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Abstract. In the last ten years a total of 25 sounding rock- to measure the neutral number density and its small scale
ets employing ionization gauges have been launched at higfluctuations in an altitude range between 70 and 110 km. For
latitudes ¢ 70° N) to measure total atmospheric density and a compilation of dates, flight labels, etc., see Table 1. The
its small scale fluctuations in an altitude range between 7@luctuations have been used to unambiguously deduce turbu-
and 110 km. While the determination of small scale fluc- lent parameters, such as the turbulent energy dissipation rate
tuations is unambiguous, the total density analysis has beefLibken, 1992, 1997). On the other hand, the derivation of
complicated in the past by aerodynamical disturbances leadabsolute number densities is complicated by the fact that at-
ing to densities inside the sensor which are enhanced conmospheric densities are disturbed by the supersonic motion
pared to atmospheric values. Here, we present the resultsf the rocket vehicle, leading to densities inside the sensor,
of both Monte Carlo simulations and wind tunnel measure-which are significantly larger than atmospheric densities.
ments to quantify this aerodynamical effect. The comparison In this paper we describe a procedure to quantify this aero-
of the resulting ‘ram-factor’ profiles with empirically deter- dynamic effect, both experimentally and numerically. We
mined density ratios of ionization gauge measurements anfirst give a short description of the ionization gauges and
falling sphere measurements provides excellent agreementharacterize the aerodynamic problem in more detail. We
This demonstrates both the need, but also the possibilitythen present the results of wind tunnel measurements of the
to correct aerodynamical influences on measurements frorgo-called ‘ram factor’, i.e. the ratio between the density ac-
sounding rockets. tually measured by the gauge and the undisturbed density
We have determined a total of 20 density profiles of theof the flow. We use these results and the numerical results
mesosphere-lower-thermosphere (MLT) region. Groupingof Monte Carlo simulations of the density fields inside the
these profiles according to season, a listing of mean densitgauges to determine altitude profiles of the ram-factors in or-
profiles is included in the paper. A comparison with density der to correct the measured densities. Finally, we use the cor-
profiles taken from the reference atmospheres CIRA86 andected density measurements to deduce mean density profiles
MSIS90 results in differences of up to 40%. This reflects for selected times of the year (January until March, July until
that current reference atmospheres are a significant potentidugust, and September until October). These mean profiles
error source for the determination of mixing ratios of, for ex- are compared to profiles from reference atmospheres like
ample, trace gas constituents in the MLT region. CIRA86 (Fleming et al., 1990) and MSIS90 (Hedin, 1991).

Key words. Middle atmosphere (composition and chem-

istry; pressure, density, and temperature; instruments and ) )
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In the past ten years the Bonn University group has utilized
i two different ionization gauges to measure atmospheric neu-
1 Introduction tral density, i.e. the TOTAL and the CONE instrument. Both
TOTAL (the name emphasizes that total number densities are

b | hed by the At heric Phvsi B (?neasured) and CONE (COmbined measurement of Neutrals
een faunched by the AMOSPREric FNysICS group ot bonn, Electrons) are classical triode type ionization gauges op-
University (which is now at the Leibniz Institute of Atmo-

heric Phvsics in &hl b i ionizai timized for a pressure range betweermi@o 1 mbar, thus
spheric Physics in Bhlungsborn) carrying ionization gauges suitable to measure in an altitude range between 70-120 km

Correspondence tavl. Rapp (rapp@iap-kborn.de) (Hillert et al., 1994; Giebeler et al., 1993). In order to obtain
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Table 1. Listing of all TOTAL and CONE flights. In the last column Inflow Inflow
the gauge type is indicated: T: TOTAL, C: CONE +
Flight Date  Time (UT) apogee gauge Sl o e qrid Batfle
[km]
DAT13 22/01/90 10:20:00 132 Electron collector—
DAT50 25/02/90  19:20:00 128 Accomodai Shielding grid/g._ :
DAT62 06/03/90 02:41:00 133 chamber Filament T
DAT73 08/03/90  22:53:00 119 o collecor
DAT76 09/03/90  00:25:00 130
DAT84 11/03/90  20:42:00 131 | fnode
DBNO1 20/02/90  04:54:00 128 Structure
DBNO02 06/03/90  05:18:28 128
DBNO3 13/03/90 04:21:00 128

TURBO-B  01/08/91  01:40:00 131
TURBO-A 09/08/91  23:15:00 130

LTO1 17/09/91 23:43:00 124 Fig. 1. Sketches of the ionization gauges TOTAL (left) and CONE
LTO6 20/09/91 20:48:00 129 (right). For more technical details on the gauges (dimensions, volt-
LT13 30/09/91 20:55:15 130 ages, etc.), see the papers by Hillert et al. (1994) and Giebeler et al.
LT17 03/10/91  22:27:30 129 (1993).

LT21 04/10/91 00:08:00 131

SCTO03 28/07/93 22:23:00 128 ]

SCT06 31/07/93  01:46:00 127 density measurement.

ECTO2 28/07/94 22:39:00 124

ECTO7 31/07/94 00:50:33 126

ECT12 12/08/94  00:53:00 129 3 Aerodynamic effects

NLTE-1 03/03/98  22:33:00 133
MDMI05 06/07/99  00:06:00 102
MSMIO3 06/05/00  17:08:00 106
MSMIO05 15/05/00  00:46:00 102

While the procedure to derive absolute number densities from
the ionization gauge current works well in the laboratory

where the gas streams slowly into the measuring volume, the
densities are modified if the gauge is mounted on a sound-
ing rocket. These rockets typically move at a speed of sev-

absolute densities, the gauges are calibrated in the labor&'2! times the speed of sound. Compression waves develop

tory using a high quality pressure sensor, such as a Baratrof! the front of such payloads, leading to a disturbed density

A schematic presentation of the gauges TOTAL and CONEand temperature field around the vehicle. Thus, the density
is shown in Fig. 1. As is seen from this figure, the main measured by CONE or TOTAL is enhanced relative to the

difference between the two ionization gauges is their geo_ambient density by a ram-factae

metrical design. TOTAL is a ‘closed’ gauge, where the tri- _
. L . . . meas= fram* 1 (1)

ode system is placed inside a cylindrical tube accessible only
by ambient molecules through a small orifice (Hillert et al., wherenmeasis the density measured by the instrument and
1994). Atmospheric air molecules can enter the ionizationy is the undisturbed atmospheric density. For a general dis-
volume only after at least two collisions with the tube walls. cussion of the influence of aerodynamics on rocket-borne in
In contrast, CONE consists of spherical electrode grids ofsitu measurements in the middle atmosphere, we refer to Bird
high transparency without being surrounded by any struc{1988) and Gumbel (2001b).
ture (Giebeler et al., 1993). This allows the air molecules How can this ram-factor be determined? It turns out that it
to stream ‘through’ the sensor. The main purpose of theis very difficult to access this factor theoretically: the atmo-
CONE design is to reduce the instrumental time constantspheric altitude range of interest (110-70 km) includes the
thus enhancing the ability to resolve turbulent fluctuations ofaltitude region where the mean free path of the air molecules
even smaller scales than was possible with TOTAL. Note thas of similar magnitude as typical dimensions of the gauges
CONE posseses two more electrodes than TOTAL. While(some centimeters). Flow characteristics are usually de-
the outermost grid is biased tp6V to measure electrons, scribed by means of the Knudsen numier = 1 /L, where
the next-inner grid{15V) is meant to shield the ionization } is the mean free path, aridis a typical dimension of the
gauge from ambient plasma. instrument. ForKn > 1, it can be assumed that incident

Both ionization gauges took data at a frequency &kHz,  and reflected molecules will not interact with each other, re-
resulting in a theoretical altitude resolution-ef0.3 m fora  sulting in the so-called ‘free molecular flow theory’ (e.g. Pat-
typical rocket velocity of 1000 m/s. However, due to the spin terson, 1956). On the contrary, f&n <« 1, the streaming
modulation, the data must be averaged, resulting in an efmolecules can be regarded as a continuum so that standard
fective altitude resolution of~ 200 m for the total number continuum fluid dynamics can be applied. In Table 2 we

0000004444444 4444444
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Table 2. Atmospheric and aerodynamic parameters during a sound- F

ing rocket flight in summer for an apogee of 130 km. Atmospheric o7 CONE 1
temperatures and densities have been adopted from CIRA86 for the 3F 06 /;’e--a’( -
month July and 70N (Fleming et al., 1990).z denotes altitude, L ©05 e

T temperaturep number densityMa the Mach numberkKn the
Knudsen number, anfte the Reynolds numberk» and Re have
been calculated fat. =5 cm.
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z[km] TIK] n[m3 Ma Kn Re 2_ S R S
60 2609 8.7E21 4.00 0.004 1107.1 D ey SN
70 2206 25E21 4.07 0.01 3352 - T T -
80 168.8 5.9E20 4.35 0.06 92.9 L
90 1433 1.0E20 4.35 0.3 16.9 P . . . . .
100 1885 9.5E18 3.45 3.4 1.14 0 50

110 287.5 1.6E18 2.48 20.5 0.13

o
120 389.4 45E17 1.83 737  0.03 angle of attack o [°]

Fig. 2. Ram-factors for CONE as a function of the angle of attack
measured for different flow conditions. The different results are
Table 3. Parameters of the wind tunnel experimengsdenotes  labeled according to the flow condition number given in Table 3.
the altitude which corresponds to the density in the experiment
chamber. The altitude dependence of density has been taken from
CIRA86 for the month July and a geographical latitude of 70
N (Fleming et al., 1990). Krn and Re have been calculated for

L =5cm. 5K .
¢ L
Nr. T[K] n[m=3] Z[km] Ma  Kn Re O 4t .
1 1644 1.2E21 74.0 2.0 0.029 1214 8 I
2 155.9 2.1E20 86.8 2.12 0.162 23.2 « 3
3 1531 9.8E19 90.2 2.16 0.337 11.4 c r
4 64.9 2.7E21 69.4 4.0 0.012 849.7 o 2r T
5 65.9 1.2E21 75.4 418 0.028 400.9 & 3
6 56.4 3.1E20 84.7 4.61 0.106 129.7 1F -
7 50.2 1.2E20 89.3 495 0.285 56.0
0
have listed some aerodynamic and atmospheric parameters angle of attack o [°]

for a typical flight of the TOTAL or the CONE ionization

gauge. As can be seen from Table 2, the scientifically mosfig- 3. As for Fig. 2 but for TOTAL.

interesting altitude range between 80 and 100 km where, for

example, the mesopause is located and phenomena, such as

noctilucent clouds and polar mesospheric summer echoegnosphere has to be simulated in a wind tunnel. However, it
occur (e.g. libken, 1999; Witt, 1962) is characterized by turns out that most of the existing wind tunnel facilities op-
0.1 < Kn < 10. Thus, neither of the above mentioned ‘sim- erate with densities that are too high (e.g. appropriate for
ple’ theories can be applied. Here, two methods are availabl@irplane design). Fortunately, we had access td-Hulity

to deduce the ram factor: experimentally, by directly measurfor Rarefied, Supersonic, and Reactive Flawhe Labora-
ing the ram-factor in a wind tunnel; and theoretically, by the toire d’Aerothermique du CNRS at Meudon (France). Ta-
numerical simulation of the paths and interactions of individ- ble 3 summarizes the wind tunnel conditions for which mea-
ual molecules applying Monte Carlo techniques (Bird, 1988;surements of the ram-factor were performed at this facility.
Gumbel, 2001b). We have utilized both methods and we will Comparing the wind tunnel flow conditions in Table 3 to the

now present the results of these efforts in the next section. actual flight conditions (Table 2), it turns out that there is a
nice agreement in terms of densities, and Mach and Knud-

sen numbers for the altitude range between 70 and 90 km

4 Determination of the ram-factor (wind tunnel experiments 4-7). However, due to different
flow temperatures in the wind tunnel and the atmosphere,
4.1 Wind tunnel measurements the Reynolds numbers are significantly different (for a de-

tailed discussion of similarity between wind tunnel and at-
In order to determine the ram-factor experimentally, the aero-mospheric flows see Gumbel (2001b). Therefore, it must be
dynamic situation of the rocket flight through the middle at- concluded that we cannot directly transfer results obtained in
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2.5

Fig. 5. Same as for Fig. 4 but for the TOTAL ionization gauge.

tion.

In summary, we conclude that the CONE measurements
are independent of the angle of attack, provided that
60°, while the dependence of the ram-factors for TOTAL is
well described by a cosine law.

10 mm

0 4.2 Direct Simulation Monte Carlo calculations
Fig. 4. Simulated density field inside the CONE ionization gauge. As has been explained above, the experimental results for the
Densities are given in units relative to the undisturbed density of theggm-factors cannot directly be applied to atmospheric flight
background flowfield. conditions because of different temperatures in the wind tun-
nel flowfield and the atmosphere. Therefore, we have simu-
lated the density fields inside the CONE and TOTAL gauge
the wind tunnel to atmospheric flight conditions. However, appropriate for atmospheric flight conditions with the Direct
what we can study in the wind tunnel is the variation of the Simulation Monte Carlo (DSMC) method (Bird, 1988) in
ram-factor with the angle of attack, i.e. the angle between the version of the Stockholm DSMC model (Gumbel, 1997,
the rocket axis and the velocity vector. 2001b). For this model approach, the flow in the vicinity
The ram-factors for CONE and TOTAL were measured by of the two gauges was simulated using two-dimensional ax-
exposing them directly to the supersonic jet of the wind tun-ially symmetric grids. While the TOTAL gauge is basically
nel. The free flow density was directly measured by meansa bucket, the CONE sensor consists of 4 concentrical spheri-
of an electronbeam fluorescence technique (Gumbel, 2001bgal meshes forming the electrodes of the gauge. In a com-
In Figs. 2 and 3 we present the results of the measured ranpanion paper, Gumbel (2001a) has presented an approach
factors for both CONE and TOTAL, respectively, as a func- to model the flow through meshes of a given transparency
tion of . We only present results from wind tunnel condi- in the framework of the DSMC method. Gumbel has mea-
tions 4-7, since the corresponding Mach numbers are clossured the density fields of the flow through meshes of differ-
est to those during rocket flights (see Table 2). For CONEent transparencies in a wind tunnel experiment under meso-
andw=0, the ram-factor increases with increasing free streanspheric flow conditions and also simulated these flow fields
density between 1.6 at the lowest, and 2.4 at the highest derwith the DSMC technique. The agreement between measure-
sity. Since CONE is an open ionization gauge, the ram-factoments and simulations was satisfying and we have, therefore,
shows little variation withx. Fora < 60°, there is hardly any  decided to utilize this model approach to simulate the density
variation detectable. This is a very convenient result becauséelds inside the CONE instrument. The basic assumption to
the correction of the atmospheric data due to different an-model the transmission of the electrodes is to assume that
gles of attack can be neglected (during a typical rocket flight,the spherical shells are infinitely thin. Molecules passing
the angle of attack normally does not exceed)60he TO-  through the location of the spheres penetrate the electrodes
TAL measurements show a different behaviour. First of allif a random number between 0 and 1 is less than the given
the ram-factors show more than double the values than th&ransmission of the electrode (e.g. 0.884 for the outermost
CONE-data, a behaviour which is caused by the closed degrid) and if not, are reflected.
sign of this gauge. Second, the ram-factors show a distinct In Figs. 4 and 5 we show two examples of such simula-
variation withe. For comparison, we have also plotted solid tions for the CONE and the TOTAL ionization gauges for
lines showing a cag)-dependence normalized to the mea- atmospheric flow conditions at 90 km altitude (see Table 2
sured ram-factor for0 We see that the measurements canfor more details). The conceptual difference between the two
be described by such a simple law to a very good approximagauges is obvious: the ‘open’ design of CONE leads to less
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enhanced densities (mean density ratio is of the order of 2) 120——————— T T—T—T—T—T— T
compared to TOTAL (density ratie 8). On the other hand,
the density distribution inside the TOTAL instrument is quite L .
homogenous, whereas inside CONE, there are sharp gradi- xMonte Carlo
ents and inhomogeneities due to the different meshes. Based  14g}- oS¢ -
on flowfield calculations for the whole altitude range of inter- \ AMean FS/CONE
est, i.e. from 70 to 110 km altitude, we have now determined \ ]
altitude profiles of the ram-factors for both CONE and TO- \
TAL. While for TOTAL this is an easy exercise due to the — I = |
homogeneity of the density distribution, more care needs tof
be taken in the case of the CONE sensor. With the additionat™ \
knowledge of the spatial distribution of the ionization events o \
in the gauge which we have calculated with the aid of the ion-5
trace-model SIMION (Dahl, 1995), the ram-factor has been?;
determined by a weighted mean over the ionization volume.:
Before we turn to the presentation and discussion of theo
ram-factor profiles appropriate for atmospheric applications,
we state that we have also calculated ram-factors for wind- 80
tunnel conditions. For both CONE and TOTAL, we have
determined ram-factors for experiment Nr. 7 (see Table 3 for r 1
more details), i.e. for laboratory conditions which are close
to flight conditions in the vicinity of the mesopause at alti- 70 se —
tudes of~ 90 km (see Table 2). For CONE, we obtain a
DSMC result of 1.6:0.1 compared to a measured value of T
1.6+0.25. For TOTAL, the Monte Carlo simulations give
4.6+0.1 compared to a measured value of#4017. Thus, ram factor f
both for CONE and TOTAL, the simulated and measured
ram-factor values agree within the uncertainty of their error
bars.

90 —

Fig. 6. Altitude profiles of ram-factors for the CONE instrument
once determined numerically with DSMC calculations (dashed line)
and once determined from the comparison of CONE and falling

S . . . sphere measurements (thick solid line). Error bars of the DSMC
4.3  Validation of DSMC results with falling sphere densi- data represent the statistical uncertainty of the simulations; those

ties of the CONE/falling sphere data represent the rms variation of the

. ) ) seven individual profiles.
An independent check of the altitude profiles of calculated

ram-factors can be achieved by comparing the uncorrected
densities of the ionization gauges with the density measure- o
ments by falling spheres. All TOTAL/CONE sounding rocket 900d agreement. Note that the apparent small deviation at
flights were accompanied by at least one falling sphere flight™~82 km is not significant, i.e. the profiles still agree within
in order to determine meteorological conditions in the mid- their error bars. This apparent deviation is probably due to
dle atmosphere. The falling sphere technique has been gdhe rather crude statlgtlcs of only seven simultaneous dgta
scribed intensively in the literature (e.g. Schmidlin, 1991). Sets of CONE and falling sphere measurements. The devia-
The prime quantity measured is atmospheric density whicHion vanishes, for example, in case of TOTAL, where 17 pro-
is deduced from the measured deceleration of the sphere dif#ies are available (see below). This demonstrates that indeed
to the friction with the atmospheric air. Density profiles are the DSMC method is useful in quantitatively determining the
achieved from~ 95 km down to 30 km, with an altitude res- ram-factor for the CONE instrument.
olution of some kilometers in the upper part of the trajectory  We now turn to the results for TOTAL. Again we have de-
(e.g. Schmidlin, 1991, libken, 1999). The falling sphere rived density ratios from the comparison of ionization gauge
profiles used in this paper have been published bgken  and falling sphere measurements. In this case, we have a data
and von Zahn (1991) andilbken (1999). base of 17 sets of ionization gauge and falling sphere mea-
In Fig. 6 we show a height profile of the mean density surements which were perfomed close in time. The height
ratio determined from the comparison of a total of 5 density profile of the mean density ratio, together with its rms varia-
profiles measured with the CONE instrument, with 7 falling tion is presented in Fig. 7. Furthermore, we have plotted two
sphere density profiles (in two cases there was one fallingheoretical curves: one determined from the Rayleigh-Pitot
sphere shortly before and after the ionization gauge). Thdormula (e.g. Shapiro, 1954) and the other determined with
error bars indicate the rms variation of the data. In this plotthe DSMC method. Below 90 km both theoretical curves and
we have also indicated the results of the DSMC simulationsthe measured density ratios agree perfectly. The small depar-
In the altitude range of overlap, the profiles reveal a ratherture of the DSMC curve from the Rayleigh-Pitot curve above
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L A L B B R B B R BN Table 4. Rocket flights used to derive mean seasonal density pro-

files.

Time of Year Flights

July/August TURBO-A, TURBO-B,SCTO03
SCTO06,ECT02,ECT07,ECT12

r \\ 7 September/October LTO1,LTO6,LT13,LT17,LT21

\ January/March DAT13,DAT50,DAT62,DAT73
100 \ - DAT76,DAT84,NLTEL

\\
\ May MSMI03

110

[km]

90 \ 7] All the sounding rockets have been launched from the North-

Norwegian launch site Andgya (681, 16° E), except for the
flights TURBO-A and TURBO-B, which have been launched
from ESRANGE in Northern-Sweden (68, 22° E) and
] flights DBNO1 - DBNO3 which have been launched from
Biscarrosse in southern France (e.g. Lehmacher éihién,
— Mean FS/TOTAL T ;995). Andgya and ESRANGE have nearly the same Iqt—
. itude, such that the data can be merged together to derive
70— R-Pitot - mean profiles. Our guideline to group the measured profiles
——- Monte Carlo was the seasonal variation of densities and temperatures, ear-
T ———E— lier deduced from falling sphere measuremenisbften and
0 ° 10 15 von Zahn, 1991; libken, 1999). While the July/August data
ram factor f and the January/March data fall into the core summer and
winter season, respectively, the September/October and the
: . o - <™ May data have been measured in the transition times from
falling sphere measurements (thick solid line). Error bars indicate

the rms variation of the data. In addition, the results from the DSMCOI’]:3 Statz t(;‘) F[hef other aik??l’. 1h?99I)t I:o_te _It_hg;[ Wle dha\./e
calculations (short dashed line) and a ram-factor calculated withon!y Used data from rocket Tlights fisted in 1able uring

the Rayleigh-Pitot formula (long dashed line) (Shapiro, 1954) areWhich the angle of attack did not exceed a limite80°. For
shown. angles of attack larger than this limit, we cannot easily cor-

rect for the angular dependence of the ram-factor (see Sect.

4.1 for more details). A listing of mean densities, except for
90 km is expected, as the Rayleigh-Pitot formula is based onthe month May, where only one successful measurement has
continuum mechanics. Therefore, it is approximatly at alti- been performed up until now, is presented in Table 5.

altitude

80

Fig. 7. Mean altitude profile of density ratios between TOTAL and

tudes where the Knudsen number becomes largerthai We start with the presentation of the results for the summer
where the Monte Carlo results depart from the Rayleigh-Pitotflights in July and August. In Fig. 8 we present a summary
values. plot of all seven density profiles. In order to make small scale

In summary, we conclude that the excellent agreement ofeatures on top of the exponential trend of the profiles more
the calculated ram-factors and empirically determined den-easily visible, we have divided all profiles by a reference pro-
sity ratios from falling spheres and ionization gauges sug-file from CIRA86 (Fleming et al., 1990). Furthermore, we
gests that we can indeed apply the results of the Monte Carltvave calculated the mean of the profiles and indicated the
simulations to correct the ionization gauge density measureeeviation every five kilometer of our data from CIRA86. It
ments. If we take these correction factors to be exact, thenurns out that the CIRA86 densities are too low below 80 km
the remaining uncertainty of our density measurements is dealtitude, by about 20%. However, above 80 km, we find that
termined by the uncertainty of the laboratory calibration with CIRA86 densities are too large by about 40%, consistent with
an upper limit of 2%. the results of ibken (1999).

How do our mean summer densities compare to other mea-
surements or reference atmospheres? In Fig. 9 we present a
5 Results comparison of our mean profile with a mean falling sphere
profile from Lilbken (1999) and the reference atmosphere
We have corrected all the density profiles measured durings|sod (Hedin, 1991). We first note that the agreement of
the rocket flights, listed in Table 1, with the ram-factor pro- the CONE/TOTAL densities and the falling sphere densities

files introduced in the last section. The resulting density pro-js perfect. Below 85 km, both profiles are merely distinguish-
files have been grouped according to season. Thus, we ob-

tain the four sets of density measurements listed in Table 4. 1Al densities relative to CIRA86
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Table 5. Seasonal variation of ionization gauge neutral number den-

sities. All densities are given in 7. Read yEx as yL0%. Summer
110 L) -
Altitude  January- July-  September- ‘\ J
[km] March  August October A\
LAN/ng .= 38.2% /)) 4
71 9.88E20 2.10E21 1.33E21 /\’(\
72 8.87E20 1.89E21 1.18E21 \\ \f
73 7.87E20 1.67E21 1.03E21 100 An/ng,= 39.4% ) -
74  6.92E20 1.47E21 8.89E20 £ XT-
75 6.03E20 1.27E21 7.60E20 > N
76 523E20 1.10E21  6.46E20 AN ene™ 43:4%7 7 T
77 4.49E20 9.46E20 5.47E20 Y

78 3.85E20 8.09E20 4.63E20
79 3.29E20 6.90E20 3.93E20
80 2.82E20 5.85E20 3.32E20
81 2.42E20 4.93E20 2.82E20
82 2.08E20 4.12E20 2.39E20
83 1.79E20 3.39E20 2.03E20
84 1.54E20 2.75E20 1.74E20 80 FAn/ncy o= 20.6%
85 1.33E20 2.19E20 1.48E20
86 1.14E20 1.71E20 1.27E20
87 9.76E19 1.32E20 1.08E20
88 8.35E19 1.01E20 9.11E19
89 7.15E19 7.65E19 7.65E19

Ny
g0 FAN/Ngype= 41.5% < \\

altitude

LAn/ngy = 19.5%

90 6.11E19 5.86E19 6.41E19 0.0 0.5 1.0 1.5

91 5.21E19 4.56E19 5.37E19

92 4.44E19 3.59E19 4.52E19 N/Ncirags

93 3.79E19 2.84E19 3.83E19 . . . .

94 3.22E19 2.24E19 3.26E19 Fig. 8. All summer density profiles measured with the TOTAL or
95 2.73E19 1.77E19 2 78E19 CONE ionization gauges divided by the appropriate CIRA86 ref-
96 2.31E19 1.40E19 2 38E19 erence profile. The thick line indicates the mean profile of all ion-
97 1.94E19 1.12E19 2 03E19 ization gauge measurements. Furthermore, the deviation between
98 1.61E19 9.02E18 1.73E19 the mean ionization gauge densities and CIRA86 is indicated every
99 1.32E19 7.38E18 1.48E19 5 km.

100 1.08E19 6.10E18 1.26E19
101 8.86E18 5.06E18 1.08E19

102 7.34E18 4.20E18 9.14E18 ment at least when the rms-variation of the ionization gauge
103 6.15E18 3.49E18 7.74E18 densities is included. We conclude that during this period
104 5.21E18 2.90E18 6.51E18 all of the discussed data sets describe the real mean state of
105 4.46E18 2.42E18 5.42E18 the atmosphere sufficiently well. Only CIRA86 shows sig-
106 3.83E18 2.01E18 4.46E18 nificant deviations of the order of 25% at 85 km and 105 km
107 3.29E18 1.68E18 3.61E18 altitude, respectively.

108 2.81E18 1.41E18 2.92E18 . .
109 239E18 1.24E18 5 42E18 In the period from January to March (see Fig. 11), all den-

110 2.02E18 1.17E18 2 17E18 sitigs agree well, expept (this.time) for the MSIS90 data set,
which shows a maximum deviation of nearly 40% at 100 km
altitude from the ionization gauge measurements. On the
other hand, the natural variability of atmospheric densities
able, and above that the deviation is well within the rms- at this altitude is also rather large, i.e. on the order of 20%.
variability of the CONE/TOTAL measurements, as indicated Yet, the difference between the CONE/TOTAL data and the
by the error bars. We further note that below 85 km, MSIS90MSIS90 data is significant.
represents the correct situation closer than CIRA86. Here, Finally, we show results for the month of May. In this pe-
the deviation between the CONE/TOTAL and the MSIS90 riod, only one single rocket flight has provided useful data,
data is also within the CONE/TOTAL rms-variation. How- je. flight MSMIO3, which was launched in May 2000. The
ever, above 85 km, MSIS90 also has densities which are togesuits are presented in Fig. 12. In addition to the comparison
large, i.e. 20% at 90 km and 40% at 110 km. with the mean falling sphere densities froriidken (1999),
The situation changes for the data sets during the transitionve show a density profile measured with a falling sphere just
months of September/October presented in Fig. 10. In thisa few minutes before the sounding rocket launch. The agree-
case, the comparison of the CONE/TOTAL data, the MSIS90ment between the CONE and falling sphere measurements is
data, as well as the falling sphere data shows a close agregerfect. Note that this is another confirmation of the qual-
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Fig. 9. Comparison of ionization gauge densities to density pro- Fig. 10. As for Fig. 9 but for the months September and October.
files from MSIS90 (Hedin, 1991) and mean falling sphere densities
(Lubken, 1999) for the core summer months July and August.

6 Summary

In this paper we have presented an approach to derive ab-
solute densities from rocket-borne measurements with ion-
) ) , ization gauges. In the past, the lack of a conclusive ana-
ity of our algorithm to correct for the aerodynamical effects | ooy theory of the aerodynamics in the transition regime
described above. While all previously discussed sounding, ¢ nrevented the correction of the so-called ram-effects in
rocket flights had an apogee of approximately 130 km, flighty,e 4tityde range below about 100 km. Benefitting from
MSMIO3 or!ly reached an apogee Of, 106 km.. Hence, thethe progress in computer development, it is now possible to
aerodynamical parameters for this flight are different suchg,,.cessfully utilize Monte Carlo techniques to simulate the
that the Monte Carlo calculations had to be repeated for thigye ity fields inside even very complicated instruments, such
particular rocket flight. The good agreement between the,s o' cONE ionization gauge. Using this Monte Carlo ap-
falling SPhere and the CONE data emphasizes mpresswe%roach together with direct measurements of the ram-factor
the quality of the Monte Carlo method. in a wind-tunnel in order to clarify the influence of the angle
of attack, we have developed a correction method for rocket-
Apart from this more technical point of view, we would borne measurements with the ionization gauges CONE and
also like to emphasize the discrepancy between the actualOTAL. The comparison of the derived ram-factor profiles
CONE measurements and the mean falling sphere profilavith empirical ram-factors derived from the comparison of
from Lubken (1999). While for all other periods of the year uncorrected ionization gauge densities with falling sphere
there was a near perfect agreement between the ionizatiodensities gives an excellent agreement. We have then used
gauge and the mean falling sphere densities, here we find the derived ram-factor profiles to correct the density mea-
discrepancy of the order of 15%. This is due to the largesurements from a total of 20 rocket flights. The resulting den-
natural variability which characterizes the transition period sity profiles have been merged according to the season when
during which the data were taken. It is just at the beginningthe measurements have been taken. Mean density profiles
of May when the atmosphere departs from its stable ‘win-have been derived and compared to reference atmospheres,
ter state’ and passes over to its ‘summer state’ with steepuch as CIRA86 and MSIS90, and independent in situ mea-
temporal gradients of atmospheric temperatures in betweesurements made with falling spheres. While the compari-
(LUbken, 1999). son with the falling sphere data yields excellent agreement,
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Fig. 11. As for Fig. 9 but for the months January through March. Fig. 12. As for Fig. 9 but for May. The ionization gauge data set

The falling sphere densities have been adopted fraibken and ~ comprises only of a single rocket flight in this case. For compar-

von Zahn (1991). ison we also show the data of a falling sphere, labeled MSFS02,
measured only a few minutes before the sounding rocket flight.

it turns out that particularly during the summer, the use of

CIRA86 or MSIS90 densities to derive, for example, mixing  The Editor in Chief thanks R. Goldberg and M. Horanyi for their
ratios of trace constituents can be wrong by as much as 40%elp in evaluating this paper.

Finally, it should be emphasized that our results establish

the method of measuring absolute neutral air densities with

rocket-borne ionization gauges provided that aerodynamideferences

effects are corrected, as described in this paper. Compared to

measurements with falling spheres this has the great advarBird: G. A., Aerodynamic effects on atmospheric composition mea-
tage of a real simultaneous common volume measurement surement_s from rocket vehicles in the thermosphere, Planet.
with different instruments, as well as a measurement with a Space Sci., 36, 921-926, 1988.

hiah ltitud luti in th . 200 ahl, D. A., SIMION 3D: version 6.0, lon Source Software,
ignher altitude resolution in the mesopause region ( m KLACK Inc., Idaho Falls, 1995.

compared to several km), and finally a larger upper altitudepjeming, E. L., Chandra, S., Bamnett, J. J., and Corney, M., Zonal
limit (i.e. 110 km compared te- 90 km). The last point is mean temperature, pressure, zonal wind, and geopotential height
especially important during winter when the mesopause has as functions of latitude, Adv. Space Res., 10(12), 11-59, 1990.
an average altitude of 100 km and cannot be determined in Giebeler, J., Libken, F.-J., and &gele, M., CONE — a new sen-

situ from the falling sphere technique. sor for in-situ observations of neutral and plasma density fluc-
tuations, Proceedings of the 11th ESA Symposium on European
AcknowledgementsThe authors thank J. Adgre for his excellent Rocket and Balloon Programmes and Related Research, Mon-

support during the wind tunnel experiments and J.C. Lengrand for treux, Switzerland, ESA-SP-355, 311-318, 1993.

supporting us to get funded under tAecess to Large Scale Fa- Gumbel, J., Rocket-borne optical measurements of minor con-
cilities activity of the Training and Mobility of Researcher’s pro- stituents in the middle atmsophere, Ph.D. thesis, Stockholm Uni-
grammeof the European commission. We further greatly appreciate  versity, 1997.

C. Unckell's contribution to this work by developing the ion-trace Gumbel, J., Rarefied gas flows through meshes and implications for
model for the determination of the actual ionization volume inside atmospheric instruments, Ann. Geophysicae, this issue, 2001a.
the CONE sensor. The rocket flights were supported by the Bun-Gumbel, J., Aerodynamic influences on atmospheric in situ experi-
desministerium iir Bildung, Wissenschaft, Forschung und Tech-  ments from sounding rockets, J. Geophys. Res., in print, 2001b.
nologie under DARA grants 010E88027 and 500E9802. Hedin, A. E., Extension of the MSIS thermosphere model into the



580 M. Rapp et al.: Absolute density measurements in the middle atmosphere

middle and lower atmosphere, J. Geophys. Res., 96, 1159-1172, 13456, 1997.
1991. Libken, F.-J., The thermal structure of the arctic summer meso-
Hillert, W., Libken, F.-J., and Lehmacher, G., TOTAL: A rocket- sphere, J. Geophys. Res., 104, 9135-9149, 1999.
borne instrument for high resolution measurements of neutralLiibken, F.-J. and von Zahn, U., Thermal structure of the mesopause
air turbulence during DYANA, J. Atmos. Terr. Phys., 56, 1835—  region at polar latitudes, J. Geophys. Res., 96, 20841-20857,
1852, 1994. 1991.
Lehmacher, G. andilbken, F.-J., Simultaneous observation of con- Patterson, G. N., Molecular flow of gases, John Wiley & Sons, New
vective adjustment and turbulence generation in the mesosphere, York, 1956.
Geophys. Res. Lett, 22, 2477-2480, 1995. Schmidlin, F. J., The inflatable sphere: A technique for the accurate
Libken, F.-J., On the extraction of turbulent parameters from atmo- measurement of middle atmosphere temperatures, J. Geophys.
spheric density fluctuations, J. Geophys. Res., 97, 20385-20395, Res., 96, 22673-22682, 1991.
1992. Shapiro, A., The Dynamics and Thermodynamics of Compressible
Libken, F.-J., Seasonal variation of turbulent energy dissipation Fluid Flow, vol. I, The Ronald Press Company, New York, 1954.
rates at high latitudes as determined by insitu measurementyVitt, G., Height, structure and displacements of noctilucent clouds,
of neutral density fluctuations, J. Geophys. Res., 102, 13441— Tellus X1V, 1, 1-18, 1962.



