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Abstract. A new model to describe the ascent of sound-in this paper. We show that the air vertical velocities de-
ing balloons in the troposphere and lower stratosphere (upived from the balloon soundings in this paper are in general
to ~30-35km altitude) is presented. Contrary to previousagreement with small-scale atmospheric velocity fluctuations
models, detailed account is taken of both the variation of therelated to gravity waves, mechanical turbulence, or other
drag coefficient with altitude and the heat imbalance betweersmall-scale air motions measured during the SUCCESS cam-
the balloon and the atmosphere. To compensate for the lacgaign (Subsonic Aircraft: Contrail and Cloud Effects Spe-
of data on the drag coefficient of sounding balloons, a ref-cial Study) in the orographically unperturbed mid-latitude
erence curve for the relationship between drag coefficientiddle troposphere.

and Reynolds number is derived from a dataset of flights
launched during the Lindenberg Upper Air Methods Inter-
comparisons (LUAMI) campaign. The transfer of heat from 1
the surrounding air into the balloon is accounted for by solv-

?ng the radial heat diffusion equation inside the balloon. IN Sounding balloons are extensively used in meteorological
its present state, the model does not account for solar radigrecasting and research, to the extent that several hundreds
athn, ie. it is only able to describe the ascent of balloonsyf them are sent daily into the atmosphere worldwide. They
during the night. It could however be adapted to also rep-are mostly used to carry radiosondes aloft, enabling for the
resent daytime soundings, with solar radiation modeled as #, sty recording of atmospheric variables with high temporal
diffusive process. The potential applications of the modelfrequency and precision. This measurement technique stands
include the forecast of the trajectory of sounding baIIoons,among the most popular, for it is not subject to the same
which can be used to increase the accuracy of the match teChymitations as the majority of remote sensing instruments,

nique, and the derivation of the air vertical velocity. The lat- gchy as decreasing accuracy with altitude or susceptibility
ter is obtained by subtracting the ascent rate of the balloon ifg ¢joud cover.

stiI_I air calgulat(_ad by the model.from the actu.al agcent rate. Despite the wide usage of sounding balloons, rather lim-
This technique is shown to provide an approximation for thejie effort has been put into the detailed modeling of their
vertical air motion with an uncertainty error of 0.5m'sin ascent. This results originally from the practice of storing
the troposphere and 0.2 mjs_in the stratosphere. An ex- (adiosonde temperature, wind and humidity data only on
ample of extraction of the air vertical velocity is provided 5 small number of so-called mandatory and significant lev-
els (Alexander et al.2010 with very coarse vertical reso-
lution. Yet, for special cases radiosonde vertical ascent ve-

Correspondence toA. Gallice locities have been analyzed in detail; eSputts et al(1988
BY (aurelien.gallice@gmail.com) calculated the momentum flux of a single strong gravity wave
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from fluctuations in balloon ascent velocities. Howewink the radiosonde data. Air vertical velocity is then obtained by
and Vincent(200]) state that smaller fluctuations can be due subtracting the ascent rate in still air from the actual ascent
to measurement errors of radiosonde altitude or changingate. Wang et al.discuss the advantages of this method over
drag coefficient of the balloon, and recommend to calculateother techniques aimed at deriving the air vertical velocity.
the vertical perturbation velocity from observed temperatureTheir model for the ascent of a sounding balloon in still air
fluctuations, assuming the intrinsic frequency of the con-is based on the balloon’s momentum conservation equation.
tributing waves to derive the vertical momentum flux. Their From this equation, they obtain an expression of the balloon
statement nevertheless lacks support by evidences, and wascent rate in still air as a function of the balloon volume
expect their method to provide a low-accuracy estimation ofand of the drag coefficient. The balloon volume change with
the vertical air motion. altitude is computed from the balloon volume at ground by

In an effort to obtain information also about atmospheric assuming thermal equilibrium with ambient air at all times
smaller scale wave activity the World Climate Research Pro-during the ascent. The values of the drag coefficient — taken
gram’s (WCRP’s) Stratospheric Processes and their Role irs constant above 5 km altitude — and of the balloon volume
Climate (SPARC) project started to save the high-resolutionat ground are optimized for each flight so as to minimize the
radiosonde dataHamilton and Vincent1995, archiving  median departure of the modeled ascent rate in still air from
them at the SPARC Data CenfeStill, a general modeling  the actual ascent rate.
approach for radiosonde ascents in dependence on the stateOther ascent models have been developed for different
of the atmosphere is lacking. types of balloons, especially zero-pressure ballodfssgo

A coarse modeling approach for sounding balloon ascent$t al, 2004 Palumbo 2007). These models often involve
assuming constant ascent velocities has been used recenglythorough treatment of the radiative and convective trans-
to improve the precision of the “match” techniguengel port of heat inside the balloon. The most advanced ones take
2009. The latter consists in probing the same air par-geometric factors and the variation of the balloon drag co-
cel twice using two sounding balloons launched at differentefficient with altitude into accounPalumbg 2007). These
times (typically a few hours apart) and locations (typically models can, however, not be applied to the case of sound-
tens to hundreds of kilometers apart) in order to obtain in-ing balloons, since they rely on empirical relations — relat-
formation on the time evolution of the air parcel's proper- ing for example the drag coefficient to the Reynolds and
ties, e.g. with respect to gases, aerosols or cloud particles:roude numbers — which are valid for zero-pressure bal-
The match technique has been used in the past to computeons only. As a matter of fact, the latter differ from the
ozone loss rate in the lower stratosphere at the pdtex (  sounding balloons with respect to at least two important
et al, 1999, but the ozone match flights did not rely on points: (a) their size and their payload weight are of the or-
the use of a balloon ascent model; the procedure consisteder of 30 to 70 times higher, hereby providing them a much
in launching the first balloon, then precisely forecasting thestronger inertia and diminishing consequently their sensibil-
trajectories of the air parcels measured by the ozone sondédty to atmospheric disturbances; and (b) their envelope is
and finally launching a second balloon from a location down-not close to spherical but rather of a much more complex
stream in order to measure the air parcel a second time. Ishape, thereby significantly influencing the dynamics of their
order to improve the quality for the match by the seconddrag coefficient.
sounding, a new procedure involving balloon ascent mod- In the present work, a model for the ascent of a sound-
eling has been proposed recentBn@iel 2009. Assuming  ing balloon in still air is developed, going beyond the work
a constant ascent rate of 5misfor the balloon superim- by Wang et al(2009 by taking into account both the varia-
posed on weather forecast or analysis data, this techniquiion of the balloon drag coefficient with altitude and the heat
is currently used to study the evolution of supersaturations ofmbalance between the balloon and the ambient air. In or-
water vapor with respect to ice in cirrus clouds, which shouldder to keep the model manageable, three major assumptions
eventually lead to a better understanding of the role of cirrusare made. Firstly, the balloon is approximated by an almost
clouds in climate change. spherical bubble of gas, the latter being assumed to follow

As the interest in sounding balloon modeling has reju_the ideal gas law. This approximation subtends that the bal-
venated only recently, there are surprisingly few more pre-loon envelope is not resolved in the model, which implies
cise model attempts. One is the model recently proposed bjhat the pressure inside and outside of the balloon are con-
Wang et al.(2009 enabling the extraction of the air verti- sidered to be equal. It should be noted that the balloon shape
cal velocity from radiosonde data. Their method is based oriS not restricted to a perfect sphere so as to account for the
a decomposition of the balloon ascent rate into a contributioreffect of the air flow around the balloon and the presence
representing the balloon ascent in still air and a contributionof the payload. Secondly, it is assumed that the process re-
representing vertical air motion. The balloon ascent rate insponsible for the propagation of heat inside the balloon can
the absence of vertical winds is computed using a model an#€ described as diffusion. This comprises not only molec-
ular diffusion, but also convection and radiative heat trans-
Ihttp:/Avww.sparc.sunysb.edu/html/hres.html fer, which are both assumed to be representable by diffusive
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laws. One consequence of this approximation is that onlywhereV and S have been replaced by their respective ex-
night flights can be modeled accurately. Thirdly, the temper-pressions as a function of the volume-equivalent sphere ra-
ature distribution inside the balloon is assumed to be spherdius, R, hereafter called “balloon effective radius.” Provided
ically symmetric. The permissibility of this approximation thatmyot is known and thap, can be determined using ei-
is granted by the fact that deviations of the balloon shapeher a numerical weather forecast (in the case of Bgbé-
from spherical remain limited. Despite these assumptionsing used to forecast the balloon trajectory) or using the ra-
the present model is expected to enable more precise ballootiosonde data recorded during the balloon ascent (in the case
trajectory forecasts and characterizations of the air verticabf Eq. (3) being used a posteriori for the derivation of the
velocity than other currently available models. vertical air motion), the computation of from Eq. @) still
The theoretical background underpinning the balloon as+equires the knowledge at andcp. The balloon effective
cent model is developed in Se@. In Sect.3, the ascent radius, as a result of the decreasing ambient air pressure, in-
model is described in detail. Its evaluation and a discussiorcreases during the balloon ascent. If the expansion of the
of its application to the derivation of the air vertical velocity balloon volume was treated as a purely adiabatic process, the
are presented in Sed. Sectionb provides a conclusion and temperature difference between the ambient air and the bal-
a discussion of potential improvements to the present modelloon would continue to increase with altitude, for the envi-
ronmental lapse rate is smaller than the adiabatic lapse rate.
As a consequence, heat transfer from the ambient air into the
2 Theoretical background balloon must also be taken into account if the variation of the
balloon volume with altitude is to be determined physically.
Heat transfer is resolved in the present case by solving the
radial heat diffusion equation inside the balloon with a pre-
scribed Dirichlet boundary condition at the balloon surface,
as discussed in more detail in S&& The dynamics of the
8rag coefficient are discussed in Set8.

2.1 Balloon ascent rate

The expression of the ascent rate of the balloon in still air is
derived from the balance between the “free lifff_, and the
drag force,Fp (Wang et al.2009. The free lift corresponds

to the net upward force acting on the balloon and is expresse
as .the difference betwglen the buoyancy force and the tota) 5 Heat diffusion inside the balloon

weight of the balloonYajima et al, 2009,

The variation of the balloon effective radiug)with altitude
results from both adiabatic expansion and heat transfer from
wherep, denotes the ambient air mass denditghe balloon  the surrounding air into the balloon. The heat flux at the
volume, mio; the balloon total mass — namely the sum of the Palloon surface is assumed to propagate inside the balloon
respective masses of the balloon envelope, of the lifting gay0lume by means of diffusion (see Sety. In our model ap-

and of the payload — anglthe acceleration due to gravity at Plications we restrict heat diffusion to be only molecular; the
the surface of the Earth. The expression for the drag force irf@Se where also eddy diffusion or convection are assumed to

FrL = (paV —mio)) g, 1)

still air reads take place is discussed in Sebt. The temperature distri-
bution inside the balloonTy(r,¢), is assumed to be spheri-
Fp= }CDPaSUZZ, 2) cally symmetric and therefore to obey the radial heat diffu-

sion equationCarslaw and Jaeget959),

wherecp refers to the drag coefficien,to the reference area 9T
i b (D)1 d [ ,0Tp
andv; to the balloon ascent rate in still air. The reference area—— = — — — <r —) )
can be chosen arbitrarily, so thaj is a priori not uniquely ~ 0¢ RS reor . or
defined for a given drag force. Inthis studyis chosenasthe where (D) = («/(ppc))) is the mean molecular heat diffu-
cross-sectional area of the sphere with same volume as thsion coefficient averaged over the balloon volume,[0, 1]
balloon. This choice follows the standard definition of the denotes the radial coordinate non-dimensionalized by the
reference area for non-spherical objedtstf, 2008. The balloon effective radiusK) andr refers to time. The nor-
advantage of this choice is that the departure of the balloonmalization of the radial coordinate by simplifies the dis-
shape from spherical is entirely captured and described byussion of the model in Secd. In the expression for the
the drag coefficient only. Denoting by the radius of the  mean molecular heat diffusion coefficientrefers to the lift-
volume-equivalent sphers, and V can be written astR?  ing gas thermal conductivity, which is a known function of

4

and(4/3)m R3, respectively. Ty, (see e.gVargaftik et al, 1994 for the thermal conductiv-
The expression of, is obtained by equating Eqsl)(and ity of hydrogen and helium)yp denotes the lifting gas mass
2, density, deduced frorfi, and the pressure using the perfect
gas law,c, is the lifting gas specific heat capacity at con-
o — \/ 8Rg <1_ 3miot ) 3) stant pressure, taken here as constant, (ancefers to the
TV 3ep 4 paR3 )’ average over the balloon volume. Regarding the boundary
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conditions, the lifting gas temperature at the balloon surfaceof objects placed in a cross-flow is found to be insufficient to
is assumed to be the same as the ambient air temperaturprecisely model the balloon ascent. To compensate for this,
viz. Tp(r =1) = Ta. At the balloon center, the heat flux is information on the drag coefficient of sounding balloons is
imposed to vanish as a result of the symmetry of the problemextracted from experimental flights in a third step.
viz. (8Tp/0r),—0=0.
Equation @) presents a simplification, because the work 2.3.1 Drag coefficient of a perfect sphere
and convection terms associated with the expansion of the
gas are not considered. This avoids the requirement of usinds pointed out by numerous experimental studies (&gn
the mass conservation equation to close the system. It shoulef al, 2010, the drag coefficient of a perfect sphere is mainly
be noted that the suppression of the expansion terms is equiv function of two other dimensionless numbers, namely the
alent to considering the gas as incompressible; in particularReynolds numberke, and the free-stream turbulence inten-
it implies that the balloon effective radius remains constantsity, Tu (see below). The Reynolds number is a measure of
while heat diffuses. This constraint is justified for the small the ratio of inertial energypav2, to viscous energysv. /R,
time intervals (0.3—-1 s, see Se8}Y.over which heat diffusion ~ wherep is the dynamic viscosity of the fluid. Consequently,
is evaluated using Eq4). At the end of each time interval, Re = paRv. /i quantifies the relative importance of these
both the temperature distribution and the balloon effectivetwo types of energies for given flow conditions. In the case
radius are corrected to account for the gas expansion. Thefa sounding balloon, whose typical effective radius is of the
correction procedure will be described later in S8ct. order of 1 m at ground and mean ascent rate of the order of
The molecular heat diffusion coefficient is approximated 5ms %, the Reynolds number decreases fror8-9x 10°
by its average over the balloon volume. This approximationat ground to~6-9x 10* at 30 km altitude. In this range of
constitutes a correction to the fact that heat convection is noReynolds numbers, the drag coefficient of perfect spheres
taken into account in the present model. In additigh) is ~ undergoes a sudden increase, referred to asltg crisis
assumed to be constant over time intervals of a few second@s the Reynolds number decreases and experiences a transi-
This is granted because so short time intervals correspond téon from the super- to the sub-critical regimégnard and
just a few percent of the characteristic time of diffusion (seeStreet 1976. The drag crisis is explained by a transition
discussion below). The assumption of constddy is par- of the boundary layer from turbulent to laminar A8 de-
ticularly valuable since it turns Egd) into a simple partial ~ creases, which advances the position of the boundary layer
differential equation. separation point upstream at the surface of the sphvem- (
Under these conditions Egl)(is amenable to an analytical hard and Streetl976. In summary, for a balloon ascend-
solution Carslaw and Jaeget959. The latter is expressed ing in the atmosphere the sequence of dynamical changes is
as a Fourier series whose coefficients involve the computa@s follows: height increases- air density decreases Re
tion of integrals over the radial coordinaterequiring sig-  decreases> boundary layer turns from turbulent to lami-
nificant computational effort. In the balloon ascent model, har— boundary layer detachment point advanced upstream
we rather solve Eq.4) numerically by the Finite Element at the surface of the balloor drag coefficient increases.
Method. For a description of the Finite Element Method ap-According toAchenbac(1972, the critical Reynolds num-
plied to the problem of heat diffusion, see eLgwis et al. ~ ber at which the drag crisis occurs, lies in the range 3.5
(1996. The analytical solution is however useful in two dif- 3-8x 10° in the case of a negligible free-stream turbulence
ferent aspects. Firstly, it can be used to estimate the magnintensity ("'u = 0.45%). His experimental curve obtained
tude of the characteristic time of diffusion= R2/(%2D). from a rigid sphere held fixed in space in a cross-flow wind
The estimate is calculated in Appendix It is found thatr ~ tunnelis partly reproduced in Fid. It can be observed that
decreases from- 900's at ground to- 300s at 30km alti-  in the super-critical regimeRe > 3.5 x 10°) the drag coef-
tude, validating that the temperature distribution inside theficient slightly decreases from its starting value-e9.1 at
balloon varies little over time intervals of a few seconds. Re =10°, then rapidly increases during the drag crisis, be-
Secondly, the analytical solution can be used to study thdore stabilizing in the sub-critical regimeRé < 3.5 x 10°)
convergence of the finite element solution in simple cases ofvhere it remains almost constant at a value-@f.5.
reference. Evidences for the convergence of the numerical The free-stream turbulence intensity, is defined as the

solution are provided in AppendR. ratio of the standard deviation of the incident air velocity
fluctuations to the mean incident air velocity (e$on et al.
2.3 Balloon drag coefficient 2010. Contrary toRe, Tu is purely a property of the fluid.

As the free-stream turbulence intensity is increased, the crit-
In this section, the dynamics of the drag coefficient of a per-ical Reynolds number is observed to shift to lower values
fect sphere are detailed first. These are then used as a bagSon et al. 2010. This is explained by the turbulence in-
for the discussion of the drag coefficient of spheroids, aimedensity delaying the boundary layer transition from turbulent
at illustrating the case of almost spherical objects. Fromto laminar, hereby leading to a drag crisis at lower Reynolds
these two steps, the current knowledge on the drag coefficiemtumbers. The experimental drag curvessoh et al(2010
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laminar boundary layer To the best of the authors’ knowledge, Etioth (2008
and turbulent wake is the only author to report experimental investigations of
05 - O | the drag coefficient of spheroids at very high Reynolds num-
e S . ., turbulence- bers Re > 10%). He unfortunately considers only one single
0.4 "o . / free air value for the aspect ratio, namey=0.5. He also does not
: i o ' investigate the influence of the free-stream turbulence inten-
5 03 A o o | sity on the drag curve. More importantly, his study does not
b0 A ,  turbulent extend beyondRe > 3 x 10°, which leaves the entire super-
| o ; boundary layer critical regime unexplored to date. It should be noted that
0.2 225,.° and turbulent wake these last two limitations do not apply only to the work of
increasingly ST e B Loth on the drag coefficient of spheroids, but also to all stud-
0.17 turbulent air N ies published to date on the drag coefficient of non-spherical
objects. To compensate for this lack of knowledge, and since
0 105 106 parameters other thaRe, Tu and E — such as unsteadiness
Re or turbulence intensity length scale — are also known to af-

fect the drag coefficient (e.gvVang et al.2009 Neve 1986,
Fig. 1. Drag coefficient of a sphere as a function of the Reynolds @n attempt is made here to derive a mean experimental drag
number:Tu = 0.45% (- - - -), data fromAchenbach(1972); Tu = curve for sounding balloons, based on a dataset of balloon
4% (O), Tu=6% (J), Tu =8% (A), data fromSon et al(2010. flights. This attempt is expected to resolve also another prin-

cipal complication, namely the fact that experimental inves-

tigations of drag coefficients normally let a heavy body fall
characteristic for a sphere held fixed in space at three differfreely in a viscous fluid or hold a solid body fixed in space
entTu values are also reproduced in Fig.where the term  and then expose it to a flow of the surrounding medium,
“drag curve” refers to the curve eb as a function oiRe at  e.g. in a wind tunnel. In such experiments detaching vor-
givenTu. Itcan be observed that a level of free-stream turbu-tices in the wake of the particle affect very little the motion
lence as low as 4 %, which is a typical value of the turbulenceof the body, whose mass, due to the setup, appears to be ex-
intensity of the free troposphere (e.bioyle et al, 2009, is  tremely high. In contrast, a sounding balloon, whose mass is
sufficient to decrease the value of the critical Reynolds num-only a small fraction of that of the displaced air, is severely
ber by more than 50 % as compared to the turbulence-fregffected by the detaching vortices. As such, the analysis of

curve, leading to a decreasef by as much as 70% in the  a dataset of observed ascents appears to be the best way for-
range of Reynolds numbers 2x3.0°. Likewise, the varia-  ward at the present time.

tion of cp between the drag curves®t = 4 % andlu =6 % o

may reach more than 40 % depending on the Reynolds nunm@-3-3 Proce.dure for the derivation pf a drag curve for

ber. It is concluded that the drag curve of a perfect sphere is sounding balloons from experimental flights

extremely sensitive to the level of free-stream turbulence.  The dataset is chosen from the flights which took place at
. . Lindenberg (Germany) in 2008 during the Lindenberg Upper

2.3.2 Drag coefficient of a spheroid Air Methods Intercomparisons (LUAMI) flight campaign,

whose main aim was to compare different airborne water-

%/apor sounding methods$nfmler, 2008. During the cam-

paign, the masses of the payload (including the parachute)

and the balloon envelope were measured before each flight,

: well as th lift mass; this allows for th lloon total
and Tu. It is expected to tend to the value for a perfect as wetl as the up ass; this allows for the balloon tota

sphere as the respective lengths of the principal axes of thg > ot and the balloon radius at grounfi{z = 0), to
P . P 9 P P ﬁe calculated. It should be mentioned that the uplift mass is

spheroid converge to the same value. Thus, the drag coef; .. .

defined as the value of the payload mass for which the free

spheroid shape from a perfect sphere. This departure is meZHt Is equal to zero (see Sed.1). Respective uncertainty er-
P . P P phere. P . tors of £100 g andt-200 g in the measurements of the uplift

sured in terms of the aspect ratifs, defined as the ratio

of the length of the vertical symmetry axis to that of the and payload masses cannot be excluded, which in turn result

. . - B 2 .
horizontal axes of the spheroid. For exampleth (200§ 1 'eSpective uncertainties af200g and=107"m in mior

reports that the drag coefficient of an oblate spheroid withandR(Z =0). During the flights, air temperatur_e and pres-
. : . sure were measured every second by the radiosondes. The
E =0.5 is about twice that of the volume-equivalent sphere

. balloon altitude was also recorded at the same frequency by
for 2x10° < Re < 3x 10° and negligiblef u. a GPS on board the radiosondes. Of the 27 balloons launched
during the campaign, only the 15 released at night are kept in
this analysis to enforce the assumption of negligible radiative

For a spheroid, the drag coefficient dependenc®eual-
itatively resembles that of a perfect sphere as a result o
the similarity of both shaped.¢th, 2008. In particular,
also the drag coefficient of a spheroid is a functionRef
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Fig. 2. Derivation of the experimental drag curve from LUAMI flight LOO7 launched on 7 November 2008 at 22:45&)TThe 60 s-low
pass filtered ascent rate profile derived from the GPS data (—), and its mollified versiore asihigm (—); (b) experimental drag curve
derived using the procedure described in SB@.(+). The curves ofAchenbach(1972 and Son et al.(2010 for a perfect sphere are
reported here for comparison (see Fij.

heat transport into the balloon. A further selection is madeis chosen here so as to ensure that gravity waves, whose typi-
removing five flights, three presenting strong evidence of de-cal vertical wavelengths are 2-5 km in the lower stratosphere
fect (error in the reported value of the measured uplift masqFritts and Alexander2003, are properly removed from the

or in the recording of the flight data) and two using a different measured ascent rate by the smoothing process. Other val-
type of sounding balloon. The dataset is therefore left withues ¢ =2 km ands =5 km) have been investigated, but with
ten flights in total, all of which used the same type of sound-negligible influence on the derived experimental drag curve
ing balloon, namely the TX1200 balloon from the Japanesenot shown).

colmpa(rjly TOtz)g' ) q ; ding ball ; An example of balloon ascent rate profile and of its asso-
n order to derive a drag curve for sounding balloons from 404 molified version is shown in Fi@a. The profile is
each of the ten selected experimental flights, the drag coef-

ficient i lculated f . ‘ h fliah observed to present an overall S-shape, which is typical for
'C'e'}t IS calcu 2te ror(r; Eqi’i er\]/_ery rgml;tet? IFaC 'g, t sounding balloons and can be simply explained by Bj. (
as a function ob,, R andpa. To this end, the balloon radius ;6 1 the diffusion of heat inside the balloon, the difference

is computed using the algorithm presented in Sécand between the mean balloon temperature and the atmospheric

t_he air mass dens_lty is determined from the 60-s low pas?emperature remains approximately constant over the tropo-
filtered atmospheric temperature and pressure data recordes%here and the stratosphere separately (not shown). Under

during the balloon ascent. The challenge lies in the estimathiS condition, it can be shown that the expression.oin

tion of v,, as only the ascent rate \{vith respect to the ground,Eq_ @) i proportional to the-1/6 power of the atmospheric
vz,g; CAN t,’e dgduped from the radiosonde ,GPS data}. The a%fensity rajima et al, 2009. This accounts for the fact that
cent rate_ in still air corresppnds t_o the_vert|ca| velocny_mea-the balloon ascent rate increases with altitude over the tro-
sur_ed with respect to ambient air, which cannot be ghrectly osphere and the stratosphere separately. The decrease in
retnevebd frck))m .the drEeasurerrr]](.ants.hThus%_lonly an e?tlmate he ascent rate at the tropopause results from the sudden in-
Uz Ca'} ?_0 (;am?l'h' y smoc:;[ |ng.t E prodl evgt_],has alunc- = creaseinthe potential temperature. This can be interpreted as
t|?n 0 .atlltu. e ! |shpro.ce ure IS ?3? %n t € a;shumptloqhe balloon being suddenly colder than its environment and
of vertical air rlnotlon avmg;org)orm_lgh Istri ut;]qn With near- o refore decelerating, until its temperature difference with
Zero mean va ueNang et _al,. 9. 1€ smoo'_c INg Process - ihe surrounding atmosphere stabilizes and its ascent rate in-
IS performed by convoluting the vertical profile ofq with creases again as thel/6 power of the atmospheric density.
the mollifiers; (z), where The decrease of the ascent rate above 25 km altitude observed

2,02 2 : in Fig. 2a is thought to result from another process. Shortly
ex e — if —g,¢], ,
ne(2) = (c/e) p[g /(e )] el .8 d (5) before bursting, the envelope of the balloon presents bubbles
0 otherwise and excrescences on its surface due to an inhomogeneous dis-

tribution of the envelope material. This is expected to sub-
stantially increase the drag coefficient and consequently be
at the origin of the balloon deceleration.

and the constantis chosen to ensure the unity of the integral
of n. (Salsa2008. The parameter controls the spatial scale

on which the profile ob, g is smoothed. A value of =4 km
The drag curve corresponding to FRa and obtained by

Zhttp://www.totex.jp the aforementioned procedure is depicted in . As
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expected from the aspherical shape of the balloon, this curve From a physical point of view, the balloon drag curve pic-
is observed to deviate significantly from thoseAshenbach  tured in Fig.2b is supported by the specifications of the bal-
(1972 andSon et al(2010 for a perfect sphere. However, loon manufacturing company, according to which the balloon
the balloon drag curve presents a qualitative shape similar tarag coefficient atRe ~ 5-8x 10° is in the range 0.2-0.3.
the curves byson et alatTu =6 % andTu =8 %. Thissug-  Furthermore, this curve is in good agreement with the ob-
gests that the turbulence intensity of the atmosphere is of theervations oMapleson(1954), who reports an increase of
order of 6 % to 8 %, which is in the range of typical values for up to 400 % in the drag coefficient of sounding balloons as
the free troposphere reported Bipyle et al.(2005. Com-  compared to a perfect sphere foBk 10° < Re < 7 x 10°.
parison of the balloon drag curve with the curvesSon et al.

reveals that the drag coefficient of the balloon is on aver-2.3.4 Reference drag curve for sounding balloons

age three times higher than the one of its volume-equivalent

sphere. This difference cannot be solely explained by thel "€ drag curves derived from the ten LUAMI flights all

asphericity of the balloon. Indeedpth (2008 reports an present the same qualitative behavior as the curve described
increase of only 100% in the drag coefficient of a spheroid@20ve. However, there are systematic offseispramongst

with E = 0.5 as compared to a perfect sphere in the rangd"€S€ ten drag curves in the rang@5 %, corresponding to

of Reynolds number 0.5-310° and at negligibleTu. The  +0-15 absolute units inp, as shown by the light gray curves
magnitude of this increase is expected to remain of roughlyn Fig. 3. We must attribute part of these offsets to errors in
the same order & > 0, while reducing with higher values the estimated uplift and payload masses, i.e. in the prepara-
of E. Therefore, the increase ip due to the limited depar- tory measurements before each balloon launch during the

ture of the balloon shape from spherical is clearly less tharFUAMI campaign. - Indeed, an error of 1009 in the uplift
a factor of 2. This leaves part of the observed discrepancy@ss shifts the corresponding drag curve by 6% through its
between the balloon’s and the perfect sphere’s drag curve§ffect on the values ok(z = 0) andmiot (not shown). Sim-
unexplained. Mainly three mechanisms are thought to be rellarly, an error of 200g in the payload mass would result in
sponsible: the pendulum effect of both the parachute and th& Shift of 7% in the balloon drag curves. Therefore, such er-
payload attached to the balloowéng et al. 2009, the de-  'OrS might expla!n about half of_ the obseryed offsetspn
formation of the balloon shape through the propagation of ' he other half might be due to differences in the manufactur-

waves on its elastic envelope and the generation of vorticityNd Process of the individual balloons, as invoked\igple-
in the wake of the balloon. son(1954) to explain the divergence of his results. While we

Regarding the latter mechanismGovardhan and cannot correct for these unknown differences in the manufac-
Williamson (2005 report the observation of two vortex tUring process, the confidence ranges of the uplift and pay-

threads detaching periodically from behind spheres placed ifoad masses can be taken into account in order to reduce the

a cross-flow. In their experiments, the spheres are attachegPread of the drag curves. To this etz = 0) andmct are

with a single tether to the upper wall of the wind tunnel so gdjusted within their a_ccepted confidence ranges, minimiz-
as to let them free to move in the horizontal plane (in both!Nd the mean-square difference between the drag curves. The
the directions parallel and perpendicular to the flow). The!€n drag curves with adjusted offsets are pictured in green in
authors elegantly demonstrate that the periodically detaching19- 3 They are then fitted by a second-order polynomial in
vortex threads exert an oscillating force on the spheres irP"der to retrieve the single reference drag curve (blue line),
a direction transverse to the flow. Yagldhuis et al(2009 yvhlgh WI|| be used in SecBto derive the balloon ascent rate
demonstrate that this force is usually not restricted to theln Still air:
p_Ia_me transvgrse to the fI_ow in _the case of buoyant sphere(/sD —4.808x 10-2(In Re)? — 1.406 InRe + 10.490, (6)
rising freely in a Newtonian fluid. As a consequence, the
component of this force in the direction of the spheres’ The mean standard deviation of the ten experimental curves
motion is non-zero, which results in a so-callddinduced  with respect to the polynomial fit is equal tol4x 10~2.
drag. The latter adds to the drag predicted from the curved herefore, the values of the drag coefficient derived from the
by Achenbach(1972 or Son et al.(2010 for a sphere held reference curve must be considered to have an uncertainty
fixed in space. Thusyeldhuis et al. estimate the apparent error of approximatelyt0.04.
cp of spheres rising freely to be higher by a factor 1.5 Several important aspects of E@) (should be stressed.
to 2 than expected from the standard drag curves aloneFirst, the expression of the drag coefficient is observed not
Unfortunately, the range of Reynolds number they consideito depend on the turbulence intensity of the atmosphere.
is limited to the interval 1-% 10°. However, we expect the This results directly from the impossibility to determifie
generation of a lift-induced drag to be significant also for to the necessary precision from balloon flights, and implies
higher values ofRe, and even more so for buoyant objects that Eq. 6) accounts only for the mean profile of the atmo-
with non-spherical shape. This may account for a significantspheric turbulence intensity. Deviations from this mean pro-
fraction of the unexpected drag depicted in F. file, such as the generation of turbulence intensity through
gravity wave breaking, cannot be taken into account by the
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Re

Fig. 3. Derivation of a reference drag curve for sounding balloons.
(—) Experimental drag curves derived from the ten LUAMI bal-
loon flights; (—) same but with adjusted values f&(z =0) and
myot; (—) fit to the ten experimental drag curves using a second-
order polynomial (Eg6). The curves oAchenbact{1972 (dashed)
andSon et al (2010 (symbols) for a perfect sphere are shown for
comparison (see Fid).

model. SecondRe in EqQ. (6) is a function of the balloon as-
cent rate (see Se@.3.1). As a consequence, fluctuations in
the balloon vertical velocity are explicitly taken into account

in our drag calculation. Finally, it should be emphasized that

Eq. (6) is valid only for TX1200 balloons launched at night.

A. Gallice et al.: Modeling the ascent of sounding balloons

2. the simultaneous determination of the drag coefficient
and the balloon ascent rate in still air at time Az from

Eqg. 3).

For convenience of the reader, the computations performed
in these two parts — to be detailed below — are summarized
under the form of a pseudo-code in Fy.

In order to increase the accuracy of the balloon’s effec-
tive radius computation, paft uses substeps to resolve the
balloon effective radius at intermediate times betweand
t+ Ar. The intermediate times are computed using a sub-
time stepdt, chosen as a fixed fraction of the characteristic
time of diffusion. This ensures that Edl)(is solved using
a constant normalized time ste§p/z, during the whole bal-
loon ascent. In the following discussion, ket},—1....
the set of intermediate times betweeand s + A, where
t, =t +nét and N is the number of intermediate steps. In
a single substep of patf the balloon effective radius at time
th+1 is computed from the balloon effective radius at time
in three stages (see left panel of FJ.

(i) Adiabatic expansion of the balloon (pictured in Fig).
In this stage, the balloon is considered to ascend from
altitudez(z,) to altitudez(z,41). Let R* andT,* denote
respectively the balloon effective radius and tempera-
ture distribution inside the balloon after the adiabatic
expansion has taken place. Assuming that the pres-
sure remains uniform inside the balloon and equilibrates
with the ambient atmospheric pressure during the pro-

However, the procedure described above could be applied to
any set of soundings featuring the required data. We have for
example derived a reference drag curve for the two TX2000
balloons launched at night during the LUAMI campaign, and
which were removed from the original dataset of night flights
in Sect.2.3.3 As compared to the TX1200 balloons, the val-
ues of the drag coefficient have been observed to be lower
in the troposphere and much higher in the stratosphere (not
shown), hereby pointing to the significant impact of the bal-
loon shape on the drag curve.

3 Balloon ascent model

The balloon ascent model developed in this work aims to de-

termine the ascent rate of sounding balloons in still air as (ji)

a function of time. The model’s time step is denotedAwy
in the following and the corresponding increase in the bal-
loon altitude byAz; the two are related through the relation
Az =v,At+ O(Ar?).

A single step of the model comprises two parts:

1. the computation of the balloon effective radius and ra-
dial temperature distribution at time+ Ar knowing
their values at time; and

Atmos. Meas. Tech., 4, 2233253 2011

Cess,

1/3y
A=»/y
so-(E) s

wherey =cy/c, > 1 is the adiabatic index of the lift-
ing gas ¢y is the lifting gas specific heat at constant
volume) and Eq. §) is valid for all r € [0,1]. In the
right-hand side of Eq.g), » denotes the radial coordi-
nate normalized bR (z,), whereas in the left-hand side
it is normalized byR*.

Heat diffusion inside the balloon at constant pressure
(pictured in Fig. 5b). As stated above in SecR.2,

this stage assumes the lifting gas to be incompress-
ible; as a consequence, the balloon volume remains
constant during the diffusion of heat. The mean heat
diffusion coefficient is computed from the temperature
distribution 7T, obtained in stage (i). Assuming that
(D) remains constant, Eq4) is then solved numeri-
cally by the Finite Element Method using a time step of
3t =t,+1—t,. Tp* is chosen as the initial temperature
distribution, and the temperature at the balloon surface
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( R(t+At) = R(tn+1) Y
PART 1 PART 2
[Initialization: Define 7y :=1¢ and Set n =0 ] Definition of the First Estimate of the Ascent
\l, Rate in Still Air at Time ¢ + At:
Step (i): Adiabatic Expansion V" 1= vg(t)

1

e Compute the balloon effective radius after the T :
Estimation of the Reynolds Number:

adiabatic expansion:

) ¥ Re:Pa(t‘FAt)Vz*R(t‘i‘At) =
R — ( Palln ) R(ty) Ua(t + Af)
Pa(thrl) e ~lr
e Compute the temperature distribution after the Estimation of the Drag Coefficient:
adiabaticexpansion: cp =4.81 x 10 2Re? — 141 Re + 10.49
Palty) (I-n/v 1
50 = (288 g ), — R
Pa(tnt1) Estimation of the Ascent Rate in Still Air:
zelo] . [8R(t +At)g
J' V, =4 ——————X
3CD
Step (ii): Heat Diffusion
1— 3myor
e Compute the mean molecular heat diffusion 470 po (1 + A1) R(1 + Ar)3
coefficient:
(D) = i /1 - K(Tb*) . dr Funtil convergence Of v,* m——v
4m Jo pb(Tb 7pa(tn+l)) Cp(Tb ) if v,* converged
L 2
e Solve the heat diffusion equation: Definition of the Ascent Rate in Still Air at
ﬂ _ (D) li <r2al> Time ¢ + At:
ot (R*)2r2or or )’ v (t 4+ Ar) := v,
relo,1], t€]0,0o1],
where
f(r,0)=T*(r) rel0,1]
d
2 =0 t € [0,01]
ar =0

f(L,t) = Ta(tar1) 1€10,67]

e Define T, (r) := f(r,6t), re€]0,1]

1

Step (iii): Correction of R* and T

increment ¢

o Compute the corrected normalized radial
coordinate:
") g
r(r)=1{3 r=dr , relo,1
0= (3 Eereer) 0.1

e Compute the corrected balloon effective
radius:

R(tys1) = F(1)R*

A

e Compute the corrected temperature
distribution:

Tb(f/f(])athrl) :RT(V), re [051]

L increment n (until 7 =N + 1) m==

Fig. 4. Schematic representation of the different steps of the model. The notation is introduced B Sect.
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(a) (b)

Z(tn—O—I)

Z(’n) ! Sle—l

0 !

Fig. 5. Schematic representation of the three stages used if pathe model to compute the balloon effective radius at tigng from the

balloon effective radius at timg. The upper panel shows the evolution of the balloon altitude and effective radius at each step, the lower
panel indicates the corresponding changes in the temperature distribution inside the balloon. The notation used in the figure is introduced
in Sect.3. (a) Adiabatic expansion of the balloon from altitude;) to altitudez(r,1). (b) Heat diffusion inside the balloon at constant
pressure(c) Correction to the balloon effective radius and temperature distribution.

is kept constant and equal T§(#,+1). The temperature respect tor,
distribution at the end of the diffusion process is denoted 13
by ' rto
Fry=(3 / —Tb*gr;r’zd# . (10)
(iif) Correction to the temperature distribution and balloon 0 fbV

effective radius (pictured in Fighc). To compensate
for the above assumption of gas incompressibility dur-
ing the diffusion of heat7," and R* are corrected in
this stage. To this end, I&t be a spherical shell con-
centric to the balloon and whose normalized radius and

It must be emphasized that bottandr are normalized
by the balloon effective radiug* resulting from step
(). Thus, the corrected balloon effective radius at time
th+1 IS given by

infinitesimal thickness are denoted byr < 1) and d, R(thy1) = (1) R¥, (11)
respectively. The temperature 8fis known from step
(ii) to be Ty (). Given this configuration, the aim is to and the corrected balloon temperature distribution at

find the normalized radius and thickness, respectively  timezt, ., reads

denoted byr and &, thatS would have had if it had

been let expand in step (ii). In such a case, its tempera-  To(7/F (1), tas1) = To'(r). (12)
ture would still have increased frofy* () to 7, (r) as

aresult of heat diffusion. On the other hand, its pressure ~ Wherer (1) is evaluated from Eq10).

would have remained constant and equapi@r,+1),
while its volume would have increased from#dr to
47i2dr. Using the ideal gas law in association with the
conservation of gas moles inside

Stages (i)—(iii) are repeated + 1 times until the balloon ef-
fective radius at time + At is evaluated. This terminates
part1 of the model.

In part 2, Eq. 8) is used to compute the balloon ascent
) . rate in still air at timer + At (see right panel of Figd). The
A redr _ Amredr (9) required air mass density is determined from the ambient at-
Tp*(r) To'(r) mospheric temperature and pressure, and the result obtained

in partlis used for the balloon effective radius. The drag co-

In this equationr is understood as a function of the un- efficient is determined from the reference second-order poly-
corrected normalized radius Integrating Eq. §) with nomial drag curve shown in Fi§. To this end, an estimation
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of the Reynolds number at tinre+ At is derived from the 4 Model evaluation and potential application
balloon ascent rate at tinre The estimatedRe is then re-
ported in the drag curve to estimate the drag coefficient. By4.1 Model evaluation
inserting the latter in Eq.3], a first estimate of,(r + Ar)
is obtained, which is subsequently used to refine the initialDue to the lack of available flight data with precisely mea-
estimate ofRe. This generates a loop, which is iterated until sured uplift and payload masses, the validating set consid-
the convergence criterion is satisfied, namely until the rela-ered in this section is composed of the same ten LUAMI
tive variation of the ascent rate between two successive loopsight flights used in SecR.3 to derive the reference drag
is less than 5% 10~* %. At the end of par? of the model, the  curve. Following the procedure described in the previous
values of bothep andv, at timer + Ar are known. section, the latter is corrected for each flight so as to mini-

The vertical profile of the balloon ascent rate in still air mize the departure of the modeled ascent rate from the mea-
is derived by going through parts and 2 of the model at  sured one. It should be noted that this section does not con-
each time step. The value o is fixed here to 1 min, which ~ sider the payload and uplift masses measured before each
corresponds to a vertical resolution /300 m. Based on flight during the LUAMI campaign, but rather the adapted
a trade-off between computational time and the convergencwalues of these masses calculated in S2&to reduce the
study presented in Append®, the choicest = 10~3r is  spread in the experimental curves.
made,r being computed at each step of the model. This An example of adapted drag curve is pictured in
results in a number of substepg)(increasing fron~ 60 to Fig. 6a; the corresponding profile of the balloon ascent rate
~ 180 between ground level and 30 km altitude. in still air is shown in Fig6b. In this case, the correction of

To reflect the uncertainty in the reference drag curve (seehe reference drag curve allows for the decrease of the dis-
end of Sect2.3), three different runs of the model are rec- crepancy between the modeled and measured ascent rates by
ommended. The first run, corresponding to the reference~ 0.4ms! below 10km altitude. On the other hand, the
case, uses the reference drag curve itself to calculate the moballoon ascent rate in still air derived from the corrected ref-
probable profile of the balloon ascent rate in still air. The two erence drag curve appears to be overestimated in some re-
additional runs are aimed at determining the range of uncergions, mostly in the lower troposphere below 2 km altitude
tainty in this profile. To this end, they are based on instancesnd just below the tropopause between 10 and 12km alti-
of the reference drag curve shifted along¢heaxis by—o., tude. In these two altitude intervals, the Reynolds number is
and+o.,, respectively, where., = 0.04 denotes the uncer- 7.5-85 x 10° and 4-5x 10°, respectively. As such, the ap-
tainty in the values of the drag coefficient derived from the parent over-estimations of the ascent rate are related to the lo-
reference drag curve (see SexB). cal maxima of the experimental drag curveRat=8.5x 10°

In case the model is ruafter the balloon flight, advan- andRe =4x 10°, respectively, which are unaccounted for by
tage can be taken of the data collected during the ascent tthe (corrected) reference drag curve (see 6dj. The latter
improve the model in two respects. Firstly, the ascent rateconsiders lower drag coefficient values than the experimen-
derived from the GPS data can be used to correct the refettal drag curve at these Reynolds numbers, hereby leading to
ence drag curve. The procedure consists in shifting the lattea lower drag force and consequently to a larger ascent rate
along thecp-axis so as to minimize the mean-square differ- in still air than expected from the smoothed observations.
ence between the measured and modeled ascent rate profilésmust be emphasized that these apparent over-estimations
This process is based on the assumption that the vertical windf the ascent rate in still air may actually result from a lo-
follows a normal distribution with near-zero mean value, ascal downward air motion affecting both the measured ascent
supposed byang et al(2009. Secondly, the uncertainty in rate and the experimental drag curve. Such a downdraft of
the values of the drag coefficient derived from the shifted ref-the air would indeed slow down the actual ascent of the bal-
erence drag curve can be narrowed down. This uncertaintjoon and consequently increase its apparent drag coefficient,
has been estimated for the general case in SeBtwhere  which could explain the observed difference between the ref-
it has been defined as the mean standard deviadign,of erence and experimental drag curves. This could particu-
the difference between the experimental drag curves and thiarly be the case between 10km and 12 km altitude, where
reference drag curve. In case the model is run after the acthe measured ascent rate is observed to drop below the lower
tual flight, the experimental drag curve associated with theuncertainty limit of the modeled ascent rate, hereby indicat-
flight can be computed following the procedure described ining a probable downward air motion. On the contrary, it is
Sect.2.3 Only this experimental curve — instead of the ten more likely that the overestimation of the ascent rate below
of Fig. 3 —is then used to estimate the uncertainty in the val-2 km altitude is due to the inaccuracy of the (corrected) refer-
ues ofcp derived from the shifted reference drag curve. This ence drag curve. It should be mentioned that the presence of
uncertainty, denoted by, corresponds to the standard de- an unwinder between the balloon and its payload during the
viation of the difference between the experimental drag curveactual flight can be held responsible for part of the overesti-
associated to the flight and the shifted reference drag curvemation by the model. The unwinder — whose role is to pro-
Itis observed that,; is generally lower as compareddg, . gressively increase the length of the cable linking the payload
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Fig. 6. Evaluation of the model on LUAMI flight LOO3b launched on 5 November 2008 at 22:45 (H)Corrected reference drag curve
(—) obtained by shifting the reference drag curve, (see Fig.3) by —0.03 along therp-axis. The experimental drag curve derived from
the flight is indicated by the green crosses. The curveadhenbach1972 andSon et al (2010 for a perfect sphere are reported here for
comparison (see Fid). (b) Vertical profile of the balloon ascent rate in still air derived from the corrected drag cayeafd the lower and
upper limits of its range of uncertainty--). The ascent rate in still air derived from the non-corrected reference drag curve (solid purple
curve in pane(a)) is indicated here for comparison-), along with the 60 s-low pass filtered ascent rate calculated from the GPS data (—).

to the balloon — remains active during the first 60 to 120s of Evaluation of the model on the nine remaining LUAMI
flight. Since the final length of the cable is about 50 m, thisflights results in observations similar to those described
implies that the unwinder reduces the ascent rate of the payabove. The uncertainty in the modeled ascent rate aver-
load as compared to that of balloon by 0.5 to 1Th& the aged over the whole dataseti®.5 ms™1 in the troposphere
lowermost 300 to 600 m of the ascent, which explains theand ~ 0.2ms1 in the stratosphere. As a consequence, it
lowermost part of the discrepancy between the modeled ants assumed that the present model calculates the balloon as-
the measured vertical velocities. No sharp conclusion carcent rate in still air with uncertainties e£0.5ms ! and
however be drawn regarding the precision of the model sincet0.2ms ™! below and above the tropopause, respectively,
the air vertical velocity was not measured independently durin the case where the flight data can be used to correct the
ing the LUAMI campaign. reference drag curve. In comparisdvang et al.(2009

The range of uncertainty in the ascent rate profile is ob-model the balloon ascent rate in still air with an uncertainty
tained from the two additional runs of the model based on theof £0.9 ms™1. On top of its increased accuracy, the present
reference drag curve shifted by and—o,; along therp- model enables the fairly good derivation of the ascent rate be-
axis, respectively, where: denotes the standard deviation low 5km altitude, contrary to the model byang et alwhich
of the difference between the corrected reference drag curveystematically underestimates the ascent rate in this altitude
and the experimental drag curve (see end of Sctin the  range. As an example, a comparison of the two models on
case of the example pictured in Fi§.0;, =0.03. The cor-  a particular flight is pictured in FigZa. The present model is
responding uncertainty in, is shown in panel (b) of the fig- observed to be in greater agreement with the smoothed ob-
ure; itis observed to decrease significantly when crossing theervations, particularly in the troposphere<(12 km). This
tropopause A= 12 km) while remaining globally constant results in the altitude of the balloon as a function of time be-
over the troposphere and the stratosphere separately. Thisg modeled more accurately, as shown in Fig.

suggests the use of two different uncertainty ranges, the first | the case where the flight data are not available to correct
one associated with the troposphere and the second one W|me reference drag curve (eg in forecasting app"cations),
the stratosphere. Averaging the uncertaintyirbelow and  the uncertainty in the latter is higher; in particular, its as-
above the tropopause, respectively, it is found that the balsociated values of the drag coefficient are determined up to
loon ascent rate in still air is defined up to an additive factor 5 precision ofto., = +0.04 (see Sect2.3. Similarly to

of £0.4ms* in the troposphere, while this factor reduces apove, the corresponding uncertainty in the modeled ascent
to £0.2ms* in the stratosphere. The uncertainty error in rate is obtained by computing the difference between the pro-
v. therefore decreases by a factor-e2 when crossing the  fjle derived by the first run of the model and the two addi-
tropopause. tional profiles based on the reference drag curve shifted by

+o., and—o,, along thecp-axis, respectively. The average
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Fig. 7. Comparison of the predictions by different models with data measured during the balloon ascent in the case of LUAMI flight LO05
launched on 6 November 2008 at 22:45UTC. Measured data (—); predictions by the present model based either on the shifted reference
drag curve{) or on the reference drag curve itself<{-); predictions by the model bWang et al (2009 (—); predictions by the model

by Engel(2009 (—). (a) Vertical profile of the balloon ascent rafg) Altitude of the balloon as a function of time.

over the ten LUAMI flights estimates the uncertainty in the ticular example of Fig7a. It is observed that, despite its
modeled ascent rate to B€.6 ms1 in the troposphere and systematic offset, the present model based on the reference
+0.3ms™! in the stratosphere in this case. These uncer-drag curve matches more precisely the overall profile of the
tainty ranges are slightly larger than in the case where theneasured ascent rate. This results in the altitude of the bal-
reference drag curve can be corrected; they however remailoon as a function of time being forecasted more accurately
smaller than those of the model byang et al.(2009. As by the present model, as shown in Fig.

pictured in Fig.7a, the absence of correction to the refer-

ence drag curve may result in a systematic offset of the mos} 5 perivation of the vertical air motion

probable ascent rate derived from the first run of the model

as compared_ to the megsured ascent rate. This is thought t((;.)iven the above evidence for the model accuracy, the present
result from differences in the manufacturing process of the ” " . ; . S . : :
T . . ._section aims at illustrating an application: vertical air motion
individual balloons, responsible for an unpredictable varia-

tion of the drag coefficient from one balloon to the other asis estimated from the data collected during LUAMI flight
. 9 ) . . . . . "77L003alaunched on 11 November, at 22:45 UTC. To this end,
mentioned previously in Sec2.3. In practice, this implies

. the balloon ascent rate in still air is calculated according to
that the present model may systematically over- or under-

. . . - he model and then subtracted from the measured balloon as-
estimate the balloon altitude as a function of time when use

to forecast the balloon trajectory, as can be observed for ex(_:ent rate, as pictured in Fig. The resulting profile of the

e ) : .“air vertical velocity shown in panel (b) is difficult to validate
ample in Fig.7b. The magnitude of the systematic error in ~ . S
4 : wing to the same limitation as already encountered/ang
the modeled ascent rate is bounded by the aforementione ; o .
e o 1 et al. (2009, namely the “lack of coincident [vertical veloc-
limit of the uncertainty inv:, namely 0.6 ms in the tro- ity] data from other measurements.” In an attempt at com
posphere and 0.3m8$ in the stratosphere. It should be y ' P

. - Pensating for this lack, the potential temperature lapse rate
mentioned that the current accuracy of the drag coef“flmenmeasured during the fliaht is taken as an approximate prox
is closely linked to the LUAMI flight data set used for the 9 g bp proxy

derivation of the drag curve. Extending this analysis to morefor the vertical velocity. Indeed, in a first approximation, air

) . : arcels advected upwards cool down adiabatically on small
soundings with carefully recorded payload and uplift masse . . .
; . . spatial scales. As a consequence, their potential tempera-
is therefore highly desirable.

ture, 65, remains approximately constant on such scales. We
The present model based on the (non-corrected) referendierefore expect the vertical profile of the potential tempera-
drag curve proves a better forecasting tool than the one byure lapse rate,dd/dz, to present sharp decreases in regions
Engel(2009, which assumes for simplicity a constant ascentof vertical updraft. Conversely, we expect the potential tem-
rate of 5mst. As a matter of fact, the error in the calculated perature lapse rate to increase significantly in regions of ver-
balloon altitude at burst time, averaged over the ten LUAMI tical downdraft, where air parcels of higher altitude and with
flights, is 14 km when using the present model as opposedarger potential temperature are advected downwards. Thus,
to 2.7 km when using the model Bngel(not shown). The in a first approximation, the profiles of the estimated vertical
predictions of the two models can be compared on the parvelocity of air and the potential temperature lapse rate should
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Fig. 8. Air vertical velocity during LUAMI flight LOO3a launched on 5 November 2008 at 22:45 UEEBalloon ascent rate in still air as
calculated from the model); actual balloon ascent rate derived from the GPS data (b})Air vertical velocity obtained by subtracting

the ascent rate in still air from the actual ascent ratg, (and the upper and lower limits of its associated range of uncertainty- ();

deviations of the potential temperature lapse rate from its still air value, derived from the atmospheric temperature recorded during the
balloon ascent). The vertical velocities derived bloyle et al.(2005 from aircraft measurements are indicated here as thin gray lines

for comqarison: typical gravity-wave fluctuations).3 ms~1 (—); strong fluctuations representing less tha % of all wave occurrences,

+ims ().

present evidences of anti-correlation. This reasoning is nevvertical air motion owing to the aforementioned limitations.
ertheless limited, since temperature fluctuations can be sensihis comparison also does not provide any quantitative in-
tive to both low- and high-frequency gravity waves, whereasformation on the precision of the derived air vertical veloc-
vertical velocity fluctuations are more affected by higher-ity. The analysis of the model uncertainty in the previous
frequency gravity waved @ne et al.2003 Gellerand Gong  section however suggests that the uncertainty error of this
2010. As such,Gong and Gellef2010 experimentally ob-  velocity is within the ranget0.5ms! in the troposphere
serve that “the apparent dominant vertical wavelengths [ofand+0.2 m s in the stratosphere, as indicated in panel (b)
the gravity waves] estimated froffi’ [(temperature fluctu- of Fig. 8. Moreover, the estimated velocity is within the
ations)] andw’ [(vertical velocity fluctuations)] profiles are range of the typical vertical wind fluctuations in the tropo-
different for some cases.” sphere reported bioyle et al.(2005 and indicated as thin
Evidences of anti-correlation are however apparent ongray lines in Fig.8b. These fluctuations were derived from
Fig. 8b, which pictures the vertical profile af(dds/dz) be- aircraft measurements performed during the SUCCESS cam-
side the estimated profile of the air vertical velocity. The paign (Subsonic Aircraft: Contrail and Cloud Effects Special
quantity A(dd,/dz) corresponds here to the potential tem- Study) which took place in the middle troposphere in cirrus
perature lapse rate from which its mean value over the tropoclouds over the eastern Pacific Ocean. In their derivations,
sphere or stratosphere, depending on the altitude at which #loyle et al.(2005 made sure to avoid perturbated regions to
is evaluated, has been subtracted. A particularly noticeabléocus on free tropospheric gravity waves, similar to the sit-
example of anti-correlation can be found in the altitude rangeuation during the LUAMI campaign in the northern German
12-15km, where the fluctuation amplitudes of the air verti- flatland.
cal velocity and of the potential temperature lapse rate are One may argue that the vertical air motion could be es-
relatively large. The correlation coefficient between the twotimated by a much more simplistic approach than the one
profiles is—0.31, and the probability that this value could presented above. Indeed, to obtain an approximation of
be obtained at random from two independent distributionsthe balloon ascent rate in still air, one may simply consider
is as low as 2 x 10~3. This suggests that the profiles of the smoothed profile of the actual balloon ascent rate (see
the air vertical velocity and o (dfa/dz) are globally anti-  Sect.2.3) instead of using the balloon ascent model. A com-
correlated. parison of this simplistic approach with the one based on the
However, the sole comparison with the potential temper-model is shown in Fig9 in the case of LUAMI flight L025.
ature lapse rate does not enable us to validate the estimatékhe respective profiles of the balloon ascent rate in still air
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Fig. 9. Comparison of the model with the method based on the smoothing of the measured balloon ascent rate in the case of LUAMI
flight LO25 launched on 19 November 2008 at 22:45 UTd&}.Vertical profile of the balloon ascent rate in still air derived from the model

(—); smoothed profile of the balloon ascent rate measured during the actual fliyl{fdr a description of the smoothing technique, see
Sect.2.3). The actual ascent rate derived from the GPS data is indicated as a thin black line for comgbji€mresponding profiles of

the air vertical velocity estimated from the modet) and from the smoothed profile of the measured balloon ascent+3gtelhe vertical
velocities derived byHoyle et al.(2005 from aircraft measurements are indicated here as thin gray lines for comparison: typical gravity-wave
fluctuations £0.3ms™1 (—); strong fluctuations representing less thah% of all wave occurrences;1ms 1 (——-).

estimated by the two methods are relatively dissimilar (seestant pressure from the surrounding air into the balloon while
panel (a)). The one derived from the method using the modehssuming the lifting gas to be incompressible; and (iii) the ef-
presents a finer resolution: it responds more physically to thdective radius and temperature distribution of the balloon are
fluctuations of the atmospheric temperature. In panel (b) offinally corrected to account for the expansion of the lifting
Fig. 9, it can be observed that the respective estimations ofjas discarded in step (ii). Since solar radiation — which has
the air vertical velocity by the two methods differ by up to a strong impact on the balloon temperature distribution — is
0.5ms! either in the troposphere and in the stratospherenot resolved, the model is only applicable to night flights in
Yet, the method based on the model cannot be proven to dets present state. Application to daytime soundings calls for
scribe the balloon ascent more precisely than the other one further study, but it should be possible provided that solar
The absence of independent measurements of the vertical aiadiation is modeled as a diffusive process inside the bal-
motion during the LUAMI campaign make the quantitative loon and that heating of the balloon envelope is taken into
evaluation of any of the two approaches impossible. account. To compensate for the lack of data on the drag co-
efficient of almost spherical objects in a turbulent medium,
a reference drag curve for sounding balloons is derived from
5 Discussion and conclusion a dataset of flights launched during the LUAMI campaign.
This drag curve applies only to a particular type of sounding
Very few models of the ascent of sounding balloons in theballoon, but using the methods we describe in this paper, it
atmosphere are available to daEn@e| 2009 Wang et al, should be straightforward to derive a similar curve for other
2009. In this study, a new model is proposed and shown totypes of balloon. At each step of the model, the balloon drag
be an improvement over the present state of the art. Deriveg0€fficient can be obtained from the reference drag curve by
by equating the free lift and the drag force, the balloon as-refining the initial estimate of the Reynolds number through
cent rate in still air is found to depend on three variables: the2 100p.
air mass density, the balloon drag coefficient and the bal- A priori, the ascent rate in still air predicted by the model
loon effective radius. The air mass density is assumed tdas an uncertainty of:0.6ms! in the troposphere and
be known either from numerical weather forecast or from the+0.3ms™! in the stratosphere, where the range of uncer-
atmospheric temperature and pressure measured during thainty is defined as a difference of plus or minus one standard
flight. The balloon effective radius, defined as the radius ofdeviation from the calculated value. For some flights,
the balloon’s volume-equivalent sphere, is computed at eacla systematic offset between the predictions of the model
step of the model in three stages: (i) the balloon is first adia-and the subsequently measured actual ascent rate points to
batically expanded; (ii) heat is then allowed to diffuse at con-differences in the manufacturing process of the individual
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Fig. 10. Effect of the ten-fold increase of the mean molecular heat diffusion coefficient on the n@dekperimental drag curves derived
from the ten LUAMI flights (—), and their associated reference drag curv, (n the case of the enhancéft). The ten experimental curves

(—) and the reference drag curve{-) pictured in Fig.3 are reported here for comparison, along with the curve&dhenbach1972 and

Son et al(2010 for a perfect sphergb) Vertical profile of the balloon ascent rate in still air calculated from the corrected reference drag
curve in the case of LUAMI flight LOO3b (see Fif); (D) increased by a factor of ter~); (D) normal (-—-). The 60-s low pass filtered
vertical profile of the ascent rate calculated from the GPS data is indicated here for comparison (—).

balloons. These differences are responsible for unpredictabland therefore to an increase of the expansion of the balloon
departures of the balloon drag coefficient from the referencevolume with altitude. As a consequence, the uplift force
drag curve and result in a mean uncertainty errat o km is larger mainly in the stratosphere, where the influence of
in the altitude of the balloon at burst time predicted by thethe heat transfer into the balloon on the ascent rate is the
model. The curve of the ascent rate in still air as a function ofstrongest. This results — mainly in the region corresponding
altitude captures the measured ascent rate profile very weltp the stratosphere (610* < Re <5x 10°) —in the increase
suggesting the model to be a valuable a priori trajectory fore-of the experimental drag curves derived from the ten LUAMI
cast tool. As such, the algorithm could be used, for exampleflights, as pictured in FiglOa, wherg(D) has been increased
to improve the precision of the balloon trajectory forecastsby a factor of ten in order to simulate eddy diffusion. As ob-
required during match flight campaigns. Up to the presentserved in the figure, the reference drag curve is steeper and
forecast trajectory models used during such campaigns havehifted upwards in the case where eddy diffusion is resolved
assumed a constant ascent rate of 5 frfer the balloon (e.g.  as compared to the case where only molecular diffusion is
Engel 2009. assumed. Based on this curve and the molecular heat diffu-
A posteriori, the data collected during the ascent can besion coefficient increased ten times, the model is found to not

used to adapt the reference drag curve and hereby reduce tié@pture the general feature of the ascent rate profile and par-
discrepancy between the modeled and measured ascent rdteularly the maximum close to the tropopause. This appears
profiles, as described in the final paragraph of S&dn this clearly in the example pictured in panel (b) of Fig, where
case, the air vertical velocity can be evaluated by subtractinghe vertical profiles ob, obtained from the model based on
the ascent rate in still air from the actual ascent rate. This(D) and 1QD), respectively, can be compared. This sug-
procedure is shown to provide an estimation of the air mo-gests that heat eddy diffusion and heat convection are not
tion which is within the range of the typical air velocity fluc- likely and that the main process responsible for the propaga-
tuations derived byHoyle et al.(2005 from the SUCCESS tion of heat inside the balloon is molecular diffusion.
campaign in the middle troposphere (see panel (b) of Bigs.  The model can be improved with respect to several as-
and9). Its uncertainty error is estimated to be 0.5Th & pects. Firstly, more experimental night flights should be used
the troposphere and 0.2 m’sin the stratosphere. In case this for the derivation of the reference drag curve, also during
uncertainty could be reduced, the air vertical velocity derivedother seasons and in other locations. This would give the
in this way would be useful, for example to parametrize thestatistical mean performed by the polynomial fit more rel-
cooling rate in cirrus cloud box modelsigyle et al, 2005. evance from an ensemble point of view. Only ten flights
The neglect of heat eddy diffusion or heat convection in-are considered in this study owing for the plain difficulty
side the balloon affects the reference drag curve and the accue find high resolution datasets including accurate measure-
racy of the model. Indeed, assuming eddy diffusion or con-ments of the uplift and payload masses. Indeed, as already
vection leads to an enhanced transfer of heat into the balloonoted byWang et al.(2009, the uplift and payload masses
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are currently neither measured precisely nor stored systemr 7, — T;
atically before each flight. In fact, the information regard- m B

ing these masses could be found only in the case of the 4 ' I*Q'OIT
balloons launched during the LUAMI campaign. Unfortu- 1 ‘

nately, even during the LUAMI campaign it was not con-
sidered that mass measurements of great precision would k
required later, which explains a part of the spread of the ex-
perimental drag curves discussed in S&c3. We therefore
strongly suggest that the balloon launch protocols must take 0.5 1
account of precise measurements and recordings of both th
payload and uplift masses. Secondly, radiative heat trans ) \
fer into the balloon could be resolved, which would allow 0.25
for day flights to be modeled. Taking solar radiation into \
account would require the balloon envelope emissivity and E—
the cloud cover to be considered, which would substantially 0 0.2 0.4 0.6 0.8
complicate the treatment of heat inside the balloon. Finally, S _ _
the validation of the reference drag curve lacks the suppor{:'g' Al. Rad@l dlstrlputlon of thze quzantlty on the left-hand S|dg of
of studies on the drag coefficient of sounding balloons. InEd: A2) atdifferent timesz = R%/(x“D) denotes the characteris-

. . _ . tic time of diffusion.
particular, the mechanisms at the origin of the large magni-
tude of this drag coefficient should be investigated in more
detail. This includes an analysis of the deformation of theTable Al. Typical values of some parameters associated with the
balloon Shape during the ascent and a better Characterizatid?ﬁuoon at two different altitudes. The IIftlng gas is assumed to be
of both the lift-induced drag and the drag coefficient of al- hydrogen, Wh(ise slpecific heat capacity at constant pressure equals
most spherical objects at very high Reynolds numbers and-4* 10°3kg K.
non-negligible turbulence intensity levels. Independent mea-

1

surements of the air vertical velocity would also be useful for Altitude R (m) «Wm~tK™Y)  py (kgm~3)
the validation of the reference drag curve. ground 1 0.18 0.09

30km 4 0.14 10°3
Appendix A

where the quantity on the left-hand side is the temperature
difference between the outside and the inside of the balloon

The analytical solution to Eq4) provided with the boundary normalized by the initial difference. The radial profile of

ConditionsTb(l’ [) — Ta([) and(E)Tb/ar),:o =0Oforallr>0 this quantity is shown in F|gA1 for different times. The
reads Carslaw and Jaeget959: characteristic time of diffusion is obtained from E42) by

considering only the dominant coefficient associated+ol

Derivation of the characteristic time of diffusion

2 _ 2 . in the Fourier series, which leads to= R?/(2D). Using
To(r,1) = ;Z(O‘nJFﬁn(t))e P B sin(rnr), AL the expressiorD = i /(ppc,) and the typical values of Ta-
n=1 ble A1, the characteristic time of diffusion is observed to de-
where crease from~ 900 s at ground te- 300 s at 30 km altitude in
1 the case where the lifting gas is hydrogen. Diffusion occurs
o, =/ r Tp,o(r)sin(znr)dr, faster at higher altitude as a result of the lower mass density
0 of the lifting gas.

t
Bn(t) = 7;_?”(_1);1+1/ Ta(s)eD(nn/R)Zs ds,
0 Appendix B

andTy0: [0,1] — R denotes the initial temperature distribu-

tion. In Eq. A1), r €[0,1] andr > 0. The solution adopts Convergence study of the finite element code

a much simpler expression in the case where the initial tem-

perature distribution is uniform, viZ, o is a constant, and In the balloon ascent model, Edt)(is discretized spatially

the temperature at= 1 is kept constant over time, viZ; is according to the Finite Element Method. The numerical solu-

constant. In such a case, tion is expressed in terms of a basis of second-order polyno-
mials, which corresponds to a discretization scheme of sec-

Ta—Tp(r,t) 2 = (_1)n+1e—D(nn/R)21Sin(nnr) (A2) ond order in space. Regarding the time discretization, the

Ta—Tho T ~ n first-order Euler backwards scheme is preferred — for stability
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