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ABSTRACT

In cumulus convective atmospheres the most significant length scale of vertical motion is of cumulus draft
size—of horizontal lengths two to four orders of magnitude less than the synoptic scale and of magnitude
one to three orders greater. This draft motion on scales between the gust and synoptic motion has been
least investigated. The purpose of this paper is to propose a new method of calculating draft velocities from
aircraft and present results of calculations with this method in hurricanes.

An aircraft Doppler radio navigation instrument which is capable of measuring horizontal wind variations
to a space resolution of a fraction of a nautical mile can be employed with other instruments to measure an
aircraft’s pitch angle changes. From this determination, along with other standard aircraft measurements
such as radar and pressure altitude, power setting, etc., it is possible to make determinations of average ver-
tical air motion to space resolutions of 0.4 to 0.7 nautical miles.

Calculations of vertical motion are performed along a number of radial leg flight tracks flown by the
National Hurricane Research Project B-50Q aircraft during the 1958 season with the above method. Typical
draft velocity was 5~13 knots and draft widths 1-3 nautical miles. Maximum derived gust velocities within
the drafts were typically in the range of 5-15 knots. Comparison of results with those of the Thunderstorm
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Project is made. Vertical accelerometer data are also presented.

1. Background and purpose

Most meteorologists have realized that in cumulus
convective atmospheres the most significant length scale
of vertical motion is of cumulus draft size. Due to the
lack of proper instruments for accurate measurements,
this scale of vertical motion has been least investigated.
But from the meteorological point of view this scale of
vertical motion may be most responsible for the im-
portant vertical mass, energy, and momentum trans-
ports occurring in the convective atmosphere (Riehl
and Malkus, 1958; Riehl, 1961; Malkus, 1961).

The Thunderstorm Project (Byers and Braham,
1949) has been the only systematic investigation of
draft scale vertical motion. Vertical draft velocities
were approximated from aircraft altitude changes under
specific flight conditions. Few direct measurements or
calculations of vertical motion have been made over
oceans or in storm systems such as the hurricane; yet
the importance of cumulus convection in the hurricane
far surpasses that of any other synoptic-scale storm
system.

Beginning in 1955, the U. S. Weather Bureau began
instrumentation of two Air Force B-50 and one B-47 air-
craft to investigate the meteorological parameters of
the hurricane. Recent instrument developments such
as the Doppler radio navigation system make this the
first systematic investigation of the meso- and micro-
scales of motion in which accurate detailed wind ob-
servations are obtainable. The hurricane radial leg

penetrations which were flown (Fig. 1 is typical) by
the National Hurricane Research Project during the
1957-58 seasons were mostly executed at constant

FLIGHT TRACK
CLEO 18 AUG
560 mb

F16. 1. Typical hurricane flight track,
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power setting and heading. Recordings of rpm and mani-
fold pressure of each B-30 engine are available from
photopanel data recorded every two to five seconds
(usually every two seconds near the storm center).
These recordings give the power changes. Aircraft
heading and indicated airspeed (IAS) were also re-
corded at the same_time intervals on the photopanel.
Engineer’s flight logs of fuel burnoff are available every
hour.

Wind velocities were computed and recorded by an

reference line
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ASN-6 analogue computer and a General Precision
Laboratory AN/APN-82 radio navigation system which
employed the Doppler shift principle. Radar Altitude
(RA) and Pressure Altitude (PA) were also recorded.
As observations are taken over water, accurate RA
measurements are possible—unhindered by irregular
topographic variations experienced over land. National
Aeronautics and Space Administration’s Velocity,
Gravity, Height (VGH) continuous recordings (Rich-
ardson, 1951) of TAS, PA, and aircraft vertical accelera-
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tion were also taken on most of these flights (Fig. 2).
The University of Chicago Cloud Physics Group re-
corded continuous values of liquid water by paper tape
and hot wire over a large portion of the middle tropo-
spheric radial flight legs (Ackerman, 1962). Fig. 3 is a
plotted portrayal of the typical data available on a
majority of the middle tropospheric flight legs.

Never before have so many meteorological observa-
tions been so systematically collected on a selective
class of storm systems. These observations are unique
in that wind variations and accurate RA values are for
the first time simultaneously available in large numbers
on the meso- and microscales of motion. These measure-
ments offer a means of calculating average vertical air
motion to resolutions (0.4-0.7 n mi) not previously
attainable. The purpose of this study is to describe this
method and present results of vertical motion computa-
tions within hurricane cumulus and cumulonimbus
clouds.

Statement of problem. To measure vertical air motion
from an aircraft, two determinations must be made:

(1) the vertical motion of the aircraft relative to the
ground, and

(2) the vertical motion of the air relative to the
aircraft.

The sum of these two measurements gives the vertical
air motion relative to the ground.

2. Computational method

The vertical motion of the aircraft relative to the
ground is obtained from time differentiation of the
pressure altimeter, modified by the absolute (or radar)
altimeter, when the horizontal pressure gradient was
significantly large. To describe the method of calculat-
ing the vertical motion of the air relative to the aircraft,
a short discussion of the aerodynamic theory must be
given.

Aerodynamic theory. From the aerodynamic theory of
aircraft flight (Duncan, 1952), the lift (L) and drag (D)
acceleration of an aircraft, when the aircraft is con-

AIRFOIL AT EQUILIBRIUM
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Fic. 4. Airfoil at equilibrium—no vertical motion.
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sidered from the particle dynamic point of view is

L=1/2pV 2SC 1/, (1)

D=1/2pV 25C p; a1, (2)

where

L=1ift acceleration,
D=drag acceleration,
p=air density,
S=effective wing area of aircraft,
C1=coefhicient of lift,
Cp=-coefficient of drag,
M =mass of aircraft at time equations are applied,
V,=true airspeed of aircraft.

Equilibrium values of lift (L.) equal to gravity (g)
[L=1/2pV2SCr;ir=¢g] and drag (D) equal to thrust
(T) [D.=1/20V 2SCp;sm=T] acceleration can be de-
fined at the places where the B-50 flew with constant
values of power setting, V,, heading, and altitude.
The observed values of V, at these places are similarly
defined as equilibrium values of true airspeed (V).

The pitch angle (6) of the aircraft is defined as the
inclination of its longitudinal axis to the horizontal;
the angle of attack (o) as the inclination of the aircraft’s
longitudinal axis to the relative wind blowing into the
ajrcraft. Over short periods of 8-10 minutes of flight
at constant power setting and plane heading, equilibrium
conditions of 8 and & (Fig. 4) may be considered locally
constant-—due to the slow percentage fuel burnoff rates.
These equilibrium conditions will be denoted 6., and
o, Equilibrium conditions are not present when the
plane enters areas where vertical motion is occurring.
Here the actual pitch (f,) and actual angle of attack
(aq) differ from the equilibrium values by deviational
amounts 64 and g (Fig. 5). Deviational values of 0, a,
and V; are then defined as

0a=0,— 9e> (3)
A= Qa Uy (4)
Vi=Vie—Vie (5)

AIRFOIL IN AN UPDRAFT

Fic. 5. Airfoil in an updraft.
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At places of equilibrium, 84, aq, and V;e=0; and 6,=6,,
Qa=0, Vo=V Over short periods of time, changes of
actual values equal changes of deviational values—due
to the constancy of the equilibrium values. No vertical
alr motion is occurring when equilibrium conditions
exist. By defining deviations from their equilibrium
values, phugoidal effects are eliminated.

Incremental deviations of lift (AL) and drag (AD)
acceleration from the equilibrium values of L and D
can then be expressed (Duncan, 1952) as

pS dCL
AL= 1/2E<Vt2 a2V, th), (6)

104

dCp
aq+2V.Co th), @

oS
AD=1/ 2—( Ve

M do
where

dC1r/da=change of coefficient of Lift with change of
angle of attack (=35.1),

dCp/da=change of coefficient of Drag with change of
angle of attack (=0.4),

“and other symbols as previously defined.

Vertical motion equation. If the deviations of aircraft
pitch and angle of attack from their equilibrium values
can be obtained, then by geometry (Fig. 5) the vertical
motion of the air relative to the aircraft is given by the
expression V(ag=6,). The vertical air motion relative
to the sea’s surface for small angles is thus

w(air) =V (ea—04)+W,, )

where W ,=the vertical motion of the aircraft. Meas-
urement of aq and 84 were not made. The problem then
becomes one of calculating these values.

Determination of g and 83. When the aircraft flies at
constant power setting and heading, and equilibrium
values have been determined, then the vertical and
horizontal equations of motion for the aircraft are
given by

dba
AN=AL—V—+WIL, )
il
AV dU
~——AD—g8,—~ WD, (10)
a

where

AN =vertical acceleration of aircraft measured at

its center of gravity,
d8q/dt=rate of change of aircraft’s deviational pitch
angle, :

W L=vertical acceleration from rising or falling
liquid water striking aircraft. Positive for
rising liquid water,

WD=drag acceleration from liquid water striking
aircraft,
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dVa/dt=rate of change of deviational true airspeed,!

dU/dt=rate of change of wind component on plane’s
nose. Positive backward,

AL, AD=incremental Lift and Drag as defined in (6)
and (7).

Ackerman’s (1962) paper tape liquid water measure-
ments along the same radial legs here studied give
maximum one second values of 8~9 gm m—3 and maxi-
mum 5~10 second average values of 4-5 gm m™3. The
accelerations produced on the over 105-1b aircraft by
these liquid concentrations are of insignificant magni-
tude compared with the other terms of (9) and (10).
Disregarding WL and WD and expanding AL and AD
in the form of (6) and (7) the two above equations
become

oS dCy dby
AN=1 /2—( Vi—adt2V.CLV td> —Ve—, (1)
M dt
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av,

—— /20—

al pS( dCp
dt  dt

Vi—ast+2VCh th) —ga. (12)

Q

All quantities of (11) and (12) are measurable from the
aircraft’s recorded observations or known independently
from its flight tested characteristics, except aq and 6,.
These equations can each be solved for ey, and a new
differential equation set up in the one unknown 6,. Thus

d8, dVi dU
'——+K10d= —K2< ——_+K3AAT-—K4VM), (13)
dt dt dat
where
2dC1/da dCp/da
U VdCo/da 0 dCi/da
% dCr/da pSVt(CLdCD/da )
Y VdCp/da M\ dCijda
or
dfq
—-+K104=A, (14)
dt
where

dVie daU
A=—K2( ———+K3AN—K4VM).
dt  dt

Due to the AN/APN-82 instrument response time,
it is necessary to evaluate dU/d! over selected time
intervals of at least 5-10 seconds (see Appendix). This
limits the time resolution to which (13) can be applied.
Over 5-10 second intervals the four k-coefficients in
(13) can be considered constant within a few per cent.
These coefficients were evaluated from Boeing aircraft
recorded B-50 instrumental flight test characteristics.

1 The aircraft’s horizontal momentum inhibits it from in-
stantaneously adjusting its airspeed to large and rapid horizontal
wind speed changes.
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The gust scale turbulent nature of the atmosphere
(150-300 m wavelength) in convective areas indicates
that values of AN, (QU/dY), (dVa/dt), V4 often vary
by an order of magnitude and change their sign over
5-10 second intervals. The magnitude of A thus shows
large fluctuations over these intervals and is of the
general character shown in Fig. 6.
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Fig. 6. Tllustrating typical variations of 4 parameter over the time
intervals Af, and mean values of A (denoted 4).

These gust-scale wind gradient values could not be
measured. The response of the airspeed meter and
AN/APN-82 is such as to give only average values of
(dU/dt)y and (dV.4/dt) over 5-10 second intervals. AN
values tend to cancel themselves over this interval.
The K4V term does not significantly affect A. The
primary contributors to A are the measured average
values of (dU/dt) and (dV./dl). When these average
values of 4 over 5-10 second intervals have been de-
termined from the instrument recordings, (14) may
be solved for the mean value of 6, over this interval
(denoted 8,), thus

_ 1 AN f1—e Kt
A
Kl K] 4

t=time of interval under consideration in seconds,

(13)

where

84,=the value of 84 at the beginning of the time interval
when =0,

Fig. 7 portrays the typical variation relationships be-
tween 04, 0o, 84, and A over time intervals of 5, 8 and 10
seconds.? For most airspeeds flown, K; was nearly 1. Val-

2 The term A is itself a function of time and cannot explicitly

be constant in evaluation of 8, However, if the value of A4 over
the 5-10 second interval under consideration possesses the char-
acteristic fluctuations shown in Fig. 6, then the above evaluation

is a satisfactory approximation of 64 to within a few per cent.
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ues of (1—e~X1%)/sat ¢ values of 5 and 10 seconds are ap-
proximately 0.2 and 0.1. The [640— (4/K1)J(1—eF1/1)
term is significant in the computations only when 84,
and A are of opposite sign or of quite different magni-
tudes. It usually contributed less than 10-15 per cent
to the average value of 64 64 approaches 4 with in-
creasing time interval (Fig. 7).

Substitution for draft scale vertical motion. Once mean
values of 6, over the 5-10 second intervals have been
determined, they can be substituted in (12) and mean
values of ag determined over the similar interval. These
values may in turn be substituted into (8) and together
with the earlier determination of W ,, the mean vertical
air velocity over flight time interval of 5-10 seconds
(0.4-0.7 n mi) obtained. The aircraft traveled at ap-
proximately 250 knots. Values of & were always within
+0.2°, while values of 8; ranged up to ==3-4°. To a
close approximation then,

w(air)=—VBa+W,, (16)
where the — (bar) signifies mean value over the 5-10
second interval. Since draft velocities possess charac-
teristic widths of 1-3 n mi, a resolution to 0.4-0.7 n mi
should describe a major portion of the vertical draft.

Acceleration measurements. Vertical gust velocities
with characteristic widths of a hundred meters may be
approximated with respect to the environmental draft
motion with the derived gust velocity formula (Pratt
and Walker, 1954) developed by NACA Gust Loads
Section (now NASA Structural Dynamics Branch).
This formula defines the derived gust as

20N M

—_ (17)
005dC1/daViK,

Uder=

This has been assumed in the evaluation of 84 in (15). Only if the
value of 4 over the 5-10 second time interval took on the char-
acter of a delta function, would the evaluation of 84 by (15) be
significantly in error, Numerical averaging of 4 over 5-10 second
intervals under assumed, widely variable variations of V., U
AN have verified the above assumption of near constancy of 4.
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F1c. 7. Portrayal of typical values of 84, 64, A, and 04,
between selected computation time intervals.
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where K, is the gust factor (=0.72), Vr=Indicated
airspeed and the other symbols are as in previous
equations.

The wvertical component of the measured gust is
primarily responsible for the vertical acceleration of the
aircraft and the value of #g4... The vertical acceleration
may also be effected by the gust’s horizontal component,
but this can only account for about a quarter of the
observed vertical acceleration. Pilot maneuver has a
different characteristic frequency and can usually be
eliminated from the calculations.

Once these gusts have been approximated by the
derived gust formula, they might be superimposed on
the draft scale vertical motion already computed. This
will give an approximate comparison of the two scales
of motion, even though the derived gust may not be closely
equivalent to the atmospheric gust. Fig. 8 portrays typical
calculated values of vertical draft motion before and
after derived gusts have been superimposed.

Determination of time interval over which average
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verlical motion is obtained. The rapidity of response of
the AN/APN-82 system to wind changes was the prin-
cipal factor in determining the 5 to 10 second time
interval over which the individual average vertical
motion computation was made. The AN/APN-82 sys-
tem responds at a rate of approximately 1 to 2 knots/
sec and one degree/sec for wind fluctuations of ap-
proximately 10 knots. For larger fluctuations the
response time is more rapid.

From a study of the AN/APN-82 system and large
samples of its gathered winds, it was determined that
measured wind changes on the nose—i.e., dU/di—over
periods between 5 and 10 seconds are representative
of the actual wind changes—if the boundaries of these
time inlervals are laken ab places where the derivative of
the wind component on the nose changes sign, changes to
or from zero, or does not change at all. Such derivative
changes usually occurred once very 5 to 10 seconds and
account for the variable time interval used. Fig. 9
illustrates a typical profile of the observed variation of

VERTICAL VELOCITY

KNOTS

DRAFT SCALE

DRAFT SCALE WITH
SUPERIMPOSED GUSTS

DISTANCE (N.ML}

Fic. 8. Illustrating the portrayal of vertical motion across the eye wall of a radial flight leg. Top diagram—rectangular
curve showing average vertical velocity over varying time intervals of 5-12 seconds. Smooth curve with dots representing
overlapping smoothing interval of 5 seconds. Bottom diagram—smooth curve of top diagram with superimposed derived gusts.
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Top smoothed and rectangular curves those of computed average vertical motion with superimposed gust velocities (kn)—similar
to Fig. 8.
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3. Results?

Calculations of vertical draft velocity with super-
imposed derived gust velocity have been made on four
middle tropospheric flight levels in three hurricanes in
which National Hurricane Research Project aircraft
flew radial leg missions during the 1958 season. Flight
information is given in Table 1. Typical vertical draft
velocities with superimposed derived gust velocity along
two radial legs are illustrated in Figs. 11 and 12. Sum-
marizing all calculations, it was found that downdrafts

# For a more complete description and discussion of the com-
putational method and results, the reader is referred to the Na-
tional Hurricane Research Project Reprint manuscript, On the
Scales of Motion and Internal Stress Characteristics of the Hurri-
cane. Distribution from Miami, Fla.
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F1c. 15. Histogram of individual derived gust velocities which were
superimposed on individual drafts at middle tropospheric levels.

TasLE 1. Information on four National Hurricane Research
Project flights used in velocity calculations.

Mini- No. of Approxi-
mum radial  mate
pres- Max. Flight legsof n miof
sure, wind, level, compu- compu-
Storm Date mb kn mb  tation tations
Cleo 18 Aug. 970 85 560 6 345
Daisy 25 Aug. 990 65 560 4 163
Daisy 27 Aug. 940 120 620 5 217
Helene 25 Sept. 950 110 570 3 138

and updrafts were approximately equal in number and
magnitude. Draft widths averaged approximately 1.4
n mi and average maximum draft velocities were 7-8
knots.* Histogram distributions of the draft magnitudes
and widths are portrayed in Figs. 13 and 14. The maxi-
mum derived gust velocities averaged approximately
half the maximum draft velocities.

Derived gust velocities. The VGH accelerometer traces
showed distinct areas of predominant turbulent air
along the radial flight legs. The characteristic period of
the derived gusts varied between 1.5 to 2.5 seconds
(=200 to 300 meters) or 0.75 to 1.25 seconds (=100 to
150 meters) between maximum and minimum values.
Tiig. 2 illustrates a typical turbulent area.

Along the 22 radial legs of accelerometer data (all
between radii 10 to 60 n mi) studied—approximately
1100 n mi of flight—there were 84 separate areas
(totaling approximately 280 n mi—or one-quarter of

4 This computation should not be viewed in a strict quantitative
sense, for infmany instances undoubtedly only the edge of the
drafts were encountered.



