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Summary

This research thesis investigated the automatisation of the air temperature Siting Clas-
sification (SC) according to its WMO guidelines. SC values are qualitative numbers
that shows how representative a meteorological observation is of its surrounding area.
SC for air temperature is based on three characteristics at the location of the sensor:
shading, presence of heat source and vegetation height. Instead of going into the field,
the Automated SC (ASC) developed in this research thesis uses the Actueel Hoogtebe-
stand Nederland (AHN) and Basisregistratie Grootschalige Topografie (BGT) open
data datasets to determine the classifications for air temperature. The algorithm was
first tested at the Automatic Weather Station (AWS) in De Bilt, after which it was
applied to all the other 33 AWS sites owned and maintained by the Royal Netherlands
Meteorological Institute (KNMI). There is need for an ASC to speed up the process
but also to create a more reproducible approach than the current Manual SC (MSC)
that is subject to human interpretations.

Each criterion within the air temperature SC guidelines is based on underlying scien-
tific principles why they are included and each require different analyses to determine
its SC. Shaded locations can have a different temperature than areas in the sun. Heat
sources - including water bodies, buildings, roads or other artificial objects - can reflect
or retain heat and therefore influence the air temperature. Vegetation causes cooling
due to its evapotranspiration process and thus influence the observed air temperature.

The ASC model was developed using the programming language of R and made use of
the AHN to detect the height of the surface, objects to determine shading. The BGT
was used to determine the presence of heat sources through its topographic land use.
These datasets were imported dynamically, making it possible to apply this model to
any location on land in The Netherlands. Using a decision tree an air temperature SC
Class 1 through 5 was determined for each AWS owned and maintained by the KNMI.
The usability of the model was tested through visual validations based on photos or
satellite imagery to check on its accuracy, and comparison validations based on the
current MSC procedure done by the KNMI.

Results shows that an ASC model corresponds for 55.9% with the MSC values and
showed that the model can be applied for a reproducible and consistent SC. In 41.2%
of the cases, the ASC applies a stricter SC value compared to the MSC, resulting in a
less representative SC. This is because the datasets interprets more shading and heat
sources than through the MSC. This indicates that when the input data is correct, a SC
is determined tat strictly follows the SC guidelines. Manual validations were done to
check if the input data was not outdated or not interpreted due to a lack of information.
The ability of performing an ASC can contribute for further research in improving
the air temperature SC of existing, or determining new completely locations. The
model can also be used to determine the air temperature SC of the vast of other
sensors of third-party networks. Moreover, the model further substantiates the need
to specify the different air temperature SC guideline criteria even more so that different
surroundings are taken better into account.
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1 Introduction

1.1 Motivation

To obtain meteorological observations of high quality it is important to know the
uncertainties and biases on its measurements. Already two decades ago, research
showed that observation errors associated with the surroundings of the site were of-
ten much larger than the measurement uncertainty of the sensors themselves. For
air temperature, common surrounding characteristics that can influence on the mea-
surement include the presence of (natural) objects that reflect and retain heat, or
cause shading (Leroy, 2006). Official meteorological measurements are usually col-
lected at Automatic Weather Stations (AWS), which are set up and maintained by
national meteorological services and have to comply with a minimum set of recom-
mendations by the Word Meteorological Organization (WMO). AWS sites are usually
delineated areas where meteorological sensors are installed that automatically collect
current weather measurements such as air temperature, pressure, wind and precipita-
tion (figure 1.1). AWS sites are normally installed in a nationwide network targeted for
different applications such as general weather forecasting, use in Numerical Weather
Prediction (NWP) models and long-term climate monitoring. Observations are shared
between countries under the umbrella of WMO (Estévez, Gavilán, & Giráldez, 2011;
WMO, 2017). AWS are usually maintained by the different national meteorological
services who are also responsible for its quality and operations of continuity. For air
temperature it is important to collect measurements of high quality to inform society
with correct information and substantiate the factors that may have an influence on
climate change.

Figure 1.1: Automatic Weather Station (AWS) in Stavoren, the Netherlands. Meteorolog-
ical observations are automatically collected and distributed to a central facility, including
those of air temperature, pressure, wind, precipitation, relative humidity, global radiation,
visibility, clouds, and present weather) Source: Geuko Boog
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Before the 1990’s, many national meteorological institutes often failed to follow their
own guidelines on controlling uncertainty and exposures in their meteorological mea-
surements. The instruments were often located in densely populated areas, while the
observations were also used to represent the measurement of less urbanised surround-
ing area. This resulted in measurements that were not representative of the greater
region. Furthermore, there was a lack of transparency and a standardised method
for meteorological services to express their degree of compatibility with commonly
accepted siting guidelines (Leroy, 1998). In the 1990’s there was a serious reduction
of observation instruments used by the Meteo France meteorological network. As a
result Leroy (1998) suggested and developed a Siting Classification (SC) method that
proposed an approach to note the representativeness of meteorological observations
in the surrounding area (< 500 metres) of third-party stations. A qualitative number
scheme (usually 1-5) that classified the quality of specific variables like temperature,
wind, pressure, and radiation. A few years later, it was found that this method
could also be used to achieve improvements of meteorological observations within a
network. Therefore, the SC have been developed in a recommendation classification
scheme by WMO’s Commission for Instruments and Methods of Observation (CIMO)
(M. A. Wolff et al., 2014) in 2010 and eventually evolved into an International Stan-
dard Organization (ISO) standard in 2014 (nr. 9289:2014(E)) (WMO, 2017). These
guidelines can be found in Appendix C as an annex and serves as the primary reference
used in this research.

This SC scheme is especially useful for climate researchers, as it enabled them to ob-
tain an indication an extent to which the measurements are influenced by the direct
surroundings. The SC guidelines do not determine which meteorological measure-
ments are good or bad. It rather indicates for which application a site or individual
instrument is suitable for which observation. It shows how much a meteorological
observation is representative of the surrounding area. Furthermore, the SC scheme
also acts a parameter that enables comparisons between sites within a meteorological
network or between observing networks (WMO, 2018). The SC guidelines allow better
comparisons to be made as they are only meaningful if the sites have metadata that
is collected in the same standardised way. The SC guidelines also provide important
information for meteorological services to assess their network and allow them to set
goals that will improve their observations. Currently, the SC scheme is implemented
within a few national meteorological networks including Norway, Switzerland, The
Netherlands and Japan. The Royal Netherlands Meteorological Institute (KNMI) has
included the SC scheme in their most recent Observations strategy to further develop
and improve meteorological observation networks (KNMI, 2015).

The SC standard is relatively new and only little research has been done to assess
the value of the scheme and its practical use. So far, the focus of existing research
is on the air temperature variable. Qualitative and quantitative methods to identify
the measurement uncertainties are limited and often lack scientific basis (Kinoshita,
2014; M. Wolff et al., 2014). Furthermore, research done by different national mete-
orological institutes indicated that the SC guidelines do not always take site-specific
conditions into account, making the classifications not representative of the greater
surrounding area. Meteorological institutes of Nordic countries and Switzerland con-
cluded that the combination of relatively low altitudes in mountainous regions and the
varying azimuth angles of the sun lead to specific shading that results in a air temper-
ature SC value that does not provide enough information for climatological research
(Fisler, Kube, Stocker, Gr"uter, & Calpini, 2017; M. Wolff et al., 2014). Therefore,
the Nordic and Swiss meteorological institutes have created an adjusted classification
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scheme that includes several adaptations to make the scheme more suitable for their
own meteorological stations. In Japan, the air temperature SC is not even seen as
suitable to use because of the many instruments that have installed in the dense urban
areas. This would result in classification scores that do not represent meteorological
measurements of the greater area if the SC guidelines would strictly be followed (Ku-
mamoto et al., 2013). Moreover, the Belgian meteorological institute mentioned that
the ranges of the classes are not specific enough to determine a certain Class, which
may cause misleading representative values. (Sotelino, Coster, Beirinckx, & Peeters,
2016).

The issues found by the different meteorological institutes indicate that there is still
room for substantial improvement in the current SC guidelines. The reproducibil-
ity of the underlying (manual) inspection process also poses an issue. Different data
collection techniques are used to determine the SC because there is no standardised
procedures or equipment to determine the classifications (Fisler et al., 2017; Kinoshita,
2014; Sotelino et al., 2016; M. Wolff et al., 2014; M. A. Wolff et al., 2014). All SC are
currently done manually and carried out by inspection staff who visit each individual
site for observations and measurements. The current SC criteria and procedures are
subject to human interpretations and therefore may include more uncertainties on
classifications than when this would be done automatically. Furthermore, more me-
teorological measurements are collected today through third-party sources and made
publicly available. The SC provides a way to uniformly determine the quality of the
measurements, but performing Manual SC (MSC) for the vast amount of data that is
collected today costs too much time. Therefore, there is a high need to apply a SC pro-
cedure that allows a reproducible methodology through automation that additionally
also speeds up the process.

A more reproducible and faster SC process would greatly improve overall reliability
and interoperability of meteorological data. In this thesis research, an automated air
temperature SC model is developed and tested on its usability in The Netherlands.
Usability is seen as the extent to which the model can be used for any coordinates
on land in The Netherlands. The model was developed using Dutch geospatial data
and applied to the AWS sites operated and maintained by the KNMI in their national
meteorological observing network.

1.2 Research objective

The primary objective of this thesis is to study and develop a model that automatically
determines the air temperature (1.5 - 2.5 metres above the ground) classification based
on the SC criteria set by the WMO. Furthermore, this research provides a scientific
overview of the underlying principles and mechanisms to better understand the main
aspects influencing the measured air temperature. This is important to understand
better how the current SC are defined and thus contribute in the development process
of the model.

To build an Automated Siting Classification (ASC) model, similar data and informa-
tion input is required as the data that is currently collected for a manual classification
from, which the information needed for the SC can be derived. Geographic Informa-
tion System (GIS) tools will be used so that spatial datasets that coincides with the
information that is needed to create a SC according to current WMO guidelines will
be integrated into the model. In this research, this include Dutch geospatial datasets.
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This will make the model independent from any field work on the site itself and thus
make it possible to completely automate the process. The datasets that will be re-
quired for the air temperature criteria include height, solar angles and land use data.
Using geospatial data as input, will make the model dependent on the resolution and
accuracy of the datasets. Therefore, the impact of different data set (versions) on the
reported output will be studied as part of this thesis. Because the automated calcula-
tions will be completely based on the existing SC criteria set by the WMO, the model
usability will be assessed in a mutual comparison with the manual classification ob-
tained in the field. Therefore, research will be done to understand the ins and outs of
the manual procedure, including field work to observe this procedure. Manual Siting
Classification (MSC) values obtained from field inspection reports will be compared to
the automated results. During the development process, the model will continuously
be adjusted to ensure more accurate and better comparable outcomes.

The model will follow the exact SC criteria for the air temperature variable set by
the WMO guidelines. Calculations needed to classify the air temperature will be
done in the same way as calculations based on manual observations. To automate the
procedure, the model will include several (spatial) analyses to retrieve SC values as
output. The model will first be tested for the AWS of De Bilt (WSI: 0-20000-0-06260)
in The Netherlands after which the ASC was applied on all the other 33 sites. This
will be done to analyse if the algorithm worked on other locations and evaluate if and
what issues will be found. This will contribute in making conclusions if the model can
be used for any other location on land in The Netherlands.
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1.3 Research question

The main goal of this thesis project is to study and develop and ASC model for air
temperature. This leads to the following research question:

Is it possible to automate the Siting Classification for the air temperature criteria ac-
cording to the WMO guidelines using geospatial datasets and apply it to any location
on land in The Netherlands?

This research question was split into 2 sub-questions that analyse the different parts
of the model:

1. How can an ASC be developed for the air temperature variable for the AWS
sites on land according to its criteria?

• What are the scientific principles that underlie the Siting Classification for
the air temperature variable and why are these important?

• What geospatial datasets need to be imported and processed to generate
air temperature SC values as output?

• How does the ASC model cope with different the parts of the WMO SC
criteria guidelines?

2. What is the accuracy of the ASC values and how do they compare to to the
MSC values?

• What aspects need to be taken into account when evaluating the accuracy
of the ASC outputs?

• How does the current MSC for air temperature procedure work and how
does it differ to the automated procedure?

• How do the automated outputs compare to the MSC values?

1.4 Scope

The air temperature variable was selected over the other variables (wind, precipitation,
radiation and environment) because it is the most commonly used meteorological
observation used in daily weather forecasting and climate change studies. Furthermore
it is also considered as one of the Essential Climate Variables (ECV) and assumed to
be affected by siting criteria (Bojinski et al., 2014). The air temperature variable was
also selected because the data required for this SC primarily includes a variation of
geospatial datasets and spatial analyses, making it more relevant and applicable for
the context of this thesis research.

The model will be developed in such a way that it can be used for other purposes
other than determining the SC of the air temperature at the current AWS sites. The
location of an AWS sites is represented by a pair geographic coordinates. Therefore,
the model will ensure SC will also be applied to any other location on land in The
Netherlands. This requires a dynamic approach in collecting the data from the diverse
sources and pre-processing all the information. Parts of the computations may also
be used for determining the SC of other variables. The model could also be applied
to classify the representativeness of air humidity sensors because they follow the same
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guidelines as that of air temperature. The model will exclude locations that are not
on land, such as meteorological instruments in the middle of a lake or those that are
placed on oil platforms at sea. No data is available of these areas or they have to
follow different guidelines.

The main output is based on the exact same calculations and classification values that
are currently defined in the WMO SC guidelines. One air temperature criteria within
the guidelines was excluded in this research: the check if the AWS was "located
on a flat, horizontal land" (WMO, 2017). This criterion is excluded because The
Netherlands mainly consists of flat land and therefore the assumption was made all
the sites are located on flat, horizontal land.

It is not the primary aim of this research to develop methods that improved the SC
guidelines itself by defining the criteria better or make them more explicit. This
research could provide information, however, which criteria applied in the SC for
air temperature need to be defined better or made more explicitly to obtain results
that are more reproducible and consistent to the guidelines. This research could also
contribute in further standardisation the SC guidelines. Furthermore, no analysis will
be done on how the results found could obtain better classification values if an AWS
site would be located for a certain distance or installed completely somewhere else.
The quality of the model will be evaluated by comparing results to all the 34 AWS
sites in the Th Netherlands to its corresponding manual classifications values obtained
from field inspection reports, (historic) photos of sites and satellite imagery.

1.5 Conceptual design

The different parts of this thesis leads to a conceptual design that determined the
workflow of this research as shown in figure 1.2. At first the air temperature SC
guidelines will be analysed to understand better what scientific principles the concepts
are based on. Based on the criteria guidelines, the required datasets are selected
and the analysis were written in code using R. The ASC model consists of both
importing and (pre-)processing the data as well as performing all the analysis required
to determine a classification. This will make the model dynamic to use for any location
on land in The Netherlands. The model provides results which will be tested on
its accuracy through visual and comparison validations. During the development
process, the model will be continuously adjusted based on the interim outputs from
the validation analyses done for all the AWS sites. This feedback loop is introduced
to improve the meaning and quality of the results. The outcome of the validations
analyses of all the sites leads to a conclusion on the extent the model is usable to
create a SC for air temperature for any location on land in The Netherlands.



Chapter 1. Introduction 7

Figure 1.2: Conceptual Design of this thesis research to develop an ASC for the air tem-
perature and test it on its usability.

1.6 Reading guide

This thesis used the current WMO air temperature SC criteria guidelines as starting
point. Based on these guidelines, the underlying scientific principles relevant for the
criteria are described in a scientific overview section in chapter 2. Chapter 3 provides
an explanation of the methods applied in this research. A description is provided on
how the current SC procedure works in chapter 3.1 and chapter 3.2.1 gives an overview
of the selected AWS sites. An explanation is given on what data was imported and
how they were processed in chapter 3.2. Chapter 3.3 describes how the different
criteria are calculated leading to chapter 4 that includes the results obtained from the
model including an visual model validation analysis (chapter 3.4.1) and a comparison
validation analysis (chapter 3.4.2). Chapter 5 discusses the results obtained from the
analyses to determine the usability of the developed ASC model. Finally, chapter 6
concludes this thesis expressing the usability of the ASC model that was developed
in this research. This chapter also includes recommendations for further scientific
research and for the KNMI to further develop and implement the ASC procedure by
applying the model to other locations, using additional data or research an automatic
method for other observation variables that are part of the SC guidelines.
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2 Background information and
relevant work

This chapter provides a scientific background behind the concepts that are found in
the air temperature SC guidelines. Although the SC is clearly defined into a set of
objectives and clear rules, there is some rather complex physics behind the world of air
temperature monitoring. At first a description is given on the importance of measuring
for the long run in terms of climate through air temperature monitoring. The chapter
continues with a section that describe how heat interacts with the surface. In the third
section of this chapter, the SC guidelines are subdivided into three different categories
that each provide background information how the SC can be calculated according
to the guidelines using different formulae and concepts or why they are included as
criteria.

2.1 Air temperature monitoring

Besides real time meteorological measurements for daily use, AWSs are of great impor-
tance for monitoring of variations and changes in climate time series. This is known
as climate monitoring and is the process of delivering as well as transforming data and
information to describe the state or the changing state of climate (Karl et al., 1995).
Proper climate monitoring is essential for a substantiated and objective debate on
climate change. Today, climate change research focuses on its existence, ways to mea-
sure it, its possible causes and the modelling of future scenarios. Important element
in this research includes climate monitoring to investigate any significant changes in
the longer period of time. One of the most important variables in climate monitor-
ing is the observations of air temperature; it is a key variable in climate monitoring.
To collect data that is useful for long-term analysis, air temperature measurement
of high and consistent quality are desired. It is therefore common for meteorological
services to have and maintain climate reference networks that monitor and guarantee
high quality of air temperature observations. In the Netherlands this includes stations
that determine the Central Netherlands Temperature (van der Schrier, van Ulden, &
van Oldenborgh, 2011).

Consistent air temperature monitoring can only be achieved if measurements are done
the exact same way over the course of time, or if the changes in measurements of
weather stations are completely documented. There are many guidelines to ensure a
uniform way of air temperature and are all described in the Guide to Meteorological
Instruments and Methods of observation composed by the CIMO of the WMO (WMO,
2017). This includes many guidelines about calibration, ventilation and many other
technical aspects. For an air temperature sensor (figure 2.1) it is important the instru-
ment is located at an height between 1.5 and 2 metres above the surface. Ensuring
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consistent data collection also includes the digitisation of all the available histori-
cal data (Mahmood et al., 2010; Parker, Jones, Peterson, & Kennedy, 2009). As an
example, sudden jumps in air temperature series can indicate a change in the sur-
roundings of a site or even move of the sensor itself. This can be corrected through a
homogeneous adjustment if this has been documented. Although several homogeneity
adjustments models have been developed to correct the changes and inconsistencies
over time, there will always remain an error margin as long as there are different
circumstances.

Figure 2.1: An air temperature
and an air humidity sensor owned
and maintained by the KNMI. This
picture shows the shelters that are
around the sensors.
Source: Raymond Sluiter

The AWS in De Bilt serves as an world wide
important centennial station, and it is therefore
important to keep assessing its representative-
ness and homogeneity of air temperature records
(van der Schrier et al., 2011). This represen-
tativeness can be altered if the surroundings of
the site (gradually) change or in case the site
is relocated somewhere else. Therefore a study
was done by the Royal Netherlands Meteorolog-
ical Institute (KNMI) to investigate if the air
temperature was still representative and if there
were any inhomegeneities (Brandsma, 2011). In
2003 through 2005 parallel air temperature mea-
surements were done at four different locations
close to the operational air temperature sensor.
Results showed that the operational site caused
problems due to the nearby landscaped park with
ponds which was developed over the years. This
caused too much shading and sheltering to influ-
ence the wind and air temperature. Therefore the
site was permanently moved in 2008 at its current location, that is also used for this
thesis research. This is 200 metres east from its old position. The relocation of the
operational site introduced an homogeneity which require a correction when the ob-
served values are integrated in a time-series data. This research showed that (a change
in) direct surroundings can have a direct influence on the observed measurements and
therefore it is necessary to keep monitoring the surroundings on a regular basis to
detect if there are any changes. The SC method can therefore serve as a method to
keep these changes of surroundings better under control.

Many studies have been performed on how the quality of the sensors and the data
they collect have an influence on air temperature monitoring and thus include any
possible evidence that contributes to observed climate change. The influences on air
temperature observations can be subdivided into three categories: the uncertainties of
the sensor, the screen or shelter that protects the sensor and the surroundings of the
meteorological instrument (WMO, 2017). Each category can introduce biases that
has influence on the air temperature observation. When monitoring air temperature
over longer period of time for climate research, additional biases can be introduced
through different surrounding factors. Changes in observation instruments, objects
surrounding a site, location of the sites or changes in way of observations including
the time of day the measurement takes place, are factors that can introduce bias in
the observations. This can lead to inhomogeneities on their turn and may result in
erroneous characterisation of climate variability (Parker et al., 2009; Peterson et al.,
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1998; Pielke et al., 2007; Thorne et al., 2005). This makes it difficult to directly com-
pare air temperature values over time. Using accurate data and meta-data collection
protocols are therefore required to maintain high quality and observe any change in
air temperature over climate time series.

The surroundings of an AWS partly determine the observational biases - the factors
that make a meteorological observation less representative. It is therefore important to
document with which surroundings the different measurements take place. Leroy’s SC
method can be used to classify AWS sites to give an indication with which surround-
ings the meteorological measurements have been taken. Using sites from the United
States Climate Reference Network (USCRN), different published research have been
done in the United States that make use of Leroy’s SC method (Fall et al., 2011;
Menne, Williams, & Palecki, 2010; Peterson, 2006; Pielke et al., 2007). By comparing
the air temperature SC values, any significant air temperature changes were able to
be observed. Results of these scientific studies were used to test existing or develop
new homogeneity adjustment techniques to reduce or remove the biases introduced
due to site exposure. While a few of these researchers claim a significant air temper-
ature increase can be observed in both the sites that are classified as representative
and unrepresentative of the region after homogeneity adjustments have been applied
(Fall et al., 2011; Peterson, 2006), others claim this cannot be fully justified due to
the methodology applied or lack of metadata on the sites (Menne et al., 2010; Pielke
et al., 2007). For the purpose of this research, it is not relevant which conclusions are
correct. Rather, it is important to mention that disagreement still exists about the
applied methodology and associated homogeneity adjustments due to the (lack of)
documentation of the (meta)data. While all researchers agree to use the SC method,
discussions still exist how to deal with certain (meta)data that is missing or not con-
sistently collected over time and required for a SC. All studies have manually classified
sites by performing the classification on the sites themselves. A more consistent and
reproducible approach could be found if a method was used that is able to classify all
the sites in the same way by using the exact same data in an automated procedure.
This could contribute to some discussions about the different applied methodologies
of existing studies.

2.2 Surface energy balance

The land and the atmosphere interact with each other and are initiated by the solar
radiation that hit the ground where an exchange of energy takes place. The presence
of vegetation and heat sources therefore have an influence what happens with this
radiation energy at the surface, and thus influencing the surroundings as a whole.
This section provides a general description explaining the underlying physical and
biological concepts behind the radiative heat exchange that takes place on the surface
of the ground.

The exchange of heat at the surface is also known as the Surface Energy Balance
(SEB). Part of the radiative energy that is present at the land surface enters the soil
(soil flux, QG). The majority of the energy, however, is directly available to re-enter
the atmosphere. This is done through two different types of turbulent fluxes: sensible
heat flux (QS) and latent heat flux (QL). Sensible heat is the amount of energy that
is absorbed or released in a phase change (eg. liquid to gas) and happens during
surface evaporation. Moisture heat is the amount of energy needed to increase its air
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temperature without a change in phase. The amount of energy that is absorbed or
released as sensible heat flux and moisture flux is dependent on the properties of the
near-surface atmosphere. This land-atmosphere interaction explains the basics on how
a heat air temperature measurement is determined (Heerwaarden, 2011; Kinoshita,
2014). This results in equation 2.1 that expresses the net radiation (QR) which is
visualised in figure 2.2:

QR = QS +QL +QG (2.1)

Figure 2.2: Visualisation of Net Radiation equation. The incoming energy at the surface
comes from the sun. Some energy enters into the soil through soil heat flux abnd other is
reflected through sensible and latent heat fluxes.
Adapted from: Budyko (1974)

.

The atmosphere near the surface is influenced by the properties of the land surface (the
boundary) as well as the free atmosphere. Free atmosphere is the air that is higher
than one kilometre above the ground. The air below is known as the Convective
Boundary Layer (CBL). When heat is released from the land surface - known as
convective turbulence - the heat rises within the CBL because these plumes of air are
warmer and moister. This makes the air less dense than their surroundings. The air
will stop rising when it reaches the free atmosphere where these turbulent plumes are
no longer denser than the surrounding. The plumes will therefore drop again into
the CBL, but will mix with the dry and stable air that is present in this part of the
atmosphere through the process of entrainment. This process is shown in figure 2.3.

Figure 2.3: Visualisation of the Convective Boundary Layer showing the mix of of falling
(red plumes) and rising (blue plumes) thermals in the lower 1 km of the atmosphere. Source:
Heerwaarden (2011)

.
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The properties of the CBL can vary over space because the land surface may vary and
be heterogeneous. This results in various sensible heat and moisture fluxes over space
that makes a horizontal dynamic CBL. Latent heat and moisture fluxes can therefore
vary across space and result in a more complex model that defines the properties, and
thus the air temperature, of the atmosphere. There are two types of heterogeneity
that have an influence on the CBL: thermal and mechanical heterogeneity. The former
defines the different heat and moisture fluxes in space while the latter defines the
roughness lengths of the surfaces. Roughness of the surface has a strong impact
on the wind and therefore on the flow of the air in the atmosphere. The flow of
air determines the amount of heat there is present in the atmosphere at a certain
location. It also impacts the amount of energy that can be released by plants through
transpiration. The more air flow there is, the more energy the plants can release into
the air. Therefore, the amount of wind has a crucial impact on the measured air
temperature.

Air temperature is a measurement that determines how much heat is stored in the air.
One of the major factors that influences this phenomenon is water. Water is present
in the atmosphere in all three phases: solid, liquid and through vapour. Solid and
liquid state water is seen in the atmosphere through clouds and precipitation. Water
vapour is present through evaporation: the vaporisation process where water changes
from its liquid state to a gas and determines the amount of moisture that is present in
the air. This process can occur directly through water bodies or through transpiration
from vegetation on land. All energy that is not used for evaporation is used to heat
up the atmosphere and land surface. Consequently, evaporation has a large impact
on the measured air temperature close to the land surface. (Heerwaarden, 2011)

The described equations and concepts of the SEB and CBL are not directly found in
the temperate SC guidelines. These phenomenon do describe, however, the underlying
reason why vegetation and the presence of heat sources have an influence on the air
temperature in a certain area.

2.3 Air temperature Siting Classification guidelines

The air temperature SC guidelines (see appendix C) is part of a larger document that
defines the classification criteria of different meteorological variables including air
temperature, wind, precipitation, radiation and environment (WMO, 2017). These
criteria mainly describe the influence of different types of direct surroundings on the
measurements of the different meteorological instruments (WMO, 2017). The guide-
lines give an indication of the quality of the data collected by the instruments based
on the presence of artificial and natural objects in the directs surroundings of the
AWS site. The primary aim is to provide awareness to researchers and meteorological
networks on how the direct surroundings of an AWS site influence the meteorological
measurements in such a way that the end user of the data has sufficient metadata
for correct interpretation of the observed values. The current guidelines do not pro-
vide absolute quantitative uncertainty of the measurements expressed in in number
values although the aim is to achieve that in the future. Instead, it simply shows
qualitatively how representative a site of a larger area through a number scheme by
indicating the influence of natural and artificial objects in the nearby surroundings of
a site. Representativeness in terms of the air temperature SC, as defined by the WMO,
is the extent the direct surroundings of a site represents the characteristics of a small
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area (<2.5km 2) (WMO, 2017). The SC guidelines only provides a broad indication
of uncertainty around a measurement performed by the sensor. Each variable has its
own classification score (usually between 1 and 5). The lower the value, the more rep-
resentative the site is of that area. A variable with a Class of 5 is a site "where nearby
obstacles create an inappropriate environment for a meteorological measurement that
is intended to be representative of a wide area" (WMO, 2017).

Figure 2.4: Visual overview of the different criteria set for the air temperature SC variable.
These represent the criteria values for Class 1 and hence show the "ideal" situation for air
temperature observations that are considered as most representative. Source: WMO (2017)

Various measurements and calculations are performed for the air temperature variable
in order to determine the final SC Class number 1 through 5. The air temperature
biases are influenced by three criteria:

1. The presence of shadings throughout the year due to tall objects in direct sur-
roundings of the air temperature sensor

2. The presence of heat sources (natural/artificial objects and surfaces) in the direct
surroundings of the air temperature sensor

3. The presence and height of the vegetation at the location of the air temperature
sensor.

The criteria have their own rules and require their own set of calculations as shown
in figure 2.4 for Class 1 and table 2.1 provides an overview of values for all classes.
Each criterion has boundary values set for Class 1 through 5. This means that the
highest Class found determines the overall SC value. This means that no weights of
importance are applied to the individual criteria and that even a nearly perfect site
will obtain a higher classification - and thus be a lower representation value - if it does
not meet to just one criteria. This section describes these three criteria by providing
some background information on why they are important and how these are measured.

Table 2.1: Class criteria values to determine the different Classes according to the WMO
SC Guidelines. Adapted from: WMO (2017)

Criterion Description Class Criteria value
shades shadow angle 1-5 5, 7, 7, 20, NA
land use inner buffer distance 1-5 100, 30, 10, 10, NA
land use annulus distance 1-5 10-30, 5-10, NA, NA, NA
land use outer buffer distance 1-5 0.1, 0.1, 0.1, 0.5, NA
vegetation height vegetation height 1-5 0.1, 0.1, 0.25, NA, NA
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2.3.1 Projected shadings

Air temperature values are different when measured in the shade than when they are
measured in the sun, as the shortwave radiation from the sun directly influences the
radiative balance of the air temperature sensor and its surrounding area. Therefore,
it needs to be known if and when the air temperature sensor is shaded during what
time of the day and year. Shadows are a result of objects that block the sunlight
from shining on the surface of the earth. A shadow line can be characterised by its
height (hshadow) and its footprint (dist). The shadow height determines if a a point
above the surface will be shaded and the shadow footprint determines the length of
the shade on the ground. Both are dependent on the position of the sun, the height
of the blocking object and the distance from a point to the blocking object.

Position of the sun

The position of the sun needs to be known first and is determined by the azimuth angle
(αaz) as well as the elevation angle (αelev) as shown in figure 2.5. The azimuth angle is
the number of degrees the sun is away from north measured over east. The elevation
angle is the amount of degrees the sun is elevated from the point of measurement.
Both the azimuth and elevation angles can be calculated from every point on earth for
every second during the year. This is done by using spherical trigonometry formulae.
(Corripio, 2003)

Figure 2.5: Solar angles determine the location of
the sun from a certain point on earth. They include
the azimuth angle and the elevation angle.
Adapted from: Blanco-Muriel et al. (2001)

.

Knowing the azimuth angle and so-
lar elevation angles at constant inter-
vals throughout one day for a certain
location, provides all the elements
required to plot a local sun chart.
This line curve gives an overview
what the minimum and maximum
solar angles are throughout one day.
A yearly overview is provided when
several sun charts of different days
throughout the year are plotted on
one graph (see figure 2.6. Best prac-
tice for this year overview is to pro-
vide the sun chart of the shortest
day (21st of December) with a month
interval until the longest day (21st

of June). This sun chart was used
to determine if there is any shading
based on the calculated shadow an-
gles and thus determine the classifi-
cation of the shadow criteria.
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Figure 2.6: This sun chart shows the sun path of the shortest day of the year (21 December)
through the longest day of the year (21 June) at the AWS in De Bilt.

Shadow height

With a known solar elevation angle (αelev), height of the blocking object (hbuild) and
distance between the viewer’s point and the object (dist), the height of a shadow
(hshadow) can be determined. The shadow height determines how high the viewer’s
point needs to be if it wants to stay out of the shade caused by the blocking object.

hshadow = hbuild − dist× tan(αelev) (2.2)

Figure 2.7: This diagram shows how shadow height can be determined. With a constant
solar elevation angle, the distance from the viewer point to the blocking object and shadow
height have an indirect relationship. Source: Dorman et al. (2017)
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Shadow footprint

dist =
hbuild

tan(αelev)
(2.3)

Applying the distance to the outline of the obstacle that causes the shade results in
a shadow footprint that is projected in the opposite direction of the solar azimuth.
Shadow footprints are useful to calculate exactly what ground area is shaded at a
certain moment in time. Plotting shadow footprints of different moments throughout
the day gives a clear overview of the parts that are shaded at what time (figure 2.8).
(Dorman et al., 2017)

When the elevation angle remains constant in both described formulas, the shadow
height and distance will have an inverse relationship: the lower the shadow height,
the greater the distance from the viewer’s point to the blocking object and vice versa.
This also means that the shorter the distance is to the blocking object from a viewer’s
point, the bigger the angle with the intersection point (red cross in figure 2.7), which
is the top of the blocking object. This angle is known as the shadow angle. A viewer’s
point will be shaded as long as the shadow angle is greater than the solar elevation
angle. It is this shadow shade angle that is used as a criterion in the SC guidelines.

Figure 2.8: Example of shadow footprints during different moments of the day.
Source: Dorman et al. (2017)

Sading criteria guidelines

The SC shading criteria define a classification for when the air temperature sensor is
shaded for any period of time during the day or year. The guidelines state that if a
certain viewer’s point is away from all projected shade with a solar elevation angle
lower than 5 degrees, it receives a Class 1 for this individual criterion. On the other
end of the scheme, a Class 5 is received for this individual criterion if any shadow
angles is greater than 20 degrees. This means that if the all the shadow angles are
smaller than 5 degrees, it receives Class 1 and if one or more shadow angles is greater
than 20 degrees, it receives Class 5. The calculation of one solar angle and one shadow
angle only allows for the determination of the projected shading at one moment in
time. The year overview sun chart is used to determine the shadows angles throughout
the whole year and thus know when a certain point is shaded. (WMO, 2017) Any
shadow angle at any azimuth angle that is greater than its corresponding solar angle
on the longest day (21 June) is not a seen as a shadow because the sun does not cross
that path at any time during the year.
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2.3.2 Heat sources

While shading may locally decrease the air temperature, artificial or natural objects
(known as heat sources according to the SC guidelines) may warm up the measurement
instrument as these objects may hold radiation much longer (WMO, 2017). On a warm
sunny day in the summer, water bodies usually cause an cooling effect, and artificial
bodies usually cause a heating effect (Heerwaarden, 2011). For a representative air
temperature observation, it is desired that the area surrounding the sensor is away
from heat sources that may attract or reflect radiation. These include water bodies,
buildings, roads, antennas or other objects.

Important elements of influence on the air temperature measurement are size of the
heat source and distance to the sensor. Also direction and amount of wind need to
be taken into account (Jianxia et al., 2014; Kinoshita, 2014; Kumamoto et al., 2013;
Shido, Yamamoto, Aoyagi, Seino, & Fujibe, 2016). It is therefore crucial that also wind
is measured using high quality standards, by knowing what factors influence its speed
and direction. (Brandsma, 2011). Small-scale experiments done on air temperature
observations performed within one month in Japan showed that asphalt roads can have
positive biases when air temperature is measured 0.5 or 1.5 metre above the ground.
Bias up to 0.4 °in the summer with were greater than in the winter and only significant
under conditions of little wind. Furthermore, this research showed that roads within
100 metres away from the thermometer can have an influence on the observed air
temperature measurement (Kumamoto et al., 2013). Another experiment showed
equivalent results implying that when the distance of the road to the thermometer
is greater than 60 metres, the changes in air temperature become negligibly small
(Kinoshita, 2014). Both experiments note, however, that it is very hard to mimic a
situation that is applicable to all the observation sites. Each site is unique and has its
own particular surroundings, thus making it hard to indicate what the exact causes
of observed air temperature differences may be.

The locations at which meteorological observations are taken/performed, are usually
selected mainly by the experience of trained staff with sufficient knowledge of the local
conditions (Kinoshita, 2014; WMO, 1993). Placing sensors away from heat sources
can be difficult to achieve in dense urban areas. Scientific research that tried to
quantify the influence of artificial objects present in the direct surroundings of the
air temperature sensor on the measurement has only been picked up ten years after
the SC method has been developed by Leroy in 1998 (Kinoshita, 2014). This limited
amount of research is an important reason why the SC method is only an indication
of uncertainty that provides extra information and awareness about the conditions of
the AWS and its surroundings and not a quantitative margin on a measurement.

The SC guidelines for the heat sources criterion consists of two elements: the distance
to the nearest heat source and the relative amount of surface area the heat source
has within certain radii. The guidelines first looks at if there are any heat sources
objects presence within 100, 30 or 10 metres around the thermometer. If no heat
sources are found within the radii, they respectively receive Class 1 through 3 for this
criterion. If heat sources are found, however, the amount of surface area of the heat
source within the associated radius is taken into account. If the surface area of all the
heat sources together is smaller than the set criteria, then the associated heat objects
are considered as negligible. If the surface area exceeds the set boundary value, the
criteria are not met for that Class. Class 4 criteria only look at the amount of surface
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area within 5 and 10 metres radii. Class 5 is received when in case none of the criteria
for Classes 1-4 are met (WMO, 2017).

2.3.3 Vegetation

Air temperature is highly influenced by the presence of vegetation because of pho-
tosynthetic processes plants undergo. Each type of vegetation differs in the amount
of heat energy it absorbs from and reflect into the the air. Therefore the heat and
moisture flux, and consequently the influence on the observed air temperature, is par-
tially dependent on the type of vegetation. In general, vegetation has a cooling effect
during the day and retains the heat during the night, especially in forestry areas.
Due to evapotranspiration, vegetation causes cooling, thereby reducing the amount of
moisture energy that is in the air and therefore also the air temperature. If there is
moisture in the air, no evapotranspiration takes place and therefore also no cooling of
the air temperature. This can causes droughts if no evapotranspiration takes place for
a longer period of time (Dimoudi & Nikolopoulou, 2003; Heerwaarden, 2011; Petralli,
Massetti, Brandani, & Orlandini, 2014). The amount of wind plays an important role
in the amount of energy they absorbs and releases (Shido et al., 2016).

The vegetation criteria for the air temperature SC guidelines state that an air temper-
ature sensor at an AWS should not be located between vegetation of significant height.
This is because the presence of vegetation has an influence on the heat and moisture
fluxes near the ground. Therefore, vegetation that is closer to an air temperature
sensor can have a higher impact than plants or crops that are closer to the ground.
Therefore the SC method sets a criteria on the height of the vegetation in the nearby
area of the air temperature sensor. The criteria set different height boundaries to
determine the Class. If the height of the vegetation is 10 cm or lower, it receives Class
1 and if it is higher than 25 cm, Class 4. Furthermore, the SC method notes that the
surrounding ground of a site should have natural vegetation that is "representative of
the region". The air temperature would not be representative if the sensor is located
on a type of land that is not found in the greater area of the site (WMO, 2017).
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3 Methodology

In this thesis research a model was developed that enabled an automatic SC of AWS
sites based on the criteria guidelines by the WMO for the air temperature observations.
This chapter explains what data is used and what steps are taken to develop the
model and test it on its usability. The chapter starts off with a description of the
current MSC procedure to understand the context of the model better. This also
allowed a better analysis when the automated values were compared to the manual
classifications. The chapter continues with an overview where all the AWS sites are
located in The Netherlands. Also description of the different data that was included
and (pre-)processed. Moreover, the chapter continues with the methods that were
applied to develop and perform the different criteria analyses and ends with a section
that describes how the model was tested on its usability.

The model was developed using R - a programming language that enables elaborate
and powerful statistical computing (R, 2019). Within R, different GIS tools were
used To perform spatial analysis and create geographic maps. The final model of this
research was distributed online through GitHub as an R package called temperatureSC
for future use, development and reference (Stuurman, 2019c). A R package is a set of
reproducible R code that has functions that can be reused for different analyses. It
also includes documentation on how the functions within the package work.

To automate the classification, a variation of spatial and mathematical analyses was
needed. Different existing R packages were used that are capable of performing
the necessary calculations for the model. Table A.1 in the appendix A provides an
overview of the most important packages and the associated functions that were used
to make a working SC model.

3.1 Current MSC procedure

The SC for the Dutch AWS is currently done manually by professional field inspectors
from KNMI. They visit the AWS once a year and gather information. The results
of this MSC process are processed and made available internally within the KNMI.
They are considered in this research as the reference based on which the skills of the
model developed in this study can be assessed. At first, it is assumed that the manual
classification values are the correct ones, although the model may produce output
that could lead to suggestions for improvement of the MSC procedure. It is therefore
important to know how the current classification procedure works so that a better
comparison can be made. This section describes how the current SC is performed
manually and what procedure is carried out to obtain the final values for the SC
classes. The description of this manual classification is based on several interviews
held with two field inspectors of as well as being an observer as a participant during
an AWS site field inspection. The described procedure below focuses mainly on the
procedure carried out for the air temperature variable.
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The current MSC method is performed by field inspectors who have a technical and
meteorological background and is done according to standardised protocol. Besides
the SC, they are also responsible to check if the instruments are clean, work properly
and are calibrated. The SC is mainly based on three aspects: measurement of heights
of terrain and instruments, visual interpretations and a conversation with the owner
of the land where the AWS is located. Important part of the interpretation is the
knowledge the inspector has of the (history of) the site and the surrounding area.
Unlike in this research, field inspectors do a SC for all the variables that are described
in the WMO guidelines and also perform actions to also include the wind, precipita-
tion, environment, global radiation SC values. Collected information or a SC value of
one variable may also be used as input to determine the classification of another. The
data collected for the air temperature variable can also be used for the observation
of humidity using the hygrometer. Determining the height of surrounding objects
that cause shading on the air temperature sensor, for example, are also necessary to
determine the influence on the wind.

Figure 3.1: Field inspector using
laser binoculars to determine distance
to, height and elevation angle of objects
around an AWS site. Source: Jelle Stuur-
man

The most important and time consuming
part of the classification (other than the lo-
gistics of reaching the site) is measuring the
height of all the objects in the surrounding
area of the AWS site using a laser range
finder binoculars (figure 3.1). This is re-
quired for the wind, precipitation and air
temperature variables. Positioning the binoc-
ulars at a fixed position height of 1.5 metres
above the ground and five metres south of the
anemometer, the inspector makes a 360 de-
grees scan of the area. The inspector collects
the exact coordinates from where the mea-
surement location. Starting at north (0 de-
grees) going clockwise over east, the inspec-
tor points the binoculars to the top of every
object found and presses a button to collect
the measurement number, azimuth angle, el-
evation angle and the distance to the object.
The azimuth angles and elevation angles are
collected by a compass that is built within the
binoculars. The distance to the object is de-
termined by a laser that is sent to the object.
The time it takes to return to the binoculars
determines the distance. These objects can
include trees, buildings, radio towers and meteorological measurement instruments.
The laser scanner is attached to a on-site laptop computer where the information is
directly stored. For a 360 degrees surrounding scan, the minimum number of mea-
surements should be at least 360 (one for every degree) but this often includes more
and reaches around 400. During this procedure, the inspector makes notes to describe
the objects scanned. As such the field inspector can refer later which measurements
(through its ID and azimuth angle) coincide with which objects.

After scanning the heights of objects with the binoculars, a visual inspection is made
of the land cover and use at the AWS and in its direct surroundings. Furthermore, the
inspector checks if the vegetation is uniform in type and if it has the same height. The
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inspector also makes notes of any present heat sources. Heat sources include artificial
objects such as buildings, roads, meteorological instruments, walls, but also any type
of water body. Also (panorama) photos are taken of the site and parts of the sites
that are important to document. Based on these visualisations, the inspector makes
an estimate of what heat sources will influence the measurements. These estimates
are mainly based on expertise knowledge about meteorology, previous experiences,
and information of the site. As an example, if a small and shallow lake is found in the
direct surroundings of the AWS site, it will not be taken into account as an influence
on the measurement "because shallow and narrow water bodies have a insignificant
influence on the air temperature observation", according to a field inspector. At last,
the inspector asks the owner or manager of the land where the AWS is located, if
there are any issues. The inspector also asks the routine of maintenance and gives
any feedback about the status of the AWS if necessary.

Back in the office, the inspector writes a field inspection report, including the deter-
mination of the SC for each variable. The inspector reads in all the collected data
from the binocular into a spreadsheet. Using a standard printed out sun path of 51,
52 or 53 degrees Latitude (that together cover the latitude range of The Netherlands),
the most important shadow angles are drawn by hand with onto the sun path chart to
see what values are higher than the criteria values provided by the WMO guidelines.
Figure 3.2 shows the shadow angles determined at De Bilt drawn manually on a 52
degrees latitude sun chart.

Figure 3.2: Sun chart including the drawn in shadow angles (black points) of the biggest or
tallest objects in the surroundings. Source: KNMI

If any artificial objects or surfaces are found, the inspector checks the distances to
these objects through a map viewer on the computer. Using a distance tool, an
estimate is made how far these objects are located from the air temperature sensor
and a guess is made if it covers a relative amount of surface area within a circle
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around the meteorological instrument. Based on the shadow angles compared to the
sun paths, presence and amount of land use and state of the vegetation in the direct
surroundings, a classification score is given for the air temperature variable. Often
this includes a range of two adjacent numbers. This is especially the case when only
one or a few shadow angles of very narrow objects are responsible for a higher Class
value while the other criteria get a lower SC score. This often occurs due to the wind
mast: a 10 m tall object to which the anemometer is attached and is is often nearby
the air temperature sensor that causes shadow. The inspector writes down his findings
into a report and uploads all the collected data into an online database. Performing
field work and writing an inspection report to determine SC for all the variables may
cost up to two full working days a year, especially if long travel time is required to
reach the site. Field inspections are done every year for each site, as recommended
by the SC guidelines from the WMO (WMO, 2017).

The results from the manual classification were compared after the developed ASC
procedure through a comparison validation (see chapter 3.4.2). This was done because
the model may have produced output that seems usable but if it does not completely
coincide with the manual values, then the differences need to be analysed to see if
the model required improvements, if the manual inspection was done differently, or
if there are elements that need to be considered when comparing the two. While the
automated procedure may include uncertainties due to uncertainties of the datasets,
field inspections are subject to human interpretations that may lead to interpretation
differences. This aspect was taken into account when comparing the sites to observe
any trends of similarities and differences found.

3.2 Data description and pre-processing

Table 3.1: Overview of data(sets) used and their main characteristics. Sources: AHN; BZK;
Kadaster; PDOK, 2018

dataset Collection
date

Renewal Resolution Accuracy

AWS coordinates 2019 yearly, if applica-
ble

points 1 m

AHN2 2008-2012 5-6 years 0.5 metres 5 cm
AHN3 2012 - 2019 0.5 metres 5 cm
BGT Continuous Monthly but de-

pendent by source
holders

1:500 - 1:5000 20 cm

PDOK luchtfoto
(Satellite image)

2018 yearly 25 cm 25 cm

Different datasets are required to create the ASC model for the air temperature vari-
able. The SC is primarily based on and objects and surfaces that are in the direct
surroundings of a site. This makes spatial data one of the most important data types
to use as input in the model. Based on the current SC guidelines for the air temper-
ature variable, the different datasets are divided into three main categories: height,
solar angles and land use. Figure 3.3 visualises what specific information can be re-
trieved from which dataset. The starting point are the exact geographic coordinates
of the air temperature sensor at the AWS sites. From there, different datasets are
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retrieved for the direct surroundings, including the Actueel Hoogtebestand Nederland
(AHN) and Basisregistratie Grootschalige Topografie (BGT). Table 3.1 provides an
overview of the used datasets with their general characteristics.

Figure 3.3: Data extraction from the different AHN, BGT and solar angles needed for the
air temperature SC criteria.

The criteria for the air temperature variable are primarily based on the effect of the
shading (height and solar angles) and of natural and artificial objects in the direct
surroundings of a site (heat sources). Using an accurate altitude dataset that also
has a high resolution, the altitude and distance from the AWS site of trees or other
artificial object can be calculated. Together with the known solar angles, it can be
estimated if and when the air temperature sensor will have any shading. Furthermore,
height data was also used to calculate the altitude of the vegetation. The land use
dataset enables to calculate how far the (artificial) objects, roads, buildings and water
bodies are from the centre point and how much surface area they cover.
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3.2.1 Studied AWS sites

Location studied AWS sites

Figure 3.4: Map of all the 34 AWS sites in
the Netherlands. Data: KNMI

The KNMI operates and maintains a na-
tionwide meteorological observation net-
work that contains 34 AWS providing
real-time measurements for different pur-
poses (KNMI, 2018). Besides the AWSs,
extra or specific measurement instru-
ments can be installed at harbours, air-
ports or other special areas that require
extra parameters or a (spatially) denser
set of observational data. This research
focuses only on the air temperature sen-
sors that are located at the 34 sites and
shown in figure 3.4. Among these AWSs,
14 of them are located at civil and de-
fence airbases, thus representing 42.2%
of all the sites.

AWS in De Bilt

The site of De Bilt was used at first to
test the model on before it was applied
to the other AWSs. This site is also used
in the rest of this chapter to describe the data that was used and then steps that
were done. This site was selected as test site because - like many other researches
done by the KNMI - this AWS was located next to the office of the meteorological
institute so that own observations were easily made on the instruments and on the
surrounding area to help and interpret the obtained results. This AWS is the most
important station in The Netherlands as it is because of its central position close to
KNMI headquarters and as it is used as the national indicator for reporting summer
days or ice days etc.

Figure 3.5: AWS site in De Bilt. Source: Jelle Stuurman
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The AWS itself is installed and surrounded by grassland in the direct surroundings.
This follows the WMO criteria that an AWS needs to be located on a well vegetated
and flat terrain (Steeneveld, Koopmans, Heusinkveld, van Hove, & Holtslag, 2011).
The surrounding area (0.2 - 2 km) around the site mainly include grasslands but also
include urbanised areas, a group of garden sheds and a landscaped park land with
ponds. The urban areas can be found on the north, west and south side. The east side
mainly includes rural areas going towards a a bigger rural and forestry area. When
looking at the greater area around De Bilt, similar land use can be found. The north
throughout the south area mainly have rural areas including the Utrechtse Heuvelrug,
although urban areas are included as well (Zeist, part of Utrecht, Bunnik). At the
other end of the Utrechtse Heuvelrug, the city of Amersfoort is located east. On the
west and south west side of the AWS, there is mainly the city of Utrecht and rural
areas beyond that.

Figure 3.6: The greater area around the AWS in De Bilt mainly including rural areas, the
city of Utrecht (west) and Utrechtse Heuvelrug (east). North is up.

Geographic coordinates

Accurate coordinates of an AWS site are required to determine the direct surroundings
of an AWS site. To increase the accuracy of the results, the exact location of the
air temperature sensor are used instead of the general coordinates of the site which
is usually the pressure gauge. These instruments may be located at some distance
from each other. The model required both the world standard coordinate system
format - including that of the WMO - called WGS84 as well as the Dutch coordinate
system, RD New. This is because some analysis calculations in the R packages are
only developed based on the world format. To keep uniformity as much as possible,
the Dutch RD New coordinates were used as much as possible, also because most
input datasets are in this reference system. Appropriate spatial conversions were
done throughout the analysis to obtain the right format of geographic coordinates,
where needed.
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3.2.2 Height data

AHN2/AHN3: altitude datasets

In the Netherlands the Actueel Hoogtebestand Nederland (AHN) datasets were used to
determine the altitude of any location in the country (AHN, 2018). Its high resolution
and high accuracy makes the AHN an excellent source to determine altitude of trees,
buildings and any other large or tall artificial objects. The AHN is a high-resolution
Digital Elevation Model (DEM) and is measured with Light Detection And Ranging
(LIDAR) technology. It measured the altitude values relative to the Amsterdam
Ordnance Datum (Normaal Amsterdams Peil, NAP) for one single moment in time.
All the data is collected from early November to the end of March during which
time plants and tree are not in their bloom, which could cause a decrease in altitude
accuracy.

This research made use of two versions of the AHN: AHN2 and AHN3, both of which
are made available by the Dutch government as open data. The AHN2 was collected
between 2007 and 2012 and the AHN3 started in 2012 and will be finished by the end
of March 2019. For this research the AHN2 and AHN3 were used. Both the AHN2 and
AHN3 have a resolution of 0.5 metre with a altitude accuracy of five centimetres and
an error margin of maximum of twenty centimetres. Objects that have a minimum
width and length of two metres are guaranteed to be detected by the AHN2 and
AHN3, although more narrow objects can be observed as well (van der Zon, 2013).

It is the combination of high resolution and accuracy that makes this a key dataset to
use and make an ASC model possible. Without the high resolution and accuracy, the
AHN dataset has, calculating shadow angles would be too inaccurate and questionable
if an ASC would be feasible to achieve. For this research the AHN3 is primarily used
as it has the most recent data to compare to MSC values. The AHN2 was used to
analyse the shadow angles of the other sites to compare two moments in time and
create a better understanding on how well altitude differences (such as trees) can
be detected. For areas where the AHN3 is not available yet, only the AHN2 was
used. Because both the AHN2 and AHN3 data are collected using similar LIDAR
technique with the same resolution and accuracy, it is assumed that the two datasets
only different is the moment of time they were collected. References made as AHN in
this research report refer to either the AHN2 or AHN3.

Downloading and pre-processing the AHN

The AHN2 and AHN3 are available in raster and point cloud format. Each data
format includes several different sub datasets. For this research the fifty centimetres
resolution Digital Terrain Model (DTM) and Digital Surface Model (DSM) raster
datasets are used. The DTM shows the altitude of the terrain and the DSM also
includes the height of any obstacles such as buildings or other objects. The DSM
is used to enable shadow angle calculations. The combination of the DTM and the
DSM were used to calculate the height of the vegetation: it is difference in observed
altitude between the two datasets. The term ’height’ used in this research refers to a
difference in detected altitudes within one or between the two types of sub datasets.

The DTM and DSM raster data were downloaded separately into R but first required
a procedure as shown in the flow chart figure 3.7. This procedure was used for both
the AHN2 and AHN3. Both the DTM and DSM are split up into separate raw raster
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Figure 3.7: Methodology to extract the AHN datasets of the surrounding area around an
AWS and import it into the model.

files (sheets) that each represents a rectangular area of around 30 km 2 (5 km x 6
km). These raw raster sheets are made available through the website of the PDOK
(PDOK, 2018a, 2018b). The correct raw raster files needed to be identified first so
that only the data was downloaded that fall within the region where the AWS and
its greater area is situated in. The location of these raw raster files is made available
as a separate shapefile through a Web Feature Service (WFS). A WFS is an interface
standard to allow the reading of spatial data and its attributes across the internet
(OGC, 2019). This shapefile includes an attribute value that has the unique ID’s of
all the sheets. With this shapefile, an intersection was made with the location of the
AWS including a radius of one km around the site, the greater area of the weather
station. As a result, the required unique ID’s were identified. If more ID’s were found
during the intersection, all the sheets were downloaded onto the disk and merged
at the end. Automatic downloading was possible because the download link always
follows the same pattern and includes the raw raster unique ID.

The 500 metres radius was used to determine the final raster area that was used
in the model. The rest of the downloaded data was deleted as it was not used for
further processing and analysis. After the DTM and DSM were downloaded and pre-
processed, the data was ready to be used for shadow angles and vegetation height
calculations. Because this extract procedure can also be used for purposes other than
this research, the script was published as a separate open source repository on GitHub
(Stuurman, 2019a). This is done because no similar automatic extract tools existed
that is capable to import the AHN data of a specific region using R.
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Figure 3.8: DSM of direct surrounds of De Bilt AWS and its air temperature sensor based
on the AHN3 dataset. Darker blue colour indicates a higher altitude.

3.2.3 land use data

BGT dataset

In the Netherlands the "Basisregistratie Grootschalige Topografie" (BGT) is the most
detailed topographic map available in the country (Kadaster, 2018). It includes all the
land use and artificial objects that can be found on land. The data is made available
for free as open data by the Dutch government and maintained by the municipalities
who are the source holders of the provided data. Each municipality is responsible and
required by law to register all the objects and update the data stored in the BGT
where needed or appropriate. A new release of this dataset is made available every
month. Using this dataset gave the most detailed land use map as it includes all the
smallest natural and artificial objects, as well as surfaces. Figure 3.8shows the BGT
map of the direct surroundings of De Bilt that is used for the analysis.

Downloading and pre-processing the BGT

Similar as the AHN datasets, a WFS was used to retrieve all the relevant data for the
BGT. Because this dataset is updated every month, downloading the data automati-
cally through the model is an important step to always retrieve the most up to date
topographic information. Figure 3.9 provides an overview how the BGT is selected
and downloaded.

Only the relevant BGT data with a radius of 150 metres around the air temperature
sensor of one site are downloaded into the model. This radius distance is enough
to collect sufficient information within the direct surroundings of the site. This was
also done because the current WFS only allows to download 100 spatial features per
request, due to the high volume of information it receives. The BGT is a complex
dataset that exists of different Geography Markup Language (GML) files that have
different geometry types. Each GML file represents a land use type or type of object
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Figure 3.9: Methodology to extract the BGT datasets of the direct surroundings around an
AWS and import it into the model.

(eg. water, roads, buildings, railway, radio tower etc.). Table 3.2 provides an overview
of all the objects that were found in the direct surroundings. These are only a limited
type of objects because AWS sites already are located in areas that have open spaces
in the direct surroundings and therefore only contain certain objects.

Table 3.2: Overview of all the BGT objects (polygons) found in the direct surroundings of
all the studied AWS sites.

Dutch BGT object names (polygons) Description

begroeidterreindeel vegetation
onbegroeidttereindeel barren land
pand building
wegdeel road
waterdeel water
scheiding seperations (walls, fences)
overigbouwwerk Other constructions

After all the GML files were downloaded through the WFS in the model, the files were
merged together into one shapefile to allow efficient spatial analysis. Merging is only
possible if all individual GML files have the exact same geometry type and attributes.
Therefore, several steps were needed to allow the merge. At first, the ’separations’
features were converted to polygons. Secondly relevant attributes were selected of each
feature type. These attribute data may include specifications about the type of water
body, road, building, barren or vegetation land. In this research, these specifications
are not used as input within the model but only present to interpret the results
better. These specifications about the features are excluded from the model because
they are not always present and is dependent by the source holders to what extent
they document everything. At this stage it is therefore not a consistent input variable
to be used for the SC model. Lastly, empty attributes were added of the other feature
types so that each object has the same attributes and allow a successful merge as a
result. This makes the data ready to be used for spatial analysis according the criteria
for the different type of heat sources. The whole download and merging procedure
occur automatically every time the BGT is downloaded into the model. Similar to
the AHN, this extract procedure has also been published as a separate open source
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repository on GitHub as it can be used for purposes other than this implementation
within this model (Stuurman, 2019b).

Figure 3.10: BGT map of the direct surroundings of De Bilt.

3.3 Air temperature Classification Tree

The SC for air temperature consists of three criteria that each need to be calculated
separately: shadow angles, land use and vegetation height and are found in the Ap-
pendix (C) as an annex. Table 2.1 already provided a summary overview of the used
criteria values in this research. The results of all individual analysis leads to a fi-
nal classification score. For each criterion, there are 4 different classes, each defining
the requirements it needs to meet. Class 1 is the best scoring Class, indicating a
representative air temperature observation. Class 5 is an observation that is not rep-
resentative at all and is assigned when one or more of the Class 4 criteria are not
met. In the model, the individual Class for each criterion type is derived separately.
The end result, however, is a final air temperature SC score for the whole site. This
led to a decision tree how and in what order the classes are determined as shown in
figure 3.11. The final SC score is determined by its highest value SC criteria found.
The decision tree only provides an overview how a SC is determined according to the
guidelines using which datasets and does not directly follow the flow of analysis of the
model. The model analyses each criterion separately (in the order of shading, heat
sources , vegetation height) and determines its final SC value by the highest found
Class number. The end result is, however, the same: one final SC score.
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Figure 3.11: Decision tree to calculate the final SC value for the air temperature according
to the WMO SC guidelines.
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3.3.1 Projected shadings

Shadows have a significant influence on the measured air temperature as described
in chapter 2.3.1 and are therefore included in the SC criteria of the air temperature
variable. For the SC criteria, it is important to know if and under what solar elevation
angle the air temperature sensor is shaded throughout the year. This is done in two
steps: first, calculating the path of the sun to determine its elevation angles and
second, the shadow angles that are caused by elevated (natural) objects. For each
determined solar elevation angle, an associated shadow angle was derived as well.

Solar angles calculations

To calculate the solar and shadow angles of the different natural and artificial objects,
the path of the sun around a certain geographic point needs to be known first. The
solar angles include the azimuth and elevation. With a geographic location and a time
stamp (date and time) the position of the sun (solar angles) can be calculated.

As the Earth makes a full spin around its own axis every 24 hours and around the
sun every year, the solar angles are different at any point of time during the year.
The air temperature SC guidelines do not make distinction between different seasons
and therefore solar angles of different points of time during the whole year need to be
known. To provide an overview of the solar angles throughout the whole year, it is
best to create a sun chart. A sun chart plots different azimuth angles of one day on the
x axis and their corresponding elevation angle on the y axis. This results in a curve
that represents the path of the sun throughout one day. Combining the sun paths of
several days throughout the year into one chart provides a year overview of the solar
angles, as already shown in figure 2.6. The more solar angles used throughout the
day, the more accurate the sun chart will be. It is common to plot the shortest and
longest day of the year as well as one day for each month between these two days. In
the model, the 21st day of every month was used from December throughout June.
The months of July through November were skipped because these would give similar
angles as January through May respectively.

For this research it is only relevant to consider the period between sunrise and sunset.
Therefore, only positive elevation angles were used. A shadow angle can be derived
from each determined solar angle. Due to the processing time of shadow angles,
however, a limitation was made on the number of solar angles that are used throughout
one day. The time resolution of the calculation has been set to 15 minutes. This means
that the sun chart of one day is a plot of azimuth and elevation angles of 96 points in
time (24 hours x 4/hour).

Shadow angles calculations

Shadow angles can be calculated based on the difference in detected altitude values
(height) retrieved from the AHN DSM altitude dataset, and follow the formulas as
described in 2.3.1. When the shadow angles are plotted together with the sun paths
on a single chart, it can be identified when the location is shaded. It is estimated
that objects that are located at a distance greater than 100 metres from an object,
will not cause any shadow in 99% of the time (Dozier & Frew, 1990). The Class is
determined if shadow angles are greater than their corresponding elevation angles of
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the sun at certain boundary angle values. When shadow angles are found between 5
and 7 degrees and they are higher than the solar elevation angle at the same azimuth
angle, Class 2 or 3 is given according to the guidelines. Class 4 is given between 7
and 20 degrees. Above 20 degrees is associated to Class 5. Any shadow angle below
5 degrees is given Class 1 as its considered as landscape noise WMO (2017).

Figure 3.12: Methodology to calculate solar and shadow angles.

Due to possible inaccuracies of the location of the sensor, altitude data or with the
error margins they bring along, the altitude at the location of the air temperature
sensor has been adjusted so that all SC values at the different sites are calculated the
same way. Not all locations detect the height of the sensor through the AHN altitude
dataset. Therefore, the terrain altitude value is taken at the location of the sensor,
to make sure the same type of value is used for each site. If the altitude of the sensor
is detected by the AHN, however, inaccuracy of its location or the error margin of
the AHN may also lead to wrong outcomes. This is because the altitude data of the
sensor itself might be used in the shadow calculations. Therefore, also the surrounding
3 metres of the sensor is set to the minimum terrain altitude value found. A value of
3 metres was chosen as this is twice the width of the meteorological instrument and
therefore ensures the whole sensor is brought along. The minimum terrain altitude
value was selected to ensure it does not represent an altitude value that includes the
height of an object, should the DTM have detected that by accident. The terrain
altitude value was selected instead of an extra elevation of 1.5 metre (the height of
the air temperature sensor) as the model produced unusable results when the latter
approach was applied.

Calculating the shadow angles were done using the horizonSearch function from the
Horizon package (Doninck, 2018). This function makes use of algorithms developed by
Dozier and Frew (1990) to calculate slopes and horizons with a DEM as input. Deter-
mination of the shadow angles required pixel by pixel calculations and was therefore
time consuming, especially if a distance up to 100 metres needed to be calculated with
input pixels with a resolution of 0.5 metres. Therefore, two steps were implemented
to allow a higher efficiency and less calculation time. First, only the shadow angles
were calculated for each determined azimuth angle when the sun is above the horizon
(elevation > 0 degrees). This is because shadows are only created on the surface when
the sun is above the horizon. Second, only the pixels that are in line with the azimuth
angles were used to calculate the shadow angles (see figure 3.13. This means that for
each determined azimuth angle, the AHN dataset was masked to only the pixels that
followed the line of the azimuth angle. The value calculated at the pixel where the
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location of the air temperature sensor was located, determined the shadow angle of
that corresponding azimuth angle. The black pixels shown between the red dot (air
temperature sensor) and green dot (anemometer) in figure 3.13 represents the shadow
angle values created due to the latter. The yellow pixels indicate that there is no
shadow angle and therefore no shade.

Figure 3.13: Shadow angle raster at an solar azimuth of 99 degrees. The shadow angle are
represented by the black pixels between the temperature sensor (red dot) and the wind mast
(green dot). The yellow represents that there is no shadow on the ground.

3.3.2 Presence and relative amount of land use

Different types of land use have an influence on the measured air temperature as
described in chapter 2.2 and 2.3.2. These different types of land use are categorised as
heat sources in the SC guidelines and include artificial or natural objects and surfaces.
This includes buildings, roads, rivers, canals or lakes. The SC guidelines take heat
sources within a certain distance from the air temperature sensor into account for the
SC, as well as the relative amount of area covered by a specific heat source within a
certain radius from the sensor. Consequently, the presence of a heat source alone does
not mean it does not meet the criteria for a certain Class; this depends on a relative
surface area the heat source covers that is defined in the guidelines.

To discover whether heat sources are within different distances from the centre point,
different spatial intersections are done with the BGT dataset. At first an intersection
is done with a circle around the centre point which has a distance radius defined for
each Class by the SC guidelines. This gives an indication of the presence of heat
sources within the set distance. In case heat sources are found through intersection,
the relative amount of area that is occupied by the heat sources within the defined
distance is calculated as a second step for that Class. Additional smaller circular
buffers around the centre point are made after which new intersections are done. For
each circular buffer, the relative amount of area is determined to see if it is smaller
than the boundary values set by the SC criteria. For Class 1, if heat sources are
detected, the relative amount of area cannot be larger than 10% within the 100-metre
radius, 5% within the 30-100 metre annulus (area from 30 to 100 metre buffer area), or
1% within 10 metres from the centre point. These distances and the relative amount
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of surface area change across classes 2-4. Class 5 is met when the criteria set for Class
4 is not met. WMO (2017)

3.3.3 Vegetation height calculations

For air temperature, the height of the vegetation is also of importance, as also de-
scribed in chapter 2.2 and 2.3.3. The height of the vegetation can be calculated by
using two sub datasets of the AHN dataset: the DSM and the DTM. While the DSM
determines the observed altitude, the DTM determines the ground level altitude. The
documentation of the AHN2, mentioned that vegetation is not included in the the
DTM and can be determined through the DSM (van der Zon, 2013). Subtracting the
raster pixel values of the DTM from their corresponding DSM value determined the
detected elevation at that moment of time when the AHN data was collected. This
includes the elevation of buildings, or other objects but also vegetation. As a result,
height of maize crops can be calculated. This relatively simple method is also applied
by the National Institute for Public Health and the Environment in The Netherlands
to determine many urban green indexes and is considered as a valid approach to cal-
culate the height of the vegetation (Remme, Nijs, & Paulin, 2017). To avoid outliers
- including the height of meteorological instruments - the median value of all the cal-
culated height numbers that are in a radius of 10 metres around the air temperature
sensor is gathered and used. The criteria guidelines do not specify within which area
the height of the vegetation should be calculated. As a result, only the area which is
10 metres around the air temperature sensor was included in the analysis as this will
have the most influence on the measurement. If the height of the vegetation is lower
than 10 cm, the criteria is met for Class 1 and 2. Class 3 has a limit up to 25 cm.
Class 4 does not have a criteria for the height of the vegetation WMO (2017).

3.4 Visual model and SC comparison validation methods

To test the model on its practical usability and performance, the results were analysed
to see if the outcome produced coincide with reality and compare with the MSC values.
This usability was divided into two different analyses: A visual model validation and
a SC comparison validation analysis. Based on the outcomes from both of these
analyses, the model was adjusted accordingly and conclusions on the performance f
the model could be drafted. The aim of the visual validation analysis was to check if
the model produced results that can be used for interpretations and corresponded to
the real world, and the aim of the comparison validation analysis was to compare the
results to manual classification methods, which were used as a reference.

The two different types of classifications may introduce uncertainties in their own form.
The ASC may include input data is outdated or does not have sufficient information
to be interpreted (correctly). The MSC is subject to human interpretations and may
therefore introduce uncertainties to classifications due to different, but reasonable,
judgements that are not necessarily specified in the SC guidelines.

3.4.1 Visual model validation method

After all the criteria were calculated through the model, the outputs were analysed to
see if they produced results that can be interpreted and used. During the development
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of the model, the AWS site at De Bilt was always used as test case. Comparing the
model outputs to (historic) satellite, photos and own observations at the AWS site
of De Bilt gave a good indication of whether the data pre-processing went correctly.
The shading charts were analysed by comparing the output generated from the AHN2
to the ones from the AHN3 to understand what caused any discrepancies in shadow
angles and thus test its accuracy as a result. These shading angles were analysed
by comparing historic satellite imagery or photos to see if there were any changes in
artificial objects that caused height differences. For artificial objects, the BGT dataset
was compared to satellite imagery and the reality to see if the dataset gave accurate
information. After the whole model was tested for De Bilt, the model was run for
the other sites to see if it still produced the same types of (expected) outputs when
comparing to (historic) satellite imagery, photos and knowledge of the sites from the
field inspectors. During the whole procedure the model was adjusted and optimised
where needed. After analysing all the sites, conclusions were drawn whether and to
extend to which the model produced accurate results.

3.4.2 Comparison validation with MSC as reference

After the visual model validation analysis was performed, the ASC values were com-
pared to the manual classification that were derived through the MSC procedure
as described in chapter 3.1 through a comparison validation. MSC were obtained
from the inspection reports of the sites to understand why the MSC scores are given
together with the input and knowledge from the field inspectors. For this it was im-
portant to select the inspection report that was closest to the date of collection of the
AHN. Comparing a manual classification score from 2018 (the most recent inspection
report) with an ASC score generated from an AHN dataset that was collected in 2012,
could give a false comparison. This is because in between 2012 and 2018 trees might
have grown significantly with a corresponding effect on the shadow angles impacting
the AWS. This means, however, that for some the sites where no AHN3 is available
yet a certain reservation needs to be made. The AHN2 data that was collected for
these sites were between 2007 and 2012 and this was before a field inspection report
included SC values. MSC were only performed as of 2013. As a result, no inspection
report was available that includes a SC value and overlaps with the AHN collection
year of that corresponding area. Therefore, the first field inspection report was se-
lected in which a MSC took place (2013, 2014 or 2015) that was closest date to the
AHN2 collection date. Manual checks were performed to see if these reports coincided
with the report of the year of the AHN3 collection date to take into account of any
major changes at or around the site. For all the other sites, the inspection report was
used from the same year as the AHN3 dataset was created.

AHN altitude data was always collected between January and March while inspection
reports usually take place between April and October. As a result, these inspection
reports include the AHN altitude observations of that same year. For the BGT this
return in time comparison was not possible as this dataset only provides the most
up to date information. The BGT dataset is, however, less critical because the heat
sources around a site will probably change less frequently. Based on the findings from
the validations of the automated model, conclusions were made if and why the the
automated and MSC scores showed the same values or why they were different. A
match in SC classes was also considered when automated values fell within the range
of 2 manual values. This is done because the MSC is subject to human interpretation
and therefore can introduce an uncertainty on the SC.
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4 Results

This chapter describes the results obtained from the computerised SC model and how
they compare to the manual values. These results will help to determine the usability
of the developed SC model. Each part that makes up the air temperature SC is
analysed to see if the model produced any output that is meaningful to be interpreted
and compared. At first, the model was tested on its accuracy through a visual model
validation by analysing the different results for the AWS at De Bilt (WSI: 0-20000-0-
06260 ) and described in chapter 4.1. Secondly, an overview is provided in chapter 4.2
of all the AWS sites, indicating how the outcomes are distributed over the 5 classes.
Thirdly, in chapter 4.3, the visual validation was also applied to the other sites,
describing trends how the SC Classes were obtained. Lastly, all the automated results
are compared to the current manual classification values to analyse the similarities
and differences found through a comparison validation and described in chapter 4.4.

4.1 Visual model validation of De Bilt

The model was initially developed based on De Bilt AWS as primary test site. The
results obtained from this AWS site were analysed in detail to understand what the
different parts of the model do. The outputs were compared together with KNMI
inspection staff to satellite imagery, and to own observations done at the AWS site
itself to discover if the results corresponded with the real world and if they were
interpretable.

4.1.1 Presence of shading

Figure 4.1(a) and 4.1(b) show the calculated sun path with its corresponding shadow
angles of the AWS at De Bilt derived from both the AHN2 (situation 2008) and AHN3
(situation 2014). Both charts show the shadow angle patterns that were expected
based on satellite imagery and the real world. Furthermore, the high accuracy of the
shadow angles is confirmed by the peak observed at an azimuth of 100 degrees and
around 150 degrees. At 100 degrees is the location of the wind mast that measures
wind speed and direction. At 150 degrees the differences in shadow angles was due to
the growth of one tree. This tree grew more than two metres. This was derived from
the differences in shadow angles the AHN datasets detected.

Although the mast carrying the wind sensor is a relative tall object (10 metres), with
a width of only 0.5 metres it is also a very narrow object that may not necessarily be
detected in the DSM. The detected height of 6.4 metres did not correspond, however,
with the actual height of the wind mast. Furthermore, this instrument is 20 metres
away from the air temperature sensor, which would result in a shadow angle of 26.5
degrees (as show in figure 3.2) if a wind mast height of 10 metres was taken into
account. Instead, the AHN2 and AHN3 both showed a shadow angle of only 10
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degrees, also resulting in an overall lower classification than with an expected angle
of 26.6 degrees. The difference between what is expected from the real world and the
results from the AHN2 or AHN3 can be caused due to a combination of any of the
following errors: inaccuracy of the detected altitude, inaccuracy of the exact locations
of the air temperature sensor and wind mast, due to resolution of the used datasets
that is too low, or due to the used time increments of 15 minutes to determine the
shadow angles.

These errors may have been introduced due to the error margins on the datasets or
because the datasets are not accurate enough. The detected altitude by the AHN may
not represent the actual height of the instruments as observed in the real world (after
subtraction from the terrain altitude value). The error margin on the geographic
coordinates of the meteorological instruments might determine shadow angles which
are slightly off the location where needed. The resolution of the shadow footprint -
which is the same as that of the AHN - may cause inaccuracies in the exact pixels
that need to be considered as shaded. As a result, the pixel values (shadow angles)
may represent numbers that are smaller than expected. The time increments of 15
minutes may cause the temperatures sensor not to be included at the selected points
of time. This is also due to the resolution of the shadow footprint. This is especially
caused by narrow objects, such as the wind mast. These errors responsible for the
observed differences in shadow angles indicates a manual validation is needed to check
if the outputs are correct.

Table 4.1 provides a summary of how many values were found in which Class for
the shading criteria for both the AHN2 and AHN3 when using a time interval of 15
minutes between sunrise and sunset for the selected seven days of the year. Overall
the shading criteria for De Bilt got a Class of 5 for both charts because for only a few
points in time the shadow angle (elevation in the chart) were above 20 degrees. For
both the AHN2 and AHN3, the greater majority of the shadow angle are less than 5
degrees and would correspond to Class 1.
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Table 4.1: Frequency of Class values observed with AHN2 and AHN3 dataset for De Bilt.

AHN Shadow angle criteria Class count
Class 1 Class 2 Class 3 Class 4 Class 5

AHN2 336 0 0 1 0

AHN3 336 0 0 1 0

(a) AHN2 (2008)

(b) AHN3 (2014)

Figure 4.1: Automated sun paths (curved lines) and shading (black area) of 7 days through-
out the year at the AWS of De Bilt based on the AHN2 (top) and AHN3 (bottom). Each day
consist of increments of 15 minutes and only include the shadow angles between sunrise and
sunset.
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4.1.2 Presence of heat source

The BGT dataset was used to detect the land use type and any other artificial objects
that are considered as heat sources according to the SC guidelines. The location of
the air temperature sensor at De Bilt satisfied the criteria set for Class 1. Figure 4.2
shows the direct surroundings of the air temperature sensor with a radius of 100 metre.
Although heat sources were found within a radius of 100 metres (water on the east
and a building on the west side), their surface areas were sufficiently small to comply
with the Class 1 criteria, as shown in table 4.2. When looking at the map carefully,
however, it is observed that the provided information by the BGT does not coincide
with the satellite imagery shown behind the data. Especially on the west side (left) of
the sensor, the BGT data indicates there is only barren ground, while in the real world
there are many garden sheds present that should be interpreted as heat sources. When
looking at the provided attributes in the BGT, it specified that this barren ground was
seen as a yard. The BGT does not specify more details about years. Although yards
usually include a piece of land, it may also include buildings or other heat objects.
This piece of ’barren’ land use is therefore not categorised correctly or specified well
enough to provide accurate information that is useful for the SC model. Furthermore,
a paved road is missing in the BGT (near the shown building) that in the real world
is present and goes around the west side of the AWS. The data has not been changed
in this research in a way that it would better corresponds to the real world situation.
Therefore, it remains questionable if Class 1 is a correct representation because in
reality the area includes many more heat sources (garden sheds and road) within 100
metres around the sensor. The advantage of the BGT is that it is a very detailed land
use and cover map, but this carries the risk of including errors and quickly becoming
outdated.

It was important to choose the exact location of the air temperature sensor, and not
the general coordinates of the site (the location of wind mast) because results may
change rapidly with the high resolution the BGT dataset provides. When the location
of the wind mast was selected, the nearby water bodies resulted in a classification score
of 4 instead of 1.
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Table 4.2: Relative surface areas within the different radii and annulus in the direct sur-
roundings of De Bilt.

Objects
within
100 m

Relative surface area within Final
Class

100 m 10-30 m 10 m
measured criteria measured criteria measured criteria

7 5.77% 10.0% 3.7% 5.0% 0% 1.0% 1

Figure 4.2: Automatically determining the presence and surface area of heat sources in
the direct surroundings of the air temperature sensor at De Bilt using the BGT dataset.
According to the data, the area conforms to the criteria of Class 1. The satellite image
indicates, however there are garden sheds present that should be seen as heat sources.
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4.1.3 Detected height of vegetation

For De Bilt, no structural vegetation height differences were detected within a radius of
10 metres around the air temperature sensor (see table 4.3) when looking at its median
value. This was done by subtracting the DTM from the DSM raster datasets. This
was valid for both the AHN2 and AHN3 datasets. This means that it conforms to the
vegetation criteria of Class 1 (< 0.1 metres). This is in accordance with SC guidelines
to install the air temperature sensor in grassland that is maintained properly (WMO,
2017). The fact that a height greater than zero (see figure 4.3) was detected indicates,
however, that altitude differences are detected between the DTM and the DSM. The
location where this difference in height was detected coincided with the location of
the air temperature sensor, confirming that small and narrow sensors (objects) can
be detected by the DSM but not included in the DTM.

Table 4.3: Summary statistics of height difference values derived from the AHN2 and AHN3
for 10 metres around the air temperatures sensor located at De Bilt.

AHN min
height
difference

1st quarter median 3rd quarter max
height
difference

AHN2 0 0 0 0 0.690
AHN3 0 0 0 0 0.652

Figure 4.3: Detected height differences when the DTM is subtracted from the DSM raster
within a radius 10 metres around the air temperature sensor. Detected height differences
were the air temperature sensor (middle) and other meteorological instruments right above
and below.
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4.2 Determinants of SC of all AWS sites

After the model was applied at the AWS of De Bilt, the model was used to determine
the SC of all the other AWS sites to see if it would give any outcomes that could
cause the same type of accuracy results or deviations. Applying the ASC model to
all the 34 sites showed that a majority of the sites were assigned to Class 4 (67.6%,
n=23). There were no sites that retrieved a Class of 3: at none of the sites were
there any shadow angles between 5 and 7, and no heat sources in the annulus of
10-30 metres around the AWS. The smallest represented was Class 2, with a relative
amount of 5.9% (n=2). Class 5, a score that shows the meteorological observation
is not representative, was given to 11.8% (n=4) of the sites. The SC values and its
determinant criteria are summarised in figure 4.4.

Figure 4.4: Class distribution of all the 34 AWS sites categorised by determinant SC criteria
that caused the final SC value. The Total category (left) represents the total amount of sites
that fall within each final SC Class. The Shadow (shadow) & HeSo (heat sources) represents
the class where an equal class was found for the two criteria. No classes were found that were
determined by the vegetation height (VH).

For 67.6% (n=23) of the sites, the shading angles was responsible for the highest
Class value, while only in 8.8% (N=34) of the cases, the heat sources criteria was
determining. For the remaining 23.5% (n=8) of the sites, the shadow angle and heat
sources criteria showed the same score. Among the 23 sites that retrieved a Class 4,
17.4% of the sites (n=4), retrieved this Class due to the heat sources. In all the other
Class 4 cases (82.6%, n=19), this was caused due to shading. All the sites obtained a
Class 1 for the vegetation, meaning there was no vegetation detected that was higher
than 10 centimetres.

The shadow angles were determined for seven days during the year with an time
increment of 15 minutes as explained in chapter 3.3.1. This led to a total number
of shadow angles that varied between 337 and 338 per site. One site has one more
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angle than the others due to the difference in the latitude, causing minimal changes
between the north and south of The Netherlands at what time sun rises and sets.
Each calculated shadow angle can be categorised into Class 1 through 5. Therefore
a distribution can be made how many shadow angles for within each Class for each
site, as also shown in table 4.1 for the AWS in De Bilt. The results showed that an
increase in SC value for the shading criteria, was caused due to a small number of
angles that did not meet the criteria for Class 1. The lowest percentage of shadow
angles at one site that met Class 1, was 86.1% (N=337, n=290). This means that
the air temperature sensor was only shaded due to shadow angles that were greater
than 5 degrees during only 13.8% (n=47) time increments of 15 minutes. This is in
total 705 minutes (11 hours and 45 minutes) throughout all the 7 selected days. On
average this is only 1 hour and 40 minutes a day. This site was the AWS in Arcen and
is known to be one of the sites that observes air temperature values that are among
the least representative according to the SC guidelines due to surrounding of many
heat sources and trees. The ASC therefore correspond with what would be expected
in the real world.

Among all the AWS, an average of 97.3% of the shadow angles within one site fell
in Class 1, ranging from 86.1% to 100.0%. With a low standard deviation (3.7%),
this showed that the number of shadow angles that did not meet Class 1 criteria is
relatively small within all the sites, if they were present at all. Only 7 sites (20.9%,
N=34) had no shadow angles that were responsible for shading criteria that was higher
than Class 1. The few angles per AWS that were responsible for a higher Class, were
often due to meteorological instruments at the site that caused the shading. In the
worse case among all the studied AWS, a shading criteria class of 4 was given only
because the sensor was shaded for an average of 1 hour and 40 minutes through the 7
selected days. This showed that the shading criteria is sensitive for a change in Class
and further substantiates the research done by M. Wolff et al. (2014) and Fisler et al.
(2017) that this criteria needs to be revised so that a very few shadow angles a day
or year are not responsible for a higher overall SC class.

The relative high number of sites whose final SC Class was determined by the shadow
angle (67.6%, n=23) showed that the shading criteria was the factor that determined
most final SC values. This can indicate that the sites take the influence of heat
sources better into account than the influence of shadows. This assumes, however,
that all the AHN and BGT data is accurate and correctly determined by the model.
Therefore, the results need to be examined in detail to understand how the different
classifications were determined. This was done through visual model validations for
all the sites.
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4.3 Visual model validation trends

An important aspect that determined an ASC value was the accuracy of the used
datasets, as also shown for De Bilt. This section describes any observed trends how
certain SC were determined throughout all the AWS sites. Examples of individual
sites are used to explain the different Class determination.

4.3.1 AHN2 and AHN3: small scale height objects

The AHN can detect very narrow objects; as seen at the site of De Bilt where the
wind mast was detected. The successful detection of existing AWS infrastructure
(sensors, masts, cabinets etc.) has been confirmed at many other sites. The SC
value for the shading criteria was often increased because meteorological instruments
- usually the wind mast with a height of 10 metres - were responsible for shading the
air temperature sensor at one or more moments in time during the year. The detection
of height differences did not always result in the correct shadow angle at the location
of the air temperature sensor. This was, as also shown at the AWS in De Bilt - due
to the inaccuracy the measured altitude of the air temperature sensor, the location
of the weather instrument, or because of the resolution of the shadow footprint that
determined the shadow angle.

Another object that often was detected were the fences that are around an AWS
site to demarcate the site. These fences vary in height and type per site, but never
completely block the sun. They either have holes in them, consists of vertical bars or
only have one beam that is supported by many poles. The AHN datasets, however,
detected these objects as an increase in altitude (compared to the terrain altitude)
and therefore as something that would cause shading. Many air temperature sensors
are located close to an edge of an AWS and therefore would be ’shaded’ by the fences.
A good example is the site of Vlissingen where a metal fence was replaced by one
with vertical bars (see figure 4.5(a) and 4.5(b)). This was done in 2008, one year
after the data for AHN2 was collected. As a result the AHN3 dataset of 2014 showed
an increase in height of fences, and thereby also the shadow angles (figure 4.5(c)).
The detection of fences was for 5 sites (partially) responsible for an increase in the
shading criteria Class, especially in areas where no other major other shadow angles
were detected.
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(a) 2007 (b) 2014

(c) Raster maps of the AWS site in Vlissingen

Figure 4.5: AWS site of Vlissingen in 2007 (left) compared to 2014 (right) shows a change
in fences both on the photos (a, b) and the raster maps (c). The change in pixel colour in
the raster diagrams show an increase in detected altitude. From this the fences can clearly
be determined and seen they have raised in height. Source: KNMI

4.3.2 Differences between the AHN2 and AHN3

At many sites a small increase in shadow angles was detected at specific azimuth
angles when the AHN2 was compared to the AHN3. Through photos and satellite
imagery, it was identified that these increases were caused by to trees that had grown
between the time data was collected for the two datasets. This confirms that having
the most up to date information is crucial for an accurate current SC, especially for
trees which can grow significantly within one year. For the site of Rotterdam (WSI:
0-20000-0-06344) the growth of trees was responsible for the ASC to increase from
Class one to Class 2 when comparing the AHN2 to the AHN3.
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4.3.3 BGT: variation in level of detail

The presence and Class/type of objects based on the BGT, often corresponded with
the real world. Some sites, however, included wrong/outdated or no information at
all, as previously shown at the site of De Bilt.

For the site at Wijk aan Zee (WSI: 0-20000-0-06257; figure 4.6), water was shown at
the north side of the site in the BGT data set, while from satellite imagery and photos
this was not observed. The field inspectors indicated that this area was only filled
with water after periods with dense rainfall. It is therefore unclear why the BGT data
set marked this area as a water.

(a) BGT map (2018) (b) Satellite image (2018)

Figure 4.6: BGT map and satellite image of the AWS site in Wijk aan Zee in 2018. A water
body was detected north of the temperature sensor (yellow pont) but not shown in the real
world.

It is tricky to determine the influence of heat sources on sites located near water. The
site of Vlissingen (WSI: 0-20000-0-06310) is located near the sea and, as expected,
water in a radius of 100 metres of the site was identified. As a result, the model saw
these water bodies as a heat source because no distinction was made in the model
between the different types of heat sources. In the real world, however, this water can
be considered as a ’representative element’ of the area and therefore not determined as
a heat source (WMO, 2017). The model did not take this ’representative element’ into
consideration which would filter out these water bodies as heat sources and produce
results that would follow the SC guidelines even better.

The level of detail shown in the BGT varied per site. Most sites were located on pieces
of land that were considered as vegetation (grasslands), as expected. Sometimes,
however, the data also included the location of the meteorological instruments to
be seen as a separate spatial feature. This was sometimes at the location of the
rain gauge (circular area consisting of bricks) or location where the electricity and
hardware was installed that controls and sends the collected data from the different
sensors. This feature was often barren ground but that is not seen as a heat source
by the model. Because the specifications of the data did not always mention it was
something artificial (such as pavement), these objects were not seen as heat sources.
In reality, however, one could see these artificial objects as potential heat sources.
The field inspectors indicated they do not consider the meteorological instruments as
heat sources, unless if they are very large and cause a lot of shading. This varies
per AWS and is also dependent on the site specific surroundings and circumstances.
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It varied per site if these ’barren’ locations had specification values in the attribute
data. Therefore, they were not included at all in the model to maintain consistency
throughout the SC. A better specification of what to include in the SC process as
obstacles and heat sources (including the AWS infrastructure itself such as fences,
buildings, cabinets, masts), is needed.

In other two cases, such as Gilze-Rijen (WSI: 0-20000-0-06350) and Leeuwarden (WSI:
0-20000-0-06270), the path going from the main road to the AWS in the middle of
a piece of land was detected as a ’road’ (Figure 4.7. The specification shown in the
attributes of the BGT indicated this was a footpath. The footpath at these sites is
often made of sand, and paths made of sand should not be considered as heat sources.
However, the BGT does not specify if the path is paved or is made of sand. As a
result, these sites got a high classification because too much area within the inner
radius around the temperature sensor was detected as heat source(s). Because these
paths are made of sand in the reality, these do not need to be determined as heat
sources in the real world.

(a) BGT map of the AWS in Leeuwarden (b) Satellite image of AWS in Leeuwarden

Figure 4.7: The path towards the AWS was detected as a road and therefore a higher air
temperature SC score was given. In the real world these paths are not present (anymore) or
are made of sand and therefore do not need to be considered as heat sources.

4.3.4 Detection of vegetation height

No vegetation height was detected at any AWS site where more than half of the
observed height were higher than 0 metres. This was also the case when looking
at the 25th percentile height value. Only a few raster pixels at each site showed
altitude differences between the DTM and DSM. Sometimes this was because of nearby
meteorological instruments. As a result, no vegetation height was detected in the
AHN2 and AHN3 datasets and therefore all sites gained Class 1 for the vegetation
criteria.
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4.4 Comparison validation: ASC vs. MSC

This section describes how the ASC values are compared to the MSC values. The
MSC results are taken from the inspection reports of the year that matches best with
the collection of the AHN dataset used. An overview of the ASC vs. MSC values
is provided in table 4.4. This section describes why different SC values were found
and whether identical/matching results found for automated and MSC were properly
determined for the same reason. When a MSC had a range of two values, the value
closest to the ASC was used to determine the difference in Classes.

Table 4.4: Distribution f ASC and MSC values. In total there were 19 AWs sites that had
matching ASC and MSC values.

MSC Total
count

1 2 3 4 5

ASC

1 4 0 1 0 0 5

2 0 2 0 0 0 2

3 0 0 0 0 0 0

4 5 5 1 12 0 23

5 0 0 2 1 1 4

Total count 9 7 4 13 1 34

4.4.1 Different ASC and MSC values

There was a mismatch between the ASC Class and the MSC Class for 44.1% (n=15)
of all the AWS sites (N=34). For only one site (Twenthe; WSI: 0-20000-0-06290)
the ASC Class was lower than the MSC scores (Class 1 vs. Class 3-4). The field
inspection report indicated that the wind mast was responsible for a SC of Class 3-4,
whilst this pole to which the wind sensor is attached was not detected in the AHN.
This may be due to some fidelity issues when the AHN2 data was collected for this
site. A new analysis should of this station should be performed when the AHN3
data becomes available for this AWS in March 2020. For all the other mismatches,
the ASC Class was higher than the MSC Class. This shows that the ASC applied a
stricter SC than the MSC. The reason for these stricter SC can be divided into three
categories: shading of meteorological instruments, shading due to fences, too much
detailed information provided by the BGT.

In 20.6% (n=7) of the AWS, a mismatch was found due to the detection of objects
that caused shading by the automated procedure but not written down as an influence
in field report for the MSC. In one case (2.9%) this led to a Class difference of 3
(Schiphol; WSI: 0-20000-0-06240). In 14.7% (n=5) of the situations, a mismatch was
found because of the detection of fences in the automated classifications. In three
cases (8.9%) this was even the cause for a difference of 3 classes. The last case where
a Class difference of 3 was found, was because of too many spatial features were
detected by the BGT (as shown in figure 4.7).
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4.4.2 Same ASC and MSC values

For 55.9% (n=19) of all the sites, the ASC Class was the same as the MSC Class or
fell within the range of MSC values. A Class 1 match was found for 21.5% (n=7) of
the sites because in neither SC methods, any significant shading or heat sources were
detected or observed. In the remaining 44.1% (n=15) matching cases, both methods
indicated shading and/or heat sources as the cause for higher Class values. In 8.9%
(n=3) of the situations, however, an additional note was made about vegetation in
the MSC: either this was too high or not present at all (no grassland). Overall this
means that the cases that did match, corresponded for the same reason.
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5 Discussion

In this research it was shown that it is possible to perform an ASC for air temperature
at AWS sites using geospatial datasets. The automated model was developed based
on the AWS at De Bilt, and later applied to all the other 33 AWS in the Netherlands.
The model used the AHN dataset for the detection of altitude needed for shading
as well as vegetation, and the BGT dataset for the determination heat sources. The
results obtained from the model were compared to those obtained through MSC and
they matched for 55.9% (n=19) of the sites. This chapter discusses what the use and
accuracy of the dataset meant for the usability of the model to be applied at any
location on land in The Netherlands. The chapter starts off with a reflection of the
computational performance of the model in terms of time it took for the model to
run.

5.1 Computational performance of the model

An important goal of the ASC model was to evaluate its speed compared to a MSC
procedure. Calculating an ASC for one site is much dependent by the computing power
available. During this research calculating the SC for one AWS site took around 50
minutes. Therefore, calculating ASC values for all the sites took just over 2 full days
(50 hours). The model started with determining the location of the site. This was
done by using geographic coordinates as input. This means applying the model to
any other list of other locations on land in The Netherlands is easy to achieve. In
the next step the required AHN and BGT datasets of the surroundings were retrieved
automatically. This step took took a few minutes for each dataset. The disadvantage
of automatically retrieving the required datasets is that the model is dependent on
the access and availability of these online resources. The deduction of shadow angles
took the longest during the whole procedure. In this research no surroundings were
taken into account that were further than 100 metres way from the air temperature
sensor. As a result, calculating of the shadow angles took around 45 minutes per
site. This computing time would be increased if the radius distance from the sensor
was increased. This is because the shadow angles of more pixels would need to be
calculated. Determining the heat sources and height of the vegetation were calculated
instantly. The model automatically produced different output tables, charts, and
maps of all the information required to perform a visual and comparison validation
analyses. These analyses required expertise and human interpretations to understand
the results of the model. This was time consuming because each site has its own
characteristics for which the automated and manual results needed to be interpreted.
Manual checks were needed to see if the AHN and BGT data corresponded with the
real world and the surroundings described in the field inspection reports.
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5.2 Accuracy of the AHN

The high resolution and accuracy of the AHN was the primary reason why this dataset
was used in the model but this had both positive and negative consequences for the
outputs as a result. The high accuracy was confirmed when the AHN2 was compared
to the AHN3, showing that changes in heights of trees were found and correctly
observed. The high resolution of the AHN dataset also showed it has the possibility to
detect the height of meteorological instruments present at the site. This was important
because the shadow angles that are caused by these sensors are often considered during
the manual classification and often even caused an increase in classification score when
the WMO guidelines are strictly followed. The measured height of the sensor did not
always correspond, however, to the actual height. This caused errors in the size of
the shadow angles. This was either due to the fact the actual height was not properly
detected by the AHN or because of the error margin from the derived shadow angles
due to the resolution of the shadow footprint. Furthermore, detection of the height
of the surrounding sensors did not always occur and varied per site. This creates an
inconsistency in the AHN dataset and thus an influence when the model is applied to
the different sites.

The high resolution and accuracy also caused some shadow angles that are not (com-
pletely) considered in the real world. This occurred at sites where the fence around
an AWS was detected as a increase in altitude, and thus an object causing complete
shadow. In reality, these fences have holes in them and do therefore not cause com-
plete shadows. Field inspectors indicated that fences can have a little influence on
the observed measurements, but they are not always written down as heat sources in
the field inspection reports because they do not cause complete shadows. The high
resolution and accuracy of the AHN showed that it is feasible to calculate shadow
angles, but for each site it needs to be checked if the outcomes make sense due to the
input data. A possible solution would be the use of additional datasets that has the
demarcated areas of the AWS so that they can filtered out as height data. The BGT
dataset would be able to do this at the locations where the area of the AWS is seen
as a separate spatial feature. Therefore combining the AHN and BGT could possibly
improve the outputs of the model to better coincide with the real world.

Using the DSM and DTM datasets to detect the height of the vegetation did not lead
any results that were considered inaccurate. This was because most surrounding areas
of sites showed a median height value of 0, resulting in a classification score of 1 for
this criterion. Although this may be because all the researched sites are located at
maintained grasslands (like most others), it is uncertain whether the used approach
to detect the height of the vegetation can be considered as a valid. Calculating this
criterion was included in the model as it is mentioned in the WMO SC guidelines but
because vegetation height may change on a weekly basis, using outdated geospatial
datasets is not the best approach to perform this particular calculation.

5.3 Accuracy of the BGT

The high resolution of the BGT was also the reason why this data was used for
this research. The high resolution was confirmed with the detection of the smallest
roads and objects. As a result, this led to very accurate results when checking for
the presence and surface area of heat sources. In some cases, this was too accurate
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resulting in higher classification values due to heat sources that are not even considered
by the field inspectors. This was especially true when the paths or roads towards and
inside the AWS were shown in the BGT dataset.

The level of accuracy of the BGT did, however, vary per site and thus created an
inconsistency. At some AWS sites, data was missing where expected or it was because
of outdated information. Although this dataset has many standardised data collection
methods, it may sometimes lack the detail desired for this SC model. This is especially
the case when the specifications of the land use type need to be known in order to
have information that is valuable for the model. This level of detail is difficult to
standardise as this dataset is maintained by all the individual municipalities in The
Netherlands. The BGT has the ability to receive feedback from any user to indicate
incorrect or missing data (Kadaster, 2019). As a result, the model could be improved if
feedback was send specifying what information needs to be changed and thus increase
the accuracy of the ASC outputs

Applying the model to the other sites has shown that the datasets can be used to per-
form the calculations that are required for a SC. The results showed, however, that
the AHN and BGT datasets may have wrong, outdated, misleading or no information
at all about the altitude or land use. This can have a significant influence on deter-
mining an accurate classification that is valid today. Therefore, a manual validation
of the outcome will always be required in order to determine if the results are realistic
to be used.

5.4 Model performance compared with MSC

The accuracy analysis showed that usable classification values can be obtained from
the ASC model that also compare for 55.9% of the cases with the MSC. An important
aspect of the MSC is the interpretation done by a field inspector. The reason that
led to a MSC value may therefore be different than the automated classification, even
though they show the same score. The ASC produced results that can be deducted
from the model, while the MSC was dependent on the field inspection reports and the
information gained from different field inspectors. Simply comparing the results does
not provide an explanation as to why the output are the same or different. Expertise
of both the model and performing a field inspection is therefore always required to
compare the two results.

Using the field inspection reports that were of the year when the AHN of that area
was collected were considered as accurate comparisons. Otherwise height values of
one year are compared to those of another year, leading to misleading and possibly
even wrong comparisons. This is especially the case for the growth of trees or change
in building landscape that cause more/less shading. A possible solution to make
AHN data more up to date so that it could correspond better with the height of the
surroundings is by introducing an algorithm that automatically detects the trees and
adjust their height according to a growth rate.

Ideally, comparing BGT data from the same years should also be done, but this
dataset did not allow to do that and therefore only included the most recent available
information. Comparing land use from the same year was considered less critical
because the 100 metre direct surroundings of a site is not expected to change very
quickly. The use of data from different years in the ASC vs. the MSC procedures may
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have led to a skewed comparison that would not have occurred if all the information
came from around the same time. It is therefore important that it is exactly known
from what time the data in the ASC comes from to produce outputs that represent
or represented the the real world.

Both types of classifications required a form of interpretation to be made and are
therefore time consuming in their own way. Efforts have been made so that the model
produced outputs that can immediately be interpreted and compared with the MSC.
This was done by producing charts, tables and maps that summarise and explain the
results. The comparisons showed, however, that if the datasets are accurate, usable
and valuable SC can be calculated automatically using a consistent approach. The
model has also shown that the ASC will usually generate a stricter classification than
the MSC, indicating that - if the datasets are correct - the automated method provides
results that have a higher chance of complying with the guidelines to the criteria of
that Class.
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6 Conclusions and
Recommendations

6.1 Conclusions

The primary aim of this research was to develop a ASC model that determined the
SC of air temperature at AWS according to the guidelines set by the WMO. This
resulted in the following research question:

Is it possible to automate the Siting Classification for the air temperature criteria
according to the WMO guidelines using geospatial datasets and apply it to any locationb
on land in The Netherlands?

The SC guidelines for air temperature exist of three different criteria based on shading,
the presence of heat sources and the height of vegetation. Each criterion has its own
justification for being included in the guidelines. Locations that are shaded have a
different temperature than areas that are in the sun. Heat sources - including water
bodies, buildings, roads or other artificial objects - can reflect or retain heat and
therefore influence the air temperature. Vegetation is able to cause cooling due to its
evapotranspiration process and therefore also have an influence on the observed air
temperature.

An ASC model was developed that included the shading, heat sources and vegetation
criteria. This was done by using the AHN and BGT spatial datasets, with resolutions
high enough to meet the different air temperature SC criteria. A decision tree was
developed to determine the SC of each criteria as well as an overall SC. The geospatial
datasets used are available for the whole of the Netherlands, which made it possible
to develop a dynamic model that automatically imported the data of the requested
areas. As a result, an automated air temperature SC was determined for all 34 AWS
sites owned and maintained by the KNMI.

The results showed that the ASC method is capable to determine a reproducible SC
that followed the criteria for the shading and heat sources consistently and strictly.
At 55.9% of the 34 analysed AWS sites, the ASC values corresponded with the MSC
indicating that it was possible to automate the air temperature SC process using Dutch
geospatial datasets. In 41.2% of the cases, a stricter ASC was applied compared to
the MSC. This was primarily because the datasets detected more height differences
that created higher shadow angles or because of heat sources that were outdated or
not interpreted due to a lack of information. Another important aspect of uncertainty
to take into account was the date when the digital datasets were collected. This
determines on what altitude and land use data the information was collected and
hence the ASC results were derived. Therefore, manual validations were required to
see if the input for each site was up to date and correct. Knowledge about the data
was always required and a form of human interpretation is unavoidable to apply the
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ASC method in an operational setting. Because a majority of ASC output coincided
with the MSC indicates, however, the developed model gives a good indication that
the SC guidelines can be used for an automatic classification.

6.2 Recommendations

This research showed that an ASC for air temperature SC is possible to achieve. Pre-
liminary results of this research were already presented and discussed at the biennial
WMO-CIMO Technical Conference in Amsterdam through a poster. A copy of this
poster can be found in appendix B as an annex (Stuurman, Dirksen, de Haij, Boog, &
Rozeboom, 2018). The final results of this research further confirmed that the model
can be used as a method for ASC. The process can be used as a tool to improve the
observing network by finding more suitable sites for meteorological sensors in more
representative locations for the larger area. The model can also be used for any lo-
cation on land in The Netherlands and therefore it could also be applied in further
research to assess air temperature measurements from third-party networks, which
generally provide larger data volumes. Moreover, this model includes aspects that
can be used for other SC variables such as the AHN and BGT data as well as the
algorithm to determine the shadow angles. This research may therefore contribute or
substantiate the need for development of similar automated procedures of the other
SC variables, starting of with the wind variable. For this SC, more specification is
needed about terrain roughness. Therefore land use geospatial datasets like the Lan-
delijk Grondgebruik Nederland (LGN) could be used to help and obtain the necessary
information.

Further research is needed, however, to improve the model in detecting the height
of the vegetation and finding ways for automated quality control of the results, i.e.
to determine automatically whether the automated SC output can be considered as
valid. Furthermore, studies should be performed in the possibilities to integrate the
results of the MSC within the ASC model, so that cross validation could also be done
automatically and the two types of classification processes can be combined. The
ASC model showed that differences found between the ASC and the MSC are partly
because the WMO guidelines do not specify the criteria well enough. The results also
indicated that a SC value increases when improving the situation for just one or a very
few shadow angles. Therefore, it is recommended that WMO specifies the (very strict)
SC criteria guidelines so that the determination SC Classes of the shading criteria is
determined based on the distribution of shadow angles. The MSC model developed
in this research could help to determine how these adjusted guidelines should be
formulated.
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A Overview of R packages used

Table A.1: Overview of R Packages used including their most important functions.

R Package Important functions Descriptions
Insol sunpos(); azimuth and elevation angle of the sun
Horizon horizonSearch() calculate shadow angles
rgdal various general library required for read and writing

spatial objects
GdalUtils ogr2ogr() Read WFS
raster raster(), writeraster() read and write raster files
sp coordinates() create spatial point

sf
st_ead(), st_rite(),
st_ntersect()
st_rea()

read and write shapefiles
intersection of polygons
calcluate area of polygons

leaflet leaflet() create and show interactive map within R
ggplot2 ggplot() create sun and shadow chart



Towards automated CIMO siting classification using geospatial datasets 

The surroundings of meteorological observing stations have to be monitored carefully to assess their compliance to (inter)national requirements regarding 
measurement quality. This helps to ensure the representativeness of the measurements and the homogeneity of data sets, which is essential for applications like 
climate monitoring. Nowadays, Siting Classifications (SC) are usually performed manually. Here an automated SC model is presented that determines the 
classification of an Automatic Weather Station (AWS) site based on the CIMO guidelines (WMO No.8). An automated SC makes the interpretation more objective and 
saves the inspectors time. Moreover, there is an increasing demand for classification of 3rd party observing sites, which requires a more efficient inspection process 
as their volume is large. Our SC uses a detailed Digital Elevation Model, land use map and solar angles. First results show similar output as manual classifications. 
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Discussion 

• The automated SC is dependent on the quality of 
the different datasets. 

• The AHN2 has a high resolution but may not be 
accurate enough to measure the height of the 
vegetation. 

• The AHN2 is a measurement of only one moment 
in time, possibly influencing the height of trees 
due to seasonal changes. 

• Although the land use map has a high resolution, 
it may be outdated or miss out information that 
can only be interpreted by the inspectors in the 
field. 

• Visual interpretations in the field still need to be 
made. 
 

Future Research 
• Including SC for: radiation, wind, precipitation, 

environment 
• Applying the SC model to all the AWS on land in 

The Netherlands. 

Data 

• Digital Elevation Model: “Actueel Hoogtebestand 
Nederland 2” (AHN2) [2] with a resolution of a 50 cm and 
an accuracy of 5 cm (Fig. 5). 

• Land use: “Basisregistratie Grootschalige Topografie” 
(BGT), [3] being the most detailed topographic map of The 
Netherlands, is used as land use data (Fig. 6). 

• Solar angles and azimuth: R’s insol library [4]. 
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Type of Criteria Key Findings Meet criteria 

Projected shade • Found >20 degrees shading angles Class 4 

Heat sources in 
direct surroundings 

• Heat sources found within 100 
meters 

• No significant area coverage of heat 
sources  within 10 m and 100 m radii, 
as well as 10-30 m annulus  

Class 1 

Height of vegetation • No significant height difference Class 1 

Results 

• Shading angles are found above 20 degrees but 
for most of the time below 10 degrees.  

• Several buildings, roads and water bodies are 
detected in the near surroundings but are not 
significant in size. 

• From the raw and filtered elevation model no 
significant vegetation height difference was found. 

Figure 6: BGT land use data 100 m around the temperature sensor. 

Figure 5: Digital Elevation Model (AHN2) dataset in the surroundings. 

Figure 9: Shading in the direct surroundings of the 
temperature sensor at an azimuth of 180 degrees (South). 
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Figure 7: Decision tree of all the WMO criteria guidelines set for the 
temperature variable. 

Introduction 

The CIMO Siting Classification (SC) for surface observing 
stations on land has been implemented as part of the 
yearly station inspection in the KNMI surface network by 
the end of 2014. This network consists of approximately 
50 Automated Weather Stations (AWSs), serving different 
end users (synoptic meteorology, climatology, aviation). 
The AWSs on land are manually inspected using several 
tools, such as rangefinder binoculars to measure the 
distance, height and direction of nearby obstacles. 
Inspection reports are stored centrally and include a 
description of the technical status of an observing site as 
well as (changes in) the direct surroundings, and 
proposed measures for siting improvement. However, this 
involves a  lot of manual work and the output does not 
fully meet user needs in terms of fit-for-purpose 
applicability. 

Figure 3: Satellite imagery of the AWS De Bilt and surroundings. 

https://github.com/Jellest/wmoSC 

Figure 2: Siting Classification criteria for temperature. [1] 

Figure 4: AWS of De Bilt. 

Figure 8: Sun charts of 7 days (December through June) 
including the biggest shading angles possible.   

Case Study: Automated Temperature SC 

The Automated SC for the temperature variable (Fig 2.) is 
presented for the AWS in De Bilt, The Netherlands (Fig. 3 
& Fig. 4). For temperature the following criteria are of 
importance:  
 

• Shading  
• Land use of surroundings  
• Vegetation height  

 

The guidelines are translated into automatic calculations 
using the required spatial data. For this case study we 
made use of open datasets. Code is made available online 
through GitHub.   
 

Conclusion 
• An automated Siting Classification for 

temperature is presented 
 

• Methods can be applied to other locations and 
are less subjective than manual inspections 

 
• Results are similar to manual Siting 

Classification 

Figure 1: a summary of the Air Temperature/Humidity and 
Precipitation classes for the Dutch observing network reported in 
June 2018. 

Data Processing 
• The data is processed according to the decision tree in 

Figure 7.  
• Variable only gains a certain class if all associated criteria 

are met. 
• AHN2 is used in combination with solar angles to 

determine shadings (Fig. 5 & Fig. 9) 
• AHN2 is used to determine vegetation height. 
• BGT land use data is used to determine the size of 

surrounding heat sources (including buildings, road 
surfaces and water bodies) and its distance from the 
temperature sensor. 
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The current classification scheme is used by KNMI 
inspection staff for several years now. From their 
perspective, however, there is still a need within CIMO to 
review the existing guidance and criteria used in the 
classification scheme. There are still several ambiguities 
per variable, that should be clarified and reconsidered to 
optimize the added value of the process. For example, 
multiple small obstacles around an observing site, the 
impact of obstacles in different directions or short periods 
per day should be treated as well.  
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ANNEX 1.B. SITING CLASSIFICATIONS FOR SURFACE OBSERVING 
STATIONS ON LAND

(The text of the common ISO/WMO standard 19289:2014(E))

INTRODUCTION

The environmental conditions of a site1 may influence measurement results. These conditions 
must be carefully analysed, in addition to assessing characteristics of the instrument itself, so as 
to avoid distorting the measurement results and affecting their representativeness, particularly 
when a site is supposed to be representative of a large area (i.e. 100 to 1 000 km2).

1. SCOPE

This annex2 indicates exposure rules for various sensors. But what should be done when these 
conditions are not fulfilled?

There are sites that do not respect the recommended exposure rules. Consequently, a 
classification has been established to help determine the given site’s representativeness on a 
small scale (impact of the surrounding environment). Hence, a class 1 site can be considered as a 
reference site. A class 5 site is a site where nearby obstacles create an inappropriate environment 
for a meteorological measurement that is intended to be representative of a wide area (at least 
tens of km2). The smaller the siting class, the higher the representativeness of the measurement 
for a wide area. In a perfect world, all sites would be in class 1, but the real world is not perfect 
and some compromises are necessary. A site with a poor class number (large number) can still 
be valuable for a specific application needing a measurement in this particular site, including its 
local obstacles.

The classification process helps the actors and managers of a network to better take into 
consideration the exposure rules, and thus it often improves the siting. At least, the siting 
environment is known and documented in the metadata. It is obviously possible and 
recommended to fully document the site, but the risk is that a fully documented site may increase 
the complexity of the metadata, which would often restrict their operational use. That is why this 
siting classification is defined to condense the information and facilitate the operational use of 
this metadata information.

A site as a whole has no single classification number. Each parameter being measured at a site 
has its own class, and is sometimes different from the others. If a global classification of a site is 
required, the maximum value of the parameters’ classes can be used.

The rating of each site should be reviewed periodically as environmental circumstances can 
change over a period of time. A systematic yearly visual check is recommended: if some aspects 
of the environment have changed, a new classification process is necessary.

A complete update of the site classes should be done at least every five years.

In the following text, the classification is (occasionally) completed with an estimated uncertainty 
due to siting, which has to be added in the uncertainty budget of the measurement. This 
estimation is coming from bibliographic studies and/or some comparative tests.

The primary objective of this classification is to document the presence of obstacles close to the 
measurement site. Therefore, natural relief of the landscape may not be taken into account, if far 

1 A “site” is defined as the place where the instrument is installed.
2 Whereas this is referred to as an annex in the WMO Guide to Meteorological Instruments and Methods of Observation 

(WMO-No. 8), it is referred to as a standard in the ISO document.
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CHAPTER 1. GENERAL

away (i.e. > 1 km). A method to judge if the relief is representative of the surrounding area is the 
following: does a move of the station by 500 m change the class obtained? If the answer is no, 
the relief is a natural characteristic of the area and is not taken into account.

Complex terrain or urban areas generally lead to high class numbers. In such cases, an additional 
flag “S” can be added to class numbers 4 or 5 to indicate specific environment or application 
(i.e. 4S).

2. AIR TEMPERATURE AND HUMIDITY

2.1 General

Sensors situated inside a screen should be mounted at a height determined by the 
meteorological service (within 1.25 to 2 m as indicated in the WMO Guide to Meteorological 
Instruments and Methods of Observation (WMO-No. 8)). The height should never be less than 
1.25 m. The respect of the higher limit is less stringent, as the temperature gradient versus 
height is decreasing with height. For example, the difference in temperature for sensors located 
between 1.5 and 2 m is less than 0.2 °C.

The main discrepancies are caused by unnatural surfaces and shading:

(a) Obstacles around the screen influence the irradiative balance of the screen. A screen close 
to a vertical obstacle may be shaded from the solar radiation or “protected” against the 
night radiative cooling of the air, by receiving the warmer infrared radiation from this 
obstacle or influenced by reflected radiation;

(b) Neighbouring artificial surfaces may heat the air and should be avoided. The extent of 
their influence depends on the wind conditions, as wind affects the extent of air exchange. 
Unnatural or artificial surfaces to take into account are heat sources, reflective surfaces 
(for example buildings, concrete surfaces, car parks) and water or moisture sources (for 
example, ponds, lakes, irrigated areas).

Shading by nearby obstacles should be avoided. Shading due to natural relief is not taken into 
account for the classification (see above).

The indicated vegetation growth height represents the height of the vegetation maintained in 
a “routine” manner. A distinction is made between structural vegetation height (per type of 
vegetation present on the site) and height resulting from poor maintenance. Classification of the 
given site is therefore made on the assumption of regular maintenance (unless such maintenance 
is not practicable).

2.2 Class 1

(a) Flat, horizontal land, surrounded by an open space, slope less than ⅓ (19°);

(b) Ground covered with natural and low vegetation (< 10 cm) representative of the region;

(c) Measurement point situated:

(i) At more than 100 m from heat sources or reflective surfaces (buildings, concrete 
surfaces, car parks, etc.);

(ii) At more than 100 m from an expanse of water (unless significant of the region);

(iii) Away from all projected shade when the sun is higher than 5°.
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A source of heat (or expanse of water) is considered to have an impact if it occupies more than 
10% of the surface within a circular radius of 100 m surrounding the screen, makes up 5% of an 
annulus of 10–30 m, or covers 1% of a 10 m radius area.

≥ 100 m

Lake...

Heat
sources
(building, car parks,
concrete surface)

≥ 100 m

100 m 10 m

30 m

Low vegetation < 10 cm

≤ 19º

5ºS ≤ 10%

S ≤ 1%

S ≤ 5%

 S = surface of heat sources

Figure 1.B.1. Criteria for air temperature and humidity for class 1 sites

2.3 Class 2

(a) Flat, horizontal land, surrounded by an open space, slope inclination less than ⅓ (19°);

(b) Ground covered with natural and low vegetation (< 10 cm) representative of the region;

(c) Measurement point situated:

(i) At more than 30 m from artificial heat sources or reflective surfaces (buildings, 
concrete surfaces, car parks, etc.);

(ii) At more than 30 m from an expanse of water (unless significant of the region);

(iii) Away from all projected shade when the sun is higher than 7°.

A source of heat (or expanse of water) is considered to have an impact if it occupies more than 
10% of the surface within a radius of 30 m surrounding the screen, makes up 5% of an annulus of 
5–10 m, or covers 1% of a 5 m radius area.

≥ 30 m

Lake...

Heat
sources
(building, car parks,
concrete surface)

≥ 30 mVegetation < 10 cm

≤ 19º

7º

 S = surface of heat sources

30 m 5 m

10 m

S ≤ 10%

S ≤ 1%

S ≤ 5%

Figure 1.B.2. Criteria for air temperature and humidity for class 2 sites

2.4 Class 3 (additional estimated uncertainty added by siting up to 1 °C)

(a) Ground covered with natural and low vegetation (< 25 cm) representative of the region;

(b) Measurement point situated:

(i) At more than 10 m from artificial heat sources and reflective surfaces (buildings, 
concrete surfaces, car parks, etc.);
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CHAPTER 1. GENERAL

(ii) At more than 10 m from an expanse of water (unless significant of the region);

(iii) Away from all projected shade when the sun is higher than 7°.

A source of heat (or expanse of water) is considered to have an impact if it occupies more than 
10% of the surface within a radius of 10 m surrounding the screen or makes up 5% of a 5 m radius 
area.

Vegetation < 25 cm ≥ 10 m≥ 10 m

7º

5 m

10 m

S ≤ 10%

S ≤ 5%

Heat
sources
(building, car parks,
concrete surface)

Lake...
 S = surface of heat sources

Figure 1.B.3. Criteria for air temperature and humidity for class 3 sites

2.5 Class 4 (additional estimated uncertainty added by siting up to 2 °C)

(a) Close, artificial heat sources and reflective surfaces (buildings, concrete surfaces, car parks, 
etc.) or expanse of water (unless significant of the region), occupying:

(i) Less than 50% of the surface within a 10 m radius around the screen;

(ii) Less than 30% of the surface within a 3 m radius around the screen;

(b) Away from all projected shade when the sun is higher than 20°.

20º

3 m

10 m

S ≤ 50%

S ≤ 30%

Heat
sources
(building, car parks,
concrete surface)

 S = surface of heat sources

< 10 m

Figure 1.B.4. Criteria for air temperature and humidity for class 4 sites

2.6 Class 5 (additional estimated uncertainty added by siting up to 5 °C)

Site not meeting the requirements of class 4.
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