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a b s t r a c t 

Investigating the unique ability of frigatebirds of flying inside clouds, it is shown that they achieve a 

large energy gain by ascents to high altitudes in strong updrafts of trade cumulus clouds. Frigatebirds of- 

ten perform that kind of flight, at daytime as well as in the night. This suggests that they are capable of 

flying inside clouds in a controlled and stabilized manner. The control requirements for ascents in terms 

of a circling flight in updrafts of trade cumulus clouds are analyzed, and the necessary aerodynamic 

control moments are determined. Based on a stability investigation, it is shown that there are restor- 

ing effects which act against disturbances causing possible deviations from the circling flight condition. 

The aerodynamic moments which effectuate that stabilization are identified. Furthermore, the problem 

of neutral azimuth stability which generally exists in the flight of birds and which is the reason for con- 

tinually increasing deviations from the course is dealt with. It is shown for the circling flight mode of 

frigatebirds inside clouds that, here, deviations are small and remain constant, suggesting that a correc- 

tive control action is not required. This is particularly important for circling flight in conditions without 

a visual reference, like inside clouds. 

© 2018 Elsevier Ltd. All rights reserved. 
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. Introduction 

Frigatebirds which live in the trade wind zones north and

outh of the Equator show a flight behavior that is very specific

nd distinct compared to other birds ( Weimerskirch et al. 2003;

ennycuick, 1983 ). Though they feed exclusively at sea, frigate-

irds are unable to alight on water or to swim ( De Monte et al.,

012 ; Pennycuick, 2008 ). This way of living requires that the birds

an remain aloft continuously day and night for extended peri-

ds of time without the need to land. Such an aerial life is pos-

ible because frigatebirds have flight mechanical and aerodynamic

haracteristics appropriate for that purpose ( Pennycuick, 2008 ;

eimerskirch et al., 2016 ). This also relates to the fact that they

an sleep in flight ( Rattenborg et al., 2016 ). Further to the abil-

ty of an aerial life, frigatebirds can make use of meteorologi-

al conditions existing in their marine habitat that allow flight

t minimum mechanical energy cost ( Weimerskirch et al., 2003 ;

eimerskirch et al., 2016 ). Thus, the birds possess characteristics

hat provide them the ability to stay airborne for months and to
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ravel thousands of kilometers at low costs ( Weimerskirch et al.,

016 ). 

The meteorological conditions of the trade wind zones yield an

nergy source in terms of updrafts associated with cumulus clouds

hat frigatebirds use to ascend in order to increase flight altitude

nd, thus, to attain a potential energy gain that enables a subse-

uent glide involving flying at no mechanical energy cost. Based

n this energy gain, frigatebirds show two unique flight modes.

ne relates to the altitude region below trade cumulus clouds. The

pdrafts existing between sea-level and cloud base are compara-

ively weak ( Malkus, 1954 ) so that flapping is partially required to

upport ascending ( Weimerskirch et al., 2016 ). The other unique

ight mode of frigatebirds which is subject of this paper relates

o the altitude region inside trade cumulus clouds where strong

pdrafts exist ( Malkus, 1958 ). Here, frigatebirds ascend without

apping to high altitudes so that there is no mechanical energy

ost in achieving a correspondingly large potential energy gain

 Weimerskirch et al., 2016 ). The ascent is followed by a glide out-

ide the cloud which is also performed at no mechanical energy

ost. As a result, there is zero mechanical energy cost of the en-

ire flight cycle consisting of a non-flapping ascent and a glide. The

uestion which is the focus of this paper is how it is possible for

rigatebirds to perform regularly and safely sustained flights inside

https://doi.org/10.1016/j.jtbi.2018.03.015
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jtbi
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2018.03.015&domain=pdf
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Fig. 1. Measurement results on updraft inside trade cumulus cloud (from 

Malkus, 1954 ). The updraft speed measured inside a cumulus cloud varies across 

the cloud from large positive to zero and small negative values indicating a down- 

draft. The region of high updraft speeds, extending over half the cloud, shows val- 

ues close to 5 m/s. The horizontal extension of the cumulus cloud is 1540 m, and 

the altitude at which the data were taken is 2522 m. 
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clouds and, notably, how such demanding flights can be controlled

and stabilized since clouds are a difficult environment without vi-

sual cues and with disturbances due to high turbulence effects. 

The addressed issue relates to the more general question of

whether or not birds can perform sustained, controlled flights

inside clouds. This is subject of a number of investigations

( Pennycuick, 2008 ; Griffin, 1973 ; Able, 1982 ; Pennycuick, 1972 ;

Alerstam, 1997 ; Dinevich and Leshem, 2010 ). There are differ-

ent explanations and controversial findings and conclusions. Radar

measurement devices were used to track birds ( Griffin, 1973 ;

Able, 1982 ). Observations suggested that birds were flying in or

among clouds sufficiently opaque to impede greatly vision of the

sky or the ground. Further to radar investigations, birds appeared

to be flying within or between cloud layers, headings were ran-

dom and tracks were slightly, but significantly less straight than

when birds were flying beneath the clouds. Other observations

were concerned with thermal soaring of birds ( Pennycuick, 1972 ).

These observations show that the birds enter cumulus clouds from

the bottom, but probably do not climb far above cloudbase. There

are also more recent papers addressing issues of flight in clouds

( Pennycuick, 2008 ; Alerstam, 1997 ; Dinevich and Leshem, 2010 ).

These investigations suggest that sustained, controlled flight in

cloud is not possible for birds. 

The purpose of this paper is to show that frigatebirds have the

ability of flying inside clouds. The fact that they regularly per-

form this kind of flight, during daytime as well at night, suggests

that their flight inside clouds takes place in a controlled and sta-

bilized manner. The stability and control characteristics of their

flight inside clouds which consists of a non-flapping circling flight

mode in strong updrafts of trade cumuli are analyzed. It is investi-

gated which are the control requirements for this flight mode and

which are the stability effects that generate restoring forces and

moments. Furthermore, the problem of neutral azimuth stability

that generally exists in the flight of birds and is reason for increas-

ing deviations from a course is addressed. According to the results

obtained for the circling flight mode of frigatebirds, possible de-

viations are small and do not increase. Since the birds stay well

within an updraft if such deviations occur, no performance penalty

results, implying that a corrective control action is not required.

The findings presented in this paper suggest that frigatebirds show

a unique controlled flight mode that enables them to perform sus-

tained and stabilized flights inside clouds. 

This paper is an extension of the research performed by the

present authors and published in Weimerskirch et al. (2016) where

for the first time results on the flight of frigatebird inside clouds

were reported. In the current paper, we will examine in detail why

frigatebirds – as the only bird known – have that capability of in-

tentionally flying inside clouds and how this capability is based on

their unique aerodynamic characteristics and size/mass properties. 

2. Material and methods 

The study was carried out on Europa Island (22.3 ° S, 40.3 °E), in

the Mozambique Channel in September-November (period of in-

cubation and small chick brooding) 2011, 2012 and 2013 and in

January-March (period of large chick rearing and fledging) 2014

and 2015. Adults brooding small chicks or feeding large chicks and

juvenile birds were captured on or nearby the nests and were fit-

ted with loggers recording Tri Axial accelerometry, GPS position

and for some birds heart rates. 

A total of 19 solar-powered GPS-accelerometer (GPS/ACC,

e-obs GmbH, Munich, Germany) whose data are recovered regu-

larly by an automatic recording station were deployed. The devices

(130 × 30 × 12 mm, 30 g) were attached to the back feather with

waterproof tape (Tesa, Germany). The weight of the transmitter

was 1.88–3.55% of the frigatebirds weight. These devices were re-
overed before the birds departure migration, maximum 5 months

fter the deployment. To study the relationship between heart rate,

ctivity (flapping frequency) and behaviour (ascent rates, horizon-

al speed), 11 adult females were equipped with an external 18 g

ustom-built heart rate – accelerometer logger (Spivey and Bishop,

014) and a GPS (i-gotU GT-120, Mobile Action Technology Inc.,

aipei, Taiwan, 18 g). Birds were recaptured after one or several for-

ging trips at sea and the loggers recovered to download the data.

Details of analyses are given in Weimerskirch et al. (2016) . 

. Results and discussion 

.1. Measurement results on flights of frigatebirds inside clouds 

.1.1. Updrafts in trade cumulus clouds and energy gain feasibility 

Frigatebirds live in the trade wind zones which extend in areas

orth and south of the Equator. These zones show distinctive me-

eorological features that are essential for frigatebirds with regard

o their aerial life in terms of staying aloft for months. Cumulus

louds are a characteristic pattern of the trade winds and play a

ajor role for the flight behavior of frigatebirds. 

The most important feature for the subject under considera-

ion is that there are updrafts inside trade cumulus clouds and

hat these can be strong, featuring high speeds of the rising air

 Roll, 1965 ). Updraft speeds inside trade cumulus clouds show a

ange of ( Roll, 1965 ) 

 updra f t = 0 . 5 ÷5 m / s (1)

An example is given in Fig. 1 , based on in-flight measurement

ata ( Malkus, 1954 ). The diagram shows how the updraft speeds

re distributed across a cumulus cloud, involving a region with

igh updraft speed and a region where practically no updraft ex-

sts. 

Further to trade cumulus cloud features that are important for

rigatebirds, the cloud base is constantly at about 600 m to 700 m

 Malkus, 1958 ). Trade cumulus clouds have a horizontal extension

f about 100 m to 2 km and show a vertical thickness of about

00 m to 3 km ( Malkus, 1958 ). 

Another feature of trade cumulus clouds that is of importance

s the availability of trade cumuli in regard to time as well as to

ocation. 

With respect to the time, trade cumulus clouds exist not only

uring daytime but also at night ( Malkus, 1956 ). That differs from

umulus clouds over land which exist only during daytime and dis-

ppear at night. The fact that trade cumulus clouds show little di-
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Fig. 2. Distances achievable in glides following ascents inside cloud and ascents below cloud base. 

Legend 

Flight possibility no. 1: non-flapping ascent inside cloud to 40 0 0 m altitude and subsequent gliding flight covering a distance of 80 km 

Flight possibility no. 2: non-flapping ascent up to cloud base at 600 m, then gliding flight from cloud base to sea surface covering a distance of 12 km and 

thereafter flapping flight covering a distance of 68 km. 
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Fig. 3. Perspective view on frigatebird trajectory involving ascents and glides. The 

presented results from an in-flight measurement of a great frigatebird (Fregata mi- 

nor) show several ascents and subsequent glides. The highlighted trajectory shows 

a maximum altitude of 2052 m which is reached by an ascent inside a cumulus 

cloud. The ascent flight involves also a horizontal movement which is in the direc- 

tion of the wind, thus indicating that the bird is drifting with the wind. The glide 

following the ascent shows a flight direction which is slanting to the wind and con- 

siderably differs from that of the ascent. The overall flight direction is composed of 

a weighted combination of the directions of the ascents and the glides. 
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rnal variation is an essential feature for frigatebirds because thus

hey have always access to an energy source in terms of updrafts. 

With regard to the local occurrence, trade cumulus clouds show

asically a random distribution, or they exist in the form of cloud

treets, clusters or mesoscale arcs ( Seifert and Heus, 2013 ). There

re irregular groups or clusters of about 10 km to 50 km across and

eparated by somewhat wider clear areas ( Roll, 1965 ). 

A large distance between trade cumulus clouds is an important

spect with regard to the ability of frigatebirds to perform flights

nside clouds. This is because a large spacing of trade cumulus

louds can be bridged without a mechanical energy cost only by

 long glide that is made possible by an ascent to high altitude in-

ide a cloud. To illustrate this, the following scenario is considered

 Fig. 2 ): the altitude reached by an ascent inside a cloud is sup-

osed to be h ascent = 4 km according to in-flight measurement re-

ults presented in Weimerskirch et al. (2016) , and a maximum lift-

o-drag ratio of (L/D ) max = 20 is assumed to apply for frigatebirds.

ence, the glide distance, x glide , for which the general relation 

 glide = (L/D ) max h ascent (2a) 

olds ( Brüning et al., 2006 ), amounts to 

 glide = 80 km (2b) 

This is indicated as flight possibility no. 1 in Fig. 2 (solid line).

uch a long distance glide capability is especially important in the

ase of a wide spacing of trade cumulus clouds. By contrast, a large

nergy effort is required if the bird would not be able to fly inside

louds. This is indicated as flight possibility no. 2 in Fig. 2 (dashed

ine) according to which an ascent without flapping is possible

nly up to the cloud base of 600 m. The gliding distance is here

ot more than 12 km so that for the remaining distance of 68 km

apping is required, with result of a correspondingly high energy

ost. 

.1.2. Characteristics of frigatebird flight paths inside and outside 

rade cumulus clouds 

An illustrative presentation of the flight of a frigatebird inside a

rade cumulus cloud is given in Fig. 3 which provides a perspective

iew of the 3-dimensional motion in the air space using measure-

ent data and shows several ascents and glides. The highlighted

scent inside a cloud extends from the cloud base to an altitude of

052 m at the top of the trajectory. The movement in the horizon-

al direction appears as a straight leg that is aligned with the wind.
his is associated with the motion of the cloud which is drifting

ith the wind. The drift is due to the wind features of the trade

ind zones where persistent strong winds exist. 

Further to Fig. 3 , the highlighted ascent inside the cloud is fol-

owed by a glide outside the cloud. There is a difference in the

irection of the glide compared to that of the ascent flight inside

he cloud. This refers to the desired course in terms of the overall

ght direction which is determined by the weighted combination

f the directions of the flight portions inside and outside the cloud.

.1.3. Flight properties of frigatebirds inside trade cumulus clouds 

As reference that will be used for dealing with flight stability

nd control in the following chapter 3.2, it is shown that − and

ow − frigatebirds perform sustained flights inside clouds. It will

e substantiated that these flights are ascents which consist of a

oaring flight mode without flapping the wings. 

For dealing with the non-flapping issue, an ascent inside a

loud is presented in Fig. 4 . The time histories of wing flapping and

ltitude show that there is no flapping. An ascent without flapping
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Fig. 4. Ascent inside cloud without wing flapping. The measured altitude profile 

of an ascent of a frigatebird below and inside a trade cumulus cloud is shown. 

The altitude values were obtained from the GPS logger recording at intervals of 

1 min, with a precision of ± 5 m. Furthermore, wing flapping characteristics associ- 

ated with the flight are plotted in the upper part, presented as individual measure- 

ment points. The ascent inside the cloud is indicated by shading. Beginning of the 

ascent inside the cloud is at the cloud base which is also indicated. The wing flap- 

ping data during the ascent inside the cloud show that there is virtually no flapping 

(apart from a short interruption where the ascent is also interrupted). Non-flapping 

of the wings holds particularly for the second section of the ascent inside the cloud, 

indicated by an arrow. In this section lasting about 3 minutes, the highest climb 

rate occurs, reaching values of 4 m/s. As a result, the ascent inside the cloud is a 

non-flapping flight mode in terms of soaring in an updraft. The high climb rates 

inside the cloud contrast with the low climb rates in the altitude region below the 

cloud. Here, the climb rate shows only a fraction of the level inside the cloud (e.g., 

0.5 m/s in the indicated section for about 6 minutes). This is due to the fact that 

there are only small updraft speeds existing in the subcloud region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Asents of a frigatebird during 2 days. The distribution of ascents of a frigate- 

bird below and inside clouds during 2 days is shown. Ascents inside a cloud which 

are here of primary interest occur during daytime as well as at night. There is one 

ascent that reaches an altitude higher than 40 0 0 m. 

Fig. 6. Relationship between altitude and climb rate. Data from in-flight measure- 

ments of 8 frigatebirds that made long foraging trips at sea of more than two days 

are presented to show that frigatebirds regularly and often perform flights inside 

cumulus clouds. The presented data include 221 ascents inside clouds and 1035 

ascents below the cloud base. Further to the in-flight measurement data, the rela- 

tionship between the altitudes attained in ascents and the associated climb rates 

was determined, yielding: y = 432x + 72, R 2 = 0.539, P < 0.001. Climb rates were on 

average 0.41 ± 0.29 m/s below 600 m, and 1.86 ± 1.13 m/s above 600 m (F 1,7 = 21.2, 

P = 0.006). 

w  

t  

i  

i  

m  

c  

s  

t  

o  

T  

s  

f  

o  

t  

m

3

3

 

a  

W  

c  

o  
is only possible if there is an updraft that lifts the bird up. This

can occur below or inside trade cumulus clouds, but not outside

because no updrafts exist there. Further to ascent patterns, the al-

titude profile in Fig. 4 shows flights with low and high climb rates.

The high climb rate is at 4.0 m/s whereas the low climb rates is

at 0.5 m/s. The ascent with a high climb rate occurs in the alti-

tude region above 600 m, and the ascent with a low climb rate

is in the altitude region below. Since the base of trade cumulus

clouds is constantly at about 600 m to 700 m ( Malkus, 1958 ), it can

be concluded that ascents involving a high climb rate are inside

clouds. This is further supported by the fact that updraft speeds

below trade cumulus clouds are so low ( Siebesma et al., 2003 ;

Malkus, 1954 )) that climb rates as high as 3.0 m/s to 4.0 m/s are

impossible in that altitude region. 

A sequence of ascending flights during a longer time period is

presented in Fig. 5 . This Fig. reveals how ascents below the cloud

base and ascents inside clouds are distributed over the time for

about 2 days. As regards flights inside clouds, Fig. 5 shows that

frigatebirds perform those flights during daytime as well as at

night. The highest ascent inside clouds reaching more than 40 0 0 m

shows a demanding environment at the top of the trajectory, in-

volving freezing conditions as well as a substantial reduction of

air density and oxygen to about 50% of the values at sea level

( Weimerskirch et al., 2016 ). 

In summarizing the climb performance as well as the frequency

and regularity of frigatebird flights inside clouds, Fig. 6 shows

the relationship between altitude and climb rate for a large num-

ber of ascents. Out of a total number of 1056 ascents each of

which is indicated by a point, the number of ascents inside clouds

amounts to 221, and the number of ascents below the cloud base

amounts to 1035. As a result, a significant portion of the total num-

ber of the ascents is performed inside clouds. The altitude region
here ascents of frigatebirds inside clouds take place extends up

o the top of trade cumulus clouds. The highest ascent presented

n Fig. 6 reaches an altitude that is even beyond 4 km. Character-

stically for ascents inside clouds, the achievable climb rates are

uch larger than below clouds, yielding the following relations:

limb rates below clouds were on average 0.41 ± 0.29 m/s, and in-

ide clouds 1.86 ± 1.13 m/s (F 1, 7 = 21.2, P = 0.006). This means that

he climb rates inside the clouds are much higher, showing a factor

f almost 5 when compared with the climb rates below the clouds.

he data presented in Fig. 6 reveal that there are climb rates in-

ide clouds nearing even 5 m/s. The presented results suggest that

rigatebirds intentionally and regularly fly inside clouds. Because

f the great number of ascents inside clouds, it can be concluded

hat frigatebirds are able to do this in a controlled and stabilized

anner. 

.2. Stability and control of flight inside clouds 

.2.1. Control of circling ascents inside clouds 

Ascents of frigatebirds associated with cumulus clouds show

 flight mode consisting of circling soaring ( Pennycuick, 1983 ;

eimerskirch et al., 2016 ; Rattenborg et al., 2016 ). By means of

ircling soaring, the birds are able to exploit the narrow thermals

f cumulus clouds. This ability is supported by their exceptionally
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Fig. 7. Wind-drift circling soaring in updraft. In part (a), the ascent of a frigatebird 

inside a cloud in the form of a circling flight path is presented as seen from the 

Earth. In part (b), the motion of the bird is presented as seen from an observer 

moving with the wind. Thus, there appears no horizontal movement, and only the 

circling movement in upward direction is seen. 
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ow wing loading (for example, 4.5 kg/m 

2 for magnificent frigate-

ird compared to 8.7 kg/m 

2 for black-browed albatross) that allows

rigatebirds to fly in circles of small radius ( Pennycuick, 2008 ). 

Further to the circling flight mode of frigatebirds, there is si-

ultaneously a movement in horizontal direction. This is due to

he horizontally blowing wind that is regular and relatively strong

n the trade wind zones. Thus, the birds show a significant drift

ith the wind when circling. As an example, a flight path is pre-

ented in Fig. 3 which provides a view of how large the drift with

he wind is when ascending. Accordingly, this flight mode may be

ermed wind-drift circling soaring ( Weimerskirch et al., 2016 ). 

The flight mode of wind-drift circling soaring is graphically ad-

ressed in Fig. 7 . In Fig. 7 a, it is shown how the motion of the

ird appears from an Earth-fixed observation point to yield a ver-

ical movement in terms of circling and a horizontal movement in

erms of drifting with wind. For mathematically dealing with this

ind of circling flight, the motion of the birds is treated in the fol-

owing with reference to the wind system, as shown in Fig. 7 b. In

his system, the bird’s motion appears as a vertical circling only.

ssuming that wind and updraft speeds are constant, the wind

ystem can be used as an inertial reference system. 

The undisturbed circling flight of frigatebirds inside a cloud is

ere referred to as reference flight condition. Governing relation

or that circling flight condition is given by ( Brüning et al. 2006 ),

ith glide path angle effects neglected) 

 c = V 

2 / (g tan ϕ) (3a) 

here R c is the circling radius, V is the airspeed, g is the accel-

ration due to gravity and ϕ is the bank angle. Observations of

rigatebirds show following values ( Pennycuick, 1983 ) 

 c = 12 m 

V = 7 . 2 m / s 

ϕ = 23 . 7 deg (3b) 
Control of the undisturbed reference circling flight is ac-

omplished by roll, yaw and pitch control moments which a

ird can generate by appropriate changes of the wing shape

 Pennycuick, 2008 ). Pitch control moments are produced by

weeping the wings forward and backward. Roll control moments

re generated by pronation/supination at the wrist or humeral ro-

ation. Yaw control moments are produced by shortening one wing

o that the resulting drag vector of both wings is no longer acting

t the body center of gravity, but at a point beside it to yield a

oment about the vertical body axis. 

Lateral control in circling flight is achieved with roll and yaw

ontrol moments which are required for the roll and yaw moment

quilibrium conditions 

L = 0 

 = 0 (4a) 

o yield 

L control + (∂ L/∂ r) r = 0 

 control + (∂ N/∂ r) r = 0 (4b) 

here L is the roll moment, N is the yaw moment, r is the yaw

ate and subscript “control” is used to indicate the control mo-

ents. For expanding the relations given by Eq. (4b) , the roll and

aw moment coefficients are introduced, yielding 

C l = 

L 

ρV 

2 Ss 

 n = 

N 

ρV 

2 Ss 
(4c) 

here S is the wing reference area, s is the half span of the wing

nd ρ is the air density. Using the moment coefficient notation,

he solution for the roll and yaw control moments can be obtained

n non-dimensional form as 

C l,control = − sg sin ϕ 

V 

2 
C lr 

 n,control = − sg sin ϕ 

V 

2 
C nr (4d) 

here C lr and C nr are the derivatives of the moment coefficients

n the roll and yaw axes due to the yaw rate, given by C lr =
 C l /∂ (rs/V ) and C nr = ∂ C n /∂ (rs/V ) . There is also a pitch control

oment input which the birds are supposed to be able to gen-

rate and which is not considered here. The roll and yaw control

oments, C l,control and C n,control , are set at constant values in terms 

f trim moments which describe the reference control status. 

The question is how frigatebirds can maintain that reference

ircling flight in an environment that shows various effects influ-

ncing the motion and its control. Two conditions inside cumulus

louds are dealt with: Increased turbulence, and lack of visual cues.

a) An exemplary case of an increased turbulence level is graph-

ically addressed in Fig. 8 which presents results on turbu-

lence in- and outside a cumulus cloud from in-flight mea-

surements ( Malkus, 1954 ). The turbulence index shows how

the turbulence level is increased inside the cloud compared

to the region outside the cloud. 

b) There is a lack of visual cues inside clouds. Thus, no visual

cues are available for a frigatebird to acquire an orienta-

tion in space. Visual contact with the surface of the Earth

is lost, and the horizon is not usable as a reference. Vi-

sion is the primary sense used to maintain equilibrium in

birds (e.g., Warrick et al., 2002 ). In aerial vehicles, gyroscopic

type instruments provide information on angular velocity

and angular position so that spatial orientation in clouds

is feasible. However, no biological sense organ providing a

similar information is known in birds ( Pennycuick, 2008 ).
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Fig. 8. Measurement results of turbulence in- and oudside trade cumulus cloud 

(same case as in Fig. 1 ). The turbulence index in- and oudside a trade cumulus 

cloud is presented, using measurement data given in Malkus (1954) . The turbu- 

lence reaches high values inside the cloud, with considerable variations across the 

cloud. Compared with the conditions outside the cloud, the turbulence level inside 

the cloud is much higher. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Spiral mode. The spiral mode is a mode of motion involving changes in 

the bank angle, ϕ, the yaw rate, r, and the sideslip angle, β , associated with a 

lateral displacement, y , from the reference flight path. The scenario presented in 

Fig. 8 refers to the development of the bank angle deviation �ϕ and the lateral 

displacement y in terms of increasing values caused by a disturbance acting on the 

bird. The scenario with increasing values would correspond to an instability of the 

spiral mode, showing a continual growth of �ϕ and y . 
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It is assumed that sustained, controlled flight in cloud is

not possible for birds ( Pennycuick, 2008 ; Pennycuick, 1972 ;

Dinevich and Leshem, 2010 ; Alerstam, 1997 ). 

A result of turbulence is that there are disturbance effects act-

ing on the bird. According to the turbulence characteristics graph-

ically presented in Fig. 8 , the disturbance effects can be stronger

inside clouds compared to outside clouds. A consequence of turbu-

lence effects can be deviations from the reference flight path that

the bird wants to follow. This is a matter of flight stability and con-

trol. While stability involves an inherent capability to act against

deviations and to restore the flight condition existing before the

disturbance, control means that the bird exerts purposeful control

moments in pitch, roll or yaw aimed at counteracting the distur-

bances. The following sections address these issues and describe

a mechanism that would allow a frigatebird to maintain circling

flight in such a difficult environment. 

3.2.2. Circling flight stability and control 

Flight stability is determined by the modes of motion which

include the short period, phugoid, roll subsidence, Dutch roll and

spiral mode ( Cook, 2007 ). It can be assumed that the short period,

the phugoid and the roll subsidence are inherently stable modes

of motion ( Thomas and Taylor, 2001 ; Taylor and Thomas, 2002 ;

Sachs, 2009 ; Sachs, 2007 ). This also holds for the Dutch roll though

the birds are lacking a vertical tail which is an essential component

for yaw stability ( Sachs, 2007 ). Other than these modes, the spiral

mode can show stability or instability. This is an issue for frigate-

birds flying inside clouds. 

Disturbances acting on a frigatebird produce deviations in the

motion quantities from the circling reference flight condition dealt

with above. Possible deviations from the reference circling trajec-

tory manifest in the excitation of the spiral mode. An illustrative

presentation of the spiral mode is given in Fig. 9 which shows how

a lateral displacement ( y ) associated with a bank angle ( �ϕ) de-

velops in the case of instability. 

For dealing with the described scenario, it is assumed that the

motion of a non-flapping bird can be dealt with in a similar way as

the motion of a soaring aerial vehicle. Furthermore, for modelling

the spiral mode, reference is made to a system associated with the

wind which can be used as an inertial reference system assuming

constant updraft and wind speeds. The equations of motion de-

scribing the spiral mode involve relations for sideward forces, roll
oments and yaw moments ( Cook, 2007 ), yielding 

mg�ϕ − mV �r = 0 

(∂ L/∂ β)�β + (∂ L/∂ ˙ ϕ )� ˙ ϕ + (∂ L/∂ r)�r = 0 

(∂ N/∂ β)�β + (∂ N/∂ r)�r = 0 (5a)

here m is the mass of the bird, β is the sideslip angle and ˙ ϕ 

s the time derivative of the bank angle. The quantities �r, �β
nd �ϕ are the deviations from the corresponding quantities of

he reference circling flight condition described by Eq. (4a) . Ap-

ling the moment coefficient notation according to Eq. (4c) , these

elations can be expressed in non-dimensional form as 

�ϕ − (V/g)�r = 0 

C lβ�β + C l p (s/V )� ˙ ϕ + C lr (s/V )�r = 0 

C nβ�β + C nr (s/V )�r = 0 (5b)

here the stability derivatives C lβ , C nβ and C l p are given by C lβ =
 C l /∂ β , C nβ = ∂ C n /∂ β and C l p = ∂ C l /∂(ps/V ) , respectively. 

The solution of the differential equation system Eq. (5b) shows

hat the spiral mode is of aperiodic nature. This yields for the bank

ngle 

ϕ = A ϕ e 
s s t (6)

here t is the time and A ϕ is a constant. The exponent s s is the

igenvalue of the spiral mode and describes the time behaviour. It

s decisive for the stability of the motion, yielding as criterion for

tability 

 s < 0 (7)

Examining Eq. (5b) , s s can be obtained to yield 

 S = − g 

V 

C lr C nβ − C lβC nr 

C l p C nβ
(8)

s a result, the stability of the spiral mode is determined by the

elationships of the stability derivatives occurring in that expres-

ion. The stability derivatives show typical signs ( Schlichting and

ruckenbrodt, 2001 ). It is assumed that the following relationships

old for frigatebirds 

 lr > 0 , C lβ < 0 , C nr < 0 , C nβ > 0 , C l p < 0 (9)

hus, for the stability criterion of the spiral mode 

 lr − C lβC nr / C nβ < 0 (10)

n the assumption that C lr is smaller than the remaining term, the

piral mode can be regarded to be stable. 

In addition to these basic stability characteristics, there is a

nique combination of aerodynamics and size/mass properties in

rigatebirds further improving the stability of the spiral mode. The

erodynamics property is relating to the form of the wings which

eature a rather distinctive shape. As shown in Fig. 10 , wings of

rigatebirds are swept at the outer part which has a comparatively
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Fig. 10. Sweep in wings of frigatebirds. Frigatebirds have a distinct wing form. One 

feature is that the outer part of the wings is highly swept. The sweep angle denoted 

by λsweep can reach considerable values, in the case shown λsweep = 23 deg . Sweep 

in wings has a strong influence on the stability derivative C lβ which, in turn, af- 

fects the stability of the spiral mode. In the case of frigatebirds with positive sweep 

( λsweep > 0 ), there is an effect contributing to stability of the spiral mode. 
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Fig. 11. Deviations in heading angle and flight path due to disturbances acting at 

bird in straight flight. A deviation in the heading angle from the desired course, 

�χ , yields a change in the flight path in terms of a translational displacement, y . In 

the case of straight flight shown here with constant �χ , the translational displace- 

ment continually increases. For stopping the translational displacement increase or 

for returning to the desired flight path, an appropriate corrective control action is 

necessary. If there are no cues for perceiving the deviation, a corrective control ac- 

tion cannot be made, and it cannot be avoided that the translational displacement 

continues to increase. 
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igh sweep angle of about 20 deg or even more. Sweep in wings

ields an increase of the stabilizing influence of C lβ for which the

ollowing relation holding for constant-chord swept wings is in-

icative ( Schlichting and Truckenbrodt, 2001 ) 

 lβ = −(κ/ A + ηL tan λsweep ) C L (11)

here λsweep is the sweep angle, C L is the lift coefficient, ηL is the

ateral distance of the lift center of a wing from the symmetry

lane, A is the aspect ratio and κ relates to the wing end form

 κ = 3 / 2 for a straight wing end and κ = 1 . 0 for a rounded one).

ccording to Eq. (8) , an increase of C lβ in negative direction in-

reases the magnitude of s s . An increased magnitude of s s means

hat the restoring, stabilizing action in case of a disturbance is

peeded up. This can be understood as a higher level of stability. 

The other property of frigatebirds promoting spiral mode sta-

ility addressed above is wing loading, mg/S. According to Eq. (8) ,

 s is proportional to the inverse of V , i.e. s s ∼ 1 /V . Using the lift

xpression in circling flight (with load factor n ) 

 L (ρ/ 2) V 

2 S = nmg (12)

or replacing V , the following relation equivalent to s s ∼ 1 /V is ob-

ained 

 S ∼1 / 
√ 

mg/S (13) 

his relation shows that the magnitude of s s increases with a de-

rease in wing loading, mg/S. As a result, a low wing loading leads

o a higher level of stability. Since frigatebirds have a very low

ing loading ( Pennycuick, 2008 ; Norberg, 2002 ), they profit from

his in terms of a higher stability level. 

To sum up, stability of the spiral mode provides an inher-

nt restoring capability in terms of forces and moments that act

gainst deviations. Thus, the reference flight condition can be re-

tored, without needing a control action. 

.2.3. Effects of neutral azimuth stability on flight inside clouds 

There is a further topic important for the flight of frigatebirds

nside clouds. It is the ability to hold the course in a certain direc-

ion, given by the azimuth angle. This particularly applies to flights

t zero visibility and without a visual reference, as it is the case in-

ide clouds. 

The azimuth angle is the motion quantity that describes the

ourse of a bird. Thus, it is an important quantity for directional

rientation and navigation. With regard to straight and level flight,

he following relation which can be obtained from motion quanti-

ies described in Eq. (6a, b) holds for the azimuth angle 

= 

∫ 
r d t + β (14) 

ccording to this relation, there are no restoring force or moment

ffects if a deviation in the azimuth angle occurs. Correspondingly,
ying objects, be it birds or aircraft, have basically no inherent sta-

ility with respect to the azimuth angle. Rather, they feature only

eutral stability ( Cook, 2007 ). Neutral azimuth stability means that

 perturbation in the azimuth angle results in a deviation from the

esired course. This deviation is maintained in the steady-state be-

ause there is no inherent force or moment that act against it in

rder to restore the azimuth state before the perturbation. 

Neutral azimuth stability is an issue for straight flight. This no-

ably holds for migrating birds trying to keep course in a given di-

ection. With regard to straight flight, a consequence of a deviation

n the azimuth angle is that there is a translational displacement

rom the desired flight path that continually increases, as graph-

cally addressed in Fig. 11 . The translational displacement can be

escribed by 

 = 

∫ 
V sin �χ d t (15a) 

here �χ is the azimuth deviation. In the case of a constant

zimuth deviation, the increase of the translational displacement

rom the desired flight reads 

 = V sin �χ · t (15b) 

hus, an active control input counteracting the deviation is nec-

ssary to reduce the translational displacement to zero. For being

ble to exert a corrective control input, a reference for the desired

ight path is required. 

In visual flight conditions, there is a reference for the de-

ired flight path so that a corrective control action appropriate for

estoring the desired azimuth and course can be performed. When

ying inside clouds, however, visual references are not existent.

herefore, birds would have to rely on other cues and a sense or-

an that could provide the respective information of azimuth (for

xample, a magnetic sense). Without a reference that provides the

equired precision, a corrective control action does not lead to the

ntended goal. As a result, a translational displacement from the

esired flight path would continually increase. All in all, sustained

nd controlled flight inside clouds is assumed not to be possible

or birds ( Pennycuick, 2008 ). 

Concerning circling flight of frigatebirds inside trade cumulus

louds, the relationship between an azimuth angle deviation and

 change in the flight path is basically different from that existing

n straight flight. This is graphically addressed in Fig. 12 where a

ircling flight scenario is presented. In Fig. 12 a, a perspective view

n the flight path before and after a translational displacement is

epicted. In Fig. 12 b which is used for modelling the translational
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Fig. 12. Deviations in heading angle and flight path due to disturbances acting at 

bird in circling flight. In part (a), a perspective view on a circling flight path is pre- 

sented, showing the effect of a deviation in the heading angle, �χ . Contrary to 

the straight flight scenario considered before, the translational displacement asso- 

ciated with �χ does not continually increase in the case of circling flight, but is 

limited and stays at a fixed value. The reason for the limitation is that the change 

of the speed direction given by �χ leads only to a constant offset between the cir- 

cling flight paths before and after the �χ deviation. In part (b) which presents a 

topview on the displacement of the circling flight paths before and after the �χ

deviation, the constant offset scenario is graphically addressed in more detail. It is 

shown how the heading angle change �χ manifests in a change of the direction of 

the speed. The speed direction change yields a continuation of the flight such that 

the circling mode is maintained, with the circling center translationally shifted by 

an amount that is limited and constant. That amount can be described by the shift 

components �χcenter and �y center each of which is constant. 
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displacement, a topview of the circling flight is presented where

the condition before an azimuth deviation �χ is indicated apply-

ing dotted lines (flight path and speed), while solid lines are used

for the flight thereafter. The speed direction change given by the

azimuth deviation �χ leads to an offset of the circling flight path

in the lateral and longitudinal directions. This can be described by

the following relations 

�x center = R c (1 + sin �χ) 

�y center = R c cos �χ (16)

where �x center and �y center are the offsets of the circling center

and R c is the circling radius given by Eq. (3a) . The translational

displacement in terms of �x center and �y center does not increase,

but is limited and remains constant. This constancy in the trans-

lational displacement is due to the circling motion which prevents

that �x center and �y center increase. Thus, there is a fundamental

difference from straight flight. As a result, the bird can continue

circling after a disturbance at a position that is adjacent to the for-

mer circling. 
With regard to the translational displacement that may occur

uring circling flights of frigatebirds inside clouds, the size of the

ircling radius in relation to the horizontal extension of cumulus

louds is important. According to Eq. (16) , the translational dis-

lacements �x center and �y center are the smaller the smaller the

ircling radius. Frigatebirds have an advantage because they feature

 low circling radius which is small when compared with other

irds. This is due to their low wing loading, mg/S. Observations re-

eal that the circling radius of frigatebirds is of the order of 10 m

 Pennycuick, 1983 ; Pennycuick, 2008 ). Compared to this, updrafts

n trade cumulus clouds show horizontal extensions that are much

arger (for example, the horizontal extension of the updraft pre-

ented in Fig. 1 is about 10 0 0 m). Therefore, a limited translational

isplacement in the circling motion as shown in Fig. 10 can well

tay within the updraft of a trade cumulus cloud. As a result, a

ircling ascent inside a cumulus cloud can be continued after an

zimuth deviation without the necessity of a corrective control ac-

ion. This implies that there is no energy gain penalty. 

eferences 

ble, K.P. , 1982. The effects of overcast skies on the orientation of free-flying noctur-
nal migrants. In: Papi, F., Wallraff, H.G. (Eds.), Avian Navigation. Springer, Berlin

Heidelberg, pp. 38–49 . 
lerstam, T. , 1997. Bird Migration. Cambridge University Press . 

rüning, G. , Hafer, X. , Sachs, G. , 2006. Flugleistungen, 4th Ed. Springer-Verlag, Berlin,
Heidelberg, New York . 

ook, M.V. , 2007. Flight Dynamics Principles, 2nd ed. Elsevier . 
De Monte, S. , Cotté, C. , D’ovidio, F. , Lévy, M. , Le Corre, M. , Weimerskirch, H. , 2012.

Frigatebird behaviour at the ocean-atmosphere interface: integrating animal be-

haviour with multi-satellite data. J. R. Soc. Interface 9, 3351–3358 . 
inevich, L. , Leshem, Y. , 2010. Radar monitoring of seasonal bird migration over

central Israel. The Ring 32 (1-2), 31–53 . 
riffin, D.R. , 1973. Oriented bird migration in or between opaque cloud layers. Proc.

Am. Philos. Soc. 117 (2), 117–141 . 
alkus, J.S. , 1954. Some results of a trade-cumulus cloud investigation. J. Meteorol.

11, 220–237 . 

Malkus, J.S. , 1956. Trade winds and trade wind clouds. Oceanus IV (3), 8–12 . 
Malkus, J.S. , 1958. On the Structure of the Trade Wind Moist Layer. Published by

Massachusetts Institute of Technology and Woods Hole Oceanographic Institu-
tion Vol. XIII, No. 2 . 

orberg, U.M. , 2002. Structure, form, and function of flight in engineering and the
living world. J. Morphol. 252 (1), 52–81 . 

Pennycuick, C.J. , 1972. Soaring behaviour and performance of some East African

birds, observed from a motor-glider. Ibis 114 (2), 178–218 . 
ennycuick, C.J. , 1983. Thermal soaring compared in three dissimilar tropical bird

species, Fregata magnificens, Pelecanus occidentalis and Coragyps atratus. J. Exp.
Biol. 102, 307–325 . 

Pennycuick, C.J. , 2008. Modelling the Flying Bird. Academic Press . 
Rattenborg, N.C., Voirin, B., Cruz, S.M., Tisdale, R., Dell’Omo, G., Lipp, H.-P., Wikel-

ski, M., Vyssotski, A.L, 2016. Evidence that birds sleep in mid-flight. Nat. Com-

mun. 7, 12468. doi: 10.1038/ncomms12468 . 
oll, H.U. , 1965. Physics of the Marine Atmosphere. Academic Press Inc., New York . 

Sachs, G. , 2007a. Unique Properties of Lateral-Directional Stability and Control in
Birds. In: Proceedings of the 45th AIAA Aerospace Sciences Meeting and Exhibit.

Reno, USA. AIAA-20 07-0 040, pp. 1–12. 8.-11 Januar 2007 . 
achs, G. , 2007b. Why birds and miniscale airplanes need no vertical tail. J. Aircraft

44 (4), 1159–1167 . 

achs, G. , 2009. Speed stability in birds. Math. Biosci. 219, 1–6 . 
chlichting, H. , Truckenbrodt, E. , 2001. Aerodynamik Des Flugzeuges, 2, 3rd ed.

Springer, Berlin Heidelberg New York . 
eifert, A. , Heus, T. , 2013. Large-eddy simulation of organized precipitating trade

wind cumulus clouds. Atmos. Chem. Phys. 13, 5631–5645 . 
Siebesma, A.P. , et al. , 2003. A large eddy simulation intercomparison study of shal-

low cumulus convection. J. Atmos. Sci. 60 (10), 1201–1219 . 

aylor, G.K. , Thomas, A.L.R. , 2002. Animal flight dynamics II. Longitudinal stability
in flapping flight. J. Theor. Biol. 214, 351–370 . 

homas, A.L.R. , Taylor, G.K. , 2001. Animal Flight Dynamics I. Stability in Gliding
Flight. J. Theor. Biol. 212, 399–424 . 

arrick, D.R. , Bundle, M.W. , Dial, K.P. , 2002. Bird maneuvering flight: blurred bod-
ies, clear heads. Integr. Comp. Biol. 42, 141–148 . 

Weimerskirch, H. , Chastel, O. , Barbraud, C. , Tostain, O. , 2003. Frigatebirds ride high
on thermals. Nature 421, 333–334 . 

eimerskirch, H. , Bishop, C. , Jeanniard-du-Dot, T. , Prudor, A. , Sachs, G. , 2016. Frigate

birds track atmospheric conditions over months-long transoceanic flights. Sci-
ence 353 (6294), 74–78 . 

http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0010
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0010
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0012
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0012
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0018
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0018
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0018
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0018
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0024
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0024
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0003
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0003
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0003
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0003
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0003
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0003
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0003
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0013
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0013
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0013
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0009
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0009
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0007
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0007
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0016
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0016
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0008
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0008
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0022
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0022
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0011
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0011
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0002
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0002
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0004
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0004
https://doi.org/10.1038/ncomms12468
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0014
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0014
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0028
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0028
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0029
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0029
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0027
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0027
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0030
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0030
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0030
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0017
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0017
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0017
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0019
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0019
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0019
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0026
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0026
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0026
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0025
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0025
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0025
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0023
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0023
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0023
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0023
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0001
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0001
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0001
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0001
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0001
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0005
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0005
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0005
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0005
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0005
http://refhub.elsevier.com/S0022-5193(18)30129-2/sbref0005

	Flight of frigatebirds inside clouds - energy gain, stability and control
	1 Introduction
	2 Material and methods
	3 Results and discussion
	3.1 Measurement results on flights of frigatebirds inside clouds
	3.1.1 Updrafts in trade cumulus clouds and energy gain feasibility
	3.1.2 Characteristics of frigatebird flight paths inside and outside trade cumulus clouds
	3.1.3 Flight properties of frigatebirds inside trade cumulus clouds

	3.2 Stability and control of flight inside clouds
	3.2.1 Control of circling ascents inside clouds
	3.2.2 Circling flight stability and control
	3.2.3 Effects of neutral azimuth stability on flight inside clouds


	 References




