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ABSTRACT

In this paper we discuss some of the obstacles %o the <construction of
credible models of global tritium transport for use in dose assessments.
We illustrate these difficulties by comparing mode! predictions of envi-
ronmental tritiuf levels with measurements. Monitoring of tritium has
shown that specific activitiece in precipitation over land are typically
higher by a factor of three to four than those in precipitation over the
oceans. Experienfé with modeling CO2z turnover in the oceans has led to
the conclusicn that ™ two-box reservoir models of the ocean often give
unsatisfactory representations of transient solutions. Failure to
consider these <factors in global models can lead to distorted estimates
of collective dose and create difficulties in validation of the model
against real data. We illustrate these problems with a seven-box model
recommended by the National Council on Radiation Protection and
Measurements (MCRP), in which we forced the atmospheric compartment to
reproduce an exogenous function based on historic observations of HTD in
precipitation at S0°N. The fresh uwater response underestimates data from
the Ottawa River by a factor of about five, and the ocean surface
response overestimates tritium date from the surface waters of the
Northern Pacific by nearly an order of magnitude. Revision of the model
to include (1) separate over-land and over-ocean compartments of the
atmosphere and (2) a bou-diffusion model of the subsurface ocean brings
“he discrepant responses into good agreeasent with the environmental data.
In a second exercise, we used a latitudinally disaggregated model and
replaced a trcpospheric compartment 1in the northern hemisphere by
historic precipitation data. The model ‘s response greatly underestimates
the tritium specific activity in the southern hemisphere. The large
discrepancy probably indicates tiat nmuch of the release from weapons
testing occurred in the stratosphere and that a significant fraction of
the release occurred as HT rather than HT0. These exercises lead us to
doubt that a proper global transport model for tritium is available at
present for collective dose assessment.
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INTRODUCTION

A correct and proper treatmeen* of environmental +transport wmodeling
for tritium has proved difficult. In this paper, we emphacize the global
scale of transport and discuss scme of the obstacles that stand in the
way of constructing credible models of tritium transport for use in
assessments. We illustrate thece difficultiec by comparing predictions of
environmental tritium levels with measurements. We also 1list those
properties that we believe a successful glebal tritium wmodel must
possess.

feleases of tritium may occur in differeat forms, with radically
different types of environmental behavior. The speciec HTO and HT
dominate, and we restrict our attention to them. Removal of HT0 from the
atmosphere is rapid in comparison with global atmospheric mixing times,
whereas the effective half-time of HT, with respect to its ronversion tc
HTO in the atmosphere, has been estimated as 4.8 years (Mason and
O¢tlund, 1979). Thus, HT released to the troposphere has a far greater
potential for global mebility than a similar release of HTO, fer which
the effective mean residence time is only 11 days (NCRF, 1979). Becaucse
the two species are different in their dosimetric effectiveness, a model
for dose assessment needs to concider separate components of the release;
but a possibly more important reason for a careful treatment of both
species in a global environmental model is validation of the model itself
by interpreting the interplay of HT and HTO transport processes, sources,
aind sinks, 1in relation to measured distributions of tritium from nuclear
weapons testing.

Models that concist of giobally aggregated reservoirs (e.g., atmos-
phere, ocean, and fresh waters) cause difviculiy both in validatiaon and
in interpretation of predicted results. As measurements of tritium in
precipitation show, the latitudinal var.ation of the distribution over
the oceans 1is great, with concentrations at high norttiern latitudes
exceeding those near the equator by as much as two orders of magnitude
(5chell et al., 197%9), There is also a disparity between mrasurements
taken over the oceanz and those taken aver land: the 1latter
concentrations are higher by factors of three or four. Not only are
these differences important in predicting collective (i.e., population)
dose from releases of tritium; they also should be reproduced by models
under evaluation when the models are given appropriate input data ({e.g.,
time series of tritium in precipitation during the period of nuclear
testing) in arder to give us confidence in theilr prediction of the fate
of a release. Globally aggregated models, by dafinition, lack the needed
resolution for such testing.

The following list contains a set of properties that we caonsider
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desirable for a global tritium model that is to be used in dose assess-
ment studies:

(1) Transport of HTO should follow the global hydrologic cycle.

(2) The madel should be partitioned into interconnected 1latitude
zones in order to allow releases of HTO to be remosed 1 other reservoirs
near the point of release, cnd also to permit validati. : against observed
latitudinal variation,

(3} The land compartment should be divided into soil water, surface
waters, and ground water, because of the different mean residence times
in theze compartments and their different relative contributions to the
dose to individuais and populations.

(4) The atmocsphere should represent exchanges between the tropo-
sphere and stratocphere, 1in order to permit validation involving direct
injections af tritium into the stratosphere by weapons testing and the
different interhemispheric trancfer opathwav afforded by the strato-
sphere.

{3) The model should represent the different sources, =inks, and
transport mechanisms of the species HTO and HY, 1in order to satisfy the
needs of both validation and prediction.

f4} The atmosphere should be divided into cver-land and over-pcean
compartments,

(7} An improved treatment of tritium in the ocean, such as a
box-diffusion model (Oeschger et al., 1975), is needed.

{8} The model should 1nterface properly with early mixing regimes
{e.g., local, continental).

The model calculatione repcrted in the remainder of this paper il-
lustrate these needs, particularly items (4), (5), and (7).

HE MCRP SEVEM-BOY GLOBAL TRITIUM MODEL

Scme of the difficulties of validating and apply:iny a globally ag-
gregated model are illustrated by a seven-box mocel proposed by the
National Council on Radiation Protection and Meacsurements (NCRP, 1979).
The model {Fig. 1) is essentially a globally aggregated representation of
the hydrologic cycle and is intended to be applied to tritium released as
HTO. Each tritium flux is represented as the product of the corresponding
water volume tlux (m3/vyear) and the tritium concentration (mess per a3 of
water} in the donor compariment. In discussing the model, it will be
convenient to use the following abbreviations for the compartments:

A Atmosphere

SW Surface soil water

GW (Deep) ground water

Fu Surfsce streams and
iresn water !akes

SL Caline lakecs and
tnland seas

0s Dcean surface waters

1] Dzep acean
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Although we have characterized this model as global, it has also
been interpre.ed as hemispheric, and it has even been applied to narrower
latitude zones for the purpose of estimating collective dose per unit
release (NCRP, 1979). In particular, the model has been used to represent
the latitude band 30-350°N on the assumption that in the case of an atmos-
pheric release, the brief mean residence time of H70 in the atmosphere
(11 days) would dominate latitudinal mixing., And once the tritium has
migrated fros the atmoschere into the other caompartments (ar if it were
released into one of them instead of the a* .oszphere), it would tend to be
confined to a latitude near the point of release. Thus, for the purpose
of testing the model ‘s predictions of tritium transpert against some
environmental data, we assume thz® the model represents a narrow band of
lxtitude containing the 5¢°N parallel.

Measurements have been taken on the tritium content of precipitation
at many stationg around the world from the early 1940c to the present
{(IAES&, 1981). GSome time series also ewist for tritium in ocean surface
waters {(Reiter, 1978); and time series dating fraom the early 1930s exist
for tritium in precipitation at QOttawa, Canada {(lAEA, 17B1), and for
tritium in the Qttawa Rivar (Bennett, 1973). The cignal cshown by these
observations is tritium that was released to the atmosphere by detona-
ticne cf nuclear devices. But an accurate time history of the releases
(i.e., a source ter2) is not available. Such tabuiations as have been
made of the vieids of these detonations (Zander and Araskog, 1973; Carter
and Moghissi, 1977) omit many testes that were not announced by the
countries that performed them, and yields for many of the tests that were
annecunced are highly uncertain or unknown. Thus, an exogenous source
term bassd on the compilatione just cited would have very limited utility
in a validation exercise.

Incstead of trying to construct a source term, we have f{forced the
model “s atmospheric compartment to reproduce & time seriec for tritium in
precipitation; the predicted responses of the <fresh-water and
ocean-surface compartments are then compared with the observed measure-
ments fraom the recpective environmental recervoirs. For these
simulations, we assume that the model representz a narrow zonal bang
about the latitude 30°N, The precipitation data used to represent the
atmospheric signal are those for Ottawa, Cenada (IAEA, 1981), and we
compare the recponse of compartment FW with the Ottawa River data
{Bennett, 1973)., Another comparison is provided by the response of the
0S5 compartment with surface-ocean tritium datz fraom three locations aver
varying periods: Adak, Alaska; Johnston Island; and 20-&9°N in  the
Atlantic (Reiter, 1978}, The model predictions, shoun by the dashed-line
curves in Fig. 2, are not impressive approximations to the data. The
ocean-surface response exceeds the general trend of the data by a factor
of three to fecur, and the FW response underpredicts the Ottawa River tinme
series by nearly an crder of magnitude. The importancz of the latter
compartment in estimating dcse to man (and alcso that of =the SW
compartment, which wmay be similarly underestimated by *tha model)
indicates the need for further analysis of the model's performance.

A major difficulty iliustrated by this calculation is that the
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trancfer coefficients of the model, computed as the water volume transfer
rate divided by the water volume in the donor compartment, while pre-
sumably correct for the exchanges of water that they represent, may
distort the wpartitioning of tritium exchanges between air-to-land andg
air-to-ocean. At the latituds in question (S0°N), a reasanable assumption
is that the tritium concentratiaon in inland precipitation is 3.5 tinmes
that in precipitation that falls over the ocean (Reiter, 1978, Fig. 3.28,
p. 137). We hypothesize that this disparity is appropriately represented
in the model by partitioning the atmospheric water vapor into over-land
and over-ocean components in such a way that their relative volumes
provide the differential dilution of the tritium. We further make the
assumption that the HTO molecules have a uniform spatial distribution in
the atmocsphere within the latituds zane. Thus, since the areal fractions
of land and water are 29.2 and 70.8% (these are glcbal values), we assunme
that 29.2% by mass af the airberne HTD 15 diluted in the over-land water
vapor and the remaining 70,.8% in the over-ocean water vapor. Requiring
tha ratio of the over-land and the over-ocean tritium corncentratior to be
3.5 finves the relative sizes of the atmospheric water vawor components.
These volumes (in m3) are

Viang = 1.3710'=/7(1 + 0.708R/0.%292)
vt:n:!!-n = (!:1-7(78/c).292),ﬁ‘11.nd .
where 1.3x19%3 = total water volume (m3) of the NCRF medel ‘¢ atmospheric
compartment, and R = 3.5. The transfer coefficients from the atmosphere

to the land compartments are then computed as the appropriate water
volume fluxes in m3/year divided by Viena Or VYocean. respectively. The
time history of tritium in the atmosphere is reprecented by a continuous
function derived from the record of tritium in precipitation. If Y(t)
denotes thisz functicn, expressed in mass units, the rates of transter
from the atmosphere into the land compartments and the ocean surface
water are, respectively,

Frande—a = Kianaea(D.292Y(1)) 3
Focean<—a = foceans -a{0Q.708Y(t)) .

These eguations, which give the fluxes in mass units ger year, depend on
the assumption that the areal distribution of tritium 1is wuniform
throughout the latitude :zone.

With the foregoing adjustments in place, the mcdel respense in the
FW compartment iz a substantially improved approximation to the Ottawa
River data, as shown by the upper solid curve in Fig. 2, While thece
adjustments effect a marginal improvement in the response of the 05
compertment. the recsult iz :still an overprediction cf the main trend of
the ocean-surface data (this responce curve 18 not shown in Fig. 2).

Research into carbon turnover in the oceanc has indicated a need to
replace <imple two-box rapresentationc of the acean by more siaborate
modeis. Ocean models based on verticai diffusion have proved successful

=
o
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in reprecsenting transient responses (Oeschger et al., 1975; Killcugh and
Emanuel, 1981!. We have replaced the two-box ocean of the NCRP tritium
model by a diffusive model that was described by Killough (1980) in
another context. With this additional medification, the response of the
0S5 compartment, shown in Fig. 2 as the lower solid curve, closely follows
the trend of the data, particularly those ohbservations taken in the North
Atlantic.

We have computed the dose to a land-based individual fron the
tritium history wused +for the validation exercisze. The method of
calculation i1s a simple combination of time integrzlcs of the model
compartments based on the assumptions about pathways to man suqgested by

the NCRP (1279). The westimates of dose to such an individual for an
exposure period from 1545 to 1973 are 0.15 mrem for the unaltered HNCRF
model and 0.22 wmrem for the adjusted model -- an increase af 50%.

Similar increases would be found in the collective dec-.z.

SCUTHERMN-HEMISPHERE TROFOSPHERIC RESPOMSE TO WEAPONS TRITIUA
IM THE MORTHERN HEMISPHERE

A secano test of global tritium models it provided by data on
tritium in precipitation in the southern hemisphere from weapons testing
in the northern hemisphere. The top two turves in Fig. 3 show data for
tritium in the northern and southern troposphere. In this connection, we
adapted a model of Bergman et al. (1979) which is divided into four lati-
tude bands corresponding te 0-30° and 30-90° in each hemisphers.

In order to test the model 's simulation of the interhemizpheric ex-
change of tritium, we forced the tropospheric compartment in the north-
ernmost latitude band tec follow the Dttawa precipitation data in a manner
similar to that employed in connection with the NCRP global model in the
previous section. Other compartments were represented as state variables
in a systen of ordinary differential equations. The response in the
troposghere of the southernmost latitude band is pletted as the bottonm
curve in Fig. 3. This response underpredicts the data for 503 hy nmore
than an order of magnitude, and thus dose to individuals and populations
in the southern hemicsphere could be substantially underestinated.

In fairness ta the model of Bergman et al. (1%7%), we note that part
of this large dizcrepancy prebably derives frem (a) treating all weapans
tritium as HTO and (b) considering the northernmost band of the tropo-
sphere as the principal source. Reiter (1978) indicates that most of the
tritium that reaches the atmosphere from underground bursts is released
as HT, and that much of the tritium from atmospheric bursts wa injected
into the stratcsphere as HTO. Tritium released as HT has aqrcater mo-
9ilit,; in the tropecsphere than HTD, 2nd HTO intraoduced i-to the northern
stratosphere has a much higher oprebabilitv aof reachiny the socthern
tropasphere than HTO that origirates in the northern tfouosghere, The
model of Bergman et al. {1979! incorporates thece pathwa§s in its
structure and has provision for the differential handling of HTO and HT.

)
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Thus, a model of its type may provide a reasonable basis for further
development. But detailed comparisons of the medel’s predictions with
data in order to test these suppocitions have yet to be made, and the
exercise reported here serves to indicate the need for such testing.

COHNCLUSIONS

We have illustrated, by means of calculations based on tuwo global
tritium models, saome potential problems in applying these and similar
models to dose assessments of tritium releases. Glaobally aggregated
models, such as the NCRP (1979) seven-box model, lack the resolution for
catisfactary validation af their transport predictions, and when they are
applied to narrow latitude bands, their transfer coefficients may need
adiustment to compencate for the gradient between over-land and
over-ocean concentrations of tritium. Tha structure of the ocean in
global tritium models may also need elaboration to impreve the trapsient
response of this reservnir; but the need for the latter wmodification
agpears to bpe wore strongly related to validation than practical dose
accessment.

Larocer-sczle transport processes need to be treated plauzibly by the

modals, This need entails sufficient spatial resolution for representa-
tion ©f concentration gredients, ceparaticn ef tropospheric and strato-
spheric compartments, and accounting for the different sources, sinks,

and transpert mechanicsms of HTO and HT. Again, 1in this context, the
needs of validation ard application are interrelatad.

The tritium signal from weapons testing is an importeant comporent in
validating glcbal tritium modele, but because of many uncertainties
conpected with it, its use is not entirely straightforward. But it is
perhaps the most impcrtant basis for «calibrating the interhemicpheric
transfer of tritium in the global models. This kind of problem mas
illustrated with a latitudinelty disaggregated model of Bergman et al,
(1379,

We btelieve that a fully tested and validated glebal tritium model
that possesses the desired properties set forth in the introductien has
nct vyet been mace available to the dose ascsessment community. The amodel
of Hergman et al, (1979) goes further toward meating these goals than any
model we have seen, and it possibly could serve az a point of departure
for a definitive develapment,
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FIGURE CAPTIONS

Figure 1. Seven-compartment MCRF tritium model based on the global
hydroloegic cycle.

Figure 2, MNCRP Model opredictions compared with observations of
epvironmental tritium levels. All madel curvos are campartment responces
when the model's atmocphere is forced to reproduce 2 time history of
tritium in precipitation measured at Ottawa, Canada. The dashed curves
represent the fresh-water compartment (upper <curve) and ocean-surface
compartment (lower curve) of the wunaltered NCRF glabal tritium model
(Fig. 1}). The smooth curves are the corresponding compartments of the
model after its transfer coefficients are adjusted to refiect the higher

concentration af tritium over land than over the cceanz, and after the
replacement of its two-box ocean reservoir with a multi-hox diffusive
medel.

Figure 3. Tritium in precipitation measured at 50°N and 50°8 {upper
two curves)., The model curve is the responcse of the southernmost tropo-
spheric compartment of the model of BHergman et al, (1279) when its
northernmost tropospheric compartment is forced to reproduce an observed
time history of tritium in precipitatior at S0°N.
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