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ABSTRACT: Balloon-borne radiosondes are launched twice daily at coordinated times worldwide to assist with weather
forecasting. Data collection from each flight is usually terminated when the balloon bursts at an altitude above 20 km. This
paper highlights cases where the balloon’s turnaround occurs at lower altitudes and is associated with ice formation on the
balloon, a weather condition of interest to aviation safety. Four examples of such cases are shown, where the balloon oscil-
lates between 3- and 6-km altitude before rising to high altitudes and bursting. This oscillation is due to the accumulation
and melting of ice on the balloon, causing the pattern to repeat multiple times. An analysis of National Weather Service ra-
diosonde data over a 5-yr period and a global dataset from the National Centers for Environmental Information from 1980
to 2020 identified that 0.18% of soundings worldwide satisfied these criteria. This indicates that weather conditions impor-
tant to aviation safety are not rare in the worldwide database. We recommend that soundings that show descent at altitudes
lower than typically expected continue to be tracked, particularly given that these up—down-oscillating soundings can pro-
vide valuable information for weather forecasting on days with significant precipitation and icing conditions that might

lead to aviation safety concerns.

KEYWORDS: Icing; In situ atmospheric observations; Radars/Radar observations;
Radiosonde/rawinsonde observations; Cloud Microphysics; Snowmelt/icemelt

1. Introduction

Balloon-borne radiosondes are flown in a coordinated fashion
from many sites worldwide, with close to a thousand sites having
operational twice-daily flights at 0000 and 1200 UTC, and collect
data from the surface until the balloons burst at altitudes ex-
ceeding 20 km (e.g., Durre et al. 2006; Wang and Zhang 2008;
Ramella Pralungo et al. 2014; Holdridge 2020). Sometimes ad-
ditional radiosondes are flown for high impact weather condi-
tions such as severe weather events or hurricanes. Balloons
typically ascend at ~5 m s~ ' with instruments (radiosondes)
that collect pressure, temperature, relative humidity, and GPS
data, including latitude, longitude, and altitude. Wind speed
and direction data are derived from changes in the GPS loca-
tion data. Radiosonde data are assimilated into meteorological
models to improve weather forecasts (Hersbach et al. 2020).
While data can be collected as the balloon is ascending and
descending, the National Weather Service (NWS) typically
suspends data collection when flight monitoring software de-
tects a balloon turnaround (which most frequently occurs as
the balloon bursts) (Schrab and Caldwell 2010). Thus, archived
weather balloon data (e.g., at the University of Wyoming
radiosonde archive: https://weather.uwyo.edu/upperair/sounding.
html) only include ascending data.

This paper describes in detail a subset of balloon sondes taken
as part of scientific field campaigns in which station operators
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continued monitoring flights after detecting a “turnaround.”
In each case, the turnaround was not associated with balloon
burst, but rather likely with the accumulation of mass (i.e.,
ice) as the result of particular meteorological conditions near
5 km at which the relative humidity was at or near saturation
and the temperature at or near the freezing point of water.
Such icing conditions in clouds present aviation safety hazards
and remain on the list of high-impact weather factors for
aviation meteorology (Gultepe et al. 2019). The balloons
subsequently descended, leading to temperature increases,
melting of the ice, reduction of the effective balloon and pay-
load mass, and ascended again. The ascent—descent pattern
may repeat multiple times before the balloon escapes the area
where these conditions exist. More generally, the presence of
such conditions, and the meteorological data above these
layers, are likely undersampled in the weather balloon data-
base as a result of the standard NWS data collection practices,
which exclude all data after the first turnaround point.

The conditions of balloon icing have been well documented
in the past. Ciesielski et al. (2014) reported a small fraction
(~5%) of slowly rising balloons, as well as a few early termi-
nations of radiosonde flights, likely due to icing in tropical
convective systems during the Dynamics of the Madden—Julian
Oscillation (DYNAMO; Yoneyama et al. 2013) field campaign.
Further, Waugh and Schuur (2018) showed direct evidence of
the icing through a layer with supercooled liquid using a GoPro
camera attached to a radiosonde flying into a winter storm. To
cause a balloon oscillation, a condition with both significant icing
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FIG. 1. Time evolution of temperature (red), altitude (black), and relative humidity (blue) during four unusual weather balloon launches
over (a) Corpus Christi, (b) Panama, (c) Costa Rica, and (d) Houston.

and melting is required. A recent example of these meteorologi-
cal conditions occurred on 8 July 2021. An ozonesonde was re-
leased at 1144 UTC (0644 CDT) at Texas A&M University—
Corpus Christi (27.72°N, 97.33°W). The balloon payload
included a standard radiosonde with an additional instru-
ment that measures ozone, an electrochemical concentration
cell (ECC) ozonesonde (Komhyr 1969). The flight occurred
during light rain as a tropical system brought heavy precipi-
tation to the Corpus Christi area. Figure 1 shows the altitude
of the balloon (black), the temperature (red), and relative
humidity (blue) as functions of time for four flights that
will be discussed in more detail in this paper. Typically, the
balloon rises at a nearly constant rate until burst, which usually
occurs between 25- and 35-km altitude, depending on the size
of the balloon used. In this case, however, instead of rising
continuously to burst, the balloon altitude oscillated between
3 and 5 km, as can be seen in Fig. 1a.

This type of oscillating behavior has been observed on sev-
eral occasions [e.g., in Panama during the 2007 Tropical Com-
position, Cloud, and Climate Coupling (TC4) campaign, as
discussed in Morris et al. (2010), in Magnolia, Texas, during
Hurricane Harvey in 2017, and in Costa Rica in 2014]. All
sites reported similar conditions at the time of these flights:
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they took place in June-August (Northern Hemisphere sum-
mertime) in subtropical or tropical regions in or near areas of
active convection and precipitation. Our analysis demon-
strates that the most plausible explanation for the oscillations
is the mass accumulation of ice on the balloon and payload as
it ascends through saturated air near the freezing point of
water, causing the balloon to slow its ascent before then de-
scending. As the balloon descends, the temperatures rise,
melting the ice, reducing the mass, and allowing the balloon
to start ascending again. If the balloon has not moved laterally
with respect to these meteorological conditions and the mete-
orological conditions have not changed, the oscillating behav-
ior may repeat. We analyze this behavior for these four cases
in more detail in section 3.

To better understand the scope and prevalence of such mete-
orological conditions, we used data from the U.S. National
Weather Service (NWS) operational radiosonde database and
the Integrated Global Radiosonde Archive (IGRA; Durre et al.
2006, 2018). We analyzed soundings over a 5-yr period from
August 2016 to July 2021 to identify profiles during which condi-
tions were favorable for ice to accumulate on the balloon, and
the balloon showed an initial descent beginning at altitudes be-
low 7 km. Since the NWS only collects data until the initial
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turnaround, these flights will appear to have truncated records
(i.e., data will only be reported from the ground to the first turn-
around point at ~4-7-km altitude). As such, it is impossible to
determine whether those balloons oscillated as the example
flights in this paper did. However, we estimate the occurrence
of such conditions by the frequency of those soundings that cut
off early at altitudes with near-saturated relative humidity and
temperatures near the freezing point of water. Such flights are
candidates for oscillating behavior. These data provide valuable
insights into highly convective environments that can benefit
weather forecasting and improve aviation safety in the vicinity
of such storm systems. The termination of data collection on
these flights at the altitude of the first turnaround represents
a missed opportunity to collect valuable data in conjunction
with these conditions, particularly regarding aviation safety
and weather forecasting.

2. Measurements
a. Radiosondes

The radiosonde measures pressure, temperature, and hu-
midity, and for more recent soundings, also GPS latitude, lon-
gitude, and altitude. Changes in latitude and longitude with
time are used to derive the wind speed and direction data.
Radiosondes typically transmit data every second. The data
are transmitted to and recorded at the surface using an an-
tenna, receiver, and software system, making it unnecessary
to recover the payload after the flight to obtain the data. In
this paper, three out of four examples of oscillating flights de-
ployed an InterMet (iMet)-1RSB radiosonde, while the fourth,
Corpus Christi, used the newer iMet-4RSB radiosonde.

The National Weather Service sites and other global sites re-
lease radiosondes on weather balloons twice daily (at 0000 and
1200 UTC) (Dirksen et al. 2014; von Rohden et al. 2022). The
Integrated Global Radiosonde Archive (IGRA; Durre et al.
2006) includes balloon radiosonde observations from the early
twentieth century to the present from more than 2800 stations
around the globe. Though there are a large variety of instru-
ments, balloon setups, and launching environments over differ-
ent countries (Gaffen 1994; Miloshevich et al. 2009), this dataset
archive compiles the historical radiosonde data in a single data
format, simplifying analysis efforts of the records. Analysis of
the IGRA archive allows us to examine the global occurrence
of radiosonde profiles ending at low altitudes.

The ECC ozonesonde consists of a small mechanical pump
that bubbles samples of ambient air outside of the payload
through a cathode solution consisting of a diluted (0.5%-2.0%)
concentration of potassium iodide (KI). The ozone concentration
can be determined by measuring the electrical current flowing be-
tween the solution cells and knowing the volume flow rate of
the pump, the ambient pressure, and the pump temperature
(Komhyr 1969). Details on the ozonesonde and best practices for
preparing, calibrating, and flying ozonesondes can be found in
the latest report from the Assessment of Standard Operating
Procedures for OzoneSondes (ASOPOS) group (Smit et al.
2021). There are two leading manufacturers of ozonesondes:
EnSci and Science Pump. All the flights with ozonesondes
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described in this paper used the En-Sci 2Z series ozonesonde
pumps.

b. Infrared brightness temperatures

To describe the cloud systems that balloon sondes flew through
in all four cases, the geostationary satellite infrared (IR) images
are used. The combined IR product is created by merging the
pixel resolution (~4 km) IR satellite data from all available geo-
stationary meteorological satellites into a global (60°N-60°S) grid
every half-hour (Janowiak et al. 2001).

c. Radar

To better understand the meteorological conditions around
the time of the unusual oscillating balloon flights, we present
radar data collocated at two of the balloon release sites: Cor-
pus Christi and Panama. We analyzed data from a collocated
Micro Rain Radar (MRR) and the Multi-Radar Multi-Sensor
(MRMS) system for the Corpus Christi case. The MRR in-
strument is a Biral/Metek 24 GHz (K-band) continuous wave,
vertical pointing profiling Doppler radar that derives several
rain parameters from measured spectral power backscatter in-
tensity (Klugmann et al. 1996). The radar can be used to mea-
sure rain rate, liquid water content and drop size distribution
in the range of 0.25-4.53 mm from near the ground to several
hundred meters. The MRR is located at the launch site in
Corpus Christi and within 10 km of where the balloon oscil-
lated. The MRMS system combines data streams from more
than 150 radars, satellites, surface observations, upper-air
observations, lightning reports, rain gauges and numerical
weather prediction models to produce over 100 products at
1-km spatial resolution every 2 min over the continental
United States (Zhang et al. 2016; Smith et al. 2016).

For the Panama example, we use data from the NASA polar-
imetric Doppler weather radar (NPOL), an S-band system oper-
ating at 2.8 GHz (10-cm wavelength), deployed adjacent to the
balloon release site. Because this system does not work well
when the antenna is wet (Theisen et al. 2009), periods with ac-
tive rain are excluded from the analysis. During the TC-4 cam-
paign in Panama, NPOL scanned with a spatial resolution of
200 m using a 12-tilt strategy (elevation angles from 0.7° to
23.3°) with a temporal resolution of 10 min. Among the many
parameters measured, NPOL, like MMS, reports radar reflectiv-
ity (DZ). For further details on the TC-4 deployment of the
NPOL radar, see Morris et al. (2010).

3. Oscillating flight observations

In this section, we describe and analyze four flights during
which the balloon oscillated up and down between 2.5-3.5 km
at the lower limit and 4.5-6.0 km at the upper limit. These flights
occurred at Corpus Christi, Texas; Magnolia, Texas; Las Tablas,
Panama; and San Jose, Costa Rica. The lower limits of the oscil-
lations were characterized by temperatures of 7° to 12°C, while
the upper limits were characterized by temperatures of —3° to
0°C. The two tropical sites (Costa Rica and Panama) showed
relative humidity values near the bottom of each oscillation
below 80% and values at the top >90%. The two subtropical
sites, Magnolia and Corpus Christi, showed little to no variability
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TABLE 1. Details about the balloon sizes and payloads on the four case studies of oscillating balloon flights described in this paper.

Time Payload Balloon
Date (UTC) Location Lat, lon, alt Payload weight (kg) size (kg)
8 Jul 2021 1144-1523  Corpus Christi, TX 27.7°N, 97.3°W, 5 m MSL Ozonesonde + iMet-4 1.5 0.8
Radiosonde
5 Aug 2007 1505-1906 Las Tablas, Panama  7.8°N, 80.3°W, 5 m MSL Ozonesonde + RS80 1.5 1.2
Radiosonde
13 Jun 2014  1214-1636 San Jose, Costa Rica 9.9°N, 84.0°W, 1200 m MSL  Ozonesonde + CFH + 3.5 1.2
iMet-1 Radiosonde
27 Aug 2017 1142-1309 Magnolia, TX 30.2°N, 95.8°W, 30 m MSL  iMet-1 Radiosonde 0.4 0.35

in the relative humidity in the vertical oscillations. A more de-
tailed description of each flight is listed in Table 1.

a. Corpus Christi, Texas, sounding

On 8 July 2021, an ozonesonde was released in light rain at
1144 UTC at Texas A&M University—Corpus Christi (27.72°N,
97.33°W, 5 m MSL), located on the Texas Gulf Coast. A tropi-
cal system centered just off the coast brought heavy precipita-
tion into the area. This flight took place during an ozonesonde
training workshop in preparation for the first part of the Dy-
namics and Chemistry of the Summer Stratosphere (DCOTSS)
campaign during the summer of 2021. The mission included co-
ordinated aircraft and balloon sonde measurements to examine
the impact of deep, midlatitude convection that overshoots the
tropopause and injects material into the lower stratosphere in
conjunction with the North American monsoon anticyclone
(Homeyer et al. 2023).

The payload for this flight included a standard EnSci ozone-
sonde in a cubic Styrofoam box (~30 cm per side) with an
iMet-4 radiosonde affixed to one side of the box, suspended
from an 800-g latex balloon via a payout reel (which gradually
pays out string to separate the balloon from the payload, be-
coming fully extended at ~45-m length below the balloon
about 10 min into the flight) and parachute (~80-cm diameter
when open fully, but folded on ascent). The total mass of the
payload is ~1.5 kg.

Figure 1a shows the altitude, temperature, and relative hu-
midity as a function of time for this balloon flight. The balloon
initially ascended for ~20 min to an altitude of 4.71 km MSL, at
which point the air temperature had dropped to —0.2°C and the
relative humidity (RH) had climbed to 97%. The balloon began
descending. Temperatures increased to 10.7°C and RH dropped
to ~90% by the time it reached 3.15 km MSL, at which point it
began to rise again. The second ascent peaked about 20 min af-
ter the first near 4.93 km MSL (~0.4°C, RH ~ 98%), and the
second descent reached a minimum altitude of 3.17 km MSL
again (~9.9°C, RH ~ 87%) about 9 min later. The third ascent
peaked about 20 min after the second peak, reaching 4.97 km MSL
again (~0.2°C, RH ~ 97%), and the third descent minimum alti-
tude was 2.67 km MSL (~12.0°C, RH ~ 95%). On its final
ascent, the temperature was 0.0°C at 4.74 km MSL about 12 min
after the last peak altitude, with RH ~ 97% still, but the balloon
did not descend this time and instead continued rising to a burst
altitude around 25 km.

Figure 2a shows the trajectory of this balloon superimposed on
the infrared (IR) brightness temperature in the region at around
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1200 UTC, about 15 min after the release of the balloon and
nearly coincident with the beginning of the first descent. The bal-
loon trajectory is in a region with brightness temperatures greater
than —60°C and to the northwest of the convective region with a
minimum brightness temperature of —75°C. Therefore, the bal-
loon was drifting through the large stratiform region of a meso-
scale convective system (MCS). This is further verified by the
MRMS radar reflectivity at 4 km at four different times during
the balloon oscillation (Figs. 3a—d). The balloon drifted over a
region with relatively homogeneous radar reflectivity around
30-35 dBZ at 4 km, and then it continued rising after drifting to a
region with lower reflectivity around 20-25 dBZ.

The time series of radar reflectivity profiles following the bal-
loon trajectory is shown in Fig. 4a, confirming that the balloon
oscillated in the region with 30-35 dBZ near the freezing level
and continued rising after escaping from the high reflectivity re-
gion (from dark to light blue). However, ground-based radar
does not have a sufficient vertical resolution to describe the
structure of the system where the balloon oscillated through. To
further describe the vertical structure of the system, Fig. 5 shows
the radar reflectivity and Doppler velocity observed by the
MRR at the launch site, which is within 10 km of the oscillating
balloon. Because the stratiform precipitating region was homo-
geneous and slowly propagated over the launch site (Fig. 3), the
K-band vertically pointing radar captured the vertical structure
of the system near the freezing level in greater detail. The
“bright band” of high radar reflectivity between 2° and 4°C in
Fig. 5a shows a typical feature of the stratiform region of the
MCS. The reflectivity increases toward the surface, correspond-
ing to the growth of the raindrops through the collision—coales-
cence process, though this could also be from the radar signal
attenuation. The low variability of the reflectivity and Doppler
velocity with time (Figs. 5a,b) suggests that the balloon oscil-
lated in the stratiform region with a homogeneous vertical air
motion. A mesoscale downdraft can be prevalent in the strati-
form region of a large MCS (Houze 2018) and it is possible that
air vertical motion can indeed push down a balloon (Wang et al.
2009). However, the downdraft is not the reason for this case.
Figure 5b shows that the balloon turned around at the freezing
level with low radar reflectivity (2025 dBZ). The Doppler ve-
locity is less than 3 m s~ and consistent with falling ice particles,
possibly with small near-freezing liquid drops to make ice par-
ticles stickier. The terminal velocity increased to 6-9 m s ! at
temperatures warmer than 4°C, where ice fully melted into rain-
drops. This vertical structure was quite uniform during the event
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FIG. 2. Infrared brightness temperature field in the middle of the balloon flights. The balloon flight trajectories are superimposed on the
infrared brightness temperature field for a time in the middle of the balloon flights. The black line traces the balloon paths. The thin black

lines show the coast lines and country borders.

period. Therefore, the most likely explanation for the balloon
oscillation is the collection of ice particles and melting.

To closely examine the thermodynamic environment of the
oscillation of the balloon, Fig. 6a shows the rising rate of the
balloon as the function of temperature, with negative rise
rates corresponding to the balloon descending after reaching
the freezing point, then descending through warmer air until
the ice melts, leading to the rise rates becoming positive again.
The balloon repeated this up—down pattern three additional
times before ascending to a burst altitude of ~25 km, indi-
cated by the repeating cycles around 0°-10°C colored by the
minutes elapsed since launch. The first up—down cycle can be
seen in green, the second and third in blue and the fourth in
yellow. The balloon rising and descending rates were around
45ms . During the first turnaround, the rising rate started to
decrease at a temperature around 0°-2°C, implying that icing
and supercooled liquid can occur at a temperature even warmer
than the freezing temperature. The descending rate started to
decrease at a temperature range of 8°-12°C, showing variable
conditions for melted ice falling off the balloon and payload.
Figures 7a and 7b (cross symbols) shows that during the event,
the horizontal wind was relatively weak (~5 m s™"'), which is
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consistent with the relatively homogeneous stratiform region.
Figure 7c shows the balloon ascended through a cloud layer
with close to 100% RH between 13° and 20°C. Between 0° and
13°C, the ambient air was subsaturated until the freezing level.
Here we should question the quality of the RH measurements
during the icing. The subsaturated layer right below the freezing
level may not be reliable.

We may derive the acceleration rate along the balloon trajec-
tory by using the variation of the rise rate with time. The histo-
gram of the acceleration rates of this case is shown in Fig. 7d.
The acceleration rates have more negative values at tempera-
tures just below freezing and more positive values at tempera-
tures 5°-10°C. All these suggest that the explanation for this
oscillating behavior is associated with the accumulation of ice
on the balloon and payload (causing downward acceleration of
the motion) and subsequent melting of the ice (resulting in up-
ward acceleration). Using the acceleration and the information
of the balloon and payload and with some assumptions and ap-
plying Newton’s second law with air drag, we can estimate the
mass of ice load over the balloon and payload during the event
(see the appendix). Figure 8 shows that more than 1.5 kg of ice
accumulation on the balloon was required to cause a descent at



2402

(@) MRMS reflectivity at 4 km 12:00 UTC

(¢) MRMS reflectivity at 4 km 13:00 UTC

L

MONTHLY WEATHER REVIEW

VOLUME 151

(b) MRMS reflectivity at4 km 12:30 UTC

(d) MRMS reflectivity at 4 km 13:40 UTC

= h

- e AT .

SRR790 ... . .

FIG. 3. Snapshots of MRMS-interpolated radar reflectivity at 4 km during the balloon flight at Corpus Christi. The balloon flight trajec-
tories are shown as gray lines. The color of the line represents the rising rate (negative in blue, positive in orange) of the balloon before
the time of the radar image. The altitude of the balloon at the radar image time is labeled. The location of the launch site is marked with a
black cross. Note that the balloon was flying in a horizontally uniform region during the up-and-down cycles.

~4.5 m s~'. Because the amount of ice increases significantly
from 2° to 0°C, we estimated the ice accumulation rate from the
balloon deceleration rates in this layer. After estimating the sur-
face area of the payload and the surface area of the balloon con-
sidering the volume expansion, the icing rate at 0°-2°C is
estimated at 0.17 gm ™25~ !,

b. Las Tablas, Panama, 2007 sounding

Another example of an oscillating balloon sounding occurred
during a flight from Las Tablas, Panama, in 2007, as was reported
by Morris et al. (2010). The balloon flight was part of the TC4 mis-
sion, which took place from 13 July to 9 August 2007 (Toon et al.
2010). At the time and place of release on 5 August 2007, light
rain was falling, the temperature was ~24°C, and the relative hu-
midity was ~96% at the surface. These conditions are like those
observed in conjunction with the Corpus Christi sounding.
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This flight used a 1200-g balloon with a payload that included a
standard ozonesonde, a Vaisala RS80 radiosonde, and a GPS
unit integrated into the lid of the payload’s Styrofoam box (total
payload mass of ~1.5 kg). The balloon ascended through the
edge of a dissipating convective system that moved onshore from
the east and oscillated five times between 2.5 and 5.1 km over
nearly 2 h before resuming a normal ascent. Figure 1b shows the
time series of altitude, temperature, and relative humidity mea-
sured by the radiosonde. The initial ascent reached 5.1 km with a
temperature of —2.9°C and a relative humidity greater than 98%
before the balloon began descending. Over the next 15 min, the
balloon descended to 2.2 km and the temperature reached
15.1°C, with relative humidity values dropping to 69%. The sec-
ond ascent peaked at 4.5 km about 12 min later with a tempera-
ture of 0.7°C and a relative humidity > 97%. The second descent
took about 6 min, reaching a minimum altitude of 3.6 km with a
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altitude of the balloon. The altitudes at 0°, 4°, and 10°C are marked with diamonds, crosses, and

asterisks, respectively, along the trajectory.

temperature of 7.3°C and a relative humidity of 73%. The third
ascent peaked at 4.7 km about 10 min later with a temperature of
—0.8°C and a relative humidity of 98%. The third descent took
about 10 min, reaching a minimum altitude of 2.9 km with a tem-
perature of 12.3°C and a relative humidity of 66%. The fourth as-
cent peaked at 4.9 km about 14 min later with a temperature of
—1.2°C and a relative humidity of 97%. The fourth descent took
about 11 min, reaching a minimum altitude of 2.6 km with a tem-
perature of 13.1°C and a relative humidity of 62%. On its final as-
cent, as the balloon passed through the 0°C temperature near
4.6 km, the relative humidity reached only 93%. The balloon con-
tinued upward on a more typical ascent with a monotonic rise
rate until bursting above 30 km some 2 h later.

Figure 2b shows the trajectory of the balloon overlaid on
the map of IR brightness temperature at 1530 UTC, approxi-
mately 25 min after the release of the balloon. Again, the bal-
loon remains in the stratiform region of an MCS with IR
brightness temperatures warmer than —60°C. This convective
system rapidly dissipated as it came on shore from the ESE of
Las Tablas. Figure 4b shows the vertical position of the
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balloon and the NPOL reflectivity versus altitude as a func-
tion of time for 5 August 2007. Similar to the Corpus Christi
event, the balloon appears “trapped” in regions with reflectiv-
ity values greater than 30 dBZ at the freezing altitude near
5.0 km and “escapes” when the reflectivity value at this level
drops to below 25 dBZ. The horizontal wind was also weak
(~5 m s') during the oscillation (Figs. 9a,b). Unlike the
Corpus Christi case, the layer between 0° and 10°C is much
dryer, with 60%-70% RH in the Panama case compared to
~90% RH in the Corpus Christi case (Fig. 9c).

c. San Jose, Costa Rica, 2014 sounding

A balloon payload was released from San Pedro in San
Jose, Costa Rica, at 0614 CST (1214 UTC) on 13 June 2014.
The payload for this flight included a standard EnSci ozone-
sonde in the Styrofoam box with an iMet radiosonde attached
(described previously), a cryogenic frost point hygrometer
(CFH; Vomel et al. 2007; Hurst et al. 2011), a payout reel and
parachute (total payload mass ~ 3.5 kg), all suspended from a
1200-g latex balloon.



2404

(a) TAMUCC MRR reflectivity 2021-07-08 dBZ

i

Altitude (km)

W W W L N
12.0 125 13.0
Hour (UTC)

MONTHLY WEATHER REVIEW

VOLUME 151

(b) TAMUCC MRR Doppler velocity ms
6 T T

Altitude (km)

12.0 125 13.0
Hour (UTC)

FI1G. 5. (a) Radar reflectivity during the balloon going up and down from a vertically pointing Ka-band Micro Rain
Radar (MRR) at the balloon launching site (Texas A&M-Corpus Christi campus). (b) Doppler velocity from MRR.
The altitude of the balloon is overplotted with a dashed line. The mean altitudes at 0°, 4°, and 10°C are indicated with
the dotted lines. Note that the balloon drifted within 20 km from the launch site during the period.

At the time of balloon release from the surface, the tempera-
ture was 20°C with overcast conditions. Figure 1c shows the alti-
tude, temperature, and relative humidity as functions of time for
this balloon flight. On the initial ascent, about 13 min after its re-
lease, the balloon temperature dropped below 0°C at 4.9 km,
with a relative humidity recorded at 88% by the iMet radiosonde
and a frost-point temperature of —2.5°C as measured by the CFH
instrument. During that part of the ascent, rise rates dropped
from ~6 m s~ in the first kilometer above the surface to ~3 m s’
at 5 km. Over an ~8-min period beginning ~34 min after re-
lease, the balloon’s rise rate falls from ~+2.5 to ~—32ms ..
For much of the ascent, temperatures were within 1.0°C of the
frost-point temperature reported by the CFH. However, around
the top of the first ascent, temperatures briefly dipped below
the frost-point temperature by 1°-2°C for ~30 s before return-
ing to 0°-1°C above the frost-point temperature. About 40 min
after release, the balloon reached an altitude of ~8.5 km MSL.
For the next ~21 min, the balloon descended at 3-4 m s~ !,
crossing the 0°C level near 4.8 km. Temperatures increased on
the descent and exceeded the freezing from 2.0° to 9.6°C by
2.9 km before humidity levels began to rise again near the bottom
of the first descent, which took another 13 min and occurred at
an altitude of ~2.0 km MSL. Near the bottom of the first oscilla-
tion, the rise rate changed rapidly from —5.0 to —2.8 m s™* over
1 min, was constant for ~20 s, then rapidly changed from —2.8 to
+3.9ms ™! over ~40 s. Temperatures near the bottom of the first
descent were above 15°C. The balloon then oscillated three more
times between 2 and 7 km before ascending to a burst altitude of
17 km. However, much of the data after the minimum height
turnarounds was not recorded on this flight (due to line-of-site
transmission issues near the horizon in the mountainous terrain).
Near the top of the second ascent, the rise rate slowed from ~3.6
to ~1.0 m s~ ! over ~90 s, remained fairly constant in the range
of 0.6-1.0 m s~ ! for the next ~150 s, then over the next 90 s,

1

droppedto —2.5ms™ .
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Of the four soundings discussed, the sounding from San Jose
occurred the farthest from the coast. San Jose is located in the
tropics near the center of Costa Rica in a valley between two vol-
canically active mountain ranges. It also flowed through an MCS
with much colder IR brightness temperatures than the other
three cases (Fig. 2c). Though the balloon’s trajectory seems out-
side of the convective core region, the colder IR brightness tem-
perature would imply a deeper cloud and perhaps an early stage
of the MCS. Supercooled liquid could exist at a colder tempera-
ture in relatively fresh dying convection/stratiform regions.
Therefore, the icing occurred at a relatively colder temperature,
which led to a higher turnaround altitude for this case.

d. Magnolia, Texas, 2017 sounding during
Hurricane Harvey

An oscillating sounding was also observed in a launch from
the Houston area on 27 August 2017 during Hurricane Harvey.
Harvey was a category-4 hurricane that made landfall in Texas
on 25 August and remained near Houston through 29 August
with devastating impacts (van Oldenborgh et al. 2018). This
sounding differs from the others described above as the payload
only included an iMet radiosonde (~260-g mass) attached di-
rectly to a 150-g balloon. The balloon oscillated in an ascending
and descending pattern until the signal was lost (see Fig. 1d).
However, from the available data, the balloon oscillated multi-
ple times between altitudes of 3 and 5 km with temperatures be-
tween 0° and 10°C and at a relative humidity of ~100%.

Figure 1d shows the altitude of the balloon, the tempera-
ture, and the relative humidity as a function of time into the
flight. The first ascent of the balloon reached a peak altitude
of 4.8 km about 20 min after release, with a temperature of
—0.2°C. Once the balloon ascended above 0.7 km, relative hu-
midity measurements exceeded 98% for the duration of the
flight, often with the radiosonde reporting 100% RH. Over
the next 6 min, the balloon descended to a minimum altitude
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FIG. 6. Scatterplots of the rising speed as a function of temperature during flights over (a) Corpus Christi, (b) Panama,
(c) Costa Rica, and (d) Houston. The color of the symbol represents the time after the launch.

of 3.6 km with a temperature of 7.1°C. The second ascent
peaked at 4.7 km about 6 min later with a temperature of
—0.2°C and the RH still 100%. The second descent reached
3.6 km 5 min later with a temperature of 7.0°C and an RH of
100%. The third ascent peaked at 4.7 km 6 min later with a
temperature of 0.0°C. The next cycle occurred mostly during
a period of radio drop-out, but the fourth descent bottomed
out near 3.7 km with a temperature of 6.0°C some 16 min after
the third peak altitude had been attained. The temperature
data became significantly noisier during and subsequent to
the fourth descent. The fifth ascent peaked at 4.6 km some
5 min later with minimum temperatures in the —3° to —6°C
range. The fifth descent reached 3.7 km about 5 min later with
a maximum temperature just above 6°C. The sixth ascent
reached 4.6 km, again about 5 min later, with a minimum tem-
perature of 0° to —2°C. The balloon began to descend again,
but the signal became unreliable before reaching a minimum
altitude. Intermittent data some 20 min later indicate that the
balloon was still trapped in the layer between 3.5 and 5.0 km.
Communications were lost 110 min after the initial release of
the balloon.
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Figure 2d shows the balloon flight path superimposed on the
IR brightness temperature map for Houston at 1200 UTC, ap-
proximately 32 min after the release of the balloon from the sur-
face. As for the Corpus Christi and Panama cases, the balloon
trajectory was to the NW of the deepest convection (indicated
by the coldest IR brightness temperatures at —68°C). The bal-
loon remained in a region of the storm with brightness tempera-
tures greater than —60°C but well away from the edge of the
system, which suggests vertical motion (i.e., downdrafts) is an
unlikely explanation for the observations.

4. Analysis of operational upper-air soundings

a. National Weather Service radiosonde database
(2016-21)

The National Weather Service launches weather balloons with
a radiosonde instrument twice daily at ~0000 and ~1200 UTC
from more than 80 sites. To determine how frequently oscillat-
ing behavior occurs for weather balloon launches, we analyzed
NWS radiosonde data from 78 sites throughout the United
States over a 5-yr period (August 2016-July 2021). The station
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FI1G. 7. Scatterplots of the (a) wind speed, (b) wind direction, and (c) relative humidity as a function of temperature
during flights over Corpus Christi. The color bars in (a)—(c) represent the time after the launch. (d) A two-dimensional

histogram of vertical acceleration.

locations and the number of possible up—down-oscillating cases
for each station are shown in Fig. 10a. The NWS soundings
only track the ascent, and thus data from a profile end once
the payload starts to descend. The cases with a potential to be
an oscillating balloon are selected for which the flight data ter-
minated at or below an altitude of 7 km MSL with RH > 80%
and a temperature between —10° and 10°C at the termination
of sounding. Out of the 267029 sounding profiles, we identi-
fied 295 soundings that satisfied those conditions. We then in-
dividually examined each of the 295 soundings and excluded
cases where the temperature was far from the freezing point
and relative humidity was relatively low. We also removed in-
stances initially identified erroneously due to changes midpro-
file to the data formatting. These removals reduce the number
of soundings identified as potential oscillating cases over the
5-yr period to 170.

In general, the distribution of stations for which these flights
occurred was near the coast and inland of the Gulf of Mexico.
This area is often impacted by tropical weather systems
and regularly experiences other, more localized severe
weather events. Figure 10b shows the number of cases each
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month, with annual analysis periods running from August
to July of the following year (i.e., year 1 includes samples in
August 2016-July 2017). The black line indicates the average
trend for all years. The potential oscillating cases are more
frequent during April-October, months with a higher likeli-
hood of tropical systems with significant precipitation, than
November-March.

b. NCEI radiosonde database (1980-2020)

We expanded the analysis of the occurrence of early termi-
nated flights using the 2800 station database of global radio-
sonde stations compiled at the NCEI. Figure 11a depicts a
histogram of the number of flights that terminated at altitudes
corresponding to the temperatures indicated. Focusing on the
warmer side of the distribution, we note a shoulder appearing
in the —10° to 0°C temperature range (~0.18% of all sam-
ples). The distribution of flights terminating above 0°C drops
off rapidly at that point. Therefore, the shape of the distribu-
tion implies a physical process occurring near the freezing
point that results in the enhanced termination of data record-
ing for these flights.
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FIG. 8. Estimated amount of ice accumulation on the balloon package
during the ozonesonde flight at Corpus Christi.

Figure 11b displays the global distribution of the frequency
of such flights. Relative enhancements in the frequency of these
early terminated flights are shown in the southeastern United
States, Central America, the Bahamas, the Mediterranean
coast, and throughout India, Indonesia, and the Philippines.
Note that the early termination of the balloon flight could be re-
lated to the quality of the balloons, the gas (helium or hydro-
gen) used to fill the balloons, and the weather systems balloon
rising through. The regions with a higher frequency of early ter-
minated flights are mainly in the tropics and subtropics and are
also known for frequent MCSs (Houze 2018; Zipser et al. 2006).
The enhancements in the southeastern United States in Fig. 11
are consistent with what was found in the analysis of the 5-yr
radiosonde record from the National Weather Service. Because
there is a relatively stronger diurnal variation of MCSs over
land than over ocean (e.g., Nesbitt and Zipser 2003; Houze
2018), soundings released at the two universal times could be in
the diurnal peak of MCS in some regions, but in the valley
in other regions depending on their longitude. Therefore, the

Temperature vs. Wind speed
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diurnal sampling must be considered while intercomparing sta-
tions in Fig. 11b. Also notice that many cases are found in high
latitude that could be associated with winter storms, where icing
condition occurs frequently in subfreezing layers even below the
melting layer (Waugh and Schuur 2018).

5. Discussion and conclusions

While the four case-study soundings described here display
similar characteristics of oscillating behavior, there are some
variations in the period of oscillation among them. The short-
est time between each oscillation occurred for the Houston
sounding (~12 min), while the Costa Rica sounding had the
longest period of ~40 min. The Corpus Christi and Panama
soundings had ~20 and ~25-min periods, respectively. Sev-
eral different factors could explain this variation:

¢ Balloon size and shape
The shape of the balloon will impact the drag force on the
balloon as it moves through the air mass, with more flat-
tened balloons experiencing more drag than vertically
oblong balloons, as the drag force will scale with the
effective cross-sectional area of the balloon. The shape of
the balloon will also impact the ease with which melting
ice falls off the balloon, with the vertically stretched bal-
loons being able to eliminate ice mass faster than horizon-
tally flattened balloons. The size of the balloon correlates
with the available surface area for the accumulation of
ice. Without cameras attached to the payload and record-
ing the shape and size of the balloon with time, these
speculative factors cannot be determined.
e Differences in mass of the balloon-payload systems

The Houston sounding only included a radiosonde, while the
others also included an ozonesonde. This lighter weight po-
tentially leads to a faster oscillation as less ice is needed to
cause the balloon to descend. The Costa Rica payload also
included a CFH and had the largest mass, which could cause
slower oscillation. The mass of the balloon contributes to the
total mass of the balloon-payload system. More massive ob-
jects have greater inertia and require larger forces to result in
the same acceleration. Figure 12 shows a roughly linear rela-
tionship between the mass of the balloon package and the
duration of the oscillation from the four cases shown.
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FI1G. 10. (a) Map showing the number of potential up-down-oscillating cases for 78 NWS stations over a 5-yr period.
(b) Annual trends (August-July) of potential up—down-oscillating cases from National Weather Service launches in
the United States from 2016 to 2021.

However, more samples are needed to really understand the the accumulation of the ice mixture. Wind could help re-
relationship between the mass of balloon payload and oscilla- move the ice as melting starts, hastening the return to an
tion time. ascent.

¢ Wind shear ¢ Rate of ice accumulation
A large change in wind speed and direction during the The icing rate could vary significantly depending on the tem-
oscillation could impact the speed of the balloon as well as perature and amount of ice particles and supercooled liquid.
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FI1G. 11. (a) Histogram of the coldest temperature from profiles measured by radiosondes from 1980 to 2020 around
the globe. (b) Fraction of the soundings’ top temperatures between —10° and 5°C at each station with at least 10000

sounding records.

However, it is quite difficult to directly measure the super-
cooled liquid water within clouds, except for limited cases of
in situ observations (e.g., Rosenfeld and Woodley 2000).
Therefore, the icing rate in different cloud regions and vari-
ous types of clouds is still largely unknown. In this paper, we
have demonstrated that, given the detailed information on the
ascent and descent rates of oscillating balloons, it is possible to
estimate the icing rate with some assumptions. Further in situ
observations of liquid water content and supercooled liquid wa-
ter content are needed to explore this hypothesis.
Uncertainties in the measurements during the icing con-
ditions

Icing can cause the sensors to malfunction and provide
inaccurate measurements as discussed in Waugh and
Schuur (2018). For the events shown in this study, the
temperature measurements are most likely credible be-
cause of the consistent lapse rate during the ascending
and descending paths (Fig. 1). The GPS altitude is an in-
dependent measurement from icing (GPS module either
collect GPS signal and calculate an altitude or report no
signal). During all four events, the temperature values
and altitude values vary consistently. If there is any bias
in the temperature during the oscillation, different lapse
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rates would be observed between ascending and descend-
ing paths. However, there is no validation of relative hu-
midity measurements, which could be influenced by icing.
Also, during the icing, the additional weight to the bal-
loon package would reduce the sensitivity to the wind
variations. For an ozonesonde, the icing could block the
inlet tube and lead to incorrect sensor responses.

In general, the differences in oscillation periods can most
likely be explained by the mass of the payload. All launches
took place during different levels of precipitation and wind,
which can impact the balloon’s behavior, with different
teams taking part in each launch. Other than the period
and number of oscillations, the behavior of each sounding
was very similar, and therefore it would be interesting to
analyze more cases. Collecting radiosonde data within a
highly varying environment can provide important insight
to improve weather forecasting during rainstorms. Cur-
rently, weather balloon launches conducted by the National
Weather Service (NWS) are programmed only to collect
data while the balloon is ascending and stop whenever the
balloon starts to descend. This practice maintains consistent
measurements among all radiosonde sites to feed into
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FIG. 12. Approximate oscillation period for the four flights
described in this paper as a function of the approximate mass of
the payload and balloon, which shows a linear relationship.

numerical models. A balloon that has oscillated a number
of times due to ice accumulation and melting would have a
delayed final ascent to a normal burst altitude where the
balloon has likely drifted a long distance, and thus may not
be as representative to the status of atmosphere at the dedi-
cated time and location. However, if NWS soundings would
keep tracking descent data, the profiles in the upper atmo-
sphere could still be collected for these oscillating cases.
Also, these oscillating cases provide unique icing informa-
tion that can help improve our understanding of ice micro-
physics, which is critical for aviation safety.
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APPENDIX

Icing Rate Estimation

To estimate the icing rate on the surface of the balloon and
ozonesonde package, we rely on the relationship between the
ice mass buildup and the vertical acceleration of the package.
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Based on Newton’s second law, the lift, weight of the package,
including ice accumulation, and the air drag determines the ac-
celeration of the package as written in Eq. (1):

(Mballoon + Mhelium + Minslrumenl + Mwaler + Mice)a(t)
=L+ [Minstrumcnt + Mwatcr + Micc(t)]g
1
— 5 OO AWDP), M

where Mi..(t) is the mass of ice buildup as a function of
time; a(f) is the acceleration calculated with the velocity
change with time; L is the payoff weight while inflating the
balloon (i.e., 2 kg multiplied by |g]); Myanoon is the mass of
balloon (i.e., 0.8 kg); Mpejjum is the mass of helium that can
be estimated by M, . = 4(L/|gl + My ;00,)/24.9; Minstrument
is mass of instrument package including ozone and radio
sondes, parachute, payout reel, and strings; Myaeer 1S the
mass of rainwater accumulated on the package because the
sonde passed through rain; g is gravitation constant with
value —9.8 m s~ 2; w(r) is the vertical velocity of the sonde;
and A(¢) is the surface area of the whole balloon system, in-
cluding the area of the instrument, parachute, payout reel,
and balloon. The surface area of the balloon Ap,j0on changes
with air pressure. The value of Apaoon(f) can be estimated
as the function of air pressure P(f) and temperature 7(f) by
Ap oo (O = 4m{[3/(4m)][22.4M . P, T(OV[4P()T,]}*”, where
Py is standard air pressure at sea level; 7y is surface tempera-
ture, p(f) is the air density, which can be calculated with the
temperature and pressure measurements from the radiosonde;
and C, is the air drag coefficient.

From Eq. (1), we can derive Eq. (2) to estimate Mic.(f)
along the balloon trajectory:

1
Mice(t) = m[L + (Minstrumem + Mwater)g
- (Mballoon + Mhe]uim + Minstrumenl + Mwater)a(t)
1
= 5 Caw@Ow(OA©Op()]. 2

There are two unknowns in Eq. (2). One is the amount of
water Mya.er On the package. Sensitivity tests conducted on
water amounts between 0 and 200 g showed that the mass
of water did not significantly change the result. However,
the other unknown, the air drag coefficient C, for the irregu-
lar shape of the balloon and instruments, is critical in the
calculation. Wang et al. (2009) demonstrated the complexity
of the drag force associated with balloon and radiosonde.
In our case, the instrument package, including balloon,
ozonesonde, radiosonde, parachute, drop reel and attached
strings, and deformation of balloon during the icing make
the direct estimation of drag coefficient difficult. To solve
this problem, we subjectively adjusted the C, parameter to
keep the M. close to 0 in the legs with uprising from
warmer temperature to the freezing level assuming ice fully
melted while the balloon was rising. For the case of Corpus
Christi, the optimum drag coefficient C,; with a value of 0.13
is chosen to derive Mic..
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