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Abstract: Atmospheric refraction is a significant challenge to accurate distance and angle
measurements in open-air environments, often limiting the precision of measurements
obtained using electro-optic geodetic instruments despite their nominal accuracies. This
study introduces a novel model, 3D-RM, designed to mitigate atmospheric effects on both
distance and vertical angle measurements. The 3D-RM integrates in situ meteorological
data from a network of automatic data-loggers, terrain information from a digital terrain
model (DTM), and sensible heat flux from the fifth generation of European Centre for
Medium-Range Weather Forecast reanalysis (ERA5), which is used in the application of the
Turbulence Transfer Model (TTM) for estimating vertical refractivity gradients at various
height levels. The model was tested with total station observations to 10 target points during
two field campaigns. The results show that applying the model for distance correction leads
to improvements in terms of closeness to reference values when compared to the standard
method, which relies only on meteorological data collected at the station. Furthermore, the
model has been additionally tested by removing the station meteorological data (3D-RM2).
The results demonstrate that accurate corrections can be obtained even without the need
of meteorological sensors specifically installed at the station point, which makes it more
flexible. The 3D-RM is a cost-effective and relatively easy-to-implement solution, offering
a promising alternative to existing methodologies, such as measuring meteorological
values at both station and target points or the development of new instruments that can
compensate the refractivity (such as a multiple-color electronic distance meter).

Keywords: atmospheric refraction; geodetic measurements; TS; meteorological sensors;
ERA5

1. Introduction

Nowadays, fields like industrial and dimensional metrology benefit from instruments
that can provide submillimetric measurements under well-controlled indoor conditions.
However, challenges arise when accurate open-air measurements over distances from a
few hundred meters to several kilometers are required. This is the case of critical applica-
tions like deformation monitoring by using high-precision surveying techniques such as
electronic distance measurements (EDMs) and total station measurements (TS). Regardless
of the technique, atmospheric refraction can often be a limiting factor in achieving the
nominal accuracy of the instrument [1].

The traditional approach to mitigate atmospheric refraction on EDMs involves es-
timating the index of refraction from empirical equations [2-5] based on meteorological
parameters at both ends of the baseline. Then, the average of their resulting refraction
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indexes is used to compute the correction. However, this approach has proven insuffi-
cient due to the inadequate representation of the atmospheric conditions along the entire
path [6,7]. These limitations are especially pronounced in complex terrains where the at-
mospheric conditions can vary significantly along the path. Furthermore, target points are
frequently inaccessible, thus impeding the installation of meteorological sensors. Similarly,
operational limitations can make difficult the use of sensors in all stations.

To overcome this problem, new instruments and methodologies have been proposed,
including the development of two-wavelength distance meters [8,9] or the use of a GNSS
(Global Navigation Satellite System) as a distance meter (GBDM+) [10,11]. While these
innovative approaches are still under development, the need to improve atmospheric
corrections in terrestrial geodetic techniques (EDMs, TS) persists.

The difficulty of properly modeling the atmospheric effects in distances and angles
lies in the complexity of the physical processes, especially in the boundary layer, which
is the lowest part of the atmosphere, where there is significant interaction between the
ground and the atmosphere. Extensive studies on these processes have been conducted
since the 1950s [12-14]. Particularly during the 1980s, the Turbulence Transfer Model (TTM)
was proposed as a basis for refraction mitigation in several geodetic techniques [15-17].
Despite these early foundations, atmospheric refraction remains a significant challenge
for geodetic applications. Recent studies have analyzed the impact of refraction in new
technologies such as terrestrial laser scanners (TLSs) [18,19] and high-precision total station
measurements [20]. Refraction in dam deformation monitoring is also a field of inter-
est [21]. Additionally, efforts to refine vertical angle correction methodologies [22] reflect
the ongoing need to improve atmospheric models across different geodetic techniques.

Leveraging this extensive research, the present study applies the TTM as presented
in [23], which provides equations for deriving refractivity gradients from parameters
measured in the field (i.e., air temperature, pressure, humidity, heat flux, and wind speed).
While the theoretical basis of the TTM has been long established, recent technological
advances have created new opportunities for this practical application. The development
of atmospheric sensors capable of automatic data recording at a relatively low cost, coupled
with the availability of new global remote sensing products, and increased computational
power make it possible to revisit and refine classical concepts like TTM for its integration
into new refractivity correction models suitable for automatic processing.

In this paper, we introduce a 3D refractivity model, from now on called 3D-RM,
based on the use of a network of meteorological sensors, ERA-5 sensible heat flux data,
terrain information from a Digital Terrain Model (DTM), and the application of a simple
approximation of the Turbulence Transfer Model. The proposed 3D model allows for the
estimation of the refractivity and the refractivity gradient at the desired points within the
working area. Those values are subsequently integrated to automatically obtain corrections
for both distance and vertical angle measurements. The model is designed as a cost-
effective solution for situations where installing meteorological sensors at critical points is
not feasible or when such installations do not adequately represent the conditions along
the line of sight. This addresses current limitations in refractivity modeling that hinder
high-precision surveying techniques from reaching optimal accuracy.

The 3D-RM has been tested in two field experiments in the area of La Muela de Cortes
de Pallés, Spain. These experiments use total station measurements (TS) and targets located
at 10 control points (CPs) whose coordinates are known from previous campaigns.

This paper is organized as follows. Section 2 presents the theoretical background,
including a brief review of atmospheric refraction and ways to mitigate it, the main aspects
of the Turbulence Transfer Model, and sensible heat flux information. Section 3 introduces
the newly proposed refractivity model. Section 4 describes the experimental validation of
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the model. The results are shown in Section 5 and, finally, some conclusions and future
work are summarized in Section 6.

2. Theoretical Background
2.1. Refraction Effects in Geodetic Measurements

Atmospheric refraction, which is the phenomenon through which optical signals
traveling through the atmosphere are affected by the inhomogeneity of the air, plays a
significant role in geodetic measurements, resulting in deviations in both distance and
angle measurements.

This problem has been extensively discussed over decades, with significant research
during the 1980s (e.g., [17]).

One aspect of atmospheric influences on electromagnetic waves is the variability in
the speed of propagation due to variations in the index of refraction (n) along the line of
sight (LoS). This directly affects distance measurements made by geodetic instruments
(e.g., EDMs). In practice, refractivity (N) is often used instead of the index of refraction (n),
being N = 10° (n — 1). The refraction variability often induces distance variations of tens of
parts per million (ppm), that is, several cm in a distance of one km. Therefore, an accurate
determination of the refractive index or refractivity along the line of sight is essential for
correcting distance measurements.

Changes in the index of refraction are directly related to variations in meteorological
parameters, mainly temperature and pressure, which have the biggest effect on visible light
and near-infrared waves. Humidity plays a smaller role and CO, concentration typically
has a negligible impact. However, they have to be considered in special applications
requiring accuracies of 1077 [3,4].

The influence of meteorological parameters on measured distances has been a subject
of study since the development of EDM technology, yielding different correction models.
More recently, studies such as that of Sabzali and Jazirian [24] have revisited this topic,
analyzing the impact of temperature, pressure, and humidity on measured distances and
reviewing different correction models, emphasizing the importance of temperature and
highlighting the limitations of using only meteorological parameters at the baseline ends.
Rodriguez et al. [25] presented a real-time temperature acquisition system for distance
correction. It was tested on monitoring distances of a 2D network. The results showed
significant temperature variation within the working area and demonstrated improved
accuracy when combining all the temperature data instead of using one single value.

Changes in the atmospheric parameters are also influenced by the topography of
the area. Artese and Perrelli [20] developed a model using a Digital Terrain Model
(DTM) and historical climate data to characterize daily and seasonal oscillations in the
area and then correct measurements, resulting in significant improvements in distance
standard deviations.

Aside from speed variations, refraction also introduces errors in measured angles due
to the bending of rays. Variations in angles are related to the refractivity gradients, both
vertical and horizontal. While vertical refraction has been the object of numerous studies,
horizontal refraction is usually neglected in open-air geodetic works owing to its normally
lower impact, even though there are specific contexts, like tunneling, where horizontal
refractivity gradients can be significant [26].

Vertical refraction can be also related to meteorological parameters. Gaifillia et al. [27]
and Baselga et al. [28] derived empirical models to estimate the value of the refraction coef-
ficient based on meteorological data. Nikolitsas and Lambrou [22] presented a comparison
between two different methodologies for correcting vertical angles, one focused on the
measurement of temperature gradients for determining the refraction coefficient, and the
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other based on trigonometrical leveling network adjustment. The study highlighted the
challenges in measuring the temperature gradients.

Hirt et al. [29] conducted a study based on simultaneous reciprocal vertical angle
measurements, an approach known for over a century (e.g., [30]). While the methodology
is well established, their work demonstrated the significant variability in the coefficient
of refraction in different local conditions, underlining the importance of addressing site-
specific atmospheric effects for improved accuracy.

The idea of modeling atmospheric refraction using different vertical layers with dis-
tinct properties is not new. Angus-Leppan [31] empirically established values for the
coefficient of refraction at various heights. More recently, Kerekes [29] studied the ef-
fects of temperature, pressure, and temperature gradient on Terrestrial Laser Scanner
(TLS) measurements, using a layer-based approach to describe the vertical variability in
these parameters.

The contribution of this work is the use of all this well-established theory to implement
a model capable of providing distance and vertical angle corrections. This model character-
izes the local low part of the atmosphere by using in situ meteorological measurements
along with sensible heat flux from ERA5 and supplementary terrain information from a
digital terrain model (DTM).

2.2. Turbulence Transfer Model (TTM)

The Turbulence Transfer Model (TTM) presented by Dodson and Zaher [23] and, in
turn, based on a prior model by Priestley [14] is a model of the structure of atmospheric
temperature taking into account the analysis of heat fluxes transfer. This model provides
equations for calculating potential temperature gradients within various atmospheric
regions, which are defined based on certain in situ parameters.

The calculation of the potential temperature (f) depends on the stability of the atmo-
sphere. A straightforward stability criterion is the value of the sensible heat flux (H, in
W/m?): the atmosphere is neutral when H is 0, stable when H is negative, and unstable
when H is positive [32].

Positive values of sensible heat flux indicate a transfer from the ground to the air,
which commonly happens during the daytime when the surface is heated by the sun.
Conversely, at night, when the ground cools and the heat transfer is directed from the air to
the surface, heat flux presents negative values, associated with a stable atmosphere.

In a neutral atmosphere, the potential temperature gradient (96/0h) is 0. However, in
stable and unstable atmospheres, specific formulas are employed. All equations provided
in this subsection follow the formulations described by Dodson and Zaher [23].

e  Stable atmosphere

== =210 -u*_h-(l + L) (1)
e  Unstable atmosphere
90 H .
%——W-h for 0 < It < 0.03L )
%Z = —0.027-H3-h™3 for 0.03L < h < L 3)

a0
%—0 forh > L 4)
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In these expressions, i denotes the height above ground (m), k is the Von Karman
constant (0.4, dimensionless), C, and p are the specific heat (J/kg C) and density of air
(kg/m?), respectively, U+ represents the friction velocity (m/s~!), and L is the Obukhov
length (m).

The friction velocity (U+), which is a scaling parameter related with the vertical flux of
horizontal momentum in the surface layer [30], is obtained as follows:

k-U

U* - ln(ho/Zo)

(5)
U represents the wind speed (m/s), h is the height at which the wind speed is measured
(station’s height, in m), and zj is the surface roughness parameter (m). The value of zy can
be retrieved from tables in the literature [33].
The Obukhov length (L) indicates the height above which heat flux no longer affects
air temperature. It can be derived from:
u3
L= —87-10% =
87-10 7 (6)
From the potential temperature gradient (d6/0h), the actual temperature gradient
(0T/dh) can be derived using meteorological parameters with the following equation:

0.286
L I -
oh 1000 oh P1.286 9p

In this expression, P is the atmospheric pressure (hPa), T corresponds to the tempera-
ture (C), and 0P/0h is the vertical gradient of atmospheric pressure (hPa/m).

Finally, the refractivity gradient (0N/dh), assuming that humidity and CO, gradients
with respect to height are negligible, can be determined from:

ON 9N 9T 9N P

on 9T oh TP o ®

The derivatives of refraction with respect to temperature (ON/JT) and pressure (dN/0P)
are obtained by differentiating the corresponding expression used to calculate refractivity
(see Section 3).

2.3. ERA-5 for Sensible Heat Flux Estimation

The sensible heat flux (H) is a critical parameter in the Turbulence Transfer Model. It
represents the transfer of heat between the Earth’s surface and the atmosphere through
the effects of turbulent air motion. Heat flux processes play an important role in various
environmental processes and their understanding is crucial for weather forecasting and
climate-related research. In our study, the significance of the sensible heat flux lies in its
influence on the vertical behavior of the atmosphere and, consequently, the estimation of
refractivity gradients.

Various methods exist for estimating sensible heat flux. The eddy-covariance method
is one of the most established. This method is based on the covariance in the temperature
and the vertical component of wind velocity [34]. The application of the Monin-Obukhov
similarity theory offers another approach to derive sensible heat flux through the in situ
measurement of the structure parameter of the refractive index (C2) with instruments such
as optical scintillometers based on the analysis of the fluctuations in two laser beams [35].

These techniques require specific instruments and processing strategies that lead to an
increase in cost and they are often impractical in geodetic campaigns. As an alternative, the
use of remote sensing products has been investigated. Several products provide sensible
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heat flux information, including the Japanese 55-year reanalysis dataset (JRA55) produced
by the Japan Meteorological Agency, or the National Centers for Environmental Prediction
reanalysis (NCEP1 and NCEP 2), and Modern-Era Retrospective Analysis for Research
Applications (MERRA) [36,37].

Among these, ERA5, developed by the European Centre for Medium-Range Weather
Forecasts (ECMWF) as part of the Copernicus Climate Change Service (C3S), offers a
detailed record of global atmospheric, land surface, and ocean wave parameters since
1950, with a spatial resolution of 31 km and hourly data availability. Several studies have
evaluated different parameters within ERA5, including sensible heat flux. Comparisons
between energy fluxes from ERA5 and its predecessor, ERA-Interim (ERA-I), indicate that
ERAS5 provides more accurate estimates compared to direct measurements [38]. Regarding
the specific variable of sensible heat flux, ERA5 offers better accuracy than the ERA5-land
product [39].

Although ERA5'’s spatial resolution of 31 km and temporal resolution of 1 h may seem
coarse, it suits our study, which only requires an efficient estimation of overall gradients.

For a better assessment of the quality of the retrieved values of sensible heat flux from
ERAS5 and ERA5-land, we compared their values with those measured using a scintillometer
for approximately 28 h. The measurements were conducted over 600 m of asphalt on
the 23-24 September 2023 on a former airport facility in Interlaken (Switzerland). The
scintillometer used was a BLS900 from Scintec (Tiibingen, Germany). The evolution of the
measured sensible heat flux (after some filtering to reduce the original noise) and the ERA5
and ERA5-land values are presented in Figure 1. During the daytime, the ERA5 values
closely match the measured ones. During the night, however, ERA5 tends to underestimate
the sensible heat flux compared with the measurements, while the ERA5-land values are
slightly higher.
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Figure 1. Evolution of measured sensible heat flux and that retrieved from ERA5 and ERA5-land.

Although these results are specific to the location and time of the experiment and
cannot be generally extrapolated to other situations, the good agreement between ERA5
and the measured values suggests that ERA5 is a reliable source for estimating the sensible
heat flux. This, along with the favorable results seen in the literature and ERA5’s easy
accessibility, motivates our choice of this dataset as a tool for deriving sensible heat flux
values needed for our model.
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It is important to acknowledge that the validation experiment was conducted over
an asphalt surface, while our field campaigns involved measurements over water. The
different thermal properties of these surfaces can influence sensible heat flux behavior,
potentially leading to differences in atmospheric gradients.

In the context of this study, the sensible heat flux is just one of several parameters
used, along with meteorological measurements. As the final refractivity gradient results
from the combined influence of these variables, small deviations in the heat flux estimation
have a limited impact on the overall correction.

3. Three-Dimensional Refractivity Model (3D-RM) Approach

Our proposed model (3D-RM) is based on two key principles: vertical layering and
spatial interpolation. Firstly, the TTM is applied on each meteorological station for vertical
characterization of both refractivity values and gradients. Secondly, the refractivity infor-
mation obtained is used to perform spatial interpolation at specific heights. These values
are subsequently integrated for each baseline measured. Figure 2 illustrates the basis of the
model with these two fundamental ideas.

(a) Estimation of refractivity profiles

. Layerj, h;
Layer1, h,
= [ ayer0, h,
2
L
o Nis Xpe Ypr Zp
o e
jm— | Interpolation model for h,, | [ | Np |
Ni.z. .NI'E 2

Figure 2. Model basis: (a) estimation of refractivity profiles or layering, (b) spatial interpolation for
each layer.

Meteorological sensors are deployed at specific locations within the study area, each
installed at a height above ground (), where i represents each meteorological sensor. For
practical purposes, the sensors are assumed to be positioned at approximately the same
height, denoted as hy. However, when sensors are installed at significantly different heights
above ground (i.e., with differences exceeding the chosen interval between layers, Ah), an
additional adjustment is required to align the refractivity values to a common reference
height hy. This adjustment is achieved using the TTM, analogous to step 1 of the model.

At each meteorological station i, the refractivity at hy (denoted N ;) is calculated using
local meteorological parameters. Since the interaction between the Earth’s surface and
the lower atmosphere decreases with height, the atmosphere is divided into layers that
are approximately parallel to the Earth’s surface at discrete heights above ground level
(1 m, for instance). The vertical refractivity gradient is estimated for each layer by applying
the TTM, which is subsequently used to propagate the refractivity from the lower layer to
the upper ones, resulting in a set of refractivity values for discrete vertical layers at each
meteorological station.
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For each particular layer, spatial interpolation is performed to estimate the refractivity
at any point P inside the study area at this specific height so that an interpolation model is
constructed for each layer.

The model implementation is divided into four steps: estimation of refractivity profiles,
spatial interpolation at each layer, model application to observations, and calculation of
distance and vertical angle corrections. The overall workflow of the model is shown in
Figure 3.

— Meteorological data ——— Parameters
it | e
‘ Refractivity calculation (N, ‘ Ah ‘ H Other
Step 1: !
Estimation of ‘ Obukhov length (L) i.. I
refractivity = r l
proflleI:s (f(?reach ; Potential temperature gradient (66/6h)} ‘
station (i) and E
epoch (t)) — !
» Temperature gradient (€T/0h)} ‘
I - Refractivity
A t t AN fARE
\ IV (N; = N._;; + Ah - ON/Oh;;
> Refractivity gradient (N/h); |~ ‘(” T foh;:)
Step 2:
S a?ial i - i Interpolation coefficients
P Sensors’coordinates —* MLR | > t t t t
| | (aOthalth(IZhjra3hj)

interpolation (for
each layer ()

Step 3: | [ i
Model Observations 1 Intermediate points H hg ‘ ‘_Np_‘ ‘ENL|
application to 1 | ‘
observations DTM | |
Step 4: ] ‘ C: :
> A
Calculation of Integration along the line of sight : p
corrections T T

Figure 3. Workflow of the 3D-RM.

3.1. Step 1—Estimation of Refractivity Profiles

The initial step of the model involves preparing vertical refractivity profiles across

multiple height layers at each meteorological station. These profiles represent the refrac-
tivity values at different heights, calculated using the TTM. The TTM requires specific
input data, including the meteorological parameters (temperature, pressure, humidity)
automatically collected at regular intervals, the sensor’s height above the ground (h ), the
value of sensible heat flux (H), vertical height increments (Ah), maximum height (h4y), and
other parameters such as the surface roughness and wind velocity.

For each meteorological station i, the refractivity value at iy (N ;) is computed epoch
by epoch using the following equation for visible and near-infrared wavelength for EDM

to within 1 ppm [5]:
27316 \ P e
N = Ng- (101325> T 11.27-? )
where Ny, is the group refractivity (dependent on the instrument wavelength, dimension-

less), e is the partial water pressure (related to humidity, hPa), and T and P represent again
the temperature (K) and pressure (hPa), respectively.
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Then, the TTM is applied to calculate refractivity gradients across different atmo-
spheric layers for each meteorological station. The layers extend from the sensor height
(hp) up to the maximum specified height (%,,,¢) with values calculated at regular vertical
intervals (Ah). The TTM (see Section 2.2) first estimates potential temperature gradients
(90/0h) (Equations (1)—(3)), which are then converted to temperature gradients (9T/0h)
(Equation (7)). Finally, these temperature gradients are used to compute the refractivity
gradients (dN/oh). The refractivity gradients are calculated by applying the refractivity
formula in Equation (9) to the general formula in Equation (8). After certain simplifica-
tions, such as the assumption of a constant vertical pressure gradient of —0.12 hPa/m, the
expression results in:

oON 1\aT 1
= <(15.02-e - 79.53-P)-T2> =t (79.53-,[) (-0.12) (10)

With the refractivity values calculated from sensor data at hip and the refractivity
gradients determined using the TTM, refractivity values at successive layers are estimated
for each meteorological station. Starting from N, the refractivity at the next layer (N;) is
calculated by adding the refractivity gradient at that layer multiplied by the height interval.
This process is iteratively repeated for each layer. In this way, refractivity is estimated at
each desired height. This procedure is carried out for every time for which meteorological
data are available. The calculated refractivity values and gradients at different heights and
times are then stored, for subsequent use in the next step of the model.

3.2. Step 2—Spatial Interpolation at Each Layer

The second step of the model is the spatial interpolation of both the refractivity and
the refractivity gradient at the designated heights or layers above ground (1), ranging from
hg to hyuax, with an increment in Ah.

After evaluating different interpolation methods, Multiple Linear Regression (MLR)
was selected for it proved effective for accurate refractivity interpolation [40]. In this
case, the dependent variable (refractivity) of the linear model is determined from a set of
independent variables (3D coordinates).

The use of 3D coordinates is important to adequately capture the spatial variability in
refractivity, particularly in regions with varying terrain elevation. This approach ensures
that both spatial variability (including elevation) and influence of the ground (through
specific models for different heights above ground) are considered. In our specific context,
coordinates are expressed in a local system, being x and y planimetric coordinates, and z
representing altitude (height above a reference level).

The expression for each of these models is as follows:

N,ij = oco;l], + oq;,];x + azﬁllgy + 0432132 (11)

The coefficients (“OIZ/ alflj, 042;1]_, tx3,t1]_) are derived for each height level (h]-) and for each
time () computed in the previous step of the model. To determine the MLR model by least-
squares adjustment, data from the meteorological stations are used, where each station’s
coordinates and their refractivity values calculated for the specific height above ground ;
are inputs.

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 must be avoided to minimize errors as it involves
estimating values beyond the range of observed data.
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For evaluation purposes, each fitted model’s root mean squared error (RMSE) and the
coefficient of determination (R?) are computed and stored. These metrics provide insight
into the model’s accuracy for each height level and time.

3.3. Step 3—Model Application to the Observations

Once the interpolation coefficients for each height have been obtained, the model can
estimate the refractivity and its vertical gradient at any point within the working area. This
initial version of the model is designed to be applied to distance and vertical angle outdoor
measurements (e.g., total station measurements).

To apply the model to field observations, approximate coordinates for both the station
and the target point are necessary. Typically, measurements are made from a point with
known coordinates to one with an unknown position; so, the coordinates of the target point
are calculated from observations (distance, vertical and horizontal angles). The station’s
orientation is assumed to be known.

In order to correct these measurements, both refractivity and the vertical refractivity
gradient must be evaluated along the line of sight (LoS) between the station and the
target point. For distance corrections, N is integrated along the LoS, while vertical angle
corrections rely on the refractivity gradient perpendicular to LoS, which can be expressed
in terms of vertical refractivity gradient (see Section 3.4).

As a first approximation of the sight path, the straight LoS is discretized into a series
of intermediate points at defined intervals (e.g., every 100 m). For each intermediate
point, the following steps are implemented to estimate the refractivity and the vertical
refractivity gradient:

1. The 3D coordinates (x,y,z) of each intermediate point are calculated (in a local Carte-
sian System).

2. The corresponding altitude at the (x,y) location, referred to as (hpra1), is determined
using a Digital Terrain Model (DTM). The DTM provides altitude in a specific system,
usually orthometric height.

3. The height above the ground of the intermediate point (/) is calculated as the dif-
ference between the point’s z-coordinate and the reference z-coordinate, in this case,
the DTM altitude of the point at ground level (see Figure 2). It is crucial to ensure
consistency between the coordinate system used for the computed points’ coordinates
and the DTM. 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 them.

4. Based on the computed height above ground (f;,) and the observation time, interpola-
tion coefficients for the nearest height layer (;) are retrieved.

5. The retrieved coefficients are applied to the intermediate point’s coordinates to esti-
mate refractivity and its gradient at that specific location and time.

3.4. Step 4—Calculation of Distance and Vertical Angle Corrections

In the last step of the model, distance and vertical angle corrections are obtained
for each particular observation by integrating the refractivity and refractivity gradients
estimated at all the intermediate points of the LoS. Below, distance and angle corrections
are furtherly explained.

The distance correction is related to the index of refraction as follows [7]:

¢; = Dy- <”° — 1) (12)

where Dy is the measured distance, n is the reference index of refraction, which depends
on the instrument, for example, 1.000286338 for a Leica TM30 TS [41] (Wetzlar, Germany).



Sensors 2025, 25, 1981

11 of 20

When 1y, is the average refractive index of the baseline ends, this correction is known as
the first velocity correction, and it needs to be refined with the second velocity correction in
high-accuracy applications [7]. As we use estimations along the line of sight, no refinement
is needed.

The mean index of refraction nm is computed by integrating the values along the
entire path (I). The integral is solved numerically using the trapezoidal method:

=1 [0 = 7 (Flo+ 2o+ 21+ (13

As the interval is a fixed value, the last step from the last intermediate point to the
target point will introduce an error as it will be shorter than the defined interval. For
simplicity, this error is assumed to be negligible. The refraction angle, defined as the change
in the vertical angle due to refraction, is directly related to the refractivity gradient along
the LoS. Since points near the station have a greater influence on the refraction angle, a
weighting of the refractivity gradient is necessary.

To calculate the refraction angle (AB) from refractivity gradients (dN/oh), we use the
following equation [31]:

AB = 1016-00513-/01 %\l]'(l —s)-ds (14)

where [ is the trajectory length, f is the vertical angle from the horizontal plane to the LoS,
and s is the distance from the station.

In this expression, cos B adjusts the refractivity gradient along the LoS to account for
the typical case of non-horizontal trajectories. The curvature of the LoS is proportional to the
gradient of refractivity in the perpendicular direction (dN/dq), which can be approximated
as dN/dq = cos 3-0N/oh, leading to Equation (14).

The integral in Equation (14) is evaluated again using the trapezoidal method, with
the gradient interpolated at each intermediate point. The calculated refraction angle is then
added to the measured zenith angle to correct it.

4. Experimental Study
4.1. Study Site: La Muela in Cortes de Pallds (Spain)

The area selected for the assessment of the proposed 3D refractivity model (3D-RM) is
La Muela in Cortes de Pallés (Spain), where the Diputaci6 de Valencia and the Universitat
Politecnica de Valencia have collaborated on a long-term deformation monitoring project
since 2017 [42].

Among the reasons that explain why this area perfectly suits the purpose of this study,
we can highlight two: first, the complex topography, which includes a cliff and a water
reservoir, prevents the installation of meteorological sensors at critical points, such as
those on the cliff; and second, the existence of a well-established geodetic network of ten
pillars in the area, which have been monitored over several years, and may well serve
as reference points. In addition to the geodetic network, 15 prisms are mounted on the
rock for long-term monitoring [42]. For this study, a selection of these prisms located on a
specific section of the cliff are used as control points (CPs).

The geodetic network and the 15 CPs were periodically measured using high-precision
methodology with a Kern Mekometer ME5000, an instrument with sub millimetric accuracy.
This process involves measuring distances and a rigorous network adjustment, resulting
in highly accurate coordinates for both the geodetic pillars and the cliff reflectors. The
accuracy of the coordinates for the geodetic pillars is better than 1 mm and 3 mm in the
horizontal and vertical components, respectively [41], while the accuracy for the 15 CPs is
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slightly lower due to measurement geometry, the type of prism used, and the fact that no
meteorological sensor can be installed on the cliff.

As part of previous monitoring campaigns [42,43], these reference coordinates were
carefully validated and complemented by information on any potential displacements over
time. In this study, they serve as “absolute” values for calculating theoretical distances
and angles, providing a baseline for evaluating the accuracy of the proposed atmospheric
correction models. However, it is important to consider that small displacements may have
occurred since the last field campaign.

4.2. Instruments and Experiment Design

The 3D-RM can potentially be applied to different geodetic techniques (EDM, TS)
and is not limited to well-controlled target points realized by reflectors. However, for
evaluating both accuracy and precision, we decided to use a robotic total station set up
over a known point to measure 10 reflectors on the cliff whose coordinates are available
from previous campaigns.

Two campaigns were performed to test the model. The first campaign took place on
20 July 2023 and was focused on obtaining the initial results of the model. During this
campaign, 5 automatic measurement series were taken at approximately one-hour intervals
from 8 AM to 11 AM. The second campaign, carried out on 25 June 2024, was planned to
cover a broader time range to better analyze the effects of refraction, from sunrise to sunset.
In this campaign, 5 series were automatically recorded each hour from approximately 7 AM
to 10 PM.

The location of the different points involved in the two experiments is shown in
Figure 4.
July 2023 June 2024

N

Point type

Target points .
@ Meteorological sensors
/\ Total station

Figure 4. Locations of the involved points for both campaigns: (a) July 2023, and (b) June 2024.
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A Leica TM30 robotic total station was used to measure the distances to and angles of
10 of the prisms in the cliff. The total station was mounted on a tripod over a permanent
benchmark (named 9000). In the June 2024 campaign, the total station was set up on
one pillar of the geodetic network (point 8009). The measurement series were recorded
automatically, using dual-face observations. At this point, it is worth noting that this
type of experiment requires samples large enough to be considered statistically significant,
which requires the use of automatic measuring. Unfortunately, as the vertical angles were
collected by using an automated target recognition system (ATR), which involves internal
algorithms that conceal the influence of refraction, they cannot be considered reliable
raw measurements for 3D-RM validation. Moreover, current TSs cannot easily isolate
vertical refraction from other potential sources of error such as limitations in the vertical
compensator or vertical deflection. On the contrary, raw distances clearly show the effect
of refraction and, thus, can be safely used for validation.

Regarding meteorological sensors, Testo 176P1 data-loggers (Titisee-Neustadt, Ger-
many), previously calibrated at the UPV calibration laboratory, were used. They were
installed within self-ventilated shelters and firmly attached to the selected pillars of the
geodetic network (Figure 5). During the July 2023 campaign, 10 data-loggers were installed,
while in June 2024, only 7 were deployed. The sensors were programmed to automatically
record temperature, humidity, and air pressure at 60 s intervals, which were considered
suitable for efficient modeling of the local meteorological conditions.

Figure 5. (a) Detail of a meteorological sensor with self-ventilated shelter. (b) Total station and
meteorological sensor in point 8009 in the June 2024 campaign. The area of target points is marked
in red.

4.3. 3D-RM Parameters

The present model allows for the configuration of several parameters to tailor the
processing to the specific site conditions. For this study, the following parameter values
were selected:
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e Point interval: 100 m. For each observation, in the station-target line of sight, a
point is calculated every 100 m. Theoretically, meteorological parameters should be
measured every few hundred meters [20]. According to this recommendation and the
characteristics of the area, a 100 m interval was deemed appropriate.

e  Vertical interval: 1 m. The TTM is applied to obtain refractivity values for each meter.
This value was chosen particularly focusing on the lower part of the boundary layer
where the influence of the surface is strongest. For higher heights (above 20-30 m), a
greater separation between layers could be used.

e  Maximum height: 200 m. This value was chosen based on the terrain profiles in the area
to ensure that all the points of the lines of sight remain within 200 m above ground level.

e  Wind speed: given the stable wind conditions during the observation campaigns, with
values ranging from 2 to 5 m/s, a constant wind speed of 3 m/s was adopted as a
representative average.

e  Roughness parameter: A value of 0.02 m was used to represent the terrain. This value
corresponds to open terrain [33].

e  Heat flux interpolation: ERA5 provides one heat flux value per hour; linear interpola-
tion was applied to estimate the heat flux at the time of each observation.

5. Results and Discussion

The analysis is designed to assess model performance in terms of precision (repeata-
bility under similar conditions), and accuracy (reproducibility under different conditions).
As explained in Section 4.2, only raw distances could be used for this purpose because the
internal preprocessing of vertical angle measurements with algorithms that are not publicly
accessible conceals the influence of refraction. To assess the model precision, the standard
deviations are analyzed, while proximity to reference values is used to evaluate its accuracy.
The model’s performance is also compared against the standard correction method, which
is referred to as “St” (from station) throughout this section. Similarly to many deformation
monitoring projects with non-accessible target points, in this case, the standard method
only uses meteorological data collected at the station.

Since this study also seeks to determine the potential and possible limitations of the
model, two versions of the model were tested: the first version (3D-RM) incorporates
meteorological data from all the installed sensors, including the station point; the second
version (3D-RM2) excludes the station sensor, estimating its value from the remaining
sensor network. If this second version proved valid, the model could be efficiently used
with a limited number of sensors. Moreover, they could be statically located in those points
that better characterize the local atmosphere instead of using measuring stations which
may not be optimally distributed for refraction mitigation.

Figure 6 shows the variation in measured distances and the correction obtained over
time for target points 1 and 6 during both campaigns (July 2023 and June 2024) using the
3D-RM. Please note the decreasing values in the distance correction axis.

The corrections obtained from the model closely align with the variations in the
measured distances, which are affected by refraction, so that very stable values are obtained
for the raw distances plus the corrections. In the experiment conducted in July 2023
(graphs a and b), it can be observed that variations in measured distance and corrections
generally correspond to around 0.5 mm. Even small changes or tendencies in distances,
such as those around 9 AM, are reflected in the model’s corrections.

For the field campaign carried out in June 2024 (graphs c and d), covering almost 16 h,
the evolution of the refraction effects is more pronounced, amounting to 6 mm, but the
correspondence between distance variations and corrections remains within 0.5 mm for the
entire period.
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(a)

(V]

Prism 1 - July 2023 Prism 6 - July 2023

®) e

Prism 1- June 2024

Prism 6 - June 2024

(d)

Figure 6. Evolution of the measured distances and the corresponding corrections: (a) point 1, July
2023; (b) point 6, July 2023; (c) point 1, June 2024; (d) point 6, June 2024.

Table 1 summarizes the distance corrections obtained for both campaigns using the
standard approach and the two versions of the model, along with the reference distances.

Table 1. Reference distances and corrections obtained.

July 2023 June 2024
Point Distance Corrections [mm] Distance Corrections [mm]
Dref [m] Dref [m]
St 3D-RM 3D-RM2 St 3D-RM 3D-RM2
1 837.0030 222 24.3 24.3 475.9862 11.9 13.6 13.8
2 835.7635 222 24.2 24.2 477.3272 11.9 13.6 13.8
3 835.2299 22.2 24.3 24.3 482.8800 12.0 13.8 14.0
4 834.8463 22.2 23.8 23.8 462.3186 11.5 12.9 13.1
5 831.9391 22.1 23.6 23.6 461.6867 115 12.8 13.1
6 834.8872 222 23.7 23.7 457.5971 114 12.7 12.9
7 807.9628 21.5 22.5 22.5 449.8426 11.2 12.2 12.5
8 791.8359 21.0 21.8 21.8 446.7363 11.1 12.0 12.2
9 798.4321 21.2 22.2 22.2 457.1084 114 12.4 12.6
15 806.4697 21.4 224 23.3 442 .8837 11.1 12.0 12.2

As expected, corrections for the July 2023 campaign are larger than those obtained
for the June 2024 campaign due to the longer distances measured, which were around
800 m and 450 m, respectively. Overall, the 3D-RM models yield larger corrections than the
standard method. Interestingly, differences between 3D-RM and 3D-RM 2 are negligible,
which shows that the refraction model is reliable enough to even eliminate the need for a
meteorological station set up next to the total station.

The standard deviation results for measured distances and distances corrected by each
method are presented in Table 2.
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Table 2. Distance standard deviations.

July 2023 June 2024
Point Standard Deviation [mm] Standard Deviation [mm]
Dfield St 3D-RM 3D-RM 2 Dfield St 3D-RM 3D-RM 2
1 0.8 0.5 0.3 0.3 2.5 0.2 0.2 0.3
2 0.8 0.5 0.3 0.3 1.6 0.1 0.2 0.3
3 0.9 0.5 0.4 0.4 1.3 0.3 0.1 0.3
4 0.9 0.5 0.4 0.4 22 0.3 0.2 0.3
5 0.9 0.5 0.4 0.4 2.0 0.2 0.2 0.3
6 0.9 0.5 0.4 0.4 1.9 0.2 0.2 0.3
7 0.9 0.4 0.4 0.4 2.0 0.2 0.2 0.2
8 0.8 0.5 0.4 0.4 1.9 0.2 0.2 0.2
9 0.8 0.5 0.4 0.4 1.9 0.2 0.2 0.3
15 1.1 0.3 0.5 0.5 1.9 0.2 0.2 0.2

It is important to note that the standard deviation is a reliable measure when there
is a sufficiently large dataset. In our study, the July 2023 campaign contained only a few
series, while in June 2024, the time range covered all the daytime. All correction methods
lead to significant improvements over raw field measurements, with standard deviations
consistently reduced.

To evaluate the results in absolute terms, the known coordinates of the points from
previous campaigns, together with the deformation analysis, were used to calculate theo-
retical distances. Table 3 shows the differences between the distances (raw and corrected)
and the reference values.

Table 3. Differences between distances (measured and corrected) compared to reference values.

July 2023 June 2024

Point Differences with Reference Values [mm] Differences with Reference Values [mm]

Dfield St 3D-RM 3D-RM 2 Dfield St 3D-RM 3D-RM 2

1 —26.5 —4.2 2.1 -2.1 —14.8 —3.7 —2.0 —-1.7
2 —25.4 —-32 -1.2 -12 —11.4 —0.3 14 1.7
3 —27.4 —5.2 =31 =31 —9.9 1.5 3.2 3.5
4 —24.7 —2.6 -1.0 -0.9 —13.0 —22 —0.8 -0.5
5 —25.5 —-34 -19 -1.9 -12.7 -19 —0.6 -0.3
6 —251 -29 -15 -14 —13.0 —-2.3 -1.1 -0.8
7 —24.3 —28 -1.9 -1.8 -9.1 14 2.4 2.6
8 —24.5 -35 -2.8 -2.8 —-10.5 0.0 0.8 1.0
9 -21.7 —0.5 0.5 0.4 —8.3 2.5 34 3.7
15 -21.7 —0.3 0.6 0.7 —74 3.0 3.8 41

The results clearly show the necessity of applying atmospheric corrections since
the raw distances taken in the field without correction (Dfield) are tens of millimeters
away from their true values. For the July 2023 campaign, 3D-RM improves the accuracy
by approximately 2 mm as compared to the standard approach (St), demonstrating the
model’s effectiveness over longer baselines (around 800 m).

In the June 2024 campaign, where distances were shorter (around 450 m), the results
were less consistent, with smaller improvements over the standard approach. This is likely
because, for shorter baselines, the impact of atmospheric refraction is reduced and the
traditional approach—based on meteorological data from the station—becomes closer to
reality. Despite this, the evolution of the refraction correction throughout the day aligns
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well with the expected atmospheric behavior, indicating that the 3D-RM captures the
temporal variability in atmospheric conditions effectively.

Finally, there are no substantial differences between the 3D-RM and 3D-RM 2 mod-
els, suggesting that a well-distributed network of meteorological sensors can sufficiently
support the model without requiring a sensor at the station point.

6. Conclusions and Future Work

The traditional approach to mitigate the effect of atmospheric refraction, based only
on meteorological parameters collected at the end points of the measurement line, has
proven to be not optimal for long-range geodetic measurements, especially in critical
applications like deformation monitoring with complex areas where the target points are
typically inaccessible.

This paper introduces the 3D refractivity model (3D-RM), which is based on current
technology and easily available data products, to estimate refractivity and refractivity
gradients at every point within a working area covered by a network of meteorological
sensors. The model operates by dividing the line of sight (LoS) into intermediate points
where refractivity and refractivity gradients are interpolated using vertical layering from the
Turbulence Transfer Model (TTM) and spatial interpolation within each layer, performed
via Multiple Linear Regression (MLR). These interpolated values can be then integrated to
obtain automatic corrections for both distance and vertical angle measurements.

As shown in the application, the 3D-RM performed well in the field campaigns,
providing reliable corrections even when no meteorological data were available at the
target points. The second version of the model (3D-RM 2), which estimates corrections
without using the sensor at the measuring station, produced nearly identical results to
the full-sensor-based model. This feature makes the model highly adaptable even though
only a limited number of meteorological sensors are available. In addition, the sensors
can be better located in those points that better characterize the local refraction, which
do not necessarily coincide with the measuring stations. By reducing the number of
required sensors to cover just the area of interest, the model enables rapid and cost-effective
measurements without the need to relocate sensors, significantly reducing setup time and
operational costs.

For distance measurements, the refraction corrections obtained in the first campaign
(with distances around 800 m) are in the order of 2 cm, while the second campaign (with
distances around 450 m) yielded corrections in the order of 1 cm. These corrections from
the 3D-RM were generally slightly higher than those from the standard approach by using
meteorological data only at the station point. In terms of standard deviation, while the
improvements relative to the standard method were not always significant, the values
obtained still met the precision of the instrument.

As regards accuracy, defined as closeness to reference values, a general improvement
of around 2 mm was observed in the July 2023 campaign when using the 3D-RM compared
to the standard approach. In the June 2024 campaign, the results proved less significative,
with improvements at only some target points. Even so, the differences compared to the
standard approach were not significant. Additionally, 3D-RM2 delivered almost identical
results to the original 3D-RM model, which reinforces the practicality and effectiveness of
the method.

The use of ERA5 data for estimating sensible heat flux proved to be a valuable
component in the vertical layering of the model. This integration allowed for accurate
vertical refractivity profiles within the boundary layer without increasing the costs of
the processing and the field campaigns. However, some limitations of ERA5 must be
acknowledged, particularly its spatial resolution of 31 km and the possible inaccuracies
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when applied to measurements over water surfaces, where thermal properties differ
significantly from those of land. While ERA5 serves as a practical first estimation of heat
flux, future work should include a more detailed assessment of its performance over
water, as well as comparisons with other datasets and direct measurement techniques.
Expanding this analysis will help refine the model’s accuracy and adaptability to varying
surface and atmospheric conditions.

Additionally, while the model’s performance is promising, there is room for future
work, such as additional testing in a broader range of atmospheric conditions in order to
better understand the model’s robustness and limitations. Validation over longer distances
in a long time period would be especially valuable as longer baselines tend to amplify
atmospheric effects and provide clearer insights into the model’s performance.

Further, due to the use of automatic ATR systems in our field experiments, we were
unable to evaluate the model’s performance on vertical angle corrections as the recorded
angles were automatically adjusted by the instrument’s internal algorithms. For future
evaluations, vertical angle measurements should be conducted without ATR, taking manual
measurements instead to ensure the angles reflect the actual refractive effects.

In conclusion, the 3D-RM offers a flexible, cost-effective approach to atmospheric
refraction mitigation, demonstrating strong potential for enhancing the accuracy of geodetic
measurements. By addressing the identified limitations through future studies, the model’s
applicability and reliability can be further strengthened, making it a valuable tool for a
wide range of geodetic applications.
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