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Forord

I denne rapport beskriver vi resultaterne af det arbejde, der er udfgrt i forbindelse med projektet
"Generalisering og validering af model for afdrift af pesticider til l&ehegn og andre marknzare
biotoper”. Projektet er udfgrt af Aarhus Universitet med stgtte fra Miljgstyrelsens program for
Bekampelsesmiddelforskning i perioden 2010-2011.

Ud over forfatterne til denne rapport har falgende AU-medarbejdere bidraget til projektet: Anna
Marie Plejdrup, Lise Lauridsen, John Rytter, Trine Guldager Sgrensen, Elin Jgrgensen, Zdenek
Gavor, Morten Strandberg, Bjarne Jensen. Sprgjtningerne blev udfgrt af Sjgrslev Maskinstation, og
Arne Jgrgensen og Inger Kunz har lagt jord til undersggelserne. Forfatterne gnsker hermed at
udtrykke deres tak for de naevntes indsats og velvilje.

Projektet har veeret fulgt af en falgegruppe bestaende af Ilse Ankjer Rasmussen fra ICROFS
(Internationalt Center for Forskning i @kologisk Jordbrug og Fgdevaresystemer), Poul Henning
Petersen og Ghita Cordsen Nielsen fra Videncentret for Landbrug, Henrik Frglich Brgdsgaard og
Jarn Kirkegaard fra Miljgstyrelsen, Lise Nistrup Jgrgensen og Kristian Kristensen fra Aarhus
Universitet, Peter Esbjerg og Jens Erik @rum fra Kgbenhavns Universitet, Niels Lindemark fra
Dansk Plantevarn, Ivar Lund fra Syddansk Universitet og Steen Fogde fra Danmarks
Biavlerforening.
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Sammenfatning

I det netop afsluttede projekt "Generalisering og validering af model for sprgjtemiddelafdrift til
lzehegn og andre marknzre biotoper” har vi malt, hvor meget af det sprgjtemiddel, landmanden
sprgjter ud, der ender i markens laeehegn. Malingerne er anvendt til at videreudvikle og validere en
model, der kan forudsige afdriften af de fleste sprgjtemidler under forskellige betingelser. Modellen
kan tage hensyn til de givne egenskaber for pesticidet og til dysens drabestarrelser, hvordan vejret
er, og om der er en sprgjtefri zone mellem traktoren og naturen uden for marken.

Idet fokus vedrgrende afdrift af pesticider bade i Danmark og andre lande primeert har veeret afdrift
til vandlgb, har arbejdet med at forudsige og modellere starrelsen af afdriften under forskellige
forhold veeret koncentreret om den vandrette afsatning af sprgjtemiddel, dvs. afseetningen i 0 m
hgjde. Imidlertid har flere undersggelser vist, at ogsa baerproducerende buske og traeer som fx
fuglekirsebaer, tjgrn, seljeran og hyld er falsomme for selv sma doser af visse herbicider. Det
betyder, at afdrift af herbicider til fx lsehegn kan resultere i en mindre blomstring og barsatning,
hvilket kan have betydning fx for de fugle, der lever af baerrene i vinterperioden, og de bestgvende
insekter, der er afthaengige af en kontinuert tilgang til blomster. Tilsvarende ved vi fra andre
undersggelser, at de blomstrende planter i hegnenes fodpose kan pavirkes af lave herbiciddoser. Vi
har derfor gnsket at etablere en model, som kan forudsige afdriften af pesticider til terrestriske
habitater, inklusive dem med en vertikal udstraekning som fx leehegn.

Undersggelsen bygger videre pa det arbejde, der startede i projektet "Vurdering af omfang og effekt
af afdrift af ukrudtsmidler til danske leehegn eksemplificeret ved metsulfuron”, og har dermed haft
til formal dels at indsamle data for afdrift ved brug af andet sprgjteudstyr og andre sprgjte-
indstillinger med henblik pa at gere afdriftsmodellen mere generelt anvendelig, dels at validere
modellens evne til at forudsige sprgjtemiddel-afdrift.

I juni 2010 sprgjtede vi to gange en mark med et farvestof. Sprgjtningen blev udfert med en
liftophaengt sprgjte med pamonterede luftinjektionsdyser, der begraenser afdriften af pesticid til
markens omgivelse, primeert ved at producere stgrre draber end konventionelle dyser, idet store
dréber afseettes hurtigere i afgreden end mindre draber. Vi malte afsetningen af farvestof pa blandt
andet traeernes blade og curlere, idet curlere er et mere ensartet opsamlingsmedie. Ved at indsamle
prover i forskellig afstand til sprgjten og i forskellig hgjde fik vi data, som udtrykker afseetningen fra
denne type dyse, og som kan sammenlignes med tidligere indsamlede data for konventionelle dyser.
Desuden er data anvendt til at videreudvikle og validere afdrifts-modellen mht. forudsigelse af
afdriften fra forskellige typer hydrauliske dyser. Derudover er de indsamlede data sammen med
data fra projektet "Vurdering af omfang og effekt af afdrift af ukrudtsmidler til danske leehegn
eksemplificeret ved metsulfuron” og data fra litteraturen brugt til at tilpasse afdriftsmodellen til at
kunne beregne effekten af det tryk, dyserne arbejder med, sprgjtebommens hgjde over afgrgden og
sprgjtemidlernes damptryk. I forbindelse med denne tilpasning blev
drabestarrelsessammensatningen af dyserne analyseret for at fa sa realistisk et udgangspunkt for
modellen som muligt.

Efterfglgende er modellen anvendt til at beregne sprgjtemiddelafdriften til lehegn og vandrette
flader ved anvendelse af forskellige dysetyper, nemlig en konventionel fladsprede-dyse (Hardi 4110-
16) og en almindelig luftinjektions-dyse (TeeJet Al 110-04). Afdriften ved varierende dysetryk er
ligeledes beregnet, og forskellen mellem pesticider med forskelligt damptryk er vurderet. Desuden
er afdriften ved sprgjtning i forskellig bomhgjder beregnet, ligesom betydningen af vindhastighed,
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temperatur og relativ luftfugtighed er beregnet. Endelig er betydningen af en sprgjtefri bufferzone
for afdriften til sdvel leehegn som vandrette arealer uden for marken estimeret.

1.1 Hovedkonklusioner
Som forventet var afdriften mindre ved brug af luftinjektions-dysen end ved de tidligere malinger
ved sprgjtning med fladsprede-dyse i den samme mark og malinger i de samme laehegn.

Afdriftsmodellen er nu udviklet til at kunne forudsige afdriften ved brug af de fleste typer af
sprgjtemidler og forskellige typer hydrauliske dyser under forskellige meteorologiske forhold og ved
forskellige indstillinger af sprgjteudstyret.

I forhold til det tidligere projekt tager modellen nu hensyn til, at drabernes forskellige
faldhastigheder ogsé har betydning for afseetningen i selve sprgjtesporet, hvilket har forbedret
modellens forudsigelse af afdriften.

Modellen vil kunne anvendes administrativt, hvis der skabes et bruger-interface.

Forskellen i afdrift til lehegn mellem de to typer af dyser viser, at der er potentiale for, via valg af
sprgjteudstyr, at reducere mangden af pesticider, der lander i leehegnene og dermed reducerer
blomstring og frugtsaetning.

Samtidig viser savel malinger som modelberegninger, at der ikke er den store effekt af sprajtefrie
bufferzoner pa afdriften til leehegn, specielt ikke i den gverste del af lehegnene, hvor frugterne ofte
er mest talrige.

Modelberegningerne vil ogsd kunne anvendes til at nuancere fx afstandskravene ved sprgjtning
langs vandlgb og andre typer natur ved anvendelse af forskellige typer sprajteudstyr og under
forskellige sprgjtebetingelser.
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Summary

In the recently completed project "Generalization and validation of a model for spray drift in hedges
and other biotopes near to fields”, we measured how much of the farmer’s pesticide spray ends up
in the hedgerow adjacent to the field. The measurements have been used to validate a model that
can be used to predict spray drift from most pesticides applied under various conditions. The model
takes into account the pesticide’s given properties, the nozzle droplet size, weather conditions and
whether a spray free zone has been established between the tractor and nature bordering the field.

As the focus in Denmark and other countries has primarily been on drift to streams, predicting and
modeling the extent of drift under varying conditions has been centered on horizontal spray
deposition, i.e. deposition at a height of 0 m. However, several studies have shown that berry
producing bushes and trees, e.g. bird cherry, hawthorn, Swedish white beam and elder, are sensitive
to even small dosages of certain herbicides. This means that drift from herbicides to e.g. hedgerows
may result in reduced numbers of flowers and berries, which may have an impact on e.g. birds that
feed off the berries during winter and pollinators that depend on continuous access to flowers.
Similarly, we know from other studies that flowering plants in the hedgerow bottom may be affected
by low dosages of herbicide. We therefore wanted to establish a model that can predict the drift of
pesticides to terrestrial habitats, including those that grow vertically, such as hedgerows.

The study continues the work started in the project "Assessment of extent and impact of herbicide
spray drift on Danish hedgerows, exemplified by metsulfuron”, and the purpose has thus been
partly to collect data on spray drift from other spray equipment and spray settings in order to make
the model more applicable in general, partly to validate the model’s ability to predict spray drift.

In June, 2010, we sprayed a field twice with a dye marker. Spraying was performed with a sprayer
mounted with air injection nozzles that limit pesticide drift to the areas surrounding the field
primarily by producing larger droplets than conventional nozzles, as larger droplets are deposited
faster in crops than smaller droplets. We measured the deposition of dye on tree leaves and hair
curlers, as curlers constitute a more uniform collection medium. By collecting samples at varying
height and distance from the sprayer, we obtained data that reflects the drift from this kind of
nozzle and can be compared to previously collected data on conventional nozzles. In addition, the
data is used to further develop and validate the drift model for predicting drift from various types of
hydraulic nozzles. Also, the collected data along with data from the project “Assessment of extent
and impact of herbicide spray drift on Danish hedgerows, exemplified by metsulfuron” and data
from the literature are used to adjust the drift model to calculate the effect of nozzles pressure, the
distance of the spray boom to the crops and the vapor pressure of the pesticides. In connection with
this adjustment, nozzle droplet size was analyzed in order to make the basis for the model as
realistic as possible.

Subsequently, the model has been used to calculate pesticide drift into hedgerows and horizontal
surfaces when applying different types of nozzles, i.e. a conventional flat fan nozzle (Hardi 4110-16)
and an air injection nozzle (TeeJet Al 110-04). Spray drift at varying nozzle pressure was also
calculated and the difference between different pesticides with varying vapor pressure was
evaluated. In addition, spray drift from spraying at varying boom height was calculated as was the
importance of wind speed, temperature and relative humidity. Finally, the effect of a spray free
buffer zone on drift to hedgerows and horizontal surfaces outside the field was calculated.
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1.2 Main conclusions
As expected, spray drift was reduced when using the air injection nozzle compared to previous
measurements using a flat fan nozzle on the same filed with the same hedgerows.

The drift model has now been expanded so that it is able to predict drift when using most pesticides
and various types of hydraulic nozzles under varying meteorological conditions at different settings
of the spraying equipment.

As opposed to the previous project, the model now takes into account the fact that the droplets’
different falling velocities also influence the deposition in the spray track, and this has improved the
model’s ability to predict spray drift.

The model could be applied administratively if a user interface is created.

The difference in spray drift into hedgerows from applying the two types of nozzles shows that it
may be possible to reduce the amount of pesticide that ends up in the hedgerow and affect flowering
and fruit set, by choosing the proper spraying equipment.

At the same time, measurements and model calculations show that spray free buffer zones do not
have a major impact on spray drift into hedgerows, especially not in the upper part, where fruits are
most abundant.

Model calculations can also be used e.g. to refine distance requirements for spraying along streams
and other types of landscapes when using different types of spraying equipment under varying
spraying conditions.

Generalisering og validering af model for afdrift af pesticider til lehegn og andre markngre biotoper
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2. Baggrund

Sprgjtemiddelafszetning i hegn og andre marknaere biotoper bestemmes af mange forskellige
forhold sdsom hgjde af bom, dysetype, sprgjtetryk, afstand til spregjten, antal sprgjtespor (dvs.
bredden af den sprgjtede zone) og meteorologiske forhold (Gilbert og Bell 1988, Nordby og
Skuterud 1975, Murphy et al. 2000, Yates et al. 1978, Davis et al. 1994,Goering og Butler 1975).
Tidligere undersggelser (fx Bruus et al. 2008) har desuden vist, at der er stor forskel pa afsaetningen
i vegetation af forskellig hgjde, og at tiltag, der skal reducere afdriften af sprgjtemiddel, ikke altid
har lige god effekt i forskellig hgjde. Fx vil en sprgjtefri randzone ikke ngdvendigvis gavne leehegn
og de dertil knyttede organismer.

Der er i det tidligere projekt "Vurdering af omfang og effekt af afdrift af ukrudtsmidler til danske
leehegn” (Bruus et al. 2008) opstillet en afseetningsmodel, der ud fra betingelserne under en
sprgjtehaendelse kan estimere den afsatte meengde af metsulfuron-metyl og andre sprgjtemidler
med lavt damptryk i tjgrnehegn.

Afdriftsmodellen forudsiger afsaetning pa emner i en given hgjde og i en given afstand fra sprgjten.
En af svaghederne i afdriftsmodellen har varet, at den initielle afdrift (den del af sprayen som ikke
afsaettes i selve sprgjtesporet) er empirisk bestemt alene ud fra vindhastigheden og luftens
turbulens uden hensyn til dysens karakteristika. Den initielle afdrift afheenger imidlertid ogsa af
drébernes starrelse saledes, at afdriften er stgrst for de mindste draber. Vi har derfor gnsket at
forbedre afdriftsmodellens realisme ved at tage hensyn til dette.

Pa basis af det netop afsluttede projekt "Vurdering af omfang og effekt af afdrift af ukrudtsmidler til
danske leehegn” (Bruus et al. 2008) kunne vi konkludere, at de estimater for afdrift, der for
nuveerende anvendes i forbindelse med risikovurdering af sprgjtemidler, ikke i tilstreekkelig grad
tager hensyn til eksponeringen af marknare naturarealer med en vertikal udstraekning, fx leehegn.
Modelleringen af afdriften viste nemlig, at flere sprgjtespor bidrager relativt mere til afseetningen af
herbicid i hegnstreeer, end tilfeeldet er for afseetningen i lav vegetation sdsom hegnenes fodposer.
Saledes er afdriften i 4 m hgjde op til 30 gange sa stor, nar bidraget fra en sprgjtezone pa 120 m
summeres (i dette tilfeelde 10 sprgjtespor), som bidraget fra 12 m (spragjtesporet naermest hegnet)
ved en sprgjtning uden sprgjtefri randzone. | 2 m hgjde er der ikke nar sa store forskelle (ca. 1,3
gange sa meget afdrift fra 120 m som fra 12 m). Idet den modelberegnede afdrift kan omszttes til
afseetning i hegnet, har det veeret muligt at sammenligne modelberegningerne med tidligere
undersggelser. Gilbert & Bell (1988), Nordby & Skuterud (1975) og Yates et al. (1978) fandt, at der
maksimalt blev afsat 3,4-10 gange sd meget fra 10 spor (70-120 m) som fra et spor, og dermed er
der nogenlunde overensstemmelse mellem modelberegningerne og disse undersggelser. Vores
tidligere undersggelse bekrefter sdledes, at der ved vurdering af afdrift fra marksprgjtning ber
medtage bidragene fra mindst 120 m. Dette er endnu vigtigere ved vurdering af afdriften til hegn
ved etablering af sprgjtefrie bufferzoner, idet det relative bidrag fra de fiernere spragjtespor gges, nar
bredden af bufferzonen gges. Det har derfor veret relevant at medregne bidraget fra en endnu
bredere sprgjtezone.

Modellen er tidligere valideret mht. til forudsigelse af afseetningen i tjgrn ved sprgjtning med
dysetypen Hardi 4110-16 (konventionel dyse) ud fra oplysninger om den dysespecifikke
drabestgrrelsesfordeling for en naesten tilsvarende dyse (XR 11002). Endvidere har modellen veeret
anvendt til at beregne af drift ved brug af en afdriftsreducerende dyse (TeeJet Al 11004). En
validering af modellen i forhold til den afdriftsreducerende dyse har veaeret gnsket om at underbygge
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modellens anvendelighed yderligere. Tilsvarende var en gentagen validering pa baggrund af de
eksisterende data for den konventionelle dyse, men med nye oplysninger om den dysespecifikke
dréabestgrrelsesfordeling for preecis den anvendte dyse pakraevet. Med sddanne undersggelser vil
man i hgjere grad veere i stand til kvalificeret at sammenligne effekten af forskellige
afdriftsregulerende tiltag som fx sprgjtefrie randzoner og afdriftsreducerende sprgjteudstyr og -
indstillinger.

Mange pesticider vil fordampe under afdrift, jf. http://www.eu-footprint.org/ppdb.html. De
hidtidige modelberegninger blev gennemfart under antagelse af, at det anvendte pesticid ikke
fordamper fra draberne, dvs. stoffet har et meget lavt damptryk. Vi har derfor gnsket at indarbejde
pesticidets damptryk i modellens drabemodul, og ved hjelp af afdriftsmodellenat undersgge,
hvilken indflydelse damptrykket har for udviklingen i koncentrationen i draberne under
transporten veaek fra sprajten og dermed i afseetningen af pesticid pa planter.

| de tidligere undersagelser af afdrift af metsulfuron-metyl (Bruus et al. 2008) blev der kun i ringe
udstreekning malt afseetning til vandrette flader, idet formalet med undersggelserne var at studere
afseetning i lehegn. Det har imidlertid veeret vaesentligt, at sddanne malinger udfgres med henblik
pa validering af modellens forudsigelser af afseetning i lav vegetation og pa vandrette flader.
Desuden kan disse malinger indga i massebalance-betragtningerne i forbindelse med valideringen
af modellens forudsigelse af, hvor stor en andel af pesticidet afsaettes vandret, og hvor stor en del
driver med vinden.

Formalet med projektet har sdledes veeret at gge anvendeligheden af en allerede opbygget
afdriftsmodel (Bruus et al. 2008) saledes, at modellen kan bruges som et ressourcebesparende
veerktgj til at vurdere eksponeringen af marknzre biotoper for afdrift af sprgjtemidler. Modellen vil
ikke i forbindelse med dette projekt blive offentlig tilgeengelig, men vil kunne udvikles til at blive
anvendt af personer med almindelig computererfaring og en smule landbrugsfaglig indsigt i
forbindelse med radgivning, i undervisning og eventuelt regulering af pesticidanvendelsen.
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3. Materialer og metoder

I projektet er udfart forsgg og malinger, der har genereret data for afsetning af sprgjtemiddel
vandret og lodret samt de aktuelle meteorologiske forhold, som bruges til dels at validere den
tidligere opstillede afdriftsmodel, dels at udvide modellens anvendelsesomrade til ogsa at omfatte
afseetning af pesticider pa vandrette flader, afdrift af fordampende stoffer og en bredere sprgjtezone
(flere sprajtespor). De konkrete indsamlinger af data er naermere beskrevet nedenfor samt i Bilag 1
og Bilag 2.

3.1 Rapportens opbygning

Der er gennemfart to sprgjtninger med luftinjektionsdyse. Ved disse sprgjtninger er indsamlet mal
for afsaetning i forskellig afstand til sprgjten og i forskellig hgjde. Data fra disse sprgjtninger indgar
sammen med eksisterende data fra det afsluttede projekt ” Vurdering af omfang og effekt af afdrift
af ukrudtsmidler til danske leehegn eksemplificeret ved metsulfuron” (Bruus et al. 2008) i artiklen
"Pesticide deposition due to spray drift into hedgerows from multiple spray swaths” (Bilag 1, Kjeer et
al. 2014), i hvilken der findes en nermere beskrivelse af de udfarte forsgg. Desuden er data fra
begge projekter anvendt til opbygning og validering af en model, der kan forudsige afdriften af
sprgjtemidler med alle relevante damptryk til lehegn ved anvendelse af forskelligt sprgjteudstyr,
forskellige indstillinger af sprgjteudstyret, varierende meteorologiske forhold og varierende afstand.
Denne model og forskellige scenarieoutput er praesenteret i artiklen ” The OML-SprayDrift model
for predicting pesticide drift and deposition from ground boom sprayers” (Bilag 2, Lgfstrgm et al.
2013). | kapitel 3 praesenteres resultaterne fra nervaerende projekt kort, med henvisninger til de
faromtalte artikler/bilag. | kapitel 4 er resultaterne fra nervaerende projekt diskuteret sammen med
andre relevante studier, herunder Bruus et al. (2008). Kapitel 5 opsummerer konklusionerne fra
naerveaerende projekt, og kapitel 6 praesenterer nogle forskningsmaessige og administrative
perspektiver.

3.2 Princippet bag afdriftsmodellen

Det generelle princip i den udviklede afdriftsmodel (Bruus et al. 2008) bygger pad sammenbyg-
ningen af en drdbemodel og en spredningsmodel. Drdbemodellen beskriver som det centrale, en
drébes starrelse og faldhastighed, som er afggrende for afseetningshastigheden til (jord-)overfladen.
Spredningsmodellen beskriver spredning, fortynding og afseetning af en udsendt 'sky’ af draber.

Nar en drabe forlader en dyse pa en sprgjtebom, begynder den straks at fordampe og blive mindre
under transporten mod overfladen. Store draber vil umiddelbart falde til jorden uden navneverdig
@ndring af stgrrelse; men jo mindre draben er, jo starre er sandsynligheden for, at draben 'fanges’
af (middel-)vinden og turbulente hvirvler, hvilket betyder at opholdstiden i luften forgges
betydeligt, og at draben begynder at mindskes og dermed ogsa mindske faldhastighed.

Den udviklede afdriftsmodel tager udgangspunkt i en drabesterrelsesfordeling bestemt af
tabelveerdier for den anvendte dyse samt den udsprgjtede maengde veaeske og herbicid pr.
arealenhed. Den andel, der ikke umiddelbart afseettes i det karte sprgjtespor, men fgres videre med
vinden, betegnes "initiel afdrift” og er omtrent proportional med vindhastigheden.
Drabestgrrelsesfordelingen er i modellen repraesenteret ved et endeligt antal diameterintervaller a
10 um, hvor egenskaberne for en drabe med den centrale veerdi beskriver hele intervallet.
Beregningen foregar for et sprgjtespor ad gangen, og bidrag fra et givet antal spor adderes.
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For et sprajtespor beregnes fordampning og afsatning til (jord-)overfladen i skridt henover sma
arealelementer nedstrgms for sporet. Ved hvert skridt beregnes drébernes nye diameter (efter
fordampning) og nye faldhastighed, som bestemmer afsatningshastigheden til (jord-)overfladen.
Princippet er skitseret i Figur 2.1.

Drabemodellen beskriver udviklingen af en drabes stgrrelse og faldhastighed, efter den har forladt
en dyse. Modellen tager hensyn til udgangshastigheden pa dysen, luftens fugtighed og temperatur.
Modellen tager ogsa hensyn til at drdberne indeholder oplgste stoffer (fx pesticider). Hvis draberne
opholder sig tilstraekkelig lang tid i luften, vil de til sidst fordampe til en mindste stgrrelse, hvor det
opleste stof 'holder’ pa det sidste vand. Slutdiameteren afhaenger af startkoncentrationen af det
oplgste stof.

Spredningsmodellen kan umiddelbart handtere spredning og afsaetning af en drébe, som har en
konstant faldhastighed. Nar en drébe under transporten med vinden &ndrer diameter, vil
afseetningshastigheden ogsé endres. Det tager afdriftsmodellen hensyn til ved at koble drabe-
modellen pa som et modul i spredningsmodellen. Spredningsmodellen beregner spredningen af
afdriftsfanen i trin vaek fra sprgjtezonen, og for hvert trin anvendes drabemodellen til at beregne en
aktuel drabestgrrelse og faldhastighed pa basis af transporttiden, inden afsaetningshastigheden og
dermed afsaetningen beregnes. Dette princip anvendes for alle draber, som grupperes i
starrelsesklasser 4 10 um i forhold til startdiameteren.

Afdriftsmodellen kan herved bestemme en koncentration af en given drabestarrelse i en vilkarlig
afstand til spregjtesporet og i vilkarlig hgjde over jorden. Hver drabe har fra starten den samme
koncentration uanset stgrrelsen, og dermed et givet stofindhold. Selv om draberne bliver mindre
under transporten, vil de stadig indeholde den samme stofmangde, som ved start, idet de anvendte
stoffer har meget lavt damptryk. Derfor kan modellen i et givet punkt beregne den samlede
stofmaengde pr. m3 (eventuelt for et interval af stgrrelser) ved at summere over drabestarrelsernes
stofmaengde og deres antal.

Modellen tager ikke hensyn til drabernes indbyrdes drabepavirkninger, drabesammenfald i
sprayen. Drabesammenfald vil betyde lidt flere starre draber (pa bekostning af sma draber), hvilket
i beregningerne vil give en lidt for lav afseetning til overfladen og lidt for stor afdrift. Disse effekter
er af sekundaer betydning og starrelsen af manglen/fejlen fremgar af at malinger og beregninger
stemmer godt overens.
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Startdefininitioner Tid,t=0 t=At t=2At
Start Interval  Emission Do  Drabe- pg Vs Dep. Drabe-  pr)  vs  Dep.
dia. dul dul
(pm) (um) Antal modu Antal Modu Antal
5 o-10 Q1 5 d|(t) vs(dl) Ql.l d|(t) Vs(d1) Qz.1
15 10-20 Q2 10 dz(t) Vs(dz) Q1.z dz(t) Vs(dz) 22
25 20-30 Q3 25 dj(t) Vs(d) Q4 dj{t) Vs(d) Q,
35 30-40 Q4 35 d,t) Vsd) Q. d() Vvsd) Q.
- - Qo.N - - - Q'I.N - - Qz.N
Emission Afstning ,,_____/""s-_- Afsztning
TN
Qo,(1,...N) ’~_,’~I—" -
-~
P4 S 4/ l A|
d ~‘I :
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[ I I I I I I I I 1
Q. Qi 1.N)
t=1%At t=1%At

Qjj = -v4(d))*C; hvor C er bestemt af spredning af alle “emissionerne” Qy; for k=0,1,....i

FIGUR 3.1. SKEMATISK FREMSTILLING AF AFDRIFTSMODELLEN, SOM SAMMENKOBLER
DRABEMODELLEN OG SPREDNINGS- OG AFSATNINGSMODELLEN OML-DEP. FOR EN VIND FRA
VENSTRE MOD HZJRE BEVAGER MODELLEN SIG I TRIN (AT) VAK FRA SPRZJTESPORET MED EN
EMISSION QO,1..N, HVOR INDEKS O REFERERER TIL AREALET INKLUDERET | FORSTE TRIN OG 1.N TIL
KLASSER FOR INITIELLE DRABEST@RRELSER, DO. | NAESTE TRIN V/ZAEK FRA SPR@JTESPORET ER DER
FORL@BET EN TID T. MED DRABEMODELLEN BEREGNES FOR HVER INITIELLE DRABEST@RRELSE EN
NY DIAMETER DI(T), SOM HAR INDFLYDELSE PA AFSZATNINGSHASTIGHEDEN. SPREDNINGSMODELLEN
BESTEMMER DEREFTER FORTYNDINGEN OG EN AFSATNING, Q1,1..N, | DETTE TRIN. DENNE
AFSATNING FRATRAKKES DEREFTER DEN TILGANGELIGE STOFMANGDE | DEN VIDERE BEREGNING
LZANGERE VZEK FRA SPR@JTESPORET. VS ER FALDHASTIGHEDEN AF DRABER OG VD ER
AFSATNINGSHASTIGHEDEN, HVOR BEGGE ER FUNKTION AF DIAMETEREN D.

3.3 Maling af afdrift
Bortset fra de anvendte dyser er metoderne er stort set identiske med metoderne anvendt i Bruus et
al. (2008) af hensyn til muligheden for at anvende gamle og nye data sammen.

I juni 2010 gennemfarte vi to sprgjtninger med farvestoffet natriumfluorescein i marken med en
luftinjektionsdyse, TeeJet Al 110-04. Forsggene blev udfert i en kornmark med ca. 20 cm hgj
afgrede. Afseetningen af sprgjtemiddel i hegn blev bestemt ved sprgjtning i fem sprgjtespor langs et
lehegn. Under sprgjtningerne indsamlede vi data, der beskriver sprgjtefanens horisontale og
vertikale udbredelse i bevaegelse med vinden over flad mark mod hegn samt afsatningen i hegnet.
Idet sammenhangen mellem afsaetning af farvemarkaren natriumfluorescein og ukrudtsmidler med
lavt damptryk (fx metsulfuron) er kendt (Bruus et al. 2008), er der alene sprgjtet med farvestoffet.

Under forsgget malte vi afsetningen i fem hgjder (0, ¥2, 1, 2, 4 m) i hegnet. Vi indsamlede prever
fra bade blade og curlere placeret i hegnet, samt curlere anbragt pa 25 master placeret langs
sprgjtesporene (forsggsopstilling er vist i Figur 2.2). Umiddelbart efter karsel i hvert overfarte vi de
indsamlede prover til lystaette veeskebeholdere for at undgé henfald af markeren. Herefter blev den
afsatte maengde sprojtemiddel bestemt ved hjeelp af fluorescensspektofotometri (Sharp 1974; Davis
etal. 1994).

De generelle meteorologiske forhold blev registreret ved hjeelp af en meteorologimast opstillet pa

forsggsmarken. Masten var monteret med udstyr til at male temperatur, luftfugtighed, skydeekke,
vindhastighed mm.
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3.4 Vandret afsaetning

Med henblik pé at verificere modellens beregning af deposition og den samlede massebalance malte
vi depositionen til vandrette overflader (filterpapir) mellem 1. og 2. raeekke af méalemaster i forhold
til sprajtesporet, idet drabeskyen her stadig befinder sig under den hgjeste malehgjde, dvs. skyen
endnu ikke er opblandet til 4 m. Endvidere er draberne endnu sa store og tunge mellem 1. og 2.
sprgjtespor, at deres sedimentation dominerer over den afssetning, der sker med turbulensen. Det
betyder, at afseetningen til et vandret papir pa overfladen vil veere sammenligneligt med
afsaetningen til en overflade med ringe vegetation. | forhold til massebalancebetragtninger er
draberne ogsa sa store mellem 1. og 2. sprajtespor, at malingerne med curler kvantitativt vil deekke
det meste af drabestgrrelsesspektret, der passerer horisontalt.

3.5 Luftstramning i gennem og over laehegn

| spraymodellen ligger en antagelse om, at den mangde luft, som strgmmer gennem leehegnet i det
vaesentligste ikke er anderledes end pé en tilsvarende vertikal flade pa den dbne mark. Det betyder,
at den luftmangde, som eventuelt skulle blive presset op over hegnet, er antaget at vaere af mindre
betydning. For at fa en lidt bedre viden om antagelsen blev der udfgrt malinger af vinden pa marken
og i leehegnet, idet en metode til sammenligning af stremningen pa marken og i hegnet er at se pa
vindhastighederne i de forskellige hgjder og den luftmangde, som strgmmer gennem en vertikal
flade (den horisontale fluks). Malingerne pa marken blev udfgrt med en fritstdende mast med et
ultrasonic anemometer (herefter kaldet en sonic) i hgjden 4,3 m. En sekundeaer meteorologimast
opsat umiddelbart foran hegnet med maleinstrument (sonicanemometer) placeret ved toppen af
hegnet malte forholdet mellem vertikal og horisontal vindhastighed (Figur 2.3). Masten var anbragt
i den taetteste del af hegnet, og malerne var placeret nasten inde i bevoksningen i samme vertikale
plan som de yderste grene ca. en meter fra hegnets centerlinje. Den gverste maling var i samme
hgjde som toppen af leehegnet. Vindmalingerne blev suppleret med maling af en vertikal vindprofil
lige foran hegnet, séledes at fluksen af luft (luftmaengden) gennem hegnet kunne sammenlignes
med forholdene p& marken.
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Leehegn

5 4 3 2 1

Vindretning

== Sprgjtespor 1-5

X Master til maling af afsaetning af sprgjtemiddel

@ Mast til meteorologiske malinger

1m

05m

FIGUR 3.2. SKEMATISK OVERSIGT OVER FORS@GSOPSTILLINGEN I MARKEN, DELS SET |
FUGLEPERSPEKTIV (@VERST), DELS SET PA TVARS AF KGRERETNINGEN (NEDERST).
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FIGUR 3.3. METEOROLOGISK MAST PLACERET | LAEHEGN. DER SES FIRE TVEARBOMME MED UDSTYR
TIL MALING AF BL.A. VINDHASTIGHED. DE TRE NEDERSTE BOMME HAR CUPPER | HZJDERNE 1, 2 OG
3,5 M. SONIC-MALEREN, SOM DESUDEN MALER TURBULENS, ER PLACERET 1 5,1 M, HVILKET SVARER
TIL HGIDEN AF HEGNET.

3.6 Modeludvikling og validering
Afdriftsmodellens anvendelighed til forudsigelse af afsetning af sprgjtemiddel i leehegn og andre
marknare biotoper er blevet gget ved:

e at parametrisere den initielle afdrift ud fra data for den dysespecifikke
drabesterrelsesfordeling af de anvendte dyser og indfgrelse af en submodel (Tilting Plume),
som beskriver de enkelte drabestgrrelsers vertikale nedsynkning inden for sprgjtesporet

. inddrage fordampningen af sprgjtemidler

e  udvide den medregnede sprgjtezone (antal sprgjtespor)

Den videreudviklede model anvender en ny metode til beregning af initiel afdrift, det vil sige den del
af sprayskyen, som driver vak fra selve sprgjtesporet. Uden for sporet er modellen i princippet som
fer. Den initielle afdrift blev far beregnet procentvis ens for alle drabestgrrelser og var med god
tilnaermelse en lineaer funktion af vindhastigheden. Den ny model bygger pa det princip, som i
litteraturen kaldes 'Tilting Plume’, og beregner de enkelte drébers (drébeklassers) gennemsnitlige
vertikale faldvej i sprajtesporet og den tilhgrende statistiske fordeling af draber omkring
gennemsnitspositionen. De numeriske beregninger foregar i skridt pa 1 m mod tidligere 4 m, hvilket
forbedrer precisionen.
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3.6.1 Drabespektre for dyser

Pa grund af, at vi ikke hverken i litteraturen eller ved henvendelse til Hardi kunne fa oplysninger
om den initielle drabestarrelsesfordeling for dysen Hardi 4110-16, henvendte vi os til David
Nuyttens fra firmaet ILVO i Belgien for at fa bestemt drabesterrelsesfordelingen for bade
fladsprededysen Hardi 4110-16 (3 og 5,5 bar tryk) og luftinjektionsdysen TeeJet 110-04 (3 bar).
Drabespektrene blev bestem vha. den PDPA laser-baserede malemetode (Nuyttens et al. 2007b &
2009).

3.6.2 Initiel afdrift

Pa grundlag af eksisterende og nye data blev udviklet en ny submodel for den initielle afdrift fra det
enkelte sprgjtespor pa basis af den malte afdrift pa curlerne pa masterne og de meteorologiske
malinger.

Submodel er baseret pé det sékaldte 'Tilting Plume’ princip (Craig 2004; Lebeau et al. 2011). |
modellen draberne op delt i diameterklasser a 10 pum repreasenteret ved en diameter midt i
intervallet. For hver klasse beregnes de nedsynkende drébernes hgjde over jorden og deres vertikale
spredning med spredningsmodellens metoder, dog saledes at drabefanens centerlinie synker med
drabens hastighed og det fiktivt tillades at draberne spredes under jordoverfladen. Nar skyen nar
kanten af sprgjtebommen betragtes den andel af drabeskyen, som befinder sig under jorden, som
veerende afsat i sporet. Den resterende del er den initielle afdrift (se evt. neermere i Bilag 2).

I parametriseringen indgar nye data for den dysespecifikke drébestgrrelsesfordeling for dysen
Hardi 4110-16, som er anvendt i det tidligere projekt (Bruus et al. 2008).

3.6.3 Damptryk for pesticider

Koncentrationen af stof i draberne er - udover fordampningen af vand - ogsa under indflydelse af
eventuel fordampning af pesticidet. Her er damptrykket (fordampningshastigheden) af pesticidet
afggrende. Drabemodulet er blevet udviklet til, ud over vand, ogsa at inddrage fordampning af
pesticider. Det har ikke veeret muligt at inddrage indflydelsen fra tilseetningsstoffer pavirkning af
fordampningen (se evt. nermere i Bilag 2).

3.6.4 Sprgjtezonens bredde
Modellen blev udvidet fra at omfatte 10 spragjtespor (120 m) til at omfatte 20 spor (240 m) ved at
udvide modellens beregningsdomane gennem en udvikling/tilpasning af modelkoden.

3.6.5 Validering

De nye precise malinger af drabespektre for fladsprede dysen samt det nye beregningsprincip for
initiel afdrift gjorde, at der méatte foretages en ny modeltilpasning pa grundlag af data fra 2005
(Bruus et al. 2008). Pa grundlag heraf blev modellen valideret mod de nye data fra 2010 for
lavdriftsdysen.

3.6.6 Scenarieberegninger

Der er foretaget en raekke scenarieberegninger, som har til formal at beskrive afdriftsmodellens
falsomhed for inputparametrer/set-up-veerdier og at belyse virkningerne af forskellige tiltag for at
begraense afdriften. Beregningerne beskriver afdriften og den horisontale afsetning (deposition).
Afdriften i form af den horisontale fluks af pesticid (ng cm-2) er beregnet i forskellige hgjder over
jorden i kanten af marken. | modsetning til kalibrering og validering af modellen, hvor kun
drabestgrrelser over 10 pm indgik, indgéar alle drabestarrelser i scenarieberegningerne.

Rakken af inputparametre til beregningerne er listet nedenfor.

e Nominel marktilfgrsel af metsulfuron-methyl: 4 g/ha= 400 ug/m?2, damptryk 7,7 mPa
e  Vaskemaengde: 300 I/ha; svarende til tankkoncentration pa 0,0133 g/I
e Sprgjtebommens hgjde over afgrgden: 0,5 m
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Dysetryk: 3 atm.

Dysetype: TeeJet Al 11004
Vindhastighed: 4 m/s i 4 m hgjde
Vindretning vinkelret pa markkant
Relativ fugtighed: 60 %
Lufttemperatur: 15 °C

Varme fluks: 100 W/m?2
Aerodynamisk ruhed: 0,1 m
Bredde af mark: 240 m

Bredde af bufferzone: 0 m

I hvert scenarie er der kun varieret pa én af parametrene, og de gvrige er holdt konstante.
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4. Resultater

4.1 Afdrift til laehegn

Som forventet varierede afseetningen med savel afstanden fra sprgjten som hgjden i hegnet (Figur
3.1). Desuden varierede afsetningen noget mellem de to sprgjtninger. Det er veerd at bemaerke, at jo
hgjere i lehegnet man maler, desto mindre forskel er der pa afdriften i forskellig afstand fra hegnet.

Resultaterne er naermere beskrevet i Bilag 1.

0,5m 1m
2. sprgjtning 2. sprajtning
B AB-B0m B AB-B0m
m36-48m 1 m36-48m
#2436 m #2436 m
1. sprejtning ®1224m | 1, sprgjtning E ®12-24m
m0-12m m0-12m
0 0;5 1 1,5 0 02 04 06 08 1 12 14
Afsaetning, ug/curler Afsaetning, ug/curler
2m 4m
2. sprajtning 2. sprajtning
B AB-B0m B AB-B0m
m36-48m 1 m36-48m
#2436 m #2436 m
1. sprejtning ®1224m | 1, sprgjtning E ®12-24m
m0-12m m0-12m
o 01 02 032 04 05 06 07 0 0,05 0,1 0,.15 0,2
Afsaetning, ug/curler Afsaetning, ug/curler

FIGUR 4.1. AFS/AETNING AF NATRIUMFLUORESCEIN PA CURLERE | FORSKELLIG H@JDE (0,5-4 M) |
LZAHEGN FRA DE 5 SPR@JTESPOR A 12 M BREDDE VED DE 2 SPR@GJTNINGER MED TEEJET Al 4110-04 |

2010.

4.2 Vandret afssetning

Den vandrette afseetning malt pa filterpapir er vist i Figur 3.2. Ud over disse direkte mélinger af den
vandrette afsaetning, er en indirekte maling af den horisontale afsaetning mellem masterne i 0 m og
12 m foretaget via den curler-maélte forskel i afdriften mellem masterne i 0 m og 12 m. Da kun
ubetydelige mangder af sprayskyen var over 4 m medfgrer en antagelse af massebalance, at
forskellen i fluksen mellem masterne vil svare til den horisontale afsetning. Ved beregning af den
samlede horisontale afdrift/fluks ved en masterne er malingerne i hgjderne 0- 0,5-1-2 og 4 m

veegtet med 0,25- 0,5,-0,75- 1,5 og 2.

De direkte malinger pa filterpapir og de indirekte malinger via curlere er sammenlignet med
modelberegninger i Figur 3.2. Da meteorologien kun varierede lidt i 2010, er afsetningen midlet
over alle sprgjtningerne. Da afsetningen mellem masterne ikke aftager linezrt, repreesenterer den
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malte deposition i 6 m ikke et gennemsnit for hele omradet 0-12 m preecist; i falge
modelberegningerne modtager hele omradet i gennemsnit 38 % mere per m2 end depositionen i 6
m.

Middel horisontal afseetning

0.40

0.35

0.30

0.25

0.20 ~

mg m

0.15 ~

0.10 ~

0.05

0.00 -
Vandret papir Model Curlere

FIGUR 4.2 GENNEMSNITLIG AFSATNING TIL HORISONTAL FLADE (MG M-2) | AFSTANDENO TIL 12 M
BESTEMT VED DIREKTE MALINGER PA VANDRET PAPIR 6 M FRA SPR@JTESPOR, VED INDIREKTE
MALINGER VIA CURLERE AF FORSKELLE | HORISONTAL FLUKS MELLEM MASTER OG
MODELBEREGNING. DATA FOR ET SPRZJTESPOR VED 300 L/HA OG NORMERET TIL
TANKKONCENTRATION PA 1,63 G/L.

4.3 Luftstremning igennem og over laahegn
4.3.1 Vindhastighed

Da der pa marken kun blev mélt i en hgjde, var der ngdvendigt at anvende en teoretisk beskrivelse
af den vertikale vindprofil. Teorierne for vindprofiler teet ved jorden (<30m) er velkendte.
Vindhastighedens, u, variation med hgjden over jorden, z, kan beskrives med fglgende funktion:

u(z)=u?* In Zi +W(a-y/(%} M

hvor u- er den sakaldte friktionshastighed, « er 0,35, zo er den aerodynamiske overfladeruhed og L
er Monin-Ubukhov leengden, som beskriver atmosferiske de stabilitetsforhold. For neutrale
stabilitetsforhold er stabilitetskorrektionen, y (fx Panofsky et al 1984), nul, og vindprofilen
beskrives med den naturlige logaritmefunktion. For stgrre vindhastigheder har stabiliteten mindre
betydning og kan med god tilnarmelse beskrives med neutrale forhold. Under forsagene udgar
korrektionen ca.3 %.
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Det teoretiske profil kan bestemmes pa to méder. Sonic méler veerdien af u* og u(z) direkte,
hvorved z0 kan bestemmes. Herved kan vindprofilen fastleegges. | Figur 3.3 er vist vindhastigheden
pa marken malt med sonic og den tilhgrende teoretiske profil for ca. 9 timer pa forsggsdagen.
Vindhastighederne malt i leehegnet er ogsa vist.

6
5 + Hegn, maling /
-===-Hegn, simpel profil ;:f /)
Mark, teoretisk J/
4 - ====Mark usikkerhed ;’ :’ /
+ Mark, malin /S
_ g |_’_|'I /
Es
)
L=
[
T2
1
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FIGUR 4.3 VINDHASTIGHEDER (MIDDELV/RDIER) PA MARK OG | LEHEGN FOR PERIODEN MED
FELTFORS@G D.14. JUNI 2010 KL. 8:30 TIL 17:45 (SOMMERTID). PUNKTERNE ER MALINGER OG DEN
R@DE KURVE ER DEN TEORETISKE PROFIL FOR MARKEN (SE TEKST). USIKKERHED PA MALINGER ER
0,12 M/S FOR CUPPER I 1, 2 OG 3,5 M OG 2 % FOR SONICMALINGERNE. SE TEKST FOR USIKKERHEDEN PA
DEN TEORETISKE MARKPROFIL.

Usikkerheden pa malingerne var for cupper 0,12 m/s (1 ) og for sonic 2 %. For den teoretiske
markprofil vurderedes usikkerheden - udover de 2 % i malehgjden - til at have yderligere 0-5 %
usikkerhed, som vokser linezert med afstanden fra sonicen saledes, at dette usikkerhedsbidrag stiger
fra 0 % til 5 % ved jorden. Disse usikkerhedskurver er ogsa vist i Figur 3.3.

I forhold til den teoretiske vindprofil p& marken afviger vindhastigheden i laehegnet relativt mest i 1
m og 3,5 m. | 3,5 m er hastigheden klart mindre end teorien, og i 1 m er hastigheden tilsyneladende
stgrre. Dette skyldes sandsynligvis leehegnets ujevne teethed (se evt. Figur 2.3), idet teetheden i 3,5
m er relativt starre, hvilket kan forklare dem lidt mindre hastighed en forventet. Modsat er hegnet
lidt mere &bent i bunden, hvilket giver lidt sterre hastighed. Den generelle tendens er dog, at
hastigheden er lidt lavere i lehegnet.

4.3.2 Horisontal fluks
Den luftmangde, som stremmer gennem en vertikal flade (den horisontale fluks), kan estimeres

ved at bestemme arealet mellem kurverne i Figur 3.3 og y-aksen. Den horisontale fluks af luft
mellem O m og 5,1 m beregnes derfor séledes ved at integrere (1):

5,1
Fluks = jo u(z) dz
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Nér kurven for marken i figuren integreres fas veerdien 20,3+0,9 m3/s/m.

For lehegnet er fluksen beregnet ved et simpelt numerisk integral for leehegnet (arealet mellem den
stiplede grenne linie og y-aksen). Fluksen bliver 19,2 m3/s/m og er saledes ca. 1,1 m3/s/m eller 5 %
mindre end den tilsvarende pa marken. Usikkerheden p& den numeriske integration er dog relativt
stor, nar der kun indgar fire malepunkter, og usikkerheden er formodentlig af samme starrelse som
forskellen i fluksene. Beregningerne indikerer, at en mindre mangde luft tvinges op over hegnet;
det vil sige en vertikal fluks omkring leehegnet pa ca. 1,1 m3/s/m.

4.3.3 Vertikalhastighed i hegn

Sonicen malte ogsa den vertikale komponent af vindhastigheden. P4 marken var der ingen vertikal
komponent, idet marken er horisontal. | liehegnet maltes den vertikale hastighed i 5,1 m for
perioden til 0,45 m/s. Dette viser, at der umiddelbart i toppen af hegnet er luft, som tvinges op over
hegnet. | forhold til den horisontale hastighed (5,33 m/s) udggr den vertikale 8-9 %.

Det formodes, at den stgrste vertikale vindhastighed optrader netop i niveau med toppen af hegnet
og umiddelbart foran, hvor sonicen var placeret. Hvis vertikalhastigheden pa 0,45 m/s
repraesenterer forholdene for et horisontalt plan foran leehegnet, betyder det, at planet kun skal
straekke sig 2,4 m opstrems for at forklare den tidligere beregnede vertikale fluks pa 1,1 m3/s/m (=
2,4 m* 0,45 m/s). Den vertikale stremning vurderes derfor at forega relativt teet ved leehegnet og
have en horisontal udstraekning af samme starrelsesorden som hgjden af hegnet.

4.3.4 Samlet vurdering

Selv om usikkerhederne pa de malte og beregnede horisontale vindhastigheder og flukse er relativt
store i forhold til de beregnede forskelle, vurderes det samlet, at 5-10 % af luften passerer op over
lzehegnet i forhold til den vandrette stremning p& marken. Dette gaelder dog kun for den type
meteorologiske forhold, hvorunder der er mélt. Disse forhold daekker dagtimer med let ustabile
forhold. Der er ikke malt under stabile forhold som typisk optraeder sen aften, nat og tidlig morgen.

Det er den gverste del af luftsgjlen fra marken som lgftes over hegnet. Hvis 10 % af luftsgjlen pa 5,1
m laftes over hegnet, vil det betyde at den gverste 0,5 m af sgjlen passerer over hegnet. Det
medfarer, at for de neermeste sprgjtespor ved hegnet, hvor skyen af spray har lille vertikal
udbredelse, vil stramningen ikke fgre noget af sprayen over hegnet. Farst ved sprgjtning i en
afstand af ca. 20-25 m fra hegnet har skyen, nar den nar til hegnet, en vertikal udbredelse, hvor ca.
5 % af skyens masse fares over hegnet. | denne situation vil modelberegninger veere lidt
konservative.

I hullerne i lehegnet vil der veaere en gget gennemstrgmning af luften (spray) og sammen med, at
noget luft lgftes over hegnet betyder det, at der reelt vil veere mindre spray til radighed for afsatning
end beregnet i spraymodellen, som antager uforstyrret stramning.

4.4 Validering af model

Modellen blev valideret pa grundlag af de nye drabespektre for dyserne. De nye og gamle
drabespektre er sasmmenlignet i Figur 3.4. Forskellene har ikke haft afggrende betydning for de nye
modelberegninger, hvorimod indfgrelse af ny metode for initiel afdrift har haft starre betydning.
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FIGUR 4.4. DEN KUMULEREDE DRABEST@RRELSESFORDELING FOR TRE FORSKELLIGE DYSETYPER
VED FORSKELLIGT TRYK MALT | FORBINDELSE MED DETTE PROJEKT (ILVO) SAMMENLIGNET MED
DATA FRA LITTERATUREN (KLEIN & GOLUS 2004), SOM BLEV BENYTTET | DEN FIRSTE UDGAVE AF
MODELLEN.

Modellen er valideret (Figur 3.5) ved at sammenligne beregnet afseetning med uafhangige, mélte
veerdier fra 2010, altsé ikke malingerne fra 2005, som er anvendt i forbindelse med opbygning og
tilpasning af modellen. I figuren er nogle afvigende punkter markeret med et kryds. Punkterne er
for malinger i 4 m umiddelbart op ad sprgjtebommen i O m. Der males betydeligt hgjere veerdier
end beregnet, hvilket kan skyldes, at traktoren skaber forgget turbulens, som 'fanger’ en lille del af
sprayskyen og fgrer den hurtigt op i hgjden. Modellen har ikke indarbejdet denne effekt.
Sammenligningen for alle punkter giver R2 pa 0,78 med 91 % procent af beregningerne liggende
inden for en faktor 4 af malingerne. Dette er et godt resultat nar det tages i betragtning, at
maélingerne repraesenterer meget kortvarige eksponeringer, som er udsat for stor stokastisk
variation grundet luftens turbulens.

Da modellen er udviklet pa basis af data fra fladsprededysen og valideret mod luftinklusionsdysen
styrker det trovaerdigheden til modellen.
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FIGUR 4.5. MALTE OG MODELBEREGNEDE VZARDIER FOR HORISONTAL AFDRIFT. DE AFVIGENDE
VZRDIER MARKERET MED KRYDS ER MALINGER LIGE VED SIDEN AF SPR@JTEN | 4 M H@JDE, MENS DE
SORTE KVADRATER ANGIVER MIDDELVZARDIER FOR 10 GENTAGELSER | AFSTAND 24 M | 4 HGJDE.

4.5 Scenarieberegninger

Scenarieberegningerne er opdelt i tre grupper: En gruppe som beskriver betydningen af
sprgjteudstyret, en gruppe som beskriver betydningen af de meteorologiske forhold samt en gruppe,
som beskriver betydningen af geometrien af marken, dvs. stgrrelsen af bufferzoner, bredden af
marken og vindens retning i forhold til markkanten.

Den horisontale afsatning er her angivet som procent af den nominelle markdosis i forskellige
afstande fra markkanten.

Scenarierne beskriver afdrift og horisontal afsetning fra en sprgjtet mark, som er 240 m bred, og
hvor vinden er vinkelret pa markkanten. I situationer med bufferzoner langs markkanten er den
sprgjtede andel af marken tilsvarende mindre.

4.5.1 Betydningen af sprgjteudstyr og —indstillinger

Den videreudviklede model forudser ligesom den tidligere model (Bruus et al. 2008) store forskelle
i afdrift af pesticider til lsehegn ved brug af forskellige typer af dyser (Figur 3.6): En almindelig
luftinjektionsdyse 1SO 04 (TeeJet Al 11004), samt fladsprededyserne Hardi 4110-16 og XR11002.
Her er det dysernes forskellige drébespektre (Figur 3.7), som er afgerende for stgrrelsen af
afdriften. XR 11002 har de fleste sméa dréber, hvorfor afdriften ogsa er starst. Forskellen er stgrst
nederst i hegnet.
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FIGUR 4.6. MODELBEREGNET AFDRIFT VED BRUG AF TRE FORSKELLIGE DYSER. HARDI 4110-16 OG
XR11002 REPRASENTERER TRADITIONELLE FLADSPREDEDYSER, MENS TEEJETAI110-04 ER EN
LUFTINJEKTIONSDYSE. VRIGE PARAMETRE FOR MODELKZJRSLERNE ER BESKREVET | TEKSTEN.
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FIGUR 4.7. DRABESPEKTRE FOR LUFTINJEKTIONSDYSEN TEEJET Al 110-04 VED 3 ATM. SAMT
FLADSPREDEDYSERNE XR 11002 OG HARDI 4110-16 VED 3 OG 5,5 ATM.

Generalisering og validering af model for afdrift af pesticider til leehegn og andre marknzre biotoper

27



Modelberegningerne af effekten af sprgjtebommens hgjde viser, at afdriften vil stige betragteligt,
hvis bomhgjden gges fra de anvendte 0,5 m, mens en sa&nkning af bommen kun vil have minimal
effekt (Figur 3.8). Det skal dog praciseres, at beregningerne af bomhgjdens betydningen er noget
usikker, idet der ikke er udfgrt forsgg til validering af beregningerne.

Hojde af bom
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FIGUR 4.8. MODELBEREGNINGER AF EFFEKTEN PA AFDRIFTEN TIL LZEHEGN AF AT ZENDRE
SPRGIJTEBOMMENS HZJDE OVER AFGRJDEN.

De nye modelberegninger af betydningen af dysetryk er udfgrt for dysen Hardi 4110-16, da vi kun
har data til validering for varierende dysetryk for denne dyse. Beregningerne viser (Figur 3.9), at en
@ndring af trykket pa 2,5 atm. kun har begrznset betydning for afdriften, hvilket skyldes, at
drabespektrene for de to tryk er naesten ens. Kurven for 5,5 atm ligger over 3 atm, fordi der ved
hgjere tryk dannes relativt flere sma draber.
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FIGUR 4.9. MODELBEREGNINGER AF BETYDNINGEN AF DYSETRYK PA AFSZATNINGEN I LAEHEGN VED
SPRAJTNING MED DYSEN HARDI 4110-16.

452 Betydningen af pesticidets damptryk

Med den udviklede model er det undersggt, hvad det anvendte pesticids damptryk har af betydning.
Figur 3.10 sammenligner metsulfuron-methyl med et hypotetisk pesticid med 10 gange sa hgijt
damptryk. Der er reelt ingen forskel, hvilket skyldes at damptrykket i forvejen er sa lavt, at der kun
er en meget lille fordampning af pesticidet. Damptrykket for metsulfuron-methyl er ca. 100.000
gange mindre end vanddamps tryk.
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FIGUR 4.10. MODELBEREGNINGER AF BETYDNINGEN AF PESTICIDERS DAMPTRYK PA AFSZATNINGEN |
LAHEGN. AFSATNINGEN VED SPRJTNING MED METSULFURON-METHYL ER SAMMENLIGNET MED ET
HYPOTETISK PESTICID MED ET 10 GANGE SA HZJT DAMPTRYK.

4.5.3 Betydning af meteorologiske forhold

Det er velkendst, at vindhastigheden er en afggrende faktor for starrelsen af afdriften.
Modelberegningerne viser da ogsa, at vindhastigheden betyder meget for afdriften (Figur 3.11), og
at vinden betyder mest nederst i hegnet. Der ses en stgrre relativ effekt af vindhastigheden ift.
tidligere beregninger for dyse XR11002 (Bruus et al. 2008). Det skyldes, at afdriften fra de enkelte
sprgjtespor (initial afdrift) tidligere antoges stort set at veere proportional med vindhastigheden,
hvorimod den initielle afdrift i den nye model anvender princippet med 'Tilting Plume’, som tager
hensyn til dels drabernes faldvej indenfor sporet, og dels hvor meget sprayskyen udvider sig inden
for sporet, hvor begge processer er tilneermelsesvis er funktion af vindhastigheden, sa der er en
stgrre afhaengighed af vindhastigheden.
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FIGUR 4.11. MODELBEREGNINGER AF EFFEKTEN AF VINDHASTIGHEDEN PA AFS/ETNINGEN AF
SPR@JTEMIDDEL | LAEHEGN.

Luftens fugtighed har ogsa betydning for afdriften (Figur 3.12). Sdledes mindskes afdriften ved
hgjere relative luftfugtigheder. Ved hgj fugtighed fordamper vandet fra drdberne langsommere, og
draberne er stgrre, hvilket medfarer stgrre faldhastighed og starre afseetning, hvilket mindsker
afdriften. Der ses en relativ stgrre indbyrdes forskel mellem kurverne end i de tilsvarende
beregninger med den gamle model (Bruus et al. 2008). Det skyldes, at afdriften fra de enkelte
sprgjtespor (initiel afdrift) tidligere kun afhang af vindhastigheden, og fugtigheden kun havde
indflydelse pa afdriften uden for sporet, hvorimod den initielle afdrift i den nye model (Tilting
Plume’) ogsa er pavirket af forskelle i drabernes faldlaengde.
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FIGUR 4.12. MODELLERET AFDRIFT FOR FIRE FORSKELLIGE VARDIER AF DEN RELATIVE
LUFTFUGTIGHED. @VRIGE PARAMETRE FOR MODELKZRSLERNE ER BESKREVET | TEKSTEN.

Den stgrste afdrift findes ved den hgjeste temperatur (Figur 3.13). Forklaringen svarer til effekten af
mindsket fugtighed: fordampningen gges ved stgrre temperatur. Igen ses en stgrre relativ forskel
mellem kurverne end i de tilsvarende beregninger med den gamle model (Bruus el al. 2008) og igen
skyldes det, at afdriften fra de enkelte sprgjtespor (initiel afdrift) tidligere kun afhang af
vindhastigheden, og temperaturens indflydelse kun havde indflydelse pa afdriften uden for sporet,
hvorimod den initielle afdrift i den ny model (Tilting Plume’) ogsa er pavirket af drabernes
a&ndrede faldleengde via temperaturen. Forskellen i forhold til den gamle model er ikke, at der er
regnet for to forskellige dyser, hvilket Figur 3.14 viser. Her ses en tilsvarende betydning af
temperaturens for afdriften for dysen Hardi 4110-16.
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FIGUR 4.13. MODELLERET AFDRIFT FOR TRE FORSKELLIGE LUFTTEMPERATURER VED SPRZJTNING
MED DYSEN TEEJET Al 4110-04. 9VRIGE PARAMETRE FOR MODELKZRSLERNE ER BESKREVET |

TEKSTEN.
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FIGUR 4.14. MODELLERET AFDRIFT FOR TRE FORSKELLIGE LUFTTEMPERATURER FOR DYSEN HARDI
4110-16. GVRIGE PARAMETRE FOR MODELK@RSLERNE ER BESKREVET | TEKSTEN.
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Et eksempel p& en samlet effekt af vindhastighed, fugtighed, og temperatur er vist i Figur 3.15 med
beregninger for tre forskellige meteorologiske situationer. Situationerne er for tre tidspunkter kl. 6,
11 og 16 pé en gennemsnitlig dansk sommerdag beregnet som gennemsnit for de fire
sommermaneder maj til august for en mark ved Ringsted i 2005 (Tabel 5.1). Der ses en stgrre
relativ forskel mellem kurverne end i de tilsvarende beregninger med den gamle model (Bruus et al.
2008), hvilket skyldes den ovenfor ngevnte starre falsomhed over for de meteorologiske parametre i
den nye model.

TABEL 4.1. METEOROLOGISKE PARAMETRE BRUGT | BEREGNINGERNE FOR TRE KLOKKESL/T PA EN
TYPISK SOMMERDAG.

6 2,9 94,7 11,5 0,207 -3,4 269,1
11 4,6 70,1 16,7 0,415 102,2 =721
16 5,0 62,0 18,2 0,442 102,4 -87,0

* ET MAL FOR ATMOSF/ZARENS STABILITET

Tidspunkt pa gennemsnitlig sommerdag
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FIGUR 4.15. MODELLERET AFDRIFT FOR TRE FORSKELLIGE TIDSPUNKTER (ANGIVET I FIGUR) OG
DERMED TRE FORSKELLIGE METEOROLOGISKE FORHOLD PA EN GENNEMSNITLIG SOMMERDAG.
METEOROLOGISKE PARAMETRE ER BEREGNET SOM GENNEMSNIT FOR DE 4 MANEDER MAJ TIL
AUGUST FOR EN MARK VED RINGSTED I 2005. TIDSPUNKTERNE VARIERER MED HENSYN TIL
VINDHASTIGHED, ATMOSFARISK STABILITET, TEMPERATUR OG FUGTIGHED, SOM ANGIVET | TABEL
4.1. VRIGE PARAMETRE FOR MODELK@RSLERNE ER BESKREVET | TEKSTEN.

4.5.4 Betydning af markbredde og bufferzone

Afdriften fra en mark er selvfglgelig afhaengig af, hvor stor eller rettere bred marken er i
vindretningen. Det fgrste sprgjtespor naermest markkanten bidrager relativt mest til afdriften i de
nederste meter af et lehegn; men afdrift fra hele marken bidrager dog med aftagende relativ
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betydning. Specielt i starre hgjde er bidraget til afdriften fra fjernere spor relativ stor (Figur 3.16).
Betydningen af de fjernere sprajtespor viser vigtigheden af at medregne hele det sprgjtede areal.

Bredde af mark
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FIGUR 4.16. MODELBEREGNINGER AF BETYDNINGEN AF BREDDEN (M) AF DEN SPR@JTEDE MARK, DVS.

BREDDEN AF DET MEDREGNEDE SPRGJTEDE AREAL. 8VRIGE PARAMETRE FOR MODELK@RSLERNE ER
BESKREVET | TEKSTEN.

Pa grund af forskellen i fjernereliggende sprgjtespors betydning for afdriften til forskellige hgjder,
har virkningen af sprgjtefri bufferzoner ved markkanten ogsa starst reducerende effekt pa afdriften
i de lave hgjder af et lsehegn. Dette fremgér af Figur 3.17, som viser modelberegninger af effekten af
forskellige bredder pé bufferzoner. Marken er, som i de gvrige beregninger 240 m bred, hvilket
betyder at den totale sprgjtede mangde mindskes proportionalt med bufferzonen, hvilket dog har

mindre betydning. Bidraget fra fjernere afstande for en eventuel bredere mark vil veere ens for alle
zonebredder.
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FIGUR 4.17. MODELBEREGNING AF EFFEKTEN AF USPR@JTEDE BUFFERZONER AF FORSKELLIG
BREDDE PA AFDRIFTEN AF PESTICID TIL LEHEGN. | BEREGNINGERNE INDGAR AFDRIFT FRA DE
NARMESTE 240 M FRA EN MARK. ET EVENTUELT BIDRAG FRA MARKEN | STORRE AFSTANDE ER ENS
FOR ALLE ZONEBREDDER. @VRIGE PARAMETRE FOR MODELK@RSLERNE ER BESKREVET | TEKSTEN.

4.5.5 Betydningen af vindens vinkel pa hegn

Nar vindretningen ikke er vinkelret pd marktanten eller l&ehegnet, vil afdriften &endres. For en given
markbredde, méalt vinkelret pd markkanten, vil vindens straekning over marken gges, nar retningen
ikke er vinkelret pa kanten. Derved kan der opsamles mere spray frem til kanten eller leehegnet, nér
man maler pr. meter vinkelret pa vinden, men da den opsamlede spray skal afsattes i et laehegn,
som star pa skra i forhold til vinden, vil afseetningen ske pa en leengde af hegnet, som er stgrre.
Sinus til indfaldsvinklen bliver stgrre, og dermed modvirkes effekten fra opsamlingen fra det
lengere bestrggne markstykke noget. Praecist hvor meget de to effekter betyder, kan ses af
beregningerne i Figur 3.18.

For en kvadratisk mark er situationen mere kompliceret, idet marken har en endelig udstraekning,
og den bestrggne opvindslengde varierer noget anderledes. | Figur 3.19 er vist beregninger af den
relative variation i afdriften til to af siderne i en kvadratisk mark for forskellige vindretninger. Da
modellen ikke tager hensyn til den horisontale spredning, hvilket ikke har betydning midt pa
lehegnet, vil kurveforlgbene reelt veere en smule mere udglattede. Den samlede afdrift til hele
hegnet svarer til arealet under kurverne og er i forhold til afdriften for 90 grader 108, 112 og 113 %
for vindretning pa 75, 60 respektive 45 grader. De indbyrdes forskelle skyldes, at sprgjtning af de
naermeste meter ved hegnet er relativt mere betydende end de fjernere meter, og ved gget vinkel
gges antallet af 'neermeste’ meter.
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FIGUR 4.18. MODELLERET SAMLET AFDRIFT IO TIL 8 M OVER JORDEN SOM FUNKTION AF VINDENS
VINKEL PA MARKKANT (LAHEGN). AFDRIFTEN ER VIST SOM PROCENT AF AFSZATNINGEN | FORHOLD
TIL VIND VINKELRET PA MARKKANTEN OG BEREGNET PR. LOBENDE METER. MARKEN ER ANTAGET
MEGET LZANGERE END BREDDEN PA 240 M, HVILKET BETYDER, AT VED VINKLER MINDRE END 90
MODTAGER KANTEN/LAHEGNET AFDRIFT FRA EN LAENGERE STRAKNING AF MARKEN; MEN
M/ZENGDEN PROJICERES UD PA ET LAENGERE STYKKE AF LA EHEGNET. KURVEN 'SINUS’
REPRZASENTERER ALENE EN KORREKTION FOR PROJEKTIONEN. @VRIGE PARAMETRE FOR
MODELKZRSLERNE ER BESKREVET | TEKSTEN.
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FIGUR 4.19. SKITSE AF KVADRATISK MARK (T.V.) ANVENDT | MODELLERING AF AFDRIFT (T.H.) TIL
LAHEGN OMKRING MARKEN FOR UDVALGTE VINDVINKLER MELLEM 90° OG 45°. DA MODELLEN IKKE
INDDRAGER DEN HORISONTALE SPREDNING, HVILKET IKKE HAR BETYDNING MIDT PA LAEHEGNET,
VIL KURVEFORL@BENE REELT V/ARE LIDT MERE UDGLATTEDE OMKRING MARKHJ@RNERNE,
SPECIELT FOR Y =-240 OG O M SAMT FOR X = 240 M. @VRIGE PARAMETRE FOR MODELK@RSLERNE ER
BESKREVET | TEKSTEN.
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4.5.6 Horisontal afseetning

Den horisontale afseetning af pesticid til jordoverfladen uden for mark er belyst i det falgende for
nogle vigtige parametre.

Modelberegningerne af den horisontale afseetning uden for marken i forskellige afstande fra
markkant ved sprgjtning med forskellige typer dyser viser samme mgnster som for den vertikale
afseetning (Figur 3.20), idet andelen af sméa dré&ber er bestemmende for stgrrelsen af afdriften.
Figuren viser endvidere, at der vil afseettes mellem 0,5 og 3 % af den udsprgjtede dosering. Bemark,
at skalaen for afsaetning er logaritmisk.

Effekt af dysetype
10,00 - -
] ——XR11002 i
| ——Hardi 4110-16 I
1,00 - ——Teelet Al 110-04 !
e ] [
0,10 { :
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Afstand fra mark (m)

FIGUR 4.20. HORISONTAL AFSZATNING UDEN FOR EN 240 M BRED MARK | FORSKELLIGE AFSTANDE
FRA MARKKANT VED FORSKELLIGE DYSER. Y-AKSE ANGIVER DEN PROCENTVISE AFSATNING |
FORHOLD TIL NOMINEL MARKDOSIS PA 4 G/HA. 3VRIGE MODELPARAMETRE ER BESKREVET I
TEKSTEN.

Tilsvarende beregninger for effekten af sprgjtefrie bufferzoner pa afdrift af pesticider til arealer lige
uden for marken viser en tydelig effekt af bufferzonerne, iser tet pa marken (Figur 3.21). Marken er
som i de gvrige 'standard’- beregninger 240 m bred, hvilket betyder at den totale sprgjtede maengde
mindskes proportionalt med bufferzonen; men forskellen i afdrift skyldes naesten udelukkende, at
afstanden til neermaste sprgjtesporet gges. Bidraget fra fijernere afstande for en eventuel bredere
mark vil veere ens for alle zonebredder.
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FIGUR 4.21. HORISONTAL AFSZATNING UDEN FOR MARKEN I FORSKELLIGE AFSTANDE FRA MARKKANT
VED FORSKELLIGE BREDDER AF SPRGJTEFRI BUFFERZONE. Y-AKSEN ANGIVER DEN PROCENTVISE
AFS/ATNING | FORHOLD TIL NOMINEL MARKDOSIS PA 4 G/HA. @VRIGE MODELPARAMETRE ER
BESKREVET | TEKSTEN.

Modellen forudsiger lige som for afdriften til laehegn en kraftig effekt af vindhastigheden pa den
horisontale afsaetning (Figur 3.22). Betydningen af vindhastigheden stiger med afstanden fra
marken.
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FIGUR 4.22. HORISONTAL AFSZATNING UDEN FOR MARK | FORSKELLIGE AFSTANDE FRA MARKKANT
VED FORSKELLIGE VINDHASTIGHEDER. Y-AKSE ANGIVER DEN PROCENTVISE AFSATNING | FORHOLD
TIL NOMINEL MARKDOSIS PA 4 G/HA. @VRIGE MODELPARAMETRE ER BESKREVET | TEKSTEN.
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5. Diskussion

Den seneste tilpasning af modellen har ikke @ndret pa de overordnede forudsigelser mht. effekter af
sprgjteudstyr og —indstillinger, meteorologiske forhold og bufferzoner, men de nye data for
drabestgrrelsesfordelingerne samt den ny metode til beregning af initiel afdrift har gget
palideligheden af modellen, idet den initielle afdrift er beregnet under hensyntagen til flere
relevante fysiske forhold. Valideringen af modellen viser dog, at modellens evne til at forudsige
afseetning i toppen af hegnet, nar traktoren karer helt teet pa hegnet, ikke er serligt god.
Afvigelserne mellem model og malinger skyldes formentlig, at traktoren, ligesom en hgj bygning,
genererer en ekstra turbulens, som hvirvler draberne hgjt op, hvilket modellen ikke tager hgjde for.

Modellen har en raekke fordele sammenlignet med andre typer af modeller beskrevet i litteraturen.
Den nye model beregner afdriften pa fa sekunder og vil med en brugervenlig menu kunne anvendes
af de fleste inden for sprayfagomradet. Som alternativ har de sakaldte CFD-modeller
(Computational fluid dynamic models) den fordel, at de kan beregne meget komplicerede
stremninger og spredning lige omkring sprgjtebom og dyser; men er ekstremt ressourcekraevende
med hensyn til regnetid samt eksperttid til opsatning og tuning af model til hver ny konfiguration
af sprgjteudstyr. De kan reelt kun beregne afsaetning i den umiddelbare narhed af et spragjtespor og
vil i praksis ikke kunne tage hensyn til fierne sprgjtespor. CFD-modeller er saledes ikke anvendelige
til hurtigt, administrativt brug. De sakaldte trajektorie-modeller, som fglger tusindvis at udsendte
draber og beregner 'hit’-statistik i en given afstand, er ogsa meget computerintensive, specielt ved
starre afstande, hvor der kraeves flest drabeudslip for en tilstreekkelig sikker statistik.
Beregningstiden er reelt for stor til administrativt brug. Sdvel CFD- som trajektorie-modeller er kun
udviklet til neutrale atmosfaeriske forhold og kan saledes ikke beregne for stabile forhold, som
typisk optraeder i de tidlige morgentimer eller sene aftentimer. De sakaldte TiltingPlume-modeller,
som bygger pa Gaussiske rggfane-modeller, hvor centerlinjen synker med samme hastighed som
draberne falder, foretager beregninger meget hurtigt, men modeltypen undervurderer den
horisontale afsatning, nar afstanden bliver mere end cirka 20-30 m, og dermed bliver bidrag for
fjernere sprgjtespor undervurderet.

Sammenligner man afdriften til lehegn ved anvendelse af luftinjektionsdysen TeeJet Al 4110-04
(dette projekt) med de tidligere malinger ved anvendelse af fladsprededysen Hardi 4110-16, er det
sveert ud fra malingerne i felten helt at skelne effekten af dysetypen fra effekten af iseer de
meteorologiske betingelser, som varierede en del imellem de forskellige sprgjtninger.
Modelberegningerne viser imidlertid klart, at den afdriftsreducerende dyse har den forventede
effekt (en reduktion af afdriften pa ca. 75 % ved det anvendte tryk iflg. BBA (2007)) béade pa
afdriften til leehegn og pa den vandrette afsetning. Dette er ogsa demonstreret i artiklen "Pesticide
deposition due to spray drift into hedgerows from multiple spray swaths” (Kapitel 3), idet de
forudsete veerdier for TeeJet Al 4110-04 ud fra variansanalysen af afdriftsdata for Hardi 4110-16
ligger betydeligt over de malte veerdier.

Den direkte méling af den vandrette afseetning malt pa filterpapirer er betydeligt mindre end den
indirekte malt pa curlere. Det kan skyldes, dels at filterpapirerne star lidt i ‘skygge’ af afgraden,
hvorved der opsamles mindre, og dels at afgrgden er mere effektiv til at 'filtrerer’ sprgjteskyen end
et flad papiroverflade. Den indirekte maling er sandsynligvis den mest korrekte.

Modellen deponerer tilsyneladende for lidt i forhold til den indirekte méaling. Modellens
undervurdering af depositionen skyldes formodentligt, at modellen kun via den aerodynamiske
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ruhed kan skelne mellem flad mark og hgj vegetation, men ikke at vegetationen stikker delvist op i
vinden, "filtrerer’ luften og gger depositionen, som det er tilfeeldet i 2010. Den hgje vegetation
optreeder ogsa 9. juni 2005 i Bruus et al. (2008). For de naevnte dage er der en tendens til, at
modellen overvurderer mastemalingerne i sterre afstande, hvilket igen indikerer for lav deposition.
For de gvrige dage i 2005 med lav vegetation udviser modellen ikke samme overvurdering med
afstanden.

Mht. betydningen af diverse faktorer for afdriften til lehegn viser modelberegningerne samt
analyserne af data i Kapitel 3, at vindhastigheden er den vigtigste meteorologiske parameter i
forhold til stgrrelsen af afdriften, hvilket er i overensstemmelse med, hvad bl.a. Arvidsson et al.
(2009) fandt i deres afdriftsforsag.

Modellens beregninger af betydningen af sprgjtebommens hgjde over afgregden understgttes af
Arvidsson et al. (2009), som fandt, at afdriften gges med ca. 0,94 procentpoint for hver 10 cm,
bommen haves. Ogsd Nordby & Skuterud (1975) og Nuyttens et al. (2007a) har vist betydningen af
bomhgjden.

Det kan synes overraskende, at modellen kun forudsiger en lille effekt af dysetrykket pa afdriften,
idet dysetrykket generelt betragtes som betydende for afdriftens starrelse (se fx review af Felsot et
al. 2011). For den undersggte fladsprededyse haenger den ringe betydning af dysetrykket dog tzet
sammen med, at der kun er en lille ggning i andelen af sma draber (< 100 um) ved en stigning i
dysetrykket fra 3 til 5,5 atm, hvilket ifglge Arvidsson et al. (2011) er bestemmende for afdriftens
starrelse fra forskelligt sprgjteudstyr. Desuden viste vore analyser af afseetningen af sprgjtemiddel i
lehegn tilsvarende, at dysetrykket var den mindst betydende af de analyserede variable (Bilag 1).

Idet de fleste pesticider har et lavt damptryk (mindre end vand), viser modelberegningerne, at
forskelle i damptryk ikke vil have nogen betydning for afdriften. Vi har ikke i litteraturen fundet
undersggelser, der kan understgtte dette resultat.

Tilsammen viser resultaterne og scenarierne i dette projekt og projektet "Vurdering af omfang og
effekt af afdrift af ukrudtsmidler til danske lehegn eksemplificeret ved metsulfuron” (Bruus et al.
2008), at der er mange faktorer, som pavirker meengden af pesticid, der driver ud af marken under
sprgjtning. Dermed er der ogsd mange mader for landmanden at reducere afdriften. Tilpasningen af
modellen har ikke andret grundleeggende ved, at der er forskel pa, hvilke tiltag der vil reducere
afdriften til hhv. toppen af et leehegn og til vandrette flader lige uden for marken. Sprgjteudstyret og
de meteorologiske forhold pavirker afdriften til begge typer markneer halvnatur, hvorimod
bufferzoner har langt starre effekt pa afdriften til lave, vandrette flader, fx en nabomark eller et
vandlgb, end péa afdriften til strukturer med en vertikal udstraekning som fx laehegn.

Ud over de faktorer, som modellen tager hensyn til, har ogsa andre forhold betydning for, hvor
meget pesticid der driver ud af marken. Vi har i de gennemfgrte forsgg ikke taget hensyn til
hegnenes gennemtraengelighed. Andre studier viser, at hegnets gennemtraengelighed har nogen
betydning for afseetningen i hegnet. Lazzaro et al. (2008) fandt sledes, at i hegn med en optisk
porgsitet pa 0,75 afsettes ca. 83 % af den udsprgjtede maengde ved sprajtning lige ved siden af
hegnet, mens hegn med en porgsitet pa 0,11 opfangede 97 %. Raupach et al. (2001) viste, at for
draber stgrre end 30 pm fanger hegn mest ved en optisk porgsitet pa 0,2.

Ogsa afgrgdens hgjde og fysiske struktur (fx ruhed) forventes at have betydning for afdriften.
Arvidsson et al. (2009) viste saledes, at afdriften fra en kortklippet greesmark var betydeligt stgrre
end afdriften fra en kornmark med en veletableret afgrade.
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6. Konklusioner

6.1 Status for model

Modellen er nu videreudviklet, sa den tager hensyn til, at draber af forskellig starrelse har forskellig
initiel afdrift. Desuden er modellen valideret vha. uafhaengige data. | forhold til de malte data er
modellen forudsigelsesevne meget god, med undtagelse af afdrift til toppen af lehegnet ved
sprgjtning lige ved siden af dette.

Afdriftsmodellen er hermed udviklet til at kunne forudsige afdriften ved brug af de fleste typer af
sprgjtemidler og forskellige typer hydrauliske dyser under forskellige meteorologiske forhold, ved
forskellige indstillinger af sprgjteudstyret og for pesticider med forskelligt damptryk.

6.2 Dysetype og -tryk

Forskellen i afdrift til lehegn og vandrette flader mellem de to typer af dyser viser, at der er et stort
potentiale for via valg af sprgjteudstyr at reducere afdriften ved at veaelge dysetypen med omhu.
Dysens tryk har en meget mindre betydning for afdriften

6.3 Pesticidets damptryk

Beregningerne af betydningen af pesticidernes damptryk for afdriftens stgrrelse viser, at for langt
de fleste pesticider vil damptrykket ingen indflydelse have, idet en 10-dobling af damptrykket i
forhold til metsulfuron-methyl ingen effekt har pa afdriften.

6.4 Bomhgjde

Modelberegningerne af sprgjtebommens hgjde over afgraden tyder pd, at afdriften bliver betydeligt
hgjere, hvis bomhgjden gges, hvorimod en seenkning af bommen i forhold til den anvendte
bomhgjde pa 0,5 m kun vil have en meget begranset effekt. Disse beregninger er dog ikke valideret.

6.5 Meteorologiske forhold

Feltdata sdvel som modelberegninger viser, at vindhastigheden har stor betydning for afdriften til
sével laehegn som vandrette arealer. Betydningen af vindhastigheden er starre end betydningen af
luftfugtighed og temperatur.

6.6 Sprgjtefrie bufferzoner

Modelberegningerne viser, at en sprgjtefri bufferzone yderst i marken vil reducere afdriften til
vandrette flader uden for marken betragteligt, og effekten vil veere sterre, jo bredere bufferzonen er.
Derimod vil en bufferzone kun have meget lille effekt pa afdriften til lehegn, specielt den gverste
del af lehegnet, hvor de fleste blomster og beer ofte findes.
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/. Perspektivering

7.1 Forskningsmaessige perspektiver

Selv om modellen nu er stort set feerdigudviklet, er der stadig nogle forhold, som den ikke tager
hensyn til, og som dermed kunne adresseres i nye projekter. Saledes inkluderer modellen endnu
ikke luftassisterede sprgjter, der adskiller sig ved at bleese draberne initieret af fartvinden ned i
afgreden igen, fgr de ender i sprgjteskyen, hvilket ikke umiddelbart kan simuleres vha. den
foreliggende model.

Betydningen af karehastigheden indgar ikke i modellen, idet alle mélinger anvendt til udvikling og
validering af modellen er baseret pa forsgg med kegrehastighed pé ca. 7 km/t. Ved stgrre hastigheder
er det muligt, at traktoren i sig selv vil skabe gget turbulens, som kan pavirke den initielle afdrift.

Idet de forsgg, der ligger til grund for modellen, alle er udfgrt i en kornmark med en afgrgdehgjde
mellem O og 20 cm, vil modellering af afdrift fra sprgjtning af andre typer afgregder og meget hgje
afgrgder kraeve nye malinger og validering af, at modellens handtering af forventet sterre afseetning
i marken styret af den ggede aerodynamiske ruhed er korrekt, eller eventuelt kraeve yderligere
udvikling af modellen.

I den nuvaerende udgave af modellen tages ikke hensyn til den effekt, selve traktoren har pa
afdriften pga. den turbulens, der skabes omkring traktoren.

Ligeledes ville det styrke modellen, hvis den blev valideret og evt. tilpasset i forhold til andre typer
af hegn. Her teenkes ikke ngdvendigvis pa andre treearter, men i hgjere grad pa fx meget teette hegn
og evt. meget hgje hegn.

Vi ved ikke, hvor meget formuleringen af pesticiderne betyder for afseetningen. Undersggelser af
effekten af formuleringen af pesticider pa afdriften viser, at tilseetningsstofferne generelt pavirker
drabestarrelsesfordelingen og dermed den potentielle afdrift (Miller & Butler Ellis 2000). Saledes
fandt Chapple et al. (1993), at ti ud af tolv formuleringer &ndrede drabestgrrelsesfordelingen og
dermed potentielt afdriften, men at der ikke var nogen klar tendens, idet effekten dels afhang af
additivet, dels af hvilken starrelse dréber, man kiggede pa. Butler Ellis et al. (1997) undersggte seks
additiver, som alle endrede drabestarrelsesfordelingen, men ikke pad samme méade. Betydningen af
formulering og additiver for drabestarrelsesfordelingen er saledes ikke tilstraeekkeligt klarlagt, og de
enkelte additiver ma vurderes hver for sig. Specielt vil det veere relevant at undersgge betydningen
af emulgerende additiver.

Idet modellen giver et eksponeringsestimat, er det oplagt at teenke det sammen med effekten af de
anvendte pesticider pa fx hegnsfloraen og dyrene i agerlandet. For hegnenes traeer og buske har vi
tal p& de forekommende arter (Bruus et al. 2008), men mangler estimater af felsomhed af en reekke
arter og pesticider. Tilsvarende gaelder for andre typer organismer, hvorfor yderligere undersggelser
af pesticideffekter pa relevante organismer vil veere gnskelige.

7.2 Administrative perspektiver

Med den videreudviklede afdriftsmodel har vi nu et veerktgj, som kan anvendes til beregning af
afdriften af forskellige typer sprajtemidler til bade laehegn og vandrette flader ved anvendelse af
diverse typer hydrauliske dyser og ved varierende indstillinger af sprgjteudstyret. Modellen er
desuden optimeret, sa den i endnu hgjere grad end tidligere kan forudsige effekten af
afdriftsreducerende tiltag sdsom sprgjtefrie bufferzoner og optimale sprejtebetingelser. Dermed er
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der nu, om det gnskes, i hgjere grad end tidligere mulighed for at supplere reguleringen af
pesticidanvendelsen med nye mader at nedsette pesticidbelastningen som alternativer til den hidtil
foretrukne metode via regulering af behandlingsindekset. | forbindelse med kravene om en bestemt
afstand til fx vandlgb ved sprgjtning vil modellen kunne inddrages, s& man kan nuancere
afstandskravene i forhold til det anvendte sprgjteudstyr, sddan som det ogsa er tilfeldet i en del
andre lande. | Tyskland vil den kraevede afstand til fx vandlgb saledes afhange af den anvendte
dysetype, det anvendte sprgjtetryk samt hvilket middel, der sprgjtes med.

Desuden kan modellen danne baggrund for en mere realistisk risikovurdering, ogsa pa EU-niveau,
idet den bidrager med mere realistiske estimater af eksponeringen af iser habitater med en vertikal
udstraekning som fx laehegn. Ligeledes vil det forbedrede eksponeringsestimat for sadanne habitater
kunne indgd i EU's godkendelsesordning for pesticider. @nskes der et udtryk for pesticideffekterne i
fx leehegn, skal modellens forudsigelser ssmmenholdes med data for de tilstedeveerende arters
felsomhed og forekomst/adfaerd. For nuveaerende findes sddanne data som naevnt kun for fa af de
relevante arter og for et begraenset udvalg af pesticider.

Skulle man gnske at anvende modellen administrativt, vil det imidlertid kreeve, at der udvikles en
brugerflade, som modellen tilpasses. For nuveerende kan modellen kun anvendes af en
modelleringsekspert.
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A zeries of spray experiments was conducted in order to determine deposition at different heights of the hedgerow and to esti-
mats the effect of unsprayed buffer zones on spray deposition. Deposition varied highly with distance, absobate humidity, heighe,
draplet size distribation and wind speed. Eighty-toro percent of the observed variation could be accounted for by thesze factors.
Diroplet size distibution depended on nozzle tvpe and working pressare. which confirms the potentizl of these factors for reduoc-
ing spray drift. Unspraved buffer zones reduced deposition in hedgerows, but the effect was more pronounced in the lower parts,
where a reduction of 72% waz obtained by introducing a 12 m buffer zone, whereas at 4 m height the reduction was lezz than 1%.
Therefore, deposition at diffarant height=s of the hedgeroar should be incloded m order to make rizk azzezzments ralevant for or-
zanizms exploiing differsnt parts of the hedgerow. & Pesticide Science Society of Japan

Eeywords: hedgerow exposure, spray disribution, envircnmental conditions, spray nozzles.

Introduction

Estimates and nsk assessments of spray drift have mainly con-
cenirated on drift from the field into horizontal areas such as
neighboring fields or water bodies (e.g Ganzelmeier ef al.
19431, However, experiments simulating pesticide drift have
shown that some commen berry-producing hedgerow tree spe-
cies are very zensitive to herbicides. Thus, several studies found
that sulfonylurea herbicides reduce growth and fruit yield of
cherry trees at dozages as low az 1% of the label rate ** and
Ej=r ef ol (20060 showed that drifting metsulfuron methyl
may reduce the growth and berry preduction of hawthoms,
bioth in the vear of exposure and in the following yvear. Since the
berries of ¢ g hawthom, are not uniformly distributed over the
height of the trees, pesticide deposition at different heights may
have different effects. Therefore, imowledge of the vertical distri-
buticn of pesticides drifting into hedgerows 1s very important.
Previous measurements of pesticide spray drift have concen-
trated on soil deposition at varying distances from the spray
boom. Most studies have only mncluded one run by the tractor,
ie., no integration of the totzl drift from spraying an entire field.
The main concluzion from these measurements was that most
of the pesticide iz depozited within the nesrest 3m »% The few

* To whom correspondence should be address
E-mail cg@dmudk
Publizhed online Fabruary 14, 2014
& Pesticide Science Society of Japan

studies that have compared cumulative deposition from one and
ten muns show that integration of contmibutions from ten zwaths
incregses spray dnft with a factor of 3-10 for herizontal depo-
sition mezsures '3 The acoumulated deposition at a specific
position downwind was caleulzted from the measured deposi-
tion from a zingle swath st varyving distances from the sprayer
A previous study that messured pesticide deposition in hedge-
rows found that between 2 and 20% of the dozage applied in the
swath clozest 1o the hedgerow drifted into the hedgerow ' Thiz
study showed that at heightz up to 2m above ground, 13-20%
of the dosage applied in a zingle swath 6m from a hedgerow at a
boom height of 1.4m was deposited on drinking straw samplers
placed at a distance of (—4 from the hedgerow, fe, 2-6m fom
the sprayer, which was mounted with Albuz APG 110V nozzles.
Wind speed at boom height was measured to be 3.4 to 4.7 m/s.
Furthermore, hedgerows have been shown to redoce spray drft
to neighboring fields by up to 0% compered to fields withowt
hedgerows M5 At least some of that 907 iz likely to be depos-
ited mn the hedgerow. These resultz support the importance of
including contributions from all swaths when estimsting how
pesticides are depozited in hedgerows.

It is the aim of this study to describe the importance of height,
distance and weather conditions for the zpray dnft to hedge-
rows. In addition, some settings of the spray equipment were
varied in order to qualify the discuzsion of other neceszary varn-
zbles for the assessment of spray drift. The cutcome of the ex-
periments may be used for assezzing the efficiency of mitiga-
tion measures in terms of buffer zones for potentizlly exposed’
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vulnerable orgamsms living in different parts of the hadgerows.
Materials and Methods

A series of seven spray experiments was carmed out in order to
determine the pesticide deposition in hedgerows due to spray
drift from mmltiple spray swaths. These experiments were con-
ducted =0 that deposition at different heights of the hedgerow
could be determined in order to estimate the effect of an un-
spraved buffer zone on spray dnft.

The experiments tock place in a spring barley field surround-
ed by hawthom hedgerows on three sides (west, north and east
of the field). In each experiment spray dnft from five swaths
with increasing distanee to 2 hawthem hedgerow was measured
mdividually, and the expeniment was repeated on seven occa-
stons (April 2005, May 2005, June 2003, Angust 2005, September
2005 and twice m Jume 2010) in the hedgerow approximately
perpendicular to the actual wind direction on the day of spray-
mg. The deviztions in the seven tmals were 3-8°, 3-20%, 6-267,
23377, 1940°, 23-37° and 11-24°, respectively. The mereazed
dnft distances at large deviations from 90° were not taken info
account.

1. Spray qpplication

Spraying was performed with a conventional tractor-mounted
sprayer in five tracks parallel to the hedgerow. The emploved
spray nozzles were Hardi 4110-14 (Hardi, Denmark; comparable
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to the Hardi IS0 025 or 03 with respect to liqud delivery rate,
BCPC class *“Fine™) i 2003 and Teelet AT 110-04 (Teelet, IlL-
nets, USA; BCPC class “Coarse” to “Very Coarse™) in 2010. The
spray boom was 12m wide with 2 nozzle distance and boom
height of 30 cm. Thns, distances between the near end of the
spray boom and the hedgerow were 0, 12, 24, 36 and 48m for
the different swaths, except for June and Angust 20035, where the
distances between hedgerow and spray boom were 4m longer
due to 2 4m wide dirt road mnning along the hedgerow The
tractor had a drving speed of 6.4kmh m 2005 and Tlkmh m
2010 (¢f Table 1),

In order to determine spray drift, sodium fluorescein was
added to the spray liquid as a tracer dye at concentrations of
149,223 1.63,1.99 1.83, 1.93 and 2.23 g/L, respectively. On
one ocecasion (May 20035), the herbicide metsulfuron methyl
was applied together wath the dye marker sodmm flucrescemn in
order to establish the relationship between herbicide and dye de-
posttion. The concentration of metsulfiron methyl in the spray
liquid was (.02 2/L. At all other spraving events, enly the dve was
applied, =inca the dyve iz both cheaper and easier to analyze.

Meteorelogical condifions were registered (Tzble 1) by mea-
sunng relative humidity (Thecdor Friederichs Humidity Sensor
3030 (Schenefeld, Germany) at 1.3 m height), temperature, wind
speed, wind direchion, turbulence, heat flux (Metek USA-1 Ul-
trasomic Anemometer (Elmshom Germany) zt 4 m height) and
global radiation (Soldatz SPCEQ Pyranometer, Silkeborg, Den-

Table 1. hletsorological data and characteristics for spraying equipmant for each of the pesticide spray drift trials

Parammsier,
unit April 03 My 05
Environmental Crop density Sparza Sparza
Condizons Crop height, cm 2 5
Hedgerow orientstion TWest Morth
Wind speed, m's 5562 20-3.6
Wind direction, *C 114-128 18722
n*, ms™ 0.51-0.61 0.12-0.28
L,m" —-57——38 —5—-121
Heat flux, Wim® 206135 31-130
Temperamre, °C 10-11 11-12
Glob. Rad ® Wim® £40-700 470440
Abzolute® bum | g'kg 1640 4640
Spraving equipment  Mozzle ovpe! FF FF
emngs Pras=ure, mPa 053 0.55
Flow rate, Limin 146 1.5
Spead, kmh 7 7
Apphcation rate, L'ha 300 300
Tank concentration, g/l 149 113
¥ Felatively thin cloud cover

4 The parameter u* is the friction velocity, a measure of air turbulance
%L (hlonin—Obukhov number) is 2 parameter of atmospheric stability
4 %{$lob rad " iz the global radiation
“Calculated on baszis of relative humidity, temperature and air presmrs

S FF=Hardiflarfan4110-16nozzlezand AT=TaeJat Airinduction 1 10-04

Trial
Jume 05 Aug. 05 Sept 05 Jume 10 Jume 10
Diemsze Btubbles Smbblez Diamnza Diamza
0 10 10 10 20
East Ea:zt West East East
1858 3745 2433 L6-58 4 8-3.6
71303 260-274 136-157 280-274 173234
0.32-0.45 0.34-0.53 0.22-0.38 0.45-40.62 0514041
-53—-28 -21--37  -24—107 244 -116——1928
T4-120 03-203 01-144 44-112 35-144
17-13 17-1% 22-24 12-15 15-15
S00-750 210480 420420 374303 &02—920
2.46-01 6.4-73 on-10.4 5548 56467
03 03 03 03 03
1.1 1.1 11 14 1.4
7 7 T G4 54
200 200 200 300 300
1.63 180 183 233 103
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mark). The equipment was mounted on 2 6m high mast placed
in the center of the field. Absolute humidity was caleulated on
the basis of relative humidity, temperature and air pressure, the
latter obtamed from Deutscher Wetterdienst Offenbach (DWD)
at hitp:/wrorw wetter? de/Archiv/archiv_dwd himl with an ae-
curacyof 1 hPa.

2 Characterizotion of nozzles

The droplet size distributions of the Hardi 4110-16 flat fan noz-
zle at 0 30 mPa end 0.55 hPar and the TeeJet air induction nozzle
110-04 at 0.3 mPa were experimentally determmed, using the
Phase Doppler Particle Anzlyzers (PDPA) lazer-based measure-
ment setup and protocol described by Nuyttens of all (2007,
2009).1%2% Droplet size and 1D-velocity measurements were
performed at .03 m below the spray nozzle by scanning a rect-
angular pattern at a constent speed to achieve a complete scan of
the spray plume cloze to the nozzle exit. All measurements were
made using tzp water at 2 temperature of 20°C. Enmvironmental
conditions were kept constant & a temperature of 20°C and a
relative hummdity of 60-70%. Each scan vielded data for at least

20,000 droplets.

3. Spray deposition medsures

For each of the five swaths in a single experiment, herbicide and
dye were collected on leaves from the hedgerow and on hair
curlers mounted uprightly on five masts placed at 10m infervals
right next to the hedgerow trees (Fig. 1). First the 12m wide
swath clozest to the hedgerow was sprayed; thereafter the ex-
posed curlers and leaves were sampled. Then the second swath,
placed 12m farther way from the hedgerow, was sprayed and
curlers and leaves collected, and so on until all five swaths had
been spraved and all samples collected. The selection of sam-
pling methods was made to achieve both standardized measures
(curlers) and ecelogically relevant measures (leaves). Due to the
different analyziz techniques (zee below), herbicide and dye were
analyzed on separate samples.

31 Leaf samples

At the time of the first spraying in Apnil 2003, leaves had not vet
emerged. At all other spray events, each leaf sample consisted of
5=10 leaves from a single branch on the “surface” of the hedge-
row facing the spraved field. Samples were taken in the immedi-
ate vicinity of the mastz carrying the curlers, at zpp. 0.5, 1 and
2m above ground with five replicates per height and swath (Figs.
1 and 2). Prior to spraying, all branches zelected for sampling
were covered with plastic bags (Fig. 2). Just before the spraying
of a given swath, the relevant plastic bags were removed in order
to ensure that each leaf sample was only exposed to spray drft
from that particular spray swath Immediately upon exposure,
the leaves were sampled, placed i plastic cylinders containing
extraction fhud (0.1 0 Nz, HPO, buffer or detonized water) and
stored in darkmess to prevent photo degradation of the dye. In
the laboratory, the total one-sided leaf area was dstermuined by
means of an LI-3100 Areas Meter (LI-Cor. Inc., Mebrazka, TUSA).

Journal gf Pesticide Science

3.2 Curler samples
Prior to the spraving of a swath, the five masts (replicates)
placed in the hedperow were equipped with two harr curlers
(commercial plastic hair curlers of the brand M-cosmefics, di-
ameter 2em, lencth Gem) at each height (0.3, 1, 2 and 4m) m
order to measure dye marker deposition (Figs. 1 and 2). In May
2005, when herbicide was applied, one more curler was added
at each height on the masts placed in the hedgerow m order to
sample herbicide deposition 2t spraving 0, 24 and 48 m from the
hedgerow: Upen spraying, curlers were treated as described for
leaves. Fesult: were expressed as the amount of sodium fluores-
cem per curler as all curlers have the same cellection arez.

33 Analysis of sodium fluorescein
Sodmm fluorescein deposition was measured by flucrescence
spectrophotometry upon extraction in 2 0.1 M Nz;HPO. buf-
fer adpusted to pH 6.8 with NaH,PO,. Fluorescein iz excited at
402 nm and was detected at 513nm by a fluorescence HPLC
moniter (Shimaden BF-551, Shimadzu, Kycto, Japan; detection
limit 0.01 gg'L). In addition to leaf and curler samples, 2 sample
from the spray tank was analyzed from every spraying cccasion.
Pricr to the experiments, the potential decay of sodium fluc-
rezcein waz estimated and no decay could be detected during
two days of storage at room temperature, which indicates that
no measurable decay tock place between sampling and analyzis.
Since the peried of time from when 2 swath was sprayed until all
samples were placed in darkmess did not exceed 20min, the risk
of phote degradation in the field is considered negligible.

34 Analsiz of metsulfiron metiy!

Metsulfuron methyl was extracted from curlers with deicn-
ized water Chlorsulfuron was added to the water extract az a
surrogate standard, since isctope lzbeled metsulfuron was not
available at the time of the experiments. The water extract was
further concentrated on solid phasze extraction (SPE) cartndg-
es (Oasiz HLB, 200mg, Waters, Milford USA). Detection and
quantification of the target compounds were performed with lig-
uid chromatography-tandem mass spectrometry (LC-MS-ME)
equipped with electrospray ionization (ESI) opersting in posi-
tive icnization mode. The analytes were separated on a Hypersil
C18 column 2. 1=25cm, 5 um particle size (Phenomenex) with
5mMd ammonium acetzte buffer and methancl 2z mekile phaze
A znd B, respectively. The mass spectrometer was operated in
multiple reaction monitoring (MEM) for the following precur-
sor-product tranzition iens: 332/187 for metsulfuron methyl and
358/167 for chlorsulfuron.

Leaf areas (one-sided) were measured by means of a LI-3100
Area Meter (LI-Cor. Inc., Nebraska, USA) before the leaves
were cut and crushed i liquid nittogen. The samples were
spiked with chlerzulfiren and mixed with a 25% aguecus solu-
tion of methanel (pH adjusted to 12 with sodnm hydroxide).
Thiz mixture was extracted ubirasonically for 15 min. The result-
ing extract was filtered through nylon mesh (042 and 0.2 )
znd analyzed by LC-MS-MS. The samples were extracted and
znalyzed in batches together with 2 procedural blank. The target
compounds were not detected i any of the blank samples. The
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Fig. 1. Outline of experimental s=tup, showing the positon of the mastz
and the swaths sprayed (top) and a clozse-up of the tractor’s postion at the
spraving of the first swath (botom).

detection limit of the analytical methed (MDL) was defined as
those concentrations of the analytes needed to produce a signal-
to-noizeratio (S ef3:1.

The detection limit for metzulfiron methyl was 0.8 and 3ng
per sample for curlers and leaves, respectively:

3.5 Bufferzonecalulations
Unsprayed buffer zones have been uzed as a tool to reduce pes-
ticide drift to surrounding areas, especially to water bodies. In
the present study, drift is expressed as estimated area-based
deposition on leaves (pg/cm? brought to the scale of L'ha) 2z a
percentage of the area-based application rate in the field (L'ha).
The actual deposition given in yL/curler was multiplied by the
comversion factor from curler deposition to leaf deposition per
area (Table 3) and divided by the actual tank concentration. This
giveradeposition equivalent to gL spray liqguid/cm?.

The accunmilated deposition was calculated az

Accumulzted deposition =

Z Dapeosition ¥ Conversion factor ® Tank concentration ,

For calenlztion of the importance of unsprayed buffer zones for
the spray depeosition in adjacent habitstz (hedgerowz), the con-
mbution: from thres swaths were summed. As only five swaths
were established mn the experiments, the buffer zenes in the
calculations have 2 width of 0, 1 or 2 spray swaths (0, 12 and

Fig. I. Photo of mast mountad with curlers and branches coversd with
plaztic kag: to svoid untimely exposure. Insert shows clozer view of hair
curlars on mast.

24m for five spray occasions; 4, 16 and 28m for the two occa-
sions with a dirt road between the field and hedgerow), since
wider buffer zones would lead to integration of fewer than three
swaths. Consequently, the summstion for the scenane without a
buffer zone consisted of swaths 1, 2 and 3; in the case of 2 12m
buffer zene the summsation invelved deposition from swaths 2, 3
and 4. The effect of 2 24m buffer zone was calculated on basis of
deposition measures from spray swaths 3, 4 and 3.

These calculations were made separately for each trial because
the conversion factors differed bebween expenments. Since there
was ne conversion factor for the first expenment as the lesves
had not yet emerged, the average conversion factor of the other
aix truals (0.02) was used.

4. Stovistical methods

Linear regression analysis was used to estimate the relationship
between measured herbicide deposition and tracer depoesition
az well a5 the relationship between tracer deposition on artificial
targets (hair curlers) and hawthom leaves (trial repeated seven
times). In each trial, runz with five swaths of increasing distance
to sprayer were conducted with sampling five replicates for each
of the four sampling heights.

The zpray deposition data were analyzed using a mulfiple
model, e, a regreszion model with several explanatory vanables
(generalized linear models; GLM). The imitial statistical model
was as follows:

Log (Deposition)= Intercept+ & - Temperature
+ G - Wind speed+3: - Absolute humidity
+ 3, - Initial droplet size distribution
+8=-Heightin hedgerow+ 5z - Distance to hedgerow

Before estimating the statistical parameters (£.), the responze
variable “depesition” was transformed by the natural logarithmic
function, resulting in Gaunssian distributed reziduals and a mul-
tiplicative model on the non-transformed zcale of the responze
varizble. To aveid the problem of multi-collineanty in regres-
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sicn analysiz, Pearson comelztion coefficients were caleulated
between each pair of continnous explanztory vanables. No large
correlstions (Pearson’s correlation coefficients between —0.3
and 0.3) were found, and conzequently, all explanztory vari-
ables could be included in the primary statistical model. Any
non-significant terms were excluded and parameters were re-
estimated. As measures of initial droplet size distribution Wy
ipercentage droplets smaller than 100 gm), Vi (percentage
droplets smaller than 50 gm) and VMD (median droplet diam-
eter) weretested.

Results

The characteristics of the two nozzle types are summanized in
Table 2. As expected, the Hardi flat fan nozzle produced smaller
droplets than the Teelet air induction nozzle at equal working
pressure (0.30mPa). Furthermore, increasing the working pres-
sure to 0.35mPa caused the Hardi nozzle to produce shightly
smaller droplets.

The comparizon of deposition meazures of the herbicide
metsulfuron methyl and the dye tracer fluorescein showed
that tracer deposition and herbicide depeosition measured
in separzte samples were well comelated (metsulfuron (ug/
curler)=0.01=iracer (ug/curler) N=60, R*=0.71). Since thers
was a factor of 100 difference in concentration between metsul-
furon methy] and flucrescein in the spray liqguid, the established
relationzhip between pesticide and fracer means that the rate of
deposition on curlers is similar for the two substances. Further-
more, it was found that tracer deposition on hair curlers was
significantly correlated to tracer deposition on leaf surfaces in
the hawthom hedgerow (Table 3). However, the relation differs
between hedgerows and betwesn days.

Fig. 3 demonstrates that deposition was highly variable be-
tween single rials, even though some trials (6 and 7) were con-
ducted in the same place, on the same day and with the same
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equipment. Further, the subfigures show that deposition de-
pended on distance to sprayer and height in hedgerow Anabysis
of the mfluence of equipment zettings and weather conditions
showed that initial droplet size distnbution distance of the spray
swath to the hedgerow, height of the target in the hedgerow,
zbsolute humidity and wind speed 2t the time of spraying had
significant effects on spray deposition in the hedgerow (Takle
4). The resulting statistical model, leaving out temperature and
intercept, which turmed out not to significantly affect spray drift,
and back-transforming the log-transformed deposition data, is:
Deposition=Wind speed™ - Absolute humidity
Nyog© - Height in hedgemw'ﬁh
=Dislance to hadgerow™ . &

The biaz-comection factor needed when back-tranzforming
(""" is derived according to Ferguson (1986).2Y All measures of
imitial droplet size distribution showed the same trend, with Vi
giving a slightly better description (B2) than Vsp and VMD. The
rezulting statistical model dezcribed 82% of the observed varia-
tion. The F-statistic of the analysiz of vaniance gives the impor-
tance of the influential factors. The primary single impact factor
was “Distance to hedgerow™ followed by “Absclute humidity,”
“Height in hedgerow]" Ve and wind speed.

The caleulations of zccummlated deposition from three spray
swaths zhow that for the Hardi flat fan nozzles (trialz 1-3) with-
out & buffer zone, the deposition at a height equivalent to the
height of the spray beom varied between 1.3 and 3% of the ap-
plication rate (zolid line in Figs. 4 A-FE, height 0.3 m). At a height
of 4m, thiz was reducad to a deposition between 0.36 and 0.77%.

By infroducing a buffer zone of 12 or 24m, deposition as a
function of height was changed zo that there were only small dif-
ferences in deposition with height for the different buffer zones
(broken lines in Figs. 4 A-E), which demonstrates that the effect
of buffer zones was largest in the lower parts of the hedperow

Table 1. Droplet size characteristics (avg£3.D.) of the nozzles applied m the fisld experiment:. Bar valuss mndicate working preszure of nozzles. Vg,
(Vo) proportion of total volume of droplet: with a dismeter smaller than 50 (100) ym; VMD: volums median diametar; drops smaller than this dismeter

make up 50% of the total volome

Hardi 4110-16, 0.3 mPa

Vi (38 1.0020.06
Vi (28) 5.9820.73
VD () 2132288

Hardi 4110-18, 0.55mPa Teelot AT 110-04, 0.5 mPa

0.57+0.13 0.029+0.001
Dol T 1.20+0.19
108 1+16.4 2304465

Table 3. Felationship between deposition on hair curlers and deposition on leaf surfaces in the hawthom hedgerow. The relztionship is described by
Dhme= ¥ Dono,, Whete Dhe.o, iz deposition on leaves given in pg tracer'cm’ and Do, is measured dsposition on curlers given by wg tracer/curler. Ex-
periment 1 iz not prezented as no leaves had emerged st the time of the expariment

"

Trizl o5 E. N R F »
2 0.0307+0.0044 1 a0 042 4328 =0.0001
3 002004000110 73 082 33505 =0.0001
4 0.013340.00086 73 077 24055 =0.0001
5 0.018640.00182 40 050 2601 =0.0001
4§ 0.015240.00182 75 040 §2.77 =0.0001
7 0.02284+0.00130 71 081 30028 =0.0001
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2.0 m

Tracer deposition, sy curler]

Swalh numbar

Fig. 3. MMean deposition (+Standard Ermor of MMean) of sodinm fluores-
cein on curlers in the hedgerow following application at varying distances
from the hedeerow (spray swaths 1 to 53). Data from seven wials are pre-
sented. Each subfizure represents a specific height in the hedgerow. The
scales of the y-axiz differ betwean subfigures.

The deposition at 4m height waz nearly independent of the es-
tablizhment of buffer zones az long as the zame field area was
sprayed. On average (+5EM), depositions at the heights of 0.3,
1, 2 and 4m were reduced by 724, 664, 47+8 and 0.13%
14%, respectively, by inzerting a 12m wide unsprayed buffer
zone between the field and hedgerow. For a 24m wide buffer
zone, the corresponding reductions were 8823, 3324, 7323

and 41+14%.

Discussion

The preszent study documents that the level of spray drift 1z dif-
ferent for different heights in 2 hedgerow adjacent to a sprayed
field and that infroduction of 2n unsprayed buffer zona will have
different effects at different heights. This iz important because
different organizms utilize different partz of the hedgerow for
feeding and nesting. Our results zre in apreement with Parkin
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and Merritt (1988).2% who measured deposition from Lurmark
04-F110 nozzles at heights between 0 znd 12m and found that
spray drft from short distances decreased rapidly with height,
whereas at longer distances from the sprayer deposition only
decreased slightly with height. Weisser of ol 2002, who stud-
led the deposition on plant surfaces in a hedgerow, alzo found
decreased deposition from the bottom of the hedgerow up to 2
2m height for both a low-dnft nozzle AT 110 023 and the con-
ventional flat fam nozzle (XE 110 03). In cne experiment Long-
ley ef al (19973 found only very small differences between 1,
1.5 and 2m heights when combining data from distances of 2,
4 mnd 6m from the spray boom. Howsver, our results demon-
strate that drift from lenger distances contributes more to the
total drift at the top of the hedgerow than to the total dnft at the
lower part of the hedgerow (Fig. 4). In addition, boom height
was 1.4m in the Longley ef @l experiment, ie., not nuach lower
than the highest points of measuring. In another experiment,
Longley and Sctherton (19970 found maximum deposition at
the height of the spray boom and diminishing values upward.

Takang into account the fact that flucrescein and herbicide
were measured on separate curler samples, the former proved a
good predictor of the latter, which demonstrates the applicabil-
ity of dye markers in spray drift expeniments. Fluorescen de-
position on hair curlers alzo was a2 good measure for herbicide
depositicn on leaf surfaces in hawthom hedgerows. However,
the relation between deposition per curler and deposition per
leaf area differed between hedgercws and between days, prob-
ably reflecting vanation in factors such as leaf development and
size, hedgerow poresity and weather conditions ™% However,
we have no indications of how collecting efficiency of the curlers
depends on meteorclogical and technical factors.

It 15 inferesting not only how deposition varies with emviron-
mental conditions and the zetting of the spraying equipment but
alzo whether the observed levels of deposition can evoke detni-
mental effects on non-target organizms. The effects of drifting in-
zecticides on msects in hedgerows have been sudied by Longley
znd Sotherton (1997),* who found that 2 single swath of 10m
ceuzed a 23% mortality rate for second instar Spodoptera fitio-
ralis, Boisd. lervae. Similarly, Cilgi and Jepson (199577 found
zn expected mortality rate of 73% from deltamethrin for fourth
instar larvae of Pieris drassicae L. (Lepidoptera, Pleridae) at levels
comparable to 0.01-2% of field rate, ie, at exposure levels that
zccording to our results are very likely to occur in hedgerows.
Thus, insecticide effects from drift into hedperows may occur.

For plants, several studies have aszessed the impact of sulfo-
nylurea herbicides on berry.producing trees, ig., bird cheries,
sweet cherry and hawthom % Al-Ehatib of af ({19923 found &
13-60% effect for different end points at a doze of 3% of the field
rate. Kj=r er ol (2006)% demonstrated nearly 100% mortality at
exposure levels observed at spray drift under normal spray con-
diticnz (2.3-3% of mazimum recommended field rate) and Kj=r
et al. (2008 found thet reproduction waz still affected a year
after exposure at an exposure of 10% of the maximum recom-
mended field rate. Conzequently, the drift rates measured in the
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Table 4. Dlultiple regression model with zeveral explanatory variables for spray deposition in hedgerows. Before estimating the model, the response
variable “Deposition™ was transformed by the natural logarithmic functoon resulting in Gaussian disributed residualz snd a pmltplicative model on the

original scale of the responze varizble

Effect (paramster) Parameter estimane F N OF T R
Kodel 72743 BO1 5 =0.0001 0314

Wind =peed (52 -1.44 3146 =0.0001
Abzolate humidicy {8:) 0.270 124.64 <0001
Wam (Fa) —0.0636 BD.12 <0.0001
Heizht in hedzerow (§s) -0.270 11235 <0.0001
Distance to hedzerow (fg) -0.0472 57281 <0.0001

gl . A 1 i most relevant for the area of concem and to be able to differenti-

. - | ate between orgamizms living at different heights in the hedge-

al . . row. Unsprayed buffer zones are used as mitigating mezsures to

2 | . | . reduce deposition outside the cropped area®™ The beckground

ol = TR [ e s~ e | for this practice iz spray dnft assessments developed for water

- - i bodies and measurad by means of tergets placed herizentally at a

®1 c o low height. The fact that unsprayed buffer zones will have a large

N effect on spray drift at the bottom of the hedzerow, but cnly zmall

£ 7 T *— or even negligible effects on drift at the upper part, strongly indi-

§ 2 R : * cates that buffer zones are 2 useful mitigation measure for organ-

0 S S oo 5o izms living in the lowsr parts but not necessanly for those living

'E 8 . L ' I -F at the top of the hedzerow. Therefore, protection of hedgerows

: 8 znd other habitats with 2 sigmificant vertical component may re-

E 4 . quire other measures such as dnfi-reducing nozzles and careful

25l - | choice of spraying conditions. For hedgerow tress, this nesd is

ol g s | Eeete—t— further heightened by the fact that many species cary the major-
. t t f t ity of their flowers and bemries in the top pert.

G P We found that both weather conditions and initiz] droplet size

¢ S ——— distribution as affected by the type and pressure of nozzles were

4 important for the size of the deposition m the hedzerow. Thus,

2 e in our experiments the primary impact factor was distance to

| * i ' G [ , . | hedgerow followed by absolute humidity, height in hedgzerow,

65 10 20 40 05 10 20 40 percentage of droplets smaller than 100 ym and wind speed. An-

Height owver growind, m

Fig. 4. Effect of unsprayed buffer zones on accummlsted spray drift
from three spray swaths in 3 hedgerow. The different graph lines represent
the calculations without a boffer zone, with a 12 m buffer zone and with
a buffer zons of 24 m. The y-axes zive the depositon relafive to applica-
ton rate. In 2005 the distance between the hedserow and the spray boom
was 4 m longer for the east hedgerow due to a dirt road nmning along the
hedgerow {mbfizure: C and D). Each mbfigure prezents data from single
spray events given by the following summary details (mizl mmber, wind
speed, hedgerow orientation, nozzle type, and date of spraying): A: Trial
1, 5.5-6.2m'zs, West, Hardi, April; B: Trial Z, 2.0-3 6m's, MNorth, Hardi,
Dfzv; C: Trial 3, 2.9-3 8m's, East, Hardi, June; D Tnal 4, 3.74.5m/s,
East, Hardi, August; E: Trial 5, 2.4-3.3m's, Wast, Hardi, April; F: Trial §,
4 6-5.8m/'s, East, Teelat, fune; G- Trial 7, 4.8-3_ 6m/'s, East, Teelet, fune.

present experiment are also likely to cause effects on hedgerow
plants, &t lezst for some herbicides.

In crder to assess the risk of effects of spray dnft on hedgerow
plants or other organizms living in the hedgerows, it iz necessary
to be able to predict the spray deposifion under the conditions

other study*¥ hae alzo shown that westher conditions such as
wind speed are important. Arvidszon ef ol (20117 measured
both honzontal fallout and airbome drift at a distanee of m
from the sprayer. They found a correlation between pesticide
depesition and wind, temperature, driving speed, and vapour
pressure deficit. Our experiments show that deposition in tri-
alz emploving low-drift nozzles [ Teelet) are generally lower than
that in trials uzing flat fan nozzles. The Al nozzle iz regiztered as
3 50-75% drift-reducing nozzle in Germany. In Weisser's experi-
mentz ! the reduction was even lerger. The Al nozzle in gen-
eral produces larger droplets than the Hardi nozzle. Therefore,
2 large part of the spray liquid iz expected to zediment, and less
pesticide iz available for spray drift. This iz underlined by Nuyt-
tenz ef ol (200794 and many othersh**32 who have stud-
ied the effect of equipment and equipment setting, primarily
on herizental deposition. As an example, it has repeatedly been
shown that different nozzle types give nze to different deposi-
tions, which 1g in line with cur resultz for the two nezzle types
employed in the present study.
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It 1z Imowm that spray drift iz closely related to the droplet size
distribution of the sprav,®! and this is sustained by the signifi-
cant influence of intial droplet size on spray dnft found m this
project. Several factors may affect droplet size, including nozzle
type, nozzle pressure and temperature, '® Therefore, it seems rea-
sonable to suggest that a more general description of spray dnft
can be bazed on the formation and behavier of different drop-
let zize classes under varying envirommental conditions. Droplet
size characteristics can be obtained under controlled conditions
m wind funnels or in environmentally controlled chambers, 2z
done in this project and described by Nuvttens of al (2009)%
However, such mezsursments do not take the effects of turbu-
lence and cther weather conditions into account. This factor is
mmplicitly included in experiments such a3 the one described m
the presant project, which iz one of the reasons field experiments
cannot be entirely substituted with lzberatery experiments.

Grenerally, spray dnft experiments have 2 high variance be-
tween zamples from the same positions, as described in Arvids-
son. 2% Howsever, the fact that the statistical model establizhed in
thiz study describes 229 of the venance among samples from
five field mals sngzests that many of the most important factors

IEvE SRl IOCILE LI L DTROOE] G LGN LD LAY e WOl LI ILe
to Iy to dccount tor the TEmMAIIng Vanation.

In the calculation of the depoztion n the hedgerow, we used
the accumulated deposition from three spray swaths (36m);
however, under normal conditions thiz 13 not sufficient, zince
fields are usually much wider. For instance, in Denmark the av-
erage field size is approximately 4 ha 3% Therefore, it is important
to be able to predict the contnbution from mere spray swaths
in order to make trustworthy risk assezsments, and the prezent

SIUAY D5 SIOWIL LAl Jl el Ve Spidy SWalds (Ou) aga si2-
MITICENTLY 10 THE T0T4l AepOsINon, especially al e 0P Part ol e
hedgerow:

Several azpects concerning spray drift have not been coversd
by the present project but should be included in future estimates
of gpray dnft, e g other types of pesticides, additives, other types
of spraying equipment (air-assisted sprayers in particular), and
hedgercw characteristics such as species composition and po-
rozity.
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In order to predict the exposure of hedgerows and other neichboring biotopes to pesticides from field-spray spplications, an
existing Ganssian atmospheric dispersion and deposidon meodel was developed to model the changes in droplet zize due to
evaporation affecting the deposition velocity. The Gauszizn tilting phame principle was applied inside the staved wack. The model
was developad on one zat of field experiments using a flat-fan nozzle and validared against another set of feld experiments using
an gir-induction nozzle The vertical spray-drift profile was measured using hair corlers 8t incressing distances. The vertical con-
ceniration profile downwind has 3 maxinmim just above the ground in our observations and calculstions. The model accounts fior
the meteorological conditions, droplet sjection velocity snd size spectrum. Model validation led to an B* vebus of 0.78, and 1%
of the calculated drift vahies ware within a factor of four of the messurements. & Pesucide 3ciznce Society of Japan

Eeywords: zpray drift, evaporation, disperzion, deposition, pesticide.

Electronic supplementary materiabs: The online verzion of thiz article contain: supplsmentary materials {Supplemental M ate-
rials, Supplernental Tables 51 and 52, which iz available at bty ararw jstage ot go jp/rowse jpestica’.

Introduction

Pezticide drift during field spplication to sensitive neighboring
non-target biotopes or bictopes between fields iz of much inter-
ext end has potential impzctz on bumen heslth and livestock ™=
Several mechanistic models have been developed to predict the
drift, deposition, and air concentrations of pesticides from vari-
ous types of application equipment in order to understand the
physical basics of spray drift as well as to develop a tool forregu-
latory assessment of unintended off-target exposure. However,
the main concern has been habitats with no significant vertical
component e g water bodies.

Different types of model zpproaches have been taken all with
advantagze: snd dizedventages: Computztional Flud Dhvnamics
(CFD) models.” random-walk trajectory models ™™ diffusion-
advection models ! and Ganssizn tilting phime models 1112

CFD model: can calculate the complicated flow and disper-
sion close to nozzles and spray equipment. Theze models are
typically applied for distances up to 3m, implying that they do

* To whom correspondence should be addrass
E-mazil- pli@dem.dic
Published anline August 28, 2013
& Pesticide Science Society of Japan

not account for the cumulative effect of the numercus spray
tracks farther away from the field edge. The cunmlative effect 13
important, particularly for the vertical concentration profile and
deposition to e g, hedgerows. CFD models require expert gkills,
take much time to et up, ere computationally demanding ¥ and
are not suitable for fast and practical regulatory purposes *14
but software™ exists to quickly zearch tables produced from
CFD calculations based on fixed turbulence intensity.

Trajectory models can deal with longer drift distances than
CFD models, but they are still guite computationally expen-
sive, particularly for lenger distances where a large number of
released droplets are needed in order to avoid dizcontmuities
m deposition ' These models either do not take atmospheric
stability into account®f) or are calibrated to 2 particular atmo-
spheric siuation® In addition, some models disregard the ef-
fects of eveporation of the droplets ®

Gaussian tilting plume models are not directly able o model
the special effectz around the boom and nozzles, but they have
the advantage of being easier to set up than CFD models. Gauss-
ian models are more computzationally efficient at longer distanc-
ez than CFD and trajectory models™ and are therefore favor-
gble for manazement systems. A maejor disadvantage of tilting
plume modelz without reflection at the ground is that when the
water evaporates from the droplets and they become very small
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or even are reduced to dry pesticide particles, the terminal speed
becomes almost zero and the calenlated deposition zlmost stops.
In reality, the atmospheric turbulence still maintains the depozi-
tion. This could explain the underestimation at the longest dis-
tances (20-30m) of the tilting plume model by Lebeau ef af |12}
especially for low wind conditions, where the droplets have a
leng time to evaporate.

Another way of calculating deposition, commeonly uzed in
regional and local dispersion models, 15 bazad on the principle
that deposition 15 directly proportional to the concentration at
some reference height above the ground. The propertionality
constant iz called the deposition velocity,' v,. The deposition
velocity iz caleulzted using the resistance method that, among
other parameters, depends on the droplet fall speed and the at-
mospheric turbulence. Thiz principle will ensure deposition in
Gauzsian plume models, alzo at far distances, even when the
droplet terminal spesd approaches zerc. Thiz methed iz uszed in
the OWL-SprayDrift model described in this peper. The model
15 developed in order to make 2 fast and easily usable tool for
estimation of primary horizentsl drift of pesticide application
to hedgerows and 15 intended for use by authorities and agricul-
tural advisors.

Materials and Methods

1. Spray-drift model

The OML-SprayDnift model (Operationelle Meteorologizke
Luftivalitetamodeller, meaning Operationzl Wletecrologiczl Air
Cmality Model) 12 a combination of two Ganssian model prin-
ciplez. The Gauzsian tilting plume method'™% determines the
amount of spray deposited inside the directly spreyed zome. The
remainder spray iz treated as ares sources located in the track
and 1z dizpersed applving a traditionally reflected Gaussian
plume znd the deposition beyond the frack is caleulsted by de-
position velocity. The model calculates the water and possible
pesticide evaporation from the dropletz and the resulting change
in dismeter and vertical velocity as a fimction of travel distance.
Deposition outside the track 1s converted to negative surface
sources following the pnineiple of surface depletion desenibed by
Horst 1) The negative surface sources ensure that the caleulated
vertical profiles of the honzontal dnft at zome distance from the
edge of the field have a maxivmim shove the ground, which also
has been observed and medeled ¥ The model operates on drop-
let clazses in size intervals of 10 ym.

1.1, Dispersion

The dispersion model 13 bazed on the Danish Gaussian plume
model OML, which caleulates the atmospheric dispersion of
pollutants from multiple point and area sources znd has been
validated zgainst mamny different datasets including nen-buoyant
surface releases *® The model is 2 regulatory model used by the
Dianish authorities, consultants, and mdostry. In OML, turbu-
lence iz described as confimuons fimctions of micrometscrelogi-
cal parameters like friction veloeity, heat flux from the surface,
aerodynamic roughness, and the Monin—Obukhov length de-
geribing the atmoszpherie stability. The vertical and horizon-
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tal dizperzion from a point zource iz described as a Geussian
(normal) distmibution. For a point source placed at coordmates
(0,0, H) (m), the concentration ¢ (gm™) at the point {x,y,z) iz
caleulated disrezarding depc-;i/ticn as follows:

| T
clx, ¥, 2= @  expl -05 ¥ .
oo, | o, ) J
exol ~0.6 2-H 1 . |
s lexp —D.EI |' +reflection termsl
LA |
h . ) r

where {0 iz the emission rate (gsec™), u is the wind speed
(mszec™), H 15 the height of the source (m), and g, end o, are the
henzontal and wertical dispersion perameters (m), respective-
Iy The reflection terms refer to the reflection from the ground
surface of the plume and are active outzide the track in the
OMNL-SprayDrift model. In most cases, spray dnft iz a two-
dimenzional phencmencn, because the leng spray frack will
smooth out the horizental dizperzion when estimsting the
average concentration. Therefore, the OML-SprayDrft model
dizregards the horizontal influence and iz a 2D model.
1.2 Deposition inside the track

Inzide the spray track, depesition iz caloulated using 2 Gaussian
tilting plume or settling plume principle '™ The height of the
droplet plume centerline, &, in the concentration eguation is de-
creased due to the descending droplets. The principle iz applied
to a number of droplet size classes. In this study, the classes con-
sist of 10 gm droplet diameter infervals and are in the caleula-
tions representad by the madizn diameter of the interval center
In thiz caze, the theoretical dizpersion iz not affected by the pres-
ence of the ground surface, and the plime iz allowed to disperse
under the surface; ie, the reflection term in the concenfration
equation iz neglected. At a given distance, the total deposition is
equal to the part of the plume that is located benesath the surface.

The average deposition inzide a track i3 represented by the
droplets released at the center of the boom. At the edge of the
boom, the deposition for each droplet class is caleulated with the
tilting plume where the vertical position of the droplet 1z calen-
lated by the droplet model desenbed in Section 1.4, talang info
account the droplet exit speed from the nozzle, the evaporation,
znd the change in droplet size and speed.

1.3 Dgpasition beyond the frack

After droplet releaze, the spead of the smaller droplets reaches
2 terminal speed within a few tenths of a second, which is not
affected by the nozzle exit speed, but for boom heights of 0.5m,
the larger droplets will deposit inside the track. The zmaller
droplets, which will mainly deposzit cutzide the track, have a ter-
minal speed that is comparable to or less than the typical speed
of turbulence eddies, fe., in order of the friction velocity, ..
This means that the rate of deposition due to turbulent transport
will be comparzble to the rate of deposition due to pure sedi-
mentstion.

The OML-SprayDrift takes thiz furbulent depeosiion mto ae-
count using the surface depletion pnineiple ') Deposition at 2



Vol 33, Me.3, 128-138 (2013)

given distance downwind from a source 1= handled as a negative
source with the same strength as the deposition rate.

The deposition rate Dep 1z calculated based on the principle
of depezition velocity v.. The deposition is properticnal to the
deposition velocity v {z) and the concentration c(z):

Dep=vg{Z)c(2],

where z is the reference height, which iz set to 0.5m in the
spray-drift moedel. The deposition velocity iz parameterized
analogous to electrical resistances and the dry deposition veloe-
ity of particles or droplets'#:
.1
Vg= e,
B+ -l Vs

where v, iz the zettling velocity of the drop a: a fimetion of itz
dizmeter, r, (zecm™) 1z the zerodynamic rezistance, and r, 1= the
laminar sublayer resiztance cloze to the surface The aerodynam-
ic resistance m the mizing layer iz defined as

KUy

=y |.¥ L x,l | L)
whers & 13 the dimensionless von Earman constant, w. (m/sec)
iz the friction velocity, z; (m) i3 the roughness length, and wis
Businger’ corrections fimetion for atmospheric stabilit:'™

For particles, the laminar sublayer resistance close to the sur-
face1s given as

P

Us {Sc‘ﬂ.f +1 G'a'sr:] !
where 3¢ 1z the dimenzionless Schmidt number: w0, whers 0 1z
the diffusiaty, v iz the kinematic viscosity, and 57 is the dimen-
sionless Stoke mumber: (42,0(gV), where g is gravity (mzec™).
The zettling velocity of the droplets is incorporated m the Stoke
mumber.

1.4, Evaporation and fall velocity of draplets
The dispersion and deposition model is coupled with a droplet
madel describing droplet evaporation and the resulting chanpes
in zize znd velocity. The model takes into account the droplet
gjection velocity as well as the relative humidity and ambient
temperature. The model iz bazed on a model for pure water and
further developed to deal with the pesticide content of the drop-
let and itz possible evaporation. The model assumes no interac-
tion between droplets and that the droplets have no influence on
the air. The model does not take formulations and adjuvants into
consideration, although it is kmown that formulations and adju-
vants can influence the droplet size distribution’* " and thereby
affect the dnft potential. Although the results of Sanderson ef
al 2" were related to specific experimental and metecrolog:-
cal conditions, they concluded that drift is considerably lower
using water-dizperzible granules or liqmd-flowzble formul ations
of Propanil compared to emulsifiable concentrates. Chapple ef
al * tested different adjuvants and found thet six out of seven
adjuvants shifted the droplet spectra relative to water, either to
smaller or larger diameters.
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The model desenbes droplet behavior after gjection. A droplet
1z affected by gravity, the drag force of the air, and the evapo-
raticn of water and pesticide. Fall velocity and evaporation are
deseribed by solving mass moment and energy equations for a
single droplet. These equations are transformed to equations for
dizmeter, fall velocity, and temperature, respectively. Together
with the ambient temperature and relative humidity, these equa-
tions determine the exchange and thereby the changes in size,
velocity, and temperature of the droplet. A detailed description
of the droplet model is found in Supplemental Material

Droplet fall velocity is zn important parameter for the deposi-
tion rate to the ground surface and primarily depends on the
diameter. Even though the droplet exit speed at the nozzle out-
let iz in the range of about 15-23m/sec,”™ the smallest droplet
reaches a much lewer terminal veloerty within a faw tenths of 2
szcond after exit. However, a continued change in diameter and
velocity occurs due to evaporation. For the smallest droplets, the

change can be fast, a3 shown in Fig. 1. For a given diameter, the
relative humidity of the air is the most important parameter for
the evaporation rate, as shown in the figure.

When the droplets contain a pesticide with a low vapor pres-

sure, the evaporation and change in dizmeter of the droplets
zlmeost stop, and they reach a minimum diameter. This ccours
when the relative water content equals the relative humidity of
the air. If the pesticide also evaporates, the minimum diameter
decreazes accordingly.
13 Calibration ond validation

The model was calibrzted and validated agamst the field mea-
surements described in the next section. The field data were
divided into data from the vears 2005 and 2010, where a stan-
dard flat-fan and an air-injection nezzle were uzed, respectively.
Calibration was performed using the 2005 data and validation
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Fig. 1. The rate of change in water droplet dizmeter as 2 function of

initial size of 50, 100, and 200 pm for different vahies of relstive humidity

(fall line 30%, broken line §0%, and dot-daszh line 40%). Air temperaiure
iz 20°C and droplet initial speed iz 20m/zac.
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was done on the 2010 data. Many spray-drift models have been
calibrated. 2.z, using field canopy porosity and velocity scaling
parameters,® fitting horizontal and vertical eddy diffusivities £
and X, to the first trail in a series,'” or zdding empirical cor-
rections to the evaporation rate that changed the deposition
dovwrwind with a fector of 2.9 Teske er al ™) describe the great
variance between different empirical parameterizations of the
nozzle-induced airstream velocity due to the entrainment of air.
In this study, the calibration alzo involves the effects of the noz-
zle-induced airstream.

Calibration was based on the deposition inside the spray
track. The droplet model enly handles single droplets and does
not take into account the effect of the whole continuous spray
cloud on the airsiream cloze to the nozzle. A droplet transfers
momentum fo the surrounding air and 1= slowed down. The
droplet reaches the terminal zpeed 2t a certain fall distance, but
all the dropletz in the =pray cloud together create 2 downward
airztream that incresses the fall distance compared to the caleu-
lated fall distance for a zingle droplet. Therefore, an algorithm
for the empirical additional fall distance 15 established based on
the 2005 data. It is anticipated that a high wind speed destroys
the induced airstream. The additional fall distance, Az (), 13 2
function of the wind speed at boom height us (maec™):

Ar=-05us+2.2.

The zlgonthm iz applied for w below 4 4 msec™, and Az 15 Om
for larper ap, where up iz caleulated from the metecrological ob-
gervations taling inte account the atmoesphenc stability using
Businger: corrections'® to the neuiral logarithmic wind profile.

1.6 Mbdel inpuf and output
Az input, the model needs metecrological information on wind
direction, friction velecity (turbulence), hlonin—Obukhov
length (atmespheric stability), aerodynamic roughness, tem-
perzture, humidity, mixing height and boom height. The nozzle
droplet spectrz and ejection velocity are also needed together
with pesticide tank concentration and application rate (Lha™").
Driving speed is assumed to be around Thmhr™.

The model calculates the ground-surface deposition and the
vertical profile of the honizental pesticide flux, in principle, at
any distance downwind of any field size. Alzo, the droplet spec-
tra can be calculated at any position.

2 Megrurements

Most spray models are developed using deposition measure-
ments. This type of measurement can be difficult to perform
properly in order to measure the far-field drift deposition of
small droplets using smooth horizental surfaces, such as alpha-
cellulose sheets, on a rough field surface % To aveid this prob-
lem, this study measured the vertical profile of the horizontal
drift. In the far field, the total amount of collected spray dnft
will be much larger than the honizentally deposited spray dnft
measured per unit arez, which reduces uncertzinty in measure-
ments.
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21 Field megsurements
A szeries of spray experiments were camed cut in order to de-
termine pasticide droplet disperzion from spray tracks. These
experiment: were conducted zo that horizontal flux at dif-
ferent heightz and different distances from the spray boom
was determined** ! yzng zodium fluorezcein az a tracer. The
tracer iz azsumed not to evaporate and haz a molar mass of
376.3 gmol ™, which 1z sbout the value of many pesticides.

Spraying was performed with a conventional fractor-mounted
sprayer. Spray nozzles were either Hardi 4110-16 (flat fan; Hardi,
Denmark) or Teelet AT 110-04 {air induction; TeeJet, USA). The
spray boom was 12m wide with 24 nozzles, and boom height
was adjusted to 50 cm above the vegetation. The tractor driv-
ing speed was about Thkmhr™". The conditions for each spraying
are presented in Table 1. Before calibration and vahidation, all
mezsurements were normalized to the same application rate, Lo,
300Lha " andl 452170

The expeniment: tock place along a hawthom hedgerow on
zeven occasions (Apnl 2005, May 2003, Jme 20035, August 2003,
September 2005, and twice mn June 2010). The metecrclogical
conditions for wind spesd, wind direction, turbulence, tempera-
ture, and heat flux were messured with an ubrazonic anemom-
eter at 4m height on a mast in the center of the 200 m=200m
field, ie., 100m from the hedgerow. Felatrve humidity was also
mezsured (Table 1). The caleulated meteorological data dunng
the individual trails are based on 10-mun averapes in correspon-
dence with Bird ef ol ¥

Measurements were performed for five spray tracks parallel
to the hedgerow with an increasing distance from the hedgerow
(¢ff Fig_2). The hedgerow consisted almost entirely of hawthom
(Cartages laevigata (Poiret)) treez about 4-3m high and 1-2m
wide, with a few gaps. Hawthom is deciduous, and in Denmark
leafing occurs in early May, flowering in May,/Tune. Measure-
ments of the vertical wind profile at 4 posttions (1.0, 2.0, 3.3,
znd 5.1 m above the ground) in the hedgerow were compared
with the wind measurements about 10{0'm upstream at the open
field. These measurements indicated that the total horizontal
flux from ground to 5.1 m was reduced by about 10% (data not
shown). This indicates 2 small vertical component in the mean
flow and iz consistent with a measured average vertical wind
component at 5.1 m of 9% of the horizontal component. Com-
pared to other uncertainties, this iz cnly a minor viclation of the
implicit assumpticn of horizental mean flow:

Spray drift was collected using commercial plastic hair curlers
(M-cosmetics, Denmark) mounted on maszts 0.3, 1, 2. and 4m
zbove the ground. The curlers were covered with 3-mm-long
“hair]” 0.15mm in dismeter, and were azsumed to collect drop-
letz with a diameter down to 10 um and an effective crosswind
area of 2 cm=6 cm These assumptions were associated with
some uncertamty due to the complex structure of the curler.

The masts wers placed zt five different distances to a hedge-
row almost perpendicular to the wind direction. The mast spac-
g was 12m, comesponding to the width of the spray boom. At
each distance, five masts were zet up at 10m intervals, and the
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Table 1. Mateorological conditions and settings for the spray equipment doring spray events

Paramater, unit

Arril D3 By 0
Emvironmeantal Wind speed, mzec! 55-62 20-3.4
condition: w* med 051061  0.18-028
L m -57——E8 —5—1I1
Heat fhox, Wm™ 206255 51-130
Tempersmre, °C 10-11 11-12
BH, % 42-50 53-59
Spraving equip-  Mozzletyps FF FF
MAMTEMINEE Precame hiPa 055 055
Flowrrate, Lmin™ 14 L&
VDA, pm 198 168
Dwop ejection spead, mzac™ 18.0 180
Tractor speed, kembr i T
Apolication rata, Lha™ 300 300
Tank copcenration, gL 149 123

Trial
Fane 05 Ang 05 Bapt 03 Tame 10 Fuma 10
18-38 3743 24-33 46-58 4836
038045 034053 020058 045-062  051-0.6]
-58—-88  -21—-37  -24—-107 244 -116--126
74120 23-205 D1-164 44-112 B5-144
7-18 17-18 212 12-15 15-16
65-T0 2760 4585 6777 6365
FF FF FF AT AT
030 030 030 030 030
11 11 L1 L6 L6
213 113 13 430 430
153 153 155 01 01
7 7 7 54 54
200 00 200 300 200
163 190 L83 213 193

= The parameter u* is the Ficion velocity, a meazurs of air nubulence. ¥ L (AJonin—Jbakhoy number) iz 3 parameter of atnospheric stability. = FF=Hardi flat
fam 41 10-16 nozzles and AT=Teelet Air Injection — 1 10-04. % Volume madisn diameter from measurement in kaboratory: < Value from centre of measured volomeat-

ric droplet velocity distribution from continuons scan in laboratory:

dm

2m

1im

Ll

Fig. 2.

I 0.5m

Skatch of the semup of the spray-drift trails for vertical profile measarements with tractor-camied boom sprayer and location of hedgerow and

masts with height posttion of curlers. The masts are positicnsd m five rows with 1 2m n between and with five masts in each row, totaling 25 masts.

first row was placed just in fromt of the hedgerow, resulting in a
total of 23 masts. In each mast, two hair curlers were placed up-
right at each of the four four sampling heights, giving 10 curler
measurements at ezch height at each distance that were averaged
and uzed in the model calibration and validation. Before spray-
ing the next frack, a new row of masts mounted with curlers was
erected. In order to raduce the large variability in the measura-
ments, some extra trails were performed where the tractor drove
back and forth 10 times in the third track 24m away from the
hedgerow, and measurements were only made in the hedgerow:
2.2, Droplet size distributions

Three different droplet size diztributions were applied during
the field experiments, ie, the standard flat-fan Hardi 4110-16
at 0.30 and 0.55MPz and the Teelet air-induchion nozzle 110-04
at 0.30 0Pz The nozzle droplet spectra were experimentally de-
termined using the PDPA laser-based measurement setup and
protocol 47 Cummlative droplet size distributions are shown in
Fig. 3 together with the results of the flat-fan noezle XF. 110-02
at 030 MPa™ used for the sensitivity enzlvsis in a later section.

Results and Discussion

1. Calibration

The calibration of the medel was performed using data from the
Hardi flat-fan 4110-16 nozzle spray experiments. As mentioned,
the calibration was performed by adding an extra initial f2ll dis-
tance to the distance calculated by the droplet model. The wind
speed at boom height was uzed 23 a scalmg parameter. Calibra-
tion tests were performed replacing the measured wind speed
with the relative wind speed at the moving boom by combining
the driving velocity and the wind velocity. Thiz did not improve
the calibration. Baetens er o/ *) found only little influence by the
tractor speed. Thiz indicates that the turbulence related to the
average wind speed might be the most important factor for low
driving zpeeds.

The performance of the OML-SprayDnift model on the de-
pendent data from 2003 is shown in Fig. 4. The values are shown
on a log scale in order to differentiate between the smallest val-
ues. A group of points marked with 2 cross in a diamoend indi-
cates where modeled vahies are much lower than the measure-
ments. These points zll relate to measurements at 4 m height
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Fig. 3. Measured drop spectrz for the Hardi 4110-16 standard flat-fan
nozzle (at 030 and 0.35MPa), the Teelet AT 110-04 air-inchizion nozzle
(at 0.30MPa), and the Tealet XE 110-02 {at 0.30 1 Pa}. Data for XF. 110-02
are from Klein and Golus (2004).
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Fig. 4. Mearured and modeled values of horizeata] drift (ag cm™) on
data from 2005, Dnamonds are zingle trail values {average of 10 curlers)
and solid squares are averages of 10 sprays in the zame wack, giving a
better ensemble average. The dizmonds with a cross ars for posidons Om
from boom znd at 2 height of 4m The central line is the 1-1 curve, and
the two others are a factor of four offset

next to the boom at 0 m distance. The large difference may be
due to the wake from the tractor that catches some of the spray
and rapidly spreads it to 2 greaster height This phencmenon
iz not yet covered by the model Exeept for this group of dats
there iz 2 reascnakly good comelation between measured and
model values for both near (high vahies) and far dnft distances
ilow vahes). The pomts of 10 track averages (24 m distance) are,
of courze, less scattered. For all pointz, 32% are within a factor
of four. This iz actually quite good, taking info account that the
model predicts deposition values baszed on 10-min metecrologi-
cal data while a spray experiment only represents about 30 zec
l{t-:rLal time for 10 curlers collecting droplets passing by in about
Fzec from a 12m boom in a wind speed of sbout 4m =ec™),

L TValidarion
The model validation was done for the nozzle Teelet air-injec-
tien 110-04 with a coarser droplet size spectrum (Fig. 3) with
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Fiz. 5. Mieazurad and modaled values of herizontal fhox (ng cm ™). Vali-
dation on indspendent data from 2010, Crosses are for positions 0m fom
boom and at 3 height of 4 m. See text with Fig. 4 for farther explanation.

fewer small droplets than the Hardi flat-fan 4110-16 nozzle. The
comparizen batween the modelad and measured values is shown
m Fig. 5. Again the group of points with a cross in 2 diamend
reprezent: measurements at 4m height next to the boom, for
which the modeled values are much toc low. The explanstion
iz again the effect of the tractor wake rapidly sending droplets
upwards. For the other positions, the model performs well, with
atendency to overpredict the lower deposition values. The num-
ber of points within a factor of four 13 improved to 91%. The
fact that the validation is performed with 2 completely different
nozzle strengthens confidence m themodel.

It 1z important to notice that the validation 13 performed for
2n air-imjection nozzle uzng 2 model in which the additicnal
droplet fzll distance due to the airstream close to the nozzle 13
calibrated to a standard flat-fan nozzle. Teske ef 2l ™ uzed two
different calibrations of the nozzle indueed air stream for these
twotypesofnozzles.

3. Sensiivity

In order to analyze the model behavior and identify important
parameters affecting pesticide dnft, some sensitivity runs have
besn performed, varying one parameter and kesping the oth-
erz constant if nothing else is mentioned. The calculations were
performed for multiple spray tracks of metsulfuron-methyl on 2
240m wide field including all drop sizes in opposite to the vali-
dation, where droplets less than 10 ym were excluded. The other
parameters are pesticide 4 gha™ (400 ggm™), fluid 300Lha™",
boom height 0.3 m, sprayer speed Tkmh™ nozzle AT 110 04 a
0.3 0Pz, wind zpeed 4m &7 at 4m, wind direction perpendicu-
lar to hedgerow, relative hummdity §0%, air temperature 15°C,
heat flux 100 Wm™, and aerodvnamic roughness 0.1 m. The
considered pesticide had the following characteristics: vapor
pressure 7.7 mPa (25°C), density 1447 10°Pkgm™, and molar
mass 381.37 g mol 2550 Adapting values from other pesti-
cides,”*"* the binary diffusion coefficient in M, (25°C) was 5
107w’ sec™, and evaporation heat enthalpy was 98,000 Jimol.
Heat capacity 4200 kg™ K™ was assumed to be equal to that of
aIT.
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The model caleulations are presented as vertical profiles of the
horizontal pesticide flux at the edpe of the sprayed field, fe., at
a posstble hedperow location Results are also presemted as the
deposition drift to the ground as 2 finetion of the distance from
the field edge. which iz relevant for neighbonng bictopes with 2
negligible verticzl dimension.

Sensifivity calculations have been performed for spray-
application parameters (nozzle type, spray pressure, and boom
height), pesticide evaporation pressure, and metecrological con-
ditions (wind speed, relztive humidity, and air temperature).

il Nozzle fipe and spray pressure
An important peramster iz the droplet spectrum of the nozzle
In Fig. 6, the modeled drift is presented in two ways, as the
vertical distributions of the airbome herizontal spray drift or
honzontal flux at the edge of a field and as the deposition to
the ground downwind of the field for three types of nozzles. As
expected, the nozzle with the largest number of zmall droplets
grves the highest horizontal dnft and deposition. Deposition dif-
ferz between the nozzles with a factor of 56, whersaz the an-
bome drift values differ with a factor of about 10. The differ-
ence in factors iz due to the fact that the spray cloud of the XR.
11002 nozzle contains a larger amount of small droplets that
stay airborme and have a lower depesition velocity. At 10m dis-
tance from the boom, the deposition ranges from 0.1 to 1.0% of
the applied amount. A horizental drift of 10ng e ? comesponds
to 23% of the nominal application rate of 40ngcom?. This num-
ber iz extremely high compared to the ground depostts 2t 10m
distance, but as stated above the horizomtzl dnft represents the
cummlative dose from a 240-m wide field where most of the de-
position to the ground cceurs close to the sprayed track wiile
the airbome horizontal drift moves over longer distances. The
higher sirbome drift value: compared to deposition drift values
are confirmed by Donkerzley and Nuyttens 5

The zenzitivity of dnft to differences m nozzle pressure is
mainly caused by the effect on the droplet size spectrum and
anly slightly by the increased mmitial droplet speed. The calcu-
lated difference of the dnft for the nezzle Hardi 4110-16 at 0.3
and (.33 MPa is only zbout 7% (not shown).

Compared to the range of ground depositions reported from
the databases referenced by Tesks of al|”) our calculated deposi-
tion 13 underestimated at the first (—3m, but the setups in the
scenarios may differ The rezson for this possible underestima-
tion may be that the initial depesition caleulated with the sink-
ing phime is assumed only to occur inzide the sprayed track.

32 Spray-boom height
The effect of boom height 1z calenlated (not shewn). Doubling
the boom height from 0.3 to 1 m increazed the horizontal flux
at the hedgerow by a factor of zbout 2.3, Halving the height
te 0.25m only reduced the values by about 15%. These results
should be considered with some caution, because they have not
been validated.

3.3 Pesticide evaporafion presoure
The evaporation pressures of commeon pesticides are ex-
tremely low and vary by orders of magmitude up to about 30
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Fig. 6. MModeled vertical diswibutions of the airbomme horizontal sprav
drift at the edze of a field (A) and deposition to the ground dowmwind
of the fisld (B) for different types of nozzles: the standard flat-fansz Hardi
4110-16 and XF. 110-02 and the sir-inducton nozzle Teelet AT 110-04.
Walies are the curmmlated drift for a 240-m wide spraved field. The value
10ngcm™ corresponds to 25% of the applied pesticide of 400 ggm -1
Orther spray parameters and conditions are listed in the text. ’

to 46 mPa % Compared to water (vaper prezsure of zbout
10hPa), the evaparation of pesticides iz about 107 times lower.
Bums of the model with metsulfuron-methy] with an mereased
evaporation pressure (77 mPa instead of 7.7 mPz) did not affect
the amount of spray drift.
34 Wind speed relative monidity, coud aiv temperaiure

Wind speed is the most important meteorological parameter.
In Fig. 7, dnft values are shown for wind speeds of 2, 4, and
Gmaec™. Az expected, increazing wind spesd increazes horizon-
tal dnft. The reletive umidity of the air also plavs a role in the
amount of dnft. Calculations (not shown) with relative umidity
decreazing from 100 to 40%% result in 2 gradual drift increase of
about T0%. For low nmidity, the droplets evaporate faster, and
the reduced dizmeter results in lower fall speeds that merease
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Fig. 7. Modeled spray drift at the edge of a field {A) and deposition to
the ground dowmwind of the field (B) for differsnt wind speeds. Other
spray parameters and conditions are listed i the text.

the drift. Air temperature has the same effect on evaperation
rate. Increasing temperature from 3 to 25°C increased drift by
about 10-30% (not shown). Almest the same temperature de-
pendence 1s calculated for the Hardi nozzle (not shown). The
important effect of temperature and humidity on drift values
corresponds with the results of Wuyttens ef al ¥

4 Limitations

Although the model 1z based on reazonzkle phyzical principles,
one should be cavtious about changing the setup parameters too
much, since only limited vanations were avalable for calibra-
tion and evaluztion. This concerns boom height, tfractor speed,
the mimimmum boom width of 12m, and non-flat terrain. The
effects of additives have not been addressed. The results will not
be valid after the spray cloud has passed a possible hedgerow, as
measured by De Schampheleire of af 2
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Deposition (% of applied)

0.001

Distance from field edge (m)
Fig. 8. Modelad zpray depesition (% of field spplication) to the ground
mrface outzids a 240-m wide field for different sizes of spray-free zones.
The width of the zones is Lsted in the figure. Other spray parameters and
condittons are listed in the text.

Potential for Reduction of Exposures

The exposure of hedgerows and other neighbonng biotopes to
pesticides can be reduced by the introduction of spray-free buf-
fer zones. The reduction of exposure depends on the width of
the buffer zones, as demonstrated in Fig. 8, where deposition to
the ground is calculsted. The calculated values are the cummla-
tive deposition from a 240-m wide field. The reduction of the
deposition increazes with increasing zone width. Compared to
the standard sination without a2 buffer zone, the deposition
40m distance i biotopes with low vertical dimension 1s reduced
by 33, 50, and 73% for buffer zone widths of 12m 24m and
48m_ respectively:

Fer the same simation, the exposure of a hedgerow iz ealcu-
lated in Fig. 9. The largest reduction occurs at the lowest levels
3z the width of the buffer zone increazes. At the height of Sm,
the reduction 1s very limited. This is becanse it typically takes
zbout 30m before the irbome drift reaches a height of 8m, and
thus, the buffer zene of 48m does not change the exposure at
the top of 2 hedgerow. A maximum in the zirbome drift profile
appears just above the surface, which comresponds with cur mesz-
surements. The zame has been measured and modeled by Butler,
Elliz and Miller'™ and supperts the use of deposition velocity
methods thet 2zsmme this pradient to exist.

Clearly, the meteorclogical parameters’ influence on the
amount of spray drift emphasizes the importance of spraying
during, e.g., the early moming hours, where speed and temper-
sture are low and humidity iz high. The type of nozzle, boom
height, and pressure are, of course, alzo important.

Conclusion
The OML-SprayDinft model is developed using two well-tested
principles, the Gaussian tilting phume and the traditional Gauss-
izn reflected plume, with deposition calenlated from deposition
velocities depending on droplet fall speed and air turbulence.
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Height {m)

2% I T T

0.0 1.0 20 3.0
Drift (ng em2)
Fig. 9. MNModeled vertical profile of the horizontal sprav drift (ngm™) for
different sizes of spray-free zones at the border of a 240-m wide field. The

width of the zones is listed in the fizure. The valie lngcom  corresponds
to 1.5% of the applied pasticide of 400 ygm™. Other spray parymeters and
conditions are listed in the taxt

Model sensitivity to variation in metecrological and spray-
application parameters behaves as expected from a  physical
pomt of view. The model’s mitial droplet fzll distance is calibrat-
ed for a standard flat-fan nozrle @nd model performance 1z vali-
dated agamst an air-injection nozzle with a completely different
droplet zize spectrum In spite of thiz challenge, the wvalidation
still shows a high accuracy of the medel, and thiz sirengthens
confidence m the modal

In the model, the initial adjustment of droplet fall distance i3
solely dependent on wind speed at boom height. Other models
use @ correction independent of wind speed but use parame-
terizations of airstream wvelocity close to the nozzle that is fit-
ted to the different types of nozzles. The accuracy of the OML-
SprayDmft model should be further improved by applying this
type of principle.

For the OML-SprayDrift model validation against existing ex-
perimental data for 2 wider span of metecrology, boom heights,
additives, and crop types would be desirable in order to mte-
grate these parameters in a firture version. In general thers i3
a nead for mere accurate fizld tnal experiments with 2 higher
rezolution.  Additionally, scale-wind tunmel experiment: under
controlled and repeatable conditions can mean a step forward in
firther model refinement
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Supplemental Materials 1:
Diroplet evaporation and fall speed model
1. Mass
The equation for mass of the droplet expresses the increase of mass is equal to

the evaporation or condensation of water and solute (e.z. pesticide) on the

surface:

" rdNG, +G.)

FA
Ll

where ¢ [s] 15 the time_ m [kg] iz the mass of the droplet, 4 [m] is the diameter of
the droplet and G, and G [ke m™ 5] is the flux of water and solute,
respectively, at the surface of the droplet, defined positive towards the drop.

The flux of water vapour by diffusion between the surface of the drop and the

surrounding air 1s given by:

G, = Shgao Dy Mo (Prroa =Xy Prao.s)
a RT; o

and the flux of solvent vapour by:

Sh.D. M,
= ;2., i} Rj; (.D:,a_(]'_‘xn'}p;_‘}':}

G.
where subscripts H20 and 5 refer to water and solvent, respectively. Sh is the
Sherwood number and D is the diffusion coefficient of vapour in nitrogen (air)
which is calculated at the droplet film temperature T [K]. Mo 15 the molecular
weight of water, R 15 the universal gas constant, ps, vapour pressure in the air
and psy saturation vapour pressure at the surface of the drop. The film
temperature 13 defined as the mean of the air temperature and the temperature at

the surface of the droplet. The water vapour pressure 15 modified by the presence

of the solvent and vice versa. According to Seinfeld and Pandis™, the water



vapour pressure 15 modified by the molar fraction of water in the solution, x,, for

substances totally dissolved in water:

where »_ is the number of mole of water and #, is the number of mole of the
solvent.

A combination of the equations gives:

did) _ 4
qr Iﬂ‘¢q T-:r

assuming no solvent in the ambient air and where p 1s the density of the droplet

calculated as:
p=(1=vol) Py, +vol.p.
where vol. 15 the volume of the solute m, p;'l.

The vapour pressure at the surface of the drop 15 taken as the saturated
pressure at the tempearature of the surface of the drop. The only parameter
needed to be modelled is the Sherwood number. Bird et al * express the
Sherwood number as:

Sh.=2.0+06 Re'5c.)”

where the Revnolds number, Re and the Schmidt number, 5S¢ of the droplet 15

defined as:
dvp,
AQ,Q = i
Hy
Sec. = Hy
PaDe

where v 15 the velocity of the drop relative to the air. p, 15 the density of the air,

1ig 15 the dynamic viscosity of air and * refers to either water or solvent.

(Mz20 Dgrg Shgao(Prio. — X ‘Uyzo,;:' + M. D, Sh{-{1- -'fwl-'i';,_.f}}



2. Momenium

The equation of momentum for a droplet expresses that the increase in
momentum 15 the sum of the acting forces, 1.e. the force due to gravity and the
force at the surface due to the friction at the surface:

dv
m-—=mg-3xduvf
ar

where g 15 gravity and fis a factor, that describes the deviation from the Stokes

(creeping) flow. According to Boothrovd™, £ is modelled as follows:
F=1.0+0.15 Re"™

with

_ pd
18u, f

H

The momentum equation 1s transformed to:

a_ v
ot £ To

which, for a constant t,, through the integrating time step, gives:

_I‘
v=exp —

( Y
vp+|1- exp( _—]J T,
LTy A !\ Ty

where vy 1s the velocity of the drop at the beginning of the time step z =0.

3. Energy

The energy equation of the droplet expresses that the increase of the thermal
energy of the drop is equal to the enthalpy from condensing vapour and the
energy exchange with the air due to conduction and convection:

dT dwig, am. S Nuk
(Mpgnn CPpgog +MCp V—=—TH0 p .+ —Sh < —
HIG Hlg £ 5/ dr dr v H10 di T d

where Cps 1s the heat capacity of water and solute, T 15 the temperature of the

md

(I,-T.)

drop, Tp1s the air temperature, and Aqq= 15 the enthalpy of evapoeration at the



surface temperature of the drop T5. 15 the heat conduction coefficient of the air
and Nu 15 the Nusselt number at film temperature. The Nusselt number 15

modelled according to Boothroyd® and Bird et al.* as:
Nu=2.04+06Re "Pr’

where the Prandtl number 15 defined as:

Cp,
pr = Ha s
g
With
32 G &
T, =— £ Fo o + ———Cp.
6Nuk| Gy +G, Gao t G

and the assumption, that the surface temperature of the drop s equal to the

temperature of the drop, the energy equation can be rewritten as:

dTl _ -Ejera;, 3 dd Tg -T with n.I,ﬂ:,_.r _ hs'.'.:r_:'.HZOGHEG +h5'|‘.‘.‘,!l..-'G:
a Cp dd 7, Cp P0G + .G,

This 13 integrated in the same manner as the moment equation:

) ’ /_f\.\. i .:?I. 2 g '&'1:
T=m=:xp(—I [IJ—(I—exp ! ‘[ v %d(]ﬂi )); Te+Ta1

r s

e J /

V) Cp dr /
where T 15 the temperature of the drop at the beginming of the time step, t = 0.
The minor changes in the values of Cp, &, o, t, D, heyg. and p due to
temperature are taken from textbooks.

Evaluation of the droplet model
The drop model has been evaluated against two different series of measurements
on pure water. In Table 5.1, the predicted fall velocities are compared with
velocities measured by Guan and Kinzer™. The model is set up with a relative
humidity of 100 % 1n order to aveid evaporation; a start velocity of 0 m/s and

run until at constant terminal velocity 1s reached. The droplet velocities



correspond very well with measurements, particular for droplets less then 400
pm where the most important spray drft occurs.
[Table 5.1]

The model capability to predict evaporation has been evaluated by comparing
the drop size after 0.5 m of fall distance with calculations from another model,
Fluent®® that has been evaluated against experiments for 148, 253 and 424 pm
droplets in about 40 % relative humidity . In Table S.2, the comparison is
performed for droplets with a start velocity of 20 m/s and relative humidities of
20, 40, 60, and 80%. Generally, the model predicts smaller droplets than
Fluent®. The reason for the larger diameter caleulated by Fluent® is probably
that Fluent® was run with a fixed droplet evaporation temperature of 0° C which
15 too low and, in some cases, lower than the wet bulb temperatures of 9, 12, 15,
and 18° C for the respective relative humidities. In our model, the evaporation
temperature was calculated during evaporation and was close to the wet bulb
temperatures. The lower evaporation temperature in the Fluent® runs gives
lower evaporation and, in turn, a larger diameter.

[Table 5.2]
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Table 5.1

Evaluation of droplet terminal speed (m/s).

Droplet diameter (um)  Measurement Model
100 0.27 0.25
200 0.72 0.71
300 117 117
400 1.62 1.61
500 208 203
600 247 242
700 287 280
800 3.27 3.16

Table 5.2

Droplet diameter (um) after 0.5 m fall distance and start velocity of 20 m 5™ for different relative

humidity (Rh.) and air temperature 20° C. Comparison with the model of Reichard et al.”.

Start droplet Rh. 20% Rh. 40% Rh. 60% Rh. 80%

diameter (um) Reichard Model Reichard Model Reichard Model Reichard Model
50 0" o* 0* 0* 30 o* 53 47
20 52 45 58 651 73 70 77 75
100 92 a8 94 92 97 95 98 98
200 200 199 200 199 200 199 200 200

* Droplet is completely evaporated
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Generalisering og validering af model for afdrift af pesticider til laehegn og andre
markneaere biotoper

I det netop afsluttede projekt "Generalisering og validering af model for sprgjtemiddelafdrift til leehegn
og andre marknaere biotoper” har vi mélt, hvor meget af det sprgjtemiddel, landmanden sprgjter ud, der
ender i markens laeehegn. Malingerne er anvendt til at videreudvikle og validere en model, der kan
forudsige afdriften af de fleste sprgjtemidler under forskellige betingelser. Modellen kan tage hensyn til
de givne egenskaber for pesticidet og til dysens drébestarrelser, hvordan vejret er og om der er en
sprgjtefri zone mellem traktoren og naturen uden for marken. Desuden kan modellen differentiere
mellem forskellige hgjder i leehegn. Som forventet var afdriften til lehegn mindre ved brug af en
luftinjektions-dyse end ved sprgjtning med fladsprede-dyse i den samme mark. Forskellen i afdrift
mellem de to typer af dyser viser, at der er potentiale for, via valg af sprgjteudstyr, at reducere mangden
af pesticider, der lander i lehegnene og dermed reducerer blomstring og frugtsetning. Samtidig viser
sével malinger som modelberegninger, at der ikke er den store effekt af sprgjtefrie bufferzoner pa
afdriften til leehegn, specielt ikke i den gverste del af leehegnene, hvor frugterne ofte er mest talrige.
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