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1. INTRODUCTION

222Rn is a natural radioactive compound with a half-
life of 3.8 days. Its noble gas nature makes it a suitable
tracer in studies of atmospheric boundary layers (Pors-
tendorfer, 1994). Ground-based measurements and ver-
tical distributions of 22Rn and its daugthers have been
extensively studied in the past, e.g., to characterize the
turbulent properties of the ABL, to perform regional and
global circulation model benchmarking and to estimate
regional surface fluxes of air pollutant and in particular
climatically sensitive compounds. For a review on the
use of 2?2Rn observations in atmospheric science see
Zahorowski et al. (2004). Several studies (e.g., Larson et
al., 1972; Lopez et al., 1974; Polian et al.; 1986; Gaudry
et al., 1990; Ramonet et al., 1996; Galmarini, 2005) have
shown that the study of the behavior of radon and its pro-
genety is of great importance for air pollutant and green-
house gases transport modeling. In particular, *?Rn is
often used to calibrate and validate transport model (e.g.,
Jacob et al., 1997; Dentener et al., 1999).

Some of the radon radio nuclides and their short-
lived daughters have been used to study the turbulent
diffusion process since they have half-lifes of the same
order of magnitude of the turnover time of the convective
boundary layer. Compounds with a lifetime comparable
to or shorter than that of the turbulent transport, can be
inefficiently mixed by the turbulent transport. This pro-
cess influences the distribution of 2??Rn daughters, and
in particular their fluxes. Whereas the so-called long lived
species are well mixed and the vertical flux profiles fol-
low a linear shape, the short-lived compound fluxes devi-
ate from the inert linear profile. In this respect, accurate
modeling requires improved understanding on how tur-
bulence affect the dispersion of >22Rn and its progeny in
atmospheric boundary layers. The scales associated with
turbulent motions range from the Kolmogorov dissipation
scale (on the order of a millimeter) to the boundary layer
depth (on the order of a kilometer). The largest eddies
are responsible for the turbulent transport of the scalars
and momentum whereas the smallest ones are mainly
dissipative. Thus, realistic numerical experiments of the
atmospheric boundary layer require the use of large-eddy
simulation (LES) that allow to explicitly resolve relevant
turbulent scales.

To our knowledge, no study so far has analysed the
turbulent transport of ?*>Rn short-lived daughters in a
CBL in a comprehensive and complete manner. This
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paper aims at providing such an analysis. We perform
a complete analysis of the vertical distribution, reactiv-
ity and turbulent transport of *?Rn and its progeny un-
der convective conditions. In order to account for all the
relevant scales of the atmospheric boundary layer, we
use LES to explicitely calculate the different terms of the
concentration budget equations. In addition, this study
is perform on both steady and unsteady conditions rep-
resented by a fully developed CBL and a CBL growing
within an overlayered reservoir layer resulting of the col-
lapse of previous daytime CBL. The study under steady
state conditions allows to perform a ful budget analysis
of the turbulent transport and so to identify the driving
process of 2?2Rn and its progeny concentration behavior.
The analysis of the unsteady boundary layer aims at un-
derstanding the exchanges between the reservoir and the
mixed layer while the boundary layer is deepening and so
the turbulent timescale is increasing.

2. NUMERICAL SET-UP
2.1 *2RRn decaying chain

We consider the radioactive decay chain of ?*?Rn
that reads

22pp 28 218p, Ay 2lpy A3 2up, Ay #o0pp, (1)

where Ao, A1, A2 and A3 are the decay frequency equal to
2.11x107%,3.80x1072,4.31 x 107*,and 5.08 x 10™* s 1,
respectively. Note that we consider a direct transforma-
tion of 2!*Bi into 2!°Pb since the half-life of 2**Po (daugh-
ter of >'*Bi) is very short (164 us). Also we consider
210pp, that have a half-life of 22.3 years, as an inert scalar
with respect to the temporal scales considered here. To
increase readability, >2?Rn and its progeny will be also re-
ferred to as S; where i is the rank of the daughter in the
decay chain from here on, e.g. So and S stand for 22Rn
and 21°Pb, respectively.

In the atmosphere, under horizontally homogeneous
conditions with no mean wind and neglecting that trans-
port due to molecular diffusion, the temporal evolution of
a compound S; involved in the previously presented ra-
dioactive system reads

0S; _ Ows;

ot~ 0z
where the horizontal averages are denoted by capital let-
ters and the fluctuations of the variables around the hori-
zontal average value by lower case letters. The radioac-
tive source/sink terms Rs, are

+ Rs; ()



Rs, = —Xo So, (3)

Rs, = Xo So — A1 51, (4)
Rs, = X1 51— A2 82, (5)
Rs, (6)
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veloped free convective atmospheric boundary layer and
a CBL growing overlayed by a reservoir layer resulting
from the collapse of the previous daytime CBL. For both
cases, the modeling domains represent 6.4 km X 6.4 km
x 1.5 km with a vertical and horizontal resolutions of 25
and 50 meters respectively, leading to 128 x 128 x 60 grid-
points simulations. Periodic lateral boundary conditions
are assumed. The maximum time-step used in the calcu-
lations is 0.5 s.

The simulated ABLs are dry (as radon and its daugh-
ters are unaffected by moisture) convective ABLs driven
by buoyancy only (see Table 1).

Steady-state CBL  Unsteady CBL
(1) )

Zi 662.5 metres 187.5 metres
O 288 K 286 K
AO 5 K

(wh) 0.052 K m s~}

~o 61072 K m™!

Table 1: Initial values and prescribed surface fluxes used for
both simulations.

In the steady-state CBL, ?*>Rn is emitted at the sur-
face with a flux of 0.5 Bgm~2s~'. All radioactive com-
pounds have a zero initial profile except 222Rn. This latter
profile is the result of a pre-run of 1 hour simulation with
the same surface flux, no initial concentration and a de-
cay constant set to zero. The simulation is running for
8 hours with a presimulation of 1 hour for the dynamics.
The statistics are done on the last hour of the simulation.
The convective velocity scale w., the ABL height z; and
the free convection time-scale ¢t. = z;/w. are equal to
1.12 ms™*, 800 m and 714.3 s, respectively.

For the unsteady convective BL, we follow a special
procedure to initialize >?Rn and its daughters profiles in
order to ensure consistency regarding the assumption of
radioactive equilibrium of >?Rn and its progeny. **?Rn
and its daughters profile concentrations are analytically
calculated as the result of a 8 hours of radioactive activ-
ity from the resulting profiles of the previously simulated
steady-state CBL . Since the reservoir layer is assumed
decoupled from the surface, no fresh radon is transported
to this region during the night. However in the CBL,

the 2??Rn I B m>s~' in the nocturnal

boundary layer is assumed IIEEEG@G@GgS S-hours’
night. I
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the integral time-scale of turbulent () and the chemical
time-scale (r.). For reacting flows with Da; << 1, the
chemical transformations proceed at a slower rate than
the turbulent mixing. Therefore, there is little influence of
the turbulent structures on the chemistry and the react-
ing flow is in a so-called slow chemical regime. When
Da; = O(1), i.e. the time-scale of the chemistry is of
similar order to the time-scale of the turbulent mixing, at-
mospheric turbulence controls chemical reactivity. As a
consequence, the behavior of chemically active species
can differ from the behavior observed and modelled of in-
ert scalars. For Da; >> 1, chemical transformations are
much faster then the turbulent mixing of the reactants that
chemical species react in-situ and are almost not trans-
ported. In our simulations, 7 = zi/w. and 7. = A}’
with j=0, 1, 2, and 3. The corresponding Da; are sum-
marized in Table 2. These numbers indicate that ?*®Po
(S,) is strongly influences by the turbulent structure of the
ABL in both steady and unsteady conditions. The other
short-lived daughters, i.e. 21*Pb (S2) and 2**Bi (Ss), Da:
refer to a moderate-slow regime indicating that their dis-
tribution is only slightly affected by the control exert by
turbulent on their radioactive decay.

Compounds  Steady-state CBL Unsteady CBL
So < 0.01 < 0.01

S1 2.71 1.21-2.24
So 0.31 0.14-0.25
Sa 0.36 0.16-0.30

Table 2: Volume averages of the turbulent Damkdhler numbers.

While studying the relevance of accounting for the
chemical contribution to second-order moments (fluxes
and (co-)variances) of reacting scalars, Vinuesa and Vila-
Guerau de Arellano (2003) derived dimensionless num-
bers, the so-called Damkdhler numbers for fluxes and
(co-)variances. These numbers are based on the chem-
ical terms for second-order moment budget equations.
They showed that for flux and (co-)variance Damkohler
numbers ~ O(1), the contribution of chemical terms to
second-order moment profiles is significant. The flux
Damkohler number can be expressed as the ratio of the
flow time-scale to the time-scale of the chemical contribu-
tion to the flux. For instance for a scalar B involved the
chain

AM B2 8)
the flux Damkoéhler number for the scalar B reads



Fig. 1: Vertical I (So) and its progeny. The
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number only indicates a small contribution in the steady
state CBL. However, under unsteady conditions only .S,
flux should show some impact of the radioactive decay
contribution.

Compounds I N
So < 0.01 < 0.01

Si 1.08 0.62-0.38
Sa

: H B
S

o

I Cigure 1 I
file of 222Rn (Sy) and its progeny are shown, the mixed-
layer concentrations are correlated with the half-lifes of
the compounds; I, <
smaller is the concentration. Also as indicated by the
Damkéhler number classification, S, concentration only
I All the
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reactivity.

FiG. 2:

I Note that the minus

readability.

We explicitely calculate the radioactive decay con-
tribution to the concentrations and we show the result-

-1
o
=
=
Q
Q
o
35

2]

I
—
5 |
radioactive decay contribution show an unbalance in fa-
vor of their production. Thus, as long as S is injected

time. However, one can notice that the daughters’ verti-

cal I -part Sa, none of

sult, the shape of the profile is quite different for the Sy
one showing a fast reduction while moving upward. For

noted for S, and Ss.

Actually, for this latter, one can notice a very inter-
esting behavior: while all other radioactive contributions
are more important close to the surface, the one of S3

shows a maximum contribution at 0.6 — 0.7 z/z;. Since
S4 radioactive decay contribution show a constant pro-
file at lower altitudes and since it is proportional to S3
concentration, one can assume that Ss is well-mixed in
the CBL. As mentioned previously, the decaying term in
the S; concentration budget equation is composed of a

duction by radioactive decay ot S» and the sink term is
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an inert scalar s fluxes are plotted using dashed and diamond
lines, respectively. I
surface fluxes. I
resented by a solid line. The values are made dimensionless
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its own I s cqual to the radioactive

decay production of S4. Thus the maximum total S ra-
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to the enhanced production by radioactive decay of S,
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(Deardorff, 1979; Wyngaard and Brost, 1984) whereas
the fluxes of reacting scalars show deviations with from
.
and Wesely, 1994; Sykes et al., IIINING
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the action of the chemistry that can act as a sink or a
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I < 0.01 and Dagsg < 0.01.
The fluxes of Sy and its progeny are shown in Fig-
ure 4. The fluxes of Sy and Ss have a linear profile

whereas the I
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of radon’s I B
I S has the high-
est Damkoéhler number (Da; = 2.71) and its flux shows
the biggest deviation. The other short-lived daughters,
i.e. So and S;, I N
I s rather small. Using
the appropriate Damkéhler number to assess the rele-
I
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the vertical transport of S, is the one most significantly

The most interesting point is that the vertical distri-

radon is emitted. Since all daughters are produced by
the radioactive I of So. one should expect
to find maximum daughter fluxes close to the surface.
However, this is not the case and the maximum flux lo-

cation is moving NN I

in the 222Rn progity is increasing. 2'®Po has its maxi-

flux location reaches a quasi steady state value betwen

0.90 and 0.95 z/z; I D-mkohler
i.e., S3 and Si.

In Figure 5, we show the time evolution of the con-

I
I o fresh
emissions of Sy reach the reservoir layer since it is al-
I As 2 result, So (and its
- ' |
Since S, is the NGNS -nd is consid-

ered as an inert scalar, its concentration increases with

|
centration | of fresh emission. This col-
lapse is due to both the dilution of Sy in an increasing
volume and the entrainment of Sy low concentration air
from the I The same I
for the | cxcept S:. The concentration of
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(lower x-axis) and in t. (upper x-axis)

reservoir layer increases with time and, as it can be no-
ticed in Figure 5b, it is comparable with its concentra-
tion in the boundary layer. However, the reservoir layer

the radioactive decay and, as a result, S4 concentration

5. CONCLUSION

state and G
concentration G

vertical flux can be affected NG of

Under steady state conditions, we found a discrep-

ancy with I B
sition I rcvealed that

while 2*2Rn show the typical bottom-up scalar flux be-
havior, 2'°Pb exhibits the one of a top-down scalar. We
also found that >??Rn short-lived daughters, e.g. 2'®Po
and 2'*Pb, have relevant radioactive decaying contribu-

Under unsteady conditions, **?Rn and its progeny
concentrations | of the bound-
ary layer. I
steady state CBL for the radioactive IIEEEEEEIENGEG
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