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Abstract. The remarkably accurate representation of coastlines on late mediaeval portolan charts has garnered
significant scholarly interest in uncovering the origin of their spatial data, with the prevailing hypothesis sug-
gesting that they are authentic products of their time, created by synthesising numerous shipborne bearing and
distance measurements. The pursuit of those answers also prompted the establishment and advancement of a
cartometric approach, through which they can be attained with quantitative accuracy. This study is based on
cartometric analyses and historical evidence, providing a comprehensive examination of the anonymous Carta
Riccardiana portolan chart, presumably created by Pietro Vesconte between 1300 and 1325. It posits a paradigm
shift regarding the late mediaeval origin hypothesis, tangibly indicating that the conventional geometry of por-
tolan charts was likely developed by late mediaeval copyist-cartographers who utilised regional maps from clas-
sical antiquity, originally made in the projection of Marinus of Tyre calibrated to their mid-latitudes as inputs,
which they partially scaled and gradually tilted, using a map in Ptolemy’s first projection as a reference model.
Concurrently, the article provides a historical overview of the most significant cartometric studies in the field,
critically analysing their unique systemic parameters that have influenced various hypotheses regarding the ori-
gin of portolan charts – specifically, the systemically induced similarity with the modern map in the Mercator
projection, which is, in the case of the Carta Riccardiana, at least, a misleading notion.

1 Differences in scholarly perspectives regarding
the origin of spatial data underlying portolan
charts

The abrupt emergence of nautical cartography in the
Mediterranean in the late 13th century in the form of
manuscript portolan charts (Fig. 1) and atlases (Beazley,
1904; Campbell, 1987) – named after portolani, contempo-
raneously created texts containing information about courses
and distances between ports – constitutes one of the most
intriguing events in the history of cartography due to a va-
riety of their distinctive characteristics that distinguish them
from any known cartographic antecedents, which can be phe-
nomenologically categorised into three sets of features.

The first one is related to the focus and aesthetics of spa-
tial representation, prioritising the mainland and island coast-
lines of the Mediterranean and Black Seas, as well as the At-
lantic coasts of Western Europe and Northwest Africa. The
typical coastline renderings on portolan charts are schematic,
featuring a series of arcs orientated towards the land, pro-
ducing a sawtooth appearance from the sea with toponyms
inscribed perpendicularly to coastline contours, necessitat-
ing the rotation of the charts and atlas sheets for their full
utilisation. The second one comprises practical navigational
instruments – linear scale bars (Fig. 2) and wind roses –
incorporated directly into the charts, which, to the best of
current knowledge, emerged on portolan charts for the first
time in history. The third and most captivating feature is
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Figure 1. The anonymous Carte Pisane (ca. 1270) and the Carta Riccardiana (ca. 1300–1325) with vectorised coastline contours, scaled to
equalise their longitudinal extent of the Mediterranean. Chart sources: Bibliothèque nationale de France, département Cartes et plans, GE
B-1118 (RES); Biblioteca Riccardiana, Ricc. 3827.

their exceptionally realistic portrayal of coastlines, which
markedly contrasts with the conventional rather simplified
depictions found even on the most complex Western Euro-
pean mappaemundi of the era such as the Hereford, and Eb-
storf maps (Woodward, 1987; Pujades, 2023), as well as the
Tabula Rogeriana, produced in the mid-twelfth century for
the Norman King of Sicily, Roger II, by the Arab geographer
Muhammad al-Idrisi, who was largely influenced by Ara-
bic translations of Claudius Ptolemy’s Geographia (Ahmad,
1998; Tibbets, 1998a, 1998b).

Mediaeval and premediaeval origin hypotheses

The exceptional planimetric accuracy of coastline contours
on portolan charts (Fig. 3) has prompted increased inter-
est from scholars since the second half of the 19th century,
aimed at discovering the origin of the spatial data utilised
in their development, as the late mediaeval cartographers
did not record the exact sources or datasets utilised in their
creation. Most studies arising from this inquiry were un-

dertaken by historians of cartography, predominantly using
descriptive methodologies. The resulting consensus that has
emerged from them – a consensus that has gradually estab-
lished itself as a paradigm regarding their origin in the aca-
demic community – is that the sudden appearance of por-
tolan charts and portolani is a self-evident fact that during the
13th century there was an intensification of maritime activ-
ities in the Mediterranean, accompanied by a technological
leap in the form of the discovery of the magnetic compass,
and that navigators of that period intensively measured and
recorded their sailing courses and distances travelled, based
on which cartographers subsequently created portolan charts
(Fischer, 1886; Kretschmer, 1909; Stevenson, 1911; Taylor,
1951a, b; Pujades, 2007, 2023; Gaspar, 2007, 2008, 2010,
2023). Conversely, the methodologically rigorous quantita-
tive studies of portolan charts, grounded in cartometric anal-
yses of their geometric characteristics contextualised with es-
tablished historical data (Wagner, 1896/1969; Loomer, 1987;
Nicolai, 2014, 2024; Marelić, 2024a, b, 2025a, b), typically
indicate that the origins of their spatial data are older, sug-
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Figure 2. Vectorised scale bars from selected portolan charts. The
variations in their alignments display that the cartographers who
created them were erroneously convinced that distances are accu-
rately preserved in all directions across the entire chart field.

gesting that portolan charts are late mediaeval reproductions
of earlier cartographic sources.

2 Outlining the findings, scope, and framework of
this research

The article utilises extensive and detailed cartometric ap-
proach in conjunction with historical information and pro-
poses a plausible and straightforward method by which
late mediaeval Ligurian cartographers graphically assembled
copies of cartographic sources from classical antiquity into a
coherent unit known as a portolan chart, to which they subse-
quently incorporated linear scale bars and wind roses for nav-
igational purposes. The hypothesis is corroborated through
one of the earliest portolan charts, the anonymous Carta Ric-
cardiana (ca. 1300–1325), which displays the European At-
lantic coasts at a comparatively larger map scale than con-
temporaneously and some later made portolan charts, and
was likely created by Pietro Vesconte. Although he was of
Genoese descent, all his known portolan charts and atlases
were produced in Venice between 1311 and 1327, and he

likely authored maps in Marino Sanudo’s book Liber Secre-
torum Fidelium Crucis (The Book of Secrets of the Faithful
of the Cross) published in circa 1320 (Nordenskiöld 1897, p.
57; Campbell 1987, pp. 407, 432, 434, 460; Krtalić, 2022, pp.
4, 8). The author of charts made in 1321 and 1327 that resem-
ble his earlier works is Perrinus (Perrino) Vesconte. Adolf
E. Nordenskiöld thought Perrinus is a variation of the name
Petrus (Nordenskiöld 1897, p. 58), while Paolo Revelli be-
lieved Perrinus was Petrus Vesconte’s son or a nephew (Rev-
elli, 1937, according to Campbell, 1987, p. 407, note 274).
The proposed method also demonstrates why the geometric
best fit of portolan charts with the modern reference map in
the Mercator projection across the Mediterranean and Black
Sea areas – discussed in more detail in Sect. 6.1, 6.2, and 6.3
– has occasionally been misinterpreted as evidence that the
conformal cylindrical projection was invented centuries be-
fore Gerard Mercator conceptually introduced it, even by the
author himself.

The article outlines two concurrent overviews of historical
advancements in science and technology. One overview dis-
cusses the history of cartography, geodesy, navigation, and
the use of the magnetic compass in classical antiquity and
the late Middle Ages, which are crucial for understanding
the fundamental findings of this research. The other overview
covers the history of academic and peer-reviewed quantita-
tive and cartometric research on the geometry of portolan
charts published since the mid-19th century, while critically
evaluating the unique systemic parameters that have influ-
enced diverse hypotheses about the origin of spatial data on
portolan charts. Consequently, the elements pertaining to the
methodology and prior research in this paper are inseparably
and intricately woven throughout its entire structure.

3 The arrival of the magnetic compass in the
Mediterranean and its development

The anticlockwise tilts of coastline renderings on portolan
charts have historically been often interpreted as clear evi-
dence that late mediaeval sailors navigated these regions us-
ing the magnetic compass, perceiving the compass directions
as true due to the lack of understanding of the (easterly) mag-
netic declination. A superficial examination of events may
suggest a causal relationship between the magnetic compass
and portolan charts, as both originated in the Mediterranean
around the same period.

The earliest European records of the usage of the magnetic
compass for navigation are Alexander Neckam’s late twelfth-
century works De Utensilibus (On Utensils) and De Naturis
Rerum (On the Nature of Things), describing a compass fea-
turing a floating needle (Taylor, 1957, p. 95; Nicolai, 2014,
pp. 143–145). In 1205, Guyot de Provins described a com-
pass with a floating needle in a poem, indicating that the nee-
dle, buoyed by straw, consistently aligns with the North Star,
having previously been touched by the “ugly black stone”
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Figure 3. The digitised image of the anonymous Carta Riccardiana portolan chart (ca. 1300–1325) georeferenced to a modern reference
map in the Mercator projection and its vectorised coastline overlaid with the vectorised coastline of the georeferenced composite of two
Pietro Vesconte’s charts made in 1311, and 1313 (the upper part), and the magnitude and orientation of its displacement vectors of residuals
(the lower part). Chart source: Biblioteca Riccardiana, Ricc. 3827. Basemap shapefile source: http://www.marineregions.org (last access: 7
December 2025; Claus et al., 2017).

[the magnetite ore]; a technique employed in navigation if
celestial bodies are not visible (Taylor, 1957, pp. 95–96). An-
other early account is a letter by the French engineer Petrus
Peregrinus dated 1269, entitled Epistola de magnete (A letter
about the magnet), indicating that the magnetic needle aligns
with the meridians that converge at the antipodal celestial
poles, wherein the same poles repel and the opposite poles
attract. Peregrinus delineated two varieties of compasses: one
with a floating oval magnet positioned in a bowl which floats
in water within a larger transparent container, and another
classified as a dry pivot compass having a magnetised iron

needle pivoting around a vertical axis that is affixed to the
base, coupled with a compass rose marked with cardinal di-
rections and a degree scale along its edge (Lane, 1963, pp.
615–616; Smith, 1970, pp. 14–15). Intriguingly, Benedetto
Cotrugli, in his 1464 book De Navigatione (On Navigation)
posits that knowledge of the dipole and orientation proper-
ties of magnets may have existed in the Mediterranean dur-
ing classical antiquity, and that the compass might have been
utilised as a navigational instrument. He cites Albertus Mag-
nus’s 13th-century work, De Lapidibus (On Stones), wherein
he alludes to a statement by Aristotle (fourth century BCE):
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The angle of a magnet is its power to attract iron to
Zoron, that is, the North, and this is used by sailors.
But the opposite angle of the same magnet to it
draws iron to Afon in the South Pole, and if you
approach the iron to the angle of Zoron, the iron
will turn to itself to Zoron, and if the opposite angle
is approached, it will turn directly to Afon.

Cotrugli subsequently remarks: “And according to this
double authority [likely referring to both Aristotle and Al-
bertus Magnus], we have a magnet serving at different poles”
(Cotrugli, 1464, pp. 43r–43v).

In the context of employing a magnetic compass in
the Mediterranean, a 15th-century legend posits that the
magnetic compass was invented in the early 14th cen-
tury in Amalfi, credited to Flavio Gioja, despite the ab-
sence of archival evidence regarding his existence (Lane,
1963, p. 616; Nicolai, 2014, p. 147). Roel Nicolai cites
Flavio Biondo’s 1474 publication, Italia Illustrata, which de-
notes that this invention was conventionally acknowledged in
Amalfi (Biondo 1474, as noted by Nicolai, 2014, p. 147). An-
other historical attribution of magnetic compass to the Amal-
fitans is in Cotrugli’s De Navigatione, where he states: “And
later the Amalfitans discovered the use of the magnet, as I
have learned from many experienced sailors worthy of be-
lief, with whom I have conferred much on it, most especially
the Genoese” (Cotrugli, 1464, p. 43r). The subsequent ad-
vancement in compass technology was the creation of the
mariner’s compass, wherein the compass rose is affixed to
the compass needle rather than the base of the housing, sig-
nificantly facilitating the reading of the bearing. Frederic C.
Lane asserts that the mariner’s compass was utilised in the
Mediterranean region from the early 14th century, specifi-
cally around the year 1300, with its invention attributed to
the city of Amalfi. According to him, the swift evolution of
the representation from the Carte Pisane to that of Pietro
Vesconte’s charts is associated with the improvements in
compass technology at the transition from the 13th to the
14th century (Lane, 1963, p. 616–617).

In contrast, Nicolai, by examining Ramon Pujades’s anal-
ysis of the historical occurrences of the term bussola or bux-
ola (Pujades, 2007), which refers to the mariner’s compass,
argues that it was introduced in the Mediterranean too late
(in the mid-14th century) to establish a sufficient database of
courses sailed for the creation of the earliest surviving por-
tolan charts (Nicolai, 2014, p. 168). He also computes that
the bearings in the oldest known portolan, the Liber de exis-
tencia riveriarum at forma maris nostri mediterranei (Book
of the appearance of shores and the shape of our Mediter-
ranean Sea), the earliest known portolan document suppos-
edly created in the early 13th century that was likely accom-
panied by a portolan chart now lost (Gautier Dalché, 1995),
suggest that the earlier portolan chart geometrical framework
might have originally been aligned with geographic north
(Nicolai, 2024). Moreover, the average coastline tilt of ap-

proximately −10° in portolan charts does not align with the
easterly magnetic declination values from the late Middle
Ages in their eastern regions, according to paleomagnetic
models (Niccolai 2014, 2024; Marelić, 2024a, b, 2025a).
This topic is discussed in multiple subsequent sections of this
article, most thoroughly in Sect. 7.4.

4 Initial scholarly insights into geometry and origin
of portolan charts

Geographer Armand D’Avezac (1863) was among the first
to express a professional opinion regarding the origin and
geometric attributes of portolan charts, suggesting that they
emerged from the aggregation of numerous shipborne obser-
vations of navigational courses and distances travelled dur-
ing the late Middle Ages, which were directly transcribed
onto a flat map surface with a constant scale, thereby “lit-
erally” putting them “into a family of primitive flat maps”
(“. . . appartiennent virtuellement à la famille primitive des
cartes plates”) (D’Avezac, 1863, p. 298). D’Avezac presum-
ably posits that neglecting the curvature of the Earth’s sur-
face inherently results in a family of the so-called “primi-
tive” map projections, known as equidistant cylindrical pro-
jections; notably the plate carrée, which is an equidistant
cylindrical projection with its standard parallel situated at
the equator. Nevertheless, these projections, originally de-
veloped in ancient Greece, do not display the convergence
of the meridians, and preserve true-to-scale distances solely
along their images of meridians and the standard parallel(s),
while the distortions of distances in the longitudinal direction
increase as one moves away from the standard parallel (Ke-
uning, 1955, pp. 13–14; Snyder, 1993, pp. 5–7). It appears
to have been counterintuitive not only to D’Avezac but also
to numerous individuals unfamiliar with the differences be-
tween the spherical or ellipsoidal geometry of the Earth and
the Euclidean projected geometry of maps and nautical charts
that neglecting the curvature of the Earth’s surface cannot
yield a map with a rectangular graticule that uniformly pre-
serves distances across its entire field. In fact, no map projec-
tion, including those designated as equidistant, can maintain
true-to-scale distances in all directions.

In 1881, geodesist Matteo Fiorini (1881) proposed that
the radiating lines of their wind roses in 32 directions im-
ply that the most plausible solution is the equidistant az-
imuthal projection; however, he did not strive to empirically
test the hypothesis. Given that portolan charts typically fea-
ture two (invisible) circles of wind roses, this hypothesis
suggests that they represent amalgamations of two adjacent
equidistant azimuthal projections; one centred in the Western
Mediterranean and the other in the Eastern Mediterranean. It
further suggests that late mediaeval cartographers possessed
the expertise to translate locally observed bearing data into
the oblique aspect of such a projection. The invention of
the equidistant azimuthal projection is frequently credited to
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Abu Rayhan Muhammad ibn Ahmad al-Biruni, a polymath
from the Islamic Golden Age in the 10th and 11th centuries.
However, its initial manifestation in polar form, which is the
simplest to construct, appears on an incomplete and rudimen-
tary star map created by Conrad of Dyffenbach in 1426. The
oblique aspect, which relies on more complex calculations,
was first mathematically proposed by Bradock Mead (also
known as John Green) in 1717 and subsequently refined by
Johann Heinrich Lambert in 1772 (Snyder, 1993, pp. 29, 58).
Fiorini’s concept, which contradicts the historical evolution
of geodesy and cartography in the Mediterranean during the
late mediaeval period, also lacked corroboration from subse-
quent studies on portolan chart geometry, with its first con-
cise refutation emerging within two decades.

The establishment of the cartometric method

In 1896, geographer and cartographer Hermann Wagner pub-
lished the paper The Origin of the Mediaeval Italian Nautical
Charts (Wagner, 1896/1969), which presented the findings
of the first-ever cartometric analysis, or cartometric method,
as he originally termed it, asserting that scholars before him
“have confined themselves too much to examining the out-
lines of older and newer maps in a comparative manner,
without measuring the distances and the directions” (Wag-
ner, 1896/1969, p. 697/478). He analysed portolan charts
made by Pietro Vesconte in 1318 and Gratiosus Benincasa in
1480, conducting physical measurements of their coastlines
and juxtaposing them with analogue measurements across
the modern map.

Wagner notices that the length of the portolan mile
(miglio) – a unit of distance on portolan charts, whose re-
lation to other late mediaeval units remains unclear, leaving
its exact length ambiguous – varies across the chart field,
suggesting that portolan charts are likely composite images
built from sub-pieces that exhibit variations in scale and tilt.
He also exemplified a particular instance of the Adriatic Sea
rendering on the Carte Pisane, the oldest-known portolan
chart attributed to the unknown Genoese cartographer from
the late 13th century (circa 1270), which, unlike subsequent
portolan charts, does not align with its overall anticlockwise
coastline tilt of the Mediterranean (compare the upper and
lower parts of Fig. 1) serving as “convincing proof that al-
ready comparatively accurate maps were in existence before
the introduction of the compass into navigation [in the late
Middle Ages]” (Wagner, 1896/1969, p. 701/482).

In the late 19th century, palaeomagnetic models were ab-
sent, and the earliest historical records known to Wagner for
the Mediterranean region dated to the 16th and 17th cen-
turies. The anticlockwise tilt of coastlines on portolan charts
prompted him to mistakenly infer the existence of a west-
erly magnetic declination in the area before the year 1200,
when the supposed original sub-pieces of portolan charts
were created. The flaw in Wagner’s reasoning, which was
shortly after corrected by his doctoral student, Ernst Steger

(Steger, 1896), stemmed from a superficial understanding of
how maps indicating (misaligned) magnetic north should be
created, which is exactly the opposite. Specifically, if there
is an easterly tilt of magnetic north and the cartographer is
unaware of magnetic declination, mistakenly perceiving the
observed (magnetic) north as true and aligning it vertically,
the resultant representation of the area will, by definition, ex-
hibit an anticlockwise (westerly) tilt of the same magnitude.
A more comprehensive understanding of the phaenomenon
is obtained by comparing the anticlockwise tilt of portolan
chart coastlines in Fig. 1 with their georeferenced appearance
on a modern map on which the convergence of the meridians
is not displayed orientated to geographic north in Fig. 3, and
the manual anticlockwise adjustment of its georeferenced
image to restore its original alignment in the lower part of
Fig. 4.

Wagner’s concluding remarks regarding portolan charts
origins were that late mediaeval Italians pieced together older
charts made in the cylindrical projection, simultaneously un-
aware that parts west and east of Gibraltar were not joined
correctly in terms of map scale. His insights initially influ-
enced Max Eckert and Richard Uhden (Uhden, 1935). How-
ever, others, particularly those lacking familiarity with his
cartometric techniques, failed to acknowledge his significant
contributions, including Edward L. Stevenson (1911), Eva G.
R. Taylor (1951a, b), and notably, Heinrich Winter (Winter,
1948, 1956).

5 The adoption and spread of computer technology
in cartometric studies of portolan charts

In the mid-20th century, no substantial quantitative analyses
of portolan chart geometry were undertaken, with the excep-
tion of Albert Clos-Arceduc’s study (1956), which is signif-
icant as it concludes that the representations of the Mediter-
ranean and Black Sea regions on portolan charts exhibit ge-
ometric similarities to those on the modern conformal cylin-
drical map projection, first conceptually introduced by Ger-
ard Mercator in his 1569 world map, mathematically artic-
ulated by Edward Wright in 1599, and further refined by
Henry Bond in 1645 (Keuning, 1955, p. 18; Snyder, 1993,
p. 47; Monmonier, 2004, p. 8). Clos-Arceduc conducted
straightforward analogue overlays of portolan chart coast-
lines with contemporary maps, utilising solely their furthest
territorial points. He concluded that they were originally
made in the Mercator projection but tilted anticlockwise, as
late mediaeval cartographers were presumably oblivious to
the magnetic declination during their production, particularly
since their eastern portions (the Levant region along with the
Black Sea) were rendered to a (large) scale that graphically
suited it appropriately (Clos-Arceduc, 1956).
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Figure 4. Vectorised coastline of the georeferenced Carta Riccardiana (ca. 1300–1325) and its nine cartometrically determined coastline
subsections in comparison to a modern Mercator reference map (the upper part), and its rectified image with the reference Mercator map
tilted −10.6° (the lower part). Chart source: Biblioteca Riccardiana, Florence, call no.: Ricc. 3827. Basemap shapefile source: http://www.
marineregions.org (Claus et al., 2017).

5.1 Empirical Map Projections (EMP) modelling

About a decade later, Waldo Tobler, a pioneer in the applica-
tion of computer technologies in geosciences, validated Clos-
Arceduc’s concepts by employing computer-assisted quanti-
tative analysis on the geometric properties of Petrus Roselli’s
portolan chart from 1468 (Tobler, 1966). He also proposed
two additional map projection solutions: the oblique Merca-
tor projection and “the oblique magnetic Mercator projec-
tion,” in which “the geographical grid [graticule of latitudes
and longitudes] would appear distorted in the vicinity of local

magnetic anomalies” (Tobler, 1966, p. 358). Tobler’s study
holds methodological significance as he was the first to de-
rive such conclusions through the calculation of least squares
estimation (LSE) between locations on the old map and a
modern map, employing a Helmert four-parameter similar-
ity two-dimensional geometric transformation, which per-
mits bidirectional shifts, and uniform scaling and rotation of
both axes (Modenov and Parkhomenko, 1965), thereby fully
preserving the original geometry of Roselli’s portolan chart
in relative terms.
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A decade later, Tobler proposed a quantitative model la-
belled empirical map projection (EMP), which, by using reg-
ularly spaced coordinates of locations and either orthodromic
or loxodromic distances between them as inputs, generates
a graphical solution similar to that of a conventional map
projection (Tobler, 1977). The paper contains a map of the
Mediterranean plotted by preserving loxodromic distances
among points, illustrating the convergence of meridians. The
only map projection that (partially) preserves loxodromic
distances is the loximuthal projection, presented in 1935 by
Karl Simeon and termed “loximuthal” by Tobler himself in
1966. It preserves loxodromic distances along straight lines
radiating solely from its central point of construction (and no
other location on the map), but is not conformal (Snyder and
Voxland, 1989, pp. 90–91; Snyder, 1993, pp. 207–208). It ap-
pears that the image is a computationally generated compact
mosaic of multiple adjacent loximuthal projections of local
extents, centred at uniformly distributed input coordinates.
Shifting the centre of a loximuthal projection results in loxo-
dromes emanating from the previous centre being plotted as
curves; consequently, this composite retains individual loxo-
dromic distances exclusively within smaller “pockets,” rather
than across the entire map area.

5.2 Insufficient cartometric and historical evidence
supporting the mediaeval origin hypothesis

In the early 21st century Joaquim Alves Gaspar adopted To-
bler’s EMP model, modified it within his proprietary Empir-
ical Map Projections software, and employed it in his doc-
toral research, where he quantitatively analysed the transi-
tion between the portolan charts of the Mediterranean and
Portuguese nautical planispheres (Gaspar, 2010). Some re-
sults were partially incorporated into his recent article on the
origin of portolan charts (Gaspar, 2023), augmented with ad-
ditional computations. It posits the mediaeval origin of por-
tolan charts, and his hypothesis is as follows. Gaspar as-
serts that, potentially centuries prior to the emergence of
conventional portolan charts in the 13th century, naviga-
tors throughout diverse Mediterranean areas independently
recorded notes and coastline sketches based on astronom-
ical observations. The records were purportedly utilised to
produce regional nautical charts of smaller extents, which
in the twelfth century were amalgamated into a singular co-
herent image, a proto-portolan chart orientated to geographic
north and incorporating a 16-point wind rose, employed by
the unidentified Pisan cleric to author the Liber de existen-
cia portolan. Subsequently, the magnetic compass emerged
in the Mediterranean and was allegedly promptly employed
in two distinct shipborne campaigns, yielding two portolan
chart prototypes for the Western Mediterranean, with their
coastline anticlockwise tilts differing by merely 1° [despite
the cartographers’ concurrent inability to accurately syn-
chronise the Atlantic and Eastern regions within the over-
all representation regarding scale and tilt]. Ultimately, over

the subsequent centuries, the typical portolan chart image re-
mained mainly unchanged, while magnetic declination grad-
ually diminished [thereby rendering portolan charts progres-
sively less effective for navigation with the magnetic com-
pass] (Gaspar, 2023, pp. 75, 78–82, 86). Disregarding his
omission to acknowledge Nicolai (2014) as the originator of
quantitative evidence demonstrating that portolani data were
derived from preexisting portolan charts (see Sect. 6.2), this
hypothesis is unfounded and self-contradictory for two main
reasons, the first being that the study is methodologically de-
ficient and incoherent.

For example, Gaspar measures the angle of a single
straight line in the western Mediterranean on portolan charts
created between the years 1270 and 1510, compares them
to the paleomagnetic model CALS7k (Korte and Constable,
2005) for the period between 1150 and 1400, and concludes
that there were two separate late mediaeval campaigns of
shipborne bearing observations, resulting in two distinct por-
tolan chart prototypes, with two subsets differing from one
another by an anticlockwise tilt of only one degree (Gas-
par, 2023, p. 75). This method, despite completely lacking
redundancy in the input data for each chart, entirely over-
looks their local geometric inaccuracies, which becomes ev-
ident once the charts are accurately georeferenced (see the
colour-coded displacement vectors of residuals in relation to
geographic north in the lower part of Fig. 3). Gaspar contends
that his EMP model, which allocates an 80 % weight to di-
rections and 20 % to distances, adjusted by the CALS7k, ac-
curately reflects the fundamental geometric characteristics of
Angelino Dulcert’s chart from 1339. He concurrently recog-
nises that it cannot replicate the scale distortions of its de-
pictions of the Aegean and Black Seas and the entire east-
ern section of the chart in terms of tilt, as the easterly mag-
netic declination in the 13th century gradually decreased to-
wards the Levant region (Gaspar, 2023, pp. 78–79), but omits
to note that it inadequately portrays the scale of its Atlantic
coasts. To address the problem, Gaspar utilises a totally dif-
ferent portolan chart created by Mecia de Viladestes nearly
a century later (in 1413) to compute its apparent latitudes,
noting the existence of three data clusters with distinctive av-
erage characteristics, two of which, located east of Gibral-
tar, converge at approximately 20° E longitude. Ultimately,
he deduces that the discrepancies in scale and orientation sig-
nify the presence of differing sources of spatial data, thereby
denying the hypothesis that the earliest portolan charts were
created through a systematic survey utilising uniform stan-
dards for distances and directions across all regions (Gas-
par, 2023, pp. 81–82, 85–86). However, the comprehensive
cartometric analyses employing advanced methodologies, as
elaborated in Sect. 6.1, 6.2, and 6.3 – two of which preceded
Gaspar’s conduct – consistently demonstrated that portolan
charts are composed of sub-parts of comparable planimetric
accuracy.

The second reason undermining the credibility of this
study is the absence of historical records for validation, re-
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lying instead on cartometric analyses and quantitative mod-
elling to substantiate interpretations of the portolan charts’
origins. In contrast, the only recorded late mediaeval ac-
counts regarding the origin of spatial data underlying por-
tolan charts, not cited by Gaspar, claim that they were devel-
oped utilising sources from classical antiquity (see Sect. 6.3).

6 Extensive cartometric studies of portolan chart
geometry and the origin of their spatial data

During the late 20th and early 21st centuries, three cartomet-
ric studies have been conducted by Scott A. Loomer (1987),
Roel Nicolai (2014, 2024), and Tome Marelić (2024a, b,
2025a, b), which thoroughly scrutinise the geometry of por-
tolan charts to better understand the origin of their spatial
data, though they differ slightly in terms of the analysed his-
torical sources and applied methodology.

6.1 The first in-depth cartometric analysis of portolan
charts

Scott A. Loomer’s doctoral dissertation (1987) is the first
extensive and methodologically rigorous cartometric analy-
sis of portolan chart geometry, in which he georeferenced
each of the 26 portolan charts to nine different projections
and a trilaterated network of a modern reference map. Prior
to analysis, Loomer employed an eight-parameter projective
two-dimensional transformation on the (invisible) circles of
their wind roses to correct the camera lens perspective of
their photo-reproductions and restore them to perfect circles,
simultaneously compensating for the potential deformations
of the parchment sheets over centuries. He determined that
the average deformations were negligible, varying from 0.4
to 2.6 mm (Loomer, 1987, pp. 123, 213–216), subsequently
computed the geometry of seven composite charts in accor-
dance with different criteria (all, early, middle, late, Italian,
Catalan, and Arab charts) with the weighted averages of the
same 359 identical control points per chart (Loomer, 1987,
pp. 132, 126–131, 210–213), and georeferenced those com-
posites utilising a four-parameter Helmert similarity transfor-
mation.

Loomer cartometrically established that the best geomet-
rical fit is achieved in comparison to the Mercator projection,
with the second-best solution being the equidistant cylindri-
cal projection ϕ0= 40° (Loomer, 1987, pp. 133, 191), after
which he divided their coverage into nine sea basins and geo-
referenced them individually, basin-by-basin, to the Mercator
map. He discovered that the planimetric accuracy was great-
est for the Western Mediterranean, Tyrrhenian, and Adriatic
Sea basins, and poorest for the Black, and Ionian Sea basins,
and that each basin exhibits its proprietary anticlockwise tilt
and map scale (Loomer, 1987, p. 160). He computed the
average tilt of coastlines on portolan charts as a whole of
around −10°, with western regions tilted by about −6° and
eastern regions about −10° (Loomer, 1987, pp. 163–164).

The only paleomagnetic data accessible to him at that time
were gathered by Jean Claude Tanguy on Mt. Etna (Tanguy,
1970), positing a 13° easterly declination for the year 1300,
which led Loomer to deduce that there is “no indication that
the rotation of the portolan charts is related to the magnetic
declination present when each chart was drafted” (Loomer,
1987, p. 151).

The concluding remarks of his analysis are that portolan
charts are composite charts whose sub-pieces “are based on
loxodromic data plotted graphically using course bearings”;
that over “almost two hundred years, the charts in the study
exhibited very nearly the same degree of correlation to the
standard of accuracy employed – the Mercator projection”;
and that there is “alternative that the [anticlockwise] rota-
tion [of coastlines] is the result of an overall compensation
for the sphericity of the earth” (Loomer, 1987, pp. 166–168).
The last remark was originally proposed by James E. Kelley
Jr. who came to an idea that trilateral network between paral-
lels of 36 and 45° that starts at Gibraltar and gradually bends
northward as the longitude increases with parallels plotted
as concentric arcs (akin to conic projections) might explain
the geometry of portolan charts (Kelley, 1995, pp. 5–6); a
concept that is ultimately extremely important for this article
because it inspired its author in the search for a solution to
this problem (see Sect. 7.4).

Loomer’s research is constrained to a certain extent by
three significant limitations: his decision to georeference
chart composites with the inclusion of control points along
the Atlantic coasts which, because of their substantially
smaller map scale, shifted the LSE-positioned images of
composites to the northwest and thus decreased their overall
planimetric accuracy levels; his a priori adoption of historian
Fernand Braudel’s sea basin delineations (Braudel, 1972);
and his exclusive use of a single equidistant cylindrical pro-
jection that preserves true scale at 40° latitude.

6.2 Cartometric rebuttal of late mediaeval origin
hypothesis

Roel Nicolai’s doctoral dissertation (2014), subsequently
published in a book (Nicolai, 2016), in which he cartomet-
rically analysed five portolan charts and numerical data from
the Compasso de Navegare portolan from the late 13th cen-
tury is another example of meticulous quantitative approach
to the merit. The thesis provides a comprehensive histori-
cal overview of late mediaeval scientific and technological
achievements related to navigation and cartography, and re-
futes the four fundamental principles of the mediaeval ori-
gin hypothesis: the existence of the “mathematical seaman”
in the late Middle Ages; the possibility that averaging had
improved accuracy of distances (and bearings); that portolan
charts were constructed by plane charting technique, that is,
by neglecting the Earth’s surface curvature (as D’Avezac had
suggested); and the possibility that any map projection solu-
tion derived from the georeferencing of the charts could be
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apparent or accidental (Nicolai, 2014, p. 350, note 599). One
of the most important findings of this study is that his car-
tometric analysis of the numerical data on bearings and dis-
tances from the Compasso de Navegare portolan undoubt-
edly demonstrates that they were actually scaled off from
an already existing portolan chart (Nicolai, 2014, pp. 347–
348); a concept originally proposed by Kelley Jr. (Kelley,
1995, pp. 9–10) without empirical testing, that contrasts the
mediaeval origin hypothesis which contends that the charts
were constructed using portolani textual data. His conclud-
ing remarks are that “portolan charts are sophisticated, ac-
curate charts, intentionally constructed on the Mercator or
the equidistant cylindrical map projection; that the geodetic
and cartographic origin of portolan charts does not lie in me-
diaeval Europe; and that the origin of the charts in Arabic-
Islamic culture is highly unlikely” (Nicolai, 2014, p. 410).
The biggest methodological distinctions between Nicolai’s
and Loomer’s approaches to georeferencing portolan charts
are that Nicolai used a six-parameter affine transformation
and statistically determined the division of typical portolan
chart coverage into sub-charts of formidable planimetric ac-
curacy rather than using an a priori subbasin division.

A six-parameter two-dimensional affine transformation al-
lows bidirectional shifts, as well as individual scaling and
rotation of each axis of the georeferenced unit (Modenov
and Parkhomenko, 1965). Although it is typically success-
ful in rectifying map sheet deformations when the geode-
tic parameters of the old map or chart are precisely known,
it also presents certain ambiguities when employed for as-
sessing their yet-to-be-discovered map projection character-
istics due to data-overfitting, as the transformation partially
adjusts (i.e. deforms) the original geometry of the old map
to align it more closely with the geometry of the reference
map. Namely, if the discrepancies in their geometries are
excessive, independent scaling may distort the old map or
chart along one axis to the extent that its original geome-
try is substantially or entirely obliterated. In the examination
of sub-charts from portolan charts, which were supposedly
originally produced using geodetically defined methods and
map projection principles, a notable elongation along the X-
axis, for example, may indicate that either the relative lon-
gitudinal compression was pre-existing and that the charts
were accurately replicated, or that the original maps were
drawn completely accurately, but the reproductions became
accidentally compressed longitude-wise during copying due
to the late mediaeval cartographers’ insufficient comprehen-
sion of the geodetic and cartographic principles underlying
the original maps. Furthermore, although a two-dimensional
affine transformation is responsive to differences between the
equidistant cylindrical and the Mercator projection – given
that the latter exhibits increasing spacing of parallels to-
wards the poles – the independent linear scaling along the
X and Y axes prevents it from detecting differences in plani-
metric accuracy values when iteratively georeferencing the
same portolan chart to a reference plane in distinct equidis-

tant cylindrical projections with varying standard parallels.
It is because these projections maintain uniform spacing of
parallels, and as the latitude of the true-to-scale parallels in-
creases, it magnifies the longitudinal compression of their
rectangular graticules. Consequently, the independent linear
scaling of the X and Y axes yields equal magnitudes of axial
residuals (of planimetric errors) when transforming the im-
age from one rectangle to another, irrespective of their side
ratios. In other words, regardless of the chosen equidistant
cylindrical projection for georeferencing, an affine transfor-
mation will produce identical outcomes.

The boundaries of the sub-charts in Nicolai’s study were
computationally calibrated by iteratively applying statistical
analysis to the georeferenced datasets and excluding outlier
control points until their histograms closely approximated
the theoretical curves of the standard normal error distribu-
tion (Nicolai, 2014, pp. 211–243). This method is particu-
larly effective in filtering out points obtained from histori-
cally documented field surveys that conflict with the estab-
lished geodetic and cartographic reference framework. How-
ever, in the analysis of control points on portolan charts, its
use would be justifiable only if the copying of coastline con-
tours from the original charts or maps had been executed with
complete fidelity, which is unlikely to have occurred. Since
the coastline contours on portolan charts originate from a sin-
gle source – the human hand of a mediaeval draughtsman,
which is subject to random, not systemic errors – the author
contends they should not be treated the same way as points
derived from systematic geodetic surveys, and that all identi-
fied identical (control) points on the portolan chart should be
retained within the sample, or at the very least, both scenarios
should be conducted concurrently. Otherwise, it is impossi-
ble to differentiate between the actual and filtered planimet-
ric accuracy of manuscript charts and their individually geo-
referenced portions. For more information regarding the de-
velopment of copying-techniques used to duplicate portolan
charts, see Šima Krtalić (2022)’s article.

Nicolai’s latest article examines five additional portolan
charts, statistically assesses the extents of sub-charts from
all ten analysed charts, and employs a five-parameter affine
transformation that permits individual scaling of each axis
while uniformly rotating both of them (Nicolai, 2024). A
considerable amount of the paper is devoted to refuting
the mediaeval origin perspectives and Gaspar’s quantitative
methodology and rationale. A notable highlight of the article
is Nicolai’s cartometric evidence indicating that the bearing
and distance data derived from the Liber de existencia rive-
riarum, the earliest known portolan, possesses numerical ac-
curacy comparable to that of the Compasso de navegare. The
primary distinctions are that the Liber bearing data utilises a
16-point wind rose resolution, in contrast to the 32-point res-
olution of the Compasso and portolan charts, and that, unlike
the Compasso and known portolan charts, the bearings from
the Liber appear to be aligned with true geographic north,
devoid of anticlockwise tilt. These findings prompted him to
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T. Marelić: Classical antiquity origin of spatial data underlying portolan charts 93

conclude that the Liber bearing data was derived from an ear-
lier portolan chart featuring a 16-point wind rose and coast-
lines orientated towards geographic north (Nicolai, 2024, pp.
639–642).

6.3 Classical antiquity origin hypothesis supported by
historical evidence

In recent years, Tome Marelić has conducted a comprehen-
sive study of portolan charts, portolan atlases, and other his-
torical documents relevant to the emergence of nautical car-
tography in the Mediterranean region, with results published
so far in four articles (Marelić, 2024a, b, 2025a, b). It com-
prises the first-ever cartometric analysis of some portolan
charts (the anonymous Cortona, Lucca, Avignon, and Rex
Tholomeus charts, and Pietro Vesconte’s chart from 1311);
three portolan atlases (Pietro Vesconte’s atlas from 1313, An-
drea Bianco’s atlas from 1436, and Battista Agnese’s atlas
from 1538); and Qutb al-Din al-Shirazi’s matrix of 40× 30
square cells from 1282, which features crudely shaped coast-
lines that closely resemble those rendered on the Pisane and
Cortona portolan charts. The primary methodological dis-
tinctions between this study and those conducted by Loomer
and Nicolai are as follows: he employed a four-parameter
Helmert similarity two-dimensional transformation for geo-
referencing charts to a modern Mercator map, similar to
Loomer; he executed his subsection division cartometrically
akin to Nicolai while preserving all identical control points
within the sample, as per Loomer; and subsequent to geo-
referencing, he de-projected the Euclidean portolan chart
residuals into ellipsoidal geometry (akin to Nicolai, though
he approximated the Earth as a sphere) and converted them
into distances along the longitudinal and latitudinal arcs on
the surface of the WGS84 reference ellipsoid of revolution
(Marelić, 2025c, pp. 228–235). The research amalgamates a
plethora of findings from the cartometric analyses and known
historical records, all of which converge at the conclusion
that portolan charts and atlases are, in fact, late mediaeval
copies of maps or charts that were originally created in clas-
sical antiquity.

In general, the study establishes that four known so-called
less sophisticated charts (Pisane, Cortona, Lucca, and Avi-
gnon) contain portions of coastlines that are profoundly
similar to one another and also when compared to Pietro
Vesconte’s charts (from 1311 and 1313); a discovery im-
plying that they were based on the same source and calls
into question the “sophistication” of Vesconte’s and later
charts (Marelić, 2024a, pp. 142–145; Marelić, 2025b, p.
147). Moreover, it identifies that coastlines of portolan charts
are likely made of at least eight coastal subsections that dif-
fer in scale and anticlockwise tilt. These subsections have ex-
tents that are not in accordance with the morphological sub-
division of the Mediterranean Sea; their planimetric accuracy
is, on average, twice as great as the renderings of the Mediter-
ranean and Black Sea on portolan charts when treated as a

single unit; and the subsectional accuracy of the composite
of Vesconte’s charts (made in 1311 and 1313), and those of
the anonymous Carta Riccardiana (ca. 1300–1325) are the
greatest within the sample that chronologically stretches be-
tween the late 13th and late 16th centuries (Marelić, 2024a,
p. 154; Marelić, 2024b, pp. 605–606). If portolan charts were
originally based on authentic and accurate freshly acquired
navigational data, newer charts would be more accurate than
older ones, but that is not the case. Therefore, these results
suggest that those subsections are, in fact, artefacts of earlier-
made originals whose copies were initially assembled in the
late Middle Ages, and that later cartographers merely copied
portolan charts as (already assembled) coherent units.

His analysis of portolan atlases, the first of its kind,
originally establishes several important findings. Firstly, the
sheets of atlases made by Vesconte in 1313 and Bianco in
1436 cannot be manually assembled into coherent compos-
ites when equalising the lengths of their linear scale bars
(Marelić, 2025a, pp. 58–60, 67–69, 71), and there are signif-
icant local and regional differences between Vesconte’s por-
tolan atlas and his portolan chart (1311), as well as between
Bianco’s atlas and his smaller-scale portolan chart bound in
the same atlas (Marelić, 2025a, pp. 62, 64). Secondly, gen-
erating a coherent composite image of either of the portolan
atlases by georeferencing each sheet individually is not pos-
sible (Marelić, 2025a, pp. 61, 63, 66), and their geometry
at subsectional level – that remained unchanged over three
centuries – exhibits approximately 1.4 times greater plani-
metric accuracy than the average accuracy of their sheets and
two times greater accuracy than their coherent manually pre-
assembled composites (Marelić, 2025a, p. 72). Thirdly, the
tilt of both the sheets and the subsections of portolan atlases
chronologically shows an increasing deviation from the lon-
gitudinal distribution of magnetic declination from the pe-
riod of their creation in such a way that their anticlockwise
tilts remained approximately the same across nearly three
centuries whereas the magnitude of easterly magnetic dec-
lination, derived from the CALS3k.4 paleomagnetic model
(Korte and Constable, 2011), gradually decreased (Marelić,
2025a, p. 68). Fourthly, despite Andrea Bianco, an adept gal-
ley captain, appearing to comprehend advanced trigonome-
try – an uncommon skill in the 15th century (Pujades, 2007,
p. 464) – numerous geometric discrepancies in his 1436 at-
las cast doubt on the legitimacy of Toleta de Marteloio as
a credible late mediaeval Western European computational
tool for cartographers in the production of portolan charts
and atlases (Marelić, 2025a, p. 74). To summarise, if por-
tolan atlases were first created given newly acquired naviga-
tional data, they would exhibit greater internal coherence and
improved alignment with the magnetic declination values of
their time; however, this is not the case. Each portolan atlas
is merely a differently “sliced” portolan chart image, with
sheet extents that do not align with their subsectional divi-
sions. This suggests that both portolan charts and atlases are
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likely reproductions of earlier originals assembled based on
different late mediaeval rationale.

The explicit historical testimonies of classical antiquity
origins

This study is the first one that amalgamates three historical
records explicitly attributing the origin of portolan charts to
classical antiquity. The first historical record is Qutb al-Din
al-Shirazi’s schematic made in 1282 for which he asserts that
it represents a map that was drawn by “the sages of Greece
(Yunan) and the ancient geometers” (Savadi and Campbell,
2023, pp. 200–207, 226; Marelić, 2024b, p. 613; Marelić,
2025b, pp. 148–153). The second historical record is the
anonymous Rex Tholomeus portolan chart made in circa
1360 (Ruderman et al., 2023; Marelić, 2024b, p. 603) which
contains the illustration of a male human figure holding com-
passes (dividers), next to whom is a paragraph reading that
the “records below [the chart itself when orientated south-
up] were made according to the works of Rex Tholomeus
who measured the world through astrology [astronomy] in
length and width and made world maps and cosmographies”
(Marelić, 2024b, pp. 613–614). The third historical record is
Cotrugli’s De Navigatione book written in 1464, in which he
states that

. . . Ptolemy [Ptholomeo] lived in the age of di-
vine Antonino and wrote a marvellous work. He
was a great astronomer and [field] surveyor, who
put in order and divided units of measurements and
proportions of the seas, skies and lands, surveyed
everything with the celestial compass and created
a world map according to which we [today] have
drawn a navigational chart which teaches us to sail
and does not allow us to commit errors. . . . yet we
owe him a lot because we do not wander [across
the sea] today. Moreover, what the sailors initially
did according to chance and their judgment, we
have now arranged according to winds and geo-
graphical measures (Cotrugli, 1464, pp. 60v–61r;
Marelić, 2024b, pp. 613–614).

In addition, this study yields other important insights, in-
cluding the first ever quantitative explanation that the length
of the portolan mile of approximately 1.25 km is rooted
in classical antiquity, derived from the square grids in al-
Shirazi’s records, and on the Pisane and Avignon charts
(Marelić, 2025b, pp. 148–157); a subject that is explained
in more detail in the Sect. 7.3.

7 How Pietro Vesconte might have assembled the
Carta Riccardiana using sources from classical
antiquity

Neither of the sophisticated cartometric analyses that identi-
fied sub-pieces of portolan charts, which exhibit slightly in-

creasing tilts towards the east but do not correspond with the
longitudinal distribution of magnetic declination in the late
Middle Ages, offered a solution that is tangibly disconnected
from the magnetic declination. The exception is Marelić’s
study which, initially inspired by Kelley’s concept of a tri-
laterated network starting at Gibraltar, posits that it may re-
sult from a technique utilised by mediaeval cartographers. It
suggests that they graphically integrated copies of regional
maps in a cylindrical projection, based on Eratosthenes’s
measurements of the Earth, to reproduce their appearance
in a conic projection, orientated such that the meridian in-
tersecting the “beginning of the Mediterranean” (its west-
ernmost point near Gibraltar) is plotted vertically (Marelić,
2024b, pp. 611–613). However, this hypothesis has not un-
dergone empirical testing until this day.

Furthermore, all three studies identified that the sub-
components of portolan charts were represented at differing
scales, with the Atlantic coasts to the west and northwest de-
picted at a comparatively smaller scale, while the Aegean and
Black Seas to the northeast were illustrated at a relatively
larger scale; however, neither study offered a satisfactory ex-
planation. In fact, apart from the assumption that the issue
stemmed from late mediaeval cartographers’ general igno-
rance of map projection mechanics, there were no conclusive
efforts to address this problem.

Most important of all, the greatest common methodologi-
cal constraint of all three studies is that the significant geo-
metric agreement between portolan charts and modern maps
in the Mercator projection prompted the assumption that the
source maps utilised by late mediaeval copyist-cartographers
as templates were likely originally created in the conformal
cylindrical projection. In other words, the studies more or
less explicitly propose that the conformal cylindrical pro-
jection may have been developed earlier in history, subse-
quently forgotten, and later unknowingly “resurrected” dur-
ing the late Middle Ages, as the cartographers of that period
were completely oblivious to its distinctive features.

But what if the Mercator projection is not the most plau-
sible solution, and the facts are more aligned with a carto-
graphically simpler alternative, consistent with earlier human
history? The response to this inquiry captivated the author of
this article, as – should the concept be substantiated – a pos-
itive outcome could substantially improve the understanding
of the origin of the portolan charts from classical antiquity,
necessitating a practical cartometric test of the hypothesis,
exemplified using the anonymous Carta Riccardiana, likely
created by Pietro Vesconte (see the upper part of Fig. 3) as a
case study.

7.1 The benefit and the deception of the Mercator
reference map

The author subsequently observed his previous analyses and
began to question the order of cartometrically determined
subsections in the western portions of portolan charts, specif-
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ically the Atlantic Ocean and the Alboran Sea, for two rea-
sons. The first reason is that on some portolan charts, their
North and South Atlantic coasts constitute a singular subsec-
tion, whereas on other charts, the area of Cape de São Vi-
cente in Portugal has been designated as a breaking point de-
limiting their North Atlantic and West Mediterranean subsec-
tions (Marelić, 2024b, p. 605–606). The second reason is that
all examined charts, regardless of whether their South At-
lantic coasts form their North Atlantic or West Mediterranean
subsections, demonstrate a relative clockwise rotation of the
Alboran Sea, positioning the area of Gibraltar further north.
The observations necessitated a revised cartometric analyses
of the area to explore alternative solutions, and the western
regions on the Carta Riccardiana were georeferenced to a
map in the Mercator projection, employing a four-parameter
Helmert similarity transformation. As previously, their ax-
ial Mercator-residuals (dX, dY in kilometres) were subse-
quently de-projected to derive their angular offsets (dλ, dϕ
in degrees) and ultimately translated into distances along the
longitudinal and latitudinal arcs on the surface of the WGS84
reference ellipsoid (dLON, dLAT in kilometres) to achieve
accurate planimetric values for subsections, represented as
their axial root mean square errors (RMSE dLON and RMSE
dLAT in kilometres, with the larger of the two used to in-
dicate the planimetric accuracy of georeferenced units; for a
comprehensive understanding of the methodology, see Mare-
lić, 2025c, pp. 228–235).

The partially revised analysis yielded a separate South
Atlantic subsection that meets the North Atlantic subsec-
tion along the west coast of Galicia, present-day Spain, and
encompasses the entire Alboran Sea (Fig. 4). The Alboran
Sea is, in fact, geometrically coherent with both the South
Atlantic and the West Mediterranean subsection, the only
difference is that the South Atlantic subsection has been
mapped to a slightly smaller scale. In a similar manner, Nico-
lai analysed Dulcert’s 1339 chart and assessed its render-
ing of the Alboran Sea as “enlarged and stretched, presum-
ably to achieve a more satisfactory fit between the Atlantic
South and western Mediterranean sub-charts,” considering it
“rather an adaptation of the far western part of the western
Mediterranean sub-chart than a separate sub-chart” (Nicolai,
2024, pp. 631–632).

The examination of the westernmost portions of early
portolan charts and al-Shirazi’s account of a “Greek map”
(Fig. 5) indicates that the representation of the Alboran
Sea experienced multiple alterations. For instance, the Carte
Pisane and al-Shirazi’s square-cell matrix seem to repre-
sent it relatively appropriately, although slightly enlarged in
scale, whereas the anonymous creators of the Avignon and
Lucca charts have orientated it notably more anticlockwise
(with its exit at Gibraltar pointing more to the south), placing
the inflection points near Cartagena in contemporary Spain
to the north and near Oran in present-day Algeria to the
south. In the subsequently produced units, particularly the
Carta Riccardiana and the portolan charts of Pietro Vesconte

from 1313, Angelino Dulcert from 1339, and Francesco Bec-
cari from 1403, the depiction of the Alboran Sea appears to
have been consistently orientated clockwise, with its exit at
Gibraltar pointing more to the north across all four analysed
charts (Fig. 5). Therefore, Nicolai’s assertion that the Alb-
oran Sea functions as the adaptation of the West Mediter-
ranean has been confirmed as plausible.

Nicolai, using Dulcert’s 1339 chart as an example, hy-
pothesises the existence of a third Atlantic sub-part, encom-
passing the northern Iberian coasts of the Bay of Biscay,
which he designates as the “Atlantic Mid [sub-chart]” (Nico-
lai, 2024, p. 631). Nonetheless, it is challenging to ascertain
with certainty whether the Atlantic coasts on portolan charts
are comprised of more than two components for various rea-
sons. This region is noticeably smaller than the other pro-
posed subdivisions and encompasses only a limited latitudi-
nal range. This suggests a greater likelihood that it served as
the transitional area for integrating two datasets, similar to
the altered portrayal of the Alboran Sea, which has been ad-
justed to visually merge the South Atlantic and West Mediter-
ranean subsections more harmoniously. Secondly, and more
significantly, the chronological evolution of Atlantic coast
representations on portolan charts (Fig. 5) demonstrates that
their creators engaged in numerous trial-and-error efforts to
portray them accurately, with even the latest-made exam-
ined units exhibiting only marginally successful conducts
in terms of map scale. The Carte Pisane and al-Shirazi’s
schematic of a “Greek map” present the Atlantic coasts in
an overly schematic and eastward skewed manner, while the
Avignon chart portrays more detailed coastline contours, al-
beit with the overall representation of the Atlantic shifted
further south. Next, the Lucca chart, which features Mediter-
ranean coasts nearly identical to those on the Carte Pisane
(Marelić, 2025b, pp. 147–149), represents the west and north
coasts of the Iberian Peninsula with enhanced accuracy and
appropriate map scale, in contrast to its coasts of Normandy
and Britain, which are disproportionately compressed in lat-
itude. The earliest accurate graphical representations of the
Atlantic coasts are found on the Carta Riccardiana and the
chart by Pietro Vesconte, regardless of which was created
first. However, Vesconte’s 1313 chart, which constitutes the
western sheet of his portolan atlas and is more compatible in
scale with his 1311 chart of the Central and East Mediter-
ranean and the Black Sea than the other sheets of the at-
las (Marelić, 2025a, pp. 58, 62–67), features a significantly
smaller map scale of the region. Vesconte’s extremely small-
scale depiction of the Atlantic was later reproduced by An-
gelino Dulcert, while the more accurately scaled portrayal of
the region, present on the Carta Riccardiana since the early
14th century, was initially duplicated by Francesco Beccari
in 1403.

The urge to incorporate a more accurate portrayal of the
Atlantic coasts, as opposed to its overly schematic outlines
displayed on the Carte Pisane, was likely induced by the in-
creasing frequency of voyages undertaken by Genoese and
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Figure 5. The differences in the appearances of the North Atlantic and Alboran Sea coastlines evident in the vectorised renderings of selected
portolan charts and al-Shirazi’s schematic of a “Greek map,” all of which are georeferenced to a Mercator map across their Mediterranean
and Black Sea areas and subsequently tilted −10°. Basemap shapefile source: http://www.marineregions.org (Claus et al., 2017).

Venetian trade fleets to England and back, with the first Ge-
noese ships arriving in 1277 and the Venetians not reaching
England by ship until 1317 (Ruddock, 1944, p. 194). How-
ever, this does not inherently infer that late mediaeval Ital-
ian navigators possessed the ability to accurately chart the
metrics of their voyages along the European Atlantic coasts.
On his 1403 portolan chart, Beccari inscribed that he cor-
rected the map scale of the Atlantic due to sailors’ general
dissatisfaction with the existing charts (Campbell, 1987, pp.
427–428). Nonetheless, Fig. 5 explicitly shows that the At-
lantic coasts had a nearly identical appearance and relative
map scale a century earlier, as illustrated in the Carta Ric-
cardiana, suggesting that neither Beccari nor the thousands
of navigators before him were genuinely capable of plotting
the correct map scale of the Atlantic.

The fundamental conundrum arising from these findings,
which previous cartometric studies failed to resolve, is the
reason for the Atlantic’s representation at a consistently di-
minished scale. But what if the western regions were not sub-
jected to scale reduction on the original maps, and the per-
ceived scale reduction is, at least in part, a result of decep-
tion arising from the use of Mercator projection as a plane
of reference? In the initial stages of this study, the author
began to question whether the Mercator map is genuinely
the optimal solution, and whether a superior fit might be
attained through distinct equidistant cylindrical projections
tailored to the proprietary mid-latitude of each subsection
(pre-determined in comparison to the Mercator projection). It
is because the Mercator projection can be perceived as a
seamless field of countless infinitesimally narrow bands of
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Figure 6. A diagram demonstrating how a mosaic of equidistant cylindrical projections of adjacent latitude bands produces a Mercator-like
geometry when conformally stretched by the secant of their respective mid-latitudes (sec ϕ0).

equidistant cylindrical projections, each initially compressed
longitudinally by a proprietary factor cosϕ0, followed by a
conformal stretching using a proprietary factor sec ϕ0. Ulti-
mately, the equidistant cylindrical band at ϕ0= 89.9° (nearly
at the pole) is longitudinally compressed by a factor of
0.0017 (resulting in a width of merely 0.17 % of the band
at the equator) and subsequently conformally stretched by a
factor of 572.9, which explains why the Mercator map is typ-
ically truncated at lower latitudes. A rudimentary illustration
of this concept, featuring only seven latitude bands (each en-
compassing 10° of latitude), is given in Fig. 6.

7.2 A better geometrical fit to the projection of Marinus
of Tyre (first century CE) on a subsectional level

Although the planimetric accuracy of the Mediterranean
and Black Seas of the Carta Riccardiana in comparison to
the Mercator map of 28.4 km (RMSE dLAT) is noticeably
greater than in comparison to the equidistant cylindrical map
ϕ0= 36° of 34.7 km (RMSE dLAT) when treated as a sin-
gle unit (Fig. 7), individual georeferencing of its subsec-
tions to equidistant cylindrical projections with true-to-scale
parallels derived from their proprietary mid-latitudes reveals
slightly better overall geometric agreement (Table 1) with
the exceptions of the Adriatic and the Black and Azov sub-
sections. A concurrent georeferencing of the Black and Azov
subsection to the equidistant cylindrical projection ϕ0= 36°
(not included in the table) produced RMSE dLON and
RMSE dLAT values of 13.02 and 12.74 km, respectively,
slightly exceeding those obtained with the Mercator projec-
tion. However, the outcomes in comparison to the equidistant
cylindrical projection ϕ0= 44° exhibit greater internal con-
sistency, as evidenced by their nearly identical RMSE values

(see Table 1). Consequently, the author decided to adopt the
rationale that it more effectively illustrates the geometry of
the original map.

These results suggest that the subsections of the Carta Ric-
cardiana are rendered more simplistically latitude-wise; that
is, that their geometry is, in most instances, not slightly com-
pressed towards the equator and slightly stretched towards
the north pole. Simultaneously, they refute the anachronis-
tic hypothesis that conformal cylindrical projection or some-
thing akin to it existed previous to the early modern period.

They also represent an embryonic stage of the author’s
conjecture that portolan charts may be mosaics of regional
maps or charts whose geometries were established in clas-
sical antiquity and attributed to Marinus of Tyre from the
first century CE (Keuning, 1955; Snyder, 1993), which
were graphically manipulated by late mediaeval copyist-
cartographers to create a coherent image that partially re-
sembles the portrayal of the oikoumene on another renowned
classical antiquity map, more specifically the one in equidis-
tant conic projection, initially proposed by Claudius Ptolemy
in the first and second centuries CE (Snyder, 1978; Berggren
and Jones, 2000). This hypothesised outcome necessitates
specific scaling and rotation of the regional maps, as the
graticules of their equidistant cylindrical projections would
exhibit different appearances, and, in contrast to the overall
map in the conic projection, they do not display the conver-
gence of the meridians.

To empirically evaluate the hypothesis, a modern reference
map was divided into segments in accordance with the sub-
section extents of the Carta Riccardiana; each of the nine
segments was projected according to its optimal equidistant
cylindrical map projection (see the lower half of Table 1).
Subsequently, four segments that portray the regions along
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Figure 7. Rectified digitised images of the anonymous Carta Riccardiana portolan chart (ca. 1300–1325) georeferenced to a modern map
in the Mercator projection (the upper part) and to a map in Marinus of Tyre’s projection (the lower part), with their proprietary axial
RMSE accuracy levels. The greater of the two values, representing the chart’s planimetric accuracy, is put in bold. Chart source: Biblioteca
Riccardiana, Florence, call no.: Ricc. 3827. Basemap shapefile source: http://www.marineregions.org (Claus et al., 2017).

the north coasts of the Mediterranean, inclusive of the Black
and Azov Sea segment, were conformally enlarged, and the
whole assembly was consecutively tilted in accordance with
their LSE-computed rotations. Ultimately, the coastline ren-
derings of the Carta Riccardiana were concurrently com-
pared to the geometry of the modern Mercator map and that
of the proposed late mediaeval assemblage, with the latter
demonstrating a superior fit. The subsequent sections of this
article provide a detailed explanation of each methodological
step of the empirical testing, contextualised within the scien-
tific and technological frameworks of classical antiquity and
the late Middle Ages.

7.3 Graphical scale-adjustments of distinctive
rectangularly gridded sheets

In his overview of the navigational practices during the late
Middle Ages, Nicolai contends that it is difficult to recon-
struct how distances travelled by sailboats were measured
due to the absence of preserved records on the subject, not-
ing that the earliest documented observations of ship speed
and distances sailed occurred only in the 16th and 17th cen-
turies, employing methods known as the Dutchman’s log and
the English log (Nicolai, 2014, pp. 130–131). Furthermore,
he asserts that even if highly optimistic assumptions about
achievable navigation accuracy and data-processing capabil-
ities were made, the actual accuracy of sailing traverses –
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Table 1. The RMSE planimetric accuracy (in bold) of nine cartometrically determined subsections of the Carta Riccardiana in comparison
to a modern map in the Mercator projection, and in the distinct equidistant cylindrical projections. Smaller RMSE values per projection
indicate greater planimetric accuracy of a georeferenced unit and vice versa.

Mercator projection S. Atl. N Atl. W Med. Upper W Central Adriatic Aegean E Med. Black AVERAGE
Med. Med.

RMSE dLON [km] 13.73 24.12 16.08 7.52 15.25 11.53 11.67 13.62 13.60 14.12
RMSE dLAT [km] 16.30 22.65 8.45 8.18 16.67 12.84 8.97 15.75 13.49 13.70

Equidistant S. Atl. N Atl. W Med. Upper Central Adriatic Aegean E Med. Black AVERAGE
cylindrical ϕ0= 36° ϕ0= 48° ϕ0= 36° W Med. Med. ϕ0= 43° ϕ0= 38° ϕ0= 36° ϕ0= 44°
projection ϕ0= 42° ϕ0= 36°

RMSE dLON [km] 12.98 24.05 15.28 7.20 15.22 11.57 11.59 13.17 13.87 13.88
RMSE dLAT [km] 15.72 21.64 8.07 7.56 15.44 13.34 8.67 14.90 13.88 13.25

number of control 56 59 89 60 103 49 72 63 70
points

whose distances and bearings could allegedly have been ac-
quired and used to create the charts – significantly lags be-
hind the accuracy demonstrated by the portolan charts, and
that they cannot have been constructed using plane charting
technique (Nicolai, 2014, pp. 380–383), which proponents
of the late mediaeval origin hypothesis claim was systemati-
cally employed by mediaeval sailors to compile the spatial
data for portolan charts. Therefore, it appears implausible
that European cartographers of the late Middle Ages had ac-
cess to genuine shipborne observations of distances between
coastal sites, and even if they did, they certainly lacked the
knowledge of how to accurately project distances from the
Earth’s spherical surface onto the flat geometry of charts, as
tangibly demonstrated by the metric components they inte-
grated into their cartographic products. The coastlines de-
picted in al-Shirazi’s “Greek map” and the Carte Pisane do
not align with those on the plate carrée projection featur-
ing a graticule made of squares (Marelić, 2025b, p. 153) and
their quadrilateral grids are not longitudinally compressed by
a factor of 0.8 (or 4 : 5; the ratio of the circumference of the
ϕ= 36° parallel to that of the equator), suggesting that al-
Shirazi and the anonymous author of the Carte Pisane were
erroneously convinced that distances on the charts were ac-
curately represented in all directions. In fact, a detailed ex-
amination of the scale bars on portolan charts strongly indi-
cates that those copyist-cartographers shared a common con-
viction, as evidenced by the diverse alignments of the scale
bars they rendered. The creators of the Pisane, Cortona, and
Avignon charts represented scale bars as encircled; Pietro
Vesconte depicted a cross-shaped scale bar on his 1311 chart;
while Gratiosus Benincasa arranged scale bars diagonally,
bevelling all four corners of his 1466 chart. These examples
collectively demonstrate that the distances on portolan charts
were mistakenly perceived by their authors as omnidirection-
ally accurately preserved across the entire chart field, even in
the mid-15th century (see Fig. 2).

The author’s previous cartometric analysis of al-Shirazi’s
40× 30 matrix of a “Greek map” and the Pisane and Avignon
charts – the only known artefacts of that kind containing
square grids – showed that the lengths of their squares (af-
ter artefacts were georeferenced to a Mercator map ϕ0= 36°)
constitute approximately 125 km along the parallel ϕ= 36°,
corresponding to 100 portolan miles; and that the square grid
of al-Shirazi’s “Greek map” begins near the Canary Islands
(Marelić, 2025b, pp. 148–153). The archipelago was consid-
ered the westernmost limit of the known world (oikoumene)
in classical antiquity, while the latitude ϕ= 36°, which is
about mid-latitude of the Mediterranean, is known to be used
by Marinus of Tyre and Claudius Ptolemy as true-to-scale
parallel for constructing equidistant cylindrical and conic
maps (Snyder, 1993, pp. 5–7, 10–11; Berggren and Jones,
2000, pp. 14, 31–37). Moreover, the squares’ side lengths of
125 km equate to a two-degree longitudinal arc along the par-
allel ϕ= 36° based on Claudius Ptolemy’s erroneous estima-
tion of the Earth’s circumference of 180 000 stadia (approx-
imately 29 000 km), which is roughly 1.4 times smaller than
the accurate measurement of 252 000 stadia, or 40 000 km,
previously calculated by Eratosthenes in the third century
BCE (Dilke, 1985; Russo, 2004, p. 273; Marelić, 2025b, pp.
152–153). In summary, 50 portolan miles, the standard large
interval (spatium) on portolan chart scale bars, corresponds
to the length of a 1° arc along the parallel ϕ= 36°, based on
Ptolemy’s erroneous estimation of the Earth’s dimensions,
strongly indicating that the earliest portolan chart copyist-
cartographers had access to classical antiquity sources.

If mediaeval Italian cartographers from the Liguria re-
gion obtained a collection of maps or charts from classi-
cal antiquity, created in distinct equidistant cylindrical pro-
jections based on their mid-latitudes, they might have en-
deavoured to graphically amalgamate them by equalising
the segments of their graticules. This hypothesis was em-
pirically evaluated in this study utilising regional coverage
of modern reference maps of the area (Fig. 8). The South
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Figure 8. The model illustrating the hypothesised original maps from classical antiquity in distinct equidistant cylindrical projections used to
construct portolan charts, highlighting the variations in their graticules (the upper part) and how late mediaeval copyist-cartographers could
have straightforwardly visually merged them based on their graticules (the lower part). Basemap shapefile source: http://www.marineregions.
org (Claus et al., 2017).

Atlantic, West Mediterranean, Central Mediterranean, and
East Mediterranean subsections of the Carta Riccardiana
exhibit a slightly better alignment with the equidistant cylin-
drical projection ϕ0= 36°, which has been established to be
significant in classical antiquity and, indirectly, for late me-
diaeval cartographers. Thus, it is plausible that these four
sheets from the ancient map collection have remained ge-
ometrically unaltered. However, the set of regional maps
to their north – the Upper West Mediterranean, Adriatic,
Aegean, and Black and Azov segments – exhibit various lon-
gitudinal compressions in comparison with them (see the up-
per part of Fig. 8), and the most straightforward method to

graphically equalise the graticules of the upper row of maps
with those of the southern row is to conformally enlarge them
until their longitudinal intervals visually match in length (see
the lower part of Fig. 8). The territorial coverage on portolan
charts for the Mediterranean and Black Sea is predominantly
horizontal, whereas the North Atlantic connects to the South
Atlantic in a vertical orientation. If the original map of the
South Atlantic utilised the equidistant cylindrical projection
ϕ0= 36° and the North Atlantic map employed the same pro-
jection with ϕ0= 48°, it follows that their latitude intervals
are identical when both maps are made to equal scale. Fur-
thermore, assuming the cartographer lacked prior knowledge
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of geodesy – as was the case in late mediaeval Europe – it
is plausible to suggest that the North Atlantic map was sim-
ply positioned directly above the South Atlantic map without
conformal scaling, unlike the maps of the northern regions
of the Mediterranean and the Black and Azov Seas (see the
lower part of Fig. 8). There are several reasons that support
this hypothesis.

Firstly, the ratios of the lengths of the mid-parallel on the
map and the Earth’s great circle could be ascertained in clas-
sical antiquity by sequentially employing the trigonometric
chord function on a great circle recognised since at least the
time of Hipparchus in the second century BCE (Newton,
1979, p. 12) and the Pythagorean theorem, which has been
known since the sixth century BCE, as the sine and cosine
functions were not yet discovered during that period. For ad-
ditional details regarding the translation of the chord function
into the contemporary cosine function, see Fig. A1.

Secondly, it enables an unprecedented explanation for the
simultaneous existence of the typical portolan chart portrayal
of the Atlantic coasts at a seemingly reduced scale and the
northern regions of the Mediterranean at an enlarged scale.
Table 2 shows that the relative differences in the scales of
the subsections of the Carta Riccardiana, following their
least-squares-estimation-computed best fit, are nearly iden-
tical when georeferenced to the Mercator map and to their
geometrically optimal equidistant cylindrical projections af-
ter being conformally stretched by the appropriate magni-
tude (see the lower part of Fig. 8). In other words, the hy-
pothesis simultaneously considers the established historical
timeline of cartographic projection discoveries and tangibly
demonstrates how such a graphically manipulated mosaic
of regional representations of the Mediterranean and Black
Sea can produce the deceptive impression of an underly-
ing conformal cylindrical (Mercator) projection. Moreover,
the apparent scale difference of the North Atlantic subsec-
tion in comparison to the Central Mediterranean becomes
81 % (or 19 %) in comparison to the Mercator map, which
is also a deceptive impression conditioned by its progres-
sive expansion of distances towards the poles (see the up-
per part of Fig. 7). In the case of georeferencing the sub-
sections of the Carta Riccardiana to their best-fit equidistant
cylindrical projections with linear and true-to-scale render-
ings of latitudes, the relative scale of the North Atlantic sub-
section drops to just 3 % (97 %). The LSE-computed rela-
tive map scales of the South Atlantic and Aegean subsections
of 87.2 % (12.8 %) and 113.2 % (+13.2 %), respectively, re-
fute the proposed model at its current stage as their values
were anticipated to be closer to 100 %. However, late medi-
aeval copyist-cartographers assembled portolan charts based
on visual assessment and basic instruments such as rulers and
compasses, copied them utilising rather rudimentary tech-
niques such as stencils, pricking and pouncing, and carbon
transfer (Krtalić, 2022), indicating that the drafting process
was significantly conditioned by its manuscript freehand na-
ture and susceptibility to random errors. Consequently, these

figures may stem from errors made while attempting to repli-
cate a cartographic projection with a markedly different ge-
ometry, or from straightforward practical reasons, as sug-
gested in Sect. 7.4 and 7.5.

The close-up of the western portion of the Carta Riccar-
diana, georeferenced to a map in Marinus of Tyre’s projec-
tion and rotated −10.9° to rectify its overall anticlockwise
tilt (Fig. 9), illustrates that, despite the North Atlantic coasts
being tilted only −5.9° (+5.0° relative to the overall chart
tilt; see Fig. 10), they exhibit a near-identical alignment and
scale to the basemap. This indicates that the North Atlantic
subsection has not undergone any scale reduction and that
its placement on the chart (black dashed line) can be at-
tained by merely shifting it east (in fact east-southeast) from
its appropriate position on the Marinus of Tyre’s map (dark
blue line). The figure further shows that the distance between
Cabo Raso and Ponta de Sagres aligns closely with their mea-
surements on a modern map in Marinus of Tyre’s projection,
as does the adjacent coastline extending southeast from Ponta
de Sagres to Gibraltar and across the Alboran Sea, suggest-
ing that these areas were perhaps not subjected to intentional
scale reduction by the late mediaeval copyist-cartographer.
However, this figure does not explain the reasoning for the
(east-south)eastward shift of the North Atlantic and its mag-
nitude, as well as different treatment of the South Atlantic
subsection (light blue line) regarding displacement direction
and tilt. The solution to this issue is presented in the follow-
ing section of the article, which thoroughly examines the an-
ticlockwise tilts of the Carta Riccardiana subsections in the
next stage of the proposed empirical model.

7.4 Arranging rectangularly gridded sheets to partially
mimic the conically gridded overall image

As previously stated repeatedly, the anticlockwise tilts of
portolan chart subsections are not consistent with the longi-
tudinal distribution of magnetic declination from the period
of their creation, as per the CALS3k.4 paleomagnetic model
(compare blue and magenta markers and segments connect-
ing them in Fig. 10), strongly suggesting that the conven-
tional portrayal of coastlines on these charts is unrelated to
the use of a magnetic compass during sailboat voyages in
those regions. If that were the case, the anticlockwise tilts of
their far eastern subsections would display diminished tilts,
and the typical portolan chart image of the Mediterranean
would be less tilted overall, as evidenced by the regression
line of the paleomagnetic model.

The second stage of the empirical model examines the
potential alternative rationale utilised by late mediaeval
copyist-cartographers to adjust their reproductions of (par-
tially scaled) original maps in cylindrical projections, thereby
achieving a coherent cartographic product of a different ap-
pearance. Given that two contemporaneous sources attribute
the creation of the original maps to Ptolemy (see Sect. 6.3)
and considering that 50 portolan miles equate to 1° along the
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Table 2. The LSE-computed differences in scales of the Carta Riccardiana subsections after georeferencing them individually to the modern
map in the Mercator projection and to the modern map in their best-fit equidistant cylindrical projection (before and after the conformal
stretching of the Upper West Mediterranean, Adriatic, Aegean, and Black and Azov subsections). Differences in map scale are expressed
relative to the map scale of its Central Mediterranean subsection, displayed as 100 %.

Mercator projection S Atl. N Atl. W Med. Upper W Central Adriatic Aegean E Med. Black
Med. Med.

85.7 % 81.0 % 97.0 % 95.7 % 100.0 % 97.7 % 112.9 % 100.5 % 101.4 %

Equidistant Cylindrical N Atl. S. Atl. W Med. Upper Central Adriatic Aegean E Med. Black
projection ϕ0= 36° ϕ0= 48° ϕ0= 36° W Med. Med. ϕ0= 43° ϕ0= 38° ϕ0= 36° ϕ0= 44°

ϕ0= 42° ϕ0= 36°

87.2 % 97.0 % 99.4 % 103.5 % 100.0 % 107.3 % 116.3 % 99.9 % 114.5 %

Equidistant Cylindrical 87.2 % 97.0 % 99.4 % 95.1 % 100.0 % 97.1 % 113.2 % 99.9 % 101.8 %
projection after
conformal stretching

Figure 9. The western part of the anonymous Carta Riccardiana georeferenced to Marinus of Tyre’s projection across its Mediterranean and
Black Sea areas and rotated−10.9° to rectify the overall anticlockwise tilt of its coastlines, having subsections that are manually (graphically)
adjusted to the basemap without scaling. The lengths are expressed with the respect to the physical dimensions of the Carta Riccardiana.
Basemap shapefile source: http://www.marineregions.org (Claus et al., 2017).

parallel ϕ= 36° according to his erroneous estimation of the
Earth’s circumference (see Sect. 7.3), it is plausible that cer-
tain classical antiquity sources, whether solely maps or maps
accompanied by textual records, attributed to Ptolemy were
acquired by late mediaeval Italians and subsequently influ-
enced the creation of the final product. Assuming that late
mediaeval copyist-cartographers did not see the entire cov-

erage on a single map in the equidistant cylindrical projec-
tion, or at least did not regard it as an optimal representation
– following Ptolemy’s critique of this projection for inade-
quately depicting larger areas due to its failure to illustrate
the convergence of meridians and thus the Earth’s sphericity
(Berggren and Jones, 2000, p. 34) – it is plausible to assume
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Figure 10. The anticlockwise tilts of nine cartometrically determined subsections of the Carta Riccardiana in comparison to their best-fit
equidistant cylindrical projection; easterly magnetic declination values for the year 1300 according to the CALS3k.4 paleomagnetic model;
and the anticlockwise tilts of meridians on the modern approximation of Ptolemy’s first projection centred near Gibraltar (λCM= 6° W),
computed for the mid-longitudes of those subsections. CALS3k.4 data source: GEOMAGIA50.v3.2, Archeomagnetic and Volcanic Query
Form: https://geomagia.gfzpotsdam.de/geomagiav3/AAquery.php (last access: March 2023).

that they utilised a small-scale earlier-made map of the oik-
oumene in Ptolemy’s first projection as a graphical template.

In contrast to the overall LSE-computed rotation of
(+)10.9° in comparison to Marinus of Tyre’s map (see the
lower part of Fig. 7), the georeferencing of the Carta Riccar-
diana to a modern approximation of Ptolemy’s first projec-
tion – adjusted so that its vertically plotted central meridian
(CM) is positioned near Gibraltar (λCM= 6° W) – across the
Mediterranean and Black Sea regions yields an overall rota-
tion of 3.0° (Fig. 11) and seemingly inadequate agreement of
coastline contours. However, roughly half of its longitudinal
extent at the centre exhibits a relatively good fit in terms of
orientation, whereas the westernmost and easternmost quar-
ters graphically break off (see the regions west of the west-
ern and east of the eastern sharp-knee inflection points and
the connecting lines in Fig. 11). Furthermore, the angle be-
tween the line connecting Gibraltar and Antioch (the end-
points in the Mediterranean Sea along the parallel ϕ= 36°) is
−12.4° on both the reference map and the georeferenced im-
age of the Carta Riccardiana, differing by only −1.5° from
its overall LSE-computed rotation when compared to Mari-
nus of Tyre’s map (see the lower part of Fig. 7). This indicates
that on the rectified Carta Riccardiana (subsequently rotated
+3.0°), the Gibraltar–Antioch line is tilted −9.4°, diverging

by only (+)1.5° from its optimal alignment to Marinus of
Tyre’s map, and the overall results strengthen the hypothe-
sis that late mediaeval copyist-cartographers employed a map
based on Ptolemy’s first projection as a reference model.

The black markers linked by straight segments in Fig. 10
illustrate the progressive increase in anticlockwise meridian
tilt with eastward longitude on a modern approximation of
Ptolemy’s first projection centred at Gibraltar (λCM= 6° W),
derived using formula θλ = (λ− λCM)× sinϕ0 [rad] (Sny-
der, 1978, p. 374). In contrast to the CALS3k.4 model, its
regression line ascends, simultaneously producing compara-
ble solutions in the mid-longitude regions (the Upper West
Mediterranean and Central Mediterranean subsections) of
the Carta Riccardiana (compare grey and magenta dashed
lines in Fig. 10). According to this assembly logic, it is clear
that its final product would be significantly distorted in com-
parison to the cylindrical projection and does not visually
align with the conical equidistant projection (see the upper
part of Fig. 12).

The only correct method to transform the cartographic dis-
play from one map projection to another involves initially
de-projecting the Euclidean coordinates from the first pro-
jection using the inverse equations into spherical or ellip-
soidal coordinates, followed by re-projecting them into the
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Figure 11. The digitised image of the anonymous Carta Riccardiana portolan chart (ca. 1300–1325) georeferenced to a map in the modern
approximation of Ptolemy’s first projection centred at Gibraltar. While its westernmost and easternmost quarters graphically break off from
the basemap, about half of its longitudinal extent at the centre show a relatively good fit in terms of orientation. Chart source: Biblioteca
Riccardiana, Ricc. 3827. Basemap shapefile source: http://www.marineregions.org (Claus et al., 2017).

new projection using the appropriate equations. Late mediae-
val copyist-cartographers, completely lacking understanding
of these concepts, likely devised a straightforward graphi-
cal hybrid-solution: an image that aimed to preserve the in-
dividual geometry of the original regional maps while par-
tially aligning their mosaic with Ptolemy’s recommended
cartographic representation of the area (see the lower part of
Fig. 12). This assemblage, formed by pivoting the regional
maps in cylindrical projections based on LSE-computed tilts
of the Carta Riccardiana subsections, results in an overall tilt
that is approximately half as steep compared to the merid-
ian images in Ptolemy’s first projection centred at Gibral-
tar. Such a configuration is nearly the midpoint between it
and the overall image in Marinus of Tyre’s projection (see
Fig. B1) which vertically plots all the meridians (as indicated
by the regression line roughly situated between the modern
approximation of Ptolemy’s first projection and the horizon-
tal zero-tilt line of Marinus’s map projection in Fig. 10).

This stage of the empirical model also addresses the tilts of
its South Atlantic and North Atlantic subsections, which re-
mained unresolved in the previous stage. Specifically, when
the Carta Riccardiana is georeferenced to a modern map in
Marinus of Tyre’s projection and rotated−10.9° to rectify its
overall anticlockwise tilt, and subsequently overlaid with the
modern approximation of Ptolemy’s first projection centred
at λ= 6° W, utilising Gibraltar as the contact point for both
maps (see Fig. 13), its South Atlantic subsection aligns al-
most identically in tilt with its coasts on the map in Ptolemy’s
first projection, whereas its North Atlantic subsection ex-
hibits only a slightly smaller degree of tilt. In other words,

it provides a comprehensive rationale for the tilt of its At-
lantic coasts, completely detached from the concept of mag-
netic declination, and persuasively argues that late mediaeval
copyist-cartographer employed Ptolemy’s first projection as
a template for the assembly of its regional subsections.

7.5 The plausibility of the proposed model and other
remarks

In the final stage, the proposed model was initially super-
imposed onto the vectorised coastline of the Carta Riccar-
diana, having been georeferenced to the Mercator projection
with an overall tilt of −10.6° (see the upper part of Fig. 14).
The overlay image demonstrates that the Atlantic coasts of
the Carta Riccardiana align more closely with the proposed
model, thereby corroborating the initial hypothesis regard-
ing the late mediaeval Italian copyist-cartographers’ ratio-
nale (most likely Pietro Vesconte’s in this case) to compile
their reproductions of the original maps in distinct equidis-
tant cylindrical projections for those regions, but similar con-
clusions cannot be drawn for the remainder of its coverage.
However, when those segments are marginally shifted, and
the Aegean Sea subsection is enlarged by 15 %, the final con-
figuration aligns with the coastlines of the Carta Riccardiana
with remarkable congruence (see the lower part of Fig. 14),
thereby substantiating the proposed mechanics of the classi-
cal antiquity origin hypothesis to a significant extent. To fully
comprehend the relatively minuscule magnitudes of those
shifts in reality, one must consider that the Gibraltar–Antioch
line of the Carta Riccardiana measures 686.3 mm; therefore,
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Figure 12. The model illustrating the hypothesised original maps from classical antiquity being tilted in accordance with the modern
approximation of Ptolemy’s first projection (the upper part) and in accordance with the cartometrically determined LSE-computed tilts of the
Carta Riccardiana subsections in comparison to their best-fit equidistant cylindrical projections (the lower part). Basemap shapefile source:
http://www.marineregions.org (Claus et al., 2017).

a 10 mm shift in one direction represents only 1.4 % of its
(tilted) longitudinal extent across the Mediterranean. Since
the model has been assembled using segments of a mod-
ern map (treated as error-free), the findings also tangibly
illustrate the remarkable planimetric accuracy of the coast-
line contours on the supposed maps from classical antiquity
which late mediaeval copyist-cartographers likely utilised to
create a composite known as a portolan chart, in this case the
Carta Riccardiana.

These findings also suggest that the 4° tilt of the western
wind rose and its surrounding area in relation to the east-

ern wind rose and its vicinity on the Cortona chart (Marelić,
2024a, pp. 148, 152) may not be an error attributed to an in-
ept cartographer replicating the map. Instead, this 4° conver-
gence may serve as a direct cartographic evidence that Italian
late mediaeval copyist-cartographers adjusted the map sheets
in Marinus of Tyre’s projection, utilising the representation
of the overall area on Ptolemy’s first projection as a graphi-
cal template. Furthermore, the initial stage of the model (see
Sect. 7.3) may potentially exemplify the geometry of the pro-
posed precursor version of the typical portolan chart that has
been orientated to the geographic north and supplemented
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Figure 13. The western part of the anonymous Carta Riccardiana
georeferenced to Marinus of Tyre’s projection across its Mediter-
ranean and Black Sea areas and rotated −10.9° to rectify the over-
all anticlockwise tilt of its coastlines, overlaid with the modern ap-
proximation of Ptolemy’s first projection centred at Gibraltar, with
Gibraltar selected as the contact point for both basemaps. Basemap
shapefile source: http://www.marineregions.org (Claus et al., 2017).

by a 16-point wind rose, which, according to Nicolai (2024),
was likely employed to derive bearing and distance data for
the compilation of the Liber de existencia riveriarum por-
tolan in the early 13th century.

Given that the model incorporates regional equidistant
cylindrical projections with graticules, where longitudinal in-
tervals were employed for scale adjustments in the Mediter-
ranean and latitudinal intervals for the Atlantic, it is plau-
sible to deduce that the original maps from classical antiq-
uity also contained graticules and were likely not exclusively
nautical charts but could have fulfilled both geographical
and navigational purposes. If late mediaeval Italian copyist-
cartographers aimed to transform those graticule-equipped
source maps into nautical charts for practical reasons or by
mandate, it is logical to infer that replicating the graticules
was redundant. Instead, it appeared beneficial to incorporate
navigational instruments, such as wind roses and linear scale
bars, facilitating the direct conversion of chart metrics into
predictions of courses and distances to be traversed.

However, it appears that the compilation of the composites
presented certain challenges for the copyist-cartographers,
primarily in their efforts to seamlessly blend their reproduc-
tions of adjacent regional maps. In the western portion, a
graphical conflict is evident in the northern region of the
Iberian Peninsula, where the North Atlantic and South At-

lantic segments meet, and it appears that Pietro Vesconte
opted to subtly compress the Galician coasts and to bevel
the head of the Bay of Biscay to facilitate a smoother graph-
ical transition. Moreover, portrayals of the Aegean Sea on
portolan charts include numerous islands, usually accompa-
nied by their respective toponyms inscribed in proximity.
The significant increase of approximately 15 % in the map
scale of the Aegean segment was likely motivated by prac-
tical considerations to incorporate toponyms, thereby com-
promising the accurate depiction of distances in a consistent
map scale, whether deliberately or inadvertently. However,
the authors of the Pisane and Lucca charts rendered their
Aegean Sea subsections in a considerably more appropri-
ate map scale (Marelić, 2024a, p. 149; Marelić, 2025b, p.
148), thereby indicating that its enlargement – as evident on
the Cortona chart, the Carta Riccardiana, and some other
charts and atlases made by Pietro Vesconte and later copyist-
cartographers (Marelić, 2024a, pp. 150, 154; Marelić, 2024b,
p. 607) – was introduced shortly after and became a standard
subjected to numerous mostly unaltered replications. Simi-
larly, the numerous islands and their names represented in
the maritime section of the chart may elucidate the greater
prominence of the Quarner Gulf in the Adriatic Sea on the
Carta Riccardiana. An analogue yet contrary conclusion can
be drawn regarding the traditional portolan chart representa-
tion of the Gulf of Taranto in southeastern Italy, which was
likely considerably diminished to prioritise the toponyms of
mainland ports, resulting in the amplification of the promon-
tories of Calabria and Apulia to the expense of the Gulf of
Taranto. Both local deviations occur in the Adriatic segment
and may have indirectly contributed to its marginally im-
proved accuracy relative to the Mercator projection, which
progressively expands the image of the charted regions to-
wards the poles.

The main shortcoming of the proposed model is its as-
sumption that the originals of the maps utilised to create
portolan charts – whose projections were invented in clas-
sical antiquity – exhibited comparable planimetric accuracy
in both longitudinal and latitudinal directions, a notion that
contradicts the substantial longitudinal inaccuracies in the
extant copies of Claudius Ptolemy’s geographical treatise,
many of which underwent considerable redactions during the
late Middle Ages and the early Renaissance. This issue stems
from the division of relatively accurately measured distances
by his mistakenly perceived smaller circumference of the
Earth’s great circle, resulting in exaggerated longitude values
(Tupikova, 2014; Marelić, 2025b). Furthermore, the origi-
nal maps from Ptolemy’s Geographia book are not preserved
and seem to have been created by an engineer (mechanikos)
named Agathodaimon from Alexandria, who was employed
as an expert to translate geographical data into visual repre-
sentations (Mittenhuber, 2010, p. 109). Ptolemy reports that
the records of Marinus of Tyre, who made “many publica-
tions of the revision of the geographical map . . . [and] con-
sulted the maps of his predecessors” were the prime source
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Figure 14. The overlay of coastlines on the Carta Riccardiana with the modern Mercator map and the hypothesised assemblage of regional
maps in distinct equidistant cylindrical projections (the upper part) and its overlay with an assemblage that has been slightly adjusted in
terms of scale and shift (the lower part). The magnitudes of shifts are expressed with the respect to the physical dimensions of the Carta
Riccardiana. Basemap shapefile source: http://www.marineregions.org (Claus et al., 2017).

of his geographical data, and he criticised much of Marinus’s
methodology regarding its merit. Marinus’s records are ei-
ther lost or yet to be discovered, and the 10th-century Persian
scholar al-Masudi claimed to have analysed his geographical
treatise, concluding that its maps substantially outperformed
those of Ptolemy (Nordenskiöld, 1897, p. 10; Berggren and
Jones, 2000, pp. 23, 25, 48). Consequently, it remains inde-
terminate how accurate the maps of Marinus and Ptolemy
were, and, crucially, the extent of Claudius Ptolemy’s overall
authority, particularly in light of Robert R. Newton’s work
The crime of Claudius Ptolemy (Newton, 1977). In it, New-
ton extensively and meticulously exposes Ptolemy’s subpar

accuracy of astronomical observations presented in his work
Almagest (Syntaxis Mathematica in Latin), which were in-
ferior to those documented by Hipparchus centuries prior,
a fact that French mathematician, astronomer, and geode-
sist Jean Baptiste Joseph Delambre pointed out already in
the early 19th century. Considering the aforementioned fac-
tors, along with the scarcity of historical records from classi-
cal antiquity – such as the absence of less sophisticated ver-
sions of the complex Antikythera mechanism and the lack of
documentation regarding the creation and use of analogous
devices – it is conceivable that the principles of equidistant
conic projection were recognised prior to Ptolemy; that an
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individual or individuals before, concurrently, or after him
created maps with improved longitudinal accuracy using Er-
atosthenes’s calculations of the Earth’s great circle; or even
that Claudius Ptolemy later authored a revised and corrected
edition of the original Geographia, accompanied by more ac-
curate maps, which may have subsequently been destroyed or
lost. The standard coverage of portolan charts corresponds
with the territorial extent of the Roman Empire under Tra-
jan in the late first and early second centuries CE, suggesting
the possibility of an organised systematic field survey, poten-
tially covert, as proposed by Helmut Minow (Minow, 1998).
Future discoveries of cartographic artefacts from that pe-
riod or further authentic written records may provide a more
thorough comprehension of the origins of portolan charts,
thereby diminishing reliance on numerical reconstructions.

8 Conclusions: summarising the classical antiquity
origin of spatial data underlying portolan charts

Comprehensive cartometric analyses of portolan charts, in-
cluding the author’s prior publications, have yielded substan-
tial evidence indicating that the spatial data underlying them
are not the result of a collective and systematic compilation
of navigational observations from the late Middle Ages, but
are instead likely composites derived from earlier originals.
This study integrates cartometric analyses with established
historical data and represents the inaugural clear and straight-
forward proposal regarding the mechanism through which
late mediaeval Italian copyist-cartographers could have as-
sembled this composite. The proposed model explicitly ad-
dresses the disparities in the scales of representation (seem-
ingly diminished scale of the Atlantic coasts versus an aug-
mented scale of the northern portions of the Mediterranean
Sea and the Black Sea) and illustrates that the typical an-
ticlockwise tilt of the coastlines on these charts is not at-
tributable to magnetic declination.

This research not only offers a rigorous and detailed re-
buttal of the hypothesis regarding mediaeval data sources for
the creation of portolan charts but also, exemplified by the
Carta Riccardiana, establishes that the subsections of por-
tolan charts were not derived from the old maps originally
made in the Mercator or some Mercator-like projection. In-
stead, they exhibit superior planimetric accuracy compared
to equidistant cylindrical projections calibrated to their mid-
latitudes, a concept originating from classical antiquity and
attributed to Marinus of Tyre. A model was developed that
considers the late mediaeval cartographers’ lack of under-
standing the differences between the spherical geometry of
the Earth’s surface and the Euclidean geometry of map pro-
jections. It posits that they graphically amalgamated their re-
productions of ancient originals to create a relatively seam-
less composite, utilising a map in equidistant conic projec-
tion, attributed to Claudius Ptolemy, as a reference model.

The model tangibly demonstrates that if regional maps
with high planimetric accuracy, based on the projection of
Marinus of Tyre and depicting the northern Mediterranean,
are conformally scaled by longitude (to visually align them
with those representing the southern zone with the standard
parallel ϕ0= 36°), while the North Atlantic map remains un-
altered in terms of scale, a composite image that plausibly
aligns with the coastal contours of the Carta Riccardiana in
terms of scale is produced. Moreover, if one incrementally
rotates the segments of this composite starting from Gibraltar
by approximately half the magnitude of the meridian inclina-
tion in Ptolemy’s first projection centred at Gibraltar and sub-
sequently only marginally shifts those segments, the resultant
configuration closely mirrors the geometry of the Carta Ric-
cardiana, presumably crafted by Pietro Vesconte.

The square grids in al-Shirazi’s schematic of a “Greek
map” and the Pisane and Avignon charts, and the diverse
alignments of linear scale bars rendered on portolan charts
all suggest that late mediaeval cartographers and naviga-
tors were seemingly unaware of the fact that, because of
the sphericity of the Earth, the distance traversed N–S cor-
responds to uniform intervals of latitude globally, whereas
the same distance traversed W–E encompasses an increas-
ing number of degrees of longitude as one approaches the
poles. Consequently, it appears highly unlikely that they pos-
sessed the genuine capacity to create a mosaic of underlying
images (the subsections of portolan charts) that conditionally
depict this phenomenon on a flat map surface, akin to plotting
meridians as parallel lines where longitudinal distances are
preserved exclusively along their proprietary mid-latitudes.
If that were the case, the northern areas of the Mediterranean
and the Black and Azov Seas would be portrayed at a reduced
map scale, as opposed to the enlarged scale that has been con-
sistently employed. Moreover, except for the Cortona chart,
the wind roses on portolan charts have been consistently ori-
entated towards the uniform (north) direction, despite the ac-
tual discrepancies in the anticlockwise tilts of their subsec-
tions, thereby rendering them less effective for navigation
in specific areas. This indicates that late mediaeval copyist-
cartographers and navigators were compelled to rely entirely
on the source maps they obtained and graphically assembled,
as their scientific and technological limitations hindered their
ability to create a more accurate and internally coherent car-
tographic representation of the charted regions.

Given that the proposed model has plausibly validated the
author’s hypothesis regarding the classical antiquity origin
of spatial data underlying portolan charts – corroborated by
three historical sources from the late Middle Ages – further
inquiry into their origins should be pursued not only in medi-
aeval archival records but also in classical antiquity sources,
or justifiably broaden the investigation in that direction.
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Appendix A

Figure A1. The principle of deriving the cosine function of mid-latitude (cosϕ) from the established chord function of double mid-latitude
(crd 2ϕ).

Appendix B

Figure B1. The proposed assemblage of nine regional maps in distinct equidistant cylindrical projections that are partially scaled and mildly
tilted by going from west to east as a graphical hybrid between the Marinus of Tyre’s projection (equidistant cylindrical projection ϕ0= 36°)
and Ptolemy’s first projection (equidistant conic projection ϕ0= 36° N) centred near Gibraltar (λCM= 6° W). All three units are rendered to
the same scale along the parallel ϕ0= 36° N and aligned with geographic north. Basemap shapefile source: http://www.marineregions.org
(Claus et al., 2017).
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