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Measured vertical profiles of temperature and wind are used to model infrasound propagation over
a representative high savanna habitat typically occupied by the African elefghadonta
africana to predict calling distance and area as a function of the meteorological variables. The
profiles were measured up to 300 m above the surface by tethered balloon-borne instruments in
Etosha National Park, Namibia, during the late dry season. Continuous local surface layer
measurements of wind and temperature at 5 and 10 m provide the context for interpreting the
boundary layer profiles. The fast field prograffFP was used to predict the directionally
dependent attenuation of a 15-Hz signal under these measured atmospheric conditions. The
attenuation curves are used to estimate elephant infrasonic calling range and calling area.
Directionality and calling range are shown to be controlled by the diurnal cycle in (shrehy and
temperature. Low-level nocturnal radiative temperature inversions and low surface wind speeds
make the early evening the optimum time for the transmission of low-frequency sound at Etosha,
with range at a maximum and directionality at a minimum. As the night progresses, a nocturnal
low-level wind maximum(jet) forms, reducing upwind range and calling area. The estimated calling
area drops rapidly after sunrise with the destruction of the inversion. Daytime calling areas are
usually less than 50 kinwhile early evening calling areas frequently exceed 208 4nd are much

less directional. This marked diurnal cycle will be present in any dry savanna climate, with
variations due to local topography and climate. Calling range and low-frequency sound propagation
cannot be effectively understood without knowledge of meteorological controls.19%7
Acoustical Society of AmerichS0001-496627)01803-1

PACS numbers: 43.80.Ev, 43.80.Jz, 43.80.Ka, 43.64FK

INTRODUCTION 6-dB reduction corresponds to a halving of the effective
broadcast distance, suggesting that the strongest elephant

The use of low-frequency sound by terrestrial mammals:a|is were in fact audible to conspecifics at least 4 km away.
has been most clearly documented for the Afrid&ox-  Thjs extrapolation, however, assumes that the playback
odonta africana and the Asian elephantsElephas g ng i propagate with essentially no excess attenuation

. 1_3 . . . . _
maximus. L. afrlpanaemploys infrasonic callg with fun or enhancement due to surface effects or meteorological con-
damental frequencies of 14—35 Hz for several vital purposes,.. .o

including reproduction and herd assemblage. Most of the . .
g rep g Martin® observed apparent coordinated movements of

acoustic energy of these calls is concentrated at the fund%- ds in Zimbab dh hesized th leph
mental frequency. To date, Langbaetrl* have performed erds |n. imba we,.an ypothesized that elep ant.s. can
gommunicate over distances up to 5 km under conditions

the only field experiment aimed at determining the range o ; i )
the elephant's infrasonic calls. They demonstrated that e|wher6e visual and olfactory signals are not possible. Garstang
ephants responded to the playback of recorded infrason®t al- suggested that, under optimum atmospheric condi-
calls from distances of 1.2 and 2 km. Playback stimuli, bedions, elephants could communicate over ranges in excess of
cause of limitations of the loudspeakers used, were broadca$f km. Calculated acoustic enhancement was greatest for the
at only half the amplitudg—6 dB) of the known actual lowest of two frequencies modeléd5 and 30 Hx and oc-
strongest elephant calls. In the simplest approximation, theurred when inversions of temperature of more than 20-m
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height were present under calm or low wind speed condirapid radiative cooling at night are thus the norm for most of
tions. The combination of a near surface inversion with lowthe year. Temperatures at the soil—air interface often exceed
wind speeds occurs most frequently in the early evening ove40 °C at solar noon. As the day progresses and the sun low-
the elevated African savannas. Such evenings occur mowrs, the ground begins to cool. Atmospheric water vapor is
often in the dry season or during dry periods. Garsetrgl®  an important greenhouse gas buffering the nighttime cooling
thus showed that there are pronounced diutaatl perhaps by absorption and emission of long wave radiation. Since
larger scalg fluctuations in the range over which low- humidity at Etosha is low, radiative cooling is rapid and
frequency sound is transmitted. air—surface interface temperatures often fall below 15 °C be-
The report of Garstangt al® was, however, based upon fore sunrise. This diurnal oscillation in surface temperatures
idealized atmospheric temperature profiles and examinedives rise to very pronounced nocturnal temperature inver-
neither the detailed time variations of actual observed prosions; temperatures may rise by as much as 10 °C from the
files nor the effects of wind velocity or wind shear. The surface to 50-m elevation. Conversely, daytime surface tem-
present study uses measured vertical profiles of temperatuperatures are high but drop rapidly with height.
and wind to model infrasound propagation over a represen- Nocturnal inversions form prior to sunset and persist
tative high savanna habitat at the end of the southern Africanntil just after dawn under these conditions. The surface
dry season. These observations were taken by tethered badhyer is frictionally decoupled from the deeper atmosphere
loon at Okaukuejd19° S latitude, 16° E longituden the  with calm or near calm winds and little or no turbulence.
Etosha National Park, Namibia, as part of the 45-day Southwinds above the surface layer, however, accelerate in re-
ern African Fire—Atmosphere Research Initiati@AFARI) sponse to reduced surface friction and large scale pressure
experiment(M. O. Andreae, personal communicatjofhe  gradients. Continued nocturnal cooling causes the cold sur-
profiles are used as input to the fast field progid@hP to  face air to accelerate downslope, even if the slopes are very
predict the acoustic attenuation. The calling area of a 15-Hmild. The combined accelerations result in strong wind shear
signal is estimated as a function of specified meteorologicahnd change in wind direction across the boundary between
controls. The results strengthen Garstangl’s® prediction  the cold surface and the warmer overlying air. Later in the
that the early evening is an optimum time for long distanceevening, mechanical turbulence induced by this wind shear
communication, but show that range, direction, and callingnixes the air between the layers, reducing and elevating the
area are strongly influenced by the diurnal evolution of theearly evening inversion.
changes of near-surface thermal and kinematic structure of
the atmosphere. The present paper delineates the complexigy Atmospheric surface layer

of this evolution and of the consequent acoustic fields. ) o
1. Solar and terrestrial radiation and surface

temperatures
. THE AIR NEAR THE GROUND Global radiation measurements taken over 40 days of
A. Large-scale considerations the 45-day field experiment show that close to 50% of the

ays were clear, 25% partly cloudy, and 25% cloudy. On the

. . d
The Etosha National Park lies on the western escarp;, .. days the net outgoing long wave radiatitong wave

ment of southern Africa at a mean elevation of about 110Cf - .
. . sses from the surfagdong wave radiation received from
m, immediately east of the Skeleton Coast and northeast a : . L
. ; ; e atmosphepeexceeds the incoming short wave radiation
northwest of the Namib and Kalahari deserts, respectively

The weather and climate of the region are dominated by thégIObaI short wavg (1-albedg from shortly before sunset

) : ) . until shortly after sunrise. In response to the radiative bal-
subtropical anticyclone. The large-scale atmospheric subsid- .
. . C . : . ance, the atmosphere near the surface cools rapidly after
ence typical of anticyclonic circulations is amplified by the

X . 1600 Local Solar TimgLocal Solar Time(LST) is used
Benguela current, which flows northwards from Antarctica, L ; .
. because of the solar control of radiative cooling and heating
and by upwelling of cold bottom water. Both factors create

f th rf mmonly displayin ling rate of t
extremely cold sea surface temperatures of 14 °C-15 e eosu acg commo _yd_sp aying a cooling rate o abou
: . .—1.3°C/h, as shown in Fig. 1. Air temperatures at 10 m
along the west coast of southern Africa. This cools the air, .
bove the ground reach maximum temperatures on clear

abqve, suppressing atmo_sphenc conv.ect|on and vert|ca3ays of 30 °C around 1400 LST. Cooling over the next 14 h
moisture transport. Humidity and cloudiness are therefore

suppressed. Mean annual rainfall at Okaukuejo is about 368roduces a drop of 0\ier 18°C, y|e_ld|ng a near-§urface ar
; temperature below 12 °C. After sunrise soil and air tempera-

mm, with pronounced wetNovember—April and dry sea- twres rise rapidly to their daytime maxima

sons (May—Octobe). The SAFARI experiment took place '

during the end of the 1992 dry season, as a prolonged and )

severe drought was ending; 3.2 mm of rain fell on 28 Sep#- Surface wind

tember. Light rain was measured on 10 October, and a trace The pronounced diurnal cycle in temperature is reflected

of precipitation was measured on 9 and 11 October. in measurements of wind speed and direction. Figure 2
Precipitation in this and similar dry African savanna cli- shows a typical diurnal sequence of wind speed and direc-

mates is typically in the form of brief thundershowers. Thetion. Fifteen days of the experiment show a similar structure.

skies clear rapidly after these convective storms. Even duringligh daytime wind speeds and a northeasterly wind direction

the rainy season, days with continuous cloud cover or highypify the dominant circulation associated with the southern

humidity are rare. High solar insolation during the day andAfrican continental anticyclonénticyclones rotate counter-
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FIG. 1. Air temperature at Okaukuejo, Etosha National Park, Namibia at 1Gr|G. 3. Diurnal march of the average values of extrapolated surface tem-

m, 22—23 September 199%.axis: Local Standard Tim@.ST). Y axis: Air perature, T, (¢ :°C*10°?), temperature gradierdT/dz (+: °C/m), wind

temperature in degrees centigrade. speedJ at 10 m(A: m s *107%), wind sheadU/dz (O: s™%) and gradient
Richardson numbeR; (x: dimensionless X axis: Local Standard Time

. . . . . LST). Y axis: Val f the above- tioned iables in the indicated
clockwise in the southern hemisphgreAt night, wind fmits? ads: valle of The above-mentioned variables In e indicate

speeds decrease greatly, due to the decoupling of the stable

nocturnal atmospheric boundary layer from the free atmo-

sphere above. The light southerly winds are due to drainagand 2100 at bét 5 m and 10 m above the ground, with a

flow from low mountains to the south. secondary peak at sunrise. Five minute average wind speeds
Mean da||y(24 h wind speeds are low, averaging 25 of 2 m/s or less occur about 40% of the timebSam and at

and 3.5 ms?, respectively, at 5 and 10 m. Mean hourly about half this frequency at 10 m.

wind speeds show a pronounced semi-diurnal signature, with

the lowest wind speeds occurring an hour after sunrise and

sunset. The strongest W|nd§4 m/é occur over a 6-h periOd 3. Temperature, wind gradien[si and stablllty

centered on solar noon. The greatest frequency of calm and

winds between 0 and 1 m/s occurs between the hours of 1900 Figure 3 shows the hourly average values of the extrapo-
lated surface temperatu(@&,), 10-m wind speedl{), wind

shear U/dz), temperature gradiend{T/dz), and the gra-

T T T T dient Richardson numbeR). HereT,, dU/dz dT/dz and
N » ’ | R; are calculated from the continuous tower measurements at
g 5 and 10 m. All of the variables show a response to daytime
= o heating and nighttime cooling. The temperature gradient
j% : reaches a maximum shortly after sung&800 LST), de-
° v ; A creases through the night, and rises to a secondary maximum
S o b WA i ) ; just before sunris€D600 LST). An opposite trend is found in
N "N\'\J\u L the shear of the horizontal windlJ/dz). Lowest shears are
0 i : : i — seen just after sunrise and sunset.
2 15 1’ 21 0 3 6 9 12 The effects of temperature lapse rates and wind shear are
(a) Time(LST) combined in the gradient Richardson number:
g dé/dz
N T T T T T T T T R = —
NW » : ‘ _ ' 6, |dU/dZ?’
s W : - where 6,=T,(1000/890°?%¢is the surface potential tempera-
8 SW , ture, andd#/dz=dT/dz+0.0098 °C/m is the gradient of the
5 S : '% e potential temperature. Her®; is an index of atmospheric
2 SE R Rl Wﬁé stability (R;>0 for a stable atmospherg, <0 for an unstable
2 E o g;’?" i® atmosphere Since low-frequency sound transmission is op-
NE fﬁg’&& W%, M timized under stable atmospheric conditions with a positive
NG I temperature gradient and little or no wind shégrmay be a
215 18 21 0 3 6 9 12 useful proxy for calling range or calling aréa.
(b) Time(LST) The diurnal progression oR; in Fig. 3 indicates that

conditions are unstable during the day but rapidly rise to
FIG. 2. (a) Wind speed at Okaukuejo, Etosha National Park, Namibia, at 10maximum stability shortly after sunset. Stability follows a
m, 37—18 jepteg(lt)sf 19323 axis: Local kStanafd TiméhLST)- Y a>|<i51 ) similar path to the temperature lapse, decreasing but remain-
Wind speed in m/s(b) Wind direction at Okaukuejo, Etosha National Park, ; ; o i
Namibia, at 10 m, 1718 September 198axis as for(@. Y axis: Wind 19 Stable through the night, and rising to a secondary maxi
direction(direction from which wind is coming Letters(N, NE, etc) depict ~ MUM be_fore sunrise. Conditions quickly become unstable af-
wind direction with respect to true north. ter sunrise.
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TABLE I. Date, start time, and end time of tethersonde runs and number o ABLE II. Characteristics of tethersonde temperature profiles measured at

soundings performed during SAFARI-92 in Okaukuejo, Namfbia. various times of day during SAFARI-92 in Okaukuejo, Namibia. Asterisks
(*) indicate that inversion strength and height may have been greater; bal-
Date Start End Number of soundings loon was unable to ascend further. Inversion stremgtiaximum tempera-

ture in sounding—1.5 m temperature. Inversion heigttieight of highest

—09-14-92 0615 0900 4 temperature readingfter Zunckelet al8).

—-09-15-92 0630 0800 3

—09-16-92 0615 1000 5 Average inversion Inversion strength Inversion Inversion height
09-16-92-09-17-92 1800 0900 8 strength(°C/km) range(°C) height(m) range(m)
09-17-92—09-18-92 1730 0900 8
09-18-92-09-19-92 1800 1000 8 1600  No inversion
09-19-92—09-20-92 1715 0900 11 1700 0.47 0.05-1.67 ~20
09-20-92— 1800 1 1800 2.13 0.38-3.88 59 33-139
09-21-92—09-22-92 1800 0615 3 2000 4.83 0.77-9.35 96 80-137
09-22-92—09-23-92 1700 0900 5 0500 4.49 0.68-10.85 102 30-240
09-23-92-09-24-92 1700 1000 11 0600 5.93 2.16-13.05 128 63-227
09-25-92—09-26-92 1700 0900 11 0700 3.22 1.34-7.32 130 30-485
09-26-92— 1715 1 0800 2.56 0.57-5.70 131 30-480
09-27-92 1745 1900 2
09-28-92—09-29-92 1700 0700 8
23_3232_18_82_22 1;22 ggég lé and wind speed fields during a representative n{@8t-20
10-02-92— 1700 1800 2 September 1992 The data are given as contour plots with
10-03-92 1900 2000 2 time represented on the axis and height above ground on
10-04-92—- 1815 1 they axis. The contour plots were constructed from interpo-

Total number of soundings 113 lation of tethered balloon soundings taken at 1610, 1702,

1800, 2000, 2200, 0020, 0410, 0500, 0600, and 0802 LST.
After 1700 LST, wind speeds decrease to less than 2'm's
C. Atmospheric boundary layer throughout the boundary layer, and a low-level temperature
inversion forms. After 2200 the nocturnal jet begins to form;

Under nonprecipitating conditions the atmosphericyy, 2300 it is well established. During this time period, strong
boundary layer may be defined as that part of the atmosphere

above the surface layer in which the effects of the surface,
such as surface friction and surface heating or cooling, are
clearly discernible. The free atmosphere lies above the atmo-
spheric boundary layer. The atmospheric boundary layer re-
sponds to surface heating, growing to a maximum height
over land of 1200—1500 m above the surface soon after mid-
day. Vertical profiles of temperature, humidity, pressure, and
horizontal wind speed and direction were taken through the
surface and boundary layers, by means of a tethered balloon 15 18 21 0 3 6 9
system described by Zuncket al® A rate of ascent of the Time (LST)
tethered balloon instrument package of about 1 m/s provides 1000
high vertical resolution of the measured fields. Table | shows 3001
the number of soundings and time intervals during the day
for 113 soundings taken during the field experiment. Of the
113 soundings, all but 8 reached a height of greater than 100
m, and 65 exceeded 300 m. Soundings were made through
the night on 12 occasions. Table II summarizes observed
inversion strength and height just before and following sun- ({5 18 21 0 3 6 9
set and sunrise. Adiabatid T/dz=—9.8 °C/km) to supera- Time (LST)
diabatic (dT/dz<—9.8 °C/km conditions prevailed during 1000
the day, in response to strong convective mixing above the
hot surface. On clear evenings when radiative cooling was
greatest, near-surface inversions formed and decayed rapidly.
Inversion conditions, in which cold dense air close to the
ground is overlain by a warmer, less dense layer of air, ef- D >
fectively decouple the deeper atmosphere from the surface .[%70 180 "}
layer. Air that was frictionally slowed by the ground and by 0 "1'8' T T
vegetation is now separated from the surface by a layer of Time (LST)
cold air. This frictional decoupling, combined with the , _ _ _
downslope flow of cold air and inertial accelerations from'C: 4. Contours of temperature in 1@p), wind speed in m/gmiddie) and
. P wind direction in degrees from true northottom), for 19-20 September
the Coriolis force, produces a low-level nocturnal%et: 1992. Constructed from the tethersonde profiles of FigX 6axis: Local
Figure 4 shows the evolution of the low-level thermal Standard TimeY axis: Height above ground in ifafter Zunckelet al¥).

Height (m)

Height (m)

degrees from
true N

Height (m)
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low-level wind shear generated by the jet mixes cold low-inversion structures, and the atmosphere was assumed to be
level air with warmer air above, lessening the temperaturat rest. The characterization of acoustic fields in an atmo-
gradient and raising the height of the inversion. From 000Gphere in motion, using measured temperature and wind pro-
until the demise of the jet after sunrise, vigorous mixingfiles, is considerably more complex.
produced by the jet, together with radiative cooling of the In an atmosphere in motion, the direction of greatest
ground, induces a uniform cooling rate of approximatelyrange of low-frequency sound transmission may not be di-
1 °C h*in the lowest 200 m. Above this height the unmixed rectly downwind. High positive wind shear causes the out-
warmer air remains, forming an elevated inversion whichwardly propagating acoustic waves to interact strongly with
persiss 2 h ormore after sunrise. the ground; this absorbs energy and degrades the signal. A
This temporal evolution of the thermal and velocity more intuitive explanation, though not strictly accurate for
fields in the atmospheric boundary layer is common andow frequencies, may be made by thinking of sound in terms
widespread over the savannas of southern Africa. Since thef rays. Moderate wind shear will cause sound to bend
low-level temperature gradient and wind shear are the maidownward, bringing extra rays to the receiver. However,
atmospheric controls on low-frequency sound propagdtion,strong wind shear causes multiple-bounce rays. Since each
it is to be expected that there will be a strong diurnal cycle inpounce absorbs energy, propagation directly downwind is
the range and directionality of calls made by animals emnot optimum. Maximum calling range can thus occur at an
ploying infrasound for long-distance communication. Thisangle(less than 90°from directly downwind. Further com-
hypothesis is explored in the following section. plicating this argument is the fact that, for a real sounding in
which backing or veeringdecrease or increase of wind di-
rection with heighk are present, “downwind” is an abstrac-
tion rather than a physical reality. Variation of wind speed
and direction with height will produce asymmetric fluctua-
There are numerous computational and analytic solutions in range and direction of propagation of the sound
tions which predict atmospheric sound propagation basedaves.
upon the vertical profiles of temperature and wind velocity. In the real atmosphere, particularly under the conditions
Most of these, however, assume that sound travels in'fays.studied in the Etosha National Park at the end of the dry
This assumption applies only for high-frequency soundseason, marked changes in the thermal and velocity fields are
propagation in the atmosphere and is unsuitable for infraseen over the diurnal cyclérigs. 3 and 4 A numerical
sonic frequencies. The present study uses a numerical solaelution to the acoustic wave equation in the form of the fast
tion of the acoustic wave equation to predict attenuation in dield program(FFP), also applied and described in detail by
thermally and velocity stratified medium above an imped-Garstanget al.® is used to calculate the attenuation of 15-Hz
ance surface. The solution is a fast field program or FFP, firstound as a function of the vertical profiles of temperature
developed for underwater sound propagation and modifiednd of the component of the wind speed in the direction of
for atmospheric propagation by Raspetall* and Lee propagation. These directional predictions of acoustic fields
et al!® A detailed description of this modified FFP is given are then used to find the optimal times to predict the range,
by Franke and Swensdfi,and its employment as a tool to and to characterize the temporal evolution and variability of
predict the attenuation of elephant infrasonic calls is deelephant calling.
scribed by Garstangt al® In brief, the assumption of a ra-
dially symmetric velocity field enables wind shear to be in-

II. OPTIMUM CONDITIONS FOR LOW-FREQUENCY
SOUND TRANSMISSION

A. Nocturnal enhancement

corporated into a cylindrically symmetric, Helmholtz The atmosphere will have no influence on surface-to-
equation, surface sound propagation above a certain height. A conser-
vative minimum height of 300 m was chosEnBased on

2 2
&_p+ E P &_ng 8(rys(z—zy), this consideration, 65 of the 113 tethered balloon profiles

o raor oz were used as input for the FFP. The other profiles did not
where p=pressurey =horizontal distance from the source, reach a height of 300 m. Decibel attenuation contours for
z.=source height, and=receiver height. The solution em- each profile were obtained by calculating the directionally
ploys a Hankel transform to reduce the Helmholtz equatiorflependent attenuation in 24 increments of 15°. A separate
to a form of Bessel's equation in the transformed domainFFP run was required for each direction, necessitating 24
The transformed equation is solved by analogy to the “tefuns for each profile. Attenuation contours were plotted for a
legrapher’s equations,” with branch points and poles on thdrequency of 15 Hz. The complex impedance was calculated
real axis avoided by the introduction of an “artificial attenu- by FFP, using Attenborough’s four-parameter métieind
ation.” The integral in the wave number space is approxi-an estimated flow resistivity of 500 000 mks rayls/m. Calling
mated by a sum, and a single fast Fourier transfQFfaT) ranges for higher frequencies or softer ground may be ex-
yields p(r,z). pected to be smaller.

Garstanget al.® in a study of low-frequency sound Human hearing compared to that of elephants is very
transmission, found that the presence of atmospheric invepoor at low frequencies. Hearing thresholds are approxi-
sions of temperature enhanced transmission, while adiabatioately 93 dB(all dB references are re 20Pa rms at 1 mat
and superadiabatic lapse rates significantly attenuated tHé Hz and 70 dB at 30 Hz. Elephant hearing at these same
signal. These results were, however, based upon simplifieflequencies is markedly bett&t.A study by Heffner and
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FIG. 5. Attenuation contourgclosed solid lines and wind hodograph
(--3--) for 2200 LST, 19 September 1992. Contours are plotted 3dB
increments from the innermoét40 dB) to the outermost—67 dB). Points

on the wind hodograph give the terminus of the velocity vector in 25-m
height increments from ground level to 300 m. Arrow indicates average
wind in the first 300 m above the ground. Numbégl,6, eto. indicate both

the distance in km from the sourdfor the attenuation contourand the
wind speed in m/qfor the hodograph and average wind arjowetters
(N,E,S,W show direction of wind and of sound propagation, with respect to
true north.

FIG. 6. The—67-dB attenuation contour predicted via FffPegular closed
line depicting range in kinand mean wind in first 300 rfarrow: space in m
s™1) from tethered balloon soundings made on 19-20 September 1992 in

Heffner® gives the elephant hearing threshold at 16 Hz as 6%5kaukuejo, Namibia. Time of ;our_ldiniQST) is given in lower left of each
dB. This approximates to 68 dB at 15 Hz, rapidly improving P'°t Letters and numbers as in Fig. 5.
to 43 dB at 30 Hz. However, these results are from one ) )
7-year-old Indian elephant. The lowest reasonable threshof@utwards the contours first become extended in the down-
for a full grown African elephant was assumed to be 50 dgWind direction and then broaden considerably in the cross-
Because the present study is primarily concerned with thi/ind direction. The shapes become increasingly jagged with
diurnal variation in calling range and calling area, rather tharigher attenuation. These irregularities of shape are largely
the absolute magnitudes thereof, substitution of a greater ¢ju€ t0 the fluctuations in the measured wind and temperature
lesser value will not invalidate our conclusions. fields. Since these fluctuations do not persist in time, the
The most intense elephant infrasonic signal reported irilrrggglarities in 'the cqntours are not relevant; the gener.al
the literature is 117 dBWith a sound level of 117 dB and a ©elliPtical shape is the important factor. The range of maxi-
hearing threshold of 50 dB, an estimate of calling range ig"uUm and minimum low-frequency sound propagation is not
given by 117 dB-attenuatior=50 dB. For the present study, directly upwind or downwind, for reasons previously stated.
the calling range is therefore defined as that range at which . _ .
the attenuation is-67 dB. Figure 5 depicts a typical set of B: Case study of combined thermal and kinematic
attenuation contourgfor 2200 LST, 19 September 19092 controls
The temperature and wind fields yielding these contours are Figure 6 depicts the temporal evolution of the&7-dB
given in Fig. 4. Contours are plotted in3-dB increments contours of a 15-Hz signal over the night of 19—-20 Septem-
from the innermosi{—40 dB) to the outermost—67 dB). ber 1992. These are used as an estimate of elephant calling
The main features of Fig. 5 are present in many other soundange and calling area. At 1610 LST, a nearly adiabatic tem-
ing contours. There is a marked asymmetry, with degradeg@erature gradient of-9.0 °C/km is combined with winds of
calling range “upwind” and enhanced range “downwind.” approximatet 2 m s ! (Fig. 4). The winds are westerly to
The sharp drop in range from NW to W and from E to SE is150 m and highly variable from 150-300 m. This yields a
likely due to a combination of strong wind shear and changevery directional contour; the calling range is less than 2 km
in wind direction with height. It may also in part be an arti- in the “upwind” direction and 8—10 km “downwind.” The
fact of the authors’ simplifying assumption that the callingregion of extended rangé>6 km) is concentrated in the
range is defined by the first radius at which the attenuatiomuadrant from north to east.
drops below—67 dB. In some profiles, the attenuation will An hour later(Fig. 4), ground cooling has commenced
drop below—67 dB and then rise above67 dB at a greater and a 40-m-thick layer of 32 °C air underlies the adiabatic
distance from the source. Examination of these regions ofone. Winds have shifted to southerly and lessened slightly
“anomalous propagatiorf® is deferred to a future study. with the commencement of drainage flow from the hills to
Figure 5 shows that the range of propagation downwindhe south, and the range is 3—5 km in all directions. At 1800
from the source is roughly five times greater than the rangé¢he wind is essentially the same, but a temperature inversion
upwind. The innermost contours are nearly circular, movingof 2.7 °C strength and height of 42 m has formed. This en-
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hances the range to over 9 km “downwind,” but shortens it 350

to 3 km “upwind.” Although the minimum and maximum 300 .
ranges are similar to those given by the 1610 sounding, the = 250 | ¢
area covered is greater due to the broader shape. The zone in 5 . 8
which the range is greater than 6 km now extends of over g 200 ¢ . °° o
180 ° from E to N to W, as opposed to the 90° of the 1610 5 150 | o1 Tee e o
sounding. This broad zone of extended range is characteristic < 100 | o ° s .o
of nocturnal soundings. sob .3 ¢’
By 2000 the wind speeds are bel@ m s . Wind shear 0 S
is nonexistent or very mild above 2 m. The inversion has 12 15 18 21 0 3 6 9 12
grown to 3 °C strength and 64-m height. This is the optimum Time (LST)

calling time; the range goes beyond 10 km in two lobes to
the west and south, and everywhere exceeds 6khisisa FIG. 7. Area(in square kilometejscovered by—67-dB attenuation contour

; ; ; L s a function of time of day, for 65 tethered balloon soundings from 16
typlcal evening optimum: in _the mO_St prpnounced cases, th eptember to 4 October 199%.axis: Local Standard Time( axis: Area in
range was 10 km or more in all directiohsBy 2200 the 2
southerly jet has set in, and the inversion has grown to 6 °C . . . .

Yl ) . g Figure 7 shows that the case study of Fig. 6 is typical;

strength and 221 m height. Strong wind shear has greatlglthou h a nocturnal jet does not form every night, it forms
decreased the upwind range; over the 180° from SE to N t0 9 J y nignt,

NW, the range mostly exceeds 9 km, while from NW to S toW'tht su:flmenft frequgnca/] that thet t(rjends n .expa(;]s.,log an;:l
SE it is seldom over 2 km. contraction of range in the case study are mirrored in Fig. 7.

Over the rest of the night, the inversion becomes eI_The following sequence of atmospheric controls and result-

evated. The low-level wind shear remains strong and thcglnt C"’?'"”g range is hypothesized as a model of the diumal
winds stay southerly. No attenuation contours were pIotte&yCIe in calling area:
for 0200, 0410, or 0700 as the soundings did not reach tdi) 1600—-1830: Rapid growth of A from 50 to 200 km

300 m. From 0500 to 060@&pproximately sunrigeo 0802, as winds die and the nocturnal inversion begins to

the wind remains southerly to 150 m, but the 300 m winds form.

back to northeasterly, their characteristic daytime direction(ii)  1830—2030: Optimum time due to strong temperature

This directional shear may explain why the 0500 and 0600 gradients and low winds. A over 200 Km

range plots are highly asymmetric, lacking the rough bilat<(iii)  After 2030: Collapse of A to below 150 Kndue to

eral symmetry of the previous contour fields. For these two onset of nocturnal jet.

soundings, the elevated inversion is underlain by a 100- t¢iv) 2030-0600: Slow diminishing of A from 150 to 125

150-m-thick layer of air of constant temperature or of a near- km? as jet stabilizes and the inversion becomes el-

adiabatic temperature gradient. Again, this is due to me- evated.

chanical mixing caused by the strong wind shear. (v)  0600—0900: Second collapse to below 50*kas solar
Around sunris€0600), the jet begins to break up as the radiation heats the ground, destroying the inversion

onset of ground heating causes thermal convection and mix- and jet.

ing. The low-level wind shear becomes confined to the low{vi) 0900—1600: Range below 50 Knperhaps much less.

est 30 m as the velocity begins to be mixed more evenly

through the boundary layer. This, combined with the lessenl!l- CONCLUSIONS

ing of the elevated inversion, gives rise to a more confined  The results of this paper are based on numerical predic-

range contour. At 0802, the shape is similar to the 161@ions of 15-Hz signal propagation under measured atmo-

contour; the zone of extended range is concentrated in a nagpheric velocity and temperature profiles. Comparison with

row lobe downwind and there is severe attenuation upwindactual temporal patterns in elephant calling and reception is
addressed in detail by Laromt al.” A study of 14 radio-

C. Characterization of range plots collared and microphoned elephants in Zimbatvehows a

late afternoon peak in loud, low-frequency elephant calls.

fth lot ted for the 65 di " This peak is caused by a pattern of late afternoon treks to
Many of the range plots generated Tor In€ 65 soundings, 1z 5.0, by elephants in this area, during the dry season. These

difficult to characterize the degree of enhancement or atteny;, - require coordinated movements of each herd, necessi-
ation of long-range infrasonic calling. The simplest indicator,[ating calls. The timing is thought to be due to a com,bination

is the calling area A, the area enclosed within thé7-dB - ; .
. ' . of thirst at the end of a hot day, avoidance of predation of
contour. Figure 7 depicts the temporal evolution of A. Each y P

f the 65 bl di . ted b inale d elephant calves by nocturnal predators, and transmission
gointeFou:ItSe:?n;orsz;iligg:ggz <I:anebper?jseeﬁrr]1 s q T%eaﬁ?'sr:%:gioi&%nditions considerably improved from midday. Further ex-
1600—1830 LST, is a time of rapid growth in A. The opti- ploration of the role that atmospheric controls play in calling

mum calling time is 1830—2030, with A mostly exceeding behavior will require a field study combining atmospheric

200 kn?. After 2030, A collapses rapidly to 150 Kmand measurements with simultaneous observation of elephants.

. . . . The vertical profiles of wind and temperature have
then shrinks slowly until sunrise at 0600. From then un'glStrong and complex effects on ground-to-ground infrasound

0900, A again diminishes rapidly to its daytime value, typi- propagation at Etosha National Park. The formation of the
cally well below 50 knf.

Due to the extreme directionality and irregularity of
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