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A REVIEW OF ULTRALOW-VOLUME AERIAL SPRAYS
oF INSECTICTDE FOR MOSQUTTO CONTROL'

GARY A. MOUNT., TERRY L. BIERY3 INo DANEL G. HAILE,

ABSTRACT This review of research on ultralow-volume (ULV) aerial sprays for mosquito control is a
component of an Aerial SPray EXpert system (ASPEX). Topics include application volume, adulticiding, larv-
iciding, droplet size, and meteorology. The review discusses the efficacy of ULV aerial sprays against many
important pest and vector species of mosquitoes in a wide range of locations and habitats in the USA and in
some countries of Asia, Africa, and the Americas. Nine conclusions were drawn from this review. 1) ULV
applications are as effective for mosquito control as highly-diluted, water-based sprays. 2) More acres can be
sprayed per aircraft load with the ULV method than with dilute sprays. 3) High-altitude ULV sprays using wide
or stacked swaths could be used in emergencies if wind speed and direction data at appropriate altitudes are
available to accurately place the spray. 4) Successful adult mosquito control can be achieved in dense foliage
or open housing with ULV aerial sprays, but doses of insecticide must be increased. 5) ULV aerial application
of mosquito larvicides can be used successfully in large areas. 6) The optimum droplet size for adult mosquito
control is 5-25 pm volume median diameter (VMD). 7) For mosquito adulticiding, near optimum atomization
of ULV sprays is achieved with flat-fan nozzles oriented straight down or slightly forward for high-speed aircraft
(>l5O mph) or rotary atomizers on slow-speed aircraft (<150 mph). 8) Optimum atomization minimizes paint
spotting. 9) Maximum adult mosquito control is achieved just afteg sunrise and just before sunset with 2-10-
mph crosswinds.

INTRODUCTION

The earliest experiments with undiluted formu-
lations of liquid insecticide for insect control were
reported by Messenger (1963,1964), Skoog et al.
(1965), and Wilson et al. (1965). The application
concept was subsequently adapted for mosquito
control by many investigators. After several years
of research and development, the term "ultralow

volume" or "ULV" was commonly used to de-
scribe the application of undiluted insecticide for-
mulations. In practice, the ULV method involves
the application of the minimum effective volume of
an undiluted formulation ofinsecticide (as received
from the manufacturer). With the ULV method. the
application volume is dependent on the intrinsic
toxicity of an insecticide to the target species and
its concentration in a liquid formulation. In cases
where the applicator mixes the insecticide formu-
lation with limited quantities of a solvent or carrier
for various reasons, the application would be con-
sidered as low-volume because the minimum vol-
ume was not applied. During the early development
of the ULV method, some applications of technical
undiluted insecticide and moderately diluted for-
mulations were referred to as low-volume. For con-
venience and simplicity in this review, low-volume
and ultralow-volume applications will be referred
to as ULV.

After development, the ULV aerial spray method
of insecticide application for adult mosquito control

I This article reports the results of research only. Men-
tion of a proprietary product does not constitute an en-
dorsement or a recorlmendation for its use by USDA.

'�Medical and Veterinary Entomology Research Labo-
ratory, USDA-ARS, Gainesville, FL 32ffi4.

3 Aerial Spray Branch, U.S. Air Force Reserve, Vienna,
oH 44473.

was quickly adopted in the USA. ULV has been the
worldwide standard aerial spray method of mos-
quito adulticiding for more than 25 years because
of inherent advantages over high-volume water- or
oil-based sprays. These advantages include an in-
creased effective payload, more rapid and timely
application, elimination of the formulation process,
less handling of insecticide, reduced pumping re-
quirement, and reduced application costs.

This review is a component of an Aerial SPray
EXpert system (ASPEX) funded by the DoD Leg-
acy Resource Management Program. It includes
references published from 1963 to 1995 and un-
published technical reports on operational ULV ae-
rial sprays. ASPEX was developed as ajoint project
by the USDA-ARS Medical and Veterinary Ento-
mology Research Laboratory and the Aerial Spray
Branch, U.S. Air Force Reserve for training and
operational use. This expert system also has poten-
tial for global use in mosquito control programs.
Previous reviews of the ULV application method
for mosquito control were made by Lofgren (1970,
1972, 1974) and Lofgren and Mount (1975). In
general, this review is presented in chronological
order within topical area. Major topics include ap-
plication volume, adulticiding, larviciding, droplet
size, and meteorology. In several studies, we per-
formed probit analysis on efficacy data to estimate
rates of insecticide needed for 9O7o mosquito con-
trol. Conclusions and summarv tables based on the
review are provided.

RELATIONSHIP BETWEEN
APPLICATION VOLUME

AND EFFICACY

Despite the rapid and widespread acceptance of
the ULV method and numerous tests demonstratins

601



602 JounNel oF rHE AMERTCAN Mosquno CoNrnor- AssocrATroN Vol .  12 ,  No.4

its efficacy, only 2 studies comparing mosquito kills
with ULV and water-based aerial sprays were re-
ported. Direct comparison of the effects of naled
applied as ULV (1.6-6.4 fl. oz.lacre) or water-based
aerial sprays (96 fl. oz.lacre) against adult salt-
marsh mosquitoes, predominantly Aedes taenio-
rhynchus (Wied.), infesting l0-50-acre citrus
groves was made by Mount and Lofgren (1967).
Their results showed that ULV and dilute sprays of
naled were about equal in effectiveness (0.13 and
0. I I lb. active ingredient [Al]/acre, respectively, for
9OVo control as estimated by profit analysis). Fur-
thermore, Mount and Lofgen (1967) showed that
ULV sprays of fenthion were less effective than
dilute sprays at 6 h posttreatment but the applica-
tion methods were about equal at 24 h posttreat-
ment (0.23 and 0.19 lb. AVacre, respectively, for
9OVo control as estimated by probit analysis). A
second comparison of ULV (3.2 fl. oz.lacre of 2 lb.
AUgal formulation) and water-based (64 fl. oz.l
acre) sprays at equal doses (0.05 lb. Al/acre) of
propoxur (Baygon@) was reported by Knapp and
Rogers (1968). Their results showed no difference
against Ae. sollicitans (Walker) populations in Ken-
tucky with 92 and 887o mean reductions at 1.5-24
h posttreatment for ULV and water-based sprays,
respectively.

With aerosols applied by ground equipment,
Mount et al. (1968) showed that ULV applications
of malathion and naled (0.2-0.5 fl. oz./acre) were
equal to or better than higher-volume applications
(14 fl. oz.lacre) of the same doses of these insec-
ticides against adult salt-marsh mosquitoes (Aedes
sp.). Also, Husted et al. (1975) reported no differ-
ence in the percentage kill of adtit Culex pipiens
Linn. mosquitoes with a 6-fold range in the volume
of chlorpyrifos formulations applied at equivalent
doses as ground aerosols.

EFFICACY AGAINST
MOSQUITO ADULTS

Efficacy research on ULV aerial sprays for adult
mosquito control is divided into small-scale, large-
scale, and high-altitude tests. Small-scale tests at
normal altitudes (<2OO ft.) were done in relatively
small plots (<1 mi.'�). The target areas for large-
scale tests at normal altitudes were from 4 to more
than 700 mi.'� High-altitude tests (>20O ft.) were
done to explore the feasibility of wide-swath or
stacked-swath applications and were, by necessity,
conducted over large areas. Also, several tests of
ULV aerial sprays for control of midges are cov-
ered here.

Small-scale /esls.' Most of the early trials with
ULV aerial sprays against adult mosquitoes were
done on a relatively small scale (<1 mi.'�) compared
to subsequent large-scale testing and most opera-
tional applications. The primary purpose of the
small-scale tests was to demonstrate the efficacv of

ULV aerial sprays of various insecticides against
different mosquito species in a variety of locations
and habitats. Basic information for small-scale tests
against adult mosquitoes is summarized in Table 1.
With few exceptions, small-scale tests were done
with small, single-engine, fixed-wing aircraft
equipped with high-volume spray systems modified
to allow ULV applications or with experimental
ULV systems. Most applications were made with
low capacity, flat-fan nozzles, although some trials
were made with various types of rotary atomizers.
Obviously, smaller-capacity liquid pumps and
transfer pipes were required for ULV flow rates as
compared to water-based spray rates. Furthermore,
most of these tests were made against natural pop-
ulations of mosquitoes, though some were done
with caged mosquitoes as indicated in Table l.
Crosswind swaths varied from 75 to 2OO ft. with
release altitudes of 50-175 ft.

The results in Table I indicate satisfactory con-
trol (89-1007o) of various mosquito species with
the following rates (fl. oz.lacre) of undiluted insec-
ticide: 9 1 -95 Vo malathion. 3.2-8: 5OVo emulsifi able
concentrate (EC) malathion, 13.6; 857o naled, 0.8-
l.l; 8 lb. Al/gal fenthion, 0.75-1.8; 93Vo fenthion,
O.45; 4 lb. AUgal propoxur, 1.5-1.6. However, tests
shown in Table I indicate that higher rates of tech-
nical malathion (6-8 fl. oz.lacre) and 8 lb. AVgal
fenthion (4 fl. oz.lacre) were required for satisfac-
tory mosquito control in dense jungle canopy and
open houses that offered some protection of adult
mosquitoes from the spray droplets. Also, formu-
lations of permethrin diluted in oil provided 8l-
92Vo control of Culex and Anopheles sp. with rates
of 0.6-4.9 fl. oz. AVacre and total application vol-
umes of 40-60 fl. oz.lacre (Groves et al. 1994). In
other small-scale tests, Patterson et al. (1966) ob-
tained complete control of midges along Florida
lake shores with 2 fl. oz.lacre of 95%o malathion.

Large-scale, normal-altitude tests: Although
small-scale tests identified effective rates of insec-
ticide for adult mosquitoes, large-scale tests were
required to assess the full potential of ULV aerial
sprays and establish minimum effective insecticide
rates for operational and emergency mosquito con-
trol programs. Large-scale target areas accommo-
date the horizontal transport of small spray droplets
and tend to negate short-term mosquito reinfesta-
tion from adjacent untreated areas. A summary of
large-scale, normal-altitude tests is presented in Ta-
ble 2. In all but 3 ofthe large-scale tests, insecticide
was dispersed with large, multiengine, flxed-wing
aircraft equipped with flat-fan or hollow-cone noz-
zles oriented straight down or down and 45o for-
ward to the airstream. Ribeiro (1973) and Uribe et
al. (1980) used small, single-engine, fixed-wing air-
craft equipped with rotary atomizers and Bourg et
al. (1978) used a small, single-engine, fixed-wing
aircraft with flat-fan nozzles oriented down and 45'
forward to the airstream.
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With 91.5-95Vo technical malathion, rates of
2.6-4 fl. oz.lacre produced 9O*98Vo control of Ae-
des, Anopheles, Culex, and Psorophora sp. in l1 of
13 studies and operational applications (see data
and references in Thble 2). Also, results from 2 tests
in open to wooded habitat demonstrated that 1.5 fl.
oz.lacre of 95Vo malathion provided only 57-62Vo
control (Mount et al. l97oa, Meisch and Mount
1978). For control of Ae. aegyprl (Linn.) in urban
areas with open houses, 6-9.3 fl. oz.lacre of 95Vo
malathion was required for 89-99Vo control (Lof-
gren et al. l97ob, Uribe et al. 1980). In dense veg-
etation, Eliason et al. (1975) and Thylor et al.
(1975) obtained >99Vo reduction of Anopheles al-
bimanus Wied. populations with 6 sequential ap-
plications of 95Vo malathion, all applied at 4.5 fl.
oz.lacre except for an initial spray at 6 fl. oz.lacre.
In another test, Mount et al. (1970d) obtained only
33Vo control of An. albimanus populations in the
target area with 6 fl. oz.lacre of 95Vo malathion;
however, 99Vo control was observed in an area O-
0.5 mi. downwind of the target area, indicating ex-
cessive horizontal transport of the spray.

Satisfactory levels of control (88-99Vo) were ob-
tained in 9 of l0 studies at 0.5-l fl. oz.lacre of 857o
naled applied for control of Aedes, Anopheles, Cu-
lex, and Psorophora sp. in large-scale tests and op-
erational applications (see data and references in
Table 2). In one test, Bourg et al. (1978) obtained
only TlVo control of Ae. sollicitans with | fl,. oz./
acre of 85Vo naled, apparently because of mosquito
reinfestation of the 3 mi.2 target area. In an opera-
tional program, Biery (1987; footnote 7, Table 2)
observed 68-99Vo kill ofcagedAe. aegypti exposed
to sprays of I fl. oz.lacre of 85Vo naled with the
level of kill dependent on weather conditions.

The effectiveness of ULV aerial application of
95Vo fenitrothion at 6.1 fl. oz.lacre against adult Cx.
tritaeniorhyncftus Giles was shown by Self et al.
(1973). The target area (6.25 mi.2) consisted of rice
fields, small villages, and occasional marshes with
reeds. Based on animal bait and animal shelter col-
lections, fenitrothion provided an average of 7l-
8l7o reduction in the population of adult female
mosquitoes.

High-altitude tesls.' The feasibility of dispersing
ULV insecticides from wide swaths at a constant
high altitude (>200 ft.) or from multiple swaths
over the same flight path at increasingly higher al-
titudes (stacked swaths) was explored by various
investigators. These application methods utilize the
range in horizontal transport potential of the ULV
aerial spray droplet spectrum. One advantage for
both methods is increased swath width. A second
advantage for the stacked swath method is that an
urban area can be treated without actually flying
spray aircraft over the target area. Twin-engine,
fixed-wing aircraft were used in all high-altitude
tests except 2 reported by Akesson et al. (1969).

All insecticides were atomized with flat-fan or hol-
low-cone nozzles oriented straight down or down
and 45' forward to the airstream. Basic data and
references for 6 tests on high-altitude dispersal of
ULV aerial sprays are presented in Table 3.

In 2 California tests (not shown in Table 3),
chlorpyrifos (Dursban@) was dispersed at high al-
titudes in stacked swaths at Bakersville and naled
(Dibrom@ 14) was similarly dispersed at Colusa
(Akesson et al. 1969). Based on insecticide depos-
its, both tests revealed that droplets were air trans-
ported 4,000-14,000 ft. downwind from release at
500-2,000 ft. of altitude. These investigators ob-
served that droplet size decreased with increased
downwind distance and that droplets <50 pm di-
ameter apparently did not fall out because airborne
droplets of 10-30 pm diameter were collected with
cascade impactors at various distances downwind
of the flight path.

In high-altitude, wide-swath tests, Machado et al.
(1969b) applied 85Vo naled from an altitude of
1,000 ft. to 2large tracts of land (11-12.5 mi.,) in
Louisiana for control of Ae. sollicirans populations
(Table 3). Naled was applied at 0.5-1 fl. oz./acre in
1,000-ft. swaths at a speed of approximately 150
mph. The aircraft and spray system was described
by Machado et al. (1969a). For the first 3 tests,
because the investigators were concerned about ex-
cessive horizontal transport, the nozzles were ori-
ented in a trailing position to the slipstream to min-
imize shearing action, thus maximizing droplet
size. In these tests, 59-86Vo control was achieved,
depending on the amount of vegetation in the treat-
ed area. In the fourth test (1 fl. oz./acre), the in-
vestigators decided to take advantage of the poten-
tial horizontal transport of spray droplets and ori-
ented the nozzles down and 45' forward in relation
to the slipstream. Also, the dispersal altitude was
reduced to 50O ft. because of surface winds of 8-
l0 mph. In the fourth test, 947o control was
achieved in an urban area and 76%o control was
achieved in a densely wooded area with heavy un-
derbrush.

High-altitude nighttime ULV applications of
0.55-0.8 fl. oz.lacre of 85Vo naled for control of
adult mosquitoes were tested in Florida by Taylor
and Rathburn (1970) (Table 3). Pre- and posttreat-
ment light trap collections in the target areas indi-
cated l4-lOOVo control of Aedes, Culex. and Pso-
rophora sp. Also, caged mosquito kills and deposits
on cards indicated that the naled spray drifted 0.5-
3 rni. downwind from the upwind edge of the target
area when surface wind velocities were <2 mph.

Mount et al. (1970a) investigated high-altitude,
wide-swath applications of 957o malathion over a
20 mi.z target area in Florida (Thble 3). Maximum
kills of caged Ae. taeniorhynchas mosquitoes oc-
curred 0.5-3 mi. downwind at 150 ft. of spray al-
titude and l-5 mi. downwind at 500- and 1.000-ft.
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Table l. ULV aerial sprays of insecticides at altitudes of <200 ft. against adult mosquitoes in small target areas
(<l mi. ' � ) .

Species Location Habitat

Aedes sollicitans (Walker)

Ae. taeniorhyncftus (Wied.)

Glyprotendipes paripes
Edwards (midges)

Anopheles albimanus Wied.,
An. triannulatus (Neiva and Pinto)

Ae. taeniorhynchus
Culex nigripalpas Theobald
Ae. aegypti (Linn.)

Cx. quinquefasciatus Say

Ae. simpsoni (Theobald)

Ae. aegypti, Ae. africanus
Neveu-Lemaire, Ae.
luteoce phalus ( Newstead;

Ae. taeniorhynchus
Ae. sollicitans
Ae. taeniorhynchus

Ae. sollicitans

Ae. taeniorhynchus

Ae. stimulans (Walker)

An. albimanus,
An triannulatus

Cx. quinquefosciatus
Ae. stimulans

Ae. sollicitans

Cx. quinquefasciatus

Ae. stimulans

Ae. sollicitans

Cx. quinquefasciatus
An. quadrimaculatus Say

' Reduction of the natual population (n) or kill of caged mosquitGs (c) within 4E h Insttreatment.
I Volume for 9070 reduction estimated by probit analysis of combined data from indicated references.
r B.iomist@ 30:30 or 3l:66 diluted 1: 19 with Envirotech@ oil and applied at 0.9 fl. oz. Allacre or 0.H.67 fl. oz. AUacre, respectively.

Malathion,957o

Kentucky

Florida

Florida
Florida
Panama
Panama
Florida
Florida
Thailand
Thailand
Thailand
Thailand
Ethiopia
Ethiopia

Malathion, SOVo EC

Nigeria

Naled, 857o (14 lb. AVgal)

Florida
Kentucky
Kentucky

Open to wooded

Citrus groves

Lake shore
Lake shore
Dense jungle
Dense jungle
Open to wooded
Open to wooded
Open houses
Open houses
Open houses
Open houses
False banana
False banana

Open houses

Citrus groves
Open to wooded
Open to wooded

Open to wooded
Open to wooded
Citrus groves

Wooded
Wooded
Dense jungle
Dense jungle
Dense jungle
Open field
Wooded
Wooded
Open to wooded

Open field

Wooded
Wooded
Open to wooded

Open field
Open field

Fenthion, 8 lb. AUgal (Baytexo)

Kentucky
Kentucky
Florida

Michigan
Michigan
Panama
Panama
Panama
Florida
Michigan
Michigan
Kentucky

Fenthion, 93 Vo (B ay tex@)

Florida

Propoxur, 4 lb, AVgal (Baygon@)

Michigan
Michigan
Kentucky

Permethrin i piperonyl butoxide3

Louisiana
Arkansas

spray altitudes. With 3,000 ft. of spray altitude, lit-
tle or no mosquito kill occurred within 5 mi. down-
wind. In general, wind velocity increased with each
increase in altitude (5, 10, 12, and 15 mph at alti-

tudes of 150, 5OO, I,O0O, and 3,000 ft., respective-
ly) in a series of 1 I tests.

Mount et al. (l970d) used knowledge gained
from the Florida tests and results from previous
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Table 1. Extended.

Volume
(fl. oz.lacre) Percentage control Reference(s)

3.8

5 . 1

90, n

90, n

100 n
l0O n
6 2 n
9 0 n
54-97 c
16-87 c
6 4 c

100 c
6 4 c
9 9 c
76-89 n
93-100 n

9 9 n

Malathion.95Vo

Knapp and Roberts (1965), Knapp and Pass (1966),
Knapp and Gayle (1967)

Glancey et al. (1965, 1966); Mount and Lofgren
(1967); Mount et al. (1970b, l97Oe, l9'7Of, l97l)

Patterson et al. (1966)
Patterson et al. (1966)
Lofgren et al. (1968)
Lofgren et al. (1968)
Rathbum et al. (1969)
Rathburn et al. (1969)
Kilpatrick et al. (1970b)
Kilpatrick et al. (1970b)
Kilpatrick et al. (1970b)
Kilpatrick et al. (1970b)
Brooks et al. (1970)
Brooks et al. (197O)

Malathion 5OVa EC

Knudsen et al. (198O)

Naled, 857o (14 lb, AUgal)

Glancey et al. (1966), Mount and Lofgren (1967)
Knapp and Gayle (1967), Knapp and Rogers (1968)
Rathburn et al. (1969)

Fenthion, 8 lb. Allgal (Baytex@)

Knapp and Pass (1966)
Knapp and Pass (1966)
Glancey et al. (1966); Mount and Lofgren (1967);

Mount et al. (1970b I97Oe, l97of,1971)
Stevens and Stroud (1966)

Stevens and Stroud (1966)
Lofgren et al. (1968)
Lofgren et al. (1968)
Lofgren et al. (1968)
Mount et al. (1970b)
Stevens and Stroud (1967)
Stevens and Stroud (1967)

Knapp and Gayle (1967)

Fenthion, 93Vo (Baytex@)

Mount et al. (1970b)

Propoxur, 4 lb, AUgal (Baygon@)

Stevens and Stroud (1967)

Stevens and Stroud (1967)

Knapp and Gayle (1967)

Permethrin * piperonyl butoxide3

Groves et al. (1994)
Groves et al. (f994)

2.0
4.O
3.0
8.O
J - Z

) . 2

3.0
6.0
3.0
6.0
6.0

20.2

13.6

1 . 1
0.8
1.0

0.8
1 .6
1 .8

o.15
1 . 5
1 .6
4.O
4.8
0.45
1.6
1 /

1 . 5

0.45

1 . 6

1 .5

60
40-45

90, n
9O2 n
6 1  c

9 3 n
100 n
902n

9 3 n
9 6 n
6 2 n
9 0 n
9 5 n
90, c

100 n
100 n
90, n

9O2 c

100 n
100 n
902 n

8 7 c
81-92 c

work (Lofgren et al. 1968) to investigate the prac-
ticality of high-altitude, wide-swath sprays of mal-
athion and fenthion for control of anopheline mos-
quito populations in Panama (Thble 3). Spray alti-
tudes were based on the desired swath interval and

the altitude of the lowest wind current, as surface
conditions were calm during all spray applications.
In the target area, control of the natural population
with 6 fl. oz.lacre of 95Vo malathion averaged 87Vo
at 24 h posttreatment while 14 h kill of adult female
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Table 2. ULV aerial sprays of insecticides at altitudes of <200 ft. against adult mosquitoes in large target areas
( ) l  m i . , ) .

Species Location Habitat Aircraft

Culex quinquefasciatus
Aedes sp.
Cx. tarsalis Coquillett, Ae.

vexans (Meigen), Ae.
nigromaculis (Ludlow),
P sorophora signipennis
(Coquillett)

Ae. taeniorhynchus

Ae. aegypti

Anopheles albimanus
Ae. sollicitans,

Psorophora sp.
Ae. aegypti
An. albimanus

Ae. dorsalis (Meigen),
Ae. melanimon Dyar

Ps. columbiae (Dyar and Knab),
An quadrimaculatus

Ae. aegypti

Ae. taeniorhynchus

Cx. tarsalis

Ae. sollicitans, Psorophora sp.
Ae. sollicitans
Cx. salinarius Coquillett
Ps. columbiae, An.

quadrimaculatus
Ae. taeniorhynchus

Culicoides sp.
(biting midges)

Ae. aegypti
Ae. taeniorhynchus
Psorophora sp., Ae. vexans,

Ae. sollicitans, Ae. atlanticus
Dyar and Knab, Ae. tormentor
Dyar and Knab, Anopheles sp.

Ae. taeniorhynchus

Cx. tritae niorhync hus Giles

Malathion,95To

Texas Urban to wooded
Alaska Open to wooded
Texas Urban to wooded

c -123
c-123
c-123

Malathion, 91.57o

Minnesota Open to wooded

Naled, 857o (14 lb, AVgal)

Florida
Florida
Florida
Florida
Thailand
Thailand
Panama
Texas

Angola
Haiti

Wyoming

Arkansas
Arkansas
Colombia
Colombia
Florida

Texas
Louisiana
Louisiana
Arkansas

Florida
Florida
Florida
South Carolina

Puerto Rico
Florida
South Carolina

Open to wooded
Open to wooded
Open to wooded
Open to wooded
Open houses
Open houses
Dense jungle
Urban to wooded

Urban to wooded
Sugarcane, banana

Pasture

Urban, rice fields
Urban, rice fields
Open houses
Open houses
Open field

Urban to wooded
Urban to wooded
Urban to wooded
Urban, rice fields

Open field
Open field
Open field
Salt-marsh

Urban
Open field
Open to wooded

c-47
c-47
c-47
c-47
c-47
c-47
c-4'l
c-123, C-47

Piper Pawnee
Beechcraft D-I8

Beechcraft C-45

Beechcraft l8
Beechcraft 18
Cessna 188
Cessna 188
c - I 30

c-r23

c-123, c-47
Grumman Ag-Cat
Grumman Ag-Cat
DC-3

c-r23
c-r23
c-r23
c-123

c-130
c-130
c-130

c-130

c-46

Florida Open to wooded

Fenitrothion, 957o (Accothion@)

Korea Rice fields, villages

' Reduction of the natural population (n) or kill of caged mosquitoes (c), usually within 48 h posttreatment.
t Exact size not indicated in reference.
r Higher level of control achieved downwind of target area.
aHaile, D. G. and D. L. Kline. 1989. Evaluation of C-t30 modular aerial spray system (MASS) for ultra-low-volume application

(ULV) of insecticides for adult mosquito control. Unpublished USDA-ARS Report, p. 61.
5 Biery, T, L. 1983. Public health emergency in Minnesota. Unpublished U.S. Air Force Report, p. 21.
6 Volme for Dibromo 14 only which ws diluted in heavy tromatic naphtha (1:5).
7 Biery, T. L. 1987. Aerial spray mission for dengue control in San Jum, PR. Unpublished U.S. Air Force Report, p. 8.
3 Biery, T. L. 1989. 1989 USAFR emergency mosquito aerial spray operation as prt of FEMA Hugo relief effort. Unpublished U.S.

Air Force Report, p. 35.
oBiery, T, L. 1993. 1992 USAFR emergency mosquito aerial spray operations as part of the FEMA Hunicme Andrew relief effort

in Florida. Unpublished U.S. Air Force Report, p. 27.
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Table 2. Extended.

Swath
(ft.)

Area
(mi.')

Volume
(fl. oz.lacre)

Percentage
controll Reference(s)

742
24
25

500
500
500

3.0
3.0
3.0

Malathion,957o
>9O n

9 6 n
6 4 n

Kilpatrick and Adams (1967)
Mount et al. (1969)
Mitchell et al. (1969, 1970)

Mount et al. (l97oa)
Mount et al. (1970a)
Glancey et al. (1970)
Glancey et al. (1970)
Lofgren et al. (1970a)
Lofgren et al. (1970b)
Mount et al. (1970d)
Pinkovsky (1972)

Ribeiro (1973)
Eliason et al. (1975),

Taylor et al. (1975)
Forcum (1976)

Meisch and Mount (1978)

Meisch and Mount (1978)
Uribe et al. (1980)
Uribe et al. (1980)
Haile and Kline (1989)a

Biery (1983)5

Pinkovksy (1972)
Bourg et al. (1978)
Bourg et al. (1978)
Meisch and Mount (1978)

Haile et al. (1982b)
Haile et al. (1982b)
Haile et al. (1982b)
Haile et al. (1984)

Biery (1987)?
Haile and Kline (1989)a
Biery (1989)8

Biery (1993)'

Self et al. (1973)

2,112
1,056

500
500
500
500

1,056
1,000

Unlisted
300

300

350
350
165
165

1,000-3,000

2,000

1,000
328
328
350

2,112
)  1 t )

)  1 1 )

I,OOO

I,O00
1,000-3,000
t,250-2,500

2,500

500

25
25

I
I

> 1 2
7
6

4,684

> 1 ,
3 1

6-7

1 6
l 6

>2
>2
> 1 ,

820

9t6
J

3
r 6

6
6
6

> t 2

277
> 1 2

r ,337

436

>6

6.8
4.5-6.O

4.O

1.5
3.0
3.9
9 .3
3 .0

6 2 c
9 6 c
59-97 c
9 7 c
8 2 n
9 1  n
333 n
94-98 n

84-96 n
>99 n

86-91 n

5 7 n
9 7 n
58-75 n
89-94 n

>90 c

94-98 n
7 l n
8 8 n
9 2 n

8 2 c
8 3 c
9 3 c

>99 n

68-99 c
>9O c

90-95 n

1.5
3.0
3.O
3.0
3.0
6.0
6.0
2.6

Malathion, 91.59o

9 4 n

Naled, 857o (14 lb. AVgal)

o.'75
1 .0
1.0
1.0

o.256
o.25
o.75
1.0

1.0
o.75
0.5

1.0 93-99 n

Fenitrothion, 95 7o (Accothion@)
6 . 1 7 l -81  n

An. albimanus averaged lO0 and 87Vo in sqeen
cages placed on a road shoulder and under jungle
canopy, respectively. Also, some mosquito control
was achieved with malathion for I mi. downwind
of the target area with 16%o control of the natural
population at24h posttreatment as well as 100 and
52Vo l<tll of caged mosquitoes along a road and un-

der jungle canopy. With 1.2 fl. oz.lacre of 8 lb.
Al/gal fenthion, control of the natural population in
the target area averaged 5lvo wl:,ile kill of caged
mosquitoes on a road and under jungle canopy
averaged 92 and 887o, respectively. Fenthion pro-
vided mosquito control downwind for I mi. of the
target area with 6l%o reduction of the natural pop-
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Table 3. ULV aerial sprays of insecticides at altitudes of >200 ft. against adult mosquitoes in large target areas
(>1 mi.2).

Species Location Habitat Aircraft

Aedes taeniorhynchus

Anopheles albimanus

Ae. solicitans
Psorophora columbiae
Culex nigripalpus
Ps. ciliata (Fabr.)
Ae. infirmatus Dyar and Knab
Ae. taeniorhynchus

An. quadrimaculatus
Ps. columbiae

An. albimanus

An. albimanus, An. triannulatus

Malathion,95Vo

Florida
Florida
Florida
Florida
Panama

Naled, 857o (14 lb, AVgal)

Open to wooded
Open to wooded
Open to wooded
Open to wooded
Dense jungle

Urban to wooded
Urban to wooded
Urban to wooded
Urban to wooded
Urban to wooded
Open to wooded
Open to wooded

Urban, rice
Urban, rice

Fenthion. 8 lb. AVgal (Baytex@)

Dense jungle
Dense jungle

Fenthion, 93Vo (Baytex@)

Panama Dense jungle

Louisiana
Florida
Florida
Florida
Florida
Florida
Florida

Naled, 807o

Arkansas
Arkansas

c-47
c-47
c-47
c-47
c-4'7

DC-3
c-47
c-47
c-47
c-47
c-123
c-123

Piper Aztec
Piper Aztec

c-47
c-47

c-123

Panama
Panama

' Reduction of the natural population (n) or kill of caged mosquitoes (c), usually within 48 h posttreatment.
'� Appuently most of the insecticide was transported beyond the target trea.
I Volume for Dibrom@ 14 only, which was diluted in heavy aromatic naphtha (l:5).
a Higher level of control achieved downwind of tilget ilea.

ulation plus 9l and 82Vo kill of caged adult mos-
quitoes on a road and underjungle canopy, respec-
tively.

Lofgren et al. (1972) followed up the previous
ULV aerial spray studies in Panama (Lofgren et al.
1968, Mount et al. 1970d) by treating a 20 mi., plot
of jungle terrain with 2 aeial sprays of fenthion,
an effective mosquito adulticide and larvicide (Ta-
ble 3). The second application to the same plot was
made 9 days following the initial spray to kill new
larvae before pupation and new adults before ovi-
position. The predominant anopheline species in
the test were An. albimanus and An. triannulatus
Neiva and Pinto. A rate of | fl. oz.lacre of 93Vo
fenthion was dispersed at 350-ft. altitude during the
first application and 150-200 ft. altitude for the
second spray. Based on man-biting collections and
collections from horse-baited traps, these sprays
provided successful control (initial reduction of 95
and >8lVo overall) of the adult anopheline mos-
quito population for 3l days following the second
application.

Haife et al. (1982b) obtained only 55Vo kill of
caged Ae. taeniorhynchzs with either 0.125 or 0.25
fl. oz.lacre of naled (85Vo naled, diluted l:5 in heavy
aromatic naphtha and undiluted 857o naled, respec-
tively) dispersed at altitudes of 24O and 27O ft.,

respectively. However, these unsatisfactory results
are likely due more to insufficient dose than to ex-
cessive horizontal transport caused by high-altitude
dispersal.

In a high-altitude nighttime test, Weathersbee et
al. (1986) applied SOVo naled to ricefields of 4 mi.,
surounding Stuttgart, Arkansas for adult mosquito
control (Table 3). A rate of O.72 fl. oz.lacre of SOVo
naled applied at 200-300-ft. altitude produced re-
ductions of 48 and 68Vo of An. quadrimaculatus
and Psorophora columbiae (Dyar and Knab) pop-
ulations, respectively, at 24 h posttreatment. Be-
cause of high application altitudes and surface wind
velocities of 5-10 mph during application, some of
the naled was likely transported downwind of the
target area. Furthermore, the 24-h reductions may
reflect some reinfestation of the tarset area.

EFFICACY AGAINST
MOSQUTTO LARVAE

The advantages of the ULV aerial spray method
for mosquito adulticiding cannot universally be ap-
plied to mosquito larviciding. The ULV method is
well suited to large-scale operations whereas most
mosquito larviciding is done on a relatively small
scale. Nevertheless, knowledge of ULV aerial
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Thble 3. Extended.

Altitude
(ft.)

Swath
(fr.)

Volume
(fl. oz.lacre)

Percentage
controlr Reference(s)

Area
(mi.'�)

500
500

1,000
3,000

300

500
600-1,000
600-1,000

600
600
240
270

200-300
200-300

2,tt2
1,056
1,056
1,056
I,O56

I,OO0
500
500
500
500

z , l 12
a  I  t a

Unlisted
Unlisted

2,112
4,224

2.112

> 1 2
4-28
4-28
28
>4

6
6

4
4

8 5 n
87-l0O n
14-80 n
7 2 n
9 5 n
5 5 c
5 5 c

454 n
5'74 n

25
25
25
25
6

Malathion,95Vo
1.5  74  c
3.0 100 c
3.0 97 c
3.0 332 c
6.0 87 n

Naled, 857o (14 lb. AVgal)

Mount et al. (1970a)
Mount et al. (l97oa)
Mount et al. (1970a)
Mount et al. (1970a)
Mount et al. (l97od)

Machado et al. (1969b)
Taylor and Rathbum (197O)
Taylor and Rathburn (1970)
Taylor and Rathburn (1970)

Thylor and Rathburn (1970)
Haile et al. (1982b)
Haile et al. (1982b)

Weathersbee et al. (1986)
Weathersbee et al. (1986)

Mount et al. (l97Od)
Mount et al. (1970d)

Lofgren et al. (1972)

1 . 0
0.55-{.80
0.55-O.80

0.5s
0.80
0.1251
o.25

Naled, 807o
o.72
o.72

49, n
68' n

Fenthion, 8 lb. AVgal (Baytex@)

300
500

6  1 . 2
6  t . 2

150-350
Fenthion, 93 Vo (B ay texa)

20 1.0 9 5 n

sprays of insecticides was needed to predict their
effect on larval populations. Thus, bioassays with
mosquito larvae were included in some tests de-
signed primarily for adulticiding.. In California,
where larviciding has been a mainstay of mosquito
control operations, ULV aerial sprays of insecti-
cides were tested against mosquito larvae in pas-
tures and rice fields. However, insecticide formu-
lations were somewhat diluted with various oils in
most of the California trials. Furthermore. several
investigators tested the ULV aerial spray method
for large-scale larvicide applications againstAe. ae-
gypti dning the previous eradication effort in the
USA during the l96os. All larvicide tests were
done with small, single-engine, fixed-wing or ro-
tary-wing aircraft except those by Eliason et al.
(1970), Lofgren et al. (1972), and Mount et al.
(1970d), which were done with relatively large,
twin-engine, fixed-wing aircraft. Most insecticides
were dispersed with flat-fan or hollow-cone noz-
zles. Howeve! a few tests were done by applying
insecticides with rotary atomizers. Tests of ULV
aerial sprays of insecticides against mosquito larvae
are summarized in Table 4.

Although the test results against mosquito larvae
shown in Table 4 are not comprehensive enough to
determine minimum effective larvicide rates, they
indicate expected larval mortality at normal adul-
ticide rates. Results from 8 studies with 957o mal-
athion at 2-3 and 6-6.8 fl. oz.lacre indicated 38-
IOOVo (x : 71Vo) and 67-lOOVo (7 : 85Vo1 control

of Aedes and Culex sp. larvae, respectively. Also,
13.6 fl. oz.lacre of 5OVo malathion kllled 97Vo of
Ae. aegypti larvae in open glass beakers (Knudsen
et al. 1980). In tests with midge larvae, Chironomus

fulvipilus Rempel, Patterson et al. (1966) obtained
95Eo mortality with 2 fl. oz.lacre of 95% malathion.
In 5 different studies including Aedes, Anopheles,
and Culex larvae, 93-lOOVo control was obtained
with doses of 0.047-{.12 lb. AUacre of fenthion
which is equivalent to 0.6-1.6 fl. oz.lacre of 937o
fenthion. A wide dose range of chlorpyrifos
(0.011-0.125 lb. AVacre = 0.35-3.8 fl. oz.laere of
4 lb. AVgal formulation) was used to obtain 74-
1007o control of Aedes, Anopheles, and Culex lar-
vae in 4 different studies. Temephos, which is not
used as an adulticide, produced 79-lOOVo control
of Ae. aegypti larvae at a dose of 0.0625 lb. Al/acre
of temephos (: 2.33 fl. oz.lacre of 4 lb. Al/gal for-
mulation) (Kilpatrick et al. 1970a, Eliason et al.
1970). Finally, Mount et al. (1970e) obtained 86-
IOOVo control of C:r. quinquefascialzs Say larvae
with 0.75-1.5 fl. oz.lacre of 8.34 lb. AUeal fenitro-
thion.

DROPLET SIZE

Droplet size is an important factor affecting the
efficacy of insecticides applied aerially for mosqui-
to control. The size of droplets governs their air
transport as well as subsequent impingement and
coverage on target insects and their habitat. For
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Table 4. ULV aerial spravs of insecticides asainst mosquito larvae.

Species Location Habitat

Aedes nigromaculis
Culex tarsalis
Cx. quinquefasciatus
Chironomus fulvipilus Rempel (midges)
Cx. quinquefasciatus
Ae. aegypti

Cx. quinquefosciatus

Ae. aegypti

Cx. quinquefasciatus

Ae. aegypti

Ae. nigromaculis

Ae. stimulans
Cx. quinquefasciatus

An. albimanus

An. albimanus, An. triannulatus

Anopheles sp. Culex sp.
An. freebomi Aitken, Cx. tarsalis

Cx. quinquefosciatus
Ae. aegypti

Cx. quinquefasciatus

Fenthion,8 lb. Al/gal (Baytex@)

Michigan
Florida
Florida
Panama

Fenthion, 93Vo (Baytex@)

Panama

Chlorpyrifos, diluted (Dursban@)

California
California

Chlorpyrifos, 4 lb. AVgal (Dursban@)

Florida
Florida

Temephos, 4 lb. AVgal (Abate@)

Florida
Florida

Fenitrothion, 8.34 lb AVgal (Accothion@)

Florida
Florida

Malathion,95Vo

California
Califomia
Florida
Florida
Florida
Florida
Thailand
Thailand
Thailand
Thailand
Thailand
Thailand
Thailand
Angola

Malathion, 50%

Nigeria

Fenthion, diluted (Baytex@)

California

Pasture
Pasture
Open pans
Open pans
Open cups
Urban
Open cups
Open cups
Open cups
Open cups
Open cups
Open cups
Open cups
Open dishes

Open glass beakers

Pasture

Open cartons
Open cups
Open cups
Open cups

Aquatic

Rice field
Rice field

Open cups
Open metal cans

Open metal cans
Urban

Open cups
Open cups

I Reduction of the natural population or kill of containerized mosquito larvae as indicated in "Habitat" column within 48 h posttreat-
ment.

economical and rapid application, ULV aerial
sprays for adult mosquito control rely on air trans-
port of droplets by crosswinds to obtain wide
swaths. Important aspects of spray droplet size in-
clude measurement methods, optimum size, factors
affecting atomization, and effect of droplet size on
paint.

Measurement methods: Generally, measure-
ments are made to estimate the initial droplet spec-
trum as dispersed from the spray system instead of
droplets that impinge on mosquitoes or their habi-
tat. Determination of the initial droplet spectrum is
difficult to achieve because droplet collection is

usually some distance removed from the flight path
of the aircraft. With most methods of droplet sam-
pling, size parameters can be biased by the collec-
tion method or placement of collection devices. The
volume median diameter (VMD) is the most com-
monly used parameter to describe a droplet spec-
trum. The VMD is the droplet diameter where 5OVo
of the spray volume is in larger drops and 5OVo rs
in smaller drops. Several methods are available for
droplet size determination of insecticidal sprays, in-
cluding microscopic reading of droplets on slides
and optical or laser measurement systems. How-
ever, all of these methods involve one or more
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Table 4. Extended

Volume
(fl. oz.lacre)

Dose
(lb. AVacre)

Percentage
controll Reference(s)

6.0
6.0
2.O
2.O
2.6
3.0
3 .0
6.0
3 .0
6.0
3 .0
6.0
6.0
6.8

t3.6

6 .4-1  1 .0

0.75
0.65
1 . 3
t . 2

l .o

5.0-8.0
r .4 -1 .6

J . Z

Unlisted

Unlisted
2 . 5  5

o.75
1 .5

0.485
0.485
o.162
o.162
o.20
o.243
o.243
0.485
o.243
0.485
o.243
0.485
0.485
0.550

0.549

o.o74.12

o.o47
0.05
0.10
0.094

0.013-0.050
0.o11-{.025

0.10
o.r25

o.0625
o.0625

o.os
o.10

0.076 >99

Chlorpyrifos, diluted (Dursban@)

Malathion,957o
67
60

100
95
63
94
38

100
6 1

loo
69
76
89

100

Malathion, 507o
97

Fenthion, diluted (Baytex@)
80-100

Fenthion, 8 lb. AVgal (Baytex@)

100
93

100
100

Fenthion, 93 Vo (B ay tex@)

74-100
97-100

Mulhern et al. (1965)
Mulhern et al. (1965)
Patterson et al. (1966)
Patterson et al. (1966)
Mount et al. (1970e)
Eliason et al. (1970)
Kilpatrick et al. (197Ob)
Kilpatrick et al. (1970b)
Kilpatrick et al. (l97ob)
Kilpatrick et al. (l97Ob)
Lofgren et al. (1970a)
Lofgren et al. (1970b)
Lofgren et al. (1970b)
Ribeiro (1973)

Knudsen et al. (1980)

Mulhern et al. (1965)

Stevens and Stroud (1966)
Mount et al. (l97oe)
Mount et al. (l97oe)
Mount et al. (1970d)

Lofgren et al. (1972)

Burgoyne et al. (1968)
Womeldorf and Whitesell (1972)

Mount et al. (1970e)
Kilpatrick et al. (1970a)

Kilpatrick et al. (1970a)
Eliason et al. (1970)

Mount et al. (1970e)

Mount et al. (1970e)

Chlorpyrifos, 4 lb, AVgal (Dursban@)

100
98

Temephos, 4lb. Al/gal (Abateo;

100
79

Fenitrothion, 8.34 lb. AVgal (Accothion@)

100
86

problems in sampling, measurement, cost, or con-
venience. A comprehensive review of droplet sam-
pling and size determination methodology was pro-
vided by Rathburn (1970).

A low-altitude method was designed by Mount
et al. (l97ob) to minimize bias in collecting drop-
lets on microscope slides. This method uses mul-
tiple passes of the spray aircraft at the minimum
safe altitude (usually 25-50 ft., depending on the
aircraft) over a level, open area during relatively
calm weather. Teflon-coated glass microscope
slides attached to electrically driven spinners placed
under the flight line were used to collect spray
droplets. A spread factor is required to relate the
diameter of droplets on slides to the actual droplet

diameter. A method developed by Yeomans (1949)
that compensates for the higher critical impinge-
ment velocities of smaller droplets was used to cal-
culate the VMD. The accuracy of Yeomans' hand
wave method for estimating the VMD of ground-
applied aerosols was verified by Mount and Pierce
(1972), Haile et al. (1978), and Carroll and Bourg
(1979). Their studies showed equivalent estimates
of VMD with settling, impaction, and Coulter
Counter@ methods. However, the accuracy of Yeo-
mans' method for aircraft application of somewhat
larger droplet spectra has not been fully verified.
Thus, Yeomans' method may somewhat underesti-
mate the actual VMD when applied to ULV aerial
sprays. Also, a simulated method employed by
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Mount et al. (1970c) used the airstream of a high-
velocity mist blower for droplet size collection.
VMD estimates from this simulated method were
2O-3OVo smaller than those obtained from actual
aircraft applications (Mount et al. l97ob). Bouse
and Carlton (1983) and Yates et al. (1983) also used
laser droplet imaging systems to measure droplet
size of aerial sprays.

Optimum droplet siTe spectrum.' The optimum
size spectrum for the most efficient mosquito con-
trol is dependent on type of application (adulticide
or larvicide), impingement efficiency, and transport
requirement. Decreasing the droplet size to below
the optimum spectrum increases air transport and
reduces impingement on adult mosquitoes and their
associated habitats. Conversely, increasing the
droplet size to above the optimum spectrum de-
creases swath intervals and increases impingement
on nontarget surfaces such as canopy above the
mosquito habitat.

Adulticiding: The literature on optimum droplet
size for adult mosquito control with sprays or aer-
osols was reviewed previously by Mount (1970).
Four separate laboratory studies provide knowledge
on the optimum droplet size of insecticidal aerosols
for mosquito adulticiding. Based on wind tunnel
test results, Weidhaas et al. (1970) calculated that
the minimum lethal dose (LD,,) of undiluted tech-
nical grade formulations of malathion, naled, and
fenthion for adult female Ae. taeniorhynchus is
contained in droplets of 25, 20, and 17.5 pm di-
ameter, respectively. These results suggest that larg-
er droplets of these insecticides applied as ULV
aerosols could be'wasteful because of overdosing.
Also, in a settlement chamber study with still air,
Lofgren et al. (1973) used a scanning electron mi-
croscope to observe that 2-16-pm-diameter drop-
lets of soybean oil (used to simulate technical in-
secticides) impinged more efficiently on mosquito
wings than smaller or larger droplets. Furthermore,
in a wind tunnel study, Haile et al. (1982a) defined
the relationship between adult mosquito mortality
and droplet size with exposure of Ae. taeniorhyn-
chus to uniform size droplets of malathion insecti-
cide transported at 2.3 mph. Their results indicated
that the optimum droplet size range for kill of adult
mosquitoes is lO-15 pm diameter. An extension of
the optimum size range to 4-26 pm diameter re-
sulted in only a <I.7-fold reduced kill efficiency
compared to the more narrow range. These results
are consistent with those reported previously by
Latta et a1. (1947'1, who demonstrated that the most
effective droplet size range for adult mosquitoes
exposed to DDT in a wind tunnel was l2-2O pm
diameter. Haile et al. (1982a) also demonstrated
that ground-applied aerosols with VMDs of 5-24
pm provided greater percentage kill of adult mos-
quitoes than an aerosol with a VMD of 39 pm.

In studies with aircraft applications at 95 mph,
Mount et al. (l97oe. l97l) showed that adult mos-

quito kill efficiency could be increased about 2-fold
by applying ULV insecticides with rotary atomizers
(mean VMD : 3l p,m) instead of flat-fan nozzles
(mean VMD = 43 pm). This difference in efficien-
cy was consistent with 2 species of mosquitoes,
caged adult female Ae. taeniorhynchus and Cx.
quinquefosciafus, as well as natural populations of
salt-marsh mosquitoes, predominantly Ae. taenio-
rhynchus, in citrus groves with dense foliage. The
increased efficiency was attributed to the smaller
and more uniform droplets emitted from the rotary
atomizers. The rotary atomizers emitted 837o (7 of
all droplet size estimates) of the spray volume in
droplets of <5-50 pm diameter and only O.lVo of
the volume in droplets of > lO0 pm diameter. Com-
paratively, 617o of the spray volume from flat-fan
nozzles was in droplets of <5-50 pm diameter with
187o of the volume in droplets of >100 pm diam-
eter. These tests indicate that the optimum size for
aerial sprays is close to that reported for ground
and laboratory tests. However, comparative tests
with aerial sprays using smaller droplets have not
been done because increased atomization is difficult
to achieve. Depending on atmospheric conditions,
the optimum size for aerial sprays may be some-
what larger than for ground aerosols because sprays
must move downward from release altitude to mos-
quito habitats near the ground.

Mount et al. (1970d) tested ULV spray droplet
penetration in the dense jungle canopy of Panama.
This test was done when surface winds were calm
to minimize loss of droplets by horizontal transport.
Droplets collected in the open on a road and under
the dense jungle canopy were compared by "flood-

ing" a small target area with 5 swaths of technical
malathion at 50-ft. intervals and at 75-l0O ft. alti-
tude. Droplets were collected on silicone-treated
glass microscope slides rotated in a vertical plane
with a battery-operated spinning device at a veloc-
ity of 5 mph to enhance impingement of the mal-
athion droplets. Approximately 5OVo of the total
spray volume penetrated the jungle canopy. The
VMD of the initial spray was 52 p,m, as sampled
on the open road, while the VMD of the spray that
was collected under the canopy was only 32 p,m.
The maximum droplet size that penetrated the jun-
gle canopy was 68 pm diameter. Taylor et al.
(1975) obtained similar results with ULV aerial
sprays of technical malathion in Haiti with average
VMDs of 46 pm and 28 pm for open and protected
sites, respectively. Moreover, Perich et al. (1992)
showed that droplet size (VMD) of ULV aerial
sprays of a resmethrin formulated in mineral oil
was -lO-20 u,m smaller inside than outside of
houses in the Dominican Republic.

Larviciding: No definitive studies on optimum
droplet size for mosquito larviciding have been re-
ported in the literature. Logically, factors such as
drift, foliage penetration, and coverage that influ-
ence the optimum size range for adulticiding also
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influence the droplet size needed for effective and
efficient larviciding. Larviciding is usually done in
small target areas. Thus, relatively large droplets
must be used to avoid excessive air transport. If
target areas are also covered by dense vegetation,
relatively small droplets are required to penetrate
the vegetation and reach the larval habitat. An ex-
ception to small droplets for penetration would be
the use of large droplets in a high-volume, water-
based spray that would create runoff. The contra-
diction in droplet size requirements for little or no
horizontal transport and foliage penetration argues
against using ULV aerial sprays for larviciding of
small target areas covered by dense vegetation.
However, ULV sprays have been used successfully
to larvicide small areas with dense vegetation (Bur-
goyne et al. 1968) and large areas with heavy veg-
etation where horizontal transport can be tolerated
and is even desirable for foliage penetration and
wide swath coverage (Lofgren et al. 1972, Wom-
eldorf and Whitesell 1972).

Factors affecting atomization: A wide variety of
factors affect the atomization of liquid insecticide
formulations dispersed as aerial sprays. These fac-
tors include the type of nozzle, orientation of noz-
zles to the airstream, shearing force created by the
airstream during flight, physical characteristics of
the insecticide formulation, and flow rate. An un-
derstanding of the relationship between these fac-
tors and droplet size will influence the choice of
aircraft and application equipment for an operation-
al program.

Mount et al. (l97oe, l97l) showed that droplet
sizes (VMD) of malathion and fenthion sprays were
287o less with rotary atomizers than with flat-fan
nozzles when dispersed in an air-blast velocity of
95 mph. Moreover, the percentage of volume at-
omized into droplets within the <5-50 pm range
was much greater with rotary atomizers (X : 88)
than with flat-fan nozzles (i = 5l) (Mount et al.
197 r).

Various investigators have demonstrated that ori-
entation to the airstream affects the atomization
characteristics of flat-fan nozzles. At an air speed
of 95 mph, Mount et al. (l97oc) showed that a noz-
zle orientation down and 45' forward provided
maximum atomization of technical malathion while
positions of straight down and down and 45" back
produced VMDs that were 17 and 5OVo larger, re-
spectively, than the former. Similarly, Bouse and
Carlton (1983) and Yates et al. (1983) reported av-
erage decreases of 16 and 2lVo for vegetable oil
and water-based sprays, respectively, dispersed at
90-118 mph by nozzles oriented down and 30-45'
forward compared to nozzles oriented straight down.

The effect of airstream velocity on atomization
of liquids dispersed by flat-fan nozzles was studied
by several investigators. Mount et al. (1970c)
showed that a relatively slow aiistream velocity of
only 50 mph produced a VMD 25Vo larger than the

VMD produced by a velocity of 95 mph. Also,
Mount et al. (l97ob) demonstrated that the VMDs
of aerial sprays of naled dispersed at I l0 mph were
63Vo larger than those dispersed at 150 mph. More-
over, Yates et al. (1983) and Bouse and Carlton
(1983) showed that even small differences in air-
stream velocity, such as 90 versus I l0 mph and 100
versus I 18 mph, produced VMDs 15 and 6Vo larger
at the slower velocities with aqueous and oil sprays,
respectively.

Important physical characteristics of ULV insec-
ticide formulations that affect atomization are den-
sity, viscosity, and surface tension. These charac-
teristics are inherent with technical or highly con-
centrated formulations and. without dilution, cannot
be altered to change droplet size. Data from Mount
et al. (l97oe, 1971) indicated that VMDs for 937o
fenthion were 3l%o larger than VMDs for 957o mal'
athion when atomized with the same type of noz-
zles and about equal flow rates. Also, Mount et al.
(1970b) showed that the VMD for 857o naled was
53Vo greater than for 95Vo malathion dispersed from
the same flat-fan nozzles at equal pressure and air-
craft speed. However, the lower flow rate require-
ments for fenthion and naled, because of higher
toxicities than malathion, tend to offset their phys-
ical characteristics that resist atomization.

In general, an increasing flat-fan nozzle flow ca-
pacity resulted in an increase in VMD. With sim-
ulated aerial sprays, Mount et al. (l97oc) showed
that the VMD increased 47Vo from a rated capacity
(water at 40 psi) of 0.023 gallmin to I gal/min.
Greater differences in droplet size due to nozzle
capacity were shown with an Air Force C-123 ;a;lr-

craft flown at 150 mph. Mount et al. (1970b) in-
dicated 32 and 43Vo decreases in VMD when flat-
fan nozzle capacities were decreased 2- and 3-fold
with applications of 95Vo malathion and 85Vo naled,
respectively. With rotary atomizers, Mount et al.
(l970e, l97l) showed -3 to l47o (X. = 9Vo) in-
creases in vMD related to 3o-10ovo (* : 55vo)
increases in flow rate of 95Vo malathion and 93Vo
fenthion.

Effect on paint: A potential side effect of ULV
aerial spraying over urban areas is spotting ofpaint-
ed surfaces, particularly automotive paint. Howev-
er, this effect can be avoided or minimized by dis-
persing aerial sprays in the optimum or near opti-
mum size range. In tests with aerial sprays, Kilpa-
trick et al. (1970a) indicated that technical malathion
at rates )4 fl. oz./acre and sprays >75 pm VMD
would cause damage to painted surfaces. In tests
with ground-applied aerosols, Rathburn and Boike
(1977) demonstrated no visible damage on auto-
motive paint panels under 3x magnification or by
unaided eye from exposure to ground-applied aer-
osols of technical malathion with VMDs of ll-17
pm. Furthermore, Tietze et al. (1992) indicated a
positive correlation between malathion droplet
VMD and damage spot size on automotive paints.
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Tietze et al. (1992) reported size thresholds ofdrop-
lets too small to cause visible damage of 8 and 1l
pm VMD for 2 different types of automotive paint.

Another strategy for avoiding or minimizing the
effect of ULV aerial sprays on paint is to decrease
swath width over urban areas. With wide swaths,
insecticide flow rate must be increased to maintain
insecticide dose. Increased flow rate. in tum. in-
creases the potential for deposition of greater num-
bers of relatively large droplets at a specific site.
This is especially the case when prevailing winds
decrease in velocity substantially and unexpectedly
during an application.

METEOROLOGY

With ULV aerial sprays against adult mosqui-
toes, the critical meteorological parameters are
wind velocity and direction, temperature, and at-
mospheric stability. In contrast to highly diluted
water-based sprays, relative humidity as it relates
to droplet evaporation is not critical with ULV
sprays because the undiluted insecticide formula-
tions are essentially nonvolatile. Although research
reviewed in this paper does not directly relate me-
teorology to mosquito control, some general guide-
lines can be interpreted.

Wind velocity and direction' Wind velocity data
are required prior to spray operations to determine
whether or not the average velocity at ground level
exceeds a maximum threshold, usually -10 mph.
The wind velocity ranges at ground level reported
in small-scale (Table l), large-scale (Table 2), and
high-altitude (Table 3) tests were <l-10, <l-17,
and <l-lo mph, respectively. As noted by Mount
et al. (1970a), wind velocity generally increases
with an increase in altitude. Thus, winds exceeding
-10 mph at ground level may cause excessive dis-
placement of swaths when spray is released at al-
titudes of >200 ft. An example is the 9-15-mph
wind velocity reported by Weathersbee et al. (1986)
(Table 3) that likely caused excessive air transport
of naled sprays released at 200-300 ft. altitude dur-
ing nighttime applications. However, when sprays
are released at =200 ft. altitude, turbulence created
by the aircraft vortices can force insecticide drop-
lets down. In this case, wind velocities somewhat
in excess of l0 mph can be used to disperse the
spray over wide swaths. Swaths of 2,000-2,500 ft.
were used by Biery (1989; footnote 8, Table 2) and
Haile and Kline (1989; footnote 4, Table 2) for
good mosquito control with relatively high cross-
winds using malathion and naled sprays released at
150 ft. altitude from C-130 aircraft. Conversely,
calm conditions may require the use of narrower
swaths for thorough coverage of the target area.
Also, release altitude can be increased to a level
where wind currents are present to disperse the
spray over a wider swath. For example, Mount et

al. (1970a) and Lofgren et al. (1972) used high re-
lease altitudes (175-350 ft.) to disperse malathion
and fenthion sprays during calm ground level con-
ditions in dense jungle habitat in Panama (Thble 3).

Regardless of wind velocity and release altitude,
wind direction data are needed to establish cross-
wind swath direction for aerial sprays. If high-al-
titude sprays are planned, wind direction data are
required for both ground level and release altitude.

Temperature : Ambient temperature is important
because it influences mosquito activity and the ef-
ficacy of insecticides. Ambient temperatures re-
ported for mosquito adulticide trials listed in Tables
1-3 were 57-88"8 Nevertheless, low temperatures
can reduce the effectiveness of insecticides, as in-
dicated by Stevens and Stroud (1967). They re-
ported possible recovery of adult Ae. stimulans
(Walker) l2 h following an application of propoxur
spray at -60'F in Michigan. In contrast, Mount et
al. (1969) obtained satisfactory control of Aedes sp.
with malathion sprays during ambient temperatures
of <60'F in subarctic Alaska where mosquitoes are
apparently adapted to host-seeking activity during
relatively low temperatures as compared to mos-
quito species in temperate and tropical climates.

Atmospheric stability: Atmospheric stability is
an important factor that influences transport of
droplets from release altitude to ground level. Many
factors determine air stability, such as wind veloc-
ity, temperature gradient, and time of day. In gen-
eral, the stable or slightly unstable air associated
with early morning or evening are considered most
suitable for aerial sprays. Of the small-scale studies
listed in Table I that indicated application times, 73
and 27Vo were accomplished with early morning
and evening sprays, respectively. Most of the morn-
ing sprays were applied during 6:00-8:40 a.m.
However, a f'ew sprays were applied as early as 5:
30 a.m. or as late as 10:30 a.m. with satisfactory
results. In Tables 2 and 3, 67,20, and l3%o of the
large-scale studies were done with evening, early
morning, and night sprays, respectively. With one
exception, the evening and early morning sprays
were applied during 5:45-10:OO p.m. and 6:00-8:
30 a.m. respectively. Biery (1993; footnote 9, Table
2) reported emergency spray applications during 3:
46-8:2O p.m. following Hurricane Andrew. The
night applications were made during 3:58-5:20
a.m. (Taylor and Rathburn 1970) and 1O:00 p.m.-
1:00 a.m. (Weathersbee et al. 1986).

The early morning and evening time frames tend
to optimize spray efficacy because of increased
mosquito activity and probability of adequate at-
mospheric stability for effective spray dispersron
into mosquito habitat with adequate crosswinds. A
stable atmosphere is normally characterized by
warmer air on top of colder air and usually occurs
when insolation intensity is reduced or absent. Con-
versely, an unstable atmosphere is characterized by
colder air on top of warmer air and usually occurs
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during the middle of the day when insolation inten-
sity is highest. Thermals, which are rising air cur-
rents caused by incoming solar radiation falling on
the earth, usually occur during an unstable atmo-
sphere. A strong inversion may actually resist the
downward air transport of sprays. For example,
Biery (1987; footnote 7, Table 2) reported that an
inversion layer caused spray to hang in the atmo-
sphere and cause contamination of a C-130 aircraft
in a spray mission for dengue control in San Juan,
Puerto Rico. However, an inversion can only be
detected prior to spray operations by measurement
of temperature rise with increasing altitude.

CONCLUSIONS

l. ULV applications of insecticide are as effi-
cacious against adult mosquitoes as water-based,
highly-diluted sprays. The degree of adult mosquito
kill obtained with any insecticide application is re-
lated to the dose of active ingredient and many oth-
er application and environmental factors, but not to
application volume. Inert diluents such as water and
petroleum-based products do not kill mosquitoes
and only add cost and inconvenience to aerial spray
operations.

2. The increased number of acres that can be
sprayed per aircraft load with the ULV method of-
fers a great advantage over highly diluted sprays
for large-scale control of adult mosquitoes. More-
over, this advantage is further enhanced by normal-
altitude (<20O ft.), wide-swath applications that
benefit from undiluted insecticide droplets that
maintain their integrity during air transport to target
mosquitoes and associated habitats.

3. High-altitude (>200 ft.) applications of ULV
sprays using wide or stacked swaths could be used
for mosquito adulticiding in emergencies or unusu-
al situations if wind velocity and direction data at
appropriate altitudes are available to accurately pre-
dict placement of the insecticide. However, high-
altitude methods are not suitable for most adulti-
ciding programs because detailed wind data are
usually unavailable.

4. Successful mosquito control in dense foliage
or open housing can be achieved with ULV aerial
sprays. However, because of the filtration effect of
dense foliage or domicile structure, insecticide dos-
es must be increased -2-fold compared to normal
doses to achieve satisfactory mosquito control. A
caveat here is that, in some cases, a 2-fold dose
increase may be above the labeled rate.

5. The ULV aerial application method is suitable
for mosquito larviciding over large target areas, es-
pecially when concurrent adulticiding is required.
However, ULV sprays do not offer a substantial ad-
vantage over highly diluted sprays for most mos-
quito larviciding programs because target areas are
relatively small, thus reducing the benefit of in-
creased effective payloads. Furthermore, there is
the added problem of accurate insecticide place-

ment into small target areas with ULV applications.
This placement problem can be overcome more
readily with highly diluted sprays than with ULV
sprays by increasing droplet size to reduce horizon-
tal transport and by incrdasing volume to create
runoff when foliage penetration is required. Gran-
ular formulations of larvicides can also be used in-
stead of ULV sprays to maximize placement and
foliage penetration.

6. The efficacy of ULV aerial sprays against
adult mosquitoes is directly related to droplet size
because it governs air transport and impingement.
The optimum size range for mosquito adulticiding
is 5-25 pm VMD based on laboratory wind tunnel
and ground aerosol research. However, this size
range has been only partially confirmed by research
with ULV aerial sprays.

7. For mosquito adulticiding, near optimum at-
omization of ULV aerial sprays is achieved by us-
ing flat-flan nozzles on high-speed aircraft (>150
mph) or rotary atomizers on slow-speed aircraft
(<150 mph). Flat-fan nozzles should be oriented
straight down or down and 30-45' forward to the
airstream for maximum atomization of the insecti-
cide. Also, flat-fan nozzles with the lowest flow rate
capacity that does not create plugging problems
should be used to minimize droplet size for maxi-
mum foliage or domicile penetration and mosquito
kill. Rotary atomizers should be operated at maxi-
mum recommended rotational speed and low flow
rates to achieve near optimum droplet size.

8. Near optimum atomization of ULV aerial
sprays is required not only for maximum biological
efficacy, but also to avoid or minimize spotting au-
tomotive paint in urban and suburban areas.

9. In general, ULV aerial sprays should be ap-
plied during the crepuscular periods following sun-
rise or preceding sunset when mosquitoes are active
and atmospheric stability is favorable to achieve
maximum levels of adult mosquito control. Pre-
vailing crosswinds of 2-lO mph are also necessary
for successful wide-swath applications.
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American Biophysics' ABC Trap
Series is setting a new standard in
Dipteran collection equipment.
Conshucted from durable materials
for years of trouble free use, our
trap6 have been designed from the
bottom up to make yourjob easier:
y' Exclusion ofmost non-dipterans
y' Net bag has small mesh, draw
string clips, write-on label, velcro
aspiration port, and drop out tray

t/ User-friendly slow release
octenol packets available (patent
pending)
y' Extemal hanger for attractants
y' Built-in photocell operation

AME NIC AN B IO P HY SIC S C ON PO N ATIO N
18 Southwest Avenue, Jamestown, Rl 02835 (4O1) 423-3930 Voice (401) 423-3910 Fax

y' Modular construction for easy
parts replacement

t/ lntegral dry ice container (trap
is also available with tubing
connections for CO2 tanks)

y' Polymer lid prevents battery
shorting during transportation
y' Quick connect clip for hanging
trap eliminates knot tying hassles

These arejust a sampling ofover 40
features and innovations which
make our trap easier to use for
surveillance or trap-out studies. For
more details call 4O1.423-3930 and
make your job easier today.




