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1. Introduction
The first numerical forecasts on time scales of 1-10 days made the pragmatic assumption
that weather is governed predominantly by the atmosphere alone, often persisting the ini-
tial conditions over the forecast range of variables such as sea surface temperature and sea
ice concentration. As such, model development initially focused solely on the atmosphere.
This assumption, however, has limitations, which become particularly clear at longer time
scales. Consequently, modelers developed and included other Earth system components,
such as ocean, sea ice, waves, land surface, dynamic vegetation, atmospheric chemistry,
and the carbon cycle. Historically, these Earth system processes have been built as separate
modeling components. Hence, to produce a full representation of the Earth system that in-
cludes all of these processes, the model components were “coupled,” forming Earth system
models (ESMs). For decades, due to different objectives, the numerical weather prediction
(NWP) and climate research efforts advanced mostly in parallel. In recent decades, the
NWP community has become increasingly aware of the predictive potential of Earth system
model components, which has led to the gradual uptake of processes that were originally
conceived for applications with longer time scales (seasonal to multidecadal prediction).
Once we have integrated several model components within the NWP framework, the
question remains—how do we use them to build the best system? To regulate information
exchange between model components, they must be properly coupled: Model coupling
refers to the process of integrating multiple individual models simultaneously to enable
them to interact and function as a cohesive system, thereby capturing their complex
interdependencies within the overall Earth system. The canonical NWP coupled model
emerges as an atmosphere component linked to ocean, wave, sea ice, and land surface
components. These components have typically been included because they satisfy the
following criteria: (i) positive to neutral impact on NWP forecast skill, (ii) represent pro-
cesses that interact with the atmosphere on NWP time scales, and (iii) we have interfaces
through which we can represent these interactions. The inclusion of various Earth system
components into NWP systems also aligns with the push for “seamless modeling” across
time scales (Palmer et al. 2008; Ruti et al. 2020; Paxian et al. 2023; Miiller et al. 2025).
Since Earth system model components that may act on long time scales (e.g., ocean or
land) are considered critical for targeting such longer time scales, including them in NWP
systems is also a step toward the convergence of NWP and climate models. The purpose
of this workshop was to (i) bring together scientists and model developers at the interface
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between the model components, (ii) exchange knowledge on the fundamentals and
technical challenges underlying coupling these model components with the atmosphere,
and (iii) build a shared understanding on the challenges that arise when coupling across
model components.

In this report, we first discuss different coupling strategies and some “best practices.” This
is followed by key challenges, particularly conservation and coupling across time scales, and
then by concluding remarks.

2. Coupling strategies

“Coupling” is a catch-all term for technical mechanisms that represent interactions and feed-
back across independent model components. In the context of NWP and climate modeling,
one feature most coupling methods share is that they rely on splitting the time integration
into “coupling windows” (typically an hour or longer), often defined by the longest time step
among all model components. Information exchanged across models is shared within coupling
window bounds, with each model typically advancing through several time steps within one
coupling window. In the physical system, perturbations to the coupled state spread across
components very rapidly, potentially at temporal scales that are not resolved by the model
components. In an ideal model, small perturbations to the system would be exchanged at each
model time step (requiring identical time steps for all models). In practice, state-of-the-art
models typically exchange information at the end of each coupling window, introducing a
lag: In at least one direction, a model perceives delayed information (by up to one coupling
window) from its counterpart.

The choice of coupling windows also introduces important trade-offs between physical
realism and computational efficiency. Longer coupling windows (e.g., hourly) reduce com-
putational cost but can lead to temporal aliasing and flux instability, particularly in rapidly
evolving environments such as coastal or convective regions. Conversely, shorter windows
(e.g., every 10 min) better capture transient air-sea feedbacks and improve flux consistency
but increase communication overhead and parallel synchronization demands. Finding the
optimal balance between exchange frequency and model performance remains a key design
consideration for both regional and global coupled prediction systems.

The “coupling algorithm” specifies how the information exchange is sequenced across
model components. Coupling can generally be classified as either sequential or parallel,
depending on the relative sequencing of each model. This choice bears consequence on im-
portant properties of the resulting coupled system, such as its numerical stability, conserva-
tion properties, or computational efficiency. A new consideration for much of the community
is that current coupling methods can be qualified as “loose” (Gross et al. 2018; Marti et al.
2021) and correspond to the first iteration of what should ideally be an iterative procedure.
Cases of nonconvergence are not rare and can at least partly be explained by mathematical
irregularities in either model (see Schiiller et al. 2025). In that specific case, investigating
the numerical sturdiness of the coupling can lead to recommendations pertaining to other
parts of the model.

Coupled models often, but not always, rely on “couplers,” i.e., software managing the in-
formation exchanges across model components when these consist of different executables.
Couplers typically take care of synchronizing model clocks, remapping fields on the sphere,
and sequencing the exchanges as consistently as possible. Yet Another Coupler (YAC) (Hanke
etal. 2016) and OASIS (Craig et al. 2017) are two couplers commonly used for Earth system
modeling. Remapping fields is usually taken care of by couplers with context-dependent
choices: For example, in the context of climate simulations, conservative methods have
assets (Taylor 2024), and can allow global conservation if both grids are carefully built
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(Jungclaus et al. 2022). Couplers are, however, not necessarily needed: “single-executable
coupling” is also widespread, especially at some specific interfaces (e.g., ocean—sea ice),
but also for some systems altogether (Mogensen et al. 2012).

During the workshop, there was consensus that developing two models separately and
then coupling them post hoc should not necessarily give positive results. Rather, we would
prefer the development of these components in a coupled setting, as it helps to tackle the
multiple temporal and spatial scales that current NWP models are used for, i.e., from weather
forecasting to decadal prediction. As coupling model components for NWP takes careful
evaluation, the related development timelines are often in the order of decades, rather than
years, with a series of iterative improvements over this time. This stands in contrast to the
development timelines of the individual “stand-alone” model components. Ideally, in the
model development phases, we would strive to experiment with component interchange-
ability within coupled frameworks as much as possible. This would help identify stable,
resilient, and performant configurations, while also exposing weaknesses to be addressed
iteratively.

Another outcome of the workshop was that we need to change the way in which we think
about coupling: Coupling has, up until this point, been considered as two components either
exchanging information or not. With this being the goal, coupling was often achieved by pass-
ing one field (any spatially distributed model output variable) from one model component to
the other. Rather than this binary interpretation, we challenge ourselves to think of coupling
in a process-based way instead, where we aim to represent the processes through which the
two domains interact (in practice, this may still be achieved by the exchanging of fields,
albeit potentially different ones). This would support the ability to resolve multiple coupled
processes operating at different time scales. This moves us to thinking about the “degree” or
“tightness” of coupling between any components.

Our approach to coupling in Earth system prediction will inevitably continue to evolve as
autoregressive machine learning (ML) models are developed to forecast across time scales.
Unlike traditional numerical models, ML models can implicitly capture coupled processes.
For example, data assimilation in atmospheric reanalysis products such as ERA5—a key
training dataset for ML. models—routinely corrects erroneously represented or even missing
land—-atmosphere and ocean—atmosphere interactions. These corrections embed coupled
feedback into trained ML models without the need to explicitly represent the individual
Earth system components. Thus, coupled processes are no longer enabled solely by model
architecture but also by the information content of the training data. ML models also provide
greater design flexibility than their numerical counterparts. A coupled Earth system ML
model could be trained jointly with a loss function shared across components, or instead
consist of separately trained components that interact by exchanging fields, mirroring
coupling strategies from traditional numerical systems. The optimal approach remains to
be determined and will likely depend on both the application and the time scales of inter-
est. Importantly, the longer the prediction time scale, the more an explicit representation
of components beyond the atmosphere will be required, even for ML systems. These con-
siderations make the study of coupled processes essential for building reliable ML-based
forecasting systems.

3. Challenges

To ensure physical consistency in ESMs, global water and energy budgets are expected to
be conserved (e.g., total water mass) or to boil down to a limited set of source terms (e.g.,
top-of-atmosphere radiation). More pragmatically, conservation leaks in climate simula-
tions can lead to spurious drift that potentially obscures the climate signal. Therefore,
achieving conservation has been identified by the climate community as a key desirable
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property of ESMs. While critical for climate projections, it may be underestimated in
short-term weather prediction, where neither the model components nor the coupling
necessarily conserve energy. Yet, conservation is an intrinsic property of the physical
system that always holds regardless of the considered time scales, and hence neglecting
it results in less robust models.

Isolated ESM components typically do not ensure conservation internally, and address-
ing this issue represents a major challenge (Lauritzen et al. 2022). Hereinafter, we focus
on coupling interfaces (or the lack thereof), which are known to be prone to conservation
leaks. Such problems can arise when one specific exchange is not being represented (e.g.,
river runoff not being properly routed to the ocean). However, striving for conservation by
representing more feedback typically makes components more entangled to each other,
potentially exchanging modeling flaws (e.g., precipitation biases generating salinity
biases via coupled runoff). More mature coupling interfaces can also suffer from incon-
sistency, with key properties being defined with some ambiguity. “Surface temperature,”
which is a key factor for atmosphere-land interactions, is one such example. The notion
of “skin temperature” (Viterbo and Beljaars 1995) can help lift this ambiguity (especially
in the presence of canopy) and has also been successfully implemented in the Icosahedral
Nonhydrostatic (ICON) model (Schulz and Vogel 2020).

Related to mass and energy conservation, realistic land—atmosphere coupling is essential
to represent surface-boundary layer exchanges of these quantities in weather and climate
models. In this regard, land surface models represent evapotranspiration and sensible heat
fluxes, directly influencing boundary layer development and cloud formation. However, the
representation of these processes usually relies on ad hoc parameterizations, depending on
model complexity and input datasets (Ruiz-Vasquez et al. 2023). Keeping relevant model
parameters properly tuned is a key challenge for avoiding land—atmosphere coupling error
propagation.

Another significant challenge in NWP modeling arises from the disparate time scales
of relevant processes across components. Synoptic atmospheric dynamics typically evolve
over hours to days, whereas the land surface acts on spans of days to months, and oceanic
processes can span hours to centuries. When coupling the components, one must keep these
disparate time scales in mind, along with the time scales of the dominant interactions between
the components. Moreover, as resolution increases, processes at interfaces that were previ-
ously negligible become important. For example, wave—sea ice interactions occur primarily
within the marginal ice zone (MIZ), which is a ~100-km-wide feature at the edge of the sea
ice pack. At coarse resolutions, these interactions can be ignored, but as ocean and sea ice
model resolutions increase to sufficiently resolve the MIZ, the wave—ice coupled processes
become relevant. Similarly, for wave—ocean current interaction, waves refract when passing
through an ocean with spatial gradients in surface velocity. Low-resolution ocean models
do not have sharp gradients in ocean currents; in such cases, the wave—current refraction
would be negligible, so this interaction can reasonably be ignored. But with increasingly fine
ocean resolution, neglecting this refraction translates into missing a key part of the coupled
physics that will affect the skill of forecasts. As a result, coupling approaches must adapt to
the resolutions employed by each model, becoming more sophisticated and including more
processes as resolution increases.

In addition, it is important to emphasize the need to rethink the concept of coupling, par-
ticularly regarding the sensitivity of coupled models in polar regions. Sea ice plays a critical
role in insulating the ocean from the atmosphere, with its evolution critically dependent on
both atmospheric and oceanic forcing, which constitutes an inherently coupled problem. For
appropriate coupling, it is essential to implement parameterizations that accurately represent
surface momentum, heat, and moisture exchanges both at ice—air and ice—water interfaces
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(Renfrew et al. 2019; Elvidge et al. 2021; Tsamados et al. 2014). It is also critical to represent
the surface radiative budget accurately—a challenge with a changing surface albedo (from
the presence of sea ice and melt ponds) and clouds. For example, the interaction between sea
ice and clouds in the Arctic involves complex processes such as turbulent mixing, radiative
transfer, and boundary layer adjustments, all of which are physically coupled mechanisms,
thus incompletely represented within isolated model components. Paradoxically, this in-
sufficiency can lead to degraded predictive skill when models are coupled, as the complex
feedbacks between clouds and sea ice are not fully captured, or due to models having been
tuned in isolation. This underscores the critical importance of synergistically advancing the
accuracy and fidelity of individual model components as a prerequisite to maximizing the
effectiveness of coupled modeling systems.

Some processes are known to be important but are currently not yet (or well) represented
in our coupled models. The countergradient exchange of energy and matter in the interface
between the atmosphere and vegetation (forest) or the strong surface cooling in very strongly
thermally stratified flows are examples of such processes. While the countergradient processes
are usually not treated in our surface coupling schemes at all, the existing surface—atmosphere
coupling schemes represent the surface cooling in thermally stratified situations relatively
poorly. In both cases, the atmosphere often becomes “decoupled” from the underlying surface,
and the models suffer in representing this behavior due to the missing or misrepresented
processes in the coupling. Moreover, there exist significant gaps in our understanding of
coupling physics, which require more research supported by observational campaigns and
experiments. This was intensively discussed during the “Workshop on ancillary data for land
surface and Earth system modeling” held in parallel to ours.

Finally, process-based coupling approaches in our climate and weather forecasting systems
require process-oriented (model) validation and diagnostics (POVDs). An increased and en-
hanced incorporation of POVDs into the coupling routines of the system components during
the model development process improves the reproducibility and control across multiple model
versions and thus can be used as a benchmark for further model improvement (Maloney et al.
2019; Neelin et al. 2023). Moreover, due to different levels of coupling complexity, including
POVDs contributes to reducing the range of uncertainty in climate projections and weather
forecasts (e.g., Eyring et al. 2005). The challenge here is to build such POVDs in which ap-
propriate observational and modeling data are combined to validate the needed coupling
routine realistically.

4. Concluding remarks

In this report, we summarized the discussion that occurred at the Workshop on surface pro-
cess coupling and its interactions with the atmosphere. Although different coupling strate-
gies were presented, each with its own merits and drawbacks, participants emphasized that
what matters most is adopting a set of best practices when implementing coupling strategies.

There was broad agreement that the lack of energy and mass conservation in NWP
coupled models is highly undesirable. The workshop identified common ways in which
conservation is violated and discussed possible solutions. Although remedying these
issues is time-consuming, it represents an essential step toward building more reliable
coupled systems.

We also highlighted the need to adapt our coupling setups when moving to higher reso-
lutions, since some coupled processes only become relevant when the model resolution
increases to a certain level. This is analogous to various scale-dependent parameterizations
being switched on or off within any component as resolution changes (e.g., deep-convection
parameterization or ocean eddies). We also discussed that advances should be made with
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recourse to the best observations available and in keeping with the principles of the processes

in question.

To conclude, model coupling over the past decades has often (and understandably) been
treated as a technical challenge, with methods and related software (such as couplers) con-
sidered fit for purpose. The overarching outcome of the workshop was that, to get the most
out of our model components and the entire coupled system, we need to treat model coupling
also as a scientific challenge, in addition to a technical one.
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