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Abstract. The vertical distribution of water vapor is essential for understanding moisture transport toward Antarctica, which
influences the surface mass balance of the ice sheets via precipitation, sublimation and longwave radiation effects. However,
high-resolution vertical water vapor observations remain limited. In this study, we present continuous water vapor mixing ratio
(WVMR) profiles obtained with Raman lidar at Neumayer Station III, Antarctica during wintertime (May to August) 2023.
The observations reveal a mean WVMR of 0.7 g kg~ between 0 to 6 km and capture an exceptional moist air intrusion in early
July with WVMR values reaching up to 3.9 gkg~!. Two dominant synoptic patterns driving moisture advection toward the
Antarctic coast could be identified, producing distinctly different vertical moisture structures. Pattern A, with a low-pressure
system northwest of Neumayer Station III seems to be more effective in transporting moisture than a low-pressure system
northeast of the Station (pattern B). The lidar measurements are compared to ERAS reanalysis humidity fields. While ERAS
generally reproduces the moisture distribution reasonably well, it exhibits a dry bias of 0.1 gkg™! (=~ 10%) in the lower
troposphere. Potential causes of the bias were investigated. The bias shows no clear dependence on the air mass source region,
but is dependent on the assimilation cycle, synoptic conditions and the surface type representation in ERAS. These findings
suggest that limitations in the representation of boundary layer mixing processes are a major contributor to the observed dry
bias. The results highlight the value of continuous high-resolution water vapor profiling in understanding Antarctic moisture

transport and validating model-derived reanalysis products.

1 Introduction

Atmopsheric moisture distribution and transport toward the Antarctic continent are among the most crucial processes for
understanding the atmospheric drivers of the mass balance of ice sheet and shelfs (Lenaerts et al., 2019). Direct impacts
are either precipitation, direct deposition (both adding to the surface mass balance, SMB; Bromwich, 1988) or sublimation
(negative term to the SMB; Déry and Yau, 2002). More complex interactions, such as the rate of sublimation of precipitation
in dry sub-cloud layers (Grazioli et al., 2017; Gehring et al., 2022) or the magnitude of longwave downward radiation (e.g.
Sato and Simmonds, 2021; Seidel et al., 2025) depend on the amount and vertical distribution of water vapor. Futhermore, the
representation of water vapor has been linked to large intermodel differences in general circulation models in the southern-

hemisphere extratropics (e.g., Po-Chedley et al., 2018). Moisture transport to the Antarctic continent is usually associated with
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meridional flow, with the strongest events being atmospheric rivers (AR, Wille et al., 2025). Those AR events typically occur
only a few days per year at any location in coastal Antarctica, but are subject to strong interannual variability. A maximum
in AR landfall frequency is observed in Dronning Maud Land, East Antarctica, where enhanced moisture transport causes the
strongest snow accumulation events (Gorodetskaya et al., 2014; Baiman et al., 2023; Radenz et al., 2024). The majority of
currently available studies on moisture transport and AR rely on reanalysis products, i.e. the observations assimilated into a
model framework (Naakka et al., 2021). However, detailed measurements of water vapor, especially the vertical distribution
are scarce above the Southern Ocean and Antarctica. Radiosonde observations are still the most important source for profiles
of water vapor content (Gorodetskaya et al., 2020). Due to the logistical effort required, radiosondes are routinely launched
only once or twice per day at a few stations. Ground-based observations can provide the integrated water vapor by means of
time delays in GNSS observations (e.g. Negusini et al., 2016) or microwave radiometers (e.g. Ricaud et al., 2015). Spaceborne
sensors using sounders in the microwave (e.g. Johnsen et al., 2004; Zhang et al., 2025) or infrared region (e.g. Gettelman et al.,
2006) or radio occultation (e.g. Shao et al., 2023) also provide vertically resolved water vapor observations, but are limited in
their accuracy and (vertical) resolution (Fan et al., 2023).

However, the interaction between moist air masses from the lower latitudes and dry air from the continent’s interior causes
strong gradients in the water vapor mixing ratio (WMVR), even down to small scales. Thus, continuous vertically-resolved
observations are needed to sufficiently characterize the water vapor fields over Antarctica. This study uses Raman lidar obser-
vations obtained at Neumayer Station III (70.67° S, 8.27° W, in the following referred to as Neumayer) in 2023 to understand
the vertical structure of water vapor fields. The high temporal (30s) and vertical (7.5m) resolution allows for process studies
on flow regimes and validation of reanalysis fields. In the following, the measurement method is briefly recapitulated, the field
setup, calibration and data subsampling are described. The results section presents the continuous observations of water va-
por profiles at Neumayer and describes two exemplary case studies on the observed moisture dynamics. Finally, a multi-month

comparison to the ERAS reanalysis is presented. In a concluding section, found biases and potential implications are discussed.

2 Raman lidar water vapor observations at Neumayer Station III
2.1 Campaign of OCEANET-Atmosphere

Ground-based remote-sensing observations of aerosol, clouds and precipitation were performed by OCEANET-Atmosphere at
Neumayer Station III (70.67° S, 8.27° W; Wesche et al., 2016) in 2023 (Radenz et al., 2024) in the framework of the COALA
(Continuous Observations of Aerosol-cLoud interaction in Antarctica) project to better understand the formation of clouds
and precipitation at coastal Antarctica. OCEANET-Atmosphere is an ACTRIS (Aerosol, Clouds, and Trace Gases Research
Infrastructure, Laj et al., 2024) mobile exploratory platform, which ensures quality-controlled and accessible data for the
standard variables. Deployed were a comprehensive set of ground-based remote sensing instruments, namely a PollyXT multi-
wavelength Raman polarization lidar, a HATPRO microwave radiometer (MWR), a Cimel sun and lunar photometer, a Mira-35
cloud radar, a scanning Doppler lidar LITRA-S, and an optical disdrometer Parsivel?. Data was collected continuously through-

out the whole year, including the Antarctic winter with a comprehensive description being provided in Radenz et al. (2024).
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All these observations were done next to the longterm meteorological, radiation, and air chemistry in-situ observations at
Neumayer, where also routine radiosonde launches are performed (Konig-Langlo and Loose, 2007). In the context of this
study, the water vapor observations by PollyXT, HATPRO and the daily radiosonde launches are analyzed (which are not an
ACTRIS-variable).

2.2 Raman lidar water vapor retrieval

The multiwavelength Raman and polarization lidar PollyXT (Engelmann et al., 2016) emits radiation at the three wavelengths
355 nm, 532 nm and 1064 nm and uses 12 channels to detect the backscattered light. The Raman lidar technique allows the
detection of inelastic scattering by water vapor and nitrogen molecules at 407 nm and 387 nm, respectively, from which profiles
of WVMR are retrieved (Whiteman, 2003; Wandinger, 2005). Raman water vapor measurements are limited to nighttime, be-
cause the high solar background dominates over the weak Raman signal. They are further constrained to cloud-free conditions
or below cloud base, since the lidar cannot penetrate through clouds with an optical thickness greater than 3. The raw data has
a temporal resolution of 30 s and vertical resolution of 7.5 m. No overlap correction is required, assuming identical overlap for
both Raman channels (Foth et al., 2015). The WVMR myy, o is defined as ratio of water vapor to dry air:
o = pu,0(2)  Nu,o(2)
pair(z) NN, (2)

PH,0 and p,i, are the mass densities of water vapor and dry air, Ny,0 and Ny, their molecular number densities, and z is the

)]

height above the instrument. Since the Raman signal is proportional to the molecular number densities, the WVMR my,0 can
be determined by the ratio of backscattered signals P of water vapor and nitrogen (Whiteman, 2003; Wandinger, 2005; Foth
et al., 2015):

PHQO(Z) ) exp[f foz a)\NQ (f)d(f)}
Px, (2) eXp[_ foz Axny0 (f)d(f)]

2

mu,0(2) = Ch,o -

Cu,o is the calibration factor (determined in the following, Sect. 2.3), the second term the measured signal ratio, and the
third accounts for the different atmospheric transmissions at An, and Ap,o with atmospheric extinction coefficients o ANy and
@y, - To enhance the signal-to-noise ratio (SNR), a temporal smoothing of 10 min and vertical smoothing of 5 bins (37.5m)

is applied.
2.3 Calibration

The calibration factor Cyy,o converts the measured lidar signal ratio, corrected for the differential atmospheric transmission,
into an actual WVMR. It is determined from collocated water vapor measurements obtained by radiosondes and MWR. During
the campaign, VAISALA radiosondes (type RS41) were launched once per day at around 12:00 UTC. The RS41 GRUAN
Data Product (RS41-GDP.1) was used for calibration (Schmithiisen, 2022; Sommer et al., 2022). Since lidar water vapor
measurements are restricted to nighttime, radiosondes can only be used for calibration during periods of polar night or low

solar background (Antarctic winter). Between 05 May and 01 September 2023, C'y,0 was obtained from linear fits between
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Figure 1. (a) WVMR measured by the radiosonde as a function of the lidar signal ratio, averaged over 20 min from 10:54 to 11:14 UTC on
1 June. The radiosonde was launched at 11:04 UTC. Ch,0 denotes the slope of the regression line, with the standard error of the slope, and
R? is the coefficient of determination. (b) Height profile of the WVMR from the radiosonde (orange line) and the lidar, using the determined
calibration constant (dashed line) and a default calibration constant (solid line). (c) All determined calibration constants over time, obtained
from the radiosonde (black dots) and the MWR (grey crosses), with the six corresponding mean calibration constants as solid lines. The

shaded area indicates the period of polar night (dark blue) or low solar background (light blue).

collocated radiosonde and lidar profiles. An example case from 1 June 2023 is shown in Fig. 1 demonstrating the linear
regression (Fig. 1a) and the resulting calibrated lidar height profile (Fig. 1b). For each calibration case, lidar profiles were
averaged over 20 minutes centered on the radiosonde launch time. Calibration cases were selected according to the following
criteria: cloudfree conditions up to 2 km altitude and coefficient of determination of the linear regression R? > 0.8 for the
height range 200-2000 m (reduced to 200-1000 m between 17 August and 01 September due to the lack of cloudfree cases
around radiosonde launch time). In total, 29 cases met these criteria. Since the MWR provides continuous measurements
of the integrated water vapor, it can also be used during periods without polar night when radiosondes could no longer be
used for calibration (because launched at daytime conditions with too high solar background noise for the Raman lidar).
Therefore, the MWR served as reference instrument for the remaining time period. An automatic calibration algorithm was
applied, following Foth et al. (2015). The calibration constant can be affected by several factors, such as changes to the
optical setup, the hardware or the instrument’s housing. For example, a second window was temporarily installed for protection
during snowstorms, which caused changes in the calibration constant. Consequently, six individual calibration constants were
determined for the respective time periods (Fig. 1c). The radiosonde-derived calibration constants show very stable results
during the polar night period, which is the period used for the subsequent analysis. Calculating the mean over all radiosonde-
derived calibration constants for the respective time period yielded Cy,0 = 25.71+1.51 gkg ™! (R2 = 0.92) between 05 May
and 17 August 2023 and Chy,0 = 78.4241.48 gkg ! (R2 = 0.85) between 17 August and 01 September. More details on the
calibration of Raman lidar water vapor profiles are provided in Dai et al. (2018). The calibrated WVMR profiles are available
via the PANGAEA database (https://doi.org/10.1594/PANGAEA.991540).
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2.4 Subsampling to ERAS grid

The Raman lidar WVMR measurements were compared to ERAS (ECMWEF fifth generation atmospheric reanalysis) data
(Hersbach et al., 2020; Bell et al., 2021). To enable a consistent comparison between the high-resolution lidar observations and
the coarser ERAS fields, the lidar data was subsampled to the ERAS grid. The ERAS dataset (Hersbach et al., 2023a) provides
a horizontal resolution of 0.25° x 0.25°, vertical spacing of 50 hPa on pressure levels, and in this study a temporal resolution of
2 h was used. Because the lidar reports height above ground level whereas ERAS is defined on pressure levels, ERAS5 profiles
were converted to geometric height at each time step following the ERA5 documentation on computing geometric height from
the geopotential heights. The lowest ERAS level frequently yielded negative geometric heights due to low surface pressure
and was therefore excluded. The second level, typically located between 100 to 200 m above ground, was used as the lowest
comparison height. An upper bound of 6 km was chosen because WVMR retrievals above this altitude are often unreliable
due to weak water vapor signal in the Raman channel. A cloud mask was applied to both datasets since the lidar provides
WVMR data only under cloud-free conditions or below cloud base. Figure 2a presents the longterm time-height cross section
of WVMR for the entire Antarctic winter. White regions mark periods and altitudes where no WVMR retrievals were available,
either due to cloud presence or other data gaps, such as brief intervals at the beginning of May and end of August when daylight
prevented measurements. The cloud mask was constructed in two steps. First, native-resolution lidar data was screened using
SNR thresholds: profiles were discarded when the SNR fell below 2.5 at 407 nm or below 5 at 387 nm, conditions typically
associated with clouds or insufficient Raman signal at high altitudes. The remaining lidar profiles were then averaged within
each ERAS grid cell to match the ERAS spatial and temporal resolution. Second, a grid cell based validity check was applied.
For each grid cell, the valid fraction of lidar data points (Nyalid /Ntotal) Was computed. Cells with a valid fraction below 0.9
were excluded, as these generally corresponded to cloud-contaminated regions. An exception was made for periods affected
by automatic polarization calibration, which can also reduce the valid fraction, these cells were retained. Additionally, grid

cells were removed when the standard deviation of the averaged WVMR exceeded 0.8 gkg ™!

, indicating potential cloud edges
and thus unrealistically high WVMR values. All cloud mask parameters were chosen empirically to achieve robust results,
allowing a proper comparison between the two datasets. The resulting mask is shown in Fig. 2b, indicated by the hatched
areas. These periods were excluded from the analysis. Nevertheless, the remaining data provides sufficient coverage for an
extensive comparison with ERAS, including adequate representation of cloudy and moist atmospheric conditions that were

most affected by the masking procedure.
3 Results

3.1 High-resolution observations of moisture dynamics

Raman lidar water vapor measurements performed at Neumayer provide valuable insight into the moisture dynamics along
the northern coast of Antarctica. The coastal atmosphere is primarily influenced by cold, dry air masses originating from

the continental interior, but is also intermittently affected by warm, moist air intrusions from the Atlantic Ocean. During the
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Figure 2. Time-height cross sections of WVMR for Antarctic winter. (a) Raman lidar WVMR retrievals, where white regions indicate
periods and altitudes without valid measurements due to cloud attenuation, low signal-to-noise ratio, or daylight. (b) Corresponding ERAS

WVMR fields converted to geometric height, hatched areas mark the grid cells identified by the cloud mask.

analyzed period from May to August 2023 (Antarctic winter), WVMR values in the 0—6km height range typically ranged
between 0 and 3 gkg ™!, with a mean value of 0.7 gkg ™! (Fig. 2a). For reference, a WVMR value of 0.7 gkg ™! corresponds

to a relative humidity of approximately 32 % at —20 °C and 850 hPa. August was the driest month, with maximum values of
2.2 gkg~! and a mean WVMR of 0.48 g kg~!. An extraordinary moist air intrusion occurred in early July, with WVMR values
reaching up to 3.9 gkg !, influenced by an AR event.

Two dominant synoptic patterns were identified as the primary drivers of warm, moist air advection toward the Antarctic
coast in winter 2023 (Fig. 3a and b). Periods of moist air advection were defined based on vertically averaged WVMR values
exceeding 1 g kgt within 0 to 2 km for at least 8 hours. According to this criterion, a total of 11 moist air events were identified,
corresponding to approximately 28 days during the analyzed period. The associated synoptic patterns were classified manually
based on the prevailing wind direction and the large-scale pressure distribution derived from ERAS reanalysis data. In pattern
A (Fig. 3a), a low-pressure system is located northwest of Neumayer producing direct onshore advection of warm and moist air
masses from the South Atlantic. A representative lidar measurement of this weather regime is provided in Fig. 3c, illustrating
the WVMR on 9 June between 0.1 km and 6 km altitude. The first half of the day exhibits a very dry free troposphere with
increasing moisture in the boundary layer. During the second half of the day, continuous moist air advection leads to the
formation of low-level clouds in the afternoon, as evidenced by the completely attenuated lidar signal. In case B (Fig. 3b),
the low-pressure system is positioned northeast of Neumayer. This pattern is characterized by an indirect onshore transport

of previously advected maritime air masses along the Antarctic coast. The corresponding example case (Fig. 3d) shows a
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Figure 3. Upper panel: ERAS reanalysis specific humidity (color shading), geopotential (grey lines) and wind vectors at 850 hPa for two
synoptic patterns: (a) Pattern A on 9 June 2023 at 18 UTC and (b) Pattern B on 26 May 2023 at 12 UTC. Lower panel: Time-height cross
section of WVMR measured by the PollyXT Raman lidar for representative example days corresponding to each pattern: (c) 9 June 2023
(Pattern A) and (d) 26 May 2023 (Pattern B).

fragmented and patchy moisture distribution, with two distinct moisture plumes occurring around 07 UTC and 22 UTC, and
several drier periods in between. Cloud formation is observed around noon. The contrast between these two patterns is striking:
while case A exhibits a deep and continuous moisture layer throughout the advection event, with the highest moisture close to
the surface, case B produces a much more variable and discontinuous moisture structure, including moisture inversions. This
difference likely results from the coastal transport pathway in case B, during which the maritime air mass undergoes continuous
mixing with dry continental air, creating a highly variable moisture field. In contrast, case A represents more direct oceanic
influence. During the analyzed period, approximately 17 % of the time the synoptic situation could be associated with pattern
A, 30% with pattern B, and 53 % with other weather regimes, which were mainly characterized by advection of dry continental
air from the southwest. However, considering only the identified moist air events, 42 % correspond to pattern A, 40 % to pattern
B, and approximately 18 % to other patterns. Notably, the strong moist air intrusion in July was also associated with pattern A.
This suggests that pattern A is more effective at transporting relatively moist air toward Antarctica’s coast, although it occurs

less frequently than pattern B.
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3.2 Comparison with ERAS reanalysis

Continuous high-resolution Raman lidar measurements of the WVMR provide an excellent opportunity to evaluate reanalysis
data. Here, we compare our WVMR measurements with the ERAS reanalysis humidity product. The preparation of both
data sets for a consistent comparison is described in Sect. 2.4. Figure 4 shows the resulting time-height cross sections of the
masked ERAS data and the masked and subsampled lidar data (Panel a, b). The comparison was performed by calculating the
difference in WVMR (mp,0, ERA5 — MH,0, Lidar) for each grid cell, yielding the absolute differences. The result is shown in
Fig. 4c. Overall, the two data sets agree reasonably well. However, Fig. 4c reveals substantial local discrepancies, reaching
up to =1 gkg~!. Although the differences are predominantly negative, indicating that ERAS tends to underestimate humidity,
sporadic larger positive deviations also occur. The pronounced moist air intrusion in July appears as a distinct feature that is
poorly represented in ERAS. Further discrepancies are evident in the vertical moisture structure and variability. The Raman
lidar data exhibits sharper gradients (e.g., 2—4 June) and higher variability, especially within very dry layers (e.g., 15-16
June), despite being averaged and downsampled to match the ERAS resolution. Moreover, moist layers, particularly near the
surface, are sometimes completely absent in the ERAS reanalysis (e.g., 23-27 June), and differences in vertical structure are
also apparent (e.g., 14 June). A time-height cross section for June, highlighting the aforementioned days, is provided in the
Appendix (Fig. Al).

To quantify these differences systematically, a statistical analysis was conducted. The mean absolute and relative (magnitude
of absolute difference divided by the measured WVMR) differences were computed as a function of height for the entire
analysis period (1 May-30 September) within the 0.1 to 6 km altitude range. Figure 5a presents the vertical profiles of both
absolute and relative differences between ERAS and lidar WVMR measurements. The absolute differences reveal a distinct

vertical structure: they are largest within the boundary layer, reaching approximately —0.1 gkg !

near the surface, indicating
that ERAS underestimates humidity most strongly in the lower troposphere. Between 2 and 4 km, the absolute differences
decrease and approach zero, suggesting better agreement in the mid-troposphere. Above 4 km, the absolute differences increase
again, though this is primarily attributable to very low WVMR values at these heights where even small absolute deviations
translate to larger relative errors. The relative difference profile shows considerable variability with altitude but generally varies
around 10% throughout the troposphere, with larger relative deviations occurring near the surface and at higher altitudes where

-1

moisture content is extremely low. Overall, ERAS exhibits a systematic dry bias of approximately 0.1 gkg™" in the lower

troposphere. A linear regression analysis shows good agreement between the two datasets, when taking all heights and the

whole period into account (Fig. 5b). With a fixed slope of 1, the linear regression yields an offset of —0.08 gkg ™!

, confirming
the systematic dry bias in ERAS. The scatter plot reveals that while there is generally good correlation between the datasets, a
considerable spread is evident, particularly at WVMR values above 1.0 g kg~!. The majority of points fall below the 1:1 line,
visually confirming ERAS’s tendency to underestimate WVMRs.

To investigate potential causes of this dry bias, we first examined its dependence on the air mass source. For this analysis,
the TRACE latitude bands product (see Appendix B) was used (reception height of 2km) to derive height profiles of the

mean WVMR and the absolute difference in WVMR grouped by their dominant air mass source. For each time step, the
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Figure 4. Time-height cross sections of WVMR sampled to ERAS grid for the measurement period May to August 2023 with a cloud mask
applied to all datasets. Panel (a) shows ERAS reanalysis, (b) PollyXT lidar measurements subsampled to ERAS grid, and (c) the absolute
difference in WVMR between ERAS reanalysis and PollyXT lidar measurements.

dominant source region was defined by the maximum residence time, and the corresponding WVMR profile was assigned
to that region. Mean height profiles and their standard deviations were then calculated for each air mass source category.
Figure 6a shows the mean lidar WVMR profiles. Air masses originating from lower latitudes generally contain more moisture
than those from higher latitudes. While high-latitude air masses exhibit a relatively narrow distribution, air masses from the
mid-latitudes show broader variability, indicating that they advect both very moist as well as relatively dry air masses. Figure 6b
presents the absolute difference in WVMR between ERAS and PollyXT measurements. No systematic difference in the bias
is observed between the mid-latitude and high-latitude air mass categories. Although the mid-latitudes again show a broader
spread, allowing for larger negative and positive deviations, overall the bias does not seem to depend on the air mass source
region. Similar results were obtained when using other TRACE products, like the land surface classification or geographical
areas.

A second potential factor is the dependence of the bias on the ERAS data assimilation cycle. The relative and absolute
differences between the Raman lidar and ERAS water vapor profiles were calculated separately for the day (09-21 UTC)
and night (21-09 UTC) assimilation cycles (Figs. 7a and b). When considering only the day assimilation cycle, both the
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Figure 5. (a) Height profile showing the mean absolute difference (black line) and relative difference (grey shading; magnitude of absolute
difference divided by measured WVMR) in WVMR between ERAS reanalysis and PollyXT lidar measurements, averaged over the measure-
ment period May to August 2023. Panel (b) shows scatterplot of WVMR comparing ERAS reanalysis with PollyXT lidar measurements over

the same period between 0.1 to 6 km. The black dotted line indicates the 1:1 line, and the red line shows a regression fit with fixed slope of 1.

relative and absolute differences increased compared to the results obtained using all data, with the largest deviations occurring
between 1 and 2 km altitude. In contrast, the corresponding differences during the night assimilation cycle were slightly
smaller. More observational data, such as radiosonde and satellite measurements, are available for assimilation during the day,
whereas the night cycle primarily relies on satellite data alone, because radiosondes at Neumayer are nominally launched
only at 12 UTC. Therefore, one would expect the reanalysis to show better agreement with independent observations during
the day. However, our analysis reveals the opposite pattern, with a larger bias during the day assimilation cycle when more
observations are available. Beyond the assimilation cycle, synoptic-scale conditions may also influence the ERAS reanalysis
performance. To assess this effect, we investigated the impact of the strong moist air intrusion event that occurred in early July

2023 by excluding the period affected by this event (4—10 July 2023) from the dataset. The resulting comparison is shown in

10
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Figure 6. Height profiles and standard deviation of mean (a) WVMR and (b) absolute difference in WVMR between ERAS and PollyXT
lidar measurements calculated for the dominant airmass source (maximum residence time) derived from TRACE latitude product (color) and

for all profiles (black).

Fig. 7c. After removing this episode, a clear improvement in the agreement between the Raman lidar and ERAS profiles was
observed, particularly in the lower troposphere. A t-test was applied to assess the statistical significance of these differences
(Pday = 2.4-107%, Ppight = 0.50, Pmoist,air = 4.0 - 1078). Among these factors, the exclusion of the moist air intrusion had by
far the most significant effect, highlighting the strong influence of such remarkable synoptic events on the reanalysis bias.
Another potential factor contributing to the observed bias is the representation of the surface in ERAS. Neumayer is situated
on a floating ice shelf, with the open ocean approximately 20km to the north and the Antarctic inland to the south. The ERAS
reanalysis provides the variable "land-sea mask" (Hersbach et al., 2023b), which defines the ratio of land to ocean or inland
waters (e.g., lakes, reservoirs, rivers, and coastal waters) within each model grid cell. This dimensionless parameter ranges
from O (entirely ocean) to 1 (entirely land), with intermediate values indicating a mixture of land and water. The land-sea mask
determines whether a grid cell is treated as land or ocean/inland waters in the model physics and data assimilation. The grid cell
containing Neumayer has a land-sea mask value of 0.75, meaning that ERAS treats it predominantly as land but with an ocean
component. To investigate the influence of this classification, the Raman lidar observations at Neumayer were compared with
ERAS reanalysis data from two additional grid points: one 0.42° north of the station, defined as completely ocean (land-sea
mask = 0), and another 0.33° to the south, defined as completely land (land-sea mask = 1). For these two grid points, the same
procedure as described in Sect. 2.4 was applied. The differences between the Raman lidar observations and ERAS reanalysis
for the ocean and land grid points were calculated as a function of height and time, then averaged over the analyzed period to
produce height profiles of the mean absolute and relative differences (Figs. 8a and b). For the land grid point, the differences

between ERAS5 and the lidar observations are substantially larger than for the Neumayer grid cell, indicating a stronger dry
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Figure 7. Height profiles of mean absolute (solid lines) and relative (shaded areas; magnitude of absolute difference divided by measured
WVMR) differences in WVMR between ERAS reanalysis and PollyXT lidar measurements. Panels show measurements for (a) daytime
assimilation cycle (09 to 21 UTC), (b) nighttime assimilation cycle (21 to 09 UTC), and (c) the dataset excluding the moist air intrusion
period from 04 to 10 July 2023. Black lines and gray shading represent all data (May to Aug 2023), while orange, blue, and green lines and

shading indicate the respective subsets.

bias that extends throughout the lower troposphere. In contrast, the ocean grid point shows markedly smaller deviations, with

both the absolute and relative difference remaining close to zero throughout the entire height range.

4 Summary & Conclusions

This study presents the first continuous high-resolution water vapor profiling observations at Neumayer obtained by Raman
lidar. The multi-month observations during Antarctic winter (May to August) 2023 capture the vertical structure and temporal
variability of moisture at Antarctica’s coast during wintertime. The atmosphere above Neumayer is characterized by very dry
background conditions (mean WVMR of 0.7 gkg~!), interrupted by episodes of moisture intrusions, including an exceptional
moist air intrusion in early July 2023. Two characteristic synoptic regimes were identified as primary drivers governing moisture
transport toward Antarctica’s coast. Pattern A is associated with a low-pressure system northwest of Neumayer and produces
deep and continuous moisture layers, which can be linked to the direct advection of warm, moist air masses from the South
Atlantic to Neumayer. Pattern B, featuring a low-pressure system northeast of Neumayer, leads to indirect onshore transport
of previously advected maritime air masses. This dynamic situation produces more fragmented and variable vertical moisture
structures due to the interaction of moist oceanic air masses with dry continental outflow. Although Pattern B appears to be

more frequent, Pattern A seems to be more effective in producing atmospheric river conditions, as it was associated with the
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Figure 8. Height profiles of the mean absolute (solid lines) and relative (shaded areas; magnitude of absolute difference divided by mea-
sured WVMR) differences in WVMR between ERAS and PollyXT lidar measurements for different ERAS surface-type representations. (a)
Comparison using the ERAS grid cell classified as land and (b) comparison using the grid cell classified as ocean, each contrasted with the

Neumayer grid cell.

strongest moist air intrusion event during the measurement period. However, Clem et al. (2020) observed an increased cyclonal
activity in the Weddell Sea between 1997 and 2018, therefore direct moisture advection events (pattern A) might become
more frequent, potentially increasing the occurrence of strong moist-air intrusions in the future. The detailed comparison with
the ERAS reanalysis data shows generally good agreement with lidar measurements, although the observations reveal sharper
vertical gradients and greater variability than the reanalysis, even after spatial and temporal averaging to the ERAS grid. A

systematic dry bias of 0.1 gkg~?

in the lower troposphere (up to 2 km) was identified, confirmed by a linear regression offset of
—0.08 gkg ! across all heights. This bias exhibits several notable dependencies. The systematic deviation is larger during the
daytime assimilation cycle than during nighttime, a surprising result given the greater observational data availability for daytime
assimilation. The bias is also substantially impacted by extreme moist air intrusion events, with statistical analysis confirming
that such synoptic conditions exert the strongest influence on reanalysis performance. The systematic error also seems to show
a clear dependence on surface type representation of the reanalysis. Reanalysis grid cells classified as pure ocean (north of
Neumayer) show better agreement with lidar measurements than the grid cell containing Neumayer, while grid cells classified
as pure land (south of Neumayer) exhibit an even larger dry bias. This suggests that the surface classification (and thus model
physics) in ERAS contributes to the dry bias and points to possible limitations in the representation of boundary layer mixing
processes in ERAS, of course assuming that the Raman lidar observations are also representative for the neighboring grid cells.

The bias shows no dependence on the air mass source, indicating that large-scale moisture transport is well represented in

ERAS. This supports the hypothesis that the observed bias is probably more related to local boundary layer parameterizations.
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Overall, the results presented in this study underscore the value of high-resolution water vapor observations in understanding
atmospheric moisture dynamics in Antarctica and evaluating reanalysis products. The calibrated Raman lidar WVMR profiles
obtained during the COALA campaign at Neumayer are now publicly available, enabling further analysis and research. Highly
resolved longterm water vapor observations at Antarctica will become increasingly important for understanding the vertical
distribution of water vapor and its role in precipitation, deposition, sublimation, and longwave radiative processes that govern

impacts on Antarctica’s ice sheet and shelfs.

Data availability. The complete dataset (16 January to 31 December 2023) of calibrated Raman lidar WVMR profiles at Neumayer Station
II1, Antarctica is available at the PANGAEA database (https://doi.org/10.1594/PANGAEA.991540). The radiosonde data used was obtained
from the GRUAN data base (Sommer et al., 2022, RS41-GDP.1). The ERAS reanalysis data used in this study is available for download from
the Climate Data Store (Hersbach et al., 2023a).
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Appendix A: Details on the observed structural differences between ERAS and lidar

To provide more details on the structural differences observed between ERAS reanalysis and lidar measurements, a detailed
comparison for June 2023 is presented below (Fig. Al). This case study provides additional insight into the characteristics

discussed in Sect. 3.2.
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Figure Al. Time-height cross sections of WVMR sampled to ERAS grid for June 2023 with a cloud mask applied to all datasets. Panel
(a) shows ERAS reanalysis, (b) PollyXT lidar measurements subsampled to ERAS grid, and (c) the absolute difference in WVMR between
ERAS reanalysis and PollyXT lidar measurements. Dash rectangles mark the structural differences between ERAS reanalysis and lidar

measurements mentioned in Sect. 3.2 for 1: 2—4 June, 2: 14 June, 3: 15-16 June and 4: 23-27 June.
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Appendix B: Air mass source estimate

The automated time-height-resolved air mass source attribution described by Radenz et al. (2021a, b) is used to characterize
air mass origin for the OCEANET-Atmosphere observations. As in the original publication, 10 d FLEXPART backward simu-
lations with 500 particles are done in intervals of 3 h and 500 m throughout the period of the campaign. For the calculation of
the residence times, a reception height of 2 km is used. Meridional transport is characterized by the ’latitude bands’ product,

which groups the air mass source into latitudes south of 60°S and 60-30°S (Fig. B1).

o
n
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Hlh 'W-W."'“ MW':’II"W‘M Ly
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o
o

Figure B1. Time series of the mean residence time for the ’latitude bands’ product between 0 and 6 km height for a reception height of 2 km
height. Shown is the same time period as Fig. 2 and 4. The color bar below indicates the time periods that are used to assign the dominant air

mass source for the analysis in Fig. 6
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