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 Water isotope records from polar ice cores are crucial proxies for reconstructing 
past Antarctic climate and temperature changes. For such task, a robust 
understanding and accurate quantification of the temporal changes between 
δ18O and temperature is necessary. One option to facilitate this is employing 
simulations from atmospheric general circulation models that incorporate stable 
water isotopes. In this context, we assess in this study the results of the isotope-
enabled AGCM ECHAM6-wiso model. We analyse results from a high-resolution 
simulation covering the period 2017–2020, where the atmospheric dynamics 
is nudged to ERA5 reanalysis data from the European Centre for Medium-
Range Weather Forecasts (ECMWF). Our investigation evaluates the agreement 
between different observed and simulated key physical and isotope quantities, 
including temperature, humidity, and the isotopic composition of surface water 
vapour (δ18Ov and δDv), at Neumayer Station III in East Antarctica. Additionally, 
our study evaluates the skill of the ECHAM6-wiso model in simulating stable 
water isotope ratios in snow (δ18Osnow and δDsnow) at Neumayer Station III 
for the recent past. The ECHAM6-wiso model exhibits skill in replicating the 
daily, monthly, and seasonal fluctuations of temperature, humidity, surface 
water vapour δ18Ov, and δDv. However, it demonstrates limitations in accurately 
simulating d-excess values on the different time scales. While the model does 
not precisely reproduce the observed surface δ18Ov-temperature relationship 
on a daily scale, it closely approximates this relationship on a monthly scale. For 
snow, the model slightly underestimates the δ18Osnow-temperature relationship 
when compared to observational data. To test if the ECHAM6-wiso model 
correctly simulates the water vapour sources and transport pathways to 
Neumayer Station III, we have performed related back trajectory studies. Based 
on simulation results of the FLEXPART model, we find that the water vapour 
back-trajectory results with ECHAM6-wiso are consistent with those based on 
ERA5 data. This result leads to the conclusion that ECHAM6-wiso is a very useful 
tool for analysing atmospheric moisture sources and transport pathways to East 
Antarctica under present climate conditions.
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1 Introduction

Temperature is a critical variable for understanding the Earth’s 
climate system, discerning climatic patterns, and investigating 
climatic changes. A predominant technique for inferring historical 
temperature fluctuations is the analysis of water stable isotopes 
in ice cores, which can be used as a reliable climate indicator 
(Dansgaard, 1964; Lorius and Merlivat, 1975). To this end, 
δ18O and δD measurements in polar ice cores have been used 
in numerous studies for reconstructing temperature variations 
over glacial and interglacial periods (e.g., Jouzel et al., 2007; 
NEEM community members, 2013). For such reconstructions a 
linear relationship between past temperature and water stable 
isotope changes, which are preserved in ice cores, was previously 
assumed (e.g., Petit et al., 1999). However, the previous assumption 
that the contemporary spatial temperature-isotope relation mirrors 
the temporal relation required for past temperature reconstructions 
is currently being questioned. It is now widely accepted that 
such relation is not universally applicable, and different temporal 
temperature-isotope gradients have been suggested for climate 
changes at different ice core drilling sites in East Antarctica 
(e.g., Sime et al., 2009; Buizert et al., 2021; Kino et al., 2021; 
Cauquoin et al., 2023; Casado et al., 2023).

For the principal understanding of water isotope changes in 
relation to different climate quantities, measurements of water stable 
isotopes in precipitation and water vapour have been systematically 
conducted since the 1950s (Dansgaard, 1953). These measurements 
have been proven pivotal for characterizing and comprehending the 
atmospheric hydrological cycle and the usage of stable water isotopes 
as a paleothermometer (e.g., Yoshimura, 2015; Galewsky et al., 
2016). The stable water isotopic composition of both precipitation 
and vapour, altered by isotopic fractionation during water phase 
transitions, is a cumulative record of the physical processes within 
the atmospheric hydrological cycle. The fractionation coefficients 
and molecular diffusivities of individual water stable isotopes have 
been quantified through laboratory experiments concerning ice-
vapour exchange and liquid-vapour exchange (Merlivat and Nief, 
1967; Barkan and Luz, 2007; Ellehoj et al., 2013). Subsequent 
theoretical work has yielded isotopic exchange parameterizations 
for processes like precipitation, snow crystal formation, ocean 
evaporation and supersaturation under very cold conditions 
(Stewart, 1975; Jouzel and Merlivat, 1984; Bolot et al., 2013; Merlivat 
and Jouzel, 1979; Wang and Yakir, 2000). Despite this gain of 
knowledge on the microphysical scale, the calibration of an isotopic 
paleothermometer is still complex, though, due to many influencing 
factors on a larger macrophysical scale. For Antarctica, key factors 
include the variability in temperature inversion strength, the 
seasonality and intermittency of snowfall, changes in the elevation 
of glacial ice sheets, sea ice coverage, and alterations in moisture 
sourcing and transport to Antarctica (Masson-Delmotte et al., 
2011; Sime et al., 2013; Werner et al., 2018; Kino et al., 2021; 
Casado et al., 2023; Cauquoin et al., 2023).

An alternative option to improve the calibration of an isotopic 
paleothermometer is to utilise general circulation models (GCMs) 
with explicit diagnostics of water stable isotopes, so-called isotope-
enabled GCMs. These models offer a mechanistic understanding 
of the physical processes influencing the isotopic composition of 
different water bodies in the climate system. They permit the 

explicit simulation of isotopic fractionation processes during any 
phase changes in a water mass within the model’s hydrological 
cycle. Examples of such processes include evaporation of water 
from the land or ocean surface, cloud droplet formation, and re-
evaporation of droplet water below the cloud base. In such an 
isotope-enabled GCM, all the relevant factors determining the 
strength and variability of isotopic fractionation are known. Since 
the pioneering work of Joussaume et al. (1984), several isotope-
enabled GCMs have been built for the atmosphere, such as LMDZiso 
(Risi et al., 2010), ECHAM5-wiso (Werner et al., 2011), isoGSM 
(Yoshimura and Kanamitsu, 2008), iCAM5 (Nusbaumer et al., 
2017), MIROC5-iso (Okazaki and Yoshimura, 2019) and ECHAM6-
wiso (Cauquoin et al., 2019; Cauquoin and Werner, 2021). 
These models are extremely helpful because they enable a direct 
comparison between measured and modelled isotope values and can 
reduce the uncertainties that exist in interpreting measured isotope 
values in terms of past temperature changes.

To evaluate the accuracy of these isotope-enabled models, a 
robust comparison with ice core records and present-day isotope 
measurements is imperative. During the last decade, isotope-
enabled models have been thoroughly assessed through several 
comparisons of observed and simulated isotopic compositions 
in precipitation within different Arctic and Antarctic regions 
(e.g., Steen-Larsen et al., 2011; Masson-Delmotte et al., 2015; 
Goursaud et al., 2018). These comparisons, however, are constrained 
by the timing and duration of precipitation events and might 
not fully cover the models’ response to swift meteorological 
changes (Kino et al., 2021). Moreover, recent research, including 
studies conducted in Greenland (Steen-Larsen et al., 2014; Steen-
Larsen et al., 2013; Madsen et al., 2019) and Antarctica (Casado et al., 
2018; Ritter et al., 2016) and by wind tunnel experiments 
(Ebner et al., 2017; Wahl et al., 2024), has provided insights into 
isotopic exchanges between surface snow and the overlying vapour. 
These studies suggest the occurrence of post-depositional effects, 
which implies that the isotopic changes in ice cores might represent 
a continuous record of paleoclimatic changes, even during dry 
intervals without precipitation events. Such findings indicate that 
comparisons between measured isotope changes in snow or ice 
and isoAGCM simulation values of isotope changes in Antarctic 
precipitation might be biased if isotopic exchanges between snow 
and water vapour are neglected in these simulations.

In addition, the interpretation of the water isotope records in the 
Antarctic coastal zone is more difficult because distillation is not the 
only dominant influence on the water isotope signal. Local effects, 
such as ocean evaporation influenced by the presence of sea ice, 
katabatic wind direction and speed, surface snow remobilization, 
sublimation, and wind-blown snow metamorphism can significantly 
impact the isotopic composition of deposited snow and, 
consequently, the archived signal (Ekaykin et al., 2002; Casado et al., 
2018). For an improved model assessment it is therefore necessary 
to extend the existing evaluations of isoAGCM results to the isotopic 
composition of water vapour (Ollivier et al., 2025).

In this study, we compare the simulated isotopic composition 
of water vapour of the isotope-enabled AGCM ECHAM6-wiso with 
in-situ measurements of isotope changes in surface water vapour 
at Neumayer Station III in Antarctica. Continuous water vapour 
isotope measurements have been performed over 3 years at this 
location. This comparative analysis allows for an evaluation of the 
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model’s ability to accurately represent stable water isotopes in near-
surface water vapour. To link the results of analysed isotope changes 
in near-surface vapour with isotope changes in surface snow, the 
study also compares the modeled water stable isotope changes in 
snowfall at Neumayer Station with observational data from two 
recent decades.

The main aims of this study include: (i) assessing the 
performance of ECHAM6-wiso in modelling water vapour and 
precipitation at the coastal Antarctic location of Neumayer III 
Station; (ii) evaluating the ability of the ECHAM6-wiso model to 
simulate the primary transport pathways and source regions of 
water reaching Neumayer Station; (iii) investigating the correlation 
between simulated meteorological and isotopic variables in water 
vapour and their relationship with observed precipitation, and 
determining the agreement of the model results with prior 
findings on the temperature–δ18O and δ18O–δD gradients in 
surface snow and water vapour at Neumayer Station; and (iv) 
comparing the results of a nudged versus non-nudged ECHAM6-
wiso simulation setup. 

2 Methods and data

2.1 The study site: Neumayer Station III

Neumayer Station III (hereinafter also referred to simply as 
Neumayer Station), a German research base operated by the Alfred 
Wegener Institute (AWI), Helmholtz Centre for Polar and Marine 
Research, stands at coordinates 70°40S, 8°16′W in Antarctica. Since 
1981, AWI has been conducting continuous meteorological and 
glaciological observations in this region, initially at the original 
Georg-von-Neumayer Station located at 70°37′S, 8°22′W until 
March 1992, followed by operations at Neumayer Station II at 
70°39′S, 8°15′W, and transitioning to the current Neumayer Station 
III in February 2009 (König-Langlo and Loose, 2007). Placed atop 
the 200-meter-thick Ekström Ice Shelf, approximately 42 m above 
sea level, Neumayer Station III is characterized by a uniform, gently 
southward-sloping terrain. The flowing Ekström Ice Shelf, exhibiting 
a significant thickness gradient towards its grounding line, changes 
the location of the station at a pace of approximately 200 m annually 
towards the northern open sea, about 16 km from the station, with 
the nearest edge of the ice shelf lying 6.2 km to the east-northeast 
(König-Langlo and Loose, 2007). Seasonally, the sea ice around 
the station reaches its minimum extent in February and peaks 
in September, with the coastal regions becoming partially ice-free 
during the summer months (König-Langlo and Loose, 2007).

Like many coastal Antarctic stations, the climatic conditions at 
Neumayer Station are dominated by high-velocity winds averaging 
8.7 m/s annually, with daily values oscillating by an average of ±
5.7 m/s. These winds, which are characterized by strong variations 
in both speed and direction, are an expression of complicated 
dynamical processes that are influenced by transient cyclones and 
katabatic air flows near the station (Kottmeier and Fay, 1998). There 
are two primary wind directions observed at Neumayer Station: 
the predominant easterlies, driven by cyclonic systems migrating 
eastward above the Antarctic coastal zone within the circumpolar 
trough, and the less frequent southerly to south-westerly winds, 
which arise from a combination of damped katabatic winds and 

synoptic patterns, typically having speeds under 10 m/s (König-
Langlo and Loose, 2007; Rimbu et al., 2014).

Snowfall at the Neumayer Station is often accompanied by 
strong winds that mobilize and elevate ground snow, resulting in a 
turbulent mix of fresh precipitation and re-entrained surface snow, 
termed blowing snow (Schlosser, 1999). The initiation of drifting 
or blowing snow events at Neumayer Station is sensitive to the 
prevailing snow surface conditions, typically occurring when wind 
speeds reach between 6 and 12 m/s. These phenomena are noted 
in 40% of all visual meteorological recordings (König-Langlo and 
Loose, 2007). Direct measurement of precipitation is complicated by 
such pervasive influence of drifting and blowing snow, necessitating 
glaciological methods to estimate mean annual accumulation, which 
is estimated as approximately 340 mm w. e. (water equivalent) 
per year. Since the onset of temperature recordings in 1981, the 
mean annual near-surface air temperature at Neumayer Station has 
been maintained at −16.1 °C, with a 1-sigma standard deviation 
of ± 1.1 °C for annual mean temperatures over the period until 
2018, with no discernible long-term trend in air temperature 
being detected (Medley et al., 2018). 

2.2 Meteorological and isotope 
measurements at Neumayer Station

Meteorological data for this study were taken from the 
routinely collected weather station data at Neumayer Station, 
with the instrumentation positioned 50 m from the main 
structures of the station and 2 m above the ground surface. 
The data used include hourly mean atmospheric temperature, 
relative humidity, and barometric pressure throughout the study 
period, which spanned from February 2017 to January 2020 
(Schmithüsen et al., 2019; Schmithüsen and Jörss, 2021).

The isotopic composition of water vapour was monitored using 
a high-precision laser spectrometer, with air samples drawn from 
an inlet situated on the station’s roof, at an elevation of 24 m. For 
this task, Neumayer Station was equipped with a Picarro L2140-i 
isotope analyzer in January 2017, enabling continuous monitoring of 
atmospheric water vapour isotopic ratios. The initial 2 years of water 
vapour isotope data, covering the period from February 2017 to 
January 2019, were already documented by Bagheri Dastgerdi et al. 
(2021). This study extends the dataset by adding an additional 
year of observations, covering the period from February 2019 
to January 2020. Calibration of the isotopic measurements 
followed the protocol described by Bagheri Dastgerdi et al. (2021), 
addressing four main challenges specific to the polar environment 
of Neumayer Station:

Low Humidity Issues: The Picarro instrument is specified by 
the manufacturer to operate optimally within a humidity range 
of 1,000 ppm–50,000 ppm, equivalent to a specific humidity of 
0.6–31.1 g/kg. However, during the austral winter, the humidity 
at Neumayer station often falls below this range. To mitigate 
systematic errors arising from these dry conditions, a humidity 
response correction was applied to measurements when water 
vapour concentrations were below 2000 ppm (1.2 g/kg).

Instrumental Drifts: Over time, or subsequent to each restart, 
the spectrometer is susceptible to various forms of drift. The 
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calibration protocol includes adjustments for such potential long-
term instrumental drifts.

Offsets: Discrepancies between the isotopic ratios measured by 
the Picarro instrument and the actual values, which are determined 
with higher precision in a laboratory setting, were corrected through 
the application of an offset adjustment.

Extraneous Data: The calibration routine also incorporates a 
filtration system that flags and excludes data from periods when 
measurements might be compromised, such as instances when 
station exhaust gases could contaminate vapour samples, or during 
technical malfunctions.

Taking all these effects into account, the post-calibration 
precision of the Picarro isotopic measurements across the duration 
of the observational period is quantified as having a mean 
uncertainty of 0.4‰for δ18Ov, 3.0‰for δDv, and 3.0‰for dv values. 
This level of uncertainty accounts for the combined influence of the 
enumerated corrective measures on the data integrity, ensuring the 
reliability of the isotopic composition results derived from this study 
(for details see Bagheri Dastgerdi et al., 2021). 

2.3 ECHAM-wiso model description

The ECHAM model is an advanced atmospheric general 
circulation model (GCM) developed at the Max Planck Institute 
for Meteorology. Originally derived from the ECMWF weather 
prediction model, it has undergone substantial evolution, 
incorporating sophisticated parameterizations for atmospheric 
dynamics, radiation, cloud microphysics, and hydrology. The 
ECHAM model employs a spectral-transform dynamical core to 
solve the primitive equations governing atmospheric motion. It 
consists of a dry hydrostatic spectral model for advection and 
pressure tendencies, as well as a semi-Lagrangian transport model 
for non-dynamic quantities such as moisture (Lin and Rood, 1996). 
Cloud processes are simulated using a two-moment microphysics 
scheme, differentiating between liquid, ice, and mixed-phase clouds 
(Mauritsen et al., 2019). The most recent version, ECHAM6, 
includes significant improvements in radiative transfer, convection 
schemes, and cloud formation as compared to the previous model 
release ECHAM5 (Stevens et al., 2013).

A major enhancement to the ECHAM model is the explicit 
incorporation of the two stable water isotopes (H16

2 O, HD16O, 
and H18

2 O), which serve as tracers for hydrological and climatic 
processes (Werner et al., 2011; Cauquoin et al., 2019). Within 
the model framework, water isotopes are treated similarly to 
their standard H2O counterparts, except during phase transitions, 
such as condensation, evaporation, and sublimation, as well 
as supersaturation effects during freezing processes at very 
low temperatures, where isotopic fractionation processes occur. 
These processes lead to isotopic equilibrium or disequilibrium, 
depending on the rate of phase change, with kinetic fractionation 
processes also taken into account (IAEA, 1998). The transport 
of both ordinary water and isotopic variants is independently 
modeled across all phases - vapour, liquid, and ice - using the 
ECHAM flux-form semi-Lagrangian transport scheme (Lin and 
Rood, 1996). This isotope-enabled variant of the ECHAM model, 
which has been labelled as ECHAM5-wiso and ECHAM6-wiso 
respectively, enables the simulation of isotopic compositions 

across various hydrological reservoirs, providing an improved 
understanding of isotope variations both in the modern hydrological 
cycle and related to paleoclimate changes. Both ECHAM5-
wiso and ECHAM6-wiso have been applied in numerous 
model-data comparison studies, such as Antarctica, Siberia, and 
Greenland (e.g., Goursaud et al., 2018; Butzin et al., 2014; Steen-
Larsen et al., 2017; Dietrich et al., 2023; Dreossi et al., 2024) 
and have contributed to various paleoclimate research studies 
(Werner et al., 2018; Cauquoin et al., 2023).

The ECHAM6-wiso model is typically configured with a 
spectral resolution of T63 (approximately 1.9°× 1.9°) or T127 
(approximately 0.94°× 0.94°), with 47 or 95 vertical levels extending 
into the stratosphere. Higher spatial resolutions (T127L95) yield 
improved temperature and precipitation patterns, and a more 
realistic representation of cloud cover and topographic influences. 
Simulated values of d18O and dD are also in better agreement with 
various observations for a higher spatial ECHAM model resolution 
(Werner et al., 2011; Cauquoin and Werner, 2021).

To align simulated atmospheric circulation with observations, 
the ECHAM6-wiso model in this study was nudged to the ERA5 
reanalysis datasets (Hersbach et al., 2020). In this case, modeled 
three-dimensional fields of temperature, vorticity, and divergence, 
as well as surface pressure, were nudged every 6 hours towards the 
reanalysis data (Rast et al., 2013). In contrast to the atmospheric 
flow, the hydrological cycle and its isotopic variations is still fully 
prognostic and not nudged to any reanalysis data.

For analysing the dependency of ECHAM6-wiso model results 
on prescribed boundary conditions (see Chapter 4.5 below), we 
compare this ECHAM6-wiso simulation to a previously performed 
ECHAM5-wiso simulation (Werner et al., 2011). This ECHAM5-
wiso simulation was run with a spatial resolution of T106L31, 
corresponding to a horizontal grid size of approximately 1.1◦ ×  1.1◦, 
and included 31 vertical levels from the surface to the top of the 
atmosphere. It was nudged to the older ERA-interim reanalysis data 
set (Dee et al., 2011). Both setups for ECHAM5-wiso and ECHAM6-
wiso, including the applied nudging technique to the different 
ECMWF reanalyses data sets, are described in detail in Cauquoin 
and Werner (2021). 

2.4 Moisture source diagnostics

Back trajectory models trace air parcels arriving at specific 
locations. By incorporating meteorological data into such models, 
it becomes possible to identify key evaporation areas, which serve as 
origins for water vapour, and water vapour transport pathways. Both 
are primary factors influencing the isotopic composition of the water 
vapour (δ18Ov, δDv, and dv) at a final target location.

The Lagrangian particle dispersion model FLEXPART, as 
described by (Brioude et al., 2013), possesses the capability to 
simulate the back trajectories of air masses, tracing the pathways and 
origins of atmospheric flow. Coupled with a Lagrangian moisture 
source diagnostic (Sodemann et al., 2008), FLEXPART is capable of 
analyzing the provenance of moisture arriving at specific locations 
by monitoring the variations in humidity content along simulated 
back trajectories.

Bagheri Dastgerdi et al. (2021) utilized the FLEXPART 
model, enhanced by the Lagrangian moisture source diagnostic, 
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to investigate seasonal differences in the main moisture 
uptake areas for vapour transported to Neumayer Station. 
For this task, Bagheri Dastgerdi et al. (2021) used the ERA5 
reanalysis dataset (Hersbach et al., 2020) to derive the forcing data 
for the FLEXPART model.

This research study explores the potential of using ECHAM6-
wiso as an alternative data source for the FLEXPART model. To 
achieve this, we compare FLEXPART results obtained using two 
different input datasets: one based on the ERA5 reanalysis dataset 
and the other one utilizing ECHAM6-wiso simulation results. This 
approach is employed in our study to investigate two primary 
aspects: firstly, to identify the source regions and transport pathways 
of water vapour reaching Neumayer Station for the investigated 3-
year observation period between February 2017 and January 2020; 
and secondly, to evaluate the ability of the ECHAM6 model in 
simulating the same water vapour sources and transfer pathways as 
identified for the ERA5 forcing data.

The FLEXPART model requires a comprehensive set of 
meteorological forcing data across all vertical layers (61 in total), 
including horizontal wind components (U and V) in ms−1, vertical 
velocity in Pas−1, temperature in K, surface pressure in Pa, and 
specific humidity in kgkg−1. Additionally, it requires a suite of surface 
variables, such as snow depth data in meters of water equivalent 
mean sea level pressure in Pa, 10-meter wind components in ms−1, 
near-surface air and dew point temperatures in K, large-scale and 
convective precipitation in meters, surface sensible heat flux in 
Jm−2, surface net solar radiation in Jm−2, and both eastward and 
northward turbulent surface stress in Nm−2s. Other essential inputs 
include total cloud cover on a scale from 0 to 1, geopotential 
height in m2s−2, the land-sea mask ranging from 0 to 1, and the 
standard deviation of orography. These data fields required for 
FLEXPART were retrieved from both ECMWF’s ERA5 reanalysis 
dataset (Hersbach et al., 2020) and the nudged ECHAM6-wiso 
simulation used in this study. The ERA5 data were retrieved and 
formatted for the FLEXPART application utilizing the software 
package Flex-extract v7.1.2 (Tipka et al., 2020). Simulation outputs 
from ECHAM6-wiso were adapted in a comparable manner to fulfill 
the input requirements for the FLEXPART model.

Back trajectory analyses with FLEXPART were conducted 
using both the ERA5 and ECHAM6-derived datasets for 
the years 2017 through 2019. Following the methodology 
established by Sodemann et al. (2008), air parcels were tracked 
in reverse chronological order from Neumayer Station every 
3 hours for a duration of 10 days. The Lagrangian moisture source 
diagnostic, based on these back-trajectories, quantifies “moisture 
uptake” in mm day−1 across a spatial resolution of 1°× 1°. This 
metric quantifies the volume of moisture absorbed by air masses 
within each grid cell that subsequently contributes to the humidity 
observed at Neumayer Station. 

3 Results

3.1 Neumayer Station model-data 
comparisons

First, we compare the continuously monitored water vapour 
isotopic composition at Neumayer Station III with the related 

model results of the nudged ECHAM6-wiso simulation. For 
this task, we extend the observational Neumayer Station data 
set covering the years 2017 and 2018, which was already 
presented by Bagheri Dastgerdi et al. (2021), by measurements 
performed in the year 2019.

We compare the observed and modeled annual mean values of 
temperature, humidity, δ18Ov, δDv, and the second-order parameter 
Deuterium excess dv (defined as dv = δDv − 8δ18Ov) for each year 
of the observations in Table 1. The model exhibits a cold and dry 
bias in all 3 years. The yearly averaged temperature is approximately 
1 °C lower in the simulations, and the simulated specific humidity 
is about 0.1 g kg−1 lower than the observed one in all 3 years. In 
agreement with this cold and dry bias, the ECHAM6-wiso model 
underestimates δ18Ov values in all 3 years, resulting in around 1 
‰more depleted values for each year. We find this underestimation 
also for δDv for all years (around 19 ‰for each year). For 
the Deuterium excess, the model consistently underestimates dv
as compared to the observed values. While the yearly mean 
value for observed dv varies between 13.6 ‰ and 9.4 ‰for the 
period 2017–2019, the corresponding simulation results show less 
variations, with annual mean values between 4.6 ‰ and 6.6‰.

Next, we study daily changes of all these variables. Figure 1 
compares the daily averaged outputs from the ECHAM6-wiso 
model and the corresponding measurements over the 3 years (from 
February 2017 to January 2020) of observations at Neumayer 
Station. The model successfully reproduces the daily observed 
variations, synoptic events, and seasonal cycles for (a) temperature, 
(b) humidity, (c) δ18Ov, and δDv (not shown) in the vapour phase. 
However, in the case of dv (Figure 1d), the model fails to fully capture 
the observed values on the daily time scale.

Given that the ECHAM6-wiso simulation is nudged to the 
ERA5 temperature data, one could expect that the model accurately 
reproduces the daily temperature values at Neumayer Station. The 
overall average temperature at Neumayer Station over the complete 
3-years period is −16.4 °C for the observations, and −17.4 °C for 
the ECHAM6-wiso simulation. This agrees with the cold bias found 
for each individual year (Table 1). For mean winter (JJA) values, 
the simulated temperature is 0.6 °C lower than the observed one 
(−26.5 °C vs. −25.9 °C). Thus, the cold bias of the ECHAM6-
wiso model is somewhat smaller in winter than for the annual 
mean. However, Figure 1a reveals that there is also an opposite 
warm model bias in simulated daily temperatures during extreme 
cold winter conditions. For days with a mean temperature less 
than −26.2 °C (this threshold value is the average of simulated and 
observed mean winter temperature values) the average observed 
daily temperature is −31.7 °C, while the average simulated daily 
temperature is −30.3 °C. Thus, for these extreme cold winter days, 
the ECHAM6-wiso model reveals a 1.4 °C warm bias as compared 
to the observations.

For δ18Ov, the overall mean annual observation value is −34.0‰, 
and the corresponding simulation value is −35.3‰. The mean winter 
(JJA) value of δ18Ov is −40.1‰for the observations, and −43.2‰for 
the ECHAM6-wiso simulation. These negative isotope biases in the 
model results can be related to the found cold temperature bias. 
Interestingly, for winter days with extreme depleted isotope values 
this model bias is not reversed for δ18Ov. Considering only the 
days with δ18Ov values less than −41.7‰(which is the average of 
simulated and observed winter δ18Ov means), the average observed 
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FIGURE 1
Observed (dark blue) vs. ECHAM6-wiso (light blue) daily variations at Neumayer Station from February 2017 to January 2020 for (a) 2-m temperature 
[°C], (b) specific humidity [ g kg−1], (c) δ18Ov [‰], and (e) dv [‰].

daily δ18Ov value is −44.3‰, while the average simulated daily 
δ18Ov value is −49.1‰. Thus, for these winter days with extreme 
low δ18Ov values, which correspond well with days with extreme 
low temperatures (Figure 1), model δ18Ov are 4.8‰lower than the 
observations, opposite to the found +1.4 °C warm model bias. A 
comparable result is found for the comparison of observed and 
simulated daily δDv values (not shown).

Next, we examine the differences between the simulation results 
and observations by analysing the linear relationship between the 
simulated and observed daily values (Figure 2a). Our analysis reveals 
a notable linear agreement between the observed and simulated 
daily temperatures, as manifested by a high correlation coefficient 
of 0.95 and a slope of 0.88 ± 0.01 °C/°C. This slope indicates 
that simulated daily temperature variations during the investigated 
3-years time period are slightly dampened as compared to the
observations.

The simulated variables δ18Ov and δDv align well with the 
observed data, with linear correlation coefficients of 0.80 and 0.81, 
respectively (Figures 2b,c). Despite the overall good agreement, the 
model amplifies daily variations of δ18Ov (δDv) as compared to the 

observations, as evidenced by a slope of 1.23 ± 0.03‰/‰(1.25 ±
0.03‰/‰) between the observed and simulated isotope values. This 
tendency for amplified fluctuations can also be seen in Figure 1, 
where the simulated δ18Ov values follow the observed ones but 
often exhibit larger variations on the daily time scale. Taking into 
consideration the known strong influence of local temperature and 
specific humidity on the observed fluctuations in δ18Ov and δDv at 
Neumayer Station III, as already reported in Bagheri Dastgerdi et al. 
(2021), as well as the slightly dampened simulation of daily 
temperature variations by the ECHAM6-wiso model, we conclude 
that the influence of daily temperature variations on the daily 
δ18Ov variations is amplified in ECHAM6-wiso as compared to the 
observations.

Our analysis reveals a weak correlation coefficient (r = 0.16) 
between the observed and simulated daily dv values (Figure 2d), 
which supports the found deficit of ECHAM6-wiso to correctly 
simulate daily variations of dv (Figure 1d). To further assess 
the model’s capability in capturing dv over shorter time series, 
we compute the correlation coefficients between observed and 
simulated data for a 10-day rolling interval, spanning from 5 days 
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FIGURE 2
Observed vs. simulated daily average values for the observational period (February 2017 - January 2020) for (a) 2-meter temperature [°C]; (b) δDv [‰];
(c) δ18Ov [‰]; and (d) dv [‰]. For each variable, we computed the best-fitted line, encompassing its slope, intercept, and respective uncertainties, 
employing the least-squares methodology for comparing observations and simulations. Subsequently, this fitted line is graphically represented as a 
dark blue line. We also calculated the corresponding correlation coefficient.

preceding to 5 days following the target day, for the whole 3-
years observation period. This rolling correlation analysis reveals 
that nearly 45% of the rolling 10-day intervals have a correlation 
coefficient exceeding 0.5, implying that the ECHAM6-wiso model 
is at least partially capable of simulating dv changes over shorter 
periods of 10-days. An assessment of the correlation coefficient 
across different seasons reveals that during summer (DJF), 65% of 
the 10-day-intervals have a correlation coefficient above 0.5, while 
during winter, this value drops to 34%. This seasonal difference in 
the model’s ability to simulate daily dv variations may be attributed 
to the varying uncertainties associated with dv during different 
seasons. An examination of the seasonal average dv uncertainty 
indicates that the simulated dv has greater uncertainties during 
winter compared to summer. The average monthly uncertainties 
of simulated dv during summer and winter are 5.49‰and 9.61‰, 
respectively. Chapter 4 will delve into the factors contributing to the 
suboptimal performance of the ECHAM6-wiso model in simulating 
dv, particularly during the winter season. 

3.1.1 δ18Ov vs. temperature
Next, we study the relationship between daily 2-meter 

temperature and δ18Ov changes at Neumayer Station for both 
the observational data and the simulation results (Figure 3). 
From the observational dataset, we detect a strong correlation 
between the 2-meter temperature and δ18Ov, with a slope of 

0.56 ± 0.01‰/°C and a correlation coefficient of 0.87. For the 
simulated 2-meter temperature and δ18Ov values, a steeper slope 
of 0.81 ± 0.02‰/°C and a slightly lower correlation coefficient 
of 0.77 are found. Furthermore, as clearly seen in Figure 3, the 
simulated δ18Ov-temperature relation shows an increased variability 
as compared to the observed relationship between these two
variables.

To achieve a more comprehensive understanding between the 
observed and simulated temperature-δ18Ov-relationship, we also 
look at humidity-weighted monthly mean δ18Ov values as part of 
our analyses. This approach yields a slope of 0.51 ± 0.04‰/°C for 
the relationship between 2-m temperature and δ18Ov for observed 
monthly values, close to the slope of 0.56‰/°C calculated for the 
observed daily temperature and δ18Ov values. For the ECHAM6-
wiso simulation results we find a temperature-δ18Ov-relationship 
with a slope of 0.61 ± 0.05‰/°C, which is in good agreement with the 
observed one. To better understand the cause behind this difference 
in slopes between simulated daily and humidity-weighted monthly 
means, we additionally analyse the relationship between modeled 
monthly mean temperatures and the arithmetic (not humidity-
weighted average) monthly mean δ18Ov values. For this case we 
calculate a slope of 0.72 ± 0.05‰/°C, closer to the slope of 0.81 ±
0.02‰/°C based on daily δ18Ov values. This indicates that more 
than half of the strong decrease in the temperature-δ18Ov-slope for 
humidity-weighted monthly δ18Ov values is caused by the applied 
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FIGURE 3
2-meter air temperature [°C] vs. δ18O [‰]. (a) Observed data, daily mean values; (b) simulated data, daily mean values; (c) observed data, monthly 
humidity-weighted mean values; (d) simulated data, monthly humidity-weighted mean values. For each plot, a best fitted line, using the least-squares 
approach, for 2-meter temperature vs. δ18O is shown as a dark blue line and corresponding correlation coefficients are given.

FIGURE 4
2-meter air temperature [°C] vs. δ18Osnow [‰] for years 1980–2000. (a) Observed data, monthly mean values; (b) simulated data, monthly mean values. 
For each sub-figure, a best fitted line, using the least-squares approach, for 2-meter temperature vs. δ18Osnow is plotted as a dark blue line and 
corresponding correlation coefficients are calculated.

humidity-weighting approach, and a lesser part by the averaging of 
daily to monthly δ18Ov data.

In a next step, we have looked closer at the ECHAM6-wiso 
δ18Ov bias for days characterized by relatively low humidity levels. 
Based on the daily data, the difference between the humidity-
weighted monthly mean and arithmetic monthly mean δ18Ov

values is 1.17‰on average for the summer months (DJF). In 
contrast, this difference rises to an average of 3.82‰for the 
winter months (JJA). To estimate the effect of this bias on the 
temperature-δ18Ov-relationship, we have calculated the (humidity-
weighted) δ18Ov-T relationship not only for the complete dataset 
(shown in Figure 3), but also for the daily δ18Ov and T data 
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FIGURE 5
Simulated mean moisture uptake occurring within the boundary layer [mm day−1] in the pathway to Neumayer Station during last 10 days modelled by 
FLEXPART for spring (SON), summer (DJF), autumn (MAM), and winter (JJA), considering the mean values of the years of 2017, 2018, and 2019 using (a)
ECHAM6 output; (b) ECMWF, ERA5 data set. (c) shows the anomaly plot (ECHAM6-wiso based simulations minus ERA5 based simulations). The dotted 
lines mark the borders of the four defined source regions Southern Ocean (SO), Southern Atlantic (SA), Southern Pacific (SP), and Southern Indian 
Ocean (SI).

of the driest/wettest 20th percentile of daily vapour data. For 
such subset of observed dry vapour values, we retrieve a similar 
temperature-δ18Ov slope (0.65 ± 0.19) as for the complete data set 
(0.51 ± 0.04). The uncertainty of the estimated slope is higher due 

to the lower number of dry months available for the calculation. 
Similar results are found for the ECHAM6-wiso data with a 
slope of 0.67 ± 0.40 for dry days (as compared to 0.61 ± 0.05 
for all days). We retrieve similar results if we analyse the 10th 
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FIGURE 6
2-meter temperature [°C] derived from direct station measurements, ECHAM6-wiso simulation results, and ECMWF-ERA5 reanalysis data at Neumayer 
Station from February 2017 to January 2020; (a) monthly mean values; (b) daily mean values.

FIGURE 7
2-meter specific humidity [g/kg] derived from direct station measurements, ECHAM6-wiso simulation results, and ECMWF-ERA5 reanalysis data at 
Neumayer Station from February 2017 to January 2020; (a) monthly mean values; (b) daily mean values.
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FIGURE 8
Monthly mean simulated δ18Ov vs. observed δ18Ov values at Neumayer Station from February 2017 to January 2020; (a) time series of monthly mean 
values   ± 1 standard deviation. (b) Time series of arithmetic (solid lines) and humidity-weighted (dashed lines) monthly mean values. (c) Scatter plot of 
observed vs. simulated arithmetic mean monthly δ18Ov values with a best-fitted line, using the least-squares approach and calculated correlation 
coefficient; (d): as (c), but for humidity-weighted mean values.

percentile or 25th percentile of daily vapour data instead of the 
20th percentile (not shown). From these results we conclude that 
the found improved model-data agreement due to humidity-
weighting is also valid for extremely arid days. Interestingly, our 
analyses yield very different, unphysical negative temperature-δ18Ov
slopes for the wettest 20th-percentile data (not shown). At this 
point we do not have a full explanation for this finding but we 
assume that extremely wet days might be related to moist, warm air 
intrusions (similar to cases in the Arctic studied in Brunello et al. 
(2024) which might lead to a different temperature-δ18Ov
relationsship.

3.1.2 Snow
During the observation period of 2017–2020, no snow samples 

were collected in parallel with the vapour measurements. Therefore, 
for a comparative analysis of observed and simulated values of the 
isotope ratio of snow (δ18Osnow) falling at Neumayer Station, we 
analyze snowfall samples from an earlier period. Between the years 
1981 and 2000, fresh snow samples were sampled at the Neumayer 
Station following significant snowfall events (Schlosser, 1999). These 
snowfall occurrences are associated with pronounced wind activity. 
Consequently, the acquired snow samples represent a mixture of 
freshly precipitated snow and airborne or ‘blowing’ snow
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FIGURE 9
Monthly mean δ18Ov at Neumayer Station III from February 2017 to January 2020 as measured by the Picarro analyzer (dark blue line), simulated by 
ECHAM6-wiso, final version (light blue line), ECHAM6-wiso, initial version (green line), and ECHAM5-wiso, until 12/2018 (black line).

 (Schlosser, 1999). For the model-data comparison, we use 
the ECHAM6-wiso monthly values of δ18Osnow and 2-meter 
temperature covering the same 2 decades (1981–2000) as the 
observation values.

The average δ18Osnow value calculated from all snow samples 
collected during the period 1981–2000 is −20.5‰. The mean 
ECHAM6-wiso simulation value of δ18Osnow for the same period 
is −22.10‰. From the observational data, we calculate a 2-
meter temperature-δ18Osnow-relation with a slope of 0.59 ± 0.05 
‰ °C−1 (r = 0.71) for the aforementioned period (Figure 4). The 
corresponding slope based on simulated 2-meter temperature 
and δ18Osnow values is only 0.44 ± 0.02 ‰ °C−1 (r = 0.82). This 
disagreement of observed and simulated 2-meter temperature-δ18O-
slopes for monthly snow samples is in clear contrast to 
the found agreement of observed and simulated 2-meter 
temperature-δ18O-slopes for monthly humidity-weighted vapour
values. 

3.1.3 Transport pathway and water source origins
Focusing on the full observational period 2017–2019, we 

examine the main moisture uptakes for water vapour transported 
to Neumayer Station, as simulated by the FLEXPART model. 
Figure 5 illustrates the seasonal means of moisture uptake for 
the last 10 days of air parcel trajectories ending at Neumayer 
Station. Comparing the general patterns of FLEXPART results 
based on either the ECHAM6-wiso or the ERA5 forcing data, both 
simulations indicate similar origins for the water vapour transported 
to Neumayer Station. In spring, the primary moisture uptakes 
are from ocean areas northwest of the station, situated at high to 
mid-latitudes. During summer and autumn, the primary water 
uptake mainly occurs in coastal regions close to Neumayer Station, 
but minor additional moisture uptakes occur from the Southern 
Ocean at mid-latitudes. In winter, the moisture flow to Neumayer 
Station substantially decreases compared to other seasons; however, 
source regions still span a wide area of the Southern Ocean, with 
some contributions even from the Pacific. Bagheri Dastgerdi et al. 
(2021) already showed that the season-dependent moisture 
origin variations for Neumayer Station are influenced by 
several factors such as sea ice extent, 6-month semi-annual 

atmospheric oscillation, and temperature changes in the source
regions.

While FLEXPART simulations based on ECHAM6-wiso 
(Figure 5a) successfully reproduce the seasonal patterns retrieved 
when using FLEXPART in combination with the ERA5 dataset 
(Figure 5b), the anomaly plot in Figure 5c reveals some differences 
in the amount of moisture uptake between the two approaches. 
Specifically, in spring, autumn, and winter, the FLEXPART 
simulation based on ECHAM6-wiso data exhibits more water 
evaporating from coastal land areas tranported to Neumayer 
Station as compared to the FLEXPART simulation based on the 
ERA5 dataset. Conversely, FLEXPART simulation results based on 
ECHAM6-wiso show less water evaporating from the other ocean 
source regions transported to Neumayer Station as compared to the 
FLEXPART simulation forced by ERA5 data.

For a more quantitative analyses of the FLEXPART results, 
we have defined four major evaporation regions of water vapour 
transported to Neumayer III Station: the nearby coastal Southern 
Ocean (80S-60S, 68W-120E), the Southern Atlantic (60S-30S, 68W-
20E), Southern Pacific (80S-30S, 150W–68W) and Southern Indian 
Ocean (60S-30S, 20E-90E). For each of these regions we have 
calculated for all four seasons the total amount of moisture uptaken 
from the surface to the atmospheric boundary layer (Table 2). Our 
analyses reveal that more than 98% of all vapour transported to 
Neumayer Station III stems from these four regions with a clear 
dominance of the Southern Ocean region in all seasons. Our 
FLEXPART analyses also show that the ECHAM6-wiso simulation 
captures the percentage of distributions in agreement with results 
obtained from ERA5, but the ECHAM6-wiso model underestimates 
the absolute amount of moisture uptake by approximately 10%–50% 
as compared to the ERA5 results. 

4 Discussion

In the past years, the ECHAM-wiso model performance related 
to isotope values has been thoroughly tested for its sensitivity against 
some key parameters, e.g., model resolution (Werner et al., 2011; 
Cauquoin and Werner, 2021), fractionation during supersaturation 
(Werner et al., 2011), evaporation from open ocean and sublimation 
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FIGURE 10
(1) Model results of ECHAM5-wiso vs. ECHAM6-wiso initial version. Prescribed sea ice fraction in ECHAM5-wiso for (a) January 2017, (b) June 2017, and 
in ECHAM6-wiso for (c) January 2017, (d) June 2017. Evaporation fluxes simulated by ECHAM5-wiso for (f) January 2017, (g) June 2017, and by 
ECHAM6-wiso for (i) January 2017, (j) June 2017. Prescribed land-sea-mask of (e) ECHAM5-wiso and (h) ECHAM6-wiso.

over sea ice (Bonne et al., 2019; Gao et al., 2025) and source 
region dependencies (Gao et al., 2024). It has been shown in several 
recent studies that the ECHAM6-wiso model shows a very good 
performance when compared to δ18O measurements in Antarctic 
snow and vapour, in general (e.g., Servettaz et al., 2020; Leroy-
Dos Santos et al., 2023; Dreossi et al., 2024; Ollivier et al., 2025). 
From these earlier studies, we conclude that the model bias observed 
at Neumayer Station III is most likely caused by the station’s location 
near the coast, and we analyse this bias in detail in the following. 

4.1 Temperature and humidity

Our analyses reveal clear deviations between observed 
and ECHAM6-wiso modeled temperature and humidity values 
(Chapter 3.1, Table 1), leading to a cold and dry model bias. 
To better understand these deviations we look at potential 
differences, how the 2-m temperature and near-surface humidity 
values are derived in the observational data set and in
ECHAM6-wiso.
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FIGURE 11
ECHAM6-wiso, final model version: (a) modified prescribed land sea mask, (b) simulated evaporation flux in January 2017, (c) as (b) but for June 2017.

At Neumayer Station, continuous temperature measurements 
at a 2-meter are taken in the close vicinity of the station (Chapter 
2.2). On the contrary, simulated ECHAM6-wiso temperatures are 
primarily controlled by the 3D temperature fields of the ERA5 
data set, which are used for the 6-hourly nudging of the ECHAM6 
simulation (Chapter 2.3). These ECHAM6 nudging adjustments are 
made to align with ERA5 temperature data on model level values, but 
not directly with the ERA5 2-meter temperature data. Consequently, 
the 2-meter temperature data for both ERA5 and ECHAM6 are 
derived independently, by further calculation.

In Figure 6, we compare the daily and monthly mean 2-meter 
temperatures as recorded in observations from Neumayer Station, 
ECHAM6 simulations, and the ERA5 reanalysis dataset. Both the 
ERA5 and ECHAM6 dataset are highly correlated with the observed 
2-meter temperature at the station (correlation coefficient of 0.98 
and 0.96, respectively). However, the ERA5 dataset shows a positive 
warm bias, especially for the winter season, while the ECHAM6 
data shows a slight negative bias in all months. On average, the 
ERA5 2-meter temperature (−14.74 °C) is 1.69 °C higher than the 
observed temperature (−16.43 °C), and the ECHAM6 mean 2-
meter temperature (−17.46 °C) is 1.03 °C lower than observed. On 
a day-to-day basis, ERA5 temperatures are higher than the directly 
measured temperatures at Neumayer Station for 82% of all days 
during our 3-years observational period, while simulated ECHAM6 
temperatures are lower in 67% of all days.

The deviation between observed 2m-temperatures and ERA5 
values can be explained by the fact that ERA5 computes these 
near-surface air temperatures through a process of interpolation 
between the surface temperature and the temperature at the lowest 
model atmospheric level. This interpolation might be erroneous 
under certain meteorological and coastal surface conditions, e.g., 
varying sea ice cover in the vicinity of Neumayer Station. 
Furthermore, the ERA5 reanalysis data represent averaged values 
over the spatial extent of a grid cell, in contrast to the location-
specific point measurements conducted at Neumayer Station 
(Xie et al., 2014; Zhang et al., 2018). At the geographic coordinates 
of the Neumayer Station, situated at a latitude of 70°S, the east-west 
span of an ERA5 grid cell is approximately 9.52 km. This difference 
might also partly explain the deviations between the ERA5 data and 
the direct temperature measurements at the station.

For the simulation used in this study, the ECHAM6 model 
is nudged towards the three-dimensional fields of temperature, 
vorticity, divergence, and surface pressure fields of the ERA5 
dataset. Therefore, it was expected that the 2m-temperature values 
of the ECHAM6-wiso simulation are highly correlated with 
the 2-meter temperatures of the ERA5 dataset. However, clear 
discrepancies between the ERA5 and ECHAM6-wiso temperature 
values exist (Figure 6). These differences might be caused by the 
different vertical and horizontal resolution of the two datasets: The 
ERA5 data includes temperature values across 137 atmospheric 
model levels and a horizontal grid resolution of approximately 
0.25° by 0.25°, whereas the ECHAM6-wiso data includes only 95 
vertical model levels, and also a coarser horizontal grid resolution 
of approximately 0.9° by 0.9°.

In contrast to atmospheric temperatures, the ECHAM6-wiso 
model is not nudged to ERA5 humidity data in our simulation. Thus, 
simulated specific humidity data at the 2-meter level is an ERA5-
independent ECHAM6-wiso model variable, which we compare 
with the observed specific humidity at Neumayer Station. To ensure 
a comprehensive analysis, we also include the 2-meter ERA5 specific 
humidity, which is calculated from the 2-meter surface dew point 
temperature and surface pressure. As shown in Figure 7, both 
ERA5 and ECHAM6 values closely match the directly measured 
specific humidity at Neumayer Station, with high correlation 
coefficients (0.98 and 0.96, respectively). The ERA5 data shows a 
slightly higher agreement with and smaller offset from the observed 
specific humidity as compared to the ECHAM6-wiso values. The 
mean specific humidity at Neumayer Station over the complete 
observational period was 1.18 g/kg for the direct measurements, 
1.19 g/kg for ERA5, and 1.10 g/kg for ECHAM6-wiso. ECHAM6-
wiso underestimates the specific humidity in 91% of all months, 
while the ERA5 reanalyses data underestimates the measured 
specific humidity at Neumayer Station only during the summer 
months, but overestimates it in most other months. The reason for 
this ECHAM6-wiso model mismatch remains unclear. It may be due 
to an insufficiently resolved vertical humidity gradient in the lowest 
ECHAM model layers, or to biases in the prescribed meteorological 
and coastal surface conditions for the ECHAM6-wiso
simulation. 
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4.2 δ18O in water vapour

Bagheri Dastgerdi et al. (2021) demonstrated that local 
temperature is the primary factor influencing variations in δ18Ov
at Neumayer Station. Although there is a strong correlation (r = 
0.80) between simulated and observed daily δ18Ov values, simulated 
day-to-day δ18Ov variability is substantially larger in ECHAM6-wiso 
as compared to the observations. As the large-scale circulation of 
our ECHAM6-wiso simulation is nudged towards ERA5 data every 
6 h, these deviations cannot be explained by an erroneous higher 
model variability of vapor transport to the Neumayer Station III. The 
relatively large grid cell of the ECHAM6-wiso model, which covers 
the location of Neumayer Station III and extends over approximately 
1 ° × 1 °, should smooth rather than distort the modelled day-to-
day δ18Ov variability. One process which might lead to a higher 
modelled δ18Ov variability as compared to observations is a potential 
post-depositional exchange of water isotopes between snow and the 
near-surface vapor. Recent studies (e.g., Steen-Larsen et al., 2014; 
Casado et al., 2016; Casado et al., 2018; Dietrich et al., 2023) suggest 
that such exchange processes are non-negligible. These exchange 
processes can occur on a daily time scale (Ritter et al., 2016) and 
could dampen the observed δ18Ov signal at Neumayer Station III. As 
these processes are not yet included in the ECHAM6-wiso model, 
such post-depositional vapor-snow δ18Ov exchange could explain 
the deviations in observed and modelled δ18Ov variability.

Differences between simulated and observed δ18Ov values are 
found particularly under extreme cold conditions. These differences 
can be seen in Figure 1, with extreme low simulated δ18Ov values 
during numerous cold days. A detailed analysis of the coldest 5% 
of days of our 3-years observation period yields a clear difference 
between observed and simulated δ18Ov values. The average observed 
daily δ18Ov value is −43.76‰, whereas the simulated average is 
−49.60‰. Notably, no observed value is below −51‰, yet the 
simulation contains 72 daily δ18Ov values below this threshold, 
including 15 days with δ18Ov values below −60‰, indicating 
a clear δ18Ov bias of ECHAM6-wiso under extreme conditions. 
These findings are in line with similar δ18Ov deficits reported for 
ECHAM6-wiso in the Arctic winter (Brunello et al., 2023) and might 
indicate an insufficient representation of boundary layer moisture 
transport (Sigmund et al., 2023).

We move in our analysis from a daily to a monthly view in order 
to analyse the dynamics of δ18Ov changes on a coarser time scale. 
The monthly average values of both the simulated and observed 
δ18Ov values are shown in Figure 8. Standard deviations of the 
simulated and observed monthly mean δ18Ov values are calculated 
from the time series of daily values. The simulation results display 
a more pronounced day-to-day variation in δ18Ov as compared 
to the observations, especially in the austral winter season, as 
visualized in Figure 8a.

A comparison of normal arithmetic monthly averages and 
humidity-weighted averages show strong agreement between 
simulated and observed monthly δ18Ov values, with correlation 
coefficients over 0.90 for both methods (Figures 8b,c). The linear 
relationship between the observed and simulated humidity-
weighted monthly averages has a slope of 1.04 ± 0.08, suggesting an 
adequate model performance in capturing monthly fluctuations. The 
slope for normal monthly averages is 1.08 ± 0.08, which is slightly 
higher than the one calculated for the humidity-weighted values. The 

same is true for the y-intercept, where the intercept for humidity-
weighted averages is 0.63 ± 2.59, which is again slightly lower than 
the intercept value for normal monthly averages (0.85 ± 2.62).

Despite some improved agreement between the observations 
and the ECHAM6-wiso results for monthly δ18Ov data, as compared 
to the daily data, the model results still reveal the strongest 
bias for extremely cold and dry conditions. Considering the 
influence of the specific humidity on the simulated isotope values 
by looking at humidity-weighted δ18Ov values, partially resolves 
this bias. Regarding the temperature-δ18Ov relation, the observed 
agreement of the modeled and observed slope (0.51 compared to 
0.61) and intercept (−24.01 compared to −22.41) emphasises the 
ability of the ECHAM6-wiso model to accurately represent the 
temperature-δ18Ov relationship at monthly time scale. However, 
it’s important to acknowledge the model’s constraints, particularly 
under conditions of extremely dry and cold environments. 

4.3 δ18O in snow

We used the analysis of 20 years of temperature and δ18Ov
data (1980–2000) collected at Neumayer Station (Schlosser, 1999). 
The observed slope is 0.59‰/°C, whereas the slope derived from 
simulated values is 0.44‰/°C. To better understand these results, 
we investigated the relationship between simulated monthly mean 
δ18Ov and 2-meter temperature. We find here a slope of 0.61‰/°C, 
which is in better agreement with the observed δ18Ov-temperature 
slope (0.51‰/°C for the years 2017–2020), but which also agrees well 
with the observed δ18Osnow-temperature slope of 0.59‰/°C (for the 
period 1980–2020).

One possible explanation for these differences is that the model 
does not take into account the isotopic exchanges between the 
surface snow and the water vapour above it. Recent studies reported 
such isotopic exchanges, especially for regions like Greenland 
(Steen-Larsen et al., 2014; Madsen et al., 2019; Dietrich et al., 2023) 
and Antarctica (Casado et al., 2016; Casado et al., 2018). Specifically, 
Steen-Larsen et al. (2014) found in a field study on Greenland that 
the isotope ratio of surface snow between snowfall events tends 
to align closely with that of water vapour above the snow surface. 
Steen-Larsen et al. (2014) proposed that changes in the surface 
snow isotopic composition might thus be linked to fluctuations in 
related water vapour isotopic concentrations. Drifting snow also 
undergoes further isotopic fractionation processes which might alter 
the isotopic composition of near-surface water vapour (Wahl et al., 
2024). Such post-depositional vapour-snow isotope exchange is 
currently not implemented in the ECHAM6-wiso model, but the 
process could be crucial for an improved simulation of the δ18Osnow-
temperature relationship at Neumayer Station, as well as for other 
locations in both Antarctica and Greenland.

Our analyses might also be hampered by the different time 
period of the taken snow samples (1981–2000) and the measured 
vapour values (2017–2019) as environmental conditions might 
have changed between the two periods. Temperatures at the 
precipitation site and sea ice coverage around Antarctica are 
among the key controlling factors of the isotope signals both 
in snow and vapour at Neumayer Station. Therefore we have 
analysed 2 m air temperature measurements at Neumayer, which 
are available since March 1982 (Schmithüsen, 2023), and total 
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Antarctic sea ice concentration, which are available since January 
1973 (Spreen et al., 2008; Melsheimer and Spreen, 2019). For the two 
periods of interest, no substantial changes were identified in either 
2 m temperatures (1981–200: −15.77  ± 1.32 °C; 2017–2019: −16.03 
 ± 0.61 °C) or Antarctic sea ice concentration (1981–200: 11.51  ±
0.19 Mio.km2; 2017–2019: 10.83  ± 0.10 Mio.km2). We conclude 
that the time lag between the analysed snow samples and vapour 
measurements can be neglected for our analyses results. 

4.4 Model deficits in simulating dv

The uncertainty of the measured dv values at Neumayer Station 
is very high for a large period due to the low humidity at 
Neumayer Station (Section 2.1) and the limited precision of the 
Picarro instrument for such low humidity values. This deficit 
of our measurements was already discussed in more detail by 
Bagheri Dastgerdi et al. (2021), who showed that the monthly 
average uncertainty for dv in austral winter at Neumayer Station 
is up to 4.5‰. Bagheri Dastgerdi et al. (2021) reported a negative 
correlation between specific humidity and dv during spring (r = 
−0.50), summer (r = −0.71), and autumn (r = −0.24), whereas a 
slight positive correlation was observed in winter (r = 0.13). In our 
study the observed correlation coefficient between specific humidity 
and dv across all months is −0.43, in agreement with the previous 
findings. However, the ECHAM6-wiso simulation results show a 
correlation of only −0.17 for dv and specific humidity, indicating that 
the ECHAM6-wiso model fails to capture the relationship between 
dv and specific humidity in a correct manner.

In a previous study, (Steen-Larsen et al., 2017), have already 
compared model results of different isotope-capable AGCMs 
for the simulation of dv in the marine boundary layer. They 
were able to show that the dv signal depends primarily on the 
model parameterisations for kinetic fractionation effects during 
the evaporation of water from the ocean surface and less on the 
simulation of the absolute humidity values themselves. Assuming 
that the dv signal generated by evaporation processes above the 
ocean surface is transported to Neumayer Station without major 
changes, then this model-dependent parameterisation of kinetic 
fractionation processes will also play an important role for the 
model-data comparison of dv at Neumayer Station. In addition, it 
remains open if the suggested post-depositional isotopic exchange 
between vapour and surface snow, which is not included in the 
ECHAM6-wiso model yet, might also change the dv signal. 

4.5 Dependency of ECHAM6-wiso model 
results on prescribed boundary conditions

In this study, the ECHAM6-wiso model is used for the various 
model-data comparisons with the isotope measuremets performed 
at Neumayer Station. At the beginning of our study, initial 
ECHAM6-wiso simulation results did not agree with the isotope 
measurements at Neumayer Station well. The model exhibited a 
tendency to clearly overestimate the absolute δ18Ov values by several 
permill and also to underestimate the seasonal amplitude of δ18Ov
changes (Figure 9). This result was surprising given the fact that 

older simulations results from the previous model release ECHAM5-
wiso agreed well in general with observations from Neumayer 
Station. It was expected that the ECHAM6-wiso model would 
perform at least as well as, if not better than its predecessor. 
To understand this unexpected ECHAM6-wiso model deficit, a 
comparison from an older ECHAM5-wiso simulation, which was 
nudged to the older ERA-Interim dataset (available up to 2018), 
with the new ECHAM6-wiso/ERA5 simulation was performed. The 
δ18Ov values simulated by ECHAM5-wiso were cleary in much 
better agreement with the δ18Ov measurements at Neumayer Station, 
as compared to the ECHAM6-wiso results (Figure 9).

Taking into account that the relevant physical processes and 
mechanisms are implemented in the ECHAM5-wiso and ECHAM6-
wiso model in a very similar manner (Cauquoin and Werner, 2021), 
we examined both the used boundary conditions and forcing fields 
of our ECHAM6-wiso simulation, as both differ from the previous 
ECHAM5-wiso simulation.

For the different forcing fields used for nudging (ECHAM5-
wiso: ERA-interim; ECHAM6-wiso: ERA5), no notable difference 
between the two data sets was found. For both the 2m-temperature 
and the surface pressure, the ERA5 values are in a bit better 
agreement with the observational data at Neumayer Station as 
compared to the older ERA-interim data. This finding is in 
agreement with a more global comparison of ERA5 vs. ERA-interim 
nudging fields used for the ECHAM-wiso model (Cauquoin and 
Werner, 2021). The result indicated that the discrepancies in the 
simulated δ18Ov signal between ECHAM5-wiso and ECHAM6-wiso 
can not be attributed to the prescribed ERA5 forcing fields.

Further investigation into the different performances of 
ECHAM5-wiso and ECHAM6-wiso simulations included the 
examination of different prescribed boundary conditions, namely, 
the land-sea mask, the glacier mask, and variations in prescribed 
sea ice fraction. At the same time, simulated key variables directly 
influenced by these boundary conditions, namely, evaporation rates, 
near-surface vapour, and δ18Ov, were closely examined.

We found a noticeable difference between the simulated 
evaporation flux (Figures 10f,g,i,j) and specific humidity values (not 
shown) in the vicinity of the Neumayer Station for the ECHAM5-
wiso and ECHAM6-wiso simulation results. We could show that 
these differences are not caused by a change of open ocean and 
sea ice covered regions, as the prescribed sea ice fraction in both 
simulations was comparable (Figures 10a–d).

However, a clear difference impacting the simulation of near-
surface water vapour around Neumayer Station in ECHAM5-wiso 
and ECHAM6-wiso was found to be the prescribed land-sea mask. 
The ECHAM6-wiso land-sea mask classified the grid box which 
encompasses the location of Neumayer Station as an ocean region 
(Figure 10h), while it was classified as a land region in ECHAM5-
wiso (Figure 10e). In reality, the station is located on the 200-
meter thick Ekström Ice Shelf, which is neither a “typical” ocean 
or land point. Adjusting the land-sea mask in ECHAM6-wiso, by 
reclassifying the grid cell enclosing Neumayer Station and a few 
grid cells to the east affected by predominant easterly winds as land 
grid points instead of ocean grid points, resulted in an ECHAM6-
wiso simulation of δ18Ov nuch more consistent with the observations 
and the former ECHAM5-wiso results (Figure 9). In Figure 11 
the revised land-sea mask tailored for improved simulations at 
Neumayer Station, alongside the resulting
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changes in the evaporation flux for January and June 2017 are shown. 
This improved land-sea mask has been used for the ECHAM6-wiso 
simulation results presented and discussed in this study. 

5 Summary

This study evaluated the performance of the isotope-enabled 
AGCM ECHAM6-wiso against new in-situ observations of the 
isotopic composition of water vapour measured at Neumayer 
Station III, Antarctica, covering the 3-years period February 2017- 
February 2020.

ECHAM6-wiso successfully simulates temperature, specific 
humidity, and isotopic variations in water vapour (δ18Ov, and δDv) 
at daily, seasonal, and annual time scales. While the modeled 
annual and seasonal temperature values tend to be lower than 
the observed ones, the model results reveal a positive warm bias 
for extremely cold conditions. Simulated daily variations of δ18Ov
and δDv show a reduced sensitivity with respect to temperature 
changes as compared to the observations. On the monthly time 
scale, a better agreement between the simulated absolute isotope 
values in vapour and the corresponding observations can be 
achieved by considering humidity-weighted monthly means instead 
of arithmetic mean values. Such humidity-weighting also leads to 
a better agreement between the simulated and observed δ18Ov-
temperature relationship. Simulated key water vapour source areas 
and flow paths for humidity transported from different oceanic 
regions to the Neumayer Station location are also in agreement with 
observational-based findings.

Our study also highlights some shortcomings of the analysed 
ECHAM6-wiso simulation, namely, in simulating water vapour 
d-excess variations at Neumayer Station and in simulating the 
observed δ18O-temperature relationship in snow in the vicinity of 
the station for the period 1980–2000. Post-depositional vapour-
snow isotope exchange processes, which have not been implemented 
in the ECHAM6-wiso model yet, are identified as one potential cause 
for this model-data mismatch.

Overall, the results of this study strengthen our confidence 
in the investigation of stable water isotopes, e.g., those recorded 
in Antarctic ice cores, using the ECHAM6-wiso model. However, 
they also show that there is still room for improvement in the 
interpretation of ice core data using isotope-enabled climate models 
such as ECHAM6-wiso. If exchange processes between water vapour 
and snow after deposition significantly influence the isotope signal 
in certain ice cores, these should definitely be taken into account 
for a robust estimation of paleotemperatures from isotope data. Our 
study indicates that model refinements should include an improved 
simulation of vapour transport processes in the boundary layer, 
an explicit simulation of snow drift, and the addition of multi-
layer surface snow and firn models, including isotope fractionation 

processes between water vapour and ice crystals in these near-
surface layers. Such new model components could then lead to 
further advances in the interpretation of ice core data using isotope 
models such as ECHAM6-wiso in the future.
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