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T he Hydrological Cycle in the Mediterranean  
 Experiment (HyMeX) Special Observing Periods  
 (SOPs) took place in the northwestern Mediter-

ranean basin in September–November 2012 and 
then in February–March 2013 (Ducrocq et al. 2014). 
The aim of the SOP1 experiment was to gain a better 
understanding of convective heavy-precipitation 
events (HPEs) that trigger f lashf looding in the 
mountains surrounding the basin. The 19 bound-
ary layer pressurized balloons (BLPBs) from Centre 
National d’Études Spatiales (CNES) were deployed 
from Mahon in the Balearics. These BLPBs had to 
monitor the low-level humidity convergence that 
feeds intense convective events. They also had to 
collect real-time data to help the numerical weather 
prediction systems better anticipate the location and 
intensity of thunderstorms. In respect to the latter ob-
jective, BLPBs can be seen as adaptive observational 
means (Joly 2003). This particular aspect is detailed 
later on. For HyMeX SOP2, the reader is invited to 
refer to the main manuscript.

The present material contains a selection of fo-
cuses on the implementation steps of BLPBs in the 
HyMeX SOPs.

CHOICE OF A SINGLE LAUNCH SITE. 
Depending on the scientific mission to be fulfilled by 
the balloons, the choice of a launch site can be crucial. 
As the meteorological phenomenon to be studied can 
be subject to some variability, and in order to avoid 
missing interesting cases, it would be easier to have 
several launch sites. Practical constraints, however, 
often apply to field campaigns. These constraints may 
concern, for example, limited resources (including 
manpower). As a consequence, BLPB campaigns 
generally have a single launch site. The choice of 
this situation must be a compromise between the 
highest expected rate of success of the mission and 
other aspects related to accessibility (roads, issue of 
frontiers, proximity perhaps to the sea), safety, and 
facilities (access to power and Internet). In the case 
of HyMeX, climatological studies allowed a limited 
choice of launch sites. The choice of the launch site 
is based on the evaluation of simulated f lights or 
trajectories that originate from possible launch 
locations. These simulated trajectories are computed 
using meteorological data representative of the typi-
cal weather conditions during which the phenomena 
of interest are likely to occur and the balloons to fly.
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Concerning HyMeX SOP1, a series of past cases 
of HPEs has been established. For each case, an 
occurrence date (or beginning) of heavy precipitation 
and its location is set. Trajectories originating from a 
given location are then computed with starting points 
every 3 h in a 24-h time frame that starts 2 days before 
the beginning of the event.

Two constant-pressure f light levels at 850 and 
925 hPa were considered. Figure ES1 shows the 
simulated trajectories departing from Mahon and for 
two of the previous cases of HPE. The first case that 
occurred in the Cévennes (in 2009) worked perfectly 
(Fig. ES1, left). On the contrary, the second case, in 
Drôme (France; in 2008) failed. In fact, all the launch 
sites evaluated for this case in Drôme proved to be 
useless. Still, some of these sites could be of interest 
for another HPE case that occurred in northern Italy 
(not shown in Fig. ES1).

The main constraint on the SOP1 was to find 
launch sites quite close to the sea so as to limit as much 
as possible flights above inhabited land. After the first 
simulations, Algiers (Algeria), Alghero (Sardinia, 
Italy), and Mahon (Minorca, Balearics, Spain) were 
short-listed as the most promising locations.

The preparatory study of SOP1 indicated that the 
site of Mahon had the most elevated “hit rate” with 
the highest degree of consistency between forecasts 
and analyses and the largest panel of targets either in 
Spain, France, or northern Italy. The Alghero site could 
not allow trajectories directed toward Italy, and the hit 
rate in France was lower than that of Mahon. Algiers 
offered longer trajectories, but it was anticipated that 

the Balearic Islands and especially the Mallorca moun-
tain range would create an obstacle on the way to most 
of the Spanish and French cases of interest. Minorca 
was chosen rather than Mallorca as the island is com-
posed of mostly low terrain and is quite flat.

PRINCIPLE OF ADAPTIVE OBSERVATION 
AND ITS APPLICATION TO DRIFTING 
SYSTEMS IN SOP1. In numerical weather predic-
tion (NWP) activities, data assimilation (Talagrand 
1997) refers to all the procedures used in order to 
update the modeled state of the atmosphere, with 
recent observations of the real atmosphere. Several 
observations are collected by a large variety of 
systems, generally on a routine basis. Data assimila-
tion yields a new starting point for the forecasting 
system.

Adaptive observation (Joly 2003) is a practice 
associated with these NWP activities. It consists of 
the management of a number of flexible observing 
platforms to be deployed at the right place and time in 
order to reduce as much as possible the uncertainty in 
the forecasts. These observations come in addition to 
the routine observing network. Numerical techniques 
are used to determine objectively among alterna-
tive deployments which one is linked to the highest 
benefit for NWP (Majumdar et al. 2014).

In practice, adaptive observation is implemented 
during field campaigns and involves either opportu-
nity observing systems (e.g., radiosoundings sites that 
operate on an unusual schedule such as in the Data 
Targeting System; Prates et al. 2009; Jansa et al. 2011) 

Fig. ES1. Simulated trajectories originating from Mahon (Minorca, Balearics, Spain) for two HPEs occurring 
on the dates shown. The orange circle highlights the area of interest (convective system). The colored dots on 
the trajectories depict the time at the predicted location every 6 h. Isobaric trajectories are computed using 
ECMWF forecasts. Balloon launches are simulated every 3 h. (left) The case in the Cévennes in 2009 is typical 
of those situations with a strong convergence in lower levels over the sea. In this case, 80% of the trajectories 
reach the area of interest. (right) The second case (Drôme in 2008) has a different configuration with a south-
western large-scale flow that does not produce enough low-level convergence above the Mediterranean Sea 
to capture balloon trajectories. In this case, the location of Mahon is useless. For this situation, there are no 
useful locations surrounding the northwestern shores of the Mediterranean (not shown).



Fig. ES2. Map (extracted from the LMD website) showing a typical plot of ensemble trajectory pre-
dictions using the meteorological input from PEARP. The black cross shows the launch position and 
the colored dots on the gray lines show the 35 trajectories derived from 35 members of the PEARP. 
The thick black line shows the control forecast. The time corresponding to the colored dots (every 
6 h) is given below the map. The balloons launched at 1200 UTC in Minorca reach the Cinque Terre 
at midnight the next day. All the trajectories are for a single flight level (density 1.05, which roughly 
corresponds to 880 hPa).
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or dedicated observing vectors that are moveable plat-
forms (e.g., jet aircraft deploying dropsondes; Lang-
land 2005). Drifting platforms are quite uncommon 
in this respect but collecting adaptive observations 
was one objective for balloons in HyMeX.

The implementation of a balloon-based adap-
tive observation system was, however, initially a 
challenge. HyMeX SOP1 consisted of a large integrated 
experimental observing system with various observ-
ing systems: aircrafts, radars, and lidars (Ducrocq 
et al. 2014). The inclusion of the drifting balloons 
in synergy with other observing systems introduced 
additional constraints for the adaptive approach. The 
adaptive decision-making process for launching or 
not launching in HyMeX could therefore not be solely 
based on automated numerical procedures but mainly 
on human expertise. Numerical results were, however, 
of great help in planning the launch of the balloons. 
Examples are given in the next paragraph.

A MULTIMODEL TRAJECTORY PREDIC-
TION FACILITY. The implementation of HyMeX 
SOPs relied on comprehensive balloon trajectory 

prediction facilities. The scientific missions and the 
limited number of balloons (about 20 and 15, respec-
tively) implied a strong need to decide whether the 
case was worth f lying. Information coming from 
many NWP systems was used, in near–real time, 
to predict the balloons’ trajectories and to evaluate 
both the uncertainty and the in-flight atmospheric 
conditions related to these trajectories. The simulated 
trajectories were drawn on charts and uploaded onto 
websites at Laboratoire de Météorologie Dynamique 
(LMD) and the HyMeX Operation Centre (HOC; see 
www.lmd.polytechnique.fr/BAMED/index.html and 
http://sop.hymex.org).

The balloon trajectory prediction was developed 
at LMD. The advection of balloons by the wind on 
isopycnic levels was forecasted thanks to four NWP 
systems.

To have an early image of the possible trajectories, 
ECMWF 240-h deterministic forecasts were used 
to simulate 945 trajectories, twice daily. These were 
computed using 15 launch dates, for step 12–96 h, 
every 6 h, on three flight levels (density values: 1.05, 
1.10, and 1.15 in SOP1 and 1.10, 1.15, and 1.20 in 



Fig. ES3. Specific humidity values collected by the HyMeX SOP1 balloons. 
The gray shading in the background is a composite field highlighting the low-
level humidity convergence during the balloon flights (all dates mixed). This 
humidity convergence is a key factor for the development of intense convective 
systems. This convergence generally occurs close to the shore. Many flights 
ended their tracks in areas with high values of humidity convergence. Because 
of the strong stratification in proximity to the ocean surface, the lowest flights 
are those depicting the highest humidity values (e.g., B15, B25, and B32).
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SOP2) and 21 launch positions, based on the 0000 and 
1200 UTC Integrated Forecast System (IFS) forecasts. 
The 21 launch positions correspond to the theoreti-
cal launch position (main launch site) and 20 others 
that were evenly spread along a 30-km-radius circle 
centered on the main launch site. These 20 additional 
starting points gave an idea of how a swarm of bal-
loons would spread in the vicinity of the main deter-
ministic trajectory. In the case of the French global 
model Action de Recherche Petite Echelle Grande 
Echelle (ARPEGE; Courtier et al. 1991) with finer 
resolution than IFS in the Mediterranean domain, 
630 trajectories were computed twice daily. These 
computations used 10 simulated launch times from 
12- to 66-h ranges, every 6 h and were based on the 
0000 and 1200 UTC runs of ARPEGE, using the same 
starting points (20 + 1) as those of IFS.

Furthermore, in order to gain more insight into 
the consistency of these predicted trajectories, the 
French Prévision d’Ensemble Action de Recherche 
Petite Echelle Grande Echelle (PEARP; the ensemble 
prediction system based on ARPEGE; Descamps et al. 
2015) was also exploited to produce a body of equally 
probable trajectories. When looking for consistent, 

converging, low-level atmo-
spheric flow, as in the first 
field phase of HyMeX, such 
ensemble-based products 
proved to be useful in the 
decision-making process. 
Figure ES2 shows a map of 
an ensemble of predicted 
trajectories valid for the 
two last launches of HyMeX 
SOP1 on 4 November 2012. 
The idea was to let the bal-
loons reach the Cinque 
Terre target region in the 
eastern part of the Gulf 
of Genoa (Italy), f lying at 
low level and avoiding any 
drift too close to northern 
Corsica. Figure ES2 shows 
that the majority of the 
trajectories reach the target.

Eventua l ly,  so as to 
have a precise idea of the 
launch time, the trajec-
tory predictions were re-
fined using inputs from 
limited area and mesoscale 
meteorological models such 
as Applications of Research 

to Operations at Mesoscale–France (AROME-France; 
Seity et al. 2011) and AROME–western Mediterra-
nean (WMED; Fourrié et al. 2015). AROME-WMED 
is a research version of AROME-France dedicated to 
HyMeX field phases and its domain encompasses the 
whole western basin of the Mediterranean. AROME-
WMED allows any kind of trajectory prediction (up 
to a 2-day range), whereas AROME-France can only 
handle northward trajectories from the Balearics 
(up to a 1.5-day range), as this archipelago is at the 
southern limit of the AROME-France domain. Twice 
a day, trajectories were computed from the forecast 
wind fields, initiated every 3 h from 3 to 36 h in 
AROME-WMED and from 3 to 24 h in AROME-
France. As usual, three density levels were exploited. 
The mesoscale character of these models (2.5-km grid 
resolution) allowed more detailed trajectories to be 
predicted. In most situations these models showed 
very good predictive skills. These skills were exploited 
to compute regular trajectory updates when BLPBs 
were flying. Thanks to the near-real-time data trans-
mission, it was possible to restart, every 20 min, a 
follow-up trajectory forecast from the latest observed 
position. To account for possible vertical movements 



Fig. ES4. Synthetic map showing predicted and observed balloon trajectories during flight B18 of SOP1 
in HyMeX. The black line shows the balloon’s trajectory from its launch at 0202 UTC 11 Oct 2012 that 
continued up until 1240 UTC the same day. This last point is the beginning of computer-predicted 
trajectories at three different density levels shown in green, red, and blue using AROME-WMED fore-
casts. The red shows the trajectory of the balloon at its measured density (1.078 kg m–3). Green and 
blue show higher and lower density (by 0.025 kg m–3), meaning lower and higher altitude, respectively. 
The purple line shows the posterior trajectory observed after this time. This case shows disagreement 
between the model and the observations: a wind shift occurs about 4 h after this trajectory update 
(note that there is 1 h of flight between every dot).
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of the real balloon, three trajectories were computed 
each time, one at the observed density, one at a lower 
density, and one at a higher density (see the section 
titled “In-flight trajectory prediction update”).

Thanks to all these trajectory predictions, the 
balloon-operating team in Mahon (Minorca) during 
HyMeX SOP1, succeeded in launching balloons that 
reached convective systems on the coast either in 
France, Catalonia, or northern Italy. Balloonwise, one 
of the results of HyMeX SOP1 is a well-distributed 
plume of balloons, starting from Minorca and 
stretching toward the continental shorelines, as 
illustrated in Fig. ES3.

IN-FLIGHT TRAJECTORY PREDICTION 
UPDATE. In most meteorological situations of 
Mediterranean campaigns, such as HyMeX SOPs 
and ChArMEx, the density level had a great influence 
on the trajectories [the wind direction changes with 
the altitude in the planetary boundary layer (PBL) 
due to Ekman spiral]. Meteorological data showed 
moreover variable predictive skills; in rare cases, the 
NWP models were quite poor. The combination of 
these factors made the trajectory prediction update 
a very useful tool with which to manage the balloons 
when in f light. The trajectory prediction update 

consisted of an updated trajectory starting from the 
latest observed density level and horizontal position, 
using the latest model wind input. Trajectories were 
therefore regularly updated (every 20 min) so as to 
obtain the utmost confidence in the prediction.

Figure ES4 shows the follow-up of the flight B18 
during HyMeX SOP1 on 11 October 2012. In this im-
age, one can see that the predicted trajectories diverge 
(blue, red, and green). The lowest altitude trajectory 
(green) heads toward Corsica, whereas the highest 
one (blue) heads eastward to Sardinia. In reality, the 
balloon drifted along another track after at least 4 h. 
This was actually the worst example of trajectory pre-
diction because the wind had been poorly predicted 
by AROME-WMED, in particular the wind direction 
changes that occurred twice during B18’s flight. These 
wind changes can be seen in the cycloid shape of the 
real trajectory (black and then purple for the last part 
of the flight) in Fig. ES4.

During the strong-wind events studied in HyMeX 
SOP2, the low-level f low was very turbulent and 
mixed in with the thick PBL. As a consequence, the 
influence of the flight level on the ground track fol-
lowed by the balloon was minimal. This is illustrated 
in Fig. ES5, which shows the first trajectory update 
during f light B34. All trajectories (simulated and 
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achieved) are very similar. This observation holds for 
most SOP2 trajectories. Overlaying of tracks indicate 
that the wind direction is correct. The unmatched 
positions of the bullets along these tracks in Fig. ES5 
indicate, however, that the wind speed has been over-
estimated by the model AROME-WMED. The wind 
observations derived from the observed trajectory 
may still be of interest for the models for the acquisi-
tion of a more adequate representation of the reality.
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Fig. ES5. Synthetic map showing 
predicted and observed balloon 
trajectories during flight B34 of SOP2 
in HyMeX. The very short black line (at 
the shore) shows the balloon’s trajec-
tory from its launch at 0700 UTC 7 Feb 
2013 that continued up until 0708 UTC 
the same day. This last point is used 
to compute predicted trajectories on 
three different density levels. These 
are shown in green, red, and blue. The 
red shows the trajectory of the balloon 
at its measured density (1.078 kg m–3). 
Green and blue show higher and lower 
density (by 0.025 kg m–3), meaning 
lower and higher altitude, respectively. 
The purple line shows the posterior 
trajectory observed after this time. As with most of the SOP2 cases, this one shows a very good agreement 
between the model and the observations. The orange line shows the limits of the authorized flight domain.


