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Abstract. Atmospheric Rivers (ARs), defined as narrow bands of intense water vapor transport, are a major driver of wintertime

heavy precipitation and flood events across Western Europe. Due to the high impacts of ARs, accurate forecasts are crucial, but

their initialization and evaluation remains challenging due to a lack of observational data over the oceans. The “North Atlantic

Waveguide, Dry Intrusion and Downstream Impact Campaign" (NAWDIC) collected unique dropsonde observations of several

strong ARs that caused widespread flooding, disruption and economic damage over the Iberian Peninsula and Northern Africa5

in January and February 2026 .

Using this one-of-a-kind dataset, we performed the first systematic evaluation of the AR representation over the North

Atlantic ocean basin in the IFS and the ICON models. Specifically, the vertical structure of temperature, specific humidity,

horizontal wind speed, and moisture flux magnitude was analyzed using the model data assimilation outputs. While the overall

representation of ARs in the IFS and ICON models is skillfull, results indicate large random errors in the horizontal wind speed10

estimates and a slight cold bias over North Atlantic AR regions. The IFS exhibits an underestimation and large random errors

in the humidity, peaking between 700 and 750 hPa, which corresponds to the upper-level extension of ARs. The ICON model

tends to slightly underestimate the humidity throughout the boundary layer and the entire lower troposphere up to 650hPa.

The large random errors in wind speed and the underestimation of humidity in both models lead to an underestimated and

highly uncertain moisture flux magnitude in the IFS and ICON models. The results of this study highlight the importance of15

observational data from AR regions over the North Atlantic and the current model limitations in accurately representing intense

ARs affecting Western Europe.

1 Introduction

Flood events resulting from heavy precipitation are a major hazard affecting Western and Central Europe (e.g. Barredo, 2007;

Marchi et al., 2010; Hofstätter et al., 2018) that frequently causes substantial damage, disruption, economic losses and fatalities20

(e.g. Paprotny et al., 2018; Ludwig et al., 2023). In the extended winter period, flood events can be connected to the occur-

rence of Atmospheric Rivers (ARs) (e.g. Waliser and Guan, 2017; Eiras-Barca et al., 2018; Ionita et al., 2020; Ferreira et al.,

2025, 2026). ARs are defined as elongated, narrow corridors of strong horizontal water vapor transport, and account for the

largest transport of freshwater on Earth (Ralph et al., 2018).
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In the mid-latitude regions, ARs are highly linked to extratropical cyclones (ETCs) (Dacre et al., 2015; Ralph et al., 2018;25

Zhang et al., 2019). The ETCs affecting Western Europe often originate from disturbances at the polar front over the North

Atlantic ocean (Bjerknes, 1919) and intensify while traveling eastwards towards the Western European coast (e.g. Fink et al.,

2009). ETCs typically develop a frontal system containing the warm front, followed by the cold front, which define the boarders

of the warm sector (Schultz et al., 2019). The developing characteristic air streams around an ETC can be described using

the model of conveyor belts (Carlson, 1980; Schultz, 2001). The cold conveyor belt originates from the lower troposphere,30

passes on the poleward side underneath the warm frontal zone, wraps around the core and can cause strong winds at the surface

(Schultz, 2001; Martínez-Alvarado et al., 2014). The dry intrusion air stream (DI) descends from the upper troposphere towards

the surface near boundary layer (Young et al., 1987). It can cause damaging high wind gusts at the surface and can further

enhance the moisture uptake over the ocean in the region of the DI outflow (e.g. Quinting et al., 2026). The warm conveyor

belt (WCB) travels parallel to and ahead of the ETC cold front towards the cyclone center in the warm sector, before it ascends35

over the warm front. The condensation of its often moist air masses produces precipitation as well as diabatic heating that

further intensifies the cyclone (Browning, 1971). Often located in the same area as the WCB lies the AR. It forms its elongated

structure ahead of the ETC’s cold front, and gathers moisture often from tropical and subtropical sources (Ramos et al., 2016),

as well as the moisture the cold front sweeps up on its way over the extra-tropical ocean (Dacre et al., 2015; Dacre and Clark,

2025). When the highly moist AR air masses are lifted in the ascending WCB, or by orographic lifting, ARs can cause heavy40

precipitation (Dacre et al., 2015; Ralph et al., 2018). If this lifting takes place after the AR made landfall over the continent,

the impacts for the affected regions are high (e.g. Eiras-Barca et al., 2018). Therefore accurate predictions of the AR landfall

position and the expected amount of precipitation are crucial for weather warnings, impact forecasting and risk management

(e.g. Ramos et al., 2020; Merz et al., 2020).

The numerical weather prediction (NWP) forecasts of ETCs and their associated ARs improved a lot over the past years45

(e.g. DeFlorio et al., 2018; ECMWF, 2026). However, AR forecasts can still exhibit systematic and random errors, whose

magnitude depends on the region and on the considered variable (Yu et al., 2025). Several studies identified an underestimation

of moisture transport in the short-term forecast (12 h) during AR events, caused by a dry bias and a low-level weaker wind bias

in models during the winter season over the mid-latitude oceans (Lavers et al., 2020a; Yu et al., 2025). This is accompanied by

a cold bias in AR air masses traveling over the Northern Hemisphere oceans in the winter period (Lavers et al., 2020a; Yu et al.,50

2025). Additionally, model random errors of especially moisture are higher for AR forecasts than for the forecast climatology

(Lavers et al., 2018; Yu et al., 2025). The exact AR landfall position is often wrongly predicted for forecast lead times above 5

days, especially over the Iberian Peninsula (Ramos et al., 2020), and a dry bias is found for several regions along the European

west coast during AR passages (Ramos et al., 2026).

The scarcity of observational data over the oceans, where ARs evolve and intensify, poses a significant challenge for op-55

erational forecasts, as well as for the evaluation of the forecasts and the identification of biases in the forecast models. Due

to the lack of measurements, the NWP models can sometimes be poorly constrained by observations in the data assimilation

procedure and their forecasts cannot be verified afterwards by comparing them against observational data. A key factor in the

evaluation and improvement of AR forecasts are therefore observational campaigns that directly target ARs over the oceans. In
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the past years, several campaigns sampled directly or indirectly ARs in the different oceanic basins around the globe, such as in60

the Arctic regions (Wendisch et al., 2019; Mech et al., 2022; Wendisch et al., 2024), on the Southern Hemisphere in the Indian

Ocean (https://www.eol.ucar.edu/field_projects/socrates, https://halo-research.de/science/halo-missions/halo-south/) and in the

mid-latitudes of the Northern Hemisphere in the Pacific and the North Atlantic ocean (Wick et al., 2018; Schäfler et al., 2018;

Ralph et al., 2020; Zheng et al., 2025). A continuous achievement is made by the Atmospheric River Reconnaissance Campaign

(AR Recon), which is an observational campaign designed to improve flood forecasting over the US by enhanced dropsonde65

observations of ARs in the Eastern Pacific and Western Atlantic (Ralph et al., 2020; Zheng et al., 2025). It first took place in

2016, and has become operationally in 2020, nowadays making use of several research aircraft and other measuring platforms

like a net of drifting buoys each winter (Ralph et al., 2020). AR Recon data significantly improved precipitation forecasts over

the AR landfall regions in the US (Zheng et al., 2021; Wang et al., 2026) and helped to identify model biases over AR regions

(e.g. Lavers et al., 2018, 2020a). The North Atlantic Waveguide and Downstream Impact Experiment (NAWDEX), which70

took place in autumn 2016, studied diabatic processes in North Atlantic ETCs and the influence on downstream High Impact

Weather with several research aircraft (Schäfler et al., 2018). It contributed largely to the understanding of ETC dynamics in

the North Atlantic basin and their downstream impacts over Europe (e.g. Schäfler et al., 2020; Harvey et al., 2020).

As ARs were not a direct aim of the 10-year old NAWDEX campaign, and other campaigns in the North Atlantic, such as

the HALO-(AC)3 campaign in 2022 (Wendisch et al., 2024), focused more on ARs affecting the Arctic regions, the need for75

an interdisciplinary European-American field campaign targeting North Atlantic ARs that affect the Western European coast

became apparent (Lavers et al., 2020b). Such a campaign was carried out in the winter of 2025/2026 within the “North Atlantic

Wave Guide, Dry Intrusion, and Downstream Impact Campaign” (NAWDIC) (https://www.nawdic.kit.edu/). The NAWDIC

campaign was an international, joint effort to improve the process understanding and modeling of ETC dynamics by col-

lecting detailed observations over the North Atlantic and Western Europe using several research aircraft and ground based80

measurements (Quinting et al., 2026). In addition to the main focus on the sampling of the mesoscale tropopause structure, the

interaction of the DI with the planetary boundary layer (PBL), and the influence on High Impact Weather over the European

continent, NAWDIC aimed to improve AR forecasts with enhanced observations in regions of moisture uptake and moisture

transport.

For several weeks during the NAWDIC campaign time frame from 13 January to 20 February 2026, the large-scale weather85

situation over the North Atlantic was dominated by Greenland blocking (Grams, 2026), which guided the ETCs and their

corresponding ARs on a southerly path towards the Iberian Peninsular and Northern Africa. Several landfalling ARs, which

contributed to the intensive floodings over Spain, Portugal and Morocco in February 2026 (e.g. Instituto Português do Mar

e da Atmosfera, 2026a; Agencia Estatal de Meteorología, 2026), were sampled by NAWDIC with dropsondes released from

the High Altitude and Long Range research aircraft (HALO) during six Intensive Observation Periods (IOPs). The collected90

dropsonde observations were assimilated in real time in the operational forecasts of the ECMWF’s Intergrated Forecasting

System (IFS) (ECMWF, 2025) and the Icosahedral Nonhydrostatic Model (ICON) (Zängl et al., 2015), run by the German

Weather Agency (DWD).
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We make use of this unique dropsonde data to investigate the representation of impactful North Atlantic ARs in the IFS

and the ICON models. Previous assessments of AR representation in the IFS have focused either on the eastern North Pacific95

(Lavers et al., 2018, 2020a), or on landfalling ARs, such as over Europe (Ramos et al., 2026), but an assessment for ARs in

the IFS over the North Atlantic has not yet been undertaken. Evaluations of AR representation in the ICON model have so far

only been limited to high-resolution case studies of ARs in the Arctic region (Bresson et al., 2022). To date, no systematical

assessment of AR representation in the operational global ICON model has been conducted. This study therefore provides the

first evaluation of IFS and ICON model performance with respect to their ability to represent the vertical structure of North100

Atlantic ARs affecting the Western European coast. Specifically, we compare the NAWDIC dropsonde observations to the IFS

and ICON model estimates before and after the data assimilation (first guess and analysis) to answer two research questions:

1. How well do the IFS and ICON models represent the vertical structure of selected, impactful AR events over the North

Atlantic during the NAWDIC campaign?

2. To what extent does data assimilation improve the model analysis relative to the first guess estimates over North Atlantic105

AR regions?

Sect. 2 provides an overview of the used datasets and methods in this study, including the methods used to characterize the

synoptic situation regarding ARs during the NAWDIC campaign (Sect. 2.1), the presentation of the available NAWDIC AR

dropsonde data (Sect. 2.2), and an introduction on the structure of the IFS and ICON data assimilation feedback files (Sect. 2.3),

as well as the in this study performed calculations on the feedback data (Sect. 2.4). The large-scale weather situation during late110

January and beginning of February 2026 is described in Sect. 3. The main results are presented in Sect. 4, including two case

studies of selected NAWDIC IOPs (Sect. 4.1 and Sect. 4.2), and a general assessment of the IFS and ICON model performance

over AR regions (Sect. 4.3). A discussion of the results is provided in Sect. 5, followed by a summary and conclusion of this

studies results in Sect. 6.

2 Data and Methods115

2.1 ERA5 Reanalysis Data

The synoptic situation over the North Atlantic is assessed using the ERA5 reanalysis dataset (Hersbach et al., 2020), provided

by the ECMWF. Used variables are the mean sea level pressure in hPa, the u wind component in the 250hPa level in ms−1,

and the eastward and northward component of the integrated water vapor flux in kgm−1 s−1, from which the integrated water

vapor transport (IVT) is computed.120

To compare the large-scale weather situation during the NAWDIC campaign to the climatology, we evaluate two subsets:

The 30-day period from 19 January to 19 February 2026, where NAWDIC IOPs targeting ARs took place, and for comparison

all winter months December, January, and February (DJF) from the years 1984 to 2024. To derive the climatology of the polar

jet stream and the IVT distribution over the North Atlantic, we compute 40-year DJF composites over the 250 hPa u wind
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component and the IVT field. The u wind component in 250hPa is often used as a measure for the jet stream location and125

strength (e.g. Santos et al., 2013). The climatology composite of jet stream and IVT is then substracted from the composite over

the 30-day campaign period to assess the anomalies of the jet stream and the AR activity during the NAWDIC campaign. The

significance of the anomalies is tested by comparing the monthly average of the campaign time frame to the monthly averages

over the 40-year winter months and classifying values as significant if they exceed the 95 percentile. To display the evolution

of IVT over the North Atlantic during January and February, a Hovmoeller plot, averaging the IVT between 30 °N and 55 °N,130

is created (Sect. 3).

2.2 NAWDIC Campaign and AR Dropsonde Observations

As part of the NAWDIC campaign (https://www.nawdic.kit.edu/), the research aircraft HALO, operated by the German Aerospace

Center (DLR), was based in Shannon, Ireland from 13 January to 20 February 2026. During the six-week campaign period,

HALO conducted 18 research flights over the North Atlantic. The aircraft was equipped with a variety of measuring in-135

struments, including the KITsonde dropsonde system (Kottmeier et al., 2025). The KITsondes are designed to sample the

mesoscale structure of the atmosphere. The modular deployment system can release up to four dropsondes with different

fall-speeds simultaneously from a single release container. After release, the dropsondes separate horizontally and sample

the vertical distribution of temperature, relative humidity, pressure and wind at their different locations with an uncertainty

of < 0.25K, < 3%RH, < 1 hPa and < 0.1ms−1 (Graw, 2025) respectively, and a temporal resolution of 1-1.12 s (Kottmeier140

et al., 2025). Considering the data of only one dropsonde per drop makes the KITsonde data equivalent to that obtained from

conventional dropsonde systems.

Six of the 18 NAWDIC IOPs focused on the sampling of ARs with dropsondes. These are IOP 4 “Dublin” on 20 January

2026, IOP 7 “Limerick” on 28 January 2026, IOP 11 “Sligo” on 3 February 2026, IOP 16 “Kilbeggan” on 14 February 2026,

IOP 17 “Mallow” on 16 February 2026 and IOP 18 “Killaloe” on 17 February 2026 (Fig. 1). The ERA5 IVT distribution145

of the sampled ARs is shown in Fig. 1, together with the corresponding HALO flight tracks and the release locations of the

dropsonde containers. A close-up of these maps, focusing on the HALO flight track and the dropsonde locations, can be found

in Fig. 3, Fig. 4 and in the supplementary material in Fig. S1. From each successful release container during NAWDIC, the

profile with the best data quality was selected from the two to four available dropsonde profiles and was transmitted to the

WMO Information System 2.0 (WIS 2.0), which distributes meteorological observations for the data assimilation into NWP150

models.

To distinguish the dropsondes released over AR regions from the ones released into other ETC features, two criteria are

applied: First, the ERA5 IVT at the dropsonde release location must exceed 200 g kg−1 ms−1 at the time of the drop. This

threshold is lower than the usual threshold of 250 g kg−1 ms−1 (e.g. Ralph et al., 2018), to include a slightly larger set of

dropsondes into the statistical calculations carried out later in this paper. Second, a quality control is performed to exclude155

the profiles that clearly exhibit cold front or cold sector features of the sampled ETC, even though the IVT is still above

200 g kg−1 ms−1. Following these two criteria, 44 of the in total 127 dropsonde containers released during NAWDIC, are
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Figure 1. The HALO flight tracks of the six NAWDIC IOPs that sampled ARs are displayed on maps of ERA5 IVT (red shading) and mean

sea level pressure (MLP) (contour lines). Panel (a): IOP 4 “Dublin” on 20 January 2026 (IVT and MLP valid at 12UTC). Panel (b): IOP

7 “Limerick” on 28 January 2026 (valid at 14UTC). Panel (c): IOP 11 “Sligo” on 3 February 2026 (valid at 14UTC). Panel (d): IOP 16

“Kilbeggan” on 14 February 2026 (valid at 12UTC). Panel (e): IOP 17 “Mallow” on 16 February 2026 (valid at 11UTC). Panel (f): IOP

18 “Killaloe” on 17 February 2026 (valid at 11UTC). Released dropsonde containers are marked with crosses on the flight track. The drops

are divided into non-AR drops (white), AR drops that were transmitted to WIS 2.0 (light blue), and AR drops that were not sent to WIS 2.0

(dark blue) due to technical failures.
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classified as AR drops. From these 44, only 39 containers, marked in light blue in Fig. 1, provided valuable observations. The

remaining five containers, marked in dark blue, either failed to open or did not transmit usable data.

2.3 IFS and ICON Data Assimilation Procedures160

In this study, we evaluate the Integrated Forecasting System (IFS, Cycle 49r1) run by the ECMWF (ECMWF, 2025) and the

global, operational version of the Icosahedral Nonhydrostatic Model (ICON) (DWD, 2025) run by the DWD. The two NWP

models were chosen because both assimilated the NAWDIC dropsonde data in real time. Further, both models are operationally

used and are important contributors to the daily European weather forecasts. In the model data assimilation, the previous model

forecast, called the first guess (FG), is updated using available observations (O) of the atmospheric state to create the best165

possible estimate of the atmospheric conditions. The corrected version of the FG is then called the analysis (AN) and is used

as the initial condition for the next forecast run (e.g. Rabier, 2005; Kalnay, 2003).

The IFS uses a four dimensional variational (4D-Var) assimilation procedure that pulls the model trajectory in a finite

assimilation window as closely as possible towards the observations while remaining consistent with physical model dynamics

and error statistics (Rabier et al., 2000). In this study, the output from the long-window data assimilation system, which170

performs two assimilation windows per day, one from 09UTC to 21UTC and one from 21UTC to 9UTC the next day, was

retrieved from the ECMWF Meteorological Archival and Retrieval System (MARS). Within the 12-hour assimilation window,

30-minute assimilation cycles are performed that update the FG and AN after each 30-minute time slot (ECMWF, 2024). The

NAWDIC KITsonde profiles, which were transmitted in very high vertical resolution to the WIS 2.0, were thinned to model

levels by the IFS system for the active assimilation of specific humidity, temperature, and wind in the IFS. Since the KITsondes175

were dropped at an altitude of around 8 km during NAWDIC, data was assimilated at the 70 lowest IFS model levels of the in

total 137 model levels. Only 35 of the 39 transmitted NAWDIC AR dropsondes were actively assimilated into the IFS, as four

were rejected. An overview over the assimilated sondes over ARs per NAWDIC IOP is presented in Table 1.

The ICON model (Zängl et al., 2015) uses a 3-hourly cycled Ensemble Variational data assimilation system (En-Var), which

is a hybrid method consisting of an ensemble Kalman filter and a three-dimensional variational analysis (3D-Var) (Reinert et al.,180

2026). The procedure is carried out 3-hourly at every assimilation time step, leading to eight generated AN per day. From the

39 transmitted NAWDIC AR KITsondes, 26 profiles were assimilated in ICON using the relative humidity, temperature and

wind closest to the 90 ICON model levels (compare Table 1). The remaining 13 profiles were rejected. The dropsonde release

height of approximately 8 km results in the data assimilation at the lowest 43 model levels in the ICON model.

2.4 Evaluation of Model Performance185

To assess the deviations between observations and model estimates, observation minus background differences (Desroziers

et al., 2005) are a common analysis tool in the data assimilation community, often called “departures”. The FG departure

is defined as the observation minus the FG (O-FG) for a single measurement in observation space. The AN departure is

respectively defined as the observation minus the AN (O-AN) (e.g. Desroziers et al., 2005).
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IOP Date Drops over ARs Profiles sent to WIS 2.0 Assimilated in IFS Assimilated in ICON

4 “Dublin” 2026-01-20 4 4 3 2

7 “Limerick” 2026-01-28 8 6 4 3

11 “Sligo” 2026-02-03 4 4 4 4

16 “Kilbeggan” 2026-02-14 8 7 7 4

17 “Mallow” 2026-02-16 9 8 8 4

18 “Killaloe” 2026-02-17 11 10 9 9

In total - 44 39 35 26
Table 1. Overview over the released dropsonde containers over AR regions during the six AR IOPs of the NAWDIC campaign. Additionally

to the total number of AR drops per IOP, the fraction that was transmitted to WIS 2.0 is displayed, as well as the number of dropsondes that

were actively assimilated in the IFS and the ICON models.

The IFS FG and AN departures for specific humidity, temperature, u wind component and v wind component are directly190

provided in the ECMWF Mars system in the so-called feedback files. The magnitude of the horizontal wind speed can then be

calculated from the u and v wind components, and the moisture flux magnitude from the product of the horizontal wind speed

in ms−1 and the specific humidity in g kg−1. The ICON departures are calculated as the difference of the observation and the

provided FG and AN estimates. The relative humidity estimates from the ICON model are converted into specific humidity, to

retrieve comparable results for the humidity in the IFS and the ICON model. The moisture flux in ICON is calculated using the195

retrieved specific humidity and the wind speed.

It is important to assess the systematic and random errors in the FG and the AN of the two models compared to the NAWDIC

dropsonde observations over ARs. To this end, we collect the FG and AN departure data for temperature, specific humidity,

wind speed, and moisture flux magnitude from all assimilated AR dropsonde measurements, 35 dropsondes in the IFS and 26 in

ICON, in vertical bins of 50 hPa width. Then we compute the mean (systematic errors) and standard deviation (random errors)200

over all departure values in the bin separately for each model, and for each variable. For a more structured discussion of the

results, we divide the vertical layers into three sub-parts of the troposphere: the planetary boundary layer (PBL), approximately

ranging from 1000 hPa to 900 hPa, the lower free troposphere defined from 900 hPa to 700 hPa, and the upper free troposphere

for all values above 700 hPa.

3 The Synoptic Situation Regarding ARs During NAWDIC205

During the NAWDIC campaign in January and February 2026, the synoptic situation over the North Atlantic was dominated

by Greenland blocking that remained persistent for several weeks (not shown). The jet stream, usually located around 45 °N

- 50 °N over the North Atlantic, was shifted significantly further to the south in the period from 19 January to 19 February

2026, the time period when AR flights were performed by NAWDIC (Fig. 2). The large positive anomalies in the jet stream

strength around 40 °N (compare Fig. 2 (a) and (b)) stretched from the western part of the Atlantic to the east over the Iberian210
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Peninsula and into the Western Mediterranean. The northern regions of the North Atlantic, such as the region south of Iceland,

experienced a weaker jet than climatologically observed, which is also consistent with the occurrence of Greenland Blocking.

The significant positive IVT anomalies in the southern part of the North Atlantic and over Southern Europe (Fig. 2 (b))

indicate a high AR activity in these regions during the period between 19 January and 19 February 2026. The southerly jet

position steered several ETCs and their corresponding ARs further south than under usual conditions and guided them towards215

the Iberian Peninsula and Northern Africa. This series of intense ARs can also be found in the Hovmoeller diagram in Fig. 2

(c). Especially striking is the period between 20 January 2026 and 13 February 2026, where a series of intense ARs formed

and made landfall over Western Europe within a short period of time.

This series of ARs caused consistent, heavy precipitation over Portugal, Spain and Northern Africa. In January 2026, the

Portuguese meteorological service IPMA reported a monthly precipitation sum of over 400 % of the expected precipitation from220

climatology for a region in the south of Portugal (Instituto Português do Mar e da Atmosfera, 2026b). The precipitation sum

for February was even larger with more than 600 % of the normal precipitation in several regions across Portugal (Instituto

Português do Mar e da Atmosfera, 2026a). The Spanish meteorological service AEMET also recorded over 300 % of the

normal February precipitation across most regions of Spain in February 2026 (Agencia Estatal de Meteorología, 2026). Also

the Northern African countries Morocco and Tunisia experienced unusual heavy rainfall from this series of ARs (Bett, 2026).225

The resulting wide spread floodings over the affected countries caused large damages: In Portugal and Spain, agricultural fields

were submerged and the crop damage was estimated to be in the hundreds of millions of euros (Martinez and Nazca, 2026).

Several areas had to be evacuated, such as regions in Andalusia, Spain, where 11,000 people had to leave their homes (Martinez

and Nazca, 2026). Additionally, large parts of the infrastructure like streets and railway services had to be closed down (Bett,

2026).230

In mid-February, the Greenland blocking weakened, allowing ETCs and their associated ARs to follow a more northerly

path and make landfall over France, the United Kingdom and Ireland. These ARs had a much weaker intensity than the ones

during the blocking period in late January 2026 and early February 2026.

4 Results

In this section, we analyze how well the IFS and the ICON model represented the vertical structure of the ARs sampled during235

the NAWDIC campaign. First, we compare the data from the IFS and the ICON models for single dropsonde observations from

two NAWDIC IOPs: IOP 4 and IOP 7. Afterwards, we examine the general model performance in a statistical sense over all

NAWDIC AR IOPs.

4.1 IOP 4 “Dublin”

IOP 4 “Dublin” (Fig. 3) sampled the AR, cold front and cold sector of an ETC that emerged from the US east coast on 19240

January 2026. The ETC traveled eastward over the North Atlantic, until it reached France and the United Kingdom on 21

January 2026. From its initial stages, the ETC exhibited an intense AR that remained strong until it reached the eastern half

9
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Figure 2. Panel (a): Winter month (DJF) climatology from 1984 to 2024 of ERA5 IVT in shading and the u wind component at 250hPa in

contour lines, representing ARs and the jet stream. Panel (b): Anomalies of IVT and the jet stream during the time period between 19 January

to 19 February 2026, a part of the NAWDIC campaign, with respect to the 1984-2024 winter month climatology. Regions with significant

IVT anomalies are marked with dots, the jet stream anomalies are only displayed in regions where they are significant. Panel (c): Hovmoeller

diagram of IVT over the North Atlantic, averaged over the latitudes 30 °N - 55 °N. NAWDIC IOPs that targeted ARs are displayed in blue

corresponding to their timing and their longitudinal extend.

of the North Atlantic. The AR was sampled by NAWDIC at around 30 °W, where its maximum IVT values still exceeded

1000 kgm−1 s−1 (Fig. 1 (a)). It weakened before reaching the European coast and made landfall on the 21 January 2026 over

Portugal, the western part of France and the United Kingdom.245

Figure 3 (a) displays the location of one dropsonde, marked with a circle, which was released into the core of this AR at

11:51UTC, and was assimilated in both the IFS and ICON models. Fig. 3 (b) and (c) show the IFS and ICON feedback data,

including the profile of the dropsonde observations in black, the model FG in orange and the model AN in blue.

The IFS FG (Fig. 3 (b)), aligns well with the dropsonde observation of specific humidity, horizontal wind speed and moisture

flux magnitude in most vertical levels. We see a small underestimation of humidity at around 825 hPa and a larger one between250

500 and 600hPa, which are both corrected in the AN. Together with the small wind speed underestimation in the FG at the

ground, and between 500 and 600hPa, this results in an underestimation of moisture flux magnitude between 500 and 600 hPa,
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where the FG only estimates half the magnitude of the observed moisture flux. In the low levels, the moisture flux magnitude

is also slightly underestimated and corrected in the AN, which aligns well with the observation.

The ICON FG and AN match the dropsonde observation well (Fig. 3 (c)). The only notable deviation we observe is the255

slight underestimation of specific humidity in the FG between 850 and 700 hPa, which is also evident in the FG moisture

flux magnitude in the same vertical level. While smaller deviations may be invisible due to the lower vertical resolution of the

ICON feedback data compared to the IFS feedback data, the overall deviation between the ICON FG and the observations on

the available model levels is very small for this assimilated dropsonde. Between 650 hPa and 700hPa, a few model levels are

missing in the ICON feedback data of humidity, and therefore also in the moisture flux magnitude profile. An explanation for260

this could be the rejection of specific model levels in the assimilation procedure.

4.2 IOP 7 “Limerick”

Another intense AR was sampled during IOP 7 “Limerick” on 28 January 2026. The AR belonged to an extratropical cyclone

that developed on 27 January 2026 close to the US east coast. It was associated with a strong AR that was sampled by NAWDIC

between 15 °W and 30 °W on 28 January. The AR made landfall over the Iberian Peninsula only a few hours after the flight265

in the night towards the 29 January 2026. The IVT values were still above 750 kgm−1 s−1 when the AR reached Portugal.

The sampled AR followed shortly after the severe storm caused by the secondary cyclone “Kristin”, which hit Portugal on the

morning of 28 January (Rawnsley, 2026).

The IFS FG and AN (Fig. 4 (b)) of specific humidity resemble approximately the dropsonde observation in the lower levels

up until 750 hPa. Between 750 hPa and 650 hPa, the FG specific humidity decreases much stronger with height than the270

observation and then stays constant at around 2-3 g kg−1 for the upper part of the vertical column, whereas the observation

shows lower values between 500-600 hPa. The AN mostly reflects the observation. The FG horizontal wind speed matches

the observation well and only shows a pronounced local underestimation of wind speed in the upper levels around 425hPa,

which is corrected in the AN. The FG of moisture flux magnitude reflects the same deviations from the observation and the

AN as shown in the specific humidity. The differences between the FG and the AN moisture flux magnitude are large between275

750 and 500hPa, with the FG showing only half of the flux estimated by the observation and the AN. The same moisture

underestimation in the IFS was even more pronounced a few hours later, which can be seen in the IFS feedback data for

another dropsonde during IOP 7 at 15:58UTC (compare Fig. S2 in the supplementary material), which was only assimilated

in the IFS and not in the ICON model. This indicates that the IFS model consistently underestimated the vertical extent of the

AR sampled in IOP 7.280

The ICON FG (Fig. 4 (c)) underestimates the observed humidity for the entire column between 950 and 650 hPa. The AN is

pulled closer towards the observation in these levels. Above 600 hPa, the FG humidity estimate aligns well with the observation

and the AN. The wind speed of the ICON FG, AN and the observation are in close agreement with each other. The FG moisture

flux magnitude shows the same underestimation as the humidity in the lower levels up to 650hPa, but also indicates a slightly

lower moisture flux in the AN than shown in the observation. Again, a few model levels are missing in the ICON feedback file.285

This time, the feedback data of both the humidity and the wind speed between 600 hPa and 650hPa is affected.
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Figure 3. Case study of a selected dropsonde released into the core of the AR sampled during NAWDIC IOP 4 “Dublin” on 20 January

2026 at 11:51 UTC. Panel (a) displays the AR using ERA5 mean sea level pressure (grey lines) and IVT (red shading), valid at 12UTC.

Additionally, the HALO flight track and the dropsonde release positions are shown in (a). For the dropsonde circled in (a), the observation

(O), first guess (FG) and analysis (AN) of different variables are shown for the IFS model in panel (b) and for the ICON model in panel (c).
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Figure 4. Same as in Fig. 3, but for a selected dropsonde released into the AR sampled during IOP 7 “Limerick” on 28 January 2026.

The ERA5 IVT and mean sea level pressure are valid at 14UTC, which matches approximately the release time of the selected drop at

13:40UTC, circled in (a). Panel (b) shows the IFS feedback data, panel (c) the ICON feedback data.

13

https://doi.org/10.5194/egusphere-2026-6383
Preprint. Discussion started: 9 November 2026
c© Author(s) 2026. CC BY 4.0 License.



4.3 Statistical Model Departures Over AR Regions

We now assess the performance of the IFS and ICON in representing the correct vertical AR structure in a more systematic

way. To this end, we calculate the FG and AN departures across all AR dropsonde observations that were assimilated in the

corresponding model.290

4.3.1 IFS

Figure 5. First guess and analysis departures (O-FG and O-AN) are displayed, computed over all NAWDIC AR dropsondes assimilated in

the IFS model. For each 50 hPa wide bin, the mean and standard deviation over all departures belonging to the vertical interval is calculated

for four variables: the air temperature (a), the specific humidity (b), the horizontal wind speed (c) and the moisture flux magnitude (d).

The values on the right y-axis indicate the number of single departure values that went into the calculation of mean departure and standard

deviation of the corresponding bin. The grey lines at 700hPa and 900hPa represent the boarders of the planetary boundary layer (PBL)

from 1000hPa to 900hPa, the lower free troposphere from 900hPa to 700hPa and the upper free troposphere from 700hPa to the top of

the vertical column.

Fig. 5 displays the statistical departures for temperature (a), specific humidity (b), horizontal wind speed (c) and moisture

flux magnitude (d) in the IFS over AR regions. The FG and AN mean departures for temperature (Fig. 5(a)) are positive

between 950hPa and 300 hPa, corresponding to a colder FG and AN than dropsonde observations across the entire vertical

column above the PBL. However, the random errors are high at the lower levels and decrease only above 550 hPa.295

14

https://doi.org/10.5194/egusphere-2026-6383
Preprint. Discussion started: 9 November 2026
c© Author(s) 2026. CC BY 4.0 License.



The FG and AN mean departures for specific humidity (Fig. 5(b)) are positive throughout the entire vertical column and

indicate the tendency of a too dry model compared to dropsonde observations. This is accompanied by large random errors.

The discrepancies between the FG and AN departures are largest in the 700-750 hPa level. The FG underestimates the humidity

on average by more than 0.5 g kg−1 in this level, whereas the AN departure lies only at around 0.2 g kg−1, comparable as in

the other levels of the lower free troposphere. Also the FG random errors of specific humidity are largest in the 700-750hPa300

level. In the PBL, both FG and AN show an underestimation of the specific humidity of around 0.5 g kg−1, which, together

with small random errors, indicates a structural dry model bias in lower levels.

The mean departures in horizontal wind speed (Fig. 5 (c)) for both FG and AN hover around zero, and are rather small

with values of maximum 1.2ms−1, especially compared to the considerably high random errors of more than 3.5ms−1. The

FG and AN departures are close to each other in the lower troposphere up until 800 hPa. Above 800 hPa, the FG and AN305

departures show stronger deviations than in the lower levels, and the mean and random errors in the AN are strongly decreased

through the data assimilation. The FG consistently estimates around 1ms−1 weaker wind speeds than the AN. However, this

underestimation in wind speed in the FG above 550 hPa is accompanied by large random errors.

Like the mean departures for specific humidity, the mean departures for the moisture flux magnitude (Fig. 5 (d)) are positive

across almost all vertical levels, corresponding to a tendency of underestimation in moisture flux magnitude by both the FG310

and the AN. The largest FG departures appear in the 700-750 hPa level, which matches the level of the largest FG departures

in specific humidity. The AN departures in moisture flux magnitude in this level are also positive, but much smaller than the

FG departures. The random errors are highest in the 700-750hPa level, with values of maximal 40 g kg−1 ms−1. In the PBL,

the moisture flux magnitude is underestimated in the FG and AN, driven both by the underestimation in specific humidity and

wind speed. Comparably small random errors in this level indicate a structural underestimation of moisture flux magnitude in315

the PBL.

4.3.2 ICON

The results for the ICON model are shown in Fig. 6. The ICON FG and AN mean temperature departures (Fig. 6 (a)) are

positive throughout the entire vertical column, except for the PBL. In the PBL, the FG and AN departures are close to zero and

lie close together. In the lower free troposphere, above 800 hPa, the FG and AN departures start to deviate from each other,320

with the FG stronger underestimating the temperature than the AN by around 0.25K. The largest FG departures are reached in

the upper free troposphere in the 550-600 hPa level, with almost 0.6K. The random errors are large across all vertical levels,

and only decrease in the top layers.

The specific humidity departures for FG and AN (Fig. 6 (b)) are positive in almost all vertical layers, corresponding to a

slight dry bias. The AN departures are consistently smaller than the FG departures in the PBL and the lower free troposphere325

up to 600hPa. Above 600 hPa, the FG and AN departures of specific humidity are small, also corresponding to generally dry

air in the upper free troposphere. The largest FG departures of around 0.5 g kg−1 are reached in the 650-700 hPa layer and in

the 850-900hPa layer. The random errors of the specific humidity departures in the FG and AN are small compared to the

random errors seen in the other variables. This provides reasonable confidence in the identified dry bias.
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Figure 6. The same as Fig. 5, but for the ICON feedback data of AR dropsondes that were assimilated in the ICON model.

The mean wind speed departures for FG and AN (Fig. 6 (c)) are almost completely aligned throughout the PBL and the330

lower free troposphere, and vary between -1 and +1ms−1. In the upper free troposphere above 600 hPa, the FG starts to

underestimate the horizontal wind speed by over 1ms−1. The AN departure in these layers is much smaller. However, the

random errors in wind speed are large throughout the entire column.

The moisture flux magnitude departures (Fig. 6 (d)) are positive in both the FG and AN throughout the entire vertical column,

but the AN departures are only around half as large as the FG departures. The underestimation in moisture flux magnitude335

results in the lower layers from the underestimation in specific humidity, and in the upper layers from the underestimation

of horizontal wind speed. The largest FG underestimation of moisture flux magnitude appears in the 650-700 hPa layer and

reaches almost 20 g kg−1 ms−1.

5 Discussion

Even though the IFS and ICON can generally resemble the vertical structure of ARs well, our study revealed some still existing340

deficiencies in the IFS and ICON model regarding the representation of North Atlantic ARs (Sect. 4.3). In both models, the

random errors are consistently larger than the mean departures in almost all vertical levels and over all variables, hence we can
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only carefully draw conclusions on significant, systematic biases in the two models from the NAWDIC AR dropsonde data.

However, we can derive model tendencies and interpret the random errors. For both models, a slight cold and dry bias, as well

as a weaker wind bias in the upper free troposphere and general high random errors in horizontal wind speed are identified.345

The dry and weaker wind bias leads to an underestimation of moisture flux magnitude in both models. These results are in line

with findings from Yu et al. (2025), who identified in ERA5 forecasts and analysis fields a cold bias, dry bias and weaker wind

bias during AR events in the winter time over mid-latitude oceans, resulting in an underestimation of moisture transport.

In the IFS, the underestimation of moisture and moisture flux magnitude found in this study is most pronounced at the

upper level extension of ARs, which is usually estimated to lie at around 700 hPa (Ralph et al., 2018). Comparing the dry350

bias in the IFS during AR events to the dry bias considering also all other synoptic features sampled during the NAWDIC

campaign (results shown in the supplementary material, Sect. S3.1), we can confirm a larger underestimation in humidity

during AR events than during other conditions. We further find that the underestimation in moisture flux magnitude and the

random errors in wind speed and moisture flux magnitude in the IFS are larger during AR events than during other conditions.

Lavers et al. (2020a) identified a dry bias of around 0.1-0.2 g kg−1 below 850 hPa for eastern North Pacific ARs in the IFS355

model. The maximal dry bias of 0.5 g kg−1, we found for North Atlantic ARs, lies in the level of 700-750 hPa. This North

Atlantic dry bias is located in upper tropospheric levels, and is larger than the bias found in Lavers et al. (2020a) on eastern

North Pacific ARs in the IFS, even though the IFS has gone through several improvements since 2020. However, the biases

can be case dependent and the bias differences might partly be due to a more strict selection criteria of AR dropsondes in

this study compared to Lavers et al. (2020a), where all AR Recon dropsondes of 2018 and 2019 were included without any360

further selection criteria. Ramos et al. (2026) identified a dry bias of around 0.5 g kg−1 in 725-750hPa for ARs over Brest in

France, a location where North Atlantic ARs often make landfall, which is in line with the findings in this current study. The

large random errors in moisture flux magnitude over North Atlantic ARs match the uncertainties in moisture flux magnitude

described in Lavers et al. (2018) for Northeast Pacific ARs. However, the largest underestimation in moisture flux magnitude in

Northeast Pacific ARs is found in the PBL (Lavers et al., 2020a), whereas over the North Atlantic, we see an underestimation365

in the PBL, but an even larger underestimation at the upper-level extension of ARs. This model behaviour may be specific for

ARs over the North Atlantic. Lavers et al. (2020a) further identified a weaker wind bias in the IFS for Northeast Pacific ARs

in the level below 950 hPa. This tendency is not clearly visible in the results of the present study on North Atlantic ARs.

Compared to the dry bias in the IFS, the underestimation of humidity in ICON is continuously visible in all layers below

600 hPa and the mean bias and random error in specific humidity is comparable between situations with and without ARs370

(compare to the results shown in the Appendix S3.2). Only the mean bias and random errors in moisture flux magnitude are

higher in ARs than in other synoptical features. The representation of ARs in ICON has so far only been evaluated for case

studies of Arctic ARs and mainly for non-operational, high-resolution ICON simulations (Bresson et al., 2022; Dorff et al.,

2025). Dorff et al. (2025) found a similar vertical AR structure in high-resolution ICON simulations like in dropsonde obser-

vations of a single AR event, but the vertical variability of different variables in ICON is too small compared to observations.375

Dorff et al. (2025) further identified too dry estimates in the ICON model in the lowest 3 km of the troposphere, compared to

observations, in this single case. Bresson et al. (2022) have shown a much better performance of ICON high-resolution simu-
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lations compared to the global ICON model in representing the correct vertical structure of a selected Arctic AR. The global

ICON model strongly underestimates the specific humidity in the AR core. The results of Bresson et al. (2022) and Dorff et al.

(2025) agree with the dry tendency in the global ICON model over ARs. However, it is hard to compare the case studies on380

Arctic ARs to the performance of the operational, global ICON model for ARs over the North Atlantic ocean around 40-50 °N,

which was assessed for the first time in this study.

The data assimilation procedures of both models use the observations to provide a best estimate of the atmosphere, and as

such, the model draws towards the observations. As shown in the two case studies , the AN is more rigorously corrected in some

cases as in others, depending on how much the FG deviates from the observations. The statistical evaluation over all AR sondes385

accounts for these fluctuations and we can confirm an overall successfull data analysis in both the IFS and ICON, as the mean

biases and random errors are smaller in the AN than in the FG across all considered variables. However, differences between

the different atmospheric levels are found: In the IFS, the FG and AN mean biases are similar to each other in the PBL and

the lower free troposphere below 800hPa, and the random errors in the AN are only slightly smaller than in the FG. Between

800 and 500 hPa, the mean biases and random errors are clearly larger in the FG than in the AN. Especially between 700 hPa390

and 750 hPa, the large departures in the FG of specific humidity, horizontal wind speed, and consecutively also moisture flux

magnitude, are consistently corrected in the AN and the large random errors in specific humidity and moisture flux magnitude

are reduced by more than half. The ICON model estimates of the specific humidity and the moisture flux magnitude improve

consistently over most vertical levels through the data assimilation by a reduction of the mean and the random errors in the AN

compared to the FG. The mean bias in temperature is only reduced in the lower and upper free troposphere. The AN mean bias395

in wind speed is only smaller than the FG bias in the upper free troposphere, where a weaker wind bias in the FG is corrected.

6 Conclusions

This study evaluated the model performance of the IFS and ICON forecasting systems regarding the representation of North

Atlantic Atmospheric Rivers (ARs). It used new dropsonde observations collected by the NAWDIC campaign in January

and February 2026 during research flights with the HALO research aircraft over the North Atlantic. One focal point of the400

NAWDIC campaign was to target ARs affecting the Western European coast, and the campaign succeeded in collecting a

unique, highly vertically resolved dropsonde dataset of the vertical AR structure over the mid-latitude North Atlantic. This

exceptional dataset, together with the joint effort of the ECMWF and the DWD to assimilate the dropsonde data in real time

in their forecasting systems, enabled this first evaluation of North Atlantic AR representation in the IFS and ICON models.

Several of the ARs sampled during the NAWDIC campaign traveled on an unusual southerly storm track towards the Iberian405

Peninsular and Northern Africa, and caused heavy precipitation and widespread flooding over Portugal, Spain and Morocco.

Comparing the IFS and ICON models first guess (FG) and analysis (AN) to the NAWDIC dropsonde observations (O), the

main conclusions regarding the two research questions are as follows:

– How well do the IFS and ICON models represent the vertical structure of selected, impactful AR events over the North

Atlantic during the NAWDIC campaign?410
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Although the two models generally accurately represent the vertical AR structure, we find discrepancies in the model perfor-

mances regarding different AR cases, ranging from close alignment to significant deviations between models and dropsonde

observations. Considering all observations, we find a slight cold bias and dry bias in the IFS and ICON over AR regions.

Together with large random errors in horizontal wind speed estimates and a weaker wind bias in the upper levels, this results in

an underestimation of moisture flux magnitude in both models. In the IFS, the underestimation of moisture and moisture flux415

magnitude, accompanied by large random errors, is maximal at the upper-level extension of ARs between 700 and 750hPa,

and points to an underestimation of AR height in the IFS. In the ICON model, the underestimation of humidity and moisture

flux magnitude is consistent over the entire planetary boundary layer and lower free tropopause.

– To what extent does data assimilation improve the model analysis relative to the first guess estimates over North Atlantic

AR regions?420

Overall, the mean biases and random errors of all variables decrease through the data assimilation, which is expected and proves

a successful data assimilation procedure. In the IFS, only small improvements in the mean bias through the data assimilation

are visible in the surface near planetary boundary layer and the lower free troposphere below 800 hPa. At the higher levels,

the influence increases and the largest improvement through data assimilation is found between 700 and 750 hPa, where a

pronounced dry bias is corrected. In the ICON model, we observe a consistent correction of the dry bias and underestimation425

of moisture flux magnitude over all vertical levels. The wind speed mean bias is only reduced through the data assimilation in

the upper free troposphere above 600 hPa, with a correction of the weaker wind bias in the FG.

Our study provided the first evaluation of the operational IFS and ICON model performance regarding ARs over the mid-

latitude North Atlantic. While the errors uncovered in the models are similar to findings of previous studies analyzing ARs

in other oceanic basins or over the continents, using older and/or different versions of the IFS and ICON model, several new430

aspects have been identified. For instance, the IFS appears to exhibit North Atlantic specific vertical levels of highest errors

that differ from findings in the Northeast Pacific.

It is important to point out that the results were derived from a comparably small amount of dropsondes from a single

observational campaign, leading to a spatially and temporally limited dataset. Still, the unusual synoptical situation during

the NAWDIC campaign enabled the sampling of exceptionally strong ARs with high impacts for Western Europe. However,435

the results are limited by the focus on a small subset of ARs that is not entirely representative for a typical North Atlantic

AR season and, per definition, cannot capture inter-annual variability. Additionally, the sensors implemented in the KITsonde

dropsonde system, which are the same as used in several operational radiosondes, may not be free of errors. The humidity

sensors have a slightly reduced response time after falling through precipitation and mid level clouds (Kottmeier et al., 2025;

Ingleby, 2017). However, this should not influence measurements at the upper-level extension of ARs, where we see the largest440

model errors. Considering the reduction in sensor response time with time after the release, it is estimated that the influence of

this error is generally small in the mid and lower levels of the troposphere (Kottmeier et al., 2025).

Our results stress that NWP models are still facing challenges in representing such impactful atmospheric phenomena like

the moisture flux in ARs, despite continuous model improvements in the last years. These deficiencies should be investigated
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further, since the underestimation of moisture transported in ARs can contribute to underestimated precipitation forecasts and445

thus shortcomings in impact forecasts and weather warnings for the affected regions, such as the Western European coast.

Future studies will examine how much an increased observational sampling over AR regions over the North Atlantic, such

as performed by the NAWDIC campaign, could improve the forecasts of downstream impacts over Europe. This can be done

with the help of data denial experiments, where forecasts assimilating the campaign observations are compared to forecasts,

where the additional campaign observations are denied. Similar data denial studies on the impact of AR Recon dropsondes450

on precipitation forecasts in the US revealed huge forecast improvement (Zheng et al., 2021; DeHaan et al., 2023; Wang

et al., 2026; Tallapragada et al., 2026) and lead to the operational deployment of the AR Recon campaign, which takes place

nowadays every winter.
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