratification in CFD models. Recent experimental studies [ 39 , 95 ]

n wind tunnels and numerical studies [ 40–42 , 96 ] have shown that
hermal stratification significantly affects the spread of pollutants and
round-level concentrations. 

Model validation is an essential part of the CFD model development.
he European COST Action 732 proposed a new protocol for the eval-
ation and quality assurance of urban meteorology at the microscale
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Table 1 

Representative atmospheric dispersion models of different model types. 

Model type Model name Purpose Developers Scale Refs. 

CFD models OpenFOAM General purpose The OpenFOAM Foundation/ ESI Group Street to neighborhood [60] 
FLACS Flammable and toxic gas 

dispersion 
GexCon, Norway Street to neighborhood [61] 

FLUENT General purpose Ansys, Inc. Street to neighborhood [62] 
PALM General purpose Leibniz Universität Hannover, Germany Street to neighborhood [63] 

Gaussian plume HotSpot Radioactive materials Lawrence Livermore National Laboratory, U.S. Neighborhood [64] 
AERMOD General purpose U.S. EPA Neighborhood [ 65 , 66 ] 
Plume model in 
Polyphemus 

general purpose center d’enseignement et de recherche en 
environnement atmosphérique, france 

Neighborhood [67] 

ALOHA Chemical emergencies U.S. EPA Neighborhood [68] 
Lagrangian particle 
models 

FLEXPART General purpose University of Vienna, Austria City, regional, continental, 
and global scales 

[69] 

HYSPLIT General purpose U.S. National Oceanic and Atmospheric 
Administration (NOAA) 

City, regional, continental, 
and global scales 

[70] 

GRAL General purpose Air Quality Control, Government of Styria, Graz, 
Styria, Austria 

Street to city [71] 

QUIC Chemical, biological, and 
radiological (CBR) agent 

University of Utah and Los Alamos National 
Laboratory 

Street to city [48] 

Lagrangian puff
models 

CALPUFF General purpose TRC Environmental Corporation City, regional scale [72] 
RIMPUFF Chemical, biological, and 

radiological (CBR) agent 
Risø DTU National Laboratory for Sustainable Energy, 
Denmark 

City, regional scale [73] 

ATSTEP Radioactive materials Karlsruhe Institute of Technology, Germany City scale [74] 
Puff model in 
Polyphemus 

general purpose center d’enseignement et de recherche en 
environnement atmosphérique, france 

Neighborhood [67] 

Chemistry transport 
models 

CMAQ Air quality U.S. EPA City, regional, and 
continental scales 

[75] 

WRF-Chem Air quality U.S. NOAA Earth System Research Laboratories (ESRL) City, regional, and 
continental scales 

[56] 

POLAIR 3D in 
Polyphemus 

general-purpose center d’enseignement et de recherche en 
environnement atmosphérique, france 

City, regional, and 
continental scales 

[76] 

CAMx Air quality Ramboll Group City, regional, and 
continental scales 

[77] 

GEOS-Chem Air quality Harvard University and Washington University Global scale [78] 
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97] . The temporal average of pollution concentrations estimated by
he models can be compared with experimental or field measurements
ecause the averages are relatively easy to obtain during measurements.
he percentile exceedances of the models should also be evaluated [81] .

.2. Gaussian plume model 

The Gaussian plume model is a simple approach to calculate the
tmospheric transport of pollutants [58] . A number of simplifying as-
umptions have been made for the original three-dimensional advection-
iffusion equation to obtain an approximate analytical solution [98] . It
s assumed that (1) the release rate of pollutants is constant from a sin-
le point source at (0, y 0 , h e ), (2) the wind velocity is constant along the
 -axis, (3) the dispersion is in a steady state independent of time, (4) the
ddy diffusivities are only dependent on the downwind distance, (5) the
opography is flat, and (6) the transport in the x -direction is dominated
y advection, and diffusion is negligible in this direction. The analytical
olution to the simplified equation for the average concentration 𝑐 is as
ollows: 

̄ ( 𝑥, 𝑦, 𝑧 ) = 

𝑄 

𝑢̄ 

1 
2 𝜋𝜎𝑦 𝜎𝑧 

exp 
( 

− 

( 𝑦 − 𝑦 0 ) 2 
2 𝜎2 𝑦 

) 

( 

exp 
( 

− 

( 𝑧 − ℎ 𝑒 ) 2 
2 𝜎2 𝑧 

) 

+ 𝑎 exp 
( 

− 

( 𝑧 − ( − ℎ 𝑒 ) ) 2 
2 𝜎2 𝑧 

) 

+ exp 
( 

− 

( 𝑧 −(2 ℎ 𝑚 − ℎ 𝑒 ) ) 2 
2 𝜎2 𝑧 

) ) (5) 

here ( x, y, z ) is the position of the target point, 𝑢̄ is the average wind
elocity, Q is the emission rate, h e is the effective height of the source
ncluding the physical height and the plume rise, h m 

is the height of the
tmospheric boundary layer, 𝜎𝑦 and 𝜎𝑧 are, respectively, the horizontal
nd vertical standard deviations, which depict the crosswind diffusion,
nd a is the reflection coefficient of the ground, which is 1 for com-
lete reflection from the ground and 0 for complete absorption by the
round. The reflections of pollutants at the ground surface and top of
he boundary layer are considered in the model. 
377 
Different parameterization models have been proposed to estimate
he standard deviations in the Gaussian plume model. These models
re based on atmospheric stabilities, which are usually categorized as
nstable, neutral, and stable boundary layers. Several different sub-
ategories might also be adopted, for example, slightly stable and ex-
remely stable boundary layers. Detailed information about atmospheric
tabilities and parameterization models was introduced in the overall
eviews [ 12 , 99 ]. The computational cost of the Gaussian plume model
s negligible because of its simple form; therefore, it has been widely
dopted for operational regulations and emergency responses. It should
e noted that because of the assumptions required to obtain the Gaus-
ian plume model, it can only be applied to situations with nearly
onstant meteorological conditions, simple topography, and constant
mission. 

.3. Lagrangian puff/particle models 

Lagrangian models calculate the transport of pollutants by utilizing
 series of released puffs or particles, which carry a certain amount of
eleased pollution and are transported downwind. The key difference
etween the Lagrangian puff and particle models is the method used
o consider the stochastic effects of turbulence. In the Lagrangian puff
odel, the positions of puffs are deterministically updated based on the
ean wind field, the effects of turbulence are considered by assuming a
aussian distribution of the pollutants within the puffs, and the standard
eviations of the puffs increase owing to turbulence [ 18 , 58 , 100–102 ].
he concentrations at a certain point are calculated as the contributions
rom all the released puffs. The parameterization models for the stan-
ard deviations in the Gaussian plume model are normally applied to
agrangian puff models. 

In Lagrangian particle models, the positions of the released particles
re updated both deterministically by the mean wind field and stochas-
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ically by a random perturbation owing to turbulent fluctuation, which
s a random walk approach described by the Langevin equation [ 28 ]. In
ontrast to the puff models, the particle sizes are assumed to be fixed
n the particle models. The concentrations are calculated using the total
mount of pollution carried by all particles within a certain volume. 

Lagrangian models are much more flexible and powerful than the
aussian plume model. Discrete puffs and particles can follow complex
ind fields, which enables Lagrangian models to simulate the transport
f pollutants over different types of topographies. They can also be ap-
lied to unsteady situations with changing emissions, as well as to tem-
oral and spatial variations in meteorological conditions. 

Owing to their relatively low computational cost, Lagrangian mod-
ls are widely used, for example, the FLEXPART [69] , GRAMM-GRAL
 44 , 45 ], and RIMPUFF models [103–105] . The RIMPUFF model and
ther Lagrangian models have been integrated into the Real-time On-
ine DecisiOn Support (RODOS) system [106–109] . It should be noted
hat the computational cost increases with an increase in the number
f puffs or particles released into the computational domain. If the dis-
ances between neighboring puffs or particles become too large, the es-
imated concentration field will become unrealistically discontinuous.
onsequently, problems may arise when applying Lagrangian models to

arge-scale studies. 

.4. Chemistry-transport models 

Global or regional chemistry-transport models (CTM), such as GEOS-
hem [78] , Polair3D [ 20 , 110 ], CMAQ [75] , and WRF-Chem [111] , are
idely utilized to investigate and regulate air pollution. The chemistry-

ransport model calculates the spatial and temporal evolution of the at-
ospheric concentrations of pollutants [112] , which is governed by the

dvection-diffusion-reaction partial differential equation. 
The key physical and chemical processes are modeled by chemistry-

ransport models, including advection owing to wind transport, diffu-
ion owing to turbulent mixing, and reactions owing to physical (e.g.,
ucleation and coagulation of particles) and chemical (e.g., photochem-
stry) processes. These models can also be applied during emergency
esponses to the accidental release of hazardous materials. The CMAQ
113] and WRF-Chem models [ 114 , 115 ] were used to reconstruct the
tmospheric transport and deposition of radionuclides released during
he Fukushima nuclear accident. 

In addition to the advection-diffusion module, the chemistry-
ransport models also contain modules for multiphase chemistry and
erosol microphysics, which consume most of the computational time
f the chemistry-transport models owing to complicated chemical and
hysical mechanisms. Chemical mechanism models, for example, the
idely adopted carbon bond mechanism [116] , are mainly developed

or regular pollutants in the atmosphere, for example, NO 2 , O 3 , and
olatile organic compounds (VOC). However, chemical, biological, and
adiological hazardous pollutants are not included in the chemical
echanism models, and it is challenging to investigate the chemical
echanisms of these pollutants because of extremely limited observa-

ions. Several attempts have been made to introduce an atmospheric
odine gas-phase mechanism for accidental release from nuclear acci-
ents [ 117 , 118 ]. Most of the time, the changes in these hazardous pol-
utants are simply described by a model of decay or inactivation instead
f the complicated chemical mechanisms in chemistry-transport models.
hemistry-transport models usually include aerosol dynamic modules,
hich can be utilized to depict the detailed behaviors of hazardous par-

icles. 
The spatial resolutions of chemistry-transport models are relatively

ow (typically several kilometers), which is insufficient for assess-
ents in the vicinity of release sources. Some plume-in-grid approaches

119] exist for the sub-grid calculation, but they are unable to sat-
sfactorily model sub-grid meteorological conditions or simulate fully
hree-dimensional flow structures in the roughness sublayer. As a result,
hemistry-transport models are mainly applicable for regional and con-
378 
inental/global transport, for example, studies related to the Fukushima
ccident [113] . 

. Airborne toxic and flammable chemicals 

The key atmospheric issues arising from the accidental release of
hemicals are introduced in this section, including the source terms,
pecial physical properties of the dispersion of the typical toxic and
ammable chemicals, numerical models, and field and laboratory ex-
eriments. 

.1. Source term 

The source term describes the type, amount, and physical parame-
ers of the released hazardous substance involved in the release (e.g.,
emperature, pressure, release time, and state of the substance) [120] .
he source term is closely related to the status and properties of the
eleased material (e.g., compressed gas, liquefied-pressurized gas, and
on-boiling liquid) and the damage mechanisms (e.g., failure of vessel
oles and rupture of a vessel) [120] . The release of compressed vapor
s usually in the gas phase; however, the release of pressurized liquid is
omplex with a two-phase flow [121] . 

The statistics of the hazardous substances involved in the accidents
ecorded in the major accident reporting system [122] are shown in
ig. 3 (a). The results indicate that toxic substances frequently involved
n accidents include chlorine, ammonia, hydrogen chloride, hydrogen
uoride, and hydrogen sulfide. Flammable substances with high unin-
ended release frequencies include ethylene, natural gas, hydrogen, bu-
ane, and propane. These major substances accounted for approximately
0% of accidents in the database. This agrees with the risk ranking of
oxic industrial chemicals developed by the U.S. Department of Home-
and Security/Chemical Security Analysis Center and the U.S. Defense
hreat Reduction Agency, which indicated that chlorine, anhydrous am-
onia, and sulfur dioxide are usually at the top of the ranks, and they

re normally stored and transported as liquefied gasses [123] . 
The release plume could be classified into different zones, as shown

n Fig. 3 (b). The release flow is usually choked owing to the high pres-
ure in the vessel. The release flow is under-expanded in the first zone,
nd a corresponding model should be developed to depict the expansion
f the flow based on the properties of the released substance. There will
e flashing of the pressurized liquid, for example, liquefied natural gas
LNG). The pressure of the flow decreases to the ambient level at the end
f this zone [124] . In the jet flow zone, droplets can be formed, and the
izes of the droplets must be estimated, which is important for assessing
he rainout of the droplets. Source term models should be developed for
ones of under-expansion and jet flow. 

The zone of jet flow is the buoyant and neutrally buoyant flow (with
ufficient dilution), which can be evaluated using atmospheric disper-
ion models, for example, CFD and Lagrangian models. For buoyant
ow, online coupling between the plume and the ambient environment

s required; therefore, CFD methods are more suitable for this phase. Af-
er sufficient dilution, the density of the released plume approaches the
mbient condition, leading to negligible buoyancy; thus, offline meth-
ds, for example, Lagrangian particle models, can be utilized. Models
ave been developed to estimate the source term of the unintended
elease of liquid hydrogen, accounting for the transitions between the
tagnant location in the tank and the location where the concentration
rops to 4% by volume [124] . Toxic and harmful pollutants can also be
enerated by some special sources with a significant release of heat, for
xample, volcanic eruptions [ 125 , 126 ] and fire accidents [127–129] . In
uch cases, plume rise schemes [67] should be included to estimate the
ource term of the emissions by considering the temperature, initial ve-
ocity, and area of the sources. More details regarding the source term
odels can be found in the Accident Damage Analysis Module (ADAM) –
echnical Guidance [121] . 
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Fig. 3. Typical unintended releases of hazardous chemicals: (a) the statistics of the typical toxic and flammable chemicals involved in the release accidents recorded 
in the database of the European Major Accident Reporting System (eMARS); (b) schematic graph of the key phases of the plume of released pressurized liquefied 
gasses. 

4

 

h  

a  

h  

a  

u  

e  

s  

t  

c  

o  

u  

r  

l  

s  

 

d  

f  

c  

l  

d  

i  

s  

a  

h  

fl  

t  

h  

r
 

h  

d  

i  

p  

r  

t  

t  

h  

g  

i  

[  

a  

w  

t  

a  

[

4

 

t  

r  
.2. Denser- and lighter-than-air substances 

The atmospheric dispersion of released hazardous substances is
ighly dependent on the density. In this study, we focused on denser
nd lighter-than-air substances. Denser-than-air gasses (e.g., chlorine)
ave higher molecular weights than the ambient air or are released at
 sufficiently lower temperature than the ambient conditions (e.g., liq-
efied natural gas and liquid hydrogen) [130–132] . Two main unique
ffects were observed from the field experiments of denser-than-air sub-
tances, for example, LNG releases: first, the stable stratification owing
o the density could suppress the vertical turbulence mixing, and it be-
omes difficult for the ambient turbulence to penetrate into the cloud
f the dense gas, which hinders the dissipation of the cloud; the other
nique effect is the gravity-driven flow, tending to follow the topog-
aphy instead of the ambient wind. These effects lead to a wider and
ower cloud near the ground than neutrally buoyant gas [130] . As a re-
ult, denser gas stays near the ground and increases the risk [133–135] .

Temperature is a critical parameter in the model for the release of
ense pressurized liquefied gasses such as LNG. The heat flux from sur-
aces (e.g., the ground, building walls, and the water surface) to the
old dense substance plays an important role in the mitigation of re-
eases, because the flux can increase the temperature and decrease the
ensity of the cloud, which can also potentially induce turbulence and
ncrease the mixing of the cloud with ambient air [130] . A recent study
uggested that the released liquid hydrogen (LH2) initially behaves as
 dense gas in the ambient environment, different from the compressed
ydrogen gas that will rise and rapidly become diluted, and the lower
379 
ammable limit (LFL) distances for LH2 can be significantly larger than
hat for LNG releases [136] . It was shown that LH2 had dense gas be-
avior close to the source and became significantly buoyant in the far
ange after being heated by the ground and buildings [137] . 

Owing to the increasing demand for green energy, natural gas and
ydrogen are gaining popularity, as they are lighter-than-air gasses. The
ispersion of these gaseous substances is completely different from that
n their liquefied states. Owing to the buoyancy-driven flow, the released
lume is vertically lifted and rapidly diluted. It is suggested that the
isk of lighter-than-air gasses is much lower than that of dense gasses;
herefore, studies on light gasses are scarce. However, it is important
o fully understand the transport behavior of light gasses, for example,
ydrogen, considering their increasing usage [138] . The release of light
as can cause classical Rayleigh Taylor (R-T) instability [139] , which is
nduced by placing a heavy fluid over a light fluid in a gravitational field
138] , and the buoyancy drives the mixing between the light gas and the
mbient air. If there was an ignition source, the mixed flammable gas
ith air would impose a significant risk [ 140 , 141 ]. It is also important

o investigate the effects of the relative directions of the jet flow and
mbient wind [142] and the thermal stratification of the atmosphere
 96 , 143 , 144 ]. 

.3. Simulations of the atmospheric dispersion of hazardous chemicals 

The released denser- and lighter-than-air substances can influence
he ambient flow, so CFD methods with online coupling between the
eleases and the ambient air provide the most complete description of
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[1
64

] 
he physical processes (e.g., mass, momentum, and energy conservation)
nd become the most suitable tools to calculate the atmospheric disper-
ion of dense or light substances [130] . The FLACS CFD models have
een adopted to simulate the atmospheric dispersion of LNG [61] and
H2 [145] , and have shown that similar qualitative trends with field
xperiments can be produced, but there are still significant quantita-
ive differences. The rhoReactingBuoyantFoam solver of OpenFOAM has
een utilized to investigate the leakage and dispersion of LNG [57] and
atural gas [88] . ANSYS Fluent has been used to simulate the atmo-
pheric dispersion of ammonia [ 146,147 ]. 

CFD methods are typically computationally expensive; therefore, pa-
ameterized Lagrangian models are more suitable for emergency re-
ponse applications [130] . The parameterization model of buoyancy-
riven dynamics was implemented in a Lagrangian puff model to sim-
late the rise of the buoyant plume and dispersion of dense gas [148] .
arious types of simplified models have been developed, such as param-
terized plume models, shallow layer models, one-dimensional integral
odels, and parameterized Lagrangian models. More details about these
odels can be found in a comprehensive review [149] . 

.4. Field and laboratory experiments 

Field measurements are indispensable for developing and evaluating
tmospheric transport models. Many experiments have been conducted
nd efforts have been made to archive datasets [150] . Representative
xperiments under typical conditions, such as urban environment dis-
ersion, large-scale transport, and release of dense gasses, are briefly
ummarized in Table 2 . A more complete introduction to the experi-
ents can be found in the Modelers’ Data Archive [ 13 , 150 ]. 

. Bioaerosols 

Bioaerosols are particles that are partially or completely formed by
iving organisms, such as bacteria, viruses, fungi, or pollen. Bioaerosols
an be pathogenic or infectious and can potentially cause diseases, such
s SARS-CoV-2, if inhaled by humans or animals. 

.1. Size distributions of bioaerosols 

The size of bioaerosols significantly influences their atmospheric
ransport properties, for example, deposition and the distribution of de-
osition in different parts of the human respiratory tract; therefore, the
ize distribution of bioaerosols is an important parameter for the evalua-
ion of their atmospheric transport [ 14 , 59 ]. Viruses are usually in breath
erosols formed by the rupture of fluid film in the lungs during inhala-
ion owing to the expansion of the bronchiole [165] ; therefore, viral
hedding is usually assumed to be proportional to the volume of the ex-
aled particles [22] . As shown in Fig. 4 , the emission of bioaerosols and
heir size distribution should first be evaluated. 

Measurements have shown that the aerodynamic diameters of the
reath droplet nuclei are mainly below 5 𝜇m at the equilibrium state
fter evaporation with a concentration of approximately 0.098 parti-
les cm 

− 3 for mouth breathing [166] . The respiratory shedding of coro-
avirus (NL63, OC43, HKU1, and 229E) is approximately 10 2 to 10 5 

irus copies in particles below 5 𝜇m with 30 min sampling and with-
ut wearing masks [167] . The geometric mean concentrations of the
nfluenza A virus (IAV), porcine reproductive and respiratory syndrome
irus (PRRSV), and porcine epidemic diarrhea virus (PEDV) generated
y acutely infected pigs were respectively approximately 9.1 × 10 4 ,
 × 10 3 , and 9.1 × 10 7 copies m 

− 3 for particles below 10 𝜇m sam-
led with the cyclonic air collector; the measurements also indicated
 higher viral load in larger particles [168] . The viable IAV and PRRSV
iruses could be isolated in cell cultures only from particles larger
han 2.1 𝜇m [168] . Bioaerosols are also generated during the aera-
ion process at wastewater treatment plants [169] . Existing studies sug-
est that airborne viruses can be found in a wide range of respiratory
380 
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Fig. 4. Risk assessment of bioaerosols, including estimation of bioaerosol emission, atmospheric transport, exposure assessment, and risk assessment using dose- 
response relations. 
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articles, and virus viability might be dependent on the size of the
articles. 

The size distributions of bioaerosols containing bacteria, fungi, and
ctinomycetes have been investigated in a full-scale composting facil-
ty in Korea [170] . A six-stage impactor was utilized to sample the
ioaerosols onto the agar plates, which were incubated after sampling,
nd the number of colonies was counted to represent the concentrations
f bioaerosols in terms of colony-forming units (CFU) per unit volume
f air [170] . The bioaerosol concentrations were nearly constant over
he range of measured sizes between 0.65 and 7 𝜇m at a magnitude of
0 3 CFU m 

− 3 , although the particle number concentrations significantly
ecreased with the size of the particles. The percentages of bacteria,
ungi, and actinomycetes were 85.1%, 0.3%, and 14.6%, respectively
170] . 

.2. Biological decay 

The biological decay of bioaerosols is of great importance for un-
erstanding their behavior in the environment and for risk assessment.
iological decay affects the viability of airborne organisms. A recent
tudy systematically reviewed the decay characteristics of aerosolized
iruses [171] . It was assumed that the viruses followed an exponential
ecay function; however, an initial decay constant and a secondary de-
ay constant were estimated for the first 5–30 min and after 30 min,
espectively. The half-life periods during the initial stage were between
0 − 2 and 10 h, and the decay became slower during the second stage,
ith half-life periods between 10 -1 and 10 2 h. The data also indicate

hat the decay became faster with increasing temperature and was fast
hen the humidity was approximately 50%. More details can be found

n [171] and the references therein. 
381 
The stability of SARS-CoV-2 has been investigated by considering the
nfluence of sunlight and relative humidity [172] . The results indicated
hat the decay rates of the viruses in simulated saliva were dependent
n the simulated sunlight intensity, with a half-life of approximately
6 min without sunlight, approximately 6 min in sunlight of medium
ntensity (0.94 W m 

− 2 UVB, the solar radiation in March and Octo-
er), and approximately 2 min in sunlight of high intensity (1.91 W m 

− 2 

VB, the solar radiation in June), but they were independent of the rela-
ive humidity. The biological decay of coronaviruses, including common
uman coronavirus (HCoV), MERS-CoV, SARS-CoV, transmissible gas-
roenteritis virus (TGEV), and mouse hepatitis virus (MHV), reported in
he literature was summarized to determine the reasonable parameters
or the infection risk assessment of aerosol transmission [22] . The half-
ife was between 0.5 and 10 2 h. A recent study found that the viability
f both bacteria and viruses decreased with decreasing relative humid-
ty (RH) at intermediate and high RH [173] . Divergences occurred at
ow RH, where the viability of bacteria continued to decrease with de-
reasing RH, but the viability of viruses increased with decreasing RH.
owever, the mechanisms underlying the inactivation of bacteria and
iruses remain unclear. 

Bacillus anthracis is a spore-forming bacterium that causes anthrax
nfection. The spores are very resistant to extreme physical conditions,
nd can survive for up to 200 years [174] , which is very different from
acteria and viruses. As a result, spore-forming pathogenic microorgan-
sms can be very harmful, and special attention should be paid to them.

It has been shown that various atmospheric conditions will influ-
nce the survival of bioaerosols [ 59 , 175 , 176 ], including solar radiation
ultraviolet radiation), the ozone, relative humidity, and temperature.
owever, current studies on biological decay are still limited and in-
onsistent, which might be due to various experimental protocols. In-
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ovative experimental systems [ 175 , 177 ] should be developed to sim-
late the conditions that bioaerosols will experience in the natural en-
ironment, which will enable the robust investigation of the survival of
ioaerosols as a function of ambient conditions. 

.3. Atmospheric transport model for bioaerosols 

Atmospheric dispersion models have been adopted to assess the im-
act of bioaerosols, including viruses, spores, bacteria, and pollen, with
igh spatial and temporal resolutions [14] , which are difficult to achieve
y field sampling and measurements. In addition, the models can also
rovide forecasts, which are important for effective emergency response
uring the accidental release of hazardous bioaerosols. 

The transport of the foot-and-mouth disease virus (FMDV) has been
idely investigated based on atmospheric transport models, especially
agrangian models, including the Lagrangian puff CALPUFF [ 178 , 179 ],
IMPUFF [180–182] , and Lagrangian particle HYSPLIT models [183] .

n these studies, the size of FMDV-related bioaerosols was assumed to
e approximately 10 𝜇m [ 178 , 179 ]. The emissions of FMDV were es-
imated as 10 4.3 to 10 6.1 TCID 50 (the median tissue culture infective
ose) [14] per cattle per day. The biological decay of FMDV was usu-
lly included in the studies and it was assumed that it was dependent on
mbient parameters, including relative humidity and temperature. The
urvival rates of FMDV were assumed to be low, with relative humidity
ower than 60% and temperature higher than 27 °C [ 178 , 179 ]. As an
lternative, an inactivation rate of 3.2 × 10 − 4 h − 1 [183] was adopted to
epict the inactivation process. 

Mathematical models were developed to estimate atmospheric trans-
ort, evaluate infection risk, and formulate emergency response strate-
ies for airborne anthrax attacks from the spore-forming bacterium B.

nthracis [184] . The embedded Lagrangian dispersion model in the op-
rational multiscale environment model with grid adaptivity (OMEGA)
as used to evaluate the atmospheric dispersion of anthrax spores over
n urban region [185] . The influence of the numerical models for biolog-
cal decay on the assessment of atmospheric transport was investigated
sing three types of biological decay models: exponential, probability,
nd catastrophe [186] , which were integrated with a simple Gaussian
lume model. The study indicated that the models yielded similar re-
ults for the first 30 min, but significantly diverged between intermedi-
te and long times. More work should be conducted, including detailed
undamental studies on the responses of microorganisms to environmen-
al stressors, the development of parameterization models for response
odeling, and probabilistic assessment considering the uncertainties in

he various components of the model. 
The Lagrangian particle model GRAL (microphysics Graz Lagrangian

odel) and mesoscale numerical weather prediction model GRAMM
Graz Mesoscale Model wind fields) were utilized to evaluate the at-
ospheric transport of SARS-CoV-2 in the urban area surrounding the
uhan seafood market [22] . Aerosol dynamics models with detailed mi-

rophysics [187–189] can be utilized to improve the model performance
or the detailed behavior of bioaerosols in the ambient environment.
omputational fluid dynamics (CFD) methods have also been adopted
o investigate the transport of some highly pathogenic and lethal viruses,
or example SARS [4] , but CFD methods are computationally expensive
nd not suitable for the assessment of large areas. 

.4. Bioaerosol measurements 

Bioaerosols can be measured using air samples [ 190 , 191 ]. Filter-
ased sampling methods are typically used to collect ambient parti-
les [192–196] . Portable microsystems for the collection of airborne
articles can facilitate the concentration of bioaerosols and enhance
he detection performance [197] . Wetted-wall cyclones based on cen-
rifugal impaction are also widely adopted for bioaerosol sampling,
s they can protect biological structures and improve the viability of
he sampled microorganisms [191] . Other bioaerosol sampling methods
382 
nclude impaction-based samplers, liquid-based samplers, and electro-
tatic precipitators, which can be referred to in a comprehensive review
f bioaerosol sampling [191] . 

Quantitative polymerase chain reaction (qPCR) analysis or culturing
an be subsequently applied to identify the bio-components in the sam-
les, for example, viruses [ 198 , 199 ], bacteria [ 200 , 201 ], and airborne
ntibiotic resistance genes (ARGs) [ 202 , 203 ]. However, it is difficult for
hese offline methods to provide real-time information, which may be
mportant to address safety concerns. 

The development of real-time detection and measurement methods
or bioaerosols is still in its early stages. Laser-induced fluorescence
LIF), which utilizes UV light to excite the biological fluorophores tryp-
ophan and nicotinamide adenine dinucleotide (NADH), is currently a
idely adopted and commercialized method for the online detection
f bioaerosols [ 204 , 205 ]. A succinimidyl-ester-functionalized plasmonic
iosensor was proposed and developed as an alternative technology
or measuring total bioaerosols [206] . Colorimetric immunoassay com-
ined with filtration for enrichment [207] and microfluidic analysis
208–211] could be promising low-cost pathways for the detection of
athogenic bioaerosols. However, these methods lack specificity and are
nable to distinguish between the types of bioaerosols. 

Many innovative bioaerosol detectors with high specificity have
merged since the outbreak of COVID-19. An amplification-free plas-
onic biosensor has been fabricated to directly detect the RNA of SARS-
oV-2 with high efficiency and short detection time [ 212 , 213 ]. A low-
ost, one-step, sensitive, and accurate multiplex detection electrochemi-
al biochip has recently been developed to detect the spike, nucleocapsid
roteins, and IgG antibodies of SARS-CoV-2 [214] , which can be easily
odified to specifically detect different types of bioaerosols, for exam-
le, ARGs [215] . However, there are still many challenges in bioaerosol
etection [216] . 

. Airborne radionuclides 

.1. International Nuclear and Radiological Event Scale 

A radiological event involves radionuclides that are not induced
y nuclear explosions. Radiological events include accidents at nuclear
ower plants, transportation, and radiological dispersal devices (RDD)
217] . 

The International Atomic Energy Agency (IAEA) and Organization
or Economic Co-operation and Development (OECD) Nuclear Energy
gency (OECD/NEA) developed the International Nuclear and Radio-

ogical Event Scale (INES) as an international event rating scale to con-
istently define the radiation risks of nuclear and radiological events
218] . There are seven levels in the INES, from lowest level 1 (anomaly)
o highest level 7 (major accident). The accident level is defined based
n the quantity of radioactive substances released and not the dose re-
eived. 

Radioactive 131 I was utilized as a reference substance to quantita-
ively define the INES scales. The released amounts of other radionu-
lides are converted to the equivalent amount of 131 I using the defined
onversion factors base on the concept of “radiological equivalence, ”
esulting in the same level of effective dose [218] . There have been two
evel 7 accidents: the Chernobyl disaster in 1986 and the Fukushima
aiichi nuclear disaster in 2011 [9] . 

.2. Source term and particle size distribution 

The released radionuclides can be gasses or particles, and they can
e in organic or inorganic forms. The forms of the radionuclides, for
xample, the size distribution of the particles, significantly influence
he deposition processes. In nuclear accidents, volatile radionuclides,
ncluding noble gasses, iodine, cesium, tellurium, and tritium, can be
eleased into the atmosphere [ 219 , 220 ]. 
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Fig. 5. Radioactive particles and ambient 
gamma dose rate during the Fukushima acci- 
dent: (a) locations of monitoring stations and 
the isolated radioactive cesium-bearing micro- 
particles over the greater Kanto Region result- 
ing from the Fukushima nuclear accident; the 
scale bars indicate a length of 1 𝜇m. Reprinted 
with permission from ref. [ 227 ] (open access 
article distributed under the terms of the Cre- 
ative Commons CC BY license). (b) Identi- 
fied radioactive plume and reconstructed cloud 
shine for the in-situ measurements of gamma 
dose rate obtained at Futatsunuma during the 
Fukushima accident, between 2:00 UTC, March 
14 and 10:00 UTC, March 22, 2011. Reprinted 
with permission from ref. [ 228 ]. Copyright 
(2017) Elsevier B.V. 
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Noble gasses, for example, 133 Xe, are first released into the ambient
nvironment if the reactors are damaged. It was estimated that most
f the 133 Xe was released over short periods of time by the first vent-
ng of the reactors in the Fukushima accident, but other particulate ra-
ionuclides, such as 137 Cs, were released over an extended period and
nly a certain part of the inventory was released [221] . Five represen-
ative radionuclides were utilized to approximate the source terms of
uclear accidents, including 131 I, 137 Cs, 132 Te, and 140 La for aerosols
nd 133 Xe for noble gasses [21] . Iodine can exist in both gaseous and
articulate phases, thereby strongly influencing the dry deposition and
cavenging of radionuclides [222] . Based on the air samples collected
t JAEA-Tokai, it was estimated that approximately 50% of the released
31 I was particulate during the first several days of the release in the
ukushima accident [223] . The ratio of gaseous CH 3 I to I 2 was assumed
o be approximately 0.6 for the accident. 

During meltdowns, spherical radioactive cesium-rich microparticles
CsMPs) were released during the Fukushima Daiichi Nuclear Power
lant (FDNPP) accident, as shown in Fig. 5(a) . The CsMPs with sizes
f 2.0–3.4 𝜇m were in the soil located approximately 4 km west of the
383 
DNPP [ 224 ]. The size of the particles was approximately 2 𝜇m and
hese were sampled 50 km from the FDNPP [ 225 ]. Radioactive cesium-
earing microparticles were also observed in the greater Kanto Region,
ore than 250 km from the FDNPP, and the particles were approxi-
ately 1.3 𝜇m (0.9–1.8 𝜇m) [ 225 ]. The median aerodynamic diameters

f the 131 I, 137 Cs, and 134 Cs particles ranged from 0.56 to 0.60 𝜇m; these
easurements were based on the particles collected with the Andersen-

ype classifier combined with a high volume air samplers in Nagano,
pproximately 300 km away from the nuclear power plant [ 226 ]. 

Airborne particles can be deposited on the ground via wet and dry
eposition. Wet deposition is dependent on the wet scavenging rates,
hich are usually estimated based on the precipitation intensity in the

ollowing form [229] : 

𝑠 = 𝐴 ⋅ 𝑝 𝐵 (6)

here A and B are the fitted parameters and p is the precipitation inten-
ity. The dry deposition velocities depend on the particle size, density,
tmospheric turbulence, and land-use type [230] . This can be estimated
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s follows [231] : 

 

𝑑𝑒𝑝 = 

𝑢 𝑔𝑟𝑎𝑣 

1 − 𝑒 ( 𝑅 𝑎 + 𝑅 𝑏 ) 𝑢 𝑔𝑟𝑎𝑣 
(7)

here u grav is the gravitational settling velocity, R a is the aerodynamic
esistance, and R b is the quasilaminar layer resistance. There are vari-
us types of parameterization models for wet and dry deposition [ 232 ] ,
hich can be referred to in a comprehensive review of the deposition
odels of dry deposition and radionuclide scavenging [222] . 

.3. Radiation from cloud and ground deposition 

The atmospheric transport model is usually coupled with a gamma
adiation model to evaluate radiation exposure [233–236] . Monte Carlo
odes are important tools for simulating interactions between neurons,
rotons, photons, and electrons with other particles and media. Radia-
ion exposure can be evaluated using Monte Carlo codes, e.g., the Monte
arlo N-Particle Transport Code (MCNP) [ 237 , 238 ], FLUktuierende
Askade (FLUKA) [239] , and GEometry and Tracking (GEANT4) [240] .
he MCNP code has been utilized with Gaussian plume models to es-
imate the gamma radiation from the overhead plume [241] and the
hoton count rate from the plume of 41 Ar emitted from a training re-
ctor [242] . Monte Carlo codes are currently the most sophisticated
nd reliable method to evaluate the gamma dose, but the method re-
uires detailed information on the properties of the medium and is time-
onsuming, making it impractical to couple with atmospheric transport
odels, especially during an emergency. As an alternative, a simpli-
ed methodology, for example, the point kernel method, is usually in-
egrated online with atmospheric dispersion models. 

In the RODOS system [ 106 , 107 ], a rapid gamma dose assessment
odel [233] based on the point kernel method was developed to com-

ine with the Lagrangian puff dispersion models in RODOS, includ-
ng the DIPCOT model [243] and RIMPUFF model [ 103 , 104 ], which
as been adopted for off-site emergency management in Europe. In the
roposed model [233] , the three-dimensional radiation from each puff
as analytically integrated, which simplified the problem to a one-
imensional calculation and significantly reduced the computational
ost. The point kernel method has also been implemented in the FLEX-
ART model [244] for gamma dose calculation, and has been applied to
he assessment of atmospheric dispersion and radiological impact during
he Fukushima accident [ 245 , 246 ]. In the Japanese System for Predic-
ion of Environmental Emergency Dose Information (SPEEDI) [ 247 , 248 ]
nd the Worldwide Version of SPEEDI [249] , integration based on the
oint kernel method is applied for radioactive plume gamma dose com-
utation. The point kernel method has been combined with the La-
rangian puff model to evaluate the ground radiation due to deposition,
nd the differences between the proposed method and the traditional
infinite plane ” source assumption have been investigated under various
eteorological conditions [234] . The Lagrangian CALPUFF model has

een utilized to investigate external and internal radiation from hypoth-
sized severe accidents at the Daya Bay Nuclear Power Plant (DBNPP)
250] . The internal radiation from the deposited radionuclides in the
ung is also important for the evaluation of health effects; the internal
adiation will be discussed in detail in [Section 8.2 (exposure assess-
ent). 

The calculation of gamma radiation is still relatively computationally
xpensive even with the simplified point kernel method because all ra-
ioactive pollutants in the computational domain will contribute to the
adiation at each location, and spatial three-dimensional integration is
equired. An accelerated method using the fast Fourier transform has
een proposed for the calculation of gamma radiation, and it has been
mplemented using the Lagrangian puff model RIMPUFF [ 251 , 252 ]. 

. Combination of models and observations 

The results of the models have high temporal and spatial resolutions,
ut it is difficult to directly utilize the models during an emergency be-
384 
ause of the limited available information on the accidental release of
azardous substances. As shown in Fig. 6 , models suffer from various
ypes of uncertainties, including uncertainties in the emission and me-
eorological data. Emission information is an essential component of
tmospheric transport models [ 18 , 20 , 253–255 ], but it is typically un-
vailable during an emergency, for example, in the Fukushima acci-
ent [256] , making it the largest single source of uncertainties in the
ssessment [ 221 , 257 ]. Adding to the myriad challenges are the large
ncertainties of meteorological fields, which cause cumulative errors
n the model results. Environmental observations are also important for
valuating risk and supporting emergency responses [ 228 ]. Unlike these
odels, environmental observations are considered to be more reliable,

ut the spatial distributions of observation networks are usually sparse.
ithout the support of theoretical models, observations alone cannot

redict future situations. Models and observations are mutually com-
lementary [258] . By combining models and observations, the emission
an be inversely estimated [21] , and the uncertainties of the model re-
ults can be significantly alleviated [ 20 , 259 ]. 

.1. Algebraic reverse method 

The effective emergency response was significantly hindered by the
ack of emission information during the Fukushima nuclear accident.
arious methods have been proposed to reconstruct the source term of

he Fukushima accident. The measurements of radionuclide concentra-
ions were usually combined with the atmospheric dispersion models
o estimate the emission. The United Nations Scientific Committee on
he Effects of Atomic Radiation (UNSCEAR) defined two types of esti-
ation methods, reverse modeling and inverse modeling [260] , which

re referred to as the algebraic reverse method and regularized regres-
ion inverse method, respectively, based on the mathematical methods
nvolved. 

In the algebraic reverse method, the dilution factor D i for time period
 is first calculated as the ratio between the concentration at a given loca-
ion by the atmospheric transport model and the corresponding release
ate, and a unit release rate is usually assumed [261] . Then, the actual
mission rate Q i is estimated as the ratio between the measurement M i 

t the location and the dilution factor, as follows: 

 𝑖 = 𝑀 𝑖 ∕ 𝐷 𝑖 (8)

Measurements at different locations were considered independently
nd utilized to estimate emissions within different periods. The reverse
ethod was applied to obtain a preliminary estimation of the release

f 131 I and 137 Cs into the atmosphere within a short time after the
ukushima accident using Lagrangian particle models and measure-
ents (mainly dust sampling data for the activity concentrations) [261] .
ultiple measurements may have been simultaneously available for the

ame period, and only the maximum value was adopted to avoid er-
ors caused by the data obtained at the edges of the plume [261] . It was
lso claimed that the ground radiation due to deposition made the back-
round radiation too high to use the gamma radiation measurements for
he reverse estimations, which indicated the necessity to distinguish be-
ween ground and cloud radiation. Similar methods were used to update
he emissions with more available measurements [ 249 , 256 , 262 , 263 ]. 

The algebraic reverse method is simple and easy to apply, which
s advantageous for rapid estimations during emergencies. However,
he uncertainties in the atmospheric dispersion model and the measure-
ents are not considered in this approach, and the measurements are

onsidered independently, which might compromise the quality of the
stimations [260] . 

.2. Regularized regression inverse method 

More sophisticated mathematical methods are involved in the in-
erse method [260] . The source-receptor sensitivity (SRS) matrix, which
elates the changes in emission to the response of measurements, was
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Fig. 6. Schematic graph for data assimilation: (a) the limitations of the independent usage of atmospheric transport models and observations in emergency situations; 
(b) the strengths of the combination of models and observations; (c) the working procedure of the ensemble Kalman filter sequential data assimilation methods. 
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rst constructed using atmospheric dispersion models. The SRS matrix
s based on the assumption of linearity. This is a reasonable assump-
ion for chemical, biological, and radiological substances, as most of the
ubstances are dominated by linear removal processes, for example, ra-
ioactive or biological decay, and wet and dry depositions, without non-
inear chemical transformations [ 59 , 228 , 264 ]. Then, the optimal esti-
ation of the emissions is achieved by minimizing a cost function, which

ncludes the differences between the model results and the measure-
ents (likelihood), as well as the deviations from the a priori informa-

ion about the emissions. Inverse problems are normally ill-conditioned,
o additional constraints or regularizations are usually required [265] .
he uncertainties of the model results, measurements, and a priori in-
ormation are considered in the cost function. The regularized weighted
east-squares problem cost function is usually expressed as follows [21] :
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⋅
𝑄 0 

) T 

𝑩 

−1 
0 

( 

𝑸̇ − 

⋅
𝑄 0 

) 

(9)

here 𝒀 is the vector of the measurements, 
⋅
𝑸 is the optimal estimation

f emissions, 𝑯 is the SRS matrix, 𝑸̇ 0 is the a priori emission rate, 𝑹 is the
ovariance matrix of the combination of the model and measurement
rrors, and 𝑩 0 is the covariance matrix of the a priori estimation error. 

The release of radioactive noble gas 133 Xe and particulate 137 Cs was
stimated using the SRS matrix generated by the Lagrangian particle
odel FLEXPART and the measurements of activity concentrations as
ell as the deposition of 137 Cs [221] based on the regularized least
385 
quares method. The preliminary guess of release rates based on fuel in-
entories and information about the events in the accident were utilized
s a priori knowledge in inverse modeling [221] . Similar methods have
een utilized to reconstruct source terms using long-range transport
odels and continental or global monitoring data, but there are great
ncertainties in the meteorological data [ 221 , 266–270 ]. A Bayesian ap-
roach is often combined with inverse estimation to evaluate the a pos-

eriori probability density of estimations [ 264 , 271 ]. 
For radioactive substances, detectors for gamma dose rates have

een widely adopted for radiation monitoring. However, the gamma
ose is the integration of the contributions from all radionuclides, so
xtra constraints must be introduced to reconstruct the releases of dif-
erent types of radionuclides [ 228 ]. Methods were first proposed to es-
imate the release of a single type of radionuclide using GDR measure-
ents [272–274] . The a priori information regarding the ratios of the re-

eased radionuclides was applied to regularize the inverse problem and
econstruct the multi-nuclide release for the Fukushima accident based
n bulk GDR measurements [275–277] . The Kalman filter sequential
ulti-nuclide emission reconstruction method has also been proposed

ased on GDR measurements, which can evaluate the uncertainties in
he estimations [21] . The updated Bayesian methodology was devel-
ped to determine the source term based on gamma dose rate measure-
ents during an accidental release [278] . Machine learning methods,

uch as recurrent neural networks [279] and convolutional networks
280] , have recently been utilized to estimate multi-nuclide emissions
sing GDR measurements. 
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.3. Localization of release sources 

In some cases, the location of the release source is also unknown
281–284] . Various source-localization methods have been developed
o identify and localize accidental release sources. The Markov Chain
onte Carlo (MCMC) method combined with Bayesian methodology is

he most widely used framework for retrieving source parameters [24] .
wing to the large number of potential release locations, the adjoint
tmospheric dispersion model is typically utilized to calculate the SRS
atrix for the MCMC methodology to reduce the computational cost

 285 , 286 ]. The MCMC method has been applied to localize the sources
f CBR substances in urban environments and has been validated us-
ng twin experiments [24] , the classic Prairie Grass experiment [287] ,
he Joint Urban 2003 field campaign [288] , and 2007 FUSION Field
rial concentration data [289] . The MCMC method has also been ap-
lied to identify indoor sources of hazards [290–292] and reconstruct
he source of a real accidental radioactive release at the end of May 1998
n a continental scale [293] . Modified methods have been proposed to
ocalize the potential source of 131 I emissions in Europe in the fall of
011 [264] using the tuning-free method [271] . 

Heuristic algorithms are another important category of methods that
re widely adopted to estimate source parameters, including locations
nd release rates. By combining field sensor data and atmospheric dis-
ersion models, a mixed integer genetic algorithm (GA) was proposed
o optimize the source location and strength of chemical or biologi-
al releases, as well as key meteorological parameters such as atmo-
pheric stability, wind speed, and precipitation [294–296] . The influ-
nce of cost functions on the performance of GA inverse modeling has
een investigated [58] . Bioinspired particle swarm optimization (PSO)
as combined with models to localize release sources [297] , and the
SO algorithm was directly embedded in unmanned aerial vehicles to
earch for sources in complex urban environments [298] . The simu-
ated annealing (SA) algorithm was utilized to localize a gas source and
stimate its strength [299] . The SA method can prevent convergence
o the local minima [300] . Recently, an integrated framework, Multi-
gents for sensing, monitoring, estimating, and determining (MAsmed),
as been proposed to monitor and reconstruct source parameters in
mergency responses by leveraging multiple sensing methods, includ-
ng wireless sensor networks (WSNs) and mobile crowdsensing (MCS)
17] . 

.4. Data assimilation 

Data assimilation (DA) is similar to inverse modeling and combines
he model and observations. Inverse modeling can be considered as a
ype of data assimilation. However, in contrast to inverse modeling,
A methods focus on sequentially correcting the biases in the predicted

tate of the system, for example, the concentration distribution, to avoid
he accumulation of errors caused by uncertainties in the model input,
ncluding emissions and meteorological data [259] . As a result, the DA
ormally simultaneously corrects the biases in the atmospheric trans-
ort model and reconstructs the emissions [ 19 , 20 , 301 ]. 

Variational methods [302–306] and particle filter data assimilation
ethods [ 307 , 308 ] have been combined with plume or puff models to

mprove model predictions. The variational methods are similar to the
egularized regression inverse method, as shown in Eq. (9) ; however,
he optimized state vector is the concentration of pollutants instead of
missions. The Kalman filter [309] sequential data assimilation method
as been used to improve the predictions of the Gaussian plume model
nder quasi-steady states [310–312] . 

Release estimation can benefit from the simultaneous correction of
ransport biases. Sequential methods, such as the Kalman filter method,
ave been applied to sequentially update the emissions and plume
eight and to simultaneously correct the biases caused by meteorolog-
cal data, such as wind speed and wind direction [ 313 , 314 ]. Modified
386 
nd augmented ensemble Kalman filter (EnKF) methods were proposed
o estimate the emissions by simultaneously considering the uncertain-
ies in the emissions and meteorological data [ 18–20 , 100 ], as shown in
ig. 7 . Modified EnKF methods have also been applied to reconstruct
he concentration field and estimate the release of natural gas in under-
round tunnels [ 315 , 316 ]. A bilinear inverse model [317] was proposed
o estimate the release by simultaneously correcting the bias in the at-
ospheric transport model, that is, the SRS matrix. An ensemble-based
ethod has been proposed to evaluate the spatial correlation and update

he predictions using observations, which improves the reconstruction
f the source term estimation [ 301 , 318 ]. Machine learning methods,
or example, physics-guided deep learning, have been recently utilized
o combine observations and physical models [319] . 

. Risk assessment 

The risk assessments of airborne chemical, biological, and radiolog-
cal substances have many common features. We introduce frameworks
or these hazardous substances, for example, probabilistic or quantita-
ive risk assessment, and the key components in risk assessment, includ-
ng exposure and dose-response relations. 

.1. Probabilistic/quantitative risk assessment 

This risk-informed methodology is widely adopted in the nuclear in-
ustry and can be dated back to the 1975 Reactor Safety Study (WASH
400) [320] . The United States Nuclear Regulatory Commission (U.S.
RC) proposes utilizing probabilistic risk assessment (PRA) for risk-

nformed regulation. As shown in Fig. 8(a) , PRA has three levels [321] .
he conditional probabilities are determined at each level and adopted
s the input for the next level. The final risk is a combination of the
onsequence and associated probabilities. Levels 1 and 2 are used to
nalyze the accident progress inside the plant. The atmospheric trans-
ort of radionuclides is utilized in Level 3 PRA, which is often called
onsequence analysis. 

A similar framework for risk assessment in the chemical industry is
sually called quantitative risk analysis (QRA) [322–325] . Quantitative
icrobial Risk Assessment (QMRA) is an effective method for estimat-

ng the risk of airborne microorganisms. QMRA has been widely adopted
or the risk assessment of bioaerosols originating from wastewater treat-
ent plants [ 326 , 327 ] and waste management facilities [ 328 , 329 ]. The
MRA method has been utilized to evaluate the infection risk of MERS-
oV in hospitals [5] and SARS-CoV-2 in the Wuhan seafood market
22] through aerosol transmission. 

As shown in Fig. 4 and atmospheric transport is an important com-
onent of the PRA, QRA, and QMRA frameworks. The spatial and tem-
oral distributions of the released hazardous substances should first be
valuated using models or measurements. Comprehensive and sophis-
icated PRA methods are important for understanding the risks associ-
ted with airborne chemical, biological, and radiological hazardous sub-
tances, and they are useful tools for risk preparedness, prevention, and
vidence-based policymaking during the preparation phase, as shown
n Fig. 8(b) . Historical databases play a key role in understanding risk
uring the preparation phase. 

Atmospheric transport calculations are mainly used to evaluate
 ( E | R ) in Level 3, as shown in Fig. 8(a) , including exposure assessment
nd dose-response relations, which relate the exposure dose to a cer-
ain effect (endpoint). Risk assessment is also important for an effec-
ive emergency response and management when accidents occur. P ( E | R )
s the only relevant factor because P ( R ) becomes 1. As introduced in
ection 7 , observations and data assimilation become more critical dur-
ng an emergency response when the uncertainties in the information of
he accident should be minimized. 
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Fig. 7. Demonstration and validation of the performance of the ensemble Kalman filter method for the reconstruction of the source term and improvement of model 
accuracy with the European Tracer EXperiment (ETEX) [20] : (a) forecast with the actual emissions but without assimilation for the spatial distribution of tracers 
between hours 69 and 71 after release; (b) the same with (a) but with reconstructed releases and data assimilation; (c) scatter plots of model results versus observed 
surface concentrations of tracers; (d) correlation coefficient (top) and normalized mean square error (bottom) between the measurements and model results for 
surface concentrations of tracers with and without assimilation; (e) the actual (solid circles), the a priori (open circles), and the a posteriori (shaded bars) emission 
rates; (f) the actual total mass of the release tracer, the a posteriori reconstructed total mass of tracers. Figures (a) to (f) are reprinted with permission from Ref. [20] . 
Copyright (2015) Elsevier B.V. 

Fig. 8. Schematic graph for the risk assessment: (a) three lev- 
els of the PRA in the nuclear industry; (b) risk assessment dur- 
ing the preparation phase and the real-time dynamic risk as- 
sessment during the emergency situation. 

387 
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.2. Exposure assessment 

Inhalation and lung deposition are important for assessing the expo-
ure to airborne hazardous substances. The tidal volume of respiration is
ependent on activities such as resting, light activity, and heavy activ-
ty [330] , which influence the inhalation of hazardous substances. To
ccurately evaluate the exposure, lung deposition models are used to
stimate the deposition of size-specific particles in various parts of the
espiratory tract, including the anterior nasal, naso-oropharynx/larynx,
ronchi, bronchioles, and alveolar interstitial [ 331 , 332 ]. Various lung
eposition models have been developed, such as the multiple-path par-
icle dosimetry model (MPPD v 3.04) [333] and the model adopted by
he International Commission on Radiological Protection (ICRP) [334] .
eposition models have also been extended to pathogenic bioaerosols
335] . These models can be utilized simultaneously to estimate the as-
ociated uncertainties. 

The effects of personal protective equipment (PPE) and air-cleaning
ystems, such as masks and electronic air cleaners, should be considered
n the assessment [336–341] . Their filtration efficiency should be ap-
ropriately evaluated for exposure assessment [342–345] . High-fidelity
odels should be developed to understand the deposition and filtration

f particles considering the physical shape, agglomeration, and aerody-
amic properties of airborne particles [346–353] . Filter-based antimi-
robial technologies have been developed to inhibit the airborne trans-
ort of bioaerosols and related exposure [ 354 , 355 ]. The degradation of
he performance of PPE and air-cleaning systems is also an important
actor for exposure assessment [356–361] . 

The system of radiation protection worldwide is based on the ICRP
ecommendations. The current recommendations are in ICRP Publica-
ion 103 (ICRP-103) [362] , which was issued in 2007. Three categories
f exposure situations were defined in ICRP-103: planned, emergency,
nd existing exposure situations. The measurements of ambient radi-
tion are the physical quantities, e.g., absorbed dose (the energy de-
osited in matters by ionizing radiation per unit mass), which have to
e converted into “equivalent dose ” by taking into account the biolog-
cal effectiveness of different types of radiation, e.g., gamma rays, beta
articles, alpha particles, and neutrons. The “effective dose ” for differ-
nt organs, tissues, and the entire body is further estimated based on
he equivalent dose and sensitivity of different body parts to radiation
362] . The effective dose is used for external radiation, and its coun-
erpart committed dose is adopted for internal radiation, for example,
he radiation from the deposited radionuclides in the lung, which can
ast for a certain time period depending on the physical decay of the
adionuclides and the biological retention within the body [363] . The
ffective and committed doses have the same risk-dose relationship. 

It should be noted that vulnerabilities to fires and explosions of vapor
louds should also be considered in the risk assessment of unintended
eleases of hazardous chemicals [ 121 , 364 , 365 ]. The intensities of com-
ustion and explosion must be evaluated first, which is beyond the scope
f this study. More information on exposure to fires and explosions can
e found in other reviews [121] . 

.3. Dose-response relationships 

For the quantitative risk analysis of the exposure to toxic chemicals,
he relationship between the exposure dose and a certain effect (end-
oint) is required, which is referred to as a “probit function ” [366] . Such
elationships are usually developed based on data from animal experi-
ents. Lethality is chosen as the endpoint for the safety assessment of

he implementation of the Seveso III directive in the Netherlands [366] .
The dose-response relationships for radiation exposure are largely

etermined based on the Life Span Study (LSS), a long-term cohort epi-
emiological study on atomic bomb survivors in Hiroshima and Na-
asaki [367–369] , which had high doses and high dose rates. ICRP clas-
ifies radiation effects into stochastic effects and tissue reactions [362] .
he stochastic effects include cancer and heritable effects. The proba-
388 
ility of stochastic effects is a function of the effective dose without a
hreshold. A linear no-threshold relation (LNT model) was adopted by
he radiation protection community for the stochastic effects [370] . It
hould be noted that there might be a “dose-rate ” effect, which suggests
hat chronic exposures with low dose rates will have less of an effect
han acute exposures with high dose rates, despite using the same dose
371] . The risk values are usually determined in high exposure situa-
ions, which might overestimate the risk for low-dose and low-dose-rate
onditions owing to the dose-rate effect. The ICRP adopted a dose and
ose-rate effectiveness factor (DDREF) to adjust the risk; however, there
re substantial debates on the use of DDREF [ 371 , 372 ]. Tissue reactions
re defined as the collective injury of the proportions of cells in affected
issues, such as cataracts and non-malignant skin damage. The induc-
ion of tissue reactions is based on a threshold dose because radiation
amage to a critical proportion of cells must be sustained before injury
an be clinically detected [362] . Above the threshold, the severity of
njury increases with the dose. The dose thresholds are defined as the
oses resulting in an effect in approximately 1% of exposed individuals
362] . 

The dose-response relationship is also an important component of
MRA to link the exposure level and infection risk. The dose-response

elationship depicts the possibility of infection or other outcomes of dis-
ase after exposure to a certain number of pathogens, such as viruses
nd bacteria. Experimental studies based on animal models (e.g., mice,
errets, and monkeys) are usually conducted to develop a dose-response
elationship because it is normally unethical to challenge human beings
ith harmful pathogens. Toxicology studies have also been conducted

n vitro to investigate the toxicity and cellular response to hazardous
ubstances [373–377] , and have been widely adopted to evaluate the
nvironmental, health, and safety (EHS) issues of emerging materials
378] . 

During the COVID-19 pandemic, ferrets and hamsters [379–
81] have been used to investigate the dose of SARS-CoV-2 required
o induce severe clinical infections. In addition to animal studies, the
ose-response relationship in humans can be deduced based on epidemi-
logical investigations, systematic reviews, and meta-analyses. Using
he results from the meta-analysis for the transmission risk of SARS-
oV-2 by the WHO COVID-19 Systematic Urgent Review Group Effort
SURGE) [382] , a simple framework was developed to integrate the a
riori dose-response relationship for SARS-CoV based on mouse experi-
ents [383] and the reconstructed exposure dose to estimate the dose-

esponse relationship for humans [384] . 

.4. Uncertainties of risk assessment 

Probabilistic and quantitative risk assessments can be conducted
ased on the exposure results and dose–response relationships. Monte
arlo simulations can be performed to consider the uncertainties in the
isk assessment caused by uncertainties in key components, for example,
missions, atmospheric transport, decay, deposition, and dose-response
arameters [ 22 , 385 ]. In QMRA studies, Monte Carlo methods have also
een applied to evaluate the infection risks in four different typical
cenarios, i.e., hospital rooms, gyms, public indoor environments (e.g.,
estaurants and banks), and conference rooms or auditoriums [330] . 

The susceptible exposed infectious removed (SEIR) model has been
idely utilized in the assessment of the community risk of aerosols

386] . Special attention should be paid to risk assessment in crowded sit-
ations [387–390] . The SEIR models have been adopted to evaluate the
ffectiveness of different intervention measures [ 391 , 392 ]. The dose-
esponse relations and QMRA methods could be applied to better quan-
ify the infection probability in SEIR and improve its performance for
ommunity risk assessment. 

It has been suggested that the uncertainties in health effect models
re larger than those in atmospheric dispersion models, and they are the
ominant factors for the risk assessment of exposure to toxic chemicals
123] . As a result, the current best practices are to evaluate the “enve-
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Table 3 

Important characteristics, issues, and recommended methods for the airborne CBR pollutants. 

Chemical hazards Biological hazards Radiological hazards 

Risk assessment Lower flammability limit 
Dose-response relationship 

Dose-response 
relationship 

Dose-response relationship 

Exposure assessment Concentration distribution 
Population distribution 

Concentration 
distribution 
Lung deposition 
Population distribution 

Concentration distribution 
Lung deposition 
Internal and external exposure 
Population distribution 

Unique problems Buoyancy (density, 
temperature) 
Gravity driven flow 

(Rapid) phase transition 

Particle size distribution 
Biological decay 
Wet and dry deposition 

Particle size distribution 
Multi-nuclides 
Gamma radiation 
Wet and dry deposition 

Recommended methods CFD 
Lagrangian particle/puff
models (emergency use) 

Lagrangian particle/puff
models 

Chemical transport models 
CFD and Lagrangian particle/puff models 
(emergency use) for the local scale 

Importance of online coupling High Low Medium 

Importance of relevant scale Street 
Neighborhood 
City 
Regional scale 
Continental/global 

High 
High 
Medium 

Low 

Low 

High 
High 
High 
Medium 

Low 

High 
High 
High 
High 
High 

Common problems Meteorological data, atmospheric boundary layer, turbulent diffusion (atmospheric stability), surface 
roughness 

Emergency response Near real-time quantification of emissions during emergencies 
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Fig. 9. Source, Assimilation, Fundamentals, Exposure, and Risk (SAFER), an 
integrated framework for the risk assessment of airborne chemical, biological, 
and radiological hazardous pollutants. 
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ope ” of the plausible concentrations, which could be further utilized to
valuate the magnitude of the potential risk and impact [393] . 

. Summary and implications 

The risk assessment of airborne CBR pollutants is a highly in-
erdisciplinary problem that involves information and knowledge on
tmospheric boundary layers, atmospheric transport of pollutants,
ource terms, physical and chemical properties of hazardous substances,
erosol dynamics, sampling and measurements, numerical simulation,
ata processing, epidemiology, and toxicology. The atmospheric trans-
ort of CBR pollutants is a critical component of risk assessment. In this
tudy, we reviewed the key relevant concepts, methods, and models of
he atmospheric transport of CBR pollutants. The important characteris-
ics, issues, and recommended methods for airborne CBR pollutants are
ummarized in Table 3 . 

1) The impacts of released toxic and flammable chemicals are mainly on
the street and neighborhood scales. The released denser- and lighter-
than-air substances can influence the ambient flow; therefore, CFD
methods with online coupling between the releases and ambient air
provide the most complete description of the physical processes.
The parameterized Lagrangian models can be used for emergency
response applications. 

2) Bioaerosols are able to proliferate, so the scale from street to city is of
high importance for bioaerosols. The amount of bioaerosols released
is typically low. The influence of released bioaerosols on the ambient
flow is limited; therefore, it can be treated as a neutrally buoyant
flow, and offline coupling methods, for example, Lagrangian particle
or puff models, are the most suitable models. Additional models are
required for biological decay and wet and dry depositions. 

3) Owing to significant public concern, the atmospheric transport of
radiological substances at the regional (10 2 –10 3 km), continental,
and global scales could still be important, for example, atmospheric
transport during the Fukushima accident. Chemical transport mod-
els are suitable and computationally efficient for large-scale disper-
sion, but CFD methods or Lagrangian particle/puff models may be
required for local-scale investigations. Special models are required

for radiation calculations and deposition.  

389 
In summary, we propose a framework, SAFER, to integrate the key
omponents in the risk assessment of airborne CBR hazardous pollu-
ants, as shown in Fig. 9 . 

1) Source (S): The physical and chemical properties of hazardous sub-
stances (e.g., density, particle size distribution, and phase) and rele-
vant physical processes (e.g., phase transition, biological decay, and
radiation) should be considered in the assessment. 

2) Assimilation (A): In emergency situations, the near real-time quan-
tification of emissions and reduction of the accumulated errors ow-
ing to meteorological data are required; therefore, data assimilation
and inverse modeling become critical by combining models and ob-
servations. 

3) Fundamentals (F): Theoretical models for the atmospheric bound-
ary layer, atmospheric dispersion of different CBR substances, and
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submodules for relevant processes should be developed, and exper-
iments should be conducted to evaluate the models. 

4) Exposure (E): Spatial and temporal distributions of CBR hazardous
pollutants must be calculated, and lung deposition, including inter-
nal/external radiation exposure, should be evaluated and combined
with the demographic population for further analysis. 

5) Risk (R): Dose-response relationships are needed to link the expo-
sure and the effects, and lower flammability limits are required for
flammable chemicals. There are still significant uncertainties in the
dose-response relationships for CBR pollutants. It has been suggested
that uncertainties in health effect models are the dominant factors
in risk assessment. 
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