
AMTD
7, 2585–2630, 2014

Calibrations with
a laser air-motion

sensor

W. A. Cooper et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Meas. Tech. Discuss., 7, 2585–2630, 2014
www.atmos-meas-tech-discuss.net/7/2585/2014/
doi:10.5194/amtd-7-2585-2014
© Author(s) 2014. CC Attribution 3.0 License.

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Discussions

This discussion paper is/has been under review for the journal Atmospheric Measurement
Techniques (AMT). Please refer to the corresponding final paper in AMT if available.

Calibrating airborne measurements of
airspeed, pressure and temperature using
a Doppler laser air-motion sensor
W. A. Cooper, S. M. Spuler, M. Spowart, D. H. Lenschow, and R. B. Friesen

National Center for Atmospheric Research, Boulder CO, USA

Received: 1 February 2014 – Accepted: 24 February 2014 – Published: 14 March 2014

Correspondence to: W. A. Cooper (cooperw@ucar.edu)

Published by Copernicus Publications on behalf of the European Geosciences Union.

2585

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/2585/2014/amtd-7-2585-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/2585/2014/amtd-7-2585-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
7, 2585–2630, 2014

Calibrations with
a laser air-motion

sensor

W. A. Cooper et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

A new laser air-motion sensor measures the true airspeed with an uncertainty of less
than 0.1 ms−1 (standard error) and so reduces uncertainty in the measured compo-
nent of the relative wind along the longitudinal axis of the aircraft to about the same
level. The calculated pressure expected from that airspeed at the inlet of a pitot tube5

then provides a basis for calibrating the measurements of dynamic and static pressure,
reducing standard-error uncertainty in those measurements to less than 0.3 hPa and
the precision applicable to steady flight conditions to about 0.1 hPa. These improved
measurements of pressure, combined with high-resolution measurements of geometric
altitude from the Global Positioning System, then indicate (via integrations of the hydro-10

static equation during climbs and descents) that the offset and uncertainty in temper-
ature measurement for one research aircraft are +0.3±0.3 ◦C. For airspeed, pressure
and temperature these are significant reductions in uncertainty vs. those obtained from
calibrations using standard techniques. Finally, it is shown that the new laser air-motion
sensor, combined with parametrized fits to correction factors for the measured dynamic15

and ambient pressure, provides a measurement of temperature that is independent of
any other temperature sensor.

1 Introduction

Many of the core measurements made from research aircraft are interconnected. To
measure temperature, corrections must be made for dynamic heating caused by the20

motion of the aircraft; to measure airspeed, measurements of dynamic pressure, ambi-
ent pressure and temperature are needed; corrections are often made to the measured
pressure that depend on the airspeed and/or orientation of the aircraft; accurate mea-
surement of airspeed depends on knowing the humidity of the air and so the appropri-
ate gas constants and specific heats; measurements of humidity by dew-point sensors25

must be corrected for differences between ambient and sensor pressures; etc. There
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are seldom standards or reliable references for any of these, so uncertainty analyses
involve complicated and multi-dimensional examinations of these interactions and of
how flight conditions might influence measurements from otherwise carefully calibrated
sensors.

If one could obtain a reliable reference for any of these interlinked measurements,5

it could be of great value in reducing measurement uncertainty. A new instrument,
a Laser Air Motion Sensor (LAMS), now provides such a reference on the National Sci-
ence Foundation/National Center for Atmospheric Research (NSF/NCAR) Gulfstream
GV and C-130 research aircraft (hereafter referred to as the GV and C-130). This paper
explores how measurements from that instrument can reduce measurement uncertain-10

ties in some key measurements made on those aircraft. The new sensor is compact
and designed to be mounted in standard instrument canisters, so the measurements
and approach taken here can be extended readily to most other research aircraft.

Calibration techniques that have been used to reduce uncertainties in measurements
of pressure include the following:15

1. The trailing cone. This is usually considered the best standard. A tube with inlets
around its circumference is trailed so as to be aligned with its long axis along
the airflow. A cone is attached to the end of the line to keep it aligned along the
airflow, and the sensor is trailed behind the aircraft at a distance and vertical dis-
placement sufficient to be outside airflow effects of the aircraft, The inlets are con-20

nected by tubing to sensors inside the aircraft, and the measurement so obtained
is compared to that from the sensors being calibrated. Ikhtiari and Marth (1964)
and many others have described this system. It can be used while the aircraft
airspeed, altitude and attitude angles are changed through the normal flight en-
velope. Disadvantages are that the system usually requires a special and difficult25

installation, which can be particularly problematic for a pressurized aircraft flying
at low pressure, and the trailing cone is not suitable for routine measurement.
When available, though, it provides accurate calibration; Brown (1988) obtained
a pressure calibration of a high-speed aircraft with standard-error uncertainty of
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about 0.2 hPa, in ideal conditions, using a trailing cone. (Throughout this paper,
standard-error uncertainties will be quoted.)

2. Inter-comparisons. Research aircraft are often flown in formation to collect mea-
surements that identify differences. There are many published examples, but most
identify differences outside the claimed error limits and seldom are able to deter-5

mine which measurement is at fault.

3. Flight past towers. Flight past high towers or tethered balloon sensors can provide
limited checks on the accuracy of measured pressures, but these are only possi-
ble at low altitude and low airspeed so are not suited to calibration of an aircraft
like the GV.10

4. Calibration by the Global Positioning System (GPS) where the wind is known. If
the wind is known accurately by independent measurement, the drift measured by
GPS can be compared to the drift expected in the wind measured by the aircraft,
and the associated dynamic pressure can be corrected to minimize the difference
from the independent measurement of wind. Examples are discussed by Foster15

and Cunningham (2010) and by Martos et al. (2011), where dynamic pressure
was calibrated by comparing wind measured on the aircraft to that measured
from a tethered balloon. GPS measurements have also been used without an
independent reference, with flight manoeuvres and Kalman filtering, to calibrate
dynamic pressure (Cho et al., 2011).20

5. Use of measurements at ports around a sphere. Rodi and Leon (2012) showed
that multiple measurements of pressure at ports on the surface of a sphere can
be used to determine the error in measured ambient pressure and, when com-
bined with GPS measurements, can lead to corrections for errors introduced by
accelerated motion of the aircraft.25

The analysis that follows demonstrates that the LAMS provides another means of
calibrating pressure, one that matches the trailing cone for accuracy while providing
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calibrations that can be available for routine use. The operating principles of the LAMS
are discussed in the next section. The absolute measurement of airspeed that the
LAMS provides makes it possible to deduce the expected dynamic pressure (or the
pressure increase above ambient or “static” pressure that occurs when air is brought
to a stagnation point in flight) with improved accuracy. It will be argued that this mea-5

sured correction to the dynamic pressure can then be used to improve measurements
of the ambient pressure. Once pressure is known with small uncertainty, temperature
differences can be determined during altitude changes by integration of the hydrostatic
pressure between flight levels because the geometric altitudes of the bounding flight
levels are also known with improved accuracy from recent improvements in measure-10

ments from the global positioning system. Finally, it is shown that the LAMS provides
a direct measurement of temperature that is independent of normal temperature sen-
sors. This measurement should be valid during cloud penetrations as well as in clear
air. The conclusions of the paper then will summarize how this analysis has reduced
measurement uncertainty for key state-parameter measurements from these research15

aircraft.

2 The NCAR laser air-motion sensor

The laser air-motion sensor (LAMS) used in this study is that described by Spuler et al.
(2011). It is a single-beam system in which a laser is focused ahead of the aircraft
in undisturbed air so that, from the Doppler shift in laser light returned from ambient20

aerosols, the airspeed can be measured outside the disturbed airflow caused by the
aircraft. Two different configurations were used in this study. In both cases, the instru-
ment was mounted under the wing and was aligned about 3◦ downward relative to
the aircraft centre line to compensate for the normal angle-of-attack. For the GV, the
focus was 30 m ahead of the instrument, or 16 m ahead of the nose of the aircraft.25

For the C-130, the focal distance was 15 m ahead of the instrument. Different lens
f numbers were used, such that in both cases the returned signal was dominantly from
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a volume extending about 2.5 m along the direction of flight, as given by the full-width-
half-maximum distance of the telescope gain pattern. A small inertial system (Systron
Donner C-MIGITS INS/GPS) mounted in the wing pod with the LAMS measured de-
viations in orientation caused by wing flex or other vibration of the pod relative to the
aircraft centre axis, where the aircraft orientation was measured by a separate Hon-5

eywell Laseref IV or V SM inertial reference system. Both provided measurements of
attitude angles with standard-error uncertainties of about 1 mrad and about 0.1ms−1

uncertainty in aircraft velocity.
Earlier versions of laser wind sensors operating at 10.6 µm wavelength were de-

signed for use on NCAR aircraft in the 1980s and 1990s, as discussed by Keeler et al.10

(1987), Kristensen and Lenschow (1987) and Mayor et al. (1997), but developments in
fibre optics now have made a much improved system practical. For the present system,
the wavelength used is about 1.56 µm; Spuler et al. (2011) estimated that a particle
concentration of about 2cm−3 with diameter in the range from 0.1 to 3 µm is needed
to provide a detectable signal, but the sensitivity has been improved since that early15

test. Successful detection of the backscattered signal has been possible at altitudes
extending to above 13 km, although with present sensitivity there are still times when
the signal is too small for a valid measurement.

The precision estimated in Spuler et al. (2011) is 0.05 ms−1 for 1 s samples (as
will be used in the present analyses), although the system can provide data at much20

higher rates because individual samples are recorded at 100 Hz after averaging of in-
dividual spectra sampled at rates of about 200 kHz. The light source is a distributed
feedback fibre laser module (NKT Basik E15) with wavelength 1559.996 nm in vacuum
and 0.1 pm(◦C)−1 stability. The laser is maintained within 1 ◦C of a constant tempera-
ture, so wavelength drift is below 0.001 nm. The conversion from measured Doppler25

shift to airspeed involves only the wavelength of the laser and the speed of light, so the
conversion from Doppler frequency shift to airspeed introduces negligible error.

The peak Doppler frequency can be measured to an accuracy that, converted to
airspeed, is better than 0.1 ms−1. The precision estimate from Spuler et al. (2011) also
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supports an accuracy estimate in this range if there is no bias in the selection of the
peak in the shifted frequency spectrum, as is supported by careful examination of the
recorded spectra and the operation of the algorithm that identifies the peak. When
the signal-to-noise ratio indicates that there is inadequate signal from which to obtain
a Doppler shift, the measurements are flagged as missing and are not used in the5

analysis to follow.

3 Calibrating the pressure-sensing system

3.1 Dynamic pressure

The most straightforward application of measurements from the LAMS is to predict the
dynamic pressure q. If p is the ambient pressure, cv and cp the respective specific10

heats of air at constant volume or constant pressure, T the absolute temperature, and
Ra the gas constant for air, the Mach number M (ratio of flight speed v to the speed of
sound

√
γRaT , with γ = cp/cv ) is given by the following equation (cf., e.g., Lenschow,

1972):

M =
v√
γRaT

=

{(
2cv

Ra

)[(
p+q
p

)Ra/cp

−1

]}1/2

. (1)15

Solving for the dynamic pressure gives

q = p


(

v2

2cpT
+1

)cp/Ra

−1

 (2)

which shows that, with knowledge of p and T , LAMS (measuring v) can provide an
independent prediction of the dynamic pressure q. Furthermore, small errors in p and
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T will have a small effect on the deduced dynamic pressure because expected errors
are a small fraction of the total ambient pressure or the absolute temperature.

Corrections are usually applied to measurements of dynamic pressure on research
aircraft, including the NSF/NCAR research aircraft, so comparing q as provided by
Eq. (2) to the uncorrected measurement of dynamic pressure qm is an exaggeration of5

the improvement that LAMS provides. Nevertheless, Fig. 1 shows that the difference
between the predicted value from LAMS using Eq. (2) and the direct measurement
(from one of the pitot tubes on the C-130 referenced to the static pressure source) is
substantial and exhibits both a large bias and significant scatter. Applying corrections
to the direct measurement is therefore important if the air motion relative to the aircraft10

is to be determined accurately.

3.2 Ambient or static pressure

The normal measurement of total pressure pt = p+q is obtained on the GV and C-
130 and most other research aircraft by measuring the pressure delivered by a pitot
tube aligned approximately along the airflow. This measurement is made by adding15

two measurements, one of ambient pressure p (measured by a Parascientific Model
1000 absolute pressure transducer with measurement uncertainty 0.1 hPa, connected
in parallel to static ports on each side of the fuselage of the aircraft) and a second
of dynamic pressure q (measured by a Honeywell PPT (0–5 PSI) differential sensor
with measurement uncertainty 0.02 hPa, connected between the static ports and the20

pressure delivered by a pitot tube). Two independent systems, with separate static
ports, are available on the C-130, but only one on the GV. On both, there are also
measurements from another independent system that supplies information to the flight
crew but is also recorded for research use.

Pitot tubes are generally insensitive to small deviations from normal flow angles, typ-25

ically delivering accurate total pressure within about 0.1 % for flow angles up to several
degrees from the centreline of the pitot tube (e.g., Gracey et al., 1951; Balachandran,
2006; Tropez et al., 2007; see also Appendix B). However, static ports can deliver
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pressures that depart much more from the true ambient pressure at the flight level
when flow around the fuselage varies, and they can also produce biases even at nor-
mal flight angles, so the largest error is expected in p and consequently in q while
their sum pt has a substantially smaller error. This was checked on the GV and on the
C-130 by comparing redundant sources for these measurements. For example, on the5

NSF/NCAR C-130, there are two independent sets of static ports and pitot tubes, and
on the GV there are also redundant sensors as part of the avionics package for the
aircraft. Comparisons examining these independent pairs showed that the results for
pt were remarkably consistent among all pairs (agreeing to within 0.1 hPa) but there
was significant variability in the redundant measurements of both p and q, often at the10

few-hPa level.
For example, Fig. 2 compares two redundant measurements of total pressure on the

C-130, each based on a different pitot source and static source. This and other similar
comparisons suggest that a good approximation is to consider pt accurately measured
and to assume that ∆q, the error in the measurement qm of dynamic pressure, is equal15

to the negative of ∆p, the error in the measurement pm of ambient pressure, because
both arise from the “static defect” or error in the pressure present at the static source:

∆q = qm −q = −∆p = −(pm −p) . (3)

As a result, the correction to dynamic pressure obtained from LAMS also provides
a correction to ambient pressure, and these corrections can be applied simultaneously20

in Eq. (3) using Eq. (2):

∆q = qm −pχ (v ,T )

where, to simplify the notation, χ (v ,T ) is

χ (v ,T ) =

(
v2

2cpT
+1

)cp/Ra

−1 . (4)
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Then, because p = pm −∆p,

pc = −∆p =
qm −pmχ

1+ χ
(5)

which gives the correction to ambient pressure pc in terms of the measurements of
ambient and dynamic pressure, the airspeed measured by the LAMS and the absolute
temperature. The negative sign arises because the correction needed is the negative5

of the measurement error.
The temperature is needed to calculate χ , but it can be assumed tentatively that the

accuracy of the temperature measurement is adequate for this analysis. Once pres-
sure corrections are found, the accuracy of this assumption can be checked and the
process can be iterated as necessary. Equations (4) and (5) then can be used with10

measurements from the LAMS to estimate both the correction to be applied to the
ambient pressure and, with reversed sign, the correction to be applied to the dynamic
pressure.

3.3 Some refinements

The goal of these analyses is to determine state variables like pressure with signifi-15

cantly less uncertainty than has been possible in the past, so this objective requires
attention to some minor error sources. Specifically, it was necessary to consider: (i) the
humidity of the air and its effect on thermodynamic properties like the gas constant and
specific heats; (ii) possible effects of flow angles on the total pressure measured by
the pitot tube; and (iii) the effect of small departures of the pointing angle of the LAMS20

beam from the direction of the relative wind.

i. Effects of humidity. The first was determined in a straightforward way by consid-
ering the properties determined from weighted averages of the properties of dry
air and humid air, in standard ways (described in Appendix A).
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ii. Effect of flow not parallel to the pitot tube. According to information provided by
manufacturers, the typical sensitivity of a pitot tube to flow direction is less than
1 % at flow angles up to 10◦ and less than 0.2 % for flow angles up to 5◦. The
error is in the direction of measuring too low a total pressure as the flow angle
increases, and to some extent it is compensated by orienting the pitot tubes along5

the average flow direction expected in normal flight. To verify that the pitot-tube
measurements are insensitive to the variations in flow angles expected in normal
flight, an analysis is presented in Appendix B based on yaw manoeuvres flown
with the LAMS. The analysis indicates that measured total pressure remains con-
stant, at a level of about 0.1 hPa, for flow angles from 0 to 3◦ from the centreline of10

the pitot tube, as is characteristic of most flight conditions on the GV and C-130.

iii. Effects of LAMS orientation. Because there was an inertial reference system
mounted on the same under-wing pylon that carried the LAMS, it was possible
to correct for small departures in pointing angle relative to the aircraft reference
line, the orientation of which was also measured by a separate inertial reference15

system. In addition, a correction is needed if the airflow angle is not along the cen-
treline of the pitot tube, as when the angle of attack differs from that represented
by the orientation of the pitot tube. Although the pitot tube is relatively insensitive
to flow angles and so measures the total dynamic pressure, LAMS measures the
relative wind in a specific direction. For LAMS, the effect of a flow angle θ relative20

to the beam is that it measures vl = v cos(θ). The beam is oriented close to but
slightly offset from the longitudinal axis of the aircraft, at viewing angles θ1 above
and θ2 to the starboard side of the longitudinal axis. Then, with side-slip β positive
for relative wind approaching from the starboard side of the aircraft, to a sufficient
approximation cosθ = cos(θ1 +α)cos(θ2 −β) with α the angle of attack. The re-25

sulting equations for the pressure correction are then Eqs. (4) and (5) where, in
Eq. (4), v is replaced by vl/cosθ.
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3.4 Uncertainty in the corrections

When the LAMS is operating, the corrections to ambient and dynamic pressure
can be determined directly from Eqs. (3) and (5), and these corrections have much
stronger justification than the empirical corrections used previously. The LAMS eval-
uation (Spuler et al., 2011) suggests that the uncertainty in line-of-sight v is about5

0.05 ms−1, so this is also approximately the uncertainty in the component of the rela-
tive wind along the axis of LAMS. The total derivative of Eq. (2) provides a basis for
evaluating the uncertainty in the value of q estimated from Eq. (2):

δq
p

=

(
v2

2cpT
+1

) cp
Ra

−1
v2

RaT

(
δv
v

− 1
2
∆T
T

)
. (6)

The temperature uncertainty thus contributes significantly to the uncertainty in q, often10

more than the uncertainty in v from LAMS, because δv/v ≈ 0.05/220 ≈ 0.00023 while
for temperature an uncertainty of 0.3 ◦C contributes typically a larger fractional contribu-
tion of 0.5×0.3/223 ≈ 0.00067 (for the GV). To reduce the uncertainty in temperature
used in Eq. (2), the airspeed from LAMS can be used directly in the correction for dy-
namic heating, avoiding uncertainty in the conventional airspeed arising from error in15

measured dynamic pressure. That is, the temperature should be determined directly
from

T = Tr −αT
v2

l

2cp
(7)

with Tr the measured or “recovery” temperature, αT the recovery factor for the sensor
measuring Tr, and v2

l provided by LAMS rather than the conventional solution for the20

Mach number determined from ambient and dynamic pressure.
Interpreted as an uncertainty in dynamic pressure q, the uncertainty in the predic-

tion of q from LAMS determined from Eq. (6) is typically about 0.13 hPa (for flight at
2596
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125 ms−1 where the pressure is 760 hPa and the temperature 0 ◦C). The uncertainty
in the uncorrected measurement of pm, from instrument characteristics, is also about
0.1 hPa, so using the LAMS correction yields an ambient pressure that has an uncer-
tainty of around 0.16 hPa. Evaluation at 150 hPa leads to a similar estimate of uncer-
tainty. When LAMS is present, it is thus possible to be confident that the measurements5

of the longitudinal component of the relative wind and of the ambient pressure have as-
sociated standard-error uncertainties of < 0.1ms−1 and 0.16 hPa, respectively.

3.5 Fits to the corrections

There is still value in determining fits to the corrections provided by LAMS in terms of
flight characteristics like flight level, angle of attack, Mach number, etc., because then10

corrections can be applied in cases where the LAMS is not present or does not de-
tect enough signal to provide a valid airspeed. Such fits can be applied retrospectively
to data collected before the LAMS was available, and the fits can also be compared
to other means of estimating the corrections. A further reason for developing fits is
that the LAMS measurement, being offset from the nose of the aircraft, represents15

a region where there may be a fluctuating difference in airspeed vs. that present at
the nose, and averaging over such fluctuations as provided by functional fits smooths
the predicted corrections. Fits to the measurements can therefore be more accurate
than those corrected directly using the LAMS airspeed vl. For these reasons, fits to the
measurements provided by Eq. (5) were explored until adequate representations of the20

predicted fits were found. Dependent variables in the fits included ambient pressure,
dynamic pressure, Mach number, angle of attack, side-slip, airspeed, and other char-
acteristics of flight. The following analyses use flights during which the LAMS provided
valid measurements almost continuously and during which there were many altitude
changes and speed variations.25
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3.5.1 GV

For the GV, the best representation of ∆p, obtained after trying many options, was

∆p
p

= a0 +a1M
2 +a2M

3 +a3
∆pα

∆qr
+a4

(
∆pα

∆qr

)2

+a5

(
∆pα

∆qr

)3

(8)

where ∆pα is the pressure difference between vertically separated pressure ports5

on the radome (normally used to calculate the angle of attack; cf. Brown et al.,
1983) and ∆qr is the pressure difference measured between the centre port on the
radome and the static source. The terms involving ∆pα/∆qr introduce dependence
on angle-of-attack. The dimensionless coefficients {a0,a1,a2,a3,a4,a5} for the best
fit to the measurements from a GV flight with LAMS operating were, respectively,10

{−0.0134,0.0426,−0.0718,−0.363,−3.62,−9.7}, where the quoted significant digits
reflect the standard error in determining these coefficients. In the analysis of signifi-
cance for the fit, all these coefficients were needed to represent the variance, at signif-
icance levels less than 0.001. The correlation coefficient between the measured pres-
sure corrections and those predicted by Eq. (8) was 0.98 and the standard error was15

0.00089 (i.e., 0.089 % of the measured pressure, or about 0.3 hPa at a typical ambi-
ent pressure of p = 350 hPa). This standard error reflects individual measurements, for
which some scatter arises because the LAMS and pressure-sensing systems detect
air parcels slightly displaced from each other and so potentially having different air mo-
tions. Because the fit determining the coefficients in Eq. (8) is based on more than20

10 000 measurements each characterizing one second, but with correlations among
the measurements likely extending over 10 to 100 s, one would expect the uncertainty
in predictions from the fit to be at least 10 to 30 times smaller than the standard er-
ror, or typically less than 0.03 hPa. The high correlation coefficient indicates that the
fit accounts for > 96 % of the variance between the predicted and measured pressure25

corrections. Because including additional functional dependence terms in Eq. (8) did
not reduce the residual variance beyond this limit, the remaining variance likely arises
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from real variance in airspeed in parcels at the radome vs. those in the sample volume
ahead of the LAMS.

The LAMS measurements indicate that, for this set of flight conditions, the ambient
pressure should be corrected by 3.5 hPa and the standard deviation in that correction
is 1.45 hPa. If Eq. (8) accounts for 96 % of that variance, the remaining variance is5

equivalent to a residual standard deviation of < 0.3 hPa. Because most of that vari-
ance arises from turbulent regions where the volumes sampled by the LAMS and the
pressure-sensing system can be moving differently, this can be interpreted as an upper
limit to the uncertainty in the pressure correction. Thus using the LAMS measurement
of airspeed has removed a 3.5 hPa error and reduced the residual uncertainty (from10

this source alone) to < 0.3 hPa.
A concern regarding Eq. (8) is that, during the flight from which this fit was deter-

mined, the variable ∆pα/∆qr varied only from about −0.2 to −0.03, while the full flight
envelope of the GV spans a larger range. There is danger that the cubic dependence
on this term in Eq. (8) might extrapolate to erroneous corrections outside that range.15

To guard against such errors, other fits were developed that, although slightly less ac-
curate, should extrapolate to new conditions better. One example was the following:

∆p
p

= a′0 +a′1
qm

pm
+a′2M

3 +a′3
∆pα

∆qr
(9)

with values of the coefficients {a′i ,i=0−3} respectively {−0.00071, 0.073, −0.0861,20

0.0460}. This fit to the LAMS measurements accounted for 95 % of the variance, vs.
96 % for Eq. (8), so it may be preferable to use Eq. (9) in cases where flight conditions
might fall outside the normal range of angle of attack used to determine Eq. (8).

3.5.2 C-130

Fits to the values of Eq. (5) obtained as above were also explored for a C-130 flight25

with LAMS operating. For one pair of measurements of ambient pressure and dynamic
2599
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pressure, the best fit with all coefficients highly significant (significance level < 0.001)
was the following:

∆p
p

= b0 +b1
∆pα

∆qr
+b2M +b3M

2 +b4M
3 +b5

q
p
+b6

∆pβ

∆qr
(10)

where ∆pβ is analogous to ∆pα but for the side-slip angle. The standard error for this fit
was 0.00042, corresponding to a pressure uncertainty at 700 hPa of about 0.3 hPa for5

the individual measurements. The second term gave the largest reduction in residual
error; using this variation alone gave a residual standard error of 0.00050. An ade-
quate and simpler fit using only the first three terms on the right side of Eq. (10) gave
a residual standard error of 0.00044 or an additional error contribution to the corrected
pressure of typically 0.014 hPa, which is insignificant in comparison to other expected10

error sources. The coefficients, with quoted significant digits determined with consider-
ation the standard errors in the fit, are {b′

0, b′
1, b′

2} = {0.00186,0.0202,0.0135}. While
the residuals from this fit are small, the mean offset it produces is about 2 hPa, so (as
illustrated by Fig. 1) the effect on the measurements of ambient and dynamic pressure
is quite significant.15

For both aircraft, direct use of the LAMS measurements can reduce the uncertainty
in measurements of ambient and dynamic pressure to around 0.15 hPa. Even when
the LAMS is not present, parametric fits to LAMS measurements can reduce the un-
certainty in pressure to less than 0.3 hPa.

3.6 Comparisons to other evidence20

There are several comparisons possible that can test these results. Three are dis-
cussed in this section.
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3.6.1 Wind measurements in reverse-heading manoeuvres

A reverse-heading manoeuvre is one in which a straight-and-level flight leg is flown
for a short time (2 to 5 min) and then the aircraft reverses course and flies the same
leg in the opposite direction. Usually these are flown approximately along and against
the wind direction. A test of the accuracy of the measurement of dynamic pressure is5

that the longitudinal component of the wind should reverse direction but have the same
magnitude in reverse-heading manoeuvres when the aircraft is flown over the same
(drifting) flight leg twice with opposite headings. To isolate the effect of the measure-
ment of q and hence true airspeed, the best wind component to use is that along the
axis of the aircraft, which is vg cosδ − vt where vg is the ground speed of the aircraft,10

vt the true airspeed relative to the air, and δ is the angle between the ground-speed
vector and the heading of the aircraft. The GPS system provides the ground-speed
magnitude vg and the ground track angle Φ, so δ =Φ−Ψ where Ψ is the heading of
the aircraft. Then the wind component along the longitudinal axis of the aircraft is

vx = vg cos(Φ−Ψ)− vt (11)15

where vt is provided either directly from LAMS or from the corrected dynamic pressure
via Eq. (8) for the GV or Eq. (10) for the C-130. The expectation is that the longitudinal
component of the wind given by Eq. (11) will reverse sign between the two legs of the
reverse-heading manoeuvre. Within statistics imposed by atmospheric fluctuations, this
is then a test of the validity of the longitudinal component of the wind measurements.20

A GV flight with a large number of reverse-heading manoeuvres, but without the
LAMS, was used for the test described in this section. Table 1 shows the results for 12
reverse-heading pairs of legs from this flight. The mean difference on legs along op-
posing headings was −0.12±0.91 ms−1, but there are two pairs of legs (marked with
asterisks in the table) that appear to be outliers such as would be expected if the wind25

conditions changed between the two legs. If these are excluded, the remainder give
a standard deviation such that the excluded legs would be more than two standard de-
viations from the mean. Excluding these two legs gives 10 legs with a mean difference
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of −0.26±0.43 ms−1, with standard error in the mean of 0.14 ms−1. This result sug-
gests that the error in measurement of longitudinal wind is −0.13±0.07 ms−1, which
is consistent with estimates of the uncertainty associated with the applied correction to
airspeed based on Eq. (9). This provides supporting evidence that the standard-error
uncertainty in the measurement of the longitudinal component of the relative wind after5

correction is about 0.1 ms−1.

3.6.2 The avionics pressure system of the GV

The ambient pressure measurement from the avionics system on the GV is more reli-
able than those on many research aircraft because the GV is certified to fly on RVSM
(reduced vertical separation minimum) levels so the flight-deck pressure measurement10

has met strict Federal Aviation Administration requirements. Appendix G to Federal Avi-
ation Regulations Part 91 specifies that the maximum allowable error in altitude is 80 ft,
or about 24 m. In the RVSM altitude range (flight levels 290 to 410), this corresponds
to a requirement that the error in pressure be in the range from about 0.68 hPa (near
FL410) to 1.1 hPa (near FL290). For the GV flight used above, the mean difference15

between the pressure provided by the avionics system and that measured with cor-
rection by LAMS, for the RVSM altitude range, was +0.36 hPa with standard deviation
0.19 hPa, so within the tolerance required by RVSM standards the avionics pressure is
consistent with the measured pressure as calibrated in this study.

3.6.3 “d Value” measurements during speed runs20

The dominant dependence in the pressure correction represented in Eq. (8) is that on
Mach number, so testing that dependence is a useful constraint on the validity of the
corrections. Repeatedly during the flight used to determine the pressure calibration
in this study, the GV was flown in level flight moving from near its low-speed limit to
near its high-speed limit. If the pressure corrections are adequate, such manoeuvres25

should not introduce perturbations into the measured pressure fields. A stringent test
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of this expected independence of Mach number is to consider the difference between
the geometric altitude and the pressure altitude, or “d value” (cf. Bellamy, 1945) during
the manoeuvre. This compensates for small altitude changes of the aircraft and should
show a continuous change not perturbed by the airspeed changes or small altitude
changes.5

When the aircraft, at about 450 hPa flight altitude, was slowed to its minimum speed
of about 0.45 Mach, there was a clear perturbation in the d value plot during the transi-
tions from Mach 0.67 to Mach 0.73 and back, as shown in Fig. 3. However, during the
flight segments at steady speed the various measurements of d value are consistent
to within about 3 m, a change in d value corresponding to a pressure change of only10

about 0.2 hPa. In the higher Mach-number range of the flight envelope, deviations were
still smaller, consistent with linear change with time to within about 0.1 hPa. This is an
indication that the larger deviations of the fit from the LAMS-measured values occur at
the extremes of the flight envelope, and that errors in the corrections represented by
Eq. (8) are reduced if the aircraft remains close to its normal flight envelope in unaccel-15

erated flight. However, the consistency of the trend suggests that the dependence of
the correction on Mach number is appropriate to within an uncertainty of about 0.2 hPa.

4 Correcting the measured airspeed

The LAMS provides a direct measurement of airspeed, but it is still useful to use the
pressures as determined in the preceding section to determine airspeed by solving20

Eq. (2) for v as a function of p and q. Because the volume in which LAMS senses
the airspeed is displaced from the nose of the aircraft, the airspeed that it senses may
differ slightly from that sensed at the radome of the aircraft. For the GV, the difference
between the airspeed measured by LAMS and that determined from the corrected dy-
namic and ambient pressures has a standard deviation of 0.35 ms−1, and estimates25

based on measured turbulence levels indicate that this is similar to the difference ex-
pected for sample locations separated by about 16 m, the distance between the LAMS
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sensing volume and the nose of the GV. For this reason, airspeed used to determine
the wind is better if based on the corrected pressures even when LAMS is present.

On the GV, the mean change in true airspeed introduced by this calibration is
−0.8ms−1. The standard error in determination of this offset is much smaller than
the expected uncertainty in the measurement from LAMS (which is < 0.1 ms−1), so5

calibration using LAMS has removed a −0.8ms−1 error and reduced the uncertainty
in this measurement to < 0.1ms−1. For the C-130, the corresponding correction is
+0.5ms−1. These measurements are used along with measurements from GPS and
an inertial reference system (IRS) to determine the wind, and the GPS/IRS also pro-
vides measurements with an uncertainty of about 0.1ms−1, so the calibration based10

on LAMS has reduced the uncertainty in the component of the wind along the aircraft
axis to < 0.2ms−1.

5 Checking the calibrations of thermometers

With accurate measurements of both pressure and geometric altitude, it is possible
to test calibrations of the temperature sensors on the research aircraft by calculating15

height differences from integration of the hydrostatic equation and comparing to mea-
sured height differences. The latter are provided with low uncertainty by modern GPS
measurements of geometric altitude. The improved accuracy in the measurement of
pressure provided by LAMS reduces the uncertainty in the measurement of pressure
differences and enables a more stringent test of the validity of the measurements of20

temperature.
The hydrostatic equation can be expressed in this form:

δpi = −
gpi

RaTi
δzi (12)

where {pi , Ti} are the values of ambient pressure and absolute temperature for the
i th measurement and δpi is the change in pressure for the i th step, during which25
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the geometric altitude changes by δzi . This equation can be rearranged to obtain an
estimate of the temperature:

Ti = −
g
Ra

δzi
δ lnpi

. (13)

Measurement uncertainty of 0.1 % in derived temperature (i.e., a typical uncertainty of
0.3 ◦C) requires at least 0.1 % precision in the measurement of δz, a precision now5

provided by differential GPS receivers (such as the NovAtel Model OEM-4 L1/L2 Dif-
ferential GPS system in use on both NCAR aircraft) for height differences as small as
100 m. The requirement is more stringent on the measurement of pressure. In 10 s at
10 ms−1 climb the pressure change is less than 10 hPa, and it seems likely that differ-
ences in pressure cannot be measured confidently to better than 0.1 hPa, so this would10

introduce an error of 1 % in the deduced (absolute) temperature. This is inadequate, so
a larger altitude difference or the average of many measurements is required to obtain
a useful estimate of the temperature.

5.1 C-130

About 30 min of flight with the LAMS on the C-130 was devoted to repeated climbs and15

descents and included about 1800 measurements of 1 s differences, so it might be ex-
pected that the standard error in the determination of temperature from Eq. (13) could
be reduced by

√
1800 = 42, or to around 0.5 ◦C, by this procedure. Alternately, an ap-

propriately weighted “mean” temperature between two levels can be determined from
Eq. (13); for this flight segment, climbs were repeated from about 12 000 to 16 000 ft,20

or over a pressure range of about 100 hPa. An uncertainty of 0.1 hPa in a 100 hPa
pressure change leads to about an uncertainty of 0.1 % or, in absolute temperature,
an uncertainty of about 0.3 ◦C in the mean temperature between the layers. It should
therefore be possible to test the temperature measurements with about this level of
confidence.25
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Specifically, three sums were calculated between different flight levels:

S1 =
∑
i

Ra,i

gi
ln
(

pi

pi−1

)
(14)

S2 =
∑
i

(zi − zi−1) (15)

S3 =
∑
i

zi − zi−1

Tm,i
(16)

5

where Ra,i and gi are respectively the gas constant (adjusted for humidity) and the
acceleration of gravity (adjusted for latitude and altitude) and Tm,i is the measured tem-
perature in absolute units, corrected for airspeed but based on the standard sensors
being tested. The predicted mean temperature for the layer, weighted by altitude, is
given by Tp = −S1/S2, while the corresponding weighted-mean measured temperature10

is Tm = S2/S3, so a comparison of Tm to Tp tests the validity of the temperature mea-
surement.

Table 2 shows some measurements from selected flight legs of the C-130. The ev-
idence from these climbs indicates that the measured temperature was about 0.5 ◦C
too high and that the offset perhaps increases as the temperature decreases. After15

this result was obtained, an investigation discovered an error of about this magnitude
in the calibration of the temperature sensor, illustrating the value of the independent
calibration provided by the LAMS.

5.2 GV

A similar approach could be taken for the GV, with promise of a larger range of cal-20

ibration points because of the large altitude changes present on many of the flights.
However, because there have been many flights with frequent altitude changes, it was
decided instead to use a large data set with many climbs and descents to determine
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a polynomial correction to the temperature via minimization of the error between actual
altitude changes and those predicted from integration of the hydrostatic equation. The
chi-square (χ2) to be minimized was

χ2 =
∑
i

1

σ2
z

(hi −Zi )
2 (17)

where Zi is the geometric altitude measured by GPS, σz is the uncertainty in the height5

measurement, and the predicted height hi was determined by integration of the hydro-
static equation in the form

hi = hi−1 −
Ra(f (Ti ))

g
ln

pi

pi−1
(18)

f (Ti ) =
(c0 + (1+c1)Ti + T0)

1+αT
Ra

2Cv
M2

. (19)

10

where c0 and c1 are coefficients to be found by minimization of Eq. (17). In these
equations, Ra is the moist-air gas constant, g the acceleration of gravity (adjusted
for latitude and altitude), and {pi} is the time sequence of measured pressures. The
function f (Ti ) allows the adjustable coefficients c0 and c1 to be applied to the measured
temperature Ti , with conversion to ambient temperature on the basis of the recovery15

factor (αT ), the Mach number (M) and the specific heat at constant volume (cv ). The
resulting temperature is converted to an absolute temperature by the addition of T0 =
273.15 K.

Because the climbs and descents were made en route and so spanned some hori-
zontal distance, the vertical integration will match the pressure change only if the atmo-20

sphere is horizontally homogeneous. If not, the results will be biased as the fit attempts
to compensate for horizontal gradients, and this can introduce an error into the min-
imization results. To consider how serious this problem is, it is useful to assess how
a pressure gradient will affect the results. Suppose the horizontal pressure gradient
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along the flight path is dp/ds = Gp. Then there will be a contribution to the pressure
change arising just from the pressure gradient over a period ∆t, of magnitude Gpv∆t,
where v is the airspeed., Therefore in Eq. (18) the pressure ratio in the logarithmic
factor must be modified to be (pi −Gpvi∆t)/pi−1.

It is convenient to express this in terms of d value, the difference between geometric5

altitude and pressure altitude, because that is measured routinely. Part of the change
in d value during a climb results from the horizontal pressure gradient, while another
part arises from the climb in an atmosphere that differs from the standard atmosphere.
The expected change in di , the measurement of d value, is then

di −di−1 = −
(
Raf (Ti )

g
−
RsTs(p)

gs

)
ln

pi

pi−1
−
GpRaTivi∆t

gpi
(20)10

where Rs and gs are the gas constant and acceleration of gravity defined in the defini-
tion of the US standard atmosphere and Ts(p) is the absolute temperature correspond-
ing in the standard atmosphere to pressure p. The first term on the right side arises
from the climb or descent, while the last term is the contribution from the horizontal
pressure gradient. The horizontal pressure gradient Gp can then be deduced from the15

measurements of d value by rearranging Eq. (20):

Gpvi∆t =
gpi

RaTi

{
−
(
Raf (Ti )

g
−
RsTs(pi )

gs

)
ln

pi

pi−1
− (di −di−1)

}
. (21)

Then, the altitude-change equation, Eq. (18), should be replaced by

hi = hi−1 −
Ra(f (Ti ))

g
ln

(
pi −Gpvi∆t

pi−1

)
(22)

with Gpvi∆t evaluated using Eq. (21).20

The measurements used were from 10 flights that comprised the fifth circuit of the
HIAPER Pole to Pole (HIPPO) experiment (Wofsy et al., 2011), starting and ending
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in Colorado, USA, but extending north of the Arctic Circle and south to beyond New
Zealand. The flight patterns featured repeated climbs and descents to measure pro-
files through the atmosphere, so the 122 profiles measured (many covering more than
8 km in altitude) provided a good set of measurements for this study. Several data-
quality restrictions were applied to avoid periods of problematic data, notably when5

ice accumulation or frozen water affected the wind-sensing system and so the mea-
surement of attack angle (needed for the correction to ambient pressure). Periods with
climb or descent rates less than 2 ms−1 were excluded, as were periods of rapid climbs
or descents exceeding 7.5 ms−1. Flight periods with airspeed less than 130 ms−1 were
also excluded to avoid times when the flaps might have been deployed, potentially af-10

fecting the pressure measurements. With these exclusions, the data set consisted of
about 26 000 samples during climbs and descents.

For measurements made at a rate of 1 Hz, the uncertainty σz in measurement of
the height difference arises primarily from the uncertainty in the pressure change,
as discussed above. The best-fit value of χ2 as defined by Eq. (17) was consistent15

with a value of about 1.6 m for σz, and this would be appropriate if the uncertainty in
pressure (at a representative altitude of about 300 to 500 hPa) is about 0.1 hPa, so
this uncertainty in altitude is consistent with other estimates in this paper. The mini-
mization was done in various ways, including evaluating results over matrices of val-
ues of the fit parameters c0 and c1, conjugate-gradient stepping, and use of the “R”20

routine optim (R Core Team, 2013) which implements the Nelder and Mead (1965)
minimization algorithm. All produced consistent results, with convergence to values of
{c0, c1} = {0.32 ◦C, 0.007}. This adjustment from the measurements would change the
measured total temperature, over the course of these flights, by +0.29±0.13 K, so the
fit indicates that the error in the measured temperature is within these limits. This re-25

sult applies to the measurement of total temperature, but the minimization of Eq. (17)
depended on the accuracy of the ambient temperature after application of the recov-
ery factor (using αT = 0.988+0.053log10M +0.090log10M

2 +0.091log10M
3), so the
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constraint on measurement uncertainty includes uncertainty in the recovery factor as
well as the calibration of the temperature sensor and digitization system.

The uncertainty in the determination of the fit parameters {c0, c1} is about
{0.02,0.001}, but the uncertainty matrix is highly correlated such that the range of
values giving an increase in χ2 equal to the mean contribution from each point spans5

from {0.030,0.006} to {0.034,0.008}. Within this range, the mean change in tempera-
ture implied by the fit remains in the range 0.28 to 0.31 K and the standard deviation
in the correction remains smaller than 0.15 K, so there is low uncertainty in the implied
adjustment needed for temperature.

A potentially more significant source of error, however, is the effect of measurements10

that for some reason are questionable or erroneous. As discussed above, such mea-
surements were excluded where they were identified, but some may remain. To check
on the effects of variations in the measurements entering the minimization, the se-
quence of measurements was split into five segments and fit coefficients were deter-
mined for each. The means of these fit coefficients were {0.37,0.018} and when used15

individually to evaluate the adjustment needed in the full data set these fits indicated an
adjustment of 0.30±0.30. These estimates of uncertainty then indicate a required ad-
justment in temperature of about +0.3±0.3 ◦C, with the adjusted total absolute tempera-
ture T ′ given in relation to measured total temperature T by T ′ = T0+c0+(1+c1) (T − T0)
where c0 = 0.32 ◦C and c1 = 0.007. This estimated correction and associated uncer-20

tainty, obtained because the LAMS provides a calibration of the pressure-sensing sys-
tem and so with GPS enables accurate integration of the hydrostatic equation, is ob-
tained independent of reference standards or inter-comparisons with other sensors and
is the best available estimate of uncertainty in the temperature measurement from the
GV.25
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6 Using the LAMS to measure temperature

As discussed above, the LAMS provides a direct measurement of the longitudinal com-
ponent of the relative wind, vl, and also enables corrections that improve the measure-
ments of the ambient and dynamic pressure. Those two pressures are sufficient to
determine the Mach number M = vl/vs where vs =

√
γRaT is the speed of sound in air.5

An equation for temperature can be obtained from Eq. (2) rewritten in the form

T =
v2

l

2cp

[(
pt
p

)Ra/cp −1
] . (23)

Measurements of vl, p and pt thus determine the temperature without any reference to
temperature sensors on the aircraft.

Figure 4 shows the measurements obtained using Eq. (23) in comparison to the pri-10

mary conventional measurement of temperature. The mean difference (LAMS temper-
ature minus conventional temperature) is 0.02 ◦C and the standard deviation is 1.1 ◦C.
The fairly large standard deviation arises mostly from areas of significant turbulence,
where larger errors can arise because the sample volumes represented by the dy-
namic pressure q and the sensed airspeed vl are different. A histogram of the differ-15

ence shows that the central peak is characterized by a standard deviation of about
0.5 ◦C and extremes account for the increase to 1.1 ◦C in the full sample.

Figure 5 shows a comparison of the temperature determined from the LAMS and
that measured directly during a portion of a flight of the C-130. The variance is higher
in the LAMS-determined temperature for the flight segment in the boundary layer (near20

2100Z) because the flow conditions at the pitot tube and in the air sampled by LAMS
tend to have lower coherence at high rate, leading to a noisier estimate of the temper-
ature.

This new measurement of temperature is valuable as a check on the temper-
ature sensors, because miscalibration or changes in the sensors will appear as25
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a discrepancy in comparison to this measurement. However, temperature measure-
ment by LAMS also has a very useful potential application in clouds, where backscatter
from the cloud particles makes the LAMS signal very strong and where this measure-
ment should continue to be valid. Measurement of temperature in cloud has been chal-
lenging because immersion sensors can become wet and, in the dynamically heated5

airflow, experience wet-bulb cooling to a variable extent dependent on the wetting (e.g.,
Heymsfield et al., 1979; Wang and Geerts, 2009). If the measurement of temperature
available from LAMS remains valid in cloud, it can provide important information on
the buoyancy of clouds and would support studies of entrainment via mixing-diagram
analysis of the type undertaken by Paluch (1979) or Betts (1983), which can be com-10

promised when using conventional temperature sensors.
Figure 6 illustrates the capability of the LAMS to measure temperature in cirrus cloud.

These measurements were made during a descent through a cirrus layer, where the
backscattered signal was dominated by the ice crystals that were present in concen-
trations varying from about 0.1 L−1 to more than 100 L−1. This demonstrates that the15

LAMS is able to continue to operate in such conditions and that it continues to provide
a useful temperature independent of the immersion temperature probes.

At this time, it is less certain how the system will perform in water clouds because al-
most all water clouds encountered with the LAMS have been supercooled and heating
of the window is not adequate to prevent accumulation of ice on the window. An exam-20

ple of measurements in water cloud is shown in Fig. 7. The gap in measurements at
about 22:13:15 UTC was caused by loss of signal as a result of icing on the window, but
even before that the measured temperature from LAMS was erratic and often system-
atically about 1 ◦C too low. More heating or data from warmer clouds will be needed
to test the potential for measurements in water cloud. It is not yet clear that this will25

be a useful measurement because the backscattered return in dense cloud might be
dominated by regions closer than the focal point of the system, where airflow distortion
could be important. The change in the location of the sample volume of a laser system
was recognized by Werner et al. (1984), and the possible error in sensed airspeed was
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discussed by Keeler et al. (1987) who recommended modified processing techniques
selecting the peak rather than the mean in the Doppler-shifted wavelength spectrum,
as used here, for measurements in cloud. Indeed, too low a measurement of airspeed
would cause the deduced temperature to be too low, as is the trend in this figure. The
small extinction lengths shown in Fig. 7, from 10 to 20 m in the more dense parts of5

this cloud, support this explanation. However, the regions with erroneous temperature
do not correspond to those with short extinction length as consistently as would be
expected if this is the cause of the error in temperature. The performance in water
clouds therefore is not yet understood and will need further investigation and additional
measurements.10

7 Summary and conclusions

A new laser air-motion sensor, capable of measuring airspeed via the Doppler shift
in a laser beam focused about 15 to 30 m ahead of the aircraft, has been used to
determine corrections to be applied to the wind component along the axis of the aircraft.
With these corrections, the uncertainty in this component of the wind has been reduced15

to less than 0.1 ms−1. Fits to the corrections deduced from this system, as functions
of the measurements of ambient and dynamic pressure as well as angle of attack,
support this level of accuracy even when the LAMS system is not available. Because
the basis for the measurement is the Doppler shift in the frequency of backscattered
light, the measurement is not dependent on calibration, and because the measurement20

is made well ahead of the aircraft it is unaffected by flow distortion around the aircraft.
Once an accurate measurement of airspeed is available, the expected pressure ex-

cess above ambient produced by that airflow at the inlet of a pitot tube can be cal-
culated. The pressure at flight level can then be determined with low uncertainty by
subtracting that excess pressure from the measured total pressure at the pitot tube.25

The estimated uncertainty in that measurement is less than 0.3 hPa, and the precision
(relevant to pressure mapping while the aircraft remains in steady flight conditions)
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is about 0.1 hPa. Calibration to this level of precision enables improved measurement
of mesoscale pressure fields in the atmosphere, following the methods developed by
Parish et al. (2007) and Parish and Leon (2013) based on GPS technology and by ear-
lier authors including Brown et al. (1981), Shapiro and Kennedy (1981) and LeMone
and Tarleton (1986) on the basis of other measurements of geometric altitude.5

With accurate measurement of pressure, combined with excellent measurements of
geometric altitude from modern GPS, it is possible to deduce constraints on the tem-
perature measurement from integrations of the hydrostatic equation during climbs and
descents. For the GV, a dataset consisting of 122 extended climbs and descents, typi-
cally through > 8 km, was used to determine that the measured temperature was within10

about 0.3 ◦C of the values required to minimize differences between calculated and true
altitude changes. The correction required was a function of temperature but typically
was +0.3±0.3 ◦C. This correction included all effects entering the measurement of am-
bient temperature at flight level, including corrections dependent on the recovery factor
of the temperature probes, which are a significant source of uncertainty because of the15

large (often 25 ◦C) corrections required for dynamic heating at GV flight speeds.
Finally, it was shown that the LAMS, combined with parametrized fits to correction

factors for the measured dynamic and ambient pressure, can provide a measurement
of temperature that is independent of any other temperature sensor. That measure-
ment continues to be valid in all-ice clouds, but the limited measurements available in20

water clouds appear less satisfactory. The latter problem is not understood but is worth
further investigation because most immersion sensors are affected by cloud water and
produce erroneously low values in water clouds.

A three-dimensional version of the LAMS is now under development and will be
ready for flight testing soon. That will extend the improvements available from LAMS to25

all three components of the measured wind.
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Appendix A

Properties of moist air

For accurate calculation in humid air, the values used for the gas constant and specific
heats should be those for moist air, although the characteristics of dry air at the same
pressure and temperature are often used. The density of moist air having vapour pres-5

sure e (and so mixing ratio r = εe/(p−e) where ε is the ratio of the molecular weight
of water to that of dry air) is

ρa =
(p−e)

RdT
+

e
RwT

=
p

RdT

(
1− e

p
+
eε
p

)
=

p
RdT

(
1+ (ε−1)

e
p

)
(A1)

where Rd is the gas constant for dry air and Rw that for water vapour, so the gas10

constant that will satisfy the perfect gas equation for moist air is

Ra = Rd/
[

1+ (ε−1)
e
p

]
. (A2)

For air the specific heats cpd and cvd are very close to those for a diatomic molecule
with five degrees of freedom, while for water the values are approximately those for
six degrees of freedom (i.e., cv = 3Rw), so similar results for cp, cv and γ = cp/cv for15

humid air are averages weighted by the mass fraction of each constituent, as follows:

cv =
(p−e)Ra

pRd

5Ru

2Md
+

eRa

pRw

3Ru

Mw
= cvd

Ra

Rd

(
1+
(

6
5ε

−1
)
e
p

)
' cvd

Ra

Rd

(
1+0.92926

e
p

)
(A3)

20

cp = cpd
Ra

Rd

(
1+
(

8
7ε

−1
)
e
p

)
' cpd

Ra

Rd

(
1+0.83739

e
p

)
(A4)
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γ = γd

1+
( 8

7ε −1
) e
p

1+
( 6

5ε −1
) e
p

' γd

1+0.83739e
p

1+0.92926e
p

(A5)

In this paper, the values used for Rd and cpd are, respectively, 287.0653 Jkg−1 K−1

and 1004.73 Jkg−1 K−1. The preceding moist-air equations for Ra, cp and γ were then5

used, adjusted for the humidity at each 1 Hz measurement, in the equations of this
paper. These adjustments do not differ significantly from the approximate formulas of
Khelif et al. (1999) for the same quantities, but the equations used here are exact
(within the approximations used for the specific heats).

Appendix B10

The effect of flow angle on measured total pressure from a pitot tube

Pitot tubes are designed to be insensitive to airflow conditions at small angles from their
centrelines and are assumed to deliver the correct total pressure under such condi-
tions. To check this, a flight segment with LAMS operational included yaw manoeuvres
in which the aircraft was flown in conditions of small side-slip (< 3◦) in cross-controlled15

conditions so that the aircraft continued in approximately the same direction and at
approximately the same airspeed. Under those conditions, one would expect that the
total pressure measured by the pitot tube would not show a dependence on side-slip
angle.

Because a high-accuracy test is desired, small corrections are needed for the ob-20

served departures from steady flight speed and in altitude. Over the course of the
manoeuvre, GPS measurements of altitude were used with the hydrostatic equation
to estimate and correct for changes in the ambient pressure using δp = −(p/RaT )gδz
where δz is the change in altitude from the start of the flight segment, p is the ambient
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pressure, Ra the gas constant for air, T the absolute temperature, and g the acceler-
ation of gravity. In addition, a correction was made for the expected change in total
pressure arising from small changes in airspeed, as measured by the LAMS. This is an
independent measurement of airspeed that does not rely on the aircraft measurements
of ambient and dynamic pressure, so the correction is not affected by possible errors in5

the measurement of dynamic pressure. The correction applied is given by the following
equation:

δq =

 p
RaT

(
v2

l

2cpT
+1

) cp
Ra

−1

vl

δvl (B1)

which is obtained by differentiating Eq. (2). In this equation, vl is the airspeed mea-
sured by LAMS and the increment is referenced to the arbitrary starting value in the10

time series so that corrections are made for the non-steady flight speed during the
manoeuvres.

With these corrections, the average total pressure measurements as a function of
the magnitude of the side-slip angle are as shown in Fig. B1. Within a limit of about
0.1 hPa, there is no dependence on side-slip angle out to about 3◦, a departure in side-15

slip angles and also in attack angles from the mean that is characteristic of normal flight
of both NCAR aircraft. This is justification for neglecting possible dependence of the
total pressure measurement on flow angles, at least for the small angles characteristic
of normal flight.
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Table 1. Pairs of reverse-heading manoeuvres. Average values for altitude, heading, and the
longitudinal component of the wind (vx) are listed. Data from the GV flight of 6 August 2010.

Time (UTC) Altitude (m) Heading vx (ms−1) ∆vx

17:38:45–17:39:45∗ 8835 240 −12.305
17:42:30–17:43:30∗ 8832 57 14.678 2.373
17:46:30–17:47:30 10 060 240 −23.930
17:50:30–17:51:30 10 070 57 23.433 −0.497
17:55:00–17:56:00 10 980 241 −18.904
17:59:00–18:00:00 10 980 57 18.520 −0.384
18:03:00–18:04:00 11 900 240 −26.330
18:07:15–18:08:15 11 900 57 26.309 0.022
18:17:00–18:19:00 12 830 59 19.993
18:28:00–18:30:00 12 820 239 −19.542 0.451
18:31:00–18:33:00∗ 12 810 239 −19.948
18:36:15–18:38:15∗ 12 810 59 18.823 −1.125
18:45:00–18:47:00 12 810 239 −19.294 −0.471
18:48:00–18:50:00 12 800 240 −19.477
18:53:00–18:55:00 12 800 59 18.711 −0.766
18:54:00–18:56:00 12 800 59 19.015
19:01:30–19:03:30 12 800 239 −19.147 −0.131
19:20:00–19:22:00 4227 10 1.522
19:27:00–19:29:00 4228 190 −1.827 −0.305
19:28:00–19:30:00 4228 189 −1.341
19:33:00–19:35:00 4242 10 1.678 0.337
19:41:00–19:43:00 4242 190 −2.542 −0.864

MEAN −0.113

MEAN w/0 2 largest (∗) −0.261
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Table 2. Comparisons of predicted and measured temperatures from climbs and descents. of
the C-130. The segments are from flights RF05, RF06, and RF08 flown respectively on 7, 15,
and 17 November 2011. Tp is the predicted temperature and Tm is the weighted mean of the
measured values of temperature, as defined in the text.

Flight number, times UTC Tp [◦C] Tm [◦C] Tp − Tm

RF05, 20:58:00–21:11:00 −10.98 −10.37 −0.5
RF07, 21:25:10–21:33:00 −6.36 −5.89 −0.47
RF07, 21:25:10–21:29:00 2.27 2.42 −0.15
RF07, 21:29:00–21:33:00 −12.85 −12.15 −0.70
RF08, 21:45:00–21:53:00 −0.9 −0.5 −0.4
RF08, 23:37:00–23:41:30 −6.5 −6.3 −0.4
RF08, 23:45:00–23:50:00 −9.4 −8.8 −0.6
RF08, 23:56:00–24:01:00 −9.5 −8.4 −1.1

mean offset, Tp − Tm −0.55
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Fig. 1. The direct measurement of dynamic pressure (qm) on the C-130 vs. that deduced using
the LAMS measurement of airspeed, via Eqs. (3) and (5). All one-second-average points from
one C-130 research flight on which the LAMS was tested (17 November 2011) are shown.
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Fig. 2. Measurements made at 1 Hz during the 17 November 2011 flight of the C-130. All
measurements are included for times when the true airspeed exceeded 50 ms−1 (to exclude
a short period with flaps deployed at the end of the flight). The measurements plotted are the
total pressure pt measured by two independent systems using two different pitot tubes and
sets of static buttons. The root-mean-square deviation from this line is 0.1 hPa, and the similar
deviation from a best-fit line is less than 0.04 hPa.
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Fig. 3. D value measurements as a function of time for a flight segment at about 450 hPa,
and the corresponding values of the Mach number (plotted relative to the right axis). It might
be expected that the d value would change smoothly, as suggested by the solid red line. GV
flight of 12 August 2010, Colorado USA to St. Croix, Virgin Islands. Gaps in data show portions
omitted because the LAMS signal was too weak to be reliable.
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Fig. 4. Temperature determined from LAMS using Eq. (23) plotted as a function of the corre-
sponding direct measurement of temperature for the ferry flight from Colorado USA to St. Croix,
Virgin Islands, on 10 August 2010. Each plotted point represents a measurement over one sec-
ond of flight.
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Fig. 5. Temperature determined from LAMS plotted with the standard measurement of temper-
ature for a flight segment from the C-130 flight of 17 November 2011. The bottom panel shows
the 1 Hz measurements from LAMS; in the top panel, these have been smoothed by an 11 s
box average.
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Fig. 6. Top panel: temperature determined from LAMS measurements of airspeed using
Eq. (23), compared to the temperature measured by a conventional immersion temperature
sensor during a descent through a cirrus cloud layer. Bottom panel: the measured ice concen-
tration from a two-dimensional cloud (2-DC) imaging probe.
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Fig. 7. Top panel: temperature determined by the LAMS during a C-130 cloud pass on 15
November 2011. The temperature measured by a conventional temperature probe is also
shown. Middle panel: extinction length or distance corresponding to unity optical depth, deter-
mined from the measured droplet size distribution. Bottom panel: cloud droplet concentration
measured by a cloud droplet probe.
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Fig. B1. The total pressure (from the sum of the ambient pressure measurement and the dy-
namic pressure measurement) on the C-130 as a function of the magnitude of the side-slip
angle during yaw manoeuvres in which sideslip angles were forced by rudder action while the
aircraft continued on approximately a straight-and-level course. The mean total pressure of
760.6 hPa has been subtracted from the measurements. Error bars are standard deviations in
the measurements for the total-pressure axis and are the range of the bin used in sideslip.
Corrections for deviations from a level course and for small variations in airspeed have been
applied, as discussed in the text.
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