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DRY DEPOSITION OF DIOXINS ON FALLING SNOW
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Abstract: A field observation is reported of dioxins coniag particles scavenged by snowflakes.

In the Flemish region of Belgium, guideline valides monthly deposition of dioxins range betweeng®TEQ/m? to 26 pg TEQ/m2.day.
Three deposition gauges are located near a sigtpkamt. In autumn 2008, dioxin deposition was mess as 19 and 29 pg TEQ/m2.day in
two of the gauges and 485 pg/m2.day in the thittggaAs the congeners profile of the high depasitialue matched the congeners profile
of the sintering plant plume, the hypothesis of ather dioxin source in the vicinity of the thirduge could be excluded.

The hypothesis of a very high incidental dioxin smn, when the wind blew straight from the simgrplant to the third gauge, was also
rejected after thorough investigation of the réalet monitored working conditions of the sinterinigm and because hypothetical worst
emission case modelling with meteorological datalccmot explain the measured high deposition valtlee focus then shifted to the
meteorological conditions during the deposition sugament. An hour by hour analysis revealed thahdwa 3 hour long snow storm, the
plume of the sintering plant was blown straightaeds the third gauge. Next, two mechanisms weradtated by which snow could lead
to high deposition. 1) The air, enclosed during fiimenation of snowflakes, carries high concentraiof dioxins from the plume to the
ground. 2) During the fall from cloud basis to theund, ‘dry’ deposition on the fractal surfacetb& snowflakes took place. The
mathematical model for both mechanisms is an iategr of the bi-Gaussian transport and diffusionagiipn along the trajectory of a
snowflake ending in the deposition gauge. This rhetlewed that the first mechanism cannot explagititreased deposition observed.
The second snow hypothesis can explain the obsémeeghse. For this, a snowflake of 2 x 2 x 2 cioudth have a fractal area for deposition
25 times larger than the area of that cube. Bys#ime parameterisation, it follows that all dioxamsitted by the sintering plume during the
snow storm were brought to the ground within 5 tav8from the source.
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INTRODUCTION
Air quality management consists of environmentaidiation, including (a) emission permit grantingdaair quality
standards, (b) ambient air concentration and déposhonitoring and (c) prosecution of perpetrators

Legislation

In the Flemish region, the general and sectoredlanvironmental conditions for industrial actiedtiare integrated in
Vlarem Il (1995), which is an implementing ordertbé 1985 Environmental Licence Decree. The Fleraishironmental
legislation is based upon the principle of prevamif pollution, nuisance and damage. Vlarem litams a legally binding
PCDD/F emission limit value for (biomass) waste recators inclusive biomass waste, brickworks, efineries,
crematories, ferrous and non-ferrous metals plantsiron sintering plants. The emission limit vafae sintering plants is
2,5 ng TEQ/Nm calculated for an oxygen volume in the flue gasfe$6%. Besides that, Vlarem also contains a guideli
emission value of 0,4 ng TEQ/Nrfor sintering plants.

Inspection and law enforcement

The Environmental Inspectorate Division (EID) oftlFlemish Government is responsible for the enfom# of the
environmental health legislation. For air polluticontrol, the findings of the inspectors are gelhetmsed on the results of
emission measurements that have to be performexfficially recognised labs. If necessary, the irdpes of the EID can
decide to take measures in the field of criminal/anadministrative law. They always make an officeport of the legal
infringements to the Public Prosecutor and they giae exhortations. If needed, they can take cweraneasures, even
leading to closing-down of the plant.

Monitoring

The Flemish Environmental Agency (VMM) is respomsifor monitoring the environmental levels of PCDDIEhas a
deposition measurement programme at some 70 losatimoughout the region. Guideline values for rhigntleposition of
dioxins of 6 pg TEQ/m2.day (moderately high) and @6 TEQ/m2.day (high) are commonly used, although lagally
binding.

Co-operation and feed-back

Through mutual co-operation, there is a synergyveen the authorities responsible for environmeetdbrcement (EID)

and environmental monitoring (VMM). On the one hasampling locations for environmental monitoring aften chosen
based on emission data, provided by the EID. Orother hand, unknown emission sources have beectddtnear sites of
high deposition and thus subsequently are browgthtet attention of the EID.

A very high dioxin deposition

In late autumn 2008, an extremely high dioxin dépms was measured in the neighbourhood of a sirgeplant. Of the
three deposition gauges located near the sintgiagt, two of them showed 19 and 29 pg TEQ/m2.day rionthly
deposition of dioxins while at the third gauge 485 TEQ/m2.day was measured. As dioxin depositidnegin the vicinity
of this plant were usually between 3 and 26 pg TEQ@fay, the EID was alerted to quickly find the m@uand the cause of
the extremely high deposition value at the thirdgg A quick initial investigation of data on staakission concentrations
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of the sintering plant, meteorological data andgeorer profiles of dioxins in emission and depositied to questions more
than answers. EID asked Vito whether they coule gi plausible science based explanation for ilgis teeposition value.

DATAAND FACTS

Figure 1 shows the location of the sintering pkamd the three deposition gauges around it. The @fctory stack releases
444.4 Nm?3/s process gas at a temperature of 13@\ IGcal meteorological tower, 30 m high, providesdl wind data.
According to the Briggs plume rise formulae, thismé reaches an effective height of 185 m when wjeked measured at
30 m above the ground is 9 m/s.

The deposition gauges are situated at 2.5 km, B.%kd 4.6 km north-east of the factory so that tmeyitor the plume
during the dominant south-western winds. Distanesvben the gauges is 1.5 km to 2 km. This is dligire than the
width of a bi-Gaussian plume that originates at féngtory. The ground level concentration profileedio such a plume
(centre line plus/minus three times the horizodisersion parametet(x)) is shown in Figure 1.

QUESTIONS AND MORE QUESTIONS

Just natural variability?

Dioxins deposition around the factory has been tooed since 1990. The depositions found are: Sit®.8+3.9 pg
TEQ/m2.day, Site 2: 13.2+9.0 pg TEQ/m2.day and 3it&.9+2.4 pg TEQ/m2.day. Given this long recofdluservations, the
probability that a deposition of 485 pg TEQ/m2.daySite 1 could occur, due to normal variability fafctory and
meteorological conditions during the spring andieut measuring campaigns, is 1 upon 2%10

Not continuous over space

Figure 2 shows the highest monthly dioxin deposip@ttern one could expect to happen. The maximeposition is 106
pg TEQ/m2.day. It was calculated with the emissitimat would occur if there were two sintering fiies working all
month long without any gas cleaning. The depositield is calculated using the IFDM transport arspersion model. The
wind data used were the most unfavourable wind itiong observed within a (moving) 30-days periodimiy 11 years; thus
all other periods would have given a lower depositBut there are important differences betweedeajmsition patterns in
Figures 1 and 2. Assuming very high emissions alhtim long (Figure 2) would result in high depositio all three gauges,
and not only in one gauge.
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Figure 1: Sintering plant, measured dioxins depmsin gauges S1, Figyre 2: Monthly deposition if two sintering fdtids worked all
S2 and S3 and ground-level concentration profidentthe plume month long without flue gas cleaning.
axis * 3 horizontal standard deviatiey{x) during the 23 Novembe|
snow storm conditions.

The congener mystery

Investigation of the congener profile of the diaxiiound in the gauges produced another mystery.cohgener profile of
the high deposition value is shown on the top-gétph in Figure 3. The indices on the x-axes orufeiB refer to the
following congeners:

2,3,7,8-TCDD 7 OCDD 13 2,3,4,6,7,8-HXCDF
1,2,3,7,8-PeCDD 8 2,3,78TCDF 14 1,2,3,7,8,9-HXCDF
1,2,3,4,7,8-HxCDD 9 1,2,3,7,8-PeCDF 15 1,2,3,4,6,7,8-HpCDF
1,2,3,6,7,8-HxCDD 10 2,3,4,7,8-PeCDF | 16 1,2,3,4,7,8,9-HpCDF
1,2,3,7,8,9-HxCDD 11 1,2,3,4,7,8-HxCDF 17 OCDF
1,2,3,4,6,7,8-HpCDD 12 1,2,3,6,7,8-HXxCDF

o O~ WN P

This congener profile is almost identical to thegener profiles found in the sintering stack (gufes on the right side of
Figure 3) in December 2008. Furthermore all oséhprofiles show a peak for congener 15.
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The congener profile in the two gauges with a laar(nal) deposition (Left middle and Left bottom ginan Figure 3) show
a different pattern, with a peak at congener 7.id®hows that the sintering factory is not the smatributor to the
deposition in these gauges. In fact, house heatidgopen fires are other potential sources of dixi
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Figure 3: Dioxins congener profiles in the deposisi gauges (left) and in the stacks of the sirgdaility (right)
Paradox

From the congener profiles, it is clear that thghhileposition found has something to do with timesing factory plume.
But all other circumstantial evidence, such as tive deposition in the two other gauges, the longtseries of deposition
measurements and also the real-time recordindsegbarticulate matter emitted by the sintering pp&aack indicate it is not.

The only way out is to assume, that something eeymalous and of short duration, whether in theesimg process or in
the meteorological conditions, caused the very higth very localized deposition.

The answer

Concerning the sintering process, PCDD/F emissiorarmation in the flue gas of the sintering plaas lbbeen measured
twice during the period of deposition measuremendtdid not reveal concentrations above the emidgighvalue.

The only abnormal meteorological event during thenitoring period was a snow storm lasting threergowith winds (at
30 m) of 10 m/s which resulted in a blanket of sridvem deep. Snowfall has become an exceptionait éxeNorthern
Belgium over the last 40 years. During the snow, fathbient temperature was 3 to 5 °C above zeroltirggun large
snowflakes.

SNOW

Snow is known to be an efficient scavenger for mamystances, especially hydrophobic ones (Kgrél, 2009, Lei and
Wania, 2004, Waniat al, 1998). Snow crystals are formed in cold cloudastge snow crystals may collide and stick
together into snowflakes. The most beautiful snakék start as ice-crystals in clouds of -12 °C &°Cl and require an
ambient temperature between cloud basis and thendrhat is a few degrees Celsius above freezing.poi

Like many natural shapes, snowflakes have a frattatture. Some of the best known fractal shapedean leaves and
coastal lines. The best known mathematical modelafenowflake-like fractal is the Koch-curve (Figud, left). It is
constructed iteratively by replacing the innerdhaf each side by a triangle, (which creates mates$, and repeating this
substitution on the sides of the resulting curvee Tength (circumference) of this curve grows exgially with the number
of iterations. The Koch curve has a relativelynddorm. The growth of a snow crystal is betterroglpiced by diffusion
limited aggregation (Figure 4, right). As snowtakare three-dimensional shapes, their outsidecarede approximated
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roughly as the product of a circumference andckttass. As the circumference is a fractal, theémaan grow very large for
even small snowflakes.

Figure 4: Left: first 4 iterations of the Koch sritake curve. The length of this curve is (4/3yhere N is the number of iterations.
Right: Diffusion limited aggregation snow/fern liructure. (http://classes.yale.edu/fractals/pamarPhysics/DLA/DLA.html)
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Figure 5: Left: schematic representation snowflgkéigg through the plume into the deposition gaug
Right: Effective height of plume axis and concetitraC(x,z) along path of falling snowflake fronoad till deposition gauge through the
plume of a unit emission (1 g/s).

NUMERICAL ASSESSMENTS
Could the three hour heavy snowstorm have beenaihgecof the high deposition value? This could Ispacted by now or
this could now be considered likely, but one maytita see some calculations that quantify the imdbetween emission,
deposition and snow fall. Snow is a porous medamd air movements around and through fallen snogv fating
snowflakes are complex.
The drawing on the left half of Figure 5 show sdnteresting geometric relations. Given the vertigadd speed profile, the
trajectory of the snowflakes that fall into the gawcan be constructed on condition that the fakipged is known. In any
case, these trajectories have to start in the cloigth above the plume, and they have to crosgthate.
We found many interesting things about falling sfiakes and bulk properties of snow in Rasmusseral. (1988).
Coagulation of snowflakes takes place mainly betwsend basis and ground. The largest snowflakegoamed when the
below cloud temperature is of 3 to 5°C. This was t¢hee during the snow storm. In order to have sommeerical
guantification, we will investigate two hypotheses:

1. During coagulation, material in the plume is enetbsn the snowflakes. The pollutant mass in this

enclosed air caused the high deposition;

2. Dry deposition of dioxins on the fractal area af #tmowflakes during their fall.

For both hypotheses, we need some estimation ovothee and number of the snowflakes.

Quantification of snow
1. The snow cover after the storm was 15 cm. This @nSper hour, and corresponds to 0.05 m3 fallerwsper
square meter. The density of falling snow is ommtht of that of fallen snow. Consequently, snowfiakave
carried down 0.5 m2 of air, most of it while fallifrom cloud basis to the ground;
2. Cloud basis for subsequent calculations is takdret®24 m. The terminal fall speed of large snoveftais 1 m/s.
So, exposure time of a snowflake to the materighéplume between cloud basis and ground is 2&gnsks;
3. Pluviometers reported a precipitation of 12.5 Ifi@r the snow storm. Hence snow fall was equivaterd100 g
H,0/mz2.h;
Assuming that the snowflakes were cubes with sid@scm, their volume is 8 cm3;
The density of falling snowflakes this large isvieeen 0.01 g/cm3 and 0.005 g/cm3;
Using a density of 0.005 g/cm3, the weight of @yrsnowflake is 0.04 g;

o0 s
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7. A cube has six sides, 4 cm? each. So a single smoeviias an area of 24 cmz2 or 0.0024 m?;
8. In order to have an hourly precipitation of 4106g/it takes 102 500 snowflakes of 0.04 g eadhlip
9. The sum of the areas of these 102 500 snowflalesith246 m2.

Concentration profile along the trajectory of the falling snowflake

Required deposition

A monthly deposition value of 485 pg TEQ/m2.day nmsea deposition of 14 550 pg TEQ/m? over that molftthis mass
was realized by deposition during the snow stoh@antdeposition during the snow storm must have B880 TEQ pg/mzh.

Concentration along snowflake path

The effective height of the plume (right half ofgkre 5) is about 189 m. Using a dioxins emissioifwag, the emission
limit value and the guideline emission value (sggdlation), the average concentration along tlle pha snow flake whose
trajectory ends in the gauge is 357 fg TEQ/m3.

For hypothesis 1 dioxins from half a cubic meter of air per hosisampled from the plume towards the ground. Theuam
of dioxins included in this volume is 178 fg TEChiS contribution is negligible, as 4850 pg TEQ&quired.

For hypothesis 2 The amount of dioxins, collected by a singlevsfimke during its fall, is given by:

Time_of_fall * area_of_snowflake * dry_depositiopegd * average concentration —or-
224 [s] * 0.0024 [m#/flake] * 0.01 [m/s] * 357  [fg TEQ/m?3| = 1.92 fg TEQ

So, in one hour, with 102 500 snowflakes falling pguare meter, this gives 196.7 pg TEQ/m2.hour

This deposition was assumed to take place on thes sif a 2x2x2cm cubic snowflake with a dry depasivelocity of 1

cm/s ¢). However, snowflakes have a fractal area. Ireotd obtain —by hypothesis 2- the required hoddposition of

4850 pg TEQ/m2.hour, a fractal surface (suitablediy deposition) that is 25 times larger than sineooth surface of a
mathematical cube is required. This required factb25 seems to be no problem, given the complepshof large
snowflakes.

Scavenging of material in the plume

Snowflakes that hit the ground at distances shénter the deposition gauge will have removed somernal from the
plume, which is then no longer available for deposiby snowflakes that fall into the gauge. Takihg plume depletion
into account will alter the above computed fraefala, without invalidating hypothesis 2. Perfargifurther quantification
of the scavenging of dioxins during the snow stehraws that most of the dioxins are removed fronpthene within 5 to 8
km from the source.

CONCLUSIONS

An extremely high dioxin deposition value, measuirethe neighbourhood of a sintering plant, puzztesl Environmental
Inspectorate Division of the Flemish governmentilevitongener profiles clearly indicated that theism of the high
deposition was to be found in the sintering procass any evidence was found for something anonsaintthe sintering
process and measured PCDD/F emission concentratiens below the emission limit value. VITO was resfed to
investigated the possible causes. It was revealddeoved that a brief, heavy snowstorm, with witiicted straight from
the sintering factory to the deposition gauge, snged the dioxins from the plume of the sinteritampto such an extent as
to cause the measured high deposition value. Coedity this snowstorm explanation and finding naimgement of
emission limit values nor other licence condititnysthe sintering plant, the Environmental InspeatiiDivision was able to
close this case. Additional measurements by thei@elgederal Agency for the Safety of the Food Clig#iVvV) showed
no contamination of the food chain.
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