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Figure 3.2. Magnetic data processing workflow: (a) initial anomaly field highlighting
regional signatures; (b) isolation of the residual field via UC10 removal and, as in-
set, power spectra comparison against UC30 and UC60 removals— shallower sources
had highest power on UC10; (c) attenuation of persistent regional noise using high-
pass filtering, with pre- and post-filter power spectra comparison as inset— shallower
sources had higher power on the filtered; (d) final 3D analytic signal map derived
from (c) using Eq. 3.2. D in insets is the estimated depth to the magnetic source using
Eq. 3.1; UCx is field upward continued to x m.
Modified from Paper II.
Data source: SGU

relationship can be written:

YAS  Ayus

ASD = o< (3.3)
Aland Aland

ASD = k- UUID (3.4)

where k is a proportionality constant that can be determined by regression if
UUID data are available, or assumed equal to 1 in the absence of such data
(as in this study). ASD is expressed in nT/m per hectare and interpreted as
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"the density of underground structural edges detectable within a 10000 m? (1
hectare) surface area”. Similarly, ASPC proxies the developed UUS volume
per person (DVVP):

ASPC =n-DVVP 3.5

where n can be assumed to be 1 in the absence of DVVP data. ASPC is
expressed in nT/m per 100 persons and interpreted as "the amount of under-
ground structural edges available per 100 persons". While the assumption
that all underground infrastructure is magnetic is not necessarily true, most
usually are, thereby providing a reasonable approximation. Both indicators
were calculated for each of the 13 district areas within Stockholm munici-
pality, using the 1995 population density data from Stockholm city’s public
statistical database. Linear regression of ASD and ASPC against 1995 popu-
lation density was used to build predictive models, which were then applied to
2023 population density data to project changes in UUS utilisation across the
city. A map of the estimated change between 1995 and 2023 was produced for
each indicator, alongside population density change maps for comparison.

3.4.4 3D Inversion of Magnetic Field Data

A 3D unconstrained inversion of the processed residual magnetic field was
performed using the VOXI Earth Modeling service in Oasis Montaj software,
approximating the infrastructural susceptibility model (ISM). The inversion
parameters are detailed in Table B1 of Appendix A. The inversion used a
wavelength-filtered residual, enhanced for anthropogenic near-surface signals,
rather than susceptibility constraints from in-situ measurements, following the
approach of Prutkin et al. (2017) for wavelength-specific structural modelling.
The resulting model was windowed to highlight high-susceptibility structures
in the 100 — 6500 x 10~ SI range that best reproduced the known tunnelbana
layout. A top-depth map was computed on a voxel-by-voxel basis:

DEM _ /ISM (3.6)

TopDepth, =z
where zDEM is the surface elevation and zI>M is the depth of the voxel top in the
ISM. Positive values indicate structures below the surface. Computed depths
were compared with published depth records for selected known underground
facilities to validate the model’s predictive accuracy.

3.4.5 VLF Processing

Tensor tipper transfer functions relating vertical to horizontal magnetic field
components were computed for the two Very Low Frequency Electromagnet-
ics (VLF-EM) transmitters used during data acquisition. These depend solely
on the subsurface conductivity structure (Pedersen et al., 1994, 2009; Pedersen
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and Oskooi, 2004). An apparent electrical current density map was derived by
applying the transformation of Becken and Pedersen (2003). Given the data’s
skin depth of up to 300 m and its horizontal resolution matching that of the
magnetic data, the current density map was used solely for independent, qual-
itative validation of magnetic anomaly interpretations rather than for deriving
proxy indicators. Further VLF processing detail is provided in Appendix B.

3.5 Study 3 Methodology: Deep Learning vs.
Downward Continuation

3.5.1 Data and Noise Modelling

Study 3 used magnetic data from six ground surveys in eastern Sweden and
two synthetic models (see Figs. 1 and 2 of Paper III), gridded to a 20 m cell
size. Real data from locations 1 —4 and 6, and synthetic data from Model 1 (an
urban underground infrastructure scenario), formed the training dataset; loca-
tion 5 and Model 2 (a mining scenario) were reserved for testing. All datasets
were upward-continued from the ground level to 65 m in 5 m increments to
simulate a continuous range of acquisition altitudes.

Four types of Gaussian-distributed noise were added to the synthetic train-
ing and test data at three intensities (low, medium, high), representing noise
sources characteristic of urban magnetic surveys: random (instrument noise),
correlated (altitude variation), line bias (flight line offsets), and outliers or
spikes (cultural interference). Three noise levels were defined: level 1 (full
noise amplitudes, see Table 1 of Paper III), level 2 (level 1 reduced by a factor
of 10), and level 3 (level 1 reduced by a factor of 100). The training pairs con-
sisted of 63 image patches of 512 x 512 pixels (low-resolution input paired
with high-resolution ground truth), cut with 50 % overlap and fed to the net-
works in batches of four.

3.5.2 Model Architectures

Three DL models were implemented: (1) ResUNet (Fig. 3.4a), a four-layer
encoder—decoder with global skip connections and a final identity-mapping
residual addition; (2) Attention Gate Residual learning U-shaped Network
(Attn-ResUNet) (Fig. 3.4b), a modification that applies additive attention gates
(Oktay et al., 2018) to each skip connection (x;), computing pixel-wise atten-
tion weights oy that suppress irrelevant features (%;):

G =" (01(0"x;+ ¢ g+by)) +by (3.7)
o = 62(Ghy) (3.8)
Xr=x-04 (3.9
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where 0,¢, and y are 1 x 1 convolutions, 67 is the ReLU activation func-
tion, g, is the attention weights prior to sigmoid (03) activation, b, is the
bias vector added prior to ReLU activation, while by, is the bias scalar added
prior to sigmoid activation; and (3) Shifted Window Transformer-based Resid-
ual learning U-shaped Network (SWin-ResUNet) (Fig. 3.5a), which integrates
shifted-window (SWin) transformer blocks (Liu et al., 2021; Liang et al., 2021;
Wu et al., 2025) at the bottleneck layer to capture both local (convolutional)
and global (self-attentional) spatial dependencies (Fig. 3.5b). Within each
transformer block, the attention score of pixel vector X is computed as:

T
Attention(Q, K, V) = Softmax <QK +B) Vv (3.10)

Vd
where Q = XPp, K = XPg, and V = XPy are query, key, and value projec-
tions of the input, d is the scaling factor, and B is the relative position bias
matrix. X € RV*C denotes the input feature map with N pixels and C chan-
nels, while the matrices Pp, Px,Py € R¢*4 represent the learnable shared pro-
jection weights for the O, K,and V representations, respectively. All models
were trained on RGB representations of the magnetic grid images (mapping
anomaly amplitude to colour), normalised to the 0 — 1 range. The L1 loss was
used as the training objective to preserve high-frequency detail, since the L2

loss tends to oversmooth edges.

3.5.3 Downward Continuation Reference

DC was implemented in the MAGMAP suite of Oasis Montaj software us-
ing a 2D fast Fourier transform (FFT) in the wavenumber domain. Mathe-
matically, DC multiplies each wavenumber component of the anomaly by the
factor et¥2, where |k| is the wavenumber and +z is the downward distance;
because the exponent is positive, high-frequency components are amplified
exponentially, inherently amplifying noise.

3.5.4 Evaluation Metrics

Three standard image quality metrics were computed for all DL and DC out-
puts against the high-resolution ground truth:

1y .

L= N Z It (i) — Ine (i) (3.11)
i=1

MAX?
PSNR = 10-1 L 12
SN 0 oglo( MSE > (3.12)

2ty 4+ Cp) (20, + C

SSIM(r,y) — — 2ty £C1)(205 + ) (3.13)

(uF+u3 +Cr)(0F + 07 +C2)
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Figure 3.3. A schematic workflow synthesising the methods across the three studies
of this thesis while showing their interconnectivity and coherence. Study 1 establishes
the societal context, spawning Study 2, which develops geophysical proxy indicators
for UUS use, while Study 3 addresses the data-quality prerequisites for Study 2’s
scalability using machine learning.

where N is the number of pixels, Iy and I, are the ground truth and out-
put images, MAX; = 1.0 for normalised images, mean square error (MSE)
is the mean squared error, i and ¢ are mean and standard deviation of pixel
intensities, and C1, C2 are stability constants (Wang et al., 2004). L1 loss mea-
sures pixel-wise accuracy, peak signal-to-noise ratio (PSNR) measures signal-
to-noise, and structural similarity index metric (SSIM) measures perceptual
structural fidelity. All metrics were computed as a function of acquisition
height and noise level to systematically characterise performance sensitivity.

3.6 Highlights

¥ Established societal context in Study 1, developed geophysical proxy indi-
cators for UUS use in Study 2, and addressed the data-quality prerequisites
for Study 2’s scalability using machine learning in Study 3.
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¥ Primary dataset is a 1995 SGU airborne magnetic and tensor VLF data over
Stockholm (60 m altitude, 200 m spacing, 4 Hz sampling rate) targeting
subsurface features at shallow depth.

¥ Developed novel analytic signal density (ASD, nT/m per hectare) and an-
alytic signal per capita (ASPC, nT/m per 100 persons) from magnetic 3D
analytic signal, and correlated them with 1995 and 2023 district-level pop-
ulation densities.

¥ Validated 3D unconstrained magnetic inversion, used as a proxy for an
infrastructure model, against five documented underground facilities.

¥ Evaluated ResUNet, Attn-ResUNet, and SWin-ResUNet DL architectures
against conventional downward continuation across six survey sites with
four noise types, using L1 loss, PSNR, and SSIM metrics.
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4. Results

This chapter presents the results of all three studies that constitute this thesis.
As a recap, the thesis addresses the characterisation and planning of UUS in
Stockholm, Sweden, using geophysical proxy indicators derived from airborne
magnetic data, an institutional analysis of planning gaps, and a benchmarking
of deep learning methods for enhancing the resolution of magnetic data. Re-
sults are presented in the order of the research questions: first, the planning gap
analysis (RQ1); then, the geophysical proxy indicators and susceptibility inver-
sion model (RQ2); and finally, the deep learning versus downward continuation
benchmarking (RQ3).

4.1 Planning Gaps and Challenges in Stockholm’s
Subsurface (RQ1)

The stakeholder workshops and desk research conducted in the SubCity study
revealed seven interconnected gaps and challenges that currently prevent inte-
gration of UUS into Stockholm’s strategic planning (Paper I). Table 4.1 pro-
vides a structured summary.

Stockholm’s current city plan, Vision 2040, makes no reference to under-
ground space despite the city’s extensive and diverse subsurface infrastructure,
which includes the 110 km Stockholm’s tunnelbana (with 47 of 100 stations
below ground), the southern and northern link road tunnels, cold war civil de-
fence shelters, wastewater treatment plants built inside rock caverns, and the
royal library underground extension (Paper I, II). This absence from planning
documents reflects the broader pattern identified in the workshops: under-
ground development is driven by immediate sectoral need—primarily traffic
congestion relief—rather than by a comprehensive, long-term strategy. The
"first-come, first-served" culture observed across Sweden (BeFo, 2020) means
that the underground is effectively claimed by whichever project requires it
first, with no mechanism for reserving space for future uses.

Legislation is an important structural barrier. The PBL covers underground
space in principle but provides no specific guidance on 3D subsurface plan-
ning, and no amendments were made to the PBL following the introduction
of 3D property rights in 2004 (Boverket, 2004). Property formations remain
predominantly 2D, and while usufructs and easements can accommodate indi-
vidual underground projects, they are time-limited, use-specific, and poorly
suited to the multi-functional, long-term coordination that strategic under-
ground planning requires. Roads and railway tunnels are entirely exempt from
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Figure 4.1. An interconnected node diagram visualising the seven identified gaps as
interrelated challenges.

Based on Paper L.

the PBL, creating regulatory fragmentation that mirrors the physical "Swiss
cheese" of uncoordinated underground infrastructures beneath the city’s sur-
face. Information accessibility emerged as a critical cross-cutting barrier. Ge-
ological and infrastructure data are dispersed across multiple agencies, col-
lected by private consultants on behalf of sectoral clients, and frequently re-
stricted by national security legislation. This echoes the findings of Mielby
et al. (2017) and Von der Tann et al. (2018) in European contexts and directly
limits the applicability of conventional quantitative UUS indicators to Stock-
holm. In this context, the development of geophysical proxy indicators that
can be derived from publicly accessible regional data archives, without re-

quiring proprietary infrastructure records, represents a directly motivated and
timely response.
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Figure 4.2. (a) Analytic signal map of Stockholm delineating underground infrastruc-
tures, and (b) pole-reduced anomaly (black) and analytic signals (red) along P1 — P6.
The anomaly curves generally centre on the tunnels, while the analytic signal peaks
mark the edges of metallic/electrical installations within the tunnels. Profiles with only
one high-amplitude AS peak are interpreted as belonging to tunnels narrower than the
grid size, and those with multiple as belonging to stations. Note how the geo-located
underground facilities show correlations with distinct analytic signals.

Source: Paper II.
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4.2 Geophysical Proxy Indicators for UUS Use (RQ?2)
4.2.1 Magnetic Residual Anomaly and Analytic Signal Maps

The processed residual magnetic anomaly map of Stockholm shows a clear
improvement over the full field anomaly, with a notable attenuation of the per-
sistent regional fold signal and an enhancement of short-wavelength features
associated with near-surface sources. Power spectrum analysis confirmed that
the processing sequence enhanced signals from sources at approximately 45 m
depth and shallower, compared with the approximately 95 m dominant depth
in the unprocessed full anomaly (cf. Fig. 3.2a, b, c).

The resulting AS map shows a clear spatial correlation with the overlain
tunnelbana layout, particularly along the Red Line in central Stockholm and
the Blue Line’s deepest sections, while sections not yet built by 1995 show no
corresponding signal— providing a compelling internal validation of the AS
map (Fig 4.2a). Notable underground facilities (shelters, wastewater plants,
data centres, the royal library) show distinct AS signatures at their known
locations. The AS concentration is highest in the eastern portions of the mu-
nicipality, consistent with the greater underground infrastructure density of
central Stockholm (Inre staden) relative to the western (Viisterort) and south-
ern (Soderort) areas.

Six profiles across the tunnelbana (P1 — P6) were analysed for anthro-
pogenic characteristics (Fig 4.2b). On profiles crossing single tunnels (e.g.,
P1, P2, P3), the pole-reduced anomaly shows a characteristic low-susceptibility
trough bordered by a high-susceptibility peak, with the AS peak marking the
edge where metallic installations within the tunnel begin. The absence of a
second AS peak of comparable amplitude indicates that the tunnel width (typ-
ically 10 — 15 m) is narrower than the 50 m grid cell size. On perpendicular
profiles through major junction stations (P4, P5, P6), multiple AS peaks of
significantly larger amplitude delineate the edges of wider underground hubs,
consistent with the known location of Gullmarsplan station— the busiest un-
derground interchange south of the city, opened in 1950.

4.2.2 ASD and ASPC: Correlation with Population Density

ASD and ASPC were calculated for each of the 13 district areas in Stockholm
municipality, using the AS map based on enhanced signals from shallow depth
range. Regression of the 1995 indicators against 1995 population density
yielded Pearson correlation coefficients of r = 0.88 for ASD and r = —0.69
for ASPC (Fig. 4.3a, b). These are statistically significant and comparable to
the correlations reported between conventional UUS indicators and population
density by He et al. (2012) (> 80%) and Bobylev (2010, 2016). The posi-
tive correlation of ASD indicates that more densely populated districts con-
tain more underground infrastructure per unit area; the negative correlation of
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ASPC indicates that in the densest areas, infrastructure is shared among more
people— consistent with the logic of communal urban infrastructure.
The regression model parameters (where P is independent variable) are:

ASD = 0.0128 - P+0.3396 @.1)
ASPC = —0.0435 - P +4.2479 4.2)

where P is the population density (persons/hectare). These parameters allow
a physical interpretation: the near-zero ASD intercept implies there is little
underground infrastructure in sparsely populated areas, indicating that most
urban underground infrastructure (UUI) is people-driven; the positive ASPC
intercept implies that these sparsely populated areas still have a baseline UUS
use.

4.2.3 Spatial Analysis and District-Level Findings

Central Stockholm districts (Inre staden: Norrmalm, Sédermalm, Kungshol-
men, Ostermalm) consistently showed higher ASD values (> 1.2 nT/m per
hectare) than southern and western districts in 1995 (Fig. 4.3a). Sodermalm
and Norrmalm showed the greatest positive deviation from the ASD regres-
sion model, reflecting their status as the highest-density districts in 1995. The
notable exception is Ostermalm, which had both lower population density (25
persons/ha in 1995, compared with 100 in neighbouring districts) and lower
ASD, attributable to the historic status of the area as royal farmland hosting
military drill grounds and embassies rather than residential or commercial in-
frastructure.

Farsta, in the southern area, showed a marked positive deviation from the
southern ASD model, reflecting its distinct development history: planned as a
southern suburb in the 1950s and 1960s with an underground nuclear power
plant (Agesta), an underground goods delivery network beneath the main shop-
ping centre, and metro connections to tunnelled sections. This is an impor-
tant nuance: in districts with historically planned underground infrastructure,
ASD can be disproportionately high relative to population density, reflecting
investment in underground facilities rather than organic demand-driven devel-
opment.

In the western area (Visterort), three of four districts (Rinkeby-Kista, Spanga-
Tensta, Hdsselby-Viillingby) showed significant negative deviation from the
ASPC model, indicating less UUI per person than elsewhere in the city with
comparable density (Fig. 4.3b). Rinkeby-Kista, despite being the highest-
density western district in 1995, has the lowest ASD projection for 2023—
yet is the only western development focus area (DFA) in the current city plan
(Fig. 4.3c). This discrepancy highlights the unreliability of population density
alone as a predictor of UUS development when socioeconomic and gover-
nance factors intervene.
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Figure 4.3. Correlation of Stockholm’s population density of 1995 with its (a) ASD
(b) ASPC for the same year. Stockholm’s map of projected change between 1995 and
2023 for (c) ASD, and (d) ASPC.

Source: Paper II.

4.2.4 Projections to 2023 and Implications for the City Plan

Applying the 1995 regression models to 2023 population density data, the
study estimates a 20 — 60% increase in ASD across central Stockholm since
1995, with the highest growth projections in Sédermalm and Norrmalm (al-
ready dense and continuing to attract workers even as residents relocate to
suburbs). Southern districts with high population growth (Farsta, Héiigersten-
Alvsjo) showed declining ASPC projections, consistent with the "first-full first-
developed" pattern: infrastructure is not keeping pace with population growth.
These areas are also designated DFAs 3 and 4 in the Vision 2040 city plan.
The analysis of the four DFAs against the geophysical images and the sus-
ceptibility model (Fig. 4.4a) reveals that existing underground infrastructure
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is present in several DFAs (particularly DFA 2 and DFA 4), yet the city plan
does not explicitly plan for vertical integration with this infrastructure. Ongo-
ing large-scale projects with substantial underground components— the Royal
Seaport, New Slussen, the E4 bypass (86% of a new 21 km European highway
route in tunnels), and the Bromma-Sickla wastewater tunnel—all lie within or
adjacent to areas of demonstrably high magnetic AS density, underscoring the
urgent need for an integrated 3D urban development model.

4.2.5 3D Magnetic Susceptibility Model

The 3D magnetic susceptibility model (ISM) recovered structures with suscep-
tibility values of 120 — 6500 x 10~ SI. The lower end of this range overlaps
with diabase intrusions (155 x 107> SI) and gabbroid-dioritoid (512 x 1073
SI), indicating that some structures in the model are of geological rather than
anthropogenic origin. However, structures within the model generally repli-
cate the spatial pattern of the AS map— high signal density in the central
area and Farsta, alignment of susceptibility anomalies with tunnelbana sec-
tions built before 1995, and no corresponding anthropogenic structures along
the Yellow Line sections not yet in service at the time of acquisition. Top-
depth analysis from the voxel-level depth computation (Eq. 3.6, Fig. 4.4b)
yielded a mean underground structure depth of approximately 20 m and a
median of approximately 10 m. The mean falls within the publicly known
average depth range for the tunnelbana (20 — 30 m), while the skewed dis-
tribution (median significantly shallower than mean) reflects the presence of
many shallow installations (shelters, utility connections, surface structures)
alongside the deeper metro tunnels. Comparison with actual depths for five
independently verified underground facilities (Table 1 of Paper II) confirmed
that the ISM predicts depths to within approximately 20 m, adequate for strate-
gic planning at the municipal scale. The DFA analysis based on the ISM top-
depth map shows a mix of anthropogenic and geological signal origins in the
peripheral focus areas, with anthropogenic content increasing towards the cen-
tral city. Resolving the origin of ambiguous signals in the DFAs will require
targeted high-resolution geophysical surveys.

4.3 Deep Learning vs. Downward Continuation for
Magnetic Grid Enhancement (RQ3)

4.3.1 Noise Threshold for Effective Enhancement

A key result of the DL benchmarking study is the identification of a noise
threshold below which DL-based resolution and denoising of multi-altitude
magnetic grids is effective, and above which both DL models and DC become
essentially ineffective. This threshold corresponds approximately to the noise
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level 3 parameterisation (see Table 1 of Paper III): random noise p ~ 0.2% of
maximum anomaly, correlated noise it ~ 0.09%, line bias u ~ 0.2%, and out-
lier amplitude ~ 0.2% (affecting a maximum of 0.1% of data points). These
are conservative estimates, with some residual performance visible at the bor-
der between noise levels 2 (which is 10 X noise level 1) and 3 (which is 100
x noise level 1). Beyond this threshold, evaluation metrics (L1 loss, PSNR,
SSIM) show no meaningful variation with acquisition height across all tested
models, indicating that noise has overwhelmed any height-dependent signal
degradation.

4.3.2 Performance at or below the Noise Threshold

At noise level 3, all DL models exhibit a gradual, systematic deterioration
in evaluation metrics as the acquisition height increases from 10 to 65 m.
The SWin-ResUNet consistently outperforms the Attn-ResUNet, which in
turn outperforms the standard ResUNet, across all three metrics. The per-
formance advantage of attention mechanisms (Attn-ResUNet over ResUNet)
in denoising is consistent with the role of attention gates in suppressing spa-
tially coherent noise patterns. The further advantage of the SWin-ResUNet
reflects the transformer’s ability to learn both short-range (local texture) and
long-range (geological feature continuity) spatial relationships, enabling it to
better distinguish coherent geological anomalies from incoherent noise even
at high altitudes (Fig. 6 of Paper III).

On real test data from a ground survey location, both DL. models and DC
show a non-linear trend: stable performance at lower acquisition heights (a
plateau/trough in L1 loss and plateaus in SSIM and PSNR), followed by a
rapid decline beyond approximately 30 m for DC, and a more gradual decline
beyond 30 m for the DL models (Fig. 4.5a). The similarity of the initial trends
between DL models and the DC confirms that the DL. models have learned
the DC operator’s physical operation. DC outperforms or matches the SWin-
ResUNet up to approximately 30 m flight height, but beyond this, DC’s perfor-
mance deteriorates rapidly as the exponential amplification of high-frequency
noise takes hold; all DL models outperform DC above this height.

4.3.3 Input Quality Thresholds

The input—output metric correlation plots (Fig. 4.5b) provide actionable thresh-
olds for practitioners choosing between DC and DL processing. When the
input grid already has L1 loss < 12%, SSIM > 77%, and PSNR > 12 dB (rel-
ative to the ground truth), DC performs comparably to or better than the DL
models. This is an important counterpoint to the narrative that DL always im-
proves upon classical methods: for well-conditioned, low-altitude, low-noise
data, the additional complexity of DL training is not justified. The finding is

45



consistent with Li et al. (2023), who also concluded that DL can match DC
for synthetic data, while the present study extends this finding to real data,
multiple noise types, and a continuous altitude range.

The DL models’ tendency to perform better on real data than on synthetic
test data is attributed to shortcut learning (Geirhos et al., 2020): networks
trained partly on real data learn the complex, non-deterministic feature pat-
terns in real magnetic anomalies, whereas on purely synthetic data, they learn
the deterministic mathematical decay function of the forward model. This
shortcut allows them to amplify all features—not just coherent geological
signals—when tested on synthetic data, explaining why DL-enhanced syn-
thetic outputs show both noise and signal amplification at high noise intensi-
ties (Fig. 4.5¢), whereas real-data outputs consistently resolve low-amplitude
geological targets.

4.4 Highlights

& Planning analysis confirms that Stockholm lacks the institutional, legisla-
tive, and data infrastructure for strategic underground planning, and that
geospatial information poverty is a central barrier.

¥ The magnetic AS-based proxy indicators (ASD and ASPC) provide a scal-
able, physically grounded alternative to conventional UUS indicators, show-
ing statistically significant correlations with population density and en-
abling the first geophysically derived map of UUS utilisation and its evo-
lution across Stockholm.

¥ The susceptibility inversion model provides a three-dimensional view of
underground infrastructure, validating the AS approach and demonstrating
the feasibility of using geophysical methods to support 3D urban planning.

¥ the DL benchmarking establishes the conditions under which these geo-
physical analyses can be enhanced beyond the limitations of conventional
processing: DL, particularly with transformer architectures, outperforms
DC for noisy data at acquisition heights above approximately 30 m, di-
rectly enabling more reliable AS maps from typical nationwide survey
data.
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Figure 4.4. (a) The susceptibility inversion model proposed as the infrastructural
model of 1995 and (b) the depth to the top of structures within the model in (a) relative
to the digital elevation model of the area on a voxel-by-voxel basis. The development
focus areas (DFAs) in the city plan are also shown. Note how the geo-located under-
ground facilities show correlations with distinct susceptibility structures in (a), and
their model-predicted depth in (b).

Source: Paper II.
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5. Summary, Discussion, Conclusions, and
Recommendations

This chapter begins with an integrative summary of the purpose, research ques-
tions, literature, methods, and key results. It then draws the most important
critical-thinking conclusions from the data. A discussion section situates each
conclusion in the context of existing literature and articulates what has been
learnt. Finally, recommendations are offered for researchers, practitioners, and
policymakers, followed by suggestions for further research and concluding re-
marks.

5.1 Summary
5.1.1 Purpose and Research Questions

This thesis addressed three interrelated research questions concerning the geo-
physical characterisation and strategic planning of urban underground space.
RQ1 investigated the gaps and challenges preventing Stockholm from manag-
ing its subsurface strategically. RQ2 queried whether geophysically derived
proxy indicators could effectively quantify UUS use at the municipal scale.
RQ3 examined whether deep learning architectures could improve on conven-
tional downward continuation for enhancing the resolution of multi-altitude
magnetic data.

5.1.2 Summary of Literature

The literature established that UUS is a finite, non-renewable resource whose
development is predominantly reactive and driven by short-term sectoral need
in most cities, including Stockholm. Conventional UUS indicators require
detailed subsurface records that are frequently unavailable. The airborne mag-
netic analytic signal provides a physically motivated basis for UUS proxy de-
velopment. Deep learning, particularly residual U-Net variants with attention
mechanisms and transformers, has demonstrated promising results for geo-
physical data enhancement, but systematic comparisons against conventional
methods across varied noise and altitude conditions had not been conducted.

5.1.3 Summary of Methodology

Three studies were conducted. Study 1 (SubCity) employed stakeholder work-
shops and systematic desk research to map planning gaps in Stockholm. Study
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2 developed ASD and ASPC from the 3D AS of 1995 airborne magnetic data
over Stockholm, compared with a 3D susceptibility inversion model, and cor-
related with population density for 1995 before projecting to 2023. Study 3
benchmarked ResUNet, Attn-ResUNet, and SWin-ResUNet against DC for
super-resolution and denoising of magnetic grids across six ground survey ar-
eas and two synthetic models, with four noise types at three intensities over an
altitude range of 5 — 65 m.

5.1.4 Summary of Results

Study 1 identified seven planning gaps including sectoral governance, absent
leadership, poor data flows, inadequate legislation, and undefined trade-offs.
Study 2 found r = 0.88 and r = —0.69 for ASD and ASPC with population
density; predicted infrastructure depths within approximately 20 m; estimated
20 — 60% growth in central Stockholm’s UUS use between 1995 and 2023;
and identified significant underground infrastructure in multiple DFAs not ac-
knowledged in the city plan. Study 3 established a noise threshold for effective
DL and DC enhancement; found DC competitive below ~ 30 m acquisition
height for clean data; and showed SWin-ResUNet most robust at higher al-
titudes, with a quantified input quality threshold (L1 < 12%, SSIM > 77%,
PSNR > 12 dB) below which DC is preferred.

5.2 Conclusions

The following conclusions are drawn from the combined results of the three
studies:

C1: Stockholm’s underground space is being consumed by a reactive, first-
come, first-served development culture that the current legal, institutional, and
data infrastructure is structurally ill-equipped to change without deliberate pol-
icy reform. The absence of the underground from the city’s primary planning
document (Vision 2040) is not an oversight but a symptom of deeper gover-
nance fragmentation.

C2: The magnetic analytic signal provides a physically grounded, scalable
proxy for UUS use that is more stable than socioeconomic indicators and
derivable from publicly accessible geophysical archives. ASD and ASPC are
the first geophysically derived, quantitative UUS indicators, and their corre-
lations with population density (r = 0.88 and r = —0.69) are comparable to
those of geometric indicators in the literature.

C3: The 3D magnetic susceptibility model, while not attributing all structures
to anthropogenic origin, provides a sufficient preliminary picture of (magnetic)

underground infrastructure distribution for strategic planning purposes, with a
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depth accuracy of approximately 20 m validated against known facilities. It
enables the transition from 2D surface planning to a 3D volumetric perspec-
tive.

C4: Deep learning architectures, particularly transformer-integrated ones (SWin-
ResUNet), outperform conventional downward continuation for noisy mag-
netic data at typical airborne survey altitudes (> 30 m), because they learn

a mapping function that attenuates incoherent signals, whereas DC exponen-
tially amplifies them. However, for high-quality, low-altitude data, the physics-
based DC remains competitive and simpler to apply.

C5: The three studies are not merely parallel contributions but form an inte-
grated framework: the planning analysis (Study 1) motivates the geophysical
proxy work (Study 2) by documenting the data poverty that conventional indi-
cators cannot overcome; Study 3 explores data quality enhancement technique
to circumvent Study 2’s applicability at other altitudes and in noisier environ-
ments.

5.3 Discussion
5.3.1 Governance and Planning Gaps (C1)

The finding that Stockholm lacks a strategic underground plan is not unique—
it has been documented repeatedly by BeFo (2018, 2020), SGU (2017), and
Oberg and Sjcholm (2019). However, this thesis adds precision by situat-
ing Stockholm’s situation in relation to international comparators (Helsinki,
Singapore, Geneva) and quantifying, for the first time, what the underground
looks like through geophysical eyes. The contrast is striking: Helsinki has
maintained underground GIS inventories since the 1980s and has a publicly ac-
cessible underground master plan (Vdhdaho, 2014, 2016), while Stockholm’s
underground is simultaneously one of the most extensive in the Nordic region
and among the least systematically planned. Paper I argue, and this thesis
supports, that the fundamental barrier is not technical but cultural and insti-
tutional: planning culture in Sweden has not internalised the underground as
part of the city fabric. Hooimeijer and Tummers (2017) reached the same
conclusion for the Netherlands and argued that the change must be driven by
coordinated policy reform rather than mere technical improvement. This the-
sis provides the geophysical evidence that could catalyse such reform.

5.3.2 Geophysical Proxy Indicators (C2 and C3)

The correlations for ASD (r = 0.88) and ASPC (r = —0.69) are among the
most statistically significant reported for any proxy indicator of UUS use. He
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et al. (2012) reported > 80% correlation between population density and con-
ventional geometric indicators in Shanghai, while Finesso and Van Ree (2022)
reported partial correlations < 40% in Amsterdam’s multi-variable context.
The fact that a single geophysical variable (AS sum per district) achieves
comparably high correlations with population density—without access to any
infrastructure geometric records—validates the proxy concept. The stability
advantage of geophysical proxies over socioeconomic ones is important: so-
cioeconomic indices fluctuate with policy changes, economic cycles, and de-
mographic shifts, while the AS map, once processed, is a stable historical
record that can be extended to other time periods through population-based
projection.

The 3D susceptibility model, which predicted infrastructure depths to ap-
proximately 20 m accuracy, is a significant proof of concept. While this pre-
cision is insufficient for operational tunnel design, it is entirely adequate for
strategic planning at the municipal scale— identifying which districts have
high underground utilisation, at what approximate depth range, and where
geophysical investigations should be prioritised. This mirrors the conclusion
of Mielby et al. (2017) that geoscience needs to deliver the right data at the
right scale for the right decision-making stage, not always the most precise
data. The ISM provides strategic-scale data where none existed.

A key limitation acknowledged by Paper II is that the mathematical rela-
tionships underlying ASD and ASPC (Egs. 3.3 —3.5) are hypothetical propor-
tionalities that have not yet been calibrated against actual UUID or DVVP
data. This is partly because such data are restricted or inaccessible for Stock-
holm (itself a finding of Study 1). As subsurface data sharing improves—which
this thesis advocates—calibration will become possible, converting ASD and
ASPC from proxy to formally calibrated indicators.

5.3.3 Deep Learning for Magnetic Data Enhancement (C4 and
C5)

The finding that SWin-ResUNet outperforms DC at higher altitudes extends
the conclusion of Li et al. (2023) to a more comprehensive testing regime:
multiple noise types, a continuous altitude range, and a mix of real and syn-
thetic data. The identification of a noise threshold (level 3 in Paper III) and
the input quality crossover point (L1 < 12%, SSIM > 77%, PSNR > 12 dB)
provide, for the first time, quantitative practical guidance for practitioners de-
ciding whether to apply DL or DC to a specific magnetic dataset. This is
important because the geophysical community has been broadly told that DL
outperforms classical methods, without the conditional nuances that make this
claim actually actionable.

The shortcut learning problem identified by Geirhos et al. (2020) manifests
here as better DL performance on real than on synthetic data— an encour-
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aging finding for practical application, but a caution against over-reliance on
synthetic benchmarks for geophysical DL development. Smith et al. (2022)
similarly demonstrated that DL can enhance real magnetic grid resolution in a
mining context; the present study extends this to the urban near-surface noise
environment that is characteristic of the data used in Study 2. The implication
is direct: applying SWin-ResUNet-style processing to the Stockholm 1995
data before computing the AS map has the potential to improve the reliability
of ASD and ASPC, particularly in the lower-AS peripheral areas where noise
is more likely to mask genuine infrastructure signatures.

5.4 Recommendations

Based on the findings and conclusions of this thesis, the following recommen-
dations are made:

For policymakers and municipal planners in Stockholm and comparable
Swedish cities: (1) Incorporate underground space explicitly into the next re-
vision of the city overview plan, with a commitment to developing a 3D un-
derground master plan analogous to Helsinki’s. (2) Mandate the submission
of geophysical and geotechnical data from all publicly funded underground
projects to a centralised, accessible database coordinated by SGU or any other
designee. (3) Commission high-resolution geophysical surveys of the desig-
nated DFAs before approving major surface developments, using the geophys-
ical proxy framework developed in this thesis as a first-pass assessment tool.

For SGU and national geoscience agencies: (4) Develop standardised pro-
cessing protocols for the extraction of ASD and ASPC from existing regional
airborne magnetic archives, enabling cross-city comparison across Sweden
and with Nordic neighbours. (5) Investigate the feasibility of recollecting the
Stockholm airborne magnetic and electromagnetic dataset at higher resolution
and lower flight height to improve the reliability and precision of the geophys-
ical UUS assessment.

For urban geophysics researchers: (6) Calibrate the ASD and ASPC pro-
portionality constants (k and n in Egs. 3.4 and 3.5 using existing UUID and
DVVP data from cities with open underground databases (e.g., Helsinki) to
formalise the indicators. (7) Extend the proxy indicator approach to other
geophysical datasets (gravity, ground-penetrating radar, electrical resistivity
tomography) to assess complementarity and improve discrimination between
geological and anthropogenic signals. (8) Integrate the SWin-ResUNet en-
hancement pipeline into the ASD/ASPC workflow and evaluate whether im-
proved resolution changes the spatial pattern of the indicators in peripheral,
lower-signal districts.

For geophysical deep learning researchers: (9) Investigate physics-informed
loss functions for DL magnetic grid enhancement, replacing or augmenting
the purely data-driven L1 loss with a term that penalises departures from the
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analytical DC operator behaviour— this would target the input-quality range
where DC currently outperforms DL. (10) Systematically test DL. model gen-
eralisability across different geological terranes, survey parameters, and noise
environments before recommending DL as a universal replacement for DC in
operational workflows.

5.5 Suggestions for Further Research

Several directions for further research emerge directly from the limitations of
this thesis.

First, the 1995 vintage of the Stockholm magnetic data limits the direct rep-
resentativeness of ASD and ASPC for current conditions; new data acquisition
would enable direct validation of the population-based 2023 projections.

Second, the depth accuracy of the ISM (= 20 m) could potentially be im-
proved by incorporating borehole susceptibility logs and 3D geological mod-
els as inversion constraints, as demonstrated by Prutkin et al. (2017) for the
Thuringian Basin.

Third, the SubCity analysis focused on institutional and legislative barri-
ers; quantitative modelling of the trade-offs between competing underground
uses— such as the conflict between metro expansion and utility tunnels— us-
ing the geosystem services framework (Van Ree and Van Beukering, 2016;
Volchko et al., 2020) would advance the decision-support dimension.

Fourth, the DL benchmarking used ground survey data as a proxy for high-
resolution truth, but the translation of DL-enhanced data into interpretable
geophysical parameters (susceptibility, depth) via inversion remains to be demon-
strated.

Fifth, extending ASD and ASPC to other cities—ideally ones with known
UUID data for calibration—would test the scalability claim central to the
proxy indicator concept, and would determine whether the proportionality
constants k and n are globally applicable or city-specific.

5.6 Final Thoughts

The urban underground is a shared, irreplaceable resource. This thesis has
shown that geophysics—a discipline that makes the invisible visible—is uniquely
positioned to support its sustainable management. By developing novel proxy
indicators grounded in physical signal theory, by demonstrating the feasibil-
ity of a 3D geophysical infrastructure model from existing data, and by es-
tablishing the conditions under which deep learning can unlock the full res-
olution potential of airborne surveys, this work provides both the analytical
tools and the empirical evidence needed to shift urban planning culture from
surface-centric to truly three-dimensional. The path forward requires not just
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better data and better algorithms, but the institutional will to use them. In
Stockholm’s case, that will is beginning to form, as deduced from interactions
with various stakeholders during the workshops organised as part of this thesis
work; the geophysical evidence presented here is offered as one more reason
to accelerate the transition.
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Sammanfattning pa svenska

Stadens dolda dimension

En stad under staden

Under Stockholms gator, torg och vattendrag doljer sig en annan stad. Tunnel-
banan (av manga kallad virldens lidngsta konstgalleri) stricker sig 110 kilo-
meter genom berget och har 47 av sina 100 stationer under markytan. Dér
trings den med avloppstunnlar, fjarrvirmeror och datakablar. Djupare ned
finns bergrum som under kalla kriget tjanstgjorde som skyddsrum och som i
dag rymmer allt fran hypermoderna datahallar till Kungliga Bibliotekets arkiv
fyllda med tusen ar gamla handskrifter. Stockholms undermark dr med andra
ord ett rikt och mangsidigt landskap—men till skillnad frén stadens yta saknar
den en samlad 6versiktsplan.

Det dr en miérklig paradox. Sverige dr i internationell jamforelse virld-
sledande géllande undermarksanvindning, och Stockholm é&r dess flaggskepp.
Men varje gang en ny tunnel borras eller ett nytt bergrum spriangs ut sker
det reaktivt—som svar pa ett aktuellt behov snarare dn utifran en langsiktig
vision. Metoden brukar kallas "forst till kvarn": den som behover under-
marksutrymme tar den plats som rakar finnas tillganglig, utan hénsyn till vad
grannen planerar eller vad kommande generationer kan tinkas behova. Resul-
tatet 4r ett underjordiskt lappticke—fullt av hal och 6verlappningar, men utan
sammanhiingande struktur eller strategi.

Bilden &r inte unik for Stockholm. Stider som Helsingfors, Singapore och
Geneve har insett att marken under gatan dr lika viktigt som marken ovanpa,
men har byggt upp undermarksregister och utarbetat strategiska oversikts-
planer. Helsingfors har sedan 1980-talet inventerat och planerat sin undermark
och erbjuder i dag en 6ppen digital portal med hela undermarksplanen. Stock-
holm har varken det ena eller det andra, och den aktuella stadsplanen som
stricker sig till ar 2040 ndmner inte undermarken en enda gang.

Utmaningen: att mdta det ingen kan se
Innan undermarken kan planeras maste man forstd hur den ser ut och hur
mycket av den som redan tagits i ansprak. Det later sjdlvklart, men &r i
praktiken svart. Detaljerad information om undermarksinfrastruktur ir frag-
menterad och uppdelad bland flera myndigheter, ibland hemligstimplade av
siakerhetsskil och i vissa fall helt odokumenterade. I Sverige r tillgangen till
undermarksdata bristféllig dven inom myndighetssfaren—varje projekt pro-
ducerar sina egna ritningar, men ndgon samlad databas existerar inte.
Konventionella indikatorer for undermarksanviandning kréver geometrisk
information: volymen av anlagda tunnlar, arean av bergrum, djupet pa led-
ningar. Sadana data finns séllan tillgdngliga for systematiska jamforelser.
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Socioekonomiska indikatorer—som befolkningstithet eller fastighetspriser—
kan fungera som grova uppskattningar, men de &r osidkra och paverkas av fak-
torer utan koppling till faktisk undermarksanvidndning. Vad som behdvs ér en
robust, fysikaliskt grundad och skalbar metod for att uppskatta undermarksan-
viandningen utan tillgang till sékerhetsklassad information. Den hér avhan-
dlingen foreslar ett sadant angreppssitt: geofysikaliska indikatorer, framtagna
ur data som samlas in ovanifran (fran luften) och som avslgjar vad som hinder
under ytan utan att man behodver gréiva sig ned.

Magnetfiltets fingeravtryck

Varje material i jordkroppen har en unik magnetisk egenskap (susceptibilitet)
som beskriver hur litt materialet magnetiseras av jordens eget magnetfilt.
Granit, lera och kalksten har 1dga virden. Stél och jirn—som finns i tunnel-
banans rils, armerad betong och elektrisk utrustning—har hoga véirden. Det
innebér att underjordiska anldggningar ldmnar ett magnetiskt fingeravtryck vid
markytan, ett fingeravtryck som kan avlésas av kinsliga instrument ombord pa
ett flygplan.

Ar 1995 genomférde Sveriges geologiska undersokning (SGU) flygmag-
netiska méatningar 6ver Stockholm. Flygplanet flog lings nord-sydliga linjer
med 200 meters mellanrum pa 60 meters hojd och registrerade magnetfiltets
styrka med fyra mitpunkter per sekund. Dessa data, ursprungligen insamlade
for att kartldgga landets berggrund, visade sig innehalla just de fingeravtryck
vi letar efter. Ur bearbetade magnetdata beridknades den analytiska signalens
styrka—ett matt pa hur skarpa de magnetiska kontrasterna ir i varje punkt
i matomradet. Den analytiska signalen toppar precis vid kanterna av struk-
turer med hog (eller 1ag) magnetisk kontrast. Tunnelbanans spar, skyddsrum,
reningsverk, datahallen Pionen trettio meter under Sédermalm och Kungliga
Bibliotekets arkiv visade sig alla ha identifierbara magnetiska signaturer fran
1995.

Tva nya sditt att mdta underjorden

Ur den analytiska signalen definieras tva nya indikatorer. Analytisk signalden-
sitet (ASD) dr summan av den analytiska signalens amplitud per hektar markar-
eal—ett matt pa hur mycket undermarksinfrastruktur som finns per ytenhet.
Analytisk signal per capita (ASPC) dr samma storhet dividerad med invanaran-
talet—ett matt pa undermarksanvindningen per person.

Dessa indikatorer berdknades for var och en av Stockholms tretton stads-
delar och jamfordes med befolkningstitheten fran 1995. Sambanden visade
sig vara starka: ASD korrelerade positivt med befolkningstitheten (0,88) och
ASPC negativt (—0,69). Titbefolkade stadsdelar har mer undermarksinfras-
truktur per ytenhet, men varje invanare delar pd mer—ett resultat som bekrif-
tar att undermarken fungerar som en kollektiv resurs. Sambanden dr jamfor-
bara med dem som rapporterats for konventionella undermarksindikatorer i
stader som Shanghai och Berlin.
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Utover de tvadimensionella indikatorerna mojliggjorde magnetiska data en
tredimensionell modell av susceptibilitetsfordelningen—en sorts rontgenbild
av Stockholms undermark. Modellen forutsdger positionen for kinda an-
laggningar med en vertikal noggrannhet pa ungefir 20 meter, tillrackligt for
strategiska planeringsbeslut pa kommunal niva. Med hjélp av 2023 ars be-
folkningsdata uppskattas att undermarksanvindningen i centrala Stockholm
bor ha dkat med 20 — 60 procent sedan 1995. De fyra stadsdelar som ut-
pekats som framtida utbyggnadsomraden i Stockholms stadsplan visade sig
dessutom ha befintlig undermarksinfrastruktur—ett tecken pa att béttre under-
marksplanering verkligen bradskar.

Maskininldrning som geofysikens forstirkare

Flygmagnetiska data &dr vérdefulla, men data insamlade pa 60 meters hojd
ar naturligtvis mindre detaljerade dn data insamlade vid marknivd. Konven-
tionella metoder for att matematiskt skérpa upp signalerna (att "rikna ned"
mitningarna till vad de hade sett ut om de gjorts ldgre) ér instabila och forstirker
hogfrekvent brus exponentiellt. Precis som ett suddig fotografi dr svart att
skdirpa i efterhand utan att artefakter uppstar, lider konventionell teknik av
samma grundldggande problematik.

Avhandlingens tredje del undersoker om djupinlédrning, eller Al, kan 16sa
detta problem bittre. Tre neurala nitverksarkitekturer trinades pa magnet-
data fran markmétningar i sex olika omréaden i Ostra Sverige och jimfordes
sinsemellan och med konventionell teknik. Den mest avancerade av de tre—
baserad pa en transformerarkitektur ursprungligen utvecklad for artificiell sprak-
forstaelse—lirde sig att fanga bade lokala detaljer och globala strukturella
monster i magnetdata. Den presterar likvéardigt med konventionell teknik vid
laga flyghdjder men klart bittre vid hoga hojder, tack vare sin formaga att
undertrycka slumpmissigt brus som ofta maskerar geologiska signaturer och
signaler fran infrastruktur.

Men resultaten visar ocksda en viktig nyans: om ingangsdata &r av till-
rickligt god kvalitet dr konventionell databearbetning fortfarande det enklaste
och mest palitliga valet. Avhandlingen ger konkreta kvantitativa riktlinjer—
uttryckta som trosklar for matt pa bildkvalitet—for ndr djupinldrning dr mo-
tiverad och nir klassisk bearbetning riacker. Det dr mojligtvis en ovanlig slut-
sats i ett filt som ibland tenderar att framhéva nya metoder oavsett samman-
hang.

Mot hallbar undermarksplanering

Avhandlingens tre delar bildar tillsammans ett sammanhéngande ramverk: kartlig-
gning av planeringshinder, utveckling av geofysikaliska indikatorer och for-
bittring av de dataverktyg som indikatorerna bygger pa. Det gemensamma
temat dr att gora det osynliga synligt—och att omvandla en reaktiv, rorig un-
derjordsutveckling till en proaktiv, datadriven strukturerad utveckling.
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Underjorden under Stockholm ir inte ett tomt rum som véntar pa att fyllas.
Den &r en dndlig, icke-fornybar resurs (en gang omvandlad, forblir den om-
vandlad for alltid). Att planera den klokt kriver juridiska och institutionella
reformer: tydligare lagstiftning kring tredimensionella fastighetsgrinser, bit-
tre datadelning mellan myndigheter och ett sammanhallet undermarksregister.
Men det kriver ocksa nya tekniska verktyg som ger planerare och beslutsfattare
den information de behdver. Geofysiken, magnetfiltet och maskininldrning
kan vara en del av de verktygen.

Fragan &r nu om planerarna &r redo att se ned—och om Stockholm, som i s&
mycket annat, kan bli ett foredome for hur man forvaltar den dolda dimension
som varje storstad har under sina fotter.
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Appendix A: Magnetic Data Processing—
Generation of the Analytic Signal Map

After subtracting the geomagnetic reference field (DGRF 1965), the full mag-
netic anomaly was interpolated onto a 26 x 24 km grid with 50 m cell size,
using the multi-trend gridding algorithm of Naprstek and Smith (2019). Grid-
ding parameters were: trending factor = 50; trending search angle = 10°;
multi-smooth factor = 0. Reduction-to-pole (RTP) was applied, preserving
the structural dip information of the targets (Rajagopalan, 2003).

Regional-residual separation used UC filters at 10, 30, and 60 m heights
(labelled UC10, UC30, UC60 respectively). Following Jacobsen (1987), each
UCx filter maps sources from depth x/2 downwards, meaning the UC10 resid-
ual highlights sources from approximately 5 m depth down to the cross-line
Nyquist depth. The depth of dominant signal contributors at each processing
stage was estimated from 2D power spectrum analysis (Spector and Grant,
1970) using Eq. 3.1.

The UC10 residual was found to best correlate spatially with the tunnelbana
infrastructure layout (average source depth estimate ~45 m) and was selected
for targeted filtering. A 2D high-pass filter (A < 1 km, moderate taper) was
applied to further enhance constituents below 1 km wavelength. The 3D an-
alytic signal of the resulting filtered residual was computed using Roest et al.
(1992) (Eq. 3.2).

Note that the AS is computed from the pole-reduced signal to ensure that
AS amplitude is directly related to contrast magnitude, independent of geo-
magnetic field direction (Roest et al., 1992). ASD and ASPC are based on the
AS map for enhanced signals from the 30 — 100 m depth range, derived from
the UC10 residual. This depth range was chosen to cover the known depths of
Stockholm’s major underground infrastructure while avoiding contamination
from very shallow (< 30 m) geological and utility noise sources.
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Appendix B: 3D Magnetic Data
Inversion—VOXI Inversion Parameters

The 3D unconstrained susceptibility inversion was performed in the VOXI
Earth Modeling service of Oasis Montaj on the UC10 wavelength-filtered
residual. The inversion used a Tikhonov objective function:

D=¢;+ A0y (B.1)
where the data misfit (¢,) is:
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and the model norm (¢,,) is:

O = Og||m — mo||> + o || Vim||? (B.3)
where d?bs is the observed data; d}re“d is an optional n-order polynomial re-
moved from d° before inversion; @™ is the predicted data by the model; 8d
is the error distribution in the data space; N is the number of d°*; @ is the
weight controlling the size or deviations of the model from a reference model
(if specified); and o is the weight controlling the model’s smoothness. The
regularisation parameter A was determined using the autofit option.

Key inversion parameters are given below:

Table B1. VOXI inversion parameters

Parameters Value

Mesh size 110 x 100 x 5 m

Active cells (padding) 238(10) x 238(10) x 41(5)
Mesh expansion ratio 1.5x15x 1.0

Model elevation top 102 m, bottom —100 m
Radius of influence 5 km

Computational tolerance  0.001

Data error 5% of data standard deviation
Regularisation Autofit

Target data fit 1

Starting susceptibility 0

Iterations 20

IRI Focus 2

68



The model was windowed to susceptibility values of 110 — 6500 x 107> SI
to highlight structures likely to include anthropogenic elements while retain-
ing some geologically significant anomalies (e.g., diabase intrusions at 155 x
1073 SI). The patented iterative reweighting inversion (IRI) focusing function
(Ellis, 2016) was applied at focus level 2 to sharpen anomalous zones. This
approach of inverting wavelength-separated, anthropogenically enhanced data
follows the logic of Prutkin et al. (2017).
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Appendix C: VLF Processing— Generation of
the Electrical Current Density Map

Transfer functions (tensor tippers) relating the vertical and two horizontal
magnetic field components from two VLF transmitters (frequency band 15
— 30 kHz) were computed following Pedersen et al. (1994). The tensor tipper
depends solely on the subsurface conductivity structure and is unaffected by
source polarisation (Pedersen et al., 2009; Pedersen and Oskooi, 2004). Ped-
ersen and Oskooi (2004) confirmed that frequency dependence of the tensor
tipper is not significant within closely spaced frequency bands such as ours.

An apparent electrical current density map was derived by applying the
transformation of Becken and Pedersen (2003) to the horizontal spatial diver-
gence of the tensor tipper. The skin depth of the VLF-EM signal in the host
rock (p ~ 1 x 10°Q.m; relative magnetic permeability ~ 1) is approximately
300 m—significantly greater than the target depth, meaning the method has
limited vertical resolution but good lateral resolution, comparable to the mag-
netic data’s cross-line resolution. The current density map, therefore, serves
as a qualitative validation of the AS map, particularly for identifying high-
resistivity (low-conductivity) cavities that appear as low current-density re-
gions.
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Appendix D: Deep Learning Training
Parameters and Data Specifications

All three DL models were implemented in Python using PyTorch. Training
was performed on 512 px x 512 px RGB image patches cut with 50% overlap
from the gridded magnetic anomaly images, normalised to the 0 — 1 range.
Training was conducted in batches of 4, with 10 % of training data held out
for validation. The L1 loss function was used as the primary optimisation ob-
jective. All models used the Leaky ReLU activation (@ = 0.1) throughout,
transposed convolution for upsampling in the decoder, and a final clamp oper-
ation to restrict output pixel intensities to [0, 1].

For the SWin-ResUNet, transformer blocks were applied only at the two
deepest encoder and decoder layers to balance computational cost against
global context learning. The shallower bottleneck (64 px x 64 px feature map,
512 channels) used window size = 8px, 2 blocks (1 non-shifted +1 shifted),
8 attention heads; the deeper bottleneck (32 px x 32 px, 1024 channels) used
window size = 4px, 4 blocks (2+2), 16 attention heads. Attention gates in the
Attn-ResUNet used 1 x 1 convolutions for the theta (0), phi (¢), and psi (y)
projections. Noise model specifications for noise level 1 are given in Table
1 of Paper III; levels 2 and 3 divide all noise amplitudes and percentages by
factors of 10 and 100, respectively.
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