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Abstract. The dispersion of aerosol particle pollutants is weather prediction data. The case of aerosol particles is of
studied using 50 members of an ensemble forecast in thepecial importance (e.g., volcanic eruptions, power plant ac-
example of a hypothetical free atmospheric emission aboveidents). In this paper we concentrate on the effect of the
Fukushima over a period of 2.5 days. Considerable differ-variability of a forecast on the particle dispersion.
ences are found among the dispersion predictions of the dif- Within a weather forecast there are two main sources
ferent ensemble members, as well as between the ensembd uncertainties. The first one derives from the limitation
mean and the deterministic result at the end of the obseref accuracy in the measurements, lack of data, erroneous
vation period. The variance is found to decrease with thedata, and the sparse, unevenly distributed observation sys-
particle size. The geographical area where a threshold contem. The approximations result in imperfect description of
centration is exceeded in at least one ensemble member exhe meteorological initial conditions for the weather predic-
pands to a 5-10 times larger region than the area from théion model, and these errors increase in time. The second
deterministic forecast, both for air column “concentration” error source is the limitation of the numerical weather pre-
and in the “deposition” field. We demonstrate that the root-diction models: imperfection in the model formulation and
mean-square distance of any particle from its own clones inparameterization of some physical processes, approximate
the ensemble members can reach values on the order of omeathematical methods to solve the equation system numer-
thousand kilometers. Even the centers of mass of the particlecally. To unfold some of these uncertainties, in ensemble
cloud of the ensemble members deviate considerably fronforecasts Nolteni et al, 1996 Kalnay, 2003 Hagel and
that obtained by the deterministic forecast. All these indicateHoranyi 2007 Leutbecher and PalmeP008 lhasz et al.
that an investigation of the dispersion of aerosol particles in2010 a weather prediction model is run with slightly per-
the spirit of ensemble forecast contains useful hints for theturbed, equally possible initial conditions or parameteriza-
improvement of risk assessment. tion. If the ensemble members remain close to each other,
the forecast is most likely reliable; otherwise the ensemble
forecasts provide a possible range of the development of the
weather. The other benefit of multiple numerical predictions
1 Introduction is that ensemble forecasts can give the estimates of the prob-
ability of different weather events. In the calculation of air
In the case of anthropogenic emissions, industrial accidentEo”utam dispersion, another error source might also show
or natural disasters, when different gases or aerosol particlegy jn connection with the dispersion model itself: parameter-
get into the atmosphere, it is important to predict the dis-jzation of numerous processes (turbulent diffusion, dry and
persion of air pollutants for the subsequent days. There arget deposition, radioactive decay), interpolation, numerical

several dispersion models that can simulate the movemendchemes to solve the equation of motion of air pollutants.
of air pollutants in the atmosphere by using meteorological
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Galmarini et al(20049 summarize the possible sources of hypothetical puff of emission from the Fukushima Nuclear
uncertainties of ensemble dispersion forecasting. Power Plant using wind forecasts over 2.5 days, overlapping

Quantifying the uncertainties in the dispersion of gas pol-with the accident period. Since the emphasis is on the vari-
lutants (ideal tracers) due to uncertainties of the forecast&nce of the dispersion due to the variance in the forecasts, we
has been investigated in various wagbberdt and Miller  restrict ourself to the free atmosphere, as mentioned above.
(2000 considered an ensemble of slightly different meteoro-The effect of differences between the meteorological fore-
logical fields and the related surface concentration fields ofcasts is investigated for the different particle sizes. Large de-
H>SOy. In other cases the effects of different physical pa- viations from the results obtained with the deterministic fore-
rameterization schemes of the meteorological model on diseast are found. In Sect® and3 the basic equation of motion
persion were studied in Lagrangian dispersion models, likeof particles, and an overview of the database and numerical
SCIPUFF and HYSPLITWarner et al.2002 Challa et al methods will be presented, respectively. Sectogives an
2008. Several papers revealed the relation between standaraverview of the 3-D position of the particles in each ensem-
ensemble forecasts and uncertainties in dispersion patternble forecast. In Sect$.and6 the vertical and horizontal dis-
In all cases a large spread in the predicted pollutant distritribution of the particles are presented, and Seégirovides
butions was foundScheele and Siegmuné001 Straume  some statistical measures to quantify the separation of dis-
et al, 1998 Straume 20021, Holt et al, 2009 Lee et al, persion calculations in the ensemble forecasts. A summary
2009. and discussion is given in Seét.

To our knowledge no systematic investigation of the dis-
persion of aerosol particles has been carried out in ensem- i i
ble forecasts. We therefore choose a simple dispersion modgl Equations of motion

b_ase_d on the simulation of Newton's equation for each Parhe motion of a small but heavy spherical particle is deter-
ticle instead of more complex schemes, like, for example

FLEXPART (Stohl et al, 2005. A further simplification is mined by the sum of the gravity and the Stokes drag. Buoy-

hat the simulati q h f the bound ancy is negligible since it is proportional to the ratio of the
e o e o o SSon e o et ety of it and f th parice (v lss thn
-~ - e 1/1000). The dimensionless form of the Newton equation is
the uncertainties arising from turbulent diffusion and wet de-
position, which would be relevant within the boundary layer St #p(1) = Fp(t) — v(r,t) — wiernnt, Q)
only, are thus not taken into account. We emphasize that our .. . . .
work is only meant to be a demonstration of the variability wh_ererp s the ve_locny_of the pa”""? and(r, ) is the ve-
of dispersion predictions calculated using different ensembléOCIW of the ambient air at the location of the particle at

members of a representative meteorological forecast. time 7, while wierm is the terminal velocity in still fluid, and

After the Chernoby! accident, most agencies developecf' is a unit vector pointing upwards. The particle acceleration

various accidental release models coupled to weather prer—p(t) is multiplied by the Stokes numbeKlgxey and Riley

diction models Galmarini et al. 2001). The performance 1983:

of these models was evaluated against the ETEX European 22U Pp

tracer experimentdop et al, 1998. The ETEX experiment r= oVl ;’ @)
was an international tracer campaign during which a passive . .
tracer was tracked over a large part of Europe for severaY_VhereL andU FePrese”‘ a distance a_nd veloc_lty, respec-
days from its release in France by monitoring at 168 ground-t'vely’ characteristic to the flow, and is the kinematic

level sampling stations. The main conclusion from these in-Viscosity of air. Since we are interested in phenomena on

vestigations was that one of the most crucial inputs to am)leng(;h SC?Ie‘% - SlO—klOOO kmt,) an(];j Wihlva’igd gp‘iﬁﬂs“d
dispersion model is the resolution and the quality of meteo- _5_ an)go,kt es _to es nzumlg_rs O_rlth lof hm (Sj _dan f
rological data and boundary layer descriptions. The impor-"P = gm=is St =2x - The left-hand side o

tance of the horizontal resolution of meteorological data ha&q' (_1) can thus be neglected, and the motion takes pla_ce
been demonstrated by many of the simulatioNagstrom practically under the bal:_;mce of thg Stokes drag and g-ravny.
and Pacgl1998. In a study the authors showed that the dou- In other words, the partlclg velocny becomes |mmeQ|ater
ble structure of the first ETEX plume was picked up by their qual to the termlnal VEIOC,'ty superimposed on th? wind ve-
model when using fine-resolution weather predictions butIOC'_w' The equation of motion can then be written in the fol-
not with meteorological data of coarser resolutiSBgfensen lowing form:
1998. We therefore intend to use here ECMWF forecastsip(t) =vp = v(r,1) — Werm1. ©)
with the best resolution available. . ) . ) .

In our study individual spherical particles with fixed, re- "€ Stokesian terminal velocity for particles of radius
alistic radius ¢ = 0~10 pm) and densityf = 2000 kg nT3) (with » < 10 um) is
are followed in a Lagrangian way. To illustrate our concept, 2 5 Pp
we analyze the dispersion pattern of aerosol particles from &’term = g” ;g ) 4)
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whereg denotes the gravitational acceleration. 400, 300, 250, 200, 100, 50, 10hPa) on.22® x 0.125°
Since the meteorological fields used for the simulationsand on a ®5° x 0.25° horizontal grid for the deterministic

(see Sect3) are given on pressure levels, we determine tra-forecast and for the ensemble forecast (including the control

jectories in pressure coordinates. The vertical component oforecast), respectively. The time resolution is 3 h. We are in-

Eq. @) is terested in the free atmospheric dispersion of air pollutants.
) Therefore, the simulations are stopped below (from the direc-
zp(t) = wp = w(rp(t), 1) — werm. (5)  tion of smaller pressures) the 850 hPa pressure level (about

1.5km on average). In the region monitored, the impact of
. . turbulent diffusion and wet deposition is negligible; hence
sure coordinates can be written as . . . . .
for the dispersion calculation, wind speed data are sufficient.
dp(rp(1),1) In the ensemble forecasts, the vertical velocity of the air is
dr = wp = w(rp(), 1) — wierm, ©)  hot archived on the 400, 300 and 250 hPa levels. Therefore,
o = 0 was applied as a first estimate on these levels. This ap-
proximation does not appear to be a strong restriction since
according to the deterministic forecast hardly any particles
2 ,0p o reach this region.
Wterm = _gr jg . (7) In order to compute trajectories, the wind data on the reg-

ular grid are interpolated to the location of the particles (us-

Since in the horizontal direction spherical coordinates aréng pjcubic spline interpolation in horizontal and linear in-
used, we solve the following equations to determine the poterpolation in vertical, and in time). The equations of motion

sition of the particles: Eq. 8a—(8c) are solved by Euler's method with a time step
da 1O, @, P ) of Ar =5.625 min. We chose this time step because a further
—e_Tereip (8a)  reducing of it does not lead to further notable changes in the

Similar to Eq. ), the vertical motion of a particle in pres-

where wwierm (applying the hydrostatic approximation) is
(Haszpra and TéR01J)

dr Recosgp dispersion results. In view of this observation, we conclude
dgp _ v(Ap. ¢p, Pp. 1) (8b)  thatthe variability of the results is physically reliable.

dr Re ’

- = )" ) ) ) r) — y 8C 4

g~ @O ¥ Pp 1) = rerm BS) 4 General overview of the results

wherel, andgp are the longitude and latitude coordinates

g: : p;rrt?cflf ;ng) ?sp(z;tprft)eir%tlsist?r?ee;edsisgrgf (t:r?g E;?r:e 2000 kg nT3 and up to radius = 10 um are considered. A 2-
P g 1S paih, "D setofng = 3007 aerosol particles of a given size is released

The limit of 7 = 0 can be considered as the passive advection) ", '500 hpa level on 12 March 2011 at 00:00 UTC above
dynamics for air parcels sinegemm = wierm= 0 and hence

from Eq. @) #p(f) = v(r. 1) in this case Fukushima (the center of the cloudiis= 141°, ¢ = 37.5°).
' P ’ ' The initial distribution is uniform over a square of size of
1° x 1° (~100x 100 km). Note that with this choice of a 2-
3 Data and methods D initial distribution, we do not test variances in the initial
vertical wind field. The use of a columnar initial distribu-
In order to study the role of the different meteorological fore- tion can lead to only stronger particle dispersion variabili-
casts in dispersion calculation, we consider a hypotheticaties due to the vertical wind shear. We shall see that disper-
emission initiated by distributing several particles uniformly sion variabilities are strong enough even with this restriction
in a horizontal square in the free atmosphere. in the initial distribution. The particle cloud is followed for
The wind field data(u, v, w) in Eq. 88—(8c) are taken 2.5 days. Figuré presents the 3-D and top view distribution
from the forecasts of the European Centre for Medium-of all the 90000 particles of radius ef=1, 4 and 10 um
Range Weather Forecasts (ECMWR)dlteni et al, 1996 over the Pacific Ocean after 2.5 days. The aerosol particle
Buizza et al. 1999 Leutbecher and PalmeR008. For distribution is filamentary in each ensemble member (marked
the meteorological situation, see Settln our simulations by different colors) since advection dynamics of particles is
based on Eq.88—-(8¢), the only source of uncertainty is in typically chaotic in the atmospherklészpra and TéR011J).
the variance among the wind fields of the ensemble memberslhe widely stretched shape of the pollutant clouds can be
We simulate the dispersion of aerosol particles using a deinterpreted in terms of the meteorological fields of the time
terministic forecast and a 50-member ensemble forecast foperiod investigated (Fig2). A characteristic feature is a jet
a 2.5-day period starting at 00:00 UTC on 12 March 2011.located east to Japan in the Pacific region during these days
The 51st member, the control forecast with non-perturbedFig. 2a, ¢ and e). First, the particles travel to the east with
initial conditions, is also available. The meteorological vari- the strong westerly flows of the jet (Figa) and are advected
ables are given at pressure levels (1000, 925, 850, 700, 50@ownwards in the meantime sinae> 0 east to Japan (see

Aerosol particles of various sizes of densityp =
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Fig. 1. The distribution of particles of = 1 um (a, b) and ofr =4 um(c, d) in 3-D (a, c)and in a planar projectio(b, d), respectively,

after 2.5 days. Panéé) shows the- = 10 um particles deposited on the 850 hPa pressure level. Colors (blue to red) indicate the ensemble
members; black is the deterministic forecast (overlaid on top of the others in garssl€). Black rectangles mark the initial condition

above Fukushima and its surface-projected location. For the arrow in panel d, see text. For the ensemble members only every 20th particle i
plotted.

Fig. 2b). Above the Pacific Ocean, a cyclone passes towardselocity, all of ther = 10 um particles “deposit” on the bot-
the Californian coastline during the days of the simulationtom of the simulation (below the 850 hPa level) within the in-
(Fig.2d and f). A considerable amount of the particles ap- vestigated time period, and the deposition pattern has a much
pears to be captured by the upwelling zone of this cyclonesmaller extent than the area covered by ithel and 4 um
Therefore, the altitude of the particles spreads considerablyparticles (Figle).

mainly for ther = 1 pm particles (Figla), around this ge- Note that a wide zonal and vertical range of spread is found
ographical location. Owing to their much larger terminal for the 50 forecasts (colors blue to red), especially for the
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Fig. 2. The horizontal components v [ms~1] (a, ¢, e)and the vertical component[Pas!] (b, d, f) of the wind speed at 500 hPa on
12 March(a, b), 13 March(c, d), and 14 MarcKe, f) at 00:00 UTC in the deterministic forecast. Axis labeling corresponds to geographical
coordinates in degree.

r = 1 um particles, while the dispersion prediction from the 5 Vertical distribution
deterministic forecasts (black) is located inside the region
covered by the ensembles. It is interesting that one of the ernfo gain an easily visualizable representation of the final ver-
semble members for= 4 um (dark blue, marked by arrow tical distribution, we split the free atmosphere into nine pres-
in Fig. 1d) results in a much smaller cloud than the others,sure layers of “height” of 50 hPa and plot the particle propor-
and it is also separated from them. tion in each layer, irrespective of their horizontal coordinates.
In Fig. 3 the distribution of particles of radius= 1 and 4 um
is shown both in the ensemble members (colors blue to red)
and in the deterministic forecast (black). In the lowest, 10th
layer (below the black dashed lines representing the bottom

www.nonlin-processes-geophys.net/20/759/2013/ Nonlin. Processes Geophys., 2077892013
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Fig. 3. The vertical distribution of the particles ef=1um(a, b) andr =4 um(c, d) after 2.5 days coarse-grained in 10 layers. Colors
in (a) and(c) indicate the 50 ensemble members; black and whitg)rand (d) mark the deterministic forecast and the ensemble mean,
respectively. The black dashed lines illustrate the bottom level of the simulation rghggedenotes the proportion of particles in a given
layer within a single forecast§ = 90 000).

of the simulation region), we collected all the particles thatextend to a narrower vertical region. The deterministic fore-
stopped atpp > 850 hPa. These are the particles depositedcast, for example, has no particles deposited on the bottom
throughout the 2.5 days. So the bars below the dashed lindgvel forr = 1 um.
represent a cumulative particle proportion, in contrast to the In Fig. 4 the difference between the ensemble mean and
free atmospheric bars that represent the position of the parthe deterministic particle number is presented for 11 parti-
ticles at the end of the observation period (after 2.5 days)cle sizesr = 0-10 um in the 50 hPa layers of the free atmo-
The ensemble members have large variability, particularlysphere. In contrast to particles of finite radiuss O um rep-
for small-sized particles. For example fo= 1 um (Fig.3a), resents a gaseous contaminant with the same density as air
the top layers (400-450 hPa and 450-500 hPa) include partias mentioned earlier. For small-sized particles, which remain
cles only in 5 and 8 ensemble members, respectively. For thé the atmosphere for several days, there are strong positive
middle and lower part of the free atmosphere (500-850 hPa)differences in the upper part of the simulation range (blue
almost every ensemble member predicts some patrticles, butolumns, 400-650 hPa), and negative deviations in the mid-
their proportions vary significantly from some 0.1 % to about dle part. Below the bottom layer — where the deterministic
90%. Forr =4 pum particles (Fig.3c), in most ensemble forecast has no particles (Figb) — the ensemble mean is
members a large proportion reaches the bottom of the simgreater again. For large particles that mostly “deposit” within
ulation region. A considerable part of the particles is pre-2.5 days, the difference is much smaller. In the upper part of
dicted to end up in the lower layers. The “outlier” prediction the atmosphere, the difference is 0 since neither the ensemble
(dark blue) mentioned in Sect.has almost all the particles members nor the deterministic forecast predicts particles to
between the 700 and 750 hPa levels, implying that this enbe there.
semble member represents a strongly atypical behavior.

Figure 3b and d illustrate the vertical distribution of the
particles in the deterministic forecast compared to the en6 Horizontal distribution
semble mean in each layer. As Figysuggests, the ensem-
ble mean exhibits a shallower but elongated histogram oveBesides the vertical variability, it is worth investigating the

the pressure layers. Particles from the deterministic forecagdtorizontal distribution of the particles. The particle num-
ber in each air column of a given size is determined in the
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7 Statistical measures

0.4—
7.1 Root-mean-square distance among the particle
02 clones
[=] L
<
= In order to quantify the role of the various meteorological
\% O"l L L] | I forecasts for the same time period, we calculate the root-
o | | | mean-square horizontal and vertical distance of each parti-
f I 400 — 450 hPa) cle from its own clones, i.e., particles starting from the same
=-02 =§88 - ggg ﬁgj initial condition, in the N =50 ensemble members, in the
= 550 — 600 hPa air (pp,; < po=850hPa) and also in the deposition field
g 600 — 650 hPa ’ . :
£ 650 — 700 hPa (pp.i = po). For one particle we define the root-mean-square
-0.4 -ggg - 588 }ﬁga* distance of each particle from its own clones, the clone dis-
oU — et .
B S00 — 850 hPal tance for short:
0 I > 850 hPa
06—t N-1 N
01 2 3 456 7 8 910 _ 1 2
7 [pm] airhor = N, air 2; 'Z;rl ri=r; |hor’ (92)
4 1= =1
N\ Pp,i <P0O P]p,j <po

Fig. 4. The difference in the proportion of particles in the layers ) "
1 _

(colors) between the ensemble mean and the deterministic forecas& _ _ ' 2 9b
for r = 0-10 um. AVe ™= | Ngai 2 ri=rilven (%0)
dair ;=71 =11
\ Pp.i <P0 Pp.j <PO
deterministic forecast, as well as in the ensemble forecast, 1 N-1oN 5
irrespective of the height. In risk assessment it is rather usedgepnor= | Yo Iri—rilher (9¢)
ful to estimate the extent of the area where the concentra- ddep =1 j=it1

: : . . Pp.iZPOppj>
tion of air pollutants exceeds a certain threshold. In this pi=PO PR =Po

spirit, in Fig. 5a a black zone illustrates the region where where the positions of cloneand j are marked by-; and
in the deterministic forecast the concentration of the parti—rﬁ and Ng air and Ny qep denote the number of clone pairs
cles is larger thami = 1/no = 0.0011% of the total par- in the atmosphere and in the deposition field, respectively
ticle number. Colored contours demonstrate areas where BVg.air and Ng gep are less than or equal @V — 1)N/2). It
given proportion of the ensemble members predicts concenis worth emphasizing that these quantities are undefined, or
trations above the same threshold. Analogously, sitgex-  formally 0 in the deterministic forecast, their values can thus
hibits the same concentrations in the “deposition field” for be considered as a measure of the variance of the partic|e
particles that reach the 850 hPa level within 2.5 days. Hardlygistribution in the ensemble forecast.
any of these heavy particles remain in the free atmosphere, |n the horizontal direction, we take the spherical distance
and hardly any of the light ones become deposited. Therepf the clone pairs:
fore, no deposition field is shown fer= 1 pum, and no free
atmosphere concentration foe= 10 um. The area where, ac- |r,- - |hor =
cording to at least one ensemble member (2 %), the thresh- . ) 180
old is exceeded expands to a 5-10 times larger region thaﬁrccos(s'”wi sing; -+ cosy; cosp; cos(A; — 1)) 71111““"]’ (10)
the area from the deterministic forecast, both for air column
concentration (a) and in the “deposition” field (b).

The concentration of the particles from the determlmstl(_: P = 7| on = |Poi — Ppj| [PA. (11)
forecast (gray scale) and the ensemble mean concentration
(colored contours) are given in Fig.in the air (a) and in  Then the distributions afair hor, dair,vert: 8Nddgephor are con-
the bottom layer (b). The locations of maxima are not ex-sidered for theig = 90 000 particles monitored (Fi@). We
actly the same in the two cases as can very clearly be seettetermine the statistics of the root-mean-square distance for
in Fig. 6b. The averaging procedure leads to lower maximaclones over all particles, distinguishing those that remain in
for small particles (078 in the ensemble mean, while the the atmosphere (Ea and 9b) and that deposit (ER0).
global maximum is @287 in the deterministic forecast). For Therefore, the larger the particle size, the less the number of
r =10 um, there is a smaller difference in the extreme val-clones in the air (the more the number of clones in the de-
ues (00772 and (1363, respectively) (Figgb). The reason  position field). Tablel presents the minimum and maximum
for this is the weak separation of these particles due to themumber of particle clones that remain in the atmosphere for
shorter time they spent in the free atmosphere before react2.5 days, respectively, and the proportion of particle groups
ing the bottom level. of clonesn/ng in which at least 2 out of the 50 clones remain

and the vertical distance is computed as

www.nonlin-processes-geophys.net/20/759/2013/ Nonlin. Processes Geophys., 2077892013
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Table 1. Minimum and maximum number of particle clon@gone min, Zclonemax) @mong the:g particles remaining in the atmosphere for
particle radius-. n denotes the number of particles having at least two clones remaining in the atmospheré degs2

rIpm 0 1 2 3 4 5 6 7 8 9 10
nelone min 40 40 36 20 8 2 2 2 0 0 0
nclone max 50 50 49 46 26 21 21 21 0 0 0
n/no 1.000 1.000 1.000 1.000 1.000 0.668 0.147 0.027 0.000 0.000 0.000
50, T T T T T T \k 20% 35 T T 60%
b
45 34 50%
15%
40%
40 33 1
10% 30%
35 32 1
20%
5%
30 31 10%
2f70 léO 1§0 260 ZiO ZéO ZéO 240 0% 3?50 155 160 165 0%

Fig. 5. Colored contours (at,3, 10, 15, 20 % ina, and at 2 %, 10 %, 20 %, ..., 60 %lx) indicate the percentage of the ensemble dispersion
simulations predicting a “concentration” above the threslg|d= 0.0011 % after 2.5 days in aZ6° x 0.25° (a) air column forr = 1 um

and(b) cell for » = 10 um “deposited” particles. Black cells refer to the results based on the deterministic forecast where the concentration
is abovecy,. Axis labeling corresponds to geographical coordinates in degree.

in the atmosphere (so the root-mean-square distance betweeleterministic forecast are calculated. The center of mass of
the clones can be determined). Tabls the same for the de- each ensemble member in the horizontal is calculated in a 3-
posited particles. For= 8, 9 and 10 um, none of the ensem- D Cartesian coordinate system (t{@& 0, 0) of which is the

ble members has at least two particles in the free atmosphereenter of the Earth). Then the coordinates are projected to

For small particles the median of the clone distance in thethe surface of Earth in the latitude—longitude coordinate sys-
horizontal direction in air and on the bottom level is about tem? In addition, the standard deviations)(are also cal-
1000 and 1500 km, respectively. This appears to be a reeulated both in horizontal and vertical using spherical dis-
markably large distance compared to the average displacdances and pressure coordinate differences, respectively, be-
ment from Fukushima, which is about 5000 km. For large tween the centers of mass and the particles in the different
r, it reduces to some hundreds of kilometers (Fg). The  ensemble members. Furthermore, these quantities over the
horizontal spread of the same particle due to meteorologiwhole ensemble forecast are determined, too, both among
cal variability (represented by the ensemble members) is thuthe particles remaining in the atmosphere for 2.5 days and
smaller for large particles, but even these smaller values aramong the particles that have landed on the bottom level of
the size of a smaller country. 850 hPa.

As a consequence of the height of the troposphere, the The centers of mass of the ensemble members extend to
clones cannot separate so much in the vertical. The mediaa large area, and the spread of the centers of mass decreases
of dair vert ranges between 50 and 150 hPa (abob+RPkm)  with particle radius. Fig8a illustrates the horizontal loca-
for r =0-5pum, and it decreases to some hundreds of metion of the center of mass of each ensemble member for
ters or less forr =6 um. It is worth emphasizing that for r =1 um both for particles in the air (blue) and in the depo-

r =5-7um we have only 2-21 clones to estimate the root-sition field (red). Note that not every ensemble member has
mean-square distance among them, and the proportion of théeposited particles (see Fi8n), so there are less red circles

available particle groups in the total of 90 000 groups dropsthan blue (e.g., all the particles of the control forecast and
to 0.147 and 0027 (Tablel). the deterministic forecast remained in the air). The standard

1in this meteorological situation, because the particle clouds ex-
tend only slightly in the meridional direction, the projected coordi-
nates differ at most 1% from that when the horizontal component
The center of massitm, ¢cm, pcm) of each particle  of the center of mass is determined by averaging the longitudinal
cloud (ofng particles) of the ensemble members and in theand latitudinal coordinates of the particles.

7.2 Center of mass and standard deviation
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(a) air column forr = 1 um and(b) cell for » = 10 um “deposited” particles after 2.5 days. Axis labeling corresponds to geographical

coordinates in degree.
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Fig. 7. The statistics of the root-mean-square clone distaigegor anddgephor in horizontal(a) anddajr, vert in vertical (b) of the particles

in the 50 ensemble members after 2.5 days averaged over the particles that remain in the atmosphere (blue) or deposit (red). Minima anc
maxima (horizontal line segments), lower and upper quartiles (the bottom and the top of the boxes), and medians (horizontal lines in the

boxes) are plotted.

deviations of the particles in the clouds vary in a wide range As expected on the basis of Figj.the dispersion calcula-

(e.g., from 35km to 960 km far = 1 um particles in the air,
and from 10 km to 950 km in the deposition field). In Fg.

tion using the deterministic forecast predicts for small parti-
cles the center of mass of the pollutant cloud lying lower than

the radii of the circles are proportional to the standard de-the ensemble mean center of mass (see &y). The mean

viation around the center of mass coordinates within an envertical component of the center of mass of the ensemble
semble member. In order to avoid a strong overlap of thesenembers is not necessarily the same as if we considered the
circles, the radii are chosen to be 70 times smaller than thenean of all the particles of the whole 50-member ensemble
real values. forecast, because the ensemble members may include various
Itis interesting to compare the results obtained in the fine-number of particles in the air.
resolution deterministic forecast (DET) and in the coarse- The statistics over the ensemble members of the standard
resolution control forecast (CF). The distance between thaleviation around the center of mass for particles of differ-
center of mass of the DET and CF cloud is about 750 km.ent sizes can be seen in FB.Forr = 0—4 um particles in
The difference can be interpreted as the error due to using #he horizontal direction, it reaches some hundred kilometers,
spatial grid twice the size of that of the deterministic fore- while for larger particles it is an order of magnitude smaller.
cast. The distance between the centers of mass of the furthe$he vertical spread of the particles varies between 10 and
clouds (i.e., the impact of using the perturbed forecasts) i80 hPa ¢ 0.1-12km) and less than 10 hPa. Note that the
about 45 times greater (3375 km). trends in Figs9 and 7 are similar: the root-mean-square dis-
tance of the particle clones (from different forecast members)
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Table 2. Minimum and maximum number of particle cloneg,bnemin, clonemax) @mong the:g particles depositing within.2 days for
particle radius-. n denotes the number of particles having at least two clones being depositedsuayg.

r [um] 0 1 2 3 4 5 6 7 8 9 10
nlonemin 0 0 0 4 24 43 46 47 49 50 50
ngonemax 10 10 14 30 42 50 50 50 50 50 50
n/ng 0.775 0.860 0.998 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
s 500
a 550, D
4 600}
*
. o 650
40 ow £
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Fig. 8. (a) The horizontal location of the center of mass of the pollutant clouds in the atmosphere (blue) and in the deposition field (red)
for the 50 ensemble members after 2.5 days. The radii of the circles are proportional to the standard deviations. DET and CF denote the
deterministic forecast (black) and the control forecast, respectively, and the cyan (yellow) dot with dark edge marks the center of mass and
standard deviation of all particles of the 50 ensemble members that remain in the atmosphere (@@pdkit)mean vertical coordinate

of the center of mass of the ensemble members (lines in the boxes) with the mean standard deviation (the bottom and the top of the boxes
(blue), and those for the whole ensemble forecast (cyan) and for the deterministic forecast (black).

is in positive correlation with the spread of the individual can reach values on the order of thousand kilometers, and
clouds. Considering the total number of the particles of theboth the location of the center of mass of the clouds and its
whole ensemble forecast (5hg), the standard deviation of standard deviation can vary in a wide range. That indicates
the particles that are located in the atmosphere affed@ys  that an investigation of the dispersion of aerosol particles in
exceeds 1000 km in the horizontal and reaches 80—100 hPthe spirit of ensemble forecast contains useful hints for the
(~ 1.2-15km) in the vertical (filled circles in Fic). improvement of risk assessment.
In order to compare the variability of the Lagrangian and

Eulerian quantities in the 50 forecasts, the standard devia-
8 Summary and discussion tion of the magnitude of the horizontal wind speéd? + v2

was determined at grid points. In the horizontal direction we
In risk assessment it is rather useful to estimate the extent oghoose the grid points where at least one ensemble mem-
the area where the concentration of air pollutants exceeds Ber predicts any particles at any levels (grid points contained
certain threshold. We have demonstrated here that in an erwithin the outermost contours in Fig). For particles above
semble forecast this area might largely exceed that obtaine@50 hPa, the pressure levels 850-400 hPa are selected, and
from a deterministic forecast: the smaller the particles, thefor deposited particles level 850 hPa was usgdienotes the

-
stronger the effect. average ofu?+v%) —+v/u2+v2 over all ensemble members

Both the deterministic forecast and the ensemble fore-,; 4 given grid pointag is the average of the Eulerian stan-

cast provide concentration distributions with pronounced €X-qard deviation over the grid points, abog) is the standard
trema, the locations of which differ significantly at the end deviation of this distribution '

of the observation period. In the ensemble mean, the distri- For particles that remain in the aiB(og) /o€ = 0.38 for
bution becomeslsmootherthan that of the deterministic case, _ 1um. The variability in the Lagrangian extent of the
suggesting that instead of the extrema of the ensemble meagouds is somewhat largeD (o) /& = 0.56. For the depo-

a proper representation of a V\{orst.case scenario requires they - field (the particles deposited throughout the @ays),
consideration of the local maxima in the whole ensemble. these values ar®(og)/oe = 0.18 and D(o)/ = 0.50 for

We have demons_trated that the _root-mean-square distance_ 5um particles. (This size is chosen sinee=5um
of any particle from its own clones in the ensemble members
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Fig. 9. The statistics of the standard deviation around the center of mass over the 50 ensemble members in (@y&odtal verticab)

after 2.5 days averaged over the particles that remain in the atmosphere (blue) or deposit (red). Lower and upper quartiles (the bottom anc
the top of the boxes), and medians (horizontal lines in the boxes) are plotted. Filled circles denote the standard deviation over the whole
ensemble forecast for particles that remain in the atmosphere or deposit.

particles are the ones whose majority reach the bottom levebop, H. V., Addis, R., Fraser, G., Girardi, F., Graziani, G., Inoue,
after 2.5 days. Note that in still air the same deposition time Y., Kelly, N., Klug, W., Kulmala, A., Nodop, K., and Pretel, J.:
would belong tor = 7.5 um, indicating the relevance of up- ETEX: A Europian Tracer Experiment; observations, dispersion
and downwellings in the real atmosphere.) That means that modelling and emergency response, Atmos. Environ., 32, 4089

the relative variance of the Eulerian and the Lagrangian en- 4094_’ (_"Oiio'1(_)16/51_352'2310(9_8)0024849398' o
Galmarini, S., Bianconi, R., Bellasio, R., and Graziani, G.: Fore-

semble statistics is typically on the same order of magnitude, : ) .

but certain Lagrangian features might be 2—3 times larger. ~ Cosund the consequences of accidental releases of radionu-
clides in the atmosphere from ensemble dispersion modelling,

Altogether our study suggests that an ensemble treatment ;£ viron. Radioactivity, 57, 203-219, db0.1016/S0265-

of the pollutant dispersion of aerosol particles provides a g31x(01)00017-02001. B '

more detailed exploration of extremes than the usual on&saimarini, S., Bianconi, R., Klug, W., Mikkelsen, T., Addis, R., An-

based on a single weather forecast. dronopoulos, S., Astrup, P., Baklanov, A., Bartniki, J., Bartzis,

J., Bellasio, R., Bompay, F., Buckley, R., Bouzom, M., Cham-

pion, H., D’Amours, R., Davakis, E., Eleveld, H., Geertsema,

G., Glaab, H., Kollax, M., llvonen, M., Manning, A., Pechinger,
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