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Abstract. An examination of boundary-layer meteorological and avian aerodynamic theories sug-
gests that soaring birds can be used to measure the magnitude of vertical air motions within the
boundary layer. These theories are applied to obtain mixed-layer normalized thermal updraft intensity
over both flat and complex terrain from the climb rates of soaring American white pelicans and
from diagnostic boundary-layer model-produced estimates of the boundary-layer depth zi and the
convective velocity scale w∗. Comparison of the flatland data with the profiles of normalized updraft
velocity obtained from previous studies reveals that the pelican-derived measurements of thermal
updraft intensity are in close agreement with those obtained using traditional research aircraft and
large eddy simulation (LES) in the height range of 0.2 to 0.8 zi . Given the success of this method,
the profiles of thermal vertical velocity over the flatland and the nearby mountains are compared.
This comparison shows that these profiles are statistically indistinguishable over this height range,
indicating that the profile for thermal updraft intensity varies little over this sample of complex
terrain. These observations support the findings of a recent LES study that explored the turbulent
structure of the boundary layer using a range of terrain specifications. For terrain similar in scale to
that encountered in this study, results of the LES suggest that the terrain caused less than an 11%
variation in the standard deviation of vertical velocity.

Keywords: Convective boundary layer, Cross-country soaring, Mixed-layer similarity, Soaring birds,
Thermal intensity profile.

1. Introduction

Thermal updraft intensity may be defined as the average vertical velocity within
a thermal updraft. Similarity theories for thermal updraft intensity over relatively
homogenous terrain have been developed using large research aircraft and large
eddy simulation (Greenhut and Khalsa, 1987; Young, 1988; Schumann and Moeng,
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1991). Although effective in collecting data along extended straight-line paths, the
poor maneuverability and large turning radius of multi-engine research aircraft
make it difficult to obtain numerous samples within a small geographic area. This
problem is compounded by the tendency for these large aircraft to disturb the
atmosphere in their wake, complicating efforts to obtain uncontaminated turbu-
lence measurements through multiple passes. As a result, studies of the turbulence
structure of the dry convective boundary layer over rapidly changing terrain have
instead been undertaken using large eddy simulation (LES). The LES results of
Gopalakrishnan et al. (2000) provide useful insight into the effect of complex
terrain on the convective boundary layer. Observational data are, however, needed
to verify LES performance in this regime. Given the flight path limitations of the
large aircraft previously employed in obtaining such verification (e.g., Greenhut
and Khalsa, 1982; Young, 1988), a new method is introduced here to measure
thermal updraft intensity over complex terrain.

Unmanned aerial vehicles (UAVs) recently have been developed as a platform
overcoming the limitations associated with the use of large aircraft in meteorolo-
gical research (e.g., Holland et al., 1992; Langford and Emanuel, 1993; Bluth et
al., 1996). UAVs are capable of achieving much higher flight path densities over
small areas, compared with the much larger multi-engine aircraft employed in pre-
vious studies. Given the size and performance similarity between soaring birds and
UAVs, soaring birds offer another potential means for gathering these data when
the instrumentation aboard such aircraft are adapted to these birds. Furthermore,
in contrast to UAVs that do not necessarily soar and glide, the avian platform is
particularly appealing given the maneuverability of these birds and their propensity
for soaring within thermal updrafts.

Previous studies have shown that birds can indeed be used to gather qualitative
information on boundary-layer meteorological processes. For example, Huffaker
(1897) first proved the existence of thermal updrafts based upon the observed be-
haviour of soaring birds. Woodcock (1940, 1975) later noted that gulls soar when
atmospheric conditions support thermal development, but engage in powered (i.e.,
flapping) flight when conditions are less conducive. Deardorff (1976) quantified
Woodcock’s results, using surface-layer similarity theory to show that gull soaring
flight predominates when buoyancy-driven turbulence dominates. Given the suc-
cess of these studies in using soaring birds as qualitative data-gathering platforms,
the newly developed technology for instrumenting these birds with the appropriate
sensors suggests that they could also be used to gather quantitative information on
boundary-layer meteorological processes.

The present study applies this newly proposed thermal updraft sampling tech-
nique to explore the differences in thermal updraft intensity observed over a
broad flat-floored valley and adjacent mountain ranges. A summary of the re-
quired boundary-layer dynamics and avian aerodynamics is presented in Section
2. These meteorological and aeronautical similarity theories are combined to cal-
culate thermal updraft intensity from the climb rates of soaring birds circling
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within thermal updrafts. A simple diagnostic boundary-layer model is developed
to model inter-day and diurnal variations in the boundary-layer depth and con-
vective velocity scale, as described in Section 3. Model-produced estimates of
these boundary-layer meteorological parameters are used with mixed-layer sim-
ilarity theory to normalize measurements of thermal updraft intensity obtained
from American white pelicans (Pelecanus erythrorhynchos) soaring over complex
terrain. The data gathered and methodologies employed during this study are de-
scribed in Section 4. The vertical profiles of normalized averaged thermal updraft
intensity over the valley and the nearby mountains are computed. In Section 5,
these plots are compared with and contrasted to each other, as well as to related
results obtained in previous studies.

2. Theory

2.1. CONVECTIVE BOUNDARY-LAYER DYNAMICS

Several studies have examined the vertical profile of thermal updraft intensity,
although interpretation of the results is complicated by various researchers’ use
of different thresholds to define thermal updrafts and downdrafts (Schumann and
Moeng, 1991). For example, in examining a time series of vertical velocity data
obtained from aircraft measurements, Young (1988) defined those parts of the data
series with positive vertical velocities as thermal updrafts, while the remainder
of the data series was classified as environmental downdraft. Young showed that
the mean vertical velocity in thermal updrafts wT at some altitude z can be
approximated through the relationship,

wT

w∗
= 0.85

(
z

zi

)1/3 (
1.3 − z

zi

)
, (1)

where zi is the boundary-layer depth and w∗ is the convective velocity scale
(Deardorff, 1970), defined as,

w∗ =
(
gziB

θ̄v

)1/3

. (2)

Here g is the gravitational acceleration, θ̄v is the mean boundary-layer potential
temperature, and B is the surface virtual potential temperature flux. Using aircraft
data from a different study, Greenhut and Khalsa (1982) defined thermal updrafts
and downdrafts as those parts of the data series that exceed a specific velocity
threshold. Thermal updrafts are defined as that part of the data series in which the
vertical velocity exceeds 0.56w∗, and thermal downdrafts are defined as that part of
the data series in which the vertical velocity is less than −0.40w∗. These criteria are
more stringent than those of Young (1988) so Greenhut and Khalsa (1987, Figure
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5) found that the maximum value of the vertical profile of normalized average
vertical velocity (w/w∗ = 1.16) is markedly greater than that (w/w∗ = 0.56)
found by Young (1988, Figure 4). The values differ because Young averages over
all measured positive vertical velocities in his time series, whereas Greenhut and
Khalsa only average over those portions of the measured positive vertical velocities
in their time series that exceed the predefined cutoff value. Schumann and Moeng
(1991) demonstrated that the results obtained in both of these observational stud-
ies are replicable by applying their respective criteria to the same LES data set.
Given the success of Greenhut and Khalsa, Young, and Schumann and Moeng in
developing mixed-layer similarity formulae for thermal updraft intensity, results
from these studies are used as baselines for comparison with the thermal updraft
intensity measurements obtained during the present study.

The mixed-layer similarity formulae described above show that estimates of
thermal updraft intensity are influenced by two key boundary-layer parameters: the
boundary-layer depth zi and the convective velocity scale w∗. Although measure-
ments of the boundary-layer depth and the convective velocity scale are preferred
when studying thermal updraft intensity, such measurements are often difficult
to obtain by direct observation except at widely separated locations. As a result,
estimates of the boundary-layer depth and convective velocity scale are often ob-
tained through numerical modelling. A simple boundary-layer forecast model is
developed here to diagnose changes in these parameters during this study. These
data are then used to normalize, via mixed-layer similarity, the measurements of
thermal updraft intensity obtained by calculating the climb rates of birds soaring in
thermals. Given that avian soaring performance is also influenced by such factors
as the morphological characteristics and flight objectives of these birds, an under-
standing of avian aerodynamics is necessary to measure thermal updraft intensity
via this approach.

2.2. AVIAN AERODYNAMICS

Avian soaring performance is typically expressed as the relationship between the
sink rate Vz of a gliding bird and the bird’s forward flight speed V in straight flight.
The soaring performance of a given species can be determined by fitting a curve to
measured values of forward flight speeds and corresponding sink rates. Employing
this approach, Pennycuick (1971) derived a performance curve for White-backed
vultures (Gyps africanus) based upon 94 measurements of vulture flight speeds and
sink rates.

Welch et al. (1977) theorized that gliding birds, being governed by the same
physics, obey the same aeronautical performance equation as gliding aircraft,

Vz = 2kW

πρb2V
+ CDoρSV

3

2W
, (3)

where W is the weight of the bird, ρ is the air density, b is the wing span, S is the
wing area, and k and CDo are species-dependent aerodynamic drag coefficients.
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Pennycuick et al. (1998) terms the drag coefficient k the induced drag factor that
measures the efficiency of the wings in producing lift. A value of unity represents
a perfectly efficient wing, where as increasingly higher values are representative
of increasingly inefficient wings. Pennycuick describes the drag coefficient CDo
as a measure of the degree to which the body of a bird is streamlined. The lower
the value of CDo, the greater the degree to which the body is streamlined. Typical
values of k and CDo, as determined from wind-tunnel studies and theoretical ex-
pectations for these coefficients, are 1.1 and 0.1 respectively for many species of
birds. Pennycuick (1971) derives a second performance curve for White-backed
vultures by solving (3) using measured values of the weight, wing span, and aspect
ratio (i.e., ratio of wing span to width) for this species, and assuming representative
values for the drag coefficients. His comparison of these two curves shows that they
are statistically indistinguishable, and thus, that a good estimate of avian soaring
performance can be obtained via (3) and bird morphological characteristics.

The sink rate of a circling bird can be related to the sink rate of the same bird in
straight, gliding flight through the expression

Vzc = Vz√
(cos3 φ)

, (4)

where Vzc is the sink rate of a soaring bird circling at a bank angle φ (Haubenhofer,
1964). Pennycuick (1971, 1998) notes, moreover, that the decrease in the density
of air with altitude causes an increase in the sink rate of a soaring bird circling in
still air. This density-corrected sink rate may be computed via

Vs = Vzc

√
ρo

ρ
, (5)

where ρ and ρo are the densities of air at the flight altitude and the mean sea level
(MSL), respectively. This relationship is used to obtain a more precise estimate of
a bird’s sink rate at various heights within the boundary layer.

The climb rate Vc for a soaring bird is related to its sink rate Vs through an
ascending thermal,

Vc = w − Vs, (6)

where w is updraft intensity averaged around the bird’s circular flight path. Solv-
ing (6) for w allows an estimate of thermal updraft intensity to be obtained by
measuring the climb rate of a soaring bird circling in a thermal updraft, and using
Equations (3), (4), and (5) to estimate the sink rate of this bird from its mor-
phological characteristics. Glider pilots often use these relationships to diagnose
vertical air motions based upon the observed climb rate of the glider and the
aerodynamic characteristics of this glider (Reichmann, 1993). Unlike fixed-wing
aircraft, however, birds have the capability of altering their wing spans, and thus
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wing areas, during the course of a flight, thereby changing their sink rates relative to
still air. Because changes in these bird flight parameters, including wing area and
forward speed, can significantly influence the calculation of thermal updraft in-
tensity, knowledge of bird behavioural patterns is necessary to estimate the soaring
performance of these birds within thermal updrafts.

Soaring birds are often observed circling and gliding at low-levels while search-
ing for food or maintaining a home range (e.g., patrolling the airspace surrounding
a nest). Although birds engaged in such flight will often use thermals to maintain
or gain altitude, these birds do not need to maximize their climb rate in thermal
updrafts to accomplish their flight objectives. As a result, the flight speed, wing
area, and hence sink rate of the birds relative to still air cannot be assumed to take
on their optimal values.

In contrast, cross-country soaring offers a much more workable alternative be-
cause performance optimization does benefit birds in this flight mode. Thermal
cross-country soaring is often simulated using the discrete thermal model discussed
by Welch et al. (1977), Pennycuick (1972, 1975), and others. This theoretical model
assumes that soaring birds gain altitude by circling in thermals, and then lose alti-
tude while gliding cross-country between thermals, behaviour generally observed
by others (Pennycuick, 1971a) and in our observations of soaring American white
pelicans. The primary flight objective of birds engaged in such flight is to fly
from one location to another. Thus, the theories of avian cross-country soaring
flight suggest that birds should optimize soaring performance to maximize their
cross-country flight speeds. The cross-country speed Vcc of a soaring bird may be
approximated by

Vcc = dx

tx + tt
, (7)

where dx is the horizontal distance travelled between two thermals, tx is the time
spent gliding between these thermals, and tt is the time spent climbing in one
thermal (Reichmann, 1993). Given that the time spent in thermal updrafts can
significantly influence this flight speed, it is reasonable to assume that birds circling
in thermals will minimize their sink rate relative to still air to maximize their climb
rates within thermal updrafts. An estimate of the minimum sink rate for a species
may be found by using averaged values of the weight, wing span, and wing area for
a species to find the global minimum of Vz in (3). This minimum sink rate occurs at
a specific forward speed for each species and requires that birds extend their wings
to full wing span (Pennycuick, 1975).

Significantly, this conceptual model of avian cross-country soaring flight sug-
gests that birds should soar to relatively high altitudes within the boundary layer
to maximize their cross-country flight speed. This strategy enables birds to glide
longer distances between thermal updrafts, thereby increasing their chances of
finding the next soarable thermal without having to flap as they sink closer to the
ground. Furthermore, by flying through the middle of the boundary layer, these
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birds stay within that portion of the boundary layer where thermal updraft intensity
is typically the greatest (Schumann and Moeng, 1991). For these reasons, it is
advantageous for birds soaring cross country to confine the majority of this flight to
the middle of the boundary layer. Observations discussed below show that soaring
American white pelicans do indeed follow this approach.

3. Model Characteristics

3.1. MODEL ARCHITECTURE AND DATA

A numerical model has been created to diagnose the daily development and evol-
ution of boundary-layer depth and thermal updraft intensity. This one-dimensional
column model simulates changes in these parameters to a maximum altitude of
4000 m above ground level (AGL). Three key data sets are required to initialize and
force this model. The first two data sets, required for model initialization and for-
cing respectively, are atmospheric sounding and hourly surface air temperature and
pressure data. These data sets combined are used to diagnose inter-day and diurnal
changes in boundary-layer depth by applying the simple parcel-lifting technique
illustrated in Figure 11.11 of Stull (1988). The boundary-layer depth is specified as
the height above ground level at which a parcel of air rising from the surface layer
and conserving potential temperature becomes negatively buoyant relative to the
ambient environment. Surface air temperature and pressure data, obtained from a
height of 3 m AGL, are used in this model so as to approximate the vertical extent
of the most buoyant (i.e., least diluted by lateral entrainment) thermals within the
boundary layer (Crum et al., 1987). Given the definition of boundary-layer depth
provided above, these data help identify the depth within which all but the very
strongest thermals within the boundary layer will extend.

The final data set, also required for model forcing, is upper-air forecast
data from a large-scale atmospheric model. Advection by synoptic-scale weather
systems often causes significant inter-day and intra-day changes in the atmo-
spheric potential temperature profile. Given that such changes significantly influ-
ence boundary-layer depth and thermal updraft intensity (Stull, 1988), advective
changes in the boundary-layer model potential temperature profile must be in-
cluded throughout this model run. The NWS Early-Eta model forecast is used for
this purpose. Forecast atmospheric soundings are derived from Early-Eta model
output obtained at 50-hPa intervals from 1000 to 500 hPa. This vertical spacing,
while sufficient to resolve the large-scale advective changes, is not sufficient for
the Early-Eta forecast to be used in place of the diagnostic boundary-layer model
to find the boundary-layer depth directly.
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3.2. MODEL INITIALIZATION AND FORCING

The basic function of the diagnostic boundary-layer model is to simulate numeric-
ally the simple graphical method for determining boundary-layer depth illustrated
in Figure 11.11 of Stull (1988). Measured 1200 UTC atmospheric sounding data
are used to initialize the model atmospheric potential temperature profile. Sim-
ilarly, 1800 and 0000 UTC Early-Eta model forecasts are used to describe the
expected atmospheric potential temperature profile 6 h and 12 h after the boundary-
layer model initialization. Hourly surface air temperature and pressure data can
be input either from Early-Eta forecasts, MOS statistical guidance (Jacks et al.,
1990), or surface observations. Observations from Naval Air Station (NAS) Fal-
lon are used in this study. When found graphically, the boundary-layer depth is
identified as that altitude at which the dry adiabat corresponding to the surface
potential temperature intersects the vertical profile of potential temperature. In
non-arid regions the virtual potential temperature should be used. The numerical
model simulates this graphical technique by linearly interpolating the measured
and forecast atmospheric sounding data at 1-m intervals to describe the vertical
profile of potential temperature at 1200, 1800, and 0000 UTC. Temporal changes
in the model potential temperature profile are then simulated by linearly interpol-
ating at one-minute intervals between the 1200 and 1800 UTC model soundings
during the first half of the model run, and between the 1800 and 0000 UTC model
soundings during the latter half of this run. Corresponding changes in the surface
air potential temperature are estimated each one-minute time step by applying a
cubic spline to hourly values of the surface air potential temperature, as derived
from the hourly surface air temperature and pressure measurements. Finally, the
boundary-layer depth is estimated each minute by identifying the altitude above
ground level at which the modelled surface potential temperature and the poten-
tial temperature along the vertical profile of potential temperature are equal. The
resulting boundary-layer model output consists of boundary-layer depth estimates
each minute between 1200 and 0000 UTC. These model estimates vary smoothly
over time, suggesting that the temporal and spatial interpolation intervals applied in
this model introduce little if any additional uncertainty beyond that expected when
numerically simulating the simple parcel lifting technique described by Stull.

In addition to diagnosing changes in boundary-layer depth, the boundary-layer
forecast model diagnoses the time series of the surface virtual potential temper-
ature flux, approximated from hereon by the surface potential temperature flux
because of the arid conditions. The boundary-layer forecast model calculates this
flux at each time step by implementing a simple heat budget. This model assumes
that the change in the boundary-layer potential temperature �θ at each time step
�t is a function of the surface potential temperature flux B, mixing entrainment
across the top of the boundary layer E, and the horizontal advection A of potential
temperature such that,
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�θ

�t
= B

zi
+ E

zi
+ A, (8)

where zi is the boundary-layer depth. Equation (8) can be rewritten to solve for the
surface potential temperature flux,

B =
(
�θ

�t
− A

)
zi − E. (9)

Entrainment E represents the amount of heating that occurs within the boundary
layer as a result of thermals mixing air from the free atmosphere into the boundary
layer. Past studies have shown that this mixing is proportional to the surface po-
tential temperature flux, typically varying between −0.1 B and −0.3 B, especially
in low-shear environments (e.g., Stull, 1976). In this study the entrainment E is
approximated as −0.2 B. Thus, (9) reduces to,

B = zi

1.2

(
�θ

�t
− A

)
. (10)

Assuming that the entrainment E varies over the range of typical values, this ap-
proximation introduces an 8% error in the estimated value of the surface potential
temperature flux. The change in the boundary-layer potential temperature at each
time step is derived from hourly surface air temperature and pressure data, as sum-
marized above, while the horizontal advection is derived from Early-Eta forecast
sounding estimates.

Similar to the model-derived soundings described above, the vertical profiles of
horizontal winds above NAS Fallon at 1200, 1800, and 0000 UTC are specified
using Early-Eta model output interpolated at 1-m intervals. The vertical profiles of
potential temperature at points located 80 km to the north, south, east, and west
of NAS Fallon are also specified at 1200, 1800, and 0000 UTC using the same
methodology. The distance between these points and NAS Fallon is consistent with
the 80-km horizontal grid spacing of the Early-Eta model. A finite-differencing
scheme is applied to estimate the vertical profile of the horizontal potential temper-
ature advection above NAS Fallon at these three times. Temporal changes in the
model profile of horizontal temperature advection are then simulated by linearly
interpolating between the 1200 and 1800 UTC model-derived profiles during the
first half of the model run, and between the 1800 and 0000 UTC model-derived
profiles during the latter half of the run. These interpolations are applied each time
step, and provide an estimate of the heating rate within the boundary layer due to
the horizontal advection of potential temperature into this atmospheric layer. The
advection and corresponding boundary-layer depth estimate are input into (10) to
obtain the surface potential temperature flux B. Model output thus includes the
surface potential temperature flux for each minute from 1200 to 0000 UTC. In this
study, the model was used to simulate boundary-layer development and evolution
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in a relatively arid environment. For this reason, the contributions of moisture to
the surface virtual potential temperature flux were considered negligible, and thus
the surface potential temperature flux and surface virtual potential temperature flux
were assumed equal. Values of the surface potential temperature flux B are there-
fore used to calculate changes in the convective velocity scale w∗ via Equation (2).
These modelled estimates of the convective velocity scale are used to normalize
measurements of thermal updraft intensity in the results presented below.

Significantly, these relationships show that, in the absence of hourly surface
air temperature data, surface potential temperature flux data can be used to de-
termine inter-day and diurnal changes in the boundary-layer potential temperature.
Although surface potential temperature flux data typically are not collected at most
weather observation sites worldwide, a flux forcing option has been built into this
diagnostic boundary-layer model to enable its use when surface air temperature
data are unavailable. Both modes of model operation, with surface observations
and with model output only, are used in the results presented below to simulate
inter-day and diurnal changes in the boundary-layer depth within the study area.

4. Fallon, Nevada 1997 Field Study

4.1. GOALS AND OBJECTIVES

During June and July 1997, a field study was conducted in the Fallon, Nevada
(NV) area to measure thermal updraft intensity using American white pelicans as
biological UAVs. The primary goal of this study is to examine the relationship
between thermal updraft intensity and model-produced estimates of the boundary-
layer depth and convective velocity scale over a range of terrain elevations, and thus
to determine the impact of complex terrain on the validity of thermal updraft intens-
ity estimates derived from mixed-layer similarity theory. The first objective of this
study is, therefore, to verify the accuracy of the one-dimensional boundary-layer
model described above. Atmospheric data were obtained from local weather obser-
vation stations, including NAS Fallon, and through visual observations throughout
this study. These data are used to initialize and force the model, and to verify
model performance in the Fallon, NV area. Each type of data is used either for
model initialization and forcing or for model verification, never both. The second
objective of the study is to obtain estimates of thermal updraft intensity over the
Lahontan valley and nearby mountains. Pelican flight time and altitude data were
gathered through visual observations and through instrumentation aboard these
pelicans. These data were retrieved from the pelicans’ onboard sensors via satellite
and conventional radio telemetry.
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Figure 1. The pelican foraging and breeding sites and typical flight routes in the Fallon, NV area.
The breeding colony is located on Anaho Island, Pyramid Lake in the northwest corner of the map.
Foraging sites include Stillwater NWR, Carson Lake, and Walker Lake.

4.2. STUDY AREA AND FLIGHT PATHS

Figure 1 shows the location of known American white pelican foraging and breed-
ing sites in the Fallon, NV area. A pelican breeding colony is located on Anaho
Island, Pyramid Lake, approximately 50 km northeast of Reno, NV. Several pelican
foraging sites are located between 100 and 145 km to the south and east of Anaho
Island. These sites include Stillwater National Wildlife Refuge (NWR), Carson
Lake, and Walker Lake. The majority of the flight altitude data obtained during
this study were obtained while pelicans flew cross-country between the breeding
colony and these foraging sites; the sites are located in valleys at elevations on
the order of 1200 m MSL. When making data collection flights among these sites,
pelicans frequently flew over mountains with peaks ranging from nearly 1700 m
to over 2100 m MSL. Among the most frequently crossed mountains were the
Truckee range, Hot Springs mountains, and Virginia range.

The study area was selected both because of the available flight paths and
because the climatological and geographical conditions favoured development of
strong thermals. Despite the abundance of water at the breeding and foraging sites



178 HARLAN D. SHANNON ET AL.

the study area as a whole is relatively arid. During June and July combined, the
normal rainfall at NAS Fallon is approximately 15 mm (NOAA, 1974). Hot days
and mild nights are also characteristic of this region. During this time period, the
normal high and low temperatures are 31 and 10 ◦C respectively (NOAA, 1974).
Vegetation is relatively sparse throughout the study area, and covers approximately
50% of the ground area.

4.3. BIOLOGICAL DATA

4.3.1. Instrumentation
Pelican-mounted sensors were used to measure the flight altitude of each pelican.
Conventional and satellite radio telemetry transmitters were employed in return-
ing these data for analysis. Each radio telemetry package consisted of a 13 g
conventional radio telemetry transmitter epoxied to a 95 g satellite telemetry trans-
mitter. The entire package was attached to the back of each pelican using a 13 g
leather and teflon harness. Each satellite telemetry transmitter is equipped with
a Motorola MPX4115AS temperature compensated and calibrated piezoresistive
absolute pressure transducer to measure bird flight altitudes. The data sampling
rate was approximately one measurement every 60 s. Thus, measurements from
these transmitters provided a detailed description of bird flight altitudes, at a fre-
quency such that bird climb rates could be determined at a relatively high vertical
resolution, even when bird flight altitudes were changing rapidly. Message monit-
ors (i.e., satellite uplink receivers) were used to obtain altitude data directly from
the pelicans via their satellite telemetry transmitters. These data were transmitted
in a hexadecimal format, and were archived in laptop computers attached to the
message monitors. Conversion equations were supplied with the transmitters to
convert the raw hexadecimal data to altitude data during post-study analysis. Each
satellite telemetry transmitter was tested to verify the accuracy of these altitude
data prior to attaching these transmitters to pelicans.

4.3.2. Evaluation of Altitude Sensor Performance
On 6 May 1997, five satellite telemetry transmitters were placed in the unpressur-
ized cabin of a Cessna 210 and flown to a broad range of altitudes. During each
horizontal flight segment, altitude readings from these transmitters were recorded,
as were altitude measurements from both the altimeter of the aircraft and a control
altimeter housed within the cabin of the aircraft. The nominal altitudes at which
the aircraft was held level were 1520 m, 1830 m, 2130 m, 2440 m, 2740 m, and
3050 m MSL. After the flight, the raw hexadecimal data were converted to altitude
using the manufacturer’s conversion equations. Data from each horizontal flight
segment were then analyzed to assess transmitter altitude sensor accuracy. Atmo-
spheric turbulence caused slight deviations (i.e., estimated ±30 m) in the altitude
of the aircraft during each horizontal flight segment. Therefore, an average control
altimeter reading for each segment is used to approximate the actual altitude of the
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Figure 2. The differences (dots) between the transmitter-derived altitudes and the control alti-
meter-derived altitudes for each horizontal flight segment. The approximate altitudes are based on
data obtained from the control altimeter within the aircraft.

transmitters. Although control altimeter readings closely parallel those observed on
the aircraft altimeter, control altimeter readings average approximately 20 m higher
than those recorded on the plane’s altimeter. The 95% confidence interval for this
mean µ is determined to be ±3 m based upon a one-sample t-test. Given that
the differences in these readings are relatively insensitive to height over the range
of flight altitudes (i.e., 1530 m), these differences are attributed to the dynamic
pressure field caused by the flow around the aircraft, as opposed to significant
calibration differences between these instruments. Because the control altimeter
was within the aircraft during this flight, as were the transmitters being tested,
control altimeter data are used to verify transmitter sensor performance.

The difference between each transmitter-derived altitude measurement and the
control altimeter data was computed for each horizontal flight segment. These dif-
ferences were then plotted as a function of the control altimeter data to evaluate
the performance of these sensors, as shown in Figure 2. The differences between
transmitter-derived and control-altimeter derived altitude measurements increased
with height. This increase is approximately linear. This linear bias suggests that
differences between the control altimeter readings and the transmitter-derived al-
timeter readings are a result of calibration differences between the two types of
instruments. Transmitter-specific linear correction equations were developed to re-
move this bias in the processed telemetry data. The standard deviations σ in the
differences during each horizontal flight segment, with this bias removed, ranged
from 12 to 18 m. This remaining scatter is primarily attributed to the slight devi-
ations in the altitude of the aircraft during each horizontal flight segment. A similar
test flight was conducted on 3 June 1997 to test the remaining five satellite tele-
metry transmitters. Nearly identical results were noted. Transmitter-specific linear
correction equations were developed for each of these transmitters as well.
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4.3.3. Methodology
Ten American white pelicans were instrumented with altimeter-equipped radio
telemetry packages during this study. Five pelicans were captured and instrumented
at Anaho Island, Pyramid Lake on 6 May 1997. An additional five pelicans were
captured and instrumented at Stillwater NWR on 8 June 1997. Morphological
measurements were obtained from each bird to estimate the soaring performance of
this species, and in particular that of the individuals to be studied. Among the meas-
urements recorded were the weight, half-wing span, and body girth of each bird.
Additionally, one wing from each bird was traced to estimate the wing area. These
bird morphological data were provided to Dr. Colin Pennycuick, who developed a
glide polar for this species based upon the avian aerodynamic theories discussed
above. Finally, prior to each bird’s release, the head and neck of each individual
were coated with a yellow dye (i.e., picric acid) to help researchers identify radio-
marked pelicans during this study. Daily tracking of these birds commenced on 9
June 1997.

Two two-person teams were deployed daily to obtain pelican flight altitude,
behavioural, and location data. The primary task of each team was to obtain pelican
flight altitude data from radio-marked birds as they flew among foraging and breed-
ing sites. Conventional radio telemetry transmissions were monitored to locate and
home in on the instrumented pelicans. Once the team was close enough, message
monitors were used to receive bird flight altitude data via the satellite telemetry
transmitters. Pelican tracking was accomplished using a car or light aircraft; ap-
proximately 80 hours of aerial tracking was accomplished using a Cessna 172.
Individual birds were tracked either until the bird landed, radio contact was lost, or
the vehicles were forced to refuel. Although ground-based observers could obtain
accurate bird flight altitude data, precise bird behavioural and location data were
often difficult to obtain from the ground. As a result, the majority of these beha-
vioural and location data was obtained during aerial tracking when the individual
or flock containing the individual could be monitored visually. Such observations
were critical in identifying the location of soaring birds relative to terrain, and in
documenting bird behavioural patterns relative to other individuals within flocks.

Care was taken to observe the birds from extreme binocular range and from
as much altitude differential as possible so as not to disrupt their flight behaviour.
Moreover, observations of soaring pelicans obtained during this study suggested
that these transmitters had little effect on pelican flight and behavioural patterns.
Instrumented pelicans were often observed soaring in flocks ranging in size from a
few birds to several hundred birds. During extended glides, radio-marked birds
were observed near the leading edge of the V-shaped patterns, as well as near
the trailing edge of these patterns. Furthermore, radio-marked pelicans maintained
their position within the V-shaped patterns throughout any one gliding bout. Sim-
ilarly, radio-marked pelicans were often observed climbing at the same rate as
the other birds within soaring flocks. Given the similarities in the observed flight
and behavioural patterns among instrumented and non-instrumented pelicans, we
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concluded that these transmitters had little effect on the soaring performance or
behaviour of the instrumented pelicans.

4.3.4. Data Processing and Quality Control
Altitude data are divided into temporal blocks to facilitate quality controlling. Each
block consists of data obtained from one bird, where no more than 60 minutes had
passed between altitude readings. The data pattern in each block is examined to
identify erroneous data points. The primary indicator of erroneous altitude meas-
urements is inconsistencies in the transmitter counter data pattern. Each satellite
telemetry transmitter was equipped with a counter, designed to increment by one
for each telemetry transmission. These counter data were transmitted along with
altitude data. During this study, discontinuities in the counter data pattern (e.g., 40,
41, 42, 93, 44, 45) are noted when weak signals were received from the satellite
telemetry transmitters. Given that altitude data obtained when signal strength was
weak are often not reliable, the altitude measurement corresponding with a discon-
tinuity in the counter data pattern is removed to maintain consistency in the data
set. Blocks of data consisting of less than three altitude measurements are discarded
because it is impossible to evaluate the counter data pattern using only two data
points. Finally, a few measurements indicating pelican climb rates in excess of
10 m s−1 are discarded because such climb rates are not achievable within purely
thermal updrafts. Quality controlled pelican flight altitude data are then converted
to metres AGL, taking into account variations in the terrain elevations within the
study area.

4.3.5. Terrain Height Estimates
The depth of the boundary layer often varies with changes in the elevation of the
Earth’s surface (Arritt et al., 1992; Banta, 1984). Model-produced estimates of this
depth were calculated relative to ground-level elevation because of this terrain
dependency. In contrast, measurements of pelican flight altitudes were initially
calculated relative to MSL because the transmitter altimeters were calibrated relat-
ive to MSL by the manufacturer. Given the intimate relationship between soaring
pelicans and boundary-layer meteorological processes, these data were recalcu-
lated relative to ground-level elevation to determine bird flight altitudes relative to
boundary-layer depth. These terrain-dependent, normalized data were then used to
measure thermal updraft intensity, and to determine what effects changes in terrain
elevation have on these intensities.

Figure 1 shows that significant variations in terrain elevation exist within the
study area. The precise location (i.e., latitude and longitude) of each bird altitude
measurement was, however, typically not available. Thus, pelican altitude data
were divided into terrain elevation groups based upon observed pelican locations
relative to known terrain features. An approximate average elevation was assigned
to each geographical region within the study area that exhibited relatively homo-
genous elevations. The elevation of each geographical region was then used to
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calculate bird flight altitudes relative to ground level, and to specify the elevation
of the Earth’s surface within the boundary-layer model. Four elevation groups were
designated based upon these criteria. These groups are designated as the Lahontan
valley, small mountains, large mountains, and other valleys.

Most pelican foraging sites within the Lahontan valley were located in the Fal-
lon, NV area. Instrumented pelicans typically foraged in Carson Lake and smaller
bodies of water within the Stillwater NWR. The approximate elevation of these
sites was 1190 m MSL with little variation. Most pelicans departing these foraging
sites flew west or northwest towards the Hot Springs mountains. The terrain flown
over generally ranged in elevation from 1190 m to 1210 m MSL, gradually increas-
ing as the birds flew closer to the mountains. Based upon these values, the average
elevation of the Lahontan valley was approximated as 1200 m MSL.

Several of the mountain ranges within the study area are relatively similar to
one another in elevation. For example, the Hot Springs mountains, eastern Virginia
range, and Black mountains are all characterized by peaks approaching 1700 m
MSL, with the bases of these mountains ranging in elevation from about 1200 m to
1250 m MSL. Jagged orography resulted in much fluctuation of height across this
range within each group of mountains. Mountains exhibiting these characteristics
were designated as small mountains, and assigned an average elevation of 1460 m
MSL. Similarly, those parts of the larger mountains within the study area where the
elevation varied between approximately 1200 m and 1700 m MSL were considered
small mountains. Pelicans occasionally crossed mountains within the study area
that contained peaks approaching or exceeding 2000 m MSL. These mountains in-
cluded portions of the Truckee range, the Desert mountains, and the Wassuk range.
Those parts of these mountains where the elevation exceeded 1700 m MSL were
characterized as large mountains. The average elevation for large mountains was
approximated as 1850 m MSL. The remaining unclassified regions within the study
area consisted of those lowlands within the study area other than the Lahontan
valley. Examples of these lowlands included several river valleys in the western
portion of the study area, as well as the lowlands surrounding and immediately
adjacent to Pyramid Lake and Walker Lake. Similar to the Lahontan valley, the
average elevation of the other valleys was approximated as 1200 m MSL.

The error introduced by uncertainties in terrain elevation is small compared to
the modelled estimates of boundary-layer depth obtained during this study. Be-
cause we are assuming an average elevation for each terrain group, the maximum
error in elevation is one-half the range of values in each group. Therefore, this
error is approximately 250 m over the mountains and about 10 m over the valleys.
Boundary-layer depth estimates corresponding to the times that bird flight altitude
measurements were obtained during this study are 2220 m (σ = ±640 m) over
the mountains and 1520 m (σ = ±1050 m) over the valleys. These values suggest
that the resulting uncertainty in bird flight altitudes normalized by boundary-layer
depth is approximately 11% over the mountains and less than 1% over the valleys.
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4.4. METEOROLOGICAL DATA

The meteorological data sets gathered during this study were used to initialize
and force the boundary-layer meteorological model introduced above and to assess
model accuracy in forecasting the boundary-layer depth. Additionally, these model
estimates were compared with observations and measurements of pelican flight
altitudes to further evaluate model performance. Finally, model output was used
in conjunction with measurements of pelican climb rates to develop normalized
profiles of thermal updraft intensity within the study area.

Atmospheric sounding data and hourly aviation weather reports were obtained
from NAS Fallon. Weather balloons were launched at 1200 and 2100 UTC to
measure the vertical profile of potential temperature within the study area; 1200
UTC balloons were launched more frequently (i.e., on more days), however, than
were 2100 UTC balloons. Data obtained from the 1200 UTC atmospheric sound-
ings were used to initialize the boundary-layer meteorological model, while data
obtained from the 2100 UTC soundings were used to verify model performance.
Although 2100 UTC data are useful in diagnosing changes in boundary-layer
depth, these data were only used to assess model performance, thereby maintaining
consistency in the method by which boundary-layer depth was calculated through-
out this study. Hourly aviation weather reports were obtained to document changes
in the observed surface air temperature and pressure, and hence boundary-layer
potential temperature. Finally, hourly observations of precipitation, cloud type, and
cloud coverage were made by each observation team to supplement these data.
These auxiliary observations were necessary to identify those time periods when
boundary-layer processes were dominated by thermals, and those time periods
when processes other than thermals may have influenced the temporal and spa-
tial extent of avian soaring flight. Given that the boundary-layer model described
herein only simulates thermally driven boundary-layer processes, these observa-
tions were critical in determining the applicability of this model under various
observed atmospheric conditions.

5. Results

5.1. ANALYSIS OF BOUNDARY-LAYER MODEL ACCURACY

5.1.1. Disturbed and Undisturbed Period Criteria
Boundary-layer model performance was examined by comparing diagnosed
boundary-layer depths with measured boundary-layer depths at 2100 UTC. At-
mospheric sounding data were obtained at 1200 UTC on 26 days during this study.
On 14 of these days, atmospheric sounding data were gathered at 2100 UTC as
well, and on 3 of these 14 days, precipitation was observed in the study area
between 1200 and 2100 UTC. Because this simple boundary-layer meteorolo-
gical model does not simulate those processes associated with the development
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of precipitation, the model accuracy was examined only for the days when dry
convective processes (i.e., thermals) dominated boundary-layer development and
evolution between 1200 and 2100 UTC. Likewise, data analysis using this model
was undertaken only for undisturbed periods, defined as follows:

undisturbed periods: those times between 1200 UTC and 1 hour before the
onset of precipitation within the study area, and

disturbed periods: those times between 1 hour before the onset of precipita-
tion within the study area, and 0000 UTC.

5.1.2. Evaluation of Diagnosed Boundary-layer Depths
Figure 3 presents the observed and modelled boundary-layer depths at 2100 UTC
for the 11 days when undisturbed conditions prevailed between 1200 and 2100
UTC. On average, model forecasts of boundary-layer depth were slightly greater
than sounding-derived measurements of this variable, exhibiting a mean positive
bias of 66 m (±163 m based upon a one-sample t-test assuming 95% confidence).
Significantly, these bias and uncertainty values are small relative to the mean
measured boundary-layer depths for these 11 days (µ = 2400 m, σ = ±640 m).
Moreover, model forecasts captured most of the observed inter-day variability
in boundary-layer depth (r2 = 0.86), despite significant inter-day changes in this
depth.

Comparison of the modelled and measured boundary-layer depths at 2100 UTC
demonstrate model accuracy in estimating this depth during the early afternoon
hours local time. Because verification data are not available between 1200 and 2100
UTC, the question remains how accurate the model is between these two times. It
is reasonable to assume that the boundary-layer model is relatively accurate shortly
after 1200 UTC when model estimates of boundary-layer depth are most heavily
influenced by the observational data used to initialize this model. A slow decline in
model performance is likely, however, as the modelled vertical profile of potential
temperature becomes more representative of the Eta-forecast model soundings over
time. A significant decrease in model performance is possible about mid-morning
local time when boundary-layer depth typically increases most rapidly. Finally, a
gradual increase in model performance is expected from late morning local time
through 2100 UTC as the depth of the boundary layer begins to stabilize. Measured
pelican flight altitudes are compared to modelled estimates of boundary-layer depth
to further examine model accuracy.

5.2. ANALYSIS OF PELICAN FLIGHT ALTITUDES

5.2.1. Lahontan Valley
The temporal distribution of pelican flight altitudes z normalized by boundary-
layer depth zi for all pelicans soaring over the Lahontan valley during undisturbed
conditions is shown in Figure 4. Pelican flight altitudes should not exceed the
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Figure 3. The measured (sounding-derived) versus modelled 2100 UTC boundary-layer depths (dots)
on the 11 days that afternoon sounding data were available at NAS Fallon. The line indicates where
the dots should fall on the graph if the modelled and measured depths are identical.

boundary-layer depth in an environment where thermal updrafts are the primary
source of lift, however, about 11% (115 of 1003) of these points exceed 1.0z/zi .
Assuming, based upon the verification data presented above, that model diagnoses
of the boundary-layer depth average 66 m too high, and that the random error in
forecasting this depth is 163 m, measured bird flight altitudes should not exceed
the boundary-layer depth by more than 97 m. Approximately 31% (36 of 115)
of the original data points in excess of 1.0z/zi fell below this threshold when
model bias and random error were factored into this analysis. While 30% of the
original normalized bird flight altitudes in excess of 1.0z/zi also exceeded 2.0z/zi ,
only 9% of these normalized bird flight altitudes exceeded this threshold when
the model bias and uncertainty were included in this analysis. Moreover, of the
115 instances in which bird flight altitudes exceeded the forecasted boundary-layer
depth, all occurred when this depth was less than 1494 m AGL, and 78% occurred
when this depth was less than 609 m AGL. These analyses combine to suggest that
normalized bird flight altitudes in excess of 1.0z/zi are primarily a result of model
errors when modelling a shallow boundary layer. This result occurs because, when
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Figure 4. Temporal distribution of normalized pelican flight altitudes over the Lahontan valley for
cross-country flights. Hollow circles identify those flight altitudes when the modelled boundary-layer
depth was less than 609 m, while filled diamonds identify those flight altitudes corresponding to a
deeper boundary layer.

the boundary layer is shallow, large errors in the normalized bird flight altitudes
will arise when these altitudes exceed modelled boundary-layer depths by even a
nominal margin. Indeed, 83% of the normalized pelican flight altitudes in excess
of 1.0z/zi occurred before 1100 LDT. These results also underscore the likelihood
that soaring pelicans are selecting to use only the most intense thermal updrafts
early in the development of a well-mixed boundary layer. This behaviour is neces-
sary because, although thermals are present, not all thermals are sufficiently intense
to support soaring flight. The boundary-layer model output is representative of the
average thermal depth in the boundary layer, and hence may underestimate the
actual depth of the thermals that birds are soaring upon early in the time period.
Given these expectations and the supporting statistics, model-produced estimates
of the boundary-layer depth and the surface potential temperature flux were used
to normalize observed thermal updraft intensity.

The distribution of pelican flight altitudes z normalized by the diagnosed
boundary-layer depth zi for those days when 2100 UTC atmospheric sounding data
were available at NAS Fallon is shown in Figure 5. These data correspond to those
days when model accuracy in simulating boundary-layer depth had been verified.
On these days, 85% (560 of 658) of the normalized pelican flight altitudes fell be-
low 1.0z/zi . Figure 6 depicts the distribution of pelican flight altitudes z normalized
by boundary-layer depth zi for those days when 2100 UTC atmospheric sounding
data were not available. On these days, 95% (328 of 345) of the data points fell
below 1.0z/zi , supporting the results obtained when boundary-layer depth had
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Figure 5. Distribution of normalized pelican flight altitudes over the Lahontan valley on days when
2100 UTC atmospheric sounding data were available.

Figure 6. Distribution of normalized pelican flight altitudes over the Lahontan valley on days when
2100 UTC atmospheric sounding data were not available.

been verified. Given that pelican flight altitudes should not exceed boundary-layer
depth in an environment where thermal updrafts are the primary source of lift, data
from these two comparisons illustrate model accuracy in forecasting this depth.
Because of the similarities between these two data sets, they were combined in all
subsequent analyses.
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We observed that pelican flight altitudes often vary depending on flight object-
ives. Changes in these flight objectives can influence the extent to which pelicans
attempt to maximize cross-country soaring performance, and thus can affect how
well pelican climb rates represent the actual thermal updraft intensity. Therefore,
knowledge of pelican flight objectives is necessary when using pelicans as UAVs
to estimate updraft intensity. Pelican altitude data were divided into flight-type
categories to identify those time periods when soaring pelicans are likely to be
attempting to maximize their climb rates, and thus provide a representative sample
of thermals. These categories are defined based upon the horizontal extent of each
pelican flight leg originating within the Lahontan valley:

local flight: any flight in which a pelican lands at the same site from which it
began soaring, never having flown more than 10 km away from the point of
origin,

cross-country flight: any flight in which a pelican flies more than 10 km away
from the point of origin.

Birds engaging in short soaring flights never flew more than a few kilometres
away from the point of origin. In contrast, birds soaring between the foraging and
breeding sites always flew distances on the order of 100 to 150 km from the point
of origin. Given the significant differences in the distances travelled between these
two flight modes, and the apparent differences in the flight objectives of these birds,
a 10-km range limit was adequate to distinguish between local and cross-country
flights.

Of the 29 flight legs identified using these criteria, 4 were categorized as local
flights. The altitude distribution of these local flight data is shown in Figure 7.
Approximately 57% (55 of 96) of the data points associated with these local flights
were between 0.1 and 0.4z/zi, showing that pelicans engaged in short soaring
flights predominately confine much of their flight to the lower boundary layer.
Of the three instrumented pelicans responsible for the four local flights, two were
identified as likely non-breeders based upon their behavioural patterns during this
study. One of these birds was never observed flying more than 10 km from Carson
Lake, and was typically found on the lake surface. The other likely non-breeder
was also an infrequent flier, mainly found in the vicinity of Carson Lake. This bird
was observed completing a cross-country flight to the breeding colony. Unlike all
other instrumented birds followed to Anaho Island, however, this bird returned to
the foraging site without landing at the breeding colony. Although it is possible
that birds engaging in local flights may be testing thermal strength in preparation
for a cross-country flight, the limited number of observations during this study
precludes such a conclusion. One of the four local flights was completed by a likely
breeder (i.e., a pelican that frequently flew cross country between the foraging
and breeding sites). Although this bird did not fly cross-country on that particular
day, another instrumented bird was observed departing the same area earlier in the
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Figure 7. Distribution of normalized pelican flight altitudes for local flights.

day on a cross-country flight to the breeding colony. Therefore, these data do not
support the hypothesis of birds testing thermal strength prior to a cross-country
flight. Although the flight objectives of these pelicans are not definitively known,
these pelicans likely remained within the lower boundary layer because they had no
intention of soaring a significant distance from their foraging sites. Birds engaged
in such local flights have no need to optimize cross-country soaring performance,
and are therefore less likely to maximize their climb rates within thermal updrafts.
As a result, local flight data were not used in analyses of thermal updraft intensity.

The remaining 25 flight legs originating in the Lahontan valley were categor-
ized as cross-country flights. The distribution of these cross-country flight data is
shown in Figure 8. In contrast to the local flight data, 60% (541 of 907) of the
data points were between 0.2 and 0.7z/zi , confirming theoretical expectations that
birds soaring extended distances should fly relatively high within the boundary
layer so as to maximize their climb rates within thermal updrafts to optimize cross-
country soaring performance (Pennycuick, 1975; Reichmann, 1993). Thus, only
data obtained during cross-country soaring flight were used to estimate thermal
updraft intensity over the Lahontan valley and the nearby mountains.

5.2.2. Mountains
In contrast to the situation in the Lahontan valley, atmospheric sounding and sur-
face air temperature data were not available over the mountains. Furthermore,
model estimates of boundary-layer depth over the Lahontan valley were not ne-
cessarily representative of the thermal depth over these mountains, given that
boundary-layer depth often varies with changes in terrain elevation (Arritt et al.,
1992; Banta, 1984). Consequently, the boundary-layer model was reconfigured for
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Figure 8. Distribution of normalized pelican flight altitudes for cross-country flights.

each of the terrain elevation groups specified above to simulate daily and diurnal
changes in boundary-layer depth at higher elevations within the study area. Meas-
ured 1200 UTC atmospheric sounding data from NAS Fallon were modified to
estimate the initial vertical profile of potential temperature over these mountains.
Mountain soundings were derived by deleting all data levels between 1200 m MSL
and the elevation of the specified terrain elevation group (i.e., 1460 m MSL for
small mountains, 1850 m MSL for large mountains) to specify a new sounding
base. This technique ignores the existence of over-mountain nocturnal inversions,
an approximation considered reasonable because nocturnal drainage flows min-
imize the depth of such layers at mountain crests and at higher altitudes along a
mountain slope (Bader and McKee, 1985). The cold air associated with these flows
typically pools in the adjacent valleys below, as opposed to along the mountain
slopes (Bader and McKee, 1985). These modified soundings were then used to
initialize the boundary-layer model. The NWS Early-Eta model forecast soundings
used to drive this model were truncated in the same manner.

Given the absence of surface air temperature data over the mountains, another
method for calculating changes in the boundary-layer potential temperature was
needed. Vegetation type and coverage in the study area was inspected during aer-
ial tracking. Observations indicated that the type and coverage was similar in the
valleys and the surrounding mountains. Because of the homogeneity in the ground
characteristics of the Lahontan valley and the surrounding mountains, surface po-
tential temperature flux data were expected to be similar throughout the study
area (e.g., Mahfouf et al., 1987). Assuming such similarities, surface potential
temperature flux estimates obtained when applying this model to the Lahontan
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Figure 9. Distribution of normalized pelican flight altitudes over mountains.

valley were used to force this model when simulating boundary-layer development
and evolution over the mountains. Thus the model used a flux boundary condition
over the mountains instead of the temperature boundary condition used over the
Lahontan valley.

The appropriateness of this flux boundary condition can be evaluated by the nor-
malized pelican altitude data. The combined distribution of pelican flight altitudes
z normalized by boundary-layer depth zi for pelicans flying over higher terrain (i.e.,
small mountains, large mountains) is shown in Figure 9. Similar to the analysis of
pelican cross-country flight altitudes over the Lahontan valley (Figure 8), 97% (327
of 336) of these normalized pelican flight altitudes were below 1.0z/zi , illustrating
model accuracy in forecasting boundary-layer depth. Furthermore, 73% (245 of
336) of these flight altitudes were found between 0.2 and 0.7z/zi , showing that the
majority of this type of flight was confined to the middle of the boundary layer,
consistent with the theoretical expectations of avian cross-country soaring flight.
Although mountain/valley circulations may have resulted in an underestimate of
the model-diagnosed boundary-layer depth over the mountains, the relatively small
number of flight altitudes in excess of 1.0z/zi and the similarities in the preferred
pelican flight altitudes over the mountains and Lahontan valley suggests that these
effects were minimal. Given that all pelican data obtained over these mountains
were cross-country flight data, these data were used in deriving model estimates of
thermal updraft intensity over this higher terrain within the study area.



192 HARLAN D. SHANNON ET AL.

5.3. ESTIMATES OF THERMAL UPDRAFT INTENSITY

Pelican climb rates were determined by calculating the difference in the altitudes
obtained from consecutive telemetry measurements and dividing by the time inter-
val between these two measurements. Positive values were associated with birds
that gained altitude, mostly by thermaling, while negative values were associated
with birds that lost altitude, mostly by gliding. As a result, all negative values
were discarded because such data are not useful in determining thermal updraft
intensity. Furthermore, all positive climb rates in which a bird engaged in a type
of flight other than thermaling between consecutive telemetry measurements were
discarded. These data were typically associated with birds entering or exiting
thermals during the interval between consecutive telemetry measurements, and
with birds engaged in ‘dolphining’ flight (Reichmann, 1993) while gliding between
thermals.

Equation (6) shows that thermal updraft intensity may be approximated as the
sum of the measured pelican climb rate and the estimated sink rate of the same
bird circling in still air. Estimates of thermal updraft intensity were obtained during
this study by employing this methodology. Pennycuick (personal communication,
2001) estimated the minimum sink rate for an American white pelican in straight
gliding flight at sea level as 0.61 m s−1 based upon (3) and the bird morphological
data collected at the beginning of this study. Observations of soaring pelicans circ-
ling within thermal updrafts, obtained during aerial tracking, indicated that these
birds typically flew at bank angles φ of about 25 degrees. Through Equation (4),
the sink rate of a pelican circling in a thermal near mean sea level elevation was
approximated as 0.71 m s−1. Each data point was then corrected for density effects,
via (5), to obtain a more accurate estimate of the pelican sink rate at that altitude.

Although pelican flight altitude data were transmitted on average every 60 s, the
rate of transmissions varied. Furthermore, altitude data were not obtained every
transmission because of reductions in signal strength caused by an occasional
inability to point the antennae toward the birds, and because of the sometimes signi-
ficant distance between the radio-marked birds and the tracking teams. As a result,
a criterion was developed to specify the maximum time interval allowed between
consecutive altitude measurements for thermal updraft intensity to be calculated.
Only one missed transmission was allowed between two consecutive altitude meas-
urements so as to maximize the vertical resolution of the thermal updraft data. Each
estimate of thermal updraft intensity, derived from the climb rates of the thermaling
pelicans, was normalized by the model-diagnosed boundary-layer depth to determ-
ine the vertical resolution of each thermal updraft intensity estimate. The median
depth between successive altitude measurements was 0.07z/zi , indicating that on
average, thermal updraft intensity data were of a relatively high vertical resolution.
The resolution of these data is on the same order as the bin-averaged findings of
Young (1988), who used 0.1z/zi bins to examine the vertical profile of thermal
updraft intensity, and had markedly better vertical resolution than the aircraft res-
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ults of Greenhut and Khalsa (1987). Schumann and Moeng (1991), however, using
LES, were able to achieve a better vertical resolution than all three observational
studies.

Thermal updraft intensities were normalized by the convective velocity scalew∗
using mixed-layer similarity. Data obtained during this experiment were grouped
into equal-interval bins of 0.1z/zi for comparison with previous studies. These
bin-averaged data were then plotted as a function of the normalized altitude for
those bins between 0.2 and 0.8z/zi . Data from the other bins within the boundary
layer are excluded from this analysis because of the relatively small number of
altitude readings available within the upper and lower boundary layer (Figure 8).
Figure 10 depicts the profiles of normalized averaged thermal updraft intensity for
data obtained over the Lahontan valley and the nearby mountains. Given that the
minimum sink rate of an American white pelican is approximately 0.61 m s−1, the
portions of thermal updrafts with vertical velocities less than this value cannot be
sampled using these birds because the vertical motions are too weak to support
soaring flight. Thus, the normalized averaged thermal updraft intensity profiles
presented here only average over those portions of updrafts having positive vertical
velocities larger than a predefined cut-off value, similar to the methods of Greenhut
and Khalsa (1982). The similarities between the valley and mountain profiles are
apparent through visual inspection, and were confirmed through a two-sample t-
test, assuming unequal variances, of the magnitudes of these profiles. For this
test P = 0.96, and a value of P smaller than 0.05 would have been required to
reject the hypothesis of equal means. Given the statistical similarity between these
two profiles, these data were combined for a comparison with the thermal updraft
intensity measurements obtained in previous studies.

Schumann and Moeng (1991) showed that the mixed-layer similarity profiles
for thermal updraft intensity obtained using large aircraft and LES are compar-
able when the criteria used to define thermal updrafts in the LES are matched to
those used in individual observational studies. For example, when Schumann and
Moeng applied Young’s criteria to their LES-produced vertical velocity field, the
normalized averaged vertical velocity profiles correspond closely (Schumann and
Moeng, 1991, Figure 3). Young’s criteria are not applicable to the data gathered in
this study, however, because the sink rate of a soaring pelican circling in still air is
greater than the minimum updraft strength specified by Young. Thus, the weakest
thermals cannot be resolved when applying these criteria to pelican climb rate data.

The Greenhut and Khalsa (1987) criteria are, however, applicable because the
pelican sink speeds were often less than their 0.56w∗ threshold. Measurements of
thermal updraft intensity obtained during this study were compared directly to the
findings of Greenhut and Khalsa and Schumann and Moeng. Although these data
are not directly comparable to that obtained by Young, the close fit of Young’s data
to that obtained by Schumann and Moeng allows for indirect comparison of his
results. The magnitude of the profile derived from Schumann and Moeng’s LES-
produced estimates was less than that obtained by Greenhut and Khalsa, with the
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Figure 10. Normalized averaged thermal updraft intensity over the Lahontan valley (solid line) and
nearby mountains (dashed line).

mean difference between these two profiles estimated at 17% (σ = ±5%) between
0.2 and 0.8z/zi .

Figure 11 shows the normalized profile of thermal updraft intensity obtained
by applying Greenhut and Khalsa’s criteria for defining thermal updrafts to the
data obtained during this study. The magnitude of this profile is closer to that
obtained by Schumann and Moeng (mean difference of 4%, σ = ±11%) than to
that obtained by Greenhut and Khalsa. In contrast, the shape of the profile is more
similar to that obtained by Greenhut and Khalsa; however, slight deviations are
noted near the top and bottom of the profile. Differences at the top of the profile
are potentially a result of birds exiting all but the best thermals once they have
enough altitude for an extended glide, a hypothesis supported by the 43% falloff in
the number of measurements between the 0.4–0.5z/zi bin and the 0.7–0.8z/zi bin.
Thus, data obtained near the top of the boundary layer may be representative only
of the strongest thermals within the boundary layer, as opposed to the full range
of resolvable thermals likely reaching that height. The similarities among these
profiles over the height range 0.2 to 0.8z/zi suggests that pelican flight altitude
data and model-produced estimates of boundary-layer depth and the convective
velocity scale can be used to estimate thermal updraft intensity. Thus, we can
indeed use these data to examine the effects of complex terrain on the vertical
profile of thermal updraft intensity over the valleys and mountains within the study
area.

Using LES, Gopalakrishnan et al. (2000) compare the turbulence structure of
the boundary layer over a flat surface to that modelled over hillier terrain. This LES
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Figure 11. The normalized profile of thermal updraft intensity (solid line, circle markers) obtained by
applying Greenhut and Khalsa’s thresholds to data obtained during this study. The thin-dashed lines
with circle markers indicate one standard deviation above and below the profile obtained during this
study. Using the same criteria, the normalized profiles of thermal updraft intensity, as obtained by
Schumann and Moeng (dashed line, square markers) and Greenhut and Khalsa (dotted line, triangle
markers), are shown for comparison.

was configured using a sinusoidal hill with variable heights and wavelengths; the
wavelengths varied from 0.9 to 7.2zi , with the strongest terrain effects occurring for
wavelengths exceeding 1.9zi . Gopalakrishnan et al. show that the modelled stand-
ard deviation σ of vertical velocity over large hills (i.e., height of approximately
0.15zi) varied by about 11% in the middle of the boundary layer. Differences were
even smaller elsewhere in the boundary layer. The results for their smaller 0.038zi
hills showed even less of an effect.

The mountains within the Fallon, NV area are comparable to those modelled
by Gopalakrishnan et al. The heights of the small and large mountains, respect-
ively, are approximately 0.11 and 0.23zi , with wavelengths ranging from 3.8 to
6.3zi . Figure 10 and the t-test described above demonstrate the similarity in the
normalized averaged thermal updraft intensity profiles over the mountains and the
Lahontan valley (P = 0.96). The mean difference in the magnitude of these pro-
files was less than 1% (σ = ±15%) between 0.2 and 0.8z/zi. These observations
support the findings of Gopalakrishnan et al., showing that the impact of terrain on
thermal updraft intensity is relatively small when compared with the typical scatter
associated with estimates of thermal updraft intensity obtained from aircraft meas-
urements, LES model output, or observations of the climb rates of soaring birds
within thermal updrafts. Gopalakrishnan et al. note, however, that increases in the
surface buoyancy flux minimized the terrain effects of model-produced estimates of



196 HARLAN D. SHANNON ET AL.

thermal updraft intensity. The average surface potential temperature flux observed
during this study was approximately 0.41 K m s−1, compared with a Gopalakrish-
nan et al. baseline value of 0.2 K m s−1. This relatively large flux is likely the
reason why an even smaller difference was found between the profiles of thermal
updraft intensity over the Lahontan valley and the mountains when compared with
the Gopalakrishnan et al. results.

6. Conclusions

An examination of boundary-layer and avian aerodynamic theories reveals the
potential value of using soaring birds to measure the vertical profile of thermal
updraft intensity. These theories were applied to study the influence of complex
terrain on thermal updraft intensity over a valley and nearby mountains. Thermal
updraft intensity measurements derived from the climb rates of soaring pelicans
were compared with those obtained in previous studies that used large research
aircraft and LES to estimate thermal updraft intensity. A comparison of these data
showed that pelican-derived thermal updraft intensity estimates were statistically
indistinguishable from those obtained in previous studies, thus confirming that
biological unmanned aerial vehicles (UAVs) can be used to study the structure of
the turbulent boundary layer. An analysis of the mean profiles of thermal updraft
intensity obtained over a broad valley and the nearby mountains suggested that
these terrain variations had little influence on the vertical profile of thermal updraft
intensity. On average, the mountains within the study area ranged from 0.11 to
0.23zi in height and about 3.8 to 6.3zi in width. These observations support the
recent findings of Gopalakrishnan et al. (2000), who used an LES and similar
terrain specifications to show that changes in the height and the width of terrain
have little impact (11%) on the standard deviation of vertical velocity.

While it is possible that horizontal roll vortices were present at times during
this study, observations suggest that such vortices were not a dominant feature of
the convective boundary layer. Although scattered cumulus humilis were observed
forming near the top of the convective boundary layer on some undisturbed days,
clouds streets were not observed. Studies using motor gliders to track birds report
that birds soaring cross-country can fly relatively long distances without flapping
and without losing significant altitude by engaging in dolphining flight along the
axis of cloud streets. The absence of cloud streets during this study does not defin-
itively indicate that horizontal rolls were not present, however, pelicans observed
soaring in approximately straight lines typically lost altitude during gliding bouts.
Indeed, much less than 1% of the changes in altitude were positive between two
consecutive altitude measurements when gliding flight was observed, and never
were soaring pelicans observed to gain altitude beyond more than two consecutive
altitude measurements. While the presence of horizontal rolls may have provided
additional insight into the intensity of thermal updrafts in this regime, these rolls
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may also have made it more difficult to measure the intensity of these updrafts
because soaring birds tend to stay near the top of these rolls. These observations
suggest that positive changes in altitude during gliding flight were likely asso-
ciated with birds flying through some thermals rather than circling in each one
encountered.

The results of this study demonstrate that American white pelicans can be used
to measure thermal updraft intensity, however, the theories and observations of
avian soaring flight suggest that other soaring species could also be used to measure
this vertical velocity. The success of future studies hinges, however, on the choice
of soaring species as an instrument platform. In general, the chosen species must
be large enough to support an altitude-equipped radio-telemetry transmitter and
engage in thermal cross-country soaring frequently enough to make instrumenting
this species cost- and time-effective. Knowledge of the species’ morphological
characteristics is also critical to successfully apply this technique. Numerous types
of eagles, hawks, vultures, and other species are potential candidates, given their
tendency to soar while regularly completing long-distance foraging and migrat-
ory cross-country flights (e.g., Pennycuick, 1972). Although investigators have no
way of controlling the times, altitudes, or locations that thermal updraft intensity
data are available from avian soaring platforms, choosing a soaring species that is
known to soar cross-country increases the chances that usable data can be obtained.
The comparison of pelicans soaring cross-country versus those soaring locally dur-
ing this study reinforces this conclusion. Furthermore, the avian soaring platform
has several advantages over the more traditional multi-engine research aircraft used
in previous studies. In contrast to the large research aircraft that employ a Eularian
sampling technique to measure thermal updraft intensity, the relatively small size
and maneuverability of soaring birds enables researchers to study thermal updraft
intensity employing a quasi-Lagrangian sampling technique. This technique is con-
sidered quasi-Lagrangian because, while the bird is circling in a thermal updraft,
it sinks relative to the upward moving air, but the bird drifts with the thermals as
the thermals drift in the horizontal. An advantage of this technique over Eularian
sampling is that is enables researchers to obtain thermal updraft intensity meas-
urements from multiple heights within the same thermal. These measurements are
possible because birds circling in thermal updrafts do not disturb the atmosphere
significantly during their flight. These capabilities are significant because they al-
low researchers to study changes in thermal updraft intensity when these changes
are occurring rapidly on both temporal and spatial scales.

The size and performance similarities of UAVs and soaring birds suggest that
the former could be used to gather thermal updraft intensity data, provided that
the UAV can be programmed to behave like a bird soaring cross-country. Such
capabilities would provide investigators with another means to measure thermal
updraft intensity using a quasi-Lagrangian sampling technique, while also enabling
them to control the flight plan of the sampling platform. In the absence of such
capabilities, the UAV still offers a means to gather such data, provided that the in-
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strumentation aboard the much larger, multi-engine research aircraft can be adapted
to the relatively small UAVs. Assuming that such adaptations are possible, UAVs
could potentially be used to measure thermal updraft intensity through Eularian
sampling as well. Finally, by equipping this vehicle with a GPS, the location of
thermal updrafts could be more precisely measured relative to terrain. Such preci-
sion was not possible during this study because of limitations in the size and weight
of transmitters that can be attached to soaring birds.
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