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The aerodynamic requirements for efficient static soaring by the vulture 
in thermal convections over land have been discussed in previous studies by the 
author;l,2,3 the requirements for dynamic soaring by the albatross in ocean 
shear layers have been established in the preceding sections of the present 
study. These requirements establish the basic properties the birds must possess 
in order to effectively exploit the meteorological conditions of their partic­
\J,lar environments. The essential aerodynamic factors may be summarized as 
follows. 

The albatross, in order to perform continuous dynamic soaring in ocean 
shear layers, must possess a high aerodynamic efficiency (L/D) and a high wing 
loading W/S. These requirements can be met by increasing the aspect ratio A 
to a large value by means of a large wing span b. That the albatross indeed 
meets these requirements is easily verified b.Y the characteristically large 
span, aspect ratio, and wing loading of the bird. The albatross operates 
almost exclusively over the ocean where it is free of all surface obstructions, 
and hence can alight and take off without danger to its fragile, large-span 
wings, under sufficient wind conditions. The great span of the wings precludes 
the possibility of using strong flapping to aid in the take-off (or landing) 
but, on the other hand, the bird has complete freedom to "run" for long 
distances over the water to effect a take-off, much like a conventional air­
plane. In addition, over the open sea strong winds are nearly always available 
to lessen the burden of the take-off and to increase the ease and accuracy of 
the landing. Thus, the free, open surface of the sea not only provides the 
wind conditions needed for dynamic soaring, but is also well suited to the type 
of landing and take-off the albatross must use. On land during the breeding 
season, however, the albatross must choose its nesting locations with care, so 
as to adequately provide for its restricted low-speed aerodynamic capabilities, 
as was discussed in Section III. 

The vulture, on the other hand, engages primarily in static soaring and its 
aerodynamic characteristics are quite different from those of the albatross. 
In order to perform efficient static soaring by circling within the relatively 
confined upflow regions of thermal shells, the vulture must possess a very low 
value of W/S and a low sinking speed w = dz/ dt. While a large value of L/D 
is desirable, it is the low value of w which is more important in static 
soaring. The attainment of a low value of W/S is incompatible with a large 
value of A unless the wing span is also large. In the case of the vulture, 
however, which generally has to operate from very rough, forested terrain, 
take-offs and landings must be made in narrow, restricted areas by direct ascent 
or descent, making full use of all available flapping power. Under such condi­
tions, large span wings like those of the albatross would not only be useless 
but very dangerous. The vulture must therefore have a relatively short wing 
span (compared to body length); for a low wing loading this leads to a corres­
pondingly small value for A. The vulture indeed possesses a very low wing 
loading, a relatively small span, and a low aspect ratio. 

The low aspect ratio of the vulture would, in general, lead to a rather 
low aerodynamic efficiency in circling flight and hence to a detrimental 
increase in the sinking speed. However, the bird has evolved an ingenious 
means for attaining a relatively high aerodynamic efficiency with a very light 



wing of small geometrical span and aspect ratio by use of the slotted wing tip. 
The emarginated pinions of the vulture's wing are an excellent example of the 
extent to which environmental forces ca.n stimulate the development of highly 
specialized aerodynamic structures in birds. The mechanics of this device have 
been discussed in previous papersl,2,12 and. will not be considered here. The 
aerodynamic theory of the slotted wing tip and other multiplane systems has 
been covered in detail in reference 14. The theory and experimental verifica­
tions of this reference provide proof' that the primary purpose of the slotted 
wing tip is to lower the induced drag of' the wing. 

The wing span of' vultures actually varies over a rather wide range, from 
5 feet for the Black Vulture to over 10 feet for the condors, so that in reality 
the condor possesses a much larger span than most albatrosses. With such a 
large span, however, the condor's range becomes limited to relatively open 
terrain, free of' close vegetation and obstacles, much like that of' the alba­
tross. The Black Vulture, on the other hal1ll, with its 5-f'oot span is able to 
land and take off' from very thick vegetation as well as from open areas and 
hence is much more widely distributed than the condor. Yet, despite its 
absolute size, the condor's wing span is not nearly so large in relation to 
the bird' s body height (above ground) as is that of the albatross, and the 
condor is still capable of strong flapping flight during take-off' and landing, 
under normal circumstances. Under conditions of' low wind speed, however, the 
condor must use the same technique as the albatross 1 and an appreciable ground 
run prior to lif't-of'f is required. 

An interesting example of' adaptation to effect the most useful balance of 
ecological factors is afforded by the relationship between the types of' food 
and the relative soaring altitudes of the albatross and vulture. As mentioned 
in the preceding sections, the albatross is limited to flight within the shear 
layer, and thus remains close to the surface throughout its soaring cycle. By 
contrast, the vulture nearly always soars at relatively high altitudes, on the 
order of 1000 to 5000 feet, where the thermal shells are well developed. The 
albatross feeds, in general, on live marine animals such as squid, shrimp, and 
fish~ and in order to capture its mobi~e prey the bird must be ab1e $o move 
swiftly and surely. The high-speed, low-altitude flight thus greatly enhances 
its success in procuring food. The vulture feeds on immobile carrion, which 
it can easily detect :from high altitudes. From such altitudes the bird • s 
f'i.eld of vision, and consequently its scanning efficiency, is greatly increased. 
Thus, the food types of the two birds are precisely those which can best be 
located and taken in a manner perfectly compatible with the basic flight 
patterns required for efficient soaring flight. 

An important point of similarity exists between the vulture and the 
albatross in that both use the same wing-flexing technique to increase the 
effective wing loading. Wing-flexing is frequently used by vultures during 
glides into the wind, where an increase in the wing loading is necessary for 
an increased speed over the ground. Turker Vultures and gulls make important 
use of wing-fl.exing in gust soaring. The use of wing-flexing by the albatross 
in the leeward glide is exactly analagous to that of the vulture and allows the 
bird to maintain a high absolute velocity in the leeward glide. 
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VI. THE MECHANICS OF GUST SOARING 

The preceding discussions have been concerned with dynamdc soaring in which 
the variation of the wind speed with altitude, that is, the shear layer, made 
possible the extraction of useful energy by the albatross. In this case, the 
wind speed is a steady function of the altitude z; that is, the wind profile 
Vw(z) does not change with time at a given point. A second type of dynamic 
soaring is also possible, however, which does not depend upon the variation of 
Vw with altitude, but rather upon the direct variation with time. This 
second type will be referred to as gust soaring. 

It does not appear, in general, .that gust soaring is a significant mode 
of flight for true oceanic birds, since the wind conditions at sea are rela­
tively steady. Over land, horizontal gusts generated by turbulence and local 
air instabilities (due to nonuniform heating of the surface) are more prevalent, 
and are used to a limited extent by such soaring birds as the Turkey Vulture 
and gull. The very erratic and uncertain nature of such gusts, however, 
precludes their general use for practical soaring. 

WIND VARIATIONS 

In the general case, the variations in wind speed which a bird encounters 
at any given instant can come from two sources: that due to the change in Vw 
with time at the local position of the bird and that due to the bird's motion 
in taking it to a new position where the wind speed is different. Mathemati­
cally, the variation in Vw experienced by the bird is given by the total 
derivative 

DVw = OVw + ~ + v tli: + w fli: Dt dt u z (18o) 

where "OVw/dt is the "local" derivative and the remaining three terms comprise 
the "convective" derivative. Here u, v, and w are the magnitudes of the 
orthogonal velocity components of the bird relative to earth. 

In the steady shear layer previously considered, 

OVw 
dt = 0 

since the x-axis is taken parallel to the wind vector, Vw = Vw(z) i. 
have 

DVw _ dVw 
Dt - w dz 

(181) 

Hence we 

(182) 
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which yields the time-altitude relation 

dz w =-dt (183) 

In the case of pure gust soaring, we have 

DVw = ~ = d.Vw 
Dt - dt (184) 

assuming, of course, that the wi~d increases simultaneousLy at every point 
according to the same function Vw(t) throughout a sufficiently large region 
surrounding the bird. For the most general case, where the wind velocity field 
is varying with time and position, eq. (18o) must be used. An example of such 
a situation is a shear layer in which the wind above the layer is rapidly 
changing with time, and thus causing changes in the wind profile. This section 
considers primarily the case wherein eq. (184) applies, that is, the case of 
pure gust soaring. 

EQUATIONS OF MOTION IN GUST SOARING 

Consider a bird at altitude z0 at time t = o, moving with the hori­
zontal absolute velocity u directly into a wind of uniform speed · <lwo, that 
is, the wind speed is everywhere equal to Vwo in a large region surrounding 
the bird. If now the wind increases uniformly according to some function 
Vw(t) throughout the region, the bird will accelerate vertically and begin 
to climb if the strength of the gust is sufficient (that is, if Fz > W). The 
motion during the climb is governed by exactly the same differential equations 
as for the shear layer [eqs. (23) and (24)]. Since Vw is now an explicit 
function of time, however, it is desirable to state the linearized forms of 
these equations in terms of t rather than z. Thus we obtain 

du (c w ) 1 (Yw; - u)
2 

dt = g D + CL Vw - u 2 P W/S (185) 

dw _ ft !. (Vw - u)2 
dt - g \cL 2 P wjs - ~ (186) 

where CL, Cn, and Vw are functions of time. These equations may be solved 
in exactly the same manner as for the shear layer case to yield u(t) and 
w(t). Alternately, if the functions x(t) and z(t) are obtained from a photo­
graphic record of the gust flight path, the functions CL(t), L/D(t), and 
Vw(t) can be calculated. 

The exact relationship of the equations of motion for gust and shear layer 
soaring is clearly brought out by the fact that any flight path produced by a 
windward climb in a shear layer can be duplicated exactly by a correpsonding 
gust function Vw(t). Let us suppose that a photographic analysis of a climb 
in a shear layer has been obtained and has yielded the flight path functions 
u(z), w(z), CL(z), L/D (CL), and Vw(z). The analysis also gives the basic 
time-altitude relation z(t). Then by relating z in Vw(z) to its equivalent 



- 96-

time by z(t), the appropriate gust function Vw(t) is obtained. In the same 
manner, the corresponding funqtions u(t), w(t), and CL(t) are obtained. It 
is clear that the increase in wind speed with time will then produce exactly 
the same wind speed at each altitude as does the shear layer, and flight condi­
tions in the two cases will be identical. If the gust were of long enough 
duration, the bird could also gain useful kinetic energy by executing a leeward 
turn when the gust had reached its maximum strength. 

The analogy can obviously be extended so that a complete basic cycle in 
the shear layer can be reproduced by the corresponding gust function. To 
duplicate the basic cycle, the gust function Vw(t) would have the general form 
sho'WD. in Fig 52. The segments 1, 2, 3, and 4 of the gust correspond respectively 

z 

2 
3 

4 

t X 

Fig. 52 Fig. 53 

to the windward climb, leeward turn, leeward glide, and windward turn in the 
shear layer. If a gust function of this type actually existed in the atmos­
phere and were periodic, useful gust soaring directly analagous to shear layer 
soaring would be possible. The flight path would have the additional benefi­
cial feature (at least for vultures) that it need be no longer restricted to a 
narrow region near the surface, but could be generated at relatively high 
altitudes. Unfortunately, gusts of such highly specialized structure are not 
observed in nature to any extent, and soaring birds are therefore unable to 
realize the large kinetic energy gains which would otherwise be available from 
use of such wind variations. 

In the general case of gust soaring, the only energy obtained is the 
potential energy gained during the climb. For example, Fig. 53 shows a flight 
path which might result from gust soaring. The bird climbs during the period 
of the gust, and extracts some energy from the wind. This energy is stored in 
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the potential form. Then, upon subsidence of the gust, the bird commences a 
glide until another gust is encountered. As in the case of the analagous wind­
ward climb in shear layers, the fUnctions CL(t) and L/D (CL) as well as the 
wing loading, play an important part in determining the efficiency of the climb. 

The analysis of the equations of motion for the windward climb in shear 
layer soaring indicated that a large value of the wing loading was desirable 
for an efficient gain of altitude. Thus it appears that a high wing loading 
is also desirable for gust soaring. It is interesting to note, therefore, that 
land birds such as the Turkey Vulture and the gull, which have very low basic 
wing loadings, but which frequently soar in gusty weather, fly under such 
conditions with their wings very strongly flexed so as to gain a favorable 
increase in wing loading. 

VII. CONCLUDING REMARKS 

The intent of this stuqy has been to develop on as rational and as 
quantitative a basis as possible the fundamental aerodynamic principles under­
lying the ~amic soaring flight of albatrosses in ocean shear layers. With 
the aerodynamic basis of albatross flight firmly established, the ecological 
significance of many aspects of the bird's characteristic form and behavior 
becomes clear. Not only can many qualitative deductions be made, but the 
quantitative nature of the aerodynamic analyses allow the actual numerical 
investigation and correlation of many ecological factors when adequate field 
data are available. 

This paper, being primarily concerned with the analysis of the flight 
~ics, has not endeavored to carry out any detailed numerical correlation 
of albatross ecological factors. However, with the availability of adequate 
quanititative data on specific albatross flight paths and travel patterns, 
combined with adequate oceanographic and meteorological information on the 
specific environments~ it should become possible to describe the primary eco­
systems of the various species of albatrosses to a highly quantitative degree. 

With the availability of accurate recordings of flight paths, it will 
become possible to determine the exact aerodynamic properties of the alba­
trosses, that is the flight speeds, L/D (CL), Cn (CL), and CL(z), by use of 
the general equations of motion. The direct determination of such information 
by experimental measurement would be practically impossible. The flight path 
recordings can, when used with the equations of motion and energy, be used to 
determine the actual wind shear profiles Vw( z) over the oceans. Once the 
aerodynamic capabilities of the various albatrosses have been quanitiatively 
determined, it should be possible to relate many factors of basic ecological 
importance, such as the speeds and directions of travel with regard to wind 
strength and direction, the density patterns of distribution at sea, the total 
range distribution, seasonal speeds and directions of movements, and distances 
covered in forages at sea during the nesting season. 

When quanitiative data on the aero~mic characteristics of several 
different but associated species become available, it should be possible to 



establish the reasons for the most significant aeroecological differences 
between the various species on the basis of their differences in structural 
form and flight capabilities. 

In order to bring out the essential aerodynamic features of the flight 
processes, attention has been devoted primarily to the idealized basic soaring 
cycle. Although observations indicate that the basic cycle as treated herein 
is the primary mode of dynamic soaring used by the albatross, the equations 
of motion and energy developed in the study bring to light possibilities of 
other soaring modes which should be looked for in field studies. For example, 
the energy balance given by eq. (86) suggests that an albatross may be able to 
proceed directly to windward by a simple series of windward climbs and dives, 
without performing any leeward or windward turns. The condition necessary for 
this to be possible is 

-4 D w sin cp dt --4 D u cos cp dt "?. -4 L Vw sin cp dt 

where T is the period of the climb-dive cycle. Indeed, the aerodynamic 
results of the present paper present a whole new set of questions calling for 
a great amount of careful and accurate field ob-servations on the albatrosses. 

Finally, the general relations developed in the analyses of albatross 
soaring in shear layers and land bird soaring in gusts can be utilized to 
investigate the feasibility of dynamic soaring by man in areas where meteoro­
logical conditions appear favorable. The unsteady character of such flight, 
together with the need for great maneuverability, however, will make dynamic 
soaring in aircraft a very difficult task, even under adequate wind conditions. 

Gloucester Point, Virginia 
17 April 1964 
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A-2. SYMBOLS 

The following list includes definitions of the principal symbols used in 
the paper; symbols which are infrequently used and which are adequately defined 
within the text are not repeated here. 

a acceleration 

A aspect ratio 

b span 

drag coefficient 

lift coefficient 

D drag 

displacement vector 

dissipation energy 

centripetal force 

horizontal component of aerodynamic force 

vertical component of aero~amic force 

g gravitational acceleration constant 

!,j,:K orthogonal unit vectors 

K.E. kinetic energy 

L lift 

p wind profile exponent 

P.E. potential energy 

r radius of turn 

R resultant aerodynamic force ma.gnitude 

s wing area 

t time 

u,v,w orthogonal components of absolute speed 

v aero~amic speed (linearized) 
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Va absolute speed 

aerodynamic speed in turns 

aero~mic speed (exact) 

wind speed 

work 

w weight 

x,y,z orthogonal space coordinates 

a. angle of attack 

13 angle of bank 

y glide inclination angle 

8 boundary layer thickness 

~ increment (prefix) 

e tan-1 D/L 

p density of air 

I summation (prefix) 

"" cp inclination of VR to x-axis 

(l) angular velocity 

Superscripts 

* condition at top of shear layer 

"" vector quantity 

Subscripts 

max maximum 

min minimum 
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A-3. CLASSIFICATION OF NATURAL SOARING FLIGHT 

Birdflight in which the wings remain stationar,y or rigid may be divided 
into two types. In gliding flight the bird glides through the air with a 
continuous loss of altitude, and ultimately comes to earth. In soaring flight 
the bird is able to fly a level course or even gain altitude by using the energy 
of the moving air. 

The principles of fluid dynamics allow us to state the two atmospheric 
conditions necessary for a bird to remain in the air without flapping its wings. 
One of the following must be true for sustained soaring: 

(1) the air must have a vertical component of velocity, or otherwise 

(2) the motion of the air must not be of uniform speed with regard to 
space and/or time. 

These two requirements form the basis for the classification of soaring 
flight. Soaring which is based on the utilization of the vertical motions of 
the air is called static soaring. It is almost exclusively the form used by 
land soaring birds. Soaring using the non-uniformities of the wind is called 
dynamic soaring. This form is occasionally practiced by land birds in gusty or 
stormy weather, but the available evidence indicates that this form is of much 
less importance than static soaring to land birds. For sea soarers such as the 
albatross, dynamic soaring is used almost exclusively. 

Static soaring may be subclassed according to the manner in which the 
vertical air velocity is produced. These are (1) declivity winds and (2) 
thermals. 

Declivity currents arise when the wind moving parallel to the earth 
encounters an obstacle, such as a hill. The air is forced upward as it 
approaches and passes over the obstacle thus producing a vertical velocity 
component that can be utilized by the birds. It is obvious that in order to 
have declivities of sufficient strength to support soaring, we must have 
strong surface winds and/or very large obstacles. Declivity winds are thus so 
restricted that they are in general of small value to soaring birds, whose 
primary reason for flight is to cover large areas of land in search of food. 

Thermals occur when surface layers of air become so warmed and/or 
moisture-laden by contact with the sun-heated earth that they are less dense 
than the layers above them and tend to overturn, forming rising bodies or 
bubbles of air. The formation of thermals depends only on the presence of 
sufficient sunshine and thus their distribution is universal over all land 
areas. Due to their wide and continuous distribution, thermals appear to offer 
the sustaining means necessary for practically useful soaring flight. The year 
round availability of thermals is the reason why the highest degree of soaring 
is observed in temperate and tropic regions. It is because of the availability 
of thermals that soaring is possible over broad flat plains in a form equal or 
superior to that observed in mountainous country where declivities are always 
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available. {It is interesting to note that even in mountainous country, 
thermal soaring is quite as widely used as is declivity soaring -hills are 
excellent thermal producers.) 

This availability of thermals is the condition upon which the very exis­
tence of the large soaring birds such as the vultures depends. This is the 
only atmospheric condition which will permit them to travel so effortlessly 
over such wide areas in search of food, and they have adapted themselves to 
exploit it to the fullest extent. 

Dynamic soaring may be subclassified as shear-layer soaring and gust 
soaring. In shear-layer soaring the bird uses the difference in wind speeds 
which exists between the top and bottom of the shear layer to provide the 
energy for its flight. In gust soaring the bird uses the differences in wind 
speed which occur with time. Both types of dynamic soaring are treated in 
detail within the present paper. 

A-4. AERODYNAMICS OF NATURAL SOARING FLIGHT 

As a bird. flies through the air, it experiences a resultant force due to 
the air pressure and frictional stress distributions over its wings and bo~. 
The component of this force normal to the flight direction is called lift, 
while the component opposite to the flight direction is called drag." (Note 
that lift need not always act normal to the horizon.) If the bird is flying a 
straight course at a constant speed, the sum of all forces acting on it must 
be zero. Hence, it is necessary that the resultant aero~amic force be equal 
to the bird's weight. When the forces are resolved along the flight path, it 
is necessary that a thrust force exist equal to the bird's drag. For a gliding 
bird moving through still air, there is no aero~amic thrust force. Hence, 
the bird must glide down toward the earth at such an angle that the resultant 
aerodynamic force exactly balances the weight. 

In the glide at constant velocity v, the force component balancing the drag is 
W sin r. Since the bird has a velocity in the direction of the force the weight is doing 
work against the drag at the rate WV sin y. Since the vertical component of the bird' s 
velocity (the sinking velo.ci ty) is V sin y, the bird is losing potential energy at the 
rate WV sin y, and we see that the loss of altitude is furnishing the energy to power the 
glide. Suppose now that the bird were gliding down through an enormous box of 
air, but that this box was rising vertically (relative to the earth) with the 
speed V sin r. Then, although it would. still be sinking relative to the air 
at the rate V sin r, the bird would be flying parallel to the surface of the 
earth with a velocity V cos y. If the box of air were moving upward with a 
speed greater than V sin r, the bird ~ould actually be gaining altitude with 
respect to the earth. In this case the power for flight comes from the energy 
of the rising air. This simple picture gives the basic principle of static 
soaring flight. 

If a bird wished to make a turn, it is necessary that a component of the 
aerodynamic force act toward the center of the turn to provide the necessary 
centripetal acceleration. This is accomplished by banking the wing through 
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some angle ~. In this way a component of the lift acts to pull the bird 
around the turn. Since the lift is no longer acting in a vertical plane, the 
lift force must be greater in a turn if it is to balance the weight force. 

The mechanics of dynamic soaring in shear layers and in gusts is discussed 
in detail within the pr~sent paper, so that the aerodynamic details are not 
considered here. Due to the unsteady nature of dynamic soaring, it is a much 
more complex phenomenon than static soaring flight. 

A-5. ClASSIFICATION AND RANGES OF ALBATROSSES 

Order: Procellariiformes 

Fami:cy: Diomedeidae 

Genus : Phoebe tria 

Species: Phoebetria fusca (Sooty Albatross) 

Range:* South Atlantic and Indian Oceans, eastward to Australia; 
confined chiefq to temperate latitudes. Breeds at Gough Island and the 
Tristan da Cunha group in South Atlantic. 

Species: Phoebetria palpebrata (Light-mantled Albatross) 

Range: Circumpolar in the pan-antarctic belt, ranging from about 
the 35th parallel southward into the zone of pack ice and beyond the antarctic 
circle. Breeds at Antipodes, Campbell, Auckland, Macquarie, Kerguelen, Crozet, 
Prince Edward, and South Georgia Islands. 

Genus : Di omedea 

Species: Diomedea melanophris (Black-browed Albatross) 

Range: Southern oceans generally, from the tropic of Capricorn 
to latitude 60° S., and occasional:cy beyond. Breeds at Campbell and Auckland 
Islands; at Kerguelen and the Prince Edward Islands, South Georgia, the 
Falklands, Staten Islands, and at the Ildefonso and Diego Ramirez Islets, near 
Cape Horn. 

Species: Diomedea chrysostoma (Gray-headed Albatross) 

Range: From south temperate latitudes to the edge of pack ice. 
Breeds at Campbell Island south of New Zealand, at Kerguelen, the Prince 
Edwards, Crozets, South Georgia, the Falklands, and the Diego Ramirez Islands. 

*Data on ranges of sourthern albatrosses are taken from Murpby.4 
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Species: Diomedea chlororhynchos (Yellow-nosed Albatross) 

Range: Ranges widely over the southern oceans, and breeds upon 
Gough Island and the islands of the Tristan da Cunha group in the Atlantic, 
and at St. Paul Island in the Indian Ocean. 

Species: Diomedea bulleri (Buller's Albatross) 

Range: Confined to the South Pacific Ocean between the New 
Zealand region and the West Coast of South America. Breeds at the Snares 
Islands, and at several islands of tb.e Chatham group. 

Species: Diomedea cauta (White-capped Albatross) 

Range: Southern oceans, chiefly in temperate latitudes, and 
apparently less common in the South Atlantic than in the Pacific and Indian 
Oceans. The subspecies salvini is known to breed only at the Bounty Islands, 
east and south of New Zealand. 

Species: Diomedea irrorata (Galapagos Albatross) 

Range: Breeds at Hood Island of the Galapagos and ranges to 
southward of the archipelago; regularly reaches the coast of Ecuador and 
northern Peru. 

Species: Diomedea exulans (Wandering Albatross) 

Range: Circumpolar in the west 'Wind belt of the southern 
hemisphere, and ranging normally from the tropic of Capricorn southward to 
latitude 6oo s., occasionallY entering the zone of pack ice. Breeds at 
northerly antarctic islands, such as South Georgia, the Prince Edward and 
Crozet groups, Kerguelen, Auckland, and Antipode~. 

Species: Diomedea epomophora (Royal Albatross) 

Range: Coastal waters of southern America and New Zealand. 
Breeds on Campbell Island, New Zealand, and coasts and islands of southern 
South America. 

Species: Diomedea nigripes (Black-footed Albatross) 

Diomedea immutabilis (La.ysan Albatross) 

Diomedea alba.tru.s (Short-tailed Albatross) 

Ranges: These are the albatrosses of the North Pacific Ocean, 
and range over the entire ocean area between Hawaii and the Bering Sea. 
Breeding of the first two species occurs on the islands of the central North 
Pacific Ocean, particularly on the leeward islands of the Hawaiian archipelago. 
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A-6. · DYNAMIC SOARING IN AERONAUTICS 

The possibility of achieving dynamic soaring flight in sailplanes bas long 
intrigued soaring enthusiasts as a means for opening up a new realm of soaring 
energy. It is of interest, therefore, to briefly consider such possibilities 
in light of the foregoing analysis of natural dynamic soaring. 

Use of Shear Layers and Regions 

It does not appear that practical use of ocean shear layers for dynamic 
soaring by sailplanes is possible to any significant extent. The reason for 
this lies in the excessively large size of the sailplane needed to support 
a man, compared to the depth of the shear layer. An efficient sailplane large 
enough to support a man, and having the same wing loading and aspect ratio as 
the albatross, would possess a span of some 45 to 50 feet. Hence, in performing 
a turn with any appreciable bank, the wings of the plane would span practically 
the entire extent of the shear layer; and very little, if any, usefUl energy 
could be taken from the wind. It thus appears that the absolute depth of the 
shear layers at sea, although making dynamic soaring a certain and useful 
flight mode for the albatross, precludes its use for practical soaring by man. 
This same effect of relative size of bird and sailplane on soaring ability is 
also noted in the case of static soaring in thermal shells over land.3 

The mathematical ana~sis of albatross soaring flight presented in the 
body of this paper has shown that the essential physical requirement for 
dynamic soaring is the existence of two regions of air in close proximity having 
different absolute velocities. At sea, the shear layer satisfies this condi­
tion. Over land, conditions suitable for dynamic soaring in sailplanes no 
doubt exist at various times and places in the form of relatively strong 
velocity gradients. Great difficulty is encountered in the practical use of 
such shear regions, however, due to the uncertainty of finding sufficiently 
large areas of strong wind gradients in the free atmosphere, and in the case 
of shears generated by surface obstructions, the very restric~ed and stationary 
nature of the shear regions. For example, relatively strong wind shears are 
detected at the higher altitudes from time to time, but such conditions are 
highly unpredictable as to time, place, and extent of occurrence. Other shear 
conditions generated by surface obstructions no doubt exist, such as in valleys 
between parallel mountain ridges (Fig. 54) and in the lee of sharp ridges 
(Fig. 55) where the upflow has separated but flight is restricted to the 
immediate vicinity of these obstructions. In addition, such flight is somewhat 
dangerous since the separated airflow is usually very turbulent and unsteady. 
It is easy to understand the enormous advantages the ocean shear layers, with 
their immense areas of apparently constant shear conditions, offer the alba­
tross in its ceaseless wanderings. 

One possibility for accomplishing dynamic soaring over land consists in 
use of the land shear layers. As previously noted in Fig. 4, appreciable 
velocity gradients exist over land, especia~ over smooth, flat land (such 
as deserts), where the shear layers are quite similar to thos~ over the ocean, 
only thicker. It may be possible that sustained dynamic soaring is feasible 
over vast stretches of flat prairie land or coastal plains, using the same 
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Fig. 54 Fig. 55 

flight techniques and patterns as used by the albatross over the sea. The 
great complexity of providing an efficient and flexible means for varying the 
wing loading in the leeward glide and the rapid, accurate maneuvers required, 
however, would make the use of such layers quite difficult and rather dangerous 
because of the high speeds and low altitudes involved. In any event, dynamic 
soaring will always be a much more difficult and exacting endeavor than the 
relatively simple equilibrium static soaring in thermal shells as presently 
used by sailplanes. 

The basic principles involved in dynamic soaring by the albatross and 
the governing differential equations, as derived in this paper, can, of course, 
be directly applied to the analysis of dynamic soaring by sailplanes in various 
shear layers and regions over land. Meteorological measurements of the inten­
sity of shear layers over various terrain types, when used with the basic 
equations of Section III will clearly indicate the aero~amic properties a 
sailplane must have in order to perform dynamic soaring in a given layer and, 
more importantly, whether or not dynami.c soaring over land is feasible (from an 
aerodynamic standpoint) with any type of sailplane. In this respect, it should 
be noted that, unlike the situation in thermal soaring, the high value of wing 
loading which comes with high A values in sailplanes is no longer detrimental 
in dynamic soaring. 

Use of Gusts 

The possibility of accomplishing extended dynamic soaring with sailplanes 
in gusts does not presently appear very promising, except under certain 
specialized and infrequent wind conditions and at specific locations. The 
primary difficulty involved in gust soaring is, once again, the uncertainty of 
finding a usable gust at the time it is needed to replenish the energy supply 
of the craft. 
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... 

Inflow 

Fig. 56 Fig. 57 

Two basic sources of [:,'ll.sts are ( l) inflows to thermal shells and ( 2) 
peri odl c vortex wakes in the lee of lal"ge obstacles, as pictured in Figs. 56 
ar1d 57, respectively. In the first case, the inflow toward the thermal shell 
creates a temporary increase (or decrease) in the absolute velocity of the air 
at a given point,l5 and these resultant changes in wind speed are felt as 
gusts. In the second case, the large free-vortices created by flow separation 
behind the obstacles are carried along by the wind, and produce local gusts as 
they move past a fixed point. Thermal-induced gusts are uncertain in nature 
and difficult to find, generally, while obstacle-created gusts are limited in 
extent and require special ranges of wind speed and direction for their orderly 
prc,ductt on. 

For the case of gusts created by forming thermal shells, and for idealized 
vortex wakes, Vw(t) functions can be theoretically predicted, but experimental 
researeh on actual gust functions is needed for the various specific terrain 
locations under various weather conditions before the possibility of any useful 
gust soar Jng can be estabJished. To date, no obviouslY. useful. gust forms have 
been encoW1tered by sailplanes. However, with a more detailed knowledge of 
character1stic gust functions, the windward climb equations of Section III can 
be used to e8tabJ.1 r;h the necessary aerodynamic characteristics of sailplanes 
for ef'f.ic:tent gust soar:Lng, and to determifle the optimmn CL (t) function to be 
used for maximum altitude gain during the gusts. 

In conclus:Lon, although special 1)(;[;r;;Jb:iJ.5 ties for dynam:i c soaring in sail­
plane~, exi,[;t,, it does not appear that dynamic soarjng by man :is presently 
possibJe to any useful degree. The great complex.ity of dynamic soaring flight, 
even under t;Uffi eient meteorological conditions, will alwayf-:-> requJ re constant 
and ext.remc mancuverab1 1 i ty of the aircraft and continuout:; acti.on on the part 
of the p51ot. The ultimately useful exploitation of speciali.zed sourees of 
dynamie soarjng energy wJll depend in great measure upon carefully planned 
research ini.,:> the be(-;t methods for extractjng such energy. 

NASA-Langley, 1972 


