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“All models are wrong, but some are useful”
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Abstract

Atmospheric refraction remains one of the main limitations to achieving millimetre-level
accuracy in high-precision geodetic measurements. This thesis addresses refraction effects
in two different but complementary domains: GNSS-based distance estimation and ter-
restrial optical observations.

The first part focuses on the quantification and analysis of tropospheric delays at the
double-difference (DD) level, within the framework of the Ground-Based Distance Meter
(GBDM+) methodology, developed at the Univertitat Politecnica de Valencia (UPV).
Based on controlled analyses, this thesis shows that although DD processing effectively
reduces atmospheric biases, DD residual delays, particularly for baselines longer than
3-4 km or with significant height differences, can still reach several decimetres. These
effects must be accounted for to preserve measurement traceability and accuracy. Several
empirical models from the literature are evaluated, alongside Precise Point Positioning
(PPP)-based estimates obtained from the CSRS-PPP online service. PPP-based estimates
provide the additional advantage of uncertainty estimation, allowing its propagation to
the final distance, which is particularly relevant for metrological applications.

The second part presents the development and validation of a three-dimensional refrac-
tivity model (3D-RM) for terrestrial geodetic measurements. This model combines data
from a meteorological sensor network, remote sensing products (ERAB5), vertical profiling
via the application of the Turbulence Transfer Model (TTM), and terrain information us-
ing a Digital Terrain Model (DTM) to enable full-path refraction corrections. Validation
with multiple field datasets demonstrates that 3D-RM significantly improves precision
and accuracy compared to the conventional station-based corrections, particularly over
long distances. A simplified variant (3D-RM 2), which avoids the need to install a sensor
at the instrument location, achieves comparable results, increasing the model’s flexibility
for practical deployment. Although vertical angle corrections could not be fully assessed
due to instrumental constraints, observed diurnal patterns suggest the model’s potential
for future angular applications.

Overall, the thesis advances the understanding of atmospheric effects on geodetic mea-
surements and proposes practical strategies for their modelling and mitigation. Particu-
lar emphasis is placed on the role of atmospheric modelling in ensuring traceability and
achieving high-precision results in complex, real-world environments.



Resumen

La refracciéon atmosférica sigue siendo una de las principales limitaciones para alcanzar
precisiones del orden de milimetros en mediciones geodésicas de alta precision. Esta tesis
aborda los efectos de la refraccién en dos ambitos diferentes pero complementarios: la
estimacién de distancias basadas en GNSS y las observaciones épticas terrestres.

La primera parte se centra en la cuantificacién y el analisis de los retardos troposféricos
a nivel de dobles diferencias (DD), en el marco de la metodologia Ground-Based Dis-
tance Meter (GBDM+), desarrollada en la Universitat Politecnica de Valencia (UPV).
Los anélisis realizados muestran que, aunque el procesamiento DD reduce eficazmente
los errores atmosféricos, los retardos residuales, especialmente para lineas base superiores
a 3-4 km o con diferencias de altura significativas, pueden alcanzar varios decimetros.
Estos efectos deben tenerse en cuenta para preservar la trazabilidad y la exactitud de las
mediciones. Se evalian varios modelos empiricos de la literatura, junto con estimaciones
basadas en Posicionamiento de Punto Preciso (PPP) obtenidas mediante el servicio en
linea CSRS-PPP. Las estimaciones PPP ofrecen, ademas, la ventaja de la estimacion de
la incertidumbre, lo que permite su propagacién a la distancia, especialmente relevante
para aplicaciones metroldgicas.

La segunda parte presenta el desarrollo y la validacién de un modelo tridimensional de
refractividad (3D-RM) para mediciones geodésicas terrestres. El modelo integra datos de
una red de sensores meteoroldgicos, productos de teledeteccion (ERA5), perfiles vertica-
les generados mediante la aplicacién del Turbulence Transfer Model (TTM) e informacién
topografica usando un Modelo Digital de Elevaciones (MDE), lo que permite obtener
correcciones de refracciéon a lo largo de toda la trayectoria. La validacion con diversos
conjuntos de datos de campo demuestra que el 3D-RM mejora de forma significativa la
precision y la exactitud respecto a las correcciones convencionales basadas en datos en la
estacion, especialmente en distancias largas. Una variante simplificada (3D-RM 2), que
evita tener que instalar un sensor en la posicion del instrumento, logra resultados com-
parables, aumentando la flexibilidad del modelo para su aplicacién practica. Aunque las
correcciones de angulo vertical no se han podido evaluar completamente debido a limita-
ciones instrumentales, los patrones diurnos observados sugieren el potencial del modelo
para futuras aplicaciones angulares.

En conjunto, esta tesis contribuye a una mejor comprension de los efectos atmosféricos
en las mediciones geodésicas y propone estrategias practicas para su modelizacién y mi-
tigacién. Se hace especial hincapié en el papel de los modelos atmosféricos basados en
fundamento fisico para garantizar la trazabilidad y alcanzar resultados de alta precision
en entornos reales y complejos.
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Resum

La refraccié atmosferica continua sent una de les principals limitacions per a aconseguir
precisions de l'ordre de mil-limetres en mesures geodesiques d’alta precisié. Esta tesi
aborda els efectes de la refraccié en dos ambits diferents perd complementaris: 1’estimacio
de distancies basades en GNSS i les observacions optiques terrestres.

La primera part se centra en la quantificacié i I'analisi dels retards troposferics a nivell
de dobles diferéncies (DD), en el marc de la metodologia Ground-Based Distance Meter
(GBDM+), desenvolupada a la Universitat Politecnica de Valencia (UPV). Les analisis
realitzades mostren que, encara que el processament DD redueix eficagment els errors
atmosferics, els retards residuals, especialment per a linies base superiors a 3-4 km o amb
diferencies d’altura significatives, poden arribar a diversos decimetres. Aquestos efectes
han de tindre’s en compte per a preservar la tracgabilitat i "exactitud de les mesures.
S’avaluen diversos models empirics de la literatura, junt amb estimacions basades en Po-
sicionament de Punt Precis (PPP) obtingudes mitjangant el servei en linia CSRS-PPP.
Les estimacions PPP ofereixen, a més, 'avantatge de la estimacié de la incertesa, per-
metent la propagacié a la distancia, especialment rellevant per a aplicacions metrologiques.

La segona part presenta el desenvolupament i la validacié d’un model tridimensional de
refractivitat (3D-RM) per a mesures geodesiques terrestres. El model integra dades d’una
xarxa de sensors meteorologics, productes de teledeteccié (ERAB), perfils verticals gene-
rats mitjangant I'aplicacié del Turbulence Transfer Model (TTM) i informacié topografica
utilitzant un Model Digital d’Elevacions (MDE), el que permet obtindre correccions de
refraccié al llarg de tota la trajectoria. La validacié amb diversos conjunts de dades de
camp demostra que el 3D-RM millora de manera significativa la precisié i I'exactitud
respecte a les correccions convencionals basades en dades de l'estacid, especialment en
distancies llargues. Una variant simplificada (3D-RM 2), que evita haver d’instal-lar un
sensor en la posicié de 'instrument, aconseguix resultats comparables, augmentant la fle-
xibilitat del model per a la seua aplicacié practica. Encara que les correccions d’angle
vertical no s’han pogut avaluar completament a causa de limitacions instrumentals, els pa-
trons dilirns observats suggerixen el potencial del model per a futures aplicacions angulars.

En conjunt, esta tesi contribuix a una millor comprensié dels efectes atmosferics en les
mesures geodesiques i proposa estrategies practiques per a la seua modelitzacié i mitigacio.
Es fa especial emfasi en el paper dels models atmosferics amb fonament fisic per a garantir
la tracabilitat i aconseguir resultats d’alta precisié en entorns reals i complexos.
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1. Introduction

1.1 Motivation

High-precision geodetic measurements are crucial in fields such as length metrology, civil
engineering, and critical deformation monitoring. The demand for such high precision
has grown with applications like the survey and alignment of large-scale scientific instal-
lations (e.g. CERN’s geodetic network) and the construction of complex infrastructure
projects. These applications require measurement uncertainties at the millimetric or sub-
millimetric level, over distances ranging from tens of meters to several kilometres.

Despite of the significant advances in instrumentation and measurement strategies, at-
mospheric refraction remains a limiting factor for all high-precision geodetic techniques,
affecting both satellite-based techniques like GNSS and terrestrial techniques such as to-
tal stations (TS), electronic distance meters (EDMs) laser trackers or Terrestrial Laser
Scanner (TLS). In both domains, errors due to atmospheric effects can compromise the
measurement traceability and prevent instruments from achieving their nominal accura-
cies, particularly in outdoor, long-range setups.

The study of atmospheric refraction is not new. Researchers have been investigating its
effects for decades, with notable efforts in the 1980s [I], 2, 3] to understand the atmo-
spheric mechanisms and their influence on signal propagation. However, many of the
ideas explored during that time could not be fully implemented due to limitations in
available technology and computational power. Today, advancements in meteorological
sensors capable of automatic data recording, the availability of accessible remote sensing
products, and increased computational resources provide an opportunity to revisit these
foundational ideas and implement them to achieve more effective refractivity correction
methods.

This renewed interest in atmospheric modelling is also reflected in the field of metrology,
where efforts are being made to improve the measurement traceability and uncertainty
assessment of geodetic techniques. For instance, the European GeoMetre project [4] seeks
to enhance the traceability of geodetic measurements to the International System of Units
(SI) by addressing systematic error sources and developing improved instrumentation and
methodologies.

For GNSS-based techniques, atmospheric effects, specifically in the troposphere, intro-
duce signal delays that are difficult to isolate from other sources of error. Although tro-
pospheric errors tend to cancel out in short-baseline double-difference (DD) processing,
this assumption breaks down for longer baselines, or when significant height differences
exist between receivers. Moreover, GNSS remains problematic for applications requiring
strict traceability to the International System of Units (SI), as the measurements depend



on complex models, reference frames, and unobservable parameters. In this context, re-
cent developments like the Ground-Based Distance Meter (GBDM+-) [5], [6] aim to fill this
gap by treating GNSS as a metrological tool and rigorously propagating uncertainties,
including those from atmospheric sources. A deeper understanding and quantification of
tropospheric effects is crucial to unlocking the full potential of such techniques.

For terrestrial geodetic instruments, atmospheric refraction can significantly distort both
distance and angle measurements, especially in variable or complex environments. The
standard correction approach, averaging refractivity values from meteorological sensors
located at the endpoints of the measured path, is often inadequate, as it fails to capture
vertical and spatial variations in the atmospheric profile along the full line of sight. These
limitations are especially pronounced in scenarios involving inaccessible targets or non-
homogeneous terrain, where installing sensors at critical points is either impractical or
impossible.

To address this limitation, specific instruments designed to compensate the refraction
effects are being developed. While historical instruments like the Terrameter LDM-2
paved the way for high-precision distance measurements, their commercial unavailability
highlights the ongoing need for innovative solutions. Recently, significant efforts have
been made to develop new instruments capable of compensating for refraction effects
[7,18]. However, these new technologies remain under development and are not yet widely
available. Consequently, there is still a need for cost-effective and practical solutions for
refraction correction that can be implemented efficiently in real-world applications.

This thesis contributes to this broader effort by addressing atmospheric refraction from
both GNSS and terrestrial geodetic perspectives. First, it analyses the impact of the
troposphere on GNSS in the context of GBDM+ and investigates how different tropo-
spheric models and baseline characteristics affect zero and double-difference processing.
Second, it proposes a novel, cost-effective 3D refractivity model (3D-RM) for terrestrial
applications, which integrates meteorological sensors, remote sensing products, vertical
profiling using the Turbulence Transfer Model (TTM), and terrain data using a Digital
Terrain Model (DTM) to compute refractivity corrections.

Beyond these two main lines of work, the thesis is structured around three complementary
components:

1. A theoretical study of atmospheric refraction and its influence on geodetic measure-
ments.

2. The development of new modelling approaches and methodologies.

3. Design and execution of controlled field experiments that enable both the validation
of these developments and a deeper understanding of atmospheric effects under real-
world conditions.



Together, these elements aim to advance both the scientific understanding and the prac-
tical mitigation of atmospheric refraction, contributing to the traceability and accuracy
of high-precision geodetic measurements.

1.2 Objectives

The main goal of this thesis is to address atmospheric refraction as a limiting factor in
high-precision geodetic measurements. This aim is divided into two main objectives:

1. To analyse the impact of tropospheric effects on double-difference (DD) equations,
specifically in the context of the Ground-Based Distance Meter (GBDM+) tech-
nique.

2. To develop a 3D refractivity model that generates atmospheric corrections for ter-
restrial techniques in the visible/infrared spectrum by integrating meteorological
data, vertical characterization via Turbulence Transfer Model (TTM), and terrain
information from Digital Terrain Models (DTMs).

To achieve these objectives, the following sub-objectives are defined:

Tropospheric effects in GBDM+:

e Analyse tropospheric residuals in double-difference (DD) equations under varying
baseline lengths and height differences.

e Evaluate the differences in tropospheric delays of both zero differences and double
differences using various tropospheric models and estimations.

e Investigate the impact of different tropospheric mapping function at zero and double
difference level.

3D refractivity model development:
e Identify and implement a suitable interpolation method for refractivity values.

e Integrate available remote sensing products with the Turbulence Transfer Model
(TTM) to enhance vertical atmospheric characterization.

e Develop a cost-effective refractivity correction model that leverages existing sensors
and products to achieve improved performance in complex terrains compared to
traditional methods.

e Analyse and validate the results of the proposed model through field studies.



1.3 Outline

This document is structured into seven chapters, each addressing different aspects of at-
mospheric refraction in geodetic measurements, with a focus on both satellite-based and
terrestrial techniques. Following this introductory chapter, the thesis is organized as fol-
lows.

Chapter 2: Theoretical background

This chapter provides the basic theoretical background required to understand atmo-
spheric effects on signal propagation. It begins with a description of the Earth’s atmo-
sphere, including its composition and structure, with special emphasis on the atmospheric
boundary layer. Then, the effects of the atmosphere on signal propagation are described,
as well as the fundamental concepts related to atmospheric refraction are introduced. Fi-
nally different humidity-related parameters are introduced.

Chapter 3: Atmospheric effects in GNSS

Chapter 3 explores the impact of the atmosphere on GNSS signal propagation, with
emphasis on the troposphere. The ionospheric effect is briefly introduced for context,
including mitigation techniques such as dual-frequency observations. The main focus,
however, is on tropospheric delays, both hydrostatic and wet components, and the mod-
elling approaches used to mitigate them.

Chapter 4: Atmospheric effects in terrestrial techniques

This chapter addresses how atmospheric refraction affects terrestrial optical measure-
ments, such as those made with total stations (TSs) and electronic distance meters
(EDMs). It is organised into two sections: one examining the influence on distance mea-
surements, and the other on vertical angle observations. Standard correction methods are
discussed, alongside their limitations in heterogeneous or complex environments. This
chapter motivates the need for a more refined correction model, introduced in Chapter [6]

Chapter 5: GBDM+: principles and tropospheric effect analysis

Chapter 5 presents the GBDM+ methodology, describes its main aspects and explores
how the sources of error, particularly those related to the troposphere, are addressed. The
focus is placed on analysing how tropospheric delays propagate from zero-difference (ZD)
to double-difference (DD) GNSS equations. The chapter evaluates the impact of base-
line length, height differences, and model selection (empirical vs. PPP-derived delays),
providing a detailed assessment of residual tropospheric effects in the DD domain. These
findings are contextualized through case studies in diverse environments, including the
CERN geodetic network, the EURO5000 calibration baseline, and the monitoring network



at Cortes de Pallas.
Chapter 6: 3D Refractivity Model for distance and vertical angle correction

This chapter introduces and validates a novel 3D refractivity model (3D-RM) designed
to improve correction accuracy in terrestrial geodetic measurements. It begins with the
theoretical foundations, including the Turbulence Transfer Model (TTM) and sensible
heat flux (H) estimation. The structure and implementation of the 3D-RM are detailed
step-by-step, followed by field applications in the Cortes de Pallds area. Case studies
demonstrate the model’s performance in real conditions, highlighting its advantages over
traditional station-based correction methods and its flexibility through a simplified ver-
sion (3D-RM2). The influence of several model parameters is also assessed. Finally, the
application of the model to terrestrial laser scanner (TLS) point clouds is shown as a
proof of concept.

Chapter 7: Conclusions and outlook

The final chapter summarizes the main findings of the research, emphasizing the contribu-
tions made to the understanding and mitigation of atmospheric effects in high-precision
geodetic measurements. In addition, the chapter outlines several directions for future
research.



2. Background

This chapter provides the fundamental background necessary to understand the complex
physics and processes governing the atmosphere, as well as its interactions with the Earth’s
surface. It explores the role of the atmosphere in geodetic applications, particularly in
relation to signal propagation.

This chapter is structured in three sections. Section presents an overview of the
Earths’s atmosphere, detailing its composition and structure. Section examines how
the atmosphere influences signal propagation. Finally, Section introduces some con-
cepts related to humidity parameters.

2.1 Earth’s atmosphere

This section provides an overview of the Earth’s atmosphere, focusing on its composition
and structure. First, the atmosphere’s composition is presented, highlighting the distri-
bution of its primary constituents. Then, the vertical stratification of the atmosphere
according to different criteria is explored, providing insight into how these layers affect
signal propagation.

2.1.1 Atmosphere composition

The Earth’s atmosphere consists of a complex mixture of gases. Table [1| outlines the
primary constituents of the atmosphere, their corresponding fractional concentrations by
volume, and a brief overview of their distribution across different atmospheric layers.
Nitrogen and oxygen are the dominant constituents of the atmosphere, as shown in Table
[[l Typically, atmospheric components are categorized into dry air, water vapour, and
aerosols [11]. Alternatively, some authors classify these components into two groups: dry
air and trace species [9].

Dry air primarily comprises nitrogen, oxygen, and argon, which constitute the main
components of the atmosphere with relatively constant distributions throughout. Wa-
ter vapour, on the other hand, is highly variable, with concentrations ranging from 10
parts per million (ppm) by volume to as high as 5% by volume [10]. Its spatial and tem-
poral variations depend on local conditions and meteorological factors, making accurate
estimations difficult.

Aerosols are small suspended particles, such as pollen and smoke, that also contribute to
the composition of the atmosphere.



Table 1: Main atmosphere’s constituents (adapted from [9] and [10])

Constituent Concentration Distribution

Nitrogen (Ns) 78.08% Homogeneous

Oxygen (O3) 20.95% Homogeneous

Argon (Ar) 0.93% Homogeneous

Water vapour (H,O) | 0-5% Highly variable, decreases sharply in Troposphere
Carbon dioxide (CO9) | 380 ppm Homogeneous

Neon (Ne+) 18 ppm Homogeneous

Helium (He) 5 ppm Homogeneous

Methane (C'Hy) 1.75 ppm Homogeneous in Troposphere

Krypton (Kr) 1 ppm Homogeneous

Hydrogen (Hs) 0.5 ppm Homogeneous

Nitrous oxide (N,O) 0.3 ppm Homogeneous in Troposphere

Ozone (O3) 0-0.1 ppm Highly variable, decreases sharply in Stratosphere

2.1.2 Atmospheric layers

The Earth’s atmosphere is generally described as a series of concentric layers, each with
different characteristics. These layers can be defined based on various properties such as
chemical composition, temperature profile, or ionization state.

An overview of the atmospheric layers according different criteria is presented in Figure

otk
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Figure 1: Atmospheric layers (adapted from [12])

Chemical composition

Based on chemical composition, the atmosphere can be classified into two different layers
[11]:

e Homosphere. FExtending up to approximately 100 kilometres above the Earth’s
surface, the mixing ratios (volume fractions) of the main atmospheric constituents
(N2, Oy, Ar, etc.) are relatively uniform and independent of height [10], even though
their absolute concentrations decrease with altitude. The upper boundary of this
layer is referred to as the turbopause.

e Heterosphere. Above 100 kilometres, the atmospheric composition becomes more
variable with concentrations of different constituents changing differently with height
[10]. Heavier components decrease more rapidly compared to lighter ones, a phe-
nomenon known as molecular diffusion [11].

Temperature distribution

The atmosphere is commonly divided into distinct layers based on the temperature vari-
ation with height, which significantly influences the dynamic properties of each layer [9].
Figure [2| shows the vertical temperature profile across the different atmospheric layers.
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Figure 2: Temperature variation though atmospheric layers (Source: [10])

e Troposphere. The troposphere is the lowest layer of the atmosphere. It is widely ac-
cepted that it extends up to 10 kilometres, although some authors indicate a slightly
different height above the Earth surface, for example [11] indicates that upper limit
is variable and depends on the time and the location and suggest a range from 7-10
km, over the polar regions and to 16-18 km, over the tropical and equatorial regions.

It generally exhibits a consistent temperature decrease with altitude, known as the
lapse rate, of approximately 6.5°C per kilometre. Accounting for around 80% of the
atmospheric mass, most weather-related phenomena occur in this region [9].

The troposphere can be subdivided in two different layers, the lowest one is known
as boundary layer and the higher part is called free atmosphere. The boundary
layer, which is the lowest part of the atmosphere, is the region in which terrestrial
geodetic measurements are usually taken and there is a strong interaction between
the Earth’s surface and the atmosphere. Further information about this layer is
provided in Section [2.1.3)).

The limit between the troposphere and the stratosphere is marked by the tropopause,
where the temperature gradient abruptly changes.

e Stratosphere. The stratosphere extends up to approximately 50 kilometres and
can be further divided into two regions. The lower part, up to approximately 20



kilometres, is almost isothermal [I1] while in the higher portion exhibits a non-
constant temperature change with altitude. This layer is characterized by its dryness
and high ozone concentration [I0]. The stratosphere ends at the stratopause, where
the maximum temperature is reached.

e Mesosphere. The mesosphere extends up to 80-85 kilometres. In this region, the
temperature decreases again with height with a sharp tendency due to strong ab-
sorption of solar radiation [I3]. Its minimum temperature occurs at the mesopause,
separating the mesosphere from the thermosphere.

e Thermosphere. The thermosphere presents rapid temperature increases due to solar
activity, reaching maximum temperatures around 500 kilometers above the Earth’s
surface.

Tonization state

Another way to categorize the Earth’s atmosphere involves considering its ionization state,
particularly relevant in satellite geodesy due to its impact on electromagnetic wave prop-
agation. The ionization is an atmospheric phenomenon produced by the energy exchange
between gas molecules [I1]. Two different layers can be distinguished:

e Neutral atmosphere. The region below approximately 50 kilometres is often referred
to as the neutral atmosphere, which lacks ionization, making it a non-dispersive
medium for microwaves. This distinction is crucial in spatial geodetic techniques,
where mitigating ionospheric effects using dual-frequency signals is ineffective against
neutral atmosphere-induced errors.

e lonosphere. Starting at approximately 50 kilometres above the Earth’s surface,
the ionosphere is characterized by strong ionization, resulting in the presence of
free electrons and positively charged ions [14], with non-uniform distribution. This
ionization makes it a dispersive region for microwaves, meaning that the refractive
index is frequency-dependent [I5]. It can be subdivided into several regions:

— D layer. The lower region of the ionosphere, reaching up to about 90 kilometres
[14], has the lowest electron density concentration and it is most active during
the day [11].

— E layer. Extending from the upper boundary of the D layer up to around
140-150 kilometres, this layer is primarily influenced by solar radiation, with
minimal nighttime effects [L1].

— F layer. The F layer is further subdivided into the F1 layer, active only during
the day, and the F2 layer, which is characterized by significant electron density
variation between day and night, substantially affecting GNSS signal transmis-

sion [16]. The F layer reaches from the end of the E layer (140-150 km) to the
end of the atmosphere at approximately 1000 km.
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It is important to note that the terms “troposphere” and “neutral atmosphere” are often
used interchangeably in literature. However, strictly speaking, the term “neutral atmo-
sphere” refers to the non-ionized part of the atmosphere, comprising the troposphere and
part of the stratosphere.

2.1.3 Boundary layer

In section various atmospheric layers were presented based on different division
criteria. This section focuses on the lowest part of the atmosphere, known as boundary
layer, where terrestrial geodetic measurements typically take place.

The boundary layer can be defined as the atmospheric region influenced by the Earth’s
surface parameters, such as ground temperature, soil moisture, and turbulent fluxes [17].
Its thickness is quite variable, ranging from hundreds meters to few kilometres [I§].

Some physical processes occurs in the boundary layer, such as turbulence, convection and
radiation. These physical processes play a critical role in the propagation of geodetic
signals through the atmosphere, influencing refraction and measurement accuracy. Tur-
bulence causes rapid, small-scale variations in temperature and pressure, leading to signal
scattering and phase fluctuations. Convection, driven by vertical heat exchange, creates
localized temperature differences that can distort signal paths. Radiation impacts surface
heating and cooling cycles, shaping diurnal variations in atmospheric density and there-
fore refractivity. Together, these processes contribute to the variability in signal delay
and bending, underscoring the importance of accurately modeling the boundary layer for
precise geodetic measurements.

The temperature profile within the boundary layer is not uniform, and several regions can
be distinguished, yielding in different temperature gradients. Following the classification
proposed in [19], three main regions can be distinguished:

e Lower atmosphere. The first 20-30 meters above ground of the atmosphere are
strongly influenced by the Earth’s surface properties. During the day, solar radia-
tion is absorbed by the surface and heats the atmosphere, causing negative vertical
temperature gradients. In the evening, as the Earth’s surface cools faster than the
atmosphere, strong positive gradients are typically observed. According to [I§], the
temperature gradient in this region can vary between —0.02 K/m and —0.04 K/m
during daytime, while night-time gradients may exceed 0.05 K/m. This value vary
depending on local conditions and the presence of surface heterogeneities.

e Intermediate atmosphere. Ranging from 20-30 meters to approximately 100 me-
ters above the ground, the influence of the Earth’s temperature weakens, and the
temperature gradient stabilizes in about —0.01 K/m.

e Higher atmosphere. Beginning around 100 meters above ground, the temperature
gradient becomes almost independent of the Earth’s surface temperature, with a
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commonly accepted value of approximately —0.006 K/m.

2.2 Atmospheric effects on signal propagation

All geodetic techniques based on electromagnetic signals are affected by the refractive
properties of the atmosphere. This includes techniques operating in the visible and near
infrared range, such as total stations (TS) and electronic distance meters (EDM), as well
as those operating in the microwave domain, such as Global Navigation Satellite Systems
(GNSS). As the signal travels from transmitter to receiver through the Earth’s atmo-
sphere, it is subject to several atmospheric effects that influence both the signal velocity
and curvature of the ray path [20] , introducing measurement errors that must be properly
modelled and corrected for high-accuracy applications. Following [I], the term geodetic
refraction is commonly used to describe the impact of atmospheric conditions on electro-
magnetic wave propagation.

The refractive index (n) is defined as the ratio between the speed of light in vacuum (c)
and the signal speed in the medium (v):

n=- (1)

The atmospheric delay is directly related to the integral of the refractive index along the
signal path (s). For convenience, an average index along the trajectory of length s can be
defined as:

— /0 Sn(x)dm (2)

This definition represents the mean refractive index experienced by the signal along its
path.

Since the refractive index in the Earth’s atmosphere is very close to 1, refractivity (V) is
often used in practical applications. The relationship between refractivity and the index
of refraction is given by:

N=10°-(n—1) (3)

The delay introduced by the atmosphere can be expressed in terms of distances. Let G
denote the geometric distance, i.e., the straight line between transmitter and receiver in
absence of refraction. The actual propagation path thought the atmosphere, denoted S,
is curved due to refraction, according to Fermat’s principle.
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The electrical path length or apparent path length, L., is defined as the integral of the
the refractive index along the true ray path S:

Le:/sn(S)dS (4)

This represents the effective path that will be measured, affected by the slower propaga-
tion speed in the atmosphere than in vacuum and by the bending of the ray.

The excess path length (AL) is then defined as the difference between the electrical path
and the geometric distance:

AL:@-G:/@@WS—G (5)
s
Using the definition of refractivity in Equation , this can be expressed as:

AL:m4LN@msu5—® (6)

where the first term accounts for the excess path due to slower signal velocity, while the
second term represents the extra distance caused by the curvature of the ray. Both effects
must be considered simultaneously in precise geodetic measurements. Some strategies to
mitigate refraction effects over distances are discussed in Section

Another important parameter when modelling atmospheric refraction effects is the coef-
ficient of refraction (k). This coefficient, dimensionless, represents the degree to which a
curved light path deviates from a straight line due to vertical gradients in the refractive
index. It is defined as the ratio between the Earth’s radius (R) and the effective radius
of curvature of the light path (r):
R

b= (7)
This coefficient is especially relevant in the modelling of vertical angle corrections, where
the curvature of the light path impacts the apparent zenith angles. A commonly adopted
mean value is k = 0.13, originally proposed by Gauss [I]. However, this approximate
value has been shown to be insufficient for representing real-working environments as it
varies significantly with atmospheric conditions and height.

As previously noted, the atmosphere not only affects distances, but also curvature. Under
the assumption of a stratified atmosphere, Snell’s law states [20]:

n-sinf = cte (8)

where [ is the zenith angle. Differentiating this expression leads to:
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sinf-dn+n-cosf-dpf=0 9)
since:

dn = (gradn) - ds = |gradn| - cos 3 - ds (10)

the curvature of the path is obtained as:

1 dp  |gradn|
P as T g b (11)

The refractive index gradient (gradn) can be separated into horizontal and vertical com-
ponents. Because the horizontal component is normally several orders of magnitude
smaller, only the vertical component is considered, yielding:

—=———zsinf 12
- si (12)
where h is the heigh.

In terrestrial measurements, the value of n is close to 1 and the zenith angle 3 is approx-
imately 100 gon, so Equation can be simplified as:

1 dn
" 13
r dh (13)
Considering Equation , the coefficient of refraction k& can be expressed as:
dn
k=—-R-— 14

Thus, k provides the link between the vertical gradient of the refractive index and the
apparent curvature of light rays. Accurate modelling or estimation of k is essential in
precise angular observations, as discussed in detail in Section [4.2]

The index of refraction (n), or refractivity (N), depends on several factors, including at-
mospheric composition, temperature, pressure, humidity and the signal frequency.

An important physical property of a propagation medium is whether it behaves as dis-
persive or non-dispersive for certain frequencies. A dispersive medium is one in which the
refractive index (n) depends on the signal frequency. This means that signals at different
frequencies travel at different speeds, leading to frequency-dependent propagation delays.
In contrast, a non-dispersive medium is characterized by a refractive index that remains
effectively constant across the relevant frequency band, so all components of the signal
are equally delayed.

In the Earth’s atmosphere, each layer behaves differently depending on the frequency of
the signal:
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e The ionosphere presents a strong dispersive behaviour in the microwave domain,
particularly in the L-band (1-2 GHz) used by GNSS. This dispersion leads to dif-
ferent delays for signals at different frequencies, so dual-frequency observations can
be used to estimate and correct ionospheric delay in GNSS (see Chapter [3)).

e The neutral atmosphere is non-dispersive for microwaves, meaning all frequencies
are delayed equally. However, it behaves as a dispersive medium in the visible and
near infrared range, which is relevant for TS and EDM instruments. In this case,
corrections must account for the wavelength-dependence of the refractive index to
achieve millimetre or submillimetric level precision (see Chapter [4)).

In a dispersive medium, two types of refractive indices are distinguished:
1. The phase refractive index, related with the speed of the signal’s carrier wave.
2. The group refractive index, related to the speed of the modulated signal.

As previously noted, the refractive index (n), or refractivity (N), depends not only on
the signal’s frequency but also on the thermodynamic state of the atmosphere, such as
temperature, pressure, humidity, and gas composition (e.g., CO, concentration).

In the microwave domain, particularly relevant for GNSS applications, several empirical
models have been developed to express refractivity as a function of meteorological param-
eters. These models, which are based on measurements and physical assumptions about
the neutral atmosphere, are presented and discussed in detail in Chapter

For the visible and near infrared range, several formulations have been proposed by differ-
ent authors to model the relation between refractive index and meteorological parameters.
These formulations are discussed in Chapter [4]

2.3 Humidity parameters

This section is focused on humidity parameters, specifically those that are related to the
wave propagation. Humidity, which refers to the water vapour content in the air, is a
significant factor affecting atmospheric refractivity, especially in the case of microwaves.
Understanding these parameters is crucial for accurately modelling atmospheric effects on
signal propagation. As introduced in section [2.1.1] the amount of water vapour in air is
very variable in both time and location, making its estimation difficult.

Partial pressure of water vapour
The partial pressure of water vapour, denoted as e, represents the contribution of water

vapour to the total atmospheric pressure [2I]. It is a crucial parameter in determining
the refractivity of the atmosphere.
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Saturation vapour pressure

The saturation vapour pressure, e, is the maximum partial pressure that water vapour
pressure can exert in air at a given temperature. When this value is reached, the air
cannot hold additional water vapour, and any excess vapour condenses into liquid water.
At this point, the air is considered saturated, and the water vapour is in equilibrium with
liquid water [22].

Several formulations for calculating the saturation vapour pressure have been proposed in
literature over the years. The most commonly used formulations are presented below. For
consistency, all equations have been unified so that temperature is expressed in degrees
Celsius [C] and saturation vapour pressure (es,) in kilopascals [kPa].

Clausius-Clapeyron. This is one of the most extended formulas for calculating the
saturation vapour pressure, from which several sightly different values have been
derived by diverse authors. The expression is [22]:

L 1 1
€sat = €0 " ETD |:R_ ' (TO - f>:| (15>

where L is a latent-heat parameter and R, is water vapour gas constant. Using
nominal values, the numerical form of Equation is:

1 1
st = 0.6113 - exp | 5423 - - 16
Coat e‘”p{ (273.15 (T+273.15)>} (16)

Tetens. The Tetens formula to calculate the saturated water vapour pressure is [23]:

0.6105 - exp (33299%), T >0
sat — ) 21.875T (17)
0.6105 - exp (5:°2%), T <0
Magnus. The formula of Magnus, as given in [I3] is:
17.1-T
— 0.61078 - kit 1
€sar = 0.61078 - exp <235 +T> (18)
Bolton. Bolton proposed the following formula, based on Wexel’s results [24]:
17.67-T
Esat — 0.6112 - ETP (m) (19)

Buck. The formula proposed by Buck is [25]:

T T
€sat = 0.61121 - exp ((18678 - 2345) (25714 + T)) (20)
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Specific humidity

The specific humidity (g) is the mass of water vapour per unit mass of air [21I]. It is
related to the mixing ratio (w) by:

w
= — 21
1 1+w (21)
Specific humidity remains relatively constant with changes in temperature, making it a

useful measure for characterizing the moisture content over time.
Mixing ratio

The mixing ratio (w) is defined as the mass of water vapour contained by a unit mass
of dry air [21], that is the ratio of the mass of water vapour (m,) to the mass of dry air
(ma):
My
w=— 22
e 22)

Mixing ratio can be expressed as a function of pressure approximately by [11]:

(&
=0.622- — 23
w : (23)

where e is the partial pressure of water vapour and P is the total pressure of air.

It is similar to the specific humidity but is often used in atmospheric science because it
remains constant during adiabatic processes (processes with no heat exchange). It is par-
ticularly useful in modelling atmospheric processes because it simplifies the calculation of
other humidity-related parameters.

Absolute humidity

Absolute humidity (a) is the total mass of water vapour (m,) present in a given volume
of air (V) [13]. It is expressed in grams of water vapour per cubic meter of air:

J— mv

TV
Absolute humidity provides a direct measure of the water vapour content but is less com-
monly used in atmospheric modelling because it varies significantly with temperature and
pressure.

(24)

Relative humidity
The relative humidity (RH) is a dimensionless measure expressed as a percentage that

compares the current amount of water vapour in the air to the maximum amount of water
the air can hold at a specific temperature [I0]. It can also be expressed as the quotient
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between the water vapour partial pressure (e) and the saturated water vapour pressure
(€sat), usually expressed as a percentage:

(&

RH =

- 100 (25)

€sat

Relative humidity is a critical parameter for understanding atmospheric moisture and pre-
dicting weather patterns, as it directly influences condensation and evaporation processes.
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3. Atmospheric effects in GNSS

Global Navigation Satellite Systems (GNSS) signals, which operate in the microwave
frequency range, are affected by the Earth’s atmosphere. As these signals travel from
satellites to ground-based receivers, they pass through various atmospheric layers that
differently influence signal propagation. This chapter introduces the main atmospheric
effects caused by the ionosphere and the troposphere and provides an overview of common
mitigation strategies.

3.1 Ionosphere

The ionosphere, as introduced in Section [2.1.2] is the upper part of the atmosphere con-
taining a mixture of free electrons and positively charged ions. It affects the propagation
of GNSS signals by altering their speed and trajectory. In contrast to the neutral atmo-
sphere, the ionospheric effect is a dispersive medium for the L-band (1-2 GHz), meaning
that the induced signal delay depends on frequency.

The ionospheric effect results in a pseudo-range delay that increases the travel time, and a
carrier-phase advance (apparent shortening of the wavelength), both of which have equal
magnitude but opposite sign [15]. This dual effect has important implications in GNSS
signal processing and must be mitigated to achieve high-precision positioning and makes
difficult ambiguity resolution.

The ionospheric delay is highly variable and influenced by several environmental factors
such as [14]:

e Diurnal and seasonal variations: electron density increases during the day due to the
solar radiation and decreases at night due to recombination. Seasons also influence
ionization, being strongest near the equinoxes.

e Solar and geomagnetic activity. Solar flares and geomagnetic storms can cause
sudden increases in Total Electron Content (TEC), resulting in rapid fluctuations
in signal propagation conditions.

e Latitudinal dependence. The equatorial anomaly (typically between £(15° to 20°)
latitude) exhibits the highest TEC levels, due to interactions between electric and
magnetic fields, which lift and redistribute ionization to higher altitudes.

e lonospheric stratification. The ionospheric consists of different layers (D, E, F1, and
F2) each contributing differently to the overall ionization (see Section [2.1.2)).

From a modelling perspective, the ionospheric delay can be divided into first-order and
higher-order effects. The first-order affect represents about 99.9 % of the total iono-
spheric error [26] and it is proportional to the TEC along the signal path and inversely
proportional to the square of the signal frequency (f) [15]:
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40.3-TEC

=T

Higher-order effects, although much smaller (typically <0.1%), become relevant in high-
precision GNSS applications. These effects depend not only on the TEC but also on the

orientation and strength of the Earth’s magnetic field, as well as the plasma state of the
ionosphere.

(26)

3.1.1 Mitigation of ionospheric delay

Given the potentially large and variable nature of ionospheric delays, several mitigation
strategies have been developed along the years. These can be broadly categorized into
dual-frequency combinations, empirical models, and network-based corrections, each with
different levels of accuracy and complexity.

Dual-frequency observations

One of the most effective techniques for mitigating ionospheric effects is the use of dual-
frequency GNSS receivers. Since the ionospheric delay is inversely proportional to the
square of the frequency, Equation , measurements taken at two distinct frequencies
can be combined to eliminate the first-order delay.

The known as ionosphere-free combination, also referred to as L3, is given by:

f7 3

(1)3: (I)l_
=5 [f-8

Py (27)

where:

e &, and P, are the carrier-phase measurements at frequencies f; and fs respectively

e ®j is the resulting ionosphere-free observable

This linear combination effectively removes the first-order ionospheric term from the mea-
surement equation, especially in double-differenced form. However, it comes at the cost
of increased measurement noise and difficulties in estimating ambiguities compared to
single-frequency solutions.

Empirical models
Alternatively, empirical models can be used to estimate and correct the ionospheric delay.
The most commonly used is the Klobuchar model, which provides a simple approximation

of the vertical ionospheric delay based on coefficients («,, (,) broadcast in the GPS
navigation message. Apart from these parameters, the model requires:
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e User’s approximate geodetic coordinates

e Satellite’s azimuth and elevation angles

Using these inputs, the ionospheric delay is estimated using a cosine function modulated
by the local time and the ionospheric pierce point. A full algorithmic description can be
found in [27].

While the Klobuchar model corrects only about 50-60% of the absolute ionospheric error,
it is computationally efficient and suitable for low-cost, single-frequency GNSS applica-
tions. For relative calculations, as the case of GBDM-+, is also potentially applicable (see

Section [5.2).

Network-based corrections

Another strategy for mitigating ionospheric effects is the use of network-based correc-
tions, where data from reference stations are processed together to estimate and model
atmospheric delays across a region. These corrections can then be transmitted to users
in real time or near-real time, allowing improved positioning accuracy.

In this context, the ionospheric delay is treated as a spatially correlated error that can
be interpolated from a reference network to the user’s location. This approach is particu-
larly effective for eliminating the ionospheric component of the error in differential GNSS
techniques, such as real-time kinematic (RTK).

Network-based methods are particularly beneficial during periods of ionospheric distur-
bance or in regions with high spatial variability in Total Electron Content (TEC). While
these corrections are primarily effective for real-time applications, similar concepts can be
used in post-processing scenarios.

3.2 Troposphere

The troposphere, or strictly neutral atmosphere, as introduced in Section [2.1.2] is the low-
est part of the atmosphere, extending up to approximately 10-15 km above the Earth’s
surface. In the context of microwave signal propagation (e.g., GNSS), it behaves as a
non-dispersive medium, meaning that the delay caused by the atmosphere is independent
of frequency. In this section, the tropospheric effect on microwaves signals is described,
along with possible methods for its mitigation.

As introduced in Section electromagnetic signals experience a path delay due to the

refractive index of the atmosphere. This delay (AL) can be expressed as an integral of
refractivity IV along the signal path:

AL = 10—6/N -ds (28)
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This relationship, introduced in Equation (28)), also applies to the troposphere. In case of
microwaves signals, the refractiviy is typically modelled using an expression that accounts
for both dry gases and water vapour. This expression, derived from the general refractivity
formulation, is:

P__ €., € 4
N:kled +k2TZw +k3ﬁZw (29)

where:

e N is the refractivity [unitless]

e P is the pressure of dry air [hPa]

e is the partial water vapour pressure [hPa]

T is the temperature [K]

Z, is the compressibility factor for dry air [unitless]

e 7, is the compressibility factor for water vapour [unitless]

Different values for the empirical constants ki, ko, and k3 have been proposed by various
authors. For example, assuming the usual C'O, concentration of 375 ppm these values are
ki = 77.6890, ko = 71.2952, and k3 = 375463 [13]. However, it is important to consider
that the C'Oy concentration is quickly increasing the last decades. These values are cali-
brated for microwave propagation and form the basis of most tropospheric models.

It is common to decompose the total refractivity into two components:

e Hydrostatic or dry refractivity, NV, which accounts for the delay caused by dry gases
and is relatively stable and predictable.

e Wet refractivity, N,, which results from water vapour and exhibits strong spatial
and temporal variability.

Accordingly, the total tropospheric delay can be expressed as the sum of the delays due
to the dry (ALj) and wet (AL,) components:

AL = ALy + AL, =107 / Ny, -ds+107° / N, - ds (30)

The hydrostatic component, being more predictable, can be estimated accurately using
surface pressure data and standard atmospheric assumptions. In contrast, the wet compo-
nent is more challenging to model due to its strong dependence on local humidity, which
varies significantly in both space and time.

Different strategies have been developed to approximate these integrals, leading to the
formulation of various tropospheric delay models. These models typically aim to estimate
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or correct AL, especially the wet component, which is difficult to model due to its hight
variability. Some of the most used tropospheric models are further detailed in Appendix

AT

3.2.1 Mitigation of tropospheric delay

Tropospheric delay represents a significant error source in space geodetic techniques as
Global Navigation Satellite Systems (GNSS). Its magnitude can reach approximately 2.3
meters in the zenith direction, while at low satellite elevation angles (e.g., 10°), the delay
can exceed 20 meters [I2]. Given the magnitude of this effect, effective correction or
mitigation strategies are essential for achieving high-precision GNSS results.

Several approaches have been developed and have been widely adopted by the scientific
community to account for tropospheric delay in GNSS processing. These methods vary in
complexity, auxiliary data requirements, and achievable accuracy. Broadly speaking, they
can be classified into three categories: empirical models, direct measurement techniques,
and estimation strategies within the adjustment process itself.

The most commonly used approach involves the use of empirical or semi-empirical tro-
pospheric delay models that approximate the tropospheric delay based on surface me-
teorological parameters or climatological data. These models generally decompose the
total delay into two components: the hydrostatic (or dry) delay and the wet delay. The
hydrostatic component, which accounts for roughly 85% of the total tropospheric delay
[15], is relatively stable both in space and time. It is strongly correlated with atmospheric
pressure and can therefore be estimated with high reliability using surface pressure mea-
surements.

The wet component, in contrast, is significantly more difficult to model. It is caused by
the presence of water vapour in the lower atmosphere, which exhibits high spatial and
temporal variability. This component is sensitive to rapid changes in weather conditions
and cannot be reliably inferred from surface pressure alone. Although several empirical
models have been proposed to estimate the wet delay based on surface humidity and tem-
perature (e.g., Saastamoinen, Askne and Nordius, Callahan, Berman TMOD), their accu-
racy remains limited in highly dynamic atmospheric scenarios. These limitations have led
to the development of more advanced strategies for modelling or estimating the wet delay.

The modelling of tropospheric delay typically follows a two-step approach. First, both
zenith hydrostatic delay (ZHD) and zenith wet delay (ZWD), are estimated using an
appropriate model. Then, these zenith values are mapped to the actual signal direction
using so-called mapping functions, which account for the elevation angle of the satellite
signal. The total tropospheric path delay in the signal direction can be expressed as:

AL = ZHD -mfy, + ZWD - mf,, (31)
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where m f;, is the hydrostatic or dry mapping function and m f,, the wet mapping function

28].

An alternative to model-based correction is the use of direct measurement techniques,
which aim to retrieve the delay, particularly its wet component, through specific instru-
ments. Among these water vapour radiometers (WVRs) are usually employed. These
instruments estimate the integrated water vapour along the signal path by measuring
sky brightness temperature at microwave frequencies. WVRs can provide real-time and
hight resolution estimates of the wet delay, which are particularly valuable in scientific
and geodetic applications. However, their operational deployment is limited by their cost,
calibration requirements, and sensitivity to local conditions, so their use is often limited
to specific research or very specific applications [29].

A third strategy involves estimating the tropospheric delay directly as an unknown pa-
rameter within the GNSS data adjustment process. This approach is particularly common
in high-precision GNSS techniques such as Precise Point Positioning (PPP) and Network
Real-Time Kinematic (NRTK). In these methods, the tropospheric delay, often repre-
sented as a zenith total delay (ZTD), is estimated on a per-epoch, per-station basis. The
advantage of this strategy is that it doesn’t rely on external meteorological data and al-
lows dynamic adaptation to actual atmospheric conditions. In the case of PPP, however,
the estimation of ZTD contributes to the slow convergence time of the solution, as it
is added to the number of parameters to be resolved and increases the dependency on
precise satellite orbit and clock products.

In practice, the selection of a mitigation strategy depends on several factors: the required
level of positioning accuracy, the availability of external data (e.g., meteorological obser-
vations), the operational context (real-time vs. post-processing), and the computational
resources available. In general-purpose applications, empirical models offer simplicity and
low data requirements, while estimation-based methods provide greater adaptability and
accuracy, particularly in dynamic environments.

In the specific context of metrology, however, an additional consideration becomes cru-
cial: the ability to assess and propagate the uncertainty associated with each correction
applied, as it is the case of GBDM+, which is later analysed in this thesis. In this regard,
methods that estimate the tropospheric delay within the GNSS processing, such as the
PPP service CSRS-PPP [30], offer a clear advantage, as it delivers ZTD values along with
their corresponding standard deviations, facilitating rigorous uncertainty evaluation and
traceability. In contrast, empirical models rarely include information on the uncertainty
of their predictions.

Tropospheric models

A wide range of models have been developed by the scientific community over the years to
estimate the ZTD or its components (ZHD and ZWD). These models vary in complexity,
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data requirements, and intended application. Broadly, they can be classified into two
categories:

1. Empirical models using meteorological inputs: these models require surface mete-
orological data (e.g., temperature, pressure, humidity) and are typically based on
empirical formulations derived from observational datasets. Usually provide zenith
hydrostatic delay (ZHD) and zenith wet delay (ZW D) separately, which have to
be projected into the slant direction using a mapping function. Examples of these
models include:

e Saastamoinen model: a widely used and relative simple model that estimates
both the hydrostatic and wet delays [31].

e Callahan and Askne-Nordius models: developed to provide improved estima-
tion of the wet component based on refined empirical relationships [32] 33].

e Berman models: models developed for accurate delay estimation under specific
climatological conditions [34].

2. Blind models: these models do not require local meteorological observations. In-
stead, they rely on statistical climatology or numerical weather prediction (NWP)
data to infer the necessary atmospheric parameters [35]. Blind models are particu-
larly valuable in applications where meteorological data are unavailable or imprac-
tical to obtain. Examples of blind models are Global Pressure and Temperature
(GPT) models.

Table [2| presents an overview of some of these models and their main characteristics,
including what type of input data they require and their output.
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Table 2: Tropospheric models resume

Model Inputs Outputs

Saastamoinen (complete) | T, P, e, (8 AL

Saastamoinen (refined) T,P,e, 3 AL

Saastamoinen (dry) P, o, h ZHD

Saastamoinen (wet) T, e ZWD

Chao T, e, dT’ ZWD

Callahan T, e ZWD

Berman70 T, e, dI' ZWD

Berman74 T, e ZWD

BermanD/N T, e ZWD

BermanTMOD T e ZWD

Hopfield (dry) T, P ZHD

Hopfield (wet) T, e ZWD

Black T, P ZHD

Askne and Nordius T, e dI', ¢, doy | ZWD

Ifadis T, P, e ZWD

GPT doy, p, \, h P, T

GPT2 doy, @, A\, h P, T, dT, e, VMF1 coefficients

Input parameters in Table [2] are:
e T is temperature
e P is pressure

e ¢ is water vapour pressure

[ is the zenith angle

e ¢ is geodetic latitude

A is geodetic longitude

h is height

e dT is the temperature lapse rate (assumed constant decrease of temperate with

heigh)
e doy is the day of year

In the context of this thesis some of these models have been selected to compute and
analyse the tropospheric delay (see section . For the hydrostatic component (ZHD),
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the Saastamoinen model is adopted because it is one of the most widely used in both sci-
entific and engineering applications and several studies have reported its good agreement
with observations [30, B7]. For the wet component (ZWD), multiple models are used to
allow a comparative analysis: Saastamoinen (for consistency with the ZHD estimation),
Callahan, Askne and Nordius, and Berman TMOD.

A detailed presentation of the mathematical expressions of each model used in this thesis
is included in the Appendix[A.T| where the notation and units have been unified for clarity,
as the original sources often differ in how variables are defined and the units employed.

Tropospheric mapping functions

In the previous section, tropospheric models were introduced. Most of these models es-
timate zenith delays, which need to be projected to the slant direction using a mapping
function. The tropospheric effect increases at lower satellite elevations (¢), since the signal
traverses a longer atmospheric path.

Two types of mapping functions can be distinguished:

1. Mapping functions dependent on surface meteorological parameters: they require lo-
cal measurements of temperature, pressure, and water vapour pressure. An example
is the Herring mapping function.

2. Mapping functions independent of in situ measurements: they rely on pre-defined
models or gridded data that account for seasonal and geographical variability. No-
table examples include the Niell and Vienna Mapping Function 1 (VMF1) models.

Usually the dry mapping function (mfj,) and the wet mapping function (mf,) are com-
puted separately, using different formulation. Table 3| summarizes the characteristics of
the most relevant mapping functions, highlighting their required inputs and the delays
they model (hydrostatic and/or wet).

Table 3: Mapping functions comparison

Mapping function Inputs Outputs
Chao € mfr, mfu
CfA-2.2 e, T, P,e, dT mfp
Ifadis e, T, P, e mfrn, mfu
Herring e, T, h,p mfr, mfu
Niell £, ¢, doy, I m S

£, ¢ M fu
VMF1 g, ¢, A\, h, doy, grid files mfrn, mfu
VMF3 g, v, A\, h, doy, grid files mfrn, mfu
GMF g, v, A\, h, doy mfn, mfw
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Notation of input parameters in Table |3 is the same as in the previous section. T is
temperature, P is pressure, e is water vapour pressure, ¢ is latitude, A is longitude, h is
height, dT" is the temperature lapse rate (assumed constant decrease of temperate with
heigh), doy is the day of year, and ¢ is the elevation.

In the practical part of this thesis, VMF1, Niell, and Herring mapping functions have been
implemented, owing to their widely accepted use and relevance in GNSS applications.
VMF1, in particular, is used in CSRS-PPP, which is a tool employed for performance
evaluation. Both VMF1 and Niell are independent of meteorological surface measure-
ments, making them suitable for scenarios where real-time data is unavailable. Contrary,
Herring mapping function requires local meteorological data.

The detailed formulations and coefficient definitions for each of these mapping functions
are provided in Appendix [A.2]
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4. Atmospheric effects in terrestrial
techniques

As introduced in Section all geodetic techniques based on electromagnetic signals
are influenced by atmospheric refraction, which alters the propagation speed and path
of the signal. Terrestrial geodetic techniques, such as electronic distance measurement
(EDM), and total stations (T'S) use electromagnetic waves in the visible or near-infrared
spectrum. As these waves travel through the atmosphere, their velocity and trajectory
are affected by varying atmospheric conditions, introducing deviations in both distance
and angle measurements.

To ensure accurate results, these atmospheric effects must be properly corrected or mit-
igated. This chapter explores the impact of atmospheric refraction on distance measure-
ments and vertical angles, and presents several strategies for its reduction or compen-
sation. Although atmospheric refraction also influences horizontal angles, this effect is
typically negligible in open-air geodetic work. However, in specific scenarios such as tun-
nelling or confined environments, horizontal refraction can become significant and must
be taken into account.

4.1 Effects over distances

Accurate terrestrial distance measurements using Electronic Distance Measurement (EDM)
instruments or Total Stations (TS) are highly sensitive to atmospheric refraction. As elec-

tromagnetic signals travel through the atmosphere, variations in air temperature, pressure,

and humidity affect the refractive index, which in turn alters the signal’s speed and path.

This section focuses specifically on the impact of atmospheric refraction on EDM observa-

tions. First the physical principles of EDMs are introduced and related with the refraction

index. Then, the standard corrections are presented. Finally, practical approaches and

advanced techniques for estimating or compensating for refractive effects over distances

are discussed.

4.1.1 Principles of EDM and refractive index dependence

To better understand the effect of atmospheric refraction on distances measured by EDMs,
it is essential to first introduce their basic working principles. EDM devices primarily op-
erate by sending a beam, typically in the infrared or visible spectrum, toward a target
reflector and then receiving the reflected signal back at the instrument [38]. Since the
beam travels from the instrument to the target and back, the total distance travelled by
the electromagnetic wave is twice the instrument-to-target distance.

The measured distance (Dg) can be expressed as a function of the travel time (At) [39)]:
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1
Dy=3 v At (32)

where v is the velocity of the wave in the propagation medium.

This method of obtaining distance based on the measurement of the travel time is known
as the pulse method. However, EDMs more commonly use continuous waves rather than
pulses. In this case, the distance is determined by analysing the phase difference between
the emitted and received signals.

In this approach, known as the phase difference method [39], the measured distance can
be expressed as an integer number of full cycles (mA) plus a fractional part (g\):
(33)

A
+9

A
Dy=m- 2= 2
2 2

Several methods can be used to determine the integer m and fractional g components
which are critical for calculating the distance based on Equation . These methods
include:

e Phase resolution. The fractional part ¢ is determined by measuring the phase angle
(A¢) between the emitted and the received signals, giving:

A Ag A
Do=m-2422.2 4
0 =m 2+27r 5 (34)

The integer m is resolved by repeating the measurement at several frequencies.

e Path length modification. Some instruments eliminate the fractional part by ad-
justing the distance until the phase difference is zero, leading to [39):

A
Do+ 6D =m- 3 (35)

Again, m is found by repeating the measurement at different frequencies.

e Frequency modification. The frequency is adjusted until no phase difference is ob-
served. When a zero phase difference is achieved, m is obtained by slightly modifying
the frequency until another zero phase difference occurs, indicating m-1 half cycles:

DO—(m+1)'% (36)

By using the two frequencies that yield zero phase differences, m is obtained.
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Regardless of the specific method, the measured distance depends on the refractive index
(n). From Equation , this dependence appears through the wave velocity v, which
is influenced by the propagation medium. Recalling the definition of the refractive index
(Equation (1])) introduced in Section the velocity is:

v =

c
— 37
) (37
where c is the speed of light in vacuum.

The relationship between the methods based on Equation (33]) stems from the definition
of wavelength, which depends on the propagation velocity v and the wave frequency f:

A= 5 (38)

Given that the measured distance depends directly on the wave velocity v, and thus on
the refrative index n, the accurate determination of n becomes essential for precise dis-
tance measurements. Since n depends on atmospheric conditions, it can be expressed as
a function of meteorological parameters such as pressure, temperature, and humidity.

Several empirical formulas have been developed by different authors to calculate the re-
fractive index or refractivity from these meteorological parameters. Among these, the
International Association of Geodesy (IAG) Resolution number 3 recommended formula
provides a close-form expression suitable for visible and near-infrared wavelengths, achiev-
ing an accuracy of about 1 ppm in distance measurements [40]:

N=N, —2 . 1127 — (39)

where:

e N, is the group refractivity, a dimensionless, wavelength-dependent coefficient
e P is the atmospheric pressure [hPa]
e T is the temperature [K]

e ¢ is the partial pressure of water vapour [hPa].

The wavelength dependence of N, (with A in micrometers) is given by:

4.8866  0.068
U
For applications requiring even higher precision, according to the IAG Resolution number
3 it is recommended using the group refractive index computation method developed
by Ciddor and Hill [41], which incorporates detailed spectroscopic data and atmospheric
composition. However, during the 2020 EMPIR GeoMetre project, a sign error in the

N, = 287.6155 +

(40)
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annex of this method was identified, which causes a deviation of the group refractive index
with the wrong sign. Pollinger published a correction to this error [42], IAG Resolution
number 3 advises applying this correction to achieve the highest accuracy in refractivity
calculations for EDM.

4.1.2 Classical corrections for distances

To correct for deviations from the standard atmospheric conditions under which EDM
instruments are calibrated, several correction terms are usually applied to the measured
distances.

First velocity correction

The distance measured by the EDM (D) depends on a reference refractive index (ny)
which does not necessarily coincide with the actual refractive index (n) at the time of the
measurement, so it has to be corrected to obtain the true distance (D). Since the optical
path remains constant, so:

D-n:DO-nO (41)

The corrected distance can be written as:

D=D, X (42)
n

The first velocity correction (¢;) is defined by approximating the current refractive index
n with the mean refractive index between the path endpoints (i and j):
n; + n;

n = N (43)

This correction (¢;) corresponds to the difference between the corrected distance and the
distance measured by the instrument:

C1 = D — DO (44)
which, substituting Equation , yields:
¢ =Dy (E - 1) (45)
n

Second velocity correction

In the first velocity correction, the actual refractive index n is approximated by the
mean of the refractive indices observed at the endpoints of the line. This procedure
implicitly assumes that the variation of n along the path is linear. In reality, the vertical
gradient of the refractive index is generally non-linear due to atmospheric stratification,
so the averaging process always introduces a systematic discrepancy. This residual error
is accounted for by the second velocity correction (cz) given by [39]:
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k-(1—k)-D?
Cy = 12R2 0 (46)

where k is the coefficient of refraction, which relates the vertical gradient of the refractive
index to the curvature of the Earth’s atmosphere (see Section [2.2)), and R is the Earth’s
radius.

The second velocity correction is much smaller than the first velocity correction and is
commonly neglected in practice for distances shorter than about 10 km. Assuming a value
of £ = 0.13 and an Earth radius of 6371 km, the correction for a distance of 10 km is
approximately 0.23 mm. The correction reaches 1 mm at a distance of roughly 15-16 km.

Correction for the curvature of the path

Variations in the refractive index along the propagation path, primarily due to vertical
temperature gradients, cause the light or EDM signal to follow a slightly curved trajectory
rather than a straight line. Consequently, the distance measured along the curved wave
path corresponds to an arc, which differs from the equivalent straight-line (chord) distance
between the two endpoints. To obtain the rectilinear distance, an arc-to-chord reduction
must be applied, which can be modelled by the following curvature correction:

k2. D3
24 - R?

C3 = (47)

where k is the refractive index coefficient, Dy is the measured distance, and R is the
Earth’s radius.

This correction is generally negligible. For example, considering again a value of £k = 0.13
and an Earth radius of 6371 km, the correction for a distance of 10 km is approximately
0.02 mm. Therefore, it is typically not applied in standard geodetic measurements.

4.1.3 Estimation and compensation techniques

The previously presented corrections are commonly applied to EDM measurements to
compensate for atmospheric refraction effects. However, the challenge of accurately de-
termining the actual refractive index along the measurement path remains unresolved.
Therefore, a variety of estimation and compensation techniques have been proposed by
various authors to address this critical issue and improve measurement accuracy.

Measurement of meteorological parameters

A widely used approach to estimate the refractive index is to measure meteorological pa-
rameters, such as temperature, pressure, and humidity, and compute the refractivity using
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interpolation formulas like Equation (39). This method is straightforward to implement
and is commonly used in practical applications.

The most common procedure involves collecting meteorological data at both ends of the
measured line. When the wave path is approximately horizontal and atmospheric con-
ditions vary smoothly, this approach provides a reasonably good estimate of the average
refractive index along the path [39]. In general, that conditions involves distances below 1
km. In such cases, the integral of the refractive index on which the correction depends, as
discussed in Section [2.2] can be well approximated by the average of the values measured
at the two endpoints.

However, when the conditions along the wave path are not uniform, with significant height
differences, abrupt changes in terrain properties or proximity to water bodies, atmospheric
properties present local variations, so values measured at both ends may not accurately
represent the entire path.

Moreover, in applications such as monitoring critical areas, target points are often inac-
cessible, so only meteorological data near the instrument can be measured. In those cases,
the estimated refractive index becomes even less representative of the full signal path.

Ideally, meteorological parameters should be measured along the line of sight, at intervals
of a few hundred meters [43], to more accurately reflect the true refractive index distri-
bution. However, this is often not feasible in practice due to logistical and environmental
limitations.

Refractometers

Refractometers are instruments that enable the direct measurement of the ambient re-
fractive index without the need of measuring meteorological parameters. A common type
is the dual-beam laser interferometer, which uses two laser beams: one travels through
a vacuum chamber and the other through ambient air. By gradually evacuating the air
from the chamber and observing the difference in the optical paths of the two beams, the
instrument can determine the refractive index with high accuracy [39].

While refractometers are highly effective in controlled environments, such as laboratories
or industrial settings, they are limited when used in outdoor applications. This is because
they provide only local measurements, typically near the ground, where conditions are
strongly influenced by the surface layer, and do not account for variations along the en-
tire EDM path. As a result, while refractometers are valuable for calibration or reference
purposes, they do not yield representative values for the full distance between instrument
and target in field conditions.

Ratio method
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The ratio method is a technique used to compensate for atmospheric refraction effects in
electro-optical distance measurements without relying on meteorological data. It is based
on the idea that if several distances are measured from the same instrument location,
under similar environmental and topographic conditions, then the effect of atmospheric
refraction will be approximately the same across those measurements. Therefore, any bias
caused by refraction can be modelled as a common, unknown scale factor applied to all
distances taken from that point [39)].

One of the main advantages of the ratio method is that it allows for refraction correction
without requiring direct atmospheric observations. However, its successful application
depends on having a sufficient number of redundant measurements to preserve the net-
work’s degree of freedom. Additionally, it does not provide an absolute scale for the
network and becomes less reliable in cases where the terrain or atmospheric conditions
vary significantly between measured points.

A specific application of this method is the Local Scale Parameter Model (LSPM), which
extends the ratio method by introducing a single unknown scale factor applied to all
measured distances within a local network. This simplification reduces the number of
parameters to estimate, improves the degree of freedom of the network adjustment, and
facilitates field procedures [44].

Multiple wave-length method

An alternative strategy to mitigate the effects of atmospheric refraction in electro-optical
distance measurements is to use instruments that operate with multiple wavelengths.
As described in Section [2.2] the neutral atmosphere behaves as a dispersive medium in
the visible and near infrared spectrum, meaning the refractive index of air varies with
wavelength. This property allows the use of multi-wavelength techniques to infer and
compensate for refractive effects: by simultaneously measuring the same path with two
or more different wavelengths, it is possible to estimate the refractive index and correct
the measured distance accordingly.

For a two-wavelength instrument, the corrected distance can be obtained using the fol-
lowing expression [39]:

D=Dy—A-(Dy— D) (48)

where Dy and Dy are the distances measured with the two wavelengths and A is a coef-
ficient that depends on the specific pair of wavelengths used, as well as on atmospheric
pressure and water vapour content.

The coefficient A is critical because it determines the resolution needed to measure the

distance difference to achieve the desired accuracy. For instance, for blue and red light,
A has a value of approximate 20, meaning that the distance difference must be measured
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with 20 times higher resolution than the required final result, which makes the measure-
ment challenging.

The separation between the selected wavelengths is also crucial. On the one hand, small
separations results in minimal optical dispersion, requiring extremely hight resolution
that is difficult to achieve in field conditions [45]. On the other hand, large wavelength
separations is also challenging due to the different limitations and considerations required
for each wavelength region.

The theoretical basis of this method was proposed in the 1960s, with initial practical
developments beginning in the 1970s. In the 1980s, the first prototype used in engineer-
ing projects two-wavelength EDM, the Terrameter, was developed, though only a limited
number of units were produced, and its complex design and operational procedure led
this instrument to be no longer available.

More recently, the Conservatoire National des Arts et Métiers (CNAM), in the context of
the GeoMetre project, has made significant advances in this area. In [7] they introduced
the Arpent, a two-wavelength instrument based on radio-frequency phase measurements
of amplitude-modulated light. This device has demonstrated outdoor distance measure-
ments up to 5 km with a relative uncertainty better that 10=7. Additionally, [§] presented
a high-accuracy multispectral EDM that use an optical super-continuum source, to enable
dispersion-based inline refractivity compensation.

These developments highlight the renewed interest and potential of multi-wavelength
techniques for achieving high-precision outdoor distance measurements. However, these
instruments are complex to design and manufacture, and producing reliable, practical
versions for real field use is still a challenge.

4.2 Effects over vertical angles

When electromagnetic signals travel through the atmosphere, not only the propagation
speed is affected, but the signal path itself is bent due to vertical gradients in atmospheric
refractivity. This curvature directly influences the measured vertical angle.

The refraction angle (Ae) (Figure [49) is defined as the deviation between the actual signal

direction and the straight line it would follow in the absence of atmospheric refraction, and
it is directly related to the refractivity gradients perpendicular to the signal’s trajectory.
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Straight line

Figure 3: Refraction angle scheme (adapted from [3])

A general expression for Ae is given in [1]:

1076 [LdN
Ae = -/—-(l—d)-dx (49)
0

where:

e [ is the total signal path length.
e ¢ is the elevation angle (measured from the horizontal plane upwards).
e d is the distance from the source.

e u is the direction perpendicular to the trajectory.

The factor (I — d) is included as scale factor, it accounts for the strongest influence of the
closer points to the observation station on the refraction angle.

If the path is nearly horizontal, the perpendicular gradient to the line-of-sight (dN/du),
can be approximated by the vertical refractivity gradient (dN/dh). Given that curvature
is typically very small, (dN/du) can be approximated as:

— =cose- —— (50)
Substituting this into Equation (49), a more complete formula is obtained [3]:

Ae =

1076 AN
i -Cosﬁ-/()%-(l—d)-dx (51)

Assuming a constant gradient along the path, this simplifies to:
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1 dN
Ae = — -cose -

an 2
2 an ! (52)

As previously mentioned, the refractivity, is related to meteorological parameters. Con-
sequently, the refractivity gradient can be expressed in terms of these parameters. For
electro-optical terrestrial techniques, humidity is often neglected because it has a much
smaller influence compared to temperature T" and pressure P. Thus, the gradient can be
approximated as:

dN QN dT 0N dP

" or an T ap an (53)

By differentiating the commonly used refractivity formula (Equation (39)) and making
some simplifications, the refractivity vertical gradient can be expressed as:

AN 1\ or 1
- = ((15.026 — 79.53P) ﬁ) T (79.53?) (—0.12) (54)

The detailed derivation and assumptions are provided in Appendix [B]

4.2.1 Corrections for vertical angles

In practice, instruments rarely measure the elevation angle (¢). Instead, they usually
measure the zenith angle (), defined as the angle between the line of sight and the
vertical. Both are complementary:

Bte=3 (55)

The correction to the measured zenith angle (d3) can be expressed as [46]:
D
indg = ——=-k 56
sinds = 5— (56)
where:

e D is the slope distance.
e R is the Earth’s radius.

e k is the coefficient of refraction (introduced in Section [2.2)).

It is essential to distinguish clearly between:

38



e Refraction angle (A¢): it quantifies the actual angular deviation of the light path
due to atmospheric curvature, typically positive when the ray bends downward.

e Correction to zenith angles (d3): the adjustment applied to the measured zenith
angle. The correction has the opposite sign to the refraction angle:

55 = —A¢ (57)

To apply this correction, the coefficient of refraction k has to be estimated. As discussed in
Section [2.2] this coefficient is influenced by vertical gradients in atmospheric refractivity,
which in turn depend on meteorological conditions, specially on the vertical temperature
gradient. Since k is not directly observable, various approaches have been developed to
estimate it. These strategies can be broadly grouped in three categories:

1. Estimation of k from meteorological data. Some formulas estimate k directly from
empirical relationships with parameters like pressure, temperature, and humidity.
Others focus first on modelling or measuring the vertical temperature gradient,
which is then used to compute k.

2. Alternative observational techniques to derive k directly from measurements, such
as simultaneous reciprocal vertical angle observations.

3. Other correction strategies that do not require an explicit value of k, such as in-
corporating refraction effects into network adjustments or using multi-wavelength
methods.

These methods are briefly discussed below.
(1) Estimation of £ from meteorological data
Given the strong dependence on meteorological parameters, various formulas have been

proposed to calculate the coefficient of refraction from meteorological data. One of the
most widely used expression is [19]:

P T
k=503 - <0.0343 + %> (58)

In this formula, P is the atmospheric pressure (in hPa), T" is the absolute temperature
[K] and 4L is the vertical temperature gradient [K/m]. This gradient is the most critical
component in Equation , as it is highly variable and is difficult to measure accurately

in practice.

To estimate fl—f two main approaches can be used.
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e Estimate temperature gradient by direct measurements. This involves placing tem-
perature sensors at different heights above ground (h) and fitting the measured
data to an analytical expression of the temperature profile. Several models have
been proposed by different authors to obtain the temperature gradient, as shown in
Table dl

Table 4: Temperature gradient equations (based on [47])

Model Temperature gradient equation
Kukkamaki b-c-h1te
Hugershoft 2-b-h
Reissmann 1 b+2-c-h
Reissmann 2 b+2-c-h+3-f-h?
Reissmann 3 | b+2-c-h+3-f-h>+4-g-h3
Heer b-c-esh
Kharagani a+b-c-h7ite
Linear b

These models must be calibrated with field measurements by fitting the parameters
(a,b,c,d,e, f). While this method provides a physically grounded estimate of the
gradient, it presents two main difficulties: (1) selecting the best-fitting function, and
(2) collecting accurate temperature data at varying heights, which requires complex
instrumentation. Additionally, the gradients obtained from local measurements may
not represent the entire wave path, making the method demanding and difficult to
implement in practice.

e Modelling the temperature gradient. Another option is to estimate the temperature
gradient using physical models of atmospheric behaviour, particularly within the
boundary layer (Section [2.1.3)).

An example is the Turbulence Transfer Model (TTM), which uses principles of
energy flux between the Earth’s surface and the atmosphere to predict temperature
profiles. This model is described in more detail in Section [6.1.1]

Alternatively, some authors propose empirical formulas that estimate k directly from
meteorological variables (temperature, pressure, humidity) without requiring the temper-
ature gradient. These models are often based on regression analysis using historical data.
Examples include the formulas proposed in [48]:

e Linear model

k= —0.0077- P —0.0066 - T' — 0.0024 - RH + 6.2414 (59)
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e 2nd order polynomial model

k =0.0004- (P+0.86-T+0.32-T)2 — 0.7182- (P+0.86- T +0.32 - T) + 287.46 (60)

e Logarithmic model

k= —6.13431n(P + 0.86 - T + 0.32 - RH) + 41.049 (61)

e Exponential model

L — 910 .97 . o—0.0646-(P+0.86-T+0.32-RH) (62)

Another expression, proposed in [49], estimates the refraction coefficient based on easily
accessible meteorological parameters:

1
k= 503 - 7% : (0.034 04343 BN - 5 -sin a) (63)

where:

e B is a coefficient experimentally determined (value = 1.70).

e N represents cloud cover (with N = 0 for a completely covered sky and N =1 for
a completely clear sky).

e q is the solar elevation elevation angle.

e [ is the zenith angle.

(2) Observational techniques: simultaneous and reciprocal observations

The method of simultaneous reciprocal vertical angle measurements is commonly applied
to determine height differences, but it can also be used to estimate the coefficient of
refraction. The principle consists of measuring zenith angles simultaneously from both
ends of the line of sight, points A and B (Figure {4)).
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Figure 4: Basis of simultaneous and mutual observations (adapted from [50])

Following [50], the deviation of the true optical path from the straight line is denoted
by 0. Assuming a spherically symmetric atmosphere, ¢ is identical at both ends, so the
theoretical zenith angles /5y and (% are obtained from the measured ones 84 and g as:

By =PBa+0,05=Pp+0 (64)
From Figure [4] it can be deduced:

a+T+y="m (65)
Adding 20 at both sides:

a+T1T+v+20 =142
(a4+0)+(T+d)+y=7+2 (66)
T—fat+m—fp+y=71+20

So ¢ can be obtained as:

5:%(7T+7+5B—5B> (67)

Angles o and 7 can be computed as:
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a=7—(Ba+9),T=m—(Bp+9) (68)

Finally, the expression to obtain ¢ from simultaneous and reciprocal observations is:

5:%<w+7—m—53) (69)

Figure 5: Spherical approximation of the actual optical ray path (Source: [50])

Under a spherical approximation of the actual optical ray path (Figure |[5), 0 can be
geometrically related to the radius of curvature r of the bent ray:

2
sing = 12 (70)
r
which allows expressing r as:
s
= 1
"7 2sino (71)

Substituting this expression of r into the general definition of the coefficient of refraction
(see Equation (7)) yields:

2R sin
N S

k

(72)

Finally, replacing ¢ with its expression derived from the simultaneous reciprocal obser-
vations leads to a closed approximate formula for the estimation of k directly from the
measured zenith angles:

R
b=1-"(Ba+ b5 —) (73)
The complete derivation of this relationship is provided in [50].

This approach provides an average value of the coefficient of refraction along the entire
line of sight, and therefore reflects the integrated effect of the atmospheric stratification
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more realistically than point-based meteorological measurements.
(3) Other correction strategies

Unlike the previous approaches, the following correction strategies do not attempt to esti-
mate the refraction coefficient. Instead, they rely on geometric or adjustment techniques
to mitigate or compensate for atmospheric refraction effects.

These methods avoid the need for meteorological measurements, which are often difficult
to obtain with sufficient accuracy along the entire optical path. However, they typically
require specific observation configurations, a high volume of redundant measurements, or
specific instrumentation and may be more complex to implement.

Network adjustment method

Another approach to accounting for refraction is to include its effects in the network
adjustment process. By treating refraction as an unknown variable in the system of
equations, the overall adjustment can incorporate atmospheric effects [46]. However, this
method requires a large number of observations, and making the necessary assumptions
for integrating these unknowns is challenging.

Multiple wave-length method

As with distances measurements, multiple wavelengths can be use to compensate for the
effects of refraction on vertical angles. Since different wavelengths bend differently, the
difference between the two apparent angles can be used to eliminate the refraction effect.

However, the challenge lies in accurately measuring the small angle differences caused by

wavelength-dependent refraction. The resolution required to achieve accurate compen-
sation is very high, making this method complex to implement in field conditions [51].
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5. GBDM+: principles and tropo-
spheric effect analysis

The determination of distances in outdoor environments over long ranges (several kilome-
tres) with millimetric-level precision is required in various industrial and scientific fields.
Traditional techniques such as electronic distance measurement (EDM) require intervis-
ibility between endpoints and its precision is often limited by refraction effects. As an
alternative, Global Navigation Satellite System (GNSS) technology offers significant ad-
vantages, including independence from line-of-sight visibility and suitability for large-scale
deployments.

GNSS has demonstrated high precision in positioning and length determination. How-
ever, GNSS-based distance measurement also poses several challenges. First, traditional
geodetic software is mainly oriented towards coordinate estimation, with limited flexibil-
ity for processing strategies. Second, various error sources influence the result and must
be appropriately addressed. Finally, from a metrological perspective, its application is
limited by the lack of well-defined uncertainty of the results (e.g. the estimated distance)
that accounts for all significant error sources.

To overcome these limitations, the GNSS-Based Distance Meter (GBDM+) technique was
developed at the Department of Cartographic Engineering, Geodesy and Photogramme-
try of the Universitat Politécnica de Valéncia (DICGF-UPV). Its main objective is not
only to provide precise distance estimations, but to rigorously propagate uncertainties
from all relevant error sources into the final result, ensuring traceability to the SI metre.
Unlike standard GNSS geodetic processing, which typically aims to estimate full 3D posi-
tions, GBDM+ adopts a dedicated methodology focused on baseline length determination.

The first studies related to high-precision GNSS-based length determination at the UPV
focused on analysing distance reproducibility [52]. From this study, two main conclusions
emerged. First, the use of identical antennas and mounting configurations in both base-
line ends improves the achieved accuracy. Second, submillimetric consistency in the long
term is feasible after some hour of observation over baselines up to a few hundred meters.

Subsequent investigations were focused on noise mitigation, particularly addressing the
multipath error [53] 54, B5]. A mitigation methodology for L1/E1 carrier-phase double
differences, based on sidereal filtering and a signal-to-noise ratio (SNR) discriminator, was
tested on the UPV calibration baseline, yielding promising results. The results showed
that multipath-induced residuals were typically reduced to below lecm, with a bandwidth
around Smm [54].

A preliminary working scheme of a submillimetric GNSS-based distance meter for length
metrology (GBDM) was presented in [5]. It focused on short horizontal baselines (up
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to 1km) with negligible height differences, which are the general calibration baselines
conditions. It was based on the following assumptions:

e Carrier-phase observations are provided with submillimetric noise level in modern
receivers.

e Distances determined by GNSS are stable (=~ 10® km) at global scale at the level of
1ppb = 1077,

e Distances can be determined with higher precision than their individual coordinate
components.

e The high number of available GNSS satellites allows optimal satellite selection for
length determination.

The GBDM processing approach was based on carrier-phase double differences, specifically
tailored to length determination, with the following considerations:

e Only L1/E1 observables are used due to their lower noise compared to 1.2, L5, or
Eb5 observables

e A free-ambiguity approach is used, eliminating the need for ambiguity resolution.
This require prior knowledge of coordinates of both ends with a few centimetres
accuracy, which can easily be achieved through PPP processing.

e No tropospheric and ionospheric corrections are included. For distances under 1
kilometre in horizontal baselines, atmospheric effects are neglected as they are as-
sumed to be nearly the same at both ends.

e Multipath mitigation is based on sidereal filtering combined with SNR-based dis-
criminator [55].

This initial GBDM implementation was tested on the UPV calibration baseline, where
its results were compared with EDM-based distance measurements carried out with a
Mekometer ME5000. EDM measurements were done during the day, while GNSS mea-
surements were performed during the night. This experiment demonstrated a consistency
of the obtained distances with the SI-metre within a few tenths of a millimetre.

Despite of the promising results, the original GBDM approach was limited to relative
horizontal baselines to up to 1 km. For longer distances, specially with strong height
differences, the initial assumptions are no longer valid. In particular, atmospheric effects
can no longer be neglected. To extend the method’s applicability to longer baselines (up
to 5 km) and scenarios with height variation, an improved version called GBDM+ was
developed [6].
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Developed within the framework of the European GeoMetre project [50], 4], GBDM+
aims to be a relatively simple strategy based on standard files and solutions. Unlike con-
ventional GNSS processing, which does not provide a fully traceable uncertainty budget,
GBDM+ rigorously propagates errors from various sources to the final distance measure-
ment. This feature sets it apart from traditional geodetic methods and makes it suitable
for metrological applications.

The GBDM+ approach provided the basis for the development of the Good Practice Guide
on High-Accuracy GNSS-Based Distance Metrology, published as EURAMET Technical
Guide No. 6 [57]. This guide summarizes the state of the art and establishes recom-
mended procedures for high-accuracy GNSS-based length metrology.

This chapter is structured as follows: Section introduces the fundamental working
principles of GBDM+, including the methodology for uncertainty propagation. Section
[.2] outlines the strategies for error mitigation. Finally, Section presents an analysis
of tropospheric effects in the context of GBDM+-, including the experimental results that
form part of the research presented in this thesis.

5.1 GBDM+ processing approach

The method described in this section has been developed at the DICGF-UPYV in the con-
text of the GeoMetre project. It defines the theoretical basis and data processing strategy
of GBDM+, which serves as the reference framework for the experimental analyses and
results developed in this thesis and presented in later sections.

The basic carrier-phase observation equation for a receiver ¢ and a satellite k£, known as
zero-differenced equation, is expressed as:

ApE = pF + ANF + edt; — cdt* — IF + TF + MPF + 6, — 8 + & (74)

where X is the carrier wavelength, ¥ is the carrier phase in cycles, p¥ is the geometric
distance between receiver and satellite, N¥ is the integer ambiguity, ¢ is the speed of
light in vacuum, d¢; and dt* are receiver and clock offsets, I¥ is the ionospheric delay, T
represents the tropospheric delay, M PF is the multipath error, §; and 6% are hardware

biases, and €f represents the noise or random error (~ lmm).

GBDM+ is based on double-differenced equations, involving two receivers (i, 7) and two
satellites (k,1), so common errors are cancelled. This involves two sequential steps:

e Single Differences (SD): a single difference is formed by taking the difference between

the observations from two receivers tracking the same satellite. This step eliminates
satellite clock errors and reduces some receiver-specific biases.
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e Double Differences (DD): a double difference is then obtained by taking the dif-
ference between the single differences from two different satellites observed by the
same pair of receivers. This further removes receiver clock biases.

The resulting double-differenced carrier-phase equation can be written as:

Al = pll + ANF — IF + T} + M P} + €] (75)

By applying two simplifying assumptions, (1) fixing the coordinates of one receiver (e.g.,
i) and, (2) assuming equal partial derivatives of the satellite-to-receiver distances for both
stations (assumption for baselines of a few kilometers), and grouping on the left-hand side
of Eq. all terms that can be either modelled or estimated (e.g., delays, multipath,
ambiguities), the equation becomes (see [0] for details):

dpM DM M
Mot —pig = ANF + I =T — M Pl — el = | =L | dX;+ | 2 | dY+ | =2 | dZ;
7 a0 g rom\exg ) Ny ) Nz )

Regarding the ambiguities, their resolution depend on the baseline characteristics. For
short, horizontal baselines under low multipath conditions, a free-ambiguity approach can
be adopted, where ambiguities are directly determined by rounding the phase-minus-range
term to the nearest integer. Considering I ~ T~ M P ~ 0 and neglecting the error €
becomes:

Mo}~ ply + AN (77)

SO:

kl - kl kl
Nz’j ~ i pz’j//\ (78)

For longer baselines or in presence of non-negligible atmospheric effects, ambiguities are
first estimated as float values and then fixed using simple resolution techniques, leveraging
the accuracy of the initial PPP solution. In either case, ambiguities are treated as known
or reliably estimated and included in the left-hand side of Equation . With equations
of this type, a system of equations is mounted, with the form:

k+7=A-7 (79)

The vector k contains the value of all the left-hand parameters in Equation , 7 con-
tains the residuals, A is the coefficient matrix build from the right-hand parameters and

Z represents the unknowns to be determined (the receiver j coordinates corrections in
Earth-Centered Earth-Fixed (ECEF) system (dX, dY;,dZ;)).

Instead of solving this system directly, two matrices are introduced. The first one (R) is
a rotation matrix relating the increments in the local geodetic system (z;;, yij, 2;;) with
the Earth-Centered Earth-Fixed coordinates (X;;,Yi;, Zi;) as:
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Y;j =R Yij (80)

with R given by:

—sin)\; —sing;cos\; cos;cos\;
R=| cos); —sing,;sin); cosy;sinl; (81)
0 COS P;j sin ¢;

The second one (J) relates the distance (D), azimuth («)) and height difference (Ah) with
the coordinates increments in the local geodetic system (x,y, 2) as:

dDij dl’ij
dOéij =J dy” (82)
dA hij dZij

with J built as:

(9D¢j 3D¢j aDij

0x;j; 0yij 0z
— 8047;3' Baij 8aij
J Ox;; OYij 0z <83)

OAh;;  OAh;;  OAh;;
Ox;; Oyij 0z;;5

Thus, the system in Equation , after renaming B = ARJ™! and defining a new
unknown vector 2’ consisting on dD;j, do;, dAh;;, is finally expressed as:

17
k+7=B-a (84)

The system can be solved by least-squares, using the weight matrix P, as:
o = (B"PB)"'B" Pk (85)

In the unknown 27 the correction to the initial distance is obtained, as well as the corre-
sponding precision in the first element of the covariance matrix.

5.1.1 Uncertainty propagation

To compute the uncertainty of the distance obtained, the error sources need to be char-
acterized, and their uncertainties somehow estimated (section [5.2). These errors are esti-
mated at zero-difference level and then propagated to the double differenced equations.

Some of the error sources are estimated in the zenith direction and then mapped to
the receiver-satellite direction using a mapping function (such as the tropospheric or the
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ionospheric delay). For these errors, the double-differenced uncertainty can be estimated
as:

o2y = (m} — mb(o?, +02) (36)

where mé and m;? are the mapping functions applied to zenith errors at receiver j for
satellites [ and k, respectively, and o, o.; are the standard deviations of the correspond-
ing zenith error estimates at receivers ¢ and j.

For those errors that don’t need a mapping function to be applied, like multipath, the
double differenced uncertainty is:

0% = (04 + 0u)? + (00 + o)? (87)
1 J 7 7

For a more detailed descriptions of the steps leading to Eq.(86]) and Eq.(87), see [6].

The propagation of uncertainties from the input observations to the transformed param-
eters is carried out using standard linear error propagation techniques. Specifically, Cj
denotes the covariance matrix of the observed data, while C, represents the resulting
covariance matrix of the transformed parameters:

Cp =MCMT (88)
where M is (BYPB)™'BT P and Cy:

Uzzd

ij

Finally, the estimated uncertainty for the distance, due to the propagated uncertainties
of the error sources, is given by:

5.2 GBDM+ error mitigation

As discussed in previous sections, one of the basis of the GBDM+ methodology is the
mitigation of the different errors and the estimation of their uncertainties to the rigorous
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propagation to the final distance computation. This section provides an overview of ma-
jor error sources, introduces the existing alternatives to its mitigation and discusses the
specific strategies implemented in the GBDM+-.

Ionospheric delay

In Section the effects of the ionosphere on GNSS signal propagation were introduced
and several mitigation strategies were presented.

Since the initial GBDM was initially designed for calibration baselines, the ionospheric
delay was neglected due to the assumption that short baselines cancelled out its effects.
However, as GBDM+ extends the baseline distance up to 5 km, with potentially signifi-
cant height differences, this assumption is no longer valid.

During the GDBM+ development, two approaches were explore to mitigate ionospheric er-
ror: ionosphere-free combination and Klobuchar model (see Section [3.1)). The Klobuchar
model was finally selected as correction method as a compromise between ease of im-
plementation and mitigation performance. This also avoids the noise that the iono-free
combination introduces.

Generally is assumed that the Klobuchar model corrects only the 50% of the ionospheric
delay in absolute terms (i.e. zero differences), however, when doubles differences are used,

the effect seems to cancel out and the results vary less than a millimetre if compared with
the use of L3 [58].

However, no explicit uncertainty model is included in the current version of the GBDM+,
and this remains a potential source of unquantified error.

Tropospheric delay

Similar to the ionosphere effects, tropospheric effects were not considered in the original
GBDM due to the limited length and approximately horizontal of baselines, which are
the usual characteristics of calibration baselines. In GBDM+-, however, the troposphere
becomes a relevant error source, particularly due to the height differences among baseline
ends.

As discussed in Section [3.2.1], several options exist to deal with this error, such as applying
standard atmospheric models, estimating tropospheric parameters during processing, or
using external corrections. The selected approach in GBDM+ is to use tropospheric
corrections provided by the CSRS-PPP service. This solution was selected for its practical
advantages:

e Fasy implementation. This service provides precomputed tropospheric delay esti-
mates, ready for integration into the processing workflow.
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e Uncertainty estimation. CSRS-PPP includes an associated uncertainty, which can
be propagated through to the final baseline distance.

One of the main contributions of this thesis is the comparison and analysis of the tropo-
spheric delays provided by the CSRS-PPP service with those estimated using different tro-
pospheric models. The main limitation of tropospheric models is that they do not provide
a direct estimation of the associated uncertainty. However, they allow the integration of
local meteorological measurements (such as temperature, pressure, and humidity), which
makes the delay estimation more representative of the actual atmospheric conditions and
can potentially enhance overall performance. This analysis is presented in Section [5.3]

Multipath

The multipath effect occurs when GNSS signals reflect off nearby surfaces before reaching
the antenna, causing them to arrive at the antenna via multiple paths. It is a highly local-
ized and geometry-dependent effect that persists even after applying double differencing
and it is often considered one of the main limiting factor of the accuracy in hight-precision
applications, as it is highly dependent on the local environment, varies with satellite geom-
etry, and introduces systematic, site-specific biases that are difficult to model or predict.

To mitigate multipath, several techniques have been proposed in the literature, ranging
from hardware improvements to signal processing strategies. The most commonly used
methods include:

e Improved antenna design (e.g., choke ring antennas). These antennas are specifically
engineered to minimize signals arriving from low elevation angles or reflected off
nearby surfaces, reducing the reception of multipath components.

e Observation weighting using signal-to-noise ratio (SNR). Multipath typically de-
grades signal quality, which is reflected in lower SNR values. These values can be
used to down-weight potentially corrupted observations during adjustment. This
method is computationally efficient and applicable in real time. However, SNR is
influenced by other factors (e.g., satellite elevation, receiver type), so the correlation
with multipath is not always straightforward.

e Sidereal filtering. Based on the periodic nature of satellite orbits, this method as-
sumes that multipath errors repeat with a sidereal day cycle. By analysing residuals
from consecutive days, multipath patterns can be identified and subtracted from the
observations. This technique can provide site and satellite specific multipath cor-
rections along with an associated uncertainty estimate. Its main disadvantage is the
requirement of multiple days datasets, and it is primarily applicable to GPS due to
its stable sidereal repeat cycle.

In the context of GBDM, several studies related with multipath mitigation have been car-
ried out [B, [55] 54]. Sidereal filtering, in combination with SNR estimator, was proposed
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as potential solution to mitigate multipath.

The sidereal filtering in GBDM+ uses observation residuals obtained after Precise Point
Positioning (PPP) processing, specifically using the CSRS-PPP service. Residuals from at
least three consecutive days are matched to construct a multipath model for each specific
site and satellite.

This model provides:

e A multipath correction, based on the average value of the residuals.

e An uncertainty estimate, derived from the experimental dispersion of the values
from different days.

This uncertainty is then propagated to the final baseline distance estimation, as part of
the overall GBDM+ error budget.

Antenna calibration

The antennas used to acquire GNSS data introduce errors that need to be corrected.
Signals are received at a point of the antenna that cannot be mechanically identified, as
it varies with frequency, azimuth, and elevation of the received signal. This variation is
characterized by two parameters.

Firstly, the Antenna Phase Center Offset (PCO) is defined as the difference between the
Antenna Reference Point (ARP), the intersection of the vertical axis of the antenna and
the bottom), and the mean electrical phase center [29]. This value is fixed for an specific
antenna model and is typically provided as a set of 3D coordinates.

Since the actual reception point depends on the azimuth and the elevation of the satel-
lite, Antenna Phase Center Variations (PCV) are also required. PCV is defined as the
difference between the electrical phase centre of individual measurements and the mean
electrical phase center [29].

Both PCO (as 3D coordinates) and PCV (as azimuth-elevation tables) are provided in
antenna files (ANTEX format). These files can be specific to an individual antenna if it
has been calibrated, or generic files provided by the International GNSS Service (IGS)
can be used, containing values for different antenna models.

With the information in the antenna files, the error can be corrected or mitigated. How-
ever, in the GBDM+ methodology, we are interested not only in the correction of the error
but also in the assessment of its uncertainty. To do this, GBDM+ proposes comparing
two different calibrations, with the difference taken as the uncertainty and propagated
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to double differences to the final distance [6]. These two calibrations could be individ-
ual antenna calibrations obtained through different methodologies or, alternatively, an
individual calibration respect the generic ones provided by the IGS.

5.3 Analysis of the tropospheric effect in the GBDM+
context

This section presents the experimental field campaigns in which the GBDM+ methodol-
ogy, developed at the UPV, has been tested and validated. Although the development of
GBDM+ itself is not part of this thesis, the analysis of the tropospheric effects observed
during these experiments constitutes an original contribution of this work.

After introducing the main characteristics of the campaigns and summarising their re-
sults in terms of baseline accuracy and measurement uncertainty, this thesis focuses on
the evaluation of tropospheric delays using the data collected. The analysis includes
both zero-difference and double-difference perspectives, providing a detailed assessment
of the troposphere’s impact on GBDM+ performance and contributing to a more rigorous
understanding of atmospheric influences in high-precision GNSS applications.

5.3.1 Description of the field campaigns

This section introduces the 3 field campaigns where the GBDM+ methodology was tested:
the Cortes de Pallds geodetic network, the EURO5000 calibration baseline, and the CERN
geodetic network. These campaigns serve as the experimental foundation for the tropo-
spheric analysis developed in this thesis. While some results from these campaigns, such
as baseline distances and measurement uncertainties, are briefly presented, the focus here
is to describe the experimental setups, instrumentation, and data characteristics. The
detailed analysis of tropospheric effects using this data is carried out in the subsequent
sections.

Cortes de Pallas geodetic network

The improved GBDM+ methodology, as presented in [0], was initially tested in the Cortes
de Pallas geodetic network. The working area and the geodetic network are further de-
scribed in Section [6.3.1]

The application case presented in [6] corresponds to the observation campaign conducted
on July 21-23, during which the network was measured with a Kern Mekometer ME5000
during daytime and with GNSS during nighttime. GNSS observations were performed
using two Leica GS10 receivers and two individually calibrated Leica AR25 choke-ring
antennas.
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Results for the baseline 8001-8007, with a distance of approximately 2 km and a height
difference of 350 meters, revealed uncertainties up to 60 mm in the double-differenced
tropospheric delay when using the uncertainty provided by CSRS-PPP propagated to the
DD (Equation (87)). The uncertainty in the final distance, propagated from this delay,
was highly dependent on the observation time span. For one-hour data spans, the distance
uncertainty exceeded 1 mm; for four hours, it dropped below 0.6 mm and stabilized at
around 0.55 mm from six hours onward.

The total uncertainty budget for the 8001-8007 baseline, propagated from different error
sources and various processing time spans, is summarized in Table [5]

Table 5: Uncertainties in mm in 8001-8007 baseline for different time spans

Time sSpan (h) Utropo.delay Umultipath Uantenna.calibration UTOTAL
1 1.08 0.49 0.81 1.44
2 0.75 0.33 0.53 0.98
3.5 0.56 0.26 0.40 0.74
) 0.46 0.22 0.33 0.61
10 0.42 0.20 0.30 0.55

These results underscore that the tropospheric delay was the dominant source of distance
uncertainty for this baseline.

For the purposes of this thesis, data from a subsequent campaign in Cortes de Pallas,
conducted in July 2019, is used to further analyse the tropospheric delay. GNSS obser-
vations were again conducted at night. Two baselines were measured, as summarized in

Table [6l

Table 6: Summary of baselines measured during the July 2019 campaign

Baseline Distance (km) | Height difference (m) | Observation Duration
8001-8007 2.0 356 6.5 hours
8001-8010 1.2 33 7.5 hours

EURO5000 Calibration Baseline
The EURO5000 calibration baseline, located in the Pieniny Klippen Belt (Poland), is a

novel primary reference baseline in Europe, established in the context of the GeoMetre
project, intended to serve as a European reference standard for distances up to 5 km.
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The site comprises concrete pillars with 30 cm diameter, enabling baselines of approxi-
mately 1, 2, 3, 4, and 5 km. A schematic of the pillar layout is shown in Figure [6]

Figure 6: EURO5000 baseline (Source: [58])

A preliminary campaign was conducted by the Warsaw University of Technology (WUT)
from September 5 to 9, 2021. The results of this campaign, published in [58], were
focused on the longest baseline (EUR1-EUR2) and compared three different measurement
strategies:

e EDM length determination
e GNSS geodetic processing using TBC software
e GBDM+ methodology

The main findings from this study included:

e Neglecting the double-difference (DD) tropospheric delay introduces a significant
bias of around 8 mm in the baseline distance.

e Distances obtained using GBDM+ with processing blocks of 4, 6, and 8 hours were
consistent with results from the other methodologies, demonstrating the robustness
of the GBDM+ approach.

Regarding the uncertainty estimated from each source of error and the total final uncer-

tainty of the distance, the obtained results are shown in Table [7] where it can be noticed
that the tropospheric error has the biggest impact onto the final distance uncertainty.
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Table 7: Uncertainties in mm (k=2) EUR1-EUR2 baseline

Utropo.delay

Umultipath

Uagntenna.calibration

Uantenna.height

UTOTAL

0.56

0.20

0.29

<0.01

0.66

A second campaign was carried out from May 9 to 12, 2020, as a joint effort between the
Universitat Politécnica de Valéncia (UPV), responsible for GBDM+ measurements, and
the Conservatoire National des Arts et Métiers (CNAM) in France, deploying a two-color
refraction-compensated Arpent distance meter prototype. The GNSS data from this cam-

paign is used in the present thesis for tropospheric analysis (Section [5.3.3)).

The baselines measured during the May 2022 campaign are summarized in Table [§]

Table 8: Summary of baselines measured during the May 2022 campaign

Baseline Distance (km) | Height difference (m) | Observation duration (h)
EUR1-EUR4 1.0 149 6 hours
EUR3-EURbS 2.3 103 55 hours
EUR3-EUR4 3.0 76 6 hours
EUR1-EUR3 4.0 149 17 hours
EUR1-EUR2 5.0 69 18 hours

During the GNSS campaign, meteorological sensors were installed on each pillar to collect
atmospheric data and support tropospheric model testing. GNSS choke ring antennas were
used, all oriented toward the north, ensuring consistent and high-quality data collection

for subsequent analysis (Figure [7)).
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Figure 7: EURO5000 pillar set-up

CERN geodetic network

The CERN geodetic network, part of the European Organization for Nuclear Research, is
being extended for the eventual construction of the Future Circular Collider (FCC), re-
quiring extremely high-accuracy geodetic measurements. In the context of the GeoMetre
project, a subnetwork of five pillars was selected for evaluation (Figure .
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Figure 8: CERN geodetic network (Source: [59])

A joint field campaign was conducted in July 2022, involving several institutions and
measurement techniques:

e Arpent, a two-color refractivity-compensated distance meter (CNAM, France)
e GBDM+ (UPV, Spain)

e Kern Mekometer ME5000, a high-precision electronic distanciometer (Figure |§|,
right)

The campaign also involved participation from IGN (Institut national de l'information
géographique et forestiere, France) and CERN people.

The measurements took place within a short time span: Arpent measurements were
performed from July 4 to 8, GBDM+ measurements from July 11 to 14, and Mekometer
measurements on July 15. To avoid possible pillar instabilities and to ensure comparable
environmental conditions, the campaigns were scheduled to be as close in time as possible.
The measured baselines and their GBDM+ observation periods are summarized in Table
9l
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Table 9: Summary of baselines measured during the July 2022 campaign

Baseline Distance (km) | Height difference (m) | Observation duration (h)
231-228 2.2 54 73 hours
215-353 4.7 47 73 hours
231-215 6.0 49 68 hours
233-231 6.5 211 72 hours

Five Leica GR25 GNSS receivers with five individually calibrated Leica AR25 choke ring
antennas where used. Meteorological sensors were also installed on each pillar (Figure |§|,

left).

Figure 9: CERN pillar set-up (left), Mekometer measurements (right)

Initial results for this campaign were presented in [59], showing the uncertainty of the
231-228 baseline for different time blocks (Table [10).The results demonstrated that the
tropospheric effect had the highest contribution to the total uncertainty, and a time span
of at least six hours was needed to achieve uncertainties below 1 mm.
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Table 10: Uncertainties in mm for 231-228 baseline for different time spans

Time Span (h) utropo.delay umultipath Ugntenna.calibration UTOTAL
1 1.79 0.86 0.90 2.24
2 1.21 0.58 0.61 1.50
3 0.95 0.46 0.48 1.18
4 0.84 0.41 0.42 1.04
6 0.67 0.34 0.34 0.83
8 0.58 0.30 0.29 0.72

The final distances obtained with GBDM+ and their corresponding uncertainties are
provided in Table [11]

Table 11: GBMD+ results: summary of baseline distances and corresponding uncertain-
ties, values in m (k=2)

Baseline Distance UTOTAL
231-228 2235.6911 0.0007
215-353 4753.1237 0.0006
231-215 6019.4459 0.0008
233-231 6542.0130 0.0008

Results obtained with the Mekometer, calibrated at the UPV calibration lab, are shown
in Table For the Mekometer measurements, the index of refraction was determined at
baselines endpoints using Testo 176P1 meteorological sensors. These measurements were
limited by using only end meteorological measurements and the lack of calibration for the
reflector.

Table 12: ME5000 results: summary of baseline distances and corresponding uncertain-
ties, values in m (k=2)

Baseline Distance UTOTAL
231-228 2235.6934 0.0013
215-353 4753.1223 0.0017

The comparison between GBDM+ and Arpent measurements, presented in [60], revealed
a difference of less than 0.7 mm for three of the four measured distances, underscoring the
consistency and high accuracy of the GBDM+ methodology. A summary of the obtained
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distances and their corresponding uncertainties obtained by both the GBDM+ and the
Arpent is shown in Table [13]

Table 13: GBDM+ and Arpent results: summary of baseline distances and corresponding
uncertainties, values in mm (k=1)

Baseline GBDM+ distance UGBDM+ Arpent distance U Arpent
231-228 2235691.07 0.32 2235690.69 0.225
215-353 4753123.72 0.32 4753121.35 0.403
231-215 6019445.93 0.42 6016446.31 0.376
231-233 6542012.96 0.38 6542012.28 0.723

5.3.2 Zero-differences tropospheric analysis

This section presents one of the original contributions of this thesis: the analysis of tropo-
spheric delays using zero-difference (ZD) GNSS observations. The focus is on comparing
the zenith tropospheric delay (both ZTD and ZWD) obtained from the CSRS-PPP service
with values computed using several empirical models. In addition, the impact of different
mapping functions on retrieving the slant tropospheric delay is evaluated.

Comparison of zenith tropospheric delay models

To assess the influence of different approaches on tropospheric delay estimation, CSRS-
PPP results are compared with several empirical models. For the hydrostatic component
(ZHD), the Saastamoinen model is applied. The wet component (ZWD) is computed
using the Saastamoinen, Callahan, Askne and Nordius, and Berman TMOD models. The
formulation of these models is presented in Appendix [A.1]

In order not to overload the analysis with the treatment of all campaigns, the analysis
focuses on stations 231 and 233 from the CERN campaign. These stations were selected

as representative examples of the range of altitudes encountered across campaigns.

Figure[10]shows the evolution of ZHD at stations 231 and 233 over two full days, comparing
PPP-derived values with those obtained from the Saastamoinen hydrostatic model.
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Figure 10: ZHD from PPP and Saastamoinen model in stations 231 and 233

The ZHD component shows a good agreement between PPP and model-based estimates.

At station 231, small absolute offsets can be observed,

while at station 233 the PPP and

Saastamoinen values are nearly identical. This correspondence is expected, as the CSRS-
PPP service also relies on the Saastamoinen formulation for ZHD computation, but using
atmospheric data from global models. By contrast, the empirical estimates rely on locally
measured meteorological data. As a result, PPP-derived ZHD evolves more smoothly,
whereas the Saastamoinen estimates reflect small short-term variations.

For the wet component, Figure presents the evolution of ZWD from PPP and the

different empirical models.
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Figure 11: ZWD from PPP and tropospheric models in stations 231 and 233

In the wet component, discrepancies are more evident.

While the different empirical

models yield similar temporal trends among themselves, they differ from the PPP-derived
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ZWD.

To do deeper into these discrepancies, Figure [12[ shows the differences between PPP and
Saastamoinen for both ZHD and ZWD.
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Figure 12: ZHD differences between PPP and Saastamoinen in stations 231 and 233

Differences in ZHD between PPP and Saastamoinen range from 6 to 12 mm at station
231, and from 1 to 3 mm at station 233. For the ZWD, discrepancies are larger, reaching
4-6 cm. These results confirm that the wet delay is the most critical and uncertain com-
ponent, as expected.

As shown in Figure the different wet-delay models present very similar temporal
evolution, but differ in absolute values. Figure[13|highlights these differences by comparing
ZWD from the Saastamoinen model with those from the other models.
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Figure 13: ZWD differences between Saastamoinen and other models in stations 231 and
233

Differences between Saastamoinen and the other wet-delay models range from 1 to 4 cm.
These findings show that the choice of model has a non-negligible impact when working
with zero-difference observations. The consequences of this choice on double-difference
processing are further analysed in Section [5.3.3]

Impact of mapping functions on slant delay

To convert ZTD into slant tropospheric delay, several mapping functions can be used (see
Appendix . In this thesis, three widely used functions have been selected: VMF1,
Niell, and Herring. The choice is motivated by their broad adoption in geodetic applica-
tions and by their complementary characteristics. The Herring function relies on locally
measured meteorological data. VMF1 is the mapping function used by the CSRS-PPP
service, ensuring consistency with the PPP-derived values. Finally, the Niell mapping
function is an empirical model that does not require external meteorological data and is
commonly used in GNSS processing.

The tropospheric delays obtained with these mapping functions are very similar. For
this reason, only one representative example is shown, corresponding to station 231 and
satellite GO1.

Figure shows the slant tropospheric delay obtained PPP-derived ZHD and ZWD,

combined with the different mapping functions. The left panel presents its temporal
evolution, while the right panel shows the relationship with the satellite’s elevation angle.
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Figure 14: Tropospheric delay with different mapping functions, station 231, satellite GO1

At first sight, differences between the mapping functions are not noticeable. To better
illustrate them, the differences with respect to VMF1 (used as the reference) have been
computed. Figure [15| shows the temporal evolution of these differences.
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Figure 15: Tropospheric delay differences between mapping functions, station 231, satel-
lite GO1

As it can be seen, few differences reach 1 m, while the bulk of the period presents dif-
ferences under 1 cm. The right panel, shown with a reduced vertical scale, highlights
that the majority of differences are in fact below 2 cm. To examine the dependence on
elevation, Figure [16| plots the differences as a function of the satellite’s elevation angle.
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Figure 16: Tropospheric delay differences between mapping functions respect elevation,
station 231, satellite GO1

The largest discrepancies appear at lower elevation angles, as expected. However, with
the commonly applied elevation mask of 10°, the differences between mapping functions
remain small. For elevations above 15°, the discrepancies fall consistently below 2 cm.

5.3.3 Double-differences tropospheric analysis

This section presents the analysis of the tropospheric delay in double-differenced (DD)
observations. The basics of DD were described in Section [5.1 Here, the focus in on
analysing the results of DD tropospheric delay on the different experimental campaigns.

In this thesis, the double differences were generated sequentially, meaning that each satel-
lite was compared with the next one according to their order of appearance in the dataset.
This approach differs from the more common strategy of selecting a single reference satel-
lite, typically the one with the highest elevation. Using the highest-elevation satellite as
reference has the advantage of reducing the tropospheric effect on the reference signal, as
such satellites experience smaller atmospheric delays and generally provide more stable
observations.

The sequential strategy adopted here has its own benefits. By not fixing all double dif-
ferences to a single satellite the correlation of residuals associated with the reference is
reduced. This can be especially useful in multipath-affected or highly variable atmospheric
conditions, where relying on a single satellite might propagate systematic effects across
all DD combinations.

The results are presented in three parts. First, a preliminary analysis examines how
the use of different tropospheric models and mapping functions affects the DD residuals.
Next, the results of each campaign are presented in terms of double-differenced tropo-
spheric delay. Finally, a joint analysis combining all campaigns is carried out, with the
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objective of assessing the relationship between baseline length, height difference, and the
magnitude of the tropospheric double differences.

Implications for double-differences processing

The previous section highlighted significant discrepancies between tropospheric delay esti-
mates obtained from different models, particularly in the wet component. In this section,
we analyse the effect of forming double differences (DD), which can largely mitigate these
discrepancies.

As an example, Figure [I7 shows the differences in DD for satellites G01-G03 in baseline
231-233. Saastamoinen model has been used as a reference to compute the difference with
the other models.
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Figure 17: Differences in DD tropospheric delay, satellites GO1-G03, using different models
in baseline 231-233

Differences between models are below 6 mm. The higher values are the extreme ones, prob-
ably at low elevations. The rest of the differences computed are almost null. Thus, while
zero-difference analysis shows significant variability among models, double-differencing
largely cancels out these discrepancies.

Regarding the mapping functions the same analysis can be done. To do this, the slant
delay using PPP-based ZHD and ZWD and VMF1 is used as a reference to compute
differences with the obtained applying other mapping functions. The results for satellites
GO01 and GO3 for 231-233 baseline is shown in Figure [18|
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Figure 18: Differences in DD tropospheric delay, satellites G01-G03, using different map-
ping functions in baseline 231-233

Using VMF'1 of other mapping functions yields differences in the double differenced tro-
pospheric delay below 1 mm. Generally, these differences can be neglected.

With this analysis it can be concluded that, even some discrepancies between models
and mapping functions can be seen at ZD level, after computing DD they become much
less important. This justifies the choice of using only the CSRS-PPP and Saastamoinen
models with the VMF1 mapping function in the double-differences analysis presented in
this section.

Cortes de Pallas geodetic network

The double-differenced tropospheric delay for the campaign in Cortes de Pallas July 2019
is displayed in Figure [19]
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Figure 19: Double differenced tropospheric delay, baselines 8001-8007 and 8001-8010

The results show that double differences of tropospheric delay reach values up to 0.08 m
in the 8001-8007 baseline, while in the baseline 8001-8010 values remain below 0.004 m.
This difference is significant, with the 8001-8007 baseline showing an order of magnitude
higher values. This can be attributed to the longer distance (2 km compared to 1.2 km
for the other baseline) and, most notably, the considerable height difference between the
baseline endpoints: 356 m for 8001-8007 compared to just 33 m for 8001-8010.

Another notable observation from Figure is the difference in results when using tro-
pospheric delay estimated from Precise Point Positioning (PPP) and the Saastamoinen
model. Although the obtained values are generally similar, the Saastamoinen results for
the 8001-8010 baseline exhibit greater dispersion, particularly in extreme values. This
can be attributed to outliers or inconsistent meteorological measurements, as the Saasta-
moinen model relies on meteorological data that may contain errors or variability.

EUROS5000 Calibration Baseline
The results for the EURO5000 campaign are shown in Figure 20| (baseline EUR1-EUR2)
and in Figure[21] (baselines EUR1-EUR4, EUR3-EUR5, EUR3-EUR4, and EUR1-EURS3).

The observation period shown is the common observation time for all baselines (EURS3-
EURSH slightly adjusted to ensure the same time span).
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Figure 20: Double differenced tropospheric delay, baseline EUR1-EUR2
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Figure 21: Double differenced tropospheric delay, baselines EUR1-EUR4, EUR3-EURS5,
EUR3-EUR4, and EUR1-EURS3
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The results show variations in the magnitude of double-differenced tropospheric delays
depending on baseline characteristics. For instance, the EURI-EUR2 and EUR1-EURS3
baselines exhibit the highest variations, reaching up to 0.1 m. This is expected given
their longer distances and height differences. On the other hand, shorter baselines like
EUR3-EUR4 present much lower double differences, remaining within +0.03 m. The
baselines EUR1-EUR4 and EUR3-EURS show intermediate values, up to +0.05 m and
£0.06 m, respectively. This confirms the trend observed in the previous campaign: longer
baselines and significant height differences contribute to larger residual tropospheric de-
lays even after forming double differences.

Regarding differences between results using CSRS-PPP and the Saastamoinen model, it
can be noticed that in baseline EUR1-EUR4, the Saastamoinen model results in lower
double-differenced delays. The same occurs in EUR3-EURS, but with less difference. For
the other baselines, the results of CSRS-PPP and Saastamoinen are similar. However,
Saastamoinen-based double differences have higher dispersion or outliers, particularly in
extreme values, which may be due to inaccuracies or variability in the meteorological data
used for the model.

CERN geodetic network

The results for the CERN campaign are shown in Figure [22] which covers one full day of
observations to ensure common time spans across all baselines.
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Figure 22: Double differenced tropospheric delay, baselines 215-353, 231-215, 233-231,
and 231-228

The analysis reveals a clear dependence of the double-differenced tropospheric delay on
baseline length and height difference. For the shortest baseline (231-228), the values
remain within £0.06 m. Baseline 215-353 shows slightly larger variations, up to +0.10
m, while baseline 231-215 reaches about +0.15 m. The largest variations are observed
for baseline 233-231, where values reach £0.30 m; this is the longest baseline in the set.
These results are consistent with those obtained in previous campaigns and confirm that
both longer baselines and greater height differences lead to larger residual tropospheric
delays, even after applying double differencing.

Regarding the comparison between tropospheric modelling approaches, no significant dif-
ferences are found between the CSRS-PPP estimates and those obtained with the Saasta-
moinen model. For the longest baseline (233-231), the two methods yield almost identical
results. For the shorter baselines, small differences are observed, with the Saastamoinen-
based delays being slightly lower than those derived from CSRS-PPP.
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Joint analysis across campaigns

The results across all campaigns confirm the combined influence of baseline length and
height difference on the double-differenced (DD) tropospheric delay. A summary of the

results is shown in ascending order of baseline length in Table [14]

Table 14: DD tropospheric delay for different baseline lengths and height differences

Baseline Distance [km] | Height difference [m] | DD tropospheric delay [m)]
EURI-EUR4 1 149 £0.005
8001-8010 1.2 33 +0.004
EUR3-EURS 1.5 o6 +0.06
8001-8007 2 356 £0.08
231-228 2.2 5Y) +0.06
EUR3-EURS 2.3 103 +0.08
EUR3-EUR4 3 76 +0.03
EURI-EUR3 4 149 +0.1
215-353 4.7 47 £0.09
EURI-EUR2 5 69 +0.1
231-215 6 49 +0.1
233-231 6.5 211 +0.3

In general, longer baselines tend to show larger DD tropospheric delays, as expected. Nev-
ertheless, the role of height difference is also clearly observable when comparing baselines
of similar length. For instance:

e 231-228 vs. 8001-8007: although the first (2.2 km, 55 m) is slightly longer than
the second (2.0 km, 356 m), it shows smaller DD values (£0.06 m vs. +0.08 m),
reflecting the stronger impact of the larger height difference.

e 215-353 vs. EUR1-EURS3: despite being shorter (4.7 km, 47 m vs. 4 km, 149 m),
215-353 yields slightly smaller DD values (£0.09 m vs. £0.1 m), again pointing to
the amplifying effect of a greater height difference.

e EURI-EUR4 vs. 8001-8010: the shorter baseline (1 km, 149 m) presents slightly
higher DD values than the longer one (1.2 km, 33 m), also explained by its greater
height difference.

The most pronounced case is baseline 233-231 (6.5 km, 211 m), where both a long base-
line and a large height difference combine, leading to the maximum observed DD values

of £0.3 m.
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Regarding the differences between zenith tropospheric delay from CSRS-PPP and the
Saastamoinen model, discrepancies tend to be more noticeable in shorter baselines. Shorter
baselines may be more sensitive to local atmospheric conditions. Small errors or variabil-
ity in these conditions could potentially cause a greater impact on the results. For longer
baselines, the tropospheric delay is averaged over a greater distance, which could reduce
the impact of local atmospheric variations, leading to more similar results between the
two methods. In these cases, both the CSRS-PPP service and the Saastamoinen model
provide more consistent results as the influence of local atmospheric errors is minimized.
Furthermore, in shorter baselines, Saastamoinen-based double differences tend to show
more variability or outliers. This might be due to the use of unfiltered meteorological
data, leading to occasional discrepancies.

5.3.4 Conclusions

The previous section has examined the influence of tropospheric delays on GNSS-based
distance estimation within the GBDM+ framework, focusing on both zero-difference (ZD)
and double-difference (DD) levels.

The results show that, at the ZD level, there are notable differences between values
estimated with PPP processing (via the CSRS-PPP service) and those computed with
empirical models. The zenith hydrostatic delay (ZHD) shows a similar evolution in both
PPP estimations and tropospheric model-based values, and it strongly depends on at-
mospheric pressure. However, the zenith wet delay (ZWD) varies significantly between
PPP-derived values and empirical models. These differences are mainly driven by humid-
ity and temperature variations, and can reach several centimetres in the wet component
alone. While differences in absolute values between models are observed, their temporal
evolution is generally consistent.

The effect of mapping functions used to convert zenith delays to slant delays has been
also assessed. At the ZD level, differences between mapping functions (such as VMF1,
Niell, and Herring) were mostly limited to low satellite elevation angles and generally
remained within a few centimetres. However, once applied in DD processing, these dif-
ferences became practically negligible, demonstrating the strong cancellation effect of DD
formulations on mapping function dependencies.

Although DD processing efficiently mitigates most of the tropospheric delay variability,
the analysis confirms that residual tropospheric effects still persist under certain condi-
tions. In particular, when the baseline exceeds 3 to 4 kilometres, or when there is a
significant height difference between receivers (e.g., greater than 100 meters), residual
delays in the DD domain can reach up to +0.3 meters. This was observed consistently
across all test environments, including Cortes de Pallds, the EURO5000 dataset, and the
campaigns conducted at CERN.

PPP-derived delays and empirical models using measured meteorological parameters show
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generally similar behaviour for long baselines. However, for short baselines, greater dif-
ferences were observed between the two approaches, likely due to local atmospheric vari-
ability and higher sensitivity to input data.

In conclusion, while double-differencing remains a robust method for reducing atmospheric
errors in GNSS processing, it does not eliminate tropospheric effects entirely. For appli-
cations such as GBDM+, which aim to achieve millimetre-level precision and traceability,
these residuals are not negligible. The findings underscore the need for refined tropo-
spheric modelling and explicit uncertainty propagation in the processing workflow, espe-
cially for scenarios involving long baselines or complex terrain.
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6. 3D refractivity model for distance
and vertical angle correction

As discussed in previous chapters of this thesis, atmospheric refraction remains a limiting
factor for hight-precision geodetic measurements, especially in complex terrains. Tradi-
tional correction methods, which rely on meteorological observations at both ends of the
baseline, are often insufficient because such point measurements do not adequately rep-
resent the atmospheric conditions along the entire propagation path.

To overcome this limitation, and as one of the main objectives of this research, a 3D
Refractivity Model (3D-RM) has been developed as a cost-effective alternative. The
proposed model combines data from a network of meteorological sensors that enable au-
tomatic data recording, with a revisitation of classical atmospheric physics concepts, such
as the Turbulence Transfer Model (TTM), and incorporates terrain information derived
from a Digital Terrain Model (DTM).

An initial version of the 3D-RM and its application was presented in [61]. In this thesis,
the model is further developed and described in greater detail, including its theoretical
background, implementation aspects, an analysis of the influence of different variables.
This chapter provides a comprehensive description of the 3D-RM, beginning with its
physical foundations, followed by the steps required for its implementation, and concluding
with its application to field experiments for performance assessment.

6.1 Model basis

In this section, the main concepts underlying the developed model are introduced, focus-
ing on the Turbulence Transfer Model (TTM) and the sensible heat flux parameter (H),
together with an overview of the available data products.

These concepts are directly applicable to the atmospheric boundary layer which is the
lowest part of the atmosphere where terrestrial geodetic measurements are typically con-
ducted and where turbulent and convective processes strongly influence refractivity (see
Section for further details). Since the TTM is designed to model heat and momen-
tum transfer within this layer, and the sensible heat flux quantifies one of its dominant
energy exchanges, both provide the physical framework for representing refractive effects.

6.1.1 Turbulence Transfer Model (TTM)

The Turbulence Transfer Model (TTM), originally formulated by Priestly and later ex-
panded by Dodson and Zaher [62], describes how temperature varies in the lower atmo-
sphere by considering the dynamics of turbulent heat exchange. The model provides a
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framework to estimate vertical potential temperature gradients based on ground-level at-
mospheric parameters.

An important concept in the TTM is atmospheric stability, which can be related with
the sensible heat flux (H), a measure of heat exchange between the ground and the air.
When H is zero, the atmosphere is neutral; a positive value indicates unstable conditions
(typically during daytime), whereas a negative value suggests a stable atmosphere (com-
monly at night).

In neutral conditions, the potential temperature (0) remains constant with height, so
the potential temperature gradient (060/0h) is 0. However, under stable or unstable
conditions, the model defines specific expressions to calculate the temperature gradient
across different layers of the atmosphere:

e Stable atmosphere

do 2-107%- H 5h
o 14+ 1
dh U,k ( * L) (01)
e Unstable atmosphere
de H
R b h 03-L 2
7 o p UL ok , for 0<h<0.03 (92)
dg 2/3 1 —4/3
do
R 4
7 0, for h>1L (94)
where:
e H is the sensible heat flux [W/m?]

h is the height above the surface [m]

vk is the Von Karman constant [dimensionless, typically 0.4]

C, and p are the specific heat and density of air respectively

U. is the friction velocity [dimensionless]

L is the Obukhov length [m)]
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The friction velocity (U,) acts as scaling parameter for turbulent momentum exchange
near the surface [I7]. It is computed from the wind speed (U), the height at which the
wind is measured (hg), and the surface roughness parameter (zj), using the following
relationship:

vk - U

= Inlhe/20) (95)

The Obukhov length L represents the height above which heat flux no longer influence
the atmospheric temperature profile. It is derived as:

3

U
L|=—-87-10° == 96
| - (96)

The actual temperature gradient (d71'/dh) can be obtained from the potential temperature
gradient (df/dh) using meteorological parameters at the surface:

dT P \"® /do T dP
dh <1000) ' (% 200 s %) (97)

where P represents the atmospheric pressure [hPa, T' corresponds to the temperature
[C], and dP/dh is the pressure vertical gradient [hPa/m].

Finally, as discussed in the theoretical chapters, since refractivity depends on both tem-
perature and pressure, the vertical gradient of atmospheric refractivity can be derived
by combining the temperature and pressure gradients (see Equation in Section .
The temperature gradient is computed using Equation (97) while the pressure gradient
can be approximate to a constant rate.

6.1.2 Sensible heat flux (H)

As outlined in Section (6.1.1)), the sensible heat flux (H) plays a crucial role in determining
the thermal structure of the atmosphere and in deriving vertical gradients of temperature
and refractivity. This section introduces the concept of sensible heat flux, discusses its
physical basis and importance, and presents an overview of different techniques available
for its estimation. Then, several available remote sensing products from which values of
sensible heat flux can be retrieved are presented.

Sensible heat flux represents the direct transfer of thermal energy between the Earth’s
surface and the atmosphere, primarily driven by turbulence air motion. It accounts for the
portion of energy that results in temperature changes without involving phase transitions
(as opposed to latent heat). These processes are fundamental to surface energy budgets
and are critical for understanding land-atmosphere interactions, weather dynamics, and
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microclimatic phenomena.

In the context of atmospheric modelling, the sensible heat flux contributes to the surface
energy balance equation [I]:

Rypr=H+G+ E (98)

where:

e Rypr is the net radiation at the surface (incoming minus outgoing radiation at the
surface).

e G is the ground heat flux (energy conducted into the soil).

e [ is the latent heat flux associated with evapotranspiration.

Among these components, H is particularly influential in modulating near-surface tem-
perature gradients, especially in dry conditions where latent heat exchange is minimal.

A range of methodologies has been developed for quantifying sensible heat flux, each with
its own assumptions, instrumentation needs, and levels of accuracy. The most relevant
techniques for environmental and geodetic applications include:

e Eddy-Covariance Method. This technique is widely accepted as one of the most
accurate methods for obtaining sensible heat flux. It is based on the high-frecuency
measurements of vertical wind velocity and air temperature, using the covariance
between these two parameters [63].

Although it is highly precise, this method required sophisticated equipment, such as
fast-response anemometers and temperature sensors, and extensive post-processing
to account for instrumental and atmospheric corrections. These factor limit its
applicability in large-scale geodetic surveys.

e Optical Scintillometry. Scintillometers are instruments that measure the struc-
ture parameters of the refractive index structure parameter (C?) by analysing the
fluctuations of two laser beams [64]. This parameter is related with the sensible
heat flux (H) by the Monin-Obukhov similarity theory (MOST).

Scintillometers enables spatially integrated flux measurements over large areas.
However, their dependency on precise calibration and sensitivity to environmen-
tal conditions make it impractical in complex terrains.

Given the logistical and technical constraints of direct measurement methods, reanalysis
datasets and remote sensing products have become increasingly popular alternatives for
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estimating sensible heat flux across wider spatial and temporal scales. These datasets
combine satellite observations, surface measurements, and numerical weather prediction
models to produce coherent time series of atmospheric parameters. Several widely used
datasets include:

e ERA5. ERAS5, developed by the European Centre for Medium-Range Weather
Forecasts (ECMWF) as part of the Copernicus Climate Change Service (C3S), pro-
vides a detailed record of global atmospheric, land surface and ocean parameters
since 1950. It has a spatial resolution of 31 km with hourly temporal resolution.

Comparisons between ERAb5 and is predecessor ERA-Interim, indicate that ERAS5
provide more accurate estimates compared to direct measurements [65].

e ERAS5 land. ERAS land is a derivative product of ERAS, focused on land variables
with enhanced spatial resolution of 9 km, with hourly temporal resolution.

Although ERAS5 land offers better spatial resolution compared to ERAb, some stud-
ies suggest that its sensible heat flux estimations may be not necessary better [66].
An experimental assessment of ERA5 and ERA5 land is shown in section [6.3.5]

e JRA-55. The Japanese 55-Year Reanalysis dataset by the Japan Meteorological
Agency, with global coverage, provides data from 1958, with a spatial resolution of
approximately 140 km and 6-hourly temporal resolution.

e NCEP. The National Centers for Environmental Prediction (NCEP) provide two
widely used reanalysis datasets: NCEP1, with a spatial resolution around 209 km
and 6-hourly temporal resolution and NCEP2, with improved podel physics and
data assimilation.

e MERRA. The Modern-Era Retrospective Analysis for Research Applications pro-
duced by the Global Modeling and Assimilation Office (GMAO) from NASA has

hourly temporal resolution and its spatial resolution is approximately 50 x 67 km.

Each of these datasets presents specific advantages and constraints, with their suitability
depending on factors such as spatial and temporal resolution, historical coverage, and con-
sistency with ground-based observations. An experimental comparative between ERA5
and ERA5 land and in-situ measurements is presented in Section [6.3.4]

6.2 Proposed 3D refractivity model (3D-RM)
This section introduces the 3D Refractivity Model (3D-RM), designed to estimate atmo-

spheric refraction effects by combining vertical atmospheric characterization with spatial
refractivity modelling. As discussed in Section [2.1.3] in the atmospheric boundary layer
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turbulent and convective processes produce strong spatial and vertical gradients in tem-
perature, the primary driver of refractivity variability. The 3D-RM addresses these effects
by integrating ground-based meteorological observations with physically based vertical
modelling.

The model is based on two fundamental ideas (Figure 23)):

1. Spatial interpolation of refractivity. Meteorological variables, especially tempera-
ture and humidity, often vary significantly over relatively short distances. To capture
this variability, a network of meteorological sensors with automatic registration is
deployed within the working area and then the computed refractivity can be inter-
polated to estimate refractivity at arbitrary locations within the study area, at each
predefined height level.

2. Layered atmospheric modelling: near-surface meteorological measurements are lim-
ited in representing atmospheric conditions at varying heights, due to the significant
influence of the surface. To extend refractivity estimates vertically, the atmosphere
is conceptualized as stratified into layers parallel to the ground. The Turbulence
Transfer Model (TTM) is applied to estimate refractivity gradients, enabling the
propagation of refractivity values from ground-based measurements to upper layers.

(a) Estimation of refractivity profiles
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Figure 23: Model basis: (a) layered atmospheric modelling, (b) spatial interpolation [61]

Meteorological sensors are installed throughout the area, at specific points at varying
heights above ground level, denoted as hy; for each sensor 7. For most applications, these
heights are considered approximately uniform, denoted as hy. However, if height varia-
tions are significant relative to the vertical discretization interval (Ah), an additional step
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is needed to adjust the estimated refractivity to a common reference height hg, as done
in step 1 using the TTM.

Each station provides the meteorological data that is used to calculate the refractivity
at the reference height hg (Ny;) using Equation (39). Using TTM (or alternatively, pre-
defined gradient profiles), refractivity values are then propagated upward to construct
vertical profiles specific to each station.

Subsequently, refractivity at each altitude layer is interpolated across the area using Mul-
tiple Linear Regression (MLR) models, creating a layered 3D refractivity field. The com-
puted model for each layer can then be used to estimate refractivity at any location within
the layer.

The workflow to implement the 3D-RM includes the following 4 steps:

1. Generate vertical refractivity profiles at each station using the Turbulence Transfer
Model (TTM).

2. Perform spatial interpolation of refractivity for each vertical layer using Multiple
Linear Regression models (MLR).

3. Apply the model to observations to estimate refractivity at intermediate points of
the Line Of Sight (LoS).

4. Compute corrections based on modelled refractivity and refractivity gradients.

The overall workflow is illustrated in Figure |24} with the symbol legend provided in Figure
23
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Figure 25: Model’s schemes legend

A detailed description of each step is provided in the upcoming sections.
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6.2.1 Step 1 - Preparation of vertical information

The first step in the implementation of 3D-RM consists of generating vertical refractiv-
ity distributions at each meteorological station. These vertical profiles are essential for
characterizing the atmosphere in a layered manner and are constructed from near-surface
meteorological data using either pre-defined temperature gradients or the Turbulence
Transfer Model (TTM).

Several approaches are available in the model for estimating the refractivity gradients
required to build these profiles:

1. Pre-defined fixed gradients. This method relies on standard temperature gradients
sourced from the literature or prior empirical studies. While simple, it may not
reflect local atmospheric conditions.

2. TTM with fixed sensible heat flux values. A more refined approach involves applying
the TTM with constant sensible heat flux values (H).

3. TTM using time-varying H data. The most advanced method incorporates heat flux
data from external sources (e.g., ERA-5), enabling a time-dependent computation
of refractivity gradients using the TTM.

At each station ¢, and for every epoch t, the refractivity value at the sensor height (hyg), de-
noted N&i, is first calculated using measured meteorological parameters (Equation (39)).
Subsequently, refractivity values at higher elevations are estimated using the computed re-
fractivity gradients(dN/dh). Refractivity values are computed ranging from the station’s
height hg to the maximum specified height (A4, ) for an established vertical interval (Ah).

If the TTM is used, the following sub-steps are applied (see section for details):

e Auxiliary variables as friction velocity (U,) and Obukhov length (L) are estimated
from measured wind speed, sensor height, estimated roughness parameter (zg), and
sensible heat flux, using Equations and .

e Based on atmospheric stability, the potential temperature gradient (00/0h) is cal-
culated using the appropriate formulation in Equations to .

e The temperature gradient (d7'/dh) is then computed using Equation (97)), assuming
a constant vertical pressure gradient of -0.12 hPa/m.

e Finally, the refractivity gradient is determined using Equation . As mentioned
in Section [£.2] the derivation of this expression can be seen in Appendix [B]

Once refractivity gradients are computed, vertical profiles are iteratively constructed for

each epoch (i.e each minute). Starting from hg and its associated refractivity Ny, the
value at the next layer is obtained by incrementing with the product of the gradient and
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vertical step Ah. This process is repeated until reaching h,,.,, producing a complete
vertical profile per station and epoch. These results are stored to be used in subsequent

stages of the model.

When using external heat flux data (e.g., hourly ERA-5 values), temporal alignment with
the model’s epoch resolution is required. The following temporal interpolation strategies

are considered:

1. No interpolation: uses the nearest available heat flux value.

2. Linear interpolation: applies linear interpolation between discrete values.

3. Polynomial interpolation: Employs pre-fitted fifth-degree polynomials for greater
continuity, with separate fits for day and night periods (i.e., two polynomials per

day).

The decision on which method to use may depend on the availability and resolution of

the flux data and the required model precision.

Figure 26| illustrates the logical workflow of this initial step of the model.
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Figure 26: Workflow of step 1 of the model - preparation of vertical information

Note that the scheme in Figure [26| represents the general working flow for step 1, while
in the overall scheme (Figure is a simplified version which only includes the option of
using TTM with heat flux information.

Table (15| summarizes the required parameters to compute step 1 of 3D-RM, offering an
overview of options and data dependencies.
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Table 15: Parameters needed in step 1

Parameter Description Options Additional information

Fixed gradients Gradients to apply

Vertical model dofined I TTM with fixed values | H values to apply |
TTM with H data File with H values per
hour

How vertical layers are | =z -2 - - - s — - — - = - - —— - —— =2 % — - — — |

no interpolation -
H interpolation

Temporal interpolation - - - - -~ - — - - — - - - b - - - - -

fH b P e e T T
© 5-degree  polynomial | File with pre-computed
interpolation coefficients
A instrument wavelength | value -
dH height interval to define | value -
layers
homaz higher layer value -
U wind velocity value -
20 roughness parameter value -

6.2.2 Step 2 - Refractivity interpolation

The subsequent step of the 3D-RM involves the spatial interpolation of both the refrac-
tivity (/V) and its vertical gradient (dN/dh) at specific heights above ground (h;), ranging
from the sensor level hy up to the maximum height h,,,, with a regular vertical increment
of Ah.

To achieve this, Multiple Linear Regression (MLR) models are employed. This method
was selected after comparing various interpolation approaches in the study area of Cortes
de Pallas, where MLR provided the best performance in terms of root mean square error
(RMSE) and coefficient of determination (R?) [67].

Each MLR model relates the refractivity (or refractivity gradient) at a given height and
time to the spatial position of the meteorological stations. Specifically, the dependent
variable is modeled as a function of 3D spatial coordinates (z,y, z) in a local Cartesian
coordinate system, where:

e 1, y are the planimetric coordinates.

e 2 is the altitude above a reference plane.

The general form of the regression model is:
Nyj = Qon, + 0y, T+ oy Y +ag, 2 (99)
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A unique set of coefficients (g, , ajy, , by, 0%, ) is computed for each height level h;
and epoch t, using the refractivity values obtained in Step 1 for each station. The same
process is repeated independently for the refractivity gradient values (dN/dh).

The use of 3D coordinates is crucial to adequately capture the spatial variability of re-
fractivity, especially in regions with varying terrain elevation. This approach ensures that
both spatial variability (including elevation) and the influence of the ground (through
specific models for different heights above ground) are considered.

The spatial domain for interpolation is typically bounded by the extent of the sensor
network. Points within this domain are interpolated, while points outside may result in
extrapolation. However, extrapolation is generally avoided to minimize errors, as it in-
volves estimating values beyond the range of observed data.

Each model’s performance is evaluated using two metrics:

e The root mean squared error (RMSFE), indicating the average interpolation error.

e Coefficient of determination (R?), measuring the proportion of variance explained
by the model.

Both metrics are computed and stored for every layer and epoch to track model accuracy
and serve future validation or sensitivity analyses.

Figure 27| shows a scheme of the information stored for subsequent steps of the model.

Station 1 Station 2 Station n Interpolation information
epoch1; N h; epoch1; N h;
epoch1;N h; epoch1; N h,
epoch.‘f; N hya epoch.‘ii N o
MLR
epoch 2; Nh, epoch 2; Nh, epoch 2; Nh, epoch2; coefficients h,; RMSE; R2
epoch 2; Nh, epoch 2; Nh, epach 2; Nh, epoch 2; coefficients h,; RMSE; R2
epochn; N hyy | | epochn; N hyy || epochn; N by, epochn; coefficients sy, RMSE; R2

Figure 27: MLR interpolation scheme

Only those epochs for which the selected meteorological stations provide valid data are
considered during interpolation.

A summary of the input parameters required in this step is provided in Table [16]
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Table 16: Parameters needed in step 2

Parameter Description
Coordinates Coordinates for each station
N Refractivity computed for each epoch,
height, and station
% Refractivity gradient computed for each
epoch, height, and station

6.2.3 Step 3 - Model application to observations

Once the interpolation coefficients have been obtained for each height level, the 3D-RM
can estimate both the refractivity (N) and its vertical gradient (ON/Oh) at any point
within the study area, provided that the point lies within the interpolation domain with
a height below h,,.,. This functionality is designed to support the correction of distance
and vertical angle measurements typically collected using terrestrial geodetic instruments,
such as total stations (TS) or terrestrial laser scanners (TLS).

To apply the model, the coordinates of the station and the target point must be known
or estimated. In standard geodetic workflows, measurements are taken from a known sta-
tion to an unknown point. In such cases, the coordinates of the target are derived from
observed distance, vertical angle, and horizontal angle data, assuming the orientation of
the station is known.

The process to compute the refractivity at a specific epoch (t) for a point with known
coordinates and at a specific height above the ground is as follows:

1. The corresponding epoch ¢ is accessed in the interpolation file.
2. The height above ground (h,) at the point is computed.

3. The model retrieves the coefficients associated with the nearest lower height layer
(h;) relative to h,,.

4. These coefficients are then applied to the 3D coordinates of the point to estimate
refractivity and its vertical gradient.

This procedure is applied similarly when estimating the refractivity gradient, using the
gradient-specific interpolation coefficients.
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Figure 28: Working flow of step 3 of the model - application to observations

To compute accurate corrections, refractivity is needed at several points along the line of
sight (LoS) between the station and the target point. To account for spatial variations,
the straight LoS is discretised into intermediate points at a defined resolution (e.g., every
100 m). The workflow for each of these intermediate points is illustrated in Figure [28/ and
involves the following steps:

1. 3D coordinates calculation: the 3D coordinates (z,, yp, 2,) of the intermediate point
are calculated in the local system (or the system in which station and target point
are expressed ).

2. Terrain elevation extraction: the corresponding altitude at the (x,,y,) location,
referred to as Hprys, is determined using a Digital Terrain Model (DTM). The
DTM provides altitude in a specific system, usually orthometric height. This step
is crucial because the 3D-RM layering is based on height above ground, thus the
DTM is needed for its estimation.

3. Height above ground computation: the height above ground (h,) is calculated as
the difference between the point’s z-coordinate (z,) and the DTM-provided ground
elevation (Hpryr), as ilustrated in Figure . Consistency between the coordinate
system used for the points and the DTM is crucial. If different systems are used,
such as local coordinates for the points and orthometric height in the DTM, a
transformation must be applied to relate the two systems. In the experiments
presented in this thesis, the local coordinates z,y, z are converted into UTM30
Xvurwm, Yuram, H to calculate height above ground.
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4. Retrieval of interpolation coefficients: based on the computed height above ground
(h,) and the observation epoch (t), interpolation coefficients for the nearest layer
(h;) are retrieved from interpolation files

5. Estimation of refractivity and its gradient: the retrieved coefficients are applied to
the point’s coordinates to compute both N and ON/Jh at that location and time

[ Target point

— DTM

Hp (calculated) .-~

¥

h |

M

Station point

Hpo (from DTM)

Figure 29: Calculation of height above ground with DTM information

A complete list of the input parameters required for Step 3 is provided in Table [17]

Table 17: Parameters needed in step 3

Parameter Description Options Additional information
Observations field observations TS or TLS Observation file
Interval Interval to compute the | value -
intermediate points
Station Station’s data - Files from step 2 (N and
dN)
Ellipsoid* Reference ellipsoid - Ellipsoid parameters
Geoid* Reference geoid - Grid file
DTM Digital terrain model - DTM file
g, a1, g, 3 Interpolation coefficients | - Interpolation files

* Ellipsoid and Geoid information are needed to perform coordinate system transformations, depending
on the coordinate system used, this may be not necessary

6.2.4 Step 4 - Correction computation

The final step of the model involves computing the distance and vertical angle corrections
for each observation, using the refractivity and refractivity gradient values previously
estimated along the line of sight. The model is focused on distance and vertical angle
corrections.

91



Distance correction

As discussed in Section [£.1.2] the conventional method for correcting distances is the first
velocity correction (see Equation (45])), where the mean refractive index n,, is tradition-
ally approximated by averaging the value at both ends of the observed baseline. However,
this simplification does not reflect the actual atmospheric conditions along the path. A
more accurate estimation involves computing the mean refractive index n,, along the en-
tire line of sight.

Thanks to the results from Step 3, where refractivity values were computed at intermediate
points along each observation line, this integral can now be numerically approximated.
The model applies the trapezoidal method for this integration, using m equally spaced
intermediate points (illustrated in Figure [30]).

Figure 30: Integration example along one line

The general expression of the trapezoidal method is:

b Ax
[ s = S £ + 250 + ot 2 ) + o) (100)
Applied to this context, the integral becomes:
! As
i n(z)dx = - [no + (2np1 + oo + 2Npm—1) + Ny (101)

Here, As refers to the fixed spacing between intermediate points. The correction applied
has the form of the first velocity correction (Equation (45)). In this case, as the term
n,, is obtained by integrating values along the line of sight, no further refinement (e.g.,
second velocity correction) is required.
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Vertical angle correction

To correct the vertical angle, the refraction angle is estimated as outlined in Section [4.2.1]

(see Equation ([49)).

The refraction angle is computed by integrating the refractivity gradient along the line of
sight, again using the trapezoidal method, using the refractivity gradients interpolated at
each intermediate point of the line of sight. The calculated refraction angle is then added
to the measured zenith angle to correct it.

Table summarizes the parameters and information needed to compute the step 4 of
the model.

Table 18: Parameters needed in step 4

Parameter Description
Measurements | Field measurements (distance and
vertical angle)

ng Reference refraction index

Interval Interval of the intermediate points

N; Refractivity value estimated for
each intermediate point

dN; Refractivity gradient estimated for

each intermediate point

This step finalizes the 3D-RM model by applying refractivity-based corrections to dis-
tance and vertical angle measurements. Through numerical integration along the line of
sight, the model aims to improve accuracy of field observations under varying atmospheric
conditions.

6.3 Cases of study: application of 3D-RM to TS mea-
surements

In this section, experimental studies conducted to evaluate the 3D-RM are presented. The
section is organized as follows:

1. The working area where the field campaigns were conducted is described.

2. A summary of the different campaigns carried out during the development of this
thesis is provided.

3. The main results related to the 3D-RM are presented.

4. Some intermediate results and parameter assessment are included.
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6.3.1 Working area: Cortes de Pallas

Cortes de Pallas is a village in Valencia (Spain). The specific area of interest is a cliff
known as La Muela, where a hydroelectric power complex operates. This area, which
is a Cretaceous limestone region, presents recurrent geotechnical issues. In 2015, part
of the cliff collapsed, resulting in damage to the hydroelectric power plant and nearby
roads, isolating the village. After the refurbishment and consolidation works the Uni-
versitat Politécnica de Valéncia (UPV) in collaboration with the Department of Roads
and Infrastructures of the Diputacio de Valencia, started a three-year project to monitor
the cliff to prevent future rockfalls. This project included the establishment of a geodetic
network to serve as a reference frame, along with the installation of permanent prisms on
the hillside for continuous monitoring.

Figure 31: Overview of the working area (Source: [68])

Figure [31] shows an overview of the working area, the geodetic network’s boundaries are
marked in yellow, while the critical area to be monitored is highlighted in red.

Geodetic network

The geodetic network in Cortes de Pallas comprises 10 geodetic pillars (labelled from 8001
to 8010) and was designed as a pure 3D trilateration network [69]. After the installation
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of the pillars, three measurement campaigns were conducted over three consecutive years
(2018, 2019, 2020) using a high-precision EDM Kern Mekometer ME5000 (Figure [32). To
ensure high accuracy, the measurements were supported by meteorological data collected
with 10 calibrated data loggers.

Figure 32: Mekometer ME5S000 measurements

The computation of pillar coordinates involved applying various corrections, including
refraction, EDM frequency drift, and geometric reductions. Detailed descriptions of these
corrections are available in [69]. Subsequently, a rigorous least-squared adjustment was
performed, yielding a set of coordinates with standard deviations ranging from 0.1 to
1.2 mm for each pillar, with 85.7% of residuals below 1 mm [69]. Figure |33 shows the
free-network solution for year 2019, including the standard error ellipses in red and the
vertical precision in blue.
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Figure 33: Free-network solution 2019 (Source: [68])

To ensure the reliability of the reference frame for deformation monitoring, a thorough
analysis of its stability was performed using data from the three-year measurement cam-
paigns. The results, which are detailed in [68], revealed horizontal displacements at all
points between 2018 and 2020, particularly near the water reservoir, where displacements
reached 2-3 mm. Vertical displacements in these areas showed downward shifts ranging
from -13.22 to -16.25 mm.

The reference coordinates in the local system CP2017 (detailed further) are presented in
Table 191
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Table 19: Local coordinates of the geodetic network pillars

Pillar | x(m) y(m) z(m)
8001 | 159.4083 | 94.2080 | 144.9715
8002 | 536.2871 | 341.2314 | 46.7024
8003 | 285.0310 | 608.8918 | 106.5783
8004 | 776.2580 | 914.5217 | 14.9182
8005 | 1077.0223 | 854.3889 | 74.0872
8006 | 500.4831 | 879.7765 | 69.8557
8007 | 1224.7750 | 1647.0658 | 499.7153
8008 | 929.5876 | 147.6371 | 155.1183
8009 | 981.7671 | 554.0390 | 10.4536
8010 53.8649 | 1536.3211 | 467.0790

Local coordinate system

A conventional Cartesian coordinate system, named CP2017, was defined in Cortes de
Pallas to facilitate further deformation analysis and also the processing and integration

of other techniques, such as image-based ones [69].

The xz-plane of the local system was establiseh to be approximately coincident with the

cliff of interest (Figure [34)).

Figure 34: Local coordinate system. The critical area is marked in red

The definition of this system is shown in Table 20, Geodetic coordinates are given in
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ETRSS9.

Table 20: Definition of the CP2017 local system

Parameter Value
Zo 800 m
Yo 800 m
Zo 150 m
oo 39 °14’ 47.98063”
Ao -0 °55" 55.55670”
ho 520.57344 m
Qo 230 gon

With this conventional definition, coordinates and precisions obtained with different mea-
surements and adjustments can be converted into different coordinate systems with no
loss of accuracy. Coordinates of the different campaigns conducted in the working area
are usually obtained in the local system CP2017 (z,y, z), in geodetic coordinates ETRS89
(p,\), and UTM30 (£, N). Both ellipsoidal (h) and orthometric (H) height can be ob-

tained.
Target points

In addition to the 10-pillars geodetic network, 15 target points were also permanently
installed at critical locations on the cliff (named 1001-1015). These target points consist
on a Leica 360 reflector together with a 145 mm diameter target sphere, intended for use
with image-based techniques (Figure .

I

/

Figure 35: Target point consisting on reflector and sphere

The coordinates of the reflectors were also determined using the Mekometer ME5000 mea-
surements (Table 21)).
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Table 21: Local coordinates of the target points

Point | x(m) y(m) z(m)
1001 | 912.8108 | 1005.2084 | 144.7208
1002 | 908.1700 | 1007.6356 | 139.8012
1003 | 901.4871 | 1010.6389 | 145.7455
1004 | 922.0150 | 999.5838 | 118.6362
1005 | 917.9428 | 999.3877 | 114.3216
1006 | 926.8292 | 996.9338 | 111.7634
1007 | 894.6261 | 988.8788 | 86.0142
1008 | 874.9508 | 983.5045 | 71.6587
1009 | 873.2529 | 991.7038 | 85.6273
1010 | 619.6238 | 950.3059 | 85.5166
1011 | 495.6261 | 952.8132 | 138.6876
1012 | 480.6799 | 954.6206 | 158.9148
1013 | 479.1463 | 946.6025 | 141.6632
1014 | 488.0169 | 952.9289 | 156.1855
1015 | 900.0689 | 983.5999 | 80.8598

Figure shows how the target points are distributed in the cliff, specifically placed in
critical areas as it can be seen in the red-squared zoom.

1003 1001
b

1002 1004
1005 ¥+

1006

100];
L ELT009 4 T 1015,

Figure 36: Distribution of target points
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Auxiliary points

Apart from the primary network and target points, additional points were included as
needed. A point designated as 9000 was defined on the ground with a permanent mark,
providing a reference for tripod installations. An additional pillar, 8011, was added to
enhance the network’s geometry for meteorological sensor placement and also to install
target spheres for TLS registration; however, this pillar is considered second-order due to
its lower precision. Finally, an auxiliary point, 8012, was temporarily added for a specific
field campaign to install a meteorological sensor on it.

The overall distribution of these points is shown in Figure [37]

Point type

® geodetic network (1st order)

© geodetic network (2nd order) f
© target points |
@ station point

e >

| «PNOA cedido por © Instituto Geografico Nacional de Espafia» . |__

uxilia point
Figure 37: Point distribution in Cortes de Pallas

Figure |38 shows a detailed layout of the target points.
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Figure 38: Target points in the cliff

Local coordinates for these points are shown in Table

Table 22: Local coordinates of additional points

Point | x(m) y(m) z(m)
9000 | 438.4706 | 323.5775 | 38.2975
8011 | 837.8354 | 1040.1494 | 157.1011
8012 | 871.9447 | 359.0876 | 80.5792

6.3.2 Description of field campaigns

During the development of this thesis, several campaigns were conducted to get different
types of data for the development and testing of the 3D-RM. Table[23|provides a summary
of the main characteristics of each campaign, including the instruments used, the locations
of the meteorological sensors, and the points observed.
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Table 23: Field campaigns summary

Campaign Instruments Meteorological sensors Target points
February 2023 TS (9000) 8001, 8002, 8005, 8006, 1001-1015
8009, 8011
TS (9000) 8001, 8002, 8003, 8004, 1001-1015
July 2023 8005, 8006, 8007, 8009,
8011, 9000
TLS (8002, 8009) working area
June 2024 TS (8009) 8002, 8004, 8005, 8006, 1001-1009,1015,
8009, 8011, 8012 8004, 8005, 8006,
8011

February 2023

This campaign took place on February 28th 2023. It was conducted as a preparatory step
to collect the initial data for developing the model. The objectives were:

e Provide coordinates for point 8011.
e Assess the influence of meteorological sensor ventilation.

e Collect the first data set using the Leica TM30 total station.

In this campaign, only six ventilated shelters were available and they were installed at
the points shown in Table 23] Additionally, two non-ventilated shelters were installed at
points 8004 and 9000.

To provide coordinates for point 8011, measurements were taken using the TM30 from
points 8003, 8002, and 8009. The target points on the cliff were measured from point
9000, with the TM30 mounted on a tripod. A total of four series of five measurements to
each prism were measured between 13:00 and 18:00.

July 2023

This second campaign was on July 237¢ 2023. The main objectives of the campaign were:

e Acquire point cloud data using TLS.

e Collect measurement data using the Leica TM30 total station.

In this campaign, ten meteorological sensors were installed using ventilated shelters at
points listed in Table 23]
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For the TLS measurements, five half-meter diameter target spheres were installed at points
8003, 8004, 8005, 8006, and 8011, covering all the critical area. These target sphere were
used for registration, to integrate TLS point clouds into the CP1017 local reference frame.
Different point cloud acquisitions were performed at various times from pillars 8002 and
8009 to have data acquired under different atmospheric conditions.

Similarly to the February campaign, the TS was set up at point 9000 using a tripod. In
this case, three series of five measurements were taken to the target points from 08:00
to 11:00. No more data were collected because the atmospheric conditions were almost
constant.

June 2024

The final campaign took place on June 25, 2024, and was designed to acquire total station
measurements over an extended period. Its main objectives were:

e Collecting continuous data during the daytime to enable a more detailed analysis
of refractivity and validation of the model.

e Expanding the range of vertical angles observed.

For this purpose, an auxiliary point (8012) was equipped with a meteorological sensor.
This point, set on a tripod with RTK-determined GNSS coordinates, allowed for a flexi-
ble configuration and contributed to an improved geometry of the meteorological sensor
network.

In total, seven meteorological sensors were deployed using ventilated shelters. The total
station was installed at point 8009, which was closer to the target points, providing cov-
erage over a wide range of vertical angles. Measurements were carried out systematically:
a series of five observations was taken every hour from 7:00 to 22:00, with a battery re-
placement at 15:00.

Instruments and setting up

The following instruments were used during the campaigns:

e Leica TM30 robotic total station (EDM 0.6 mm + 1 ppm, angular appreciation
0.57).

e Leica 360 prisms: apart from the target points permanently installed on the cliff,
additional prisms were set up at various points as needed.

e Kern RMO5035 prism: used for highly accurate measurements, such as those taken
to provide coordinates for point 8011.
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e Testo 176P1 atmospheric data-loggers: calibrated at the UPV calibration labora-
tory, with an accuracy of + 0.2 K for temperature and + 1.8 hPa for air pressure.

e Self-ventilated shelters: used to protect meteorological sensors, connected to bat-
teries to ensure ventilation for accurate measurements.

e Simple shelters: used during the first campaign due to a shortage of ventilated
shelters, allowing for a comparison of results.

e Leica ScanStation P50 long-range terrestrial laser scanner (3 mm + 10 ppm in 570
m / > 1 km mode, 8”).

e Half-meter diameter spheres: installed at designated pillars when TLS was used to
serve as reference points to point cloud georeferencing.

Figure 39 shows the main instrumentation used during the field campaigns: (a) half-meter
sphere installed with meteorological sensor used as target point for TLS; (b) 360 prism
installed on a pillar with a meteorological sensor used as reference; (c) Leica TM30 TS
mounted on tripod; (d) Leica P50 TLS installed on pillar with meteorological sensor.

Figure 39: Instruments used in field campaigns

6.3.3 Selected parameters for the application of 3D-RM

This section describes the configuration of the 3D-RM model adopted for the analysis
of the field campaigns. The selected parameters from those discussed in Section [6.2] and
based in the evaluation of their performance, are further analyzed in Section [6.3.5 The
aim is to define a consistent and realistic setup that ensures comparability across all
experiments.
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Interval: intermediate points along the line of sight were generated every 100 m.
Ideally, meteorological parameters should be measured at this resolution [43], so
this interval was considered appropriated.

Ah: the vertical interval between vertical layers was set to 1 m. This choice is
particularly relevant near the surface, where atmospheric stratification is strongest.
For altitudes above 20-30 m, a coarser resolution could be used.

Pomaz: the maximum height above ground was fixed at 200 m, in line with the terrain
profiles of the study area.

zo: the surface roughness length was set uniformly to 0.02 m, representative of open
terrain [70].

Wind speed: since wind conditions were relatively stable, a single representative
value (2-3 m/s) was used for each campaign.

Vertical model: hourly sensible heat flux values obtained from remote-sensing prod-
ucts were used to represent the vertical structure of the atmosphere, offering a more
realistic characterization than fixed-gradient models.

Sensible heat flux data: ERA5 was chosen as the optimal source for heat flux infor-
mation.

Temporal H interpolation: linear interpolation was selected for temporal interpola-
tion of H, as the use of 5-degree polynomials did not significantly improve results
while increasing computational complexity.

Spatial interpolation: multiple linear regression (MLR) was used for spatial inter-
polation of refractivity in each vertical layer.

The DTM used is from the National Geographic Institute (IGN) with a spatial
resolution of 2 meters.

6.3.4 Results of the application of 3D-RM

This section presents the results obtained from applying the 3D-RM model to the data
collected during the field campaigns, using the parameter configuration described in Sec-
tion . Two main aspects are analysed: a) Distance corrections, evaluated both with
measurements and simulated data, and b) Vertical corrections results.

a) Distance corrections results

This section presents the results obtained using the 3D-RM to compute distance correc-
tions. The analysis is organized into two main parts: first, tests performed on simulated
data; and second, corrections computed using actual field measurements from various
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campaigns. These results are used to assess both the model’s precision, through the
standard deviation of corrected measurements, and its accuracy, by comparing them to
reference distances derived from high-precision coordinates.

e Results over simulated points

Target points on the cliff are concentrated in specific locations, leading to limited coverage
of the entire area and relatively similar conditions among them. To explore how the 3D-
RM behaves under different topographic and geometric conditions, four auxiliary points
were simulated. These points, while not measured in the field, were strategically placed
approximately 820 meters from station 8002 (Figure .

«PNOA cedido por © Instituto Geografico Nacional de Esf

Figure 40: Simulated points in the working area (in green)

Despite their similar distance from the station point, the line of sight to each point varies
significantly. Figure [41| shows the topographic profiles for auxiliary points 2 and 4. As
shown, the LoS between station 8002 and point 4 is nearly horizontal, while station 8002
and point 2 have a considerable height difference. This allowed us to evaluate the model’s
response to refractive variability driven by terrain and geometry, rather than only distance.
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Figure 41: Topographic profiles from simulated points 2 and 4

To estimate the distance corrections, known coordinates of station 8002 and the auxiliary
points were used to simulate the observations. Using meteorological data from the July
2023 campaign, two correction strategies were compared: one using only data recorded
at the station point (traditional approach), and another applying the 3D-RM with all the
meteorological information. The results are presented in Figure
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Distance correction evolution for auxiliary points (July 2023)
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Figure 42: Distance corrections obtained for simulated points. Solid lines: 3D-RM results,
dashed lines: only meteorological data at station point used

The results confirm that corrections based on station-only data are nearly identical across
all simulated points, with minor variations due to small differences in distance. In contrast,
the 3D-RM yields noticeable different corrections depending on LoS profile. Distance cor-
rections differ by up to 3.5 mm between points, particularly between points 2 and 4. The
maximum discrepancy between both approaches reaches 4 mm, which can be considered
critical for high-precision geodetic instruments.

This demonstrates the 3D-RM’s ability to produce corrections that are sensitive to actual
atmospheric and geometric variability, unlike the standard method which only reflects
conditions at the station.

e Results obtained for measured distances

The 3D-RM was then applied to real data from three field campaigns: February 2023,
July 2023, and June 2024. Results were compared to those obtained via the traditional
correction method, which uses only meteorological data from the station point (denoted
as Np). Since the target points were inaccessible, no sensors could be installed at their
locations.

Additionally, the 3D-RM was tested under a simulated scenario in which no meteorological

sensor was installed at the station. In campaigns where the station was located at 9000,
both stations 9000 and 8002 were excluded from the model due to their proximity. This
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alternative approach, referred to as 3D-RM 2, is evaluated for two main reasons:

1. To simulate real-world situations where placing a sensor near the station is not
feasible or optimal.

2. To improve flexibility when multiple stations are used. By relying on meteorological
data from a network of representative points rather than the station itself, 3D-RM
2 eliminates the need to relocate sensors when instruments are repositioned within
the area, making the method more practical and efficient.

The mean distance corrections for all campaigns and methods are presented in Table [24]

Table 24: Mean distance correction for different campaigns (in mm)

Point February 2023 July 2023 June 2024
Nog 3D-RM 3D-RM 2 | Ny 3D-RM 3D-RM 2 | Ny 3D-RM 3D-RM 2

1001 | 12.1 13.3 13.3 22.2 24.3 24.3 11.9 13.6 13.8
1002 | 12.0 13.1 13.1 22.2 24.2 24.2 11.9 13.6 13.8
1003 | 12.0 13.3 13.2 22.2 24.3 24.3 12.0 13.8 14.0
1004 | 12.0 12.7 12.6 22.2 23.8 23.8 11.5 12.9 13.1
1005 | 11.9 12.5 12.5 22.1 23.6 23.6 11.5 12.8 13.1
1006 | 12.0 12.5 12.5 22.2 23.7 23.7 11.4 12.7 12.9
1007 | 11.6 11.6 11.5 21.5 22.5 22.5 11.2 12.2 12.5
1008 | 11.4 11.1 11.0 21.0 21.8 21.8 11.1 12.0 12.2
1009 | 11.5 11.5 11.4 21.2 22.2 22.2 11.4 12.4 12.6
1010 | 9.4 9.5 9.4 17.4 18.2 18.1 - - -
1011 | 9.1 10.2 10.2 17.0 18.4 18.4 - - -
1012 | 9.2 10.6 10.6 17.1 18.8 18.8 - - -
1013 | 9.1 10.2 10.2 16.8 18.3 18.3 - - -
1014 | 9.2 10.5 10.6 17.1 18.8 18.7 - - -
1015 | 11.5 11.5 11.5 21.4 22.4 22.3 11.1 12.0 12.2

As described in Section [6.3.2] the station point was located at point 9000 during the
February 2023 and July 2023 campaigns, while in June 2024, the station point was at
pillar 8009. The distances between station 9000 and the target points are greater than
those between station 8009 and the same targets, resulting in an expected lower refraction
effect in the June 2024 campaign.

From Table [24], it can be observed that, in general, 3D-RM corrections are slightly larger
than those using only the meteorological data at the station (Ny). The corrections in
July 2023 are significantly higher than those in February 2023, likely due to higher tem-
peratures in July than in February and longer baseline lengths (~800 m) compared to
the June 2024 campaign (~450 m). The corrections obtained when applying the 3D-
RM including all meteorological stations are very close to those obtained when excluding
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the station points (3D-RM 2), particularly in the February 2023 and July 2023 campaigns.

Temporal evolution of corrections and measured distances.

To further evaluate the performance of the 3D-RM we need to analyse not only the mean
correction obtained but its evolution over time. For the sake of conciseness, only the
results for the target points 1001 and 1007 are analysed as representative examples.

Figures 43| and 44| show the temporal evolution of both the measured distances and the
corresponding corrections for the February 2023 and July 2023 campaigns. These two
campaigns cover similar time intervals, allowing a direct comparison of the model’s be-
haviour under different atmospheric conditions.

Prism 1001 - 28™ February 2023 Prism 1001 - 23rd July 2023

Figure 43: Distance and correction evolution for prism 1001. (a) February 2023, (b) July
2023
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Prism 1007 - 28" February 2023 Prism 1007 - 23rd July 2023
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Figure 44: Distance and correction evolution for prism 1007. (a) February 2023, (b) July
2023

In all cases, the 3D-RM successfully captures the trends and fluctuations observed in
the raw measurements, with a close match between the variation in distance and the
corresponding correction. Differences between measured and corrected distances remain
within £0.5 mm throughout the entire observation periods. Even subtle variations, such
as the slight increase observed around 9 AM in the July 2023 campaign, are reflected in
the model’s corrections, demonstrating its sensitivity and adaptability.

Figures and @l present the same analysis for the June 2024 campaign (prism 1001
and 1007, respectively). In contrast to the earlier campaigns, this campaign covers an
extended time period (from sunrise to sunset) allowing for a more comprehensive analysis
of the diurnal evolution of atmospheric refraction.
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Figure 45: Distance and correction evolution for prism 1001 (June 2024)
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Figure 46: Distance and correction evolution for prism 1007 (June 2024)

In this case, the expected temporal behaviour of refraction is clearly observed. Lower
corrections at sunrise, a steady increase as temperatures rise throughout the morning, a
peak around noon (local time is UTC+2), and a gradual decrease in the afternoon. The
amplitude of the variation in measured distances reaches approximately 6 mm, confirming
the strong influence of diurnal atmospheric refraction. Despite this variability, the model
remains consistent, with differences between raw measurements and corrected distances
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consistently under 0.5 mm.

Due to the extended coverage of the June 2024 campaign, a more detailed view is provided
in Figure 47, which breaks the results for prism 1001 into four-hour intervals. This
visualization allows for closer inspection of the correction trends and further confirms the
model’s ability to capture the atmospheric dynamics throughout the day.
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Figure 47: Distance and correction evolution for prism 1001 4-hour periods (June 2024)

All results presented in Figures 3], [44] and [46] demonstrate a strong agreement be-
tween the evolution of measured distances and the model’s estimated corrections. The
temporal correlation confirms that the 3D-RM accurately models the atmospheric refrac-
tion and provides corrections that align closely with observed field variations.

Results in terms of standard deviation.

Since atmospheric refraction changes over time, it causes measurable variations in dis-
tances throughout the day. As the actual positions of the points are fixed during the
observation window, any distance fluctuation should be primarily attributed to refraction
effects. Therefore, a model that effectively mitigates atmospheric influence should reduce

113

Distance correction (m)

Distance correction (m)



the variability in the distance series. This improvement is quantitatively assessed using
the standard deviation.

Table 25 shows the standard deviations for the raw distances (D) and those corrected
using the three tested methods: the traditional station-based approach (Ny), the 3D-RM
model, and the reduced version of the model (3D-RM 2). For clarity and readability, the
nomenclature for the different correction approaches has been abbreviated compared to
previous tables.

Table 25: Standard deviations of distances (mm)

February 2023 July 2023 June 2024

Do Ngo RM RM2 | Dy Ng RM RM2| Dy No RM RM 2
1001 | 0.8 1.2 04 0.4 0.8 05 0.3 0.3 25 0.2 02 0.3
1002 | 0.8 1.2 04 0.3 0.8 05 0.3 0.3 1.6 01 0.2 0.3
1003 | 0.8 1.2 04 0.3 09 05 04 0.4 1.3 0.3 0.1 0.3
1004 | 0.8 1.2 0.5 0.4 09 05 04 0.4 22 03 02 0.3
1005 | 0.8 1.1 04 0.4 09 05 04 0.4 20 02 02 0.3
1006 | 0.8 1.1 0.5 0.4 0.9 05 04 0.4 1.9 02 0.2 0.3
1007 | 0.8 1.2 0.5 0.4 09 04 04 0.4 20 02 02 0.2
1008 | 0.8 1.0 0.6 0.5 0.8 05 04 0.4 1.9 02 02 0.2
1009 | 0.7 1.0 0.6 0.5 0.8 05 04 0.4 1.9 0.2 0.2 0.3
1010 | 06 08 04 0.4 0.7 04 04 0.4 - - - -
1011 | 0.6 0.8 04 0.4 0.7 04 0.3 0.3 - - - -
1012 | 06 0.9 04 0.3 0.7 04 0.3 0.3 - - - -
1013 | 06 08 0.3 0.4 0.7 04 0.3 0.3 - - - -
1014 | 0.6 0.9 0.3 0.4 0.7 04 0.3 0.3 - - - -
1015 | 0.7 1.1 0.5 0.5 1.1 0.3 0.5 0.5 1.9 0.2 02 0.2

Point

It is important to note that the standard deviation is a reliable measure when there is
a sufficiently large dataset. In cases where the number of data is small, such as in of
February 2023 and July 2023 campaigns, the standard deviation may be less reliable, and
might not fully capture the true variability in the measurements. However, with a larger
dataset, as in the June 2024 campaign, the standard deviation becomes a more meaningful
indicator of measurement variability.

As displayed in Table 25 the standard deviation of the raw measured distances rises up
to 2.5 mm, with an average of around 2 mm in June 2024. These values are reduced when
applying the traditional approach of using meteorological data at the station, yielding
values around 0.2 mm. Similar results are obtained when the 3D-RM is applied, with no
significant differences. The reduced model also shows no substantial difference in terms
of standard deviation.
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In the February 2023 campaign, however, the corrected distances exhibit higher variabil-
ity than the raw ones, deviating from the general pattern observed in the other cam-
paigns. This can be explained by the fact that the meteorological data at the station
were discarded, as they were collected with a non-ventilated shelter, which can introduce
systematic biases in meteorological readings (see Section . As an alternative, data
from station 8002 were used. Although this station is relatively close, its meteorological
records may not have been fully representative of the conditions at the station or along
the line of sight, which could explain the increased dispersion in the corrected distances.

Overall, these results indicate that, with the exception of February 2023, all three cor-
rection approaches are effective in mitigating the variability in distance measurements
caused by refraction. However, it is important to interpret these results with caution,
especially for campaigns with fewer data points, where the standard deviation may not
fully represent the model’s performance.

Results in terms of closeness to reference values.

While the previous analysis focused on the standard deviation to assess the precision
of the measurements, evaluating the accuracy (how close the corrected distances are to
known reference values) of the distance measurements is equally important. This involves
comparing the raw and corrected distances obtained through different approaches with a
reference value to determine their closeness.

Reference values were derived from high-precision coordinates of the points, which were
obtained with high precision using a Mekometer ME5000 and rigorous adjustment pro-
cedures as detailed in Section [6.3.1] Since some of the cliff prisms are installed in critical
and potentially unstable areas, certain points may have experienced movement since the
last monitoring campaign, potentially affecting their current positions relative to the ref-
erence coordinates.

Table [26] presents the distance errors computed as the differences between the measured
or corrected values and the reference distance for the different campaigns.
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Table 26: Distance error respect theoretical value (mm)

Point February 2023 July 2023 June 2024

Dy No RM RM2| Dy No RM RM2| Dy Ng RM RM 2

1001 | -16.7 -4.6 -3.4 -3.4 -26.5 42 21 -2.1 -17.5 -5.5 -3.8 -3.5
1002 | -13.8 -1.8 -0.6 -0.6 -264 3.2 -1.2 -1.2 -14.0 -2.0 -04 -0.1
1003 | -179 -59 -4.6 -4.7 -274  -52 31 -3.1 -125 -0.3 14 1.7
1004 | -9.8 2.2 2.8 2.7 -247  -26  -1.0 -0.9 -15.5 -39 -2 -2.2
1005 | -9.8 21 2.7 2.6 -2 34  -19 -1.9 -15.2 -3.5 -2.2 -1.9
1006 | -9.8 2.2 2.7 2.7 -25.1 29  -1.5 -14 -15.5 -4.0 -2.7 -24
1007 | -10.7 0.9 0.9 0.8 -243 28 -19 -1.8 -11.5 -0.2 0.8 1.1
1008 | -10.2 1.1 0.9 0.8 -245 35 -28 -2.8 -129 -1.6 -0.8 -0.5
1009 | -84 3.1 3.1 3.1 -21.7 -0.5 0.5 0.4 -1007 0.8 1.9 2.1
1010 | -21.6 -12.3 -12.1 -12.2 | -32.6 -15.2 -14.5 -14.5 - - - -
1011 | -24.0 -149 -13.8 -13.8 |-37.0 -20.0 -18.6 -18.6 - - - -
1012 | -275 -183 -169 -17.0 |-38.2 -21.0 -194 -194 - - - -
1013 | -26.6 -17.5 -164 -16.4 |-383 -21.5 -20.0 -20.0 - - - -
1014 | -276 -183 -17.0 -17.0 |-383 -21.7 -20.0 -20.0 - - - -
1015 | -7.9 3.7 3.6 3.6 1.1 -21.7 -0.3 0.6 9.8 14 23 2.5

The results indicate that applying correction methods generally reduces the distance error
compared to the raw measurements, enhancing the accuracy of the distance.

In the February 2023 campaign, the differences between using only station-based meteo-
rological data (Np) and applying the 3D-RM model are not significant for most points.

In contrast, the July 2023 campaign shows differences between the Ny approach and the
3D-RM around 2 mm. Given the precision of instruments like the Leica TM30, such dif-
ferences are significant and highlight the superior performance of the 3D-RM under these
conditions. The improved accuracy can be attributed to better quality and distribution of
meteorological sensors during this campaign compared to February 2023, where only six
ventilated sensors were available, potentially limiting the effectiveness of the corrections.

An important observation arises from the results associated with points 1010 to 1014,
which display significantly higher differences, reaching several centimetres even after the
refraction correction. As these prisms are installed in a critical areas and show elevated
errors both in the February 2023 and July 2023 campaigns, it is plausible to conclude
that these points have experienced movement over time. This potential displacement
need further investigations and deformation analysis. For this reason, these points were
excluded from the June 2024 campaign.

In the June 2024 campaign, improvements over the traditional approach are more variable.
For some points, such as 1001 and 1002, the model correction brings the measurements
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closer to the reference. For others, results are slightly less accurate. This can be attributed
to the shorter distances measured in this campaign—approximately 450 m—where atmo-
spheric effects are less severe, and the traditional method already provides a reasonably
good correction.

Finally, the results of the reduced 3D-RM model (3D-RM 2), which excludes the meteoro-
logical station at the total station point, show no substantial differences compared to the
full 3D-RM model. This finding suggests that a well-distributed network of meteorological
sensors across the study area can adequately support the model’s performance without
the necessity of installing sensors at specific locations like the station point. Consequently,
this approach can make measurement campaigns more efficient and cost-effective by re-
ducing set-up complexity.

b) Vertical angle results

This section presents the vertical angle results. Unlike distance measurements, vertical
angle measurements cannot be directly and fully evaluated in this study due to limita-
tions related to the instrument’s internal processing. Specifically, modern total stations
equipped with Automatic Target Recognition (ATR) systems apply internal filtering and
adjustment algorithms that are not publicly documented. These routines aim to stabilize
angle readings and improve target tracking but can suppress small variations caused by
atmospheric refraction. As a result, measured vertical angles may not accurately reflect
the true impact of refractive bending.

Due to this limitation, the results presented in this section are not intended as a compre-
hensive validation of the 3D-RM for angle correction. Instead, they provide an illustrative
example of the model’s output, highlighting the expected diurnal evolution of the com-
puted refraction angles. Although direct comparisons with the measured angles are not
meaningful in this context, the results help demonstrate that the 3D-RM produces phys-
ically consistent corrections based on atmospheric dynamics.

The June 2024 campaign was selected for this purpose, as it offers a complete diurnal

cycle and stable measurement conditions. The evolution of both the measured vertical
angle and the computed refraction angle for prism 1001 is shown in Figure [48]
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Figure 48: Vertical angle and correction evolution for prism 1001 (June 2024)

The refraction angle values range from approximately -0.5 mgon to 2 mgon. These values
are consistent with the typically expected for this kind of environment and measurement
configuration, where long-distance lines of sight and daytime heating induce noticeable
but moderate vertical bending.

The evolution of the refraction angle follows a plausible diurnal pattern. Low values early
in the morning, increasing with daytime heating, peaking around noon, and gradually
decreasing again towards sunset.

In contrast, the measured vertical angle series shows limited variability throughout the
day and does not exhibit the same temporal trend as the refraction angle. The series
remains nearly constant, with short-term fluctuations that do not correspond to the ex-
pected atmospheric evolution. This behaviour is likely attributable to the influence of the
ATR system, which stabilizes the vertical angle output using internal estimation routines.

As noted in previous studies [19], the ATR system in modern total stations is designed to
enhance precision by combining real-time tracking, image-based recognition, and internal
adjustment models. While this results in high repeatability under stable conditions, it
also limits the sensitivity to gradual atmospheric effects, making it difficult to directly ob-
serve the influence of refraction on angle measurements. Therefore, in field applications,
vertical angle measurements may not be as suitable as distances for assessing refraction
effects unless raw, unprocessed data were accessible.

Nonetheless, the correction values obtained by the 3D-RM are consistent with physical

expectations and follow the atmospheric dynamics throughout the day. This supports the
model’s capability to estimate vertical bending based on the distribution of refractivity
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gradients. However, further validation of the model is still needed.

6.3.5 Assesment and influence of selected parameters in 3D-RM

As previously stated, the 3D-RM involves several parameters and inputs that can be
modified. Section presented the main results obtained using a specific set of param-
eters. However, a deeper examination of the intermediate processing steps is necessary
to understand how specific choices impact the accuracy and stability of the corrections.
This section analyses the effect of several parameters and modelling decisions, offering
empirical justification for the configurations ultimately adopted in the study.

Interpolation of refractivity

A crucial component of the 3D-RM is the spatial interpolation of refractivity at differ-
ent vertical layers. As discussed in Section [6.2.2] this interpolation is performed at each
designated vertical layer using MLR. This section briefly introduces the motivation for
choosing MLR as the interpolation method and presents the results of this interpolation
across different campaigns. All interpolation methods tested have been implemented in
our home-made software.

A initial study, presented in [67], compared various interpolation methods. This study
used meteorological data from nine data loggers installed in Cortes de Pallds (CP) on
November 26th, 2019, as an initial attempt to investigate refraction in the area. Refrac-
tivity was calculated based on the meteorological data from each station, to interpolate
these refractivity values to specific coordinates. After evaluating and discarding certain
interpolation methods such as Kriging or co-Kriging, two interpolation methods were
selected for further analysis: inverse distance weighting (IDW) using both 2D and 3D
distances, and multiple linear regression (MLR). The effectiveness of these methods was
assessed using the root-mean-square error (RMSE) through cross-validation.

The study concluded that MLR was the optimal method for refractivity interpolation in
the area, as it consistently yielded lower RMSE values compared to IDW. During the
observation period, the RMSE for MLR was below 1 at most epochs, and the R? values
were above 0.85 for most epochs.

Subsequent campaigns in the same area further validated the use of MLR for refractivity
interpolation. Initially, the interpolation was performed using the computed refractivity
at each station, assuming all sensors were installed at approximately the same height
above ground, as it was the case in the study referenced in [67].

The RMSE results for the different campaigns are summarized as follows:

e CP February 2023: RMSE values were below 1.2 for all observation epochs, with
approximately 80% of epochs presenting RMSE values under 0.8.
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e CP July 2023: RMSE values were below 1 for the entire observation period.

e CP June 2024: RMSE values were below 1.6 for all observation epochs, with ap-
proximately 80% of epochs presenting RMSE values under 1.

In terms of the coefficient of determination R?:

e CP February 2023: R? values were above 0.9 for all observation epochs.

e CP July 2023: R? values were higher than 0.85, exceeding 0.95 in approximately
75% of the epochs.

o CP June 2024: R? values were higher than 0.75 and higher than 0.9 in approximately
85% of the epochs.

The spatial interpolation is conducted at each designated height above the ground or
vertical layer. However, for simplicity, only the results at the reference height (hg) are
presented here. The results at other height levels are similar and consistent with those
presented, further supporting the use of MLR as the optimal interpolation method for
the refractivity required in the 3D refractivity model.

Use of non-ventilated shelters

During the February 2023 campaign, six meteorological stations were equipped with venti-
lated shelters, while two stations (8004 and 9000) used non-ventilated ones. The evolution
of refractivity across all meteorological stations is shown in Figure [{9] Stations 8004, in
red, and 9000, in black, require further analysis as they were the points with non-ventilated
Sensors.
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Figure 49: Refractivity evolution for all stations (February 2023)

Figure |50| compares these problematic stations with their nearest ventilated stations: sta-
tion 8004 is compared to station 8008 and 9000 is plotted together with station 8002.
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Figure 50: Refractivity evolution for stations 8008 and 8004 (up) and 8002 and 9000
(down) (February 2023)

At station 8004 (in red), a sharp change around 14:30 followed by strong oscillations oc-
curred when the parasol shielding the sensor was displaced by wind. This event likely
accounts for the abrupt change and the subsequent high variability in the data, as the
sensor was directly exposed to the sun.

At station 9000, the issue is less apparent, as no obvious anomalies are present. However,
when compared with station 8002, which is located approximately 100 meters away un-
der similar conditions, a systematic offset becomes evident. The temperature at station
9000, being the parameter with the most significant impact on computed refractivity, is
consistently 4-5 C higher than at station 8002, likely due to insufficient ventilation.



Including data from these two stations in the refractivity interpolation results in a mean
RMSE of approximately 2 and an R? value of 0.62. These values are notably worse than
the results obtained when excluding these two stations (1.2 and 0.8, respectively). Con-
sequently, these points were excluded from the final analysis for this campaign, and only
data from the six ventilated sensors were considered.

This analysis emphasizes the importance of sensor standardization and proper ventilation
of meteorological sensors in field deployments.

Assesment of ERA5 and ERA5 land products

The 3D-RM incorporates sensible heat flux (H) as an input to apply the Turbulence
Transfer Model (TTM). As introduced in Section [6.1.2] various remote sensing datasets
offer estimations of sensible heat flux. Among them, ERA5 and ERA5 land, both devel-
oped by the European Centre for Medium-Range Weather Forecasts (ECMWF), stand
out due to their relatively high spatial and temporal resolutions and public accessibility.
ERADS offers a horizontal spatial resolution of approximately 31 km, which is coarser than
some specialized applications might require, but sufficient for estimating large-scale at-
mospheric gradients, as targeted in this model.

According to existing literature, ERA5 tends to provide more accurate estimations of
surface fluxes, including sensible heat flux, when compared to ERA5 land. However, to
complement this literature-based assessment and to evaluate the practical performance of
both datasets under specific conditions, an experimental comparison was conducted.

A validation campaign was conducted in Interlaken, Switzerland, on September 23-24,
2023. A BLS900 scintillometer from Scintec (T{ibingen, Germany) was deployed to mea-
sure the sensible heat flux over a 600-meter stretch of asphalt. The total duration of
measurements spanned approximately 28 hours, capturing both diurnal and nocturnal
flux dynamics.

Figure |51| presents the raw time series of sensible heat flux as recorded by the scintillome-
ter, alongside values extracted from ERA5 and ERA5 land.
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Figure 51: Heat flux evolution 23-24 September 2023, Interlaken (Switzerland)

Due to a high level of noise in the measured data, a preprocessing step was applied to
improve visualization and interpretability. First, a threshold of 300 was applied, followed
by a moving average filter. The resulting smoothed dataset is shown in Figure
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Figure 52: Heat flux evolution 23-24 September 2023, Interlaken (Switzerland) - filtered
As seen in the filtered results (Figure ERAS5 generally tracks the measured values more
accurately during daylight hours, while during the night, it tends to slightly underestimate
the flux. In contrast, ERA5-Land produces higher night-time fluxes than both ERA5 and
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the measurements. These findings are consistent with previous literature suggesting that
ERAS provides a more balanced representation of surface energy dynamics under diverse
atmospheric conditions.

Overall, the ERA5 sensible heat flux demonstrates good agreement with the measured
values, confirming its potential as a reliable approximation for the sensible heat flux re-
quired to apply the Turbulence Transfer Model (TTM).

It is important to note that this validation experiment was conducted over an asphalt
surface, whereas the main field campaigns in this thesis involve measurements over open
water. Given the distinct thermal properties and heat storage capacities of these surfaces,
sensible heat flux behaviour may differ considerably. Nonetheless, the experiment serves
as a valuable indicator of the overall consistency of ERA5 flux estimates.

While the results are specific to the test conditions and cannot be broadly generalized, they
provide empirical support for the use of ERA5 in this thesis. The combination of strong
agreement with field measurements, established accuracy in the literature, operational
ease of access, and adequate spatial resolution for this application justifies the selection
of ERA5 as the primary source of sensible heat flux values for the implementation of the
Turbulence Transfer Model (TTM) in this work.

Temporal interpolation of sensible heat flux

Since the sensible heat flux data from ERA5 and ERA5 land products have a temporal
resolution of 1 hour, interpolation is necessary when using this data in the 3D refractivity
model. Two different interpolation strategies have been implemented. The first strategy
is a simple linear interpolation of H, where the value of H at the desired time is calculated
from the values at the preceding and following whole hours. The second strategy involves
fitting a 5-degree polynomial to each 12-hour period (0-12 and 12-24 hours).
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Figure 53: Heat flux with different interpolations for CP July 2023 (left) and CP February
2023 (right)

Figure 53| shows the evolution of sensible heat flux from both ERA5 and ERA5 land, in-
cluding the original data and the interpolated values using both linear and 5-degree poly-
nomial interpolation for 24 hours for two different days corresponding to two campaigns
in Cortes de Pallas. It can be appreciated that both linear and polynomial interpolations
are similar, with small variations at specific times.

The results in terms of the coefficient of determination (R?) for different campaigns are
shown in Table 27] These campaigns include Cortes de Pallds February and July 2023
(see Section and the experiment conducted in Interlaken (Switzerland) (previously
introduced in this section).

Table 27: R? 5-degree interpolation of H

Campaign Date R? ERA5 | R? ERA5 land

20/07/2023 0:00 - 12:00 |  0.998 0.997

CP July 20231 o /67 /2023 12:00 - 22:00 | 0.934 0.999
28/02/2023 0:00 - 12:00 |  0.995 0.974

CP February 2023 | o8 159 /9023 12:00 - 24:00 | 0.991 0.998
23/09/2023 0:00 - 12:00 |  0.996 0.999

23/09/2023 12:00 - 24:00 |  0.953 0.994

Interlaken 2023 15 1 109/2023 0:00 - 12:00 | 0.992 0.996
24/09/2023 12:00 - 24:00 1 0.999
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6.3.6 Conclusions

The analysis and experiments presented in this chapter demonstrate that the 3D-RM is
a reliable and effective tool for correcting atmospheric refraction in terrestrial geodetic
measurements. Across multiple field campaigns, the model consistently improved the
quality of distance measurements, reducing the standard deviation of raw distances and
improving their agreement with reference values derived from high-precision geodetic in-
struments.

Although a full validation of vertical angle corrections was not possible due to limitations
associated with the ATR system used in the available total station, the modeled refraction
angles followed an expected diurnal trend, consistent with atmospheric behaviour. These
results suggest that the 3D-RM can also be used to estimate angle corrections, although
further studies are required to fully confirm this application.

A significant advantage of the proposed model lies in the comparison between the full
version 3D-RM and the reduced configuration 3D-RM 2, in which no meteorological sen-
sor is installed at the total station location. The results obtained with 3D-RM 2 were
almost identical to those from the complete version. This confirms that a well-distributed
network of meteorological sensors can sufficiently characterize the atmospheric conditions
of the entire area without the need for placing sensors at every measurement station. This
flexibility enables more efficient setups for long-term monitoring or field campaigns where
total stations are frequently moved within the area of interest.

Compared to the traditional approach, which uses only the meteorological parameters at
the station point, the 3D-RM provides improved results, particularly for longer distances.
For baselines exceeding several hundred meters, the differences between the traditional
and 3D-RM corrections reached a few millimetres. In high-precision applications, such
discrepancies can be critical and directly affect the accuracy and traceability of the re-
sults. In contrast, for short distances (e.g., 400-500 meters), the traditional method yields
results closer to those of the 3D-RM, as atmospheric conditions along the path are more
homogeneous.

Several aspects of the model have been individually evaluated and confirmed through
dedicated analyses. The use of Multiple Linear Regression (MLR) for interpolating re-
fractivity was validated with low RMSE values and strong correlation coefficients across
all campaigns. The importance of using ventilated meteorological shelters was also demon-
strated, as non-ventilated sensors produced biased temperature readings that significantly
degraded the quality of the interpolation and overall model performance.

Furthermore, the selection of ERA5 as the input dataset for sensible heat flux estimation
proved adequate. Despite its relatively coarse spatial resolution (31 km), ERA5 provided
values that aligned well with those measured by a scintillometer during a dedicated exper-
iment in Interlaken, Switzerland. The implementation of polynomial or linear temporal

127



interpolation of the heat flux was also found to be essential to ensure continuity and
smoothness in the calculated corrections.

In summary, the 3D-RM is shown to be a cost-effective, modular, and adaptable model
that can significantly enhance the precision of terrestrial distance measurements. Its
ability to account for spatial and vertical variations in refractivity represents a clear
improvement over traditional correction methods and offers a valuable contribution to
high-precision geodesy, particularly in environments where conventional approaches are
insufficient.

6.4 Proof of concept: application of 3D-RM to TLS

6.4.1 Motivation and context

Atmospheric refraction, as explained throughout this thesis, affects all electromagnetic
sources. In this chapter, the refractivity correction model 3D-RM has been presented,
developed for distance and vertical angle electro-optical measurements. In Section [6.3]
the 3D-RM was tested over TS measurements, demonstrating its potential to effectively
correct for refraction. However, TS measurements are not the only ones affected by this
phenomenon, other electro-optical systems, such as Terrestrial Laser Scanners (TLS), are
also influenced by atmospheric refraction.

In TLS applications, the impact of atmospheric refraction becomes particularly critical
in long-range observations or deformation monitoring scenarios. Under such conditions,
uncorrected refractive effects can introduce systematic errors in both distance and angu-
lar measurements, leading to apparent displacements that may reach several centimetres
or even decimetres [51]. These distortions are primarily caused by bending of the laser
beam, which results in the scanner registering surface points that are not located along
the actual line of sight. This effect intensifies as the distance increases and as the beam
crosses regions with strong thermal gradients, typically near the ground on sunny days.

Unlike T'S measurements, which involve a defined and fixed target (e.g., a prism), TLS
acquires dense point clouds where the exact surface point impacted by the laser pulse
is unknown and continuously varies. This makes the application of classical correction
models difficult, as they generally assume known, discrete target points. Furthermore,
high-precision TLS measurements are influenced by additional factors that introduce er-
rors into the results, such as the targets used for registration or the stability of the setup.

Despite these challenges, the inclusion of refractive effects in TLS error modelling is in-
creasingly acknowledged as essential, particularly for high-precision or long-range applica-
tions. Kerekes [71] developed an error model for TLS in which atmospheric influences are
represented stochastically or spatially, taking into account local topography and stratified
atmospheric layers. Friedli [51], after demonstrating the influence of refraction on TLS
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point clouds, recommended acquiring TLS data near sunset, when refractive effects are
reduced.

Given these considerations, this work explores the feasibility of extending the 3D Refrac-
tivity Model (3D-RM), originally developed for total station measurements, to TLS data.
The model’s formulation is easily adaptable to TLS, provided that the point cloud can
be expressed as a set of distance and angle measurements. It must be emphasised, how-
ever, that a complete validation of its application to TLS requires further research, as the
treatment of other error sources and TLS-specific processing considerations lies beyond
the scope of this thesis.

To investigate this possibility, a tailored methodology for applying the 3D-RM to TLS
point clouds is proposed in Section 6.4.2, followed by a preliminary assessment of its
performance in Section 6.4.3. These results are not intended as a definitive solution to
the complex problem of atmospheric correction in TLS, but to serve as a proof of concept
to establish the basis for future developments in this direction.

6.4.2 Processing methodology

In order to apply the 3D-RM refractivity correction model to terrestrial laser scanner
(TLS) data, a dedicated processing workflow was developed and implemented in custom
software as a proof of concept. The main requirement of this workflow is to maintain
strict geometrical control over all applied transformations, ensuring that the instrument’s
position remains fixed at its known coordinates. This constraint is essential, as many
commercial TLS processing packages adjust the instrument’s position during georefer-
encing, either to minimise residuals or to improve the overall registration, which can
lead to discrepancies between the nominal and actual instrument location. The proposed
methodology includes the following steps:

1. Time stamp to each point. Assuming the laser scanner stores the measured
points sequentially during the scanning process, the acquisition time of each point
can be estimated based on the known scan start and end times. A time stamp is
interpolated and assigned yo each point of the original point cloud. This temporal
information is essential for applying the specific model parameters corresponding to
the acquisition time.

2. Point cloud cleaning. A cleaned version of the point cloud is produced using
any point cloud processing software to remove noise and isolate the area of interest.
However, time stamps must be preserved from the original unfiltered cloud. There-
fore, the cleaned cloud is matched back to the original version via point-by-point
comparison (e.g., using coordinates), and only the corresponding points with valid
timestamps are retained. This two-step process is required because applying times-
tamps directly to the cleaned cloud would lead to incorrect time associations due
to reordering or data loss during filtering.
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3. Georeferencing via 6-parameter transformation. The cleaned point cloud,
expressed in the local scanner coordinate system, is georeferenced to the working
coordinate system (in this case the so-called CP2017). To do this, the centres of the
reference spheres using during scanning are extracted (again using standard com-
mercial software), and a six-parameter Helmet transformation (three rotations and
three translations, with no scale) is computed and applied using in-house software.

Many commercial georeferencing tools are available to do this. However, these tools
usually estimate scanner position as a free parameter. In our case, the scanner’s
position is assumed to be fixed and known. This preserves the geometric consis-
tency of the transformation, which is essential to study distortions introduced by
atmospheric refraction.

After the transformation, the local Cartesian coordinates of each are converted to
polar coordinates (zenith angle, azimuth, and distance), which are required for the
application of the 3D-RM.

4. Application of the 3D-RM. Once the point cloud is expressed in polar coordi-
nates and each point has an associated time stamp, the 3D-RM is applied in the
same way as for total station data. The model estimates the refractivity correc-
tions in distance and vertical angle for each point individually, taking into account
its acquisition time and line-of-sight geometry, and using the pre-computed model
parameter per epoch and height.

5. Back-transformation to Cartesian coordinates. The corrected polar coordi-
nates, simulating measured angles and distances, are transformed back into Carte-
sian coordinates (both in the working frame and in the local scanner system). This
enables the visualization of the corrected point cloud in any standard 3D point cloud
software and allows the comparison with the original data.

6. Iterative georeferencing refinement. Since atmospheric refraction also affects
the observed position of the reference spheres, the georeferencing transformation
parameters may absorb part of the refractivity. To mitigate this, an iterative re-
finement is proposed: after the first correction, the centres of the reference spheres
are re-extracted from the corrected cloud, and a new transformation is computed
and applied. This process helps ensure that the final georeferencing does not com-
pensate for atmospheric effects, thereby preserving the integrity of the correction
applied via the 3D-RM model.

Figure |54 summarizes the workflow developed to apply the 3D-RM to laser scanner data.
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1. Time stamp assignment

Estimate acquisition time per point Based on scan start/end + sequential order

2. Cloud cleaning

Clean cloud in external software Match backto original cloud to maintain time

3. Georeferencing (6-parameter transformation)

Extract sphere centres Calculate and apply transformation Convert to polar coordinates

4. Apply 3D-RM

Input: polar coordinates + time stamps Output: refractivity-corrected angles/distances

5. Back transformation to Cartesian coordinates

For visualization and analysis

4

6. Iterative refinement of georeferencing

Re-extract sphere centres Recalculate and apply transformation

Figure 54: Workflow to apply 3D-RM to TLS data

6.4.3 Preliminary results

This section shows the preliminary results of applying the 3D-RM refractivity correction
model to TLS point clouds. The working area was again Cortes de Pallas, and the mea-
surement campaign took place on 23 July 2023, simultaneously with the TS observations.

A Leica ScanStation P50 long-range TLS (3mm + 10ppm in 570 m / > 1 km mode, 8”)
was installed on pillar 8002. For georeferencing, 5 half-metre spheres were placed on pil-
lars 8003, 8004, 8006, 8005, and 8011. In addition, meteorological sensors were deployed
throughout the working area to provide input data for the 3D-RM.

To minimise registration-related errors, the entire scene was captured in a single scan.
Two different point clouds were acquired: the first at 7:00 am and the second at 13:00
pm, ensuring that measurements were taken under different atmospheric conditions.

Both point clouds were processed following the methodology described in Section [6.4.2),
resulting in two new datasets corresponding to the refraction-corrected versions of the

originals.

The computed refraction effect was evaluated by comparing the original and corrected
point clouds using a cloud-to-cloud distance analysis in CloudCompare (v.2.13 alpha)
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(https://www.cloudcompare.org/). Figure |55 shows the results for the 07:00 am dataset,
and Figure [56 for the 13:00 pm dataset.
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Figure 55: Comparison between original and refraction corrected point clouds at 7:00 am
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Figure 56: Comparison between original and refraction corrected point clouds at 13:00
pm
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As shown in Figure [55] the differences between the original and refraction-corrected point
clouds in the early morning scan were below 2.4 cm. In contrast, for the midday scan
(Figure [56), differences ranged from 2 cm to 5 cm. These magnitudes are significant for
high-precision applications, especially in deformation monitoring, where comparing point
clouds acquired under different atmospheric conditions could lead to apparent displace-
ments and potentially incorrect conclusions.

Although these results are preliminary, they clearly demonstrate that atmospheric refrac-
tion can have a measurable and non-negligible impact on TLS point clouds. This supports
the underlying motivation of this proof of concept: to explore the feasibility of adapting
the 3D-RM to TLS workflows as a step toward systematic, physically based refraction
correction in laser scanning applications.

6.4.4 Conclusions

This proof of concept has introduced a dedicated processing methodology for applying
the 3D-RM refractivity correction model to TLS point clouds. The approach ensures
geometrical control of transformations, maintaining the instrument position fixed in its
known coordinates, and allows TLS data to be treated as a set of distance and angle
measurements suitable for physical refraction modelling.

The preliminary results presented in Section confirm that atmospheric refraction
can induce systematic shifts of several centimetres in TLS point clouds. While these mag-
nitudes are significant for high-precision long-range applications, further work is needed
before a complete validation can be achieved.

During the campaign, several limitations were identified that may have affected the accu-
racy of the results. In particular, the precision of the automatic detection of the reference
spheres was not optimal, as some spheres were not perfectly sharp in the scans. Addi-
tionally, their spatial distribution was not ideal, potentially reducing the robustness of
the georeferencing. For these reasons, no direct comparison between the two uncorrected
point clouds (07:00 am vs. 13:00 pm) was performed, as they contain other error sources
in addition to atmospheric refraction.

Future work should address these issues by improving reference target placement, ensuring

optimal visibility in all scans, and refining detection accuracy. Once these aspects are
resolved, a more rigorous validation of the 3D-RM for TLS can be undertaken.
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7. Conclusions and outlook

This thesis explores how atmospheric refraction affects the accuracy of high-precision
geodetic measurements. Despite current improvements in geodetic instruments and data
processing techniques, atmospheric refraction is still a key source of error, particularly in
applications that require millimetre-level accuracy over relative long distances in outdoor
critical applications such as length metrology or deformation monitoring.

The study focused on two complementary lines of research. The first part examined tro-
pospheric delays in GNSS-based distance estimation, specifically analysing the behaviour
of residual errors at the double-difference (DD) level. The goal was to understand under
which conditions, such as long baselines or large height differences, these residual effects
become non-negligible, potentially limiting the precision of techniques like the Ground-
Based Distance Meter (GBDM+) developed at the DICGF-UPV.

The second part of the thesis introduced a new 3D refractivity model (3D-RM) aimed
at improving upon the traditional correction method used in terrestrial geodetic mea-
surements. By combining a network of meteorological sensors with vertical atmospheric
profiling and remote sensing data, the 3D-RM was designed to more accurately repre-
sent atmospheric conditions along the entire line of sight. The model was developed as a
practical, flexible, and cost-effective alternative that could deliver better correction per-
formance, particularly in complex terrain where standard approaches may be insufficient.

Together, these efforts contribute to a better understanding and treatment of atmospheric
refraction in both satellite-based and terrestrial measurement systems, bringing actual
measurement performance closer to the high precision that instruments are designed to
deliver.

7.1 Conclusions

This thesis has examined atmospheric refraction in high-precision geodesy from two com-
plementary perspectives: GNSS-based distance estimation and terrestrial optical tech-
niques. The work combines theoretical analyses, methodological developments, and ex-
perimental validation campaigns, with the common goal of improving the traceability and
accuracy of geodetic measurements.

At the GNSS level, the study analysed tropospheric effects at both zero-difference (ZD)
and double-difference (DD) stages. At the zero-difference (ZD) level, significant discrepan-
cies were found between tropospheric delays estimated through Precise Point Positioning
(PPP) and those obtained from empirical models, particularly in the zenith wet delay
(ZWD), which is highly sensitive to local humidity and temperature conditions. These
differences can reach several centimetres. Once DD processing was applied, discrepancies
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were strongly reduced.

Additionally, the study compared several mapping functions (VMF1, Niell, and Herring)
and found that their impact on DD-level results was minimal. Differences among them
remained below 1 mm, even at low satellite elevation angles, suggesting that the choice
of mapping function becomes less critical once DD is formed.

However, the analysis demonstrated that DD residuals persist under certain geometries:
for baselines exceeding 3—4 km or with vertical separations greater than 100 m, residual
delays up to £0.3 m were consistently observed. These findings reinforce the importance
of accounting for the troposphere, even when using DD processing. For applications like
GBDM+-, where distance estimates must meet strict traceability requirements, tropo-
spheric effects must be explicitly modelled and corrected. Both empirical models and
PPP-based estimates provide viable strategies. However, PPP is particularly well suited
in the GBDM+ context, as it not only estimates tropospheric delays but also quantifies
their uncertainty, allowing these values to be directly integrated into rigorous uncertainty
budgets, as required in metrology.

The thesis has introduced and validated a novel three-dimensional refractivity model (3D-
RM) that integrates distributed meteorological measurements, ERA5 remote sensing data,
vertical profiling with the Turbulence Transfer Model (TTM), and terrain information.

Across three independent field campaigns, 3D-RM consistently improved distance mea-
surement quality: standard deviations were reduced from the millimetre level to a few
tenths of a millimetre, and agreement with reference distances improved by up to 2 mm
on long sight lines. A key finding was the excellent performance of the simplified con-
figuration (3D-RM2), which excludes the need for a sensor at the total station location.
This demonstrates that a well-distributed meteorological network can capture the main
atmospheric variability, making the model scalable and practical for diverse real-world
scenarios.

Although vertical angle correction could not be fully evaluated due to limitations with
the ATR system of the total station, the modelled refraction angles followed a consistent
and expected diurnal pattern. This indicates that the model holds potential for angle
correction, pending further validation with raw, unfiltered angular measurements.

The thesis has also presented a proof of concept for applying the 3D-RM to Terrestrial
Laser Scanner (TLS) point clouds. Preliminary results confirmed that atmospheric re-
fraction can induce systematic shifts of several centimetres in long-range TLS data, which
is critical for high-precision applications. While limitations in target detection and geo-
referencing prevented a full validation, the methodology developed provides a clear path
for integrating physical refraction modelling into TLS workflows.

In summary, this thesis provides two main original contributions to the study and mit-

135



igation of atmospheric refraction in high-precision geodesy. First, it offers a systematic
evaluation of residual tropospheric delays at the double-difference level, with direct impli-
cations for the traceability and uncertainty modelling in GNSS-based distance estimation,
particularly within the GBDM+ framework. Second, it the development and validation of
the 3D-RM, which demonstrating its practical benefits over traditional correction meth-
ods and confirming its performance in real-world conditions.

More broadly, the results confirm that atmospheric refraction remains a critical source
of error in high-precision geodesy. However, through careful modelling, data integration,
and experimental validation, its impact can be substantially mitigated, bringing practical
field performance closer to the nominal specifications of modern geodetic instruments.

7.2 Outlook

While this thesis has addressed key challenges in atmospheric modelling for geodetic mea-
surements, several aspects remain open for further research and development.

In the GNSS domain, future work should include a systematic evaluation of how different
tropospheric models influence final distance estimations, not only at the DD level but
also in the context of rigorous uncertainty propagation. Additional experiments under di-
verse meteorological conditions would help quantify residual DD delays more accurately.
Special attention should be given to baselines with strong height differences and with a
distance of more than 3 or 4 km. Additional analysis of long-term datasets could also
shed light on seasonal variability and its implications.

For the 3D-RM, several aspects remain to be explored. A priority is the full validation of
angle corrections, either by operating total stations without ATR filtering or by employing
datasets that include raw angular measurements. Testing the model over longer baselines,
more complex mountainous terrains, and heterogeneous land covers would provide further
insights into its generalizability.

Incorporating surface-dependent parametrizations, that is distinguishing between water,
asphalt, vegetation, or urban structures, into the Turbulence Transfer Model could im-
prove the representation of refractivity gradients in mixed environments. Similarly, while
ERAD proved suitable for sensible heat flux estimation, targeted experiments over water
bodies and mixed surfaces would help confirm whether its spatial resolution is sufficient
in all contexts. A systematic comparison with other remote sensing products or high-
resolution in-situ data would also clarify the sensitivity of the model to input source
characteristics.

The proof of concept developed in this thesis demonstrated the potential of 3D-RM to

mitigate centimetric refraction-induced biases in long-range TLS point clouds. How-
ever, further validation is required before operational use can be recommended. Future
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campaigns should focus on improving the distribution and quality of reference targets,
ensuring optimal visibility and accurate detection. Once these limitations are addressed,
systematic comparisons between corrected and uncorrected point clouds will allow a more
rigorous quantification of the model’s benefits.

Finally, this thesis highlights the benefits of integrating data and methodologies across
GNSS and terrestrial domains. Future work could explore hybrid strategies that combine
PPP-based tropospheric estimates with 3D-RM spatial modelling, potentially enabling
cross-validation and improved robustness in multi-instrument monitoring networks.

137



References

1]

2]

F. K. Brunner, Geodetic refraction: effects of electromagnetic wave propagation
through the atmosphere. Berlin Heidelberg: Springer-Verlag, 1984.

F. K. Brunner, “Atmospheric turbulence and its effects on direction measurements,”
in Sun and planetary system (W. Fricke and G. Teleki, eds.), pp. 505-5010, Springer,
Dordrecht, 1982.

P. V. Angus-Leppan, “Use of meteorological measurements for computing refractional
effects - a review,” in Symposium - International Astronomical Union, pp. 165178,
1979.

F. Pollinger, S. Baselga, C. Courde, C. Eschelbach, L. Garcia-Asenjo, P. Garrigues,
J. Guillory, P. O. Hedekvist, T. Helojarvi, J. Jokela, U. Kallio, T. Kliigel, P. Kochert,
M. Losler, R. Lujan, T. Meyer, P. Neyezhmakov, D. Pesce, M. Pisani, M. Poutanen,
G. Prellinger, A. Sauthoff, J. Seppéa, D. Truong, R. Underwood, K. Wezka, J.-P.
Wallerand, and M. Wisniewski, “The European GeoMetre project : developing en-
hanced large - scale dimensional metrology for geodesy,” Applied Geomatics, vol. 15,
pp. 371-381, 2023.

L. Garcia-Asenjo, S. Baselga, C. Atkins, and P. Garrigues, “Development of a sub-
millimetric GNSS-based distance meter for length metrology,” Sensors, vol. 21, no. 4,
p. 1145, 2021.

S. Baselga, L. Garcia-Asenjo, P. Garrigues, and R. Lujan, “GBDM+: an improved
methodology for a GNSS-based distance meter,” Measurement Science and Technol-
oqy, vol. 33, 2022.

J. Guillory, D. Truong, J.-P. Wallerand, and C. Alexandre, “A sub-millimetre two-
wavelength EDM that compensates the air refractive index : uncertainty and mea-

surements up to 5 km,” Measurement Science and Technology, vol. 35, p. 025024,
2024.

P. Ray, D. Salido-Monz1, and A. Wieser, “High-precision intermode beating electro-
optic distance measurement for mitigation of atmospheric delays,” Journal of Applied
Geodesy, vol. 17, no. 2, pp. 93-100, 2023.

M. L. Salby, Physics of the atmosphere and climate. Cambridge University Press,
2nd ed., 2012.

J. M. Wallace and P. V. Hobbs, Atmospheric science: an introductory survey, vol. 92.
Elsevier, 2nd ed., 2006.

V. B. Mendes, Modeling the neutral-atmospheric propagation delay in radiometric
space techniques. Ph.d. dissertation, University of New Brunswick Fredericton, New
Brunswick, Canada, 1999.

138



[12] G. Seeber, Satellite Geodesy. Hannover: Walter de Gruyter, 2nd ed., 2003.

[13] J. Bohm and H. Schuh, Atmospheric effects in space geodesy, vol. 5. Berlin: Springer,
1st ed., 2013.

[14] A. Leick, L. Rapoport, and D. Tatarnikov, GPS satellite surveying. John Wiley &
Sons, 4th ed., 2015.

[15] P. J. Teunissen and O. Montebruck, Springer handbook of global navigation satellite
systems, vol. 1. Springer, 1st ed., 2017.

[16] J. L. Berné Valero, A. B. Anquela Julidn, and N. Garrido Vilén, GPS: fundamen-
tos y aplicaciones en Geodesia y Topografia, vol. 3. Valencia: Editorial Universitat
Politecnica de Valencia, 2013.

[17] M. Z. Jacobson, Fundamentals of atmospheric modeling. United States of America:
Cambridge University Press, 2nd ed., 2005.

[18] R. B. Stull, An introduction to boundary layer meteorology. Kluwer academic pub-
lishers, 1988.

[19] C. Hirt, S. Guillaume, A. Wisbar, B. Biirki, and H. Sternberg, “Monitoring of the
refraction coefficient in the lower atmosphere using a controlled setup of simultane-

ous reciprocal vertical angle measurements,” Journal of Geophysical Research Atmo-
spheres, vol. 115, no. D21102, 2010.

[20] W. Torge, Geodesy. Berlin: Walter de Gruyter, 3rd ed., 2001.

[21] R. G. Fleagle and J. A. Businger, An introduction to atmospheric physics, vol. 25.
Academic Press, 2nd ed., 1980.

[22] University —of  British  Columbia, “Vapor  Pressure at  Saturation.
https://geo.libretexts.org/@Qgo/page/9547. Last accessed: 2022-02-17.”

[23] T. Hadas, J. Kaplon, J. Bosy, J. Sierny, and K. Wilgan, “Near-real-time regional
troposphere models for the GNSS precise point positioning technique,” Measurement
Science and Technology, vol. 24, no. 5, 2013.

[24] D. Bolton, “The computation of equivalent potential temperature,” Monthly weather
review, vol. 108, no. 7, pp. 1046-1053, 1980.

[25] Wikiwand, “Vapour pressure of water. https://www.wikiwand.com/en/Vapour_pressure_of_water.
Last accessed: 2022-02-17."

[26] J. Shi, Precise Point Positioning Integer Ambiguity Resolution with Decoupled Clocks.
PhD thesis, University of Calgary, 2012.

[27] European Space Agency, “Navipedia.”

139



[28]

M. Wang and B. Li, “Evaluation of empirical tropospheric models using satellite-
tracking tropospheric wet delays with water vapor radiometer at Tongji, China,”
Sensors, vol. 16, feb 2016.

B. Hofmann-Wellenhof, H. Lichtenegger, and E. Wasle, GNSS: Global Navigation
Satellite Systems. GPS, GLONASS, Galileo & more. Springer Vienna, 1 ed., 2008.

C. G. S. of Natural Resources, “CSRS-PPP: https://webapp.csrs-scrs.nrcan-
rncan.gc.ca/geod /tools-outils/ppp.php.”

J. Saastamoinen, “Atmospheric correction for the troposphere and stratosphere in
radio ranging satellites,” The use of Artificial Satellites for Geodesy, vol. 15, pp. 247—
251, 1972.

P. S. Callahan, “Prediction of tropospheric Wet-component range error from surface
measurements,” Progress Report For September and October 1973, vol. XVIII, pp. 41—
46, 1973.

J. Askne and H. Nordius, “Estimation of tropospheric delay for microwaves from
surface weather data,” Radio Science, vol. 22, no. 3, pp. 379-386, 1987.

A. L. Berman, “The prediction of zenith range refraction from surface measurements
of meteorological parameters,” tech. rep., Jet Propulsion Laboratory, California In-
stitute of Technology, Pasadena, 1976.

S. Osah, A. A. Acheampong, C. Fosu, and I. Dadzie, “Comparative analysis of blind
tropospheric correction models in Ghana,” Journal of Geodetic Science, vol. 11, no. 1,
pp. 14-26, 2021.

A. Tuka and A. El-Mowafy, “Performance evaluation of different troposphere delay
models and mapping functions,” Measurement, vol. 46, pp. 928-937, feb 2013.

B. Chen and Z. Liu, “A comprehensive evaluation and analysis of the performance
of multiple tropospheric models in China region,” IEEE Transactions on Geoscience
and Remote Sensing, vol. 54, pp. 663678, feb 2016.

B. Bell, “ME5000 Operation,” in The Use and Calibration of the Kern MFE5000
Mekometer, pp. 1-80, 1992.

J. Rieger, Electronic Distance Measurement. An Introduction. Springer-Verlag,

4th ed., 1996.

The International Association of Geodesy, “IAG resolutions adopted at the XXIIth
general assembly in Birmingham,” 1999.

P. E. Ciddor and R. J. Hill, “Refractive index of air. 2. Group index.,” Applied Optics,
vol. 38, no. 9, pp. 16631667, 1999.

140



[42]

[43]

[44]

[45]

[48]

[49]

[50]

[53]

[54]

F. Pollinger, “Refractive index of air 2 Group index: comment,” Applied Optics,
vol. 59, no. 31, p. 9771, 2020.

S. Artese and M. Perrelli, “Monitoring a landslide with high accuracy by total station:
A DTM-based model to correct for the atmospheric effects,” Geosciences, vol. 8,
no. 46, 2018.

F. Brunner and J. Riieger, “Theory of the local scale parameter method for EDM.,”
Bulletin Géodésique, vol. 66, no. 4, p. 355, 1992.

T. B. Afeni, “An approach to eradicate the effects of atmospheric variations on total
station distance measurement in a surface mine environment. The impact of taking
measurement through a glass medium,” vol. I, 2011.

K. Nikolitsas and E. Lambrou, “Comparison of two different methodologies for cor-
recting refraction in vertical angles,” Applied Geomatics, vol. 13, pp. 119-129, 2021.

E. Lambrou and K. Nikolitsas, “A methodology for correcting refraction in vertical
angles for precise monitoring in tunnels,” jth Joint International Symposium on
Deformation Monitoring (JISDM), no. May, pp. 15-17, 2019.

D. Gaifillia, V. Pagounis, M. Tsakiri, and V. Zacharis, “Empirical Modelling of Re-
fraction Error in Trigonometric Heighting Using Meteorological Parameters,” Journal
of Geosciences and Geomatics, vol. 4, no. 1, pp. 8-14, 2016.

S. Baselga, L. Garcia-Asenjo, and P. Garrigues, “Practical Formulas for the Refrac-
tion Coefficient,” Journal of Surveying Engineering, vol. 140, no. 2, 2014.

D. Tsoulis, S. Petrovi¢, and N. Kilian, “Theoretical and Numerical Aspects of the
Geodetic Method for Determining the Atmospheric Refraction Coefficient Using Si-
multaneous and Mutual Zenith Observations,” Journal of Surveying Engineering,
vol. 134, no. 1, pp. 3-12, 2008.

E. Friedli, Point cloud registration and mitigation of refraction effects for geomoni-
toring using long-range terrestrial laser scanning. Phd thesis, ETH Ziirich, 2020.

S. Baselga, L. Garcia-Asenjo, and P. Garrigues, “Submillimetric GPS distance mea-
surement over short baselines : case study in inner consistency,” Measurement Science
and Technology, vol. 24, p. 075001, 2013.

S. Baselga, L. Garcia-Asenjo, and P. Garrigues, “Submillimetric GPS distance mea-
surement over short baselines : noise mitigation by global robust estimation,” Mea-
surement Science and Technology, vol. 25, p. 105004, 2014.

L. Garcia-Asenjo, C. Atkins, S. Baselga, M. Ziebart, P. Garrigues, and R. Lujéan,
“Submillimetric GNSS distance determination with multipath mitigation,” in 6th
International Colloguium Scientific and Fundamental Aspects of GNSS/Galileo, (Va-
lencia), 2017.

141



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

P. Spéanik, L. Garcia-asenjo, and S. Baselga, “Optimal combination and reference
functions of signal-to-noise measurements for GNSS multipath detection,” Measure-
ment Science and Technology, vol. 30, p. 044001, 2019.

F. Pollinger, C. Courde, C. Eschelbach, L. Garcia-Asenjo, J. Guillory, P. O.
Hedekvist, U. Kallio, T. Kliigel, P. Neyezhmakov, D. Pesce, M. Pisani, J. Seppa,
R. Underwood, K. Wezka, and M. Wisniewski, “Large-scale dimensional metrology
for geodety - fisrt results from the European GeoMetre project,” in 2021 Scientific
Assembly of the International Association of Geodesy, (Beijing), 2021.

S. Baselga, L. Garcia-Asenjo, P. Garrigues, R. Lujan, F. Pollinger, U. Kallio,
H. Koivula, K. Wezka, D. Préchniewicz, D. Pesce, and S. Bergstrand, “Good prac-
tice guide on high-accuracy gnss-based distance metrology,” EURAMET Technical
Guide No. 6 v.1.0, EURAMET e.V., Technical Committee for Length, Braunschweig,
Germany, feb 2025.

K. Wezka, L. Garcia-Asenjo, D. Préchniewicz, S. Baselga, R. Szpunar, P. Garrigues,
J. Walo, and R. Lujan, “EDM-GNSS distance comparison at the EURO5000 cali-
bration baseline : preliminary results,” Journal of Applied Geodesy, vol. 17, no. 2,
pp. 101-108, 2023.

S. Baselga, P. Garrigues, R. Lujan, D. Pesce, B. Weyer, J. F. Fuchs, and D. Missi-
aen, “Application of GNSS length metrology to CERN geodetic network,” in 16th
International Workshops on Accelerator Alignment (IWAA 2022), (Geneva), 2022.

J. Guillory, S. Baselga, J.-P. Wallerand, D. Truong, L. Garcia-Asenjo, R. Lujan,
D. Pesce, B. Weyer, J.-F. Fuchs, and D. Missiaen, “Comparison between a Two-
Wavelength Absolute Distance Meter and a GNSS-Based Distance Meter at CERN
Geodetic Network,” Journal of Surveying Engineering, vol. 151, no. 1, pp. 1-14, 2025.

R. Lujan, L. Garcia-Asenjo, and S. Baselga, “Three-Dimensional Refractivity Model
for Atmospheric Mitigation in Distance and Vertical Angle Measurements,” Sensors,
vol. 25, no. 1981, 2025.

A. H. Dodson and M. Zaher, “Refraction effects on vertical angle measurements,”
Survey Review, vol. 28, no. 217, pp. 169-183, 1985.

N. Wollschlager, U. Schlink, and A. Raabe, “A feasibility study for determining
the sensible heat flux to and from small green roofs,” Boundary-Layer Meteorology,
vol. 181, pp. 145-166, 2021.

A. 1. Weiss, M. Hennes, and M. W. Rotach, “Derivation of refractive index and
temperature gradients from optical scintillometry to correct atmospherically induced
errors for highly precise geodetic measurements,” Surveys in Geophysics, vol. 22,

pp. 589-596, 2001.

142



[65]

[66]

[73]

[74]

[75]

[76]

B. Martens, D. L. Schumacher, H. Wouters, J. Munoz-Sabater, N. E. C. Verhoest,
and D. G. Miralles, “Evaluating the land-surface energy partitioning in ERA5,” Geo-
scientific Model Development, vol. 13, pp. 4159-4181, 2020.

J. Munoz-Sabater, E. Dutra, A. Agusti-Panareda, C. Albergel, G. Arduini, G. Bal-
samo, S. Boussetta, M. Choulga, S. Harrigan, H. Hersbach, B. Martens, D. G. Mi-
ralles, M. Piles, N. J. Rodriguez-Fernandez, E. Zsoter, C. Buontempo, and J. N.
Thépaut, “ERAb-Land: A state-of-the-art global reanalysis dataset for land appli-
cations,” Farth System Science Data, vol. 13, pp. 4349-4383, 2021.

R. Lujan, L. Garcia-Asenjo, and S. Baselga, “Evaluation of interpolation methods
for refractivity mitigation,” in IV Conference on Geomatics Engineering (CIGEO),
vol. 28, (Madrid), p. 11, Enviromental sciences proceedings, 2023.

L. Garcia-Asenjo, L. Martinez, S. Baselga, P. Garrigues, and R. Lujan, “Design,
establishment, analysis, and quality control of a high-precision reference frame in
Cortes de Pallds (Spain),” Applied Geomatics, vol. 15, pp. 359-370, 2023.

L. Garcia-Asenjo, L. Martinez, S. Baselga, and P. Garrigues, “Establishment of a
multi-purpose 3D geodetic reference frame for deformation monitoring in Cortes de
Pallds (Spain),” in 4th Joint International Symposium on Deformation Monitoring

(JISDM), (Athens), 2019.
J. D. Holmes, Wind loading of structures. London: Spon Press, 2001.

G. A. Kerekes, An elementary error model for terrestrial laser scanning. degre of
doctor of engineering sciences, University of Stuttgart, 2023.

J. L. Davis, T. A. Herrinch, I. I. Shapiro, A. E. E. Rogers, G. Elgered, A. E. E. Rollers,
and G. El, “Geodesy by radio interferometry: effects of atmospheric modeling errors
on estimates of baseline length,” Radio Science, vol. 20, no. 6, pp. 1593-1607, 1985.

W. L. Smith, “Notes on the relationship between total precipitable water and surface
dew point,” Journal os applied meteorology, vol. 5, pp. 726—-727, 1966.

J. W. Marini, “Correction of satellite tracking data for an arbitrary tropospheric
profile,” Radio Science, vol. 7, no. 2, pp. 223-231, 1972.

T. A. Herring, “Modeling of atmospheric delay in the analysis space geodetic data,”
in Symposium on Refraction of Transatmospheric Signals in Geodesy, no. 36, (The
Netherlands), pp. 157-164, 1992.

A. E. Niell, “Global mapping functions for the atmosphere delay at radio wave-
lengths,” Journal of Geophysical Research: Solid Earth, vol. 101, no. B2, pp. 3227—
3246, 1996.

143



[77]

[81]

M. A. Abdelfatah, A. E. Mousa, I. M. Salama, and G. S. El-Fiky, “Assessment of
tropospheric delay models in GPS baseline data analysis: a case study of a regional
network at upper Egypt,” Civil Eng., Research Magazine (CERM), Faculty of Eng.,
Al-Azhar University, Cairo, Eqypt, vol. 31, no. 4, pp. 1143-1156, 20009.

J. A. Estefan and O. J. Sovers, “A comparative survey of current and proposed
tropospheric refraction-delay models for DSN radio metric data calibration,” Tech.
Rep. October, 1994.

J. Bohm and H. Schuh, “Vienna mapping functions in VLBI analyses,” Geophysical
Research Letters, vol. 31, no. 1, 2004.

J. Bohm, B. Werl, and H. Schuh, “Troposphere mapping functions for GPS and
very long baseline interferometry from European Centre for Medium-Range Weather
Forecasts operational analysis data,” Journal of Geophysical Research: Solid Farth,
vol. 111, no. B2, 2006.

re3data.org: VMF Data Server, “Editing status 2021-08-24; re3data.org - Registry of
Research Data Repositories. http://doi.org/10.17616/R3RD2H. Last accessed: 2022-
02-11.”

144



A Mathematical formulation of tropospheric models
and mapping functions

A.1 Tropospheric models

This appendix presents the formulation of the selected tropospheric models. For detailed
derivations, please refer to the original sources (as cited in the text). The equations have
been harmonised to use consistent symbols and units:

e Zenith delay (ZTD) and slant delay (AL) are in meters [m]

e Temperature (7) is in Kelvin [K]

e Water vapour pressure (e) and pressure (P) are in hectopascals [hPal
e Height (h) is in meters [m]

The subscript ( denotes surface values; ;, and ,, refer to hydrostatic and wet components,
respectively.

Saastamoinen models

Saastamoinen developed a total tropospheric delay model based on gas laws and the
following assumptions [31]:

e The atmosphere is considered a mixture of two ideal gases: dry air and water vapour,
in hydrostatic equilibrium

e Temperature decreases linearly with height; a constant vertical temperature gradient
is assumed

e Refractivity constants are taken from Essen and Froome

Local gravity can be determined using the expression:

Gm = 9.784 - (1 — 0.0026 - cos(2¢) — 2.8 - 1077 - h) (102)

where ¢ is the user’s latitude.

For average conditions in the middle altitudes, the vapour pressure is determined from
surface value as:

v-g
T\ R, dT
e=e- (To) R - dT (103)

where:
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e v is a numerical coefficient derived from local observation.

e R, is the molar constant for dry air.

e dT is the temperature lapse rate (rate in which temperature decreases with height).
Finally, the expression for the Saastamoinen’s total delay model is:

12
AL = 0.002277 - sec [P + <$ + 0.05) e —1.16 - tan® 8 (104)

where:

e [ is the zenith angle

e The 1.16 factor is height-dependent. Saastamoinen [31] provides different values
depending on height, the value above corresponds to sea level.

This model was subsequently refined by taking into account two correction terms: one
height-dependent (B) and other that depends on both the height and the zenith angle
(0R). This refinement was introduced by Bauersima and leads to:

1255
AL = 0.002277 - sec {P + (T + 0.05) e — B - tan? ﬁ} +IR (105)

Values B and dR can be interpolated from Tables 28 and

Table 28: Correction term B in refined Saastamoinen model [29]

Height [km] | B [mb]
0.0 1.156
0.5 1.079
1.0 1.006
1.5 0.938
2.0 0.874
2.5 0.813
3.0 0.757
4.0 0.654
5.0 0.563
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Table 29: Correction term JR in refined Saastamoinen model [29]

Zenith Station height [km]

angle 0 0.5 1.0 1.5 2.0 3.0 4.0 5.0
60°00” | 0.003 | 0.003 | 0.002 | 0.002 | 0.002 | 0.002 | 0.001 | 0.001
66°00" | 0.006 | 0.006 | 0.005 | 0.005 | 0.004 | 0.003 | 0.003 | 0.002
70°00” | 0.012 | 0.011 | 0.010 | 0.009 | 0.008 | 0.006 | 0.005 | 0.004
73°00” | 0.020 | 0.018 | 0.017 | 0.015 | 0.013 | 0.011 | 0.009 | 0.007
75°00” | 0.031 | 0.028 | 0.025 | 0.023 | 0.021 | 0.017 | 0.014 | 0.011
76°00" | 0.039 | 0.035 | 0.032 | 0.029 | 0.026 | 0.021 | 0.017 | 0.014
77°00" | 0.050 | 0.045 | 0.041 | 0.037 | 0.033 | 0.027 | 0.022 | 0.018
78°00" | 0.065 | 0.059 | 0.054 | 0.049 | 0.044 | 0.036 | 0.030 | 0.024
78°30” | 0.075 | 0.068 | 0.062 | 0.056 | 0.051 | 0.042 | 0.034 | 0.028
79°00” | 0.087 | 0.079 | 0.072 | 0.065 | 0.059 | 0.049 | 0.040 | 0.033
79°30" | 0.102 | 0.093 | 0.085 | 0.077 | 0.070 | 0.058 | 0.047 | 0.039
79°45" | 0.111 | 0.101 | 0.092 | 0.083 | 0.076 | 0.063 | 0.052 | 0.053
80°00” | 0.121 | 0.110 | 0.100 | 0.091 | 0.083 | 0.068 | 0.056 | 0.047

Zenith hydrostatic delay

Assuming hydrostatic equilibrium and ideal gas behaviour, the zenith hydrostatic delay
can be obtained by integrating the refractivity. Using the empirically derived gravity
calculation of Saastamoinen (see Equation (102]), the expression obtained is:

P
9.784 - (1 — 0.0026 - cos(2p) — 2.8 - 107 - h)

ZHD = 0.0022768 - (106)

This formulation follows [72], slightly different versions can be found in literature.

Saastamoinen wet zenith delay model

A wet zenith delay model can also be derived from the Saastamoinen formulation. By
applying the variation of water vapour pressure described in Equation (103)) a simplified
expression for the wet zenith delay is obtained through integration [37]:

1255

0

ZWD = 0.002277 - ( + 0.05) - €q (107)

Callahan model
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This empirical model estimates the wet zenith delay using surface meteorological data,
assuming water vapour pressure varies with height as [32]:

e=eo-exp(—a-h—b-h?) (108)

The Equation (108]) was empirically found to describe the water vapour pressure distri-
bution in Western Europe, with a = 0.288 and b = 0.0480. The resulting expression to
obtain the water vapour pressure leads to:

e = eg - exp(—0.288 - h — 0.0480 - h?) (109)

The range error due to water vapour, that is the wet component, is based on Chao’s
consideration of adiabatic atmosphere. Assuming a lineal temperature lapse rate and the
exponential behaviour of the water partial pressure Equation , the resulting expres-
sion can be integrated [32].

A complete derivation of the Callahan model is very complicated. Using nominal values,
the expression for calculating the wet zenith delay in a simplified form is [37]:
1035 -
ZWD = —— (110)
I

Berman models

Berman derived several models for the zenith wet tropospheric delay. The original
Berman 70 model assumes a linear temperature lapse rate, constant relative humid-
ity and zero wet refractivity at the tropopause [37]. The expression for this model is:

373 Cc\?
ZWD_dT(B_A'C)'(l—ﬁ) €0 (111)

with constants A = 17.1485, B = 4684.1, C' = 38.45 and dT representing the temperature
lapse rate).

Several refined versions were developed based on correlations between wet/hydrostatic
delays and refractivities [I1], named Berman 74, Berman D/N and Berman TMOD [34].
Berman TMOD model attempts to model the systematic diurnal variations.

All these models can be expressed as:

ZWD =10.946 - K - ;—0 (112)
0

The value of the constant K for each model is shown in Table B0l
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Table 30: Berman models constants

Model Constant value (K)
Berman 74 0.3224
Berman TMOD 0.3281

Berman D/N (day case) | 0.2896
Berman D/N (night case) | 0.3773

Askne and Nordius model

This model assumes water vapour pressure decreases with height similarly to pressure,

described as ([33]):
P w+1
€ =¢€g - (FO) (113)

where w is a parameter related to seasonal and latitudinal variations. This value should
be determined from local atmospheric profiles, but usually mean values are used. For
example, in Table [31] values for Northern Hemisphere suggested by Smith are shown.

Table 31: Seasonal and latitudinal w variation [73]

Latitude winter | spring | summer | annual average
0-10 3.37 2.85 2.80 291
10-20 2.99 3.02 2.70 291
20-30 3.60 3.00 2.98 3.12
30-40 3.04 3.11 2.92 3.00
40-50 2.70 2.95 2,77 2.78
50-60 2.52 3.07 2.67 2.79
60-70 1.76 2.69 2.61 241
70-80 1.60 1.67 2.24 2.03
80-90 1.11 1.44 1.94 1.62
Northern hemisphere average | 2.52 2.64 2.62 2.61

It is assumed that temperature decreases with height at a fairly constant rate (temperature
lapse rate dT'):

T=Ty—dT-dH (114)
The simplified expression for calculating the wet zenith tropospheric delay is [37]:
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ks Ry

ZWD =10"° (k; + ﬁ) SEES TR (115)
where:
e k) and kj are refractivity constants
e R, is the molar constant for dry air.
and 7, is obtained as:
T, =1, (1 — %) (116)

Saastamoinen’s gravity formula is typically used for g,, in this model.

A.2 Tropospheric mapping functions

This appendix presents the formulation of the selected mapping functions. For detailed
derivations, please refer to the original sources (as cited in the text). The equations have
been harmonised to use consistent symbols and units:

Temperature (7') is in degrees Celsius [C]

Water vapour pressure (e) and pressure (P) are in hectopascals [hPa]

Height (h) is in kilometres [km]

Elevation angle (¢)

e Latitude ()

Subscript o refers to the surface value of the corresponding parameter. Subscripts ;, and
w refer to the hydrostatic and wet components, respectively.

Herring mapping function

The Herring mapping functions (wet and hydrostatic mapping function) are location and
temperature dependent.

They follow the continued fraction formulation originally proposed by Marini [74], who
introduced it to model the mapping of tropospheric delay in satellite laser ranging. Her-
ring adapted this formulation, truncated to three terms and normalized to unity at the
zenith, for use in very long baseline interferometry (VLBI) [29]. Both hydrostatic and
wet mapping functions are expressed as:
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m(e) = 1+c (117)

The coefficients (a, b, and ¢) were obtained by least squares fitting of ray-traced delays
through atmospheric profiles (temperature and water vapour) from radiosondes launched
near ten VLBI stations in the United States [75].

The hydrostatic coefficients are computed as:

an = [1.2320 4 0.0139 cos ¢ — 0.0209 - kg + 0.00215 - (Tp — 10)] - 1073
by = [3.1612 — 0.1600 cos ¢ — 0.0331 - ho + 0.00206 - (Ty — 10)] - 107®  (118)
¢ = [71.244 — 4.293 cos o — 0.149 - ho + 0.0021 - (T — 10)] - 1072

And the wet coefficients as:

aw = [0.583 —0.011cos ¢ — 0.052 - hy +0.0014 - (T, — 10)] - 1073
by = [1.402—0.102cosp — 0.101 - hg 4+ 0.0020 - (Tp — 10)] - 1073 (119)
Co = [45.85—1.91cosp — 1.29-hy+0.015- (T — 10)] - 107

Niell mapping function

The Niell mapping functions (hydrostatic and wet) use the same continued fraction as in
Equation , normalised to unity at the zenith [76]. The main improvement compared to
the Herring function is the inclusion of a height correction term in the hydrostatic model
[r).

Unlike the Herring model, Niell’s mapping functions do not rely on local meteorological
data. Instead, coefficients a, b, and ¢ are interpolated from look-up tables (Tables [32/ and
derived from the U.S. Standard Atmosphere profiles [78].

Niell mapping functions were developed under the following assumptions [76]:
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e Northern and Southern Hemispheres are temporally antisymmetric.

e The equatorial region is represented by the 152 profilee.

e The polar region is represented by the 75° profile.

Hydrostatic mapping function

The coefficients (a, b and ¢) are computed as:

a4 = Qgug + Aamp COS (27r

doy — 28
365.25

(120)

WeTe Ggvg and agmy are interpolated from Table [32 according to the station’s latitude, doy
is day of year, and the phase of the mapping function was adopted as day of year 28.

Table 32: Niell hydrostatic mapping function coefficients

Latitude
159 30¢ 459 6092 752
Aavg 1.2769934 - 1073 | 1.2683230 - 1072 | 1.2465397 - 103 | 1.2196049 - 10~2 | 1.2045996 - 10~3
bavg 2.9153695 - 1072 | 2.9152299 - 1073 | 2.9288445 - 1072 | 2.9022565 - 1072 | 2.9024912 - 103
Cavg 62.610505 - 1073 | 62.837393 - 1073 | 63.721774 - 1073 | 63.824265 - 1073 | 64.258455 - 1073
Aamp | 0.0 1.2709626 - 10~° | 2.6523662 - 10~° | 3.4000452 - 10~° | 4.1202191 - 10—°
bamp | 0.0 2.1414979 - 1075 | 3.0160779 - 10~ | 7.2562722 - 107° | 11.723375- 107>
Camp | 0.0 9.0128400 - 1075 | 4.3497037 - 1075 | 84.795348 - 107° | 170.37206 - 10~°

In the Southern Hemisphere, the seasonal phase is shifted by half a year.

A height correction is also applied to account for the variation in atmospheric thickness:

Amf(e) =h-

1

sin(e)

- f(EaahhbhtaCht)

(121)

where f(€, apt, bpt, cpe) again refers to Equation (117), but with the height correction
coefficients (Table [33)).
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Table 33: Niell height correction coefficients
coefficient value
Qpt 2.53-107°
by 5.49-1073
Cht 1.14-1073

Wet mapping function

Coeflicients are directly interpolated from Table [34 No height correction is applied,
as water vapour is not in hydrostatic equilibrium and its vertical distribution is highly
variable [76].

Table 34: Niell wet mapping function coefficients

Latitude
152 30¢ 452 602 752
a | 5.8021897 - 10~* | 5.6794847 - 10~* | 5.8778019 - 10~* | 5.9727542 - 10~* | 6.1641693 - 10~*
1.4275268 - 1072 | 1.5138625 - 1073 | 1.4572752 - 1073 | 1.5007428 - 10~3 | 1.7599082 - 103
4.3472961 - 1072 | 4.6729510 - 1072 | 4.3908931 - 1072 | 4.4626982 - 10=2 | 5.4736038 - 1072

VMF1

The Vienna Mapping Function 1 (VMF1) is an improved version of the earlier Vienna
Mapping Function (VMF), which was based on ray-tracing through Numerical Weather
Models (NWMs) and used fixed or climatological coefficients derived for specific latitudes
[79]. In VMF1, the mapping function was refined to improve accuracy and temporal res-
olution.

VMF1 continues to use the continued fraction formulation of Equation . However,
in this version, the coefficients are derived using ERA-40 reanalysis data from the Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF), which provides global,
high-resolution atmospheric dataﬂ [80]. This allows the coefficients to vary seasonally and
asymmetrically between hemispheres.

Wet mapping function

!Some values in original source are wrong, corrected parameters are provided in: https://vmf.geo.
tuwien.ac.at/documentation/Boehm/20et%20al. , %202006a%20%20%20 (VMF1) . pdf
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https://vmf.geo.tuwien.ac.at/documentation/Boehm%20et%20al.,%202006a%20%20%20(VMF1).pdf

For the wet mapping function, the coefficients b and ¢ are fixed and equal to the values
from the Niell Mapping Function for latitude 45°, because wet zenith delays are relatively
small compared to hydrostatic delays, and the impact of variability in these coefficients
is considered negligible. The adopted values are b = 0.00146, ¢ = 0.04391.

Only coefficient a is determined dynamically from numerical weather models. These a
values are computed from rigorously ray-traced delays at 3° elevation using global atmo-
spheric data from the European Centre for Medium-Range Weather Forecasts (ECMWF).
They are provided every six hours in global grid files with a resolution of 2.5° longitude
x 2.0° latitude [81].

Hydrostatic mapping function

For the hydrostatic component, b coefficient is set to 0.0029.

The coefficient ¢ is computed as a function of day of year (doy) and latitude (¢), using
the following expression:

doy — 2
c=cy+ {(cos (O?JTE)E;~27T+1#) —i—l) ~%+0101 (1 —cosg) (122)

were 1 is a parameter used to specify the hemisphere. This equation introduces both
seasonal and hemispheric asymmetry based on the ERA-40 climatology. The values of
the parameters cg, c19, and c¢;; depend on the hemisphere and are summarized in Table
90l

Table 35: VMF1 hydrostatic parameters [80]

Hemisphere | ¢, C10 c11 Y
northern 0.062 | 0.001 | 0.005 | O
southern 0.062 | 0.002 | 0.007 | w

As in the wet component, coefficient a is determined from ray-traced delays using ECMWF
NWDMs and is provided in the same global grid files, along with the zenith hydrostatic
delay (ZHD) and zenith wet delay (ZWD).

To apply the VMF1 at a given location and time, the user must first interpolate temporally

between the two nearest grid files, and then apply a bilinear spatial interpolation using
the surrounding four grid points in latitude and longitude.
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B Refractivity gradient derivation

In Section [.2] we introduced the effect of atmospheric refraction on vertical angle mea-
surements, which depends on the vertical gradient of atmospheric refractivity. For prac-
tical applications using electro-optical instruments, this gradient can be estimated using
meteorological data, through the following expression:

AN _ON dT | ON dP  ON de (123)
dh ~ 9T dh " 9P dh ' de dh

Although atmospheric refractivity also depends on humidity, its influence in the visible
and near infrared range is relatively small (typically on the order of 0.04 ppm, according
to [1]). Therefore, in most practical applications with electro-optical instruments, the
effect of humidity is neglected. However, this simplification may no longer be valid when
working at very high accuracies, below 0.1 ppm.

Neglecting the humidity term leads to a simplified version of the expression:

dN _ON dT' 0N dP (124)
dh 0T dh OP dh

To compute this gradient, we start from a commonly used formula for atmospheric re-
fractivity in the visible and near-infrared domain, as recommended by the International
Association of Geodesy (IAG) [40]:

273.16 P
=N, 197 S (125)

For simplification, N, is taken as 295, corresponding to standard atmospheric conditions.
Defining constants A and B to group the coefficients:

P e
N=A-——-B.-— 126

with A = 79.53 and B =~ 15.02.

We now compute the partial derivatives:

e Partial derivative of N with respect T"

ON —A-P —B-e B-e—A-P
oAt ( L ) _Bes (127)
e Partial derivative of N with respect P:
ON A
= 128
opP T (128)



Substituting these into the expression for the vertical gradient of refractivity:

8N_(B-e—A-P> dr A dP (120)

o T2 G T an

The vertical pressure gradient (%) can be approximate to —0.12 hPa/m. This approxi-
mation is valid for altitudes up to approximately 2-3 km above sea level under standard
atmospheric conditions. However, it should not be used in high altitudes, extreme weather
conditions, or when high precision is required.

By substituting this approximation and the constant values of A and B, the final expres-
sion becomes:

%_JZ _ <(15.02e — 79.53P) %) % + (79.53%) (—0.12) (130)
This expression allows estimating the vertical refractivity gradient using local meteoro-
logical measurements of temperature and pressure. The main difficulty lies in accurately
determining the vertical temperature gradient (i—f). The use of a mean lapse rate is not
sufficiently accurate, particularly near the ground, where electro-optical instruments typ-
ically operate. In this layer, the temperature profile can vary significantly due to surface
effects, radiation balance, and local atmospheric conditions, making average values unre-
liable. For this reason, the use of measured or modelled values of the vertical temperature
gradient becomes essential to achieve accurate results.
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