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Abstract
An overview is given of 50-year Cabauw observations and research on the structure and
dynamics of the atmospheric boundary layer. It is shown that over time this research site
with its 200-m meteorological tower has grown into an atmospheric observatory with a
comprehensive observational program encompassing almost all aspects of the atmospheric
column including its boundary conditions. This is accomplished by the Cabauw Experimen-
tal Site for Atmospheric Research (CESAR) a consortium of research institutes. CESAR
plays an important role in the educational programs of the CESAR universities. The current
boundary-layer observational program is described in detail, and other parts of the CESAR
observational programdiscussedmore briefly.Due to an open data policy theCESARdatasets
are used by researchers all over the world. Examples are given of the use of the long time
series for model evaluation, satellite validation, and process studies. The role of tall towers
is discussed in relation to the development of more and better ground-based remote sens-
ing techniques. CESAR is now incorporated into the Ruisdael observatory, the large-scale
atmospheric research infrastructure in the Netherlands. With Ruisdael the embedding of the
Dutch atmospheric community in national policy landscape, and in the European atmospheric
research infrastructures is assured for the coming decade.

Keywords Atmospheric boundary layer · Cabauw atmospheric observatory · Long time
records · Remote sensing · Tall towers

1 Introduction

At the time of the first issue ofBoundary-LayerMeteorology, now 50 years ago, the construc-
tion of the 213-m Cabauw meteorological tower in the Netherlands was well underway. The
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584 F. C. Bosveld et al.

timing of the construction of a tall meteorological tower and the birth of a scientific journal
both specifically devoted to the atmospheric boundary layer (ABL) is not a coincidence. The
increase of air pollution in the 1950s and 1960s, especially in the Western countries, induced
a growing awareness that boundary-layer processes are at the heart of what people experience
in daily life. Developing further our understanding of the ABL was therefore of interest from
a scientific point of view in the disciplines of weather, air quality, and climate. But also from a
policy point of view, since aviation, transport, energy, and construction form essential ingre-
dients of the society. With the recognition over time that the ABL forms the well-discernible
interface between the Earth’s surface and the free troposphere, ABL research developed into
a distinct and fully-fledged research area within meteorology. At the beginning of the 1970s
it was very timely that a journal was established specially devoted to ABL studies, as moti-
vated by Munn (1970) in his editor’s preface to BLM, and that tall towers were constructed
to probe the ABL in further detail than previously possible.

Traditionally, most synoptic observations are taken in the lowest 10 m of the atmosphere
and are therefore limited to the local scale. Upper-air observations are performed on a regular
basis by deploying radiosondes, with the frequency of soundings in general limited to four
per day. Tall towers can therefore fill a gap in ABL monitoring by providing a fixed platform
on which reliable and continuous observations can be performed. Because higher levels have
a larger footprint, tall towers can bridge the gap between local and regional scale. Towers for
meteorological observations are constructed to characterize dispersion conditions, in particu-
lar at nuclear research and production sites, to characterize land–atmosphere interaction, and
to providemeasurements for wind-energy research and application. Already in the 1950s, TV
towers were used to install meteorological equipment at heights well above the traditional
10-m level (Rijkoort 1961). Disadvantages of using TV towers include the difficulty in main-
tenance of the instruments, and the interference of the high-power output of electromagnetic
radiation with the meteorological sensors. A nice example of TV tower use is the Hamburg
250-m tower in Germany where measurements started in 1963 and have continued till today
(Brümmer et al. 2012).

Probing of the ABL with specially designed meteorological towers advanced over the
years. A landmark was the construction of the 310-m meteorological tower of Obninsk in
Russia already in 1958, and in the early 1960s, the 80-mVlaardingen tower in theNetherlands
was constructed. A publication on this site appeared as the very first paper inBoundary-Layer
Meteorology (Rijkoort et al. 1970). The Vlaardingen tower was the predecessor of the 213-m
Cabauw tower, the Netherlands, which was constructed in 1972, the Karlsruhe 200-m tower
was also constructed in 1972 (Kohler et al. 2018), followed by the Tsukuba 213-m tower,
Japan, in 1975 (Horiguchi et al. 2012) and the 300-m Boulder Atmospheric Observatory,
USA, in 1978 (Wolfe and Lataitis 2018). Later towers include the Lindenberg 100-m tower
of the German Weather Service in 1998 (Neisser et al. 2002), the Boseong 300-m tower
in South Korea and the Beijing 325-m tower (see Qing-Yao et al. 2017), the 300-m tower
of the Amazon Tall Tower Observatory (Andreae et al. 2015), and the 304-m tower of the
Zotino Tall Tower Observatory in Central Siberia (Winderlich et al. 2010). The Atmospheric
Radiation Measurement sites in Oklahoma and north Alaska (USA) operate comprehensive
surface stations with lower masts of which the tallest is 60 m high, and modern ground-based
remote sensing instruments (Sisterson et al. 2016). Other shorter masts include the 10-m
tower in Valladolid, Spain (Viana et al. 2012), the 48-m Sodankylä tower in Finland (Kangas
et al. 2016), and the 102-m Norunda tower in Sweden (Lundin et al. 1999).

Measurements from meteorological towers can be valuable in their own right. However,
much more can be learned when the observational program includes also other ABL-related
parameters. As the ABL is bounded and influenced from below, observations of surface
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radiation components and surface heat fluxes are a crucial addition to understanding the
interactions between land and atmosphere. At the upper side, a characterization of the inter-
face with the free troposphere is of great interest. We refer to sites with such an extended
observational program as ABL sites. Each ABL site in the world has its own specific design
depending on the interest and expertise of the research groups that are connected to the site.
Moreover, such sites can become even more valuable when the ABL observations are part
of an even larger observational program. This occurs nowadays due to the advent of remote
sensing instruments with which observations of wind, clouds, aerosols, and air quality can
be performed at increasing height and dimensionality. We refer to these sites as atmospheric
observatories. The Meteorological Observatory Lindenberg of the German Weather Service
is such an observatory, where one of the specializations is on surface heterogeneity (Beyrich
andMengelkamp 2006). The Oklahoma ARM observatory combines a large horizontal scale
with state-of-the-art remote sensing instruments with a focus on cloud–radiation–aerosol
interaction (Sisterson et al. 2016).

The concept of the ABL has proven to be very useful in atmospheric sciences. The struc-
ture of the ABL varies widely, depending on the interactions with the surface and the free
troposphere aloft, all depending on the character of the surface, the latitude (Coriolis param-
eter), and cloud conditions (Holtslag and Duynkerke 1998). Experiments at an atmospheric
observatory are quite different from laboratory experiments. Many processes interact with
each other and these processes cannot be controlled. In the early days of ABL research, field
campaigns of days to weeks were performed with a specific research question. It was antici-
pated that a number of so-called golden days could be selected that met the requirements of
the research goal. Nowadays, the alternative is to perform long-term monitoring campaigns
in order to be able to select cases that fulfil certain requirements (stable boundary layers
or fog, for example), and subsequently analyze within this subset of observations relations
between processes and state variables. The longer the time series the more cases will be avail-
able in the subset, and the better process relations can be determined. Long-term monitoring
also allows for the study of seasonal cycles, inter-annual variability and the “all-weather”
process verification of weather, climate and atmospheric composition models. Of interest
here is the recent development of so-called testbeds that combine fine-scale simulations with
comprehensive observations (Neggers et al. 2012; Gustafson et al. 2019).

The present article gives an overview of 50 years of Cabauw ABL observations and
research. Emphasis will be on the last 25 years, since the first 25 years were reviewed
by van Ulden and Wieringa (1996) on the occasion of the 25th anniversary of Boundary-
Layer Meteorology and the step-down of its first Editor R.E. (Ted) Munn. As such, it may
serve as a reference for future ABL studies that use Cabauw observations. Extensive use
is made of the report “In higher Spheres” which was published by the Royal Netherlands
Meteorological Institute (KNMI) on the occasion of Cabauw’s 40th anniversary (Monna
and Bosveld 2012). Section 2 describes the organisation of the Cabauw observatory, and
the current ABL observational program is described in Sect. 3. A selection of studies that
have been performed with observations from Cabauw is presented in Sect. 4 as far as they
are related to the structure and dynamics of the ABL. Section 5 discusses the future of
atmospheric observatories including the role of tall towers where remote sensing instruments
are becoming increasingly prominent.

As mentioned above, we recognize that the ABL interacts with many other aspects of the
atmosphere. Clouds and aerosols modulate the surface energy budget, boundary-layer clouds
modulate turbulence characteristics of the ABL, aerosols influence fog formation, and CO2

can be used as a tracer for mesoscale circulations, and, on longer time scales, may have a
profound influence on ABL processes. However, our focus is on the physical and dynamical
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aspects of the ABL. Although many other aspects are also of interest at Cabauw we shall
only briefly touch on them here.

2 Organisation

From the start, the responsibility for the Cabauw facility has been at KNMI. Around 1996 the
Cabauw observational program needed a major overhaul as instruments and data infrastruc-
ture had become obsolete, and a newmeasurement program commenced in 2000.Meanwhile,
international research showed an increasing demand for more detailed information on the
atmosphere for the development of weather, climate and air-qualitymodels. In addition, mon-
itoring of essential climate variables, as defined by the World Meteorological Organisation
(WMO), became necessary. The development of new measurement techniques and meth-
ods enabled observation of an increasingly wider field of atmospheric properties. It became
clear that this broad range of observations, requiring all sorts of expertise, could neither
be carried out nor interpreted by one single institute. Emerging from existing projects, and
based on cooperation between institutes with complementary expertise, the CESAR consor-
tium (Cabauw Experimental Site for Atmospheric Research, http://www.cesar-observatory.
nl) was established in 2002. The CESAR Consortium consists of eight research institutes:
The KNMI, the National Institute for Public Health and the Environment, the Netherlands
Energy Research Centre, the Netherlands Organization for Applied Scientific Research, the
Universities of Delft, Wageningen and Utrecht, and the European Space Agency. The goals
of CESAR are: (1) Monitoring of long-term trends of climate variables in the atmosphere;
(2) Validation of satellite observations and retrieval products; (3) Studies of processes in the
atmosphere and at the land surface for the improvement of weather, air quality, and climate
models; (4) Evaluation of weather, air quality, and climate models; (5) The development,
implementation and validation of new observational methods; and (6) Education of young
researchers at the Masters, Doctoral, and post-doctoral levels.

All relevant atmospheric observations carried out by these institutes were concentrated at
the Cabauw site. Stimulated by the Dutch national program Climate for Space, and build-
ing on earlier forms of international cooperation in European Cooperation in Science and
Technology actions, CESAR developed into an internationally front ranking atmospheric
observatory for the study of the atmospheric column and its interaction with the land surface.
The 213-m mast is still the eye-catching feature at the site (see Fig. 1), but throughout the
years observations with surface-based remote sensing instruments became also key elements
in the measurement program.

CESAR is part of a number of international networks; CESAR data are included in major
international databases, and are used by a large number of researchers throughout the world
(see examples below). This is in line with the long-standing KNMI tradition of making
Cabauw data freely available for research.

3 Observations

3.1 Introduction

The Cabauw site is located in the western part of the Netherlands (51.971°N, 4.927°E). It has
a marine west coast climate, Cfb according to the Köppen climate classification. The site is
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Fig. 1 View to the south of the Cabauw site with the 213-m meteorological tower in a river landscape with
managedwater table. Indicated are the various observational paddocks. Remote sensing (RS-site),wind profiler
(WP-site), baseline surface radiation (BSRN-site), Meteo (M-field), and energy balance (EB-field). Also
indicated are the tower levels for turbulence (T) and standard meteorological observations (S). (Photo by
Wouter Knap)

located between the main industrial areas of Rotterdam, Antwerp, and Ruhr area at distances
between 50 and 100 km. Air quality is very variable at the site, depending on wind direction.

The first years of the Cabauw site were devoted to the development of new measure-
ment and data techniques. This resulted in two periods with continuous observations (1973
and March 1977–February 1979) as described by Wessels (1984). In the same period, sev-
eral shorter experiments were done to characterize the site and the turbulent structure of
the ABL. Results from this first period are described in Van Ulden and Wieringa (1996).
Subsequently, an 11-year continuous measurement program (1986–1996) on atmospheric
profiles, surface radiation, and surface energy was operated, and is described by Van Ulden
and Wieringa (1996) and in more detail in Beljaars and Bosveld (1997). In 1997 the 11-
year continuous measurement program was discontinued, since the data infrastructure had
become old-fashioned and difficult to maintain. The same holds for the instruments of which
many had been developed in-house before or around the start of the Cabauw site with the
special purpose of measuring accurately the vertical differences over the depth of the 200 m
tower of the main meteorological parameters wind, temperature, and humidity. In the mean-
time, important developments had taken place in instrumentation and data infrastructure of
the meteorological network of the Netherlands. These developments resulted in a reliable
network with respect to quality and availability of data on the one hand, and cost-effective
maintenance on the other hand. For the current measurement program at Cabauw, starting
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in 2000, use was made of these developments wherever possible. The period 1996–2000 has
been bridged by an automatic weather station at the site.

3.2 Infrastructure

The infrastructure consists of the main tower, a number of smaller masts and a number of
paddocks that are prepared for specific types of observations. Smaller masts are positioned
on two sides of the main tower to perform undisturbed wind measurements at 10 and 20 m
height. In Fig. 1 the paddocks are indicated, and includes; the RS-site where the remote
sensing instruments are positioned; the BSRN-site where high accuracy radiation observa-
tions are performed as part of the Baseline Surface Radiation network (Driemel et al. 2018);
the WP-site where the Wind Profiler is located; the M-field where standard meteorologi-
cal observations are performed including the automatic weather station from the national
meteorological network; and the EB-field where energy balance observations are performed.

3.3 Terrain

The soil and surface characteristics of the site are described inVanUlden andWieringa (1996),
Beljaars andBosveld (1997), andVerkaik andHoltslag (2007). Since then, significant changes
within a distance of 5 km from the Cabauw site have been only in the already disturbed east
sector. They include the gradual expansion of the village of Lopik in the direction of the site
during the period 2000–2010, and the placement of three wind turbines at 3 km distance in
2007. Predrag et al. (2018) show a slight inhomogeneity of the 200-m wind speed over time
which is likely related to the expansion over time of Lopik.

3.4 ABL-Related Observations

Here the instruments are described that relate to the physical aspects of the atmospheric
boundary layer. Only the current observational program is described. For changes in instru-
mentation since 2000, and further details on the measurements we refer to Bosveld (2020).

3.4.1 The Meteorological Network and Geostrophic Wind

The meteorological network of The Netherlands consists of 48 automatic weather stations
at typical spacing of 50 km, including platforms in the North Sea. Of particular interest
are the four neighbouring synoptic stations Schiphol (6240), De Bilt (6260), Zestienhoven
(6344), and Gilze Rijen (6350). At De Bilt, 23 km north-east of Cabauw, radio-soundings
are launched once a day at 0000 UTC.

The surface geostrophic wind velocity for Cabauw is derived from pressure observations
of themeteorological network (Bosveld et al. 2014a), with pressure readings reduced tomean
sea level. Because the surface elevation of the stations involved, relative to mean sea level, is
very small this reduction to one horizontal plane can be done very accurately. The accuracy
in the estimated sea surface pressure is 0.1 hPa, and in the estimated geostrophic velocity
components is 0.4 m s−1.
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3.4.2 Soil Heat andWater

Soil heat flux is measured at the EB-field by a combination of self-calibrating soil heat-flux
plates (Hukseflux HFPSC01) and soil temperature sensors (KNMI). Three pairs of soil heat-
flux plates at 0.05 and 0.10 m depth are placed on the vertices of a triangle with a base
of 2 m. Soil temperature gradients at the top of the upper-soil layer are derived from soil
temperature sensors at 0.00 and 0.02 m depth. The surface soil heat flux is estimated from
this combination of observations with high temporal resolution by a method described by De
Bruin and Holtslag (1982). In addition, soil temperatures are measured at the same location
at nine depths down to 0.5 m. These sensors and its datalogging have a high accuracy and
stability. This allows for an independent calorimetric method to estimate surface soil heat
flux at a time resolution of 10 min provided that soil heat capacity is known.

The ground water level is measured at four positions with various distances from a ditch,
three of them at the M-field and one at the EB-field. The measurements are performed in a
tube by means of pressure sensors (Keller 26W); also measured is the water level in the ditch.
The ground water sensors are positioned in clay-on-peat soil which may result in gradual
changes in depths; the absolute height of the sensors is verified each second year.

Soil water content is measured at the EB-field at five depths down to 0.5 m with
time-domain reflectometry sensors (TRIME-PICO). During the period 2003–2010 a more
extensive hydrological observation programwas runwithmeasurement of inflow and outflow
of the small polder catchment (Brauer et al. 2014).

3.4.3 Wind, Temperature and Humidity Profiles

Wind speed and direction is measured with a cup-anemometer and a vane combination
(KNMI); special precautions are made to avoid flow interference of the vane on the cup
anemometer. The cup anemometer has a response distance of 2.9 m. Wind observations at
each level are taken at two (wind speed) or three (wind direction) booms. The best-exposed
boom is selected and a correction is made for the remaining flow obstructions by the mast and
the boom (Wessels 1983). Temperature is measured with Pt500 elements (KNMI) placed in
unventilated screens (KNMI) to avoid the influence of radiation and precipitation. Humidity
is measured with polymer-based relative humidity sensors (EplusE 33) placed in unventilated
screens separate from the temperature screens. The polymer sensors are heated to decrease
measurement problems during humid conditions. Measurement heights are 10, 20, 40, 80,
140, and 200 m. Additionally, temperature and humidity are measured at 1.5-m height, and
temperature also at 0.1-m height.

These instruments have the same calibration cycle as is used in themeteorological network,
except for the humidity sensors. They are calibrated and adjusted each 3 months in order
to obtain a better accuracy. The latter is necessary to satisfy the requirements for vertical
profiling in the lowest 200 m.

3.4.4 Radiation

Net radiation can be measured with a single instrument (the so-called net radiometer) or by
measuring the sum of the four components: incoming and outgoing longwave and shortwave
radiation. Single-instrument net radiometers suffer from design compromises to account for
both longwave and shortwave radiation (Halldin and Lindroth 1992; Kohsiek et al. 2007).
With the advent of more accurate radiation instruments for longwave and shortwave, as
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implemented in the GEWEX Baseline surface radiation network (BSRN) (Driemel et al.
2018), it has become clear that, currently, the sum-of-component approach is the preferred
method, given that high-quality pyranometers and pyrgeometers are used. At Cabauw a
BSRN station has been operated since 2005 (Wang et al. 2009). At the EB-field the same
type of instruments are employed, namely Kipp and Zonen CM22 pyranometers and Kipp
and Zonen CG4 pyrgeometers.

3.4.5 Surface Fluxes

The long data record of the surface fluxes of momentum, sensible heat, and latent heat, as
started in 1986, is derived from aerodynamic methods based on 10-m wind observations,
an assumed roughness length, vertical temperature gradients, net radiation, and surface soil
heat flux. Latent heat flux is derived as the residual in the surface energy budget (SEB).
These observations are still operational with slight modifications over time, but additionally
eddy-correlation (EC) observations have been made since 1995.

A sonic anemometer (Gill-R50) is combinedwith an open-pathH2O/CO2 sensor (LICOR-
7500) at 3-mheight at theEB-field. From thesemeasurements, turbulent fluxes ofmomentum,
sensible heat, latent heat, and CO2 are derived following the EC method, taking into account
the necessary corrections (Lee et al. 2004).

With this combination of surface radiative- and heat-flux observations the SEB can be
studied, particularly the SEB imbalance, which is a feature found at many sites around the
world (Foken 2008), and the Cabauw site is no exception (De Roode et al. 2010). Until this
problem is solved, we intend to run the old SEB residual method for estimating latent heat
in parallel to the EC observations.

3.4.6 Profiles and Boundary-Layer Height

Since 1994 a 1290-MHz boundary-layer wind profiler/RASS (Radian Corporation LAP-
3000) has been operated (Klein Baltink 1998), which provides profiles of mean horizontal
wind velocity, vertical wind variances and backscatter intensity. From the latter compo-
nent, the convective boundary-layer height is estimated when applicable. By combining
tower observations and wind-profiler observations the structure and height of the nocturnal
boundary layer can be assessed. A ceilometer (Lufft CHM15k) is operated at the site, with
cloud-base height and backscatter profiles archived. From the latter an alternative estimate
of the boundary-layer height is derived based on the mixing of aerosols in the ABL.

3.4.7 Regional Scale Fluxes

In order to study the representativity of the local flux observations, and the related problem
of SEB imbalance, a regional-scale flux program was set-up. A semi-operational program of
EC observations at three levels (60, 100, 180 m) in the tower is run (see Fig. 2), providing the
vertical turbulent fluxes of momentum, sensible heat, latent heat, and CO2. An extra-large
scintillometer (Kipp and Zonen XLAS) is operated over a 10-km path between the TV tower
of IJsselstein and the Cabauw mast at 40-m and later 60-m height (Kohsiek et al. 2002). This
technique provides estimates of the average sensible heat flux along the path; for the relation
of the XLAS estimates with the sensible heat flux at the surface, see Braam et al. (2012).
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Fig. 2 View to the south-west with turbulence instruments for measuring regional-scale fluxes of momentum,
sensible and latent heat, and carbon dioxide. (Photo by Fred Bosveld)

3.4.8 Surface Radiative Temperature

The behaviour of the temperature at the interface between the land surface and the air plays an
essential role in understanding the exchange processes between the vegetation/soil systemand
the atmosphere. Two surface radiation-temperature sensors (Heitronic KT15) are operated:
one at 2 m above the location of the soil temperature observations at the EB field, measuring
the temperature of a 1 m2 grass area, and another one looking down from the 200-m level
to the EB-field. The latter has a “footprint” of 10,000 m2, which is of similar magnitude
as the representative area of the surface EC observations. The instruments are calibrated
by the manufacturer. Each 3 months the instruments are checked at the KNMI calibration
laboratory for proper functioning and calibration stability. Another estimate of the surface
radiative temperature is derived from the longwave upward radiation measurements at the
EB-field.

3.4.9 Visibility

Visibility is measured at six levels along the 200-m tower, with BIRAL SWS-100 scattering
sensors. Measurement heights are similar to those of wind, temperature, and humidity. The
instrumental set-up of this fog observational program is inspired by Bergot et al. (2005), who
used this for the improvement of fog prediction at airports. Also an extension of the radiation
observations at the surface is implemented, by measuring longwave and shortwave incoming
radiation at the top of the tower (213 m). This involves the same type of instruments as at
the EB-field. These additional radiation measurements allow for monitoring of the radiative
properties of thin fog layers from above.
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3.4.10 Infrasound

An international network of infrasound observations exists, which emerged as a monitoring
requirement for the nuclear test-ban treaty. With infrasound arrays nuclear detonations can
be detected, but atmospheric applications are possible as well. From the point of view of
infrasound, atmospheric turbulence itself is the one cause of noise. Reversely, signs of tur-
bulent activity as detected by infrasound arrays may be of interest for atmospheric research
(Cuxart et al. 2016), for example, for the detection of gravity waves. At Cabauw an array
of micro-barometers is deployed (Smink et al. 2019), consisting of 10 sensors at the surface
over an area of 600×400 m2, and, quite uniquely, by five sensors at the 200-m tower, which
makes it the only 3D infrasound array in the world.

3.5 Datasets

All data undergo quality controls, with automatic controls performed at various stages of
the data logging process. As a final step, many of the data streams are checked through
visualization, and erroneous data are flagged. The quality control procedures differ among
the instruments. For example, the standard wind, temperature and humidity observation
in the mast follow the automatic quality control procedures as also implemented in the
meteorological network. These instruments and their automatic quality controls are very
robust and only on rare occasions do further manual checks lead to further rejection of data.
In contrast, the turbulence data are disturbed by rain, fog and dewfall. Despite the application
of algorithms for spike detection and signal stability, quite often remaining erroneous data
have to be flagged manually.

KNMI and CESAR have a long tradition in freely distributing the observational data of
the site; originally in print, later by floppy-disk, and nowadays through the internet. Most
ABL observations are available from the CESAR database system (www.cesar-database.nl).
The data are grouped in thematic datasets, and are available in NetCdf format following the
climate and forecast convention.

Also available are gap-filled datasets. At the basis of the gap-filled surface energy dataset
are the robust estimates of sensible heat flux by the gradient method, and of latent heat flux
by the SEB residual method (Beljaars and Bosveld 1997). In the new observational program
since 2000, the estimate of sensible heat flux is based on the EC method as this method is
also quite reliable with only a small fraction of gaps. This is in contrast to the EC method for
latent heat flux, which suffers from many more gaps in its time series. Thus, for latent heat
flux, the SEB residual method is retained in the current gap-filled dataset.

Gap-filling for the Cabauw data is physically based and relies heavily on the modelling,
scaling and parametrization work of Holtslag and Van Ulden (1983), Van Ulden and Holtslag
(1985), Holtslag and de Bruin (1988), and Beljaars and Holtslag (1991). The current gap-
filling procedures is still done following Beljaars and Bosveld (1997), but details differ due
to changes in equipment. New is the gap-filled CO2 surface flux, where gaps are filled with
an assimilation/respiration model as described in Jacobs et al. (2007).

3.6 Key Complementary Observations

At the Cabauw site, a very comprehensive set of instruments is brought together by the
CESAR consortium. The instruments described in the previous Section are related to observ-
ing the structure and dynamics of the ABL. Other instruments in the measurement program
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are also important for studying the ABL, as they provide information on the environment in
which the ABL resides. Here we describe briefly these other instruments in as far as they
provide continuous observations.

At the BSRN-field, high accuracy radiationmeasurements are performed, including hemi-
spheric shortwave and longwave radiation, and direct and diffuse shortwave radiation. Also
available are spectral observations of solar radiation. A hemispheric fish-eye visible light
camera, and a scanning pyrometer (Nubiscope) give information on cloud fraction also dur-
ing night time.

In the main building of the 200-m tower an aerosol laboratory is operated that draws air
from the roof level at about 4m above the surface and from an inlet at 60-m height. Also in the
main building a greenhouse gas laboratory is operated which sucks air from four levels: 20,
60, 100, and 200 m (Vermeulen et al. 2011). Concentrations of CO2, CH4, CO, N2O and SF6
are measured and stored as half-hourly values, whilst Rn222 is measured at two levels. These
observations are part of the Integrated Carbon Observations System, a European research
infrastructure. Their accuracy allows for interpreting these measurements in terms of sources
and sinks in the region around Cabauw. At the top of the 200-m tower a drizzle radar is
operated in horizontal scanning mode; it has a high spatial resolution and a range of 15 km.

At the remote sensing site a number of active instruments are deployed. Two cloud radars
are operated, one at 35 GHz and one at 1.3 GHz, the first being sensitive to cloud droplets, the
latter being more sensitive to raindrops. In the optical range a UV lidar and a near-infrared
lidar are operated; the UV lidar has a polarization channel that further enhances its capability
in aerosol detection. Both optical instruments provide further information on clouds and
aerosols. A Raman lidar is operated on a campaign basis, and provides profiles of humidity
and aerosols, whilst a microwave radiometer gives information on humidity and liquid water.
Together with the near-infrared lidar and the 35-GHz cloud radar it forms the basis for the
cloud product as generated by CLOUDNET. Also operated is a cloud video camera.

4 Research

The comprehensive Cabauw observational program opens up much more pathways into
science than can be handled by one institute alone. By disseminating the Cabauw data freely,
many atmospheric scientists from around the world have used the data in their own research.
From the general science perspective, this is an efficient way to exploit the potential of such
an observatory. Here we give a small selection of research results obtained over the last 2
decades.

4.1 Exploiting the Long Time Series

4.1.1 Climatology

The long atmospheric time series of Cabauw can be used to characterize the local climate
for parameters that go beyond the traditional surface observations of wind, temperature and
humidity. As an example, Fig. 3 shows the yearly-averaged surface evaporation over the
period 1986–2019. The values of the first period (1986–1996) are based on the processing
described byBeljaars andBosveld (1997).Also the unstressed reference evaporation is shown
according to the formulation ofMakkink (De Bruin and Lablans 1987), based on an empirical
formulation with solar radiation and temperature as input. The strong correlation between
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Fig. 3 Yearly-averaged actual
(OBS) and reference (REF)
surface evaporation rates over the
period 1986–2019. The
1986–1996 values are based on
the processing described in
Beljaars and Bosveld (1997). It
should be noted that the periods
1986–2019 and 2001–2019 have
different instrumentation and
different bias correction
procedures. A further study of the
effect of instrument change on
biases will be necessary before
firm conclusions can be drawn

observed evaporation and reference evaporation and the reasonable match between the two,
confirms that for this well-watered site, evaporation is energy limited and that irradiation
is the most important driver of evaporation. A positive trend is seen in actual evaporation,
which is mostly reflected in the reference evaporation. The trend in reference evaporation
is due to positive trends in temperature and irradiation (Jacobs et al. 2010; Van der Schrier
et al. 2011; Boers et al. 2015). Although trends are seen, part of the signal may derive from
the improvement of instrumentation and the change of bias-handling procedures between
the two observation periods. A further comparison study of instruments is necessary before
firm conclusions can be drawn. Long time series of surface energy budgets are obviously of
interest for many studies, a clear example being the study of Teuling et al. (2010) in which
the response of forest and grassland to heat waves is explored.

4.1.2 Stratification of Data

The long time series of Cabauw enables the stratification of the data in terms of external
parameters, and the study of the response and development of the ABL. A climatology of
low-level jets (LLJ) at Cabauw was derived by Baas et al. (2009) showing that in 20% of
the nights LLJs occur. Evaluation of the ECMWF 40-year re-analysis (ERA-40) shows that
LLJs in ERA-40 are less frequent and situated at a higher level than in the observations.
Also, the wind turning across the boundary layer is smaller than observed and the speed of
the LLJ is underestimated (e.g., Svensson and Holtslag 2009). This is attributed to mixing
being too strong in the ERA-40 model during stably stratified conditions. Van de Wiel et al.
(2010) extended the concept of the frictionless inertial oscillation (Blackadar 1957) above
the nocturnal boundary layer (NBL) to oscillations in the NBL where friction plays a role.
Baas et al. (2012) were able to confirm this result from the long time series of Cabauw and
a comprehensive single-column model (SCM) of the atmosphere.

Donda et al. (2013) showed that a relatively simple conceptual model of the NBL in
interaction with the surface is able to reproduce ensemble temperature and wind profiles for
various classes of geostrophic wind speed and longwave radiative cooling. Van Hooijdonk
et al. (2015)were able to define a single parameter (the so-called shear capacity) to distinguish
between very stable andweakly stable turbulent nights. Van der Linden et al. (2017) classified
the clear-sky NBL according to geostrophic wind speed. For each geostrophic wind speed
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Fig. 4 Evolution of sensible heat
flux during the evening transition,
where t is time each side of the
transition. Data are classified
according to geostrophic
wind-speed classes. Blue
represent low and red high
geostrophic wind speeds. (From
Van der Linden et al. 2017)

class an ensemble-averaged time development of the state variables and surface fluxes is
obtained (Fig. 4).

4.1.3 Wind Energy

The increasing importance of wind energy has generated many studies into the relation
between surface weather conditions and winds at increasingly higher levels (Gryning et al.
2007). Holtslag (1984) already showed on the basis of Cabauw wind observations that, espe-
cially under stable conditions, extrapolation with surface-layer scaling becomes problematic
at heights of 100 m. This is surprisingly high given that surface-layer scaling under stable
conditions is expected to apply only in the first few tens of metres of the atmosphere. Mona-
han et al. (2012) studied the probability density functions of wind speed at elevated levels on
the basis of Cabauw and Los Alamos (USA) observations. They found that the occurrence
of intermittency in the stable boundary layer has a strong effect on these wind speed distri-
butions. Optis et al. (2014) showed that a two-layer model that accounts for stability effects
in, and for Coriolis effects above, the stable surface layer gives a better representation of
wind profiles under stable conditions. Baas et al. (2016) showed that stability effects on the
wind profile can be even stronger over sea than over land. Basu (2018) derived a method to
estimate atmospheric stability from wind-profile observations alone, which is especially of
interest for wind-energy applications when only wind-profiler data are available. The method
was tested on Cabauw observations.

Wind atlases are based on runs of numerical weather prediction (NWP)models performed
in hindcastmode, and provide detailed information onwind velocity at elevated levels suitable
for the use in wind-resource assessments. The KNMI North-Sea Wind atlas and recently the
Dutch Offshore Wind Atlas (Wijnant et al. 2019) are constructed on the basis of long runs of
the mesoscale model HARMONIE (Bengtsson et al. 2017) embedded in the ERA5 reanalysis
of the European Centre for Medium-range Weather Forecasting (ECMWF). Both atlases are
evaluated on the basis of, among others, observations from the Cabauw tower (Knoop et al.
2019).

4.2 Model Evaluation

The use of observations in atmospheric model development is often indirect. Individual
processes are studied with dedicated observations and dedicated models that may lead to a
better understanding of the process. The next step is the incorporation of this new knowledge
into the atmospheric model, and often involving simplifying or parametrizing certain aspects
of the dedicated model. Model evaluations come in various forms, and also the role of
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observations in the evaluation may vary. The use of direct local observations for model
evaluation is quite challenging, but substantial progress has been made over the years, as will
be shown by the following examples.

4.2.1 The Project for Intercomparison of Land-surface Parametrization Schemes

The Project for Intercomparison of Land-surface Parametrization Schemes (PILPS) started
in 1992 under the umbrella of the Global Energy and Water Cycle Experiment (GEWEX)
and the Working Group on Numerical Experimentation (Henderson-Sellers et al. 1995). In
Phase 1, 26 offline surface schemes were compared by forcing them with a synthetic time
series, while phase 2 was meant to compare surface schemes with real observations. At the
PILPS workshop in Yokohama, 1993, the Cabauw dataset was chosen for this comparison
for three reasons. First, three land-surface types were envisioned throughout this phase and
Cabauw was a useful case representing mid-latitude homogeneous grassland. Second, at
Cabauw, deep soil is saturated throughout the year and evaporation is seldomly limited by
water supply (cf. Fig. 3). This would then prohibit the divergence of models with respect
to their description of soil water. Third, the Cabauw data included, which at that time was
quite rare, a full year of surface latent heat and sensible fluxes enabling testing of seasonal
variations.

Within this PILPS Phase 2 project, it was found quite challenging to confront the models
with Cabauw observations. To name a few: soil and vegetation characteristics had to be
quantified, these parameters had to be translated into model parameters, and the observations
comewith only partially documented measurement and representativeness errors. After a 30-
month period with many iterations the dataset was described by Beljaars and Bosveld (1997)
and the results of the intercomparison were described in Chen et al. (1997). Figure 5 shows
the spread among the models with regard to the distribution of net radiation over sensible
and latent heat fluxes. Much has been learned from this intercomparison study and in the
years that followed, many model groups have used the dataset to test and improve their land-
surface models (Schulz et al. 1998; Chang et al. 1999). For Cabauw, one important outcome
was the creation of a gap-filled dataset, based on a physically-based parametrization scheme.
Another outcome was the realisation that seasonal changes in soil hydrology at Cabauw is
important, despite the seemingly simple soil hydrology due to management of the water table
in the ditches at the site. This resulted in the addition of soil hydrological observations to the
observational program.

4.2.2 GABLS

The GEWEX atmospheric boundary-layer studies (GABLS) has focused since its start on
bringing together the international ABL community on the subjects of stable atmospheric
boundary layer and the diurnal cycle, by defining case studies for model intercomparison
(Holtslag et al. 2013). The first two studies were based on idealized cases, but at the GABLS
workshop in Stockholm, 2007, it was decided that the GABLS3 case would be derived
from the long-term Cabauw data archive, and that the models would also be compared to
observations. FromGABLS2 itwas learned that prescribing realistic pressure gradient forcing
and advective tendencies, as well as using an interactive surface scheme, was essential in a
meaningful comparison with observations.

In the GABLS3 case a 24-h period was needed centred around midnight, and 6 years of
data (2001–2006) were examined to select a suitable case for GABLS3. To avoid conditions
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Fig. 5 Annual-averaged sensible versus latent heat flux for 23 land-surface schemes and the observed value
(OBS). The line represents points with annual mean net radiation equal to the observed value (41 W m−2).
Based on Cabauw 1987 observations for PILPS 2a. (From Chen et al. 1997)

with undesirable complexity, the ideal case had to satisfy at least three criteria: a stationary
synoptic situation, clear skies, and the absence of fog. Additionally, a significant surface
inversion must develop after sunset with a distinct LLJ directly aloft. For the development of
a substantial LLJ a moderate geostrophic wind speed of about 7 m s−1 is favourable (Baas
et al. 2009). After applying these selection criteria, nine potential cases remained of which
one was selected.

For the case prescription, the geostrophic forcing was derived from the pressure observa-
tions in the national network, and advective fluxes derived from a combination of the outcome
of a NWP model and observed tendencies in wind, temperature and humidity at the 200-m
level of the meteorological mast. See Bosveld et al. (2014a) for further details on the case
description.

As expected, the prescription of the advective terms in the GABLS3 case was found to
be essential for an SCM evaluation (Bosveld et al. 2014b), and indeed a comparison with
observations turned out to be possible. To explain differences among models, use was made
of so-called process diagrams. Figure 6 shows the relation between the wind-speedmaximum
and the backing of the wind direction with the nocturnal boundary-layer height. The results of
sensitivity runs with a referencemodel clearly indicate that the strength in nocturnal turbulent
mixing explains much of the spread among models in the two diagrams.

After the case description of GABLS3 was finalized, Baas et al. (2010) studied the possi-
bility of using composite cases for doing SCM evaluations. The idea was that such composite
cases may suffer less from inaccuracies in the prescribed advection terms. Indeed, by using
eight comparable LLJ nights from the longCabauwdata record the composite case enabled an
improved differentiation with respect to performance between different model formulations.
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Fig. 6 Relation between boundary-layer height after midnight (0000–0200UTC) and, a night-time wind-speed
maximum, and bmaximum backing of the surface wind relative to the geostrophic wind. The boundary-layer
height is estimated from vertical temperature profiles. In both graphs closed symbols represent strongly
mixing models. The purple lines represent sensitivity of a reference model for changes in the turbulent mixing
parametrization. (From Bosveld et al. 2014a, b)

Fig. 7 Averaged diurnal cycle of wind speed at, a Cabauw, b Hamburg, and c Falkenberg from forecasts
produced in the control (CTL) and NEW experiments (lead times 24 to 42 h) compared to observations (blue
dashed). Results are shown for June to August when the diurnal cycles are the most pronounced. (From Sandu
et al. 2013a)

4.2.3 ECMWF

Already in the 1980s a close connection was established between Cabauw and ECMWF, with
Cabauw observations used for the evaluation of the ECMWFmodel and for the improvement
of model parametrizations. The first ECMWF re-analysis (ERA) covered the 25-year period
1979–1993. Bosveld et al. (1999) evaluated this re-analysis with Cabauw observations. The
evaluation included: precipitation amount, cloud cover, cloud transparency, surface fluxes,
and ABL profiles. Sandu et al. (2013a, b) made improvements on the turbulence scheme of
the ECMWF model that resulted in a better representation of wind profiles in the lowest few
100 m of the atmosphere. Observations from tall towers, in this case Lindenberg, Hamburg
and Cabauw, played an essential role in the development and evaluation of this new model
version (Cy40) as shown in Fig. 7.
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4.2.4 KNMI parametrization testbed

To facilitate model evaluation on a regular basis, Neggers et al. (2012) developed the KNMI
parametrization testbed. The KNMI parametrization testbed is part of a general trend towards
amore statistically significant process-level model evaluation, with the purpose of optimizing
the identification of problems in general circulationmodels that are related to parametrization
schemes. In the KNMI parametrization testbed, continuous long-term SCM runs and large-
eddy simulations (LES) using the Dutch Atmospheric Large-Eddy Simulation (DALES)
(Heus et al. 2010) model, are evaluated against observations at multiple time scales (Fig. 8).
The authors show that, by using this method, it becomes possible to reproduce typical long-
term mean behaviour of the physical processes with short time scales in larger-scale models,
while still preserving the benefits (e.g., model transparency) of a single-column model. It is
argued that this strategy facilitates the tracing and understanding of errors in parametrization
schemes,which eventually lead to a reduction of related uncertainties in numerical predictions
of weather and climate. It is foreseen that the KNMI parametrization testbed will play an
essential role in the Ruisdael project described in Sect. 5.

4.3 Satellite Validation

Satellite-based passive remote sensing observations of the atmosphere have had a tremendous
impact on our ability to understand and predict the Earth’s atmosphere. Here we focus on
land-surface applications.

An intensive field campaign was held in 2006 in the Netherlands to support the advance
of modelling of land-surface hydro-meteorological processes (Su et al. 2009), in particular
the exploitation of angular effects in land-surface observations from satellites. The objective
of the campaign was to build a database for the investigation and validation of the retrieval
of bio-geophysical parameters, obtained at different radar frequencies (X-, C- and L-Band)
and hyperspectral optical and thermal bands. The data were acquired simultaneously over
contrasting vegetated fields, forest (Loobos and Speulderbos), and grassland (Cabauw) in the
Netherlands. As such, all activities were related to algorithm development for future satellite
missions such as the Sentinels, and for validation of retrievals of land-surface parameters
with optical, thermal and microwave sensors on-board current and future satellite missions.

A reference evapotranspiration product is routinely available fromMeteosat Second Gen-
eration (MSG) observations (Trigo et al. 2018). It is based on the MSG surface incoming
radiation product and on surface temperature fields from the ECMWFmodel. Cabauw evapo-
ration measurements played, among others, an important role in the development and testing
of this product (De Bruin et al. 2016).

4.4 Process Studies

The comprehensive observational program at Cabauw makes it particularly well-suited for
process studies, which are key to obtaining quantitative understanding, and supporting the
design parametrizations for large-scale models (see Sect. 4.2). Here some typical examples
of process studies are presented.
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Fig. 8 An example of a single case process-level study with the KNMI parametrization testbed, showing model
output and measurements on 8 April 2008 at Cabauw. a Time–height contour plot of an SCM’s cloud fraction
(shaded) overplotted by the lowest cloud-base height as observed by the CT75k ceilometer (black dots). The
lifting condensation level (solid line) and the termination height (dashed line) of the strongest model updraft
are also shown, for reference. b A photo taken by the north-looking Cabauw webcam on 8 April 2008. The
tower can be seen on the left, with the cloud radar in the foreground. c A snapshot of the 3D cloud field as
produced by the LES model for this day. (From Neggers et al. 2012)

4.4.1 Mesoscale Studies

Verkaik and Holtslag (2007) extended earlier work of Beljaars et al. (1983) showing, from
tower flux observations, that the regional-scale roughness is larger than the local roughness
of the grassland, due to the presence of obstacles such as tree rows and buildings. This is
of importance when evaluating models with Cabauw observations. The long turbulent time
series at Cabauw have also contributed to a better quantification of the spectral behaviour
between the resolved mesoscales and the turbulent scales (Schalkwijk et al. 2015), and to
how LES embedded in large-scale meteorological models is able to better resolve the small
scales in the region of the Cabauw site.

With the North Sea and Lake IJssel at distances of 50 km, Cabauw is located in a complex
topographical setting, which gives rise to mesoscale modulations of the large-scale synoptic
flow. Tijm et al. (1999) studied the vertical structure of sea-breeze fronts over Cabauw from
wind-profiler observations and were able to quantify the return flow that occurs at elevated
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heights. Wichink Kruijt et al. (2004) studied scaling relations for the sea-breeze intensity.
In Steele et al. (2014) sea-breeze occurrences at five locations around the North Sea coasts
were studied for the relevance to offshore wind energy, showing that three different types
of sea breezes can be distinguished. Jiménez et al. (2016) studied the role of synoptic scale
and mesoscale on the evolution of the boundary-layer wind profile over the coastal region
of Cabauw. On the basis of a 10-year run of the Weather Research and Forecasting model
and Cabauw observations they were able to identify a near-coast diurnal acceleration. The
ABL winds show a strong intra-diurnal component that is characterized by an oscillation of
the near-surface flow around the geostrophic direction with the maximum departure in the
afternoon. Although also driven by thermal land–sea differences, this mesoscale component
is not associatedwith the classical concept of a sea-breeze front. Arrillaga et al. (2018) studied
occurrences of sea-breeze fronts at Cabauw and found from CO2 concentration observations
that recirculation of continental air in these fronts may occur.

Angevine et al. (2001) used surface flux, tower and wind-profiler observations to study
the morning time transition from the stable to the convective boundary layer, they found that
the warming of the stable boundary layer is only partly through direct surface heating. The
largest contribution is from shear-driven entrainment which is stimulated by the reduction
of the surface-layer stability through surface heating. Vila-Guerau de Arellano et al. (2004),
based on aeroplane observations and in situ observations from Cabauw, were able to quantify
the effect of entrainment on the CO2 concentration in the ABL. It was found that especially in
the morning the evolution of the CO2 concentration is dominated by the entrainment process
rather than by the surface assimilation. Casso-Torralba et al. (2008) exploited the turbulence
observation in the 200-m tower flux to assess the budgets of sensible heat and CO2 fluxes in
the ABL. Under non-advective conditions the vertical flux divergence will be in equilibrium
with the time rate-of-change of temperature and CO2 concentration in the ABL. A deviation
of this equilibrium indicates the presence of advection. Figure 9 shows time series of ABL
temperature and CO2 concentration, and also shown for both quantities are the time series
derived from the flux divergence observed along the 200-m tower, representing the values
that would occur when no advection is present. Clearly, the temperature observations indicate
no heat advection, whereas the CO2 concentration measurements indicate advection of CO2

for this day.

4.4.2 Evaporation and Its Link To Photosynthesis

Van Heerwaarden et al. (2010) developed a method to analyze the daily cycle of surface
evapotranspiration. It quantifies the influence of external forcings as radiation and advection,
and of internal feedbacks induced byboundary layer, surface layer, and land-surface processes
on evapotranspiration. A budget equation for evapotranspiration is derived by combining a
time derivative of the Penman–Monteith equationwith amixed-layermodel for the convective
boundary layer. Analysis of measurements at CESAR and Niamey (Niger, semi-arid) and
model results show that evapotranspiration is initiated by solar radiation but is significantly
regulated by theABL and the land surface throughout the day. In particular the entrainment of
dry air can increase the evaporation beyond its thermodynamic equilibrium value. At CESAR
the variations of moisture and temperature in the atmosphere played an equally important
role, while at Niamey the effect of temperature fluctuations dominated the feedbacks and
moisture fluctuations become irrelevant.

The comprehensive dataset of Cabauw enabled the investigation of the partition between
evapotranspiration and sensible heat flux modulated by the vegetation. The first surface flux
is strongly regulated by the capacity of the grassland in regulating the CO2 assimilation and
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Fig. 9 Diurnal time evolution of, a 10-min mean potential temperature θ , and b hourly mean CO2 mixing
ratio during 12 March 2004. The thick solid line represents the retrieved θ and CO2 values using the observed
vertical flux divergence along the 200-m tower and under the assumption of no advection. The results indicate
presence of CO2 and absence of heat advection. (From Casso-Torralba et al. 2008)

plant transpiration. Constrained and validated by the Cabauw data, Vilà-Guerau de Arel-
lano et al. (2012) and Sikma et al. (2019) carried out investigations on how the surface
and boundary-layer dynamics will behave under future climate scenarios characterized by
enhanced CO2 concentration and higher temperatures. Their findings indicate that a future-
climate mimicking simulation shows minimal changes in the regional energy balance due to
offsetting effects between increased temperature and CO2 concentration, while plant pho-
tosynthesis increased and transpiration decreased. The ABL was drier, even though surface
fluxes were very similar current conditions, thereby hampering cloud formation and develop-
ment. Super et al. (2015) study the interplay between evaporation and boundary-layer clouds
as modulated by the cumulative ozone effect.

4.4.3 Fog

From the start, fog has been an active research area at Cabauw. Wessels (1979) analyzed
observations of an advective fog case, and Duynkerke (1991a, b, 1999) used a SCM to
study radiation fog. With increasing computer power it is now possible to use LES models at
sufficiently high resolution to resolve the relevant turbulent scales in the stable boundary layer.
Maronga and Bosveld (2017) showed how well a high resolution LES model could simulate
a typical radiation fog night at Cabauw. They found that turbulent mixing has a strong impact
on the time of fog formation, which is complicated by the interaction with both radiative
cooling and water vapour removal by dew deposition. Furthermore, it was found that the
near-surface soil temperature plays a key role for the exact time of fog formation, whereas
near-surface soil moisture is decisive for the lifting and dissipation time of the fog layer.
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Fig. 10 Time–height diagram of fog visibility estimates from the backscatter signal of a slanted 35-GHz cloud
radar. Slanting angle is 0.05 rad (3o). (From Boers et al. 2013)

More recently, Boers et al. (2013) modelled the evolution of the microphysics of a radia-
tion fog layer that was observed with in situ instruments and radar at CESAR on March 23,
2011 (Fig. 10). The onset phase and the evaporation phase of the fog produce different radar
reflectivity–visibility relationships. A droplet activation model used the aerosol size distribu-
tion observed at 60-m altitude as input, and radar reflectivity and visibility were calculated
from model drop-size spectra using Mie scattering theory. Since radiative cooling rates are
small compared to cooling rates due to adiabatic lifting of aerosol-laden air, the modelled
supersaturation remains low so that only few aerosol particles are activated to cloud droplets.
The results suggest that the different radar reflectivity–visibility relationships are the result
of differences in the interplay between water vapour and cloud droplets during the formation
and evaporation of the fog. During droplet activation, only a few large cloud droplets remain
after successfully competing for water vapour with the smaller activated droplets. These
small droplets eventually evaporate (deactivate) again. In the fog dissolution/evaporation
stage, only these large droplets need to be evaporated. Therefore, to convert radar reflectiv-
ity to visibility for traffic safety products, knowledge of the state of local fog evolution is
necessary.

Izett et al. (2019) developed a method to detect fog at levels below the usual observation
height (ground fog). The method makes use of a vertical array of light-emitting diodes and a
video camera, and by combining this with a distributed temperature sensor detailed vertical
temperature profiles could be determined to interpret these visibility observations.
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5 The Future of Tall Towers for Atmospheric Research

In the late 1960s sonic detection and ranging (sodar) was the first remote sensing technique
developed for probing theABL.These instrumentsmeasure profiles of the structure parameter
of sonic temperature and of wind. In the following decades also radar techniques were
developed. This enabled the detection of clouds, precipitation and wind. Lidar techniques in
the ultraviolet, visible and near infrared range gave way to the detection of clouds, aerosols,
water vapour, various gas species and even temperature. Clear advantages of remote sensing
techniques are the height range over which observations are obtained and the flexibility with
respect to the location of operation. On the other hand, vertical resolution is limited, which is
in particular problematic in the lowest few hundred metres of the atmosphere where vertical
gradients are steepest. But also here promising new remote sensing techniques are developed,
such as 3D wind scanners (Fuertes et al. 2014; Vasiljevic et al. 2016) that enable the profiling
of 3D turbulence.

An advantage of towers is that they provide a platform for robust instruments that operate
even under adverse weather conditions, making them very well suited for the registration
of long continuous records, a requirement which is often much more difficult to meet with
remote sensing observations. Moreover, for tracers, i.e. gases or aerosols, often no remote
sensing technique is yet available, or the required accuracy in terms of concentration is not
sufficient.

It is clear that tower observations and remote sensing measurements can complement each
other nicely as is shown for example for the Lindenberg site by Neisser et al. (2002). This
is also the prospect of the Ruisdael project (https://ruisdael-observatory.nl/), the large-scale
atmospheric research infrastructure in the Netherlands (2018–2027) that will combine sur-
face,mobile, tower, aeroplane, and remote sensing observations togetherwith high-resolution
simulations in order to become a ‘virtual laboratory’ for studying multi-scale processes in
atmospheric chemistry and physics. By doing so, the Ruisdael Observatory is envisioned to
improve the reliability of weather, air quality and climate models. The Cabauw site with its
200-m tower is central in this research facility due to the comprehensive surface and upper-air
continuous observations.

In the past fewyearswe saw the advent of overarching atmospheric research infrastructures
at the European level. The Integrated Carbon Observations System aims at quantifying and
understanding the greenhouse gas balance of Europe and neighbouring regions, and this
infrastructure relies heavily on high-accuracy tower-based greenhouse gas concentration
measurements of which the Cabauw tower is one. Also the European Research Infrastructure
for the observation of Aerosol, Clouds and Trace Gases (ACTRIS) relies prominently on
tower-based observations such as performed at Cabauw.

6 Discussion

To operate a research site such as Cabauw over a 50-year period has been a major challenge.
The observations from themeteorological network are embedded in international agreements
and budgets are secured. In contrast, for a research site such as Cabauw no such agreement
forces the continuation of the observational program. Typically, every 10 to 15 years signif-
icant investments are needed in the infrastructure, instruments, and information technology.
At these moments the continuation of the site is under debate and is weighted against other
research optionswhich have become relevant over time. Since the construction of the Cabauw

123

https://ruisdael-observatory.nl/


Fifty Years of Atmospheric Boundary-Layer Research at… 605

Table 1 The international networks represented at Cabauw

Acronym Organisation Description

ACTRIS EU Aerosols, clouds, and trace gases

AERONET NASA Aerosol retrieval through sun photometers

BSRN GEWEX Baseline Surface Radiation Network

CEOP GEWEX Coordinated Energy and water cycle Observation Project

CLOUDNET EU European pilot network for observing cloud profiles

C-SNRWP EUMETNET Data exchange program for model development

EARLINET EU European Aerosol Research Lidar Network

E-PROFILE EUMETNET Profiler and lidar network

E-WINPROF EUCOS Windprofiler network

GALION GAW Aerosol lidar observation network

GAW WMO Monitoring of trace atmospheric constituents

GRUAN WMO-GCOS Reference upper-air network

ICOS EU Integrated Carbon Observation System

MWRnet EU-COST International network of ground-based microwave radiometers

tower in 1970 three of these debates have taken place. The first was in the early the 1980s: at
that time much unique observational material from the Cabauw site was archived and a num-
ber of fundamental research projects were underway that are still relevant today. Numerical
weather prediction models were becoming operational and observations of the relevant land-
surface atmosphere exchange processes were needed to evaluate such models. It was decided
to have a continuous and long-term observational program of meteorological profiles, and
the components of the surface radiation and heat budget for the benefit of such atmospheric
model evaluation. This program was operated during the period 1986–1996, after which a
new decisive moment occurred.

With the advent of remote sensing techniques, and increasing cooperation at the Cabauw
site with other national institutes, it became clear that a basic meteorological measurement
program was still needed at the site. This program, starting in 2000, has expanded over the
years and runs until present as described in Sect. 3. The third decisive moment was quite
recently when it became clear that after 50 years the tower infrastructure needed substantial
revisions. Most notably the guy-wires had to be replaced and the hydraulic system had to be
renewed. The granting of the Ruisdael project in 2018 turned out to be a sufficient incentive
to perform these revisions. From this experience we may expect that by the end of the 2020s
a new decisive moment will occur.

Important factors that contributed to the continuation of the site over the last 50 years
are the embedding of the site in international networks which are listed in Table 1. Also
the comprehensive continuous measurement program regularly attracts field campaigns and
experiments which are listed in Table 2. Cabauw data have been used in more than 450
peer-reviewed papers stressing its ongoing importance for atmospheric research.

In the same context it is essential to explain the relevance ofCabauw to society, and tomake
clear the pathways in which knowledge, generated with the help of Cabauw observations,
is used for the benefit of society. Figure 11 shows a schematic of the flow of knowledge.
Sometimes this connection is very direct, for example, in the case of the eruption of the
Islandic volcano Eyjafjallajökull in 2010 (Donovan and Apituley 2013) and its direct effect
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Table 2 List of national and international campaigns conducted at Cabauw

Acronym Description Years

TEBEX Tropospheric energy budget experiment 1995

CLARA Clouds and radiation 1996

CaPRIX Cabauw profile intercomparison experiment 2000

Cliwa-Net Cloud liquid water network 2001

BBC Cloud observation campaign 2001

CREX-02 CESAR rain experiment 2002

BBC2 Cloud observation campaign 2003

DANDELIONS Aerosol and nitrogen dioxide OMI and Sciamachy 2005

SPE Sound propagation experiment 2005

DANDELIONS Aerosol and Nitrogen Dioxide OMI and Sciamachy 2006

EAGLE Exploitation of angular effects in land surface observations from
satellites

2006

SatLink Linking satellite observations of aerosol optical depth with ground
level observations of particulate matter

2006

EMEP Highly time resolved measurements of inorganic gases and aerosols 2006–2008

GOP Quantitative precipitation forecasting 2007

EUCAARI-IMPACT Cloud aerosol interaction 2008

ESA-CALIPSO NASA/CNES cloud aerosol lidar with orthogonal polarisation
(CALIOP) correlative measurements

2009

CINDI Cabauw Intercomparison of Nitrogen Dioxide measuring Instruments 2009

CLIC Cabauw Lightmeter Intercomparison 2012

PEGASOS Pan-European Gas-Aerosols-Climate interaction Study 2012

INGOS CH4 flux intercomparison campaign 2012

HD(CP)2 High Definition Clouds and Precipitation for advancing Climate
Predictions

2013

ACCEPT Analysis of the Composition of mixed-phase Clouds with Extended
Polarization Techniques

2014

CINDI-2 Cabauw Intercomparison of Nitrogen Dioxide Measuring
Instruments

2016

PICAB Proton-transfer-reaction mass spectrometer (PTR–MS)
Intercomparison campaign in Cabauw

2017

TROLIX TROPOMI validation campaign 2019

on aviation over the European continent. In other cases it may take a decade from making
the observations, using them in model evaluation, improving the model, and application of
the model in the weather service for improved weather forecasts. As shown in Sect. 4.2.3 the
recent improvements in the new version of the ECMWF model were, amongst others, based
on tower observations from Lindenberg, Hamburg, and Cabauw from 7 years earlier (Sandu
et al. 2013a).

As another factor that contributes to the success of Cabauw we mention the open data
policy. Already from the beginning of the measurement program data have been dissemi-
nated throughout the international research community, in the early years in print, later on
floppy disks, and nowadays through the internet (www.cesar-database.nl). This has facilitated
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Fig. 11 The layered structure linking CESAR observations to policy oriented products

researchers around the world to freely test their scientific ideas and their model representa-
tions over the last 50 years, and hopefully continues to do so for the next decades.

The new Ruisdael project offers the possibility to integrate all atmospheric research and
observations in the Netherlands. In particular the KNMI testbed will be expanded to offer
new possibilities to integrate fine-scale modelling and observations and in which Cabauw
plays a key role.

Cabauw will continue to acquaint new generations of fundamental and applied scientists
with the relevance of land–atmosphere interactions for studies of weather, climate and air
quality. The courses on boundary-layer processes at the University of Utrecht, Wageningen
University and TU-Delft include yearly visits to the site facility. The free online software
CLASS (http://classmodel.github.io/) (Vilà-Guerau de Arellano et al. 2015) is based on
mixed-layer theory developed on early Cabauw data (Tennekes and Driedonks 1981). It
has as a default case with prescribed surface and boundary-layer characteristics of Cabauw.
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