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Water vapor isotopes carry the integrated history of evaporation, condensation, mixing, and transport.
Although previous studies have shown potential to improve forecasts under controlled conditions,
real-world applications have been limited by systematic biases in both models and satellite retrievals
arising from sparse measurements in the free troposphere. Here we assimilate mid-tropospheric 6D
retrievals (peak sensitivity ~4.2 km) from the Infrared Atmospheric Sounding Interferometer into the
Isotope-incorporated Global Spectral Model and evaluate the added value beyond co-assimilated
temperature and specific humidity with identical spatial and temporal coverage. Assimilating 6D
improves 0-120 h forecasts of wind, temperature, specific humidity, and geopotential height, with the
largest gains in the midlatitudes; heavy-precipitation skill also increases for thresholds >3 mm per 6 h.
Demonstrated in a coarse-resolution configuration with limited observations, the results indicate that
isotopic information strengthens transport tracking and hydrological constraints, motivating
evaluation in operational high-resolution forecasting systems.

The release and absorption of latent heat during water phase changes, such
as condensation and evaporation, serve as the primary energy source for
atmospheric circulation. However, accurately constraining this energy
source remains a significant challenge. While global reanalysis datasets
provide high-quality estimates of state variables like temperature and
pressure, they often exhibit biases and inconsistencies in vertical heating
structure and convective activity' ™. This discrepancy arises because vertical
heating cannot be directly measured by current satellite or radiosonde
networks; instead, models must infer it through complex physical para-
meterizations. These biases can degrade the accuracy of weather prediction,
as the vertical heating profile plays a key role in large-scale circulation, wave
propagation, storm track positioning, cloud development, and precipitation
patterns’”. On climate time scales, variations in convective processes sig-
nificantly impact cloud feedback, radiative balance, and ultimately, climate
sensitivity and projections of future climate changes®’.

Stable water isotopes (e.g., HDO and H,"*0O) provide a direct physical
link to the latent heating processes through isotopic fractionation'’. For
instance, heavier isotopes preferentially condense into the liquid phase
because of their greater binding energy and lower diffusive velocity. While
traditional isotopic observations were primarily restricted to surface

precipitation using mass spectrometers'' ™", advancements in satellite

remote sensing have provided global coverage of vapor isotopic observa-
tions in the troposphere and stratosphere'*"”. Most recently, the Infrared
Atmospheric Sounding Interferometer (IASI) on the Meteorological
Operational satellite program (MetOp) has provided long-term isotopic
observations with high accuracy and spatiotemporal resolution in the mid-
troposphere'*™".

Due to their unique characteristics, isotopic observations can serve as
additional constraints on the atmospheric heating structure and have the
potential to improve weather prediction by enhancing the representation of
latent heat release and vertical moisture distribution in numerical
models™”. However, the assimilation of satellite-observed water vapor
isotopes has been confined to controlled conditions, either within a perfect
model framework™>** or without assimilating other variables™. One of the
major reasons for this limitation is inconsistency between remote-sensing
observations and model simulations of vapor isotopes in the free tropo-
sphere due to the lack of sufficient in situ measurements for absolute
calibration**,

In this study, we demonstrate that assimilating IASI water vapor iso-
topic ratio (8D, relative to the Vienna Standard Mean Ocean Water)
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Fig. 1 | Comparison of climatological mean §D between IASI observations and
nudged model simulation. a Spatial pattern of IASI 8D super-observations (%o),
with peak sensitivity near 4.2 km altitude, averaged from October 2014 to June 2019.
b-d Mean 8D differences between IASI observations and nudged simulations from
three isotope-enabled models: b IsoGSM, ¢ MIROC5-iso, and d ECHAM6-wiso.
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Differences in monthly mean 8D (%o) averaged over the globe, 60°S-30°S,
30°S-30°N, and 30°N-60°N between IASI observations and nudged model simu-
lations using e IsoGSM, f MIROC5-iso, and g ECHAMS6-wiso. Positive values
indicate higher 8D in the model relative to IASI. All simulations are nudged toward

JRA55, and IAST averaging kernels are applied to the collocated nudged simulations.

significantly improves atmospheric analysis and short-range forecasts,
including precipitation. To address systematic offsets of OD relative to the
model climatology, we apply a simple bias correction using 4.5 years of IASI
observations to ensure filter stability. Our objective is to quantify the added
value of 8D assimilation beyond temperature and specific humidity
observations with identical spatial and temporal coverage (Supplementary
Fig. 1). This ensures that improvements result from complementary isotopic
information rather than observational coverage differences. We employ the
Isotope-incorporated Global Spectral Model (IsoGSM; T62 horizontal
resolution, 28 vertical levels), following the established configuration in
which IsoGSM behavior has been widely used and validated for water iso-
tope applications'>*****. Data assimilation is performed with the local
ensemble transform Kalman filter (LETKF)"', assimilating IASI observa-
tions with peak sensitivity in the mid-troposphere (~4.2km). We
acknowledge that T62 is coarse, resolving only synoptic-scale features and
exhibiting smoother small-scale variability than modern operational sys-
tems. It also assimilates fewer observations than operational numerical
weather prediction systems. Accordingly, our goal is not to reproduce
operational performance, but to provide a controlled and computationally
tractable framework for isolating the specific contribution of 8D
assimilation.

Results

Characterization and correction of systematic biases in 86D prior
to data assimilation

IASI 8D retrievals exhibit significant offsets in climatology compared to the
nudged model simulations using three isotope-enabled global circulation
models (GCMs) (Fig. 1). This comparison is made with the IASI averaging
kernels (highest sensitivity near 4.2 km altitude) and is restricted to clear-sky
conditions to align with the sensitivity of the IASI retrievals. Generally, IASI
OD exhibits typical “latitude effects,” with values decreasing from approxi-
mately —200%o in the tropics to —450%o in the polar regions (Fig. 1a). This
gradient reflects the progressive depletion of heavier isotopes due to

condensation processes as air masses move poleward’”’, While all three
models reproduce the general latitudinal pattern, they tend to simulate
higher 8D values than those retrieved from IASI, though part of this dis-
crepancy may also reflect uncertainties or biases in the satellite observations.
IsoGSM and ECHAM6-wiso exhibit smaller differences in the tropics (up to
75%o0) and larger differences at higher latitudes (up to 125%o), leading to
reduced latitudinal gradients (Fig. 1b, d). In contrast, MIROC5-iso shows a
relatively uniform difference of about 50%o across all latitudes (Fig. 1c).

The differences between IASI and the models exhibit distinct season-
ality (Fig. le-g). IsoGSM shows higher seasonal dependency in the
Northern Hemisphere and larger differences during winter. MIROC5-iso
also displays higher seasonal dependency in the Northern Hemisphere, but
larger differences are observed during summer. ECHAMS6-wiso, on the
other hand, tends to show relatively constant differences across seasons,
with greater seasonal variability observed in the Southern Hemisphere. It
should be noted that these differences depend on the observational fre-
quency of IASI, which observes 8D more frequently in the summer hemi-
sphere (Supplementary Fig. 2).

The observational and model contributions to the systematic 8D dif-
ferences cannot be directly compared, as they stem from different sources.
Satellite 8D retrievals carry uncertainties from spectroscopy, vertical sen-
sitivity, and sampling'®™', while isotope-enabled GCMs contain structural
uncertainties in convection, microphysics, and mixing’***’. Both can
produce climatological offsets of several tens of %o, making it plausible that
each contributes to the discrepancies found in Fig.1. For these reasons,
systematic differences between satellite retrievals and models vary
depending on which observation and model are compared and could even
change the sign™ .

A systematic model bias may arise from the long-standing use of
precipitation isotopes to guide model development™**. Because pre-
cipitation isotopes integrate the full history of condensation, mixing, and
sub-cloud processes, tuning or validating models against precipitation does
not necessarily constrain the processes that govern free-tropospheric
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Fig. 2 | Improvements by IASI 8D assimilation. a—c Spatial patterns of RMSE
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RMSE reductions during February and August 2017. g-i Vertical profiles of RMSE
skill score (%) in the midlatitudes during February and August 2017. Dots denote
statistically significant improvements at the 5% level.

isotopes™”. As a result, parameterizations that have little effect on pre-
cipitation isotopes, such as convective detrainment, rain re-evaporation, or
mixing, could lead to systematic biases in tropospheric D. Finally, nudging
is unlikely to be the primary cause since the three models show different
spatial and seasonal bias patterns, and 8D biases often appear even in free-
running isotope GCM simulations””.

In the context of data assimilation, these systematic biases obscure
physically meaningful isotopic signals for improving weather prediction and
can lead to instability in the analysis cycle, including filter divergence. Here,
we remove these seasonally and spatially varying biases and assimilate bias-
corrected 8D using IsoGSM. The same bias removal process is applied to
specific humidity and temperature observations for consistency.

Improvement of 3D atmospheric analysis by isotopic constraints
To quantify the impact of water isotopes, we compare a baseline experiment
assimilating only temperature (T) and specific humidity (q) against an
experiment that additionally assimilates 8D. As shown in Fig. 2, the
assimilation of 8D reduces the root-mean-squared error (RMSE) across key
prognostic state variables when evaluated against the European Centre for

Medium-Range Weather Forecasts (ECMWF) reanalysis v5 (ERA5). To
provide the absolute error context for these relative improvements, Sup-
plementary Figs. 3 and 4 show the global RMSEs of these experiments and
the corresponding free forecast. Notable improvements are observed in
meridional wind at 500 hPa over midlatitude storm track regions, where
extratropical cyclones preferentially travel (Fig. 2a). These improvements
also extend to the assimilated variables (i.e., temperature and specific
humidity), particularly in the midlatitudes (Fig. 2b, ¢), demonstrating the
added value of 6D assimilation.

Consistent improvements in the midlatitudes are observed in both the
February and August experiments, while almost no improvements are seen
in the tropics across all the variables (Fig. 2d-f). The most significant
improvements in meridional wind in the Northern Hemisphere shift from
around 35°N in February to around 60°N in August, likely tied to changes in
jet streams and observational distributions. Conversely, improvements in
the Southern Hemisphere remain unchanged across both seasons. The
temperature improvement pattern is relatively similar in both seasons, with
the largest improvements occurring in the northern polar region. Specific
humidity shows more localized impacts, with the largest impacts shifting
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northward in the Northern Hemisphere in August, similar to the meridional
wind results.

The small impacts in the tropics contradict the findings of perfect
model experiments™. Despite the observations of super Rayleigh signals
linked to tropical convective activity in IASI 8D data*, this indicates that
simply eliminating climatological bias is insufficient for assimilating real
observational data in the tropics. In fact, observed 8D variability is lower
than modeled variability in this region (Supplementary Fig. 5), and corre-
lation coefficients between IAST and nudged simulations are reduced as well
(Supplementary Fig. 6). This discrepancy may be due to the IASI’s limited
ability to accurately observe 8D in cloudy areas and limitations in model
physics to resolve tropical convective processes.

The assimilation impacts of mid-tropospheric vapor isotopes in the
midlatitudes permeate the entire troposphere (Fig. 2g-i). The impacts on
wind fields exhibit a relatively uniform distribution with height, yielding
about 5% improvements on average. In contrast, improvements in tem-
perature and specific humidity are larger in the lower and upper troposphere
compared to the middle troposphere (500-700 hPa), where these obser-
vations are assimilated. These non-local impacts of 8D assimilation are
supported by the upwelling motion of convective activity where phase
changes occur”. Overall, improvements are more significant in the summer
hemisphere, which could be related to greater observational coverage due to
better sensitivity in humid conditions (Supplementary Fig. 2) and higher
variability in observed 8D relative to modeled 6D (Supplementary Fig. 7).
The model-observation difference in variability may be attributed to the
higher spatial resolution of IASI and the model’s tendency to more closely
follow Rayleigh fractionation curves™.

Improvement of short-term weather forecasts

Improvements in the analysis fields (i.e., initial conditions used for fore-
casting) lead to improvements in short-term weather forecasts (Fig. 3).
While skill improvements decrease with forecast lead time, the positive
effects of 8D assimilation greatly outweigh the negative effects. For wind
speed, improvements are more pronounced in the upper troposphere and
can persist beyond 120 h, especially in the summer hemisphere. A similar
trend is observed for temperature and specific humidity forecasts, with
reduced impacts due to the assimilation of these variables. Interestingly,
geopotential height, a vital field for understanding the structure of weather
systems, shows more than 10% improvements. This could be attributed to
reductions in mean error, particularly observed in the geopotential height
field (Supplementary Figs. 8, 9).

These forecast improvements are evident even when evaluated globally
(Supplementary Fig. 10), highlighting the overall positive impacts of §D
assimilation. Wind speed and geopotential height forecasts show significant
improvements throughout the troposphere, while temperature and specific
humidity forecasts are particularly improved in the mid to upper tropo-
sphere. These results demonstrate potential benefits of global weather
prediction by the integration of 6D assimilation.

Improved forecast skills for heavy precipitation and attribution
analysis

While atmospheric analysis and forecast fields are evaluated using ERAS5,
short-term precipitation forecasts are assessed using the Integrated Multi-
satellite Retrievals for Global Precipitation Measurement (IMERG), a
satellite-based precipitation dataset. This analysis aims to ensure that the
improvements observed with ERA5, which does not assimilate isotopic
observations, are also detectable using an independent satellite observation
dataset.

Positive impacts on precipitation forecast are observed for events with
intensities greater than 3 mm per 6 h in the midlatitudes (Fig. 4a, b). In
contrast, forecasts for weaker precipitation tend to have little to no impact or
negative impacts. The improvements are more pronounced for extreme
precipitation events, which are associated with stronger latent heating and
clearer isotopic signatures. In the tropics, while more negative impacts are
observed, some positive impacts are still evident for extreme precipitation

events in both February and August. This indicates that, despite larger
model-observation biases in the tropics, the strong signal-to-noise ratio
from extreme convective activities can compensate for these limitations.

The influence of water vapor isotopes arises from both dynamic pro-
cesses (transport and mixing) and thermodynamic processes (local phase
change). To isolate these effects, we conduct additional experiments using
the variable localization method***, which restricts the direct impact of 6D
assimilation to specific prognostic variables. In the Dynamic experiment, §D
observations are excluded from the LETKF weight calculation for specific
humidity and temperature, restricting their direct analysis impact to the
wind fields. Conversely, in the Thermodynamic experiment, 8D assimila-
tion is prevented from influencing zonal and meridional wind (see
“Methods” for details). Because 8D is a passive tracer, any impacts on winds,
temperature, or humidity arise from multivariate analysis increment and
subsequent forecast adjustments, not from direct model-physics feedback.

Overall, the Dynamic experiment yields greater improvements than
the Thermodynamic experiment in both seasons (Fig. 4c-f). Although this is
partly expected as wind fields are not directly assimilated, it highlights that
OD holds unique information about atmospheric transport beyond what is
captured by water vapor alone. The Dynamic experiment even shows
improved precipitation forecasts over the tropics in August as opposed to
the full covariance experiment (cf. Fig. 4b, d), suggesting a potential issue in
the model’s 6D-humidity relationship in the tropical region during this
season. In contrast, the Thermodynamic experiment exhibits consistent
improvements primarily in the summer hemisphere, where 8D assimilation
has the strongest impact on the analysis fields.

Interestingly, the February experiment reveals that the impacts of the
two localization experiments do not simply sum to the improvements
observed in the full covariance experiment. While the Northern Hemi-
sphere shows greater improvements compared to the Southern Hemisphere
under the full covariance configuration (Fig. 4a), this pattern is absent in
both the Dynamic (Fig. 4c) and Thermodynamic (Fig. 4e) experiments. This
discrepancy suggests that neither dynamic nor thermodynamic processes
alone can fully explain the observed impacts. Instead, it implies that non-
linear interactions between dynamic and thermodynamic processes are
essential for improving precipitation forecasts in this region and season.

Conclusions

Assimilating 8D improves atmospheric analysis and short-term weather
prediction globally, with the largest gains in the midlatitudes. Despite the
presence of biases in models and retrievals, this study demonstrates that
TASI 8D effectively captures the spatiotemporal variability that supplements
co-assimilated temperature and humidity observations with identical cov-
erage. Together with recent advances in isotope-enabled cloud-resolving
models* ™, these results highlight opportunities to better diagnose moist
processes, refine isotopic parameterizations, and strengthen evaluation of
free-tropospheric measurements against in situ observations.

While our coarse T62L28 setup with limited observations isolates the
isotopic signal, the findings may not translate directly to operational sys-
tems. Future work should evaluate 8D assimilation in high-resolution
models with a full observing system, including radiosonde, aircraft, and all-
sky satellite observations. These tests will determine whether the synoptic-
scale benefits identified here extend to modern systems and whether 8D
provides independent constraints on moisture transport and hydrological
processes in operational environments.

Methods

MUSICA IASI isotopologue pair product

The MUIti-platform remote Sensing of Isotopologues for investigating the
Cycle of Atmospheric water (MUSICA) Infrared Atmospheric Sounding
Interferometer (IASI) water isotopologue pair product™ is obtained from
the Institute of Meteorology and Climate Research Atmospheric Trace
Gases and Remote Sensing (https://www.imk-asf.kit.edu/english/musica-
iasi-h20iso-v2.php). This dataset provides global 8D, specific humidity, and
temperature retrievals twice per day (about 350,000 points each) from
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Fig. 3 | Forecast improvements by IASI 8D assimilation. Vertical profiles of RMSE
skill score (%) as a function of forecast lead time for zonal wind, meridional wind,
temperature, specific humidity, and geopotential height for a 30°N-60°N during
February 2017, b 60°S-30°S during February 2017, ¢ 30°N-60°N during August
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2017, and d 60°S-30°S during August 2017. Hatching indicates where the
improvement is not statistically significant at the 5% level. Note that the color bar
used for geopotential height differs from the others for display purposes.

October 2014 to June 2019, with vertical profile information in the free
troposphere.

In this study, we focus on a single layer where the IASI retrievals
exhibit maximum sensitivity, centered around 4.2 km altitude (atmo-
spheric_levels = 19). To ensure data quality, we select retrievals with
cloud-free or minor cloud cover (eumetsat_cloud_summary_flag=1 or 2)
and fair to good quality (musica_fit_quality_flag = 2 or 3). The selected
retrievals are spatially and temporally aggregated to 6-h T62 grid cells
(approximately 180 km) to match the model resolution. For each grid cell
and 6-h window, we define the super-observation as the retrieval whose
0D value is the median among all retrievals in that grid cell. The corre-
sponding specific humidity, temperature, averaging kernels (vertical

profiles of sensitivity), and a priori profiles (initial guess used in the
retrieval) are taken from the same retrieval, rather than being indepen-
dently averaged or median-aggregated across retrievals. Grid cells with
fewer than 10 valid retrievals are excluded as a sampling-quality control,
following previous satellite-model isotope comparison work™. An
example of the super-observation generation procedure is shown in
Supplementary Fig. 11. The temperature, water vapor, and 8D a priori are
based on atmospheric temperature from the European Organization for
the Exploitation of Meteorological Satellites (EUMETSAT) Level-2 pro-
duct, the climatological seasonal cycle of water vapor from Community
Earth System Model version 1/Whole Atmosphere Community Climate
Model (CESM1/WACCM) data, and an empirical relationship between
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Fig. 4 | Improvements in precipitation forecasts and decomposition of dynamical
and thermodynamical contributions. a, b RMSE reductions in 6-h precipitation
forecasts (mm 6 h™") over 60°S-30°S, 30°S-30°N, and 30°N-60°N for a February and
b August 2017. ¢, d Similar to (a, b) but for the Dynamic experiment (influence

restricted to wind fields). e, f Similar to (a, b) but for the Thermodynamic experiment
(influence restricted to q and T). Filled circles indicate statistically significant
improvements at the 5% level. The IMERG precipitation dataset is used as a
reference.

0D and water vapor derived from in situ measurements, respectively, as
described in Schneider et al."”.

The systematic biases between IASI and IsoGSM are estimated using a
nudged simulation from October 2014 to June 2019, as described in the
following section. Since biases can vary with season and geographical
location, we estimate seasonally varying biases at each grid point. First,
collocated IsoGSM outputs are vertically interpolated to the IASI coordinate
at each grid point. The corresponding IASI averaging kernels and a priori
are then applied to the interpolated modeled fields to derive vertically
smoothed 8D and specific humidity values with peak sensitivity around
4.2 km altitude. Next, we calculate the daily-mean bias at each grid point for
each day of the year. A 5-day 15° x 15° running mean filter is then applied to
smooth the biases. Missing values are filled by linear interpolation over time,
and the bias climatology is further smoothed by taking the first four har-
monics at each grid point. To remove data-sparse regions, we only use
observations between 65°S and 65°N. This ensures that the missing values
are fewer than 20 within 365 days (95% coverage in time). The bias cli-
matology of temperature is similarly estimated without applying averaging
kernels. The estimated bias climatology is added to the IASI observed values
to ensure these values have no systematic biases in the model space during
data assimilation.

The observation-error variance used for data assimilation is calculated
as the sum of the instrumental error variance, the horizontal representa-
tiveness error variance, and an additional observation-error inflation term.
The instrumental error is taken from the IASI retrieval product, whereas the
horizontal representativeness error is estimated from the variance of

retrievals within each 6-h T62 grid cell. The additional observation-error
inflation term accounts for unresolved error components not represented by
these diagnosed terms, particularly residual model-observation mismatch
after mean bias correction, retrieval-smoothing, and a priori-related
uncertainty associated with the averaging kernels, vertical and temporal
representativeness error, and correlated retrieval errors. To maintain stable
filtering, constant inflation standard deviations of 40%o for 8D and
0.6 gkg ™" for specific humidity are applied. No additional inflation term is
applied to temperature because temperature assimilation remained stable
without it. Supplementary Fig. 12 shows an example of the spatial dis-
tributions of instrumental and horizontal representativeness errors. Over
the full period, the time-space averaged instrumental and horizontal
representativeness errors are 16.4%o and 17.6%o for 8D, 0.23 and 0.38 gkg '
for specific humidity, and 1.0 and 0.69 K for temperature. The relatively
large additional inflation terms suggest that residual state-dependent
model-retrieval mismatch and retrieval-space mapping uncertainties
remain in the innovations, particularly for the q-0D retrieval pair where
averaging kernels and a priori information are applied.

Nudged simulations using Isotope-enabled general

circulation models

We use three nudged simulation datasets from isotope-enabled GCMs to
demonstrate systematic biases between IASI and models™. The three GCMs
include IsoGSM”, MIROC5-is0*®, and ECHAMS6-wiso®. These GCMs are
nudged toward JRA55 every 6 h. Further details of the models and experi-
mental design can be found in Bong et al.”*. We use data from October 2014
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to June 2019 and regrid all datasets to T62 horizontal resolution to enable
consistent comparison with the IASI data. The climatological biases
between IASI and each model are estimated using the method explained in
the preceding section.

Data assimilation

We assimilate IASI data using IsoGSM with the local ensemble transform
Kalman filter (LETKF)*'. Supplementary Fig. 1 shows the schematic over-
view of the data assimilation system. We use an IsoGSM version with a
newly incorporated tracer transport scheme, named Non-iteration
Dimensional-split Semi-Lagrangian (NDSL), which improves humidity
and transport behaviors™. The model predicts water vapor isotopes as
passive tracers, which do not alter temperature, moisture, momentum, or
mass fields. The model runs on T62 horizontal resolution and 28 vertical
sigma levels with 96 ensembles. The sea surface temperature and sea ice
distribution used in the National Centers for Environmental Prediction/
Department of Energy Reanalysis 2 (NCEP-DOE Reanalysis 2)°' are used as
lower boundary conditions.

LETKF updates the state estimate locally in a transformed space,
offering significant advantages in computational efficiency and scalability
compared to the traditional ensemble Kalman filter (EnKF). The state
vector used in LETKF includes horizontal wind speeds, temperature,
specific humidity, water isotope ratios (8D and §'°0), and surface pres-
sure. The observations are assimilated every 6 h. Ensemble covariance is
inflated by the relaxation to prior spread (RTPS) method™ with the
relaxation parameter of 0.95. The horizontal localization scale is selected
to be 500 km (the influence radius of 1826 km). The ensemble size and
localization scale follow our previous Observing System Simulation
Experiment (OSSE) configuration®, while the localization scale is addi-
tionally evaluated using sensitivity tests with 250, 500, and 750 km.
Among the tested values, 500 km provides the best overall performance.
The RTPS parameter and prescribed observation-error variances are
selected through sensitivity experiments designed to maintain stable
cycling throughout the assimilation period, particularly for q and 8D
assimilation. The RTPS value is larger than that used in the previous
perfect-model OSSE (0.4) because real-observation cycling includes
unresolved sources of model-observation mismatch that are absent from
idealized experiments, including model error, representativeness error,
retrieval-space uncertainty, and correlated retrieval errors. These errors
are not fully represented by the prescribed diagonal observation-error
covariance. Smaller observation-error variances or weaker relaxation
result in systematic error growth, most notably in geopotential height,
indicating overconfident analysis updates. Although further tuning may
improve absolute forecast skill, the adopted settings provide a stable
baseline, and the same configuration is used across experiments to eval-
uate the relative impact of 8D assimilation.

Observation-space diagnostics over the evaluation period (Supple-
mentary Figs. 13-15) show that the LETKF update reduces analysis
departures relative to first-guess departures for T, q, and 6D, while retaining
finite ensemble spread after assimilation. The prescribed observation errors
are generally larger than the diagnosed departure statistics, particularly for
0D, indicating a conservative specification of observational uncertainty.

0D and specific humidity are assimilated using averaging kernels. Prior
to assimilation, the mixing ratios of H,O and HDO simulated by IsoGSM
are interpolated both horizontally and vertically to align with the location
and vertical coordinate of an IASI observation. Subsequently, the corre-
sponding averaging kernels and a priori are applied to transform the model
state into the observation space. Finally, the model state vector is updated
using bias-corrected IASI observations.

Experimental design

We perform two data assimilation experiments to investigate the impacts of
IASI 8D. The control experiment, referred to as the “tq” experiment,
assimilates only temperature and specific humidity observations from IASI.
The second experiment, referred to as the “tq8D” experiment, additionally

assimilates 8D observations. These experiments are evaluated during two
periods: February and August 2017, to assess 6D impacts across different
seasons.

For ensemble initialization, we first generate a long-term free run of the
IsoGSM initialized at 0000 UTC June 1, 2015. The initial conditions for 96
ensemble members are selected from the free run from 0000 UTC January 1,
2017, and 0000 UTC July 1, 2017, with a 6-h time step for the February and
August experiments, respectively. Observations are assimilated for
2 months, and the latter 1-month period is used for evaluation.

The effects of 8D assimilation on short-term weather forecasts are
assessed by conducting free ensemble forecasts from the analysis of each
experiment. These forecasts are initialized every 2 days in February and
August 2017 and simulated for a lead time of 120 h.

To isolate the impacts of thermodynamic and dynamic aspects of
isotopic processes, we conduct sensitivity experiments using a cross-
variable localization method™* (Supplementary Table 1). These
experiments assimilate the same observation types as the tqdD experi-
ment, but modify the variable-localization factors used in the LETKF
analysis. In our LETKF implementation, the analysis weights are com-
puted separately for each target state variable using a local set of obser-
vations selected by horizontal, vertical, and variable localization. Setting a
variable-localization factor to zero excludes the corresponding observa-
tion type from the weight calculation for that target variable. In the
“Dynamic experiment,” 8D observations are excluded from the local
LETKF weight calculation when updating thermodynamic variables (g
and T), thereby isolating the 8D influence on the wind fields (u and v).
Conversely, in the “Thermodynamic experiment,” 8D observations are
excluded when updating horizontal winds, thereby isolating the impact
on the thermodynamic variables. These localizations are applied one-
way; the variable-localization factors are modified only for the updates
driven by 8D observations, while the assimilation of temperature and
humidity observations remains unchanged.

Reference data

The European Center for Medium-Range Weather Forecasts (ECMWTF)
reanalysis v5 (ERA5)™ is used as the ground truth for evaluating atmo-
spheric fields. Although ERA5 does not assimilate water vapor isotopes, it is
assumed to offer better accuracy due to its extensive assimilation of obser-
vations, advanced model physics, and higher spatiotemporal resolution.
Atmospheric fields are evaluated using daily means, considering twice-daily
observations by IASI.

To evaluate precipitation forecasts, we use the Global Precipitation
Measurement (GPM) Integrated Multi-satellitE Retrievals for GPM
(IMERG) version 06™. The IMERG algorithm integrates precipitation
estimates from satellite passive microwave sensors to yield a global high-
resolution (30 min and 0.1°) dataset. For the purpose of evaluating pre-
cipitation forecasts, we aggregate this data to a 6-h, T62 resolution using a
conservative remapping technique.

Evaluation

We evaluate the skill based on root-mean square error (RMSE) weighted by
the area of grid cells. For skill scores, we use the RMSE skill score defined by
(RMSEcrr, — RMSE)/RMSEctRr;, where RMSEcryy, is the RMSE of the
baseline control experiment.

The statistical significance of improvements by adding water isotopes is
assessed using a one-sided permutation test (resampling without replace-
ment) applied to the time series of paired experiments. For instance, if
analysis or forecasts from the tqdD experiment are represented as x =
[, X, x3] and those from the tq experiment as y = [y, y, y,], these can be
permuted to form new pairs, suchasx = [y, x, y;] andy = [x, y, x;]. The
permutation is conducted along the time axis to preserve spatial structures.
The null hypothesis is that true improvement is zero or negative, which is
rejected at the significance level of 5%. The null distribution is constructed
through 10,000 permutations, and the 95th percentile of this distribution is
used as the threshold.
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Data availability

The MUSICA IASI water isotopologue pair product is available from the
Institute of Meteorology and Climate Research Atmospheric Trace Gases
and Remote Sensing (https://www.imk-asfkit.edu/english/musica-iasi-
h2oiso-v2.php) and referenced to https://doi.org/10.35097/415. ERA5 is
available from the Copernicus Climate Change Service (C3S) Climate Data
Store (https://doi.org/10.24381/cds.bd0915c6). IMERG precipitation data is
available from the NASA Goddard Earth Sciences Data and Information
Services  Center  (https://doi.org/10.5067/GPM/IMERG/3B-HH/06).
IsoGSM, MIROC5-iso, ECHAM6-wiso nudged simulation datasets are
available at https://doi.org/10.5281/zenodo.10624475. The experimental
results that support the findings of this study are available at https://doi.org/
10.7910/DVN/E28X]JX.
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