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ABSTRACT

In the framework of the VASCO/CIRENE project,
designed to investigate the ocean-atmosphere vari-
ability in the Indian Ocean from intra-seasonal
to inter-annual times-scales, instrumented balloons
are launched in the atmospheric boundary layer.
Two types of balloons are used : small pressur-
ized balloons designed to fly at a constant density
level around 850hPa and Aéroclippers, a new aero-
static/buoying system that drifts approximately at
an altitude of 50 meters.

To forecast the trajectories of these vehicles and op-
timize their launching strategy, an original software
has been developed. This software uses the ten-day
forecasts produced twice a day by the European Cen-
tre for Medium-range Weather Forecasts (ECMWEF').
To evaluate the confidence of numerical trajecto-
ries and their previsibility, two strategies are im-
plemented. The first one detects mostly the spatio-
temporal phase errors in the meteorological forecast,
while the second one detects the variability due to
the uncertainty on the forecast initial state.
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1. INTRODUCTION

The deep convective activity over the Indo-Pacific
region is strongly modulated at time scales between
20 and 60 days. This intraseasonal variability has a
marked seasonal cycle with an eastward propagation
of the convective perturbations, close to the equator,
from the Indian to the western Pacific Oceans,
during the boreal winter. This phenomenon is gen-
erally referred to as the Madden-Julian oscillation
(12) and may interact with the El Nino-Southern
Oscillation (ENSO) (11; 14). During the boreal
summer, the eastward propagation along the equator

over the Indian Ocean is followed by a northward
propagation of the convective perturbations from
the equator into the Indian peninsula (10). These
intraseasonal perturbations have an impact on the
Indian monsoon (3) and may even influence its
seasonal mean and its interannual variability (13; 6).
To investigate the ocean-atmosphere variabil-
ity in the Indian Ocean, from intra-seasonal to
inter-annual times-scales, the VASCO/CIRENE
project is conducted jointly by the Laboratoire de
Météorologie Dynamique (LMD) and the French
Space Agency (CNES). In the framework of this
experiment, two types of instrumented balloons
are launched, from Mahé (Seychelles), in the
atmospheric boundary layer. First of all, small
pressurized balloons, designed to fly at a constant
density level around 850hPa, allow us to probe the
upper part of the boundary layer. Then a new
aerostatic/buoying system, named Aéroclipper,
designed to investigate the atmosphere ocean fluxes,
is based on a tetrahedral balloon, pulled by the
wind at an altitude of approximately 50 meters,
attached by a cable (the guiderope) to a oceanic mea-
surement gondola floating just under the sea surface.

The first objective of the research project reported
here was to develop a set of operational tools, based
on meteorological forecasts, for the assistance to the
launching decisions of these aerostats during the field
campaign. Beyond, the second objective was, after
the probatory experiment, to analyze discrepancies
between actual and simulated trajectories.

The optimization of the launching strategy during
the VASCO experiment is mandatory since, due to
their cost, the number of balloons is limited and we
want them to explore at best the region of interest.
Moreover balloons ought to fly over the ocean and
avoid inhabited regions for security reasons. Numer-
ical trajectories, computed from operational meteo-
rological forecasts, have been the base of our oper-
ational forecasting system. This software uses the



ten-day meteorological forecasts produced twice a
day by the ECMWEF. Numerically, pressurized bal-
loons are advected on isopycnic (constant density)
surfaces while Aéroclippers are moved using a dedi-
cated non-linear function of the 10-meter level wind.
This non-linear function has been experimentally de-
termined to take into account the drag induced by
the guiderope and the oceanic gondola.

In order to evaluate the confidence of these numer-
ical trajectories and their predicability, two strate-
gies have been developed. The first strategy is based
on the full resolution deterministic ECMWF fore-
casts. We follow the dispersion of an initial set of
50 balloons launched on a 50km radius circle around
Mahé. The second strategy uses the probabilistic
ECMWEF forecasts: 50 lower-resolution perturbed
forecasts and one control forecast, supplied by the
ECMWE, allow us to compute 51 possible trajecto-
ries for one balloon launched at Mahé. These two
methods, automatically brought into play in parallel
twice a day, provide informations about the possible
behaviour of a real balloon. The first one detects
mostly the spatio-temporal phase errors in the mete-
orological forecast, while the second detects the vari-
ability due to the uncertainty on the forecast initial
state.

The balloon characteristics will be summarized in
section 2; in section 3 we present the main lines of
our software before comparing, in section 4, the fore-
cast trajectories to the actual ones obtained during
the probatory VASCO experiment that took place in
February 2005. A general conclusion is presented in
section 5.

2. BALLOONS CHARACTERISTICS

2.1. Small pressurized balloons

Fruits of a cooperation between CNES, and LMD,
small pressurized balloons (SPB) have been already
used to study the boundary layer dynamics dur-
ing BALSAMINE, INDOEX and BOA experiments
(2; 5; 4). Superpressure balloons keep a nearly con-
stant volume and therefore fly at a quasi-constant
density level, acting as Lagrangian tracers of air
parcels and meteorological platforms. VASCO bal-
loons, produced by ZODIAC under CNES supervi-
sion, are inflated with helium with a nominal 120hPa
overpressure at flight level. The envelope, made of
three-laminated polyester of 125um, has a 2.5m di-
ameter spherical shape (Figure 1). With a total mass
of approximately 9kg, this vehicle can fly in layers
between the surface and approximately 830hPa de-
pending of its ballast. As long as a sufficient over-
pressure is maintained the volume remains constant,
except for slight thermal fluctuations producing low
amplitude buoyancy oscillations mostly driven by the
diurnal cycle.

Figure 1. Launching of a SPB on Mahé airport.

The dynamics of superpressure balloons has been
studied by several authors (1; 7; 9). They proved to
be good tracers of horizontal motion close to their
equilibrium density level. However, they may re-
act to wind bursts by small amplitude, high fre-
quency, vertical oscillations around this equilibrium
level. The most serious problem they encounter is
water loading by rain or condensation when the enve-
lope temperature drops under the dew point temper-
ature. This latter case may happen when the balloon
enters nearly saturated air or whenever the helium
gets cooled by nocturnal radiation.

Scientific instrumentation on board SPB’s consists in
air pressure, temperature and humidity sensors, and
a 3D location GPS receiver. Helium temperature and
pressure are also recorded. Data are broadcasted,
with a mean 15 minutes period, through the AR-
GOS system. Power is provided by lithium batteries
that ensure around a one month lifetime. Batteries,
electronics, ARGOS and GPS antenna are all located
inside the envelope, protected from salty water when
the balloon hits or gets close to the sea surface.
Five balloons and their payload were prepared,
tested and launched with success from Mahé island
(Seychelles) during February 2005 for the VASCO
probatory campaign.

2.2. Aéroclippers

Developed jointly by LMD, LOCEAN, ENSTA and
CNES, the Aéroclipper is a new aerostatic/buoying
system based on a balloon attached by a 80m long
guiderope to a gondola floating just below the sea
surface (Figure 2). The balloon has a tetrahedral
shape, with a 6m edge, and drifts at an altitude of
approximately 50m. The technical and scientific pay-
loads are distributed in four gondolas. Three of them
are disposed along the guiderope in the atmospheric
layer, the third one is the oceanic gondola. Below the
balloon the first gondola (NSO), devoted to security
control, includes a 3D GPS receiver and an ARGOS



Figure 2. The Aéroclipper in flight.

transmitter. The second gondola, 15m below the bal-
loon, is the atmospheric one. It records air tempera-
ture, pressure and humidity and also horizontal rel-
ative wind with a sonic anemometer. The third gon-
dola (NTS), hosts a 2D GPS receiver and ensures
data treatment and broadcasting through the AR-
GOS system with a period that may vary between
1 and 15 minutes. At last, the oceanic gondola in-
cludes a lochmeter, a thermo-salinometer and two
thermometers recording the water temperature at 10
and 40cm below the sea surface. Lithium batteries
ensure a one month autonomy for this system. The
instrumentation is designed to estimate the turbulent
momentum, heat and humidity fluxes at the ocean
atmosphere interface.

Four Aéroclippers have been launched with success
during the 2005 probatory VASCO campaign.

3. TRAJECTORY FORECAST MODEL

3.1. Numerical scheme

The computation of forecast trajectories proceeds in
a similar way for SPB’s and Aéroclippers, except
that SPB’s request for a vertical interpolation to the
proper density level, while Aéroclippers only use the
10-meter level wind. The basic principle of the nu-
merical model for balloon advection is that, given

the horizontal wind fields produced operationally by
the ECMWF for the next ten days, this wind is in-
terpolated in time and space at the balloon location
and then the balloon can be advected using a sec-
ond order Runge-Kutta scheme with a 20mn time
step (it is well known that the order two accuracy is
greatly sufficient compared to the uncertainty in the
wind field, see e.g. (8)). For the time interpolation
of ECMWFEF data we use a knot-a-knot cubic spline
interpolation on three values on each side of the time
of interest, and for horizontal interpolation a knot-a-
knot cubic spline interpolation on four points on each
side of the point of interest in each direction. We al-
ready noted that the Aéroclipper advection velocity
is deduced from the 10-meter level wind produced
by ECMWFEF through a dedicated non-linear func-
tion. As our model also includes a land-sea mask,
an Aéroclipper is numerically stopped if it happens
to reach a coast. For SPB’s we use the ECMWF wind
fields on 20 original hybrid horizontal levels ranging
from the surface up to roughly 500hPa; the vertical
interpolation to the desired density level is then done
by means of a knot-a-knot cubic spline interpolation
in the density logarithm on all these 20 levels. As the
lowest hybrid level follows the topography, a crash of
a SPB can be detected (an event most unlikely dur-
ing the VASCO experiment).

3.2. Meteorological data

The ECMWF produces twice a day two types of
forecasts: the deterministic (FC) and the probabilis-
tic (PF) forecasts. Both types start from an initial
state at time J (equal to 00h or 12hUTC) and last 10
days (until J+240h). The deterministic forecast uses
a full resolution, spectral T511, 60 levels, model to
compute one ten-day forecast; the data we used with
this deterministic forecast are produced on a regular
0.52x0.5° longitude xlatitude grid. The probabilistic
system uses a spectral T255, 40 levels, model to com-
pute one ten-day control forecast and 50 ten-day per-
turbed forecasts, the perturbation being introduced
randomly, in the initial state, on the most unstable
components. The data we used from these 51 prob-
abilistic forecasts are produced on a regular 1° x 1°
longitude xlatitude grid; as wind fields are available
only on standard pressure level for probabilistic fore-
casts, the SPB advection was done in that case on
the 850hPa isobaric surface. Concerning the times
at which the wind field are available, they are, for
the deterministic forecast, every 3h from J to J+72h,
then every 6h until J4-240h; for the probabilistic fore-
casts they are every 6h from J to J+240h.

3.3. The operational forecasting system

A fully automatic computer system has been de-
veloped, able to recover routinely the ECMWF
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Figure 3. Aéroclipper 3: actual trajectory (solid line
with dotted positions at 12UTC) and deterministic
forecast (positions of the 50 numerical Aéroclippers
at 12UTC).

forecasts, as soon as they are available, to com-
pute Dballoons trajectories and auxiliary meteo-
rological maps and to post them on the web
(http://www.lmd.ens.fr/vasco2005/) at the disposal
of the launching team in Mahé.

For each available ECMWF forecast 15 sets of bal-
loons and 15 sets of Aéroclippers are numerically
launched, every 6 hours, at launching times from
J+12h to J4+96h (J+4 days). With the determin-
istic forecasts each set consists in 50 aerostats dis-
tributed on a 50km radius circle around Mahé, while
for each 51 probabilistic forecast only one balloon is
launched from Mahé island. For the SPB’s and the
deterministic forecasts three density levels have been
selected on which 15x50 balloons are advected, these
densities are: 1.00 kg/m? (~ 830hPa), 1.05 kg/m3
(= 880hPa), 1.10 kg/m? (~ 930hPa). Secondarily
the operational system displays comparisons of tra-
jectory forecasts corresponding to the same launch-
ing date but computed with different meteorologi-
cal forecasts. These drawings allow us to evaluate
the stability and the relevance of the predictions. In
practice, all these results are available on the web at
J+8h.

4. RESULTS AND DISCUSSION

The complete analysis of the VASCO 2005 probatory
experiment is steel under way, however interesting in-
sights have already been obtained by comparing the
forecasted and actual trajectories. We will present
first the Aéroclippers’s behavior then the SPB’s.
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Figure 4. Aéroclipper 3: actual trajectory (as in
Figure 3) and daily 12UTC positions of probabilistic
forecasts (the control forecast is in thin solid line).

4.1. Aéroclipper’s trajectories

The third Aéroclipper (A3) was launched from Mahé
on February 24 at 03hUTC; if flew during 11 days,
until March 7 at 12hUTC. The A3 trajectory is
drawn on Figures 3 and 4 in solid line with larger
dots at daily 12UTC positions. On Figure 3 are also
drawn the daily positions at 12UTC of the 50 nu-
merical Aéroclippers launched on a 50km radius cir-
cle around Mahé on February 24 at 00UTC. Their
trajectories have been computed with the ECMWF
deterministic forecast starting on February 23 at
12UTC (the most recent forecast available before
launch time). Similarly, Figure 4 is a comparison of
the A3 trajectory to its probabilistic forecasts, that
is to the 51 trajectories computed with the 51 low
resolution ECMWF forecast runs. The thin solid
line corresponds to the low resolution control fore-
cast (unperturbed initial state); the daily 12UTC
positions of the 50, initially perturbed, forecasts are
indicated with various symbols.

The first result that appears by comparing Figures 3
and 4 is the difference between the mean determin-
istic forecast (on Figure 3) and the control forecast
on Figure 4: they separate quite rapidly, the latter
being more southward. Moreover the deterministic
forecast is much closer to the actual trajectory of A3.
This highlights the resolution effect on forecasts: in-
deed the deterministic forecast is computed with a
twice better resolution than the probabilistic ones.
The second result that is clearly seen on Figures 3
and 4 is the very different dispersion properties of
deterministic and probabilistic forecasts. The initial
circle of balloons in the deterministic forecast has a
size of the order, though larger, than the model res-
olution. It deforms slowly under the effects of small
scale shears. Initially shrunk in the North-South di-
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Figure 5. Balloon 2: actual trajectory and determin-
istic forecast for the first 1.5 days of flight. Dark
squares indicate the position of SPB 2 on, respec-
tively, February 17, 00hUTC and 18, 00hUTC. Nu-
merical balloons positions are drawn for the same
times.

rection, it is gradually extended in the East-West
one. Starting at a size of 50km, it attains, 9 days
later, nearly 300km. On the other side, the effect
of the uncertainty on the initial state, as included
in ECMWF probabilistic forecasts, is much larger
and appears to disperse strongly the balloons in the
longitudinal direction, the A3 trajectory being at the
eastern boundary of the probabilistic positions cloud.
It appears thus on Figure 3 that the deterministic
forecast is a good predictor of the Aéroclipper’s tra-
jectory for nearly one week, however when looking to
its velocity along the trajectory, we find it underes-
timated in the simulation, at least for low values of
the 10-meter wind. This is seen at the beginning of
the flight: the numerical balloons are, after 2 days,
almost one day backward the actual one. This be-
havior may indicate a deficiency of our non-linear
modelization of the Aéroclipper velocity or alterna-
tively an underestimation of the 10-meter wind by
the ECMWF.

4.2. SPB’s trajectories

The comparison between SPB’s actual and fore-
casted trajectories is difficult because of the possible
vertical excursions of the balloons. Indeed the actual
SPB’s are not strictly isopycnic while the numerical
ones are. Real balloons may undergo slight vertical
movements due to the daily thermo-dynamical cycle,
also, as already mentioned, they may fall down quite
deeply when encountering heavy showers or noctur-
nal condensation. Moreover for the preliminary cam-
paign we report one, we do not have a full confidence
on the pressure sensors in use. Thus our compar-
isons will be restricted to a limited initial part of the
trajectories during which the SPB behavior can be
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Figure 6. Balloon 3: actual trajectory and determin-
istic forecast for the first 1.5 days of flight. Dark
squares indicate the position of SPB 8 on, respec-
tively, February 20, 00hUTC and 21, 00hUTC. Nu-
merical balloons positions are drawn for the same
times.

considered as isopycnic with a good precision.
Figure 5 and 6 are devoted to the first 1.5 days
of flight of respectively SPB 2 (launched on Febru-
ary 16, 12h32UTC) and SP3 (launched on Febru-
ary 19, 13h41UTC). Together with the actual po-
sitions are drawn the positions of the 50 numerical
balloons of the deterministic forecast advected on the
1.00 kg/m? density surface on which both balloons
were approximately flying. As for the Aéroclipper’s
case, the forecast in use was the most recent forecast
available before launch time, the numerical launch-
ing time being 12UTC. On both examples large dif-
ferences between experimental and numerical behav-
iors appear; the discrepancies develop both in dis-
placement direction and in velocities. In both cases
numerical balloons are advected much slower than
actual ones.

SPB 4 had a 8.7 days flight that was almost isopycnic
at density level 1.02 kg/m? and isobaric at pressure
level 860hPa. It moved quite rapidly during 4 days
(Figure 7), then remains sticked around 60.5 East, 10
South until it disappeared (probably due to a fail-
ure of the broadcasting system). On Figure 7 are
also drawn the balloon positions in the correspond-
ing probabilistic, 9 days, 850hPa level, forecast (same
drawing conventions than for Aéroclippers). This
last figure point out the limit of this forecasting pro-
cedure of SPB’s behavior, this limit itself denounces
a probable defect of ECMWF forecasted wind fields
in the boundary layer.

5. CONCLUSION

We have setup an operational automatic and power-
ful system to forecast the trajectories of Aéroclippers
and Small Pressurized Balloons in the boundary
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Figure 7. Balloon 4: actual trajectory and probabilis-
tic forecast. Large dots, for SPB 4, and symbols, for
numerical balloons, indicate the positions every other
day at 00RUTC.

layer. This system is based on the deterministic and
probabilistic meteorological forecasts produced by
the ECMWEF. This system was invaluable for launch-
ing operations during the probatory VASCO experi-
ment that took place in Mahé (Seychelles) in Febru-
ary 2005 and will be used during the main VASCO
campaign, planned for January 2006 and 2007. How-
ever the comparison between experimental and nu-
merical trajectories exhibit significant differences, es-
pecially for SPB’s. These differences, that we plan
to examine in detail, may indicate systematic errors
in wind fields produced in the boundary layer by the
ECMWEF.
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