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A B S T R A C T   

The 2011 Fukushima Daiichi Reactor accident generated a large data set of global radionuclide observations. 
Frequent observations of xenon, caesium and iodine radioisotopes provided an opportunity to examine the 
performance of inter-continental scale meteorological models, in particular, the important mechanisms of in- 
cloud scavenging, precipitation, and deposition. Previous studies investigated these phenomena over short 
range, but this is the first time a global, coordinated surveillance system and in particular, a non-scavenged noble 
gas data set was available for use in such a study. Since particle size distributions are very different at long range, 
the parametrization of the deposition is important for accurate atmospheric modelling. The accuracy of these 
models are crucial in the Comprehensive Nuclear-Test-Ban Treaty (CTBT) context where discrimination of local 
and distant civilian sources from a potential nuclear test is a challenging problem. Beyond the CTBT context, 
accurate prediction of deposition is important for emergency and consequence management of nuclear emer
gencies, allowing a small set of data, combined with an appropriate model to represent a much larger domain, 
even up to continental scales. The modelling results for ground deposition and airborne activity of radiocaesium 
and radioiodine are presented and validated against the actual measurements.   

1. Introduction 

The 2011 Fukushima Daiichi reactor accident released large quan
tities of radioactive debris into the environment which initiated con
cerns globally about the long range atmospheric transport of 
contaminants and associated risks. In Canada, the immediate concern in 
the accident aftermath was for the quantity and species of aerosol ra
dionuclides released as they would be the first to affect Canadians in the 
accident vicinity and would also be the first to arrive on the North 
American continent. Early simulations showed a 5 d to 6 d atmospheric 
transport time from the damaged reactors to Canadian shores. Consid
ering potential exposure and the associated health risks, the two domi
nant species, 137Cs and 131I, were the initial focus of assessments. Once 
these isotopes were released, they travelled great distances through the 
atmosphere and were removed through the processes of decay and wet 
and dry deposition. From a health risk perspective, the process of wet 
deposition is extremely important as radioactive debris will accumulate 

in areas of precipitation, which were not necessarily the areas closest in 
proximity to the accident site or even in those areas where the airborne 
aerosol concentrations were greatest. Additionally, once the behaviour 
of these two isotopes were understood, their results could be scaled, if 
necessary, to other isotopes of radioprotective importance such as: 
134Cs, 132I, and 133I. 

Reconstructing the environmental pathways of these isotopes are 
important factors to consider in emergency response and consequence 
management phases. During the emergency response phase, it can 
inform and validate the emergency response actions, while in the 
consequence management phase, it enables health impact assessments 
that consider the relevant exposure pathways and can help guide any 
necessary decontamination efforts. Previous studies have modelled the 
Fukushima deposition process in detail over Europe and Asia (Evan
geliou et al., 2015), while others have focused in great detail on depo
sition in Japan (Korsakissok et al., 2013; Morino et al., 2011; Katata 
et al., 2015; Draxler et al., 2015). Past accidents such as Chernobyl have 
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also been studied – in particular the deposition and atmospheric resi
dence times (Uematsu et al., 1988). This paper studies the deposition 
and atmospheric residence of 137Cs and 131I over North America 
addressing this missing region in the Northern Hemisphere. This is the 
first study to use radioxenon measurements as a normalizing factor in 
the deposition analysis to improve deposition modelling. 

The deposition of 137Cs is relatively straightforward to model at least 
in comparison to 131I. In Atmospheric Transport and Dispersion 
Modelling (ATDM), 137Cs can be modelled purely as a particulate 
aerosol, while 131I is extremely complex environmentally, as there are 
two different phases of the material (gaseous and particulate) with a 
conversion process between gaseous and particulate forms happening 
continuously in the environment. The approach employed to model this 
challenging behaviour is discussed in Section 2.4. 

2. Method 

2.1. Source term and receptors 

To accurately model and parametrize the wet and dry deposition of 
137Cs and 131I using Fukushima debris, a source term was required. The 
source term used for this study was derived by the Japanese Atomic 
Energy Agency (JAEA) (Chino et al., 2011), which was later modified by 
further studies (Terada et al., 2012). A temporal plot of the source term 
model is shown in Fig. 1 for both 137Cs and 131I. It was used as the at
mospheric injection source term by the Modele Lagrangian de Disper
sion de Particules (MLDP) ATDM of the Canadian Meteorological Centre 
(CMC). The goal was to determine the residence time of the gaseous and 
particulate iodine in the atmosphere and to predict the ground deposi
tion of 137Cs and 131I in Canada for future health impact studies. The 
CTBT monitoring sites used to evaluate the ATDM and subsequently 
used to predict the deposition are shown in Fig. 2. 

2.2. Transport and dispersion modelling 

The dispersion modelling was performed at CMC using the long- 
range MLDP Lagrangian model that is a Canadian dispersion code. 
Dispersion is estimated by calculating the trajectories of a very large 
number of air particles (also called parcels or fluid elements), simulating 
the processes of advection and diffusion. Large scale transport is handled 

by calculating the displacement due to the synoptic component of the 
wind field and diffusion through discretized stochastic differential 
equations to account for the unresolved turbulent motions. MLDP is an 
off-line model that uses the full 3-D meteorological fields provided by 
the Canadian Global Environmental Multiscale Model (GEM) numerical 
weather prediction system. Therefore, fields of wind, moisture, tem
perature and geopotential heights must be provided to the dispersion 
model. These fields are normally obtained from the Canadian GEM 
forecasts and objective analyses in either a global, regional or high 
resolution configuration. MLDP also accounts for physical removal ef
fects such as radioactive decay, wet scavenging, dry deposition and 

Fig. 1. The atmospheric source term inject used to project the reactor debris into the environment. This source term was used as the input into the MLDP model. 
Except for a small period between the 15 and 20 March, the particulate iodine source term was identical to the gaseous iodine source term. 

Fig. 2. The CTBTO IMS locations used in the deposition evaluation: RN17 St. 
John’s, Canada; RN33 Schauinsland, Germany; RN49 Spitsbergen, Norway; 
RN63 Stockholm, Sweden, RN74 Ashland, USA; RN75 Charlottesville, USA; 
RN79 Oahu, USA. The sites chosen all had noble gas measurement capability, so 
that a decay/aerosol removal model could be constructed. 
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gravitational settling by calculating the amount of material removed 
from the carrier particle when it travels in regions of the atmosphere 
where such processes are active. The domain over which the model was 
run is shown in Fig. 3. Further information on the MLDP model can be 
found in (D’Amours et al., 2015). 

2.3. Collection and deposition 

In this study, MLDP was run in forward (time) mode driven by 
analyzed meteorological fields available from GEM at 33 km (�0.3∘) 
horizontal grid mesh and at 6 h time intervals. In order to capture most 
of the cumulative effects of radioactive aerosol dispersion over North 
America, the model was integrated over a very long period, nine weeks, 
starting from the accident release time on March 11, 2011 at 18:00 UTC 
to May 16, 2011 at 00:00 UTC. This long duration simulation was suf
ficient to capture several circumglobal trips of the radioactive debris 
plume. The meteorological fields were pre-processed and interpolated 
over a northern hemispheric grid (polar stereographic projection) at a 
coarser spatial resolution, 100 km (�1.0∘) grid mesh. The model con
centration and deposition output fields were also calculated on the same 
grid in order to minimize numerical noise at long range associated with a 
Lagrangian modelling approach and to obtain the average smoothed 
impact over Canada and the USA. A total of 30 non-uniform vertical 
levels were selected for the ATDM calculation including 14 levels within 
2 km Above Ground Level (AGL) or below �800 hPa in order to properly 
resolve physical processes in the atmospheric boundary layer. The 
output near-surface concentrations (layer between surface and 200 m 
AGL) were averaged over a 12 h time period. The internal model time 
step was fixed at 10 min, and five million Lagrangian parcels were used 
for the simulation. Near-surface concentrations and total ground depo
sition were calculated using two different methods for the three radio
nuclides of interest: 137Cs, particulate 131I (I-131p), gaseous 131I (I- 
131g), and 133Xe. 

2.3.1. Field measurements deposition 
For the field measurement locations, the source term model was 

propagated using the MLDP model to the network of measurement sites 

operated on behalf of the CTBTO as shown in Fig. 2. From these pre
dictions and actual measurements it was possible to derive local depo
sition coefficients. 

When the Fukushima plume debris arrived at an IMS site, it was 
collected either using a particulate filtration system or a noble gas 
analyser. For the particulate debris, the collection system consists of an 
air sampler with particulate filter that operates on a daily duty cycle 
which typically samples in excess of 20000 m3d� 1. After sampling, the 
filter rests on-site for 24 h to allow the short-lived radon progeny to 
decay before measurement with an on-site high-resolution gamma 
spectrometer. This rest period was designed to allow for enhanced 
sensitivity to nuclear-test debris. For this study, we assumed that all 
debris had the same origin time, which although not strictly accurate, is 
a reasonable approximation considering the half-lives, 30.08 a and 8.03 
d, of 137Cs and 131I respectively and the long distance transport of the 
plume prior to sampling. As the Fukushima debris was released over a 
very short period, all reported activity concentrations used the begin
ning of the source term model as a reference time. 

Furthermore, all the selected IMS locations had the capability to 
measure radioxenon gas concentrations. Although four different radio
xenon species are quantifiable with the radioxenon analysers used in the 
IMS, this study only made use of 133Xe. With the greatest sensitivity, 
133Xe is the most reliably measured species, and was used to normalize 
activity concentrations so that the deposition coefficient could be more 
reliably determined. 

2.3.2. Model deposition 
For the purely simulated deposition process, the MLDP model was 

used. In this model, wet deposition effects are computed using an in- 
cloud scavenging model scheme using the local cloud fraction, which 
is parametrized as a function of Relative Humidity (RH). Upon reaching 
the RH threshold barrier of 75%, the wet deposition process is activated. 
For dry deposition, which occurs when a simulated particle experiences 
a reflection at the ground surface, the process is parametrized by an 
absorption probability and a dry deposition velocity. The combination 
of these two processes are the main mechanisms of particle removal 
from the atmosphere, with wet scavenging being the dominant 

Fig. 3. The computational model grid domain (black dots) for the MLDP transport and deposition simulations is a polar stereographic grid at 100 km mesh at 60∘ N. 
The red dots are the CTBTO IMS measurement sites used in this study. The simulation was run for 65.25 d with 12 h output at 100 km resolution. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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mechanism by about an order of magnitude. Gravitational settling was 
not accounted for in the model runs. For the deposition modelling per
formed in this study, there was no decay applied to deposited particles. 
For 137Cs, with a long half-life compared to the period of the study, this 
effect can be neglected, but for the 131I results, the predicted deposition 
will be over-estimated. 

The results of the simulated deposition were compared with those 
determined from field measurements for validation. The MLDP model 
could then be used to construct a deposition map over the entire North 
American continent. 

2.4. Constructing a continental deposition map 

To develop a deposition map of North America, a simple kinetic 
model was created to simulate the various atmospheric processes acting 
on the Fukushima debris. This model was similar to previous models 
used during the Chernobyl accident to model the deposition of 137Cs and 
131I in the North Pacific (Uematsu et al., 1988), but incorporated the use 
of a noble gas normalizing factor. Fig. 4 shows a schematic of the model, 
illustrating the physical interactions of the aerosols and gases. In this 
model, all particulate monitoring data was decay-corrected to the 
reference time in a simplification of the actual release profile from the 
damaged reactors. 

The behaviour of radioiodine in nuclear reactors and the environ
ment is quite complex as various chemical and physical forms are 
involved depending on many variables such as formation temperature, 
reactor safety systems, and atmospheric chemistry. In a severe reactor 
accident, the radioiodine released exists as molecular iodine (vapour), 
organic iodide species (vapour) such as methyl iodide or as iodide salts 
(particulate) (Lebel et al., 2016). The variety of iodine species combined 
with the physical and chemical factors results in a situation of imperfect 
information that makes the atmospheric transport and deposition 
modelling of 131I challenging. 

One of the key unknowns in the model was the relative amounts of 
particulate and gaseous 131I. The Environmental Protection Agency 
(EPA) recorded values of both iodine forms during the accident as shown 
in Fig. 5. The relative amounts of gaseous 131I to total 131I was reason
ably constant at approximately 81%, roughly a factor of 4 difference 
between gaseous and particulate iodine. This value is similar to other 
studies based on the Chernobyl Nuclear Power Plant (NPP) accident and 
agrees closely with other studies based on Fukushima data such as the 
European value of 77.2% and a somewhat lower value in Japan of 68% 
(Masson et al., 2011). This factor was used to scale Canadian CTBT and 
national monitoring sites 131I particulate measurements to total 
(gaseous plus particulate) 131I values. 

Looking at the system model in Fig. 4, the rate equations for the 
atmospheric deposition can be written as in Equation (1). 

�
d
�
Csp
�

dt
¼ kCsp

�
Csp
�
�

d
�
Ip
�

dt
¼ kIp

�
Ip
�
� kIgp

�
Ig
�

(1)  

Where the species in square brackets are the activity concentration in air 
for the particulate form, p, and gaseous form, g. The rate constants for 
the state of each species is given by k using the same subscripts, (e.g. kIgp 

is the iodine rate constant for the conversion from gas to particulate). 
These e-folding equations, describe the duration for the atmospheric 
concentration to be reduced by a factor of e with the lifetime of the 
aerosol in the atmosphere determined by 1=k. 

�
d
�
Ip
�

dt
¼
�
kCsp � 4kIg

��
Ip
�

(2) 

Equation (2) can then be solved for the aerosol atmospheric resi
dence time, τ, for both isotopes, under the assumption that 131I has a 
similar particle size distribution to 137Cs, and is therefore scavenged at 
the same rate. Using this assumption, the residence times are given in 

Equation (3). Thus, these equations relate the removal processes of 
deposition and scavenging (both in-cloud and below) to the airborne 
aerosol concentrations. However, with the ongoing iodine conversion 
process, the particle size distribution assumption is not fully valid, as the 
newly formed particulate iodine begins to aggregate with other aerosols 
while the 137Cs has no such phase conversion to model. Modelling such 
behaviour is currently beyond the capabilities of ATDM used in this 
study. 

τCsp ¼
1

kCsp

τIp ¼
1

kIp � 4kIg

�
1

kCsp � 4kIg

(3)  

With the model and equations now described, we now describe how the 
environmental model was applied. In this study, a modified type of box 
model was used over the entire domain of the North American continent. 
To improve the fitting of the measured data, all particulate concentra
tions were normalized by the activity concentration of 133Xe (decay 
corrected to reference time) measured by the co-located xenon sampler. 
After the relative activity concentrations were calculated, they were 
rank ordered on a daily basis, regardless of geographical location. In 
effect, the plume was modelled as a continental-wide oscillating cloud 
where the relative ordering of the data was more important than the 
physical (measurement) location. The plume can also be viewed as a 
cloud which mixed very inefficiently throughout the time period (nine 
weeks) of this study. The mean of each rank were then weighted by the 
standard error, to derive an overall weighted residence time, and a 2σ 
(95%) confidence interval was calculated to provide a bounding esti
mate on the residence time. 

3. Results and discussion 

Using this first order kinetic model, the residence time of the mea
surement data from the sites in Fig. 2 were compared to the values 
produced by the MLDP ATDM. To ensure model fidelity, only the free 
decay period was used (no transient injects were allowed during the 
accident evolution), and the model results were used until before the 
normal 133Xe background was re-established. Initially, 137Cs was 
examined as it was much simpler to model as it did not have the gas- 
particulate phase conversion interaction during transit to consider. 

Recalling from the section on collection and deposition, the activity 
concentrations were all referenced to the initial time of the accident. By 
plotting all observed IMS activity concentrations of 137Cs and normal
izing them by the 133Xe activity concentration as shown in Fig. 6, any 
deviation from a zero slope in the exponential fit is due to debris being 
deposited on the ground through wet or dry deposition processes. To 
partially remove noise from the fitting process, only the first four ranks 
were considered when deriving a weighted removal rate coefficient. 
From the measured data, the mean atmospheric residence time, τmeas, of 
137Cs was 11.71 d. 

Now that the atmospheric removal rate coefficient has been deter
mined from the field measurements, it was then used as a comparison 
with the MLDP dispersion model of the atmospheric residence time. 
Fig. 7 shows the results of using the empirically derived removal coef
ficient with the CMC global atmospheric inventory (black triangles) of 
137Cs. The model and measurements agree almost exactly up until 
roughly 57 d post-accident before there is a small underestimation in the 
deposited debris. Furthermore, the high degree of similarity between the 
two sets of data suggests that the oscillating cloud and rank order 
treatment of the measured data was a reasonable modelling approach, 
and the deposition simulation was reasonably accurate for an extended 
time post-accident, and could be reliably used in similar circumstances. 
The overall atmospheric residence time of 11.71 d for the measured 
137Cs data compares very closely with the ATDM derived residence time 
of 13.27 d. In the Chernobyl study, the residence time was found to be 3 
d to 5 d (Uematsu et al., 1988), and a comprehensive study of aerosol 
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residence time based upon models and observations had overall ranges 
of 4 d to a month depending on the origin of the radioactive material 
(cosmogenic/stratosphere versus troposphere) (Giorgi and Chameides, 
1986). However, a comprehensive study of Fukushima aerosols derived 
a residence time of between 10 d and 14 d (Kristiansen et al., 2016) 
which is consistent with this study. The difference between Fukushima 
and Chernobyl atmospheric residence time may be explained by 
enhanced wet deposition from below cloud scavenging with associated 
measurements occurring near the release point during the Chernobyl 
accident. In contrast, for this study, with much more distant measure
ment locations, most of the scavenging would have been in-cloud. 
Further studies would be necessary to confirm this behaviour. 

With the residence time coefficient determined, ATDM could then be 
used to generate a North American continental 137Cs deposition map as 
shown in Fig. 8. This deposition map was compared with the data that 
was collected by the United States Geological Survey (USGS) and was 
found to be in general agreement with the reported measurements 
(Wetherbee et al., 2012a, 2012b). This map was then used to assess the 
impact on health across Canada and formed a basis for the official Health 

Canada (HC) report.1 

For 131I, the atmosphere residence time calculation is more compli
cated due to the two phases of the radioiodine debris. While the par
ticulate debris is being scavenged the gaseous iodine is nucleating and 
replenishing the particulate. By plotting the measured particulate iodine 
using rank ordering (same as 137Cs) as shown in Fig. 9, the overall 
residence time can be directly calculated (assuming pure particulate 131I 
is scavenged at the same rate as 137Cs). Only the 3 highest ranked ob
servations were used in this model due to the inconsistencies between 
the slope of the first 4th rank values and the data of higher rank. The 
overall residence time of 15d can now be used to assess the gaseous 
conversion lifetime. Applying Equation (3) from the kinetic model gives 
the mean phase transition as 27 d. The Chernobyl study reported a phase 
transition time of 14 d to 21 d (Uematsu et al., 1988). 

Following the same procedure as was done for 137Cs, a North 
American deposition map was generated for particulate deposition of 
131I. Due to the complexity of the iodine behaviour it was not possible to 
model the particulate replenishment process. In this case, the source 
term was scaled by a factor of 4 to account for the gaseous to particulate 
conversion as an imperfect solution as the atmospheric conversion time 
of the iodine could not be implemented. This leads to an overestimation 
of the total deposited iodine due to two factors: the simplification of the 
replenishment process, and the decay of deposited 131I. Further work 
would be required to examine both effects more closely to understand 
their combined impact. The resulting map is shown in Fig. 10. 

One last element of the study was to examine the mass-balance of the 
deposition simulation when considering the input source term mass and 
that of the deposited material. In order to examine mass balance, it is 
necessary to consider the global (or Northern Hemisphere) impact of the 
radioactive plume, and not just the North American continent. The input 
source term for 137Cs, airborne concentration, surface deposition 
(including deposition onto both water and land) and the sum of the 
airborne and surface deposition were examined as shown in Fig. 11. 
From this analysis, it is clear that mass was conserved in the MLDP 
model. This analysis was performed only for 137Cs due to the short half- 
life of 131I. Furthermore, as the ATDM used was identical for both ra
dionuclides, this conclusion would apply to both radionuclides. 

4. Conclusion 

This work successfully demonstrated a technique to estimate depo
sition at long range and over broad geographic scales using data pro
vided by a sparse radionuclide detection network combined with ATDM. 

Fig. 4. A simple kinetic model of the behaviour of 
the 131I, 133Xe and 137Cs radionuclides released into 
the air from the Fukushima reactor accident. Radio
xenon is only removed through radioactive decay, 
caesium attaches to ambient aerosols and is removed 
through the process of wet and dry deposition, while 
iodine exists in both gaseous and particulate forms 
with a complex interplay between the two forms. At 
the collection site, the aerosol or radioxenon gas is 
collected and measured to determine the activity 
concentration in the sample.   

Fig. 5. Gaseous to Total 131I ratio in the atmosphere observed in the US 
following the Fukushima NPP accident (retrieved from US EPA website http: 
//www.epa.gov/enviro/facts/radnet/customized.html. The gaseous-to-total 
ratio of 131I remained reasonably constant, at 81%, at US monitoring sites 
from islands in the Pacific to the Eastern seaboard of North America. 

1 The complete HC report on the Fukushima Reactor accident and its impacts 
on Canada is available at: http://publications.gc.ca/site/eng/9.801801/publica 
tion.html. 
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The use of co-located noble gas measurement values was useful as a non- 
depositing normalization technique to improve the accuracy of atmo
spheric residence time calculations. 

The residence times for 137Cs was determined using two different 
approaches, either through direct measurement in which case τmeas ¼

12 d or through a ATDM model run which resulted in τmodel ¼ 13 d. The 
measured and modelled residence time were found to be comparable up 

until around 57 d post-accident. 
The atmospheric residence time of 131I was more difficult to deter

mine as HC and IMS monitoring networks do not perform any gaseous 
iodine measurements. Data sets that allow for an estimate of the con
version process between particulate and gaseous phases are very limited 
and made the atmospheric residence time determination much more 
difficult. Furthermore, the MLDP model is not able to calculate decay of 

Fig. 6. Measurements of 137Cs. Measurements from all monitoring sites with noble gas technology were collected and ordered by rank with the fitting parameters for 
the first four ranks (B, E, H, K) respectively. The weighted mean residence time was 11.71 d with a 95% confidence interval (10.50, 13.22). 

Fig. 7. Model of the Atmospheric Inventory of 137Cs. The overall (empirical) weighted residence time for 137Cs derived from Fig. 6 (light grey bottom series) 
compared to the MLDP deposition model (black triangles top series). The residence times were: τmeas ¼ 11:71 d with a 95% confidence interval (10.50, 13.22) and 
from the MLDP ATDM τmodel ¼ 13:27 d with a 95% confidence interval (13.10, 13.45). 
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deposited radionuclides. Nevertheless, the overall atmospheric resi
dence time was determined to be 15 d with a mean phase transition time 
of 27 d. This value is closer to the ratio derived residence time from the 
Chernobyl accident of 20 d. as compared to the direct estimate of 13 

d (Uematsu et al., 1988). Some of the differences between the Chernobyl 
study and this Fukushima study may be due to the use of a generic 
dilution or mixing factor based upon an assessment of continental 222Rn 
transport rather than a full atmospheric transport model. 

Fig. 8. Total ground deposition map over North America of 137Cs (Bq m� 2) modelled with MLDP nine weeks after the start of release. Red dots represent CTBTO IMS 
measurement stations that were used in the study. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 9. Measurements of 131I. The rank ordered 131I measurement data was also weighted and fit with an exponential model to derive the overall atmospheric 
residence time for particulate 131I. For 131I, the weighted mean approximate τmeas was 12.97 d with a 95% confidence interval (10.85, 16.12). 
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The deposition maps generated for 137Cs are well aligned with the 
deposition values recorded by the USGS. This suggests that the use of 
ATDM is reliable enough to be solely used to predict the deposition of 
137Cs in an operational setting. The deposition of 131I did not show the 
same level of agreement with the USGS values, but was very similar to 
those determined for the Chernobyl accident. The lack of agreement 
with the USGS measurements is likely due to the complex behaviour of 
radioiodine in the atmosphere, and would perhaps require a more so
phisticated kinetic model, including particle decay and the inclusion of 
atmospheric chemistry to provide better agreement before a purely 

modelled deposition would be satisfactory in an accident response 
environment. 
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Fig. 10. Total ground deposition map over North 
America of 131I (Bq m� 2) modelled with MLDP nine 
weeks after the start of release. Red dots represent 
CTBTO IMS measurement stations that were used in 
the study. This deposition map includes only the 
contribution of particulate 131I. The gas to particle 
conversion is a complex process which was not able 
to be modelled. (For interpretation of the references 
to colour in this figure legend, the reader is referred 
to the Web version of this article.)   

Fig. 11. Analysis of ATDM mass balance over the hemispheric computational model grid described in Fig. 3 for the 65.25 d simulation period.  
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