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Abstract: In recent years, there has been growing interest in urban geomorphology both for its
applications in terms of landscape planning, and its historical, cultural, and scientific interest. Due
to recent urban growth, the identification of landforms in cities is difficult, particularly in
Mediterranean and central European cities, characterized by more than 1000 years of urban
stratification. By comparing and overlapping 19th-century cartography and modern topography
from remote sensing data, this research aims to assess the morphological evolution of the city of
Genoa (Liguria, NW Italy). The analysis focuses on a highly detailed 1:2'000 scale map produced by
Eng. Ignazio Porro in the mid-19th century. The methodology, developed in QGIS, was applied on
five case studies of both hillside and valley floor areas of the city of Genoa. Through map overlay
and digitalization of elevation data and contour lines, it was possible to identify with great accuracy
the most significant morphological transformations that have occurred in the city since the mid-
19th century. In addition, the results were validated by direct observation and by drills data of the
regional database. The results allowed the identification and quantification of the main anthropic
landforms. The paper suggests that the same methodology can be applied to other historical urban
contexts characterized by urban and architectural stratification.
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1. Introduction

Detailed knowledge of landforms, both natural and human, contributes to the
understanding and awareness of geo-hydrological risk [1-7]. However, these landforms
are often no longer immediately identifiable, particularly in densely urbanized contexts,
where they have been progressively obliterated by urban growth [8,9]. This is the case of
Mediterranean cities, characterized by ancient urban history, where the identification of
the various phases of landscape modification is crucial for urban planning. This process
helps us to identify hidden or neglected risks due to diverted or covered streams and
superficial landforms (slope cuttings, retaining walls) [10-17].

Urban geomorphology [8,14,18,19] is a new discipline aimed at investigating and
quantifying urban landscape changes under a historical perspective, for instance, by
comparing multi-temporal cartographies in order to identify landforms modifications
and volumes’ shape changes through centuries.

However, while precision and cartographical accuracy of a modern cartographical
product are defined by standardized and known validation processes, the same concept
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does not apply for historical cartography, since map making techniques have changed
through time and often lack precision and accuracy [19-21].

This makes it necessary to study their evolution and production techniques [21-24].
More particularly, maps produced between the late 18th and the early 19th century
progressively lost their links with landscape art. Increasingly, they were produced using
scientific surveying techniques, which entailed astronomic studies as well as geodetic and
topographic field observations [25]. At the same time, these maps depict landscape
settings of the pre-industrial age, before urban sprawl and substantial landforms
modifications took place. In this period, the map is conceived as a mathematical
representation of the landscape, the adoption of contour lines being a particularly
meaningful example [26].

Traditionally associated with the military field, maps went through substantial
technological improvements in the 18th century, when a new cartography based on
modern instruments and geometric rules was increasingly functional to national states.
The first systematic mapping of France on a scale of 1:86,400 using a measuring apparatus
was carried out during the 18th century by members of the Cassini family [27]. The British
Ordinance Survey undertook national mapping from 1791 [28], and topographical
drawing and mapping were an important part of army and navy officer’s education in
18th-century military schools. Cartography was also functional to the establishment of
overseas colonial empires in the 18th and 19th century, and to the modernization of newly
conquered areas, as was the case of Italy in the Napoleonic period [29]. The methodology
of production was used and improved until the 1980s when significant adoption of digital
techniques in data acquisition has emerged [30,31]. Particularly valuable examples of
precise geographical representation in Italy are detailed cadastral plans of some pre-
unitary states, including the Grand Duchy of Tuscany, the Kingdom of Lombardy-
Venetia, the Sardinian Kingdom, and the Kingdom of the Two Sicilies [32,33], whose
astronomic observatories allowed optimal geodetic measurements, similarly to those in
northern and central Europe states.

In Liguria (north-western Italy), the first example of fairly accurate cartographical
representations are the maps by Matteo Vinzoni, appointed official surveyor of the
Commissari della Sanita of the Republic of Genoa in 1722. By using the alidade and the
plane table, Vinzoni depicted the whole Ligurian coast in his “Pianta delle due Riviere della
Serenissima Repubblica di Genova divise ne’ Commissari della Sanita”. In addition to
representing one of the first systematic surveys of an entire state in the Italian context,
Vinzoni’s work is used as one of the sources to monitor coastal dynamics in Liguria
[13,32]. The main cartographical product of early 19th-century north-western Italy was
the Carta degli Stati Sardi in Terraferma di S. M. il Re di Sardegna, divided into 91 sheets on a
scale of 1:50.000, of which 86 were published between 1851 and 1859 [33,34]. The map is
the product of accurate field surveys carried out in the previous decades by the
Piedmontese cartographers, who produced a series of 112 highly accurate manuscript
maps (1:9°450, 1:10°000, and 1:20’000) commonly called Minute di Campagna.

With the unification of the Kingdom of Italy, the newly founded Istituto Geografico
Militare (IGM) (1861) carried out a complete mapping of the entire Italian territory at
various scales (1:10'000; 1:50'000; 1:100'000) using the technique of contour lines for the
depiction of elevation [35]. In order to cover the entire Italian territory, the Bessel ellipsoid
was adopted as datum and the reference median was that of Monte Mario 12° 27’ 08,400"
East of Greenwich.

This work aims to assess volumetric changes of anthropic landforms in an urban
environment in the last two centuries in the city of Genoa (NW Italy) through
computational analysis and cartographical comparison. This time frame is considered
appropriate, as maps produced in the early 19th century are the oldest available
documents for a scientific reconstruction of pre-urban sprawl morphology. This means
that the earliest mapped anthropic landforms represent the total amount of pre-existing
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elements as a result of the stratification of several urban phases, particularly of the Middle
Ages and Modern Age.

In particular, this paper could be divided into two targets:

1) Quantifying the potential errors and the intrinsic accuracy of the analyzed old
map;

2) Creating an old Genoa digital terrain model and quantifying urban
transformations by the underlying elevation gradient with the modern digital terrain
model.

2. Materials and Methods
2.1. Study Area

Genoa is a port city of the Mediterranean and capital of Liguria (north-western Italy).
The municipality, whose current size dates back to the 1926 “Grande Genova” project, is
240.29 km?>wide and the coastline 35 km long. The most ancient core of the city, the yellow
area in Figure 1, was smaller (c. 11.45 km?) and was roughly located between the city’s
two main streams: the Bisagno in the eastern part, and the Polcevera in the West. From a
geological point of view, the study area is largely constituted by marly limestones, marls,
and clays in Flysch sequences of Upper Cretaceous, while the western part, in the
Polcevera Valley, is dominated by shales of Lower Cretaceous [36-38]. The two formations
are found both as outcrops and bedrock. Another important lithotype, today largely
hidden by the urban structure, is constituted by stiff fissured Pliocene clays, exclusively
found in the historical center [37—42]. Morphology is characterized by many small and
steep catchments, mostly oriented orthogonally to the coastline, originating from the

neotectonic activity [42].
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Figure 1. (A) Study area and areas of interest. (B) The geological sketch map box: 1) waterfront
embankments; 2) alluvial deposits; 3) slope deposits; 4) stiff fissured clays; 5) shales; 6) marly
limestone with clayey shales interlayers.
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The first permanent settlement dates back to the pre-Roman period. In the Middle
Ages, Genoa developed around the old city core with an East-West direction along the
coastline [43]. Urban sprawl over the hills, with a South-North direction, and along the
coast developed in more recent times [44] (Figure 2). In the early 19th century, the two
main valleys, the Polcevera to the West and the Bisagno to the East, were characterized by
an agricultural landscape with a dense pattern of small fields across the floodplain and
terraces over the slopes with a prevalence of vineyards and olive orchards [45,46]. Ter-
races are only partly visible in the current landscape and have been largely obliterated by
more recent urban structures, decametric retaining walls, and high blocks of flats of the
second half of the 20th century [47]. Urban expansion brought hydraulic works in the two
valleys, with progressive narrowing of the riverbeds and the establishment of new urban
areas in the floodplains in the early 20th century up to the 1930s [12]. It is estimated that
loss of agricultural surfaces between 1820 and 2014 in the Bisagno Valley was 57%, while
woodland and new urban areas increased respectively by 248% and 750% [45]. In the sec-
ond post-war period, the Promontory of San Benigno, exploited for the extraction of marly
limestone as building material from the Middle Ages, was completely excavated. The
complete removal of San Benigno Promontory allowed territorial continuity between
Genoa center and its western suburbs, with intense urban saturation of many areas, in-
cluding the former rock quarry [34].

0 ST e |

Figure 2. Urban sprawl in western Genoa (a) Vinzoni (1773) “Il dominio della Serenissima
Repubblica di Genova in terraferma (Riviera di Ponente)”; (b) Carta degli Stati Sardi in Terraferma
di S. M. il Re di Sardegna “Minute di campagna scale”, scale 1:9,450 period 1815-1823; 1:25,000
scale topographic map of the Italian Military Geographic Institute of 1878 (c) and 1934 (d)

2.2. Materials

Analyzed material can be divided into two subgroups: historical cartography and
current cartography.

The most important document is the “Carta Generale di Difesa di Genova” by engineer
Ignazio Porro (1848). For the purpose of this research, we analyzed the digitalized version
of black and white photographs of the 74 original plates (scale 1:2°000) of the “Carta Gen-
erale di Difesa di Genova” depicting a large part of the current urban area. Porro, who was
engaged by the Kingdom of Sardinia for the production of the map, can be considered as
a pioneer of topographical surveying and is the inventor of the Porro prism for binoculars.

The map represented with high detail the system of military fortifications and the
morphology of the Genoa area, providing topographical information for urban planning
aimed at improving the military defenses of the city. Starting from data acquired by Na-
poleonic topographers and unpublished documents by astronomer Baron De Zach (1816-
1817) and with the help of engineer Giulio D’Andreis, Ignazio Porro carried out a new
triangulation using mountains around Genoa as reference points and applying for the first
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time in Italy the tacheometry technique, which he appositely improved for the purpose of
this project [48].

The final work consists of 74 plates on a scale of 1:2°000 with a reference system re-
lated to the Lanterna (Lighthouse of Genoa Harbour), with 10-m-interval contour lines.

This cartographical product is one of the first Italian examples of topographical rep-
resentation with contour lines. Overall, it is a metric planimetry based on relative coordi-
nates and with the North direction coaxial to the plates” vertical squares

The area analyzed in this research is in the central part of the city and the coast nearby
and is covered by 7 of the 74 plates produced by Porro. These are plates n°® 42, 52, 53, 62,
63, 72, and 73, according to Porro’s numbering system.

Notably, the analysis focuses on particularly interesting sections from a historical and
urban geomorphological point of view (see Figure 1): I) Sant’Agata Old Bridge (included
within sheets n°42 and 52); II) Circonvallazione a Monte (included within sheets n°52, 53,
63); I1I) San Benigno Promontory and via Digione area (both included within sheets n°® 62
and 72; and IV) Polcevera Viaduct area (i.e., Morandi Bridge area), entirely included
within sheet n° 73.

Cases I (Sant’Agata Old Bridge) and IV (Polcevera Viaduct) are located in alluvial
plains respectively of the Bisagno and Polcevera Streams, while II (Circonvallazione a
Monte) and III (San Benigno Promontory and via Digione area) are hillside case studies,
very significant for the substantial urban and morphological modifications they went
through during the years, particularly due to rock excavation.

Modern cartography consists of sheets of the Regional Technical Map of Liguria on
a scale of 1:5°000 (“Carta Tecnica Regionale” ed. 2007), digital terrain models (DTMs) with
a 1-m resolution and equivalent scale of 1:1’000, and orthophotos with a 10-cm resolution.
The last two constitute the LiDAR aerial survey that Genoa Municipality commissioned
in September/October 2018 across the municipal area (Figure 3).
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=110 - 20 = 150 - 200
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Figure 3. (a) Porro Plate n°52. (b) The same area today, overlay of Regional Technical Map and
DTM LiDAR.

In addition, stratigraphic information from the database of Regione Liguria [49] and
boreholes promoted by the Special Commissioner for the reconstruction of Polcevera viaduct,
after the Morandi Bridge disaster [50], were used. These are fundamental data sources in
order to reconstruct the deepness of the contact interface between landfill material and
natural rock/sediment. These point data were integrated with the digitalized contour lines
and are the input for interpolation calculation.

2.3. Methods

The methodology is summarized in Figure 4. Two different GIS software were used,
QGIS and GRASS, while the accuracy of the old cartography was defined with Map-
Analyst.

QGIS was used for the georeferencing and digitalization of contour lines, while
GRASS was used to generate the digital elevation model (DEM) and for statistical and
algebraic analysis of the difference of DEMs (DoDs) system. [51-54]

The Porro’s old topographic maps

.

Preliminary Quality Analysis:
* Deformation images overview
* Oidbuildingsrecognizing
= Change of buildings shape

Accuracy assessment with
MapAnalyst (minimum 16 GCP
permap)

v

QGIS GCP Sampling
Y
Helmert roto-translation
L 4
Manually digitizing of isolines

1) Depth of interface between

Y
landfill sediments - natural Interpolation of isolines with
sediments GRASS
2) Heights of riverbed (*) » = Firstinterpolation (v.surfrst)
* Resampling (r.random)
{*) Only in floodplain (as * Second Interpolation (v.surf.rst)
point vector)
Y
Old DEMs
DEM 2018 | ¥

4

DoD - Differénce of DEMS

Figure 4. Methodology workflow.

The analysis initially seeks to define the intrinsic quality of maps, considering that
the accuracy error of old maps on the x-y plane (RMSEH) is given by the sum of various
factors summarized in the following relation (1):

RMSE, = (RMSEZ + M - RMSE2 + M - RMSE3)0> (1)

where RMSE:s is the error introduced by the ground survey, RMSEw is the map error,
RMSE. is the digitization error, and M is the map scale factor [55,56].
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As Porro himself described in his relation [57], topographical surveying was affected
by an azimuthal instrumental error (RMSE) of 0° 0" 70", which meant a real deviation of
0.33 m on the x-y plane at a distance of 1 km.

Moreover, digital images are the product of a process of paper maps photography
that has very likely produced perspective distortions (RMSEa). In addition, it has been
observed that original images show deformations also due to paper deterioration pro-
cesses (RMSEm).

- Accuracy analysis with MapAnalyst

The first passage entailed a monitor comparison between the old map and the current
orthophoto/topographical map aimed at identifying the perimeters of medieval, Renais-
sance, and 18th/19th-century palaces still found in Genoa’s urban fabric. Once reference
points of both maps were found, ground point control (GCP) positioning was carried out.
These are common points between plates of the Porro Map and the current cartography,
using firstly orthophotos and secondly OpenStreetMap only as auxiliary images for refer-
ences of place names.

MapAnalysts simulates a georeferencing process, which consists in imposing a geo-
graphical reference system known to the target image. This dislocation causes variable
image distortions depending on the desired reference system. However, the output pro-
vided by MapAnalyst is not a ground control point (GCP) but a statistical basis on the old
map accuracy compared to the modern one.

For this analysis, three geo-referencing algorithms, available in MapAnalyst, were
applied: Linearised Helmert, the Affine transformation with 5 parameters, and the Affine trans-
formation with 6 parameters.

- Georeferencing and contour lines digitalization with QGIS

Once the statistical basis was obtained, the same procedure was applied using QGIS,
identifying for each image the same configuration and the same number of GCPs allocated
in MapAnalyst.

Images in QGIS were georeferenced with the linearized Helmert algorithm. This al-
gorithm does not distort an old image; rather, it roto/translates it, minimizing the devia-
tion between the old image and the geo-referenced one. The adopted reference system is
Gauss-Boaga Roma 40 (EPSG 3003).

In general, it is possible that some points might be higher than RMSE. In this case, a
threshold value was arbitrarily decided, slightly higher than the error estimate under
which the variance between Porro and modern topography can be considered acceptable.

In cases where the distortion was higher than the threshold, additional GCP were
assigned by iteration until the desired effect was reached.

This was done for each single map section, which falls within a single or two or more
plates. The process allowed us to minimize the distortion error as each plate is separate
and can be geo-referenced singularly.

Subsequently, contour lines were digitalized through a linear geo-vector by assign-
ing the relevant elevation above sea level. Once this operation was completed, the vertexes
of these isolines were extracted.

In the hillside area (Circonvallazione a Monte, San Benigno Promontory, and Via Di-
gione), this operation was sufficient and complete.

In floodplain areas (Sant’Agata Old Bridge and Polcevera Viaduct) where contour
lines are not frequent or not visible due to the presence of buildings, another data source
was represented by borehole stratigraphy (Figure 5) [49,50].

In particular, the ancient interface surface between landfill material and natural
rock/sediment was considered, but only in cases where the borehole stratigraphy indi-
cated post-industrial landfills that included traces of cement, industrial bricks, etc.
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Figure 5. An example of a borehole with translated stratigraphy used for this research.

Moreover, since riverbed areas in the Porro Map lack spot elevations, it was decided
to conceptually match the old topographical surface with the current situation. This al-
lowed us to bind the interpolation to the thalweg in order to maintain the morphology of
typical cross-sections of Ligurian riverbeds.

Elevations of the current riverbed were extracted from LiDAR and assigned to the
old riverbed as spot elevations. In this way, the same vector file gathered elevations ex-
tracted from contour lines: at the interface between landfill material and natural sedi-
ment/rock substrate and in the two riverbeds, bearing in mind that no significant natural
process occurred, such as severe erosion or intense sediment accumulation due to flood-
ing, that changed the floodplain terrace elevations between Porro’s survey epoch and the
late 1800s, when intense urban sprawls began, unlike the phenomena described in [58-
60].

- Interpolation and DoDs with GRASS GIS

Since hand-drawn graphical elements of the Porro map have an equivalent resolution
of 2 m (1 mm to the naked eye on a scale of 1:2’000), previously obtained elevation data
were interpolated on a raster map with a 1-m resolution, also to reduce potential vertical
errors due to horizontal offset between the old and current map, according to a method-
ology explained by Stoker et al. [61].

This was carried out in GRASS GIS through three different steps: 1) the v.surf.rst com-
mand [62], an algorithm based on spline with smooth and tension, used for preliminary
interpolation that allowed us to convert elevations into a first raster dummy surface; 2)
from this surface, a vector points cloud with casual location was extracted with the r.ran-
dom command; 3) these points were interpolated a second time with the v.surf.rst com-
mand, obtaining a smooth surface, not affected by classic interpolation errors, such as
quad-three, gradient gaps, etc. [63].

Moreover, once output raster maps of the five case studies were obtained, an assess-
ment on vertical unreliability was carried out according to the following relation [54]:

ez = en-tan a (2)

where ¢z is the elevation error caused by horizontal offsets on a sloping surface, ¢u is the
horizontal error, and « is the local slope.

In slopes characterized by a < 45° gradient, potential vertical offsets between the old
and current cartography are less than the horizontal one. In contrast, if angle a > 45°, the
quantification of the vertical offset is crucial as this is higher than the horizontal one.
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The maximum vertical offset RMSEzj max [64] was calculated, corresponding to the
cell with the highest slope degree, according to relation (3), in order to have full
knowledge of the limits of the extracted output:

RMSEzij max = RMSEH tan Sijmax 3)

where RMSEH is the horizontal error for the map, and Sijmaxis the maximum slope in a i-
row and j-column grid cell of the output raster map.
Furthermore, sea level rise in the period 1884 — 2009 [65] was considered in order to
quantify the heights’ vertical offset between modern and 1830s sea level measurements.
The resulting old DEMs were subtracted from the 1-m-resolution 2018 LiDAR of
Genoa Municipality, obtaining the various DoDs, where positive areas correspond to fill-
ings and negative ones to excavations [15].

3. Results

The methodology adopted produced the following results:

1) Through an analysis of potential errors, the intrinsic accuracy of 19th-century car-
tography was quantified;

2) Digital terrain models of early 19th-century topographical surfaces were obtained,
allowing the quantification of urban transformations by underlying elevation differences.

From a first modelling process through MapAnalyst, it was possible to quantify po-
tential errors by applying the linearized Helmert transformation, the affine transfor-
mation with five parameters, and the affine transformation with six parameters.

It was observed that the accuracy in old cartography increases in consolidated urban
areas; this is due to the higher number of reference points that Porro and his team could
use, compared to hilly areas. This also explains why the number of GCP couples is higher
in plates of urban areas. This makes them more reliable than plates of rural areas charac-
terized by less GCP couples. The GCP minimum number for each couple of images is 16
as shown in Table 1, alongside the error estimations for each plate.

Table 1. Georeferenced plate numbers with standard deviation, RMSE computed with various
algorithms, and the number of used GCP.

Plate STD DEV RMSE STDDEV RMSE STD DEV RMSE N° GCP
Number (Helmert) (Helmert) (Affine 5) (Affine 5) (Affine 6) (Affine 6)

42 3.062 4.331 3.227 4.564 2.753 3.894 16
52 2.620 3.705 2.529 3.577 2.399 3.393 22
53 3.867 5.469 3.266 4.618 3.267 4.620 17
62 2.683 3.795 2.617 3.702 2.573 3.639 20
63 2.783 3.937 2.649 3.746 2.686 3.799 17
72 2.892 4.090 3.084 4.362 3.305 4.674 16
73 4.922 6.961 5.136 7.263 4.986 7.051 16

An acceptable deviation threshold of 10 m on a x-y plane between old and current
cartography was arbitrarily established, a slightly higher value than the RMSE (Affine 5)
of sheet n°73 (the least accurate and located in areas with no urban settlements at the time
of Porro).

Interpolation obtained through spline with smoothing and tension at a 1-m resolution
increases the smoothness of old topographical surfaces, generally characterized by a lower
gradient than current ones. In addition, by interpolating contour lines it was possible to
follow riverbeds and/or erosion landforms of ancient, often ephemeral, streams, now com-
pletely obliterated by anthropic landforms.

The total surface of the calculated raster maps is 1.79 km?, of which only 0.2% have a
gradient > 45°, and the cell with the highest gradient has a value of a=84° so that
RMSEZimax =28.02 m, obtained through relation (3) with RMSEn=4.09 (Sheet 72, Helmert
in Table 1).
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In the remaining part (99.8%), the vertical offset value is less than the horizontal one.

The case studies, all less than 2.5 km from the coastline, lie within 150 m asl. In par-
ticular, the Sant’Agata Old Bridge and Polcevera viaduct areas are respectively included
between 5.2 — 60.3 m asl and 4.92 — 82.89 m asl, while via Digione and San Benigno Prom-
ontory are located respectively between 18.02 — 111.69 m asl and 10.02 — 92.41 m asl.
Circonvallazione a Monte lies between 57.47 and 130.74 m asl.

The heights’ vertical offset between modern and 1830s sea level measurements is
about 25 mm with an average rate of 1.1 mm/year. Considering an average slope of 16.94°
for the old DEM hilly areas, as obtained only by the Porro’s isolines interpolation, an offset
of 0.25 m leads to an average x-y shifting of 0.9 m, which may be considered as a negligible
value.

For what concerns the DoDs, outputs can be divided into three different macro-
groups.

The first group is characterized by a high frequency of positive differences. This is
the case of floodplain areas, including Sant’Agata Old Bridge (Figure 6) and Polcevera
Viaduct (Figure 7). As already discussed, the preliminary assumption that old and current
surfaces of Bisagno and Polcevera riverbeds precisely overlap means that the elevation
difference in the DoDs equals to zero. Instead, there is a significant difference for what
concerns current artificial embankments, which is maximum in their immediate proximity
and tends to decrease with distance, reaching almost zero values near the foothill. The
average thickness of the alluvial plain is around 2.45 m.

The case of Polcevera Viaduct is even more complex due to the numerous anthropic
landforms (sensu Rosenbaum) (i.e., railway, industrial sites, etc.).

Along the slopes, local fillings with differences between 10-15 m are found

001416k
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Figure 6. Sant’Agata Old Bridge: (a) Old surface; (b) DoD with the medieval and modern trace.
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Figure 7. Polcevera Viaduct: (a) Old surface; (b) DoD.

The second group is characterized by a greater occurrence of negative differences.
This is the case of via Digione and San Benigno Promontory (Figure 8). Except for slight
positive differences of c. 2-3 m in the slope’s upper side, significant negative differences,
around 60-75 m, are noticed.
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Figure 8. San Benigno Promontory and Via Digione: (a) Old surface; (b) DoD; (c) Via Digione
cross-section; (d) San Benigno Promontory cross-section.

The third group is represented by Circonvallazione a Monte (Figure 9). In this case,
it was not possible to identify areas characterized by a high frequency of positive and
negative values. Amongst the negative differences there are values below 20 m, while the
positive ones can reach 12 — 15 m. Compared to previous cases, areas with values around
zero in Circonvallazione are rare.
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Figure 9. Circonvallazione a Monte: (a) Old surface; (b) DoD.

4. Discussion

The analysis shows how an average offset < 10 m between the current cartography
and the “Carta Generale di Difesa di Genova” can be reached by repeating the geo-referenc-
ing process. This value can be considered acceptable to distinguish between natural and
anthropic landforms at large-scale maps (1.10000-1.5"000).

The difference between anthropic and natural landforms, however, is only visible for
the period between present day and the second half of the 19th century. Anthropic land-
forms before this period can be easily confused with natural morphologies. For this rea-
son, the Porro cartography and derived products can be integrated by using older car-
tographies, although these can lack geometrical accuracy. In addition, paintings, topo-
graphical views, and historical photographs can offer insights into past landscapes [66].

For instance, the raster of Figure 10a shows a gently sloping area along the left side
of the stream with a regular pattern and constant NE-SW direction. From the analysis of
the Porro cartography, it is not possible to establish whether this is a natural morphology
or a filling landform of the period before 1848 [15].

However, the painting of Figure 10b, made in 1853 from previous en plein air sketches,
shows that this can be a filling of the floodplain area of the Polcevera Stream confined by
a consistent stone retaining wall. Here, starting from 1850, various railways lines connect-
ing Genoa to northern Italy were established. The section of Figure 7b, near the viaduct,
shows that the thickness of the two railway embankments is around 5 m.

The area of Sant’Agata Old Bridge is also characterized by dense urbanization, alt-
hough the evolution of anthropic and natural landforms is less complex. Here, a consistent
filling dating back to the period between late 19th and early 20th century is found, related
to the Bisagno Torrent narrowing. The bridge of Sant’Agata (Figure 6b and 11a) was made
in the medieval period along the track of the old Aurelia road and consisted of 28 arcades
for a total length of 360 m. Currently, the new bridges are only 50 m long, providing evi-
dence of the significant narrowing of the Bisagno Stream riverbed [12]. Alongside Pol-
cevera Stream, the Bisagno is currently one of the mostly exposed to geo-hydrological risk
Italian rivers. Their narrowing is one of the reasons of the frequent flood events of the two
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streams. In the 1950-2015 period, 5 floods with discharge between 700 and 1000 m3/s oc-
curred [12,45,67].

During intense rainfall events (>50 mm/h, [44,45]), minor sink-holes due to collapses
of culvert-arches of underground streams took place [42], something that is also very
likely to occur in the Circonvallazione a Monte area.

Circonvallazione a Monte crosses an area characterized by 11 minor catchments less
than 3 km? in size [42]. As shown by Figure 9, filling and excavation anthropic landforms
analyzed with DoD are quantitatively commensurate to current topography, constituted
by excavations and significant decametric retaining walls (Figure 11b). These walls, built
on limestone bedrock, are not monitored nor is their deterioration state known. Local
building collapse episodes due to the subsidence of significant landfill materials thickness
is indicated in small valleys that have been filled since the second half of the 19th century
[42].

However, the most significant excavation case is San Benigno Promontory, where an
entire slope was removed. Only considering the southernmost part of the slope, from the
excavation face edge, more than 10.79-10¢ m? of rock were removed between the late 19th
century and 1960 (Figure 11c). This value was obtained by DoD in Figure 8, excluding the
area of via Digione [68]. Here, another limestone quarry, completely excavated and char-
acterized by the establishment of new buildings in the post-war period, was affected by a
landslide in 1968, with 19 fatalities (Figure 11d).

'@ 490500 491500

500616+

Figure 10. (a) The output of Polcevera viaduct, in purple dotted line the Campasso area; (b) Left
bank, elevated area with embankment sustaining wall in the Campasso area (view by Carlo
Bossoli, 1853).
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Figure 11. (a) Sant’Agata Bridge in the background (painting of Giuseppe Bisi, c. 1825); (b) Ancient
Genoa: outside the city walls, over the hills, the site where Circonvallazione a Monte currently lies
was characterized by a rural landscape (painting, unknown author, c. XV-XVII century); c) San
Benigno Promontory not yet excavated and the Lighthouse (La Lanterna) in the background; d) Via
Digione landslide (1968).

Such a product, in addition to having multidisciplinary scientific interest, is also a
useful tool for stratigraphy analysis of the buildings’ foundation levels and for the pro-
duction of civil protection maps [69] or multimedia products aimed at raising public
awareness on geo-hydrological risk in urban contexts [70,71,72].

5. Conclusions

Digital image acquisition of analogic photographs of the “Carta Generale di Difesa di
Genova” map; its error analysis, georeferencing, digitalization, and contour lines interpo-
lation; and DEMs difference between the derived product and the current DTM (2018)
allowed us to develop a specific methodology useful for the study of urban geomorphol-
ogy. The analysis demonstrated that this specific old cartography can be compared with
modern large-scale topographical maps. It provides evidence of the potential use of such
historical material to identify and quantify anthropic landforms in urban geomorphology
survey and mapping. In particular, it is worth mentioning cadastral maps with no eleva-
tions or contour lines and old views depicting past landscapes.

This analysis involved five sample areas that were compared with the topography of
Ignazio Porro. The result can be divided into three different categories:

1) Areas characterized by filling landforms prevalence;

2) Areas characterized by excavation landforms prevalence;

3) Areas with no filling or excavation landforms prevalence.

Potential further research can involve broader geographical areas and time frames;
from a size point of view, the whole area of Genoa can be covered using the 77 plates
made of the Porro map. Assessments of the city’s morphometric changes can be carried
out by analyzing more recent maps, for instance, geo-referencing and interpolating the
IGM (Istituto Geografico Militare) 1:25°000 scale maps [14,71] produced between the late
19th and early 20th century in order to gain a precise city evolution with a 30-year interval.

This approach can be used for other cities that, like Genoa, are characterized by urban
and architectural stratification worthy of being discovered and studied. This process
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would necessarily entail the use of a sufficiently old map or set of maps, which would
depict with accuracy the landscape before urbanization took place.
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