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Inhom‘?geneity ing from the workshop “100 Years of Turbulence: Innsbruck 1922 -2022”, held as a centenary celebration of the
Modelling First meeting on “Hydro- and Aero-dynamics" that took place in Innsbruck in 1922. Participants from numer-
Observations . d . di d the signifi hi d . s hall lated
Orography ous countries and continents discussed the significant achievements and major remaining challenges related to
Recommendations atmospheric turbulence over different types of complex surfaces (inhomogeneous terrain, impact of orography,
Roughness and large roughness elements such as trees or buildings), as well as stratified and non-stationary turbulence. For
Similarity each of these contexts, directions for future research were proposed, recognizing that current numerical weather
Stratification and climate models treat turbulence as an unresolved process at the grid-cell scale.
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1. Introduction

Fluid dynamics and especially the turbulent flow of fluids remains
“the most important unsolved problem of classical physics" (Feynman
et al., 1964). Yet, over the course of the past century, major advances
have allowed fluid dynamics to become a core element of accurate
weather forecasting, climate projections, and reliable engineering ap-
plications. Still, many challenges in understanding and modelling at-
mospheric turbulence in real-world applications remain. A Workshop
on Atmospheric Turbulence with the topic “100 Years of Turbulence:
Innsbruck 1922 - 2022 (Fig. 1) was held from 3 — 5 November 2022
in Innsbruck, Austria, to review remarkable achievements, outline ma-
jor challenges, and propose directions for future research in atmospheric
turbulence. Hosted by the Atmospheric Turbulence group of the Depart-
ment of Atmospheric and Cryospheric Sciences (ACINN) at the Univer-
sity of Innsbruck, it marked the centenary of the first meeting on hydro-
and aero-dynamics, organized by Tullio Levi-Civita and Theodore von
Karman, also in Innsbruck in 1922. This historic meeting brought to-
gether scientists from different countries, still recovering from the dev-
astation and distrust of the First World War, to exchange novel insights
into the emerging field of fluid dynamics. The results and presentations
were published in Karméan and Levi-Civita (1925) as a series of bench-
mark papers by Theodore von Karmén, Ludwig Prandtl, Vilhelm Bjerk-
nes, Vagn Walfried Ekman, and Werner Heisenberg, among others (cf.
Fig. 2)

The field of turbulence research has undergone an unfathomable
transformation since this initial meeting, with major advances in theory,
and especially observations and numerical modelling, allowing deeper
insights into the nature of turbulent flows in a range of settings (e.g.
planetary atmospheres, oceans, engineering flows) under what we now
call canonical conditions (horizontally homogeneous and flat terrain, and
without large-scale subsidence). The groundwork led by the pioneering
giants in the field still forms the foundation of turbulence modelling
to this day. With the progress made through higher resolution numer-
ical modelling of weather and climate, especially in complex settings
(such as urban and mountainous areas, polar regions, hurricanes), the
need for improvements in the understanding and parametrization of tur-
bulent mixing and transport over realistic surfaces, and under a wide
range of stratifications, is becoming more acute (cf. Baklanov and Griso-
gono, 2007; Baklanov et al., 2011), as the role of atmospheric bound-
ary layer turbulence in all atmospheric processes and many critical en-
gineering applications (energy and food production, resilience, trans-

100 YEARS OF TURBULENCE

N
INNSBRUC

Fig. 1. Al-generated logo of the centennial turbulence workshop held in Inns-
bruck (AT) in November 2022 using Stable Diffusion v1.4. Note the missing
multiscale character of turbulence.
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portation, etc.) is becoming increasingly more recognised (e.g., Edwards
et al., 2020).

The 2022 meeting therefore focused on turbulence in the atmo-
spheric boundary layer (ABL) over complex surfaces and conditions, and
brought together some 50 turbulence researchers from 14 countries and
various continents to discuss major advances in the field over the past
century, the current state of atmospheric turbulence research, as well
as the major challenges encountered today, with the goal to define and
prioritize open research questions for the future.

This review offers a brief, non-exhaustive survey of key milestones in
turbulence research achieved over the past century (Section 2), followed
by the major discussion points for each of the four topics covered in the
workshop that form the core of this manuscript (Section 3): stratified
and non-stationary turbulence (Section 3.1), turbulence over surfaces
with large roughness elements (Section 3.2), turbulence over inhomo-
geneous surfaces (Section 3.3), and turbulence over complex orography
(Section 3.4). We conclude with community recommendations for fos-
tering future advances in the field (Section 4).

2. Advances in turbulence research since the historical meeting
of 1922

The past century has seen unprecedented developments in theory,
as well as concepts and approaches that have allowed turbulence to be
observed, modelled, and parametrized in atmospheric simulations (as
reviewed by Haugen, 1973; Nieuwstadt and van Dop, 1982; Holtslag
and Duynkerke, 1998; Rotach and Holtslag, 2025). Lighthouse exam-
ples of theoretical concepts include: the turbulence cascade (Richardson
and Shaw, 1920; Richardson, 1922) and its underlying statistical the-
ory (Kolmogorov, 1941a,b); Monin-Obukhov Similarity Theory (MOST,
Obukhov, 1946; Monin and Obukhov, 1954; Businger et al., 1971;
Hogstrom, 1996; Foken and Borngen, 2021) and its derivatives (Nieuw-
stadt, 1984; Willis and Deardorff, 1974; Grachev et al., 2015); concepts
such as fine-scale dissipation intermittency (Kolmogorov, 1962), local
intermittency and the collapse of continuous turbulence (Derbyshire,
1999; Fernando and Weil, 2010; van de Wiel et al., 2012), as well as
global intermittency (Mahrt, 1989; Sun et al., 2004; van de Wiel et al.,
2002); the attached eddy hypothesis (Townsend, 1976); turbulent po-
tential energy (Holliday and Mcintyre, 1981; Zilitinkevich et al., 2013);
the inverse cascade (e.g., Sagaut and Cambon, 2008; Zilitinkevich et al.,
2021) and many more (see LeMone et al., 2019; Garratt et al., 2020, for
overview). Ancestral galleries of some of the forerunners in the develop-
ment of these theories are shown in Fig. 2, inspired by Davidson et al.
(2011) and Lumley and Yaglom (2001).

These important advances have been enabled by impressive in-
creases in observational and computational capabilities. On the ob-
servational side, these include the development of fast-response sonic
anemometers, fine-wire thermocouples and other fast-response sensors
(e.g., gas analysers/hygrometers, sodars, Doppler wind lidars, scintil-
lometers etc.) able to capture turbulent eddies and key statistics both
in the laboratory and in the field (Bovsheverov and Krasilnikov, 1941;
Tatarskii, 1961; Kallistratova, 2002; Foken, 2021). Computationally, the
development of Reynolds Average Navier Stokes (RANS) models that
fully parametrize turbulence using the theoretical understanding, per-
mitted operations and research in weather, climate, and air quality. Only
the increase of computational power over recent decades has allowed
for the creation and use (at least in research and non-operational ap-
plications) of high-resolution simulations in which the dominant tur-
bulence scales (LES, Large Eddy Simulation, Smagorinsky, 1963; Lilly,
1967; Deardorff, 1970; Moeng and Sullivan, 2015; Stoll et al., 2020)
or the full turbulence spectrum including the dissipation range are re-
solved (DNS, Direct Numerical Simulation, Orszag, 1970; Moin and Ma-
hesh, 1998), with the data-driven turbulence modelling using machine
learning approaches proliferating over the last few years (Brunton et al.,
2020; Ling et al., 2016).
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Fig. 2. Historic timeline, names and photographs of a non-exhaustive selection of eminent scientists contributing to different developments in turbulence until the

early 90s, from Thomas Foken’s presentation.
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There is a large consensus that many topics in classical turbulence
theory have still not reached a satisfactory level of understanding, de-
scription, or predictive skill. In particular, open fundamental questions
concern our understanding of how thermally and mechanically driven
turbulence interact and what their differences are (e.g., Zilitinkevich
et al., 2021), the dynamics and role of coherent structures in turbulent
flows (e.g., Deardorff, 1972; LeMone, 1973; Schmidt and Schumann,
1989; McNaughton and Brunet, 2002; Sullivan et al., 2016), the trans-
port of passive and active scalars by turbulence (e.g., Kulmala et al.,
2023), the role of turbulent pressure perturbations (e.g., Heinze et al.,
2016), the properties of near-wall turbulence (e.g., Marusic et al., 2010),
and the theoretical underpinning of similarity theory (e.g., Katul et al.,
2011) to name a few. Nonetheless, observational and modelling capa-
bilities over the past 30 years have permitted a major departure from
studying only the canonical conditions and embraced more realistic sce-
narios, especially probing the limits of existing theories in terms of both
extreme stable and unstable stratifications, the influence of baroclinity
and unsteadiness (e.g., Mahrt and Bou-Zeid, 2020; Ghannam and Bou-
Zeid, 2021), as well as realistic surface conditions (e.g., inhomogeneity,
orography, plant canopies and urban terrain), and opening up the doors
towards universal scaling approaches (e.g., Stiperski and Calaf, 2023).

3. Major challenges in atmospheric turbulence research
3.1. Stratified and non-stationary turbulence

3.1.1. Overview

Stably stratified boundary layers (SBLs) are of considerable scientific
and practical importance due to their frequent association with per-
sistent air pollution episodes and degraded performance in numerical
weather prediction (NWP) models, particularly in forecasting phenom-
ena such as fog and icing. They are also of emerging importance for re-
newable energy meteorology. Despite their relevance, SBLs continue to
pose significant challenges to theoretical understanding, observational
techniques, and numerical modelling. This is especially the case if the
stratification is very stable, in which case the flow is often characterized
by layering, non-stationary and intermittent turbulence. Thus very sta-
ble SBLs manifest themselves through a myriad of different realisations
(e.g., upside-down boundary layer, Mahrt, 1999) that escape proper de-
scription and magnify our lack of understanding. Compared to the con-
vective boundary layer (CBL), the stratification in SBLs acts as a sink of
turbulence kinetic energy (TKE) by reducing its mechanical production
(Shah and Bou-Zeid, 2019) and converting it to turbulent potential en-
ergy (TPE), so that the resultant forcing of turbulence is weaker but acts
on a variety of scales. Turbulent fluxes in SBLs also stem from larger
footprints and therefore correspond to larger surface inhomogeneity.

Under very stable stratification, oftentimes, no clear spectral gap sep-
arating turbulence from non-turbulent motions is present. Instead, tur-
bulence can become decoupled from the mean flow, and driven by sub-
mesoscale motions (e.g., gravity waves and other wave-like motions)
that populate the entire range of scales. These external processes cause
non-stationarity, intermittency and anisotropy of turbulence (Mahrt,
1999, 2014; Sun et al., 2015; Gucci et al., 2023). At the same time, the
observed intermittency can stem from internal variability and instability
mechanisms (e.g., bursting, Businger, 1973; Nappo, 1991; van der Lin-
den et al., 2020; Allouche et al., 2022), so that, apart from idealised
modelling, it is often unclear which mechanism governs the observed
signal. In addition, the non-stationarity pronouncedly impacts the turbu-
lence structure, particularly during the morning and evening transitions
(e.g., Nadeau et al., 2013a; Lothon et al., 2014). Due to these challenges,
the most important advances in understanding and modelling the SBL
and the non-stationarity of turbulence over the past century are only
slowly emerging.
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3.1.2. Significant achievements

The finding that height is associated with stability through the
Obukhov length (Obukhov, 1946) is a major achievement. Building on
this result, similarity relations according to MOST (Monin and Obukhov,
1954) are well established for moderate stability in the surface layer
(e.g., Kelly and Gryning, 2010). Above the surface layer, however, tur-
bulence shows deviations from MOST and therefore, the local scaling
framework (Nieuwstadt, 1984), and the z-less scaling as a limiting be-
haviour of the local scaling for increasing stability, were introduced. It
should be noted that local only refers to height in the local scaling layer,
i.e., the boundary-layer approximation is still invoked. This concept goes
back to Ludwig Prandtl, formalized in Mellor and Yamada (1974), and
essentially refers to a horizontally homogeneous boundary layer flow
with mean quantities that vary solely with height.

From a practical perspective, large progress in understanding the
stable and non-stationary turbulence was enabled by the development
of methods and approaches that go beyond the canonical. The recogni-
tion of the importance of spatial variability of turbulence, even over
homogenous surfaces, has led to the development of methods, such
as wavelet analysis, to extract spatio-temporal information from dis-
tributed or moving observational platforms, such as research aeroplanes
(e.g., Farge, 1992). Due to the steadily improving technological and lo-
gistic possibilities, observational campaigns could also be conducted in
regions of very stable, long-lived boundary layers (e.g., Zilitinkevich
et al., 2002; Poulos et al., 2002; Grachev et al., 2005), as well as in non-
stationary conditions (e.g., Higgins et al., 2019; Shupe et al., 2022). With
the advance of LES and DNS, a systematic evaluation of SBL parametriza-
tions in NWP and climate models became feasible, for example, in the
series of GABLS (GEWEX Atmospheric Boundary Layer Studies, Holtslag,
2006) experiments. In these GABLS studies, LES was used as a reference
to reproduce observations of increasing complexity, and then subject
to well-coordinated inter-comparison trials, to test the various partic-
ipating stable ABL parametrizations (see Holtslag et al., 2013, for an
overview).

3.1.3. Major remaining challenges

The majority of the previously mentioned achievements rest on the
simplifying assumptions of canonical and equilibrium (stationary) con-
ditions, thus addressing only a small simplified subset of real-world con-
ditions, where turbulence is fully developed and is the dominant driver
of exchange.

The non-linear interactions between mean flow, sub-mesoscale mo-
tions, and turbulence that characterizes the SBL make it imperative to
focus not only on turbulence, but also on other small-scale processes
associated with radiation, advection, surface inhomogeneity and associ-
ated transport, fog, gravity waves, etc. A deeper understanding and im-
proved modelling of these processes, along with their non-linear inter-
actions, are essential. Here, spatio-temporally continuous observational
techniques such as distributed temperature sensing (DTS, Thomas et al.,
2012) or similar approaches (Haugeneder et al., 2023) at the micro-
scales or (only emerging) lidar retrieval algorithms capable of resolving
turbulence (e.g., Wildmann et al., 2019; Coimbra et al., 2025) are of spe-
cial value, as they capture sub-mesoscale contributions and layering, as
well as non-local interactions (Eder et al., 2015; Bodini et al., 2018).
The not-commonly-observed pressure terms are crucial when it comes
to the maintenance of turbulence in stratified conditions (“the devil is
in the pressure terms" as Dmitrii Mironov said during the workshop),
as has been recognized in a series of studies after Rotta’s seminal work
(e.g., Rotta, 1951; Bou-Zeid et al., 2018).

Due to a lack of an observable spectral gap in very stable stratifica-
tion and non-stationary conditions, a clear separation between processes
is lacking. Therefore, the separation of turbulence from non-turbulent
components remains a challenge, for which approaches like the multi-
resolution flux decomposition (Howell and Mahrt, 1997) or break point
analysis (e.g., Lord-May and Radi¢, 2024) appear to offer promising
paths.
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Multiple MOST-based formulations have been developed for the SBL
and are routinely used in NWP and climate models, however, they are
known to diverge in very stable stratification, where the question of
whether turbulence is decoupled from the surface or not determines the
functional similarity form, the shape of which is still not universally
accepted (e.g., Foken, 2006; Sandu et al., 2013). An additional theo-
retical challenge stems from the fact that classic scaling relations are af-
fected by self-correlation in stable stratification (Klipp and Mahrt, 2004;
Grachev et al., 2007). Going beyond the simple framework of MOST,
the importance of background stratification and flow conditions on SBL
(Zilitinkevich et al., 2007) should be further explored. This includes de-
velopment of scaling formulations using alternative scales such as the
buoyancy length scale (Sorbjan, 2006) or the Dougherty-Ozmidov scale
(Grachev et al., 2015), or multi-parametric (e.g., Heisel and Chamecki,
2023) and multi-point (e.g., Tong and Nguyen, 2015) approaches, that
contain classical MOST as a special case. Here, additional possible influ-
ences include the Coriolis parameter, boundary layer depth, net radia-
tion, upwind fetch, aerodynamic and scalar roughness lengths. Another
approach involves the stochastic extensions to MOST (Boyko and Ver-
cauteren, 2021), proposed to deal with the unknown physics in very
stable stratification.

Although some parametrizations for the very stable boundary layer
when turbulence is not the dominant driver (i.e., beyond a critical
Richardson number, Basu and Holtslag, 2021) or when it is intermit-
tent (Allouche et al., 2022) exist, generally-valid parametrizations are
still lacking resulting in problems such as runaway cooling and lack of
a regime-bifurcation in NWP (Grisogono, 2010; van Hooft et al., 2018;
Ramsey and Monahan, 2022). Current parametrizations and theoreti-
cal models typically do not include interactions with other important
drivers such as clouds, aerosols, chemical components, radiative flux di-
vergence. Furthermore these processes are not commonly measured in
field campaigns or in permanent observatories (cf. Hoch et al., 2007).
Additionally, due to the local nature of the SBL, the parametrizations
always require some location-specific adaptations, oftentimes realized
through the tuning of parameters for momentum or thermal exchange
such as the roughness length, surface conductivity, or similar.

GABLS model intercomparisons (Holtslag, 2006; Holtslag et al.,
2013) were fundamental in increasing our understanding of model per-
formance in stable stratification over flat terrain, yet, field and model
benchmark studies in complex orography and various atmospheric con-
ditions are still missing. Additionally, although the intrinsic complex-
ity of very stable turbulence can be well understood through LES/DNS
studies, LES of the SBL should be viewed with caution since the sub-
meter grid spacing of LES required to properly capture energy contain-
ing turbulent eddies even in moderately stable boundary layers (Cuxart,
2015), has been achieved only in a handful of very idealized studies
(McWilliams et al., 2023). For the rest, the accuracy of model results
strongly depends on the ability of the sub-grid-scale (SGS) closure to
represent the larger fraction of fluxes and adapt to increasing stability
when the Dougherty-Ozmidov scale becomes smaller than the grid scale
and thus stability directly affects the SGS eddies (Bou-Zeid et al., 2010).
Additionally, the LES models that do not employ pseudo-spectral or
higher-order advection schemes cannot reproduce correct spectral char-
acteristics, and particularly dissipation, due to the effects of the associ-
ated implicit filter (Mittal and Moin, 1997; Zilitinkevich et al., 2019).
The effective resolution can therefore have significant implications for
numerical studies of very weak turbulence (Giacomini and Giometto,
2021), potentially limiting the usefulness of findings of LES in under-
standing realistic small-scale turbulence.

Finally, interaction of other sources such as sub-mesoscale mo-
tions/synoptic forcing, surface interaction (radiation/skin temperature,
inhomogeneity, moisture) requires further study. While this is true for
other regimes of the atmospheric boundary layer too, the delicate bal-
ance between a weak forcing and complex redistribution mechanism of
turbulence kinetic energy exposes stable, and more so strongly stable,
configurations to forcings which otherwise are negligible.
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3.1.4. Future directions

Very stable conditions certainly stretch the assumptions behind tur-
bulence parametrizations in NWP, climate, and even LES models, to
their limits and beyond. Typically, the 30-min equilibrium conditions
assumed to relate local (grid box) turbulence statistics (fluxes) to local
flow conditions are not likely to produce physically well-based results.

Although non-stationarity is endemic in stable stratification and its
importance and influence extend to wider conditions (e.g., influence of
clouds in CBL), its effects remain underappreciated and understudied
(Vecenaj and and De Wekker, 2015). Non-stationary conditions, there-
fore, require more attention in theoretical, observational, and modelling
contexts, especially if they also result in conditions in which mean flow
and turbulence are not in equilibrium (Mahrt and Bou-Zeid, 2020). A
formal definition of non-stationarity with a proper limiting behaviour
towards stationarity should be established in the community, includ-
ing its relation to spatial inhomogeneity. Explicit incorporation of tem-
porally evolving boundary layer dynamics can leverage von Karmén’s
classical integral momentum theory, showing that equilibrium condi-
tions are approached only after a relaxation process involving various
time-scales (Fowler et al., 2023). Generalizations of such approaches to
ABL dynamics remain a promising future task. For instance, such gen-
eralizations would require the development of continuous filtering ap-
proaches (beyond Reynolds decomposition) for observational data go-
ing beyond the concept of a spectral gap, and might be related to a
conceptual shift towards studying spectral characteristics instead of in-
tegral (i.e. spatially or temporally averaged) statistics. Resulting model
parametrizations in LES, NWP and climate models will have to develop
towards non-local treatment, not only in the vertical, but also in the hor-
izontal directions, and possibly even extend beyond the grid cell under
consideration.

Machine Learning (ML) may help identify interactions between
micro-scale turbulence and (sub-) mesoscale flows as well as formerly
unrecognized or neglected forcings. Candidates for the latter are cloud-
surface interactions, micro-scale variability of the surface and related
dynamic pressure-turbulence interactions, as well as small-scale surface
temperature variability. Numerical modelling will continue to be used
for simplified (idealized) case studies at horizontal grid spacing of the
order of meters or decimetres. If the insights gained from this type of
idealized experiments are to find their way into applicable sub-grid scale
parametrizations (e.g., in next generation kilometre scale global simula-
tions), accurate surface and especially soil characteristics (soil moisture
but also the soil composition necessary for accounting the soil storage
terms) would need to be available (possibly from satellite data) at the
resolution of the sub-grid scale treatment.

3.2. Turbulence over surfaces with large roughness elements

3.2.1. Overview

Rough surfaces are characterized by large roughness elements that
render the air between and immediately above them (up to some two
to five times the canopy height, Raupach et al., 1991) distinctly differ-
ent in its turbulence characteristics from what has long been known as
the surface layer (Garratt, 1978). It is therefore necessary to split the
surface layer into a roughness sublayer (RS) and an inertial sublayer, as
the conditions for applying MOST or equivalent similarity theories are
fulfilled only in the latter. If roughness elements have a height of order
10m or more, as in a forest or an urban area, a substantial part of the
lower ABL has the characteristics of the RS, i.e., it is three-dimensional
and requires at least an extension of MOST (e.g., Physick and Garratt,
1995; Harman and Finnigan, 2007) or mixing lengths (e.g., Katul et al.,
2004) based on the canopy geometry. Given the fact that most NWP
and climate models use MOST in one way or another in their surface-
exchange parametrization, this poses a significant challenge, especially
to environmental modelling, such as predicting heat stress and air pollu-
tion in cities or assessing gas exchanges and growth conditions in plant
canopies.
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3.2.2. Significant achievements

The recognition that turbulence in the RS is different from that in the
surface layer (i.e., the inertial sublayer) is certainly a major achieve-
ment in itself (Brunet, 2020). RS turbulence can be characterized by
typical profiles (so-called “family portraits"). Among them the shear
stress profile is probably the most distinctly different from canonical
wall-bounded turbulence (including MOST), where the lowest layer is
modelled as a constant flux layer (e.g., Rotach, 1999; Kastner-Klein and
Rotach, 2004). As a theoretical foundation, the mixing layer analogy
(Raupach et al., 1996) relates canopy exchange in RS to inflection point
instability using a length scale tied to the vorticity thickness at the height
of maximum shear. Interaction with the roughness elements through
form and viscous drag then leads to a fully three-dimensional mean
flow and associated dispersive fluxes, the experimental determinations
of which, however, are a remaining challenge rather than an achieve-
ment (Coceal et al., 2006). Dispersive fluxes reflect the fact that canopy
exchange is also produced by organized mean flow structures, and the
associated non-local processes and scale interactions.

Turbulence in the RS, however, depends on distribution, density,
character (solid as buildings, flexible as trees) and height of the rough-
ness elements that introduce additional length scales to the flow (Grim-
mond and Oke, 1999; Finnigan et al., 2009). In the case of urban ge-
ometries, idealized cubed roughness elements have often been studied,
which allowed for a certain degree of generalization (e.g., Castro et al.,
2006). Explicitly taking into account form and pressure drag on “statis-
tical buildings" in the RS over an urban area allowed to devise a multi-
layer urban exchange parameterization (Martilli et al., 2002), which is
now incorporated in many community models for weather and climate.
The groups of vegetated and urban-type canopies exhibit overall simi-
larities (such as the inflection point mentioned above) but also distinct
differences (Rotach and Holtslag, 2025), which renders a unified rough-
surface exchange parametrization for numerical models a formidable
task. Still, such parametrizations, also known as canopy parametriza-
tions, have been devised either as single-layer or multi-layer variants.
With the increase in computing power, LES at very high resolution (grid
spacing of order 1 m) has been used to study details of RS turbulence,
albeit over limited domains (e.g., Patton et al., 2016; Giometto et al.,
2016) or urban footprints (Auvinen et al., 2017) only. In this respect,
a major achievement was the implementation of immersed boundary
methods to simulate urban surfaces, allowing easier representation of
buildings and street canyons on regular (not body-conforming) meshes
(Maronga et al., 2020; Gisinger et al., 2015), and even simulating the
effect of individual roughness elements such as fractal trees (Chester
and Meneveau, 2007; Schréttle and Dornbrack, 2013). These simula-
tions showcase that the effects of true unresolved roughness on turbu-
lence are not equivalent to those of an effective roughness value that
is typically computed a-priori (Bou-Zeid et al., 2009; Kelly and Cavar,
2023) and often assumed to be valid in lower-resolution simulations.

Modelling ABL flow over surfaces that exhibit multi-scale self-similar
properties, such as vegetated canopies or power-law Gaussian surfaces,
requires careful treatment, as multiple scales of the surface interact with
the turbulent flow that is also inherently multi-scale. One method that
has been particularly effective at exploiting scale similarity for LES is
the dynamic model (Germano et al., 1991), which has been generalized
to account for the inherently scale-dependent dynamics in the surface
layer (Porté-Agel et al., 2000; Bou-Zeid et al., 2005). Methods that ex-
tend these concepts to parametrizations of surface drag forces for flow
over multiscale vegetation elements (Chester et al., 2007; Chester and
Meneveau, 2007), multiscale orography (Anderson et al., 2012; Kelly
and Cavar, 2023), ocean waves and other dynamic surfaces (drifting
sand or snow) (Yang et al., 2013) have been developed.

3.2.3. Major remaining challenges

The importance of usually neglected terms (e.g., pressure transport
in the TKE budget) or terms arising through the need for spatial averag-
ing (dispersive flux terms) has been pointed out, but their experimental
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observation (outside of a wind tunnel), as well as numerical modelling
even with LES, still remain a challenge both for vegetated (Finnigan,
2000) and urban (Christen et al., 2009) canopies.

Surface exchange parametrizations are still commonly not able to
directly take into account spatial variability of canopy characteristics
(e.g., lack of under-canopy description of vertical and horizontal inho-
mogeneity or utilization of the full three-dimensional canopy structure,
even when available), and the majority of theoretical developments are
still limited to neutrally-stratified flows.

Another set of open questions pertains to the dissimilarity of the
scalar versus momentum turbulence, and dispersive transport over
rough terrain. Recent studies have shown that this dissimilarity is more
pronounced than over flat terrain (Li and Bou-Zeid, 2019), and that tur-
bulent and dispersive fluxes are altered differently as the density of the
roughness elements increases. This in turn influences the parametriza-
tions in coarse models, and how the roughness length for heat or other
scalars are related to that for momentum (Li et al., 2020).

A major challenge over very rough surfaces is certainly the creation
of a unified vegetation + urban parametrization, and associated with it
the measurement of the necessary scaling parameters at a global scale.
A unified treatment is highly beneficial since most real-world surfaces
have a mixture of vegetation and built structures, and increasingly also
feature wind or solar farms, such that most surface grid cells would
feature multiple types of roughness elements.

An aspect of RS turbulence that is not usually considered when op-
erational NWP and climate modelling is concerned is pollutant disper-
sion, relevant, among others, to greenhouse gas budgeting in vegetated
canopies and air pollution in urban areas (e.g., Rotach, 1999; Martilli
et al., 2003; de la Paz et al., 2016). Additionally, the lack of consistent
observations of higher order moments means that the non-linear combi-
nation of dynamic, thermal and chemistry effects (Schumann, 1989) still
requires a better understanding. Note that this is even the case if pollu-
tants are assumed to be passive tracers, since large parts of our under-
standing of canopy turbulence is confined to near-neutral and modestly
(un)stable conditions.

Scale interactions of canopy turbulence with the entire overlying
ABL (e.g., urban boundary layer, between the canopy and RS, turbu-
lence and buildings) is still posing a significant challenge and is only
beginning to be numerically explored (e.g., Theeuwes et al., 2015). The
same is true for the interaction with terrain, such as e.g., a major city in
a deep valley (e.g., Medellin, Mexico City, see Fernando, 2010; Ward
etal., 2022) or an extensive forest on a steep slope, where the World Me-
teorological Organization’s (WMO) guidelines for stations with a strong
focus on large-scale representation cannot be met, therefore reducing
the availability of long term systematic observations.

3.2.4. Future directions

The availability of observations of momentum, energy and scalars,
and in particular long-term testbed-type observations that build upon
the knowledge gained in previous urban (e.g., Rotach et al., 2005) and
vegetated (e.g., Raupach et al., 1996) canopy studies, over very rough
surfaces of different character are crucial for the development of a uni-
fied (urban, vegetation) surface-atmosphere exchange parametrization
in relation to canopy morphology. Combination of in-situ/satellite/dis-
tributed measurements is seen as a promising pathway to improve three-
dimensional canopy representation (e.g., Fenner et al., 2024), possibly
with the help of machine learning. A major obstacle for a unified canopy
parametrization is the roughness grey zone (e.g., Li et al., 2021) where
the grid scale of a numerical model approaches the scale of roughness
elements. While a hectometric horizontal grid spacing (near future of
regional NWP) allows for averaging over sufficiently many trees in a
forest (and even more plants in an agricultural field) it may contain one
residential building in a suburban area and cover parts of a downtown
urban block. Combining very high-resolution (with respect to the shear
length scale) LES with appropriate observations will certainly provide
suitable information for further progress. Finally, new approaches for
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data assimilation of urban and canopy data are needed (e.g., Koopmans
et al., 2023).

3.3. Turbulence over inhomogeneous surfaces

3.3.1. Overview

The influence of surface inhomogeneity, a prevalent feature of at-
mospheric boundary layers, on turbulence has long been a challenge
to both experimentalists and modellers due to the complexity and many
manifestations of associated processes (e.g., internal boundary and equi-
librium layers, secondary circulations and the associated advection etc.,
McNaughton, 1988; Brutsaert, 1998; De Roo and Mauder, 2018). Ad-
ditionally, the increase in model resolution and the lack of observed
energy balance closure (Foken, 2008) in field observations has thrust
forward the need to better understand the effect that the variability in
the surface (thermal, hydrological, and roughness) characteristics has on
boundary layer flows. In this respect, inhomogeneity plays a prominent
role in turbulence organization into secondary circulations and in inter-
nal boundary layer development (Stoll and Porté-Agel, 2009; Bailey and
Stoll, 2013; Mott et al., 2015; Fogarty and Bou-Zeid, 2023; Mironov and
Sullivan, 2023), both of which are of critical importance to turbulent
exchange processes, mesoscale weather patterns, and other phenomena
(Bou-Zeid et al., 2020). With respect to numerical modelling, homo-
geneity is a decisive assumption made at the model-grid level from the
atmospheric point of view (even if the land surface model is designed
to account for some heterogeneity, variability is averaged out before
the land surface model “communicates" with the atmospheric model).
In current model architectures, each atmospheric grid cell is attributed
a single value of drag and fluxes of heat and moisture, although these
might be computed by approaches such as mosaic and flux blending that
aim to capture some implications of heterogeneity (Pielke and Avissar,
1990). By design, the first model level over this grid cell is coupled to the
surface through the surface-exchange parametrization, which assumes
that i) the grid cell is horizontally homogeneous, ii) the exchange is de-
termined by only the local surface characteristics, and iii) the flow is
in equilibrium with the local surface. If the grid spacing is large (order
10km or more, as in present-day NWP and climate models), the first
two assumptions are weakened, but the third is strengthened. The ef-
fect of sub-grid scale surface variability can then conceptually be added
through either a mosaic approach (where the land model is effectively
run at a higher resolution, see discussion on the origin of this approach
in Koster and Suarez, 1992) or an equivalent-surface approach (where
the inhomogeneous land surface characteristics are averaged in some
way to yield the correct grid-averaged fluxes, e.g., an effective surface
roughness, Taylor and Teunissen, 1987; Bou-Zeid et al., 2007). How-
ever, the principal model design of an atmospheric flow over a homoge-
neous surface is maintained even when the exchange is determined by
the (average) characteristics of the local surface or by its sub-grid scale
variability.

3.3.2. Significant achievements

One of the most notable accomplishments in the study of inhomo-
geneity on turbulence is the understanding of internal boundary layers
and internal equilibrium layers (e.g., Brutsaert, 1998; Savelyev and Tay-
lor, 2005). Additionally, a deeper understanding of secondary circula-
tions (Bou-Zeid et al., 2020), their drivers, and the identification of the
associated dispersive fluxes (Raupach and Shaw, 1982) that impact the
transport of momentum, heat, and pollutants in the ABL has recently
been highlighted as a key missing component of the surface energy bal-
ance (Margairaz et al., 2020a; Mauder et al., 2020).

The sophistication in representing unresolved inhomogeneity within
models has also improved (e.g., Waterman et al., 2024), allowing for
more accurate models of turbulent processes that occur above inho-
mogeneous surfaces. The mosaic approach (Pielke and Avissar, 1990;
Seth et al., 1994; Molders et al., 1996) has been devised to take into
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account sub-grid scale surface inhomogeneity of a general type in nu-
merical models. Although the structure of the patches is not represented
in such methods (that would require running a gridded land model at
a higher resolution), they produce more realistic results and allow for a
subsequent downscaling of land surface states to higher resolutions (Li
et al., 2013).

Consideration of inhomogeneous surfaces in experiments and sim-
ulations (as opposed to searching for the canonical surface conditions
in order to test the canonical theories) has led to a more in-depth as-
sessment of the upwind area of influence for turbulence statistics at a
particular receptor location, i.e. footprints (Leclerc and Thurtell, 1990;
Schmid, 2002), and potential development of inhomogeneity related
scaling parameters (e.g., Margairaz et al., 2020b; Wanner et al., 2022).

3.3.3. Major remaining challenges

Despite these achievements, several challenges remain. A key issue
is the balance between synoptic advection and thermal or stress-driven
circulations (e.g., Omidvar et al., 2019; Allouche et al., 2023), which
determines the mean flow and turbulence structure, critical for accu-
rate NWP. Distinguishing between strongly unstable (free convection
limit), neutral-to-stable (forced convection limit), and mixed convection
configurations over inhomogeneous terrain, and what flow and fluxes
they result in, remains elusive. Moreover, the interaction of buoyant and
roughness inhomogeneity poses significant modelling difficulties (Fog-
arty et al., 2024).

The quest for quasi-universal, scale-adaptive parametrizations con-
tinues, as does the need for analytical modelling under arbitrary con-
ditions such as varying stratification, terrain, and wave influences. The
complexity of multi-scale surface variability and couplings, both in sim-
ulations and between the ABL and man-made structures (e.g., wind tur-
bines, urban areas, solar arrays), presents a formidable challenge (Bou-
Zeid et al., 2020). Current modelling frameworks, including the widely
used MOST, often fall short when applied to inhomogeneous conditions
(Figueroa-Espinoza and Salles, 2014). A parallel challenge is how to pre-
dict the unresolved three-dimensional variability of the mean flow and
the dispersive fluxes it generates. Hence, there is a pressing need for
generalizations or entirely new hypotheses that can account for these
complexities. In addition, as inhomogeneity is a challenge for both mod-
ellers and experimentalists, the reconciliation of the differences between
observations and models is necessary to identify missing processes or
imperfect observational strategies and the development of novel obser-
vational concepts. The question, however, remains whether it is possible
to ever reach a level of universality for inhomogeneous turbulence, at
least for classes of similar situations, that was reached for its homoge-
neous counterpart.

3.3.4. Future directions

Addressing these challenges requires coordinated progress through
targeted observations in line with model developments, achieved
through close collaboration between experimentalists and modellers
(e.g., Wolf et al., 2017; Moderow et al., 2021; Butterworth et al., 2021;
Morrison et al., 2023). New measurement technologies, such as un-
crewed aerial systems (UAS) or Doppler lidars can help close the knowl-
edge gap, along with the selection of simple enough cases for LES model
intercomparisons, and for comparisons and development of analytical
solutions and other theoretical approaches. Improved assimilation tech-
niques will help in creating more accurate and reliable models. Fur-
thermore, defining a framework for inhomogeneity that includes clas-
sification by scales (e.g., microscale, mesoscale, and their interactions)
and impacts (e.g., memory) for all buoyancy, roughness and combined
inhomogeneity is essential. Such a classification will have to be formu-
lated in a scale-adaptive framework, thus properly addressing the Terra
Incognita/turbulence grey zone (Wyngaard, 2004) challenge from both a
turbulence and a surface variability perspective. Building a hierarchy
from medium- to high-complexity scenarios will enable better physical
understanding and improved parametrizations. Ultimately, the goal is
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to determine whether universality is feasible despite inhomogeneity: if
so, how it can be achieved, and if not, what are practical alternatives
that may be more heuristic but as effective if they can leverage large
datasets and novel machine learning approaches.

3.4. Turbulence over complex orography

3.4.1. Overview

Turbulence over complex orography is characterized by inherent in-
homogeneity (arising from the variety of terrain slopes, elevations, expo-
sitions, land use, etc.), and complex interactions with multi-scale topo-
graphic flows (e.g., Serafin et al., 2018). Effects of orography are there-
fore closely related to inhomogeneity, however, over orography gravity
is a driving force also in the horizontal budget equations (as opposed to
acting only in the vertical over flat terrain), and thus makes the thermal
and momentum structure even over shallow slopes different from that
of flat-terrain flows (Grisogono and Oerlemans, 2001; Farina and Zardi,
2023). Additionally, pressure-flow interactions through the sheer pres-
ence of terrain as an obstacle, together with streamline curvature, play
an important role in determining the turbulence structure of orographic
flows (Kaimal and Finnigan, 1994). In this sense, complexity extends
beyond simply the complexity of the orographic features.

Turbulence variability over orography is clearly three-dimensional,
despite the fact that numerical models for weather and climate still
treat it as one-dimensional, i.e., quite generally invoke the boundary-
layer approximation. Operational NWP models furthermore use terrain-
following coordinates and are therefore susceptible to numerical errors
when simulating flows over steep slopes (Chow et al., 2019), which re-
quire special treatment currently only available in research models.

Over complex orography, sources (sinks) of turbulence are the same
as over flat surfaces, however, the canonical setting is not that of an ABL
flow developing over a horizontal surface of a particular type and topped
by an equally horizontal synoptic flow. Turbulent structure is strongly
dominated by the location relative to orography (e.g., ridge top or valley
floor), as well as height above ground (cf., where the influence of terrain
slope, curvature, rapid distortion, and memory effects prevail, Park and
Park, 2006; Medeiros and Fitzjarrald, 2015; Brun, 2017; Finnigan et al.,
2020), and by the existence of length scales alternative to the Obukhov
length, imposed by the flow itself (e.g., Grisogono et al., 2007). Ad-
ditionally, the non-local turbulence drivers (Weigel and Rotach, 2004)
and the strong veering/backing of the flow with height have important
implications for complex-terrain turbulence structure and its modelling
(Rotach et al., 2008).

Interactions with mesoscale circulations (such as valley or slope
flows) or dynamically forced flow responses (such as downslope wind-
storms) that originate due to the presence of orography, cannot be ne-
glected in the pursuit of a generalized understanding. With respect to
the present topic, it is important to note that, as opposed to a canonical
flat-terrain ABL, the Mountain Boundary Layer (MoBL, Lehner and Ro-
tach, 2018) is not determined by its turbulence state alone, but also by
the exchange processes related to mesoscale terrain-induced flows, even
as turbulence continues to play a crucial role in the surface-atmosphere
(i.e., terrain-atmosphere) interaction.

3.4.2. Significant achievements

Key achievements include the progress in qualitative understanding
of the dynamics of terrain-related mesoscale flows, such as downslope
windstorms and thermally driven valley and slope flows, and mech-
anisms such as von Karman vortices (e.g., Chow et al., 2013). This
progress was facilitated by extensive datasets from major experimental
campaigns such as ALPEX (Kuettner and O’Neill, 1981), MAP-Riviera
(Rotach et al., 2004), METCRAX (Lehner et al., 2016), T-Rex (Grubisi¢
et al., 2008), and advanced numerical (mostly RANS) simulations. The
development of limited-area NWP models and LES has significantly con-
tributed to the qualitative understanding of these processes, filling in the
observational gaps or verifying field results (e.g., Rotach and Holtslag,

Journal of the European Meteorological Society 3 (2025) 100022

2025). Additionally, advancements in numerical techniques, including
algorithms, discretization, and grids (e.g., sleeve vertical coordinates,
immersed boundary conditions), have enabled the nesting of LES within
larger NWP models, enhancing our ability to simulate complex orogra-
phy dynamics (see Chow et al., 2013, for review).

In terms of theoretical approaches in complex orography, large
progress has been made for idealized terrain (an infinite slope, a cosine-
hill/valley), taking the two-dimensional structure of turbulence into ac-
count. The lighthouse examples are the linearized theory of Hunt et al.
(1988a,b) - though only applicable to moderate terrain (slopes smaller
than ~ 17 degrees) - and the theoretical work on the katabatic flows
(e.g., Fedorovich and Shapiro, 2009; Shapiro and Fedorovich, 2014;
Xiao and Senocak, 2019). At the same time, the systematic evaluation
of turbulence characteristics over complex orography is relatively re-
cent, with the general result that i) scaling seems to be possible (there
are cases and conditions where it is successful, i.e., data collapse onto a
curve), but ii) the scaling regimes are not the same as those over canoni-
cal surfaces (e.g., de Franceschi et al., 2009; Martins et al., 2009; Nadeau
et al., 2013b; Sfyri et al., 2018), and they do not agree amongst them-
selves. However, novel scaling approaches developed in recent years,
both for specific conditions such as sloping terrain (e.g., Hang et al.,
2021), stable (e.g., Barskov et al., 2018) or neutral (e.g., Kelly and Cavar,
2023) flows, or generalized to all terrain and stratifications (Stiperski
et al., 2019; Stiperski and Calaf, 2023), point towards a possibility of a
unified scaling over complex orography.

While LES studies of homogeneous boundary layers use periodic
boundary conditions, in general, this is not a viable approach for sim-
ulations over complex orography. An open boundary condition can be
used for such simulations instead, however, in that case turbulence does
not develop spontaneously, but needs to be imposed or triggered. Sev-
eral methods have been developed to achieve realistic turbulent inflow.
For example, Le et al. (1997) generate inflow with a prescribed tur-
bulent fluctuations, Lund et al. (1998) recycle and rescale outflow to
impose inflow, while Nunalee et al. (2014) use one-way nesting of a
domain with complex topography within a flat domain with periodic
boundary conditions. These approaches are not directly applicable to the
mesoscale (RANS) to microscale (LES) coupling, where turbulence char-
acteristics on the inflow to the microscale domain are not known a pri-
ori. Munoz-Esparza et al. (2014) developed a cell perturbation method,
perturbing potential temperature at the domain boundaries to trigger
turbulence development consistent with a range of atmospheric stabil-
ity conditions (see also Mufoz-Esparza and Kosovi¢, 2018). In addition,
the development and implementation of immersed boundary conditions
(e.g., Lundquist et al., 2010, 2012; Bao et al., 2018) or additional treat-
ments in terrain-following coordinates (Epifanio, 2007; Krieger et al.,
2025) have allowed successful simulations of flows over steep slopes.

3.4.3. Major remaining challenges

Despite the previously mentioned advances, several challenges per-
sist, especially related to the turbulence structure of realistic orographic
flows, their multiscale nature, and scale interactions. One major obstacle
is the lack of comprehensive observations of small-scale terrain-related
phenomena such as upslope and downslope winds. These remain elu-
sive due to the difficulty in isolating terrain-related winds from synop-
tic influences. Additionally, capturing the full vertical extent of terrain-
related flows is still a challenge, both very close to the surface (e.g.
katabatic flows, Charrondiére et al., 2022) and above the first several
meters (e.g., anabatic flows). In fact, the correct measurement strate-
gies for turbulence in complex orography (e.g., terrain-following or
vertical set-up of instrumentation) are still an open question (Stiper-
ski and Rotach, 2016). Additionally, the current WMO’s guidelines
for temperature and wind speed measurements (2m and 10 m respec-
tively) are inappropriate over sloping terrain, where the existence of
low level jets (e.g., katabatic) below that height means that the stan-
dard observations are not representative of the relevant flow conditions
(e.g., Nicholson et al., 2025). Finally, the inherent inhomogeneity of
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processes over complex orography calls for a distributed network ap-
proach to address the question of representativeness of observations,
as well as to systematically observe horizontal variations in turbulent
flows.

The challenge of theoretical treatment of orographic flows re-
mains in their three-dimensional nature and realistic multi-scale na-
ture of the orography. Classical treatments only use idealized ter-
rain, and turbulence closures adopted from flat terrain, and hence
are reliant on the boundary layer approximation. In addition, there
is still a lack of theoretical underpinning of turbulence structure of
topographic flows in stratified conditions. Finally, the understanding
of upscale transfer of energy from turbulence into its organization
as coherent structures and mesoscale flows remains a challenge that
is of special importance for non-closure of the surface energy bal-
ance, especially acute over orography (e.g., Babic¢ et al., 2021; Lehner
et al., 2021). Achieving a unified theory of complex terrain turbu-
lence and appropriate turbulence parametrizations reflecting complex-
terrain effects in NWP models is crucial, as the complex orogra-
phy setting means that the assumptions of MOST are systematically
violated.

The creation of such unified parametrizations relies on data gathered
from multiple complex settings, but also on accurate very high resolu-
tion numerical modelling. The validation of turbulence-resolving sim-
ulations, however, requires the development of new methods to assess
the spatio-temporal variability of flow features accurately, as the inter-
action and transport between different scales necessitate a focus on both
spatial coupling and temporal evolution. The numerical modelling over
complex orography is also challenged by the existence of multiple gray
zones related to flow as well as surface conditions (Chow et al., 2019).
The computational cost of simulations with the high spatial resolution
required in complex orography also limits our confidence in the strati-
fied turbulence structure over orography and our ability to quantify un-
certainty, posing a significant challenge in modelling. This is especially
the case for scalar transport, which is often predicted less accurately
compared to momentum transport.

3.4.4. Future directions

To address the many remaining challenges, several potential steps
forward have been identified. Three-dimensional ABL closures, simula-
tions with increased model resolutions (e.g., Mellor and Yamada, 1982;
Juliano et al., 2022), and higher-order numerical schemes can enhance
model accuracy, while the use of immersed boundary condition methods
and simpler parametrizations may facilitate model implementation. In
this respect advancing robust mesoscale-to-microscale coupling meth-
ods in multiscale modelling approaches is a critical future direction
for improving realistic atmospheric simulations of complex topographic
flows (Haupt et al., 2019).

Field campaigns such as Askervein (Taylor and Teunissen, 1987),
Cinder Cone (Apsley and Castro, 1997), MAP-Riviera (Rotach and Zardi,
2007), MATERHORN (Fernando et al., 2015), ALEX17 (Santos et al.,
2019), Perdigao (Fernando et al., 2019), and most recently TEAMx (Ro-
tach et al., 2022) are essential for gathering detailed observations both
close to the surface and in the upper parts of the MoBL, while coopera-
tion between modellers and experimentalists is vital for advancing our
understanding of multi-scale interactions in MoBL. Three-dimensional
observational techniques that fill in the observational gray zone, e.g.,
UAS and their swarms (Wildmann et al., 2019), DTS or similar tech-
niques, coupled with Lidar and other remote-sensing observations (e.g.,
Mack et al., 2025), together with turbulence tower networks such as
i-Box (e.g., Rotach et al., 2017), are needed to map the full multiscale
and three-dimensional structure of the MoBL.

An improved understanding of the coupling between thermal and dy-
namic effects is essential, as is the extension of MOST to complex orog-
raphy, or its supplementation by a more generalized theory. The further
development of anisotropy scaling (Stiperski et al., 2019; Stiperski and
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Calaf, 2023; Charrondiére and Stiperski, 2024; Mosso et al., 2024, 2025)
appears to be a promising new approach in this direction.

Furthermore, a deeper understanding of the effects of different ter-
rain (e.g., terrain curvature, Finnigan, 2024) and flow features (e.g.,
existence of the law-of-the-wall very close to the surface, Charrondiéere
et al., 2022) are crucial for developing more generalized theories and
more appropriate surface exchange parametrizations. Here in particular
progress can be made by identifying quasi-ideal cases of stratified flow
over mountains for systematic studies with a range of high-resolution
modelling approaches (similar to GABLS).

In conclusion, while individual mesoscale processes in complex orog-
raphy are well understood, their interactions, which often lead to non-
linear and complex dynamics, remain a significant research frontier.
Idealized studies, LES and RANS model intercomparisons, and advanced
experimental concepts involving area-wide, three-dimensional scanning
and cascades of measurements are necessary to overcome these chal-
lenges. The integration of these approaches will advance our under-
standing and modelling capabilities, ultimately leading to more accurate
predictions of atmospheric behaviour over complex orography.

4. Message for stakeholders

As a community, the workshop participants highlighted several im-
portant take-home messages for stakeholders to stimulate advances in
understanding and modelling realistic turbulent flows over the next cen-

tury.
4.1. Observations

There is a need for comprehensive, openly available, and well-
documented databases of turbulence observations (such as Earth Ob-
serving Laboratory EOL Field Data Archive https://data.eol.ucar.edu/)
from a variety of locations, and of long enough duration to cover the
broad range of synoptic conditions that are also shifting with climate
change. This will allow the advancement of understanding of not only
the most common turbulence regimes, but especially the more rarely
encountered or less well understood ones. This is especially the case for
very stable stratification, where processes other than turbulence drive
the exchange. In addition, multi-decadal observational networks are
needed to close the knowledge gap on climatic scales. These datasets
would be used for process studies, as well as model validation, and will
ideally become part of operational (mesonet-type of) networks at se-
lected sites.

There is additionally an acute need to store the unprocessed high-
resolution turbulence measurements (instead of just averaged fluxes)
to allow for reprocessing of turbulence statistics as new methods are
developed (e.g., Schaller et al., 2017) or new findings (Stiperski and
Calaf, 2018) warrant revisiting and recalculating statistics of older ob-
servational datasets, or for applications that were not initially intended.
It is well established that the processing of turbulence integral statis-
tics depends on the applications: for turbulence studies under stable
stratification, usually very short averaging times are chosen to avoid
contamination of computed fluxes with non-turbulent contributions
(e.g., Vickers and Mahrt, 2003; Mahrt and Thomas, 2016); when evalu-
ating energy balance closure or budgets of other scalars at a particular
site, it might be necessary to compute longer averages (e.g., Finnigan
et al., 2003).

Given the prevalent spatial inhomogeneity of turbulent flows over
realistic surfaces, it is paramount that future campaigns not only ob-
serve turbulence at multiple observational heights, but also contain spa-
tially explicit observations (e.g., multi-tower networks, DTS, Zeller et al.,
2021), allowing for the computation of, for example, dispersive fluxes
(e.g., Morrison et al., 2023) or spatial turbulence statistics (Hilland et al.,
2022). Additionally, fully understanding non-canonical boundary layer
turbulence requires knowledge of processes other than turbulence. It is
therefore of great importance that future observational campaigns and
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networks also include observations of radiation, soil properties (e.g.,
Katul et al., 2012), rainfall, dust transport, as well as general boundary
layer profiles.

4.2. Modelling

LES/DNS have originally been developed and applied for homoge-
neous and flat (or infinite constant slope) terrain. With increasing com-
puting power, some codes originally designed for RANS are being used
in LES mode over realistic surfaces (e.g., WRF, ICON, MesoNH). How-
ever, many of the common and practical numerical approaches (e.g.,
periodic boundary conditions, triggering of turbulence when downscal-
ing from RANS to LES) cannot simply be transferred to inhomogeneous,
terrain-influenced, very rough surface conditions. The work on further
developing methods that properly couple realistic mesoscale simulations
to realistic, very high resolution LES is therefore needed.

Additionally, current numerical models for weather and climate, as
well as many LES codes, still use wall models and SGS parametriza-
tions developed for flat and horizontally homogeneous terrain (includ-
ing MOST) even over realistic orography and very rough surfaces. The
reason is that realistic wall models are missing, and more effort should
be placed at developing them (see Freire and Chamecki, 2021, for re-
cent progress on this front). This mismatch is particularly relevant when
using observations (e.g., from a site in complex orography or an urban
park) for model verification, and similarly, if output of an NWP or cli-
mate model is used to force an applied simulation for pollutant disper-
sion, a specific hydrometeorological event, or the like. Similarly, the
existence of submesoscale motions and secondary circulations requires
a revisit and rethink of turbulence modelling for NWP models (Calaf
et al., 2023).

In research applications of LES, the use of high-order accuracy
schemes (Giacomini and Giometto, 2021) or spectral methods is neces-
sary to capture a correct turbulence cascade, as is using a sufficient res-
olution to correctly capture the energy-containing eddies (Cuxart, 2015,
LES generally assumes that >80 % of the turbulence kinetic energy is re-
solved). Over complex surfaces, in studying non-steady and multi-scale
flows, such as discussed here, grid-adaptive simulations that seek a lo-
cal (space or time) resolution optimum dependent on the physical flow
characteristics, offer a promising path (van Hooft et al., 2018).

Finally, as with the observations, there is an acute need for openly
available databases of LES/DNS simulation outputs over non-canonical
surfaces. Furthermore, openly sharing the LES/DNS data, including
tools for efficient access, is pivotal for future progress. Databases such
as Johns Hopkins Turbulence Database https://turbulence.idies.jhu.
edu(JHTDB, 2025) system (Li et al., 2008; Graham et al., 2016) or Re-
fubium https://refubium.fu-berlin.de/handle/fub188/42710 (Ansorge,
2025) already include data from multiple atmospheric very high reso-
lution LES (e.g., McWilliams et al., 2023; Zhu et al., 2025; Xiao et al.,
2025; Nazarian et al., 2025) and DNS studies (e.g., Ansorge and Mel-
lado, 2014; Ansorge, 2019).

4.3. Synergies

To properly close the knowledge gaps, it is essential to use ap-
proaches that integrate both modelling and observations, and it is
thus imperative to strengthen interactions between experimentalists and
modellers through regular exchanges, workshops, projects, and targeted
benchmark studies such as GABLS. A coordinated modelling efforts
should also precede and not only follow measurement campaigns, in or-
der to guide their design and anticipate problems as well as outcomes,
thus allowing for more targeted observations.

To address some of the most urgent questions, the way forward is
to build a community set of simulations and observations. That requires
access to large and efficient data storage solutions — repositories that are
large enough to store long-term raw datasets of both simulation outputs
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and observations. Additionally, developing methods of model evalua-
tion over non-canonical surfaces is needed, as are tools that allow us
to leverage the insight of data assimilation/fusion for turbulence sim-
ulations to improve the forcing of case studies. There is also a need to
better quantify the uncertainties in models and modelling approaches,
as well as in observations.

Finally, it is vital for funding agencies to recognize both the wealth
of information contained in existing datasets, as well as the value of ob-
servations that can be generated with novel observational technologies.
The majority of existing observational datasets are underutilized due
to challenges in obtaining funding for analysis of existing data. How-
ever, only leveraging multi-dataset approaches and therefore relying on
reanalysis of existing datasets can lead to a needed breakthrough in cre-
ating universal scaling approaches or parametrizations (e.g., Ghannam
et al., 2018; Stiperski et al., 2021; Stiperski and Calaf, 2023; Waterman
et al., 2025).

5. Conclusions

The study of turbulence over complex surface (inhomogeneous, oro-
graphic, rough) is at a pivotal juncture: significant advancements were
made in the last decades, but numerous challenges still need to be over-
come. By fostering collaboration, leveraging new technologies, and re-
fining theoretical frameworks, the scientific community can continue
to unravel the complexities of atmospheric turbulence, leading to en-
hanced understanding of environmental processes and more accurate
atmospheric models.
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Appendix A. Centenary workshop “100 years of turbulence:
innsbruck 1922 - 2022

The Centenary workshop “100 Years of Turbulence: Innsbruck
1922 - 2022” was based on a small number of targeted keynote
presentations (available on YouTube under https://youtube.com/
playlist?list = PLSG9jZZViQwYZu5MV14CROTpa7 VfWw5eR&si =
E2t6w0IzyTLw-wfJ, Workshop on atmospheric turbulence “100 years
of turbulence: Innsbruck 1922-2022") meant to stimulate in-depth
discussions in smaller groups, aimed at increasing the dialogue between
diverse methodological approaches and applications. The workshop
started with three presentations exploring the history of atmospheric
turbulence (see Section 2), and an inspiring lecture by Prof. Giovanni
Battimelli, who provided an overview of the historical background
of the 1922 meeting. This was followed by a brief overview of 100
years of atmospheric turbulence research and a tribute to the legacy
of Sergej Zilitinkevich, who sadly passed away in the year preceding
the workshop. His remarkable contributions to a multitude of topics in
geophysical turbulence are seminal (Zilitinkevich et al., 2021; Mironov
and Sullivan, 2023).

The main part of the workshop dealt with recent advances in tur-
bulence theory, observations and modelling, especially the extensions
of classical similarity theory to non-canonical surfaces, i.e. for the four
major topics:

1. Stratified and non-stationary turbulence (Section 3.1)

2. Turbulence over surfaces with large roughness elements (Sec-
tion 3.2)

3. Turbulence over inhomogeneous surfaces (Section 3.3)

4. Turbulence over complex orography (Section 3.4)

Each session consisted of two keynote presentations followed by
short statements by the keynote speakers highlighting the biggest
achievements over the past century and the greatest challenges ahead.
These greatest challenges were then taken into smaller groups for fo-
cused discussion. Group discussions explored present challenges and the
future of turbulence research from the perspective of theory, measure-
ments, numerical modelling, and applications. The outcomes of the dis-
cussions from each group were presented and further discussed in a ple-
nary session. Additional short talks on novel findings in different fields
were held on the afternoon of the second and last day of the event.

The group discussions formed the core of the workshop, and each
group was chosen to balance the mix of participants with a variety of
backgrounds (observational, modelling, theoretical) and career stages
(senior and mid-career) to allow cross-pollination of ideas, especially
across disciplines. Groups differed for each session to ensure that par-
ticipants interacted with all the other participants.

List of workshop participants in alphabetical order by last name
(see Fig. A.1): Cedrick Ansorge (1, rapporteur, session chair), Georgios
Bagiatis (2), Alexander Baklanov (3, keynote speaker), Giovanni Bat-
timelli (4, keynote speaker), Danijel Belusi¢ (5, rapporteur), Elie Bou-
Zeid (6, keynote speaker), Christophe Brun (7, rapporteur), Claudine
Charrondieér (8), Andreas Christen (9, keynote speaker), Martina Destro
(10), Nelson Luis Dias (11, rapporteur), Andreas Dornbrack (12, rap-
porteur), Igor Esau (13), Thomas Foken (14, keynote speaker), Lorenzo
Giovannini (15, session chair), Brigitta Goger (16, session chair), An-
drey Grachev (17, keynote speaker), Branko Grisogono (18), Albert A.M.
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Fig. A.1. Group photo from the Workshop “100 years of turbulence: Innsbruck
1922-2022". The numbers correspond to the list of participants in the text.

(Bert) Holtslag (19, keynote speaker), Thomas Karl (20), Mark Kelly (21,
rapporteur), Alexander Kendl (22), Petra Klein (23, rapporteur), Branko
Kosovic¢ (24, keynote speaker), Manuela Lehner (25, session chair), Dan
Li (26, session chair), Charles Meneveau (27, keynote speaker), Dmitrii
Mironov (28), Luca Mortarini (29, rapporteur), Samuele Mosso (30),
Edward (Ned) Patton (31, keynote speaker), Igor Petenko (32), Lena
Pfister (33), Yue Qin (34), Joachim Reuder (35), Mathias Rotach (36,
rapporteur, session chair), Gaspard Simonet (37), Gert-Jan Steeneveld
(38, rapporteur), Ivana Stiperski (39, organizer), Christoph Thomas (40,
rapporteur), Silvia Trini Castelli (41, rapporteur), Zeljko Veéenaj (42,
session chair), Nadia Vendrame (43), Helen Ward (44), Georg Wohlfahrt
(45, session chair), Chuixiang Yi (46) , Dino Zardi (47, keynote speaker),
Andrea Zonato (48).
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