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Abstract: The absence of the underground space and its usage in the current Stockholm city plan raises concerns about the
urban underground space planning culture of Sweden. This issue becomes even more alarming because it is unclear, both in
the literature and among practitioners, whether a map of Stockholm’s subsurface exists at a municipal or district scale for
planning purposes, despite the extensive use of the subsurface. Therefore, we processed airborne geophysical datasets, namely
magnetic and very-low-frequency (VLF) electromagnetic, acquired over Stockholm municipality, to produce municipal-wide
geophysical signature maps of the underground infrastructures in Stockholm. Stockholm’s underground metro, a significant
infrastructure across the city, served as a guide for the geophysical imaging, which included other underground infrastructures
with similar geophysical signatures. Two maps were produced: the VLF electrical current density map, which was derived
using a transformation from its raw data; and the magnetic anomaly map, which shows the residual between measured and
upward continued (UC) fields. Our results show that Stockholm’s central area, known as the innerstaden in Swedish, has a
significantly higher infrastructure density than other areas, necessitating a rethink for further underground development in this
area. We also find geophysical signatures, typical of major infrastructures, beneath the development focus areas proposed in
the city plan outside the innerstaden area, which should be incorporated into the developments in these areas. Although our
results are presented as 2D maps and are thus limited in the vertical dimension, the transformation algorithms and filters applied
during processing were in 3D. Inspite of the results’ dimensionality, they provide preliminary insights into the subsurface of
Stockholm municipality at a resolution that may be suitable for strategic planning decision at a municipal scale. These results
could be further developed into 3D models for a more holistic municipal-scale planning of Stockholm’s underground space.
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1. INTRODUCTION

The current Stockholm city plan—“Vision 2040 — a Stockholm for everyone.” (Stockholms stad, 2018)—has
no mention of the underground space nor its usage. This lack of planning for Stockholm’s underground space
(SUS) is alarming given the city’s historic use of its subsurface (BeFo, 2018; Tengborg and Sturk, 2016). The
first-come, first-served underground development approach in Sweden is well-known, both in the literature (BeFo,
2020; Bobylev, 2009; Clarke, 2000; Kuchler et al., 2024; Tengborg and Sturk, 2016; Volchko et al., 2020) and
among practitioners. Conclusively, these studies have shown an urgent need for a shift towards sustainable
practices, particularly if Sweden is to fulfill Goal 11 of the UN’s Sustainable Development Goals (SDGS).

Several issues have been identified in the legislation and policies surrounding the planning of the Swedish
underground in some of the aforementioned studies, and solutions have been proposed. However, to the best of
our knowledge, there has been no published research on providing images of the underground space for planning
purposes in Sweden. Meanwhile, it remains a mystery, even to practitioners, whether a 3D or even 2D map of
SUS—e.g., for allocating space to new underground infrastructures—exists at a municipal or district-area scale.
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Perhaps the mystery or non-existence of such information contributes to why Stockholm’s underground planning
(SUP) continues to receive scholarly attention without tangible action. Moreover, the invisibility of underground
space has been identified as a unique challenge for urban planners and designers, a challenge that imaging
capabilities used in geoscience may help solve (Admiraal and Cornaro, 2016).

The geodata national archive at Sveriges geologiska undersékning (SGU)—which translates to Swedish
Geological Agency in English—holds nationwide geophysical measurements acquired over time at different
precisions and resolutions. Airborne magnetic and very low-frequency (VLF) electromagnetic data are examples
of datasets from the archive that were considered for imaging subsurface infrastructures, particularly because of
their suitable sampling density. It is elementary knowledge in geophysics that air-filled or reinforced cavities in
poorly magnetic or resistive bedrock exhibit a significant susceptibility and conductivity contrast, and thus are
well-delineated on magnetic and VLF-derived electrical current density maps. However, VLF data, due to its
narrow frequency band, have better resolution in the horizontal direction than in the vertical direction (Beamish,
1994; Pedersen et al., 1994). In practice, VLF data have been proven suitable for 2D mapping of conductive and
resistive zones in the upper few hundred to tens of meters of the crust (Paal, 1965; Pedersen et al., 2009). Similarly,
magnetic methods have also been effective in near-surface investigations. In fact, visual inspection of raw magnetic
data, depending on its quality, is often sufficient to reveal subsurface structures (Hansen et al., 2005; Nabighian et
al., 2005).

Therefore, our study aims to provide municipal-scale 2D magnetic signatures and electrical current density
maps of Stockholm’s underground space, which primarily consists of the Stockholm metro (subsequently referred
to in its Swedish translation, tunnelbana) and similar structures, derived from regional airborne magnetic and VLF
datasets. The objectives are to infer anthropogenic substructures from signatures observed on the two maps and
analyze them in relation to the Stockholm city plan's development focus areas (DFASs), with the hope that these
maps would help guide planning decisions at early developmental stages.

2. MATERIAL AND METHODS

This study's airborne magnetic and VLF data were jointly acquired in 1995 using a fixed-wing aircraft flown
with 200 m line spacing at 60 m height. There are 128 lines within the study area, and measurements were taken
at a frequency of 4 Hz along these lines. Most major underground infrastructures in Stockholm predate the
acquisition of data.

2.1. Magnetic data

Firstly, the geomagnetic influence was removed, and the resulting magnetic anomaly data were interpolated
onto a 50 m rectangular grid covering a total area of 26 x 24 km. Within this grid is a buffer zone around the
administrative boundary of Stockholm municipality, which was necessary to avoid edge effects from Fourier-
based filters (e.g., upward continuation) applied at a later stage. Interpolation within the grid was done using a
multi-trend algorithm developed by Naprstek and Smith (2019), which is particularly suited for interpolating and
enhancing thin, linear features at varying angles to the flight direction. As seen in Figure 1a, the main target, the
tunnelbana, has lines at horizontally varying angles to the North-South flight direction.

Reduction-to-pole (RTP) was the next step in the magnetic data processing. RTP is essential for removing data
dependence on the angle of geomagnetic inclination by recomputing the induced magnetic field of the sources as
if they lie parallel to the magnetic pole. The structural information of the sources is not lost despite the
recomputation of the RTP process (Rajagopalan, 2003).

Regional-residual magnetic fields separation was achieved through upward continuation (UC)—by removing
magnetic fields that were continued upwards to 10, 30, and 60 m heights from the magnetic data, respectively. The
UC of a magnetic field to a height h above a measurement plane is a mathematical technique that maps the magnetic
sources from a depth of h/2 below the plane downwards (Jacobsen, 1987). This means that UC is essentially a low-
pass filter that enhances the signal from magnetic sources at a specific depth and below, while attenuating those
above it. It then follows that airborne magnetic data obtained at 60 m height will be theoretically equivalent to
ground survey data continued upwards to 60 m. Therefore, by applying the UC filters as previously described,
each residual field would contain enhanced signals from magnetic sources at 30 m depth downwards.
Subsequently, we refer to the fields as the UC-separated residual fields, and in cases where specificity is required,
as UCx residual field, where x is the appropriate continuation height.

As of the data acquisition date, only one metro station of the tunnelbana was at 35 m depth, all other subsurface
stations were at an average depth of 20 m and had connections to the surface stations. Given the data flight height,
it meant that the magnetic signatures of the stations would form part of the shallower high-frequency components
of the UC-separated residual fields. The 2D power spectra (Spector and Grant, 1970) of each UC-separated residual
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fields were analyzed to choose the best, from which the depth to magnetic sources was estimated (Equation 1). In
this case, the best meant the residual field that had signatures whose form is best correlated to the infrastructural
layout of the tunnelbana. A high-pass filter with a moderate taper was applied to the chosen UC-separated residual
field for enhancement of constituent wavelengths less than 1 km. The high-pass filter parameters used gave the
most correlated signal of the trace target after several attempts. The analytic signal amplitude of the filtered residual
field was then computed using the 3D analytic signal derivatives in Equation 2, as described by Roest et al. (1992).
These authors had successfully shown that the analytic signal amplitude exhibits maxima over magnetization
contrasts, thereby properly delineating magnetic sources.

yields 1 < e, — €1>
(1

1
D = —Eslope segment —— ~am =k

where D is the depth to the top of the magnetic source ensemble corresponding to each slope segment on a power
spectrum in km, e is the log of the power amplitude, and k is the wavenumber in cycle/km.

s = (20 + (20 + (2

where |AS] is the analytic signal amplitude in nT/m; M is the magnetic field in nT; and x, y, and z are the cartesian
coordinate system axes, respectively.

2.2. VLF data

The tensor tipper, relating the vertical and the two horizontal magnetic field components of the two transmitters
used in the data acquisition was calculated using all the signals within a closely spaced frequency band. Estimation
of the tensor tipper from multiple transmitters is well described by Pedersen et al. (1994) and is preferred because
it eliminates the direction bias that would be introduced by estimating the tipper from a single transmitter.
Therefore, the tensor tipper, as calculated, depends only on the subsurface conductivity structures (Pedersen et al.,
2009; Pedersen and Oskooi, 2004). Pedersen and Oskooi (2004) also proved that the possible frequency
dependence of tensor tipper, cautioned by Pedersen et al. (1994: 865), was not an issue in a narrow frequency
band, such as in the data acquisition (15 — 30 kHz). The tensor tipper was further transformed to an apparent
electrical current density map using the Becken and Pedersen (2003) transformation algorithm. The apparent
current density map contained the electrical conductivity distribution of the subsurface conductors, a significant
part of which is the tunnelbana.

3. RESULTS

The evolution of the magnetic data processing steps, from residual separation through filtering to power
spectrum analysis, is presented in Figure 1. The UC10 residual field was reduced by a factor of 10 from the
measured signal amplitude (cf. Figures 1b and 1c labels). This is also true for the filtered UC10 residual field
(Figure 1d). However, targeted signals were still visible on the residual. Persistent regional features were further
attenuated using a high-pass filter (Figure 1d).

The 2D power spectra of the residual and measured fields exhibit a two-segment slope, differing only in the
second segment (Figure 1e). The highest power spectrum belonged to the UC10 residual field, but was slightly
lower when compared to its filtered spectrum (Figure 1f). The labels on the power spectra are the calculated depth
to the top of magnetic source ensembles for each slope segment using Equation 1.

The overlay of the tunnelbana layout on the analytic signal amplitude of the UC10 residual field and the
apparent electrical current density are shown in Figures 2a and b, respectively. In both cases, a distinct high-
magnitude signal is present along the length of the overlaid layout. The signal is evident along the entire length of
the layout in some places (e.g., the green line section from Héasselby-Vallingby to Enskede-Arsta-Vantor district
areas in Figure 2a and b) and partially in others. Whereas, the current density signal was visible along some sections
of the layout in Figure 2a (e.g., the green line section within the Skarpnéck district area and the red line section
within the Sk&rholmen district area), where the magnetic signal was absent.

Some signatures are not associated with the tunnelbana layout, e.g., around the airport located east of Bromma.
Within the central city area—Sddermalm, Norrmalm, Kungsholmen, and Ostermalm—of Stockholm, there is a
higher magnetic signature density than in the other city areas. We refer to this observation as a density bias. A
similar density bias can also be observed within Farsta compared to the neighboring district areas of Skarpnack



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

and Enskede-Arsta-Vantér (Figure 2a). In both cases, the density biases are better observed on the magnetic
analytic signal maps than on the current density maps. Figures 2c and 2d show the magnetic and apparent current
density maps in relation to Stockholm’s DFAs, respectively. A selection of major ongoing development projects
within Stockholm was also included. Specifics of the development areas and projects gleaned from official sources
(Stockholms stad, n.d., 2018; Trafikverket, 2024) are itemised in Figure 2e. Our results indicate that all of the
highlighted development areas have notable magnetic signatures.

4. DISCUSSION
4.1. Geophysical imaging

According to Spector and Grant (1970), each slope segment on an average power spectrum of potential field
data indicates an independent ensemble of geometrical magnetic bodies that can be characterized by a joint
frequency distribution of a set of attributes. One such attribute is the depth of occurrence of the ensemble, which
can be estimated from Equation 1. However, there is a condition that applies: all the magnetic bodies must be
magnetized parallel to the geomagnetic vector and measured close to the north magnetic pole (Spector and Grant,
1970: 295). This requirement necessitated the reduction of the magnetic data to the magnetic north pole before the
power spectrum analysis. Accordingly, all the power spectra in Figures 1e and f suggest the presence of two
independent ensembles of magnetic sources. Based on depth of occurrence (2 km) and longer wavelength, the first
ensemble from the left is clearly of regional geologic origin, while the other has a mix of local geologic and
anthropogenic origins.

The origin of the magnetic sources becomes visually evident on the UC10 residual map (cf. Figure 1b and c).
The term “residual” as used here means the magnetic field from predominantly anthropogenic magnetic sources.
These residual fields exhibit similar high-frequency characteristics to the full magnetic anomaly fields shown in
Figure le. Thus, in separating the residual fields, we used a numerically stable filter, such as the UC filter, that
retains a physical meaning in the spatial domain (Jacobsen, 1987). This means that the UC30 residual field could
be said to contain enhanced magnetic fields from sources between 30 and 45 m depth. This is reasonably close to
the approximately 47 m depth to the top of the shallower magnetic source ensemble estimated from the statistical
method of Spector and Grant (1970). However, the UC10 residual field, corresponding to 30 — 35 m depth, had a
better power spectrum (Figure 1e) and is the closest to the average depth of the trace target, the tunnelbana.
Therefore, we chose that as the best in this case. Further attenuation of persistent regional features (e.g., the fold
shown in Figure 1c) using a high-pass filter enhanced the UC10 residual field, as illustrated in Figures 1d and f.

The regional-residual separation reduced the UC10 residual signal, making it difficult to delineate the outlines
of the magnetic sources. The computation of the analytic signal amplitude of its filtered field revealed a high-
amplitude outline that aligned with the sections of the tunnelbana layout that existed before the data acquisition
(Figure 2a)—note the absence along ongoing sections. Computation of the analytic signal amplitude is a widely
used derivative-based approach for edge delineation of magnetic structures. It maximizes over the edges of these
structures (Nabighian, 1984; Roest et al., 1992). Further indications of the tunnelbana can also be seen in the
apparent electrical current density map derived from the VLF data (Figure 2b). The correlation between the layout
of the tunnelbana and the high-amplitude signals on both the magnetic analytic signal amplitude and electrical
current density maps provides strong geophysical evidence that these signals indeed originate from the tunnelbana.
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Figure 1. Evolution of the magnetic data processing, showing: (a) the study area with its administrative district areas
and an overlain layout of the targeted Stockholm’s underground metro; (b) the measured magnetic anomaly field; (c) the
residual magnetic anomaly field after removing (b) upward continued to 10 m from (b); (d) the high-pass filtered version of
(c); (e) a comparison of the power spectra of (b) with (c) and its variants; and (f) a similar comparison between the power
spectra of (c) and (d). Note how (b) had the highest power spectrum in (€), and how the effect of the filter further enhanced
the signal power in (f) while attenuating the regional fold labeled in (c). D1-3 are the depths of magnetic source ensembles
represented by the slope segments of the power spectra according to Spector and Grant (1970).
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Figure 2. Correlation of analytic signal amplitude of the filtered magnetic residual anomaly field and VLF-derived
apparent electrical current density with Stockholm’s underground metro, (a) and (b), respectively. (c) and (d) are their
analyses in relation to the development focus areas (DFAs) of the current Stockholm city plan and a selection of ongoing
infrastructural developments summarized in (e). Note how the correlation on both (a) and (b) strongly suggests the metro as
the source of the aligned high-magnitude signals and how, by extension, similar signals would indicate the presence of major
infrastructures within the DFAs and other development areas in (c) and (d).
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It is then logical that other signatures, particularly on the magnetic analytic signal map, may belong to
subsurface structures of anthropogenic origin—e.g., the linear magnetic signature within Hagersten-Alvsjo,
flanked by the red and ongoing yellow line (Figure 2a). Another such signal, observable on both the magnetic and
current maps, correlates with the Bromma airport location (denoted with an airplane symbol in Figure 2).
Furthermore, the aforementioned magnetic analytic signal density biases within the inner-city area of Stockholm
and the Farsta district area are also supported by ground truths—e.g., the Farsta district area has notable
underground structures associated with both the tunnelbana and the Nynés railway stations.

However, it is essential to note that the magnetic analytic signal amplitude map has been enhanced for magnetic
sources within the average depth of occurrence of the trace target (30 — 35 m depth), whereas the current density
map shows the conductivity distribution of structures from the surface to a few tens of meters depth. Thus, some
missing signals on the magnetic map, particularly along the tunnelbana layout, that are visible on the current map,
could be argued to belong to shallower sections of the layout. Conversely, the signals on the latter, which are not
observed on the former, can also be attributed to deeper conductors of possible geologic origin. Therefore, the
magnetic analytic signal amplitude map forms the primary basis of the analysis for Stockholm’s DFAS, with the
VLF current density map serving in a secondary capacity.

4.2.  Analysis of Stockholm city plan in relation to geophysical images

The current Stockholm city plan (“Vision 2040 — a stockholm for everyone) contains strategic areas, i.e.,
DFAs (Figure 3a), to be developed into regional hubs that will relieve the stress of the disproportionately higher
population density in the inner-city area (Innerstaden) compared to the southern (Séderort) and western (Véasterort)
areas of Stockholm municipality. The aim is to facilitate a radial population spread into the DFAs in the western
and southern areas (see yellow arrows in Figure 3). This is particularly strategic given that the city has the Baltic
bay on its eastern border. Notwithstanding, it is imperative to integrate the third (vertical) dimension into the
development of these DFAS in order to avoid the current underground situation below the inner area of Stockholm
(see the magnetic analytic signal image of its subsurface, Figure 2c). Particularly since there is evidence of existing
major infrastructures beneath some of these DFAs as well (e.g., within DFAs 2 and 4). Unlike the surface, the
underground space is a non-renewable resource (Bobylev, 2009), which should be tapped sustainably because once
transformed, it becomes a permanent feature.
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Figure 3. Comparison between (a) the current model of planning and expansion in Stockholm as evidenced in the city
plan and (b) a proposed model based on the geophysical images of Stockholm’s underground space.

Our results do not indicate that vertical expansion below the surface is impossible or should not be undertaken
within the inner area of Stockholm. But, we emphasize the need to also have a parallel expansion strategy along
the third dimension, as illustrated in Figure 3b. We also propose applying planning expertise and priorities used
on the surface to the underground. We recommend the definition of development focus volumes (DFVs) rather
than areas (DFASs); this could vary for different counties of a country or even for different cities within a
municipality. In Stockholm, for instance, we suggest a volume that reaches a depth of 100 m, based on the average
depth of occurrence of infrastructural signatures obtained from magnetic results and publicly available depth
information about existing and planned infrastructures. Admittedly, our proposal highlights the limitations of two-
dimensional imaging and underscores the need for a detailed three-dimensional model of SUS. Nevertheless, our
2D results show, for the first time, preliminary insights into the state of the space below the cityscape of Stockholm
at a municipal scale. This implies that 2D and 3D models of the underground space are not mutually exclusive,
especially for underground planning purposes.
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5. CONCLUSION

Geophysical imaging based on multiple physical properties provides an effective way to gain insight into the
state of the underground space for city planners and designers in situations where such information is not readily
available and accessible. Similarly, 2D geophysical images can provide valuable preliminary information when
3D models of the underground space are not available, indicating that 2D imaging and 3D modeling are not
mutually exclusive for underground planning. There needs to be good storage of data at the appropriate scale and
resolution for realistic imaging and modeling of the urban underground space. In order to forestall the tendency
for skewed underground development in favor of the central urban areas of cities, it is necessary to integrate a
data-driven underground development plan early-on into the city plan.
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