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1. Introduction

The need for visualization of populated places, and 
especially the objects in them, has been present since 
ancient times. There are various forms of visualization of 
objects and buildings, starting from two-dimensional (2D), 
three-dimensional (3D), all the way to multidimensional 

visualization. At the same time, three-dimensional 
visualization has become indispensable in spatial planning 
and city management. The need for the third dimension 
and spatial analysis arises especially as a result of the 
construction of large buildings and complexes. Also, there 
is the idea of smart cities that relate to the modern and 
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urban future, and as such require a third dimension [1,2]. 
In addition, many settlements and cities contain a large 
number of buildings of different classes, different models 
and structures, and are most often divided according to 
the degree of detail of the display of the building-level of 
detail (LoD) [3-5]. Object models are created on the basis 
of data obtained from various sources (photogrammetry, 
LiDAR imaging, remote sensing, etc.).

Due to the increasingly frequent requirements for 
credibility and timeliness in the display of 3D cities and 
buildings, there is a need for mass and fast data collection. 
At the same time, the manual data processing procedure 
is in principle time consuming and it is impossible to 
repeat procedures with the same results, primarily due to 
subjectivity in the work. Automated procedures enable 
a larger amount of data that needs to be processed in the 
shortest possible time and credibly. Also, the fields of 
application of 3D models of cities are quite different, 
such as planning and construction of infrastructure 
facilities, environmental monitoring (air pollution, noise 
propagation), observation of roads and green areas, 
solving emergencies [6].

Recently, space data can be obtained by active and 
passive sensors in the form of point clouds (LiDAR 
recording). Point cloud data represent a specific surface 
geometry using an object-independent distribution of 
points with uniform quality. However, this form of 
representation is not suitable for many applications. 
Some more sophisticated tasks require generalization and 
simplification of data models. The process of generating 
3D models of buildings and structures are just such a case.

The ideas and approaches taken to aid the problem 
of geometry construction have two strands: the creation 
of imagined geometry for virtual worlds and the 
reconstruction of geometry as it exists in the real world 
from measured data. Both commercial and academic 
spheres of research have investigated the automated 
reconstruction of geometry from point clouds [7-12].

New approaches to boundary detection employ 
different properties of the data. Some authors make use 
of LiDAR data to automatically extract the boundary 
of water bodies [13]. They present two algorithms for 
boundary detection. For the first, the centroid of the region 
of interest is computed and an imaginary line is generated 
between the centroid and the farthest point. Then, more 
imaginary lines are generated between the centroid and 
each point in the region of interest. The angle between the 
main line and each generated line is computed to create 
a range between 0° and 360°, then for each degree the 
furthest point from the centroid is assigned as a boundary 
point. The second algorithm converts the cloud data into 

an image format. The resulting image is transformed into 
a binary representation and after that the pixels between 
the white and black colors are assigned as the object 
boundary [13]. The collected data are further processed 
to obtain fully developed photorealistic virtual 3D city 
models. The goal of this research is to develop a virtual 
3D city model based on airborne LiDAR surveying and 
to analyze its applicability to Smart Cities applications 
[14]. They identify each roof patch from the LiDAR dataset 
firstly and secondly an improved Canny detector is used 
to extract the initial edges from the imagery data. Finally, 
the boundary is computed by fusing the roof patches with 
the initial boundary segmented from the images [15].

Automatic object modelling from point cloud data 
spans across a wide variety of domains. Multiple attempts 
use different segmentation methods with varying results. 
It seems that the more promising methods employ a 
combination of segmentation methods and semantic 
information, with a boundary extraction component. 
The boundary extraction component may be used to aid 
in segmentation of objects with the characteristic shape 
where segmentation methods based on local descriptors 
may exceed object boundary resulting in improper 
segmentation [6,9,16,17].

3D models of cities are especially interesting. There 
are various terms used for 3D city models, some of 
which are: “Cybertown”, “Cybercity”, “Virtual City”, or 
“Digital City” [18]. The first 3D city models began to be 
applied at the end of the last century, accompanied by 
great difficulties, primarily due to the lack of appropriate 
application tools as well as standards that prevented the 
wider use of such models. The City Geography Markup 
Language Open Geospatial Consortium (CityGML OGC) 
standard is the first standard in the field and describes 
five LoDs for structuring the geometric and semantic 
characteristics of 3D data, however these LoDs have been 
shown to be ambiguous and limited (Figure 1) [19].

Figure 1. The five LoDs of the OGC CityGML [19]

In the past, virtual city models were most often used 
for visualization or simple graphical search of urban 
areas. Today, however, virtual 3D city models provide 
important information for various aspects of urban area 
management. Their application becomes extremely 
important during the construction, use and management 
of urban infrastructure [18]. The amount of detail that is 
captured in a 3D model, both in terms of geometry and 
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attributes, is collectively referred to as the LoD. In fact, the 
LoD concept is important in all steps of a typical ‘life 
cycle’ of a 3D city model, even prior to any acquisition 
has taken place. When creating 3D models of cities, LoD 
determines the data collection technologies that should be 
used, because different models are the result of different 
data collection approaches. For example, LoD defines 
the minimum point cloud density when using aerial laser 
scanning technology. When collecting data, LoD serves 
as the main guide on how detailed the data should be 
collected [19].

2. Methodology and Technology of the Study

2.1 Case Study Area

Tuborg Havn or Port of Tuborg is a marina and 
surrounding mixed-use neighbourhood in the Hellerup 
District of Copenhagen, Denmark. Located on a peninsula 
on the north side of Svanemølle Bay, just north of the 
border to Copenhagen Municipality, it is the result of a 
redevelopment of the former industrial site of Tuborg 
Breweries which ceased operations in 1996. The marina 
is operated by the Royal Danish Yacht Club which also 
has its club house at the site (Figure 2). Other local 
landmarks include the Experimentarium science centre, 
the Waterfront shopping centre and the Saxo Bank 
headquarters [20].

Figure 2. Tuborg Havn area [20]

2.2 Experimental Program

The experimental design was performed in the 
ArcGISPro software. It supports data visualization, 
advanced analysis, and authoritative data maintenance 
in 2D, 3D, and 4D. Also, it supports data sharing across 
a suite of ArcGIS products such as ArcGIS Online and 
ArcGIS Enterprise, and enables users to work across the 
ArcGIS system through Web GIS [21]. It is used to perform 
raster analysis and work with large sets of LiDAR 

data in 3D [22]. In ArcGIS Pro, a body of related work-
consisting of maps, scenes, layouts, data, tables, tools, and 
connections to other resources-is typically organized in 
a project. A project has its own geodatabase and its own 
toolbox [22].

Model builder is an application within ArcGIS Pro that 
is used to create, edit and manage models. Models are 
workflows that combine a number of geoprocessing tools, 
using the output of one tool as input to another tool. The 
model usually consists of at least three elements:

- input data (blue circles);
- geoprocessing tools (yellow squares);
- output data (green circles).
Model builder can also be considered a visual pro-

gramming language for building workflows [23]. Instead of 
running each tool one at a time, a created model takes the 
input data, transforms it with a series of tools, and then 
creates the output data. The tools needed to form a model 
can be added in two ways. The first is by searching in the 
Add Tools To Model window and adding tools by dou-
ble-clicking on the model. Another way is to simply drag 
the geoprocessing tool into the model from the Geopro-
cessing window or the Catalog window [24,25].

There is a possibility that several different users use the 
created model for the same purpose. Therefore, the input 
data and the output data have completely different names. 
Instead of static inputs and outputs, they need to be set 
dynamically as parameters. When input or output data are 
set as parameters, users can enter their data and set their 
output paths or storage locations [26].

3. Processing of Data

The created model for performing the task of work 
can be divided into two parts that are interconnected 
(Figure 3). The main result of the first part of the model 
is a digital elevation model (DEM). Within the second 
part of the model, the classification of point clouds were 
performed with the aim of obtaining the points of the 
roofs of buildings and the necessary data processing was 
performed. The final results of the second part of the 
model are 3D models of objects and 2D polygons in .shp 
format with information on the maximum and minimum 
height of 3D models of objects.

The tools used in the model are described below, 
starting with the first part of the model. Although the 
model is universal, for a concrete example, a point cloud 
related to the settlement of Tuborg Havn in Copenhagen, 
Denmark was used as input data (Figure 4). All data used 
comes from the Danish government website [27,28] and is 
also available through the website [29].
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Figure 4. Orthophoto of area of interest (Tuborg Havn)

The point cloud data were split into two files, so it 
was necessary to merge them into a single file. The two 
LAS point clouds come from a project managed by the 
Danish government and resulting in lidar coverage for the 
entire country. The merging of these two files was done 
by creating a new LAS dataset. The created LAS dataset 
called Tuborg_Havn.lasd, which represents the input data 
is shown in Figure 5.

Figure 5. View the created LAS dataset

Prior to the model creation process, a new Toolbox 
was created in the Catalog called Building_Extraction.
tbx. Within the toolbox, a model with the same name 
Building_Extraction was created. The tools used in the 
first part of the model are: Classify LAS Ground, Make 
LAS Dataset Layer, LAS Dataset To Raster, Classify LAS 
noise (Figure 6).

Figure 3. Appearance of the created model



5

Journal of Geographical Research | Volume 05 | Issue 02 | April 2022

The Classify LAS Ground tool was used at the 
beginning of the model. The result of the tool is a modified 
point cloud Classified LAS to which the classification 
code 2 - Ground has been added (Figure 7).

Figure 7. Classification code 2 – Ground

After the ground classification was performed, the 
Make LAS Dataset Layer tool was used. The output layer 
LAS_Ground represents the layer to which the filter for 
classification code 2 - Ground was applied. After filtering 
the point clouds and creating a layer that represents the 
ground, the DEM was created using the LAS Dataset To 
Raster tool. The created DEM is displayed in Figure 8.

After determining the ground points, the next step is 
to identify the noise among the remaining unclassified 
points. Noise points correspond to points that are too high 
or low and are probably the result of random errors in 
lidar data. The Classify LAS noise tool was used for noise 
determination purposes. The LAS tool classifies points 
with atypical spatial characteristics as noise. The tool was 
used twice. The first time for low noises (Low Noise), and 
the second time for high noises (High Noise).

After the classification of noises, in the second part of 
the model, the classification of buildings, i.e. points that 
define roofs, was performed and additional data processing 
was performed to obtain the final result in a vector format 
containing 3D models of buildings. The tools used 
within the second part of the model are: Classify LAS 

Building, Make LAS Dataset Layer, LAS Point Statistics 
As Raster, Raster to Polygon, Select Layer By Attribute, 
Eliminate Polygon Parts, Regularize Building Footprint, 
LAS Building Multipatch, Multipatch Footprint. Figure 9 
shows the appearance of the second part of the model.

Figure 8. Created DEM resolution 0.5 m

In the second part of the model, the Classify LAS 
Building tool was used. The tool is used to classify 
building rooftops and sides in LAS data. The Classify LAS 
Building tool uses a combination of methods to identify 
the building points. The ground points must be separated 
out before running the tool. Among the unassigned points, 
the tool identifies solid surfaces where there was only 
one return per laser pulse. In contrast, an area with trees 
may have several returns per laser pulse because the light 
reaches and reflects from several levels in the foliage 
or even the ground. The Minimum Rooftop Height and 
Minimum Area parameters are also important to make 
sure that a surface that is too low or too small in the area 
is not mistakenly classified as a building. The Aggressive 
method was chosen for the Classification Method. Within 
this method, points corresponding to the characteristics 
of a flat roof with a relatively high tolerance to protrusion 
were discovered. The points identified as buildings are 
placed in classification code 6 - Buildings (Figure 10).

Figure 6. Presentation of the first part of the model
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Figure 10. Classification code 6 – Buildings

After classifying the points of the roofs of the 
buildings, it was necessary to separate the 2D contours 
of the buildings. Figure 11 shows the points identified as 
buildings.

Figure 11. Classification code 6 - Buildings i  
orthophoto (2D)

Orthophoto provides insight into what real buildings 
look like. However, the perspective in a photograph 

can make it difficult to achieve a complete visual 
match between the contour of the building (or the LAS 
points of the building) and the building below it. In the 
continuation, a raster was formed that corresponds to the 
location of the LAS points of the building. Before forming 
the raster, the Make LAS Dataset Layer tool was used 
again to create the layer LAS_Building_Layer. The LAS 
Point Statistics As Raster tool was used to form the raster 
Buildings_Raster. The next step was to convert Buildings_
Raster to a polygon layer. The Raster to Polygon tool 
was used for this process. A polygon named Buildings_
Raw has been created that contains defects. The first step 
in eliminating the defects was to eliminate the smallest 
polygons based on the value of the Shape_Area attribute. 
Based on the analysis of all facilities, 70 m2 was selected 
for the limit value. Then, polygons larger than that value 
selected and the others were eliminated. The polygon 
selection procedure was performed using the Select 
Layer By Attribute tool. The next step was to remove the 
cavities within the polygon using the Eliminate Polygon 
Part tool. In this case, cavities with an area of 50 m2 or 
less were eliminated. The next tool used is the Regularize 
Buildings Footprint tool. This tool is used to correct the 
stepped edges of polygons, i.e. to eliminate errors in 
their geometry. The Right Angles method was chosen for 
the method, which focuses on buildings with clean right 
angles. The result of the tool was a feature class called 
Buildings_Footprints (Figure 12).

Figure 9. View second part of the model
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Figure 12. Buildings_Footprints

The LAS Building Multipatch tool was used to 
create realistic 3D models of objects. The tool is used 
to create models of buildings derived from roof points 
recorded in lidar data. The building model is generated by 
constructing a triangulated irregular network (TIN) from 
selected LAS points located within the building contour. 
The contour is embedded in this TIN as a truncated 
polygon whose height is defined by the lowest point of the 
LAS within its range. The ground height is the foundation 
of the building and can be reported either from the field in 
the attribute polygon attribute table or from the elevation 
surface (DEM). The created data were used for input 
data: DEM, LAS dataset points classified as buildings 
(LAS_Building_Layer) and building contours (Buildings_
Footprints). The result is a multipatch layer, a format that 
can store complex 3D vector characteristics. 

At the end of the model, the Multipatch Footprint tool 
was used. The tool is used to create 2D polygon object 
contours in .shp format, created within a multipatch 
variable. The attributes Z_min and Z_max are added to 
the existing attributes based on the height of the created 
object models. The layout of the created polygons is the 
same as Buildings_Footprints, but with added attributes. 
The name of the output .shp file is user-defined. Figure 
13 shows a pop-up window with information showing the 
attributes that have been added.

For the created model to be universal and to be able 
be used with different input data, certain input and output 
data are set as parameters. When input and output data are 
set as parameters, users can enter their data and set their 
output paths or storage locations. After saving the model 
with parameters, the model can be launched by double-
clicking within the Toolbox in which it is located, as well 
as other tools (Figure 14). 

Figure 13. Pop-up window with object information  
(2D_Shape)

Figure 14. Appearance of the running model window

4. Results and Discussion

The point cloud, obtained by laser scanning, is 
classified into several classes: ground, high and low 
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noise and buildings. As stated in the paper, after the 
classification of ground points, a DEM was created, which 
was further used in the tools in which it was needed. 
Primarily in the classification of low noise based on the 
soil surface. After the calcification of noise inside the 
cloud of points, the classification of roofs of buildings was 
performed, i.e. facilities. Then, a raster was created from 
those points, and after that a polygon to which certain 
tools were applied in order to obtain the most realistic 
contours of the objects. The last step was to create 
realistic 3D models of objects, as well as 2D polygons 
obtained from point clouds. To create the final result, the 
previously obtained results in the model were used, and 
they are: DEM, points classified as buildings and contours 
of buildings, i.e. facilities.

The results of the work are models or tools for the 
automated process of creating 3D models of objects based 
on the raw point cloud. Within the tool, the classification 
of point clouds was performed, a DEM was created, and 
after that, the geometry of the objects was extracted. 
The last step was to create 3D objects. The final results 
represent a set of 3D objects, i.e. buildings in vector 
format, as well as 2D polygons of created 3D objects. 
The created multipatch layer with realistic 3D models of 
objects and with the created DEM set as a reference of the 
ground surface is shown in Figure 15. 

Figure 15. Multipatch_3D_Buildings

Some of the buildings are located just above ground 
level. This is because they are generated using the created 
DEM as a reference for the ground level. Because the 
DEM is created from very precise lidar data, it represents 
a slightly different and more detailed terrain than the 
default WorldElevation3D / Terrain3D layer used within 
the display scene to model the ground in 3D. For a 
more accurate view of the terrain within the Contents 
window, below Elevation Surfaces, the created DEM has 
been added for Ground using the Add Elevation Source 
option and selected as a ground surface reference. A 

zoomed view of the created 3D object models is shown in  
Figure 16. 

Figure 16. Multipatch_3D_Buildings, close-up

Within the tools in the model, the values obtained 
by the analysis of the localities for which the data were 
collected were used. Although the model is universal, 
one should still take into account the locality and 
characteristics of the objects within it. The main advantage 
of the created tool is the possibility of automatic data 
processing, based on the parameters defined by the user.

5. Conclusions

In this paper, a model was formed, and later a tool for 
creating an automated procedure for creating a 3D city 
model based on a raw point cloud. The main intention 
was to create a tool that is universal for designing. In this 
way, the tool can be used by all users who need it. Also, 
there is a possibility for free choice of input and output 
parameters, and most importantly the input LAS dataset, 
i.e. point clouds.

The entire process is fully automated. The main 
disadvantage of the tool is the need for very high quality 
input data. The processing of different data sets showed 
that in order to achieve high-quality object models, it is 
necessary to use a very dense point cloud as an input. 
The application of a sparse point cloud results in the 
creation of lower quality object models. As stated in the 
paper, the obtained 3D models can be used for various 
purposes such as flood simulation, noise estimation, solar 
energy estimation, visibility analysis, spatial planning and 
many others. Advances in data collection methods and 
technologies for the automatic realization of 3D models 
are evolving very rapidly, which will make it easier to 
describe spatial data and their photorealism in the future 
[16,30].

A procedure was created to perform the task, which 
was later converted into a tool within the Model Builder 
application, in the ArcGIS Pro software environment. The 
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input data are an unclassified point cloud obtained by the 
LiDAR system, which is subsequently structured through 
the application. Based on the classified point cloud, a 
DEM was created, object geometry was extracted, and 
realistic 3D object models were formed in the form of 
a multipatch layer, a format that can store complex 3D 
vector features.
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This paper traces the sixteenth-century addition and removal on maps of 
a bulge on the southern coast of Chile. Abraham Ortelius was primarily 
responsible for these changes and many cartographers followed his lead. 
Then, Ortelius rotated the coastline of Chile from northwest to north. Later, 
he dropped the latitude of the islands of San Pablo and Isla de los Tiburones 
down six degrees. He named the Amazon River “Río de las amazons.” 
Finally, he removed the cities with fake Native-American-sounding names 
along the Pacific coast of North America. The research underlying this 
paper examined over seven-hundred sixteenth-century maps made by six-
dozen cartographers. This paper cites five-dozen maps by four-dozen 
cartographers. In the traceability section of this paper, this information was 
condensed into a traceability diagram, which shows the chronological flow 
of information among a score of cartographers. Using this information, this 
paper traced the influence of one cartographer on another: it showed who 
influenced whom. It showed the spread of knowledge. Ortelius was at the 
center of most of this knowledge explosion.
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1. Introduction

In the mid-sixteenth century, printed world maps began 
showing the west coasts of the South and North American 
continents. Most maps were similar: each subsequent map 
maker just added details. Examining Sebastian Cabot’s 
1544 map (Figure 1) shows an incipient bulge on the 
southern coast of Chile. This bulge might have grown 
into the bulge of Girolamo Ruscelli and subsequently 
into the bulges of Abraham Ortelius and Gerard Mercator 
1569-70 (Figure 2). In the next thirty years, dozens of 

cartographers followed their lead. 
The next world-shaking change occurred in 1588 when 

Ortelius removed the bulge on the southern coast of Chile: 
again almost everyone followed suit. In 1587 Ortelius 
rotated the coastline of Chile from northwest to north: 
other cartographers followed. Once again, Ortelius seems 
to have been the leader in removing the westward lean of 
the Chilean coast. Later in 1589, he dropped the latitude 
of the islands of San Pablo and Isla de los Tiburones down 
six degrees. For example, on his maps, he moved San 
Pablo from 15° S latitude to 21° S latitude. Again a whole 
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group of cartographers followed him. In 1570 he invented 
the name “Río de las amazons” (River of the Amazons) 
and dozens of cartographers did likewise. Finally, in 
1589, he removed the cities with fake Native-American-
sounding names along the Pacific coast of North America: 
others eventually followed him.

These actions (adding ① 1 and removing the bulge on 
the southern coast of Chile, rotating the coast of Chile, 
‘moving’ San Pablo and Isla de los Tiburones, naming 
the Amazon River, and removing the cities with Native-
American sounding names) indicate that Ortelius was the 
leader and a dozen or more cartographers followed his 
lead.

Aim: The aim of this paper is to show the sixteenth-
century evolution of the bulge on maps of the southern 
coast of Chile.

Scope: The scope of this paper is printed sixteenth-
century nautical world maps.

The Literature Review for this paper consists of listing 
the cartographer, the name of the map being cited, and 
its year of publication. This literature review is in the 
appendix. These 65 maps listed in the appendix are then 
linked to their URLs with http://sysengr.engr.arizona.edu/
URLsForSixteenthCenturyMaps.xlsx.

2. Materials and Methods

This paper traces changes from cartographer to the 
cartographer. Our most successful technique for exploring 
the traceability of sixteenth-century nautical maps was 
analyzing visually distinct features on these maps. For 
example, we investigated the bulge on the southern coast 
of Chile. Features like that are the focus of this paper. 
This is not a traditional history paper as is common in the 
field of geographic exploration and discovery. It does not 
present the religious, familial, or national relationships 
of the cartographers. Rather it introduces systems 
engineering tools into nautical cartography. In this study, 
these tools are traceability and tradeoff studies. We did 
not make a statement about a map and then reference an 
earlier paper that made a similar statement. Rather we 
made a statement and then pointed to a feature on a map 
that supported the statement. Furthermore, the “literature 
review” section of this paper is given in the appendix as 
a list of maps that have relevant information. Using these 
maps, this paper traces particular geographical features 
and suggests who instigated the changes.

① We are not saying that Ortelius invented the bulge on the coast 
of Chile. He did not: Ruscelli did. We are merely saying that many 
cartographers followed Ortelius. We will discuss this later.

Fourteenth- and fifteenth-century Portolan charts ② 2 
and sixteenth-century world maps had features, and 
toponyms that came and went. These features and 
toponyms were moved geographically and their shapes 
were changed. They were continually added but seldom 
removed. Changes were rarely explained. An exception that 
proves this rule is the Francesco Beccario [1] (Franciscus 
Becharius) Portolan chart of 1403. On this chart, he wrote 
to his readers that he had moved Sardinia and changed 
the distance scale of the Atlantic with respect to the 
Mediterranean. This type of explanation was very unusual 
in Portolan charts. 

In contrast, starting with Ortelius in 1570, atlases had 
much more off-the-map text than they had maps. For 
example, Ortelius’s 1571 atlas Theatrum Orbis Terrarum 
comprises 200 pages of which only 95 are maps. This 
present paper investigates prominent features like the 
bulge on the southern coast of Chile precursors of which 
might have shown up in 1544 and the bulge itself faded 
away starting in 1587. We suggest that Girolamo Ruscelli 
was the cause of its appearance and Abraham Ortelius was 
the cause of its disappearance. 

The research underlying this paper examined over 
seven-hundred sixteenth-century maps made by six-dozen 
cartographers. This paper cites five-dozen maps by four-
dozen cartographers. In the traceability section of this 
paper, this information was condensed into a traceability 
diagram. This diagram shows the chronological flow 
of information among a score of cartographers. Using 
this information, this paper traced the influence of one 
cartographer on another: it showed who influenced whom.

3. Results

3.1 Magellan’s Voyage, AD 1519 to 1522

Ferdinand Magellan did not leave a map of his 
circumnavigation of the world in 1519-22 [3]. However, 
we do have the logbook of his pilot Francisco Albo [4]. It 
records that on 2 December 1520, they were off the coast 
of Chile at 47° S latitude. From there they sailed up the 
coastline for fourteen days with an average azimuth of 
20°, NNE. On 16 December at 36° S, they changed course 
to go northwest, out into the Pacific Ocean. This means 
that for two weeks they followed the Chilean coast, and 

② Portolan charts are mostly fourteenth and fifteenth-century nautical 
charts of the Mediterranean and Black Seas. Their coastlines are crowd-
ed with names of cities, towns, ports, harbors, rivers, points, capes, etc. 
They are detailed and accurate. They were built on a framework of inter-
connected rhumb lines emanating from maybe eight or sixteen compass 
roses encircling the canter of the map. They were the first large-area 
maps since the lost maps of Ptolemy of the second century AD.

http://sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx
http://sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx
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covered 740 miles (we use statute miles in this paper) with 
an average speed of 50 miles per day (which is reasonable 
for ships of the day in that region) and an average azimuth 
of NNE. {In Albo’s notation the 16 quarter winds were 
named using the symbol ¼, for example, “N ¼ NE.” This 
would be an azimuth of 11.25°. The modern notation 
would call this North by East or NbE.} The point is 
that Magellan sailed easterly up the coast of Chile, not 
westwardly.③ 3

3.2 Add South America to World Maps, AD 1540s

Figure 1. Sections of contemporary sixteenth-century 
maps of South America. Land to the west of our green 

line is defined as the bulge. For most maps in this paper, 
the meridians of longitude and the parallels of latitude are 
ten degrees apart. However, on Cabot’s map, they are only 

five degrees apart. All of the maps in this paper are over 
400 years old: hence they are not subject to copyright 

restrictions. Modifications to the original figures belong to 
the author.

③ We assume that Albo’s azimuth measurements were made with a 
magnetic compass. According to https://maps.ngdc.noaa.gov/viewers/
historical_declination/ in 1590 the magnetic declination along the coast 
of Chile between 47° S latitude and 36° S latitude was between +4° and 
+6° east of north. This means that when Albo thought they were heading 
11° east of north, they were actually heading 16° east of true north. This 
is even farther eastward than we had expected.

The illustrations in Figure 1 come from these maps.
• Sebastian Cabot, 1544, World Map of A. D. 1544
• Gemma Frisius, 1544, La Cosmographie de Peter 

Apian …
• Antonio Pereira, 1545, Early representation of 

Newfoundland, Lower California, the Amazon, and the 
Ladrones

• Giacomo Gastaldi, 1546, Universalet
We have a database that lists and gives URLs for all 

maps mentioned in this paper. It is at this location http://
sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.
xlsx.

In Figure 1, Cabot and Antonio Pereira have drawn the 
Amazon River as a giant snake, as was common between 
1544 and 1600. However, Gemma Frisius does not have 
an Amazon River and Giacomo Gastaldi has his Amazon 
River running from south to north! Cabot and Gastaldi 
have a suggestion of a bulge on the coast of Chile, 
indicated with red arcs. 

In 1541-1542, a Spanish conquistador and explorer, 
Francisco de Orellana, and his crew sailed the length of 
the Amazon River from west to east.4 ④ They were the 
first Europeans to explore this river [5]. The next year, in 
Portugal, they plausibly shared their travel logs with the 
Portuguese Captain Antonio Pereira. Then he or some 
unknown Portuguese cartographer created a world map 
containing South America. On it, the Amazon River 
is shaped like a giant snake with its tail in the Andes 
Mountains and its head on the coast of the Atlantic Ocean 
(Figures 1 and 2) [6]. At about the same time that Orellana 
was sailing down the Amazon River, Sebastian Cabot 
explored the Americas for Spain. From his first-hand 
knowledge and knowledge from other cartographers, 
he created his map of the world.5 ⑤ A third cartographer, 
Gemma Frisius, created a globe in 1536 (with the 
assistance of his graduate student Gerard Mercator) and 
a world map in 1544. It also had South America. A fourth 

④ Orellana and his crew had no intention of sailing to the Atlantic 
ocean, when they started their trip on the Pacific coast. They merely 
intended to climb the Andes. But when they found themselves at the 
bottom on the east side, they decided it would be easier to sail down the 
Amazon River rather than climb back up the Andes. They had brought 
nails with them, so they chopped down trees and made boats. Then they 
sailed east to the Atlantic Ocean. In this paper, we tried to base our judg-
ments strictly on what was on the maps. But in this case, we must com-
ment that this trip was so harrowing, the sailors probably exaggerated all 
details.
⑤ The year 1544 is widely accepted as the date this map was created/
published. However, no copies of the original map exist. The copy in 
the Boston Public Library contains a date of 1544, which was probably 
added in 1897: https://collections.leventhalmap.org/search/common-
wealth:7h149v62n. There are several older copies in the BnF: Biblio-
thèque nationale de France, https://data.bnf.fr/12574640/sebastien_
cabot/ and https://gallica.bnf.fr/ark:/12148/btv1b55011003p/f1.item This 
is the only map attributed to Sebastian Cabot.

https://maps.ngdc.noaa.gov/viewers/historical_declination/
https://maps.ngdc.noaa.gov/viewers/historical_declination/
http://sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx
http://sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx
http://sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx
https://collections.leventhalmap.org/search/commonwealth:7h149v62n
https://collections.leventhalmap.org/search/commonwealth:7h149v62n
https://data.bnf.fr/12574640/sebastien_cabot/
https://data.bnf.fr/12574640/sebastien_cabot/
https://gallica.bnf.fr/ark:/12148/btv1b55011003p/f1.item
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cartographer, Giacomo Gastaldi, created his map in 1546. 
The shape of South America is similar on all four of these 
world maps in Figure 1. Note that the west coast of Chile 
slopes at about a 20° angle, NNW, in these maps. This is 
contrary to the direction given in Albo’s log of Magellan’s 
voyage, which was NbE, and contrary to its actual 
azimuth. Figure 6 shows that from 45 °S latitude up to the 
Tropic of Capricorn the actual coast slopes 8° eastward. 
Even so, for the next four decades, the maps of the South 
America held this incorrect NNW slope, see for example 
Guillaume Le Testu 1556, Diogo Homen 1558, Paolo 
Forlani 1560, Bartolomeu Velho 1561, Diego Gutiérrez & 
Hieronymus Cock 1562, Ortelius 1564, Donato Bertolli 
1568, Domingos Teixeira 1573, Giovanni Massa 1580, 
and Bartolomeu Lasso 1586.

In the Atlantic Ocean, at the Equator, near the mouth 
of the Amazon River, the maps of Ortelius (and many 
subsequent maps) have labeled it Rio de las Amazons. 
Some of the details in this paper, like this label, might 
be too small to see on the published figures. Therefore, 
we have provided a list of Internet sources for the maps 
mentioned here. This list/database is located at http://
sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.
xlsx. This list contains URLs for high-resolution original 
maps that are mostly in the public domain: that is, they 
are free of known restrictions under copyright law. Just 
click on a URL in this file and you will be connected to an 
original map.

The earliest maps we have found containing the whole 
continent of South America are those made by Pereira 
1545, Frisius 1544, Cabot 1544, and Gastaldi 1546 
shown in Figure 1. We do not assert a chronological 
order amongst these four maps because the dates are only 
estimates and the cartographers would have been working 
on these maps concurrently for a long time.

3.3 Add a Bulge to the Coast of Chile, AD 1561-70

Pereira and Frisius have no hint of a bulge on the 
southern coast of Chile. However, the maps of Cabot and 
Gastaldi have a suggestion of an incipient bulge on the 
coast. Two decades later, prominent bulges appeared on 
maps.

We have a database that lists and gives URLs for all 
maps mentioned in this paper. It is at this location http://
sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.
xlsx.

Table 1 lists a few cartographers/maps produced 
between 1544 and 1587 that might have a bulge on the 
southern coast of Chile. To categorize these maps we 
used the coordinates of two distinct geographical points: 
the Pacific Ocean exit from Straits of Magellan, which 

has coordinates (52.6° S, 74.7° W), and the westernmost 
point in South America, the Punta Pariῇas, which has 
coordinates of (4.7° S, 81.3° W). We drew a line between 
these two points. Everything to the west of this line is 
called the bulge. We measured the east-west distance 
between the center of the protrusion and this line and 
called it the Protrusion Distance.

The 1544 Cabot map shows a small bulge on the 
southern coast of Chile. Afterward, Gastaldi 1546 and 
1548, Tramezzino 1554, and Forlani 1560 followed with 
small bulges of their own. However, if you were not 
looking for a bulge on these maps, then you probably 
would not see one. They are small.

Then, Ruscelli 1561, Orbis Descriptio, Forlani 1562, 
La.Descrittione. di. Tutto.ll. Peru. and Gastaldi and Some 
Others 1562-65 produced big bulges on their coasts of 
Chile. These bulges instigated the bulges of the next two 
decades that are shaded with red in Table 1. 

In 1561 Girolamo Ruscelli in his Orbis Descriptio map 
in his La Geografia di Claidio Tolomeo Alessandrino … 
atlas (which was just one more translation of Ptolemy’s 
Geographia) put a bulge on the southern coast of Chile, 
below the Tropic of Capricorn as shown in Figure 3. 
Except for this bulge, this map looks like a copy of 
Gastaldi’s 1546 map Universale. In seventeen years the 
bulge was the only addition.

The next maps with prominent bulges are the Forlani 
1562 and the Gastaldi and Some Others 1562-65 maps. 
The text at the bottom of the Cosmographia Universalis 
et Exactissima … the map indicates the creators as “… 
Gastaldio Nounullisque Aliis …,” which translates as 
“Gastaldi and Some Others ...” Therefore we will refer to 
this map as Gastaldi and Some Others 1562-1565.

Figure 3. Ruscelli’s 1561 Orbis Descripto map, contained 
in his atlas Geography by Claudio Tolomeo Alessandrino, 

translated from Greek into the Italian vernacular by 
Girolamo Ruscelli. Land to the west of our green line and 
below the Tropic of Capricorn is defined as the bulge on 

the southern coast of Chile. (Only the western hemisphere 
of his map is shown here.)

http://sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx
http://sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx
http://sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx
http://sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx
http://sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx
http://sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx
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Figure 2. South American sections of sixteenth-century maps.1⑥ Land to the west of our green line is defined as the 
bulge. This bulge appears on the southern coast of Chile just below the Tropic of Capricorn on the maps of Mercator 
1569 and Ortelius 1587. It is not on the maps by Gutiérrez & Cock 1562 [7], Ortelius 1588, or Van Langren 1596. The 
abbreviations P2S2 and P2S3 will be explained later in section 3.4. Unless noted otherwise, parallels of latitude and 

meridians of longitude are spaced ten degrees apart on maps in this paper.

The illustrations in Figure 2 come from these maps.
• Ribero 1529, Carta universal en que se contiene todo lo que del mundo se ha …,
• Gutiérrez & Cock 1562, Americae Sive Quartae Orbis Partis Nova …,
• Mercator 1569, Nova et Aucta Orbis Terrae descriptio …,
• Ortelius 1587 (P2S2), Typus Orbis Terrarum,
• Ortelius 1588 (P2S3), Typus Orbis Terrarum, and 
• Van Langren 1596, Orbis terrae compendiosa descriptio … 

⑥ Here are some words commonly used on charts and maps of this era followed by some abbreviations: 
Island; Ilsa, Isla, Iland, Islet, Iles, Isole, ysola, Eylant, I., Y.
Port; Puerto, P., Pt.
Cape; cabo, c.
River: rio, R.,
Saint; santo, S., san., 
In alphabets of this era, the ‘s’ was often elongated ( )e. g.  i land∫

 
making it the tallest letter. This was a characteristic of the Italic type face designed 

by Ludovico Arrighi 1527. The ‘i’ is the vowel form of ‘i’ and the ‘j’ is the consonant form of ‘i’. The ‘u’ is the vowel form of ‘u’ and the ‘v’ is the 
consonant form of ‘u’. The word diver means various.
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This bulge is centered, on average, at 35° S latitude 
in Table 1, except for Forlani 1562 and the Gastaldi and 
Some Others 1562-1565. It was often shaped as in Figure 
3. We are still developing a quantitative characterization 
of the shapes of these bulges.

Ruscelli put this bulge on his Orbis Descripto map in 
all versions of his atlas La Geografia di Claudio Tolomeo 
… 1561, 1562, 1564, 1574, 1598 and 1599. (He did not 
put the bulge on his 1562 Terra Nova or his 1561 Carta 
Marina Nuova Tavola.)

The following cartographers/maps of this era do 
not have this bulge: Frisius 1544, Pereira 1545, Pierre 
Descelier 1550, Lopo Homen 1554, Velho 1561, Gutiérrez 
& Cock 1562, and Ortelius 1564. The next cartographers 
who included this bulge on the southern coast of Chile 
were Gerard Mercator and Abraham Ortelius in 1569-70. 

In 1570, Ortelius published the first modern atlas, 
Theatrum Orbis Terrarum. Then he updated and reissued 
it just about every year. The Typus Orbis Terrarum (TOT) 
maps in his atlases from 1570 to 1587 had the bulge on 
the coast of Chile [8]. Mercator and Ortelius were early 
adopters of this big bulge in 1569-70. Others followed 
suit in adding a bulge to the southern coast of Chile, for 
example, André Thevet 1575, Nicola Van Sype 1581, Joan 
Martines 1587, Rumold Mercator 1587, Urbano Monte 
1587, Sebastian Munster 1588, Cornelius De Jode 1589 
(published in 1593), and Michael Mercator 1595. Some 
cartographers didn’t get the word and continued to publish 
maps without the bulge after 1569-1570, for example, D. 
Teixeira 1573, Massa 1580, and Lasso 1586.

3.4 Remove the Bulge from the Coast of Chile, 
AD 1587-88

In 1587-1588, Ortelius made a dramatic change: he 
removed the bulge on the southern coast of Chile. To be 
precise, he removed the bulge on the 2nd plate in the 3rd 
state (P2S3) of the Typus Orbis Terrarum (TOT) map 
printed in 1588 (Figures 2 and 4). He did the same on his 
TOT 1587 P3S1 (published in 1592), his Americae sive 
novi orbis nova descripito … 1587, and his Maris Pacifici 
1589⑦ 6. In contrast, the Mercator family kept putting this 
bulge on their maps into the seventeenth century. These 
maps by Ortelius do not have the bulge on the coast of 
Chile: Typus Orbis Terrarum 1588 and on, Americae 
sive … 1587 and on, and all Maris Pacifici. These maps 
were all contained in his atlases: they were not published 
individually. So these dates have more credibility.

In Figure 4, the only differences between the two maps 
are to the left of the green line. The bulge is the pink 
region to the left of the green line. A misalignment of the 
text can be seen in the bottom part of this figure, to the 
right of the Straights of Magellan. Otherwise, all of the 
letters are superimposed.

In Figure 2, the abbreviations P2S2 and P2S3 on the 

⑦ The year given for each map is only an approximation. I usually list 
the 1588 P2S3 Typis Orbis Terrarum before the 1587 American Sive …, 
because that is the way they are usually listed in historical documents. 
There is no absolute of how to list maps chronologically. Should we use 
the date the map was conceived? When it was finished? When it was 
published? When the atlas containing it was published? etc. I usually 
used the year given by the map owner. So take all dates with a grain of 
salt.

Table 1. Progression of the size and location of the bulge on the southern coast of Chile

Cartographer Year
Latitude of the 

bulge, °S

For the point of 
the bulge, Degrees 
west of the Straits 
of Magellan exit

For the point of 
the bulge, Degrees 

east of Punta 
Pariῇas

Protrusion 
Distance, 
degrees of 
longitude

Shape of the 
bulge

Estimated Area 
of the bulge 
in degrees 

of longitude 
squared

Actual coast 2021 48 to 50 1 5.6 1 Flat
Cabot 1544 34 13 5 5 Dome

Gastaldi 1546 32 8 9 5 Skin tag
Gastaldi 1548 31 3 1 3 Dome

Tramezzino 1554 30 8 -2 2 Cone
Forlani 1560 32 6 10 4 Skin tag
Ruscelli 1561 22 to 49 30 4 13 Dome 157
Forlani 1562 5 to 41 28 -5 19 Cone 310

Gastaldi and Some 
Others +

1562-65 5 to 41 28 -5.1 19 Cone
420

D. Homen 1565 24 to 43 33 1 20 Dome 50
Mercator 1569 27 to 47 16 -6 13 Cone 130
Ortelius 1570 34 to 43 20 -6 18 Dome 265

Francois de Belleforest 1575 34 to 43 20 -6 18 Dome 88

Ortelius
1587 
P2S2

34 to 43 20 -6 18 Dome
225

+The lines of latitude and longitude are 15 degrees apart on this map by Gastaldi and Some Others 
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Ortelius 1587 and 1588 maps stand for plate-2 state-2 and 
plate-2 state-3, respectively [9]. Most maps of this era were 
engraved on copper plates and printed from these plates. 
The printers would print a batch of maps and then set the 
plates aside. When they needed more maps, they would 
retrieve the plates and print some more. When the plates 
wore out, they would engrave a new set of plates. Maps 
printed with this second set of plates are called plate-2 
by modern historians [9]. Each set of plates would have 
occasional changes. Maps printed with these changed 
plates are called state-1, state-2, state-3, etc.

Figure 4. Superimposing Ortelius’s Typus Orbis Terrarum 
(TOT) 1588 P2S3 map of Figure 2 onto his 1587 P2S2 

map of Figure 2 shows the size and shape of this bulge on 
the southern coast of Chile. The bulge comprises almost 
one million square miles, which is four times the size of 

Spain.

For the Ortelius Typus Orbis Terrarum (TOT) map 
the first set of copper plates lasted through 16 printings 
from 1570 to 1575. In 1575 the lower-left corner cracked 
and was repaired [9]. Maps printed with this cracked set 
of plates are called TOT plate-1 state-2 (P1S2). Ortelius 
made minor alterations to his plates and in 1579 published 
his atlas containing TOT plate-1 state-3 (P1S3). In 1584 
he published TOT plate-1 state-4 (P1S4) and in 1585 he 
published TOT plate-1 state-5 (P1S5).

Then, after printing hundreds of maps, the first set of 
plates wore out. So Ortelius and his engraver Franciscus 
Hogenberg engraved a new set of plates in 1586. They 
are called TOT plate-2 state-1, or in our shorthand P2S1. 

They erased the date from the plates in 1587 and printed 
the maps now called TOT plate-2 state-2 (P2S2) as in 
Figure 2. In 1588 they removed the bulge on the southern 
coast of Chile and printed TOT plate-2 state-3 (P2S3) also 
shown in Figure 2 [9]. In 1587 they engraved their third set 
of plates for TOT. They engraved the date 1587 on them. 
(Evidentially they did not use these plates for five years.) 
These plates were used from 1592 to 1612. They are 
called TOT plate-3 state-1 (P3S1). Finally, plate-3 state-2 
(P3S2) maps began to be printed in 1628. 

The following maps do not have the bulge on the 
southern coast of Chile: Ortelius TOT 1588, etc., 
American Sive … 1587, etc., and Maris Pacifici 1589, 

After 1588 some cartographers continued to publish 
maps with the bulge on the southern coast of Chile, for 
example, Munster 1588, C. De Jode 1589 (first published 
in 1593), Theodor de Bry 1592, M. Mercator 1595 and 
into the seventeenth century, and Ruscelli 1599 (this is 
a different map, but it still has a bulge). Others either 
followed Ortelius’ lead and removed the bulge on the 
southern coast of Chile, or they had never put it there in 
the first place, for example, Jodocus Hondius 1595 and 
1597, Richard Hakluyt 1589, Emery Molyneux 1592 
[10]. Petrus Plancius 1594, Jan Baptists Vrient 1596, João 
Lavanha & Luis Teixeira 1597, Edward Wright & Emery 
Molyneux 1598, and Matteo Ricci 1602. 

We have found no explanation for why Ortelius 
removed the bulge on the coast of Chile. However, this 
mistake in the maps seems to have vexed Sir Francis 
Drake, who wrote [11],

“… we continued our course, Nouember 1, [1578] still 
North-west, as wee had formerly done, but in going on we 
soone espied, that we miglit easily haue beene deceiued; 
and therefore casting about and steering vpon another 
point, wee found, that the generall mappes did erre from 
the truth in setting downe the coast of Peru, [Drake refers 
to the whole coast as Peru, not differentiating between 
Chile and Peru. Drake continues describing the section of 
the coast between 52° S and 40° S latitude.] … perceiuing 
hereby that no man had euer by trauell discouered any 
part of these 12. deg., and therefore the setters forth of 
such descriptions are not to be trusted, much less honored, 
in their false and fraudulent coniectures which they vse, 
not in this alone, but in diuers other points of no small 
importance.”

At the end of his circumnavigation of the world, Drake 
returned to England in 1580. Molyneux was a crewman 
on Drake’s circumnavigation. We conjecture that they 
expressed Drake’s displeasure to some cartographers 
because most cartographers later changed their maps. 
This conjecture is supported by Drake’s written words 
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above, and the Silver Map of ca. 1588-89. These maps 
were stamped onto silver disks about 68 mm in diameter. 
A photograph of the western hemisphere of one of these 
is shown in Figure 5. Notice that the bulge on the coast 
of Chile has been removed. This map also shows Drake’s 
route of circumnavigation with dotted lines.

Figure 5. The Silver Map, probably created in 1588-89. 
Only the western hemisphere is shown here.

The British Museum’s two copies of the Silver Map 
are silver medals 68 mm in diameter (2.7 inches, about 
the size of a baseball) stamped with a map of the world 
showing Drake’s route of circumnavigation with dotted 
lines. They were probably manufactured in 1588-89 [12]. 
Neither of these medals has a bulge on the southern coast 
of Chile. The face of one of them is shown in Figure 5. 
The Library of Congress also has two medals and lists the 
locations of all nine existing medals.7⑧ One of their medals 
has a cartouche in the ocean near Africa. This cartouche 
states that the medal’s creator was Michael Mercator 
in 1589. The 1581 map by Van Sype was most likely 
published before these silver medals because, although 
it has the same route as Drake’s circumnavigation, it still 
has the bulge on the coast of Chile.8⑨

We suggest that Ortelius used information provided by 
Drake and/or Molyneux when he removed the bulge from 
the coast of Chile. Other people followed his lead.

⑧ Library of Congress, The Kraus Collection of Sir Francis Drake, 
http://hdl.loc.gov/loc.rbc/rbdk.d058a. the Silver Map traces to the 
Whitehall map, which disappeared in the seventeenth century. The 
Whitehall map, in turn, traces to Drake’s journal that he gave to Queen 
Elizabeth upon his return. She promptly disappeared it.
⑨ The 1587 map in Hakluyt’s publication of Petrus Martyr does not 
have the bulge on the coast of Chile. The libraries at Brown and Stanford 
Universities agree with the date on the map of 1587, which matches 
information on the map, such as the Amazon River being shaped like a 
giant snake. However, they then state that the creator of the original map 
was Peter Martyr who died in 1526, which was well before the existence 
of the bulge on the coast of Chile. This cartographer was clearly from a 
different era. For example, he did not have the islands of San Pablo, Isla 
de los Tiburones, S. Felix and S. Nabor, and his zero-longitude meridian 
was 20 degrees off from everyone else. 

3.5 Rotate the Azimuth of the Chilean Coast, AD 
1587

We now have another problem to solve. Even if the 
bulge is gone, the coast of Chile is still wrong because on 
these maps the coast slopes northwest (Figure 4), instead 
of northeast (Figure 6). 

Figure 6. Present-day South America in a Mercator map 
projection. The spacing between parallels and meridians is 

15 degrees.

One of the cartouches on the Wright & Molyneux 
1598 map states [13], “By the discoverie of Sir Francis 
Drake made in the yeare 1577 … the southern coast of 
[South] America called Chili was found, not to trend to 
the northwestwards as it hath beene described but to the 
eastwards of the north …”

The following maps do not have the bulge on the 
southern coast of Chile; however, they still have an 
average azimuth for the Chilean coast that is incorrectly 
west of north: Velho 1561, Gutiérrez & Cock 1562, 
Forlani 1565, Bertolli 1568, D. Teixeira 1573, Massa 
1580, Lasso 1586, Plancius 1594, Vrient 1596, Lavanha & 
Teixeira 1597, and Hondius 1597.

At the same time that Ortelius removed the bulge 
from the coast of Chile, he also rotated the azimuth of his 
coastline between 52° S and 40° S latitude. He did this 
on his American Sive 1587 map by removing a section 
of Chile making the coast slope north or even northeast. 

http://hdl.loc.gov/loc.rbc/rbdk.d058a
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The resulting coastline has an average azimuth that is 
north or even east of north: Ortelius American Sive 1587, 
etc., Hondius 1595 and 1597, Wright & Molyneux 1598, 
and Ricci 1602. We were careful when calculating the 
azimuth of the coastline of Chile. We used the meridians 
of longitude because different map projections can be 
misleading.

Figure 7. A present-day map of South America overlaid 
on the Ortelius 1570 Typus Orbis Terrarum. These maps 

were aligned using the north and northeast coasts of South 
America, the Equator, the Tropic of Capricorn, and the 
Straits of Magellan. The Pacific side exit for the Straits 
of Magellan is marked with a black arrow. These maps 

show that when Drake exited the Straits of Magellan, his 
maps told him to go Northwest and then West by North, 
however, he should have gone North and then North by 

East.

Maps began to show the modern shape of South 
America at the beginning of the seventeenth century. 
The southern coast of present-day Chile has an azimuth 
of 8° eastward from 45 °S latitude up to the Tropic of 
Capricorn. We now note that the southeast coast of 
Argentina and Brazil has an azimuth of 37° eastward from 
45 °S latitude up to the Tropic of Capricorn. This then 
defines the shape of southern South America. 

Our model for the shape of the southern part of South 

America is that of a trapezoid as shown in Figure 8. The 
Pacific side has an azimuth of 8° and the Atlantic side has 
an azimuth of 37°. The northern side of this trapezoid is 
along the Tropic of Capricorn and is 50° of longitude wide 
(3173 miles). The southern side of this trapezoid is along 
the forty-fifth parallel and is 17° of longitude wide (1079 
miles). Throughout the seventeenth century, most maps 
used this shape for South America.

The Wright & Molyneux 1598 map shown in the 
background of Figure 8 is close to our model with 
azimuths of 7° eastward and 42° eastward respectively. So 
its shape is good but it’s South America is too wide.

The purpose of creating such a model is to allow quick 
easy comparison of a large number of charts. Just put the 
trapezoid on top of the map and you can quickly see how 
accurate the map is.

Figure 8. A portion of the Wright & Molyneux 1598 map 
By the discouerie of Sr Francis Drake made in the yeare 
1577 is in the background. Our model for South America 

is the red trapezoid.

3.6 Drop the Latitude of San Pablo and Isla de los 
Tiburones, AD 1589

Now we have another complication to resolve. 
Removing the bulge from the coast of Chile in 1587-1588 
and redirecting the Azimuth of the coastline northward 
might have caused Ortelius to reconsider the route of 
Magellan in 1519-1522 and consequently the locations 
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of San Pablo and Isla de los Tiburónes. Their locations 
are important because no one had ever visited these 
uninhabited islands except for Magellan and his crew. 
And we do not know where these islands were. Therefore, 
information about their locations had to come from 
word of mouth, letters, texts, atlases, charts, and other 
maps, not from first-hand observations, measurements, 
or calculations. Ortelius dropped the latitude of these 
islands on his Maris Pacifici 1589 map (Figure 9) and 
his Typus Orbis Terrarum 1587 P3S1 (published 1592). 
Maps published before 1589 (for example Agnese 1541, 
Gastaldi 1546 and 1565, Forlani 1560 and 1565, Bertelli 
1568, G. Mercator 1569, Ortelius TOT 1570 to 1587, 
R. Mercator 1587, Hondius 1589, and C. De Jode 1593) 
have San Pablo island at, on average, 15° S latitude and 
Tiburones at 9° S. Whereas maps published after 1589 
(for example Ortelius 1589 Maris Pacifici, Plancius 1594, 
Hondius 1597 and Wright & Molyneux 1598) have San 
Pablo island at, on average, 21° S and Tiburones at 15° 
S. Ortelius instigated this shift but we do not know why 
he did it. Perhaps he did it because removing the bulge 
altered his concept of Magellan’s route.

Figure 9. In this Maris Pacifici 1589 map, Ortelius 
lowered San Pablo island and Isle de la Tiburones by 

about six degrees in latitude. Others followed his lead as 
shown by the arrows between the ellipses. The numbers 

inside the green box in the Ariel font are present-day 
latitudes and longitudes. Magellan’s ship the Victoria 

is being guided by the angel above its prow https://jcb.
lunaimaging.com/luna/servlet/s/35yp7r

3.7 Traceability Analysis

Traceability is an important part of the Discovering 
System Requirements activity of the System Design 
process [14]. It has been used for decades in the field of 
system design and systems engineering. As far as we 
can tell, it has not been used in the field of geographic 
exploration and discovery. We have used processes from 

this activity to trace the ancestry of sixteenth-century 
cartographers/maps. This section traces cartographers/
maps based on toponyms (names of cities, rivers, bays, 
capes, mountains, etc.) and the visual appearance of 
objects on ancient maps. 

In this section, we review previous material and 
organize it into the traceability diagram of Figure 10. 
The dates are not strictly chronological, because in the 
sixteenth-century information did not travel at the speed 
of the Internet.

At the start of our traceability analysis of sixteenth-
century cartographers/maps, we refer to four maps that 
were made around 1544-1546 by Pereira, Cabot, Frisius, 
and Gastaldi (Figure 1). There is one prominent visual 
difference between them. The Pereira and Cabot maps 
have the Amazon River represented as a giant snake with 
its tail in the Andes Mountains and its head on the coast 
of the Atlantic Ocean [6] as shown in Figure 1. The Frisius 
map does not have this representation. For this and many 
other reasons, the Frisius map is not included in our 
traceability chart in Figure 10. The Carta universal en 
que se … by Diego Ribero 1529 (Figure 2) also lacks the 
Amazon River, however, it has many other features such 
as a label for the Straits of Magellan that inclined us to 
include it in Figure 10.9⑩

The ghost information flow path from the Pereira and 
Cabot box, which is the Padrón Real inside the Casa de 
Contratación in Spain, to Gastaldi’s workshop in Genoa 
Italy is light gray. It would have been implemented with 
stolen documents.

We did not include all sixteenth-century cartographers 
in our traceability diagram. For example, cartographers 
in the Dieppe school in France made a series of world 
maps in the 1540s, 1550s, and 1560s, but they were not 
included in Figure 10. They had some similarities to these 
maps/cartographers, but no evidence of information flow.

We also omitted the Venetian cartographers Forlani, 
and Bertolli. They had similarities to these maps/
cartographers, but not enough to include them in Figure 
9. They formed an isolated branch. We have not proven a 
link between Forlani and Ortelius.

The same with Ruscelli. He was isolated in Venice. 
We cannot prove that Ortelius got his idea for the bulge 
on the southern coast of Chile from Ruscelli. We know 

⑩ The history books state that Cabot never explored the Amazon River, 
so Cabot probably got his information from Pereira and his cartographers 
and possibly from Diego Ribero’s 1529 Map of America. Therefore, 
Ribero is included in our traceability chart of Figure 10. His map may be 
the first to label the Straights of Magellan. Ribero worked on the Patron 
Real (1508-1606) at the Casa de la Contratacion in Seville as did Pereira, 
Cabot, Diego Gutiérrez (father), Diego Gutiérrez (oldest son) and San-
cho Gutiérrez (middle son). 

https://jcb.lunaimaging.com/luna/servlet/s/35yp7r
https://jcb.lunaimaging.com/luna/servlet/s/35yp7r
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that Ruscelli published his map about nine years before 
Ortelius. But we cannot prove causality. Also, we cannot 
prove that there were a group of cartographers who copied 
from Ruscelli. Whereas we have made a case that many 
cartographers copied from Ortelius.

Figure 10. Traceability diagram for sixteenth-century 
cartographers/maps that contain South America. This 
diagram was derived from information on the maps 

themselves. Therefore, the dates are only approximations. 
Actions (verbs) are in boxes with rounded corners and 

objects (nouns) are in rectangles.

The following maps have visual appearances that are 
similar to each other but dissimilar to all other maps: R. 

Mercator 1587, Plancius 1590 and 1594, Hondius 1592, 
M. Mercator 1595, De Bry 1596, and Vrients 1596. 
Some have a bulge on the coast of Chile and some don’t. 
They have a distinct appearance because they used the 
Mercator bi-hemispheric stereographic projection function 
introduced by R. Mercator in 1587. It uses curved parallels 
of latitude. We considered map projection functions but 
did not use them elsewhere in this paper.

3.8 Synopsis

The following page or so summarizes sections 3.3 to 
3.7 of this paper. In the early sixteenth century, world 
maps began to present the Pacific Ocean coasts of South 
and North America. Most subsequent maps were similar: 
they just added details. We found no lead-cartographer or 
school of cartographers that initiated these changes. 

Then in 1561, Ruscelli made a dramatic addition. He 
added a big bulge on the southern coast of Chile. In the 
next four decades, dozens of other cartographers produced 
maps with similar erroneous bulges on the coast of Chile. 

At the end of his circumnavigation of the world in 
1580, Sir Frances Drake most certainly pointed out the 
error of the bulge on the southern coast of Chile.

The next important change in maps occurred in 1588 
when Ortelius removed the bulge on the southern coast 
of Chile (Typus Orbis Terrarum P2S3). He also made this 
change on his 1587 Americae sive map. Again everyone 
followed suit. After 1587-1588 some cartographers 
continued to publish maps with the bulge, for example, 
M. Mercator 1595. Others followed Ortelius’ lead 
and removed the bulge on the southern coast of Chile, 
including the Silver Maps of 1588-1589.

At the same time, Ortelius realigned his coastline of 
Chile to make it north rather than northwest. The other 
cartographers followed. Ortelius modified his coastline so 
that from 52° S latitude to 40° S it had an azimuth of due 
north or perhaps slightly northeast. Once again Ortelius 
seems to have been the leader in taking out the westward 
lean of the Chilean coast. 

On his Maris Pacifici 1589 map and his Typus Orbis 
Terrarum 1587 P3S1 (published in 1592) Ortelius dropped 
the latitude of San Pablo and Isla de los Tiburones about 
six degrees each: again the whole group of cartographers 
followed him. Maps published before 1589 have San 
Pablo island at, on average, 15° S latitude and Isla de los 
Tiburones at 9° S. Whereas maps published after 1589 
have San Pablo island at, on average, 21° S and Isla de los 
Tiburones at 15° S (Figure 9).

The first cartographer to name the Amazon River was 
Cabot 1544, who wrote: “Río de las amazona descubrio 
Francisco de orillana” (River of the amazon discovered 
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by Francisco de Orellana) [15]. The river is not named on 
the Pereira 1545 and L. Homen 1554 maps: instead, the 
province is named [15]. Cabot was followed by Sancho 
Gutiérrez 1551 who wrote “El Río … amazonae ….,” 
Velho 1561 who labeled it “Río de sa iohan de las 
amazonas” (River of Saint John of the Amazons) and 
Gutiérrez & Cock 1562 who labeled it “El grand rio de las 
amasons” (The grand river of the Amazons). Ortelius 1564 
labeled it “Río de las Amasona sive Oregliana.” Later, 
Ortelius 1570 shortened this to “Río de las amazons” 
(River of the Amazons). Some of these are shown in 
Figure 2.10  On this map, in the ocean next to the mouth of 
the river, the equator cuts between the words “Rio” and 
“de las” and between “Am” and “azones.” This name and 
partitioning were then used on maps by R. Mercator 1587, 
Hondius 1590, Plancius 1590 and 1594, DeBry 1592 and 
1596, and Vrients 1596. This same name with a different 
partitioning was used by C. de Jode 1589, Hondius 1597, 
and Wright & Molyneux 1598.

In 1540-1542 Francisco Vázquez de Coronado et 
al. journeyed through what is now New Mexico. They 
encountered many Native-American cities and villages, 
such as Tuchana, Quivira, Cicuic, and Tiguex. These 
names were probably attempts by Coronado to write in 
Spanish Native-American names that were only spoken 

 If the letters are too small in this journal paper then see http://sysengr.
engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx. This list contains 
URLs for high-resolution original maps that are mostly in the public 
domain: that is, they are free of known restrictions under copyright law.

by Native Americans. Later, the cartographers Ortelius 
1564, Gastaldi 1565, Forlani 1565, and Bertelli 1568 
spread these cities across the American west on their 
maps. In 1569-1570, Mercator and Ortelius moved these 
cities to the Pacific coast of North America. Dozens of 
cartographers followed their lead.

In 1589 Ortelius made a major change that was not 
immediately followed by other cartographers. Ortelius 
removed the cities with Native-American-sounding names: 
Tuchana, Quivira, Cicuic, and Tiguex from his Maris 
Pacifici 1589 map. He left Quivira as a region, however. 
Other cartographers did not follow his lead right away. A 
possible reason may be that he did not remove these cities 
from his Typus Orbis Terrarum maps. Tuchana, Cicuic, 
and Tiguex lasted on other maps into the second decade of 
the seventeenth century before disappearing.

In his Americae sive 1587 map, Ortelius added 
the islands of S. Felix and S. Nabor. Of course, each 
successive edition of this atlas also had this same map. 
Subsequently, C. de Jode 1593 Brasilia et Peruvia and 
Mercator & Hondius 1608 Americae Descrip also had 
these islands. Much later Claes Janszoon Visscher’s 1650, 
map had them labeled S. Felix and S. Ambrosio. So, 
adding these islands did not immediately develop a lot of 
followers.

Ortelius developed the concept of an atlas. This is our 
eighth unique action by Ortelius. Before Ortelius, maps 
were designed, made, sold, and used separately. But in 
1570, Ortelius published the first modern atlas of maps. 

Figure 11. Rumold Mercator 1587 Orbis Terrae Compendiosa Descriptio

http://sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx
http://sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx
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It was a collection of uniform map sheets and supporting 
text bound together to form a book. Copper plates were 
specifically engraved for the maps. This book was 37.5 
by 50.5 cm (14.5 by 19.6 inches). It contained 70 maps 
on 53 sheets. It went through over twenty editions in four 
languages. It was followed by atlases by Gerard de Jode 
in 1578 and M. Mercator in 1595.

These eight actions (adding and removing the bulge 
on the southern coast of Chile, rotating the coast of Chile, 
‘moving’ San Pablo and Isla de los Tiburones, naming 
the Rio de las Amazons, removing the cities with Native-
American sounding names, adding the islands of S. 
Felix and S. Nabor, and creating an atlas) indicate that 
Ortelius was the leader and a dozen or more cartographers 
followed his lead.

This information is summarized in the traceability 
diagram of Figure 10 and Table 2. To be included in this 
diagram the specified map must have had most of the 
eight actions listed above. The blue shaded cells in Table 2 
show abrupt changes in features. Time runs roughly from 
left to right.

4. Discussion

In keeping with our policy of using only information 
contained in the maps themselves, we now speculate that 
the cartographers Ortelius, G. Mercator, R. Mercator, 

M. Mercator, C. de Jode, Plancius, Hondius, De Bry, 
Vrients, and Molyneux formed a clique and shared 
common knowledge that was not necessarily in their 
published atlases or maps mentioned in this paper. We 
formulated this concept of a clique based on the maps. We 
did not rely on (1) historical texts, (2) sixteenth-century 
family, friendship and religious relationships, language, 
geographical location, or professional feuds, or (3) present-
day human biases, speculation, and mistranslations.

In breaking with our policy of using only information 
contained in the maps themselves, we can observe that we 
have no maps with a bulge on the coast of Chile that was 
created by Spanish cartographers. This was unexpected 
because the Spanish were the only ones sailing the Pacific 
Ocean in the sixteenth century: it was a ‘Spanish lake.’ 
This could have been caused by the requirement that all 
Spanish maps are reconciled with the Patron Real (the 
master map) at the Casa de la Contratacion in Seville. 
This may have helped them avoid the mistake of the bulge 
on the coast of Chile. (I do not classify Martinis 1582 as 
Spanish.)

4.1 A Fly in the Ointment

Our results have shown that Ruscelli was the originator 
of the big bulge on the southern coast of Chile. His 1561 
Orbis Descripto map (Figure 3) was the first map to show 

Table 2. Major changes in the evolution of sixteenth-century world maps
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Include the bulge on the coast of Chile √ √ √ √ √
Remove the bulge on the coast of Chile √ √ √ √ √ √ √ √ √ √ √

Rotate the coast of Chile northeast √ √ No √ No No No No No √ √
Draw San Pablo at 15° S and Tiburones 

at 9° S
√ √ √ √ √ √ √ √ √

Drop the latitude of San Pablo to 21° S 
and Tiburones to 15° S

√ √ √ √ √ √

Represent the Amazon River as a giant 
snake √ √ √ √ √ √ No √ √ √ No √ √ √ √ √

Use the name Rio de las Amazons √ √ √ No √ √ √ √ No √ √ √ √
Contain cities with Native-American-

sounding names √ √ √ √ √ √ No √ √ √ √ √ √ √ √

Include the islands S. Felix and S. Nabor No No No No √ No No No No No √ No No No No No
*TOT stands for Typus Orbis Terrarum. Checkmarks (√) mean yes, No means No, and blanks mean no data is available or the cell is not applicable.
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this bulge. The date is verified because this map was 
published in his atlas of 1561. 

However, there is a slight problem here because the 
Forlani 1562 La Descrittione (Figure 12) and the Gastaldi 
and Some Others 1562-65 maps also have big bulges on 
their southern coasts of Chile. Furthermore, these maps 
were probably created at about the same time. 

The Forlani map is straightforward and is shown in 
Figure 12. However, the Gastaldi and Some Others 1562-
65 Cosmographia Universalis et Exactissima map would 
not reproduce well in a journal. So it requires some 
explanation.

The text at the bottom of the Cosmographia Universalis 
 et Exactissima … map indicates its creators as “… 
Gastaldio Nounullisque Aliis …,” which translates as 
“Gastaldi and Some Others ...” Therefore we will refer to 
this map as Gastaldi and Some Others 1562-65. We do not 
know which sections of this map were created by which 
authors. So its authorship is fuzzy.

Figure 12. Forlani 1562, La.Descrittione. di.  
Tutto.ll. Peru.

The bulge on the Forlani 1562 map is identical to that 
on the Gastaldi and Some Others 1562-1565 map. Also, 
both maps have the same inconsistent shadows on the 
cartouches. So Forlani was probably responsible for the 
portion of the Gastaldi and Some Others 1562-1565 map 

that included South America. However, Forlani did not 
engrave this bulge on any of his other maps, e.g. Forlani 
1560, 1562b, 1565, 1568, or 1570.

Looking further at the Gastaldi and Some Others 
1562-1565 map we see about twenty animals spread 
across a large Antarctic continent. Some are real, like 
the wolf, elephant, lion, grasshopper, and armadillo, and 
some are mythical like the unicorn and the griffin. These 
animals are similar to the twenty on the map of Forlani 
1565 (Figure 13) in looks and placement. The obvious 
conclusion, therefore, is that Frolani was responsible for 
the animals in Antarctica and the bulge on the coast of 
Chile on the Gastaldi and Some Others 1562-1565 map. 
Both of these maps have about a dozen ships and a dozen 
sea monsters. However, the ships and sea monsters are 
different on the two maps. 

There is also some fuzziness here about the date of 
the Gastaldi and Some Others 1562-65 map because the 
map has little documentation. The Bibliothèque nationale 
de France (BnF) dates it from 1539 to 1565. Shirley [9] 
dates it as 1561 conjectured on a rare booklet published 
sometime around 1562. 

So the authorship and date of this map are fuzzy. 
However, it still seems that this map was created after 
Ruscelli’s.

The bulges on the coast of Chile on the Forlani 1562 La 
Descrittion and Gastaldi and Some Others 1562-65 maps 
are huge. They make South America diamond-shaped 
(Figure 12). See also Tommaso Porcacchi 1572, Discorso 
Intorno alla Carta da Navigare. These bulges extend from 
the Straights of Magellan all the way up to the Equator. 
Their sizes average 365 degrees squared. In contrast, the 
other big bulges listed in Table 1 are completely below 
the Tropic of Capricorn and have an average area of 
only 150 degrees squared (σ = 80). Therefore, the big 
bulge of Forlani does not seem to have been copied by 
later cartographers. He did not even include it in his own 
subsequent maps.

In summary, the Ruscelli 1561 Orbis Descripto map 
not only preceded the Forlani 1562 La Descrittione and 
the Gastaldi and Some Others 1562-65 maps but it was 
also the map followed by other cartographers for the next 
27 years with regard to the bulge on the coast of Chile.

4.2 Area for Future Research

We were not successful in determining why the bulge 
was added to and removed from the southern coast of 
Chile. We searched the English language translation 
of Ortelius’ Theatrum Orbis Terrarum looking for an 
explanation for the appearance and removal of the bulge 
but found none: perhaps the 1588 Latin version has an 
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explanation. Likewise, there could be an explanation 
for the addition of the bulge in Ruscelli’s Italian 
language atlas of 1599, Geografia di Claudio Tolomeo 
Alessandrino, tradotta di greco nell'idioma volgare 
italiano da Girolamo Ruscelli.

5. Conclusions

In the first half of the sixteenth century, world maps 
began to appear that contained the Pacific Ocean coasts 
of South and North America. Most subsequent maps were 
similar. The cartographers just added details over the 
years. Then in 1561, Ruscelli made a unique addition. He 
added a big bulge on the southern coast of Chile. In 1569-
70 Mercator and Ortelius added bulges on their southern 
coasts of Chile. Dozens of cartographers followed their 
lead and produced maps with a bulge on the southern 
coast of Chile. 

Using the information given to him after Drake 
circumnavigated the world, Ortelius removed the bulge 
from his Typus Orbis Terrarum 1588 and realigned the 
coast of Chile on his Americae sive 1587 and his Maris 
Pacifici 1589 maps. Again most cartographers followed 
suit. 

At about this same time Ortelius also dropped the 
latitude of San Pablo and Isla de los Tiburones about six 
degrees: a whole group of cartographers followed him. 

The first cartographer to name the Amazon River 

was Cabot 1544, named it the “River of the Amazon 
discovered by Francisco de Orellana.” Ortelius 1570 
shortened this to “River of the Amazons.” Dozens of 
cartographers followed suit.

These eight actions (adding and removing the bulge 
on the southern coast of Chile, rotating the coast of Chile, 
‘moving’ San Pablo and Isla de los Tiburones, naming the 
Amazon River, removing the cities with Native-American 
sounding names, adding the islands of S. Felix and S. 
Nabor, and creating an atlas) indicate that Ortelius was the 
leader and dozens of cartographers followed his lead.

In the sixteenth century, on printed world maps 
containing South America, a bulge four times the size of 
Spain appeared on the southern coast of Chile. Ruscelli 
first created this bulge. No one knows why, and no one 
back then questioned it. But dozens of cartographers 
followed his lead.  Then 27 years later,  without 
explanation, Ortelius removed the bulge from the coast 
of Chile. All cartographers followed his lead and soon the 
phantom bulge was gone forever.
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Appendix 

Literature Review

Table 3. Maps that are mentioned in this paper. They are listed in alphabetical order by the last name of the cartographer. 
URLs for these maps can be found at http://sysengr.engr.arizona.edu/URLsForSixteenthCenturyMaps.xlsx.

Cartographer First Year Published Title of Map
Agnese, Battista 1541 Nautical Atlas of Battista Agnese

Anonymous 1588-89 Silver Map 
Becharius, Franciscus 1403 Francischus becharius cuius lanue [con]posuit

Bertelli, Donato 1568 Universale Descrittione Di Tutta la Terra Conosciuta Fin Qui.
Belleforest, François de 1575 Typus Orbis Terrarum

Cabot, Sebastian 1544 World Map of A. D. 1544 (The Sebastian Cabot Map)
De Bry, Theodor 1592 Americae Pars Magis Cognita

De Bry, Theodor 1596 
America Sive Novus Orbis Respectu Europaeorum Inferior Globi Terrestris 

Pars
De Jode, Cornelius 1589 Brasilia et Peruvia

De Jode, Cornelius 
Dated 1589, published 

1593
Totius Orbis Cogniti Universalis Descriptio

De Jode, Gerard 1578 Americae Peruvi aque ita ut post
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Descelier, Pierre 1550 Chart of the Atlantic and Indian Oceans
Forlani, Paolo 1560 Paulus de furlanis Veronensis opus hoc exmi Cosmographi …
Forlani, Paolo 1562 La.Descrittione. di. Tutto.ll. Peru
Forlani, Paolo 1565 Universale Descrittione Di Tutta la Terra Conosciuta Fin Oui,

Frisius, Gemma 1544 La Cosmographie de Peter Apian …
Gastaldi, Giacomo 1546 Universalet
Gastaldi, Giacomo 1548 Universale Novo

Gastaldi, Giacomo, and Some Others 1562-65 Cosmographia Universalis et Exactissima …
Gastaldi, Giacomo 1565 Universale della parte

Gutiérrez, Diego & Cock, Hieronymus 1562 Americae Sive Quartae Orbis Partis Nova et Exactissima Descriptio
Gutiérrez, Sancho 1551 Esta Gerale en plano hizo Sancho Gutierrez Cosmographo
Hakluyt, Richard 1589 Typus Orbis Terrarum
Homen, Diogo 1558 A América meridional
Homen, Diogo 1565 Coastline of South America
Homen, Lopo 1554 Nautical mappamundi in four sections

Hondius, Jodocus 1589 America Novissima Descripto
Hondius, Jodocus 1590 Nova Universi Orbis Descripto
Hondius, Jodocus 1595 Vera totius expeditionis nauticæ: descriptio D. Franc. Draci.

Hondius, Jodocus 1597 
Typus Totius orbis Terrarum in Quo

(The Christian Knight map)
Janszoon, Claes 1650 None

Le Testu, Guillaume 1556 Cosmographie Universe
Van Langren, Arnold 1596 Orbis terrae compendiosa descriptio … 
Lasso, Bartolomeu 1586 Portugaliae Monumenta Cartographica

Lavanha, João & Teixeira, Luís 1597 Atlas-cosmografia 
Martines, Joan 1587 Portolan chart of South America …
Martyr, Petrus 1587 Novus Orbis (Map of the New World)

Massa, Giovanni 1580 America et Proximar Regionumorae Descriptio
Mercator, Gerard 1569 Nova et Aucta Orbis Terrae descriptio …,

Mercator, Michael 1595 America sive India Nova
Mercator, Rumold 1587 Orbis Terrae Compendiosa Descriptio

Mercator, Gerard & Hondius, Jodocus 1608 Americae Descrip
Monte, Urbano 1587 Planisphere of 1587

Molyneux, Emery 1592 The Petworth Globe
Munster, Sebastian 1588 Die erst GeneralTafel die Beschreibung …
Ortelius, Abraham 1564 Nova Totius Terrarum Orbis iuxta
Ortelius, Abraham 1570 Typus Orbis Terrarum
Ortelius, Abraham 1587 Americae sive novi orbis nova descriptio …
Ortelius, Abraham 1587 P2S2 Typus Orbis Terrarum
Ortelius, Abraham 1588 P2S3 Typus Orbis Terrarum
Ortelius, Abraham 1589 Maris Pacifici

Pereira, Antonio 1545
Early representation of Newfoundland, Lower California, the Amazon, and the 

Ladrones
Plancius, Petrus 1590 Orbis Terrarum Typus de Integro…
Plancius, Petrus 1594 Orbis Terrarum Typus de Integro…
Ribero, Diego 1529 Carta universal en que se contiene todo lo que del mundo …
Ricci, Matteo 1602 Kun Yu Wan Guo Quan Tu

Ruscelli, Girolamo 1561 Orbis Descriptio
Ruscelli, Girolamo 1562 Tierra Nova
Ruscelli, Girolamo 1599 Orbis Terrae Compenduiso Descriptio

Ruscelli, Girolamo 1599
Geografia di Claudio Tolomeo Alessandrino, tradotta di greco nell'idioma 

volgare italiano da Girolamo Ruscelli …

Van Sype, Nicola 1581
La Herdike Enterprinse Faict Par Le Signeur Draeck D'Avoir Cirquit Toute La 

Terre
Teixeira, Domingos 1573 World map

Thevet, André 1575 Le Nouveay Monde Descuvert
Tramezzino, Michele 1554 Wereldkaart in twee halfronden
Velho, Bartolomeu 1561 Mapa de Bartolomeu Velho
Vrient, Jan Baptists 1596 Orbis terrae compendiosa descriptio ex peritissimorum ….

Wright, Edward & Molyneux, Emery 1598 By the discouerie of Sr Francis Drake made in the yeare 1577
Verified October 21, 2021
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Progressive population concentration in the urban centres has fuelled 
urban expansion in both horizontal as well as vertical directions, with 
consequences in the urban landscape change. This growth resulted in 
posing many complexities towards sustainable urban development which 
can be counted by observing the changing proportions of natural landscapes 
and built up areas. Local climate zones (LCZs), a systematic classification 
of natural lands and built up lands, are identified in Siliguri Municipal 
Corporation (SMC) and its surrounding region to explore the spatio 
temporal complexity of urban growth in recent years. Rapid urbanization 
and population growth of SMC have led to changes in the building states 
from low-rise to mid and high-rise which added an important feature to 
the urban landscape dynamics of the area. The work intends to provide the 
vision of the spatial urban morphology of the area through the investigation 
of its changing land use and changing urban built space using the LCZ 
classification. The study shows that the WUDAPT method can accurately 
generate LCZs, especially the built type LCZs. The results of the proposed 
LCZ classification scheme are tested using an error matrix for the years 
2001 and 2021 having coefficient values of 0.79 and 0.81 respectively. The 
study explores the changing pattern of building states of SMC using LCZ 
products, which is essential for proper urban planning implementations.
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1. Introduction 

Urban growth incorporates both horizontal and vertical 
expansion through its complex spatio temporal process. 
With the physical expansion of built up land internal urban 
morphology also altered. In the context of rapid urban 

growth and limited territories, a new approach is needed 
for urban space planning through vertical construction [1].  
Building distribution patterns, especially the upward 
growth of buildings can significantly transform urban 
built up morphology with compact rise, open rise and 
sparsely built areas [2]. This urges the need to study the 
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complexities of horizontal as well as vertical urban growth 
of cities in the field of urban analysis. In developing 
countries’ morphological unevenness can be vividly 
noticed in the town and cities were parts of the city is 
comprised of concrete and metal structured medium and 
high-rise buildings, metallic pavements, parking lots and 
parts of the city are still composed of low-rise buildings 
constructed of mud, tin and semi concrete materials that 
are compact or sparsely arranged with open and green 
space [3]. So it is necessary to quest the differences in the 
urban landscape at a local scale. A universal scheme of the 
local climatic zone was suggested by Stewart and Oke to 
characterise and capture this shot of micro level variations 
within the entire urban landscape [4]. 

A number of urban classification schemes such 
as Urban Terrain Zone (UTZ), Urban Climate Zone 
(UCZ) have been developed to facilitate knowledge in 
urban studies [5,6]. The previous classification of Oke on 
Urban Climatic Zone (UCZ) has been expanded and 
improved through LCZ scheme to make a standardised 
classification of the ‘urban’ and ‘rural’ (or built and 
land cover classes) landscapes [4]. Local climate zones 
are defined by Stewart and Oke as “regions of uniform 
land cover, surface structure, construction material and 
human activity that span hundreds of meters to several 
kilometres on a horizontal scale”. It is a more effective 
classification system to study the spatial characteristics 
of landscapes on a local scale that fall in the category 
of ‘urban’ and ‘rural’. LCZ mapping is considered the 
first step in the development of urban climate maps that 
contain information on the spatial distribution of land 
use classes [7]. Large extents of research works have 
applied the classification scheme for extracting the LCZ 
classes in their target regions [8-12]. The outcomes from the 
application of this process can be applied as input data 
for urban planning purposes. LCZ classification scheme 
has been applied to many cities of the world to classify 
urban surface conditions based on remote sensing data 
and primary observations [13]. A complex urban scenarios 
can be differentiated through analysis of the dissimilarity 
of textures of different urban LCZ types using high 
resolution satellite data set [14]. The findings of the case 
study of Hong Kong provide an in-depth understanding of 
different LCZ mapping methods and their advantages and 
limitations [9]. Zheng et al. examine the spatial sensitivity 
and spatial characteristics of LCZ classification in Hong 
Kong and establish the LCZ database [15]. The results 
of LCZs scheme can be implemented for modelling 
and mapping of intra urban structures based on various 
geometric properties [16-18]. The study by Ren et al. 
examines the relationship between socio economic status 

and LCZ products of the cities of China, essential for 
further implementations and urban growth monitoring [19]. 

Most of the previous studies attempted to explore 
the transformation of an urban landscape with the rapid 
transformation of LULC [20-22]. But LULC changes 
can only provide the horizontal transformation of the 
landscape. It fails to capture the vertical transformation 
which is an integral part of urban landscape study and 
that can be well understood in local climatic zones. 
The subdivision within the built up land can accurately 
determine the changes of built up types from sparse low-
rise to compact high density high-rise built up land [23]. 
The LCZ classification scheme can provide distinct and 
unique partitions of landscapes that cover major urban 
forms and land cover types. In this context, LCZs provide 
a great potentiality to explore changing dynamics of 
the urban landscape in response to changing LULC and 
the inter categorical transformation of building states. 
In developing countries, information related to urban 
morphological characteristics remains scarce where the 
heterogeneous complex urban surface characteristics 
needed to be monitored. Various studies successfully 
incorporated WUDAPT method to derive LCZ maps 
in the cities having a homogeneous built surface with 
planned development [24-26]. But there are few studies of 
LCZ mapping in the cities of developing countries with 
heterogeneous built form having mixed urban fabric [26,27]. 
Those countries where land use information is not readily 
available are needed to generate LCZ classification 
results to meet the planning requirements of urban areas 
[9]. LCZ data sets can be developed from generalised 
knowledge of built forms and land cover types to enhance 
their usefulness especially in data poor but rapidly 
changing tropical cities [27]. So geospatial technologies 
should be adopted by the planners and scientists of those 
countries to enhance the understanding of urban forms 
of cities and promote sustainable urban development [28].  
Documentation and presentation of proper data to describe 
the specific local features of urban built form in Indian cit-
ies are less in number. Most Indian cities are characterised 
by heterogeneous types of built form. The complex urban 
form and data inefficiency of such cities pose difficulties 
in the identification and classification of LCZ [29]. They 
have detected the variations in built LCZ classes in 
Nagpur, India, as a result of the intermi of compact low-
rise areas with slums and squatters. 

In recent years upward construction has become 
inevitable with the rapid population increase in the major 
cities of India to fulfil the growing demand for housing 
and Siliguri is none the exception. Siliguri Municipal 
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Corporation (SMC) is undergoing significant demographic 
growth and economic development hence, experiencing 
rapid conversion of its land use land cover pattern and 
built up forms. A number of high-rise multi storied 
complexes have come up both in SMC and its surrounding 
areas, as it tries to adjust its population pressure and 
land scarcity which added a new dimension its built up 
scenario. Expansion of the city brings changes in the land 
use and land cover (LULC) pattern, affecting its spatial 
characteristics. Being a town located near the Himalayan 
mountain region, high-rise construction was restricted 
in Siliguri. But after 2011, as high-rise constructions 
became permissible (The West Bengal Municipal building 
rules, 2008), the built up scenario of Siliguri has changed 
rapidly with the increasing number of high-rise buildings. 
To maximise the development potentials mid-rise and 
high-rise building development is adopted in SMC urban 
areas. The areas around the railway station considered 
the central business district, characterised by high 
density with mid to high-rise structures, have adversely 
affected the area under green cover and open spaces (City 
development plan for Siliguri-2041). 

The city requires proper identification of the 
arrangement of built space associated with urban 
development for giving a proper direction to the growth 
and urbanization process. To meet this requirement 
the study employs the classification scheme of ‘Local 
Climatic Zones’ to conduct a spatiotemporal analysis of 
changing LULC condition and built up types of Siliguri 
and its surrounding area. No studies have yet been done 
to analyze the internal urban morphology and building 
alteration process using the LCZ scheme in SMC. So 
it is essential to investigate the spatial characteristics 
of urban land systematically in the context of the urban 
the predominance of SMC for the future implication of 
suitable policies in North Bengal. 

Hence, the present study aims i) To delineate the local 
climate zones and identify the built up types and natural 
land cover types of SMC and its surrounding. ii) To 
investigate the change and alteration of building states 
in Siliguri Municipal Corporation through the output of 
LCZ classification scheme. The study tries to develop a 
local climate zone classification map using spatial data 
obtained from Landsat images in remote sensing and GIS 
environment to analyse urban morphology and establish 
the association between urban growth and the internal 
variations of building states within the city. This will 
ultimately help in understanding the local complexities 
in growing urban land and meeting the future planning 

requirements of the city by balancing the proportion of 
land use and land cover types. 

2. Study Area 

The study area includes Siliguri Municipal Corporation 
(SMC) and its buffer of seven kilometres, taken as the 
area of interest (AoI), comprising both urban main land 
and suburban areas. SMC is the nodal unit of development 
of Siliguri Jalpaiguri planning area and has immense 
importance as a rapidly developing urban area in West 
Bengal. Siliguri is the gateway of the whole of North East 
India for its strategic location and is one of the fastest 
growing urban entities of the state. The town is located 
at the foot of the southern Himalayas which fall under 
the Terai physiographic region, connecting north east 
border states with the rest of India. SMC lies at 26° 41' N 
to 26° 42' N and 88° 23' E to 88° 28' E coordinates near 
the Mahananda river at an elevation of 121 meter above 
sea level with an area of 41.9 sq.km. The upgradation of 
Siliguri urban area from Municipal town in 1949 to the 
status of Municipal Corporation in 1994 was an indicator 
of its rapid pace of urbanization.

The study area comprises Siliguri Municipal Corpor-
ation, 9 census towns (namely Kalkut, Lalman, Tari, 
Bairatistal, Bara mohansing, Jitu, Mathapari, Dabgram 
and Binnaguri) and 92 villages within the buffer boundary 
of 7 km, covering total of 384 sq.km of area (Figure 1). 
Total population of Siliguri town as per the census report 
of India recorded 216950 in 1991 which has increased 
to 513,264 in 2011. Although SMC has a population of 
513,264, according to the last census report, its urban 
agglomeration population is 705,579. It registered a 
population growth rate of 8.65% in the decade 2001-
2011. Its population density has increased from 5178 
persons per sq.km (in 1991) to 12250 persons per km2 in 
2011. Over the last 20 years, SMC has experienced rapid 
changes in terms of population density, land use pattern 
and building types. 

3. Materials and Method 

Landsat 8 TM and OLI TRIES images are used for 
preparing Local Climate Zones (LCZs) maps for the year 
2001 and 2021. These input image data contain land use 
information and urban built up information which can be 
used by analysing their spectral and spatial information 
to develop the LCZ map. Details specifications of these 
Landsat images are shown in Table 1. downloaded from 
the U.S. Geological Survey website after considering their 
availability and quality.
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Selected training samples in the study area.
Figure 1. Location map of the study area and selected training samples

Source: Google earth image
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3.1 Methods for Delimitation of Local Climate 
Zones (LCZ) 

The LCZ classification scheme is applied to Siliguri 
and its 7 km surrounding area, taken as an area of interest 
(AOI) following the World Urban Database and Access 
Portal Tools (WUDAPT) methodology [30]. WUDAPT 
is the remote sensing satellite image based method for 
LCZ mapping, which is adopted and applied by many 
researchers in their urban morphological and UHI studies 
[31,32]. WUDAPT gathers information on the form and 
functional aspects of urban areas that are used worldwide 
in a consistent manner. Based on the LCZ scheme, 
WUDAPT classifies natural and urban landscapes into 
climate relevant surface properties [30,33]. 

Out of 17 LCZ classes (Table 2), as developed by 
Stewart and Oke, a total of 15 types LCZ i.e. 10 built 
types and 5 natural surface covers were identified based 
on the LCZ classification criteria. 15 training samples, 
selected for each LCZ class, were collected through GPS 
survey according to the building heights and spacing. 
The total area of a training site for each LCZ has to range 
between 1 to 5 sq.km, collected from a place where 
homogeneous conditions covered at least 1 sq.km area 
as stipulated by Danylo et al. [26]. The area polygons for 
creating signature sample files are selected which consist 
of buildings and theirs close vicinity. After transferring the 
points on Google earth for extracting sample signatures 
for each LCZ class, polygons were digitized and saved in 
Kml format. The training samples selected for the LCZ 
classification are shown in Figure 1. 

Table 2. LCZ classes and respective codes (Stewart and 
Oke, 2012)

Built types Land cover types
Variable Land 

cover properties
LCZ 1- compact high-rise LCZ A- dense trees b - bare trees
LCZ 2- compact mid-rise LCZ B- scattered trees s - snow cover
LCZ 3- compact low-rise LCZ C- bush, scrub d - dry ground
LCZ 4- open high - rise LCZ D- low plants w - wet ground
LCZ 5- open mid-rise LCZ E- bare rock/paved
LCZ 6- open low-rise LCZ F- bare soil/sand
LCZ 7- lightweight low-rise LCZ G- water
LCZ 8- large low-rise
LCZ 9- sparsely built
LCZ 10- heavy industry   

Pre processed Landsat images, AOI and training 
samples are imported into the system for Automated 
Geosci-entific Analyses (SAGA) programme and then 
LCZ classifications are executed by using random forest 
classifier algorithm [33,34]. A random forest classifier is a 
prediction model with high computational accuracy which 
considers the similarity between training samples and 
the rest of the AOI to classify the whole input image into 
different LCZ types [35]. Lastly the final output of SAGA 
GIS software has been imported into ArcGIS to prepare 
the thematic map of LCZ. The whole methodological the 
procedure of LCZ classification using the WADPT method 
is summarised in Figure 2.

Figure 2. Methodological steps of LCZ classification 
using WUDAPT method.

3.2 Accuracy Assessment of LCZ Classes

Accuracy assessment was conducted through the con-
fusion matrix to validate the LCZ classification scheme 
used in the study. Total of 225 reference points, collected 
randomly from field surveys, were generated on 2021 
LCZ classification map for assessing user’s accuracy, pro-
ducer’s accuracy, overall accuracy, and Kappa coefficient. 
In the case of LCZ 2001, the sample sites have been iden-
tified from Google earth image of 2001 and field interview 
of residents living there before 2001 to compare the land 
use/land cover and building types for validating the LCZ 
of 2001. Selected points are then superimposed on clas-
sified images to compare LCZ types of each point with 
existing ground truth using Google Earth data. The Kappa 

Table 1. Characteristic of Land sat Satellite Images used in the Study

Satellite Sensor ID Year Acquisition date Resolution Path/Row Projection
LANDSAT 5 TM 2001 2001-01-19 30 m 139/41 UTM-WGS1984
LANDSAT-8 OLI_TIRS 2021 2021-01-11 30 m 139/41 UTM-WGS1984

Source: earth explorer USGS
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coefficient, one of the most reliable accuracy indicators is 
computed by the following formula: 

Where, a is the sum of diagonal frequency, N is the 
total number of data in LCZ classes, and ef is the expected 
frequency. Expected frequency (ef) can be computed 
using the following formula:

3.3 Method for Detecting Conversion of Urban 
Built Type LCZs

Local climatic classified image pairs of two different 
time phases (2001 and 2021) are compared using cross-
tabulation in order to determine the quantitative aspects 
of the conversion of buildings. Using the output data sets 
of LCZ mapping from SAGA GIS, a change matrix is 
generated from this alteration process over the ArcGIS 
platform. Quantitative areal data of the conversion of 
built type LCZ changes are then determined by compiling 
the amount of high and mid-rise buildings gained from 
each category of low-rise buildings and natural land use 
types. It is necessary to investigate such conversion of 
building states through LCZ classification for urban space 
planning. 

4. Results 

4.1 Delimitation of Local Climate Zones

Using the method described above, two LCZ maps 
of SMC and its surroundings have been prepared for the 
years 2001 and 2021. Figure 4 shows the spatial pattern of 
occurrence of individual LCZ class areas where, in 2001, 
thirteen and 2021, fifteen LCZs are identified. Ten built 
type LCZ classes were identified according to building 
height (high-rise, mid-rise and low-rise) and building 
compactness (compact and sparse). The descriptions 
of built type LCZs have been given in Figure 3. 
Classification of land use type LCZs reveals five dominant 
land cover types of the study area. The result features 
areal extent of built up LCZs has increased drastically 
from 2001 (43 sq.km) to 2021 (83.9 sq.km) in the study 
area with an increasing rate of 2.1 sq.km. per year. 

Within this 20 year of interval, some significant 
reorientation of LCZs is recognized e.g. in the previous 
phase, there was absolutely no open and compact high-
rise class but in a late phase it significantly emerged in the 

north and north western part of the city and its periphery. 
Most of the pre-existing vacuum open spaces are now 
replaced with mid and high-rise buildings. Out of the 
total built up land of the study area, 5.62 sq.km and 18.1 
sq.km areas are now covered with high-rise and mid-
rise buildings respectively. Different low-rise built types 
prevail over 56.05 sq.km area out of 83.94 sq.km of the 
total built up land. LCZ 3 and LCZ 5 dominate the central 
parts of the city, LCZ 5 areas prevail with the fragments 
of LCZ 6, which spread from the external city centre 
borders up to the edge of the compact urban development, 
and LCZ 8 and 10 produce projections of significant 
development into the surrounding areas of SMC. The 
rapid growth of LCZ 7 and LCZ 8 indicates sprawling of 
the city. Changing built type and land cover type LCZs 
and their areal extension has shown details in Table 3. 
It can be observed that low-rise building categories are 
sometimes converted to midrise and high-rise buildings. 
The study has focussed on Siliguri Municipal Corporation 
to identify the alteration process of building states over 
the last decades. 

4.2 Accuracy Level of LCZs

Four indices, overall accuracy, user’s accuracy, 
producer’s accuracy and Kappa coefficient, were applied 
for validation of the classification scheme. The results of 
accuracy assessment of LCZ classification shows that for 
the year 2001, the overall accuracy level is 82.66% and 
the kappa a coefficient is 0.79 (Table 4) and for the year 
of LCZ 2021, overall accuracy level is 83.56% and the 
kappa coefficient is 0.81 (Table 5). So the accuracy results 
of LCZ model for both the time period suggest validly and 
encouragement in using the classification scheme in this 
region. Though in the case of accuracy level variations 
were found in different LCZs. The highest degree of 
accuracy was recorded for LCZ 2 (92.86% in 2021) and 
the lowest degree of accuracy was recorded for LCZ 4 
(68.75% in 2021).

4.3 Conversion of Building Types 

An investigation is focussed on Siliguri Municipal 
Corporation to detect intra-zonal variability in built up 
LCZs. In the context of complex urban morphology and 
high density area, it is needed to study the morphological 
alteration of building types over time. The population of 
Siliguri is growing at a rapid pace which are subjected to 
the transformation of built up land and natural land cover. 
Significant alteration of buildings is predominant at the 
core and immediately surrounding areas of SMC with the 
expansion of urban land over the two decades. 
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Built types LCZ Description Building stories By Stewart and Oke Real photograph

Compact high 
rise LCZ 1

Dense mix of tall buildings. Few/ no 
trees. Mostly paved land cover.

Concrete, steel, stone Construction 
materials.

> 9

Compact mid 
rise LCZ 2

Dense mix of midrise buildings. Few/ 
no trees. Mostly paved land cover 
with stone, brick, tile and concrete 

construction materials.

3-9

Compact low 
rise LCZ 3

Dense mix of low rise buildings. 
Few/no trees. Mostly paved land 

cover. Stone, brick, tile and concrete 
construction materials.

1-3

Open high rise 
LCZ 4

Open arrangement of tall buildings. 
Abundance of pervious land covers 
having low plants, scattered trees. 

Concrete, steel, stone and glass 
construction materials.

>9

Open mid rise 
LCZ 5

Open arrangement of mid rise 
buildings. Abundance of pervious land 

cover having low plants, scattered 
trees. Concrete, steel, stone and glass 

construction materials.

3-9

Open low rise 
LCZ 6

Open arrangement of mid rise 
buildings. Abundance of pervious land 

cover having low plants, scattered 
trees. Wood, brick, stone, tile and 
concrete construction materials.

1-3

Light weight 
low rise LCZ 7

Dense mix of one story buildings. 
Few/no trees. Mostly hard packed 

land cover. Lightweight construction 
materials e.g. Wood, thatch, 

corrugated metal.

1
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Large low rise 
LCZ 8

Open arrangement of large low rise 
buildings. Few/no trees. Land cover 

is mostly paved. Steel, concrete, 
metal and stone construction 

materials.

1-3

Sparsely built 
LCZ 9

Sparse arrangement of small or 
medium-sized buildings in natural 
settings. Abundance of Low plants, 

scattered trees.

1-3

Heavy industry
LCZ 10

Low rise and mid rise industrial 
Structures. Few/no trees. Land cover 

is mostly paved or hard packed.
Metal, steel and concrete construction 

materials.

1-3

Figure 3. Description of Local Climate Zones (after Stewart and Oke, 2012) identified in Siliguri Municipal Corporation.

Table 3. Areal extension of the Local Climatic Zones (LCZ) of the study area

2001 2021  

Class name Pixel count Area in sq. Km Pixel count Area in sq. Km Remark

LCZ 1 - compact high-rise 0 0 1950 1.76 Newly emerged

LCZ 2 - compact mid-rise 2633 2.37 12349 11.11
Increased 

significantly

LCZ 3 - compact low-rise 1408 1.27 9300 8.37
Increased 

significantly

LCZ 4 - open high – rise   0 0 4288 3.86 Newly emerged

LCZ 5 - open mid-rise            7982 7.18 7772 6.99
Decreases 

slightly 

LCZ 6 - open low-rise    10841 9.76 6451 5.81    Decreases

LCZ 7 - lightweight low-rise 8596 7.74 22056 19.85
Increased 

significantly

LCZ 8 - large low-rise 4348 3.91 17527 15.77
Increased 

significantly

LCZ 9 - sparsely built 11571 10.41 6944 6.25 Decreases

LCZ 10 - heavy industry 337 0.30 4635 4.17
Increased 

significantly

LCZ A-dense trees 96081 98.47 107491 96.74 Decreases

LCZ B - scattered trees 41997 46.44 44376 39.94 Decrease 

LCZ D - low plants 217648 177.88 134229 136.81
  Decreases 
significantly

LCZ F - bare soil/sand 13868 9.48 29912 11.05 Increases  

LCZ G - water 9312 8.38 17342 15.61 Increases 
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Figure 4. Local Climate Zones map of SMC and its surrounding. (a) 2001 (b) 2021
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Table 4. Confusion matrix for classification accuracy assessment of LCZ, 2001.

Table 5. Confusion matrix for classification accuracy assessment of LCZ, 2021

Transition matrix based on ‘from’ and ‘to’ changes of 
LCZs between 2001 and 2021 has been produced (Table 
7) to assess this trend of changing building states in SMC. 
Figure 5 shows some LCZ training samples collected in 
SMC areas, documenting the intra urban alteration of 
building types from low-rise to high and mid-rise. Table 
6 highlights that low-rise zone consisting of open low-

rise, compact low-rise, lightweight low-rise, large low-
rise and sparsely built cover, are collectively increased 
from 17 sq.km to 18.22 sq.km. Open and compact mid-rise 
building cover area has been increased from 7.58 sq.km 
to 11.64 sq.km. Out of the total study area of SMC, the 
newly emerged open and compact high-rise buildings cover 
an area of 2.04 sq.km. So, the low-rise zone has slightly 
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increased within two decades but mid and high-rise zones 
are rapidly increasing and a major portion of these mid and 
high-rise buildings are made up from conversion of low-rise 
building types. From a total 13.68 sq.km area of high and 
mid-rise zone, 10.8 sq.km area which is 78.95%, is built 
from the alteration of low-rise buildings and natural lands. 
The transformation of different low-rise buildings to mid 
and high-rise buildings is shown in detail in Table 7. It is 
clearly visible from the conversion map (Figure 7) that the 
process of alteration to high-rise zone is very much active 
in the northern part and to mid-rise zone is in the south 
eastern part of SMC. Because of the presence of industries 
in the southern part and high density in the central part of 
the city, high-rise buildings (compact high-rise, open high-
rise) are mostly spread in the northern part of the city. 
Significant decrease in open low-rise (4.89 sq.km to 3.59 
sq.km) and sparse building cover area (3.94 sq.km to 0.94 
sq.km) documents the compact growth of the city from 
dispersed one. Among the built LCZs, LCZ8 were mostly 
converted to LCZ 1(28.93%), LCZ 7 to LCZ 4 (18.69%), 
LCZ 9 converted to LCZ5 (70.97%) and LCZ 3 to LCZ 
2 (60.39%). Among natural land cover types, LCZ B was 
mostly converted to compact high-rise (55.82%) and open 
mid-rise zone (41.22%) whereas low plant cover converted 
to compact mid-rise (41.18%). This process is continuous at 
the present and expectedly that in the near future more such 
urban capes will be turned into mid or high-rise zones. 

Figure 5. Examples of building conversion from A) 
low-rise (2001) to B) high-rise (2021) of same training 

samples. Captured from Google earth image.

Table 6. Area (sq.km) of each LCZ in SMC

LCZ types 2001 2021
Compact high-rise     - 0.8
Compact mid-rise 1.61 5.26
Compact low-rise 1.15 6.22
Open high-rise     - 1.24
Open mid-rise 5.97 6.38
Open low-rise 4.89 3.59
Light weight low-rise 4.75 4.76
Large low-rise 2.22 2.71
Sparsely built 3.94 0.94
Heavy industry 0.03 0.77
Scattered vegetation 3.52 2.77
Low plant 11.89 2.68
Waste land 0.53 2.22
Water 1.29 1.44

Table 7. Land transition to mid-rise and high-rise LCZ of 
SMC, from 2001 to 2021

  
 LCZ types 

2021
(area in Sq. 

km)
 

 LCZ types 
(2001)

Compact 
high-rise

Open high-
rise

Open mid-
rise

Compact 
mid-rise

Compact low-
rise 

0.065(8.55) 0.023(3.02) 0.21(27.63) 0.459(60.39)

Open low-rise 0.172(7.68) 0.134(5.54) 1.063(47.46) 0.875(39.06)
Light weight 

low-rise
0.221(26.31) 0.157(18.69) 0.233(27.73) 0.233(27.73)

Large low-rise 0.379(28.93) 0.086(6.51) 0.385(29.17) 0.466(35.30)
Sparsely built 0.126(10.24) 0.163(13.25) 0.873(70.97) 0.071(5.77)

Low plant 0.282(14.54) 0.426(21.96) 0.432(22.27) 0.799(41.18)
Scattered tree 1.323(55.82) 0.017(7.17) 0.977(41.22) 0.05(2.11)

West land 0.018(14.75) 0.041(33.60) 0.015(12.29) 0.048(39.34)

Computed by the author from image data extraction
Figures in the row cells depict the amount of former 

land cover contributed to the current land cover shown 
in columns. Values in parentheses are the corresponding 
percentage values.

5. Discussion 

The study developed the LCZ classification maps, 
showing the spatial distribution pattern of LCZ classes 
which are also consistent with the actual land use pattern 
of Siliguri and its surrounding area. The importance of the 
LCZ scheme lies in the detailed classification of urban built 
types and explaining the conversion of built up forms with 
time. Intra urban landscapes can be analysed through the 
LCZ classification which demonstrates the outward and 
also upward growth of the city. Within the study period low, 
moderate and high state buildings are co-developed with 
the urban expansion and constitute an an important feature 
of the urban landscape of the study area. 

5.1 LCZ Classification Based on Building Forms

A high concentration of heterogeneous surfaces in 
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urban areas produces specific built LCZs units that are 
well differentiated from each other. The LCZ distribution 
exhibits compact development at the centre (LCZ 2, LCZ 
3) and towards its outer boundary there is an increasing 
area of LCZ 7 and LCZ 9. LCZ 10 and LCZ 7 occur 
especially in the outer part of the city. Dominant built type 
LCZs of the study area is LCZ 7 and the natural type is 
LCZ D. In SMC the most prevalent built type is LCZ 3, 
compact low-rise and LCZ 5, open mid-rise and dominant 
land use type is LCZ D. Most parts of Siliguri and its 
surrounding areas are mainly covered by mid-rise and 
low-rise building types with emerging growth of high-
rise sites. High-rise buildings are mainly developed in the 
ward no. 43, 41, 42 and 46 of SMC and notably developed 
in the census towns namely Tari, Jitu and Mathapari. A 
compact high-rise zone is characterised by closely spaced 
buildings with few or no trees. Open high-rise buildings 
set in an open arrangement with scattered trees and 
abundant plant cover. In some circumstances of low-rise 
classes (LCZ 9 and LCZ 6), the surface was covered by 

bare soil. Open low-rise and large low-rise classes outside 
SMC boundary characterised by well vegetation cover 
and spacious settlements. 

Another significant proportion was lightweight low-
rise zone (19.85 sq.km) characterised by a dense mix of 
single storey buildings mostly in the north eastern and 
south eastern part around SMC and often it merged with 
compact low-rise class. Rapid decrease in open low-
rise area from 9.76 sq.km to 5.81 sq.km and sparsely 
built cover area from 10.41 sq.km to 6.25 sq.km signifies 
compact growth of the region. 

Siliguri is witnessing immense demographic expansion 
due to migration from outside areas leading to housing 
demand that has changed its residential structure with 
a varied mix of buildings. In the last two decades mid-
rise and high-rise high density dwelling types have 
significantly developed in the city. Increase of urban 
population, growth of socioeconomic activities of the 
a city with its hinterland and limited territory has led 
to an increase in the number of storeys of buildings. 

Figure 6. Spatial distribution of building states (low, moderate, high) of SMC in 2001 and 2021.
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This upward rise of buildings allows being built within 
a smaller area of land to accommodate its population 
pressure.

5.2 LCZ Classification Based on Land Covers 
Forms

The generated LCZ maps assorted 5 natural land cover 
classes, where dense natural trees categorised as LCZ A, 
occupied a large portion in the eastern part of this study 
area. Scattered trees were classified as LCZB, while 
plantation and agricultural land were classified as low 
plant cover LCZD. Open space, bare soil and wasteland 
were categorized as LCZ E. Ponds, reservoirs, streams 
and nullahs were assigned to LCZ G. Development of 
compact buildings, sparsely built and lightweight rise has 
replaced low plant zone and scattered vegetated areas. 
The low plant zone has decreased significantly from 177.9 
sq.km to 136.8 sq.km (Table 3). The compact growth 

of the city is pushing vegetated areas, low plant areas 
outwards the periphery of the city. The other natural LCZ 
F is composed of bare soil and sand having low spatial 
coverage. 

5.3 Changing LCZs of SMC

The building distribution pattern of SMC reveals 
that the areas assigned to compact mid-rise zone are 
characterised with a denses mix of 3 to 9 storied tall 
buildings and mostly paved spread in and around the core 
part of the city. Places with a dense mix of 3 storied (or 
less) buildings, mostly paved with scanty trees constituted 
the compact low-rise zone at the centre part of the town, 
covering the both sides of Siliguri station road and Hill 
cart road and the places around the city. Older core and 
some other parts of the town were characterised by low-
rise buildings, most of them with poor furnishing. 

Built type LCZs classes according to building height 

Figure 7. Conversion of land to mid rise and high rise buildings in SMC.
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(i.e. low-rise, mid-rise or high-rise) have shown in Figure 
6 which reflects built up density is high in the middle 
and southern parts of SMC. As the conversion of built 
type LCZs is predominant at the core urban area, SMC 
has taken to visualize this conversion dynamics clearly 
(Figure 7). Increasing population pressure in SMC gives 
rise to the formation of the LCZ built type beyond the city 
borders. High-rise buildings (comprising LCZ 1 and LCZ 
4) covers a total 5.62 sq.km of built up area, which was 
developed more in outskirts areas (3.58 sq.km i.e. 63.7% 
area) than SMC (2.04 sq.km i.e. 36.29% area). SMC has 
experienced an increase of compact low-rise and compact 
mid-rise buildings at a rate of 0.26 and 0.2 sq.km. per year 
respectively followed by a significant trend of upward 
building growth. The results obtained from the conversion 
matrix fortify the process of changing internal urban built 
forms. Hence from the analysis of 2001 and 2021 LCZ 
maps it is evident that with the expansion of urban land 
significant parts of SMC have undergone a transition in 
status from low-rise to mid and high-rise built zones.

5.4 Implication in Future Urban Planning 

In the context of rapid urban development and planning 
for new town construction there is a need to delineate and 
update LCZs results to meet new needs that arise with 
rapid population growth. LCZs classification scheme 
using WUDAPT methodology provides a comprehensive 
database for scientific enquiry of the transformation 
that could be used in urban land use study. Planners 
should plan and develop new constructions with green 
space seeking sustainable urban development. LCZs 
classification ultimately emphasizes the need to classify 
urban land into specific local area zones to differentiate 
complex urban LCZ types. The analysis can assist urban 
planners estimating and better understanding urban 
morphological characteristics. The investigation and 
documentation of changing building states can provide  
very useful input for creating a proper urban built up plan 
with a rapidly growing population. LCZ classification 
recognizes 10 built types which are essential to understand 
the city morphology and controlling the built environment 
in terms of building height, plot size and spacing. The 
study highlights the areas of scanty open and green space 
that need to be preserved. Conversion of LCZ6, LCZ7 and 
LCZ8 to the development of LCZ1 and LCZ2 should be 
avoided, especially at the dense core area. 

LCZ classification hierarchy provides useful urban 
information for the regions underwent unplanned 
urbanization, consisting of more heterogeneous urban 
forms and land cover types which are very much needed 
for further research work. The present study implies that 

LCZ is an effective method for urban planners to make 
appropriate decisions on urban land use planning.

6. Conclusions

LCZs classification map and the changing urban 
morphology with alteration of building states are the core 
results of the present work. Local Climate Classification 
has become the most accepted method in urban studies 
to explain internal urban forms. The study demonstrates 
that the adopted scheme can appropriately capture urban 
morphology through the detailed and comprehensive 
assessment of natural landscapes and building classes. 
The findings of LCZ mapping, especially the urban built 
up statistics of LCZ 1 to LCZ 10 have been identified 
consistent with those documented by Swert and Oke. 
Investigation of building distribution patterns through 
built type LCZs demonstrate that peripheral areas of SMC 
tend to construct high state LCZ zone while the the core 
urban area witnessed a significant increase in low and 
mid-rise LCZ zones. SMC witnessed a higher degree of 
compact building development, especially at the core city 
area. Beyond SMC active growth of compact high-rise 
and open high-rise buildings with lightweight low-rise 
and large low-rise buildings can be noticed. Analysing 
the alteration of urban built types plays a significant role 
in understanding the transformation of urban built up 
forms. Two-way land transition matrix has been produced 
to detect every possible land conversion from low-rise 
built types and other land cover classes to high and mid-
rise zone. Significant growth of midrise and high-rise 
buildings in Siliguri and its surrounding area demonstrate 
that the city is undergoing a transition from horizontal to 
vertical one. 

Nonetheless the study presents urban built up growth 
patterns across space and this would help urban planners 
in determining the appropriate proportion through 
integrating low, medium and high-rise buildings for 
promoting or discouraging building development keeping 
urban environmental sustainability (such as choice in 
surface material, planting trees). LCZs classification 
highlights the influence of large mix of buildings with 
different froms and structures in the urban scenario. The 
results pertaining to the of urban built up land influences 
this pattern greatly. Therefore, the study has established 
that LCZs classification can efficiently capture the urban 
surface dynamics through correct classification and 
characterization of existing urban built up zones. Our a 
novel approach to evaluating urban morphology is also 
directly relevant to current theoretical developments in 
both human geography [36-39] and planning theory [40-43], 
and future work should explore these theoretical linkages 
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more explicitly. 
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1. Introduction
Landuse and land cover  are  somet imes used 

interchangeably but quite refer to different things. Land 
use involves how the biophysical attributes of the land are 

manipulated and the intent underlying such manipulation 
for which the land is used, whereas land cover implies 
the biophysical state of the earth’s surface and immediate 
subsurface including biota, soil, topography, surface 
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largely aware of environmental drivers of LULC changes (bush burning, 
livestock overgrazing, collections of wood and medicinal plants, and 
agricultural expansion). It was concluded that there is a need to bring about 
a harmonisation of the perceptions of LULC change drivers by the rural 
and urban dwellers so as to bring about a common front understanding and 
response to LULC changes in the study area. 
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and groundwater, human structures etc. [1]. Land use 
change implies the conversion of land use due to human 
intervention in various purposes such as agriculture, 
settlement, transportation, etc. [2]. While land cover change 
on the other hand, refers to modification of the existing 
land cover or complete conversion of a biophysical cover 
of the land to a new land cover type [3]. 

Human activities (growing food, cutting off trees, 
building cities, etc.) almost at all times involve the use 
of land which exerts tremendous effects on land cover 
(the physical characteristics of the land surface, including 
grain crops, trees, or concrete). Clearing of new lands, for 
whatever purpose has long been common in areas with 
rapidly growing populations [4,5]. It has variously been 
noted that land resources have been altered by rapid land 
use and cover changes accelerated by changeable socio-
economic factors including high population growth, rapid 
urbanization, agricultural intensification and government 
policies [5]. Human pressure upon land resources and 
interactions between varying climatic characteristics 
facilitate changes in land use and cover [6]. 

Land use and land cover (LULC) change, as one 
of the main driving forces of global environmental 
change, is central to the sustainable development debate. 
Urban growth, particularly the expansion of residential 
and commercial land to rural areas at the periphery of 
metropolitan areas, have long been considered a sign 
of regional economic vitality but a very powerful agent 
of LULC change. Urban growth is known to exert 
enormously pressure on LU/LC through processes such as 
the removal of vegetation cover, replacement of existing 
vegetation types, reforestation and creation of hardened/
paved/concrete surfaces. Such processes can cause some 
changes to the LU/LC with consequences to human 
survival. When towns develop, not only are lands taken 
for settlement development to accommodate more housing 
demands of urban dwellers, satellite towns also develop to 
meet with housing needs of those that serve the towns but 
are less capable of competing for houses in them. Thus, 
with the town and satellite down development, massive 
transformations in LU/LC are introduced which could 
no doubt have some serious consequences for global 
environmental change. To continue living in such changes, 
stakeholders in cities affected by the changes must as of 
necessity find means of adapting to them. 

With advances in techniques for monitoring such 
changes (especially remote sensing and GIS technologies), 
a very large amount of research information is now 
available on nature, extent and consequences of urban 
development on LU/LC for many areas. A review of this 
has been presented elsewhere [3]. Most studies focused 

mainly on LULC changes, their drivers and their societal 
and biophysical impacts. To address the likely negative 
consequences that LULC changes may cause, it is quite 
appropriate to develop an understanding of how different 
stakeholders perceive them. Research on LULC change 
assessment hardly considers the views of stakeholders 
on especially the drivers of the changes. In most cases 
where such views were sought, farmers were the main 
ones consulted as they are typically considered the most 
notable actors on land and hence can be relied upon in 
gathering information on stakeholders’ perspectives [3]. 
Unfortunately, other stakeholders like non-farm workers, 
as well as workers in public institutions and the private 
sector are largely neglected. 

In the present study, a contribution is made to this 
regard by examining the perspectives of some key 
stakeholders on the drivers of LULC changes in Abuja 
Municipal Area Council, one of the fastest growing 
urban and regional areas in the world. The extent of such 
changes have been well documented elsewhere [3]. The 
aim of the study therefore is to analyze the perspectives 
of different landuse stakeholders on the drivers of LULC 
changes in Abuja Municipal Area Council of Abuja 
Federal Capital Territory. 

2. Study Area

Abuja Federal Capital Territory (FCT) is located 
between latitudes 8°25”N and 9°25”N and longitudes 
6°45”E and 7°45”E, covering a land area of about 8000 
square kilometers. It was designated as the capital seat of 
Nigeria in 1976, with the country’s government formally 
moved there in 1991. The master plan for the territory 
provides for a 250 km2 capital city (FCC) to serve as 
the seat of the Federal Government of Nigeria, but with 
several satellite towns to support the teeming population 
the territory. Abuja FCT is divided into 6 political units, 
called Area Councils, which include Abaji, Bwari, 
Gwagwalada, Kwali, Kuje and Municipal Area Councils. 
The FCC is located within the Municipal Area Council, 
AMAC and this area council were deliberately chosen to 
serve as the testing ground for the kind of investigation 
intended in this study as most of the major public and 
private establishments in the FCT are located in the 
AMAC. This has particularly caused massive LULC 
changes in the area council. The nature of LULC changes 
that have resulted from these growth processes have 
been well documented [3] but no research information is 
available on the perspectives of different stakeholders on 
the drivers of such changes. 

AMAC has a total of twelve wards, namely City 
Centre, Garki, Gui, Gwagwa, Gwarimpa, Jiwa, Karshi, 
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Kabusa, Karu, Nyanya, Orozo and Wuse, out of which 
four (Karshi, Karu, Nyanya and Orozo) which were 
identified as the most densely populated and the ones in 
which is the primary occupation of the majority of the 
dwellers have something to do directly with landuse/land 
cover were selected for this study. 

3. Methodology

Data about the people’s perception of the causes 
of LULC change in the study area were collected 
through the use of a questionnaire survey involving 514 
selected households from the four selected wards, field 
observations, as well as focus group discussions with 
people that have been living in the study area for at 
least the past 30 years from the date of the study (2016). 
The 514 sample size was calculated from the data on 
household size of the four wards obtained from the 
Primary Health Care Department of AMAC. Distribution 
of the 514 households across the wards is shown in 
Table 1. The questionnaire utilised was designed to 
contain both closed and open-ended questions to enable 
the respondents to have the opportunity of expressing 

themselves very well on issues related to drivers of LULC 
changes. After completing the questionnaire the survey, 
the contents of the completed questionnaires were coded, 
summarized and exported into SPSS spreadsheet for 
statistical analysis to derive mean values and percentages 
of all the responses received through the questionnaires 
administered. Four sessions of Focus Group Discussions 
(FGDs) were held, one per each ward, with selected 
representatives of the various stakeholders. The motive of 
the FGDs was to provide a means of cross checking the 
individual responses received through the questionnaire 
survey.

Table 1. Distribution of Respondent by ward

Ward Household Size Calculated Sample

Karshi 10787 85

Nyanya 11805 117

Karu 28517 249

Orozo 2954 63

Figure 1. Location of Abuja Municipal Area Council (AMAC) in Abuja FCT, Nigeria
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4. Results and Discussion

In this study, the causes/drivers of LULC change 
were identified into two categories as socio-economic 
or environmental, as this classification has been well 
discussed in the literature [6]. The responses received from 
the stakeholders on the influence of each of the categories 
are presented in Tables 2 and 3. 

4.1 Socio-Economic Drivers of LULC Change

A close look at Table 2 reveals that there are some 
levels of variations between the stakeholders in two 
categories of settlements in the study area on the role of 
socio-economic drivers in causing LULC change. Demand 
for higher Income, population pressure increases and 
need for more housing developments were listed by the 

Table 2. Responses Received on Socio-Economic Drivers of LULC Change
No. and % of Responses Received for the Various Wards

Karu Nyanya Karshi Orozo
No. % No. % No. % No. %

Demand for higher Income 93 37.4 103 88 63 74.1 53 84.1
Increased access to modern technology 12 4.82 19 16.2 6 7.06 3 4.76
More opportunities for Markets 23 9.24 17 14.5 16 18.8 9 14.3
Increase in access to land 78 31.3 98 86.2 23 27.1 19 30.2
Increase in access to labour 213 85.5 86 73.5 23 27.1 13 20.6
Increase in access to information 15 6.02 12 10.3 16 18.8 5 7.94
Absence of subsidies and credits 8 3.21 15 12.8 5 5.88 3 4.76
Government land policy for more development 206 82.7 95 81.2 32 37.7 21 33.3
Population pressure increase 197 79.1 102 87.2 72 84.7 61 96.8
More housing development 205 82.3 98 83.8 72 84.7 58 92.1
More commercial complex development 194 77.9 101 86.3 6 7.06 3 4.76
More institutional development 186 74.7 89 76.1 39 45.9 26 41.3
Increase in investments 89 35.7 18 29 17 20 24 38.1
Social unrest 8 3.21 15 12.8 5 5.88 3 4.76
Lack of alternative livelihood 21 8.43 46 39.3 68 80 61 96.8
Lack of information on best practices 9 3.61 13 11.1 7 8.24 3 4.76
Shortage of off-farm income-generating activities 11 4.42 27 23.1 75 88.2 58 92.1
Large dependence on natural resources 79 31.7 34 29.1 71 83.5 54 85.7
Lack of land ownership 31 12.5 19 16.2 6 7.06 3 4.76
Beliefs and values leading to more land usage 8 3.21 15 12.8 73 85.9 54 85.7
International trade 1 0.4 0 0 2 2.35 0 0
More Industrialisation 23 9. 24 13 11.1 4 4.71 0 0

Table 3. Responses Received on Environmental Drivers of LULC Change
No. and % of Responses Received for the Various Wards

Karu Nyanya Karshi Orozo
No. % No. % No. % No. %

Reduced rainfall 37 31.6 34 13.7 21 24.7 12 19.1
Increase in heat 14 12.2 19 7.63 6 7.06 3 4.76
Increase in incidence of Soil erosion 23 19.7 17 6.83 16 18.8 9 14.3
Agricultural expansion 43 36.8 21 8.43 65 76.5 52 82.5
Overgrazing 15 12.8 5 2.01 9 10.6 46 73
More Wood collection 45 38.5 64 25.7 69 81.2 57 90.5
More Medicinal plants collection 34 29.1 46 18.5 45 52.9 52 82.5
More Wild foods collection 42 35.9 28 11.2 67 78.8 48 76.2
Reduced river flow 23 19.7 17 6.83 16 18.8 9 14.3
Topographic condition 15 12.8 5 2.01 9 10.6 4 6.35
Pesticide and herbicides use 15 12.8 5 2.01 9 10.6 4 6.35
Bush burning 8 6.84 15 6.02 56 65.9 58 92.1
Livestock grazing 15 12.8 12 4.82 61 71.8 43 68.3
More logging activities 8 6.84 5 2.01 4 4.71 5 7.94
Windstorms 8 6.84 6 2.41 7 8.24 7 11.1
Flooding 23 19.7 19 7.63 6 7.06 3 4.76
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majority (more than 80%) of the stakeholders across the 
four locations as the main drivers of LULC change. Those 
in urbanised settlements mentioned the government’s 
emphasis in favour of more physical development on 
lands, more commercial complex development and more 
institutional development as the major drivers of LULC 
change. In Ethiopia, Meshesha et al. [7] have also observed 
that government’s policy of deliberately promoting 
physical development has contributed largely towards 
promoting LULC change. 

Those in predominantly rural locations indicated 
beliefs and values of the people leading to more land 
usage, shortage of off-farm income-generating activities 
and a lack of alternative livelihood as the major causative 
drivers of LULC change in the area. 

Gbagyi people (one of the major tribes in central 
Nigeria) is known to hold the belief that ownership of land 
from where one can gather large quantities of fuelwood 
will not only increase one’s chance of getting rich but will 
make one absolute control over the spirits that dwell in the 
forests [8]. With time however, as more lands were taken 
up for physical development, forest lands are lost leading 
to a loss of livelihoods. Also taking up of more cultivated 
lands will imply loss of off-farm livelihood activities 
especially those related to off-season processing and 
sale of farm produce. With that, the stakeholders are left 
with no option but to seek for other alternative livelihood 
sources which invariably will directly or indirectly lead to 
more pressure of LULC as the lands are the only option 
for survival of the rural dwellers. The fact that agriculture 
and deforestation contribute significantly to LULC change 
in particular and environmental degradation in general in 
sub-Saharan Africa has been well documented [9].

During the FGD sessions, it was established that due 
to loss of livelihoods, many of the rural stakeholders 
disposed of their lands as survival strategies while those 
with large holdings from where they used to obtain 
tree-based wild foods and fodder cleared and prepared 
them for cultivation, rental by others interested in crop 
production or sell them to those interested in acquiring 
lands for physical development.

Enedah et al. [10] have shown that though Abuja 
FCT was created in 1976, it was not until the physical 
development of both the city of Abuja and its region 
started in earnest with the provision of the large number 
of socio-economic infrastructures and developmental 
institutions through the activities of both the public 
and private sectors. With this followed a large influx of 
a large number of Nigerians of diverse ethnic origins 
into the FCT as employees in the public and private 
sectors, and as entrepreneurs in the informal sector [8]. 

As is typical with urbanisation process in sub-Saharan  
Africa [11,12], the provision of infrastructure in Abuja has 
been at an unprecedented pace in the country and to date 
nowhere else in the country has such development been 
replicated. This created the problem of urban primacy 
in the country and since the FCT is located at the centre 
of the country, the problem gave rise to a large influx of 
Nigerians from all parts of the country leading to massive 
rise in the human population [3]. To accommodate the 
ever expanding population, the government has been 
encouraging massive provision of infrastructure using 
both public and private funding sources. It is thus not 
surprising that the stakeholders irrespective of their 
location almost unanimously identified population 
pressure increase, demand for more income and housing 
(which are all products of provision of infrastructure) as 
among the major drivers of LULC change in the study 
area. However, as the infrastructure provider has not 
been evenly provided between rural and urban locations 
within the territory, it is to be expected that disparity 
will exist between rural and urban stakeholders in the 
perception of the extent to which such factors contribute 
to LULC change. In particular, the stakeholders in the 
predominantly rural locations comparatively have a 
lower perception of the role of infrastructure provision in 
causing LULC change than other stakeholders.

In Nigeria, ownership and use of all lands are defined 
by Landuse Decree of 1976, which vests power on 
the Government. Nigerians are only given the right of 
ownership through the issue of the right of occupancy 
for a period not exceeding 99 years. Thus, even though 
allocated lands are not ‘permanently’ owned by allottees, 
the fairly lengthy period of occupancy typically given 
(99 years) more or less make them have a feeling of 
permanency of ownership. It is sometimes argued that 
not vesting permanent and complete ownership of lands 
on the people will discourage them from conserving such  
lands [13]. In Ethiopia, studies have shown that the 
possession of all rural and urban lands by the state led to a 
lack of belongingness to natural resources by the individual 
farmers, which in turn triggered huge deforestation [14,15]. 
During discussions with key informants among the 
stakeholders, it was established that the people generally 
hold the belief that lands belonging to them whether 
allocated, purchased or borrowed/rented must be protected 
for the owner to ensure deriving benefits continuously 
from them. In sub-Saharan Africa, the fact that rural 
people’ near total dependence on natural resources 
contribute much to LULC changes have been well 
recognised [15].

A majority (more than 60%) of the stakeholders across 
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the four study locations indicated that increased access 
to modern technology, more opportunities for markets, 
absence of subsidies and credits, increase in access to 
information, increase in investments, social unrest, lack 
of information on best practices, lack of land ownership, 
International trade and more industrialisation are not 
major socio-economic causative factors of LULC change 
in the area. During discussions with the stakeholders, it 
was however established that the coming of private sector 
in housing development processes in the study area have 
brought about a massive transformation of the urban 
landscape, especially in the two predominantly urbanised 
settlements of Karu and Nyanya. Also, it was found out 
that crisis resulting from social unrest in especially central 
and northeastern parts of the country over the last 5 to 10 
years have contributed to a massive influx of people into 
the FCT. Thus, it was a bit erroneous that the majority of 
the respondents did not indicate an increase in investment 
and social unrest as major factors contributing to LULC 
change in the area. 

In general, the stakeholders’ perception of a population 
pressure and lack of alternative livelihoods as among the 
major socio-economic drivers of LULC change were in 
line with the findings of studies conducted in different 
parts of sub-Saharan Africa [7,13,16]. As the population 
grows, competition for available options increases leading 
to reduced opportunities for livelihood and consequently, 
alternative livelihoods become scarce. People thus have 
few options to diversity to other livelihoods options 
besides the limited ones available (especially exploitation 
of forest resources and cultivation of crops).

4.2 Environmental Drivers of LULC Change

The main environmental drivers of LULC change 
on which the perception of the stakeholders was sought 
are presented in Table 3. It could be seen from the table 
that majority (over 60%) of the stakeholders in the 
two predominantly urban settlements did not indicate 
environmental drivers as the major ones responsible for 
LULC change in the study area. In the predominantly rural 
settlements however indicated bush burning, livestock 
grazing/overgrazing, more wood collection, more 
medicinal plants collection and agricultural expansion as 
the major drivers. 

Literature on environmental causative factors of LULC 
change in many areas of the world [5,6,14,17-26], has variously 
described climate change, agricultural expansion, bush 
burning, collection of timber and non-timber products 
as the major environmental drivers. It is obvious from 
the results obtained in this study that it is mainly the 
stakeholders in rural locations that have some good 

level of perception of the role of such environmental 
factors in causing LULC change perhaps they maintain 
comparatively stronger interactions with the environment 
than their urban dwellers’ counterparts.

5. Conclusions

The results obtained showed clearly that there are clear 
differences between rural and urban stakeholders in the 
perceptions of some of the causes of LULC in the study 
area. While urban dwellers are largely aware of causes 
of changes in human aspects (physical development on 
lands, more commercial complex development and more 
institutional development) of LULC, and in fact majority 
(over 60%) of them did not indicate environmental drivers 
as the major ones responsible for LULC change in the 
study area. Their rural counterparts on the other hand are 
largely aware of the causes of changes in the physical 
aspects (beliefs and values of the people leading to more 
land usage, shortage of off-farm income-generating 
activities and lack of alternative livelihood, leading into 
bush burning, livestock overgrazing, more collections of 
wood and medicinal plants, and agricultural expansion) 
of LULC change. For programs aimed at responding 
effectively to negative effects of LULC change to be 
designed and implemented in the study area, there is the 
need to be about effective harmonisation of the level of 
perceptions and understanding of the change drivers of 
both the rural and urban dwellers so as to ensure that 
they develop a common underrating of the problem and 
how best to tackle it. In this regard, intensive use of 
environmental education and engagement of stakeholders 
in policy design and implementation towards responding 
effectively to LULC changes, are very much needed.
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1. Introduction

Traffic volume information has long played an important 
role in various transportation research areas, including 
but not limited to policy making, roadway design, safety 
analysis and air quality control [1-4]. However, collecting 
traffic count data over a large spatial area requires a 
significantly substantial, and potentially prohibitive, amount 

of manpower and financial costs [5]. For these reasons, 
local governments and transportation agencies are not 
able to place enough monitoring equipment for the 
whole road network, resulting in gaps and shortages of 
available data. Considering the irreplaceability of traffic 
volume data in transportation-related studies, the focus 
must advance from just ‘measuring’ ‘well-estimating’ [6].  
Thus, over many years, transportation researchers and 
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quality control, and policy making. However, monitoring traffic volumes 
over a large spatial area is not an easy task due to the significant amount 
of time and manpower required to collect such large-scale datasets. In this 
study, a hybrid geostatistical approach, named Network Regression Kriging, 
has been developed to estimate urban traffic volumes by incorporating 
auxiliary variables such as road type, speed limit, and network accessibility. 
Since standard kriging is based on Euclidean distances, this study 
implements road network distances to improve traffic volumes estimations. 
A case study using 10-year of traffic volume data collected within the 
city of Edmonton was conducted to demonstrate the robustness of the 
model developed herein. Results suggest that the proposed hybrid model 
significantly outperforms the standard kriging method in terms of accuracy 
by 4.0% overall, especially for a large-scale network. It was also found that 
the necessary stationarity assumption for kriging did not hold true for a 
large network whereby separate estimations for each road type performed 
significantly better than a general estimation for the overall network by 
4.12%.

Keywords:
Traffic volume
Geographical information system
Spatial modelling
Hybrid geostatistics
Network regression kriging

Administrator
Highlight
两个单词之间添加to



53

Journal of Geographical Research | Volume 05 | Issue 02 | April 2022

practitioners have made considerable efforts to produce 
reliable estimations of traffic volumes by applying various 
methodologies and tools.

One of the most widely adopted methods to date is 
Ordinary Least Squares (OLS) regression while using 
as many explanatory variables as possible. For example, 
Xia et al. estimated traffic volumes for nonstate roads [7].  
In their study, 450 count-monitoring stations were 
involved in the investigation with up to 12 initial variables 
(accessibility, socioeconomic, and road characteristics) 
included in the multiple regression model. Using a 
similar method, Zhao and Chung [8] predicted the annual 
average daily traffic (AADT) on multiple roadways in an 
urban area through a variety of land-use and accessibility 
measures. Mohamad et al. utilized a multiple regression 
model to incorporate relevant demographic variables such 
as population, state highway mileage, per capita income, 
and the presence of interstate highways [9].

Various methodologies other than regression models 
also have been employed. Tang et al. [10] compared time 
series, neural network, nonparametric regression, and 
Gaussian maximum likelihood (GML) techniques and 
found that GML methods were the most promising. Lam 
et al.’s [11] more recent study used nonparametric models 
and GML methods to forecast Hong Kong’s traffic 
volumes. Davis and Yang proposed empirical Bayesian 
methods that were used to compute quantiles of the 
predictive probability distribution of the total traffic at a 
highway station, given a sample of daily traffic volumes 
from that station [12]. These activities were based on 
expressions for traffic data variability and the American 
Association of State Highway and Transportation Officials 
(AASHTO) reliability concept for pavement design. Goel et 
al. proposed a correlation-based approach to improve AADT 
estimation by exploiting the inherent underlying correlations 
between link flows [13]. These correlations arise partially 
because the inflows and outflows to a node are always 
constrained. In addition, when the network has many 
origin–destination (O-D) zones, and a relatively smaller 
number of links, the correlation between the link flows 
can be large.

With the growing availability of geographic informa-
tion system (GIS) datasets and the evolution of spatial 
analysis techniques, researchers have started to explore 
geostatistical methods [14,15] that exploit the spatial context of 
traffic and other spatial data. Studies that are most closely 
related to this topic include Eom et al.’s [6] use of spatial 
regression methods to predict AADT for nonfreeway 
facilities in Wake County, North Carolina, and Selby B. 
and Kockelman, K.M. [16] compared the AADT estimation 
results between universal kriging and geographically 

weighted regression for Texas. They conclude that the 
overall predictive capability of kriging methods eclipses 
traditional models as well as other spatial methods. 
Kriging presumes spatial dependence in error terms or 
unobserved factors, as a function of distance. Due to its 
capability of accounting for the variable’s interaction over 
space and its ease of implementation for interpolating 
target variables at unmeasured locations, this method 
continues to gain popularity for application in many 
transportation fields in recent years [17-20]. Like all the 
other geostatistical methods, kriging uses Euclidean 
distance to quantify the spatial separation between 
variables during its interpolation procedures. However, 
when this approach is transferred to studies targeting 
traffic specific variables, logically the actual network 
distance should be a more reasonable metric. Some prior 
transportation-related research studies replaced Euclidean 
distance with network distance in their kriging models. 
For instance, Zhang and Wang [21] refined the standard 
kriging model by using subway system network to 
estimate the transit ridership in New York City. Although 
their findings indicate that kriging using subway routes 
outperforms the standard ones, they are based on two 
short subway lines whereby making their assessment less 
is conclusive. Likewise, a road network is much more 
complex than the subway network thus greater scrutiny 
is necessary in order to appreciate the true benefit of 
implementing road network distances for estimating 
traffic volumes. Selby B. and Kockelman, K.M. [16]  
evaluated universal kriging in estimating AADT using 
Euclidean distances and network distances for Texas but 
their dataset was limited to only one-year and may not be 
conclusive due to its limited temporal coverage. Datasets 
with a longer term of traffic volume observations need to 
be used to further validate its estimation performance.

Table 1 summarizes the reviewed literature including 
their corresponding study areas, road types, findings/
contributions, and limitations. In summary, a variety of 
models have been proposed and developed to estimate 
traffic volume information with kriging proving to be 
a promising method for generating reliable estimates. 
Nonetheless, there exist very few studies that incorporate 
local auxiliary information into the kriging method, and 
no studies that utilize city-scale and long-term traffic 
volume datasets. Likewise, due to the limited datasets 
and significantly higher computational costs, kriging with 
network distances has rarely been used in transportation 
studies involving a large urban network. Furthermore, 
the second-order stationarity assumption, which assumes 
the spatial pattern of a target variable is the same across 
the entire study area is the most fundamental assumption 
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behind kriging [15,22]. However, whether or not this holds 
true for traffic volumes across the urbanized network has 
not been investigated in past literature.

Therefore, the primary objective of this research is to 
develop a hybrid geostatistical interpolation framework, 
as well as validate its feasibility and robustness through 
a real-world case study. To summarize, the main novelty 
and contributions of this research work include the 

following:
·Utilized local auxiliary variables to detrend the 

data within the interpolation framework, and to explain 
variations in traffic volumes with respect to different 
locations,

·Replaced Euclidean distance with road network 
distance to improve the estimation accuracy and model 
explanation power,

Table 1. Summary of the Selected Relevant Studies of Traffic Volumes Estimation

Author(s) Study Area Road Types Method Findings/Contributions Limitations

Mohamad, 
et al., 1998 Indiana · County roads · Multiple regression

· Data from multiple counties were used 
to validate the accuracy of the developed 
model 

· Regression models are not able to 
spatially map traffic volumes across 
the entire road network without 
adequate auxiliary variables as input.
· Adopted methods lacks the consid-
erations of spatial characteristics of 
road networks.

Xia, et al., 
1999

Broward 
County, 
Florida

· Nonstate roads · Multiple regression · 12 initial variables were involved in 
regression models

Zhao & 
Chung, 2001

Broward 
County, 
Florida

· Interstate highways
· Express ways
· Urban roads
· Rural roads

· Multiple regression
·  More explanatory variables  with 
modified data and road classifications were 
used to extend the previous efforts

Tang, et al., 
2003 Hong Kong · Major road links

· Time series model
· Neural network
· Nonparametric regression 
(NPR)
· Gaussian maximum likelihood 
(GML)

· GML model appeared to generate the 
most accurate predictions among the four 
models.

· Limited data input (road types, 
temporal coverage, etc.).
· Traffic volumes were assumed 
to be normally distributed and time 
dependent.
· Lack of spatial analysis of traffic 
volumes.

Lam, et al., 
2006 Hong Kong · Major road links

· Time series model
· Neural network
· Nonparametric regression
· (NPR)
· Gaussian maximum likelihood 
(GML)

· Extended efforts using more observations 
to predict the hourly traffic flows.
· NPR and GML appeared to be more 
promising.

Davis & 
Yang, 2001 NA · Highways · Empirical bayes method

· Proposed method could estimate the 
probable ranges and associated probability 
distribution. 

· Included road type is highway only.
· Adopted method is only able to 
provide point estimates.

Goel, et al., 
2005 NA · Highways · Correlation-based method · Developed method exploit the correlation 

imposed by O-D path flow.
· Adopted method is sensitive to the 
input data configuration.

Eom, et al., 
2006

Wake 
County, 
North 

Carolina

· Urban
· Suburban
· Rural

· Spatial regression
· Universal kriging (UK)

· Comparisons between spatial regression 
and ordinary regression method proved the 
former one could provide better predictions.

· Euclidean distance was used in 
developing the models; however, it 
is not the true representation of the 
distance in road network.
· Lack of spatial interaction analysis 
of the traffic volumes.

Selby & 
Kockelman, 

2013
Texas · From local roads to 

interstate freeways

· Universal kriging (UK)
· Universal network kriging
·  Geographically weighted 
regression (GWR)

· UK provided better results than GWR in 
the study area.
· UK with network distance showed no 
enhanced performance.

· Input data were lack of long-term 
observations.
· The network distance piece was 
only evaluated in a single network 
setting.

Zhang & 
Wang, 2014

New York 
City · Subway Line · Network universal kriging

· With using network distance in kriging 
model, the standard kriging method using 
Euclidean distance was improved in terms 
of the spatial variability analysis.

· A few subway lines were selected 
for the study, which was a relatively 
simple network.
· Lack of long-term observed data 

for model performance evaluation.
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·Evaluated the applicability of the proposed method 
using a large-scale road network (i.e., city of Edmonton),

·Investigated the second-order stationarity assumption 
of kriging in relation to urban network traffic volume,

·Validated the consistency of the research findings 
using long term traffic volume data (i.e., 10 years)

In particular, this research also aims at answering the 
following questions which represent the main objectives 
of this study.

·What local factors would contribute to enhancing the 
traffic volume estimations? 

·To what extent and in what situations would kriging 
with network distances outperform standard kriging with 
Euclidean distances? 

·How to characterize the spatial dependence (spatial 
variation pattern) of traffic volumes and apply them to 
different network configurations? 

The results of this study can be an important reference 
source for gaining knowledge on network regression 
kriging and network spatial variation pattern of traffic 
volumes. From a practical application perspective, since 
kriging is capable of spatially mapping traffic volume 
for all unmeasured locations across an urban area, our 
proposed framework provides a tool for transportation 
practitioners and engineers to estimate traffic volume 
at locations abstinent of any traffic information. With 
complete and accurate estimations of traffic volumes, city 
planners and transportation agencies will be able to benefit 
from this in various ways [23]. 

2. Methodology

2.1 Regression Kriging – The Idea

As described previously, a variety of techniques have 
been implemented to estimate traffic volumes. Each 
method takes known traffic counts and/or uses auxiliary 
information (e.g., land use, time-steps, road geometry 
attributes, etc.) to make an estimation. These estimates can 
be separated into future-year and present-year predictions. 
Future-year predictions use current and past traffic count 
data to estimate the traffic counts at a future date. On the 
other hand, current-year predictions use the available data 
to estimate traffic counts at unmeasured locations. Kriging 
is typically applied in the latter situation [24,25].

Kriging is one of the most commonly used geostatistical 
interpolation techniques that account for the uncertainty 
of the estimation. It relies on the second order stationarity 
assumption where the mean, variance and dependence 
structure of the target variable do not change over space [22]. 
Kriging predicts the values at unsampled locations from 

the weighted average of nearby measured observations. 
The weights are determined based on their distance from 
the unsampled location and their closeness to each other. 
Commonly used variants of the kriging method include 
Ordinary Kriging (OK) and Regression Kriging (RK). 
The main difference between the two methods is that OK 
assumes the mean of the target variable to be unknown but 
constant locally, whereas RK assumes there to be a trend 
associated with the auxiliary variables (e.g., longitude, 
latitude) [26]. In this study, RK is adopted as it incorporates 
two conceptually different methods to model and map 
spatial variability to strengthen the explanation of the 
target variable. The estimations are made separately for 
the trend (OLS in this study) and residuals (via Kriging), 
and then added back together as shown in Equation (1).

� (1)

where  is the fitted deterministic component 
(i.e., the trend),  is the interpolated residual,  are 
coefficients of the estimated trend model,  represents 
constant term, p is the number of auxiliary variables, 
are kriging weights and  is the regression residual. 
Kriging weights for each sampling location is estimated 
based on the parameters of the semivariogram model, 
introduced in the following paragraphs, and the relative 
distance of the specific point with other sampling points 
and the unknown point. 

2.2 Semivariogram

As previously mentioned, the semivariogram model 
depicts the spatial dependence of the measured sample 
points [14,25,27], and is used for linear interpolation via RK, 
thus constructing a good quality semivariogram is critical 
as it determines the accuracy of estimation results. A 
semivariogram is the plot of the expected value of the 
semivariance of the variable of interest. It is a statistic that 
shows how the level of similarity between two known 
points decreases as their separation distance increases [27]. 
The semivariance value can be calculated by taking the 
average of the squared difference of two measurements 
in a study domain separated by a specific and defined lag 
distance. The equation generally used for semivariogram 
estimation is shown below:

� (2)

Here, γ(h) is the semivariance value.  and z(xi) 
are two measurements taken at the location  and  
which are separated by a lag distance, h. Figure 1 shows a 
typical semivariogram plot [18].
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Figure 1. A Typical Semivariogram with Parameters

Three basic parameters associated with each semivari-
ogram are the nugget, range and sill. According to 
theory, the semivariogram value at the origin should be 
zero, but due to stochastic errors such as measurement 
bias, the value of the semivariogram at the origin could 
differ significantly from zero and this is known as the 
nugget effect. The semivariance value at which the 
semivariogram levels off is known as the sill parameter. 
The lag distance at which the semivariogram reaches the 
sill value is known as the spatial range beyond which 
spatial dependence is considered non-existent. To assess 
the strength of the spatial dependence, the nugget-to-
sill ratio (NSR) is typically utilized as a dimensionless 
measure of the proportion of total observed variation that 
could not be explained by the observed spatial dependence 
of the target variable [28,29]. In other words, a small NSR 
represents a strong spatial dependence while a big NSR 
reflects a weak spatial dependence of the variable. To fit 
an experimental semivariogram based on observations 
made, there are several common theoretical forms [30,27,31] 
can be selected. The selection of fitted model types and 
adjustment of semivariogram parameters typically have 
effect on kriging estimation accuracy. However, these 
detailed selection/comparison processes are not the focus 
of this presented study, so to enforce a fair comparison 
between the different interpolation strategies, the spherical 
model (Equation (3)) was adopted for all.

Spherical model:

� (3)

Here, h = lag distance, a = spatial range of continuity 
and c = sill.

2.3 Hybrid Geostatistical Interpolation Framework

The standard RK method, including the construction 
of the semivariogram model, is all based on the Euclidian 
distance metric; however, this might not be a reasonable 
way of interpolating traffic-related variables (i.e., traffic 

volumes in this study) which may strongly be correlated 
with the road network. Therefore, when constructing the 
semivariogram, Euclidean distances are replaced with road 
network distances thus providing a better representation 
of the spatial dependence between the measured traffic 
count points. This simple change makes the standard 
RK wholly based on the road network distance. Figure 
2 illustrates the key steps of the hybrid geostatistical 
interpolation framework using network regression kriging. 
It is worth noting that the proposed framework as a whole 
is transferrable to other cities. Additionally, the target 
variable (traffic volume in this study) can be replaced 
with other traffic-related variables (e.g., traffic collisions, 
congestions, etc.); however, the detailed parameters (e.g., 
auxiliary variables for detrending data) involved in this 
framework needs to be recalibrated, which will depend on 
the type and availability of the input data.

The first step is to obtain the network distances 
between each point. This includes the distances between 
measured points and also the distances between measured 
points and unmeasured points of interest. This can be 
done by the Network Analyst extension in ArcGIS [32]. The 
second step is to remove the trend (i.e., the deterministic 
component) of the measured data points, to show only 
the true spatial variation of the traffic volumes. The 
detrended traffic volumes (i.e., the residuals) would be 
used as the input into the semivariogram modelling where  
python [33] and scikit-gstat package [34] are utilized. Kriging 
is then used to estimate the residuals for each point based 
on the semivariograms constructed in the previous step, 
and the final traffic volume estimates can be obtained 
by adding the estimated residuals and the deterministic 
components. Olea’s study regarding the steps of constructing 
an appropriate semivariogram model is used as a guideline 
during the whole process [27].

To ensure that the semivariogram model is of good 
quality and to compare the estimation accuracy between 
different estimation strategies, cross-validation is utilized 
to check the estimation performance. In this study, the 
root-mean-square-error (RMSE) was calculated using 
the “leave one out” method that checks the prediction 
error of each point individually to ensure that the overall 
prediction accuracy is acceptable [35,27]. RMSE is an 
indicator of how closely the model estimates matches 
the measured values. For this reason, it is widely used in 
cross validation to evaluate the quality of the constructed 
semivariogram. The equation of RMSE can be found 
below.

� (4)
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Here, n is the total number of measured points.

3. Case Study

3.1 Study Area: Edmonton, Alberta, Canada

As mentioned above, the road network for the city 
of Edmonton is used for the case study. To date, there 
are 233 arterials (1894 km), 699 collectors (886 km) 
and 2,394 local roads (2624 km) in total. Based on the 
function and traffic conditions of the city districts, the 
whole city is divided into two zones. The core zone is the 
dense areas in the centre of the city that have far more 
active transportation mode use like walking, cycling 
and public transportation. It mostly consists of local 
and collector roads and carries the main functions of 
residence and commerce. By contrast, the non-core zone 
is the rest of the city where social vehicles and trucks are 
the main modes of transportation. It is mainly used by 
commuters, intercity travelers, industrial, and agricultural  
industries.

3.2 Data Sources and Processing

Traffic volume data were obtained from the City of 
Edmonton Open Data Portal where the city road network 
shapefile and historical (2008-2018) traffic volume data 
were provided. The traffic volume data were collected 
by loop detectors or by manual counting on weekdays. 
Since not all the measurement locations had year-
round monitoring, average-daily-traffic volume (ADT) 
for each detection site was calculated and used in this 
study. Table 2 summarizes the collected ADT data with 
descriptive statistics, while Figure 3 displays the study 
areas along with the different road types and the boundary 

of the core zone. All detection sites are also shown in 
the same figure. The year 2017 was not included in the 
following analysis due to insufficient data. The road 
network distance between each pair of ADT points 
was obtained using the Network Analyst extension in  
ArcGIS [32], which lets us find the shortest route between 
locations along a network of transportation routes.

3.3 Trend Removal of Traffic Volumes

As previously described, the first step involved in the 
framework is to remove the trend of the target variable 
(i.e., the ADT) as much as possible so that the true spatial 
variation pattern of ADT can be observed. In this study, 
the linear regression with ordinary least squares (OLS) 
was adopted in removing the trend or the deterministic 
part of the kriging model. It is worth noting that linear 
regression is not the only method that can be employed 
here, however, the focus of this study is not on the 
detrending techniques while the linear regression model 
is one of the most widely used and effective methods that 
allows us to gain a deeper understanding of the influence 
that each covariate has in explaining the variations of 
ADT [6,20,16,21,8]. Available local auxiliary information in 
Edmonton for each detection site included the road type 
(eight types in total which were converted into numerical 
variables according to road class level), speed limit (30 
km/h – 110 km/h) and local accessibility factors such 
as the distance to the nearest school and distance to the 
nearest senior residence, all of which were used in the 
stepwise multiple linear regression analysis by fitting a 
first-order polynomial model. The p-value was adopted 
to confirm the statistical significance between ADT and 
the auxiliary variables in a 5% significance level. Table 

Figure 2. Proposed Hybrid Geostatistical Interpolation Framework
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Table 2. Descriptive Statistics of the Collected Average Daily Traffic (ADT) Volume Data

Year # measured ADT 
points Maximum ADT Minimum ADT Average ADT Standard 

Deviation
Proportions in Arterial/Collector/Other 

roads

2008 415 26196.0 17.5 7478.8 6034.6 84.3%/ 15.0%/ 0.7%

2009 425 33989.0 28.5 5742.3 5961.9 68.7%/ 30.8%/ 0.5%

2010 494 39520.0 38.0 5796.0 5956.6 68.2%/ 31.1%/ 0.6%

2011 581 45142.0 59.0 6070.8 7337.3 62.5%/ 37.1%/ 0.4%

2012 521 52727.0 49.5 8269.6 8965.1 75.0%/ 24.8%/ 0.2%

2013 700 50818.0 16.5 9546.7 9189.5 82.8%/ 15.8%/ 1.3%

2014 905 53171.5 56.5 10016.5 9141.8 84.7%/ 14.5%/ 0.8%

2015 1174 60066.0 78.5 10646.2 9209.0 81.6%/ 17.7%/ 0.6%

2016 1035 47176.0 43.5 9961.5 7896.4 85.3%/ 13.8%/ 0.9%

2017 8 7129.0 561.5 3018.0 2406.9 62.5%/ 37.5%/ 0.0%

2018 238 49487.0 130.5 9105.0 7646.4 89.9%/ 8.0%/ 2.1%

Figure 3. The Study Area – Edmonton, Alberta
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3 summarizes the calibrated parameters, and only those 
variables with p-values less than α = 0.05 are included. 

As can be seen from the linear regression results, 
road type, speed limit, and distance to the nearest senior 
residence are all consistently significant variables that 
can explain the variation of ADTs in each year. In 2011, 
2012 and 2015, the distance to the nearest school is also 
a significant variable in this step. Signs of the calibrated 
coefficients all make sense, as higher classes of roads (e.g., 
primary highway truck route) hold more traffic volumes 
compared with lower classes (e.g., local roads); roads with 
higher speed limits also tend to hold more traffic volumes 
as they are either interstate highways or arterials that serve 
the most commuters. In terms of the local accessibility 
factors that may only be applicable to Edmonton, the 
shorter the distance to a senior residence is, the larger the 
traffic volume tends to be, as most of the senior residences 
in Edmonton are located near major arterial roads. This 
also partially applies to the schools, but it depends on the 
locations of detection sites in specific years, implying that 
changing sampling locations may have an impact on the 
estimation performance of the regression.

Although the regression models were able to moderately 
remove underlying spatial trend, the low R2 values indicate 
the need for performing spatial interpolation via kriging 
using residual values to further improve the estimation 
accuracy. The next is to construct semivariogram models 
based on the residuals of the regression models and 
implement regression kriging under different scenarios 

and road network configurations.

3.4 Semivariogram and Regression Kriging

In this section, the comparison results including the 
spatial dependence and estimation accuracy between 
standard kriging and network kriging are presented. As 
shown in Table 2, ADT values can vary a lot between each 
year, and to understand the network model performance in 
different network settings, as well as assess the stationarity 
assumption of ADT, the study repeated the same analysis 
procedures for three different network configuration 
groupings. The first grouping (Case I) considers the whole 
city-wide network, the second grouping (Case II) is the 
district functions of core and non-core zones, and the 
final grouping (Case III) is a separation between arterial 
and collector road types. As mentioned previously, all 
semivariograms were fitted using the spherical model in 
order to enforce a consistent and fair comparison.

3.4.1 Case I: Whole Network

Following the steps of the standard kriging and 
network kriging (Figure 2), the semivariogram models of 
two distance metrics for each year were first constructed 
based on the same data points. Figure 4 includes all the 
semivariogram models that were developed by carefully 
following the procedures and guidelines from Olea’s 
publication [27].

As can be seen from Figure 4, the general shapes 

Table 3. Linear Regression Results for Traffic Volume Trend Removal

Year Road Type Speed Limit Distance to Nearest 
Senior Residence

Distance to Nearest 
School R2

2008 –5185.387 1687.224 99.019 − 30.6%

2009 –10800.105 1330.000 223.670 − 36.4%

2010 –12610.012 1270.851 256.203 − 39.6%

2011 –17979.301 1308.853 375.761 –1.234 48.0%

2012 –21996.595 1369.502 447.581 –1.278 59.2%

2013 –22324.391 2185.237 389.300 − 51.2%

2014 –22547.419 1991.376 414.489 − 48.3%

2015 –24068.033 2045.341 461.151 –1.224 53.1%

2016 –17932.787 2082.277 327.148 − 42.0%

2018 –30951.479 899.345 647.308 − 52.0%
Note: eight road types are converted into numerical variables.
·Arterial-Class A (Primary Highway Truck Route) = 8;
·Arterial-Class B (Non-Primary Highway Truck Route) = 7;
·Arterial-Class C (Truck Route Low speeds) = 6;
·Arterial-Class D (Non-Truck Route Low speeds) = 5;
·Collector-Commercial (Adjoining lots zoned > 50% Commercial) = 4;
·Collector-Industrial (Adjoining lots zoned > 50% Industrial) = 3;
·Collector-Residential = 2;
·Other (e.g., local roads) = 1.
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and sill values remain similar in each pairing while the 
nugget values of network models are consistently smaller 
compared with the standard ones. This also leads to 
different spatial dependence patterns between the two 
models. Figure 5 vividly shows the comparisons between 
the four parameters of the two types of semivariogram 
models, t-tests were also employed to examine the 
significance of the differences (Note: * represents the 
p-value is significant at 5% significance level).

From the t-test values, it can be concluded that 
the nugget and the nugget-to-sill ratio (NSR) values 
of  network-distance semivariogram models  are 
significantly smaller as compared to their Euclidean 
distance counterpart. This means the stochastic effect 
or the variance of ADT within a very short lag distance 
are reduced dramatically and thus the stronger spatial 
dependence of ADT can be observed. The reason can be 
the use of network distance takes the actual road network 
into account which avoids the situation where one low 
traffic volume road segment is considered adjacent to a 
highway segment even if there is no direct connection 
between them. In addition, the nugget and NSR values 
change dramatically over the 10-year period, which 
implies that the spatial configuration of the ADT detection 
sites has an impact on the representativeness of the ADT 
spatial variation pattern. The travel behavior changes over 
time (i.e., temporal pattern) in the city of Edmonton is 
also one of the possible reasons. This will need further 
investigation in the future, but unfortunately, it will be out 
of scope for this study. Figure 5 suggests that there is no 
significant difference present in the sill values, and this 
is because sill values represent the maximum variance 
between ADT values within the sampling scale, points that 
are far away from each other in Euclidean distances are 
likely to be far away from each other in network distance 
as well, thus the use of network distance does not affect 
sill value much. For the range values of semivariograms, 
it is a parameter that is highly correlated with the ADT 
sampling distribution and thus makes estimating the true 
range complicated hampering its use in comparisons [36]. 
 Thus, for the other two groups, only the nugget and NSR 
values calibrated from their corresponding semivariograms 
were used for comparisons.

After the semivariogram models were constructed, 
the cross-validation was implemented to compare the 
estimation accuracy between the two-distance metrics. 
RMSE values suggest that using network distance led to 
an average improvement of 4.0% for all of the years. The 
t-statistic between them is 5.473 with the p-value being 
equal to 0.000, which means network kriging is able to 
consistently provide significantly more accurate estimates 

compared to the standard one for the whole city road 
network. 

It is worth noting that the percentages of the improvement 
vary for each year (i.e., 1% to 9%). The reason for the 
variation can be attributed to the sampling distribution 
of the measured ADT points, as the city keeps expanding 
its scale during these 10 years thus changing most of the 
locations of the ADT detection sites every year. 

Since the computational costs of the network model are 
exponentially higher than the standard one, it is important 
to distinguish the situations under which applying network 
kriging is worth the increased effort. In other words, there 
is a need to identify the situations where the network 
semivariogram model and RK method can significantly 
outperform the standard ones.

3.4.2 Case II: Core Zone and Non-core Zone

The same comparison procedures are repeated between 
core zone (downtown) and non-core (suburb) zone of 
the city to see if the model would perform differently 
under varying network configurations. Calibrated nugget 
and NSR values are compared in Table 4. Years with 
insufficient data for both zones are excluded from this 
analysis.

Although results show that the network kriging model 
is able to reduce the nugget effect, better represent 
spatially dependence, and generate more accurate results 
in both core and non-core zones, the t-test values indicate 
that the differences were seen in the RMSE values 
between standard and network models are not statistically 
significant in the core zone (t-statistic: 0.919; p-value: 
0.194) while they do differ significantly in the non-core 
zone (t-statistic: 2.057; p-value: 0.039). The reason for this 
can be attributed to the density and scale of the networks. 
For example, the core zone has a smaller spatial scale than 
that of the non-core zone and that varying distance metrics 
do not play a significant role due to having higher network 
density. Additionally, the shape of the road segments within 
the core-zone is mostly straight thus making the differences 
between Euclidean and network distance kriging less 
dramatic.

Therefore, it can be concluded that the marginal benefits 
gained by using network kriging on a small and dense 
network with straight road segments is not worth the 
extra effort. By contrast, a widely spread-out network, 
or a network with a considerable number of curvy roads, 
can benefit significantly more from the network model. 
Additionally, calibrated nugget and NSR values in Table 
4 also imply the same conclusion as discussed in Case 
I, regardless of the zone area, ADT detections sites’ 
configuration affects the semivariogram model. The 
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temporal pattern of travel behavior also needs future 
investigation. Another point worth mentioning here is 
that the semivariogram models for each year were very 
different between the core and non-core zones, which 
infers that the stationarity assumption (i.e., translation 
invariance) of ADT may not hold true across large urban 

area. In other words, one single semivariogram model 
may not be able to represent the spatial pattern of all 
ADTs in the network as a whole thereby warranting a need 
to develop separate semivariogram models by taking into 
account the underlying characteristics of road networks 
under investigation.

Figure 4. Constructed Semivariogram Models
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Figure 5. Comparisons of the Semivariogram Parameters

Table 4. Calibrated Semivariogram Parameters for Core vs Non-core Zones

Year

Core Zone 
(Euclidean)

Core Zone 
(Network) Non-core Zone (Euclidean) Non-core Zone (Network)

Nugget NSR Nugget NSR Nugget NSR Nugget NSR

2008 6.3E+06 3.4E-01 7.3E+06 4.0E-01 3.1E+07 7.6E-01 2.2E+07 5.7E-01

2009 - - - - 1.3E+07 3.7E-01 1.1E+07 2.9E-01

2010 1.2E+07 6.0E-01 1.1E+07 5.5E-01 1.6E+07 4.1E-01 1.6E+07 3.9E-01

2011 2.3E-06 9.1E-14 5.2E+05 2.0E-02 2.5E+07 4.2E-01 1.7E+07 2.8E-01

2012 2.2E+07 9.9E-01 1.9E+07 8.4E-01 6.0E+07 6.5E-01 3.0E-10 3.3E-18

2013 2.1E+07 7.6E-01 1.7E+07 6.2E-01 2.9E+06 2.9E-02 7.9E+06 7.9E-02

2014 2.1E+07 6.1E-01 5.3E+06 1.7E-01 7.4E-09 7.6E-17 1.1E-06 1.1E-14

2015 3.8E+07 9.9E-01 3.0E+07 1.0E+00 8.1E+07 8.0E-01 7.4E+07 7.2E-01

2016 2.2E+07 6.6E-01 2.2E+07 6.6E-01 3.6E+07 5.2E-01 3.5E+07 5.1E-01

2018 - - - - 1.0E+07 1.4E-01 6.0E+06 8.3E-02
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3.4.3 Case III: Arterial and Collector

To further examine whether the stationarity assumption 
is true or not for the study area, this section investigates 
the differences between semivariogram models tailored 
for different road types, namely, arterial and collector 
roads. The model development procedures remain the 
same as described in the previous sections, and the 
years with insufficient data for both road types are again 
excluded from this analysis. All models were fitted using 
the same spherical form. Their calibrated semivariogram 
parameters are shown in Table 5.

It is implied that the spatial dependence pattern can 
be very different between the two road types, as the 
calibrated parameters differ from each other significantly. 
For example, the nugget values in arterials are drama-
tically bigger than those in collectors, this is because 
arterial roads tend to carry most of the traffic flows of 
the city especially for intercity trips, and industrial and 
agricultural travels, thus the magnitude of the variances 
can be also higher for this road type. In addition, the 
calibrated semivariogram parameters vary over time 
regardless of the road type. This implies that the impact 
of ADT detection sites’ configuration and the temporal 
pattern of travel behavior in the city of Edmonton will 
require further investigation in future work.

The ultimate goal of this research is to provide more 

accurate estimates of traffic volumes, cross-validation 
was conducted to assess the estimation accuracy for 
the separate estimations for arterial and collector roads. 
RMSE values were used to compare and contrast the 
ADT estimates from the various semivariogram models 
developed using separate road types, keeping all roads 
together, and network distances. Results show that 
compared to using Euclidean distance in kriging without 
separating the road types, network distance kriging while 
considering semivariograms separately can, once again, 
improve the ADT estimation accuracy by 4.12% on 
average for the entire urban network while the t-test also 
validates that it is a statistically significant improvement 
(t-statistic: 5.828; p-value: 0.000).

3.5 Spatial Mapping of Traffic Volumes

With the semivariogram models calibrated and 
validated for each year, the proposed hybrid geostatistical 
approach was used to interpolate the missing ADTs for the 
entire city network. This method utilized the midpoints of 
each road segment that are split by intersections as shown 
in Figure 6. 

As described previously, the major difference in im-
plementing network kriging compared with the standard 
one is to replace the Euclidean distance with the network 
distance. Therefore, the network distance matrix based 
on the shortest path for all measured and unmeasured 

Table 5. Calibrated Semivariogram Parameters for Arterial vs Collector

Year

Arterial 
(Euclidean)

Arterial 
(Network)

Collector 
(Euclidean)

Collector 
(Network)

Nugget NSR Nugget NSR Nugget NSR Nugget NSR

2008 2.4E+07 8.1E-01 1.9E+07 6.7E-01 2.6E+06 6.8E-01 2.3E+06 5.7E-01

2009 3.8E+05 1.3E-02 9.7E-10 3.2E-17 1.8E-13 5.0E-20 6.5E-09 1.9E-15

2010 1.7E+07 5.4E-01 1.4E+07 4.8E-01 1.7E+06 4.3E-01 1.6E+06 4.0E-01

2011 2.6E-02 6.3E-10 6.4E-11 1.6E-18 4.1E+05 6.8E-02 2.8E-09 4.7E-16

2012 2.9E+07 6.6E-01 2.3E+07 5.6E-01 3.0E-07 5.0E-14 4.3E-10 7.1E-17

2013 3.0E+07 6.1E-01 2.4E+07 4.8E-01 - - - -

2014 3.5E+07 6.8E-01 2.6E+07 5.4E-01 1.6E-11 1.0E-18 1.3E+07 1.0E+00

2015 4.3E+07 9.3E-01 4.2E+07 9.0E-01 4.3E-05 2.1E-12 6.8E-13 3.4E-20

2016 2.8E+07 6.8E-01 2.5E+07 6.2E-01 1.1E-09 1.5E-16 3.4E+05 4.6E-02

2018 8.7E-08 2.8E-15 6.7E-07 2.2E-14 - - - -
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locations were generated firstly via ArcGIS [32] and then 
input into kriging along with the corresponding best-fitted 
spherical semivariogram models. As a result, 2008, 2009, 
2010, 2011, 2012, 2013, 2014, 2015, 2016 utilized the 
separated-road type network semivariograms while 2013, 
2018 utilized their citywide network semivariograms. 
These interpolated ADT values reflect the true spatial 
distribution pattern as the ring road and the areas within 
it is shown to have higher traffic volumes as compared 
to the areas outside the ring road (i.e., the far northern 
and far southern parts of the city where people rarely go). 
Furthermore, years with interpolation using separated 
semivariogram models (with * marked in title) tend 
to distinguish the traffic volume differences more 
prominently between road types.

Although more case studies using different network 
sizes and traffic related variables (e.g., collision frequency) 
are required to further attest to the conclusiveness of the 
results generated herein, the findings of this study provide 
significant contributions to areas in need of utilizing 

accurate traffic volume information with limited traffic 
detectors.

3.6 Summary of Research Findings

With the adoption of the proposed hybrid interpolation 
framework to estimate and spatially map ADT across the 
city of Edmonton, several findings were made from the 
three case studies (i.e., Case I, II, III). These findings are 
summarized below:

·Network semivariogram was able to better represent 
the spatial variation pattern of ADT within the road 
network. When compared with semivariogram models 
using Euclidean distance (Case I, II, III), network 
semivariogram has lower nugget and NSR values [37].

·Estimating ADT using network kriging was 
consistently more accurate than standard kriging with 
Euclidean distance [21]. This finding was supported by 
cross-validation results using the 10 years of data (Case I).

·Small and dense networks where roads are fairly 
straight were not worth performing network kriging due 

Figure 6. Interpolated ADT maps via Network Regression Kriging
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to its low return and substantial computational cost. In 
Case II, estimated ADT values using two distance metrics 
have no significant difference in the non-core zone, which 
supports this finding. 

·The imposed stationarity assumption of ADT did not 
hold true for the entire study area. This was evident from 
the different semivariogram parameters calibrated with 
respect to different city zones and road types (Case II, III).

·Estimating ADT using network kriging with multiple 
road types and semivariograms (Case III) was significantly 
more accurate than estimating using Euclidean distance 
with a single semivariogram.

·Semivariogram parameters (e.g., nugget, range, 
NSR) changed dramatically over time regardless of zone 
and road types, which implies that the configuration of 
ADT detection sites has an impact on the spatial variation 
pattern representativeness, and thus will potentially affect 
the overall estimation accuracy. The temporal pattern of 
travel behavior in the city of Edmonton also needs further 
investigation.

·Interpolated ADT (Figure 6) using our proposed 
method was able to successfully reflect the true spatial 
distributions of the traffic volumes in the city.

Since the data employed in this case study covers 10 
years of ADT observations, and our findings regarding 
the network regression kriging performance are consistent 
with previous relevant studies [11,38,16,7,21], it can be said that 
our proposed hybrid geostatistical interpolation framework 
and research findings are transferrable and applicable 
to other cities as well as other traffic related variables. 
One thing to note is, some of the detailed parameters or 
settings (e.g., variables in detrending step, semivariogram 
type, etc.) may differ depending on the data of interest and 
availability. 

4. Conclusions and Future Research

In this research, a hybrid geostatistical interpolation 
framework for estimating city-wide traffic volumes was 
developed by applying linear regression models to remove 
trends within ADT and performed kriging with network 
distances using semivariogram models constructed for 
each estimation year. A case study in Edmonton was 
conducted to compare the estimation accuracy between 
the standard and network models. Linear regression 
models consistently show that road types, speed limits 
and accessibility to senior residences are significant 
explanatory variables over the 10 years, and accessibility 
to schools may also be a significant variable depending 
on the distribution of sample sites. Overall, the network 
semivariogram model better represents the spatial 
interaction pattern of the traffic volumes. It significantly 

reduces the nugget effect while also forming a stronger 
spatial dependence by generating a lower NSR. For a 
large road network (e.g., the whole city network, non-
core zone), network kriging consistently and significantly 
outperforms standard kriging by providing more accurate 
traffic volume estimates. By contrast, on a small scale and 
dense road network with road segments that are not very 
curvy (e.g., core-zone), the standard kriging method based 
on Euclidean distance is still able to provide reliable 
estimates, and the semivariogram model is also able 
to adequately represent the spatial interaction of traffic 
volumes. Furthermore, it is also found that the stationarity 
assumption for traffic volumes does not hold true thereby 
indicating that the semivariogram model constructed 
over a particular zone/network configuration may not be 
representative of the actual spatial interaction for all zones 
or different road types in the city. This also suggests that 
separate estimates for different road types using their 
corresponding semivariogram models can produce more 
accurate estimates overall.

In conclusion, within the area of traffic estimation, our 
research provides several contributions. First, a hybrid 
geostatistical interpolation framework was developed, 
which involves the use of local auxiliary variables and 
road network metrics. This interpolation framework is 
a powerful tool that transportation agencies can employ 
when their traffic information is limited. In addition, 
this is also the first time that long-term and large urban 
datasets are used to prove the feasibility and robustness of 
our proposed framework. And lastly, it was demonstrated 
that with semivariogram models, using network distances 
can allow us to better understand the spatial variation 
patterns of traffic volume. Furthermore, this research also 
contributes to identifying situations where the application 
of network kriging is not necessary considering the 
substantially high computational costs required of 
it. Furthermore, the imposed stationarity assumption 
placed on the whole network did not hold true since 
semivariogram models developed for different zones 
and road types led to improved estimation performance. 
It is expected that with more accurate ADT estimation/
mapping results (as shown in Figure 6) and a better 
understanding of the ADT spatial pattern, transportation 
authorities can make more robust and accurate decisions 
on transportation-related activities.

This research can be extended in several directions. 
First, the same approach proposed in this study can be 
directly implemented in any other traffic-related cases 
where the use of network distance is more reasonable. 
Given the studies done in the past using Euclidean 
distances, there are lots of studies that can be re-done 
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using network distances such as traffic congestion, 
collisions, emissions and so on [38-40]. Secondly, the 
distribution of the sampling sites is suspected to affect 
the modeling and estimation performance as can be seen 
from the 10-year RMSE values and calibrated nugget 
values. Therefore, additional efforts into developing 
optimal traffic-count sampling strategies will be required 
to optimize the traffic monitoring capabilities and to 
further improve estimation performance. It would be also 
beneficial to use the data collected over same geographic 
locations but over different years in an attempt to further 
validate the conclusiveness and transferability of our 
findings. Thirdly, instead of converting road types into 
numerical values, they can also be hot-coded or binary-
coded (e.g., major roads vs other roads) to quantify the 
effect of different road types have on ADT and their 
contributions to improving the accuracy of interpolating 
citywide traffic volumes. Lastly, the calibrated parameters 
of our linear regression models (i.e., coefficients of the 
auxiliary variables) and semivariograms (e.g., range) 
tend to vary drastically, which implies that people’s travel 
behavior within the city of Edmonton is changing over 
time. Further investigation of this temporal pattern can be 
a potential future research topic.
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Open space has various implications in urban development planning and 
has been integrated into recent urban planning approaches and practices in 
Nepal. The open spaces are not only important for (re)shaping the urban 
form but are also important for enhancing urban social life and disaster 
risk management, particularly for dense cities. As most of the cities in 
Nepal have been growing haphazardly, the cities lack sufficient open 
space. However, the value of open space in dense cities like Kathmandu 
has been recognized more after the Gorkha Earthquake in 2015 as the 
open space were extensively used for risk relief, treatment, recovery, and 
rehabilitation during and after the earthquake. With this background, this 
paper presents the major planning initiatives in Nepal and discusses how 
recent urban plans have provisioned and initiated open spaces development 
by reviewing concurrent urban planning practices, particularly reviewing 
Periodic Plans, Integrated Urban Development Plans, Smart City Plans, 
and Land Development Plan. The development of open areas has not been 
given much attention in the earlier urban planning practice but recent 
urban development planning has emphasized with a special focus which is 
very important for sustainable and safer city development and is expected 
to address the current bulging urban issues of spatiality and sociability. 
Therefore, it is very important for integrating open space implications in 
city planning and such open space should be conceptualized according to 
the city’s geography, landscape as well as socio-cultural contexts. 
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1. Background 

Open space planning for cities has been a growing 
concern among planners, development activists, and 
academicians worldwide. The open space is considered 
as the lungs of city life by which people discover the 

value and benefits of public life activities [1-3]. The term 
“open space” in this article denotes those spaces that are 
available to urban residents without any restrictions for 
social, economic, cultural, environmental, and political 
uses, and these are contributing environmental benefits 
and shaping the urban physical form [4]. These spaces 
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are shared resources, which are not closed or blocked 
up and provide access for people and express conditions 
of public life, civic culture, and everyday activities [5]. 
Therefore, open space for the cities underpins many 
social, ecological, environmental, political, and economic 
activities that are essential to the healthy functioning of 
urban life and the city environment. Thus, urban open 
spaces are the agent of shaping urban morphology and 
are contributing to the social, economic, environmental 
life of urban people. Different urban planning practices 
address open spaces to make the city livable, live, and 
functional even though the details and depth intensity of 
open spaces implications may be contextual and varies 
according to physiography, landscape, social and cultural 
settings, etc. Planners, urban authorities, and development 
activists working in urbanism, therefore, have been giving 
attention to integrating open space provisions in city 
planning practices. 

Cities, countries, and organizations in the world have 
different criteria and practices for provisioning open spaces 
in city planning. Cities such as New York, Hongkong, 
Johannesburg, etc. use per capita; cities like London, 
Singapore, Sidney, Vancouver, and Stockholm use 
distance from the household residence to open space. 
Similarly, organizations like WHO use per capita whereas 
ECI (European Common Indicators), US EPA (US 
Environment Protection Agency) use distance to open 
spaces and Un-Habitat uses both per capita and distance 
to open spaces [4]. Table 1 reveals the major provisions and 
practices by world cities/towns and agencies to make open 
space functional and efficient. 

Table 1. Open Space Provisions in the Major Cities

Cities/
Agencies % of Open Space Open Space 

Per Capita
Distance to 
Open Space

Bogota 10 m2

Hongkong 2 m2

Johannesburg 24 m2

London 400 m
New York 10 m2

Singapore 400 m
Sidney 400 m

Stockholm 200 m
Vancouver 5 min walk
Mumbai 2 m2 

Kathmandu 5% of the metro city 
area 2.05 m2 

UN-Habitat 15% of the city area 400 m
WHO 9 m2 300 m
ECI 300 m

US EPA 500 m

Source: UN-Habitat, 2018; MoUD, 2015

The data reveal that Johannesburg seems the highest 
per capita open space then followed by New York. 
However, cities in developing countries like Mumbai 
and Kathmandu have the least open space available for 
public use. Mumbai has below 2 m2 per capita open 
spaces whereas KMC (Kathmandu Metropolitan City) 
has 2.05 m2 per capita [6,4,20]. It implies that open spaces 
are important for urban life as many developed countries 
are giving high attention to making the cities efficient, 
life, and functional with spacious open space provisions. 
However, our position is very poor in terms of open space 
availability and access of it to the urban people. So, we 
are in danger of running out of open space in the cities [7]. 
Sufficient green space, recreational spaces, public plazas, 
squares, rest places, etc. are the heart of such cities which 
would provide a good place for public life activities. Open 
space contributes to societal well-being and provides a 
safe place for disaster risk management. Evidence shows 
that there were thousands of people on the street and 
open spaces in Kathmandu during the earthquake in 2015 
living outside their “home” [8]. Although the open space 
in city planning needs to be a central focus, there is 
less discussion on how urban planning practices have 
embedded open space planning in practice. In light of 
this background, this paper will explore how recent 
urban planning practices have conceptualized open 
space planning for city planning and development in 
Nepal. 

2. Chronological Planning Practices in Nepal

It is pertinent to discuss here briefly the histography 
of the urban planning initiatives in Nepal. The first urban 
planning was started in Nepal in 1944 as the “Rajbiraj 
Plan” which was initiated to develop a grid road plan with 
the skeleton physical urban forms of the administrative 
town of Rajbiraj. Similarly, the first physical development 
planning was started as “The Physical Development Plan 
for the Kathmandu valley” in 1969 [9]. Thereafter, several 
planning practices have been executed for town/municipal 
development in Nepal. Master Planning, Structure 
Planning, Physical Development Planning, Integrated 
Action Planning, and Periodic Planning were the major 
planning practices that were used in town/municipal 
planning. Recently, the government has introduced 
Integrated Urban Development Planning (IUDP) and 
Smart City Planning for the sectoral integration of urban 
development efforts which is yet to be implemented [10].  
The historiographic development planning initiatives 
in Nepal have been presented in chronological order as 
follows (Table 2).



71

Journal of Geographical Research | Volume 05 | Issue 02 | April 2022

The periodic planning approach was largely adopted 
for town/municipal planning in Nepal for a long-time 
before the IUDP and is still in practice in municipal 
planning. However, most municipalities now prefer 
integrated planning to integrate different sectors in the 
urban development which is supposed to integrate various 
development sectors identifying the leading development 
sector(s) for the municipality. 

The implications of open space in urban planning are 
diverse. Open space contributes not only to enhancing 
the urban forms of the town but also helps to enable 
social and physical well-being [7] of urban communities. 
Moreover, open spaces will contribute as a place for 
disaster risk management in dense cities like KMC as 
most open spaces were extensively used in disaster risk 
relief, treatment, recovery, and rehabilitation [8,11] during 
the 2015 earthquake. Planning practices such as Physical 
Development Planning, Periodic Planning, Integrated 
Urban Development Planning, and Smart City Planning 
have embedded some slots of open space development in 
city planning. Although it was not highlighted much about 
open space development in periodic planning except 
for identifying the potential sites for land development 
projects and open space allocations in the plan which is a 
good initiation for open space development for the towns. 

3. Methods and Materials

The methodology of this paper is based on constructive 
criticism of various urban plans prepared by the Department 

of Urban Development and Building Construction 
(DUDBC), New Town Project Coordination Office 
(NTPCO), and Municipalities. The propositions of open 
space development within the plans were reviewed and 
discussed how these plans have focused to contain open 
space in the city planning and practices. Depth review 
of Periodic Plans, Integrated Urban Development Plans, 
Smart City Plans, and Land Development projects/Plans 
was the basis for identifying open space implications 
in the planning practices. Maps have been prepared by 
using the data acquired from DUDBC, NTPCO, and the 
Municipalities and further overlay in google earth images. 
The overall methodology of preparing this paper has been 
presented below (Figure 1). 

As far as data is available, DUDBC has prepared 
58 municipalities’ periodic plans, 186 municipalities’ 
IUDPs, 13 municipalities’ smart city plans, and about 27 
block land development plans [15-17,20-23]. To make repre-
sentatives for reviewing the different planning practices, 
11 municipalities for periodic planning, 34 municipalities 
for integrated urban development planning, 4 smart city 
planning, 4 land development plans were selected ran-
domly by listing out all the municipalities in different 
thematic columns e.g., periodic planning, integrated 
urban development planning, smart city planning, and 
land development planning. The reviewed plans are; 11 
municipalities’ periodic plans namely Bidur, Dhangadhi, 
Ghorahi, Birjung, Rajbiraj, Siraha, Baglung, Kathmandu, 
Attariya (renamed now as Godabari), Jharipipaladi 
(renamed now as Shuklaphanta), Ilam; 34 municipalities 

Table 2. Chronological Planning Practice in Nepal
Timeline Major Urban Planning Initiatives in Nepal

1944 Rajbiraj Plan (the first planned administrative town plan)
1956 National level periodic planning started

1962 Kathmandu Beautification Program: Visual Beautification of Kathmandu Valley (Occasion of Royal visit of Elizabeth under 
UN Technical Assistance)

1963 Town Development Committee Act, 1963
1965 Third National Plan (1965-1970) (Divided the country into 3 watersheds namely Koshi, Gandaki, and Karnali River)
1969 Physical Development Plan of Kathmandu Valley prepared under technical assistance from UNDP, led by Karl Pusha
1973 Revised PDP of Kathmandu Valley 1969 (Revised by national professionals and land use plan of Kathmandu Valley)
1975 Construction of Ring Road in Kathmandu Valley 

1974-1984 Bhaktapur Development Project (successfully implemented) with German assistance
1976 The Revised Comprehensive General Plan for Kathmandu 1969/1973 

1987-1988 Structural plan for major urban centers including greater Kathmandu (20 years plan) in support of GTZ/MSUD
1990 Integrated Action Plan (IAP) 
1991 Kathmandu Valley Urban Development Plans and Programs – Hal Crow Fox/ DHUD/ ADB
1993 Study of Kathmandu Valley Urban Road Development – JICA
1999 Kathmandu Valley Mapping Program (KVMP)
2002 Long Term Vision for Kathmandu Valley Development (Vision 2020)

2005-2015 Periodic Planning (Various municipalities)
2015 Vision 2035 and Beyond: 20 years Strategic Development Plan (2015-2035)

2016 onwards Integrated Urban Development Planning (IUDP)
2018 onwards Smart City Planning (three piloting municipalities in the first phase and 10 other municipalities in the second phase)

Source: NTPCO, 2019a, 2019b and DUDBC, 2020a and 2020b
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Figure 1. Process and Methods

Map 1. Distribution of selected Municipalities and Land Development Projects for review
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integrated urban development plans namely Phungling, 
Bhadrapur, Belbari, Laligurans, Solududkunda, Rupakot 
Majuwagadhi, Shambhunath, Golbazar, Chhireshwornath, 
Barahathawa, Lalbandi, Dudhauli, Panchkhal, Neelakantha, 
Thaha, Simraungadh, Madi, Myadhyanepal, Kushma, 
Rampur, Krishnanagar, Sandhikharka, Bagchaur, 
Kohalpur, Narayan, Tripurasundari, Budhinanda, Tribeni, 
Dipayalsilgadhi, Punarbas, Mahakali, Parashuram, 
Madhyabindu, Rolpa; 4 municipalities’ smart city plans 
namely Nijgadh, Lumbini, Dullu, and Chandrapur 
and 4 Land Development Plans namely Pepsicola 
Town Planning, Nayabazar Khusibu Town Planning of 
Kathmandu District, Divyaswari Planning of Bhaktapur 
District and Lamahi Town Planning, Dang District. 
Details of plans prepared by DUDBC and No. of reviewed 
are presented in Table 3. The selected municipalities for 
review are from different provinces, and ecological zones 
as presented in the map below (Map 1). 

Table 3. No of Plans (municipalities) Selected for Review

S. No Plans Plans Prepared by 
DUDBC

Selected 
Municipalites 

for review
1 Periodic Plans 58 11

2

Integrated 
Urban 

Development 
Plans (IUDP)

186 34

3 Smart City 
Plans 13 4

4
Land 

Development 
Projects/Plans

27 4

4. Results and Discussions

Open Spaces in the Municipal Periodic Planning
In 1999 the Local Self Governance Act (LSGA) was 

enacted with subsequent LSG (Local Self Governance) 
regulations in 2000 which empowered periodic planning 
for urban development to the municipalities [12]. The Tenth 
Plan 2002-2007 also prioritized the preparation of periodic 
plans of the municipalities and in 2002 the Guideline was 
prepared by the Ministry of Local Development [13]. The 
periodic plan was expected to be efficient to integrate 
different sectors to achieve short-term, mid-term, and 
long-term planning goals and avoid duplication of sectoral 
plans and programmes by the government line agencies 
and others that serve as planning, implementing, and 
project executions in the municipalities. The plan would 
require a municipal profile, sectoral integration plan with 
Logical Framework Analysis (LFA)-based participatory 
planning for municipalities. 

The periodic plan is a long-term, comprehensive parti-

cipatory, and inclusive plan prepared for 5 years action plan 
with a long-term vision, goal, and objectives for municipal 
development. A rational and participatory planning 
method would be applied as bottom-up planning methods. 
Ward-level projects and municipal-level projects would 
be prepared with the integration of different thematic 
plans such as social, economic, environmental, physical, 
financial, and institutional plans. This plan would 
ensure that the concerned stakeholders in the respective 
district authorities get due support in the overall periodic 
planning process to translate the legal provision into 
action [12]. Sectoral integration would be based on the 
nature of the program, resource availability, and the 
performance indicators as a tool for monitoring the plan 
implementation. Although the integration of sectoral 
plans, the physical development plan was the main goal 
of regulating spatial city forms and development for the 
municipality. This plan would foster municipalities to 
initiate and direct future city expansion, development, 
and regulation for urban development where the potential 
expansion is inevitable. 

The method includes profile-based planning based on 
the primary and secondary data, physical investigations, 
a participatory approach for a long-term development 
vision, developing the sectoral goals, identification of 
lead development sectors, output indicators using Logical 
Framework Approach (LFA), program identification 
at municipal and ward levels and preparation of 
implementation plan with the role and responsibilities 
of possible line agencies. Although the plan would be 
beneficial in many aspects of municipal development 
because of its integrated nature of physical, social, 
and institutional planning, it has some limitations. 
The lengthy planning process, absence of municipal 
data, elites’ participation and free riding their voices, 
collection of a list of scanty projects, insufficient budget 
for implementations, less effort on depth fieldwork 
and analysis may mislead to drive the municipality to 
the targeted direction and, of course, lack of proper 
implementation mechanisms in the municipality are some 
of the major limitations. Hence, municipal authorities 
started to see the periodic plan as just to fulfill their 
Minimum Criteria Performance Measure (MCPM) 
requirement for the government’s evaluation process to 
receive a regular grant. So, the municipal periodic plan 
was not successfully implemented on the ground. 

Although the periodic plans were to contribute to 
spatial development planning having a focus on a physical 
development plan, they could not address and regulate 
the physical forms of the town/city effectively. Allocation 
of open spaces within the physical plan could be one of 
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the guiding principles for spatial planning that was not 
well initiated in this plan. Planning and building by-laws 
and their effective implementation would be the best 
tool for the implementation of spatial regulation which 
was not embedded in the plan. Therefore, the periodic 
plan could not effectively guide spatial development 
directions to the municipalities as it had poorly embedded 
planning and construction by-laws in the plans. The 
open spaces provisions were just spoken in the plan as 
Right of Way (RoW), which was not proposed strongly 
in most of the periodic planning. It means periodic plans 
do not adequately address open space planning for the 
municipalities but address the local and municipal level 
needs assessment and direct municipalities to integrate 
the different sectors as a whole to meet the intended long-
term vision of the city/town. 

Open Spaces in the Integrated Urban Development 
Planning (IUDP)

Integrated Urban Development Planning (IUDP) is the 
integration of all development sectors involved in urban/
city development. IUDP was started in 2017 by DUDBC 
initiating for preparation of 185 municipalities’ plans. It 
was one of the remarkable planning activities initiated 
by DUDBC. IUDP comprises a system of interlinked 
actions, which seeks to bring about a lasting improvement 
in the economic, physical, social, and environmental 
conditions of a city or an area within the city [14]. The 
integration process involves sectoral integrations in the 
plan and process integration from the bottom-up to top-
down strategic planning. The main scopes of IUDP are 
i) to coordinate the work of local and other spheres of 
government in a coherent plan to improve the quality of 
life for all the people living in an area considering the 
existing conditions and problems and balance allocation 
of resources available for development, and ii) to ensure 
equal opportunity for different sub-areas and different 
social and age groups in urban society which includes 
gender-mainstreaming planning, ensure balanced 
development planning with growing social and spatial 
inequalities, and it aims to help preserve social harmony 
with equity and equality [15]. 

The procedural steps of IUPD would start with 
reviewing the existing plan documents and conceptualizing 
the sectoral integration for municipal/town development. 
Induction workshops that are supposed to disseminate the 
planning process and outcomes at the municipality would 
be conducted at the municipality to start the IUDP. It is 
then followed by tole/community level problems and 
issues identification to which ward/cluster of wards level 
workshops and discussions would be conducted. Such 
community-level issues would guide the planning team 

to prepare sectoral strategic plans and project formulation 
at the municipal level. In the second stage, municipal 
level workshops for vision setting, participatory SWOT 
(Strength, Weakness, Opportunities, and Threats) analysis, 
and municipal sectoral planning issues identification 
would be conducted to establish municipal sectoral goals 
and objectives. The municipal scenario would be presented 
among the broad stakeholders’ participants and feedback 
would be collected through brainstorming among the 
stakeholders. The participatory process of vision setting, 
development of sectoral goals, and strategies would foster 
rationality of planning and lead municipal development 
in which leading sector(s) and the projects that the IUDP 
should intervene for the municipality would be identified 
and proposed in the plans. 

Besides the sectoral integrations, the strengths of IUDP 
are base maps and planning and building bye-laws for 
the municipality. Previous plans were less focused on 
base maps although some thematic maps were prepared 
in periodic and physical development plans. The IUDP 
has mainly focused on preparing base maps with 1:2500 
and 1:5000 scales for core and other urban areas of the 
entire municipal area respectively. On the one hand, 
planning and building by-laws would be a guiding tool for 
regulating spatial development directions. On the other 
hand, the base map would be prepared by using the latest 
archive satellite imagery. All the sectoral analysis would 
perform on the base map rationally. Right of Way (RoW), 
Floor Area Ratio (FAR), land use zones, development 
controls regulation would be prepared and proposed by 
the planning by-laws to regulate growth control. The by-
laws would control and regulate urban growth as spacious 
urban development regulating ground coverage, building 
heights, RoW (right of way), and provisions of open 
spaces in the city development. The by-laws thus would 
be an effective tool for guiding spatial planning especially 
for enforcing to regulation of city morphology and open 
space provisioning for the city. For the first time, with 
a separate planning and building by-laws volume for 
the municipality development regulation, the IUDP has 
addressed open space planning for shaping the city in the 
future. 

Similarly, the strategic plans in the form of proposed 
development plans would be prepared on the base map 
that would guide rationally for municipal development in 
many respects. Existing physical, social, and environmental 
conditions would be assessed through the maps and 
potential development could be monitored on the maps 
as the base maps would guide where the suitable area is 
located for what purposes through suitability analysis. 
Thus, one of the greatest achievements of IUDP is that 
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it integrates sectoral development and is backed up by a 
rational planning process with reference to updated base 
maps. Planning of recreational space, green spaces, land 
use zoning with delineation of risk-sensitive areas where 
development growth needs to be restricted were identified 
and proposed in the maps. Such sectoral analysis would 
provide the basis for the municipality for spacious planning 
to preserve sufficient open spaces, green space, and prohibit 
settlement development in risk-sensitive areas. 

Planning of open space in the IUDP has been proposed 
within broad land use zones and sub-zones (e.g., green 
area, open space, cultivation, residential, commercial, 
industrial, institutional, water body, etc.). Based on the 
suitability analysis, the development zones as residential, 
mixed-use, commercial, forest, waterbody, conservation, 
and green area development zones were proposed for the 
municipality (Figures 2 and 3). Conservation and green 
area development zone including open space development 
zones would enhance the city’s form and spatiality. The 
zones and open spaces development in the municipalities 

have been proposed considering the potential urban 
development areas and future growth trend prospects. 
The proposed open space development plans would be 
proposed considering settlement growth trends, settlement 
hierarchy, connectivity, and regional positioning and 
networks of the towns. However, the scale and size of 
open space in the plans vary according to their growth 
potentiality, existing physiography, landscape, settlement 
forms and patterns, and socio-cultural contexts. It means 
open space planning for the Terai municipalities may 
differ from the hilly municipalities as these municipalities 
pose different physiographic characteristics and different 
social-cultural settings. Similarly, open space within a city 
may vary as open space in the core area of KMC is found 
more culturally driven and bounded [2] whereas open space 
in the outer areas is community-driven [7]. But all the open 
spaces whether they are cultural, religious, institutional 
or public; all of these are valued in terms of the city’s 
landscaping, enhancing the environment, and contributing 

Figure 2. IUDP Land Use Zoning with Open Space Development Plan, Punarbas Municipality, Kanchanpur District

Source: DUDBC, 2020
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to social well-being. Figures 2 and 3 are presented from 
some of the municipal IUDP to show how the open has 
been envisioned in the IUDP taking cases of Punarbas 
Municipality located in the Terai Region of Kanchanpur 
District and Rampur Municipality, located in Hilly Region 
of Palpa District [15]. 

Open Spaces in the Smart City Planning
Smart city development is a recent urban development 

planning practice across the world. Nepal government 
has also initiated Smart City Planning intending to 
integrate the benefits of Information Communication 
Technology (ICT) in urban development and growth 
management. The smart city concept especially focuses 
on the increasing efficiency of land use, infrastructure, 
and urban service delivery through the use of ICT. A smart 
city is defined as a city that is sustainable and innovative, 
where high-quality urban services are provided to all 
citizens effectively and efficiently through the optimum 
use of technologies including ICT as a tool to improve 
the quality of urban life, the efficiency of urban services, 
and competitiveness [9,10]. Thus, smart city planning is a 
combination of sectoral development and ICT integrations 
envisioning the future urban development strategy to plan 
smartly. 

The government of Nepal has prepared 13 municipal 
smart city plans for implementing ICT embedded plans 
for municipal development. Three municipalities namely 
Nijgadh (Bara District), Lumbini (Rupandehi District), 
and Palungar (Gorkha-Tanahu Districts) were planned 
as piloting for smart city development, then followed 
by other 10 municipalities in different provinces of 
Nepal. The main objective of preparing smart city plans 

are: a) contained population growth management and 
regulate urban development through the uses of ICT 
in the municipality, b) promote green, spacious, and 
sustainable city development through land-use zoning 
and regulation and environment-friendly development 
initiatives, c) integrate the application and benefit of ICT 
in the functionality of the city, especially for mobility, 
community development, service delivery, governance 
and infrastructure development in the city [9,10,16,17]. It 
indicates that ICT development is essential for smart city 
planning integrating it with other physical infrastructure 
and sectoral development for the city. 

The crux of smart city planning is indicator-based 
strategic planning by which targeted outcomes would be 
achieved through the intended action plans. Therefore, 
the fundamental basis of smart city planning is to target 
some level of achievement set out in the indicators. The 
indicators include four broad pillars a) Smart People, b) 
Smart Governance, c) Smart Infrastructures, and d) Smart 
Economy. Within the four broad smart city indicators, 
31 components and 117 indicators were defined [9,10]. 
The smartness of a city would be measured based on the 
targeted level of achievement on the defined indicators. 

The process of formulating a smart city plan is 
also the participatory method by which the local needs 
would be addressed in the plan. Induction workshops, 
local/community level consultations/workshops for 
need/gap identifications, vision setting, lead sector 
identification, participatory SWOT analysis, strategic 
sectoral planning through municipal level workshops are 
the process of plan formulation. Besides, indicator-
based analysis and planning have been proposed for the 

Figure 3. IUDP Land Use Zoning with Open Space Development Plan, Rampur Municipality, Palpa District

Source: DUDBC, 2020
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development of different sectors such as the physical, 
social, environmental aspects of the city. But one of the 
innovative ideas of smart city planning is the integration 
of ICT components which is not addressed in any other 
planning approach of Nepal. So, sectoral plans would be 
strongly tied up with ICT-based planning in smart city 
planning. Thus, smart city planning also advocates for 
participatory planning that would address the local needs 
effectively. 

Open space planning has been highlighted more 
in the smart city plans targeting 40% of municipal 
ground coverages by an open/green space (Smart City 
Indicators-C.3.1) as supporting indicators for urban 
planning and land use components under the smart 
environmental infrastructure of Smart City Indicators. The 
proposed ground coverage includes green development 
areas, open spaces, ecological conservation areas, 
etc. which could be available for the use of municipal 
residents as open areas in terms of recreational space, 
public space, or green space. Including the planning and 
building by-laws, this plan has strongly proposed the 
allocation of sufficient open spaces in the city. Land-use 
zoning and regulation, RoW, FAR, building heights and 
services spaces, setback, density control, road access, etc. 
have been proposed to regulate urban development with 
spacious spatial planning. This has opened an opportunity 
to preserve green areas and open spaces for the city which 
could initiate to development of sufficient open spaces/
areas in the city for the future. Delineation of conservation 
areas with keeping intact forest coverage and agricultural 
zones for the city would guide growth control for the city. 

In Smart City Planning, open space has been proposed 
as an ecological corridor, greenfield development, and 
pond site green development zone in the case of Lumbini 
Sanskritik municipality whereas a population density-
based plan would control urban growth and regulate open 
area for the city in case of Nijgadh municipality. The 
proposed areas have supposed to be preserved for open 
space/green area development for the municipality which 
could serve as sufficient open space in the future. Various 
zones have been proposed to regulate land use for future 
development control (Figures 4 and 5). ICT development 
at community and city levels is intended to ease urban 
life so as to smooth service delivery and governance. 
Proposed infrastructure development would always be 
developed in favor of spacious planning based on the 
proposed by-laws. Board land-use zoning and allocation 
of potential sites for settlement development, green area/
open area development, and other potential zones were 
proposed for spacious urban development in the smart 
city. 

Figure 4. Land Use Zone with Open Space Development 
in Lumbini Sanskritik Municipality, Rupandehi District

Source: NTPCO, 2019b

Figure 5. Land Use Zone with Open Space Development 
in Nijgadh Municipality, Bara District

Source: NTPCO, 2019a

Plans in Action: Open Space in Land Development 
Plan

Land development plans are action plans with small 
area development as a part/component of the city. It is an 
implementation of the physical plan of the city/town. While 
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planning small area development, land development (also 
called land pooling) is a popular method of implementing 
the plans. Land pooling could be a process of planned 
urban islands to city transformation [18]. Globally it 
shows that land pooling can transform entire cities in a 
planned form which means land pooling can transform 
a city into a planned development area. The concept of 
land pooling is that a portion of the urban area is pooled 
for residential development with provisions of urban 
infrastructures, open spaces, and other basic services 
and distributed proportionately among the landowners. 
The landowners contribute the land proportionately 
for site and services development within the area. The 
landowners agree to contribute land for infrastructure 
development by which their land value would be increased 
to compensate for their contributed land. Some examples 
of land development areas are presented below (Figures 
6 and 7). The main strength of such land development is 
that it allocates open spaces with adequate road networks 
and connectedness between settlements/households. In a 
properly planned land development area, road connectivity, 
basic urban infrastructure, sufficient open space and even 
building structures will be regulated so that the chaotic 
development of a city could be discouraged. Since the 
land pooling could be possible in a small site, whole 
city development takes time but expansions of such a 
developed island could transform the city into a planned 
city form [18,24,25,27]. Such plans are also important to 
develop sustainable cities and spacious urban development 
that could foster spatiality and sociability [7,26-29]. 

The action plans in the form of a land development 
plan reflect a spacious development plan that addresses 
planned settlement development in an area or a city. 
There are many land development projects completed 
in Nepal which have a good provision of open space. 
25 land pooling projects in Kathmandu Valley and 17 
projects outside Kathmandu Valley have been developed 
as land development/land pooling projects by different 
government institutions of Nepal and the Kathmandu 
Valley alone holds 6,684 Ropani of land with 15,160 
developed plots [19]. Among these, 27 projects were 
designed by DUDBC which is successfully implemented 
with good provision of open spaces. 

Provisions of open space in land development project 
sites regulate urban development patterns, provide 
spacious urban landscapes, and preserve open space 
for the city. Land development sites of some projects in 
different parts of Nepal are presented in Figures 6 and 7 
above in which Pepsicola town planning-Kathmandu (A), 
Khusibu town planning-Kathmandu (B), Divyaswari town 
planning-Bhaktapur (C), and Lamahi town planning-
Dang (D) reveal that open space development in the 
planned area is well developed with good road networks. 
Therefore, such land development with a good provision 
of open space could be a successful strategy of open space 
planning for a town/city. Such plans will integrate good 
road connectivity, preserve urban form, regulate urban 
growth, and provide urban people with spacious space 
for residential development. Examples of some land 
development plans are presented in Figures 6 and 7. 

Figure 6. Land Development with Provisions of Open Space  
(A-Khusibu and B-Pepsicola land development area, Kathmandu Metropolitan City)

Source: Periodic Plan of KMC, 2011, and Google Map, 2021.

A B
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However, there are many land development sites flouri-
shing in the major cities by the private sectors in Nepal 
which have been planned without proper provisioning 
of basic services and facilities (e.g. lack of public open 
space, improper infrastructures and facilities, unsuitable 
locations, and poor physical conditions, etc.). The sites are 
developed by the private sector with their own interests 
and the government institutions have not been able to 
scrutinize/monitor them effectively. Hence, government 
institutions should govern and regulate such private 
sectors for adequate and proper physical infrastructures 
and services while developing private housing/land 
pooling projects.

5. Conclusions

This paper aimed to look at the implications of open 
space in urban planning with reference to recent planning 
practices such as Periodic Planning, IUDP, Smart City 
Planning, and Land Development Planning of Nepal. 
This paper is prepared by reviewing 11 periodic plans, 34 
IUDPs, 4 smart city plans, and 4 land development plans 
which were selected randomly among the list of prepared 
plans/projects. The concept of open space development 
in the plans before periodic planning was very limited. 
Recent planning practices have been giving attention to 
sectoral integration with open space development for 
spacious planning. Periodic planning, IUDP, and smart 
city planning are the concurrent practices that have 
addressed open space for resilient cities. The periodic 
plan integration of sectoral plans focuses on physical 
development plans in which open space development 
was initiated within the physical development plan. IUDP 

has highlighted the open space development for the city 
specifying it in the planning and building by-laws as a 
tool to regulate sufficient open space and proposing broad 
zoning of land use plan. Such a land-use plan addresses 
open space development within the networks and different 
hierarchies of settlements of a town. Similarly, the smart 
city plan has more focused on open space development in 
the city with indicators-based planning. For the first time, 
it has established 40% open/green space coverage as an 
indicator for a smart city. Therefore, the latest planning 
practices are more rational in open space provisions in city 
planning in Nepal. However, the scale of an open space 
development proposal in the plans varies according to the 
geographic as well as socio-economic characteristics of 
the municipalities as the municipalities of the Terai and 
the Hilly region pose different natures of physiography 
and social, cultural settings and have different propositions 
of open space development in the plans. 

A land development plan as an action plan presents 
how a land pooling project is designed for spacious 
planning preserving open space within a small area of 
a city/town. Land pooling projects are successful land 
planning in various towns and cities in Nepal. Such plans 
could be a tool for implementing Periodic Plans, IUDP, 
and Smart City Plans to provide accessible and sufficient 
open space to the residents. Such plans will regulate urban 
development with a proper provision of open space 
including basic urban services. However, the witness of 
a growing private sector’s land development planning in 
major cities of Nepal which needs effective regulation 
and monitoring by the government institutions. The 
importance of open space provisions in urban planning 

Figure 7. Land Development with Provisions of Open Space  
(C-Divyashwori, Bhaktapur District and D-Lamhi Dang District)

Source: Google Image-Based Data, 2020 and DUDBC, 2015 
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has now been well acknowledged by the urban authorities 
for disaster risk management as urban people extensively 
used open spaces during the Gorkha Earthquake in 2015. 
It has been well conceptualized that the recent planning 
practices including land development planning are well 
recognized by city designers, residents, and authorities 
for spacious open space provisions to make a resilient and 
sustainable city. 
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