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Abstract. Because of the high travel speed, the complex flowof only 0.14 % and a small offset of 9.5 hPa. For the spectro-
dynamics around an aircraft, and the complex dependencgcopic pressure evaluation we derive measurement uncertain-
of the fluid dynamics on numerous airborne parameters, ities under laboratory conditions of 3.2 and 5.1 % during in-
is quite difficult to obtain accurate pressure values at a speflight operation on the HALO airplane. Under certain flight
cific instrument location of an aircraft's fuselage. Complex conditions we quantified, for the first time, stalling-induced,
simulations using computational fluid dynamics (CFD) mod- dynamic pressure deviations of up to 30 % (at 200 hPa) be-
els can in theory computationally “transfer” pressure valuestween the avionic sensor and the optical and mechanical pres-
from one location to another. However, for long flight pat- sure sensors integrated in HAI. Such severe local pressure de-
terns, this process is inconvenient and cumbersome. Furthewations from the typically used avionic pressure are impor-
more, these CFD transfer models require a local experimentant to take into account for other airborne sensors employed
tal validation, which is rarely available. on such fast flying platforms as the HALO aircraft.
In this paper, we describe an integrated approach for
a spectroscopic, calibration-free, in-flight pressure determin-
ation in an open-path White cell on an aircraft fuselage using
ambient, atmospheric water vapour as the “sensor species® Introduction
The presented measurements are realised with the HAI (Hy-
grometer for Atmospheric Investigations) instrument, built OPen-path tunable diode laser absorption spectroscopy (OP-
for multiphase water detection via calibration-free TDLAS TDLAS) is a promising approach for airborne in situ gas
(tunable diode laser absorption spectroscopy). The pressu@alysis. OP-TDLAS does not require a gas sample to be
determination is based on raw data used fe®Honcentra- taken in a closed measurement cell. Instead, the gas is op-
tion measurement, but with a different post-flight evaluationtically interrogated at its “natural” location (i.e. in situ) in
method, and can therefore be conducted at deferred time ir@n open, atmospheric light path. This has the advantage of
tervals on any desired flight track. circumventing typical sampling problems like chemical re-
The spectroscopic pressure is compared in-flight with theactions in the sampling line, delay and integration effects
static ambient pressure of the aircraft avionic system andlue to the gas transport, or sampling artefacts related to
amicro-mechanical pressure sensor, located next to the opeMé@ll adsorption in the piping. This is particularly critical
path cell, over a pressure range from 150 to 800 hPa, anéPr strongly adsorbing gases like ammonia, HCI or water
a water vapour concentration range of more than 3 orders oyapour. OP-TDLAS in airborne scenarios thus allows mea-
magnitude. The correlation between the micro-mechanicafurements to be conducted directly outside the aircraft's fuse-
pressure sensor measurements and the spectroscopic pré&de. €.g. using open-path cells such as those described in

sure measurements shows an average deviation from linearigondlo et al. (2010) and May (1998) or at least by having
a large part of the optical path outside the airplane’s boundary
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layer (Diskin et al., 2002). Hence, OP-TDLAS is well suited pressure values and to compare it, for example, with the opti-
for chemical analysis of reactive or strongly adsorbing gaseal light path of the open-path cell. In an ideal case, pressure
like H,O. However, absolute chemical species measurementsieasurements need to be validated against multiple “refer-
— for example using TDLAS — also need accurate measureence” sensors, using an independent method parallel to the
ments of the physico-chemical boundary conditions, e.g. paactual measurement.
rameters like gas temperature and gas pressure. This is partic- Therefore, in this paper we describe, for the first time,
ularly true for airborne open-path gas analysis, and especiallan in-flight, open-path pressure determination method using
for calibration-free TDLAS techniques (Ebert and Wolfrum, calibration-free TDLAS with the challenge of performing the
2000; Schulz et al., 2007), where, for example, no calibrationpressure measurement at the same time as the concentration
to the flight speed is done and therefore pressure and tempemeasurement on the same, highly variable target measurand.
ature information is indispensable. These optical pressure measurements are subsequently used

Pressure measurements represent a challenge in sevefal the validation of a small, micro-mechanical pressure sen-
ways, since they are needed for the final step in the evalusor installed close to the open-path TDLAS pressure mea-
ation of a volume concentration measurement (often apply-surement. In our case the target species is water vapour, de-
ing the ideal gas law). The pressure might also be needed faspite its very large atmospheric concentration range and the
the precalculation of fit parameters (like the collisional line aggravating in-flight conditions and the high gas velocity of
width), thereby allowing a more robust fitting evaluation or about 900 km h1.
a fit stabilisation during rapid concentration changes.

In principle, on an aircraft and in particular on a re-
search aircraft such as the HALO (High Altitude and LOng 2 Theory
Range) research aircraft (Krautstrunk and Giez, 2012),
good static ambient pressure calculation based on severa
sensors is available (Giez, 2012). But the related measure-
ments are conducted in front of the nose of the aircraft (in|po setup and working principle of a typical TDLAS instru-
a so-called “nose boom”) and thus far away from most othenyqnt js described in detail in many books, lecture notes and
sampling locations such as sampling inlets or our Open'paﬂbapers (e.g. Werle, 1998; Lackner, 2011: Schiff et al., 1994).
cell, which could not be placed in an exposed spot like theTha se of the dTDLASdjrect TDLAS) evaluation method
nose boom. Through extensive computational fluid dynamics, gas analysis, the aim of which is to avoid typical cali-
(CFD) models, each measured pressure value can be theorglzation procedures with reference gas standards containing
ically “converted” to any another location on the aircraft's 5 jefined target gas mixture, is less common (Ebert and Wol-
fuselage. This, however, requires that all static dimensions Ofrum, 2000; Schulz et al., 2007; Farooq et al., 2008: Mihalcea

the airplane as well as dynamic flight and ambient air param-; al., 1997). Numerous applications provide specific bound-

eters be known or able to be measured. But, in practice, probsy conditions that prevent or significantly complicate a well-
lems arise because an accurate CFD model of a newly devel;

) a - i ontrolled calibration process. Such application scenarios in-
oped aircraft is often the intellectual property of its manufac- .| ,de the sampling-free in situ gas analysis in combustion or
turer and thus not available for transfer calculations. Further

e . - _ : other reactive processes like power plants (Ebert et al., 2003)
it is typically optimised to airplane development issues andg; ihe detection of gas species like BfPogany et al., 2010)

not towards research issues. Consequently, the users negghere the preparation, storage and transport of calibration
to set up their own CFD models, which is extremely time- Eas mixtures is complicated or even currently impossible. In
consuming and often still inaccurate due to missing speciak;ch sityations, where mobile calibration sources are difficult
data. These computationally intensive simulations for press gptain (such as for water vapour at low £00 ppmv) mix-

sure transfer calculations then have to be made for all flighty, e fractions), the benefits of calibration-free sensing prin-
conditions, which again increases the work effort and com-gjsjes can be fully utilised. Nevertheless, a calibration-free

putational load and thus calls for alternative ways to derivejnsiryment can also still be calibratedivalidated, e.g. after
alocal pressure, e.g. at the location of an airborne sensor out; campaign (Buchholz et al., 2013b), so it is not a choice

side the airplane. _ L _ for or against a principle.

In practice it is cer_tamly a possibility to install a com-  he principle of non-calibrated, absolute dTDLAS is pre-
pact pressure transmitter directly at the measurement 10C8sgneq here very briefly (in reference to the above-mentioned
tion. But this then leads to the need to validate the local PreStiterature), and the bulk of the effort is focused on the ex-

sure sensor and to compare it with the static pressure deriveg, ~tion of pressure values from the dTDLAS raw signals in-
from the nose boom. An additional sensor outside the airyanqed for species concentration measurements.

craft fuselage also requires substantial certification efforts,
even for bird-strike certification tests and the like. Develop-
ing a special, certifiable pressure sensor interface could also
result in an ambiguity and the need to determine the “real”

.1 Tunable diode laser absorption spectroscopy
(TDLAS)
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2.2 Non-calibrated, direct TDLAS (dTDLAS)
- — 2| detector

221 BaSiC Setup o f ..... . molecule-specitic a sorptlon n

, =L electronics:
The instrument (called “HAI" — Hygrometer for Atmo- = i gas pressure

; L L T [ ettt >  PC/DAQ
spheric Investigations) used in this paper to extract abso: G, O i gas temperature amolifier
lute, high-speed pressure measurements from an open-pé 81 : | pd )
absorption signal is designed first and foremost for open }{unwanted) intensity modulation + L0001 ONver
path water vapour concentration measurements aboard a sp t desired dynamic wavelength tuning
cialised high-speed research aircraft (HALO: seew.halo. — ——— laser |+

dir.de), but the major functions for determining water vapour

concentrations are secondarily for pressure measurement. Figure 1. TDLAS principle and basic setup: the laser current mod-
the interest of a detailed description of the pressure measurealation at typically 100 Hz—10 kHz initiates a rapid wavelength tun-
ment principles we refrain from explaining all details of the ing in combination with a strong intensity modulation of the diode

concentration detection procedure, the basic details of whictSer radiation. The molecule-specific light loss caused by the ab-
have also been explained in detail elsewhere sorbers within the open-path cell is captured for each individual

The basic setup of the HAI spectrometer is shown inwavelength scan by a photodetector, digitised, and saved as raw data

. . . . o for subsequent data analysis.
Fig. 1 and can be visualised in two separate building blocks. a Y

Block a is the actual open-path measurement setup (Fig. 1,

left) where the water molecules are detected. The entire data.2.2 Evaluation

evaluation of the spectrometer is concentrated in building

block b, which comprises the main electronics unit of the One of the major steps of TDLAS spectroscopy is laser cur-

spectrometer (Fig. 1, right). This spatial separation of the tworent modulation, which is derived from a frequency gener-

building blocks allows the spectrometer optics to be adapteditor signal, which is used to control a laser current driver.

to the specific requirements of the individual application andThe laser chip temperature is stabilised using Peltier ele-

is often advantageous when conditions at the measurememoents driven by a separate temperature control loop. The

region itself are complex or critical (such as open-path meadaser current modulation frequency is typically chosen in the

surements on the outer skin of an aircraft). Therefore therange of 100 Hz—10 kHz, with a typical laser dependent cur-

open-path cell of the HAI hygrometer has a direct fibre cou-rent amplitude of 1-150 mA. The current modulation induces

pling without any transfer optics and a built-in detector. This the desired, continuous, dynamic wavelength tuning (typi-

avoids exposing the rest of the spectrometer components toally < 3 cni~! for a distributed feedback laser (DFB) laser),

the large temperature-0 to+50 °C) and pressure (1000- as well as laser intensity modulation. After transmitting the

150 hPa) fluctuations by installing them in the aircraft cabin.laser light through the measurement region, the molecule-
An absolute evaluation of dTDLAS raw signals to yield specific attenuation is captured and converted into a pho-

mixture fractions of the target species, which is possible withtocurrent using a detector, acquired with suitable data acqui-

an accuracy in the single-digit percentage range (Buchholsition electronics, and saved to disk as raw data for further

et al., 2014) for HHO concentrations, requires absolute gasoffline evaluation. In principle the HAI instrument contains

temperature and gas pressure measurements inside the opdwo independent TDLAS spectrometers (working at 1.4 and

path cell. The temperature data needed for the laser signa.6 pm, respectively). For the spectroscopic pressure deter-

evaluation are typically measured by a local temperafure mination in this paper, solely the 1.4 pm part with theCH

sensor at or near the open-path section. The pressure withitiansition (000-101, 110-211) at 1370 nm (7299.4 &nis

the measurement region is usually derived from a pressurésed.

transmitter whose interface is located inside the optical unit The major evaluation steps to obtain theGHabsorber

of building block A and which senses the gas pressure. Thizoncentrations are as follows: the wavelength-dependent

is reliably done via a pressure pipe, as long as the frequenclight intensity 7 (A) captured behind the measurement region

of the pressure variations over the flow time along the pipeof thicknessL is described via the extended Lambert—Beer

length is negligible. In complex situations, like on high-speedequation (Eq. 1), which can be written as

airborne platforms, both values may be difficult to acquire

due to dynamic effects. Therefore the open-path sensor has®) = E@®+1o0)-Tr(@)-exp[-S(T)-g(h —%0)-N-L], (1)

two temperature sensors and a built-in pressure sensor (dggith n being the number density of the molecular ab-

scribed later) to provide, in combination with CFD mod- gqhers. The initial laser intensify), the background emis-

els and several validations, reliable gas temperature and gag,n, E(r) and the broadband transmission losseg)Tare

pressure values for the evaluation process. synchronously derived from the individual raw signals and
absorption profiles. Molecular line data like absorption line
strength S(T) and its temperature dependence are either
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obtained from the HITRANO8 database (Rothman et al.,determineabsorber concentrationia laser absorption spec-
2009) or derived from our own dedicated measurementgroscopy, i.e. dTDLAS, but alsgas temperaturé¢Teichert,
(Hunsmann et al., 2006). Other molecular spectral param2003; Yang et al., 2011) or — as described here — alsgake
eters, e.g. self- or foreign-broadening coefficients and theipressure
temperature dependence, as well as pressure-induced line
shift, etc., of the normalised shape functigft. — ) (cen-  2.3.1 Line-broadening effects
tred at the wavelengthg) are also obtained from the same
data sources.

The combination of the extended Lambert—
(Eq. 1) with the ideal gas law allows the amount fractido
be derived:

The width of the absorption line, in our case thgHtransi-
Beer equationtion (000-101, 110-211) at 1370 nm (7299.4¢Mmis influ_—
enced by gas temperature, gas pressure and the matrix com-
position. For atmospheric applications, the matrix changes
can be ignored in most cases as the basic air composition
kg -T /In <I(v) - E(t)) @d @ remains constant. Regarding the individual broadening con-

Io(v) - Tr(z) / dt tributions, natural, Doppler and collisional broadening have

) ) o to be considered. Natural line broadening is too small to
_|I’_] metrological units, thamount fractiore is correctly SPEC-  pe noted in tropospheric signals and thus can be neglected
ified as [mol mot*: mol absorber per mol gas], which is ¢ these conditions. The influence of temperature-induced
more frequently assigned as “volume fraction” in the en-5aqening by the Doppler effect arises from the absorber
vironmental community, €.g. in units of ppmv or vol%. In - 4vement because each molecule, depending on its velocity
Eg. (2) the dynamic tuning coefficient of the laggir(which of movement towards the light, is penetrated in its inertial
is a constant property of the individual laser) and fu”da'system by a small Doppler-shifted light frequency. There-
mental physical constants .such as the Boltzman_n con.starn;)re’ this velocity (and hence the frequency) is Maxwell—
ks are needed to solve this equation. The first is derivedgg|zmann-distributed and can be described by a Gaussian

experimentally using the airy signal of the laser light pass-gpane function with the widthpoppler as follows:
ing through a planar, air-spaced etalon (Ebert and Wolfrum,

2000; Schlosser et al., 2002). From Iong-te%wmeasure- vor [2kTIn2 . T
ments over several years, we could verify, for the laser type¥Doppler = (;) Vo = 3.581x 10 VO\/; . 3
used, a long-term stability of this basic laser property to bet-
ter than 1 %, which is within the current uncertainties of the If the gas temperature is measured in the experiment with
tuning characterisation. sufficient accuracy, Doppler broadening can be calculated di-
For the pressurép) and temperature7() measurements rectly and thus does not have to be fitted.
it is important to note that no other hidden parameters gen- The collisional broadening, which mainly describes the
erate unwanted additional degrees of freedom in the evaluapressure influence, i.e. the interaction between the absorber
tion, and thus no calibration in particular has to be conductednolecule and its collision partners, is to be discerned with re-
for the target species. This explains why we term this tech-gard to collisions between absorber species (leadirsgifo
nique “calibration-free”. (Of course we have to calibrate our broadening) or “mixed” absorber-matrix-species collisions
individual pressure and temperature sensors, but the responéleading toforeignbroadening). This process is also strongly
of the entire spectrometer with regard to the derived targe@ffected by the complexity (Peach, 1981), type (long/short-
gas concentration is not calibrated, in contrast to usual profange forces) and strength of the interaction and the quan-

T S(T)-L-p

cedures; Muecke et al., 1994.) tum state of both collision partners. Collisional broadening
coefficients thus typically have to be determined experimen-
2.3 Line broadening tally. The commonly used line shape profile is the Lorentzian

) ) ) shape function. The pressure and temperature dependence of
The dTDLAS signal evaluation uses, via the spectral broad+he collisional half-width can be empirically expressed as
ening parameters of the molecule, previous knowledge in

order to model the precise shape of the molecular absorp- 0 0 1 (To\"

tion signal contained in the raw signal. This modelling also Y-erenz= <y|_ self " Pself + Y oreign pforeign) o (?) - @)
connects the measured gas pressure and temperature with the

spectral broadening parameters to the modelled line shap&he broadening coefficienty (1. representing self-
and line area. These links are therefore based on the depebroadening, an(;i/LOforeign foreign broadening) are obtained
dence of the line shape, width and position of the absorptiorfrom databases such as HITRAN (Rothman et al., 2009) or
line used on changes in the physicochemical boundary confrom own measurements (Ortwein et al., 2010) when the
ditions such as gas pressure and temperature, as well as comiatabase accuracy is inadequate or a certain foreign gas
position of the gas matrix. As soon as sufficient information mixture coefficient is not available in the literaturgses

on the boundary conditions in the measurement zone is availand proreign are the partial pressures of the target absorber
able, it is also possible to invert those relations and not onlygas (here water vapour) and the individual surrounding gas
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species (here air as a gas mixture), respectively. The factc H,O concentration = 100 ppmv
p—lo with pg = 1atm= 101315hPa is used to scale theval- 93? ter‘pfr:alf“reth = 2733 K
. optical path length =4.3 m
ues to the common units cthatm 2. 54
The temperature dependence of the collisional broaden g 3:’ gas Pffss“feip
ing is specified by the temperature coefficierand must be g 10 EP:
specifically considered when temperature-variable measure - ——100 hPa
ments, far away from the reference temperafyye- 296K, s 2- ——250 hPa
are conducted. Typical values forare between 0.4 and 0.9. = 1000 hPa
For the water line used in this paper we had previously deter 8°
minedn to be 0.74 (Hunsmann et al., 2006). 1
2.3.2  Superposition of broadening effects 0 %—M
7299.3 7299.4 7299.5 7299.6

The Doppler and collisional broadening mechanisms have tc
be convoluted to the so-called Voigt line shape to represent
the measured absorption line shape profile. This Voigt pro-Figure 2. Simulated absorption profiles of the used (000-101, 110-
file cannot be expressed in purely analytical form. However,211) water vapour transition at 1370 nm (7299.4dinat 100 ppmv
numerous numerical approximations are available in the lit-water vapour for the atmospheric pressure range between ground
erature, e.g. Herbert (1974), Armstrong (1967) Klim (1981). level and t_ht_e mid-strat_osphere. The line vv_idt_h is mainly influenped
A commonly used approximation that takes relatively little by the collisional, foreign broadening by air, inducing a Lorentzian

calculation time can be written as (Olivero and Longbothum, "€ Shape for gas pressures above 100 hPa. At the lowest pressures
1977) of 1 and 10 hPa the line shape (Gaussian) is mainly influenced by

Doppler broadening.

wavenumber (1/cm)

Yoigt = 0.5346- YL orent +\/ 0.2166/2 +y2 . (5)
Yo orene ( Lorentz doPpIer) measured line broadening. The apparent problem of the al-

The Voigt approximation neglects higher-order effects Suchgebraically missing solution for the deconvoluted Voigt func-

as Dicke narrowing (Dicke, 1953), for which higher-order tion can be solved by a precalculation of the Doppler com-
line shape (HoLS) models such as Galatry (Galatry, 1961) ofonent with the measured gas temperature as described in

Rautian— obeI'man (Rautian and Sobel'man, 1967) profilesEd- (3) and fitting the Voigt line shape to the measurement

are needed. HoLS models can be interesting at high signad@t@ by using the Voigt approximation (Eg. 5) to obtain the

to-noise ratios (SNR) and lower pressure whegrenz<  -Orentzian widthyi orentz

yboppler (Kochanov, 2000, 2011; Lepére, 2004; Pickett, 1980; The partial pressures in the equation for the Lorentzian
width Eq. (4) can be replaced by the water concentration

Varghese and Hanson, 1984). The range at 1370nm fo . i
the absorption line used is about 0.1-0.02&rfor 1 orentz combined with the total gas pressure. Thereby, the total gas
s Pressurep becomes separable (Eq. 6),

and 0.01 cm? for YDoppler iN typical atmospheric condition
(200-1000 hPa). Strict minimisation of the degrees of free- (.0 c 0 1—c
dom of the fit is an issue, in particular for low signal-to-noise Y-orentz= (VL H20 self CH20 + Y air foreign” (1- HZO))

spectra, which can strongly influence the fit stability and reli- (6)
ability. Thus, with respect to the objective to measure pres- To\"

sure (and concentration) on fast airborne platforms, we did Ry <—0)

not use HoLS since they would only be interesting for the po \T

lowest targeted atmospheric pressure range, where the SNihd can thus be isolated (Eq. 7)
is, due to the associated lowp8 concentrations, also low.

p= YLorentz* PO (7
2.4 Pressure determination using TDLAS (VLOHzo seit Cr20 + 7 i toreign” (1= CHZO)) : (%)"

Many TDLAS studies on pressure broadening (e.g. OrtweinEquation (7) contributes to the following discussion: (A) the
et al., 2010; Pustogov et al., 1994; Vorsa et al., 2005; Gieseh.orentzian widthy orentz Can be determined (as described
et al., 1992) are available in the literature. These use in prinabove) using the fitting process during absorption profile
ciple the inverse method for pressure determination via TD-evaluation. Again, the dynamic tuning coefficient of the
LAS (e.g. Brown et al., 2010). Iaser% is needed to transfer the raw scan from time space
Figure 2 shows — at constant temperature and humidityfo wave number space. (B) The foreign-broadening co-
— the above-discussed Voigt line shape profiles for differentefficient (/ air foreign) and the self-broadening coefficients
pressures. The pressure-induced line broadening clearly ofy 1,0 sel), are molecule-specific parameters and can be
fers the possibility to determine the total pressure from themeasured in an independent lab experiment, or taken from
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HITRANI13], but with relatively large uncertainties of 5%
and even 10 % for foreign and self-broadening, respectively 51
Since the foreign-broadening coefficient has a significantly<
larger influence we recently re-measured it with improved 2

412000

E-N
1

uncertainty (HWHM 0.1077 cm atnt +£2.5 %) at the PTB o3 qy 19000
(Physikalisch-Technische Bundesanstalt) national humidity§ 23'
standard (Heinonen, 2002). (C) The influence of the con-& L\\Ez
centrationCi,0 on the optical pressure measurement has tcs £ & *] 1 6000

be critically discussed, because conversely, for calibration--i

free concentration evaluation (Eq. 2), the absolute gas pre<g
sure is required. For typical atmospheric water vapour con-
centrations ranging from single-digit ppmv to approximately : [ ' . .
45000 ppmv (at—70 to +40°C), the relative influence of 200 400 600 800
self-broadening is strongly suppressed under most atma pressure, corresponds to flight level (hPa)
spheric sections (Fig. 3, left) and certainly well below 10 %.

Figure 3 (right) shows for better visualisation a typical Figgre 3.Typical.atr.nospheric vertical water vapour concentrfition
smoothed atmospheric water vapour profile. The pressure offile (green solid line) vs. total pressure. The total pressure is usu-
the x axis is directly correlated to the flight height and, fi- ally the preferred indicator for flight height. Also shown (black bro-

. . ken line) is the height dependence of the relative contribution (in
nally, with the altitude above the ground. Hence, even Wherbercent) of self-broadening to the total line width for the water tran-

the pressure is unknown, anterative cur_ve-f|tt|ng Process Calition used (1370 nm). This shows that self-broadening correction is

be done by neglecting the self-broadeniagi{o =0) atthe  gpsolutely essential for precise spectroscopic pressure measurement

first iteration. Using this pressure value, the first calibration-as the self-broadening can contribute up to 5% to the total width.

free Ch,0 evaluation iteration can be executed in order to ob-Four selected absorption profiles at different flight levels indicated

tain the maximum 10 %-deviatedh,o values (Eq. 2). These by numbers 1 to 4 are depicted in Fig. 4.

values can be used in the second iteration to reduce the max-

imum total gas pressure deviation to 1% by neglecting all

other deviation contributions. Crucial in this process and similar to calibration-free con-
An alternative way which avoids the iterative process centration evaluation (Sec2.2) is the design of the opti-

can be described as follows: Eqg. (2) can be written ascal pressure determination procedure in a way that avoids
. _ _kg-T IM-E@® | dv i any pressure calibration for the optical signal. An accurate

Prerm0 =50 L Jin (IO(”)'TW)> @ dr, where the fine area prgsgure calibration at 900 kmhairpspeed v%ould indeed be

IW—E® )\ d : , ZoSHTS . . e
SIn (—15(”3)Tr8§) g dr can be evaluated directly from the fit- quite difficult to achieve, especially because a calibration un-

-
1

43000

broadening to line width (%)
typical H,O level (ppmv)

ting process. der static conditions is very difficult to transfer to the highly
Equation (6) can thus be rewritten as dynamic, high-speed flow situation on a flying aircraft. The
Voorentz pO'(TLO)nf(yEHZO selfFVL air foreign) P CH,0 calibration-free optical pressure determination is therefore an
= Y i foreign : elegant method to provide an independent way of validating

From a practical point of view the fitting process can be other built-in, classical, in-flight pressure sensors in the mea-
better controlled and monitored in the iterative procedure,surement region.
since the fitting process of noisier absorption profiles from Generally it can be stated that water vapour is cer-
field situations is less robust as it also has to correct for varitainly a suboptimal sensor species for pressure determina-
ous optical disturbances. tion owing to its very high atmospheric variability (more
Combining all broadening influences and applying them tothan 4 orders of magnitude) and its very low signal lev-
typical atmospheric conditions (described by pressure, temels in and above the tropopause (compare Fig. 3). Other
perature and concentration profiles vs. height), the simulatednore suitable molecules like GOCH, etc. show negli-
profiles shown in Fig. 4 for the four selected height levels gible self-broadening effects and much weaker changes in
(marked “1” to “4” in Figs. 3 and 4) can be obtained. The the SNR, e.g. the atmospheric g@uctuations are much
individual pressure, temperature and self-broadening contrismaller (only double-digit percentage range at a basis con-
butions to the line width are graphically illustrated in Fig. 5 centration of about 400 ppmv). However, the primary goal
for a mid-value and two extremes, which show the maximumof the HAI open-path sensor (Buchholz et al., 2013a) is the
range of the contribution that can be found under typicalrealisation of a calibration-free, multi-phase water vapour
atmospheric variations. These contributions are consideregheasurement, for which the built-in micro-mechanical pres-
later in detail when estimating the uncertainty contributionssure transmitter has to be validated to stabilise and acceler-
to the optical pressure determination. ate HAI's fitting process. Thus an optical, water-based pres-
sure determination is more an additional benefit of the HAI
instrument which comes at very little extra cost but which
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Figure 5. Collisional line widthsy grentzinduced by foreign broad-
Figure 4. Simulated atmospheric 2 absorption profiles at pos- ening (of the used 1370nm transition) as a function of flight
itions 1 to 4 in Fig. 3 illustrating the effect of (see text for details) height (scaled as total pressure) for three atmospheric temperatures
temperature and foreign- and self-broadening on the used watef—50°C, —25°C, +25°C), indicating the strong pressure and tem-
transition (1370 nm) for a typical vertical atmospheric height pro- perature dependence of the collisional width. In addition the influ-
file. Parameter setd'( p, C) of the individual lines and the resulting  ence of self-broadening on the line width is shown for high, medium
line widths are also shown. All line shapes are based on the samgnd low HO concentrations (dashed lines). A clear hierarchy be-
Voigt profile approximation, which is also used to pursue the fitting comes visible with the largest impact from pressure, then tempera-
process. ture, then matrix composition. Thus the line width can be used for
optical pressure determination if the latter two can be compensated
for, i.e. if concentration (self-broadening) and temperature effects
significantly improves HAI's performance and robustness.are corrected for.
With knowledge of the correct and validated total gas pres-
sure, a spectrally stabilised spectrometer such as the HAI can
precalculate pressure-dependent spectral parameters such(@&@othman et al., 2009) with 10 % uncertainty{1 The tem-
the pressure shift of the absorption line position, as wellperature coefficient«) was measured by our group within
as the line broadening, and provide them as predeterminefl % (Hunsmann et al., 2006), and the air broadening coef-
parameters, thereby significantly minimising the degrees oficient (y_ air foreign) iS obtained from unpublished measure-
freedom and thus the stability and robustness, as well as theents at the PTB with an uncertainty of 2.5 %.
accuracy, of the spectral fitting process. Ultimately the de- For the uncertainty calculation we assume a water vapour
grees of freedom for the absorption line could be reduced tomixture fraction of 2000 ppmv, which is determined with
one final value, namely the line area. This procedure may b&n uncertainty of 5%, and a gas temperature of 273K de-
executed only when the pressure transmitter data adequatetgrmined with 1K uncertainty, which can realistically be

matches with the spectroscopically “sensed” pressure. achieved under quasi-static conditions. Finally, the colli-
sional width §1orent) Was set to 0.12cmt FWHM (full
2.5 Uncertainty consideration width at half maximum; equivalent to 560 hPa) with an un-

certainty of 2%, which includes a conservative uncertainty
For measurements under harsh conditions and with complegstimate for the fitting process and the uncertainty of the dy-
flow dynamics (e.g. on the aircraft fuselage), it is difficult to namic tuning, which has to be measured to evaluate the laser
assign a measurement uncertainty in the metrological sensggnals. Under laboratory conditions, all these contributions
(Joint Committee for Guides in Metrology (JCGM), 2008). result in a total uncertainty in the optical pressure determi-
Nevertheless, the uncertainty is estimated for the purpose afiation of 3.2 %. The largest relative contribution to the total
classifying the accuracy of the final measurands (and alwaysincertainty is caused by the uncertainty of the air foreign-
stated as 1-sigma values). broadening coefficient (58 % relative), followed by the mea-

First, the measurement by itself should be evaluated unsurement of the collisional widtf grentz (38 % relative).

der laboratory conditions, followed by estimates of the ad- To transfer this uncertainty estimate to the in-flight open-
ditional influences when the measurements are performegath measurements on the aircraft’s fuselage, it is neces-
on an aircraft. To estimate the total uncertainty of the “op-sary to adapt the uncertainties of the measurands to the
tical” pressure, which is determined via Eq. (7), we takein-flight situation. The gas temperature uncertainty is then
into account the error in the self-broadening coefficientassumed to be 7K, which is derived as a quite conserva-
(yf H,0 sel), Which is taken from the HITRANOS database tive estimate from a CFD simulation of the pressure and
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temperature field within the open-path cell. The uncertaintylated based on a multidimensional pressure determination at
for the width determinationy{ orentz) is doubled in light of  the aircraft's nose boom (Giez, 2012). Thus there are in total
the harsh environments in the high-speed flow plus broadthree independent pressure values which can be compared:
band light scattering or radiative detector offsets caused byhe optical TDLAS and the piezo sensor within HAI, and the
the sun. In total this results in an overall uncertainty of 5.1 %HALO avionic system.

for the optical pressure determination, with the largest con- The high complexity of the HAI multiphase hygrometer
tribution coming from the width measurementeniz (61 %) does not allow for a comprehensive description in this paper.
followed by the uncertainty of the air broadening coefficient Therefore, only the components relevant to the spectroscopic
(23 %) and the temperature measurement (14 %). This estipressure measurement have been explained (Fig. 1). A full-
mate is realistic for absorption profiles such as in Fig. 7 (dis-length description of the HAI instrument is planned and will
cussed later in detail), where the SNR is quite high. Clearly,also be focusing on multi-phase@ measurements.

during flight tracks with very strong optical disturbances or

in general at very low bLO concentrations the width uncer-

tainty increases owing to the reduction of the SNR. 4 Results

4.1 Signal evaluation

3 Installing the open-path cell on HALO ) . . ) .
A typical TDLAS absorption signal profile after baseline,

The “HAI” multiphase hygrometer was successfully tested offset and transmission corre_ction is shown in Fig. 7 (top)
on the HALO research aircraft during the first scientific for @ water vapour concentration of approximately 1900 ppm
HALO mission in the second and third quarter of 2012, atatemperature ofC and 440 hPa pressure. Here, the DFB
The aim of this science campaign, called TACTS (Trans-'aser is scanned over tth transition with arepetition rate
port and Composition in the UT/LMS), was to study the sea-Of 240Hz. The detecto.r sgnql after the absorptlon p{:\th in
sonality in the upper troposphere—lower stratosphere (Engéhe open-path HAI cell is digitised at 480 kS'swith 14 bit
etal., 2013). Additionally, HAl was part of the scientific pay- resolgnon. B(_afore further evaluation, 50 |_nd|v_|dual raw at_)-
load during the ESMVal (Earth System Model Validation) SOrption profiles are pre-averaged resulting in an effective
(Schlager, 2014) campaign. time resolution of 210 ms. This averaged signal is fitted to

The highest achievable flight level of the HALO aircraft the above-described Voigt profile to obtain the effective col-
determines the practically relevant pressure range for senUSiQ”a'_ contributiony orentz Of t_he total line width (Eq. 6),_
sor validation, which is approximately 150 to 1000 hPa. TheWhich is then used to determine the pressure, as described
installation schematics (depicted in Fig. 6) show the open-2Pove. Figure 7 (bottom) shows the residual between mea-
path sensor after being installed on the HALO fuselage. Thesurement and model as determined by the fitting process.
White-type (White, 1976) open-path cell has a mirror baselhe typical Allan variance eyaluatlon of system stability is
distance of approximately 15cm, which yields an optical N0t an easy task for HAl owing to the high,@ concentra-
path length of 4.2m (indicated in red between the pylonst'on fluctuations in the flight data. Thus we determine opti-
(27 cm height) in Fig. 6). The main electronics part and theCal performance data for the HAI open-path sensor from the
HAI lasers are housed in the cabin. The HAI control unit and 9'obal residual variance ), which we define as the stan-
the open-path cell are connected via glass fibres. The air tenflard deviation of the residual over the entire fit range. The
perature within the HAI open-path is measured via two plat- rgtlo betw'een the global res[dual variance and the peak op-
inum PT100 sensors. Certification requirements made it alfical density (Oleay results in an SNR of about 483. As-
most impossible to develop an isokinetic temperature sensofUMing a linear relationship between f¥acand the water
which protrudes into the gas flow. Hence, simulation modelsVaPour concentratiod’s,o, this value can be used to esti-
will be developed by the Forschungszentrum Jilich to es-mate the sensor resolutiocgﬁ—g to 3.95ppmv. To compare
timate and correct the boundary layer effects acting on thehis value with other spectrometers, a time and path length
surface-mounted PT100 sensors. The resulting temperatuneormalisation can be deducted, which results in a normalised
offsets (and corrections) are not as critical for the opticalresolutiononormH,01 = 7.6 ppmvm HZz1/2,
pressure measurement and hardly affect the pressure valid- The presented line width evaluations are exclusively tar-
ation discussed in this paper in view of the uncertainty bud-geted on the determination of the pressure and not the gas
gets mentioned above. concentration. Due to the large dynamic range of the water

The Hai open-path sensor also includes its own pressureoncentration the resolution would also strongly depend on
sensor based on a commercial piezo pressure transmittdlight height and thus is not easy to state in a single per-
(Newport Omega). This sensor is installed behind a rectanformance parameter. However, preliminary results of a con-
gular (relative to gas flow) interface in the open-path cell. centration evaluation of the 1.4 um open-path HAI signals
Furthermore there is a second pressure “signal” via HALO'syielded at flight levels with 300 ppmv water vapour to a
static ambient avionics pressure (Giez, 2012) which is calcuprecision of 1.3ppmv (@) at 0.2 seconds response time,
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Figure 6. Schematics of the HAI open-path sensor installed on the HALO research aircraft fuselage. The open-path cell itself comprises two
platinum PT100 sensors for air temperature measurements for use in data evaluation. Our HAI pressure measurement interface port allows fo
comparison between the “spectroscopically determined” pressure and a standard pressure transmitter (MMP). Additionally, several pressure
sensors are installed in the nose boom of the HALO aircraft to measure the static ambient pressure (SAP).
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' ' ambient avionic pressure (SAP) and the TDLAS pressure
\ C[H,01=1908 ppmv | (TP)), we can realise an in-flight pressure sensor intercom-
FP=-22.15°C parison under field conditions and discuss possible devi-
\ ations between the individual sensors as well as a validation
of the new, TDLAS-based, high-speed, optical pressure sens-
ing technique.

When comparing these signals, however, one has to con-
sider that the MMP and TP can be sensitive to local vari-
ations in the pressure field (both in a slightly different way)
caused by the disturbance of the high-speed airflow in be-
tween the two HAI pylons. The local pressure variation will
react strongly on the impact angle and speed of the airflow
through the HAI cell and its dynamic variations, and thus

wavenumber (1/cm) obviously on the orientation of the HALO airplane relative
] ] o ) ] to the major airflow. However, although this can be expected,
Figure 7. Typical, pre-processed, in-flight line profile measurement until now it was not possible to directly detect and quantify

after baseline-, offset- and transmission correction. The DFB diode " . S
o ) . such local pressure variations. Furthermore, since the avionic
laser scans across the® transition as shown with 240 Hz repeti-

tion rate; 50 individual raw scans are pre-averaged and the resultin&ys’n:"m_does not. have information on the local VeIQCIIy field
average scan is then fitted, resulting in 210 ms time resolution. Thénd fluid dynamics around HAI's open-path cell, it had to
global residual variancesyjopay of the fit is defined as standard de- P& expected that undetected local pressure modulation ef-
viation of the residual over the shown entire fit range. It must befects would modify the HAI water concentration in an un-
kept in mind that the gas flow is passing through the open-path celpredictable and an unquantified way when using the avionic
at approximately 900 kmht (see text for more details). data for evaluation of the HAI data. This was the main rea-
son for developing an integrated, optical, open-path pressure
monitoring system and comparing it with other means of dy-
determined via an Allan variance. These early evaluationgiamic pressure measurements.
also indicate a preliminary precision of 0.2 ppmw jifor In the following we compare the pressure signals in two
the 2.6 um path under equal conditions. typical situationsdisturbedandundisturbedFigure 8 shows
a typical case ofundisturbedsuperposition of thehree
4.2 In-flight intercomparison of pressure measurement  pressure signals, captured during a descent of the HALO
techniques aircraft. This descent covers variations of a factor of 4 in
pressure and a factor of 100 in,@ concentration. The
Using the rare occasion of having available on an air-MMP transmitter (black line) is located (see rectangular
craft three independent pressure measurement techniqu@sessure transmitter interface in Fig. 6) close to the optical
(a micro-mechanical pressure (MMP) transmitter, the static
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measurement volume defined by the open light path in the
HAI White cell. The static ambient avionic pressure (SAP,
red line) is derived from HALQ's avionic system, measured
at the nose boom in front of the airplane and directly pro-
cessed via HALO’s main data acquisition to provide the E
static ambient pressure. Finally, there is the spectroscopy® 600 -
based TDLAS pressure (TP, blue line), which is discussec§
in this paper. £

At first glance all three sensors pretty much coincide. & 400 -
Looking closer, the sensors show consistent and systemati
discrepancies, with the SAP being always high, HAI's MMP
always low (averaged difference SAP-MMP = 28 hPa)
and the optical TP consistently in between. These deviation:
have a simple physical/fluid-dynamical explanation: since
the air masses are accelerated in between the HAI pylons (see
Fig. 6), they experience a dynamical pressure reduction relFigure 8. Superposition of all three pressure measurands (bottom
ative to the ambient pressure, and thus MMP (black) and TRraces, left scale) as well as the measured water vapour profile (top
(blue), which are “sampling” between the pylons, have to betrace and right scale) vs. time during an aircraft descent from 200

lower than the static ambient pressure (SAP, red) measuretp 800 hPa. Despite the micro-mechanical HAI pressure transmit-
by the avionic system. ter (MMP, black) being placed very close to the open-path mea-

Comparing, furthermore, the two HAI pressure sensors, itsurement volume, .cllear discrepancies .compared to t.he other pres-
ure sensors are visible. These are attributed to the high-speed flow

has to be taken |nt.o account that the pres;ure .measured round the HAI sensor and especially towards the rectangular pres-
rectly by the MMP internal pressure transmitter in the open-g e transmitter interface (see Fig. 6), which can cause complex dy-
path cell (black) must be lower, owing to the dynamic pres-namic effects depending on the HAI orientation in the flow. The

sure reduction caused by the airflow parallel to the surfacged curve shows static ambient pressure measurements (SAP) from

spectroscopically determined pressure (TP)
pressure transmitter in HAl (MMP)
800 {—— HALO avionic ambient pressure (SAP)

-
o
>

10°

H,0 concentration

H,0 concentration (ppmv)

1

-

o
)

10:57:00 11:02:00 11:07:00 11:12:00
local time

aperture of the MMP’s pressure transmitter. HALO’s avionic sensors (Giez, 2012), located “in front” of Halo
The obviously higher fluctuations of the TP are caused byin the nose boom. The typical large atmosphergHoncentra-
a combination of several factors: tion variations (log scale) are visible, indicating the necessity for

detailed corrections of the optical pressure measurement (explained

1. Real pressure fluctuations which cannot be detected by detail in text).

the slow and integrating MMP pressure transmitter.

and fast HO concentration fluctuation (see Fig. 8, green

2. Fitting noise has to be considered, which shows up since line and right-hand scale).

quite fine broadening effects have to be extracted at

rather high accuracy in order to be used for pressure de- 4. Finally, the strong HO absorbance variations also lead

termination. This noise (9 hPa¢} at 220 hPa) is also to strong variations in the SNR and hence to limitations
a consequence of the very harsh measurement condi-  in the fitting process.

tions, such as the high gas velocity of up to 900 krh,h
which also causes very fast optical transmission fluc-Despite these imperfections, Fig. 8 nicely illustrates the mu-
tuations. In addition the signal is impeded by fluctuat- tual validation of all three sensors, as the small differences
ing background radiance impinging on the open detec-(averaged difference SAP-MMP 28 hPa, averaged differ-
tor (see Eqg. 1). This background, mainly solar radiation,ence SAP—TR= 13 hPa; see also Figs. 9 and 10) can be at-
depends on the angle between the aircraft (cell, mirrortributed to the different measurement locations and sensor
detector) and the sun. In some flight situations the back-installations.
ground light amounts from a few to 10 % of the total ~ This result therefore not only justifies water vapour as
light entering the detector, in other extreme cases thea suitable target species for optical pressure determination.
sunlight contribution is 4 times stronger than the total It also allows the validation of the optical pressure technique
laser radiation detected. However this is corrected forpermanently —without any additional hardware effort —while
every single absorption TDLAS signal, i.e. 240 times the standard evaluation of the HAI water vapour signals is
per second: background light effects can thus be supmaintained at any given time.
pressed very effectively in the vast majority of the typi-  Thedisturbedintercomparison case (shown in Fig. 9) re-
cal flight situations. moves the apparent redundancy of the three pressure signals
and explains why a “local” pressure measurement at the HAI
3. Further, one has to consider imperfect separation of thepylons is needed, for example to recognise fluid-dynamically
self-broadening effects, owing to the strong (100 times)critical situations, which may lead to significant systematic
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Figure 9. Intercomparison of static ambient avionic pressure (SAP, Figure 10. Correlation plot between HAI's micro-mechanical pres-
red), micro-mechanical HAI pressure (MMP, black) and spectro-sure transmitter (MMP) and the spectroscopic TDLAS pressure
scopic TDLAS pressure (TP, blue) during certain HALO high- measurement (TP). Overall, the correlation can be well represented
altitude flight manoeuvres and a subsequent descent. A clear inwith a linear fit (red line) with a slope of 1.0014 ami= 0.9992.
cidence of HALO’s aerodynamic influence of the effective pressureThe complex flow dynamic effects (e.g. Fig. 8) have some influence
within the open-path volume of HAI, leading to a strong deviation on the correlation, particularly at lower pressure, and can lead to
between the SAP and the HAI pressures (MMP/TP), can be seen oself-shading effects (marked green; see Fig. 9) in the dynamic tran-
the left between 10:30 and 11:00. The block-shaped pressure devaition region. The higher noise level at low pressures results from
ations of 70 hPa (i.e. 30 % relativep) are caused by self-shading the strong HO decrease at higher flight heights.
of HAI during a HALO manoeuvre caused by a change in the angle
of attack (green line, right scale in green) and velocity (orange line
and scale on right) of the aircraft. (The resulting constraints in using
HALO’s avionic pressure measurement are discussed in the text.Y P, however, falsifies this assumption and thus calls for an
At lower flight heights and less critical manoeuvres=(11:20), all  explanation other than a malfunction of the MMP sensor.
three pressure signals agree within 1 % (9 hPa at about 830 hPa) (see This explanation can be found by looking at additional
inset on the right). aircraft parameters which influence the flow field around
HALO. Also shown in Fig. 9 are the travelling speed of
HALO (i.e. Mach number, orange line and scale on the left)
deviations in the pressure as well as thegOHconcentration  and the angle between the atmospheric fluid velocity vec-
measurement derived from the HAI open-path cell. tor and the wing surface (i.e. angle of attack, green line and
Similar to the figures above, Fig. 9 shows the three measscale). As depicted, the strong pressure excursions correlate
ured pressure values in the same colour code. On the righin an almost “binary” way with the crossing of a minimum
hand side (at > 11:02LT), a steep descent from 200 to Mach number or a maximum angle of attack (dashed lines).
800 hPa occurs, followed by four fast, repetitive, small-scale, Obviously the flow around the HAI sensor is obstructed
ascent—descent movements with a pressure amplitude of onlgr stalled at a certain angle of attack/speed of the aircraft,
50 hPa (see inset Fig. 9 on the right). As in the case of theand thus the pressure in between the HAI pylons changes
previous figure, all sensors nicely overlap, with an averageabruptly. With a fully detailed model of the flow around
deviation over the whole time of only within 1% (9 hPa at the aircraft and its external component parts, these pressure
about 830 hPa). effects could also be simulated and superimposed on the
The left-hand side of Fig. 9% & 10:32 to 11:02) shows, avionic pressure signal. But these calculations would have
in contrast to Fig. 8, on two occasions a significant dis-to be recomputed for every flight parameter set (flight speed,
crepancy between the SAP and both HAI pressure senHALO's orientation), thus involving intensive computation
sors. These strong, several-minute-long, block-shaped pregver several hours of flight, which makes this a slow and
sure deviations with a relative magnitude of 30% to SAP unattractive approach. Therefore, the possibility of validating
(Ap =approximately 70hPa) are not visible by the SAP. the pressure transmitter in an open-path cell with the same
However, MMP and TP agree in this situation quite well with raw data for final humidity evaluation allows for a much eas-
regard to the amplitude as well as the phase of this pressurer clarification and verification of malfunctions (if there are
excursion (to better than 5%). If this deviation were mea-any), thus allowing for easy but advanced data quality man-
sured by only MMP, it would be very difficult to exclude any agement.
malfunction, e.g. due to ice accumulation in front of or in  Finally (see Fig. 10) we compare the HAI pressure sen-
the MMP interface. The excellent match between MMP andsors by directly correlating the data from Fig. 9. The pressure
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detected by the MMP (the internal pressure transmitter in thedescribed and takes self-broadening and temperature depen-
open-path cell) and the TP (the spectroscopically determinedlience of the broadening parameters into account. For the
pressure) show an excellent agreement which falls very closepectroscopic pressure detection using HAI, we determine
to the 1: 1 bisector line. A linear fit is made to elucidate the — despite the high atmospheric water vapour variability —
correlation quantitatively and yields a very small slope de-a pressure uncertainty of 3.2 % for laboratory conditions and
viation of only 0.14 % from the ideal bisector slope. This 5.1 % under flight operating conditions in the field.
nicely demonstrates the good agreement and the linearity of The spectroscopic pressure determination was compared
the two sensors. The correlation of both sensors also fallsn the range of 150-800 hPa with (a) a HAI-internal micro-
well within the +5 % corridor defined by the overall TP sen- mechanical pressure sensor and (b) the static ambient pres-
sor uncertainty of 5.1 %. The correlation plot also shows wellsure measurements of the aircraft avionics. The linearity de-
that most of the individual data points over a wide pressureviation between MMP and TP was 0.14 %. A small dynami-
— and hence bD concentration — range match well. Only cally induced pressure offset of 9.5 hPa was found.
at quite low pressures, where the SNR dropped significantly, Occasional dynamic deviations from the static ambient
does a weakened correlation, caused by the dynamic changasionic pressure confirm the need for permanent CFD simu-
in the flight pattern at the high flight levels, appear. Figure 10lations under all flight conditions for validating the measured
also clearly shows the transition regions resulting from thepressure. Alternatively, open-path species sensors like HAI
pressure drop at the edges as a dynamic effect, and the highaeed a well-designed micro-mechanical sensor or, better still,
noise level caused by the low water vapour concentratiorspectroscopic pressure detection.
(approximately 150 ppmv; Fig. 8). Even fine details can be In the standard evaluation mode of HAI, this pressure de-
found: the offset of 9.5 hPa extracted from the slope fit cantection is used for stabilising and accelerating the fitting pro-
be interpreted as a consequence of the air mass movemeaoéss. However, owing to the integrated approach, a pres-
towards the rectangular pressure transmitter interface, whiclsure validation can be done at any time using the same raw
leads — as mentioned above — to a local pressure reductionlata, implying that it is not a common single pre- or post-
In the future, this offset will be an interesting parameter to validation process but a parallel execution.
be checked when an entire CFD model becomes available. The measured pressure data can additionally be included
Overall, Figs. 8-10 nicely allow for a mutual validation of as validation parameters for the development of a larger and
the two HAI pressure sensors with each other and during suitmore accurate CFD simulation model for inlet systems such
able conditions also of the TP and the MMP with the avionic as the open-path cell.
pressure data within a few percent. For that purpose, the laser-based high-speed optical pres-
sure measurement can be seen as a more general concept
which also can be realised using other gas species.i€O
5 Conclusion and outlook particular appears quite useful for dedicated optical pres-
sure sensors as it is much more evenly distributed in the
Highly accurate pressure measurements on research aircradtmosphere, and therefore the pressure measurement could
are quite difficult to realise because of the complex flow dy-also be realisable, for example, in the UTLS. Due to the
namics and their dependency on several other airborne flighiow CO, concentration (compared to water vapour), self-
parameters. To solve many flight issues, an accurate knowsroadening effects are drastically reduced and also relatively
ledge of the static ambient pressure is required. Static pressonstant during flight level variations, which would simplify
sure sensors are typically available with a high level of ac-the data evaluation significantly and make the optical pres-
curacy. However, the determination of the exact pressure asure signal even more robust. The £@.0um and espe-
a specific location on the fuselage of an aircraft requirescially the 2.7 um band are particular attractive for pressure
computationally intensive simulations (using CFD models) sensing. Assuming 100 hPa outside pressure, 400 ppmv CO
for every flight parameter set. in air and a 4 m optical path length, peak absorptions up to
In this paper, we presented an integrated approach t&0 % can be expected in the 2.7 um range (3% at 2 um). The
a purely spectroscopic, calibration-free pressure determina2.7 um CQ lines are even more attractive for pressure sens-
tion using water vapour as the sensor species and HAI as thimg and should allow for significantly better pressure reso-
sensing instrument. The HAI instrument is initially designed lution than the 9 hPa named above due to the much higher
for multiphase water vapour detection and serves here as aabsorption compared to the@8 lines used in HAI. With re-
additional TDLAS-based gas pressure sensor in the light patlgard to performance, the 2.7 um lasers needed are fully com-
region of the HAI open-path White cell on the aircraft fuse- parable to the 2.6 um lasers used currently in HAI for water
lage. The optical pressure measurement was designed to vapour measurements and should also be very easy to inte-
calibration-free and is purely based on the knowledge of thegrate due to identical operating conditions and form factors.
relevant spectral parameters of the sensor molecule descrifi-herefore, the 2.7 um CQines appear as a quite promising,
ing the line broadening. The correction process, which hasigh-resolution extension to theoB®-based pressure sens-
to be executed to obtain accurate pressure values, has beary. However, owing to the constantly rising operational and
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certification costs for aircraft instrumentation, this has to be craft HALO in summer 2012, EGU General Assembly,
combined with the scientific use of the target concentration 15(EGU2013-9191) [online] available dittp://adsabs.harvard.
data and will therefore have to be planned as a contribution €du/abs/2013EGUGA..15.919]1&st access: 1 August 2013.
in a future campaign. Faroog, A., Jeffries, J., and Hanson, R.: In situ combustion mea-
surements of KO and temperature near 2.5um using tunable
diode laser absorption, Measurement Science and Technology,
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