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This pa per pres ents an al go rithm for the cal cu la tion of in ter nal and ex ter nal doses as an in te -
gral part of the math e mat i cal model of at mo spheric dis per sion. The air pol lu tion dis per sion
model is used on av er age an nual ac tiv ity con cen tra tion in the air, de po si tion on soil and field
of to tal an nual dose to a hy po thet i cal res i dent con tam i nated by air in the vi cin ity of a nu clear
re ac tor. The re sults of mod el ing were com pared with val ues from an IAEA pub li ca tion for a
given sce nario of radionuclide emis sion to the at mo spheric bound ary layer. Due to small dif -
fer ences in the re sults, com pared to the IAEA rec om mended model, the model pre sented in
the pa per can be used as a ba sis for this type of anal y sis.
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IN TRO DUC TION

Ex po sure from the nor mal op er a tion of a nu clear 
re ac tor to mem bers of the pub lic in its vi cin ity can oc -
cur from air borne re leases. In the anal y sis of doses
from air borne re leases through the ven ti la tion of a re -
ac tor, air pol lu tion dis per sion mod els play an im por -
tant role [1]. They could eas ily in clude large num ber of 
grid points so that out puts from the mod els are prac ti -
cally con tin ual fields of air pol lu tion.

Data on the hy po thet i cal emis sion of radionuclides 
[2], Brookhaven in ven tory of radionuclide's [3], ven ti la -
tion pa ram e ters, 3-D to pog ra phy and me te o ro log i cal
data, field of to tal an nual dose re ceived by a res i dent in
the vi cin ity of a hy po thet i cal re ac tor (dur ing its rou tine
op er a tion within a one-year pe riod) are used with the air
pol lu tion dis per sion model (at mo spheric dis per sion and
mod ule for the cal cu la tion of ra di a tion doses) [4].

The aim of the re search is to find the  max i mum
value of the to tal an nual dose for a hy po thet i cal res i -
dent in the vi cin ity of a nu clear re ac tor and com pare it
with the limit value which, in this case, is 10 µSv [5].

MATH E MAT I CAL MODEL
AND IN PUT DATA

The straight-line Gaussi an plume model is used
for mod el ing in put data (me te o ro log i cal and fields of

radionuclides) and for pre dict ing the max i mum value
of the to tal an nual dose [1]. The Gaussi an model is one
of the old est and per haps the most com monly used
model type [6]. It as sumes that air pol lut ant dis per sion
has a Gaussi an dis tri bu tion, mean ing that the pol lut ant
dis tri bu tion has a nor mal prob a bil ity dis tri bu tion. The
pri mary al go rithm used in Gaussi an mod el ing is the
gen er al ized dis per sion equa tion for a con tin u ous
point-source plume [7]. The com plete equa tion for
Gaussi an dis per sion mod el ing of con tin u ous, buoy ant
air pol lu tion plumes [8], is shown be low
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where, C(x, y, z) is the air pol lu tion con cen tra tion at
grid point (x, y, z), Q  –  the source strength, H – the ef -
fec tive height of source emis sion, sy and sz – the dif fu -
sion co ef fi cients in y- and z-di rec tions, and U – the av -
er age wind speed.

The fam ily of Pasquill curves sy, z is suit able for
prac ti cal ap pli ca tion in an an a lyt i cal-graph i cal form.
At mo spheric sta bil ity, ac cord ing to the Pasquill-
-Gifford clas si fi ca tion, shall be de ter mined on the ba -
sis of wind speed and so lar ra di a tion (me chanic and
ther mal cause of tur bu lence in the at mo spheric bound -
ary layer), as shown in tab. 1 [9], where A is the very
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un sta ble, B – the un sta ble, C – the slightly un sta ble, D
– neu tral, E – the slightly sta ble, and F – the sta ble.

In this ta ble, sta bil ity classes are clas si fied into
six cat e go ries that are marked by let ters A (very un sta -
ble) to F (sta ble). Qual i ta tive de scrip tions of in so la tion 
such as terms strong, mod er ate and slight, re late to
con di tions that are typ i cal for Eng land, which is why
this scheme should be used with cau tion in other lat i -
tudes. To de ter mine the Pasquill at mo spheric sta bil ity
classes, stan dard hourly me te o ro log i cal mea sure -
ments are used, while the ba sic pa ram e ters for clas si -
fy ing sta bil ity are the wind speed at 10 m, qual i ta tive
as sess ment of in so la tion dur ing the day (strong, mod -
er ate, slight) and cov er age of the sky with clouds at
night. In this scheme of sta bil ity clas si fi ca tion, the
night is de fined as the pe riod be gin ning one hour be -
fore sun set and end ing one hour af ter sun rise.

Mod er ate in so la tion cor re sponds to the sur face
in ci dent so lar ra di a tion un der a clear sky when the
height of the Sun is above the ho ri zon at an an gle be -
tween 35° and 60°. The terms strong and slight in so la -
tion, re late to the height of the Sun greater than 60° and 
less than 35°, re spec tively. The height of the Sun can
be ob tained from as tro nom i cal ta bles for a spe cific
date, time, and lat i tude. Since clouds re duce in so la -
tion, the in so la tion for a clear sky is ad justed de pend -
ing on the cloud i ness (amount and type of clouds) to
give the cor re spond ing Pasquill sta bil ity cat e gory.
Strong in so la tion can be re duced to mod er ate if the sky 
is cov ered with clouds of me dium height and have
them 5/8 to 7/8 or to weak in so la tion if the sky is cov -
ered with low clouds.

If there are mea sure ments of in so la tion, the Sun
height limit of 35° and 60° can be re placed by the cor -
re spond ing val ues of in so la tion dur ing a clear day,
when the height of the Sun at these al ti tudes is above
the ho ri zon. When the limit val ues of in so la tion are
ob tained by di rect mea sure ment of in so la tion, the ef -
fects of in so la tion weak en ing due to cloud i ness are in -
cluded. Neu tral class D oc curs when ever the sky is
com pletely cov ered by low clouds, day or night.

Dif fu sion co ef fi cients sy and sz for sit u a tions
(A-B), (B-C), and (C-D) are taken as mean val ues for
(A-B), (B-C), and (C-D). Based on the class of sta bil -
ity (a mea sure of tur bu lence in the at mo spheric bound -

ary layer), stan dard de vi a tions of con cen tra tion ac tiv -
ity dis tri bu tion  of sy and sz are ob tained, de pend ing
on the dis tance from the source down wind, as shown
in tab. 2 [10].

To ac count for the grav i ta tional set tling of heavy
gases and aero sols, the fixed height of emis sion H was
mod i fied with the term [11]

H
v x

u
- s (2)

where vs is the ter mi nal ve loc ity and x is down wind
dis tance, as shown in fig. 1.

Me te o ro log i cal data are ob tained by mea sure -
ments at the au to matic me te o ro log i cal sta tion as, at the
least, hourly me te o ro log i cal data col lected at a rep re -
sen ta tive lo ca tion of the source. On the ba sis of these
data, at mo spheric sta bil ity and sy and sz are ob tained,
as well as air pol lu tion dis tri bu tion on the ba sis of wind 
speed and wind di rec tion.

Dur ing the rou tine op er a tion of the nu clear re ac -
tor, a part of radionuclide in ven tory is re leased via the
ven ti la tion stack. It is a con ser va tive as sump tion that
1% of the to tal ac tiv ity in ven tory will be re leased in
this man ner dur ing one year. An up per es ti mate for to -
tal ac tiv i ties and the re sult ing re lease rates is shown in
tab. 3 [3].
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Ta ble 1. Pasquill sta bil ity classes

Wind speed
at 10 m

 U [ms–1]

Sta bil ity class, day, with
in so la tion

Class of sta bil ity,
night, with cloud i ness

Strong Mod er ate Slight

Thin
over cast or
<4/8 low
clouds

£3/8
cloud i ness

U < 2 A A-B B

2 £ U < 3 A-B B C E F

3 £ U < 5 B B-C C D E

5 £ U < 6 C C-D D D D

6 £ U C D D D D

Ta ble 2. Briggs for mula for sy(x) and sz(x), 102 < x < 104 m

For ur ban con di tions

Pasquill
sta bil ity
classes

sy (x) sz (x)

A-B 0.32x (1 + 0.0004x)–1/2 0.24x (1 + 0.0001x)1/2

C 0.22x (1 + 0.0004x)–1/2 0.20x

D 0.16x (1 + 0.0004x)–1/2 0.14x (1 + 0.0003x)–1/2

E-F 0.11x (1 + 0.0004x)–1/2 0.08x (1 + 0.00015x)–1/2

For ru ral area

Pasquill
sta bil ity
classes

sy (x) sz (x)

A 0.22x (1 + 0.0001x)–1/2 0.20x

B 0.16x (1 + 0.0001x)–1/2 0.12x

C 0.11x (1 + 0.0001x)–1/2 0.08x (1 + 0.0002x)–1/2

D 0.08x (1 + 0.0001x)–1/2 0.06x (1 + 0.0015x)–1/2

E 0.06x (1 + 0.0001x)–1/2 0.03x (1 + 0.0003x)–1

F 0.04x (1 +0.0001x)–1/2 0.016x (1 + 0.0003x)–1

Fig ure 1. Sche matic model of down ward slop ing plume



In ad di tion to me te o ro log i cal data (see fig. 2)
and to the as sump tion of the emis sion of pol lut ants
(radionuclide in ven tory) shown in tab. 3, the phys i cal
char ac ter is tics of the sources are ex pected as in put
data for the math e mat i cal model. 

With the 3-D to pog ra phy of the hilly ter rain (see
fig. 3) and with the phys i cal and chem i cal char ac ter is -
tics of the emit ted sub stances in the at mo spheric
bound ary layer, a min i mum set of in put data to run the
model is com pleted.

The phys i cal char ac ter is tics of the source used in 
the model are its strength, phys i cal height of the
source, di am e ter at the top/exit of the source-chim ney,
gas tem per a ture at the exit of the chim ney, exit ver ti cal
ve loc ity of effluents (W0), geo graph ical co-or di nates
and al ti tude of the base of the source-chim ney(see fig.
4).

The ba sic sub rou tines of the model are mod ules
for the ef fec tive height of the source (Briggs plume
rise con cept) [12], mod ule for ground de po si tion and
mod ule for es ti ma tion of the dose. The ground de po si -
tions of the radionuclides are cal cu lated as fol lows
[13]

d V V C= +( )d w A (3)

where d [Bqm–2d–1] is the to tal daily av er age de po si -
tion rate  on the ground of a given radionuclide (from
both dry and wet pro cesses), in clud ing de po si tion ei -
ther onto im per vi ous sur faces or onto both veg e ta tion
and soil, Vd [md–1] – the  dry de po si tion co ef fi cient for
a given radionuclide, Vw [md–1] – the wet de po si tion
co ef fi cient for a given radionuclide, and CA [Bqm–3] is
ground level air con cen tra tion at down wind dis tance
x.
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Ta ble 3. An nual air borne radionuclide re leases

Ra dionu clide 41Ar 26Al 76As 128Ba 140Ba 82Br 141Ce

Re leased [Bq] 8.2E+13* 4.5E+2 1.7E+7 6.9E+6 5.8E+6 3.2E+8 6.7E+3

Ra dionu clide 144Ce 60Co 59Fe 203Hg 124I 131I 133I

Re leased [Bq] 5.3E+4 9.8E+4 1.4E+5 2.2E+6 7.0E+5 1.2E+6 1.3E+7

Ra dionu clide 140La 99Mo 24Na 122Sb 46Sc 75Se 91Sr

Re leased [Bq] 3.0E+7 5.7E+3 8.5E+6 1.8E+4 7.9E+2 7.5E+3 1.2E+7

Radionuclide 99mTc 44Ti 133Xe 135Xe 65Zn 69mZn

Re leased [Bq] 2.2E+6 4.8E+6 3.8E+6 4.0E+7 7.2E+5 5.3E+4

*8.2E+13 read as 8.2×1013

Fig ure 2. Me te o rol ogy,
an nual wind rose, graph i cal
pre sen ta tion of wind speed
[ms–1] and di rec tion sta tis tics

Fig ure 3. To pog ra phy (3-D) of the com pu ta tional
do main and lo ca tion of the source



An nual ra di a tion doses for a hy po thet i cal res i -
dent are cal cu lated as in ha la tion, dose of stay ing in a
ra dio ac tive cloud (dose of im mer sion) and the dose of
ra dio ac tive ma te rial de pos ited on the ground in the
form of dry and wet de po si tion. The to tal an nual dose
is cal cu lated as a sum of the doses listed above.

The doses from in ha la tion are cal cu lated as the
prod uct of breath ing rate, ex po sure time, dose in ha la -
tion co ef fi cients and radionuclide con cen tra tion in the
air, us ing an ex po sure time of an en tire year (8760 h)
and the av er age breath ing rate for adults of 1.2 m3/h
[14].

The doses from ex ter nal ir ra di a tion from the ac -
tiv ity de pos ited on the ground are cal cu lated as the
prod uct of the ground sur face con cen tra tion and the
dose co ef fi cients for sur face de pos its. The ex ter nal ra -
di a tion dose re ceived by the res i dent im mersed in a
cloud of radionuclide's ac tiv i ties for ob served an nual
pe ri ods is pro por tional to the ac tiv ity con cen tra tion in
the air near the ground, the ex po sure time and to the
cor re spond ing dose co ef fi cients for the radionuclide
in the cloud.

RE SULTS AND DIS CUS SION

The anal y sis of radionuclide dis per sion through
the bound ary layer of the at mo sphere of the an nual
rou tine op er a tion of a re ac tor and mem bers of the pub -
lic was done fol low ing all de scribed as sump tions re -
gard ing the source term, me te o ro log i cal con di tions,
3-D ter rain to pog ra phy and phys i cal and chem i cal
char ac ter is tics of the emit ted sub stances in the at mo -
spheric bound ary layer. A three-step anal y sis was
done:

(1) The de scribed math e mat i cal model in eq. (1) for
es ti mat ing the dis per sion of radionuclides through the
at mo sphere bound ary layer in the vi cin ity of a nu clear
fa cil ity, with a mod ule for the eval u a tion of in ter nal
and ex ter nal doses for the hy po thet i cal adult res i dent,
was tested in com pu ta tional ex per i ments us ing the
given in put data from the pub li ca tion of IAEA [2].

Re sults for ground sur face con cen tra tions in the
air are pre sented in tab. 4 and those for ground sur face
con cen tra tions (dry de po si tion) are pre sented in tab. 5, 
for the four radionuclides that were given in or der to
check the model. Very good agree ment was found with 
the re sults of the pre lim i nary anal y sis given in the
IAEA doc u ment [2].

(2) The sec ond step was the sim u la tion of  air borne
dis per sion from the ex haust stack of the re ac tor fa cil ity 
to the en vi ron ment in or der to ob tain the val ues of
ground sur face ac tiv ity con cen tra tions in the air and
ground sur face con cen tra tions, dry and wet de po si -
tion, for the radionuclides of in ter est.

Fields of the av er age an nual con cen tra tion of ac -
tiv i ties, gained by the pre sented emis sion of
radionuclides, tak ing into ac count the char ac ter is tics
of sources, weather con di tions and soil char ac ter is tics, 
are shown graph i cally in fig. 5. The max i mum value of 
the  av er age  an nual ac tiv ity con cen tra tion in the air at
2 m above the ground was 3.9 Bq/m3.

Dry de po si tion was cal cu lated from ac tiv ity con -
cen tra tions in the air and the de po si tion rate for the se -
lected ter rain and radionuclide emis sion in ven tory. The
speed of dry de po si tion is taken from ref. [2], and was
based on the rec om men da tions for the de po si tion rate of 
1000 m/d. The field of dry de po si tion cor re sponds to
the field of con cen tra tion of ac tiv i ties, both in shape and 
by zones with max i mum val ues. The max i mum an nual
value of dry de po si tion of ac tiv i ties for the se lected an -
nual pe riod was 12 kBq/m2  (see fig. 6).

Wet de po si tion is cal cu lated as wash ing with
pre cip i ta tion. The in ten sity of rain fall was mea sured
by an au to matic sta tion for ten min utes. The field of
an nual ac tiv i ties of wet de po si tion is cal cu lated from
the dis tri bu tion of ac tiv ity con cen tra tions with the
height and in ten sity of rain fall. The max i mum value of 
wet de po si tion was 140 Bq/m2 (see fig. 7).
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Fig ure 4. Phys i cal char ac ter is tics of the source-chim ney

Ta ble 4. Con cen tra tion of ac tiv i ties at 2 m above the
 ground, per radionuclide

Radionuclide 137Cs 90Sr 60Co 154Eu

Mod elled [Bqm–3] 4.8E-04 1.5E-06 3.0E-05 1.5E-05

IAEA doc u ment [Bqm–3] 4.8E-04 1.6E-06 3.2E-05 1.6E-05

Ta ble 5. Dry de po si tion of radionuclide ac tiv ity per year

Radionuclide 137Cs 90Sr 60Co 154Eu

Mod elled [Bqm–2] 154.2 0.49 9.74 4.87

IAEA doc u ment [Bqm–2] 174 0.6 12 6



(3) The last step in volved the mod el ing of the ex po -
sure of mem bers of the pub lic and the to tal dose (in ha -
la tion and im mer sion with di rect ex po sure from
ground de po si tion).

As men tioned, the to tal an nual ra di a tion dose for 
a hy po thet i cal res i dent in the vi cin ity of a re ac tor in
op er a tion is mod eled as in ha la tion, the dose of stay ing
in the ra dio ac tive cloud (dose of im mer sion) and the
dose of ra dio ac tive ma te rial de pos ited on the ground
in the form of dry and wet de po si tion. The to tal an nual
dose is cal cu lated as the sum of the doses listed above.

The max i mum value of the to tal an nual dose to a
hy po thet i cal res i dent was 7.3 µSv (see fig. 8).

CON CLU SIONS

The com puter code based on the straight-line
Gaussi an model for at mo spheric dis per sion used in this
anal y sis, un der con ser va tive as sump tions on the con tin -
u ous op er a tion of nu clear re ac tors and on the pre lim i -
nary as sumed strength of the source based on the 1% in -
ven tory of radionuclides con tin u ously emit ted into the
bound ary layer of the at mo sphere within a year.

By ap ply ing the math e mat i cal model, un der the
above stated as sump tions, the max i mum value of the
to tal an nual dose for a hy po thet i cal res i dent was es tab -
lished to equal 7.3 µSv in the vi cin ity of a nu clear re ac -
tor. Based on this re sult, it can be con cluded that a nu -
clear re ac tor, un der stated con di tions of its op er a tion
within a year, could not in flu ence the en vi ron ment
above the limit value of 10 µSv.
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MATEMATI^KO  MODELOVAWE  UTICAJA  REAKTORA  NA
@IVOTNU  SREDINU  KROZ  VAZDUH

U radu je prikazan algoritam za izra~unavawe unutra{we i spoqa{we doze koji
predstavqa sastavni deo matemati~kog modela atmosferske disperzije. Primenom disperzionog
modela zaga|ewa  vazduha,  dobijene su prose~ne godi{we koncentracije aktivnosti u vazduhu,
ukupna godi{wa depozicija aktivnosti na tlu i ukupna doza koju bi primio hipoteti~ni stanovnik
u okolini nuklearnog reaktora. Rezultati modelovawa upore|eni su sa vrednostima iz IAEA
publikacije za zadati sce nario emisije radionuklida u atmosferskom grani~nom sloju.
Zahvaquju}i malim razlikama u rezultatima, u odnosu na IAEA preporu~eni model, model
predstavqen u radu mo`e se koristiti kao osnova za ovu vrstu analize.

Kqu~ne re~i: radionuklid, vazduh, disperzija, disperzioni model zaga|ewa vazduha, doza,
.........................nuklearni reaktor


