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[1] Long series of temperature measurements in the winter Arctic stratosphere have been

obtained from infrared Montgolfier (MIR) long-duration balloon flights in 1997, 1999,
and 2000, from which the performance of a variety of meteorological analyses has been
investigated. In this first paper of a series of two, the experimental setup and the
measurements are described. First flown in the winter Arctic in 1997, the MIR platform
appears well adapted to perform flights for several weeks in the vortex. Flights of 12 and
22 days (1997), 7 and 17 days (1999), and 3 and 18 days (2000) have been achieved along
which altitude, pressure, and temperature have been sampled every 9–10 min.
Comparisons between various independent sensors on the same balloon, and to Vaisala
and Russian radiosondes, have made it possible to evaluate the performances of the
instruments. The accuracy of the altitude/location of the Global Positioning System proved
to be ±100 m but that of the pressure sensors only ±2 hPa. The most accurate method for
deriving pressure appears to be the use of GPS altitude together with the ECMWF
(European Centre for Medium-Range Weather Forecasts) geopotential height. Finally,
the temperature was demonstrated to be measured with a precision of ±0.4 K and an
average bias of less than ±0.5 K, but during nighttime and at an altitude below only
INDEX TERMS: 0341 Atmospheric Composition and Structure: Middle atmosphere—constituent
28 km.
transport and chemistry (3334); 0350 Atmospheric Composition and Structure: Pressure, density, and
temperature; 0394 Atmospheric Composition and Structure: Instruments and techniques; KEYWORDS:
stratosphere, temperature, meteorological analyses, long-duration balloons

1. Introduction
[2] Large ozone reductions have been reported in the
Arctic polar stratospheric vortex during the winter in the
1990s, qualitatively consistent with heterogeneous activation of chlorine on polar stratospheric clouds (PSC) forming
at low temperature. Though generally consistent with
observations, ozone losses are often underestimated by
three-dimensional (3-D) chemical transport models (CTMs),
particularly when the minimum temperature is close to that
of the formation of PSCs [Goutail et al., 1999; Chipperfield,
1999; Guirlet et al., 2000; Goutail et al., 2002]. Among the
uncertainties suggested to explain this underestimation is
the temperature in meteorological analyses used to force the
CTM simulations. Indeed, and in contrast to Antarctica,
where the temperature is persistently well below that of PSC
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formation throughout the winter, the average temperature in
the winter Arctic stratosphere is close to that of the
formation of a PSC type Ia (NAT). It falls only episodically
below that of type II ice particles condensation. The
presence of PSCs is thus limited in time and geographic
extension. Therefore small errors or systematic biases in the
temperature in the meteorological analyses could lead to
large errors in predicted ozone loss in this highly nonlinear
system.
[3] In addition, mesoscale processes such as gravity or
orographic waves are represented either only partially or not
at all by these analyses of limited grid size. These smallscale waves could result in local cooling events of large
amplitude, where PSC could form [Leutbecher and Volkert,
1996; Carlslaw et al., 1998; Dörnback et al., 1998].
Though such wave-forced cooling is known to occur
sporadically, its climatology, and therefore its global influence on ozone destruction, is still poorly known.
[4] However, testing the ability of a meteorological
model to capture stratospheric temperature and wind at
global and mesoscales is not straightforward. Most available
radiosonde data are already used by the analysis systems. In
addition, the number of radiosondes is limited in the Arctic
winter stratosphere for several reasons: (1) reduced number
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of stations, recently dropped by a factor 4 in Russia for
economical reasons; (2) balloon bursts at low temperature
near the tropopause; and (3) high wind speed, which takes
the balloon out of telemetry range when reaching the
stratosphere. While comparisons between various analyses
[Manney et al., 1996] highlight differences between them,
they do not show which is the most accurate. Several studies
have been carried out for evaluating the quality of the
temperature and wind of analyses, using a variety of
methods. TOVS (TIROS Operational Vertical Sounder)
satellite-retrieved temperatures have been used by Swinbank
and O’Neill [1994] to evaluate the Meteorological Office
(MO) data assimilation model, also compared to radiosondes by Manney et al. [1996]. Naujokat [1994] has shown
that the ECMWF temperature analyses in the winter stratosphere in 1992 were systematically warmer than radiosondes and FUB (Freie Universität Berlin) analyses,
which are based on subjective analyses of radiosonde
measurements. The same conclusion was reached by Knudsen [1996a] for the European Centre for Medium-Range
Weather Forecasts (ECMWF) prior to 30 January 1996 by
comparing radiosondes to ECMWF analyses or first-guess
fields (the 6-hour forecast from the previous analysis)
assumed to be independent of errors on individual radiosondes. Pullen and Jones [1997] used data from 28 ozonesonde stations only partially included in the network and
available during the winter of 1994/1995 during the European campaign SESAME, for evaluating MO analyses.
From comparisons between the FUB analyses and the
SSU (stratospheric sounding unit) temperature retrieved
from the TOVS radiance measurements, Pawson et al.
[1999] concluded that the FUB data are generally colder,
particularly at low temperature, but that the satellite-derived
values become colder when the temperature decreases at
pressures lower than 50 hPa.
[5] In addition, data from the few available long-duration
balloon flights have also been used for comparison to
analyses. Temperature and wind velocity measured along
1- to 6-day trajectories of eight ballast-controlled balloons
conducted in 1992– 1995 within the Polar Vortex Balloon
Experiment (POVORBEX) of the University of Wyoming
have been compared to the analysis of ECMWF [Knudsen
et al., 1996b]. Past NASA and CNES long-duration balloons at a variety of latitudes have also been used for
evaluating wind analyses and forecast in the midstratosphere by the MO and DAO (Data Assimilation Office)
systems [Keil et al., 2001]. Finally, Knudsen et al. [2001]
have investigated the quality of wind analyses of a variety
of analyses in the Arctic vortex in 1997 and 1999 from the
trajectories of a part of the balloons described in this paper.
[6] Here we report on series of temperature measurements performed along the trajectories of six Montgolfière
Infra Rouge (MIR) long-duration balloons, with two
launches in each winter of 1997, 1999, and 2000 in the
polar vortex. These launches were made in the framework
of a European project: the THESEO Lagrangian Experiment. The durations of the flights (12 and 22 days in 1997,
7 and 17 in 1999, 3 and 18 in 2000), during which the
temperature was sampled every 9 min (1997) or 10 min
(1999 and 2000), and the diurnal vertical excursions of the
balloons of 16 to 27 km allow investigation of the biases
and the dispersion of the analyses.

[7] The presentation is organized into two companion
papers. The first paper is a description of the experiment and
of the flights, followed by an in-depth discussion of the
accuracy of meteorological measurements, a prerequisite for
looking at possible biases in the analyses. The second paper
[Knudsen et al., 2002] deals with the comparison of MIR
temperatures with a variety of analyses: ECMWF, MO,
DAO, NCEP (National Centers for Environmental Prediction), and NCEP/NCAR reanalysis. In situ observations of
gravity and orographic waves during these flights are
studied by Pommereau et al. [1999] and Hertzog et al.
[2002], as well as by Knudsen et al. [2002].
[8] The manuscript is organized into five sections. After
the Introduction, section 2 describes the MIR system, the
various payloads flown, and their meteorological sensors.
Section 3 describes the flights carried out during the 3 years,
including a brief overview of stratospheric meteorology in
each year and of relevant technical or operational incidents
needed to understand the quality of meteorological data.
Section 4 is devoted to an in-depth analysis of precision and
accuracy of altitude/location, pressure, and temperature
measurements. The overall achievements and findings are
summarized in section 5.

2. Infrared Montgolfier System
[9] The hot-air MIR balloon was developed by the Balloon Division of the Centre National d’Études Spatiales
(CNES) following a suggestion by Pommereau and Hauchecorne [1979]. It carries a total payload of 50 to 70 kg
depending on the arrangement, made of independent packages separated by 30 to 50 m. The payloads flown in the
Arctic are as follows: a service gondola, SAMBA (Système
d’Acquisition de Mesures en Ballon), which contains the
balloon control systems, meteorological sensors, and in
some cases, additional small scientific passenger instruments, and a scientific payload of 10 to 40 kg which changed
between the flights. The payload could be either a SAOZ
UV-visible spectrometer, a payload named SALSA comprising a combination of a SAOZ, a tunable diode laser for
methane and a hygrometer, or even a newly developed
lightweight meteorological payload RUMBA. As an example, Figure 1 shows the arrangement of a SAMBA and a
SALSA payloads in 1999 and 2000. The SAMBA gondola is
hanging 8 m below the bottom of the balloon and the SALSA
scientific payload 41 m below. Each gondola is totally
independent, having its own temperature, pressure, and
location measurements by GPS and an ARGOS transmitter
for satellite data collection and Doppler location. Other
subsystems are, from top to bottom, the cut-down pyrotechnic knives, a parachute for soft landing, a radar transponder
and a strobe light activated during the initial ascent and the
final descent, a radar reflector, and at the bottom, a Vaisala
RS-80 radiosonde of 3 hours of lifetime for consistency
checks of meteorological sensors during the initial ascent. In
this arrangement the total load below the balloon was 71 kg.
[10] All balloons were launched from ESRANGE, the
facility of the Swedish Space Corporation at Kiruna in
northern Sweden, which also controlled the flights. Clearance was obtained from Air Traffic Control (ATC) and
defense authorities of all countries north of 55N. A
complementary station run by the Russian Central Aero-
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logical Observatory was set up at Murmansk for controlling
the flights above Russia. For air traffic safety reasons, the
flights were limited to the inside of the vortex and automatically terminated if the balloon moved south of 55N or
below 140 hPa (13.5 km geometric altitude in the vortex,
14.5 km standard aircraft flight level).
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2.1. IR Montgolfier
[11] The MIR is a hot air balloon of 45,000 m3 volume
made of aluminized Mylar (IR-absorbent Mylar inside,
aluminium of low IR emissivity outside) for its upper part
and IR-transparent polyethylene for the bottom. It is heated
by the thermal emission of the Earth and the atmosphere
alone at night and additionally by the Sun during the day.
Though more than 40 flights have been carried out in the
tropics [Malaterre et al., 1996], the flights described here
were the first in the polar winter. Since the nighttime
balloon lift is directly proportional to the difference between
the brightness temperature of the surface being flown over
and the air temperature at flight level, it is particularly suited
to the cold winter vortex. Indeed, in these conditions the
atmospheric temperature at 20 km is of the order of 80C
and that of the ground or clouds is always warmer than
50, 60C even in the coldest part of the Arctic (Siberia,
Greenland, or the North Pole). This is more than enough to
ensure a difference of 15 – 25C between the gas and the
outside and to allow the balloon to stabilize between 18 and
22 km (60 – 40 hPa) at night. During daytime, additional
solar heating causes the balloon to ascend to higher levels,
typically around 25– 27 km (15 hPa), depending on albedo
and solar zenith angle. Since this arrangement does not
allow the MIR to leave the ground by itself, an initial lift is
provided by helium, which results in a higher flight level
during the first day, at 34 km (4 – 5 hPa). After 2 days the
helium is totally evacuated and the balloon reaches its
normal hot-air flight level.
[12] The main limitation of the system is the occurrence
of stratospheric sudden warming that can occur anytime
between February and April, depending on the year. If the
flight-level temperature warms to 50/ 60C, the difference with the brightness temperature of the surface below
could be too small (e.g., above high and dense clouds, the
Greenland ice cap, or mountain ranges in Siberia) to provide
the necessary lift. The balloon could then drop to altitudes
where the flight must be terminated. We will see later that
some significant altitude drops did indeed occur, and in one
case, with the heaviest payload, resulted in the termination
of the flight.
2.2. SAMBA Service Gondola
[13] The role of the SAMBA gondola is threefold. It
allows monitoring of the flights: altitude, location, temperFigure 1. (opposite) Schematic of the IR Montgolfier
system. The SAMBA service payload, hanging 8 m below
the bottom of the balloon, carries two temperature
microthermistors mounted on 1-m-long booms, two pressure sensors, and a GPS. The scientific payload 40 m below
also carries pressure and temperature sensors but of slower
sampling rate. An additional Vaisala commercial RS-80
radiosonde of 3-hour autonomy is added at the bottom for
consistency checks during the initial nighttime ascent.
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Table 1. Meteorological Sensors and Sampling on Each Type of Gondola
Gondola
SAMBA
SAOZ/SALSA
RUMBA
Radiosonde

Meteorological Sensors
GPS, Trimble Navigation
pressure, Honeywell (2)
temperature, Veco thermistors (2)
GPS, Trimble Navigation
pressure, Vaisala Barocap
temperature, Vaisala Thermocap
GPS, Trimble Navigation
Pressure, Parosci.Digiquartz 215A
temperature, Veco thermistors (2)
Vaisala RS-80

ature, and pressure as well as IR flux since 1999. It activates
the cut down, the strobe light, and the radar transponder
required by the Air Traffic Control (ATC) if the balloon
is flying below 140 hPa or south of 55N. Alternatively,
it terminates the flight after a given duration (between
20 and 28 days) to allow the recovery of the payload
over a predetermined area. The data are transmitted to
the ground through the ARGOS satellite data collection
system, but there is no remote control. All systems are run
automatically.
[14] The location is determined by GPS of Trimble
Navigation. Pressure is measured by two Honeywell sensors with different pressure ranges: 0 – 1000 hPa for the
ascent sensor and 0 – 145 hPa, both calibrated in the
laboratory to an accuracy of 1 hPa. Their temperature is
also transmitted for temperature compensation from sensitivities measured in a cold chamber. Ambient temperature
is measured by two Veco-aluminized microthermistors of a
250-mm diameter, mounted on 1-m-long booms deployed
shortly after launch on opposite sides on the gondola. The
thermistors are calibrated in a cold chamber between 170 K
and 320 K, with an accuracy of 0.5 K. All parameters are
sampled regularly every 9 min (1997) or 10 min (1999 and
2000), increased to once per minute during the initial
ascent to enable comparison with the radiosonde. The
ARGOS system is particularly efficient at high latitude
because 26 to 28 daily satellite overpasses can be expected,
though the best possible total transmission is limited to
120 kbits/d.
[15] The SAMBA payload is designed to carry additional
small scientific passenger instruments. This possibility was
used once in 1999 and in 2000 to fly an in situ ozone solid
state sensor developed by the University of Cambridge
[Hansford et al., 2000] and a backscatter diode laser for
measuring PSC developed by the Italian CNR-IFA [Adriani
et al., 1999]. The total weight of the SAMBA payload is
11 kg (28 kg with passengers), including lithium batteries
for a maximum autonomy of about 30 days.
2.3. SAOZ/SALSA Scientific Payload
[16] The SAOZ payload is an adaptation of the shortduration balloonsonde designed for the remote sensing of
ozone, NO2, and OClO profiles by solar occultation UV-Vis
spectrometry [Pommereau and Piquard, 1994]. In a more
sophisticated version, SALSA, flown in 1999 and 2000,
carries also a tunable diode laser (TDL) constructed by the
National Physical Laboratory and the University of Cambridge (UK) for the in situ measurement of methane
[Gardiner et al., 2000] and a Lyman a hygrometer of the

Sampling
9 – 10 min
(1 min initial ascent)
110/day
(1/min SS, SR,
1/1h30 daytime, nighttime)
15 min
(1/min initial ascent)
10 s (initial ascent)

Central Aerological Observatory (Russia) [Yushkov et al.,
2000].
[17] Additionally, the SAOZ and SALSA payloads carry
a set of meteorological sensors: pressure, temperature, and
location/altitude by GPS of Trimble Navigation. Meteorological sensors are those of a Vaisala RS-80 radiosonde:
temperature of 0.2C (1 SD) repeatability and a 2.5-s time
constant and pressure of 0.5 hPa (1 SD) repeatability and
±1 hPa accuracy according to the manufacturer. Capacitive
measurements relative to a reference capacitor and temperature compensation are handled by the standard Vaisala
ground software installed into the onboard CPU (central
processing unit). Calibrations are those of the manufacturer,
updated by comparison with a meteorological station prior
to launch following the instructions of the manufacturer. For
the first flight in 1997, the sensors were mounted on the side
of the gondola as for short-duration balloon flights. Since
this arrangement proved to be noisy for constant level
floating, a 1-m-long boom was added for the subsequent
flights.
[18] SAOZ and SALSA have their own ARGOS transmitter and are powered by lithium batteries. To conserve
power, the number of measurements is limited to a hundred
per day. The CPU and all the subsystems are thus switched
off and activated by a microcontroller when needed. Since
the main objective is to measure profiles by solar occultation at sunset and sunrise, the 100 data points are concentrated at dawn and dusk, with only one measurement every
90 min during daytime and nighttime. The temperature and
pressure sampling of the SAOZ/SALSA gondolas is thus
limited. The total weight of the SAOZ payload is 28 kg and
that of SALSA 42 kg.
2.4. RUMBA Meteorological Payload
[19] RUMBA is a new lightweight payload designed by
the Laboratoire de Météorologie Dynamique (LMD) for a
future project using constant level superpressure balloons
over Antarctica, VORCORE [Vial et al., 1995]. It has a GPS
of Trimble Navigation for location and altitude, a Paroscientific pressure sensor of 0.3 hPa accuracy, and two Veco
microbead-aluminized thermistors of 250 mm diameter
mounted onto glass supports hanging 5 m below the gondola.
GPS, pressure, and temperatures are sampled every 15 min.
In addition, pressure is sampled with a resolution of 0.01 hPa
every minute to allow calculation of dp/dt. As for SAMBA,
the sampling of all parameters is accelerated to once/min
during the initial ascent. The calibration of the pressure
sensor, including temperature compensation, is that provided
by the manufacturer, further controlled in the laboratory
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Table 2. Summary of MIR Flights
Flight

Payload

97.1
97.2
99.1
99.2
00.1

SAMBA, SAOZ
SAMBA, SAOZ
SAMBA, SALSA
SAMBA + pass.
SAMBA + pass.
RUMBA
SAMBA, SALSA

00.2

Weight
46
46
71
45
49

kg
kg
kg
kg
kg

62 kg

(precision, 0.02 hPa; accuracy, 0.3 hPa). The thermistors are
calibrated in the laboratory (accuracy 0.3 K). The total
weight of RUMBA for a 30-day autonomy is 9 kg.
2.5. Summary of Meteorological Sensors
[20] Meteorological measurements available on each payload and their sampling rates are listed in Table 1. The
comparison with meteorological analyses will be primarily
based on the measurements of SAMBA, always present at a
high sampling rate. Those of SAOZ/SALSA and RUMBA,
as well as that of the initial ascent radiosonde, will be
mainly used for evaluating and checking the performance of
SAMBA.

3. MIR Flights in the Arctic
[21] Because of the automatic cut down of the balloon if
it crosses south of 55N and the need for low air temper-

Launch
24
17
18
19
18

Feb.
March
Feb.
Feb.
Feb.

18 Feb.

Duration

Cut Down

12 days
22 days
7 days
17 days
2 days

erroneous order
to enable recovery
P > 140 hPa
lat. < 55N
lat. < 55N

18 days

lat. < 55N

ature for the MIR to fly efficiently, it was decided to launch
only inside the vortex. In addition, since solar occultation
measurements as well as the daytime ascent of the balloon
require some Sun, it was decided not to launch prior to
February 15. Two flights were attempted each year in 1997,
1999, and 2000. The payload arrangement, the total weight,
the date of launch, the duration of the flight, and the reason
for the final cut down are summarized in Table 2.
3.1. 1997 Flights
[22] The vortex was exceptionally strong, cold, and long
lasting in 1997, with a final breakdown in mid-April [Coy
et al., 1997; Naujokat and Pawson, 1998]. It remained
almost circular and centered around the pole until spring
with the minimum temperature being collocated with the
center of the vortex (barotropic stratosphere). Figure 2
shows PV and temperature maps on the 475 K isentrope as

Figure 2. ECMWF potential vorticity (PV) and temperature fields at 475 K (approximately 19 km or 50
hPa) at start of the first flight (24 February) and second flight (17 March) and at end of second flight (8
April in 1997. Hatched areas represent, respectively, the inner vortex (PV > 48 pvu) and the region where
the temperature is lower than that of NAT condensation (T < 193 K). A cross shows the balloon location.
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Figure 3. (left) Sixteen-day (12 calendar days) trajectory, altitude, temperature, PV at 475 K at the
location of the balloon compared to the vortex edge, and orography height along the first flight of 1997
starting at Kiruna on 24 February and ending over Greenland on 7 March. (right) Same for the 26-day (22
calendar days) second flight starting on 17 March and ending over Norway on 8 April.

calculated from ECMWF analyses at the beginning, the
middle, and the end of the flight period. The crosses show
the location of the balloon on each day.
[23] The first launch took place on February 24, when the
vortex drifted above the station. The balloon trajectory, its
altitude, atmospheric temperature, PV at 475 K, and orog-

raphy are displayed in Figure 3. PV at 475 K at the balloon
location is compared to that of the vortex edge, calculated
following the method of Nash et al. [1996]. Since the
sampling period was 9 min and the average speed of the
balloon 24 m/s, the measurements were performed about
every 13 km.
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Figure 4. ECMWF PV and temperature fields at 475 K at start of second flight (19 February) and at the
end of the first (27 February) and second flights (8 March) of 1999 (MIR 1, circle; MIR 2, cross).

[24] Liftoff occurred in the evening so as to reach a float
altitude of 34 km before sunrise, thus avoided cumulating
the lift of helium and solar heating, which would make the
balloon climb too fast. The flight lasted for 12 calendar days
(16 flight days and 17 nights) until March 8, when the CPU
delivered an erroneous cut-down order over Greenland. The
balloon remained inside the vortex at almost constant PV at
475 K at latitude greater than 60N during its three turns
around the pole. After one and half day and the loss of
helium, the daytime flight level became stable at about 25–
26 km (13 – 8 hPa). During nighttime it varied from 20– 22
km (30 – 45 hPa) at low temperature ( 75, 80C) to 14.5
km geometric altitude (108 hPa) at warmer temperature
( 65C) on two occasions, above the Baffin Sea and
southern Greenland.
[25] The second launch took place on March 17 at the
inner edge of the vortex (Figure 2). The flight lasted for
22 calendar days (26 flight days, 27 nights) until its
planned automatic cut down when reaching Scandinavia
after five circumpolar orbits. The instrument landed safely
on April 8 near Trondheim in Norway, where it was
recovered the following day. The balloon trajectory and
its altitude, air temperature, PV at 475 K, and ground
altitude are displayed in the right panels of Figure 3. On
average, the daytime altitude was a little higher (26 –
27 km) than during the first flight because of the higher
Sun and therefore the larger contribution of albedo during
daytime. In contrast, the nighttime altitude was lower,
often around 17 km, because of the warmer stratosphere.

The trajectory was almost circular and fast (38 m/s on
average) due to the closeness to the stratospheric jet. At
the end of the flight the balloon drifted to the vortex
edge.
[26] On both flights, the SAMBA gondola performed
well, except the unexpected cut down after 12 days of
MIR 1. All meteorological sensors performed also well
throughout the two flights.
3.2. 1999 Flights
[27] In 1999 the vortex was relatively weak and warm in
mid-February. It warmed further and split rapidly by the end
of the month [Naujokat, 1999], for reforming later in
March. Figure 4 shows the evolution of the vortex and
the temperature field at 475 K (ECMWF analyses) at the
beginning, middle, and end of the flights. By mid-February
the vortex was already elongated with a cold center on the
European side and warmer air on the Siberian side. It split
into two parts in late February, which moved rapidly to
midlatitudes. A warm anticyclonic area developed over the
pole, and the circulation reversed to easterly at the end of
February.
[28] Because the ECMWF forecasts showed that the
vortex could split, the two balloons were launched in quick
succession on two successive days, on 18 and 19 February.
Figure 5 shows the trajectories and altitudes of the balloons,
air temperature, PV at 475 K, and orography height below.
After a fast turn into the small vortex, the second balloon
being a little deeper inside, the two drifted slowly toward
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Figure 5. Trajectory of balloons, altitude, air temperature, PV at 475 K, and orography height in 1999
(left, MIR 1; right, MIR 2).
eastern Siberia in a warm stratospheric area over a cold
mountain range. The first and heavier balloon was cut down
after 7 days when it reached its minimum permitted altitude
immediately before sunrise on February 24. It landed a little

east of Yakutsk where it was recovered a few days later. The
second flight survived and turned backward to Scandinavia
and Canada, because of the wind direction reversal after the
sudden warming. On March 8 after 17 days of flight, it was
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[30] Figure 6 shows the evolution of the nighttime
temperature recorded during both flights and its altitude
profile. The altitude of the minimum temperature was
unusually high (20 hPa) at the beginning of the flights with
a steep gradient above. During the next two weeks, the
warming shifted rapidly downward to end up with a minimum temperature at 80 hPa by the end of the period. The
steep vertical temperature gradient is the cause of the large
temperature drop at the beginning of each night during the
descent of the balloon after day 54.

Figure 6. (top) Time evolution of nighttime temperature
along the second flight of 1999. (bottom) Profile (increasing
size of markers with time). In contrast to 1997 the altitude
of the minimum temperature shifted from an unusually high
altitude (20 hPa) in mid-February to 50 hPa during the
stratospheric warming by the end of the month.

automatically cut down after reaching 55N off the Labrador coast, where it was lost.
[29] Among the meteorological sensors, the following
three incidents were reported:
1. One thermistor failed (T1) on SAMBA in the first
flight because the boom did not deploy correctly.
2. Both temperatures in flight 2 were found to be shifted
by the same amount (approximately +3 K) compared to the
ascent radiosonde, the scientific gondola, as well as
independent radiosondes at Yakutsk. The reason for this is
that the thermistors were not calibrated together with the
amplifiers flown, since the original flight models were
broken. The onboard calibration coefficients were therefore
wrong. Since the difference was found to be identical for
both thermistors and was consistent with three independent
data sets, a correction factor was calculated and applied
uniformly to both sensors.
3. The Honeywell float pressure sensor of MIR 2 drifted
by some 10 hPa within the 17-day flight, probably because
of leakage of the sensor, which did not appear during the
tests and was never observed in other flights. Since the
measurements cannot be reliably corrected, they have been
replaced by ECMWF pressure at the altitude measured by
the GPS at ± 100 m accuracy as described by Knudsen et al.
[2001].

3.3. 2000 Flights
[31] The winter 1999/2000 is one of the coldest winters in
the lower stratosphere in the Berlin data series since 1964/
1965 [Naujokat et al., 2000; Manney and Sabutis, 2000]. In
spite of the strong upper stratospheric warming in March,
the vortex persisted in the polar region until the end of the
month. The PSC season lasted uninterrupted from midNovember to the first week of February at 30 hPa and from
the beginning of December to almost mid-March at 50 hPa.
[32] Two MIR flights were attempted during the winter.
The first was carrying a SAMBA gondola, including the
two small scientific passengers and the new RUMBA
meteorological payload; the second carried the SAMBA
and SALSA payloads recovered in 1999 from Siberia.
[33] The first opportunity to fly within the vortex happened on February 18, when the vortex located over the
Baffin Bay moved for a few days to northern Scandinavia.
Since it was predicted to rapidly move over Scandinavia,
both balloons were launched on the same day at 1600 and
1800 LT. Figure 7 shows the PV and the temperature fields
at 475 K (ECMWF analyses) on February 18, March 2
(when the lowest temperatures were encountered by the
balloon), and at the end of the flight on March 8 (when
the center of the vortex moved to the Barents Sea). The
balloon’s trajectories are displayed in Figure 8 together with
their altitude, air temperature, potential vorticity at 475 K
and at the vortex edge, and orography height below. Since
2– 3 days are required for the helium to escape, their altitude
drops from 5 hPa (35 km) at the beginning to an average of
about 15 hPa (26 km) during daytime and 50– 80 hPa (19 –
17 km) at night afterward. They were both terminated by the
automatic cut down of the payload when reaching 55N,
over Hudson Bay after just 2 days for the first, and after 18
calendar days (21 flight days) over Belarus for the second.
All payloads have been safely recovered.
[34] Two of the meteorological sensors failed on the
second flight: the SALSA temperature sensor broke during
launch operations and the SAMBA temperature booms
deployed late at the end of the ascent.
[35] Figure 9 shows the temperature measured along MIR
flight 2. It remained almost constant between 18 February
and 6 March with a minimum of 75 ± 6C around 18–
22 km and a steep positive gradient above. However, it was
systematically colder over the European sector, resulting in
a peak-to-peak variation of 10C as the balloon circled
around the vortex. The PSC formation temperature, below
80C (193 K) at 50 hPa, could be observed on two
occasions: on day 53 (21 February) over Greenland, and
on days 62 and 63 (2 and 3 March) at 59N over southern
Scandinavia and European Russia. The contribution of
large-amplitude orographic waves to the cooling in the
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Figure 7. ECMWF PV and temperature fields at 475 K in 2000 at start of balloon flights on 18 February
on the coldest encountered day (2 March) and at the end of the second flight (6 March). Hatched areas:
PV > 48 pvu and T < 193 K.
latter case, well documented by the MIR data, is studied in
detail by Hertzog et al. [2002].

4. Accuracy of Meteorological Measurements
[36] The precision and accuracy of the SAMBA data,
further used in the comparison with meteorological analyses, have been carefully assessed by comparison with all
other independent SAOZ, SALSA, RUMBA, and radiosonde measurements on the same balloon, as well as with
upper air soundings of the network along the trajectory of
the balloons.
4.1. Altitude and Location
[37] Depending on the number of satellites which could
be received, the GPS is working in three-dimensional (3-D)
mode, location and altitude, or 2-D mode, location only,
at fixed altitude given by the latest 3-D determination.
The GPS information transmitted by two independent
gondolas were always found to be consistent within the
specification of 100 m given by the manufacturer when in
3-D mode, the mode indication being also transmitted.
They were always found consistent also with the ARGOS
Doppler location though the latter is less accurate (between
500 m and 3 km depending on the viewing angle of the
satellite). Finally, they were also consistent with the geopotential height of the ascent radiosonde. The 3-D GPS
location and altitude are therefore basically correct to
within ± 100 m.

[38] The only limitation is the episodic absence of altitude readings in the Arctic where the GPS often functions in
2-D mode (location only) instead of 3-D, the default being
often experienced simultaneously by two independent GPS
on the same balloon. The reason for this, also frequently
reported during short-duration flights in the Arctic but not at
midlatitude, is still unclear. No definite correlation was
found with the temperature of the GPS receiver, nor with
geomagnetic activity. It is likely due to a combination of
low elevation of the viewing angle of some of the satellites
of the constellation, combined with the loss of sensitivity
of the receiver at low temperature, the high speed of
the balloon, and perhaps also to signal attenuation in the
auroral zone. The only method of replacing the missing data
is to derive the altitude from pressure readings after establishing the relationship between the two. However, as
described below, pressure measurements may also experience some problems, resulting in larger-altitude uncertainty
about altitude.
4.2. Pressure
[39] The performance of the pressure sensors could be
evaluated by comparison with pressure derived from GPS
altitude readings and the altitude/pressure relationship of
model analyses and, in one case, by the direct comparison
of independent pressure sensors. Examples of both are
shown below.
[40] Figure 10 shows the difference between the SAMBA
Honeywell and pressure calculated from GPS readings and
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Figure 9. Temperature along the second flight of 2000. Filled Markers: PSC temperature on 21
February over Greenland and on 2 – 3 March over Southern Scandinavia and European Russia.
the ECMWF geopotential height for the second flight of
2000 (Figure 10b), together with the corresponding altitude
difference (Figure 10c) and the altitude of the balloon
(Figure 10a). A systematic difference, linearly dependent

on pressure, is detected; it has a magnitude of some 1.4 hPa
average amplitude (P = 0.62 + 0.023*P). It translates into
an altitude bias of 200 m around 18 km but of up to 800 m
around 26 – 28 km during daytime. In addition a small

Figure 10. Comparison of SAMBA pressure measurements along the second flight of 2000 to that
derived from GPS altitude and ECMWF geopotential height: (a) MIR altitude and pressure, (b) difference
of pressure, (c) corresponding height difference (markers, measurements; dotted line, after correction).
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Figure 11. Comparison of pressure measured by the SAMBA Honeywell sensor and the RUMBA
Paroscientific along the 3-day flight of the first balloon of 2000: (a) pressure, (b) difference with GPS/
ECMWF, (c) difference between the two sensors, (d) temperature of the SAMBA gauge.
residual sensor temperature dependence of 0.05 hPa/10C
could also be seen. This is a common feature on all flights
where either positive or negative differences between the
Honeywell sensor and the ECMWF/GPS of up to ± 2 hPa
are observed. If a correction is applied (dotted lines in
Figures 10b and 10c), the two data sets could be reconciled
within a residual average standard deviation of 0.66 hPa or
115 m. However, errors in both the sensor and the ECMWF/
GPS could be responsible, and their respective contributions
are difficult to evaluate.
[41] Despite the short (3 days) duration of the first flight
of 2000, the inclusion of an independent Paroscientific
pressure sensor in the RUMBA allows identification of
the respective errors. Figure 11 shows the pressure measured by the two sensors (Figure 11a), their difference with
the GPS/ECMWF pressure (Figure 11b), the difference
between them (Figure 10c), and the temperature of the
Honeywell sensor onboard SAMBA (Figure 11d). Again,
a difference could be seen between the Honeywell sensor
and the ECMWF of 0.5 –1.5 hPa, but in opposite direction
compared to the previously discussed flight, while the
indication of the Paroscientific agrees to within ± 0.5 hPa.

Another feature in Figure 11b is that the variation of the
dispersion of the difference is very similar for both sensors.
The amplitude of the dispersion decreases with altitude in
relation to the pressure change corresponding to the 100 m
precision of the GPS, varying thus from 0.08 hPa during the
first night and day at 4 –5 hPa, to 0.32 hPa on the third and
last night at 20 hPa.
[42] This is confirmed by the small dispersion of the
difference between the pressure readings of the two sensors
shown in Figure 11c, though an increase at decreasing
altitude is also evident. In this case, the feature is thought
to be related to vertical oscillations of the balloon of ± 30 m
(± 0.1 hPa at 20 hPa) since the sampling frequency of the
two sensors is different (10 and 15 min, respectively) and
the measurements thus not in phase.
[43] The last feature that could be seen in the comparison
between the two sensors is a pressure shift along the flight,
indicative of a differential temperature dependence of the
sensors of 0.1 hPa/10C. The comparison with ECMWF/
GPS after day 50.4 at pressure larger than 10 hPa suggests
that it could come from both sensors: 0.25 hPa/10C for
the Paroscientfic and 0.35 hPa/10C for the Honeywell.
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Finally, since the two independent instruments show the
same jump at high altitude (above 10 hPa) at the beginning
of the flight, this last error must be attributed to ECMWF,
which could be in error by some 0.5 hPa at 4 hPa.
[44] In summary, the performances of the HoneywellSAMBA pressure readings, which will be used further, are
slightly worse than expected. Though the repeatability of
0.1 hPa given by the manufacturer is confirmed, the
absolute accuracy of the measurements is ± 2 hPa, partly
because of calibration errors and partly because of a residual
temperature dependence not totally removed. The simultaneous GPS altitude measurements in combination with the
ECMWF pressure/geopotential height relationship allow for
correction of the data to within 0.5 hPa to 1.5 hPa at 10 to
100 hPa, but alternatively, the same accuracy could be
reached by directly using the pressure derived from the
GPS altitude measurements. The last method is that preferred for 1999 and 2000 when they are compared with
meteorological analyses.
4.3. Temperature
[45] Temperature measurements are difficult on balloons
at float because of the drop of forced convection compared
to the solar heating of the thermistor and to the perturbation
when in the wake of the gondola, which is heated by the
Sun. Ideally, the temperature sensor should be small for
inertial reasons, but not too small compared to the mean free
path, aluminized and mounted on a transparent mechanical
support for minimizing the solar heating, and far enough
from the gondola to reduce its radiative and convective
perturbation. However, these recommendations result in
fragile sensors that are difficult to launch. Therefore depending on the accepted level of risk as well as the location of the
sensor in the flight train during launch operations, different
mountings have been used, ranging from a 1-m-long
deployable boom on the side of the SAMBA gondola to
thermistors hanging 5 m below the payload at the bottom of
the flight train for RUMBA. Since most of the data collected
are those of the SAMBA thermistors, the following discussion concentrates on the evaluation of their performance:
[46] An idea about their precision could be obtained by
comparing the simultaneous measurements of the two
thermistors at opposite sides of the gondola. In turn, the
accuracy could be checked by comparing the measurements
of independent sensors on the same balloon as well as with
radiosondes of the network along the balloon trajectory. In
both cases an idea of direct or indirect perturbation by solar
heating could be obtained by comparing the daytime and
nighttime data.
4.3.1. Precision and perturbation by solar heating
[47] The two thermistors T1 and T2 of the SAMBA
payload are identical and their measurements are independent and simultaneous. The comparison of their readings
along the flight is therefore a good indicator of the precision
and repeatability of the measurements. As an example
representative of all flights, Figure 12 (top) shows the
difference between T1 and T2 during the 17 days of the
MIR 2 flight in 1999. On average, T1 is warmer by 0.39 K,
but the difference also shows an average dispersion of
± 1.97 K (1 SD). Figure 12 (middle) shows the same data
plotted versus the solar zenith angle (SZA). The dispersion
is much larger during daytime (± 2.97 K) than at night

Figure 12. Difference between the two SAMBA simultaneous temperature readings during the second flight of
1999: (a) time evolution, (b) solar zenith angle dependence,
(c) altitude dependence of nighttime measurements.
(SZA > 93), approximately the moment when the balloon
starts to descend rapidly in the evening), when it drops to
± 0.3 K. The dispersion of SAMBA measurements is 10 times
larger in daytime than at night. In addition, because of the
decreasing convection, the amplitude of the dispersion also
increases with altitude, even at night (Figure 12 (bottom)).
[48] The question is how much of the dispersion is due to
direct heating of the thermistor and how much to the warm
pool air surrounding the aluminized payload, which is up to
65C warmer than the ambient temperature during daytime,
according to thermal simulations.
[49] Comparing the temperature sensors flown onboard
the SAMBA and RUMBA payloads during the first flight of
2000 (see Figure 11 for pressure and altitude) allows better
understanding of the origin of the perturbation. Figure 13
compares the temperature measured by the sensors of both
payloads along the 3-day flight. The difference between the
two SAMBA thermistors mounted along 1-m-long booms
(Figure 13b) shows features very similar to that of 1999.
The dispersion is much larger during daytime and drops at
decreasing altitude from 2 K at 5 hPa during the first night
to 0.3 K at 22 hPa during the third night. The difference
between the two RUMBA sensors hanging 5 m below the
gondola (Figure 13c) shows the same altitude dependence
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Figure 13. Comparison of SAMBA and RUMBA temperature measurements during the 3-day first
flight of 2000: (a) temperature, (b) SAMBA T1-T2, (c) RUMBA T1-T2, (d) SAMBA T1-RUMBA T1.
of the dispersion but not the daytime increase. Since the
thermistors of both payloads are identical, most of the
variance of the daytime SAMBA measurements must be
attributed to the indirect perturbation by the gondola.
Finally, Figure 13d shows the difference between the
SAMBA and the RUMBA sensors displaying the lowest
temperature, (min (T1, T2)). The SAMBA sensors are
warmer during daytime by 4 K at 5 hPa on the first day
and by 2 K at 10 hPa on the second day. Again, since the
sensors of both payloads are identical, the differential
heating cannot be attributed to direct solar heating but to
the warm air surrounding the SAMBA payload. The
remaining question is how much warmer are the RUMBA
sensors compared to the ambient during daytime? Although
a precise answer to this question cannot be provided in
absence of a reference, the comparison between day and
nighttime measurements at the same altitude (i.e., at date
50.2 compared to 49.5 and 50.9 compared to 50.4) suggests
that the heating is small: less than 2 K at 5 hPa and than 1 K
at 10 hPa.
[50] In conclusion, the precision of the SAMBA temperature measurements at night and at twilight during the

Figure 14. Comparison of temperatures measured during
the initial ascent by the SAMBA T2 thermistor and the
radiosonde on the second flight of 1999 (right, radiosonde;
left, difference with T2).
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Table 3. Comparison of Temperature Readings of Various Balloon-Borne Sensors and Radiosondes (SAMBA, Nighttime Only)
Flight
97.1

97.2

99.1

99.2

00.1

00.2

Sensor
SAMBA2-SAMBA1
SAMBA2-Vaisala
SAMBA2-SAOZ
SAMBA2-network
SAMBA2-SAMBA1
SAMBA2-Vaisala
SAMBA2-SAOZ
SAMBA2-network
SAMBA2-SAMBA1
SAMBA2-Vaisala
SAMBA2-SAOZ
SAMBA2-Russian sonde
SAMBA2-SAMBA1
SAMBA2-Vaisala
SAMBA2-SAOZ
SAMBA2-Russian sonde
SAMBA1-SAMBA2
SAMBA1-Vaisala
RUMBA1-RUMBA2
Vaisala-RUMBA1
Vaisala-RUMBA2
SAMBA1-RUMBA1
SAMBA1-SAMBA2
SAMBA2-Vaisala
SAMBA1-SAOZ
SAMBA1-radiosondes

descent of the balloon, at a pressure larger than 10 hPa, is ±
0.4 K. Because of the solar heating, they are useless during
daytime, but largely because being mounted too close to the
gondola, rather than the direct heating of the thermistors.
Mounting them a few meters below the payload would be
enough to provide good measurements during both daytime
and nighttime.
4.3.2. Accuracy 1: Comparison with
onboard radiosonde
[51] As already mentioned, an RS-80 Vaisala radiosonde
was always added to the flight train for comparison during
the initial nighttime ascent. For 3 hours the sampling rate
of the two thermistors of SAMBA was also accelerated to
1/50 s (1997) or 1/60 s (1999 and 2000), transmitted to an
ARGOS ground receiver when still in the telemetry range.
As an example, the difference between SAMBA T2 and the
radiosonde of flight 1 in 1999, after correction of the length
between the two instruments, is shown in Figure 14. The
picture is typical of that observed on all flights: (1) an
almost constant difference with relatively little scatter
(0.03 ± 0.4C in the present case) between the ground
and 28 km (10 hPa); (2) an increasing difference and a
larger scatter above, when the sensors are much less
ventilated (large Thermocap Vaisala sensor warmer than
small thermistors). As shown in Table 3, the difference
between SAMBA and the radiosonde on the other flights
never exceeded 0.3 K, which is not significant compared to
the quoted accuracy of 0.5 K of each sensor. The MIR
temperature measurements are therefore fully consistent
with those of commercial Vaisala radiosondes largely in
use in the West.
4.3.3. Accuracy 2: Comparison to SAOZ/SALSA
[52] Though of different sampling rate, the nighttime
SAMBA temperature data could also be compared to those
of the Thermocap sensor of the SAOZ/SALSA scientific
payload. As an example, Figure 15 shows the difference

T ± SD
0.3 ±
0.0 ±
0.4 ±
0.0 ±
0.6 ±
0.3 ±
0.1 ±
0.0 ±
NA
0.0 ±
0.5 ±
0.6 ±
0.5 ±
0.1 ±
NA
0.3 ±
NA
0.0 ±
0.5 ±
0.0 ±
0.4 ±
0.1 ±
0.4 ±
NA
NA
0.6 ±

0.9
0.5
2.3
2.6
0.4
0.4
0.6
2.6

Observation

SAOZ bad mounting

SAMBA 1 not deployed
0.1
0.6
0.5
0.3
0.2
SAOZ broken
0.6
SAMBA2 broken
0.2
0.4
0.2
0.2
0.5
0.4
1.9

day and night
nighttime only, 25 hPa
SAMBA at float only
SAOZ broken
nighttime, <500 km, <1 hour

between the 142 simultaneous nighttime SAMBA 1 and
SAOZ data points during the 22-day flight 2 of 1997. On
average, it is + 0.1 ± 0.6 K. Since most SAOZ measurements are made during twilight, i.e., the descent of the
balloon, and as shown in Figure 4, the temperature increases
from 198 K to 215 K during the flight; the comparison
covers a wide range of temperatures. To the extent that the
measurements are independent, the uncertainty on the bias
would be 0.6/sqrt (142 1) = 0.05 K. The calculated trend
along the flight of 0.01 ± 0.01 K/d is not significant.
Similar results were obtained on MIR 1 in 1997, with more
dispersion (0.4 ± 2.3 K) because of the bad mounting of
the SAOZ sensor and on MIR 2 in 1999 (0.5 ± 0.6 K). The
comparison could not be performed in 2000, since the
SAOZ sensor broke during launch operations.
[53] Overall, the long-term comparison along the flights
of the SAMBA temperature with that of the Vaisala Thermocap flown onboard the SAOZ/SALSA does not show

Figure 15. Difference between temperatures measured at
night by the SAMBA T2 thermistor and the SAOZ Vaisala
Thermocap sensor along the second flight of 1997.
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Figure 16. SAMBA T2 temperature (dots) and radiosonde
(solid line) at Yakutsk in Siberia on 26 February 1999.

any significant bias or shift within the 0.5 K accuracy of the
calibration of the sensors.
4.3.4. Accuracy 3: Comparison to radiosondes of
the network
[54] The MIR temperature readings have also been compared to radiosondes when the balloon was passing close to
a station of the network. Selected stations from which full
ascent data have been obtained are Sodankylä in Finland,
Thule, and Scoresbysund in Greenland, Ny-Ålesund in
Svalbard, and Yakutsk in eastern Siberia. However, colocations are infrequent and the altitude range of overlap is
limited because of the frequent bursting of the radiosonde
balloons in the winter. Thirteen data points have been
obtained for the two flights of 1997, within a distance of
1500 km. Though the scatter is quite large ( 0.04 ± 2.58 K),
no significant departure appears between the two sets of
data, and more importantly, there is no sign of temporal drift
( 0.04 ± 0.05 K/d).
[55] A better comparison was possible in 1999 with the
radiosondes of Yakutsk, when the two MIRs were traveling
around the station for 2 – 3 days. Figure 16 shows the
comparison between the first balloon and the radiosonde
on 26 February 1999. In the altitude range of 13– 18 km
where they do overlap (most of the Yakutsk soundings stop
at 18 km), the difference 0.6 ± 0.5 K is not significant. The
result for the second MIR (0.3 ± 0.6 K) was very similar.
There is no indication of a significant difference with the
Russian sonde.
[56] Finally, eight nighttime colocated measurements
within less than 500 km and 1 hour with the radiosondes
of the network could be found on the second flight of 2000.
The average difference is 0.6 ± 1.9 K.
4.3.5. Summary of temperature accuracy
[57] The information available from all comparisons is
summarized in Table 3. Overall, it can be concluded that
nighttime SAMBA temperature measurements at levels
below 28 km (10 hPa) are consistent to within the
± 0.5 K accuracy of the calibration in the laboratory. On
average, the dispersion of the measurements in flight at
night because of the perturbation by the surrounding gondola is ± 0.4 K.

5. Concluding Remarks
[58] Two MIRs have been flown each year in 1997, 1999,
and 2000 in the Arctic vortex, demonstrating that this type
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of vehicle is well adapted for this use even during a
stratospheric warming event, providing the total weight of
the payload does not exceed 60 kg for a balloon volume of
45,000 m3. It appears that the most difficult constraint to
accommodate is to remain poleward of 55N, since the edge
of the vortex frequently moves to this latitude in the
Northern Hemisphere. An option could be to launch the
balloon farther inside the vortex, but this would require
launch operations to be conducted at a higher latitude, since
the site of ESRANGE is infrequently located in the middle
of the vortex.
[59] A variety of meteorological measurements has been
conducted along the flights. GPS location and altitude are
found to be accurate within the specification of ± 100 m of
the system (an even better accuracy of a few meters is
expected after 2001, after the removal of the noise artificially added in the GPS system). However, there are some
limitations in the use of GPS in the Arctic area, where the 3D information about location and altitude is not always
available. The accuracy of Honeywell pressure measurements of the SAMBA payload (± 2 hPa) is slightly worse
than expected. However, after correction of calibration as
well as of the sensor temperature dependence using the GPS
altitude and the pressure/altitude relationship determined
from ECMWF analyses, the accuracy could be improved to
0.5 – 1.5 hPa, respectively, in the 10 – 100 hPa pressure
range. Since the use of ECMWF is required in both cases,
the preferred and easier method is the use of pressure
directly derived from GPS altitude.
[60] The temperature of the SAMBA payload was demonstrated to be measured with an average precision of ± 0.4
K and an average bias of less than ± 0.5 K, consistent with
the calibration, but only below 28 km during nighttime.
Daytime temperatures are not reliable. It has been demonstrated that the reason for this is not the direct heating of the
thermistor, but the radiative warming of air surrounding the
gondola. Encouraging results have been obtained with
temperature sensors hanging 5 m below the payload,
although these are at an increased risk of breaking at
launch.
[61] Overall, the six MIR flights provide a unique
independent data set of about 1600 points in 1997,
1900, in 1999 and 1800 in 2000, over a broad altitude
range of 5– 140 hPa in a variety of meteorological conditions in the winter Arctic vortex. These data will be now
used in the companion paper for evaluating the temperature of the ECMWF, MO, DAO, NCEP, and NCEP/
NCAR meteorological analyses, which are frequently used
for simulating the ozone destruction in the polar stratosphere.
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