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The atmospheric boundary layer (ABL) plays a dominant role in the exchange of energy,
water vapour, trace gases and momentum between the earth’s surface and the overlying
atmosphere. Consequently, the ABL is an important part of any numerical model in use for
atmospheric and climate research, for operational weather forecasting, and for air-quality
and wind-energy studies. For all these applications an overall representation is needed for
boundary-layer turbulence and near-surface processes, as well as for vertical diffusion above
the boundary layer. This representation is typically referred as the parametrization of vertical
diffusion and turbulent mixing.

It appears that models at various research groups and operational centres use rather dif-
ferent methods to represent turbulence and vertical diffusion and the reasons behind this
diversity are not that easy to unravel. Most likely, this originates for historical reasons due to
the outcome of various tuning exercises and to the number of models that have been evaluated
against observations in the past. In addition, modellers often have different opinions on the
complexity needed to represent atmospheric turbulence and vertical diffusion processes in
weather forecast and climate models (Holtslag et al. 2013). This directly affects the model
performance of near-surface weather variables such as the 2-m air temperature and 10-m
wind speed as well as boundary-layer depth, and the forecasting of low-level clouds and fog
(e.g., Sandu et al. 2013, 2014; Zhang et al. 2014).

The boundary-layer depth and the height variation of boundary-layer wind and turbulence
also directly affect air quality and tracer concentrations near the surface (e.g, Karipot et al.
2008), the transport of aerosols and dust (e.g. Fiedler et al. 2013) and wind-energy applications
(e.g., Storm et al. 2009). The ABL also plays an important role in the re-analysis (e.g., Tastula
et al. 2013) and understanding of polar climates (e.g., Atlaskin and Vihma 2012; Sterk et
al. 2013), as well as the so-called Arctic amplification (e.g., Esau et al. 2012). In addition,
McNider et al. (2012) study the stable boundary layer over land and show that this coupled
system can be very sensitive to changes in greenhouse gas forcing, surface roughness, heat
capacity, and wind speed.
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To understand the basis for the various parametrizations and to make a critical evaluation
of the various schemes, model inter-comparison studies were organised within the GEWEX
Atmospheric Boundary Layer Study (GABLS). The objective of GABLS is to improve the
representation of the atmospheric boundary layer in regional and large-scale atmospheric
models. As such, GABLS provides a platform for model inter-comparison and development
to benefit studies of weather, climate, air quality, wind energy and other applications. The
focus of GABLS has so far been on the stable boundary layer (SBL) over land and on the
representation of the diurnal cycle under clear skies. As such, three inter-comparison studies
have been organized in which single-column model (SCM) versions of atmospheric models
are compared with observations and fine-scale (large-eddy) simulations (LES). The cases are
based on observations taken in the Arctic, Kansas (USA) and Cabauw (The Netherlands).

The first two benchmark cases GABLS1 (Holtslag 2006; Beare et al. 2006; Cuxart et
al. 2006) and GABLS2 (Svensson et al. 2011) had a more academic set-up and the SCMs
were forced with prescribed surface temperatures and simplified geostrophic winds. From
these previous studies it was found that especially the complexity of real world large-scale
forcing and the lack of interaction with the surface make it difficult to confront models with
observations. Moreover, the transitions at sunset and sunrise are difficult to simulate correctly.
Holtslag et al. (2007) showed that the spread in results using various SBL parametrizations
tends to decrease when interaction with the surface is allowed instead of using prescribed
surface temperature as a lower boundary condition. This suggests that feedbacks with the
land surface are very important and need to be taken into account for a proper evaluation with
observations (see also Steeneveld et al. 2006). Thus, the GABLS3 case addresses the issues
of large-scale forcing, the interaction with the surface, transitions and the direct evaluation
of models with observations.

This special issue of Boundary-Layer Meteorology contains four papers dealing with
GABLS3. The description of the SCM case, details of the selection criteria and the composi-
tion of the large-scale forcing are documented in Bosveld et al. (2014a). They benefited from
Baas et al. (2010) who did an extensive study on the set-up and selection of an appropriate
case study from the multiyear Cabauw dataset.

The subsequent paper by Bosveld et al. (2014b) deals with the inter-comparison of nine-
teen single-column models from eleven institutes with field data. Twelve of the models
participated also in GABLS2. The models varied with respect to application, resolution and
parametrization of the fundamental processes. Some of the models were run with varying
turbulence schemes, while other aspects of the models remained the same. The SCMs were
run with full physical interaction, e.g. interaction with their own soil vegetation and radiation
schemes and show striking differences. Interestingly all models systematically underestimate
downward longwave radiation, which seems to be mostly related to the representation of the
temperature and humidity profiles in the SBL. Besides standard model comparisons with
observations, the authors introduce novel process diagrams to better understand and interpret
their findings and the relative importance of small-scale processes in the SBL.

Within GABLS3 also an inter-comparison of LES models has been organized. The
set-up and findings are given in Basu et al. (2012) and other results will be reported
elsewhere. In a third paper Edwards et al. (2014) study the impact of radiation on
boundary-layer evolution in the morning transition using two LES models for GABLS3.
Interestingly, with atmospheric radiation included, the developing mixed layer grows
significantly more quickly. At 4 h after the transition the mixed layer is roughly
40 % deeper and the resulting profiles of potential temperature and specific humid-
ity are in better agreement with observations. These simulations demonstrate that noc-
turnal radiative processes can have an important effect on the morning transition and
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Fig. 1 Typical nighttime stability conditions in the three GABLS benchmark studies as indicated by grey
vertical columns in the stability diagram for the stable boundary layer by Holtslag and Nieuwstadt (1986) and
as modified for GABLS by Moene et al. (2011). Here, z is height, h is SBL depth, L is the Obukhov length,
� is the local Obukhov length

that they should be considered in future large-eddy simulations of the morning transi-
tion.

The paper by Kleczek et al. (2014) uses the GABLS3 case to evaluate the performance of
the popular three-dimensional Weather Research and Forecasting (WRF) mesoscale model,
in particular the performance of the planetary boundary-layer (PBL) parametrizations. Note
that the WRF model (version 3.4.1) contains 12 different PBL parameterizations, most of
which have been only partially evaluated with field data. Overall the utilized configurations
within the WRF model gave rather good representations of the near-surface variables and
vertical profiles, without the additional use of observations (e.g. data assimilation). However,
the model results do reveal substantial differences between the PBL schemes.

From the three GABLS benchmarks it became clear that operational models show too
much mixing resulting in boundary layers that are too deep (GABLS1), downward sensible
heat fluxes that are too large and low-level jets that are too weak (GABLS2 and GABLS3).
This obviously also affects the diurnal cycle. By carefully selecting a case and prescribing
the atmospheric forcings and allowing for land–surface interaction, it is possible to guide
the models in such a way that a useful comparison with observations is possible (GABLS3).
However, confronting boundary-layer models with observations remains a difficult and chal-
lenging task.

Inspired by the GABLS benchmark results, modelling groups at ECMWF, the UK Met.
Office, Meteo-France, the HIRLAM project and elsewhere have been encouraged to study
and improve their representation of the stable boundary layer in particular. It is clear that
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Box 1 Future directions and challenges for boundary-layer activities (after Holtslag et al. 2013)

• Enhance the activities and interactions between academia and operational modeling centres, and also
engage the climate and air-quality communities

• Study the relation between enhanced mixing in operational models and weather forecast scores, and
involve the interaction with other processes

• Investigate the role of land-surface heterogeneity in the coupling with the atmosphere

• Develop and evaluate large eddy simulation models with interactive land-surface and radiation processes
for the full range of stabilities

• Advance the understanding of model behavior by creating a climatology of boundary-layer relevant
parameters, i.e. stability classes, boundary-layer depth, and surface fluxes

• Initiate further work on the understanding and modelling of the diurnal cycles, in particular the morning
and evening transitions

• Develop and test parametrizations for the very SBL when turbulence is not the dominant driver

this issue is still not fully solved and needs further attention. It also appears that changes in
the mixing formulation may have strong impacts on the representation of fog and clouds,
as well as vertical diffusion in the atmosphere above the boundary layer. Also the GABLS
benchmarks are increasingly being used for model development (Buzzi et al. 2011), more
complex case studies (e.g., Sterk et al. 2013) and for applications such as particle dispersion
(e.g., Weil 2010).

Figure 1 gives the typical (nighttime) stability conditions in the three GABLS benchmark
studies as indicated by grey vertical columns in the stability diagram for the SBL by Holtslag
and Nieuwstadt (1986) and as modified for GABLS by Moene et al. (2011). In the future
we foresee studying the boundary layer that has a stronger stratification, as recommended
by participants of the ECMWF-GABLS workshop (Beljaars et al. 2012). Boundary layers
over heterogeneous landscapes (such as in Lindenberg, Germany and Sodankylä, Finland)
provide additional complexities and challenges.

Finally, it is recommended to further integrate boundary-layer activities with modellers
at weather forecast and climate centres, for instance by facilitating regional model inter-
comparisons such as in ARCMIP (Tjernström et al. 2005) and to acquire and compare short-
term forecasts from full general circulation models for the study point of interest. Box 1
summarizes future challenges as taken from the GABLS overview of Holtslag et al. (2013).
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