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ABSTRACT

Atmospheric Rivers (ARs) are one of the key elements in explaining the occurrence of extreme precipitation and floods in mid-

latitudes. Despite the recognised importance of ARs, few studies have systematically evaluated how a weather forecast model
captures AR conditions affecting western Europe. Using radiosonde observations from different sites across western Europe, this
study evaluates the specific humidity, wind speed and moisture flux in the data assimilation system of the ECMWF Integrated
Forecasting System (IFS) for the extended winter of 2020/2021 with a particular focus on landfalling ARs. Results indicate a
systematic underestimation of specific humidity, wind and moisture flux in the IFS, particularly during more intense moisture

flux events. The most significant negative biases of the IFS were observed in the boundary layer (1000-900hPa) and lower free

troposphere (900-700 hPa), coinciding with the core region of moisture flux. Wind speed was generally underestimated, with the

largest errors occurring in the boundary layer at locations with complex topography. In addition, as expected, the assimilation of
radiosonde profiles reduced short-range forecast errors. The results highlight the current limitations in forecasting AR intensity
and location and show the importance of in situ observations to improve the forecast of high-impact weather events.

1 | Introduction

High-impact weather (HIW) is among the most significant
natural hazards affecting western Europe (Pinto et al. 2019).
These events occur most frequently during the boreal win-
ter and include heavy precipitation, flooding and intense
windstorms (Wernli et al. 2002; Ulbrich et al. 2009; Fink
et al. 2009; Hewson and Neu 2015). The cyclones generally
responsible for HIW are characterised by so-called conveyor
belts, which describe the atmospheric streams within a cy-
clone (Schultz et al. 2019). In particular, the Warm Conveyor
Belt (WCB; Carlson 1980) transports humid air ahead of the
cold front, rising towards the cyclone centre. Associated with
cyclones and the WCB are Atmospheric Rivers (ARs, Dacre

et al. 2015, 2019; Ralph et al. 2018), which are defined as long,
narrow and transient corridors of intense horizontal water va-
pour transport. The moisture transported within an AR may
subsequently feed a WCB which can lead to prolonged heavy
precipitation and increased flood risk (e.g., Pfahl et al. 2014;
Ferreira et al. 2025), resulting in large socio-economic im-
pacts (e.g., Doiteau et al. 2021; Michel et al. 2021; Lopez-Marti
et al. 2025). For example, over the Iberian Peninsula, ARs
contributed to extreme rainfall and flooding in different river
basins (Ramos et al. 2015; Eiras-Barca et al. 2018; Ferreira
et al. 2025). In addition, the United Kingdom has also experi-
enced AR-driven events causing widespread flooding (Lavers
et al. 2011), most notably during the winter storms of 2013/2014
(Priestley et al. 2017). Furthermore, there is evidence also of an
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interdependency between cyclone intensity and the presence of
an AR (Eiras-Barca et al. 2018).

Since ARs are relatively narrow corridors of intense horizontal
water vapour transport, their landfall position plays a crucial
role in determining the location of potential extreme precipita-
tion events (Ramos et al. 2015; Demirdjian et al. 2020; Ralph
et al. 2020). Therefore, accurate forecasting of the location, tim-
ing and intensity of ARs is crucial to estimate potential impacts
(Lavers, Ralph, et al. 2020). An objective assessment of forecast
accuracy at different lead times is of paramount importance, par-
ticularly regarding AR landfall position and intensity and this
was previously undertaken using Integrated Vapour Transport
(IVT) (e.g., Ramos et al. 2020). Despite previous research diag-
nosing ARs with IVT, less is known about how weather forecast
models skilfully represent the vertical structure of ARs, partic-
ularly during extreme events (e.g., Lavers, Ingleby, et al. 2020;
Zheng et al. 2021).

One approach to assess the vertical structure of ARs is by using
observed radiosonde profiles, which deliver high-resolution
measurements of pressure, temperature, humidity and wind.
These in situ observations are normally released from a set of
synoptic weather stations across the globe at specific times and
provide crucial details on the vertical atmospheric structure
for weather forecasting (e.g., Bauer et al. 2015; Lavers, Ingleby,
et al. 2020). A second approach is to use dropsondes which can
be released from research aircraft during observational cam-
paigns, such as in the Atmospheric River Reconnaissance (AR
Recon) campaign over the North Pacific (Ralph et al. 2020).
These dropsonde observations—which are similar to radio-
sonde profiles—have been shown to be useful for forecast
model diagnostics (e.g., Lavers, Ingleby, et al. 2020) and can
improve the forecasts of landfalling ARs and therefore the
precipitation over western United States (Wang et al. 2026).

Despite the recognised importance of ARs (Lavers, Ralph,
et al. 2020), there are almost no systematic evaluations of short-
range forecast performance using radiosonde observations in
Europe. This is an important question as it may help inform
observational targeting in field campaigns in Europe like the
North Atlantic Waveguide, Dry Intrusion and Downstream
Impact Campaign (NAWDIC, https://www.nawdic.kit.edu)

which took place in January/February 2026. NAWDIC focused
on cyclone development over the North Atlantic and the interac-
tion between Dry Intrusions and the marine boundary layer, as
well as downstream impacts. The aim of this study is to evaluate
the short-range forecast performance of the European Centre
for Medium-Range Weather Forecasts (ECMWF) Integrated
Forecasting System (IFS) data assimilation system using radio-
sonde observations of specific humidity, wind and moisture flux
during the extended winter of 2020/2021 across western Europe.
The analysis considers multiple landfalling AR events, allowing
assessment of model performance across different locations.
Specifically, we address the following research questions: (i)
what errors in the IFS are typically found in humidity, wind and
moisture flux during AR events? and (ii) in which tropospheric
layers are the largest moisture flux and associated errors found?
The remainder of this paper is organised as follows: Section 2
describes the data and methods, including the radiosonde ob-
servations and the model evaluation framework while Section 3
presents the main results. Finally in Section 4, we present the
discussion and the conclusions.

2 | Data and Methods

2.1 | Radiosonde Observations
and the ECMWF IFS

We use radiosonde observations (specific humidity and wind
speed) retrieved from ECMWF at several launch sites along
the western coast of Europe (Table 1). The site selection was
based on data completeness (more than 90% availability in win-
ter 2020/21) and on their representativeness of regions where
ARs most frequently make landfall (Eiras-Barca et al. 2018).
Radiosondes report humidity as dew point temperature (Td).
Within the ECMWF processing chain, specific humidity is de-
rived for assimilation using vapour pressure computed from Td
with the Sonntag saturation vapour pressure (SVP) formulation
(Ingleby 2017).

In this study, the long-window data assimilation system in the
ECMWTPF IFS is considered, which has two 12-h assimilation
windows: from 0900 to 2100 UTC and from 2100 to 0900 UTC.
Within each window, a four-dimensional variational (4D-Var)

TABLE1 | Listoftheradiosondestations considered in this study, including their WMO identifier, geographic coordinates (latitude and longitude),
elevation and percentage of missing data over the winter of 2020/2021 and the corresponding 85th percentile IVT threshold (kgm™"'s™), computed
from the nearest ERAS5 grid point over the climatological extended winter period 1979-2020.

WMO ID Latitude ° Longitude ° Elevation m Missing%  IVT 85th (kgm™1s™)
Stavanger, NO 1415 58.87 5.67 9 1.6% 238.04
Camborne, UK 3808 50.22 —-5.33 87 4.7% 336.71
Valentia, IE 3953 51.94 -10.24 25 0% 351.05
Brest, FR 7110 48.44 —-4.41 95 0% 334.85
Bordeaux, FR 7510 44.83 —-0.69 54 1.9% 283.45
La Coruna, ES 8001 43.37 —8.42 67 1.6% 325.42
Lisbon, PT 8536 38.78 -9.13 123 8.0% 274.99
Huelva, ES 8383 37.28 —-6.91 20 3.3% 241.93

20f 10

Atmospheric Science Letters, 2026

85U8017 SUOWILLOD 3A T80 3dedl|dde ay) Aq pausenob ae Sspile O 8Sh JO SNl 10} ArIq1T 8UIUO A1 UO (SUOTHIPUOD-PUB-SULBY WD A8 | 1M Ae1q 1 BU1|UO//SANY) SUORIPUOD PUe SWie | 8U188S *[9202/90/€0] Uo Akeidiautuo 481 ‘sifojouyos 1 Ind 1nisu| Bunssie Aq #E002 Z8e/200T 0T/I0p/W0d A8 imAreiq Ul juo'STeLL/SANY WOl papeo|umod ‘G ‘9202 ‘XTIZO0EST


https://www.nawdic.kit.edu

assimilation method is used (Rabier et al. 2000), combining
short-range or ‘background forecasts’ (3-15h, also referred
to as the ‘first-guess’ (FG) forecasts) with all available ob-
servations, including the radiosonde profiles. This process
yields a new ‘analysis’ (AN) that represents the best estimate
of the atmospheric state, nominally at 0000 UTC and 1200
UTC, respectively. These analyses then serve as input for the
early-delivery assimilation cycle, which provides the initial
conditions for the operational IFS forecasts. For this study,
the observed radiosonde profiles, as well as the correspond-
ing first-guess and analysis profiles were retrieved from the
ECMWEF archive for each 12-h long-window data assimilation
window between 1 October 2020 and 31 March 2021. Balloon
drift is accounted for by comparing the observations with the
nearest model grid point along the balloon ascent trajectory.
During this time, IFS Cycle 47r1 was in operation at ECMWF
(ECMWF 2022).

2.2 | Forecast Evaluation and Moisture Flux
Calculation

The considered time period provides a large enough sample
to evaluate the model biases of the analysis and first-guess
throughout the troposphere from the near-surface to 300 hPa.
We use the convention of the forecast community by comput-
ing the forecast-minus-observation statistic (Lavers et al. 2023)
and the biases are evaluated for the specific humidity, wind
speed and moisture flux magnitude. We also undertake a con-
ditional evaluation to investigate AR events by splitting the ex-
tended winter 2020/2021 into two samples: all days (00UTC
and 12UTC) and only those for the more intense IVT time
steps. Intense IVT time steps at a given location are defined as
those times at which the instantaneous IVT (at either 00UTC
and/or 12UTC) exceeds the local 85th percentile of IVT com-
puted over the ECMWF reanalysis version 5 (ERAS5, Hersbach
et., 2020) climatological extended winter period 1979-2024.
For each radiosonde location, the 85th percentile threshold was
calculated using the ERAS5 grid point closest to the station and
the corresponding threshold values are listed in Table 1. The
frequency of Intense IVT time steps range over the different
locations range from ~16% to 22% (Figure S1). The mean sea-
level pressure (MSLP) and vertically integrated water vapour
flux from the ERAS reanalysis (Hersbach et al. 2020) were re-
trieved from the Climate Data Store (https://cds.climate.coper
nicus.eu).

At each station, the radiosonde observations and model data are
finally pooled into 25hPa wide vertical bins. This strategy re-
sults in an average of about 4500 individual values per vertical
bin for all considered days and about 550 values for the more
intense IVT days, respectively.

For an easier comparison of all evaluated sites, we further ag-
gregate the data levels into three atmospheric layers defined
as follows: 900-1000hPa, which corresponds primarily to the
winter-time planetary boundary layer (PBL); 700-900hPa,
which mostly corresponds to the lower free troposphere (LFT;
the winter-time PBL might extend beyond 900 hPa in individual
cases, but stays below 900hPa on average); and 300-700hPa,

which corresponds to the upper free troposphere (UFT).
Traditionally, the core of the AR is considered to be between the
surface and 700 hPa (Ralph et al. 2017).

We test the statistical significance of the respective model biases
per vertical bin via classic bootstrapping (resampling from the
full sample with replacement) with 10,000 repetitions. When the
95% confidence interval of the bootstrapped distributions over-
laps zero, the respective bias in the given vertical bin is consid-
ered to be insignificant. We apply the same procedure also to
the difference of biases between analysis and first guess in order
to assess whether data assimilation leads to a significantly im-
proved representation of the atmospheric state.

3 | Results

3.1 | AR Event Case Study for Brest
Radiosonde Site

As a case study, we examine one AR event at the Brest radio-
sonde site during the extended winter of 2020/2021. This event
highlights the vertical structure of moisture flux and wind bi-
ases, providing context for understanding model performance
under intense IVT conditions. On 21 December 2020 at 12:00
UTC, the Brest region was under the influence of an intense
AR (IVT above 500kgm~'s™!) associated with a deep cyclone
to the west of Europe at about 45°N, 30°W (Figure 1a). ARs
are often characterised by strong IVT gradients from the core
of the AR towards its edges (Ralph et al. 2018), which also
occurred when this AR made landfall in the Brest region
(Figure 1b). For this particular date, we compare the verti-
cal profiles of both AN and the FG with observations from
the radiosonde ascent at Brest (Figure 1c-e). The AN shows a
slight overestimation (0.5 g/kg) of specific humidity up to ap-
proximately 925hPa. However, from this level up to 700 hPa,
the FG and AN considerably underestimate (2.5 and 1g/kg,
respectively) specific humidity, with FG showing a more pro-
nounced underestimation (Figure 1c). Regarding wind speed
(Figure 1d), the FG and AN show an overestimation (between
2 and 3m/s) below 875hPa, after which AN is in very good
agreement with observations up to 775 hPa, most likely result-
ing from the data assimilation procedure. At higher levels,
from 650 hPa upwards, the FG is generally closer to the obser-
vations than AN.

Moreover, we also derived the magnitude of the moisture flux at
each available pressure level (see Section 2.2) and the results are
shown in Figure le. This particular radiosonde ascent is char-
acterised by an overestimation of the flux in the lower levels
(below 900 hPa), which is higher in the AN (~75 (gkg™) (ms™1))
than in the FG (~10 (gkg™) (ms™)). There is a particular layer,
between 825 and 725hPa, where the FG significantly underesti-
mates (50 (gkg™) (ms™)) the moisture flux. This is mainly due
to larger errors in the specific humidity (Figure 1c). Finally, the
accuracy of the model increases above 725hPa with respect to
the observations. In summary, this case study shows that for
this AR landfall event, the ECMWF IFS struggled to represent
its vertical structure, with a strong underestimation of moisture
fluxes in the lower free troposphere, particularly in the FG.
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FIGURE1 | Case study of an AR affecting Brest on 21 December 2020 12UTC. The first row features a synoptic overview depicting ERA5-based

surface pressure fields (contour lines) and IVT (vectors, magnitude as shading) for the Euro-Atlantic region (a) and a zoom-in to the Brest region (b).

The second row presents vertical profiles of the ECMWF IFS analysis and first-guess compared to radiosonde observations for specific humidity (c),

wind speed (d) and the magnitude of the moisture flux (e).

and standard deviation of the forecasts-minus-observations of
specific humidity, wind speed and moisture flux for each 25hPa
interval bin at Brest; these statistics assess the systematic (mean)
and random errors, respectively. First, as is expected, the biases
are generally higher for the FG (red) than for the AN (blue),
meaning that the model fits more closely to the observations
following the data assimilation step. Second, the biases are con-
sistently larger during more intense IVT days (lighter blue/red
shades), particularly for the FG. Focusing on the individual vari-
ables, the specific humidity profile (Figure 2a) shows a small
but consistent dry bias in the model which is much more pro-
nounced in the FG compared to AN, particularly in the lower

3.2 | Vertical Bias Structure at Brest
Radiosonde Site

To evaluate the vertical bias of the ECMWF forecasts, we anal-
yse all radiosonde observations at Brest during the extended
winter of 2020/2021. The evaluation analysis includes both the
full winter season dataset and a subset corresponding to intense
IVT events at this location, allowing a representative assessment
of the model's performance across different atmospheric layers.
By comparing the respective errors of the FG and AN, we can
assess potential improvements of the model state by the assim-
ilation of observations. In this regard, Figure 2 shows the bias
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Vertical profiles of errors of ECMWF IFS AN (blueish colours) and FG (reddish colours) at Brest, France, for the period October 2020

to March 2021. For each 25-hPa bin, solid lines depict the bias and dashed lines denote the standard deviation. Darker colours present errors for the
entire extended winter while lighter colours show errors only for more intense IVT days. Filled circles within the solid lines denote that the respective
mean bias is statistically distinguishable from zero with 95% confidence according to a bootstrapping procedure with 10,000 repetitions. Asterisk
symbols highlight vertical levels for which the bias of analysis has a statistically significantly lower magnitude compared to the first guess (dark
blue: Entire period, light blue: Only intense IVT days). On the right-hand y-axis, the numbers denote the number of available observations per bin for
more intense IVT days. Dashed horizontal lines corresponds to the three atmospheric layers defined as follows: Between 900-1000hPa to planetary
boundary layer (PBL); between 700-900 hPa, lower free troposphere (LFT); and between 300-700hPa, upper free troposphere (UFT).

free troposphere. During more intense IVT days, the dry bias is
exacerbated in the FG (peaking at 0.5g/kg), especially between
775 and 700hPa. For the same layer, the AN shows a signifi-
cantly lower bias. The standard deviation of the error in each
bin for specific humidity is much higher than the bias between
950 and 600hPa. This pattern suggests that the model exhibits
both systematic and random errors in correctly representing
lower-tropospheric moisture, particularly during more intense
IVT days. At higher altitudes, specific humidity values are very
low, so even small absolute differences can produce large and
potentially misleading bias values and we therefore interpret
these results with caution.

Regarding wind speed (Figure 2b), the model tends to overesti-
mate (peaking at 2m/s) wind speed in the boundary layer and
underestimate (up to —0.75m/s) it in the lower and upper free tro-
posphere. For the moisture flux on the pressure levels (Figure 2c),
the AN generally captures the vertical profile reasonably well for
the extended winter 2020/2021. In the boundary layer, the biases
are predominantly driven by wind, whereas above 900 hPa they are
mainly caused by the specific humidity errors. Once again, during
more intense IVT events, both the FG and AN exhibit larger bi-
ases, especially in the 700-900hPa layer and in the boundary layer

near the surface, reflecting the model's difficulty in representing
moisture transport values at the top and above the PBL in more
extreme conditions. Nonetheless, the magnitude of the bias is sig-
nificantly smaller in AN than in FG in nearly all vertical levels
with the exception of the lower half of the PBL.

3.3 | Europe-Wide Evaluation of AN and FG Biases

We extend the bias assessment to all eight radiosonde sites across
western Europe, considering all days and high IVT time steps
during the extended winter of 2020/2021. This multi-site, multi-
event analysis enables a robust evaluation of spatial variability
in model performance, highlighting locations and pressure lay-
ers. Figure 3 provides a synthesis of the main results for both
the AN and FG for specific humidity, wind speed and moisture
flux across all radiosonde locations considered (detailed ver-
tical profiles, as in Figure 2, are provided in Figures S2-S8).
For specific humidity, the results generally show that the IFS
has an underestimation throughout the 2020/2021 winter in
the boundary layer (Figure 3a), with a larger underestimation
during the more intense IVT days. For Brest and Bordeaux, the
model underestimation reaches the highest values (-0.35g/kg),
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while at the northernmost location, Stavanger, a slight model
overestimation is found (<0.05g/kg). In the FG, the biases are
generally significantly larger, indicating that the radiosonde
observations (and other assimilated observations) improve the
model's representation, particularly under AR conditions. The
model generally struggles to represent wind speed in the bound-
ary layer (Figure 3b), with a particularly strong overestimation
(>0.75m/s) at three locations (La Coruifia, Brest and Stavanger)
and underestimates (—1m/s) in Valentia. Once again, the biases
are larger under AR conditions. We find the model analysis (AN)
is improved significantly through assimilation of observations at
most sites, particularly during more intense IVT days (except at
Camborne and Huelva, where FG shows a smaller bias than AN).

Focusing on the lower and upper free troposphere, the results
are broadly comparable, particularly for specific humidity
(Figure 3a). At all locations there is an underestimation of spe-
cific humidity, which is generally significantly more pronounced
in the FG than in the AN, indicating an improvement follow-
ing the assimilation of observations. This effect is even more
pronounced in La Coruna, Bordeaux and Brest, where the larg-
est biases (<—0.3g/kg) are found which are higher during the
more intense IVT days. Caution is required when interpreting
the results for specific humidity in the upper free troposphere,
because its absolute values are much lower compared with the
boundary layer. For wind speed in the lower and upper free tro-
posphere (Figure 3b), the results are consistent across all loca-
tions, showing an underestimation (not lower than —0.75m/s) of
wind speed, which is larger during the more intense IVT days. At
most sites, the AN shows a smaller bias compared to the FG, sug-
gesting that the data assimilation step reduces the model error.
However, this effect is not as noticeable as for specific humidity.

For the moisture flux in the boundary layer (Figure 3c), the spatial
pattern is heterogeneous and depends on the relative contributions
of specific humidity and wind at each site. At several locations
(notably Bordeaux, Valentia and Camborne), the boundary-
layer moisture flux is underestimated (peaking at —10 (gkg™!)
(ms™!) in Valentia), driven primarily by the pronounced under-
estimation of specific humidity. By contrast, an overestimation
of boundary layer flux occurs at sites where near-surface winds
are overestimated (e.g., La Corufia around 10 (gkg™!) (ms!) and
Stavanger ~2.5 (gkg™!) (ms™!)), indicating that dynamical errors
can offset thermodynamic errors. For most sites, biases tend to
be larger during more intense IVT days and significantly more
pronounced in the FG than in the AN, signifying that the assim-
ilation of radiosonde observations (and other assimilated obser-
vations) improves the model's representation of boundary layer
moisture flux. For the moisture flux in the lower and upper free
troposphere (Figure 3c), the model shows a systematic underes-
timation across most locations, particularly during the more in-
tense IVT days. This underestimation is most pronounced at La
Corufia, Bordeaux and Brest, where both the magnitude of the
flux and the associated biases are largest. At all sites, biases in the
AN are significantly reduced compared to the FG.

4 | Discussion and Conclusion

This study has evaluated the short-range forecast performance
of the ECMWF IFS long-window data assimilation system at

radiosonde sites across western Europe during the extended
winter of 2020/2021. By assessing the systematic (mean) and
random errors of the specific humidity, wind and moisture-
flux using radiosonde observations, the main findings are:

i. Theresults indicate a general underestimation of specific
humidity, wind speed and moisture flux in the IFS com-
pared to the radiosonde profiles, with larger biases in
the FGs than in the AN, especially during more intense
IVT days. The assimilation of radiosonde profiles (and
other observation sources) improves the representation
of the moisture flux, particularly under AR conditions,
although considerable random errors persist across most
layers.

ii. For the boundary layer (1000-900hPa), an underesti-
mation is generally found for specific humidity, with the
largest underestimation at Brest and Bordeaux, while
Stavanger shows an overestimation. For wind speed, the
IFS tends to underestimate winds at most locations, al-
though overestimation occurs at northern or coastal sites
with complex topography (e.g., La Corufa, Brest and
Stavanger). These errors are reflected in the moisture flux,
where a clear overestimation is seen in Stavanger and La
Coruna.

iii. For the lower free troposphere (900-700hPa), a negative
bias, or model underestimation, is seen at all locations for
specific humidity, wind speed and moisture flux. Together
with the boundary layer, it exhibits the largest biases and
corresponds to the region contributing most to atmo-
spheric moisture flux. During more intense IVT days, the
strongest biases are indeed found between the surface and
700hPa.

iv. In the upper free troposphere (700-300hPa), the wind
speed is generally underestimated in the FG across all ob-
servation sites, with the largest biases occurring during
more intense IVT days and near the upper-tropospheric
jet around 300hPa. Moreover, the specific humidity drops
sharply with height, so moisture-flux biases in this layer
should be interpreted cautiously.

The results show potentially larger model errors during HIW
events driven by ARs, particularly when errors in specific hu-
midity and wind speed vertical profiles lead to biases in mois-
ture flux. The strong variability of forecast errors across Europe
aligns with previous work highlighting substantial regional dif-
ferences in terms of IFS error characteristics (Frame et al. 2015).
Boundary layer (1000-900hPa) errors at La Corufia, Brest and
Stavanger may be linked to orography and/or land sea contrasts
(Thuburn and Staniforth 2019). The 700-900hPa layer shows
the strongest biases, consistent with its critical role in mois-
ture flux in ARs (Ralph et al. 2018). The location of the stron-
gest errors during more intense IVT days, between the surface
and 700hPa, corresponds to the AR core region and is consis-
tent with previous findings from in situ and modelling studies
(Ralph et al. 2017; Lavers, Ingleby, et al. 2020; Gorodetskaya
et al. 2020).

The combined biases in the moisture flux emphasise the
joint thermodynamic and dynamical contributions to model
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limitations in representing AR-related transport processes
(Zavadoff and Kirtman 2020). In particular, biases in low-level
moisture during intense IVT conditions may be linked to the
representation of vertical moisture transport and boundary-
layer mixing (Schéfler et al. 2024), which can strongly influence
the distribution of water vapour within the AR. Furthermore,
small positional or intensity errors associated with the jet stream
can lead to systematic wind and moisture flux biases, given the
strong coupling between ARs, pressure gradients and upper-
level jet dynamics (Lavers et al. 2023; Schifler et al. 2020).

Doyle et al. (2014) and Schéfler and Harnisch (2015) showed
that latent heat release from water vapour condensation within
ARs can modify the dynamical evolution of the associated cy-
clone, thereby affecting the intensity and predictability of the
AR. In this context, inaccuracies in condensation processes
or microphysical parameterisations may also contribute to
the vertical structure of the observed humidity biases (Kriiger
et al. 2022). Improvements seen in the AN are consistent with
earlier studies reporting enhanced forecast skill when assimi-
lating radiosonde data (Ingleby et al. 2018; Kriiger et al. 2024;
Schifler et al. 2024).

Our results highlight that the AN generally exhibits small
biases across all examined fields, in part because radiosonde
observations were assimilated. In contrast, many of these
biases reappear in the FG forecasts, particularly during the
intense IVT events. This result indicates that the remaining
systematic errors could originate from model limitations, such
as the grid spacing and representativeness. While our study
cannot fully diagnose the exact physical mechanisms respon-
sible, this behaviour is important for guiding future model
improvements.

Several caveats of this study should be acknowledged.
Radiosonde coverage is limited both spatially and temporally,
meaning that model performance could only be assessed at
specific locations and times which may reflect local character-
istics. Moreover, because this analysis focuses on a single winter
season (2020/2021), the results may not fully capture the inter-
annual variability of AR characteristics and associated model
performance. This is partly because the IFS is typically updated
once per year (ECMWF 2025), so differences between model
cycles may affect the representation of AR related processes.
Lavers, Ralph, et al. (2020) note that improvements in AR fore-
casts may require systematic reconnaissance or improved mod-
elling, such as those undertaken in the AR Recon campaign and
proposed in the NAWDIC campaign.

This study provides one of the first Europe-wide evaluations
of short-range IFS performance against radiosonde observa-
tions during landfalling ARs, offering a framework for un-
derstanding the capability of modelling systems to capture
HIW events such as ARs. The extensive observations from
the North Atlantic taken during the NAWDIC campaign will
allow for further studies, such as investigating the represen-
tativeness of the radiosonde observations and they will also
contribute to a better representation and potentially higher
predictive skill of the cyclones in forecasting systems like the
IFS. Furthermore, the Brest region benefited from enhanced

radiosonde coverage, complemented by the deployment of
a ground-based mobile observation platform (NAWDIC-
KITcube), which will provide an ideal testbed for the frame-
work introduced in this study.

Ultimately, these observations can be key to help improve our
understanding of the processes driving biases in moisture and
wind fields in AR regions, improving the representation of ini-
tial conditions in numerical models and potentially increasing
forecast skill of HIW events over Europe.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Temporal distribution and
frequency of extreme Integrated Vapor Transport (IVT) events across
the eight study locations (October 2020-March 2021). Percentages

indicate the relative occurrence of intense IVT time steps at each sta-
tion. Figure S2: Vertical profiles of errors of ECMWF IFS AN (blueish
colours) and FG (reddish colours) at Stavanger, Norway, for the period
October 2020 to March 2021. For each 25-hPa bin, solid lines depict the
bias and dashed lines denote the standard deviation. Darker colours
present errors for the entire extended winter while lighter colours show
errors only for more intense IVT days. Filled circles within the solid
lines denote that the respective mean bias is statistically distinguishable
from zero with 95% confidence according to a bootstrapping procedure
with 10,000 repetitions. Asterisk symbols highlight vertical levels for
which the bias of analysis has a statistically significantly lower mag-
nitude compared to the first guess (dark blue: entire period, light blue:
only intense IVT days). On the right-hand y-axis, the numbers denote
the number of available observations per bin for more intense IVT days.
Dashed horizontal lines corresponds to the three atmospheric layers
defined as follows: between 900-1000hPa to planetary boundary layer
(PBL); between 700-900 hPa, lower free troposphere (LFT; and between
300-700hPa, upper free troposphere (UFT). Figure S3: As Figure S2,
but for Camborne (United Kingdom). Figure S4: As Figure S2, but for
Valentia (Ireland). Figure S5: As Figure S2, but for Bordeaux (France).
Figure S6: As Figure S2, but for La Coruna (Spain). Figure S7: As
Figure S2, but for Huelva (Spain). Figure S8: As Figure S2, but for
Lisbon (Portugal).
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