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INTROGDUCTICH

in this report we present the work periormed under this
contract not described in the two progress reports already submitted.
The object of the work was to invesyigate factors afecting the natural
fate of aerosol and chemical agents during transpart in Western Europe.
We have investigated rainout occult and dry deposition.

In section 2 of the report we describe measurements oi the turbulent
deposition of cloud droplets (size,lum) and dissoived chemical agents to
a grass caovered hill side. In section 5 these resuits are used to
predict the depasition of chemical agents to elievated topography oI a
wide range of scales. These are comparad with deposition rates
associated with rain~out using a model of the seeder-feeder eifect.

In section 4 we describe results of an experiment to measure the
turbuient deposition of sub-micron aerosoi by eddy correlation. In
section § we present the results of the UMIST contribution to a joiat
aerosol transport experiment conducted by UMIST and the University of

Galway. In section 6 the main conclusions of the work are summarised.




DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




T Conae aamamme e e am ol s _ossn e

%((leh 2

Report on tne Measurements of the Size Dependence of Clioud
groplet Depasitran at a sl Srie
Abstract

ytion of cioud dropiets and

Measurements nave been made of the depcs
nortand vegetation Maasurements of
4]

dissolved chemical species 1o a qrass
Yauld water fluxes have bean made by the gradiant ’.ec.’*n::s_:e.
Knoilenberg FSS probes and by a .wa'gmnq iysime
for cloud Tiquid water in the range 0.1 to 0.24 g m~
those for momentum The FSS probes enabied the determinaty
velocities as 3 function of croplet c12e. ! was found that ¢
vejocity increased with drgplet racdius from 25 um to 85 um radius .
detween 6.5 and 12.5 um radius deposition veiocities exceeded those for
momentum but decreased sharply between 125 ang 135 pm

n nerigde of thin cloud (<01 ¢ m™3) ewaparatign from the surface

occurrad gespite continuead depositicn.
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1 introduction

it has been «nown for some time that the direct depositic d
so-cailed ‘occuit deposition’, (Nagel i336; Kerfoot (868}, may be an
important pathway for the deposition of pollutents Relatively few
measurements heve been made. Dellard and Unsworth (1983) used Mey
impactors to mesasure gradients in liquid water conient Jrom which
deposition velocities  were caiculated. Similar measurements were
performed by Dollard et a}. (1983) where some preliminary measurements of
ion fluxes gssociated with the liquid water flukes were made In this paner
we prazsent detailad measurements of droplet fluk, and the associated
chemicai deposition, by two different techniques and investigate the
variation of deposition velocity with droplet size

A large colleborative axperiment is in progress at Great Dun Fell im
Cumbria, UK, 847 m. asl, {o investigate agueous phase clgud chemical
processas and deposition of species in agueous solution to the ntii surface.
Results from the cioud chemistry experiments heve been gescribed by
Changler of &7 {1988) and resulte from measurements of the altitudingl
variaticn of wet capgsition by rainfall in Choularton &7 ¢/ (1533} and Fowler
el 87 (1588). Full details of the area and the measurements made at each
site may be found in these papers.

'n this paper we describe measurgmants cof the deposition of cloud
droplets to the mooriand vegetation on the hillside. This was dane both by
using the gradient technique and measuring the rate of increase in weignt of
a representative section of turf placed on a lysimeter. Simuitaneous
measurements of the chemical composition of the cloud water were made
enabling fluxes of the major species to the surface to be deducsd. The
measurements were made on the SW. face of Great Dun Feil about 150 m
below the hill summit which rises 656 m above the Eden Valley to the S'W.
This area {s uniformly covered by rough grass and measurements made at
this site using Porton anemometears have shown 8 very good logarithmic wing
profiie in the Iowest 3 m of the boundary layer in conditions of cioud and
strong winds. These measurements indicate that the site is weli suited to
the use of the gradient technique. Further details of the airflow and
turbulence characteristics may be found in Gallagher &7 5/ (1338}

2 Theory




Cioud droplets are transported to the surface by eday oiffusion and
qravitationa! sedimentation The droplet fiuy, F, within the curface layer is
given 5y e.g. Chamberlain {1967) and can be written

F=K{2) %{z,r) +VginCizr) =vgiznCizn {1

where C (z,r) is the concentration at height z for 2 given size, K (
vartical eddy gitfusivity, Ys (r) the terminal velacity of the drople
{2.ri the depasition velocity. 3ince the flux nsar the surface is a constant
and assuming neutral stability, K {2) = kzu,, k is Von Karmans constant, t

the sgiution to {1) becomes

Vs ()
1 - 7~)'V(r)fxu*}

for which it is assumed that C{z=zq), where zg is the roughness length.
This result has been used to model the deposition of chemical species in
cloud droplets to hill surfaces by il o7 &/ {1387
f droplet capture at the surface is not rate limiting and if ug >> Vg
{r), then the concentration profile is independent of droplet size, and the
usua! logarithmic profile 1s obtained for C. The deposition velgcity in this
case i5 then the deposition velocity due o momeatum an.9 viz, ¥
Kux/In(z-d). By measuring 3C(z,r}/az and K2={2) we abtain Vg (2,7} usin

=l

3 Experimental Procedure.

Figure 1 shows the experimental arrangement used. A 4 m scaffulding
tower was erected on the hill side , at an eievation of 575 m above the
veiley floor. This site has been described in detail by Fowler ez &/ (1588}
and is essentially an elevated moorland site dominated bu tussocks of
fricphorum spand Juncus Spoand providing extensive homogenesus fetches
greater than 300 m, in most diractions. Two independent methods were
employed to measure the cloud dropiet deposition process, a gradient
technique and a direct weighing lysimeter methad,
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4 bradient itethod.

Two Knollenberg forward scattering spectrometer probeg, FSSP
mounted on the tower, at C.5 m and 2.5 m above the surface These probas
wera set to size cioud dropiets in the range i to 15 pum radius with a
resolution of OS5 pm radius. Since mean droplet sizes at this site are
typically S to 7 um radius this setting is ideally suited for measurements of
liguid water contant obtained by intagrating resulting number spectra. Both
probes were aspirated at 26.5 ms™" using Rotron ducted fans. VYariations in
sample volume which result from wing ramming and gusting were corrected
for using the technigues described in detail by Chouterten 27 57 (1986),

One of the probes had previously been compared with several different
iiquid water content measuring technigues. Tnese included a Barnes infra-
red transmissometer operating an 10.6 um wavelength, Consterdine (1984)
and 8 laser scattering cevice Lathem &7 &/ {1984). The agreement by these
independent methods was good with mean errors of £+ 10 X, and extrema of ¢
20 8. Thus the error in absolute liquid water content using these devices is
at worst £ 10 &

'n adopting the gradiert technigue, the second probe was normalized
ta the ‘calibrated’ probe. This was dong by running both probes side by side at
0.5 m above the surface in conditions with liguid water contents in the renge
02 to 05 gm m™3  Commercial nebulizers were also used for
intercomperison purpases . The probes were sampled &t | Kz snd integrated
over typically 1S to 30 minutes to reduce the sampling errors in the larger
size ranges of 12.5-15.5 um where number concentrations were low. This
enabied channei by channel normalization factors to be obtained. The
standard errors in these factors were 8t mest 4 % for sizes up tc 10 ym and
15 8 for sizes up 18 15.5 um. Uncer iow liguid water content regimes ( < G.1
g m~3) these errors increased significantly. The intercomparison between
the two probes is discussed in detayl later.

The large separation of the probes meant that chserved gradients
would be substantially greater than the corresponding error in the gradient
measurements except in the case of the Jergest droplets. Thus detailed
measurements of gradients in number concentration as & function of drop
size could be obtained with confidence. The disadvantage with this large
separation , however, is that a larger uninterrupted fetch is reguired with
additional increases in advection errors occurring. A iarge number of
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megsurements at tris site nave confirmed, however, thal trhe wind profiles
closely logarithmic up to the level of the mgnher prope.

S Direct W'cxg ing_Method.

A direct weighing lysimeter was installed next to the scaffold tower as
shown in Figure ! The instrument and the logging system has been described
in detail by Calder &7 &/ (1584). Essentially the system consisted of
Sartorius 380560MF electronic balance with & 1.0 gm accuracy in 30 kg. The
palance was placed in a hote 1.5 m deen. A plastic weighing tray was then
D“‘CEO on ?on of this flysh with the surface af tha grg nd Tha ture which had
Seen ramovad prior 6 digging the ncle was replal d in the tray. The
collecting area of the tray was 0.64 m 2 Poiustyrene sactions were mounted
between the tatance and the tray to exclude ang neat transfer from the
halance mechanism to the tray producing urwanted evaperaticn effects The
Jalance was interrogated Sy a micrscompuier, wi Lh a samp VHz .
This data was then averaged to i minute before being written to magnetic
disc.

(0

(l
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pling rate Gf

& Additicnal Measurements.

Measurements of Uy, were oblained from a set of precision rorion cup
anemomaters mounted oh a 3 m tower. The anemometers had pravicusly been
caiibrated in a wind tunnel. Addltlonau wind speed measurements were made
at 3 m and 10 m using standard Yector instruments cup snemometers The
output from the profile anemometers was integrated over 1S minute periods.

The data from the two FSSP's, 2 and 10 m wind speeds and directions,
temperature at 2 m, and a variety of air and cloud water chemical
parameters e.g. pH, aqueous pnase H202, gas phase S02 and qas phase U3
were logged continuously at 1 Hz as described by Choularton ¢f &/ (1988). In
addition bulk samples of cloud water wera collected on an event basis for
later anaiysis by ion-chromatography.

2 Intercomparicon of FSS Probes and Treatment of Dats.

70 obtain nigh quality data in an experiment of this kind precautions have
to be taken with FSS probes. Uiniess the optica! slignment of these probes is
carefully checked systematic differences between individug! probes will

-
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gocur. on orger 1o oplan accuraie reialive OHTerencies Jelween Lwd Droges
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‘\gar the groung, consictent normslictation st
sotained. ror measuraments of tuta‘ viquid water content whiere the buik of
tne iiquid water is contained within a narrow spectrum of drop sizes tne
criteria for accurate normalisation factars wall not pe as rngorous as for

i L . R ) N
comparison of individus) size classes. The sccurac

Py

factors  will necessarily determine the accuracy with  which the
concentration gradient can be measured as a function of dropiet size. 1
Care must be taken 1o assess the varinus errors inwalved 1n channel oy A
"*':m"e! comparizon Thece ars ’
1) Sampie error of the FSSP
2) wing ramming and qust effects on the sampia voiurme al aiiierent
levels, and
7} Errors in the normalisetion factors, j

The sampie error can be reduced by using sufficientiy iong averaging
times. Figure 2 shows 3 tymeal cloud dropiet spectrum nbserved at this Site

hu Drr-ho 2 mnunted at 35 m Thn Aata Wware ax,sor’angg oypar jS mr

£~

T el

utas The
= 130
um :‘ne sampie ervors for tiis run are of
or the largerst drops. Because of the ‘

ant the '.0‘.".“3-" nroba nroduced 22 mn\a arrore

Fen Srewr how o

nqunu water content,l, was 0.24 g m™*, the number concentration N
em=2, and the mean radius R = 5.
the orger 0.3 % rising to 27
deplation in liquid water cont

VL
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of
the order of 2.1 % rising to 157 % for the largest drops when the
normalisation factors ere taken into account. For perinds where the liguid
water content was small (< 0.1 gm3) the errors for the larg: drops became
excassively large (>S50 ). Such peripds wers characte"pw by variable clcud

case with large scale inhomcgeneities in the samplad cloud. 'n extreme
cases this inhomeogeneity could be observed on scales iess than the probe
separation. Data from such perieds hes been excluded from the analysis ‘
presented here.

[41-11
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The error due to wind ramming is corrected for through the use of the
foliowing rejation ; ~

U . .
Sa=80(]"@) (3)

where Sq i3 the actua! sample valume, S5 is the sample welume under

2ero wind conditions, u is the iGcai wind speed measured at the probe ievel.




310 ug i3 the aspiration speed of the fan which is 265 m 3! Provided iha
propes are oriented into wind andg the
reasgnable degrae of accurscy ‘derived fram the orofile data) then
sampie volume error shouid Be small. The sample valume correction can 3iso
be made using the dropiet transit time method described by Choularton &f o/

(198h). Agreement between the two methads for Probe 2 was good agreeing
te within 19 8.

Figure I shows the results oblained from seven 10 minute
intercomparison runs prior Lo the experiment wnere the probes were run side
py sige. R ig the mean of the ratios of the concentrations for Prope | to
Probe 2 as 3 function of fﬂdi' . The wartical bars

wing 2peed gt each level 15 kngwn 1Q 3

>

h
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errors {or each FSS probe 5in size. These ware of the order of
up to i0 um and rose to typicaiiy i3 & for i
separated verticaliy the data from each channel of proge 113 mumnhpa by
the appropriate normalisatien facter. The liguid water gradient, or the
gradient in the number concentration, in eacn channgl between the two
neights can be calculated. The errors being generated by combining the

sampie erraors from the two probes and the errorin R

=3

3 Experimiental Resuits

Table t shows details of several runs obtened during the 2arly hours of
thae marnin g of 1 1th June 1937 over a thrae hoyr paricd Tha wind durfng this

period was approximately 10 ms™1, from 030° Temperatures, measured at
20m, varied from 38 to 400 (. F1gure 4 is a trace of houid water content
celcutated from the droplet nistograms recorded by the FSSP mounted 2t 35
m for the period 00:00 to 12:00 hrs GM.T. The large variation in cioud base is
evident. Mean liquid water contents varied from near zero to 240 mgm™3
values 0f uy,Z, 3nd d were abtained from the Porton anemometer {ovrer. in
gach case very good logarithmic profiles were cotained as shown eg. in
Figure 5. Unfortunately during the experiment two of the profile
anemometers ceased to operate and information was only avaitable fromn
four levels. A large number of similar measurements at this site with the
full complement of anemometers show excellent lsgarithmic profiles
consistent with the measurements presented here. Table Z contains the bulk
deposition parameters catculated for each run. {t was found that for periods
af low liquid water content e g Rune 2 and 8 it became 4ifficlt t9 determine
areliable prafile of concentration due to very large short term Tluctuations




i ot R ey T -—
i liguic watar content. This i3 reviecied Dy the Jalios of vi 13 v wenich ars
mijch HFDGVPF than Hf thesg two runs are arored tnes tne Moan ratin
S 2 096 012

Figure 5 shows the measuramants colained from the iysimeter for tha
penod O0:34 to G2:00 . Frequent calibration of the instrumeni was made,
particutariy when the site went out of cloud During this ynial perind the
increasing trend due to water transfer frem the cloud tg the balance is
Ci2ar, however, the noise on the trace due to the wvariability in the clout

meant that the error on the mean siope was iarge for individual runs, as is
indicated in Table 3, where because of evaperation a neqative trend coulg be

3 o . 1 - 7 Vo
abgarved in some cases. The grrors shown for the lysimeter ars th

Eu
(l|

hear oma cases, T tandare
arrars of the slope.

getter agreement could be oblained for oericds of cioud where conditions
ware relatively steady e.g combining runs 3 & 4 qave a lysimeter fiuv rJr‘ n
+3mgm~Z s~ compered 1o a cloud aroplet flux of 88 ¢ 11 mgm=< ¢!
This corresponded o 3 paricd of substantial hic
remained reasonably constant so that iittie svacoration from Lhe surface of
the fysimeter occurred. Quring this period ro precimiation wsas renerted
fwen very light drizzle w”‘ domingte ‘

I not afiect the grad L .
bhOWb I minute averages of liquid water content obtatned from probe 2 for
the first five runs The 1ow response 15 evident far instances wher jarge
changes In liguid water content occur. These effects ware perticular
gvident for runs 7 1o 10 as araesull of low liguid waler cantent and possic
evagoration effacts.

Timga + [ b
liguid waler content which

9 Yariation of Denacition Yologity ywith Oronlat Sizo

gach size class was treated in a similar manner 1o the histogramme
hiquid water content dats from each probe, using the channel By channei

normalisation values shown in Figure 3. Teble 4 shows the results from r
3. This run was typical for *eﬁ*ds yhere the liguid water content at 1 n
was between 0.13 and 0.17 g m ie runs 3,45 & 10 Tu compare tnr

variagtign fram run 10 run the deposition velocity was normalised using th
momentum deposition velocity as shaown in Figure 7.

The relationship between deposition velstity and drop size showe
consistent behaviour from run Lo run. The deposition velscity (Var
with particle size within the size range 25 t0 8.5 um_from about 1) mm ¢
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Y10 50 mm sT) AL about 55 win dropiel radius the deposiiion veiooity is
approximateiy equal 1o the deposition veiocity for momenium vm (Figure 73
The gmell droplets (25-50 um) are not captures st the surfaces of the
wegetatian as efficiently as momantuim, which is transferrad by skin friction
and form drag in drobiet deposition velocity, and the graduai increase
reflects the increasing efficiency of impaction processes as the mass of t

droplet increases, Chamberlain (1975). The gbserved depasition velocit

increases o values greater than ¥m for the sicerenge 65 2 105 um radi
af ter which a sharp deciine is observed for 10.3 10 133 wm Grogiets. ror ti
3ize rangp 125 pm to 1535 um, droplet deaosition velncities are smalier

[wS
[
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at 49 C for later anaiusis b 5
fluxes from T me 2 the chemical deposition ratp mr the
i T

il _piscussion

The aupgrimants have shown that at Great Dun Fal!

IE=2E R SV I

8 )
of cloud liguid water to the hillsicge is clos L
is in broad agreement with the resuits of Doiiard
chemical agent deposition rate was 1 mg m© hr may be compared
with values typically 3-8 mgm 27t rengrtad by Choularton a2 &/ (19€8)
Gug & rainfall when the seeder-feeder mechanisim is operating The diract
deposition of cloud droplets is unlikeiy to contribute @ major fraction of the
water dennsited to g hillside The mean annual wind speed, computed over g
10 year period, for Great Dun Fell i 11 m s~ gt 10 m above the summit.
With 226 days of cloud per yeer each of 4 hours dursticn this would give
between SO and 130 mm of water deposited to the hiii by cioud compared to
tymcally 2000 mm by rain. However, because the total durstion of in cloud
conditions for hills such as Great Dur Fell ig much greater than the durstion
of rainfall, the deposition of chemical species by turbulent depcsition is at
ieast comparabie to that for rainfall at high aititude Between the penod
1972 and 1979 Grest Dun Fell was in cloud for parts of 226 days per yesr
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compared 1o 333 rain daus. This wouid reswit in cigud de0ssinisn duration

tuotcaily 3 1o 10 1imes tnat for ramntah
The cgncentrations of 2t chemical snacias
i Cioud water than in rain water Fow'ler &f &7
above aiso show (hat wnen the cioud is thin tne iysimaler may shov
wmgm loss despite a sigmficant downward flux of cloud water deduce? by
he gradient technique. This suggests that vapour deficit at ¢ 2
3 causing avaporation of the water on the affecled surfaces and &
experimental suoport to the sugaestion made by Unsworth (19
simultaneous turbulent depazition and ewvaporation o¥ water from the
arfected surfaces will  result in anhapced concentration  of
species on the surfaces .
The dats oresented in this paper have for the first time demonstrated
tha s1ze denendence of tee deposttion welooity of coloud drepliets over a

matr ra) aurfaca The increase in dopgsition valpoity botwean dronlat radii of

nsturs? s y batween drop
Iy o : . g emi- ¢ s Fona mmmimd
0&5 um iy oe atiributed to the reduction of the surfacs resistance

in this range. These resuits are consistent with the modei oredictions of
Stinn (1982) for solid particles 1t is tifficylt to model such effacts

accurately due 1o fectors such ag sheltering coefvicients | e Underwacd
{1337). Oroplets between 85 and 105 um ragius axcesd the momantum

deposition veiocity due o increased efficiency of coilection by impaction to
the surface. Above 10.3 Um a sharp decrease 1n deposition welacity occurs
for radii un to 15': 1 fthe mrgo«-f ziza maasyrgd) Thic offapnt ic aifficat
to quantify due to the large sample errars in the data for this size range but
is quaiitatively consistent with bounce oii effects predicted for soiid
particies wn a similer renge range ang obsersed by Chamberiain (1967). The
deta may suggest that droplets in this size range are ngt being efficiently
captured by the surface. This effect, howevaer, is not likely to become
important as in this size ranqge sedimentation veiocities are beginning to
become important and will clearly aominate for stild larger droplets More
work is required to quantify these effacts.

The resulls oblained here suggest that the model of Hill &f &7 {1887)
may be used to give reasonsbie estimates of turbulent deposition rates to
mlls  They essumed that the dropliet depasition velocity was equal to that
for momentum. This gesumption is only in error for very smell droplets of
radius < S um. This size will be ac‘neveu within 100 m of clcud base on hills
in maritime Jocations where occuit deposition is common More detaiied
calcutatans including surface resistance effacts will be required 1n reqrons

10 (&
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fragquentiy subjectad to different Coiv AISINoulIons woers 1ards numiers of
werny smatl droptets are aresent
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Table 2 Companson of total water flux snd measured by the lysimeter
and Gradient technigues.

Fw Fc
Run Lysimeter Flux Cloud Flux Fw/ Fe
mg m-2 s mg m=2s-!
2 2+ 4 6005 03
3 20+ 6 160+ 10 20
4 9+ 7 77:07 1
5 -4+ 5 89:09 -04
6 31+ 6 101+ 14 31
7 - 2+10 58:08 -03
8 - 419 18202 =22
9 8+ S S9:0S 14
10 4+ 5 7507 0Ss




Table 3 : Deposition velocities calculsted from Run S as 8 functign of 3i2e

Radius Vi error V4 Vi /Vm
gm mms! & mm s-!
25 S 66 5 0.09
3S 38 8 40 071
45 27 3 29 050
S5 42 S 46 079
65 sS4 2 58 1.01
15 45 4 51 084
85 62 4 rA {.16
95 68 4 79 127
105 76 4 89 1.42
115 69 7 84 129
125 47 16 66 0.88
135 42 42 64 0.79
145 23 S9 49 0.43
15.5 22 98 51 041
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The experimental arrangement showing : Scaffold tower

with FSSP's; Profile anemometer tower; Lysimeter;

Histogram of number concentration (cm's) versus

radius (um) for a typical in cloud period observed

The normalisation factor R derived from running both

probes side by side with the mean ervor for all runs

—r
Legends to Figures

Figure V.

and the Instrumented Vehicle & Generstor.
Figure 2.

by the FSSP mounted at 3Sm .
Figure 3.

as a function of droplet size.
Figure 4

Figure S

Fiqure 6.

Trace showing 1 minute averages of liquid water
conten! calculaled from droplel spectra observed by
FSSP 2 at 3.5 m for the morning of 11/6/87.

wind profile measured at 4 levels ‘or Run Son 11/6/87.
The vanation in }iquid water content obtained from the FSSP

{dark line) and the mass of the lys:meter {Jashed line)

fram 00:00 to 02:00 GMT (runs 2 {5 5).

Figure 7. Depasition velocity normalised by the momentum
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v
deposition velocity V,% ,as a function of droplet radius

forruns 3,45& 10 on 11/6/87.
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Sch;A 3

MUDELLING THE DEPUSITION OF CHEMICAL AGENTS BY VASHOUT AND TURBULENCE

Abstract

It has recently been shown Irom model predictions and measurements
at Great Dun Fell, U.K, that the variation of chemical agent deposition
with altitude associated with rainfall is much larger than had
previously been thought. In this paper the model or deposition by the
seeder-igeder pechanism is extended to cover a wider range of
atmospheric conditions and hill sizes and the results are compared with
a model of turbulent deposition . [t is shown that turbulent deposition
rates are about a factor of 5 to 10 less than the seeder-feeder
mechanism. The patterns of both types of deposition are strongly
affected by atmospheric stability and windspeed.The model of deposition
by washout of a hill cap cloud by rain predicts that for a steep hill,
characteristic length 2 km, the maximum rainfall and chemical agent
deposition rates are downstream of the hill simmit.In this case, the
raindrop trajectory through the highest liquid water conteant region is
short, but the condensation rate is large due to strong updraughts. Hence
the greatest effect is the wind-drift of the raindrops and consequently
the rainfall and deposition maxima are displaced downstream..Un a longer
hill, about 10 km in length, cloud water is not so rapidly resupplied
due to reduced updraught.The rainiall rate in the regioL of the summit
is greater than for a steep hill because the region of high water
content is large in horizontal éxtent and the effects of wind-drift are

small.As a result, the maximum rainfall and deposition rates occur

")

—~————



-t ———

somewpat upstream OI the hill summit,

stability.

depending on atmospberic

>l




T T T wTews -

1. Introducttion

In this section of the report we describe a model oI the
deposition of chemical agents to elevated topography by the direct
turbulent deposition of cloud droplets irom the cap cloud to tne suriace

and washout by the seeder-ieeder process.
Z. Cap Lloud Model and turbulent deposition

This model is a development of that described in Hill et al 1989
and so it will only be outlined here. In arder to calculate the
chemical agent concentration in the droplets at a particular point on
the hill side we require a representative transit time Irom cloud base
to a measuring site on the hill surface.Ve therefore firstly require an
airflow model of the hill.The wind velocities need to be predicted close
to the hill surface with some accuracy as well as throughout the cloud
depth because all measurements are made within LU metres of the
ground. Ve use the model of Carruthers and Choularton 1982 which was
developed specifically for Great Dun Feil and which bas received
experimental verification at this site.

We solve Helmholtz's equation for inviscid flow

VG o+ w g =0

where u; is the Scorer parameter lt/// in layer 1.

Us
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and U. is the geostrophic wind. j; is the streamiine displacement.

and use f«x) as the lower boundary condition where

f(x) = H
—

Ll + x</L-

H is height of hill and L balf width at balf height.

The buoyancy Irequency N. is deiined as

where 8, is tbe mean potential temperature oi the layer and g the
acceleration due to gravity.
The atmosphere may be divided up into several layers and this is
important because the stability of the air above the turbulent Loundary
layer can have a large effect on the flow of air in this lowest layer
(the layer in which the cloud frequently resides).
Close to the hill surface the Reynolds stress and viscous terms cannot
be left out of the momentum equation and therefore in the region just
above the ground the wind velocities are calculated by the method
described in Jackson and Hunt 1975.It is not proposed to discuss this

model in detail here. It has recently been suggested by Mason 1986 that
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the inper layer depth within which the turbulemce is in local
equilibrium may be significantly smaller than suggested by Jackson and
Hunt. Measurements of the wind proiile using a 3m tower of precision
anemometers and other anemometers at 3m and 10m above the terrain on the
summit, together with measurements of the turbulence using a Sonic
Anemoneter have been made at Great Dun Fell (Gallagher et al 1987)

These measurements show that the inner layer depth is about 30m with the
turbulence close to local equilibrium in the lowest 10m at least. All of
the hills discussed below have inner layer depths at least as large as
GDF. Nearly all the depletion in cloud droplet concentration occurs well
within this depth and so this bas no significant eifect on the
discussion presented below.

Given the wind field over the hill surface, the next step is to
incorporate the cap cloud.In this model the cloud either begins when the
rising air bas cooled to saturation or we can speciiy cloud base as
occurring at some height based on observation.The depth of the cloud is
estimated from soundings in the vicinity of the hill.Tbe density changes
due to release of latent heat during the condensation process are
insufficient to alter the dynamics for a bhill of this size.

The position of any streamline and the wind velocity along any point
of it can be calculated and used to find the liquid water content and
droplet size distribution variation over the hill using the standard
droplet growth equations.Hence we can produce droplet size distributions
and droplet composition concentrations for a given position on the
hill.Ve are, in effect, employing a lagrangian parcel model at tiis
stage ( containing the microphysics) and following its development as it

is driven over the hill by the wind-field determined as described above.
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The concentration of chemical species may be allowed to vary within
the collection of droplets according to the equations set out in section
2. and gases exchanged between the droplets and the surrounding air.For
the purposes of this paper the details of the chemistry associated with
a particular droplet class are not important and the mass of eg.
chemical agent deposited is determined from the total mass present at a
given time,The bulk concentrations of the various ions are, however,
deternined by integration of ten droplet size categories.The droplet
growth equations used may be found in Hill and Choularton 1986.

The boundary layer in which the cap cloud resides is turbulent so
that droplets tend to mix vertically during transit.The approximate
distance through which a droplet will move in time at is given by U«at
where Us is the friction velocity.Given the approximate transit time of
cloudy air from cloud base to the point of measurement, also at, we can
arrive at a vertical distance such that droplets throughout this depth
will have an equal chance of being intercepted at the measuring site.

Figure 1 shows schematically one such region of cloud that this
argument defines, stretching back upstream from a particulir point on
the hilil towards cloud base.An average cloud parcel trajectory can now
be calculated and hence a vertical wind profile for use in determining
droplet growth.

Knowing the composition of the cloud which is in contact with the
hill allows us to estimate the turbulent deposition rate of a chemical
species to the hill surface of known roughness length at a given

position, A.Ve solve

Jo
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K(z)dC(2z) + VeCi2) = Va(22CizZ) = constant
—

dz

Where C(z) is the droplet concentration and Va2, their deposition
velocity.K(z) is the eddy diffusivity = KzU«, and the droplet terminal

velocity V<< U« and Usx is defined by

U(2)ZValn(z/zo
K
K is the van Karman constant.

Solving for Va(z) at a point A, assuming the dropiet flux is independent

of height near the ground, gives

Va(z) = Usa

—

inlz/zs)

In the absence of detailed experimental data to the contrary we assume
that the deposition is limited by turbulent diffusion.This is likely to
be a reasonable assumption since the average size of the cloud droplets
is 5 to 10 pm unless we are very close to the region of cloud base near
the hill surfaceThe liquid water content at A is calculated assuming no
depletion (ie. z must be > 10m if 2o = 0.02 m) and hence we use the
concentrations predicted by the model 10m above the ground.If zo = 0.5m
y corresponding to a forested hill, tken z = 25m. Ux is about 1lms ' for
windspeeds of 15ms ' employed by the model and hence ap insignificant

fraction of time is spent by droplets in this region compared with the




transit time over the hill, consequently the existence of the depletion

zone will not afiect the chemistry of the deposited droplets.

3. Results of the Turbulent Deposition Model

Table ¢ presents a set of standard conditions used as input to
the model. The input parameters are typical of values measured at Great
Dun Fell and the stability parameters chosen give a supercritical
airflow regime characteristic of hills whose height is comparable ta the
boundary layer depth. The hill height of 965m chosen corresponds to the
height of GDF above local terrain. The hill half length L of Z km

corresponds to GDF and 10km to a longer hill.

The Great Dun Fell hill is grass covered and experiment has suggested
that a roughness length of 2 cm is appropriate.However, this can be
changed in the model in order to describe other terrain eg. a forested
bill.The rate of deposition will be higher over such a surface {f z. is
taken as 50 cm for such a hill. This assumes that all the terrain in the
model domain is forested so that turbulent diffusion delivers the
droplets to the tree tops where they are intercepted. If a tramsition in
the surface properties occurred, eg from grass to forest then locally
enhanced deposition would occur due to interception at the forest edge
and the turbulence would be disturbed for a short distance duwnwind
while it adjusted to the higher roughness. These complications are not

treated in this paper.
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The Short Hiii

In figures 2a and 2b curve a shows the occult presipitation
rate and chemical agent deposition rates respectively for a short hili.
it can be sea2n that the precipitation rate Increases toward the hill top
as the liquid water content and windspeed increase. The airflow regime
is supercritical and consequently the deposition velocity <ontinues to
increase on the lee-side of the hill.This does not, however, producs anvy
marked shift in the maximum ‘occult' precipitaticn rate away from the
summit because the water content decreases as the cloud moves down the
lee-side. The chemical agent deposition rate, though, continues to
increase across the hill as the windspeed increases, this process being
independent of the cloud liquid water content above cloud base (where
the deposition is assumed to be limited by turbulent diffusion)

Doubling the windspeed <curves b} roughly doubles the deposition rates
as the total depletion of the cloud is very small. Raising cloud base to
500m considerably reducas the precipitation rates by reducing the cioud
liquid water conten: but does not affect the chemical agent deposition
rates except by reducing the part of the hill enveloped by cloud ¢ the
deposition rates of sub-cloud aerosol are assumed to be small duz to
surface resistance). Increasing the chemical agent aerosal loading
proportionately increases the deposition rate, curve d. Curve e shows
the effect of a totally neutrally stable atmosphere. The major effect of
this is to reduce the windspeads on the lee~side of the hill and hence

reduce the depaosition rates there.




curve g shows the effect ot simulating a forested hill with a roughness
iength of 0.5m. This results in an increase in the deposition rates or
2.5 to 3 times on the short hill. The depletion of chemical agent and

liquid water are still small

In order to illustrate the effect of changes in atmospheric
stability we show the results of weakly stable upper air and a neutral
atmosphere with symmetrical flow (figure 3).[t can b2 seen that the
stability of the upper layers ig important in determiniag the deposition
rate especially on the lee-side.Different atmospheric coma. .i.ns can

result in differences of a factor of 2.

The Long Hill

Figures 4a and 4b show the occult precipitation rates and
chemical agent depositions over the nill with L=10km. The curves
correspond to those of figures 2a and 2b. The pattern of results is very
similar to the short hill case with some exc:ptions. The deposition and
precipitation rates are not as high in the long hill case for potential
flow (curve e), particularly near the hill top and on the lee-side
because the speed-up of the wind is significantly reduced due to the
larger aspect ratio (see Carruthers and Choularton 1982).However in
supercritical flow regimes the pattern is more complex with larger
deposition rates well downstream of the summit.

A further effect is that for the depths of cap cloud chosen (400 and

800m), and when the hill is forested, with a roughness length of 0.5m, a
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significant depletion of both liquid water and chemical agent occurs.
This means a reduction in deposition rate especially downwind of up to
about 60% and 30% respectively when this is allowed for.In order to
simulate this depletion we remove a iraction , F ,0f droplets per time

interval, at, given by

F= Va . at
He

Where H. is the depth of the cloud.V¥e assume impplicitly that turbulent
mixing cocurs through the depth of the cloud in a time short compared
with the transit time.In all other cases discussed above, the depletian
of the cap cloud is small and so its vertical depth does not play a
significant role.

The effect of increasing the aerosol chemical agent loading is to

increase the deposition rate proporticnately everywhere over the hill

4.Vashout Model

The other process by which cloud water is deposited onto the hill
surface is rainfall.Because tbe average droplet lifetime in deep cap
cloud is typically ten to twenty minutes there is insufficient time to
generate precipitation sized droplets by coalescence. Instead any rainout
is likely to be due to the sweeping out of droplets by rain falling from
higber level cloud often associated with a front.This process is
frequently referred to as the 'seeder-feeder' process, Bergeron 1965.The

raipfall rate will therefore be enbanced over the surface of the hill

_11_




L and the enhancement will be related to the path of the raindrops falling
through the cloud - being propartional to the liquid water content
integrated along the path.The model is based on that of Carruthers and

Choularton 1983.The concentration of aerosol chemical agent upwind of

the hill is specified and assumed to be independent of height through
the depth of the feeder cloud. This may sometimes be unrealistic
especially when the cap cloud extends into the inversion layer as
discussed below. When the cloud forms it is assumed that all of the
chemical agent is incorporated into the cap cloud droplets by nucleation
scavenging. Typical cloud base updraughts for this model are about lms '
and under these circumstances most aerosol size categories are activated
suggesting that in this case this assumption is valid.The details of the
washout model are presented in Carruthers and Choularton(l1883). It has
been modified here to include calculations of the washout of the
chemical agent and is outlined below.

The air within the depth of the feeder cloud is covered by a
streamline following grid. If the air following a particular streamline
is initially below the height of cloud base no condensation or chemical
agent scavenging takes place until it has been displaced vertically to
the height of cloud base. Condensation along streamlines initially above
cloud base starts as soon as they suffer a vertical displacement. The
rainfall rate from the seeder cloud together with its chemical agent
concentration is specified and the raindrop size distribution is assumed
to follow a Marshall- Palmer distribution (the mudel has also beem run
using a Best distribution for the seeder cloud raindrop spectrum but
this does not affect the results significantly see Carruthers and

Choularton 1983). This rain falls into the top of the feeder cloud.
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Starting at the most upstream element of the top row of the grid the
liquid water content increase is calculated as the air parcel travels
adiabatically across the grid. This liquid water is depleted by the
scavenging of the cloud dropiets and the chemical agent they contain by
the raindrops,with a collection efficiency close to unity as the air
parcel travels across the grid element. Hence the nett change in the
liquid water content and the depletion of chemical agent across the grid
element may be calculated. This process is repeated along the top row of
the grid.

The increase in radius and chemical agent conceatration in
each raindrop size category is calculated from the amount of cloud water
scavenged as the raindrop falls vertically through the grid element. The
windspeed and terminal velocity of the draoplets are used to calculate
the drift of each drop size category during this process and the
droplets are moved downstream and allocated to the appropriate grid
element of the next row down.

The whole process described above is repeated until the
raindrops reach the hill surface. It is assumed that the scavenging of
chemical agent is negligible for liquid water contents of less than
0.02g m . The results are insensitive to this figure.All nucleation
scavenging will take place rapidly whilst the liquid water content is of
this order and below this value droplets will exist as unactivated
serosol for which the collection efficiency by raindrops is very small.

A steady-stace situation is envisaged in which cloud is being
continually swept out by the rain and replaced by fresh cloud due to
condensation in the air flowing over the hill.Tke path of the droplet is

determined by its fall speed and the flow speed of the air over the
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hill.There are therefore two main rfactors which determine the deposition
pattern .Firstly, there is the path length of the rain drop, determined
by the hill length and the wind velocity and secondly the rate at which
water depleted by the washout process is replaced by condensation. The
condensation rate is determined by the updraught speed and consequently
hills of greater aspect ratio and hence higher vertical winds close to
the summit will have associated cap clauds which are not so seriously
depleted of water close to the summit.Ve can summarize these arguments

in terms of two length scales:

The horizontal drift of a raindrop radius r falling at speed V. through

a cloud of depth Z.

The scale length of horizontal variation in liquid water content g

Where L is the half length of the hill.For a short hill, Latla.
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5.Resulrs of the Model of the Seeder-reeder 2ifect

a. The Rainfall Distribution

To illustrate these effects figures 5Sa and Sb show the rainfall
distribution patterns for the case of a short hill (applicable to Great
Dun Fell) characteristic length Zkm and for a long hill , length 10km.
Other parameters are varied as for the occult precipitation discussed
abava.

When the hill is steep, figure Sa., the trajectory of the raindrops
through the highest water content region is relatively short but the
condensation rate is large due to the large vertical winds.Hence the
greatest aeffect is wind-drift and the maximum rainfall rate is
displaced downstream.For a supercritical flow regime (curve a), the
maximum enhancement is about 10% larger, and slightly nearer the summit,
than for potential flow (curve b).The effect of wind-drift {5 markedly
raduced by a lower windspeed (curve ¢), or a shallower cap cloud (curve
d), which also has the effect of reducing the rainfali enhancement.

Higher windspeeds (curve e) tend to reduce the maximum enhancement,
while increasing the distance downstream over which enhancement occurs. 4
higher rainfall rate (curve f) does not increase the enhancement pro-
rata as the raindrop sizes also increase.

In the case of the longer hill, Figure 5b, cloud liquid water
scavenged is not so rapidly resupplied due to the reduced updraught.[n
the region of the summit, the rainfall rate is greater than for a steep
hill because the maximum liquid water content region is relatively
larée in horizontal extent and the effects of wind~drift small.The

maximum enhancement occurs slightly upstream of the summit for the
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supercritical flow regime (curve a) and near the summit for poftantial
flow tcurve b).The enhancement under supercriticai flcw is al=so about
15% less than for potential flow.

A shallower cap cloud reduces the enhancement markedly (curve ¢,
whereas a higher w~indspeed (curve d) increases the enhancement due to
higher vertical winds and larger condensation rate in the feeder cloud.

The effects on enhancement of a high rainfall rate (curve e’ is
less than for the steep hill due to the lower cap cloud liquid water

content.

b. The Deposition of Chemical Agents

[f we now consider the deposition of the aerosol chemical
agant dissolved in the cloud water then the patterns for the short and
long hills are represented in figures 6 and 7.1t is immediately apparent
that the deposition rates are 5X to 10X higher than the corresponiing
accult deposition rates

For the short :i1l, figure 6 the deposition curves peak
downwind of the summit. The changas in deposition patterns due *o
varying physical parameters, closely follow the distribution of rainfall
enhancement. This is because, in each case only a small proportion of
the chemical agent in the cloud is washed out. Increasing the seeder
cloud precipitation rate to Smm h-' (curve e) increases the peak
deposition rate from 4.4 mg m *h~' to 17.6 mg m ~h~' and slightly
changes the distribution of the deposition due to the larger raindrops

associated with the higher rainfall rate.
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For the long hill, figure 7, thera is a fastar decline in
deposition rate downwind of the hill (eg. curves a).This 15 because,
aithough the water content is maintained to some extent by condensation
on the upwind side, the aerosol chemicai agent {5 naot repienished and
hence declines continuously with position on the hill. This becomes a
significant effect on the long hill because of the longer transit times
of air parcels through the feeder cloud. Again it can be seen that, in
the absence of chemical agent production, increasing the aerosol
chemical agent loading entering cloud base or increasing the seeder
rainfall rate (figure 7a, curve @) has the most dramatic effect on the
deposition pattern. Increasing the seeder cloud rainfail rate to Smm h-
increases the peak deposition rates from 4.0 to 14.2 mg m™~ h~',
smaller than for the short hill due to the higher total chemical agent
scavenged.

A potential flow regime, (figure 7, curve b), tends to produce
a more symmetrical deposition pattern while a higher windspeed, (figure
7b, curve <), increases the peak depasition slightly, and also shifts

the peak more towards the summit.
6.Discussion

The object of this paper was to compare occult and rainfall
deposition rates under similar conditions.Results show that
precipitation by the seeder-feeder process is 5-10 times as efficient {f
typical concentrations of chemical agent and rainfall rates as measured
in the U.K are used.Many hills, however, are enveloped by <loud for much

longer periods than the total duration of rainfall and so ‘'occult’

-17-
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deposition <can make a substantiai contribution to the total chemical

agent deposition.

The results presented above have shown that occulft precipitatian
rates are predicted to be a maximum close to the hill top but with a
supercritical airflow regime, characteristic of hills with a comparable
height to the boundary layer depth, the chemical agent deposition rates
are a maximum on the lee side of the hill for both long and short
hills. (It should be noted that the area over which material is deposited
is much less than when the washout process is operating.)

A forested hill has a deposition rate 2.5 to 3 times higher
than on a grass covered hill. This is reduced somewhat over a long hill
where depletion of the cloud by the deposition may be important.

The pattern of deposition during rainfall is much more
strongly dependant on hill size. On the short hill the peak depesition
rate and rainfall occur downwind of the hill summit due to the important
effects of wind-drift. On the long hill the peak rainfall and deposition
rates accur at or somewhat upwind of the hill summit. Maximum deposition
rates tend to be somewhat smaller than on the short hill due to
depletion of the teeder cioud by the scavenging, although the total

deposition on the hill is considerably larger.
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: Table 1
Parameter Vaiue<initial if
variable?
stability of layer 1 9
Stability of layer 2 2x10 < w7
) Stability of layer 3 1x10 - m!
E Height of cloud base 300 m
, Height of hill, H 665 m
Halt width at balf belght 2000 m and 10000m
Roughness length, Z- 0.02 m
’ Geastrophic wind, Ua 15 ms™’
’ Temperature, T (at cloud base) 5+C
E Rainfall rate(washout model’ 1 mmb'
Sulphate concentration in seeder rain 20N
Height of inversiom 400 m
Vertical Depth of Feeder Cloud 800m
400 m

' Thickness of inversion

Chemical Agent loading of aerosal entering cap cloud 1.5x107cgm°

- 24 -
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Legends to Figures

Figure 1

Schematic diagram showing turbulent depasition to a point ' a ' on the

hill.The atmosphere has been divided into three layers, the lowest of

which contains the cap cloud. — —

region whose droplets may be deposited at ' a '.—~ - - represents the

average path to ' a '.Axes in km.

Figure 2a

Cloud water turbulent deposition rates, D, for shart hill case.

Curve

Curve

Curve

Curve

Curve

Curve

a
b
<
d

e

8

Standard conditions (see table 2)

Geostrophic windspeed doubled to 30ms

Cloud raised to S00m

Chemical agent loading increased to 5 ugm ~(same as curve a’
Neu“ral atmosphere

Forested hill,z.=0.5m.

(curve f not shown, same as curves a and d)

Rates are in mmh '.Xaxis in km. Dashed line indicates extent of cloud

when cloud base is 500m.
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Figure 2b

Sulphate turbulent deposition rates , S, for short hill case.
Curve a Standard conditions (see table 2)

Curve b Geostrophic windspeed doubled to 30ms '

Curve ¢ Cloud raised to 500m

Curve d Chemical Agent loading increased to 5 ugm~

Curve e Neutral atmosphere

Curve g Forested hill.z.,=0.5m.

Rates are in mgm™~.X axis in km from centre of hill.Dashed line

indicates extent of cloud when cloud base is 500m.

Figure 3
Deposition rate of chemical agent, S, to the hill surface for three
different atmospheric conditions.

curve ' a ' is for a typical supsrcritical flow using the input shown in
table 2.

curve ' b ' is an example of a sib-~critical flow pattern (u.=1.5x107-,
p==1.5%x10"~ w~' height of layer 2 is 1200m and thickness 300m)

curve

c ' has 0 stability in all 3 layers.X axis in km from centre of

hill.Y axis is deposition rate in mgm <h~'

_26_
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Figure 4a

Cloud water turbulent deposition rates, D, for long hill casa.

Curve

Curve

Curve

Curve

Curve

Rates

a

b

g

Standard conditions L=10km(see table 2)
Geostrophic windspeed doubled to 30ms
Cloud raised to 500m

Neutral atmosphere

Forested hill.z-.=0.5m.

are in mmh~'.X axis in km. Dashed line indicates axtent of cloud

when cloud base 1is 500m.

Figure 4b

Chemical Agent turbulent deposition rates, s, for long hiil case.

Lurve

Curve

Curve

Curve

Curve

Curve

a

b

<

e d

e

g

g’

Standard conditicns (see table 2)
Geostrophic windspeed doubled to 30ms ™’
Cloud raised to 500m

omitted for clarity ( curve offscale)
Neutral atmosphere

Forested hill.z.=0.5m.

Forested hill. 2.=0.5m. No droplet depletion.

Rates are in mgm ~. X axis in km from centre of hill.Dashed line

indicates extent of cloud when cloud base is 500m.
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Curve

line)

Figure Sa.

a

b

f

a

dotted line)

Rates are in mmh-'m ~.X axis in km from hill centre.
Figure 5b

Precipitation rates, P, for 10km hill

Cuyrve :

-

Precipitation rates, P, for a 2km hill.

standard (dashed line see table 2)
potential flow

5 ms-1 wind

400m thick cap <loud

30 ms~1 wind

3 mm h-1 precipitation rate (x a scaling factor ot 0.1 ,

standard (dashed line see table 2)
potential flow

400m thick cap cloud

30 ms-1 wind

S mm h-1 precipitation rate(x a scaling factor of 0.1 , dotted

Rates are in mmh"'m"~.X ax.s in km from hill centrae.




Figure 6

Chemical Agent deposition rates, S, by seeder-feedar mechanism for short
hill.Physical parameters are varied.

Curve a : standard conditions (see table 2)

Curve b : Potential flow, neutral atmosphere.

Curve ¢ : 30 ms ' geostrophic wind

Curva @ : 400 m cloud thickness

Curve e : 5 mmh™' seeder precipitation rate ¢ x a scaling factor of 0.9

Rates are in mgh 'm™-.X axis in km from hill centre.

Figure 7

Chemical agent deposition, 3, rates by seeder-feeder mechanism for long
hill.Physical parameters are varied.

Curve a : standard conditions <(see table 2

Curve b : Potential flow, neutral atmosphere.

Curve ¢ : 30 ms~' geostrophic wind

Curve d : 400 m cloud thickness

curve @ : 5 mmh™' seeder precipitation rate { x 0.9

Rates are in mgh 'm ~<.X axis in km from hill centre.
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This experiment formed part of the wider scale investigations into
the dry deposition of particles and atmospheric pollutants carried out
by the UNIST Atmospheric Physics Research Group.

The data acquisition was carried ocut at the Research Group's field
station at Great Dun Fell (GDF) in Cumbria, on May 26th 1987. The
primary aim was to study the rates of deposition of aerosol particles

using the eddy correlation technique.

Dry Depasition and Eddy Correlation

Dry depcsition is the removal of particles or gases from the
atmosphere through the delivery of mass to the surface by non-
precipitation atmospheric processes, and the subsequent chemical
reaction with, or physical attachment to, vegetatiom, soil, or the built

enviroament :Dolske, Gatz 1985).

Eddy correiation is the measurement of the net turbulent flux at the
height of the seasing equipment. [t !s assumed that the sampling takes
place within the surface boundary layer, as the theary requires that the

flux divergence between the surface and the sensors {s small.
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The particle flux {3 given by:

[}
&
]
E 3
L]

particle flux = w B
where w = vertical wind speed, and ¥ = particle concentration. The
overbar denctes the mean value over a period of time, and ' {ndicates
the variable component of the quantity.

However, it is usual to assume that w = 0. This is not usually the
case in practice, often due to misalignment of the vertical anemometer
sensor. It is therefore necessary to mathematically correct for this
when processing the data. Ve can realign all our data so that w and v

are both zero (v is the transverse wind speed).

Feumann and Hartog (1985)use the following cecrrection for the

vertical particle flux:

wH = (W - w i cosB - (WR - u X) cosB sina

- (;i - ; i) cos8 sina

where O = arctan! ___w |
1 (uZ + g3y

and « = arctaaly!
tul
and u = longitudinal wind speed

The deposition velocity is now given by:

The values of v, for aerosol particles are generally very small and
it {s therefore all the more important to de*ermine the level of error

we bave in our calculations. The followiag treatment of errors is




suggested by Katen and Hubbe (1985). The variance af the covariance of

w' and ' is given by:

3 .0 = [(W)3(H)2) - (w'lH2
The first term on the right hand side {s the expectation value of (w')?

and (§')2. The second term is the square of the ccvariance. The standard

error of an individual measurement of w'K' is given by:

ewWw'N') = ¢
nﬂ

where n is the number of observations used in caiculating the
covariance. The standard error of tke deposition velocity s then given
by:

elvd) = g .

§ 1s the average particle concentration during the sampling period and

1s assumed to be zearly constant.

Our data also allowed us to calculate values 2f the Monin-Obukhov
length L, the heat flux, the fricticm velocity u,, the stability
parameter z/L and the roughness length z..

The Monin-Obukhov length is given by (Mason azd King, 1984):

A
kg;r?r
where T is the absolute temperature, &k is the von Karmaan coanstant
(= 0.4, and g s the gravitational acceleration := 9. 8kgms~-2).
w'T' is the covariance of the vertical wind speel and the temperature
and i3 given Dy:

wT' = wl - w1 = heat flux

<=
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p 1s the air denmsity, Cp is the specific heat of air at comstant
pressure. This quantity also has to be rotationally corrected into the
mean wind direction.

The friction velocity u# is given by:

Us? = -u'w'
The stability parameter is given by:

z
L

where z is the height at which sampling takes place.
The roughuoess length z, is given by:
2 F . Z_

lkuez) + al
expl u. |

i

for 2 { 0 : «a 2lnil + x| + 1lnll + x2! - 2arctan x + ¢

L t2 I 2 | 2
x =11 - 15z!*
! L
for 2z > 0 : a= -4.72
L L
The Experimental Set-{Up

An Active Scattering Aerosol Spectrometer Prcte (ASASP) model 3004,
manufactured by Particle Measurement Systems (PAS), was used to measure
particle concentrations. The ASASP allows particles in four different
size ranges to be observed. The range chosen for this experiment was
0.4um - 1.0pn diameter. This range is sub-divided into 15 categories,
each of C.04um width. The ASASP was sampled-at 4Hz.

The wind velocity was measured with a Kaijo-Denki USAT 310 sonic

anemometer. This anemometer provides wind speeds in three mutually
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perpendicular directions i.e. u,v anod w. The anexdeter also provides
temperature data. The sonic anedometer was saapled at 40Hz.

The anemometer and ASASP were mounted on separate tripods. However,
eddy correlation theory requires that the\wind velocity sensor be as
close to the particle seasor as possible. This was attempted by
interlocking the legs of the tripad. The centre of the anemometer was
2.44m above the ground, 0.45m to the side of, 0.40m in fronmt of, and
0.36m above the inlet of the ASASP (total distance from inlet is 0.70m).
(A similar set-up is shown in Plate 1.

The data from the sonic anemometer and the ASASP were logged by a
NASCOM data acquisition system, and then transferred to magnetic tape.
The data were processed using an [EM-compatible Tandon computer, using a
specifically developed PASCAL program to compute the rotational
corrections and covariances, and finally the values of particle fluxes
and deposition velocities. (The anemometer data had first to be averaged
up to 4 Hz.) These last two quantities were calcuylated botbh for each
individual size category, and also as bulk quantitlies for tbe whole size
range.

It would have been desirable to have an extensive uniform upwind
fetch. Formally at GDF data acquisition takes piace i{n south-westerly
airflows, the direction i3 which the terrain is ccnsidered to be
reasonably uniforam. (This direction is also, coavealently, perpendicular
to the axis of the ridge of which GDF forms a part. This {s of
particular importance when mcdelling the airflow over the ridge.) During
the experiment the wind direction was easterly. ldcwever {t {s kaown that

for the purposes of eddy correlation this wind direction is acceptadle.
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The measurements were initially made {n two runs: 1642Z-1753Z and
17552-2102Z. On procesging. the data were split iato four rums, each of
an bour duration: 1642Z-1742Z, 1795Z-1855Z, 1856Z-19567 and 1957Z-20%7Z.
These times correspond to the transition between late afterncon and
early evening (including sunset).

The effect of this is clearly shown by the presence of clear trends
in the data (see table of results). The heat flux changes from arournd
100¥m2~2 upwards during the first run to 20Vm~2 downwards during the
fional run. The stability changes from the unstable value of -0.046 in
the first run to neutral/stable values in the other three runs.

Zo ¢hanges significantly during the period of the experiment.
Although the stability changes may have bhad a small effect, the main
cause of the change {s thought to have been a change in wind direction.

The particle fluxes for individual sizes vary, often dramatically,
from category to category. It was decided that it was therefore
desirable to calculate the bulk fluxes and deposition velocities for the
whole size range. The bulk flux of particles changes froa around 40
particlescc™'s™' downwards in the first run to 100 particlescc's™'
upwards in the final run. This trend is mirrored by the bulk deposition
veiocity which changes from 0.07cms™' downwards in the first runm to
0.17cas-* upwards in the final ruo.

This accuzulation of data trends tends to suggest that the
transition from an afterncon of 11°C to a cool evesing of 7<C has had a
marked effect on the dry deposition of the aerosol particles under

observaticn. Ve should therefore be very wary of drawing any solid




conclusions from Qur results. The clearest indicati{ons that we should
not place our total trust in the results are the error calculations
which suggest an error in the results of up to an order of magnitude.
Some of this error is most likely to have bee:z caused by the
" unsatisfactory positioning of the sonic anemometer and the ASASP in
relation to each other. It was noted earlier that eddy correlation
theory requires that these pleces of equipment shsould be as close
together as possible, ldeally sampling at the same place. However,
because the ASASP was only being sampled at 4Hz, this cause of error is
unlikely to have been the major ccmponent of the calculated uncertainty.
Having said this, it would still be desirable in “he future tc have a
sample tube leading from the centre of the sonic snemometer to the ASASP
inlet. This would, of course introduce a time delay between the ASASP
and the anemometer, but this can be removed when processing the data.
The major cause of error is thought to have been the low saaple
volume of the ASASP, and doubts have been raised as to the suitability
of the ASASP to eddy correlation studies. [t's respopse time is slow
compared with other particle measuring systems (such as the ASASX, also
manufactured by PHS), and the sonic anemometer. The ASASP {s mcre suited
to measuring dry deposition using the gradient techhique.
To be abie to draw any conclusions on the dry deposition of aerosol
particles would require further experimentation. In parti{cular, perilods
of more constant conditions would be peeded, and ccmparison between

several days of data would be useful.
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PLATE | The Apparatus usad for the aeroscl depositicon measuremsents.
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SECTION 5

MEASUREMENTS OF AEROSOL SIZE DISTRIBUTIONS AT GREAT DUN FELL

a. Intercomparison of Probes

Prior to this experiment the UMIST Knollenberg ASASP was
compared in detail with the University of Galway Knollenberg ASAS-X
probe. These experiments were performed in the laboratory at UMIST and
involved {ntercomparisons using the background aerosol, latex spheres of
known size and an ammonium sulphate aeroscl distribution generated from
a nebuliser. The results of this intercomparison are summarieed—ta-labie
T=end will be used to compare the results obtained by the University of

Galway with those obtained by UMIST.

b.The Field Measurerents

Measuremernts were made simultanecusly by the two institutions
during the pericd 18-20 April 1988. The air trajectories passed close to
both sites on 20 April when the transit time between V. Ireland and
Great Dun Fell was about 10 hours. The UMIST ASASP was located at the
site of our mobile laboratory which was located on the SV face of Great
Dun Fell approximately 150m below the hill summit of 847m. The ASASP was
mounted 1.0m above the ground and pointed into wind. Measurements of
wind speed, wind direction wet and dry bulb temperature were made. The
results obtained are shown in table 2. The next step in analysing this
data will be to compare the results with those obtained by the

University of Galway.
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Data from 19*" April 1988.

All counts are 1S minute averages, and are given in
paricles/cc/sec. The data are corrected tor the sample volume
difference between the ASAS-X and ASAS-P.




T — - e _— o —————

19/4 /83

Secsrt ~cs. 30 - R4

REHO I HEH

e e TPt - T~ Bl Btk s B N O N
ST L Te Ty T T LT oo

a5 22 deg) Ta e
<. 28 3.2

n
Al 3
o
r
a
3
-

3
8'
2

mloeRl 3 nd e o

=
[ LK ] [ bl &

. .e

- T et T am - €
e JTonid s

e T

e’ i¢'des 37 Tzl
1.2 2.7 E EA

SgIzcr s,

10 €ty o
[ -

P R e T B ERbia A
S A

Py - R . - [ S e N L S T
! . . - - - c . \ - -~ - - - - -
k) - . - e - - - - - -
:
iows 10 296 Tages o Trdey oo
- —.s - s
- —a 3.z 3. -

Sgzare AcE, U0 - A4
146570 - 41,

FaP - BT - Dl Bkl DAL D O o L B B 1
. € = T s & T T T I I I : ! .
L B 2legr Twides I Tree T
4.8 T 2.3 LR
[

e A M TS P Ao B R M- e D S AT o8 S DOSE Lo} it DE B4

b P M T . : ! : : A

.

i




[X]
“r
v4
o
r
&
n
o
o
"
r
e g
i
B4
PR

btk -0} D ) B BN S 4 D B D

A B A T -
9 T TItzey IY humrdisy
.9 3 34,77

Agssed res. 10T - Lo

e, . moE,
« s - vie,
R DE IS § A

-~ 0 D oahl md R e T ThE 9 TRIT oslDooeilooniToonie oS
e A S

T2 oleq 2
2.2
B L. B L S = . L) P R L LR S L
g s I : :
H
b ias 281 Taozse I Toozze I otuadien
) pis 3.3 T 99,717
j
S M T T T - o R U SRS B
\ e TS T . Ty . . . . . . . . .
fipg 3d les Twles I Tacag DU oSumil:ity
8.2 o 0.1 e 8¢.75%

L P DR L BT b b DY Bt
B 1 N N . B !

7




Al L AL

0

I WTT Vgl STAUAD - WP LT JWE oS ATl J5 T RReE 2 % T

LACke s 0,

T

o 20l

g

& Dlestalins.

JPR IO Wi

A

vo-
A

§
¢

- FRTTEIT N Ay
LSRG SIS WAL V)

b # e 4 = g
R -5 -

~ecord tes, 110 - 0194
ISy - T T0 k0

M7 onie S

Fecors nge, 1190 - 120
SIINAL - TGy
chl hl chl chd A5 v Y7 R hR 12 ohil hiD ohid ohid il
S
si'm3t dg.deq Twidea D) Tdfzeq It tumizidy
3,7

£~ “n o - rogee
H Y . R 20,453

AgIgne tos. 210 - 1128

(7045047 - 18 04T

miommlozhI o ochd enf ozhe ThT B N3 ol Il oniD h(T onid if
N i 1 : 3 ¢ 3 4 2 M “ 5 0 ¢ o
fas 32 deq’ Tw 2eg
I 4 0.2
feraer mes, 13T - TR
ME SHERE R SRR SRLN S|
LortDoThIomdreIothr T ormnomE el mlloomiloomlT smie it
N . .
-c vz zzdes Terzzg D Tivies
b € .8 2.3
Tacaez mog, A0 - 1TEM
tdlS0dT -
R S R T ERRAREL R M
N ! : ¢ n 2 A B i N c o ¢ ¢ i

LR 1:des Tezee DU Tises DU otuminit,
L 28 3.8 2t 4N

*lomIonT o D e T g
PO : b I
“in 3 sdicaqr Twoleq I Tz des I umitity
4.2 o 3,7 11,3 TR
~ .
Tesser mp, IO - 4
245087 - % 8T
[ R LD ST LS VST -3 Pt B SR S AL LT BT L]
[ R : ! PR DI D I
N 2 . . ! : p] N : . r 3
R id'dec Tadeq It T4 ozes TV tupiaity
i ot 2.2 . - R

-

e ——Y———

95



fecIni -pe, LY - Tl

o
.e:ce:e;) PRRY PR/ -,:_/)
PRl Dl T I R - Bt B AT DO SO SOV Y I 11
? 1 N ! bl Y 9 ol e 7 2 z j} ¢
13 Zeg: Twite3 ' T3 'geg O! tumis
2% 16,0 iy 7.0
cvee _ ameg
IDAEE A

1€, 48, 81

) iOchI D e D ocme T 8 eh§ o
—~
| P ! tor v S A
fiimry wUceyt T Zen ) Tdides It omimiziav

-ty

L O S A T S-S O AT —mtT amtT aerg anE
4 ~ - . . . . .
R B w2 ieg. Taoze3 D T2oges o taenIiv
4.4 R RS e T,
“:E - VT
(A =
* T3t 15T - o SiId
R
\ D S LR I R bt 1
¢ S N ¢ oo
soo3c3 o4 e Teden T Todee O waiditv
4, 45 9.7 s TeTen
\ 4 --f
3 RO

g pat® a1t e tA em i ean
=¥ LRt B BN Do
5

Lol ooy md e ot o8
P P S S

wizea 11 T3'ded TV “ymidity
& R 2.9 7 ke ™




TTY———— w— — vy

o

——

Cana aeom

o
[P
o
E
v
»
i
o e
W
. 4
H
B
"
aoay
RN
IR
I
v
"
S b2
e 0
-
.
.

FINLECR B S I

.

Iane ~gg. 1&

N3

R Py L SN MY S TPIY e 1

bt

—tl emt

SRS el mmt T o T

=6

ong

a7

o

o

>

nt -

v ol

z

*

.
[N

i
()

L3

A

W
AT

@
)

R

3

=

' ) ' '
_ 1
H |
v e Wy ' "
1 [} ] 1 1
Ve Y b o
I
] -1 -1 .t 1.
. . 3 ¢
e N b h
' v v [
’ 1 ' 1
s e e '
i v Ve e
+ . 3 1
b T ‘e e
| ) i H [} 1
1 Ve o i e e
T ] .A,w- ~
h T R T
1 u
w o oo o H o e
1 1 1 vouy I
X Xl e L3 e
.
T o e ar e R FYREE
1 ty r LIS T L T L)
s e Ve "
e o Qv e
A W~ -
* .t v r .- T oHe ! - A r L) N
f . f i «
i o Ve 1 i & i 51
. + .- .
oo R e . IR i
¥ ] h I M [ f ‘i
b O i I
~e vt
woe I
ne o By €4 i ot U "R o
i ] ' ! B
) " “ 2 (3] w . -y “ £ 3
l * ] Ll ki) »
-1 -t
“t -$ r - vy - - - -1
s A 1. iry - L ary 1 oy
n ‘ i o ' T o - e e
= ool ™ - ¥ L
. - i R} il
[T ut 1w Ty o 1 o w
f LYo i ™ f R . -
e S o Ve T
1r u L} L & vaore W 4
' u & i w It w i ' w
e LE] . “a o - (R} -t 3 ul o (TR}
' ¥ « - s
)’ e ' .
S “. - - et -y cer .
PR . - . 1 PR - IR .
i b \ T "
1
' i
ot s gy 4w - S JE— — [
o
" al > g vy

7




L.

s

n

Aol

>




—

— -~

T—— e ma g

' y
. _
) e ' R}
' B i S
1 ' X
' i } o
) 1
1 . i .y
| A i o
' . 1 1
i " 1 Y
H :
H f 1 s
H . V -
! 1 1 [
H o i "
1
1 i [
. 1 o
N ¢ 4
" 1 [l
1
N 1 P
o i Ta
' ' i
H L 1 3]
'
. i
. 1 N
i .
v '
i
'
‘e
o
)
1
.
'
[N
i
'
e
"y
.
.t 9
]
e -
' 2
v ]
: s
]
]
H
a4
.
T
.
)




W -

Data from 20¢" April 1988.

All counts are 15 minute averages, anZ are given in
paricles/cce/sec. The data are correctad for the sample volume
difference between the ASAS-X and ASAS-P.

v




———————

‘ '
1
i
'
1
i
I
] .
t
P '
I ‘i
)
' Vo
'
L
L
'
i
1 .
1 :
' '
\ i
i
|
1 .
'
1
o
‘
..
ar e .
s I
i
s
W
P Yo
A
1 "
s
4y
' [
ey
g .
wir € Tr
i r o
. >
4t
P a
4 1 R
' o )%
™ ous .-
_ b ust
vt o S
. i v
2 :
/ 1N wo
1 e er
4 o Voo
P DKl
/ Lr Ty me
e . b
Q Vol B a
i e [
\L H W
v 1o -

' '
} !
{ 1
ur | U .
- 1 -
' | '
e ! .
\ H e <
e ' . <
B 1 . ‘
i | i T
v {
’ . L} !
| \ !
1 T
'
o ] LI L)
1 - .
' 1 )
1 v e
]
- I - A
| { "
1 r
| i e
)
. \ . 1
. 1 - P o M
- 3 .t i
S T s "
i b
r s ~ ] oo . - 1 rEooe
1 4 1 [ 3 ] £
[N A (Rl oy h iy
i r '
H » } o
oy < t t ] ..
+ 1 1 1 L) t -L (4]
b v e . H 1N
e g
1 1 AR |
- e . nonoy o0
r . ‘ 1 I
i - 1 o v H R D
’ 1 ' ’ M
] 1 i
PP 1 .- I
e o e ' o
iy ! 1 1
e ) R CI ey
[ ] [ | m 1
Uy v T s oo L T ITRE Voar
I 1 H ' ' '
5 x | v 2 \ Ve i [
¥ 3 1 2 1t
t 1 ] kY]
- T -1 . i ~t o1 — ot
1 B 1 f 3 1 .
v s -1 t t 1 v ]
LERRTI t 1
I (
v om ' v | vt !
A 1 [} b I3 1
' } Vi i |
' |
] ] H
it - ) LECERS ] 1 41 L) —
I ) ) 1 m i S wn
i T e E ) et
. P . - = )
v e a g
o ! e i Cer !
N . ] 1 ] E ] + !
o ‘ e £ i “
] ]
' 1 N
———

'
1
1
i
b i
B |
' i
- 1
'
- 1
o 1
s
bl
oo '
- 1
N i
e ‘
1
(R 1
. ]
' '
" |
¢
3
1
1K
1
- i
e '
' '
e 1
'
[O '
i i
i )
'
i
B '
4 1
“r ¢
aor
ar .
€ e oo
I3 b
e T \
+ )
i
v -
h ]
Ve '
ovn
m !
uv voar
1 '
e * 1
b t
1
- !
¢ ey i
i a0
Hoat
LI
Yoo " '
] 1y 1
v 1
]
.
L Voen
1 e [T
te R
- e
oo
ER ' '
P . '
Ve \
1
B

v

L an

13




e e e

e A ae e e e

ot Ll b L e

L I S T - P

- Py —~- ey | -nC - - s F e N T L em T

S o ohI omdome & Im7 o= i oomilozmlloomilozmiloomid o
c -~ - . . . ; “ p N

[ o ST S I IR L S LR R BT S LS R

PR B T R D e M
e n o= . - T Ta e ~ P

- = - ~ - - =T -laae st

ot - P

Toacs, ITID - DTS

133 - (DT
H G A St b S

R . . . . . . A

“hI mel emttoont W4T agig o oncC
. . ‘ oy .

we toz 137225 Taozes 10 T2 zen D
Ll poy b¢ e
T ommd oot oomllooeiloml
vz gzzer Twley o Tiizma Do
S o 5,4 L7




g

Py —

r'\ ‘
LR R

o

T v T L - B el L DA D DAL
I T ! : : : . : R
s eliot- R T dae T
24z 2.9 €}
Zacmer sae, 67T o
B T
PO A Dk T A L DA D -l -
L w s T T T e oot
SST3 33 323 Twieg It TdoZeg D
" -4 - = 1
-l S ol S P - B e =B b bt
3T 457 vEe gt A sy e s s PR . -
== 7OTTD & I T2 c K : z X N z K
' ¢4 myg 12 ler Twozel DY
' T zer £.Z




.

—
Record nes, SNE - 69
1 1159 - 15lE
il i omd S e T
4 . “m s 4 -
= - T -, - -
R 73 33385 wleg . ©
23 c4n €4
Ferzen mce, 2900 - 19NA
(- TRE PEE ST PR B}
o TRDomDomd e o’ P
A ! ¢ b ' 0 0 : i 1 a " o
L ddrdegs Twioes T Tdigec DN oRumiaidy
:, e €< St
oI T S L At -3 L an et T SR (g aaE
3 : I : B PR N
fepr3t otdey TwigzE It Tz oles
.- et c - c
s

5

&4




. N

.At‘i‘

R
Representaticn

55




SRR o2

T

P, .:)l?

oA T

Particle Spactrum At CDF Van Site

|
| 9:45 - 10:45 GMT, 194788
b |' log(partizles. cc's)
: L33
} 1.25 :l{
| 1
! 0.75 -4? & %
l 03514 4 E % E - o
I > [ 4 v
i 05U VU A H ,,EKA‘E‘E@%E&EE‘
| 0T
j -0.25
|0
|! 0,75 — —
} u.uz 0.50 058 0.66 Q.74 0.&2 0.30 0.3%
! particle diameter imicronsy i
h 1
; Particle Spectrum At CDF Van Site i
{ 10:48 — 11:45 GMT, 19/4,88 |
'! logiparticles/cro,’s) l
i 1.5 ] |
! 125 « 7 = l
| 1 Q ? I
[ 0.75 £ g s |
| 05 174 é 'é E Z |
| 0.25 -)‘r‘.ﬁc o o] vl ’ V“ E] —_— — !
j p el TR e B o -
. -0.28 ZRcy
! 0.5 -
! -0,7% H T T — — T ~—r T ~—— T “i
i 042 050 058 0.86 074 082 0.90 0.98
i particle diameter (micronst '
R V- & i

':\\;' :“&:!ﬁ! ,'3"', _,\‘( i

gl



—

N —— >

Particle S'peetrum At CDF Van Site :
11:45 — 12:45 GMT, 193/4-°88 :
logiparticles,  cc's)
1.5

! 1.25 +
1

Q.75
0.5
0.25
g
-0.25
-0.5

-0.75 ‘ : —— !
bz 0S50 058 086 0074 L2 00300 093 !
1
| particle diamater Imicronst i
|
1

Particle Speetrum At CDF Van Site
12:45 — 18:45 GMT, 19./4.°88 ;
logfparticles/cc./s) i
1.5
1.25
1
Q.75
0.5
1]
-0.25
-0,5
-0.75 e A

042 050 058 0.8 0,24 (.82 0.90 0.93
particle diameter (microns)

2

WA S IS (Y U S S Sy S

e B I AN O R O
PEEEE
“a e

—r

—T

(o e it < e o e o A = e e e e

RN
3




v -

13:45 — 14:45 GMT, 19/4,/88

loglparticles/zc s}

Particle Spectrum At CDF Van Site

1.5

[~ T
b 1
N A

w

W
x
x
x
x
x
x
x
x

[

. [
ANODOU U e
TR S O T YO O U Y W

)
[ = =]
. g

-0.75 T T T T T
' e C.50 0.58 0.6 074 Q.22

particle diameter imicrons)
i» indicates no particles)

particle diameter (microns)
(% indicates no particles)

Particle Spectrum At CDF Van Site i
14:45 — 15:45 GMT, 19488 :
log{particles/cc.’s) '
1.5 o
1.25 5 Lo
1
0.7 j .l i
0.5 .
0-23 Jrg , M M M W M X H u |
-0.25 4 2 i
-0.5 ‘ :
‘0.?5 —r T T T =T T T T T T T T T v !
o.u2 0.50 0.52 0.£6 3.7y 0.22 2.90 2.9&

AN



Particle Spectrum At COF Van Site
15:45 — 16:45 GMT, 19/4/88

loglparticles/cc/s)

1.5

1.25 |
it |
7S |
05 Z I
0-":5l J_:a ¥4 ﬂ - MO o M M M x|

- T g
-0.25 2% :
-5 = EA !
‘0-?5 L T B T T T T T T v T T ] r
.42 0.50 0.58 a.sS 0.74 0.22 .90 3,32

particle diameter (nicrons)
% indicates no particles)

Particle S'peetrum At CDF Van Site
16:46 — 17:468 GMT, 13.74/88

loglparticles. cc.”s)

(=] -

S e

Mo LAWY

S T .
ANUNNN

N

shaAe
0.23‘;2 3 287 g el T
-0.25 ©“ e i
=05

~0.75 LI I T T T T T 1 T T T T ﬁ'*J

042 050 058 0.6 0.4 0.8Z 0.30 0.92

particle diameter {mirons)
(* indicates no particles?




Ly

bl

PR RO 4 R Oy

e

Particle Spectrum 4t CDF Van Site
17:46 — 18:46 GMT, 13/4/88
loglparticles/cc/s)

1.5
1.25

05404 4 o4 A
R YEYE:

i Cd ol , . *
= =y i
-0.25 - 27
-0.5 4 4 v i
’0.?5 T A T T T T T T T T T 4 T

042 050 032 0EE 04 082 090 0.98

particle diameter {microns)
(¢ indicataes no particles)

Particle Spectrum 4t CDF Van Site
18:46 — 19:46 GMT, 19/4.°88
logfparticles./cc/s)
1.5

1.25 ?
1 44 f
0.75 _i v
0.5 - 2 E?} 7 !
- A I B
OB AD A Dz LN NS
-0.25 o 2Rz ;
-0,5 v “ ;
'0.?5 L T T T T T T T T T T T T
42 050 058 0.66 074 0.82 0.90 0.98

particle diameter (microns)
(¢ indicates no particles)




Particle Spectrum At CDF Fan Site
12:47 - 13:47 GMT, 20/4/88

logiparticles/cc/'s)

QEEQZZ "
S

b 4
SNV I

AN

'0-?5 T L T T T T T T T

o422 050 0358 0.5 0.7y .22 0.90 0.3

particle diamater (microns)
0% jndicates no particles)

©

Particle Spectrum At CDF Van Site
18:47 — 14:47 GMT, 20,488

logfparticles/cc.’s)

1.5 - ,
125 4 ¥a i
1 -+ E: |
075 =V o = i
-2 DB g |

- i e
025 164 (4 P4 B i 4 2 * ]
—022-{ ZRZEZRZR% 7l
-0.5 4 i Q 3

-3.75 L T T T v ki T R

T T j
glu2 050 058 0.56 074 G.B2 0.30 0.98

particle diameter (microns)
> indicates no particlesl

Ll




Particle Speetrum At CDF Van Site
14:47 — 18:47 GMT, 20/4/88

logiparticles/cc.”s)

1.3 7
1.25 1
1 j :
.75
0.5
0.25 1! 22 = * »*
g j - BT SR ¥s Sae S £ 5] :
-03.25 ~ E/; o B v
-5 4 e £
_0-75 I T T T T v T v T R T

g.u2 050 0.58 0.66 24 0.82 0.90 0.38

particle diameter (microns)
¢ indicates no particles)

R e T T

Particle Spectrum At CDF Van Site
15:47 — 18:47 GMT, 19/4-88

logfiparticles’cc/s)

0 PPy ) 1%
-0.25 “ ¥ A
-0.5 - E/_:] ;’Ei
'0-?5 L4 T T L A L T T T " T T T 4

o4z 050 058 066 074 0.82 0.90 0.9%

particle diameter (microns)
¢ indicates no particles)




——

-

aamiadie

Particle Spectrum At ¢DF Van Site
16:47 - 17:32 GMT, 157488

logiparticles. cc-

‘)

o

le]

e B
[ B
1 =% )':,ﬁ
Tt e
— L
VA
- A

- "

PR
AW
RN

b T
, N
AUNERRY A

L,

WS0 0SS SE LTy

particle diameter (micronss

/)




SENPVIFIISI QRIS S FESURUC! DU CNUURE S VS S

Trajectory Analysis For

19: >

angd 20¢n

Arell

o~
—J

“//r




s*

r

‘2
GOF
g Xosd

/7 s

£2 1WARY

4 _—-—-'-

2

la




: P A S T,
P AR PAR A SRSk D N ¥ SNEPEIP SN L T TS

0. DU R
S D N

SN

PR P N0 T Re T

L !
a L i b

20" Aorl 1983

T LS LS
e e Y




e

okULTION ©

LUNCLUSIONS

Measurements have been made oI the deposition rate or aerosol
to the suriace by the occult, dry and rain-out processes. [t has opeen
demonstrated that the deposition rates of chemical agents when dissaoived
in cloud droplets are large, the deposition velocity being close to thnat
for momentum tO the same suriace when the cloud is in contact with the
ground. These values are at ieast lux greater than the dry deposition
velocity of natural aeroscl to the same surface. [his resuit suggests
that a considerable enhancement o the deposition rates oI soluble
chemical agents is to be expected in elevated regions with complex
terrain. The work nas alsoc shown that the efrfeciency 0f the rain-out
process is substantially increased over elevated topography where the
chemical agents are dissoilved in the low level hill cap clouds. Ihis
process will give deposition rates o the chemical species lux higher
than the occult deposition rates aithough over the lLimited periods

during whicbh rainiall is actually occurring.




