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Abstract

We investigate an intense atmospheric river connecting southern Patagonia

and the Antarctic Peninsula on 28–29 March 2026 using reanalysis, forecasts,

high-cadence radiosondes, and two five-sonde grid deployments during the AR-

LAMDA-S campaign. Enhanced integrated vapor transport occurred first at

Ushuaia and approximately one day later at Base Marambio. At Ushuaia, the

local moisture-transport proxy Q = q|V| identified an elevated transport layer,

mainly between 2 and 3 km MSL, that persisted for approximately 8–10 h. The
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layer briefly weakened before intensifying and shifting upward, reaching 120–

140 g kg−1 m s−1. The multisonde deployments revealed changes in its vertical

extent, shear environment, and spatial variability. A downstream radiosonde at

Marambio sampled another pronounced transport maximum near 2 km within

an ice-supersaturated layer. These observations reveal substantial spatiotemporal

reorganization within a coherent synoptic-scale moisture-transport corridor.

Keywords: Atmospheric River, Antarctic Peninsula, Moisture transport, Polar
Meteorology

1 Introduction

Atmospheric rivers (ARs) act as efficient corridors of heat and moisture transport
from lower latitudes toward Antarctica [1–3]. These narrow and elongated regions of
enhanced water-vapor transport can substantially increase total-column moisture and
play an important role in the Antarctic hydrological cycle and surface mass balance.
Although enhanced snowfall remains one of their major present-day impacts, Antarctic
ARs are also associated with extreme precipitation, changes in cloud and precipita-
tion phase, surface melting, sea-ice disruption, and ice-shelf destabilization [2, 4–9].
The Antarctic Peninsula (AP) is particularly exposed to these intrusions, where
ARs can contribute to intense warming, rainfall, widespread melting, and compound
high-impact events [5, 8, 10–12].

Antarctic ARs are embedded within circulation patterns that connect synoptic
and planetary scales. They commonly occur within amplified trough–ridge and sur-
face low–high pressure configurations that promote strong poleward transport, and
the most intense events can be associated with Rossby-wave activity extending from
lower latitudes [2, 13]. Over the AP sector, anomalous cyclonic circulation over the
Bellingshausen Sea and anticyclonic or blocking circulation near or east of the Drake
Passage can favor northerly or northwesterly moisture transport toward the Penin-
sula [10, 12–14]. Recent work has also shown that large-scale circulation anomalies
can simultaneously affect southern Patagonia and the AP, providing a dynamical con-
nection between the two regions [15]. This places the southern South America–Drake
Passage corridor in a key position for observing the upstream or gateway stage of ARs
that subsequently affect the northern and western AP.

The large-scale identification of an AR, however, does not by itself determine its
local atmospheric impact. In particular, stronger column-integrated moisture trans-
port does not necessarily correspond to stronger precipitation. Recent studies show
that the most precipitation-intensive Antarctic AR environments are distinguished
more clearly by amplified synoptic-scale circulation and enhanced vertical motion than
by larger local vertically integrated moisture anomalies [13]. In addition, AR geometry
and orientation can evolve substantially during their life cycle. Other recent Antarctic
studies have highlighted curved, zonal, meridional, and reversing moisture-transport
pathways and have shown that directional or geometric constraints can obscure phys-
ically coherent AR structures [12, 16]. Over the AP, AR shape, direction, landfall

2



location, duration, and vertical profile can influence how the incoming flow interacts
with the complex topography and thereby modulate its regional effects [12]. These
findings emphasize that ARs should be considered not only in terms of integrated
vapor transport (IVT), widely used to characterize ARs, but also as dynamically and
geometrically structured transport systems.

An additional and comparatively poorly constrained dimension is their vertical
structure. Column-integrated diagnostics such as IVT are well suited to identifying AR
corridors and following their synoptic-scale evolution, but they do not identify where
within the atmospheric column the transport is concentrated. Radiosonde observations
have shown that Antarctic ARs can exhibit vertically displaced humidity maxima, low-
level jets, humidity inversions, and enhanced moisture transport concentrated within
particular tropospheric layers [7, 17]. More broadly, the three-dimensional structure
and propagation of Antarctic ARs remain substantially less studied than their hor-
izontal and column-integrated characteristics [17]. This observational limitation is
especially important at high southern latitudes, where routine in situ measurements
remain sparse over Antarctica and the surrounding Southern Ocean, and where addi-
tional radiosonde observations have been shown to improve atmospheric analyses and
forecasts [18–20].

Existing studies therefore provide increasingly detailed descriptions of Antarctic
AR climatology, synoptic dynamics, geometry, and vertical structure, but observations
resolving how the local moisture-transport layer evolves on hourly time scales remain
rare. Individual operational radiosondes provide detailed vertical profiles but only
limited temporal sampling, while reanalyses and numerical models cannot directly
resolve the small-scale variability encountered by multiple drifting in situ platforms.
In particular, there is little direct observational information connecting a synoptically
identified AR with both the temporal evolution and the spatial coherence of its local
vertical moisture-transport structure as it passes through the southern Patagonia–
Drake Passage gateway.

Here we examine the vertical and spatio-temporal structure of an intense
atmospheric-river event that connected southern Patagonia, the Drake Passage,
and the northern AP on 28–29 March 2026. The event was sampled in Ushuaia,
Argentina, during the Antarctic Rivers and Lagrangian Atmospheric Multisonde Dis-
persion Analysis–South (AR-LAMDA-S) campaign. For this event, the observing
strategy combined operational radiosondes, high-cadence lightweight-sonde profiles,
and two simultaneous five-sonde grid deployments, complemented by reanalysis, satel-
lite imagery, numerical forecasts, and an operational radiosonde observation at Base
Marambio during the downstream stage of the event.

This combination allows us to examine three complementary aspects of the event:
(i) the large-scale evolution of the AR from southern Patagonia toward the AP; (ii) the
vertical and temporal evolution of the layer carrying the strongest local moisture trans-
port over Ushuaia, together with its downstream vertical structure at Base Marambio;
and (iii) the spatial coherence and kinematic structure of this layer as sampled by
the multisonde deployments. In this way, the observations connect the synoptic-scale
identification of the AR with vertically organized moisture transport sampled at suc-
cessive stages of its passage through the southern Patagonia–Drake Passage gateway
toward the northern AP.
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The manuscript is organized as follows. Section 2 describes the observational
dataset and sampling strategy, Section 3 presents the synoptic, surface, vertical, and
multisonde results, Section 4 discusses their broader implications, and Section 5 details
the calculation and processing methods used throughout the study.

2 In situ data

All measurements analyzed in this study were collected in the context of the Antarctic
Rivers and Lagrangian Atmospheric Multisonde Dispersion Analysis–South (AR-
LAMDA-S) campaign. The campaign was performed at the station VAG-Ushuaia,
a World Meteorological Organization’s designated Global Atmosphere Watch site
(GAW, WMO) located within the Ushuaia airport area, in Argentina. This location
places the observing site in the gateway region between the Southern Ocean, southern
South America, the Drake Passage, and the AP (Fig. 1a,b). The measurement strat-
egy was designed to characterize both the local vertical and Lagrangian structure of
moisture transport and the larger-scale thermodynamic and kinematic environment
associated with the event.

The intensive observing period on 28 March 2026 included two types of radiosonde
observations. The first type consisted of small lightweight sondes, the Windsonde
S2H2 (SparvEmbedded) [21], referred to here as “Smarties”. These sondes have a
mass of approximately 8.2 g and a length of 14.5 cm. They were released with small
biodegradable 20 g weather balloons filled with 70 L of helium. Their low mass and
small helium requirement make them suitable for short-range, high-cadence profiling.
During the event, this configuration made it possible to perform hourly launches and
two five-sonde grid deployments.

The second observing system consisted of operational Väisälä RS41-SGP radioson-
des. These radiosondes provide reference meteorological profiles through a deeper
atmospheric column, reaching up to approximately 30 km. These sondes use approx-
imately 3 m3 of helium per launch. The closely related Sparv Windsond S1H2 has
previously been intercompared with the Vaisala RS41-SGP under severe weather
conditions, showing broadly comparable thermodynamic and wind measurements
when sampling similar atmospheric volumes [21]. The S2H2 version used here differs
primarily through an improvement in GNSS connectivity.

Figure 1 shows the observational setting of the campaign. Panel (a) shows the
regional position of Ushuaia, southern Patagonia, the Drake Passage, and Base Maram-
bio on the northern AP. Panel (b) shows the local setting of Ushuaia on Tierra del
Fuego and the Beagle Channel, and panel (c) shows the detailed configuration of the
Smartie launch sites, the VAG station, and the operational Ushuaia Aero station.

For the grid measurements, five Smarties were simultaneously launched from
nearby locations around the Ushuaia observing site, with a mean separation between
launch points of approximately 200 m. This sampling strategy provides a local launch-
array view of the vertical structure of the event, complementing the hourly sequence
of individual profiles and the deeper operational radiosonde soundings.

Because the VAG station is located within the Ushuaia airport area, the launch
strategy was implemented under operational safety constraints. The observing plan
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Fig. 1: Regional and local configuration of the AR-LAMDA-S observing sites in south-
ern Patagonia and the Antarctic Peninsula. (a) Regional location of Ushuaia, southern
Patagonia, the Drake Passage, and the northern AP. (b) and (c) Local configura-
tion of the launch sites near the VAG station at Ushuaia airport and along the coast
of the Beagle Channel. Markers indicate the Smarties launch positions used for the
grid deployments and the operational radiosonde launch location. Background shad-
ing shows the local terrain and coastline from the base map.

consisted of approximately hourly launches of lightweight sondes and two grid deploy-
ments of five sondes each during the forecasted period of strongest AR influence.
This strategy was successfully carried out, although individual launch times had to be
coordinated with airport activity and were occasionally adjusted according to aircraft
operations, surface wind direction, and the risk of balloon drift toward the runway.
The resulting dataset therefore reflects the planned high-cadence and grid sampling
strategy as implemented under real operational constraints. In the analysis, the actual
launch positions and times are used for all profile, grid, and trajectory diagnostics.

In addition, surface meteorological observations from VAG-Ushuaia and Base
Marambio observing sites are used to characterize the near-surface expression of the
event at the upstream and downstream locations, respectively. The VAG–Ushuaia
(which also includes Ushuaia aero) provides the surface temperature, relative humid-
ity, wind speed, and precipitation records used here. Base Marambio provides the
corresponding long-term operational surface record for the northern AP sector. These
records are used both to describe the event evolution during 27–31 March 2026 and
to compute the late-March historical reference ranges and percentiles.
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Figure 2 shows the temporal distribution of the launches. The two shaded inter-
vals indicate the grid deployments: Grid 1 at around 18:30 UTC, and Grid 2 at
around 21:05 UTC. For the time–height analysis, each five-sonde grid is represented
by its mean profile, while the individual grid members are retained for the grid-scale
variability analysis. With this treatment, the intensive observing period provided rep-
resentative vertical sampling approximately every hour, with a mean separation of
about 63 min between launches. After removal of duplicated or incomplete Smar-
ties profiles, the final representative sequence comprised 21 soundings, including 18
Smartie launches and three operational Väisälä radiosondes. The three operational
Väisälä radiosondes were launched at approximately 15:02, 17:59, and 21:55UTC. The
intensive observing sequence, comprising 21 balloon launches including two five-sonde
Smartie deployments, is detailed in Supplementary Table S1.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Launch number

12:00
13:00
14:00
15:00
16:00
17:00
18:00
19:00
20:00
21:00
22:00
23:00
00:00
01:00
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 ti
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Launch time vs sounding number for 28 March 2026
All soundings
Vaisala RS
Grid 1
Grid 2

Fig. 2: Launch sequence during the 28 March 2026 intensive observing period at
Ushuaia. Blue circles indicate the representative sounding sequence, including individ-
ual Smarties profiles, operational Väisälä radiosondes, and the grid-mean profiles used
in the time–height analysis. Orange squares mark the operational Väisälä radiosonde
launches. Shaded intervals indicate the two five-sonde Smarties grid deployments:
Grid 1 around 18:30UTC and Grid 2 around 21:05UTC.

3 Results

The following sections analyze the event using complementary diagnostics of its
large-scale, vertical, thermodynamic, and kinematic structure. Synoptic-scale mois-
ture transport is characterized by IVT derived from ERA5 and the numerical forecasts
[Eq. 1], together with observation-based IVT computed from the radiosonde profiles
[Eq. 2]. The vertically resolved moisture-transport structure is examined using the
local proxy Q = q|V| [Eq. 5], which is used to identify the altitude, intensity, and
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spatio-temporal evolution of the strongest transport layer. Potential temperature θ,
equivalent potential temperature θe, horizontal vector wind shear S [Eq. (7)], and
relative humidity with respect to liquid water and ice [Eq. (11)] provide the thermody-
namic and kinematic context of this layer. The calculation and processing procedures
for all diagnostics are detailed in Section 5.

3.1 Synoptic/mesoscale context

Figure 3 shows the temporal evolution of integrated vapor transport (IVT) at VAG-
Ushuaia and Base Marambio from 27 to 30 March 2026. At Ushuaia, WRF-SMN
forecasts initialized at 00 UTC on 26, 27, and 28 March are compared with ERA5
and IVT estimates derived from operational Väisälä radiosondes and Smartie pro-
files. Of the 18 Smartie launches, 16 satisfied the vertical-coverage criterion described
in Section 5: six were analyzed individually and ten formed the two five-sonde grid
deployments. Complete and partial individual profiles are distinguished in the figure,
while the grids are represented by their grid-mean IVT and within-grid variability.
At Marambio, the corresponding comparison uses AMPS-WRF forecasts initialized
at 00 UTC on 26, 27, and 28 March, ERA5, and the operational Väisälä radiosonde
estimate.

At VAG-Ushuaia, ERA5 shows a progressive increase in IVT during 28 March,
reaching a maximum of 508.7 kg m−1 s−1 at 21UTC. AR conditions, defined by
IVT ≥ 250 kg m−1 s−1, persisted for 24 consecutive hours, from 03UTC on 28
March to 02UTC on 29 March, corresponding to an AR2 event according to Ralph
et al. [22]. The three Väisälä estimates obtained on 28 March range from 362.9 to
387.2 kg m−1 s−1, while the complete individual Smartie estimates range from 327.7
to 404.2 kg m−1 s−1. The grid-mean IVT values for the two Smartie grids were
383.1± 32.5 and 383.1± 23.1 kg m−1 s−1, respectively, close to the Väisälä estimates
obtained at nearby times. Smartie sonde launched at 19:52UTC (ID 16230, see Sup-
plementary Table S1) produced a higher value of 434.2 kg m−1 s−1, but is classified as
partial because of an internal gap in the profile. Taking these radiosonde-derived IVT
estimates as an observational reference, ERA5 is broadly consistent with the in situ
estimates, although its maximum later in the day is larger than the values sampled
by the radiosondes.

The three WRF-SMN forecasts initialized at 00UTC on 26, 27, and 28 March
reproduce the overall increase and subsequent decrease in IVT, although the magni-
tude and timing of the maximum vary among initializations. The 26 and 28 March
forecasts underestimate the ERA5 peak, whereas the 27 March initialization reaches
a comparable intensity but anticipates the maximum by approximately 6 h. Never-
theless, all three forecasts identify 28 March as the main period of enhanced moisture
transport over Ushuaia, coincident with the intensive sounding sequence.

At Base Marambio, the IVT increase occurs later, on 29 March. ERA5 reaches
a maximum of 399.4 kg m−1 s−1, while polar AR conditions, defined by IVT ≥
100 kg m−1 s−1, persist from 05 to 16UTC. According to the polar extension of the
AR scale proposed by Zhang et al. [23], the event is classified as AR P3. The three
AMPS-WRF forecasts initialized at 00UTC on 26, 27, and 28 March reproduce the
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timing of the event but generally underestimate its maximum intensity. The opera-
tional radiosonde estimate lies close to the ERA5 peak, showing that the Marambio
sounding sampled the downstream Antarctic stage of the event. Here, it should be
noted that ERA5 assimilates operational RS launches from Base Marambio (routinely
released at 12UTC).

Fig. 3: Evolution of integrated vapor transport at Ushuaia and Base Marambio
during 27–30 March 2026. Time series of integrated vapor transport (IVT) at (a)
VAG-Ushuaia and (b) Base Marambio from 27 to 30 March 2026. Dashed lines show
WRF-SMN forecasts at Ushuaia and AMPS-WRF forecasts at Marambio for initial-
izations at 00 UTC on 26, 27, and 28 March, while thick blue lines show ERA5 IVT.
Orange and red circles indicate IVT derived from Väisälä radiosondes at Ushuaia and
Marambio, respectively. At Ushuaia, black circles denote complete Smartie profiles
reaching 300 hPa, whereas the open red triangle denotes a partial profile. Purple dia-
monds show the grid-mean IVT for the two five-sonde grid deployments, with error
bars indicating ±1 standard deviation of the individual IVT magnitudes. For Ushuaia,
AR classification follows the global IVT-based scale of Ralph et al. [22]; for Base
Marambio, the Antarctic AR classification follows the polar-adapted scale of Zhang
et al. [23].

Taken together, the two time series show a clear upstream–downstream phasing,
with enhanced IVT occurring first at Ushuaia during the AR-LAMDA-S intensive
observing period and approximately one day later at Base Marambio. The shaded
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AR categories are used only as site-specific intensity references and should not be
interpreted as a direct comparison between the two locations.

Fig. 4: Six-hourly ERA5 evolution of integrated vapor transport (IVT) during the 28–
29 March 2026 atmospheric-river event. Shading shows IVT magnitude (kg m−1 s−1),
and black contours show mean sea-level pressure. Panels show (a) 06 UTC 28 March,
(b) 12 UTC 28 March, (c) 18 UTC 28 March, (d) 00 UTC 29 March, (e) 06 UTC 29
March, and (f) 12 UTC 29 March. The sequence shows the development and poleward
progression of a coherent moisture-transport corridor from the southeast Pacific across
southern Patagonia and the Drake Passage toward the northern AP.

Figure 4 shows the six-hourly ERA5 evolution of integrated vapor transport (IVT)
magnitude and direction, mean sea-level pressure, and 850-hPa temperature from
06UTC on 28 March to 12UTC on 29 March 2026 (Figs. 4a–f). At the beginning of
the period (Fig. 4(a), a corridor of enhanced IVT extended from the southeast Pacific
toward Patagonia, with the largest values over the ocean west of the continent. Over
the following 18 h (Figs. 4(a–d)), the cyclone west of Patagonia deepened and moved
toward the Drake Passage sector. The moisture corridor was organized along its east-
ern flank, within a region of strong pressure gradient. The IVT vectors indicate initially
southeastward transport, with an increasingly pronounced southward component near
the southern tip of South America. Between 18UTC on 28 March and 00UTC on
29 March (Figs. 4(c,d)), the southern portion of the corridor became predominantly
meridional, connecting southern Patagonia with Drake Passage. This orientation is
consistent with one of the atmospheric river geometries identified over the AP, which
can change during the evolution of an individual event [12].

The 850-hPa temperature field shows a poleward extension of relatively warm air
along the cyclone’s eastern flank, alongside the moisture corridor, with colder air to
the west (Figs. 4(b–f)). This configuration is consistent with warm advection and is
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supported by the ERA5 850-hPa temperature, geopotential-height, and wind fields
shown in Supplementary Fig. S1. At 500 hPa, the corresponding geopotential-height,
temperature, wind, and relative-vorticity fields show a deep trough over the southeast
Pacific, west of the moisture corridor (Supplementary Fig. S2). The AR evolution
was therefore accompanied by a midtropospheric disturbance, with poleward moisture
transport occurring ahead of the trough.

During 29 March (Figs. 4(d–f)), the southern portion of the corridor shifted east-
ward and extended toward the northern AP, reaching the Marambio sector as IVT
decreased at Ushuaia. This evolution is consistent with the temporal sequence in Fig. 3,
which shows enhanced IVT first at Ushuaia during the intensive observing period and
a later maximum at Marambio. The synoptic evolution thus provides the context for
interpreting the Ushuaia observations as sampling the upstream stage of the event
before its arrival in the Antarctic sector, and for subsequently examining its expression
in the vertical structure and surface conditions.

Fig. 5: Evolution of GOES-19 infrared brightness temperature and ERA5 integrated
vapor transport during 28–29 March 2026. GOES-19 ABI Channel 13 infrared bright-
ness temperature and ERA5 integrated vapor transport (IVT) during the 28–29 March
2026 atmospheric-river event. Shading shows Channel 13 brightness temperature, with
lower values indicating colder cloud tops. Contours show ERA5 IVT at 100, 250, and
500 kg m−1 s−1. Panels correspond to (a) 06 UTC, (b) 12 UTC, and (c) 18 UTC on
28 March, and (d) 00 UTC, (e) 06 UTC, and (f) 12 UTC on 29 March. Red markers
indicate VAG-Ushuaia and Base Marambio.

Figure 5 shows GOES-19 ABI Channel 13 brightness temperature, overlaid with
ERA5 IVT contours, from 06UTC on 28 March to 12UTC on 29 March 2026 at 6-h
intervals. Channel 13 is an infrared window channel, so the brightness temperature
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primarily represents cloud-top thermal structure, with lower values corresponding to
colder cloud tops.

At 06UTC on 28 March, the main cold-cloud band was located west and southwest
of southern Patagonia, while enhanced IVT was still concentrated mainly over the
southeast Pacific. By 12 UTC, the cloud band had extended eastward toward Tierra
del Fuego and became increasingly aligned with the region of enhanced IVT and
the cyclone over Patagonia. At 18 UTC, cold cloud tops covered much of southern
Patagonia and the Ushuaia sector, while the strongest IVT corridor had acquired the
pronounced meridional orientation seen in Fig. 4. During 29 March, the main cloud
structures shifted progressively south and southeast across the Drake Passage, together
with the downstream displacement of the enhanced-IVT corridor and the warm air
mass over the Atlantic Ocean.

The rapid evolution of these deep cloud structures toward the AP shows good
agreement with the large-scale progression inferred from ERA5 (Fig. 4). As will be
shown later, surface precipitation observed at Ushuaia was modest despite the strong
IVT registered during the intensive observing period. This highlights that enhanced
moisture transport and extensive cloud cover did not translate directly into a strong
local precipitation response.

3.2 Surface response at Ushuaia and Marambio

Figure 6 shows surface air temperature, relative humidity, wind speed, and daily accu-
mulated precipitation at Ushuaia and Base Marambio during the 27–30 March period.
At Ushuaia, near-surface temperature (see Fig. 6(a)) increased markedly during the
targeted observing period, rising from pre-event values near 7–9 ◦C to values close to
15 ◦C during the radiosonde launch window. This warming placed the event above
the historical late-March median and near, or above, the upper part of the histori-
cal 10th–90th percentile range. At Base Marambio, the temperature increase occurred
later, during 29 March, with values rising toward the upper part of the local historical
range (see Fig. 6(b)). This delayed warming follows the forecast IVT timing in Fig. 3.

The relative-humidity panels (Fig. 6 (c,d)) show different near-surface humid-
ity behavior at the two stations. At Ushuaia, relative humidity decreases during the
warmest part of the targeted observing period. The drop occurs while temperature
and wind speed increase, indicating that the surface warming was not associated
with near-surface saturation. At Marambio, relative humidity remains generally high
during 29 March, with values mostly above 70–80%. The combination of warming,
reduced relative humidity and enhanced winds in Ushuaia suggests that local dynam-
ical effects, such as mixing or a downslope/Föhn-like influence, may have contributed
to the event’s near-surface manifestation. While this is consistent with the known
thermodynamic signature of Föhn conditions [24, 25], it is not possible to identify the
mechanism from Fig. 6 alone.

Near-surface wind speed (Fig. 6(e,f)) also increased during the event, with different
timing at the two stations. In Ushuaia, wind speed increased during the targeted
observing period and showed short-lived peaks during and after the radiosonde launch
window. In Marambio, the strongest wind response occurred later, on 29 March, close
to the radiosonde launch time. This timing follows the upstream–downstream phasing
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Fig. 6: Surface meteorological conditions at Ushuaia and Base Marambio during the
atmospheric-river event. Hourly surface air temperature (a,b), relative humidity (c,d),
wind speed (e,f) and daily accumulated precipitation (g,h) from 27 to 30 March 2026,
for Ushuaia (left columns) and Base Marambio (right column). For temperature and
wind speed, gray shading indicates the historical 10th–90th percentile range for late
March, and dashed gray lines indicate the corresponding historical median. Amber
shading in the Ushuaia panels marks the targeted observing period, and orange vertical
lines mark the operational Väisälä radiosonde launches at Ushuaia and Marambio.

of the IVT forecasts, with enhanced near-surface winds first at Ushuaia and later over
the northern AP sector. At Marambio, the daily mean wind speed on 29 March reached
35.0 m s−1, exceeding the late-March 95th percentile of approximately 23.6 m s−1

computed from the 1993–2025 daily record for 25–31 March. Thus, the downstream
surface response at Marambio was particularly pronounced in wind speed. Although
the wind-speed increase cannot be attributed solely to the AR from Fig. 6 alone,
enhanced low-level winds have been previously reported as a characteristic response
associated with AR landfall over the Antarctic Peninsula (see, for instance [26, 27]
and references therein).

Daily precipitation (Fig. 6(g,h)) remained modest at both sites, despite the concur-
rent warming, wind increase, and enhanced IVT. At Ushuaia, daily totals were 1.2, 1.4,
and 3.8 mm on 28, 29, and 30 March, respectively. These values remained below the
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late-March one-day PRCP90 and PRCP95 reference levels computed from the long-
term Ushuaia Aero precipitation record for 25–31 March, which are approximately 5.8
and 8.0 mm, respectively. At Marambio, daily precipitation totals of 3.8 and 2.8 mm
on 28 and 29 March were above the late-March median but remained below the corre-
sponding 90th-percentile reference level computed from the long-term Base Marambio
record. The precipitation response therefore did not mirror the stronger anomalies in
wind speed and temperature.

In agreement with the satellite evolution, the modest precipitation at Ushuaia
occurred despite strong moisture transport and substantial cloud development. As
mentioned earlier, enhanced IVT nor extensive cloud cover alone was sufficient to
produce a strong local precipitation response.

3.3 Observed vertical structure of moisture transport
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Fig. 7: Observed vertical structure of moisture and wind speed during the intensive
observing period at Ushuaia. Vertical profiles of (a) specific humidity, (b) wind speed,
and (c) the moisture-transport proxy Q [Eq. (5)]. Gray lines show the representative
sounding profiles, including individual non-grid soundings and the mean profiles from
the two five-sonde grid deployments. The shaded envelope indicates the profile-to-
profile range, and the black line shows the mean profile.

Figure 7 shows the vertical profiles of specific humidity q, wind speed |V|, and
the local moisture-transport proxy Q (Eq. 5) during the intensive observing period in
Ushuaia. Gray curves represent the individual non-grid soundings together with the
mean profiles from the two five-sonde grid deployments, while the black curve and
shaded envelope indicate the mean and the profile-to-profile range, respectively.

Specific humidity is largest within the lowest 1–2 km MSL and decreases rapidly
with height, whereas wind speed increases above the lowest kilometre and remains
large, reaching values of order 30 m s−1, through a deeper layer. Consequently, the
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mean Q profile reaches its maximum between approximately 2 and 3 km MSL, where
the remaining moisture and strong winds overlap most effectively. The largest profile-
to-profile variability in Q is also concentrated near this altitude, while above about
4 km MSL the decrease in moisture limits the transport despite persistent moderate
to strong winds.
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Fig. 8: Time–height evolution of the moisture-transport proxy over Ushuaia during the
28 March 2026 atmospheric-river event. Shading shows the local moisture-transport
proxy Q. Black contours indicate wind speed at 10, 20, and 30 ms−1. Vertical dot-
ted lines mark individual Smarties profiles, solid orange lines mark Väisälä radiosonde
launches, and dashed lines mark the mean profiles from the two five-sonde grid
deployments. The field is linearly interpolated between representative launch times for
visualization only. White regions indicate missing sounding coverage rather than dry
air. The largest Q values indicate the levels where moisture and strong winds overlap
most strongly.

Figure 8 shows the time–height evolution of the local moisture-transport proxy Q

from the representative launch sequence. The figure extends the profile-based result
of Fig. 7 by showing that the lower- to mid-tropospheric transport layer persisted and
evolved over several hours during 28 March. Enhanced values were already present
by the first part of the sequence, with a well-defined layer between about 2 and
3 km MSL from approximately 14:00 to 17:30UTC. Around 18:00UTC, Q decreased
locally within this layer, marking a short interruption or weakening in the sampled
transport maximum. After about 19:00 UTC, enhanced Q reappeared and strength-
ened. The strongest part of the observed sequence occurred between approximately
20:00 and 22:00 UTC, when values reached about 120–140 g kg−1m s−1 near 2.5–
3.0 km MSL. During this later interval, the core of the strongest transport became
more vertically concentrated near 2.5–3.0 km MSL, while enhanced Q also extended to
higher levels than during the earlier phase. The evolution therefore involved not only
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Fig. 9: Thermodynamic vertical structure observed by the operational radiosonde
launched at Base Marambio on 29 March 2026, close to the downstream IVT maxi-
mum shown in Fig. 3. (a) Temperature T and dew-point temperature Td. (b) Relative
humidity with respect to liquid water, RHw, and ice, RHi; the vertical dotted line
marks 100% saturation and shading indicates levels supersaturated with respect to
ice. (c) Local moisture-transport proxy Q. The sounding shows a deep subfreezing
layer close to liquid-water saturation and supersaturated with respect to ice, coinci-
dent with a pronounced moisture-transport maximum near 2 km MSL.

an increase in magnitude and an upward displacement of the transport maximum, but
also a reorganization of its vertical structure.

The large-scale evolution shown in Figs. 3 and 4 indicates that the enhanced
moisture-transport corridor reached the northern AP approximately one day after its
passage over Ushuaia. The operational radiosonde launched at Base Marambio on 29
March was obtained close to the local IVT maximum (Fig. 3), providing a comple-
mentary in situ snapshot of the downstream stage of the event. Figure 9 shows vertical
profiles of the temperature T and dew-point temperature Td, relative humidity with
respect to liquid water, RHw, and ice, RHi [Eq. (11)], and the local moisture-transport
proxy Q for the Marambio sounding. The lower troposphere was entirely below freez-
ing, while T and Td remained nearly coincident from the lowest observed levels to
approximately 3 km MSL. This deep saturated layer is consistent with the downstream
cloud field observed by GOES-19 during 29 March (Fig. 5). Over the same depth,
RHw remained essentially at liquid-water saturation, whereas RHi exceeded 100%,
indicating ice-supersaturated conditions throughout almost the entire sampled layer
below 3 km. Within this saturated and ice-supersaturated layer, Q reached a maxi-
mum of approximately 134 g kg−1 m s−1 at 2.04 km MSL, showing that the strongest
downstream vapor transport was concentrated within the same deep moist layer. This
vertically concentrated transport within a deep saturated layer is consistent with the
downstream expression of the AR identified from the large-scale IVT evolution. While
a single sounding cannot resolve the temporal evolution of the AR over Marambio, it
allows its vertical thermodynamic and moisture-transport structure to be examined
at the time of strongest local IVT.
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3.4 Grid deployments: trajectory sampling and launch-array
variability

Figure 10 shows the individual vertical profiles of specific humidity, wind speed, local
moisture-transport proxy Q, potential temperature θ, equivalent potential temper-
ature θe, and horizontal vector wind shear S [Eq. (7)] for the two five-sonde grid
deployments. Panels (e) and (j) also contain S computed from the closest operational
radiosonde launches, denoted by bold orange curves. Grid 1 (shown in the upper pan-
els) was launched around 18:30UTC, shortly after the local weakening of Q and Grid 2
(shown in the lower panels) was launched around 21:05UTC, during the later period
of stronger and more elevated Q.

In Grid 1, the specific-humidity profiles are closely grouped below ∼ 2 km MSL,
whereas the largest profile-to-profile differences occur in wind speed near 2–2.5 km
MSL. The corresponding Q profiles reach their largest values within the same layer,
indicating that the observed variability in moisture transport was associated primarily
with differences in the local wind field within an already moist lower troposphere.
Grid 2 exhibits a different vertical organization: several sondes show enhanced specific
humidity between approximately 2.5 and 3.2 km MSL, where strong winds produce a
higher and vertically broader Q maximum.

The thermodynamic and shear profiles place these differences in a dynamical con-
text. In Grid 1, enhanced shear is located close to the lowerQmaximum, near 2–2.5 km
MSL, while the θ and θe profiles remain relatively similar among the sondes. In Grid 2,
the main Q layer is displaced upward and extends approximately from 2.5 to 4 km
MSL within a thermodynamically coherent θ–θe structure, whereas the strongest shear
occurs substantially lower, near 1–1.5 km MSL. The two deployments therefore resolve
a change in the small-scale vertical organization of the AR-related flow: the earlier
transport maximum was embedded close to a locally sheared layer, whereas the later
maximum occupied a higher and deeper layer above the strongest shear. This evolution
is consistent with the upward displacement and intensification seen in Fig. 8.

Figure 11 combines horizontal and vertical trajectory views of the two grid deploy-
ments. Panels (a),(b) show the horizontal paths of the drifting sondes, revealing the
footprint sampled as the balloons were advected away from the launch array, while
panels (c),(d) show the corresponding vertical evolution as altitude versus time since
launch. In all panels, the trajectories are colored by the local moisture-transport proxy
Q.

In both deployments, the sondes were rapidly advected away from the launch
region and sampled elongated trajectories over the Beagle Channel. The displacement
was directed mainly toward the south and southeast, consistent with the regional
transport direction indicated by the IVT vectors in Fig. 4. The two deployments never-
theless sampled markedly different geometries. Horizontally, Grid 1 developed a much
broader footprint as the sondes ascended, whereas Grid 2 remained comparatively
compact. Vertically, the enhanced-Q layer shifted from approximately 1.8–3.0 km MSL
in Grid 1 to 2.5–4.0 km MSL in Grid 2. The trajectory measurements therefore show
that the change between the two deployments involved both the vertical position of
the transport layer and the horizontal coherence of the sampled atmospheric volume.
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Fig. 10: Vertical thermodynamic and kinematic structure sampled by the two
five-sonde deployments. Individual Smartie profiles from Grid 1, launched around
18:30UTC, and Grid 2, launched around 21:05UTC on 28 March 2026. Panels (a,f)
show specific humidity, (b,g) wind speed, (c,h) the local moisture-transport proxy Q,
and (d,i) potential temperature θ and equivalent potential temperature θe. Colored
lines indicate individual sondes, and thick black lines indicate the grid-mean profiles.
Grid 1 captures a lower Q maximum mainly associated with wind-speed variabil-
ity near 2–2.5 km MSL, whereas Grid 2 captures a higher and deeper Q maximum
associated with an elevated moist layer overlapping strong winds. Panels (e,j) show
horizontal vector wind shear S [Eq. (7)], computed from wind speed and direction
after vertical smoothing. Gray shading indicates the range among the five Smarties
sondes, black lines indicate the grid-mean shear, and orange lines indicate the closest
operational Väisälä radiosonde profiles.

The apparent difference in trajectory spreading is quantified in Table 1 using the
maximum pairwise horizontal sonde separation, Dmax [Eq. (8)], at selected altitudes.
In Grid 1, Dmax increases rapidly with height, from 1.41 km at 1 km MSL to 15.47 km
at 2 km MSL, reaching 33.14 km by 5 km MSL. In contrast, Grid 2 remains compar-
atively compact, with Dmax between 4.12 and 6.75 km from 2 to 5 km MSL. This
contrast in trajectory spreading between grids is consistent with the relative place-
ment of shear and the moisture-transport layer in Fig. 10. In Grid 1, enhanced vector
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Fig. 11: Trajectory-based view of the two Smartie grid deployments during the 28
March 2026 atmospheric-river event. The upper panels show the horizontal trajectories
of the individual sondes during (a) Grid 1 and (b) Grid 2, colored by the local moisture-
transport proxy Q. The lower panels show the corresponding altitude–time evolution
along each trajectory for (c) Grid 1 and (d) Grid 2. Gray shading indicates the altitude
range of enhanced Q sampled by each grid: 1.8–3.0 km MSL for Grid 1 and 2.5–
4.0 km MSL for Grid 2. The figure shows the drifting atmospheric volume sampled by
the sondes during ascent, complementing the fixed launch-array view in Fig. 12.

shear is located near the lower Q maximum, around 2–2.5 km MSL, where the trajec-
tories begin to fan out. In Grid 2, the strongest shear occurs below the main Q layer,
while the enhanced moisture transport extends through a higher, thermodynamically
coherent layer between approximately 2.5 and 4.0 km MSL. This vertical arrangement
is consistent with the smaller pairwise separations observed in Grid 2. Thus, Grid 1
sampled the lower Q maximum across a broader drifting footprint, whereas Grid 2
sampled a higher and deeper Q layer within a more compact volume. The persis-
tence of enhanced Q along several independent trajectories indicates that the maxima
identified in the profiles and time–height section were coherent structures within the
sampled AR-related flow, rather than isolated features from individual soundings.

Figure 12 examines the distribution of Q across the initial launch array of each
grid at three fixed altitudes: 2.0, 2.5, and 3.0 km MSL. Unlike Fig. 7, which shows the
vertical structure of each sonde, this diagnostic focuses on how the values sampled at
the same height varied across the few-hundred-metre launch geometry. The values are
plotted relative to the mean launch position of each grid and no horizontal interpola-
tion is applied; the figure therefore represents launch-array variability rather than a
reconstructed two-dimensional field.

Grid 1 shows its largest Q values at 2.0 and 2.5 km MSL, while values are generally
weaker at 3.0 km MSL. This is consistent with the lower Q maximum seen in the
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Table 1: Maximum pairwise horizontal separation among the five Smartie
sondes during the two grid deployments. Values correspond to Dmax, com-
puted at selected altitudes from the interpolated sonde positions.

Altitude Grid 1 Dmax Grid 2 Dmax

(km MSL) (km) (km)
1.0 1.41 1.92
2.0 15.47 6.75
3.0 21.26 4.12
4.0 27.38 4.38
5.0 33.14 5.42

Grid 1 profiles, and indicates that the strongest part of the sampled transport layer was
located below about 3 km MSL during this deployment. Differences among sondes are
visible across the elongated launch array, showing that measurable variability existed
even within the initial few-hundred-metre sampling geometry. Grid 2 shows a different
vertical pattern. Q increases from 2.0 toward 3.0 km MSL, where several sondes record
enhanced values across the launch array. This agrees with the elevated moist layer and
higher Q maximum identified in the Grid 2 profiles. The launch-array view therefore
reinforces the vertical shift between the two deployments: Grid 1 sampled stronger Q
at lower levels, whereas Grid 2 sampled stronger Q at higher levels during the later
stage of the event.

A complementary measure of launch-array variability is the relative spread ∆Q%

[Eq. (10)], evaluated for Q at fixed altitude. For Grid 1, the relative spread remains
between approximately 30% and 37% from 2.0 to 3.0 km MSL. For Grid 2, it decreases
from 23% at 2.0 km to 8.8% at 2.5 km and 11% at 3.0 km MSL. This indicates that
the later, elevated transport layer sampled by Grid 2 was more uniform in amplitude
across the five launch positions.

4 Discussion and conclusions

This study examines a 28–29 March 2026 intense atmospheric-river event that con-
nected southern Patagonia, the Drake Passage, and the northern AP using large-scale
IVT fields, numerical forecasts, satellite observations, high-cadence radiosonde pro-
files, two five-sonde deployments at Ushuaia, and an operational radiosonde at Base
Marambio. The observing strategy was specifically designed to resolve the vertical
structure, horizontal variability, and temporal evolution of the AR at sub-synoptic
scales, combining repeated vertical profiling with simultaneous multisonde sampling.
The observations show that the coherent synoptic-scale AR contained a vertically orga-
nized transport layer whose altitude, intensity, depth, and spatial structure evolved
substantially during its passage over southern Patagonia. The strongest local transport
at Ushuaia was concentrated mainly near 2–3 km MSL and persisted for approxi-
mately 8–10 h, while a pronounced downstream Q maximum was sampled near 2 km
MSL at Marambio approximately one day later.

At large scale, the event developed into a pronounced meridional moisture-
transport corridor extending from southern Patagonia across the Drake Passage
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Fig. 12: Launch-site-indexed variability of the local moisture-transport proxy Q dur-
ing the two Smartie grid deployments. The upper row shows Grid 1 and the lower
row shows Grid 2. Columns show values sampled at 2.0, 2.5, and 3.0 km MSL. Each
marker is plotted at the launch position of an individual Smartie sonde, expressed
relative to the mean launch position of the corresponding grid, and is colored by the
value of Q measured by that sonde when it reached the indicated altitude. Each Smar-
tie is labeled by its corresponding ID number, specified in Supplementary Table S1.

toward the northern AP. Enhanced IVT occurred first at Ushuaia and later at
Marambio, while GOES-19 Channel 13 imagery showed a rapidly evolving deep-cloud
field broadly following this downstream progression. Despite the strong IVT and
substantial cloud cover, precipitation remained modest at Ushuaia, where warming
and enhanced winds were more pronounced. At Marambio, daily precipitation was
also above the late-March median but remained below the 90th-percentile reference
despite the strong wind response, high relative humidity, and pronounced downstream
moisture-transport maximum. The surface response at both sites therefore illustrates
that enhanced IVT and abundant atmospheric moisture do not translate directly into
extreme local precipitation, consistent with recent work showing the importance of
the accompanying dynamical forcing and ascent [13].

The high-cadence soundings show that the internal structure of the AR evolved
considerably during this otherwise continuous large-scale event. At Ushuaia, the
largest Q values occurred mainly between 2 and 3 km MSL, where enhanced mois-
ture overlapped with strong lower- to mid-tropospheric winds. This layer persisted for
approximately 8–10 h, briefly weakened, and later intensified and shifted upward. This
observed vertical organization is consistent with previous Antarctic AR studies show-
ing that moisture transport can be concentrated within distinct tropospheric layers
and associated with strong low- to mid-level winds [7, 17]. The present observations
extend this picture by resolving how such a transport layer evolves over hourly time
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scales and across multiple simultaneously sampled trajectories. At Marambio, the oper-
ational radiosonde sampled another pronounced Q maximum near 2 km MSL close to
the local IVT peak, embedded within a deep subfreezing layer near liquid-water sat-
uration and supersaturated with respect to ice. These observations therefore connect
the synoptic progression of the AR with vertically concentrated moisture transport
sampled at successive upstream and downstream stages.

The two multisonde grid deployments further show that this evolution involved
changes in both the kinematic environment and the spatial organization of the trans-
port layer. Grid 1 sampled a lower transport maximum associated with stronger shear
and larger trajectory spreading, whereas Grid 2 sampled a higher and deeper layer
above the strongest shear and within a more compact sampling volume. The relative
spread in Q across the launch array also decreased markedly in Grid 2, indicating
that the later elevated layer was more uniform in amplitude across the sampled posi-
tions. The recurrence of enhanced Q along several independent trajectories supports
the interpretation of these maxima as organized features of the AR-related flow rather
than isolated sounding-scale structures.

Observations and analysis presented in this study reveal the AR as a dynami-
cally organized transport system whose structure changed across a hierarchy of scales.
At the synoptic scale, ERA5, forecasts and satellite imagery identify a coherent
moisture-transport corridor progressing from southern Patagonia across the Drake
Passage toward the Antarctic Peninsula. At the local scale, the high-cadence sound-
ings show that the vertical transport maximum over Ushuaia evolved substantially
over only a few hours, changing in altitude, intensity, and vertical organization while
the large-scale AR remained continuously identifiable. At still finer scales, the mul-
tisonde deployments resolve simultaneous differences in shear, trajectory spreading,
and within-layer variability, showing that the spatial coherence of the transport layer
also evolved. The downstream Marambio observations then capture a vertically con-
centrated, saturated transport layer during the Antarctic stage of the event. Thus, a
coherent column-integrated AR can conceal substantial internal reorganization from
synoptic to local and multisonde scales. Resolving this hierarchy requires combining
large-scale diagnostics with temporally dense and spatially distributed in situ obser-
vations, particularly in the southern Patagonia–Drake Passage–Antarctic Peninsula
sector where direct atmospheric sampling remains sparse.

5 Methods

5.1 Large-scale data and IVT

The synoptic and mesoscale evolution of the event was characterized using WRF-SMN
forecasts at Ushuaia, AMPS-WRF forecasts at Base Marambio, ERA5 reanalysis, and
GOES-19 satellite imagery. WRF-SMN is the operational implementation of WRF-
ARW v4.0 [28] used by the Argentine National Meteorological Service (SMN). It is
run four times daily (00, 06, 12, and 18 UTC) at 4-km horizontal grid spacing and
45 vertical levels, with 72-h forecasts initialized from NCEP GFS analyses at 0.25◦

resolution [29, 30]. For this study, hourly profiles for the Ushuaia forecast point were
obtained from the 0000 UTC runs initialized on 26, 27, and 28 March 2026.
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At Base Marambio, forecasts were obtained from the Antarctic Mesoscale Predic-
tion System (AMPS), a real-time numerical weather prediction system based on Polar
WRF and developed primarily to support the U.S. Antarctic Program [31, 32]. Native
NetCDF wrfout files from the two-way nested D02 domain were used for the same
three 0000 UTC initializations. During the study period, D02 used WRF v4.3.3 with
8-km horizontal grid spacing, 60 vertical model levels, a model top at 10 hPa, and
a forecast horizon of 120 h. The files were obtained from the AMPS WRF Outputs
archive maintained by NSF NCAR [33].

ERA5 [34], at approximately 0.25◦ horizontal resolution and hourly frequency, pro-
vides a common reanalysis reference for both sites and was used to describe the regional
evolution of the moisture-transport corridor. GOES-19 ABI Channel 13 (10.3 µm)
infrared brightness-temperature imagery [35] was used to characterize the evolution
of the cloud field during the event.

The principal large-scale diagnostic was vertically integrated water-vapor transport
(IVT). For ERA5, WRF-SMN, and AMPS-WRF, IVT magnitude was computed from
the eastward and northward vertically integrated water-vapor flux components as

IVT =
[

(ivtu)
2 + (ivtv)

2
]1/2

. (1)

ERA5 IVT was also used to characterize the synoptic evolution and to classify
the event at each site. At Ushuaia, AR intensity follows the global IVT-based scale of
Ralph et al. [22], whereas at Base Marambio the polar AR scale of Zhang et al. [23] is
used. These classifications are employed only as site-specific intensity references and
are not directly compared between the two locations.

Observation-based IVT was computed from the radiosonde profiles as

IVTRS =
1

g

[

(
∫ ps

pt

qu dp

)2

+

(
∫ ps

pt

qv dp

)2
]1/2

, (2)

where q is specific humidity, u and v are the zonal and meridional wind components,
ps is the surface pressure, and pt = 300 hPa is the upper integration bound. The
integration was limited to the surface–300-hPa layer following the radiosonde-based
Antarctic AR analysis of Gorodetskaya et al. [7]. This layer contains most of the
tropospheric water vapor and horizontal moisture transport relevant to the event,
while excluding the very dry upper troposphere and lower stratosphere.

Smartie profiles were considered complete for the IVT calculation when valid ther-
modynamic and wind observations provided sufficient coverage from near the surface
to 300 hPa without internal pressure gaps affecting the integration. For the compar-
ison shown in Fig. 3, profiles that did not satisfy this criterion but reached at least
500 hPa were retained as partial, whereas shallower profiles were excluded.

Single Smartie launches were treated individually, while the five profiles in each
grid were integrated from near the surface to a common upper-pressure bound set
by the shallowest profile. This common upper bound was 324.7 hPa for Grid 1 and
300 hPa for Grid 2. For each sonde j, the zonal and meridional IVT components,
denoted by IVTu,j and IVTv,j , respectively, were obtained from the corresponding
pressure integrals in Eq. (2) over this common vertical range. The representative grid
IVT was then calculated as
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(
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)2
]1/2

.

(3)

Here, N is the number of sondes in each grid (N = 5). Therefore, the representative
grid IVT shown in Fig. 3 corresponds to the magnitude of the vector mean of the five
individual IVT vectors. Accordingly, Grid 1 represents a partial IVT estimate, whereas
Grid 2 represents a complete surface-to-300-hPa estimate. Within-grid spread was
represented by ±1 sample standard deviation of the five individual IVT magnitudes
calculated over the same vertical range.

5.2 Surface observations and climatological references

Surface observations from VAG–Ushuaia, Ushuaia Aero, and Base Marambio were
obtained from operational records maintained by the Argentine National Meteorologi-
cal Service (SMN). Hourly surface air temperature, relative humidity, and wind speed
were used to characterize the event evolution at Ushuaia and Marambio, together with
daily accumulated precipitation. Daily mean, minimum, and maximum temperatures
and daily mean wind speed were additionally derived or read from the corresponding
station records for comparison with the historical reference distributions.

Historical reference distributions for temperature and wind speed were constructed
for each event date using observations within a ±3-day calendar window from all
available years prior to 2026. The calculation was restricted to March, and only valid
observations were included. At Ushuaia, these reference distributions were derived from
the 1990–2025 hourly record, from which daily mean temperature and wind speed were
calculated. At Base Marambio, the corresponding reference distributions were derived
from the daily station record for 1986–2025. Historical conditions are summarized by
the median and the 10th–90th percentile range.

Precipitation was treated separately because of differences in the available his-
torical products. At Ushuaia Aero, the event-period daily precipitation totals were
compared with historical one-day PRCP90 and PRCP95 extreme-event thresholds.
These thresholds were obtained from the SMN historical extreme-precipitation records
by selecting one-day events beginning between 25 and 31 March. The resulting
late-March reference values are approximately 5.8 and 8.0 mm for PRCP90 and
PRCP95, respectively. At Base Marambio, daily precipitation percentiles were calcu-
lated from the available historical daily record using the same ±3-day calendar-window
approach as for temperature and wind. Valid late-March precipitation observations
span 1993–2025, with gaps in individual years.

5.3 Representative profiles and local moisture transport

All sounding profiles were first interpolated onto a common vertical grid from the
surface to 6 km MSL, with vertical spacing ∆z = 50 m. For a generic observed variable
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X, the interpolated profile for sounding i is denoted by

Xi(zk),

where zk is the common height grid. No vertical extrapolation was applied: levels below
the lowest valid observation or above the highest valid observation of each profile were
retained as missing values.

For each of the two five-sonde grid deployments, a representative grid-mean profile
was calculated at every vertical level as

Xgrid(zk) =
1

Nk

Nk
∑

j=1

Xj(zk), (4)

where Nk is the number of sondes with valid data at height zk. The grid-mean
profile was assigned to the mean launch time of the corresponding deployment. The
grid-mean profile was assigned to the mean launch time of the corresponding deploy-
ment. Individual grid members were retained for the spatial and trajectory-based
analyses.

The local moisture-transport proxy was calculated at each height as

Qi(zk) = qi(zk) |Vi(zk)|, (5)

where qi is specific humidity and |Vi| is horizontal wind speed. In the figures, q is
expressed in g kg−1, giving Q units of g kg−1 m s−1. Here, Q is used to identify the
altitude and temporal evolution of enhanced local moisture transport.

For the vertical-profile summary, qi(zk), |Vi(zk)|, and Qi(zk) were evaluated for
each representative profile in the launch sequence. This set includes the individual
non-grid soundings and the two grid-mean profiles defined by Eq. (4). At each height,
the mean and full profile-to-profile range were calculated across this representative set.
The range therefore describes variability across the intensive observing period rather
than simultaneous spatial variability alone.

5.4 Time–height evolution

The time–height sections were constructed from the whole launch sequence, consisting
of the individual non-grid soundings and the two grid-mean profiles. At each height
level, values between consecutive representative launch times ti and ti+1 were linearly
interpolated in time for visualization:

X(zk, t) = Xi(zk) +
t− ti

ti+1 − ti
[Xi+1(zk)−Xi(zk)] , ti ≤ t ≤ ti+1. (6)

Interpolation was performed only when valid values were available from both sur-
rounding profiles at the corresponding height. No extrapolation in time or height was
applied. White or missing regions in the time–height sections therefore indicate lack of
sounding coverage rather than zero humidity or weak transport. The interpolated fields
are used only to visualize the evolution between discrete sounding times; quantitative
profile values are taken from the individual observations.
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5.5 Grid thermodynamic and kinematic diagnostics

The individual profiles from each five-sonde deployment were used to examine the
thermodynamic and kinematic structure sampled simultaneously by the grids. In addi-
tion to q, |V|, and Q, potential temperature θ and equivalent potential temperature
θe were used to characterize the stratification and moist thermodynamic structure of
the sampled layers.

Horizontal vector wind shear was computed from the vertical gradients of the zonal
and meridional wind components as

S(z) =

[

(

∂u

∂z

)2

+

(

∂v

∂z

)2
]1/2

. (7)

Before differentiation, the wind-component profiles were smoothed using a five-
level centered running mean, corresponding to approximately 250 m, in order to reduce
small-scale noise before differentiation. The same procedure was applied to the indi-
vidual Smartie profiles and to the closest operational Vaisälä radiosonde used for
comparison.

5.6 Trajectory separation and launch-array variability

The GPS records from the individual Smarties were used to characterize the hori-
zontal displacement and spreading of the five-sonde deployments during ascent. For
comparisons at fixed altitude, latitude and longitude from each trajectory were lin-
early interpolated to the selected height levels. No trajectory position was extrapolated
beyond the altitude range sampled by a sonde.

For each grid and altitude z∗, the horizontal separation between every pair of son-
des was calculated from their interpolated positions. The maximum pairwise horizontal
separation,

Dmax(z
∗) = max

j<k
Djk(z

∗), (8)

was used as a compact measure of the horizontal spreading of the five-sonde ensem-
ble, where Djk is the horizontal distance between sondes j and k at the same altitude.
Dmax was evaluated at the selected levels reported in Table 1.

A complementary launch-array diagnostic was used to quantify differences in Q

across the initial five-sonde sampling geometry. For each sonde, the first valid GPS
position in the flight-history file was taken as the launch position. Launch coordinates
were expressed as local Cartesian distances (x, y) relative to the mean launch position
of each grid, with x positive eastward and y positive northward. Because the launch
arrays extended only a few hundred metres, longitude and latitude were converted to
local distances using a small-domain approximation.

At each selected altitude z∗, Q was obtained by vertically interpolating the
individual profile defined by Eq. (5) to the target height:

Qj(z
∗) = qj(z

∗)|Vj(z
∗)|. (9)
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No horizontal interpolation was applied between launch sites. The resulting diag-
nostic therefore represents variability among the five sampled profiles indexed by their
launch positions, rather than a reconstructed two-dimensional atmospheric field.

Launch positions, rather than the subsequent balloon positions at the selected
altitudes, were used to define this horizontal sampling geometry. This preserves the
intended configuration of the launch array and keeps this diagnostic distinct from the
trajectory analysis, for which the actual drifting balloon positions were used.

The amplitude variability in Q across each launch array was quantified by the
relative spread

∆Q%(z
∗) = 100

Qmax(z
∗)−Qmin(z

∗)

Q(z∗)
, (10)

where Qmax, Qmin, and Q are, respectively, the maximum, minimum, and mean
Q among the five sondes at the same altitude. This metric was used to compare the
within-grid amplitude variability of the two deployments.

5.7 Humidity reference for the Marambio sounding

The Base Marambio radiosonde sampled subfreezing conditions from the surface
through the lower troposphere. Because standard radiosonde relative humidity is
reported with respect to liquid water, the profile was also expressed with respect to
ice for T < 0◦C. Saturation vapor pressure over ice, ei(T ), was calculated following
Murphy and Koop [36], while saturation vapor pressure over liquid water, ew(T ), was
obtained from the Goff–Gratch formulation [37]. Relative humidity with respect to ice
was then computed as

RHi = RHw

(

ew(T )

ei(T )

)

, (11)

where T is expressed in Kelvin. This conversion was used to distinguish saturation
with respect to liquid water from supersaturation with respect to ice in the Marambio
profile shown in Fig. 9. The treatment is consistent with previous radiosonde stud-
ies in cold environments, where humidity measurements require particular care at
subfreezing temperatures [38].

Supplementary information

Table S1: Summary of individual balloon launches during the 28 March 2026
atmospheric-river case in Ushuaia. Smartie launch times were estimated from the cor-
responding raw flight-history files when available; operational Väisälä radiosonde times
are taken from the SMN file names. Grid labels identify the two five-sonde Smartie
deployments.
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Launch Date Time (UTC) Sonde type System Sonde ID / grid
1 2026-03-28 11:48 Smartie MPI 11866
2 2026-03-28 13:04 Smartie MPI 16188
3 2026-03-28 14:05 Smartie MPI 16189
4 2026-03-28 15:02 Väisälä RS SMN –
5 2026-03-28 16:22 Smartie MPI 16163
6 2026-03-28 17:15 Smartie MPI 16116
7 2026-03-28 17:59 Väisälä RS SMN –
8 2026-03-28 18:30 Smartie MPI 16138 / Grid 1
9 2026-03-28 18:30 Smartie MPI 16141 / Grid 1
10 2026-03-28 18:30 Smartie MPI 16139 / Grid 1
11 2026-03-28 18:30 Smartie MPI 16140 / Grid 1
12 2026-03-28 18:31 Smartie MPI 16142 / Grid 1
13 2026-03-28 19:52 Smartie MPI 16230
14 2026-03-28 21:04 Smartie MPI 16144 / Grid 2
15 2026-03-28 21:04 Smartie MPI 16127 / Grid 2
16 2026-03-28 21:04 Smartie MPI 16143 / Grid 2
17 2026-03-28 21:04 Smartie MPI 16145 / Grid 2
18 2026-03-28 21:04 Smartie MPI 16146 / Grid 2
19 2026-03-28 21:55 Väisälä RS SMN –
20 2026-03-28 22:51 Smartie MPI 16224
21 2026-03-29 00:26 Smartie MPI 16225

Fig. S1: ERA5 evolution of 850-hPa temperature, geopotential height, and horizontal
wind from 06 UTC on 28 March to 12 UTC on 29 March 2026.
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Fig. S2: ERA5 evolution of 500-hPa temperature, geopotential height, horizontal
wind, and relative vorticity from 06 UTC on 28 March to 12 UTC on 29 March 2026.
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