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Abstract Complex terrain creates small-scale circulations
which affect pollen dispersion but may be missed by meteo-
rological observing networks and coarse-grid meteorological
models. On volcanic islands, these circulations result from
differing rates of surface heating between land and sea as well
as rugged terrain. We simulated the transport of bentgrass,
ryegrass, and maize pollen from 30 sources within the agri-
cultural regions of the Hawaiian island Kaua’i during clima-
tological conditions spanning season conditions and the La
Niña, El Niño, and neutral phases of the El Niño-Southern
Oscillation. Both pollen size and source location had major
effects on predicted dispersion over and near the island. Three
patterns of pollen dispersion were identified in response to
prevailing wind conditions: southwest winds transported pol-
len inland, funneling pollen grains through valleys; east winds
transported pollen over the ocean, with dispersive tails for the
smallest pollen grains following the mean wind and extending
as far as the island of Ni’ihau 35 km away; and northeast
winds moved pollen inland counter to the prevailing flow
due to a sea breeze circulation that formed over the source
region. These results are the first to predict the interactions
between complex island terrain and local climatology on grass
pollen dispersion. They demonstrate how numerical modeling
can provide guidance for field trials by illustrating the com-
mon flow regimes present in complex terrain, allowing field

trials to focus on areas where successful sampling is more
likely to occur.
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Introduction

The need for accurate modeling of pollen transport from ag-
ricultural regions is underscored by the potential for transgenic
pollen to cross-pollinate with compatible conventional or wild
varieties. In anemophilous plants such asmaize (Zea maysL.),
the extent of pollen dispersal from male flowers is determined
primarily by the direction and speed of the wind. In many
cases, particularly in flat terrain, the direction and distance of
transport can be predicted from knowledge of the large-scale
flow and estimation of the influence of unresolved turbulent
motions (Klein et al. 2003; Aylor et al. 2006; Arritt et al.
2007). In contrast to flat terrain, accurate predictions of pollen
transport are more challenging in island environments and
mountainous regions where differing rates of surface heating
and variation in surface drag can create small-scale circula-
tions that deviate from the prevailing winds. Modeling studies
by Helbig et al. (2004) found that atmospheric circulations
arising from complex topography can act to increase the dis-
tance of pollen transport and create undesirable conditions
favoring cross-pollination.

The island of Kaua’i in the Hawaiian archipelago is
one such environment that contains agricultural regions
managed within complex topography surrounded by
ocean. The topography of Kaua’i consists of a broad vol-
canic mountain reaching 1600 m above mean sea level
with numerous valleys created by lava flows spreading
in all directions from the peak (Macdonald et al. 1983;
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Fig. 1a). The small-scale meteorological features created
by such complex terrain require a concentrated sensor
network to resolve adequately. For example, mountains
block air flow, resulting either in orographic lift (Lu and
Turco 1994) or lateral diversion of the mean wind (Soler
et al. 2011). Land-sea breezes which form within a few
kilometers of the coast also are common and can reinforce
the mean flow or oppose it depending on time of day and
location (Liu and Moncrieff 1996). Prevailing winds over
Kaua’i are most often from the northeast to southeast
(Miller 1981), so sea breezes that run counter to the mean
flow on a diurnal cycle are most often observed in the lee

of the mountains. Agricultural regions on Kauai can be
found along most of the coast with the exception of the
northwest coast (Fig. 1b; Melrose et al. 2015). The re-
gions along the southern and western coasts of Kauai
are the most extensive and have the greatest inland extent
and are home to the widest range of crops on the island as
well as the greatest extent of seed production, which ac-
counts for 63% of Kauai’s cropland. One of the fastest-
growing agricultural specializations in the Hawaiian
Islands (including Kauai) is the seed industry, which has
seen well over a tenfold increase in value over the past
three decades. Expansion of the seed industry has been
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Fig. 1 a The island of Kauai
within the Hawai’ian islands. The
inset indicates the topographical
features of Kauai. b The island of
Kauai with shaded agricultural
regions. Particle sources were
placed along the southern and
western coasts, in the lowest
200 m of elevation
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encouraged by the islands’ year-round growing season
which allows multiple crop cycles per year (Loudat and
Kasturi 2009).

Although it is not practical to measure all the complex
circulations that would affect pollen flow across Kaua’i, tools
such as numerical modeling can be used to assess likely pat-
terns and mechanisms of pollen transport.We have studied the
potential for complex circulations around the Hawaiian island
of Kaua’i to affect pollen dispersion using a fine-scale mete-
orological model to capture small-scale circulation features
and a Lagrangian particle dispersion model to predict pollen
movement within the simulated environment. Pollen disper-
sion was simulated for selected days spanning four consecu-
tive years and three particle sizes to assess the primary wind
patterns and resulting dispersion patterns that could be expect-
ed across species and seasonally varying conditions in this
island environment. This modeling approach can provide
guidance for the design of field studies of pollen dispersal or
crop isolation in complex island environments where wind
patterns are not easily observed or managed.

Methods

Forecasting local wind patterns

The Weather Research and Forecasting (WRF) Version 3.1
model available from the National Center for Atmospheric
Research (www.wrf-model.org) was used to predict local
meteorological conditions affecting particle dispersion. The
WRF model uses time-dependent, compressible, non-
hydrostatic Euler equations to predict three-dimensional wind
and turbulence kinetic energy in terrain-following coordinates.

WRF was configured using three nested domains with grid
spacing and time step scaled in a 1:3 ratio between domains.
Grid spacing was 4.5 km on the outer domain in order to
capture mesoscale circulations and 0.5 km grid on the inner
domain in order to represent small-scale, complex circulations
with a transition grid of 1.5 km between the two to reduce
numerical artifacts resulting from large changes in grid spac-
ing. The model used 27 vertical levels with higher resolution
through the lower part of the boundary layer (between 20 and
200 m) to capture near-surface features which have the
greatest impact on pollen dispersion. The innermost grid had
447 × 468 points creating a domain which was 223.5 km in
the east–west direction and 234 km in the north–south direc-
tion. Dispersion simulations were performed on the innermost
grid only since few viable pollen grains would be expected to
leave that domain. Simulations began at 2000 local standard
time (LST) the evening prior to the day of interest and ran for
24 h. This provided sufficient time to establish atmospheric
conditions prior to and during the period of pollen release,
which generally occurs from early morning until late

afternoon for the pollen types used in this study (Fonseca
et al. 2003; Van de Water et al. 2007). Topography was de-
fined using a digital elevation model at 3-s (∼90 m) resolution
from the Shuttle Radar Topography Mission conducted by the
Consultative Group for International Agricultural Research’s
Consortium for Spatial Information (http://srtm.csi.cgiar.org/
index.asp). Land use information was taken from the 30-s
resolution database that accompanies WRF.

TheMellor-Yamada-Janjic (MYJ) planetary boundary layer
scheme (Janjic 1990) was used for the two outer domains. The
MYJ assumes thatmechanical productionof turbulencekinetic
energy isdominatedby thevertical shearof thehorizontalwind.
This assumption is likely to be violated in our innermost do-
main, where turbulent eddies are partially resolved leading to
vertical velocities of comparable magnitude to the horizontal
components. Although the fine spacing of the inner domain
rendered the simulations computationally demanding, it
allowedus to explicitly predict the largest convective structures
and to resolve the structure of the sea breeze circulations that
form along the coastal regions. Cumulus parameterization was
not usedbecause the grid spacingused inour implementation is
too small to satisfy the scale separation assumptions inherent to
cumulus parameterization (Weisman et al. 1997).

Initial and lateral boundary conditions were provided by the
ERA-Interim Reanalysis dataset available from the European
Center forMedium-RangeWeather Forecasts (Dee et al. 2011;
www.ecmwf.int). These data are available at 6-h intervals and a
horizontal resolutionof 1.5°,whichwas linearly interpolated to
the WRF model grid. Three-dimensional wind and turbulence
kinetic energyoutputs fromWRFwere saved at5-min intervals
for input to the dispersion model.

The year-round growing conditions in Hawaii mean that
there is no specific pollination date as in mid-latitude loca-
tions; thus, our study days need to include a range of meteo-
rological condi t ions found throughout the year.
Meteorological conditions were simulated that represented
the main climatological wind patterns present over the island.
A climatological analysis of winds for 1981–2010 over Kauai
found that east, northeast, and west were the three primary
wind directions present at the Lihue airport (Fig. 2a). Since
it is impractical to run multi-year simulations using the fine
grid resolution of our model, we chose to examine a sample of
days which represented the primary wind patterns. Guided by
previous research that shows that the climate of Hawaii is
affected by both the seasonal cycle and the El Niño-
Southern Oscillation (ENSO) cycle (e.g., Lyons 1982), we
selected 14 evenly spaced days between January 2005 and
April 2008 that spanned both the seasonal cycle and the neu-
tral, El Niño, and La Niña phases of ENSO (National Oceanic
and Atmospheric Administration 2012). The days selected
were 15 Jan., 15 Apr., 15 Jul., and 15 Oct. of 2005–2007
and 15 Jan. and 15 Apr. 2008. Analysis of the wind conditions
on these days show that 12 of the 14 days in our analysis
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consisted of northeast or easterly winds, matching the clima-
tology of the region (Fig. 2b; Table 1). The remaining 2 days
exhibited predominantly south or southwest winds.

Predicting particle dispersion

Three-dimensional movement of hypothetical tracer particles
was simulated with a Lagrangian particle dispersion model
developed by Arritt et al. (2007). The mean and turbulent
wind components used by the model are given by

xik t þ dtð Þ ¼ xik tð Þ þ uik tð Þ þ u0ik tð Þ½ � k ¼ 1; 2; 3 ð1Þ

where xik is the position of the ith particle in the k dimension,
uik is the mean wind that the particle experiences, and u0ik is a

simulated random component of the wind to account for un-
resolved turbulence. The model time step was dt = 2 s. The
value of u0ik was calculated as a first-order Markov process

u0ik t þ dtð Þ ¼ u0ik tð ÞRik dtð Þ þ 1−Rik dtð Þ2
h i1=2

qσik k

¼ 1; 2; 3 ð2Þ

where Rik is the autocorrelation value, q is a normally distrib-
uted random number with the distribution N(0,1), and σik is
the standard deviation of the wind speed in the k dimension
(McNider et al. 1988) which is estimated from the modeled
turbulence kinetic energy field (Garratt 1992; MacInnes and
Bracco 1992). Rik acts as a memory of turbulent motion at the

Fig. 2 Wind roses for Lihue,
Hawaii, summarizing a the
climatological summary of winds
in Lihue between 1981 and 2010
where concentric rings give
percentage of observations for
each speed and direction, at 7%
intervals, and b near-surface wind
speed and direction from 06 to 18
local time on each date
(approximately sunrise to sunset)
where concentric rings give
percentage of observations for
each speed and direction, at 20%
intervals
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previous time step and is determined by the particle’s
Lagrangian timescale in the k dimension, Γik

Rik dtð Þ ¼ exp
−dt
Γik

� �
ð3Þ

As Rik decreases from 1 to 0, a particle’s turbulent motion
goes from constant in time to completely random.

In the horizontal dimensions, we assume that the particle
timescale equals the fluid timescale and is given by

Γik ¼ xi3 tð Þ
2σik

k ¼ 1; 2 ð4Þ

In the vertical dimension, pollen grains require additional
terms in the equations for turbulent motions in order to ac-
count for their terminal velocity. In the vertical dimension, the
particle timescale will not be equal to the fluid timescale be-
cause heavy particles lose memory faster than the flow
(Csanady 1963). Instead, the particle timescale in the vertical
dimension is given as

Γi3 ¼ xi3 tð Þ
2σi3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ βvT=σi3ð Þ2

q ð5Þ

where vT is the particle’s terminal fall speed in still air and β is
a dimensionless coefficient set to 1.5.

The drift correction term (wc) was added to the vertical
component of the particle’s motion (Legg and Raupach
1982) and is defined as

wc ¼ xi3 tð Þ
2σi3

∂ σ2
i3

� �
∂z

ð6Þ

Failure to include the drift term results in particles accumu-
lating in regions of low turbulent intensity, which is counter to
observations (Legg and Raupach 1982; MacInnes and Bracco
1992). Thus, the drift correction term preserves the well-
mixed condition. Terminal fall speed is also added to the ver-
tical velocity and is prescribed based on the particle size fol-
lowing Stokes’ law, so that Eq. 1 becomes

xik t þ dtð Þ ¼ xik tð Þ þ uik tð Þ þ u0ik tð Þ þ δk3 wc−vTð Þ½ �dt ð7Þ

We chose three well-established grass species [bentgrass
(Agrostis sp.), ryegrass (Lolium sp.), and maize (Z. mays L.)]
as representative pollen types spanning a range of pollen sizes
for this study. All three species were introduced for agricul-
tural purposes (Ripperton et al. 1933; Daehler 2005) and have
been subject of numerous studies on pollen dispersion (Arritt
et al. 2007; Astini et al. 2009; Giddings 2000; Van de Water
et al. 2007). Their pollen sizes and settling velocities span the
range of most grass species: bentgrass (Agrostis sp.) pollen
[∼25 μm; vt = 0.02 ms−1; Pfender et al. (2007); Van de
Water et al. (2007)], ryegrass (Lolium sp.) pollen [∼50 μm;
vt = 0.09 ms−1; Jansen and Den Nijs (1993); Humphreys et al.
(2010)], and maize (Z. mays L.) pollen [∼100 μm; vt-
= 0.37 ms−1; Stanley and Linskens (1974); Johnson and
Mulcahy (1978); Aylor (2002)]. The location of 30 pollen
sources was specified in a grid with spacing at 2.5-km inter-
vals along the southern and western edges of the island where
intensive seed production operations are located. Simulated
bentgrass and ryegrass pollen grains were released at a height
of 1.05 m, which approximates the height of taller panicles of
these grasses (Miller 1984); maize pollen was released at 2 m,
a common height for commercial maize tassels (Abendroth
et al. 2011).

Formaize, the same number of particles were emitted at each
source but were distributed in a diurnally varying pattern using
the pollen shed model of Viner et al. (2010) which describes the
rate of pollen shed at any time during the day as a function of the
incoming solar radiation, vapor pressure deficit of the atmo-
sphere, and the air temperature which are taken from themeteo-
rological simulations. Themodel simulates the process of anther
drying during the course of the daywhich leads to an increase in
pollen shed through the morning as additional anthers dry and
open followedbyadecrease inpollen shed through the afternoon
as theanthersbecomedepletedof theirpollen.Theactualamount

Table 1 Summary of average wind speed and direction for each of the
14 simulated days

Date Wind speed
(m s−1)

Wind direction
(degrees from north)

15 Jan. 2005 10.7 221

15 Apr. 2005 7.0 45

15 Jul. 2005 6.9 16

15 Oct. 2005 4.3 87

15 Jan. 2006 3.2 47

15 Apr. 2006 8.4 67

15 Jul. 2006 7.7 35

15 Oct. 2006 3.6 245

15 Jan. 2007 6.4 71

15 Apr. 2007 8.0 66

15 Jul. 2007 7.6 42

15 Oct. 2007 5.7 58

15 Jan. 2008 6.4 59

15 Apr. 2008 6.2 103
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of pollen could be calculated by scaling the model results using
typical rates of pollen shed from each crop (Fonseca et al. 2003;
Astini et al. 2009).Assuming a typical plant density formaize of
12.5plantsm−2, simulatedpollen releasedwould represent about
10−6 to10−7of theactualamountofpollenthatmightbeproduced
in a maize field, based on pollen production estimates from
Uribelarea et al. (2002). Bentgrass also exhibits a diurnally vary-
ing rateof pollen shed (Pfender et al. 2007) although the environ-
mental factors which influence the rate of pollen shed are not
known for bentgrass. To capture a diurnally varying pattern, we
created a diurnal patternbasedon the relative rates of pollen shed
illustrated in Fig. 3 of Pfender et al. (2006) with pollen shed
beginning at sunrise and ending at sunset. The same pattern of
bentgrass pollen shedwasused for eachmodel day.For ryegrass,
therewas insufficientpublished literature todevelopdiurnal shed
models for thesespecies.Therefore,aconstant rateofpollenshed
was released from each source at each time step between sunrise
and sunset, resulting in ∼560,000 particles in each simulation
(∼14,500 per source). We assumed that no pollen shed occurred
from ryegrass during the night. Because bentgrass and ryegrass
havemuchhigherplantdensities, themodeledpollenreleasemay
represent an even smaller fraction of actual pollen production
compared to maize.

A primary mechanism for lofting pollen out of the canopy
is convective updrafts, commonly referred to as ejection
events. Themodel grid directly predicts large-scale convective
structures but does not predict the fine-scale turbulent motions
that might exist within and above the plant canopies from
which pollen is shed. For these turbulent motions, we relied
on the parameterized turbulence from the meteorological
model which is used to calculate the random motion compo-
nent portion of pollen transport in the pollen transport model.

Particleswereconsidereddepositedwhen theypassed through
a plane approximating the lower limit of receptive flower height
for each species. This was 1.0m above the surface for maize and
ryegrass and 0.5m for bentgrass (Abendroth et al. 2011; Daehler
2005;Humphreyset al.2010).Thedepositioncalculation ignores
possible rebound or resuspension of particles after deposition

(Aylor and Ferrandino 1985). Previous simulations without this
correction, however, have provided estimates of maize pollen
dispersal in agreement with field observations (Astini et al.
2009). All predictions of pollen dispersion also included an esti-
mate of viability at the time of deposition (Viner andArritt 2010).
For maize, we applied the viability model developed by Fonseca
and Westgate (2005); bentgrass and ryegrass viabilities were re-
stricted toa3-hperiodfollowingFeiandNelson(2003)andWang
et al. (2004). Based on prevailing atmospheric conditions and
duration of pollen transport on the days of simulation, bentgrass,
ryegrass, andmaize pollenwould not have lost significant viabil-
ity between shed and deposition (data not shown).

Results

Simulation of wind speed and direction

Measurements of surface wind speed and direction taken from
an Automated Surface Observing Station (ASOS) at Lihue
Airport (LIH; 21.98° N, 159.35° W) were used to evaluate
the WRF simulations of surface meteorological conditions
over Kaua’i. A summary of the measured wind conditions at
Lihue airport on the 14 days is shown in Fig. 2, with a sum-
mary of the average wind speed and direction listed in Table 1.
Twelve of the days exhibited winds that were directed from
the northeast or east, which is typical for Northern
Hemisphere tropical trade wind regimes. Two simulated days,
15 Jan. 2005 and 15 Oct. 2006, reflected different wind pat-
terns with winds from the south or southwest during the day.

Comparing the hourly averaged simulated wind conditions
to the corresponding measurements shows that the WRF sim-
ulations provided a fairly accurate depiction of wind speeds
and directions at the Lihue airport (Fig. 3). Measured surface
winds by the ASOS were most frequent between north and
east (0° to 90°) and greater than 4 m s−1. Simulated winds,
however, tended to be several degrees to the north of

Fig. 3 Comparison of observed
surface wind speed (left) and
direction (right) at the ASOS
meteorological reporting station
in Lihue, HI, and the
corresponding simulated wind
speed and direction at the nearest
model grid point from the
innermost domain. The solid line
represents an exact match
between the observed and
simulated wind speed or direction
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measured wind directions in this range and 1 to 2 m s−1 faster
than measured winds for measured values above 4 m s−1.

Statistical analysisof simulatedandmeasuredwindspeedand
direction for the 14 selected days generated root mean square
error values of RMSEspd = 1.35 m s−1 and RMSEdir = 33.4°.
Errors in simulated wind direction reflect the model’s
underprediction of southerly and (to a lesser extent) westerly
winds. We believe that this was due to influence of the Ha’upu
Ridge to the south and west of Lihue airport, which was not
adequately resolved by the WRF model despite the high-
resolution topography used in our simulation. Afternoon wind
profiles also were compared to the 00 UTC LIH soundings.
Again, WRF tended to overpredict wind speeds by 1 to 2 m s−1

andproducedmoresoutherlywinddirectionsat elevationsabove
0.5 km (RMSEspd = 1.08m s−1; RMSEdir = 23.7°).

Simulation of pollen dispersion

Three distinct patterns of pollen dispersion were identified
based on the three prevailing wind patterns (from the north-
east, east, and south/southwest). Three of the 14 simulated
days will be used to depict the three patterns of dispersion.
Results for 15 Apr. 2006 illustrate dispersion under prevailing
east winds; 15 Jul. 2005 illustrates dispersion under northeast
winds, and 15 Jan. 2005 illustrates dispersion during prevail-
ing south/southwest winds.

In the case with east winds (case BE^), pollen was predomi-
nantly transported off the island and over the ocean (Fig. 4). On
these days, pollen grains traveling less than 1 km from their
source were deposited over land. Those traveling between 1
and 35 km were generally deposited over the coast and ocean,
and those traveling greater than 35 km had the potential to reach
the neighboring island of Ni’ihau. Pollen types of all three sizes
were transported tens of kilometers.Very fewof the larger pollen
grains traveled such distances, while more of the smaller pollen
grains remained aloft long enough to reachNi’ihau.

In the case with southwest winds (case BSW^), pollen was
transported toward the island’s interior (Fig. 5). On these days,
pollen grains falling within 35 km of the source were generally
deposited on land, while those traveling over 35 km were
dispersed over the ocean beyond the far side of the island.
Pollen transport under these wind conditions was noticeably
more limited, particularly for larger pollen grains with very
few of the 50 or 100-μm pollen grains being transported more
than a few hundred meters. The 25-μm pollen grains were
transported a greater distance, comparable to the E case, but
much of the pollen that traversed over land was deposited in
the interior valleys of Kaua’i. Pollen from sources near the
eastern and western edges of the source region was
transported by winds passing around the exterior of the moun-
tains and traveled beyond the island.

The northeast wind case on 15 Jul. 2005 (case BNE^) was
similar to the E case, but shifting of the wind was sufficient to

allow a sea breeze to develop over the source region (Fig. 6).
Pollen grains released along the southwest and western coasts
in this situationwere transported inland counter to the prevailing
northeast wind (Fig. 7). In these cases, deposition typically was
limited to within 10 km of the source. Some of the pollen was
lifted by updrafts created by convergence of the sea breeze and
the mean flow and consequently recirculated back to the west
coast. Recirculation was particularly prevalent for smaller parti-
cles, which did not settle as quickly and were readily lifted by

Fig. 4 Magnitude of particle deposition in units of particles per square
meter normalized by the total number of released particles. Images depict
flow from the east on 15 Apr. 2006 for particle sizes of 25 μm (top),
50 μm (middle), and 100 μm (bottom)
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updrafts. In these situations, recirculation due to the sea breeze
limited the distance pollen dispersed from the sources.

Discussion

We have applied a combination of meteorological and
Lagrangian dispersion modeling to examine potential

dispersal patterns for various particle sizes on the Hawaiian
island of Kaua’i. This location is a challenge for predicting
pollen dispersion because its complex topography and sur-
rounding ocean create small-scale circulations that may not
be detected by conventional meteorological sensing networks.
Our numerical modeling approach provided a physically
based assessment of the local meteorological conditions that
control pollen dispersion. By examining the typical range of
climate variations encountered on the island and a range of
pollen grain sizes common in agriculture, we have generated a
basic characterization of pollen dispersion expected from
wind-pollinated crops in this environment.

Three distinct patterns of pollen dispersion were identified
during the simulated dates, primarily caused by the complex
terrain and the location of sea breezes around the island of
Kaua’i. Prevailing winds were most often from the northeast
or the east. Small shifts in the prevailing winds to the northeast
produced very different patterns of dispersion resulting from a
sea breeze flow occurring over the source region that directed
pollen flow inland. In contrast, a small shift to the east moved
the sea breeze flow away from the source region. This allowed
pollen to be captured by the prevailing winds and transported
over the ocean and to the island of Ni’ihau.

For southwesterly prevailing winds, the complex terrain
generated a number of situations resulting in preferential pol-
len deposition or dispersal. Rapidly rising topography acted as
a physical barrier to pollen flow for transport through the
interior of the island. Even gradually rising topography across
the source region acted as a barrier to transport of larger pollen
grains due to their greater terminal fall speeds. For smaller
pollen grains, vertical motion generated by the WRF model
appears to have been sufficient to prevent rising topography
within the source region from impeding transport. Pollen di-
rected toward the island’s interior, however, was preferentially

Fig. 5 Magnitude of particle deposition in units of particles per square
meter normalized by the total number of released particles. Images depict
flow from the southwest on 15 Jan. 2005 for particle sizes of 25 μm (top),
50 μm (middle), and 100 μm (bottom; all particles deposited in close
proximity to their source)

Fig. 6 Vertical cross section of wind streamlines in the along-wind and
vertical directions depicting sea breeze on the western coast of Kauai at 22
UTC on 15 Apr. 2006. The low-level sea breeze below 500 m is seen to
move counter to the mean flow above 1000 m. The cross section is taken
at y = 0 km, and the x-axis is labeled in terms of distance from the center
of Kaua’i (see Fig. 1). Upward motion is strongest over the coastal
agricultural plain between −22 and −19 km. The solid black line
represents the topography elevation with the coast located at −22 km
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channeled through valleys where it was deposited within and
along the sides of the valleys. For easterly prevailing winds,
similar deposition behavior was seen in the model for 25-μm
particles reaching the neighboring island Ni’ihau; most of
these particles were deposited at the base of a ridge on the
windward side of that island (Fig. 8).

The preferential deposition of pollen on windward slopes
simulated here contrasts with previous results for bentgrass
pollen deposition in the complex terrain of central Oregon
(Viner and Arritt 2012). In that study, predicted deposition
of 25-μm bentgrass pollen was greater on the lee slopes.
Results from Lehning et al. (2008) provide a possible

explanation for differences in the amount of deposition occur-
ring on windward and leeward slopes of complex terrain for
particles ranging from 10 to 100 μm. Their results suggest that
the amount of deposition is decreased on windward slopes of
mountains due to convergence of the wind, which produces
rising motions, and increased on leeward slopes due to
divergence of the wind, which produces downward motions.
Conversely, wind tunnel and computational fluid dynamic
simulations described by Parker and Kinnersley (2004)
showed deposition maxima on the windward side of an obsta-
cle. In addition, Goosens (2006) showed that particle deposi-
tion over an obstacle was affected by details of the local to-
pography, such as whether a slope is concave or convex.
Clearly, more work is necessary to understand the impact of
terrain slopes on pollen dispersion and deposition.

Specific combinations of terrain and wind direction can
have strong effects on pollen dispersion. Closer examination

Fig. 7 Magnitude of particle deposition in units of particles per square
meter normalized by the total number of released particles. Images depict
flow from the northeast on 15 Jul. 2005 for particle sizes of 25 μm (top),
50 μm (middle), and 100 μm (bottom; all particles deposited in close
proximity to their source)

Fig. 8 High-resolution images of deposition of 25-μm particles on the
windward side of complex terrain for the ridge on the northeastern coast
of Ni’ihau (top) and valleys on the west side of Kauai (bottom). Shaded
areas represent the number of particles deposited per square meter
normalized by the total number of particles released (darker areas
indicate greater particle deposition). Contours indicate 100-m changes
in elevation with ticks indicating the downhill direction. Distance is
measured from the center of Kaua’i (see Fig. 1)
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of pollen transport in the case of easterly prevailing winds
showed that most long-range transport of 50 and 100 μm pol-
len grains originated from three sources located on higher
elevations with a steep downward slope in the direction of
the mean wind; very few pollen grains from the other 27
sources were transported more than a few kilometers
(Fig. 9). Evidently, this combination of elevation and slope
allowed more pollen grains to remain airborne and be lifted
by updrafts before reaching the deposition height. Pollen
grains released from sources located nearby on flatter terrain
were deposited within several meters of their sources under
the same conditions. This result is consistent with our findings
for the case with southwesterly prevailing winds, where most
of the larger pollen grains were quickly deposited as they were
transported inland and upslope. In that case, some pollen was
deposited in the lee of the mountains, generally originating
from sources near the western and eastern edges of the source
region.We hypothesize that this outcome resulted from the sea
breeze on the northeast side of the island in the lee of the
mountains flowing counter to the prevailing wind. Simulated
pollen grains transported around the east side of the mountains
were caught by the sea breeze flow and pushed back into the
island, where they were deposited on the lee of the mountains
relative to the synoptic flow. This behavior was not found
when pollen was transported around the western side of the

island, where it remained within the prevailing flow and was
not affected by the sea breeze.

Pooling dispersion data across all simulations, the smallest
pollen grains (25 μm) traveledmuch farther than larger grains,
consistent with their slower terminal fall speed (Fig. 10).
Heavier particles (50 and 100 μm) had much steeper deposi-
tion profiles with distance from the sources, with 50 and
100-μm particles showing similar patterns. Averaged across
14 days of simulation, 87.7% of 25-μm particles, 98.9% of
50-μm particles, and 99.8% of 100-μm particles were depos-
ited within 10 m of their sources. About 10% of the 25-μm
particles traveled more than 1 km, and about 2% could have
reached the neighboring island of Ni’ihau about 35 km to the
west; 50 and 100-μm grains rarely if ever traveled that dis-
tance. For the case with easterly prevailing winds, 2 to 3% of
25-μm pollen grains were transported to Ni’ihau, while less
than 0.2% of 100-μm particles traveled more than 10 m be-
yond their source. This disparity in transport was particularly
evident when pollen was directed inland, either due to prevail-
ing flow from the southwest or the sea breeze recirculation
with wind from the northeast. In the easterly wind case, re-
lease of pollen from only a few sources resulted in deposition
greater than a few hundred meters downwind. These results
underscore the dominant influence of topography in determin-
ing the dispersion pattern for large pollen grains. Even 25-μm
pollen dispersion was largely confined to valleys and wind-
ward slopes under these conditions.

Creating an ensemble of likely pollen dispersion outcomes
for a variety of climatologically representative conditions and
pollen shed intensities could be useful in minimizing
outcrossing in open-pollinated crops grown on the island.
While the results shown here do not account for all scenarios,
it can be extended for specific crops during periods associated

Fig. 9 Deposition from three sources (indicated with dark circles)
located on steeper leeward slopes (top) and all other sources (bottom).
Deposition is given in units of particles per square meter normalized by
the total number of particles released

Fig. 10 Proportion of 25, 50, and 100-μm pollen grains deposited at
various distances from the sources. Data are the average for all sources
and 14 simulation dates
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with known peaks in pollen production or especially sensitive
conditions. Model predictions would not have to be repeated
unless climatological wind statistics over the location change
sufficiently to warrant re-evaluation. Finally, the approach
used here could be used to inform the design of field experi-
ments to measure pollen dispersion in complex terrain or
along coastlines. Our results indicate that there are complex
interactions between pollen aerodynamics (as represented by
terminal velocity) and small-scale atmospheric circulations,
but little data are available to validate the results. This is ham-
pered by the difficulty and expense of performing field studies
in these regions. With the assistance of numerical modeling,
the areas of interest can be focused down to a few regions,
making field studies more efficient and more likely to be
successful.
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