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thors expressed herein do not necessarily state or reflect those of the United
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employees, makes any warranty, express or implied, or assumes any legal li-
ability or responsibility for the accuracy, completeness, or usefulness of any
information, product, or process disclosed, or represents that its use would
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Abstract

James Leise of NOAA’s Aircraft Operations Center (AOC) devoted many
years to fundamental analysis and development of wind measurement from
aircraft. When he died in 1990 shortly before completing this thorough docu-
mentation of his work, Jeffrey Masters, who had worked with him completed
the manuscript. Since some of the work was experimental and departed sig-
nificantly from operational practice at AOC, they decided not to publish the
manuscript.

The strong theoretical footing and thorough nature of the work, however,
nurtured the development of wind measurement from small aircraft, begin-
ning in the late 1980s. Much of the document remains relevant still, and pub-
lications in significant and still-growing numbers have cited this manuscript
despite its remaining unpublished (see Appendix I). The recent appearance
of several publications citing the work motivated NOAA’s Air Resources
Laboratory (ARL) to publish the 1993 original verbatim, adding a chapter
of annotations to update the original where appropriate.

Topics covered include geodetic and aircraft coordinate systems, relation
between airflow measured from an airplane and wind experienced on the
ground, relevant thermodynamics, three-component airflow measurements at
high speed by pressure sphere, calibration practices, data acquisition, data
processing, and quality control. The primary lasting value of this work lies
in the background understanding of procedures provided by its theoretical
depth, which is impossible to reach in journal publications except by reference
to work such as this.

vil
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Chapter 1

Annotations to Chapter 2 and
following chapters

1.1 Introduction

This volume documents the life work of the late Dr. James A. Leise of the
Aircraft Operations Center (AOC) of NOAA. Jim Leise (pronounced like
lease) died in August 1990 shortly before completing the work. Jeffrey Mas-
ters completed the work in 1993 with support from the AOC, as he notes
in his acknowledgements section at the end of the main text. In subsequent
review, the AOC determined that the work departed in significant ways from
their practices in measuring wind from aircraft. Thus they decided not to
publish it as a NOAA Technical Memorandum from their organization.
Meanwhile, NOAA’s Air Resources Laboratory (ARL) began developing
an airborne capability in the late 1980s to measure boundary-layer turbulence
and exchange from small single-engine aircraft having mass considerably less
than 1000 kg. This project was inspired and led by the late Dr. Timothy L.
Crawford, branch manager at ARL’s Atmospheric Turbulence and Diffusion
Division (ATDD) in Oak Ridge, Tennessee, and later director of ARL’s Field
Research Division (FRD) in Idaho Falls, Idaho. Crawford’s group, of which
Ronald Dobosy was a member, drew heavily on Leise’s work with its strong
theoretical footing and explicit focus on airborne wind measurement. This
group developed the Best Airborne Turbulence (BAT) probe, collaborating
on later improvements with Dr. Jorg M. Hacker’s group of Flinders University
and Airborne Research Australia, Adelaide SA, Australia (Crawford and



Dobosy, 1992, 1997; Hacker and Crawford, 1999).

The BAT probe is now in use by multiple groups worldwide. Parallel
efforts of other groups to measure boundary-layer turbulence from small air-
craft, with both fixed and rotary wings, have also flourished. The Network of
Airborne Environmental Research Scientists (NAERS) was formed by Craw-
ford and Hacker in January 2002. This Leise and Masters work was put on
the group’s web site and became important source material.

Since the work remained unpublished, however, it was difficult to cite
in publications. Nevertheless, Leise’s clear physical insight, mathematical
rigor, and coverage of a wide range of airborne wind-measurement issues
formed such a rich foundation, especially for the BAT probe, that it was
difficult to avoid including Leise’s work by reference. A number of papers
have therefore cited the work. A list of these is provided in Appendix I.
Because of the enduring nature of much of Leise’s theoretical work and the
breadth of his coverage of wind measurement from aircraft, NOAA/ARL has
decided to publish the manuscript verbatim as a Technical Memorandum.
This first chapter was added to provide updates where later development
has superseded or otherwise departed from what is reported in the original
manuscript. This chapter also includes a list of references to subsequent
work. Section numbers and letters in this chapter correspond to chapters
and appendices in the original manuscript in Parts IT and III.

Disclaimer: Since much of the work of Leise and Masters in the late 1980s
was experimental, specific formulas and procedures in their manuscript do
not necessarily represent current or past usage by NOAA /Aircraft Operations
Center unless otherwise noted.

1.2 Aircraft kinematics and the wind equa-
tion

Chapter 2 derives expressions to determine airflow relative to the earth (i.e.
wind) from airflow measured relative to a moving vehicle. Leise and Masters
(L&M) use an approach which they call Lagrangian to derive the formula-
tions. Their approach is sound, but the argument leading to (2.7) and (2.8)
needs some tightening. This is provided in Section 1.2.8. An alternate ap-



proach is sketched in Sections 1.2.6 and 1.2.7 based on reference frames, a
natural and general approach to environmental measurements from aircraft.

The two approaches produce an unfortunate nomenclature clash. In
Chapter 2 L&M use “frame” to indicate a system of axes, and “coordinates”
to mean the ordered triplet of numbers locating a point relative to these
axes. This intuitively helpful usage is also found in geodesy (e.g., Soler and
Hothem, 1988). On the other hand L&M’s argument requires no distiction
between reference frames and axis systems.

In the annotations’ approach, reference frames must be distinct from co-
ordinates. A reference frame is primarily concerned with the perception of
an observer. This can be quantified in any number of axis and coordinate
systems depending on convenience. The annotations, therefore, prefer the
term “reference frame” over “frame.” They sharply distinguish a reference
frame from a coordinate system but do not particularly distinguish coordi-
nates from axis systems. Both the annotations and Chapter 2 will be better
understood by paying attention to the differing definitions of “frame” and
“coordinate” provided in each.

The definitions of the various coordinate systems mentioned by L&M (and
sometimes called “frames”) in Chapter 2 are expanded in the annotations to
better incorporate GPS and to address a mismatch of units between local and
global geodetic coordinates in L&M’s (2.7). For background, see Soler and
Hothem (1988) or any basic geodesy text. Section 1.2.8 in this chapter fleshes
out the argument linking L&M’s (2.7) and (2.8) and expands somewhat on
L&M’s approach.

1.2.1 Geocentric Coordinate System (ECEF)

At the time of L&M’s writing, the Global Positioning System (GPS) was
immature. Since then, GPS-based inertial navigation systems (GPS/INS)
have become far more effective and less expensive. They are now integral
to airborne wind measurement, even from small Unmanned Aerial Vehicles
(UAV) weighing less than 100 kg (van den Kroonenberg et al., 2008; Thomas
et al., 2012; Reineman et al., 2013). Therefore, the Geocentric or Earth
Centered, Earth Fixed coordinate system (ECEF), in which the satellites
operate, is conceptually useful. The ECEF is rectangular Cartesian with
its origin at the earth’s center of mass (known within a few centimeters).
The z.-axis passes through the Conventional Terrestrial (North) Pole, as
defined by the International Earth Rotation Service (IERS). The z..-axis

4



is perpendicular to z.. and passes through the IERS-defined zero longitude.
The y..~axis completes a right-hand system. At GPS satellites’ distance from
earth, the surfaces of constant geopotential (“level” surfaces) are very nearly
spherical, centered on the earth’s center of mass.

Wind measurement from aircraft, however, happens on the earth’s sur-
face, still essentially spherical, but not to the required precision. The earth’s
true shape is the business of geodesy (yewdawoia geodaisia: division of earth).

1.2.2 Global Geodetic Coordinates (GGC)

Longitude, Latitude, Height (X, ¢,h): The Global Geodetic Coordinate Sys-
tem (GGC) is synonymous with L&M’s Geographic Coordinate System.
Position is usually converted from ECEF to GGC by GPS/INS before report-
ing. The coordinate directions are defined relative to a flattened ellipsoid
approximating the earth’s shape. The fit may be optimized for the whole
earth or some favored part.

The earth’s actual shape is taken to be the level surface of geopotential
most closely approximating the mean sea level (and not terrain height). It
is technically called the geoid, but often simply “mean sea level,” whether
over land or sea. Vertical is defined normal to the ellipsoid’s (not the geoid’s)
surface. The horizontal coordinates, latitude and longitude, are also defined
on the ellipsoid, hence constant in this vertical. Under such definitions GGC
are orthogonal in the limit A — 0.

The geoid model depends on the reference ellipsoid selected. It also
changes over time as the earth slowly changes or new information is ac-
quired. The World Geodetic System (WGS) is an international global stan-
dard, based on a global reference ellipsoid. Its latest revision, WGS 84, dates
from 1984 and was revised in 2004. Since 1987, GPS has used WGS 84 as
its standard model for conversion from ECEF to geodetic coordinates.

The height of mean sea level at a given location, called the geoid height,
may have either sign relative to h = 0. The gravity vector is normal to the
geoid not strictly “vertical.” The small angle between gravity and vertical
defines the shape of the geoid, which is affected by the local distribution of
mass due to mountains (on land or under the sea) or nearby density variations
in the earth. The actual mean ocean surface departs slightly from mean sea
level due to tides, salinity gradients, and atmospheric circulation.

A point’s height h is zero on the ellipsoid and is usefully viewed as the
sum of the geoid height and the height above or below the geoid. Usually the



GPS/INS reports only the height relative to the geoid (i.e., to mean sea level).
Height defined along the geodetic vertical will differ slightly from height
defined parallel to gravity. Likewise the longitude and latitude determined
by celestial methods will differ slightly from these geodetic values.

Quantitative application of these geodesic concepts is rendered transpar-
ent to the user by modern GPS navigation, but awareness of the assumptions
made by the particular system one is using for airborne wind measurement
is important to interpretation of the results.

1.2.3 Local Geodetic Coordinates (LGC)

FEast, North, Up (z,y, z) in atmospheric science. Local geodetic coordinates
(LGC) correspond to L&M’s geodetic frame. Velocity and attitude are
usually converted from ECEF to LGC by GPS/INS before reporting. Likewise,
conversion of velocity and acceleration from PBC (Section 1.2.5) to “earth
coordinates” will always be to LGC. This contrasts with position, which is
normally converted to GGC (Section 1.2.2).

Local Geodetic are the coordinates of everyday experience, a rectangular
Cartesian system measured in meters. They are tangential and normal to the
earth’s surface at a particular location p, given by the GGC’s (A, ¢, h). The
atmospheric science convention, also used by L&M is, however, not universal.
Sometimes (z,y, z) are North, East, and Down or another ordering. L&M
advise alertness in reading the literature, configuring a system, or analyzing
data.

Important to a simple relation between LGC and GGC is the orthogonal-
ity of both. Although GGC are strictly orthogonal only in the limit A — 0
(Featherstone and Claflens, 2008), tropospheric values of h are small enough
compared to the earth’s radius to justify the assumption for ordinary pur-
poses. Navigation solutions by GPs do use the full WGS 84 geoid, but these
are transparent to the general user.

Further simplification for ordinary use is possible. The earth’s equatorial
and polar diameters differ by only 20 km (one part in 300). Ordinary con-
version of infinitessimal displacements from GGC to LGC can safely assume
the earth to be a sphere of radius » = 6370 km. Furthermore, tropospheric



h/r is smaller yet, allowing to good approximaion r + h — 7. Thus

dx = F(r, ¢) d¢ (1.2.1)
dx rcos¢g 0 0 dA
dy | = 0 r 0 do
dz 0 01 dh

where dx is in LGC, d€ is in GGC, and F(r, ¢) is the spherical approximation
to the conversion matrix at latitude ¢. Because the transformation matrix F
is diagonal, its inverse is simply the same matrix with its diagonal elements
inverted.

The convenient diagonal form is the gift of orthogonality of both systems
and the locality of LGC. At its unique location p(A, ¢, h), the LGC can be
rotated to align its coordinates (eastward, northward, upward) with those
of the GGC. Any basis vector in either system is then parallel to exactly
one basis vector in the other system and perpendicular to all other basis
vectors (in either system). The same orthogonality properties hold for the
reference ellipsoid of the GGC but not the full WGS 84 geoid (mean sea
level). That surface is not exactly orthogonal to the geodetic vertical, as
noted in Section 1.2.2. For WGS 84, the last row of F contains a weak but
complicated dependency of dz on A and ¢ in the first and second columns.

Note that F is a singular matrix at the North and South Poles, where
cos ¢ is zero. In operation near a pole this singularity could cause rapid
fluctuation of reported A if the pole is in or near the GPS’s region of horizontal
uncertainty. This region, however, has a diameter only on the order of 10 m.
Furthermore, GPs-native ECEF have no such singularity. It is an artifact of
the GGC.

Like the velocity, the attitude of the aircraft, hence the probe, is reported
by a GPS/INS in LGC. The sign convention used by L&M appears in Sec-
tion 1.2.5 and Figure 2-1. Unfortunately, it again differs from that used by
flux aircraft in the boundary layer, as is evident in Figure 1.1.

Finite displacement in local geodetic coordinates

The discussion above involves only infinitessimal displacement, including ve-
locity. A finite displacement (path) is an integral of velocity over time. Let
x,(t) trace the aircraft’s track over the earth. The unit vector tangent to
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this path in LGC is

&y
dt

dx, - ds\ "
=7 = — 1.2.2
T ( ) up(dt> (1.22)
ty d ty
/TdS:/ T—Sdt:/ u,dt (1.2.3)
c o At ts

Here u,, is the velocity of the aircraft along the track.

Motion along a finite path implies relocation. Because of gravity, this
normally follows the curvature of the earth. It would seem natural, then, to
represent u,, in the curvilinear GGC. By (1.2.1), however, a unit of length in
GGC changes with location and direction of travel. Most applications require
a uniform length unit. Calculating everything in ECEF would provide this,
but at the sacrifice of GGC’s simpler mathematical forms [e.g., (1.2.1)].

The long history of navigation gives the resolution. Mariners on sailing
vessels took a fix (found their position) at local noon in GGC by clock,
horizon, and maximum solar elevation. They also measured their course and
speed (relative to the water) in LGC to estimate u, in knots. Over the 24 hr
until the following noon they determined their position by dead reckoning,
integrating their velocity using (1.2.3) in rectangular coordinates (LGC) or
converting to GGC using (1.2.1) evaluated at their latest fix. With their low
speed and high error tolerance they could plot the track on the sea (GGC)
within acceptable error until their next fix. Over a voyage of N days, their
path over the curved earth in constant units (nautical miles or meters) is
the vector sum of N successive segments, each with its own instance of LGC
determined by the fix at the start time t,; of the each segment:

N tri
Ppy(t)=>" / u,, dt, (1.2.4a)
i=1 /tsi

and the path is

or in degrees longitude and latitude to plot on a map:

N tri
Pyy(t) = Z/ F ' (¢;h = 0)u,dt, (1.2.4b)
i=1 /tsi

where F is defined for most practical purposes by (1.2.1). Note that u, in
the i'" segment is in the LGC of the i*! fix.



In real life, of course, these mariners made many refinements to adjust for
the long time between fixes, especially when they were near shore. Modern
navigation is by brute force. Accurate fixes (samples) come as often as once
per second, each new sample a new instance of LGC. Relative to the radius of
the earth, this displacement of 100 m or less between fixes is vanishingly small.
Because of turbulence, aircraft measuring wind normally then interpolate by
dead reckoning to intervals of 10m, or even 1m, measuring the aircraft’s
motion with onboard accelerometers. In mathematical terms, the frequent
accurate fixes form a very fine integration mesh giving the integrated path
to high accuracy. The curvature of the path over the earth is, in fact, a very
slow drift relative to the signal from turbulence. The low error tolerance
primarily serves accurate turbulence measurement. Accurate navigation is
subsumed.

Acceleration in local geodetic coordinates

High-frequency motions (e.g., vibrations) are best measured as acceleration
and integrated. Although the probe is moving over the curved earth during
the measured accelerations, the naive integral

ti du,
u, = —dt 1.2.5a

realized as

w, = (t)it (1.2.5b)

where w, = du, /dt, produces the expected velocity. Because u is in LGC,
however, each new fix (GPS report) is a new position. This implies a new
set of basis vectors, but no basis vectors appear anywhere in the sum. This
may be unsettling, but in fact the velocity and acceleration components here
(1.2.5) and in the previous subsection (1.2.4) are those tangential and normal
to the earth’s surface at each location, much like the surface integrals in
the theorems of Gauss and Stokes. A rigorous proof of (1.2.4) and (1.2.5)
by simple methods rapidly gets messy. More advanced approaches involving
geodesic lines on an ellipsoid (Riemann geometry) are needed. It must suffice
here that the expressions’ validity is demonstrated by centuries of navigation.
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1.2.4 Local Astronomic Coordinates

FEast, North, Up. These are a right-handed rectangular Cartesian system
differing only slightly from the local geodetic coordinates in that the z axis is
opposite gravity. They are mentioned only for completeness. If the difference
is found to matter, alertness is again appropriate both in the literature and
in setting up the navigation solution for the GPS unit being used. The
“astronomic” label refers to the sextant and plumb bob (or horizon if at sea)
traditionally used to measure position relative to the stars.

1.2.5 Aircraft’s (Probe’s) Coordinates (PBC)

Forward, Port, Up (Z,9, 2): The aircraft’s coordinates PBC form a rectangular
Cartesian system fixed to the aircraft and moving with it. L&M follow the
aeronautical-engineering convention for the axes: Forward, Starboard (pilot’s
right), Down (see Fig. 2.1 in Chapter 2). Flux aircraft in the boundary layer
often use Forward, Port, Up (Figure 1.1), analogous to the earth-science
convention. L&M use cursive (script) font to represent quantities in PBC. In
these annotations they wear hats for want of a suitable cursive font.

1.2.6 Reference Frames

Reference frames are generally associated with Einstein’s Relativity Theory
(e.g., Einstein, 1956). They efficiently express the counter-intuitive implica-
tions of Michelson’s and Morely’s (Michelson and Morley, 1887) demonstra-
tion that the speed of light (in a vacuum) is an absolute constant relative to
any observer moving at whatever speed. Reference frames, however, are also
useful at low speed (compared to light) to account for the differing percep-
tions of observers depending on their position and motion. In particular, the
reference-frame concept is a natural and intuitive approach to finding wind
from aircraft.

A reference frame is defined by a reference object which an associated ob-
server considers fixed (immobile). To an observer on an airplane, the airframe
is such an object, here assumed rigid. Anything attached to the airframe,
such as a wind sensor, is thus also fixed. Any body such as the earth which
moves relative to the airframe is in motion. To an observer on the ground,
the earth is a fixed object, and other objects attached to it (such as wind
sensors) are thus fixed. Air, being attached neither to the earth nor to the
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airframe, is free to move in either reference frame. By Relativity Theory,
physical laws valid in one reference frame are valid in all reference frames.
Thus one may choose the reference frame most convenient for measurement
of a phenomenon and by proper transformation make that information avail-
able in the reference frame most convenient for interpretation. The spatial
structure of wind and turbulence is often productively measured from air-
craft but best interpreted relative to the earth. That is, one seeks to infer
wind velocity in the earth’s! reference frame from measurements made in the
aircraft’s reference frame.

A reference frame’s definitive “fixed object” is its associated native coor-
dinate system, relative to which all objects’ positions are defined and tracked
in time. Aside from being fixed in the reference frame, the coordinate system
can take any convenient form. Importantly, however, an object’s position and
motion relative to a given reference frame can be described using any coor-
dinate system. That is, transformation of coordinates is a different activity
from change in reference frame.

Coordinate transformations are covered in detail in Chapter 2. Change of
reference frame for “slow” motion relative to light uses Galilean, as opposed
to Lorentz, transformations. As a classic example of Galilean transformation,
suppose a mosquito on a train is flying at a constant ¥(T) =1 ms™! toward
the starboard wall. The argument (T) indicates her location in the train’s
reference frame. The hat indicates the train’s coordinates. The mosquito’s
motion viewed from the ground outside the train is then her motion relative
to the train plus the train’s motion relative to the earth.

Suppose the train moves northward at a constant V(E) = 30 ms™?,
where the argument (E) and the unadorned symbol indicate, respectively,
the earth’s reference frame and coordinates. Here the difference between co-
ordinates and reference frames becomes apparent. Adding the two vectors
requires their components to be given in a common set of coordinates, say
the earth’s. Let G be the transformation matrix from the train’s coordinates
to the earth’s. Then GV(T) = v(T) = 1 ms™! toward east. The mosquito
is still viewed from onboard the train, but her motion is now tracked in the
earth’s coordinates. The mosquito’s motion v(E) viewed from the ground

! Any reference to “earth’s reference frame” or the “earth coordinates” fixed in it always
means LGC (Section 1.2.3).

12



outside can now be computed:

v(E) =v(T) + V(E) (1.2.6)
=~ 30.5 ms~! toward 002°.

In this example an idealized train moves at constant speed and direction
relative to the earth. A real aircraft’s reference frame is in continual accelera-
tion in six degrees of translational and rotational freedom with respect to the
earth’s reference frame. Reference-frame changes for acceleration are more
complex than for the instantaneous velocity given here. The full procedure,
relying on high-sample-rate specification of the aircraft’s linear and angular
velocity vectors, is sketched in the next section.

1.2.7 Reference frames and wind measured from air-
craft

Wind sensors such as the Rosemount and BAT probes directly measure the
airflow ¥,(P) relative to their sensor heads in the probe’s PBC reference
frame and coordinates.? Likewise, the aircraft’s (probe’s) instantaneous ve-
locity U,(E) in the ECEF reference frame and coordinates can be directly
determined by measuring the Doppler shifts in the GPS carrier frequency
as the satellites and aircraft move relative to each other. Highly accurate
conversion from ECEF to GGC or LGC is transparent with modern GPS, as
noted at the end of Section 1.2.2.
Returning to (1.2.6) one can substitute

vo(E) = v, (P) + U,(E), (1.2.7)

where the reference frame has become the wind probe (P), and the mosquito
has become an air parcel v,(P) = G(¢)V,(P). Transformation G(¢) is now
between PBC and LGC. Note that the v,(P) remains in the probe’s reference
frame. All quantities are now understood to be variable in time, but in
particular the coordinates LGC are not fixed in the PBC reference frame.
This is emphasized by the explicit time argument for G(¢).

2Reference frames will be identified by their native coordinate system. Note from
Section 1.2.6, however, that a given quantity need not be expressed in its reference frame’s
native coordinates, e.g., vq(P) of (1.2.7) is in the PBC (probe’s) reference frame but the
LGC (earth’s) coordinates
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The probe need not be at the origin of its coordinate system, in which
case it’s more intuitive use the term “aircraft coordinates.” Since an aircraft
has three degrees of rotational freedom about its origin (roll, pitch, yaw),
the velocity of a probe U,(Ep) displaced Rp from the origin will be the
vector sum of the velocity of the origin U,(E,) and the tangential velocity
of rotation £,(E) x [G(t)R,] about the origin at R,

U,(Ep) = U,(Eo) + ,(E) x Ry, (1.2.8)

Location f{p is a vector constant because the probe is attached to the aircraft.
In earth’s coordinates (as R,) it retains its length, but its orientation depends
on the aircraft’s attitude (bank, elevation, and heading).? Since the aircraft
is assumed rigid, the rotation of the airframe, €, (E), is the same at all points,
hence the generic symbol (E). Substitute (1.2.8) into (1.2.7) to obtain the full
expression to compute wind (air motion in the earth’s reference frame and
coordinates) from measurement of airflow in the aircraft’s reference frame
and coordinates and measurement of the airplane’s own linear and rotational

motion.
Vo(E) = vo(P) + U,(Eg) + 2,(E) X Rp, (1.2.9)

It remains to determine €,(E) from the roll, pitch, and heading usually
reported by the GPs/INS. This is covered by L&M in Chapter 2 along with
development of the equivalent of (1.2.9) with greater detail and by another
approach.

1.2.8 Lagrangian approach of Leise and Masters

As discussed in the introduction to this Section 1.2, L&M approach wind
measurement from aircraft along a different path to arrive at (1.2.9) without
explicitly invoking reference-frame concepts. Accordingly, they use different
nomenclature from that in Sections 1.2.6 and 1.2.7. In particular, “frame”
means a system of coordinate axes, and “coordinates” means an ordered
triplet locating a point on these axes. The approach is Lagrangian only in
the sense that during the derivation it approximates the wind velocity as the
finite displacement of a single air parcel from one measurement time %, to
another time t before taking the limit as ty — t.

3Note that bank, elevation, and heading are used here as nouns while roll, pitch, and
yaw are used as verbs. To roll, for example, is to change bank angle.
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The general issue is to determine some state quantity at some particular
location on the earth by measuring from an aircraft in flight. A scalar state
such as temperature can be directly measured at any given point, after which
one need only locate that point on the earth. Suppose the aircraft is at point
p(to) in GGC: (A, ¢, h) when its sampler measures the temperature. The
sampler’s position relative to the aircraft’s origin is fixed and known in the
PBC: (&,7,2) = R. This can be converted to GGC and added to the origin’s
position to find the sampler’s (and measured parcel’s) position.

A~

&(to) = p(to) + Gelto, P(to)|R.
= p(to) + R(to) (1.2.10)

Here R(to) is the displacement in GGC (AX, A¢, Ah) of the sensor from
the aircraft’s origin. The G¢[to, p(fo)] is the coordinate transformation from
PBC to GGC, the GGC being represented by ¢ as in (1.2.1). The explicit
dependence of G¢ on p(ty) declares the relation of PBC through LGC to GGC
in conversion to R(tg). The second step, from LGC to GGC, can use the
spherical approximation from [the inverse of] (1.2.1) because of the few me-
ters’ magnitude of R(ty). The sensors’ displacement from the origin of PBC,
though significant to the measurement, is small compared to the radius of
the earth. Note that this implies a need for double-precision arithmetic in
conversion between LGC and GGC.

A vector state such as wind velocity, the primary interest of this report,
must be determined both in magnitude and in direction. Wind velocity is a
(directed) displacement of air over the earth during a specified time interval.
Starting with a finite representation of this vector helps physical intuition and
mathematical rigor. It is Lagrangian in that it requires knowing the position
of the same parcel at two different times. The procedure, as for temperature,
is to measure a property of the parcel [its velocity (to; o) relative to the
sensor| at time ty. Since the parcel is at the sensor when measured, its
location in the aircraft’s coordinates is known, and its location &(to;%o) in
the earth’s GGC can be found from (1.2.10). Later, at t = to+At, its position
in the aircraft’s coordinates, which move with the airplane, is estimated as

X(t:t0) = R + (to; to) At. (1.2.11)

The initial time ¢, tags the parcel with its time of measurement by the
sensor. Thus X(¢;to) [in PBC] is the position at time ¢ of the parcel that was
measured at time ty. By time t this parcel is somewhere aft of the sensor
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because airflow relative to an aircraft in flight is by definition the airspeed,
typically 50 ms~! to 100 ms™!, primarily from directly ahead. This second
location corresponds to a second position in GGC, which is computed using
(1.2.10) with two significant differences both due to the aircraft’s own motion
during At:

&(t;to) = p(t) + Gelt, p()]x(¢; o)
= p(t) + R(t; to). (1.2.12)

This is L&M’s (2.7). Note that p(t) and G¢[t, p(¢)] apply to the current time
and place in GGC and that the parcel’s position in PBC X(t;ty) is no longer
the constant R.

The wind velocity (over the earth) is obtained by taking the limit

E(t;to) — &(to; to)
At—0 At

(1.2.13)

where &(to;to) comes from (1.2.10) and &(t;to) from (1.2.12). Since we are
following the same parcel between t; and ¢, this is straightforward. All quan-
tities in (1.2.12) in this ordinary physical setting (no shock waves or other
discontinuities) are safely assumed differentiable allowing unobstructed pas-
sage to the limit as At — 0 (and ¢ty — t). The result after some manipulation
matches L&M’s (2.8) and is equivalent to (1.2.9):

u(t) = Ug(t) + G'(t)%x(t) + G(t)a(t). (1.2.14)

Note that (1.2.14) has been converted to LGC. The time derivative p’(¢)
in GGC converts directly to Uy(t) in LGC using (1.2.1). The G(¢) need con-
vert only from PBC to LGC and can drop subscript {. The G'(t) represents
the aircraft’s attitude changes in LGC (the rotation Q,(E) of Section 1.2.7).
One practical method for its evaluation, if required, is provided in Chapter 2
following (2.9). Although the time-variant G(¢) and G'(¢) include the neces-
sary adjustments to follow the curvature of the earth’s surface, the dominant
agent of attitude change, especially in the boundary layer, is turbulence (see
discussion in Section 1.2.3). The last term of (1.2.14) uses X'(t) = (t) from
(1.2.11).

In operation, much of (1.2.14) is directly measured at the high frequency
required. The Uy(t) is available in LGC from the GPS/INS as noted in Sec-
tions 1.2.7 and 1.2.3. The attitude angles required for G(t) likewise come
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directly from the GPS/INS. Recall also that Gi(t) in PBC is directly measured
by the probe.

The discussion by L&M following (2.9) is instructive. Although L&M’s
AU(t) of (2.9) is recognized as the tangential velocity of the probe in the
earth’s reference frame due to rotation about the PBC’s origin (Section 1.2.7),
its actual computation in practice may be troublesome. L&M offer an ap-
proach they found to produce better accuracy with less computation than
explicit differentiation of G(¢). In (2.13), however, the vector dy seems to
come from nowhere. In fact, it is an artificial construction of a vector iden-
tically perpendicular to ry, regardless of the magnitude or directions of ry_1
or riy1. Since the unit vector iy of (2.12) is already known by the argument
following (2.9) (as well as Subsection 1.2.7) to be perpendicular to ry this
artifice is justified.

1.3 Geometry of relative-wind computation

Relative wind IAJT(t) at a point T is measured by definition in PBC and the
aircraft’s reference frame. Here L&M introduce the important angles o and
[, which define the wind direction relative to the aircraft. They also account
for measuring the magnitude and direction of the relative wind at locations
on the aircraft separate from each other and separate from the origin of the
PBC. The true airspeed ||U,||, denoted 7, might be measured on a boom
protruding from a wing tip, or remotely by Doppler sodar or lidar. The
direction i, might meanwhile be measured close to the fuselage. With any
rotational motion (roll, pitch, or yaw), measured quantities 7 and i, will
then both need to be adjusted to determine the airspeed and direction at the
origin of the PBC.

1.4 Basic atmospheric thermodynamics
This is a very informative treatment of the thermodynamic foundation for
wind measurement from aircraft. This chapter was unique in having a few

editorial errors and other specific issues on which comments are provided in
Table 1.1.
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Table 1.1: Editorial Comments, Chapter 4

Page

Paragraph Remark

17
17

17

18

18

1
2

288.16 K is 15°C, about 60°F, not 70°F.

“Specific” generally means normalized by mass, not
by molecular weight. Multiply a “specific’ quantity
by molar weight p to get the “molar” quantity, nor-
malized by the number of moles.

Last line: replace “more accurately” with “i.e.” The
dw is accurate, just not an exact differential.
Division by 3 is because only the component < u?? >
normal to any boundary exerts the force on that
boundary. Since molecular motion is random, all
three orthogonal components are equal parts of the
total < w? >. Multiplication by 2 accounts for
the force required in an elastic (not in-elastic) col-
lision with that boundary. The inbound momentum
changes by twice its magnitude in reversing its direc-
tion.

In the ideal-gas context, temperature has meaning
at a point as the ensemble-average translational ki-
netic energy over all gas molecules that have non-
zero probability of occupying that point. Boltz-
mann’s constant converts this to normal engineer-
ing units such as Kelvins. Heat is a bulk manifes-
tation of the molecules’ total energy. It can cause in-
crease in any combination of pressure, temperature,
or volume. Changing volume does mecha