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Abstract 
As usual route planners are based on the principle of travel time minimization, the travel 
speed and distance from the destination are two key factors to calculate the optimal route. 
Current systems are based on predetermined speed limits stored on road maps. However, few 
of the systems used today, consider current environmental influences. 

The aim of this thesis is to examine the extent of route changes for MIT (Motorized 
Individual Transport), when weather-related speed reductions are considered. The basis for 
the work are road data from OpenStreetMap and historical weather data in the NetCDF 
(Network Common Data Format) provided by the company Ubimet. The data is processed, by 
using the ArcGIS software from ESRI (Environmental Systems Research Institute, Inc). The 
study area corresponds to the territory of Austria. 

After the treatment of roads and weather information, the records are processed, using the 
software, to weather-related road networks. This is done by two different methods, static and 
dynamic. The static model concerns the routing behaviour using a specific weather situation, 
while the dynamic model takes temporal change of the weather into account. 

For the analysis of the new, influenced by the weather, routing behaviour the created routes at 
times of strong weathering are compared with predetermined reference cases without 
considering the weather. Routes referring to periods of normal and strong weathering, e.g. 
heavy rain, are analysed and compared in travel time, route length and exposure to adverse 
weather conditions. 

 

Keywords: Weather, Routing, OpenStreetMap, NetCDF, Travel Time Minimization 



 

Table of Contents 
1 Introduction and Aim .........................................................................................................1 

2 Literature Review ...............................................................................................................3 

2.1 Fundamental Diagram ................................................................................................3 

2.2 Routing .......................................................................................................................4 

2.2.1 The Routing Problem .........................................................................................4 

2.2.2 Connectivity Problem.........................................................................................5 

2.2.3 The shortest path problem ..................................................................................6 

2.3 Weather Influences on Traffic....................................................................................9 

2.3.1 Weather effects ...................................................................................................9 

2.3.2 Influences of Weather on Traffic in Numbers..................................................10 

2.4 Practical Issues .........................................................................................................14 

2.4.1 Geographical Information System Data ...........................................................14 

2.4.2 Coordinate Systems ..........................................................................................18 

2.5 The ArcGIS Software ...............................................................................................19 

2.5.1 Spatial Reference Domain................................................................................19 

2.5.2 Network Analyst...............................................................................................20 

3 Data Requirements and Work Methodology....................................................................20 

3.1 Data Requirements ...................................................................................................20 

3.2 Work Methodology ..................................................................................................23 

3.2.1 The Static Model ..............................................................................................24 

3.2.2 The Dynamic Model.........................................................................................25 

4 The Study..........................................................................................................................27 

4.1 Austrian Road Data ..................................................................................................28 

4.1.1 Preparing the Road Data...................................................................................30 

4.2 Creating the Reference Cases...................................................................................32 

4.3 The Weather Data.....................................................................................................34 

4.3.1 Selecting the Weather Situations......................................................................37 

5 The Static Model ..............................................................................................................40 

5.1 Apply Weather Data .................................................................................................40 

5.2 Comparison with Reference Cases ...........................................................................46 

5.2.1 Weather Case 1.................................................................................................46 

5.2.2 Weather Case 2.................................................................................................48 

5.2.3 Weather Case 3.................................................................................................48 



2 

5.2.4 Weather Case 4.................................................................................................50 

5.2.5 Weather Case 5.................................................................................................52 

5.2.6 Weather Case 6.................................................................................................52 

5.2.7 Weather Case 7.................................................................................................53 

6 The Dynamic Model.........................................................................................................53 

6.1 Create Service Areas ................................................................................................54 

6.2 Apply Weather Data and Create Service Areas........................................................55 

6.3 The Weather Situation..............................................................................................57 

6.4 Comparison with Static Model .................................................................................59 

6.4.1 Weather Case 1.................................................................................................59 

6.4.2 Weather Case 3.................................................................................................60 

6.4.3 Weather Case 4.................................................................................................60 

7 Final Results and Conclusion ...........................................................................................61 

7.1 The Static Model ......................................................................................................61 

7.2 The Dynamic Model.................................................................................................66 

7.3 General conclusions..................................................................................................67 

8 Future Work......................................................................................................................68 

Bibliography .............................................................................................................................69 

List of Figures...........................................................................................................................72 

List of Tables............................................................................................................................74 

List of Abbreviations................................................................................................................75 

 

 



1 

1 Introduction and Aim 
Nowadays everyone who travels has experienced delays, based on different kinds of weather 
situations, or other main influential factors such as congestion, accidents and road works. In 
order to cope with these circumstances the intelligent transport systems (ITS) community 
already came up with a lot of ideas, as for example congestion warning with variable message 
signs, classical radio warning and re-routing suggestions based on traffic condition 
information. Nevertheless weather remains an important influential factor to traffic flow. 

Some means of transportation are affected more by weather conditions than others. Examples 
are busses, cars, and trains. This is due to their direct exposure to the environment. Still, even 
more protected ones like subways are affected by weather if the conditions are extreme, for 
example floods. The exposure to weather and therefore continuous changes in environmental 
conditions mainly result in travel time delays. Anyhow the only problem isn’t just that 
travellers are delayed, but also that the overall traffic flow decreases under bad weather 
conditions.  

The question is how to cope with the new traffic situation, when focusing on road traffic. I 
can think of three approaches on how to minimize the weather influences: 

1. Infrastructural approach 

2. Vehicle approach 

3. Informational approach 

The first option in its best form cuts out the weather influence completely by reducing the 
weather exposure to zero with a shielding barrier around the public thoroughfare. An example 
of such a shielding device is a tunnel. It protects the street from fog, snow, and other adverse 
weather conditions. While this solution minimizes weather effects it raises another problem. 
Accidents occurring in tunnels are in general more severe, because it is more difficult for 
emergency rescue services to reach the incident site. Anyhow this solution is cost intensive 
and most likely involves political discussions. Nevertheless it is important to have regular 
infrastructural maintenance. 

The second approach is to design the vehicles in a way that they are best suited for the current 
weather situation. Examples would be tires with spikes when the road is icy, or skid chains to 
climb snowy roads. The problem with this solution is that when planning longer trips the 
weather conditions will most likely change and therefore the vehicle has to be adapted to the 
different weather situations accordingly.  

The third option for reducing the weather influence is the informational approach. The idea 
behind this approach is to inform the vehicle drivers pre- and/or on-trip about the current 
weather situation, so that they can prepare themselves for their journey. But simply informing 
the drive of the current situation is not enough. Providing them with alternative routes so that 
the exposure to bad weather conditions is minimized or even eliminated is desirable, since it 
reduces potential dangerous situations, such as slippery road conditions due to heavy rain fall.  

While the first two options are cost and time intensive they both play an important role in the 
informational solution, since erecting Variable Message Signs (VMS) from an infrastructural 
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perspective and equipping the vehicles with On Board Units (OBU) as a vehicle approach, are 
both valid and important ways to reach the drivers and provide them with the information 
they need. Therefore the first two approaches provide a platform for the third approach to 
operate. However this is only true for on-trip information, while the pre-trip information can 
be gathered at home before starting the journey.  

The idea for this thesis came to me during a road trip. I followed to route proposed by my 
navigational device, which lead me into a fog bank on a rural road. The heavy fog forced me 
to decrease the driving speed to 40 km/h. I arrived two hours later than the estimated time of 
arrival suggested which made me consider the issue of an alternative route, avoiding the fog. 
This brought me to the idea of writing a thesis about weather in combination with routing. 
The idea behind this master thesis is to provide users with a free of charge online platform, 
where users can receive travel time based routing information for future trips, based on the 
recent weather situations. 

The aim of this thesis is to investigate changes in routing behaviour in Austria. In general it 
investigates two cases, the weather case and the classic approach. The classic case only 
considers legal speed restrictions. The weather case takes real life weather conditions into 
account thus influencing the driving speed and the travel time. The aim is to compare both 
cases and investigate if and how the route changes from the classic to the weather approach. 
Figure 1 visualises the aim.  

  

Figure 1: left classic route, right weather route. 

On the left hand side the standard route can be seen, while on the right hand side weather 
effects in the area of Graz reduced the speed sufficiently to favour another route. The figure 
isn’t based on any real data and is just for illustration of the aim. Considering the real life 
correctness of the routes, it is not the aim of the thesis to compete with existing platforms, like 
Google Maps or other navigational devices. Routes proposed in this thesis may not be 
possible due to real life restrictions. Further it is not expected that the travel times meet with 
real life, due to missing restrictions like traffic, toll stations, etc. In any case weather 
information helps improve routes, in terms of reduction of exposure time to adverse weather 
conditions. Another goal is to find out whether we have all necessary prerequisites to produce 
these routes: 

o Algorithms 

o Road Data 
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o Weather Data 

2 Literature Review 
In this chapter basic flow theory, the routing problem, weather influence on traffic, as well as 
the used software and other practical issues will be discussed briefly. 

2.1 Fundamental Diagram 
The fundamental diagram, Figure 2, shows the basic linear relation between traffic flow, 
speed and density. 

 

Figure 2: Generalised Relationships Among Speed, Density and Traffic Flow [2]. 

It represents the basic relationship which can be expressed by the formula, 

DSv ⋅=  (1) 

where v is the traffic flow in vehicles per hour per lane or veh/h/lane, S is the speed in km/h 
and D is the traffic density in vehicles per km per lane or veh/km/ln. [2] 

The notation o stands for optimal and determines the point where vo, maximum flow or 
capacity, is possible. Hence the values of Do and So represent the optimal density and speed to 
have the highest possible vehicle throughput for a single lane. The parameter Sf is the free 
flow speed; basically the speed a single vehicle drives on a single lane and depends on the 
road type. In general the legally allowed speed limit is used. Road works or incidents reduce 
the driving speed and therefore need to be adjusted accordingly. Dj represents the point on the 
curves where the density reaches a maximum. Dj is called the jam density and represents a 
congested lane.[2] 
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It is important to know that this basic relation between the three traffic parameters exists, 
because in general, studies measure the traffic flow rather than the speed or the density and 
out of their measurements calculate the other parameters. 

2.2 Routing 
The first part of the chapter describes the routing problem, while the second part discusses the 
problem of graph connectedness. The last subchapter is about solving the shortest path 
problem using the Dijkstra Algorithm. 

2.2.1 The Routing Problem 
Each routing problem is based on a network. The problem is finding a way from one point on 
the network to another point on the network using the network connections and their 
properties. Often the network is referred to as graph and it can be represented by using one. A 
network, or graph, consists of edges connecting nodes, or vertices. Figure 3 shows two simple 
graphs. 

 

Figure 3: Directed and undirected graph 

A graph G consists of two sets V(G), Vertex of G, and E(G), Edge of G, as well as a function 
f. This function f assigns to each element of E(G) a pair of directed or undirected elements of 
V(G). A graph consists of a pair of sets, G = (V,E). If x,y∈V(G) and e∈E(G), than a 
undirected edge between x and y is represented by f (e)=(x,y) and a directed edge from x to y 
with f (e)={x,y}. E(G) and V(G) consist of a finite number of elements. An edge e is a set of 
vertices (v1, v2). If e1 ≠ e2 and f (e1)=f (e2), the edges are called parallel. Further an edge e with 
the function f (e)=(x,x) or f (e)={x,x} is called loop [23].  

The left hand sided graph is a so called directed graph. It consists of a pair of sets V(G) and 
E(G). V(G) is the so called vertex set and E(G) is the edge set. The vertex set V(G) consists of 
a finite number of vertex elements, for example vertex 1 and vertex 3. The elements of E(G) 
consist of vertex pairs, which are elements of V(G), for example a vertex pair would be 
{vertex 1, vertex 3}. The numbers of vertex pairs of E(G) is also finite. Since it is a directed 
graph the order within the pair is important. The order of the pair {vertex 1, vertex 3} means 
that the edge can only be accessed from vertex 1. This equals a one-way road in a road 
network [23]. 

The right graph in Figure 3 is an undirected graph. Similar to the directed graph an undirected 
one also consists of a (V,E) pair. The difference is that an undirected graph has no ordered 
pairs in the edge set. It can be travelled from vertex 1 to vertex 3 or the other way around 
[23].  

1 

3 4 

2 1 

3 4 

2 
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A route or path in a graph consists of at least one edge and one vertex. In this special case the 
edge needs to form a loop. In general it can be said, that a route is a sequence of vertices (v1, 
v2, … vk), where the edge between the vertices vi and vi+1 lies in the elements of E. The 
sequence of vertices inherits the existence of a sequence of edges. A route forms a cycle if the 
starting element v1 and the destination element vk are the same, v1 = vk. A graph that contains 
a cycle is called cyclic if it doesn’t it is called acyclic [23].  

After defining what a graph is and explaining some properties, one needs to focus on the 
routing problem. However two new problems occur. The first problem is the connectivity 
property. One can only route a vehicle on a graph if the graph is connected, which means that 
there is a path from every vertex to every other vertex. The second problem is the shortest 
path problem, which deals with the problem of finding the shortest connection between two 
vertices in a graph. Short doesn’t necessarily mean length, but can also mean money or any 
other cost applied to the edges of a graph [24].  

2.2.2 Connectivity Problem 
As described above a graph consists of a set of vertices and a set of edges. Thus given a list of 
edges it is the problem to find out, whether the vertices are connected or not. An approach to 
solve this problem is by creating a tree out of the graph. A tree is a hierarchical data structure 
and is similar to a connected graph with no loops. It can therefore be concluded, that if one 
can create a tree out of the graph the graph is connected. Otherwise the tree created shows all 
nodes connected to the start node. It is also important that the tree has no loops, since when 
moving through the tree a loop doesn’t provide new information because it doesn’t take one to 
a new node [24].  

Figure 4 shows a tree structure of the undirected graph in Figure 3. The solid lines are the 
branches of the tree and the dotted ones represent occasional loops. Vertex 1 is the starting 
point of the tree, it is also called root. Vertex 4 is called leaf, since it is located at the bottom 
of the tree. The proof that a graph is connected comes when all vertices are included, as 
shown in Figure 4. A tree that connects all vertices v of a graph and has v-1 edges is called a 
spanning tree. Thus the goal of solving the connectivity problem is to find a spanning tree 
[24].  

 

Figure 4: Spanning tree - breadth first search 

Two solutions of finding the spanning tree will be discussed: 

o Breadth first search (BFS) 

1 

3 

4 

2 

root 

leaf 
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o Depth first search (DFS) 

The breadth first search algorithm starts at the root. Than looks for every new vertex that can 
be accessed from the root, via the corresponding edge. Afterwards vertices are visited in the 
found order. The breadth first search algorithm was used to find the spanning tree of Figure 4. 
Starting with the root the two vertices found were v2 and v3. From vertex v2 vertex v4 was 
found. v3 was rejected sine it forms a loop, thus providing no new information [24]. 

The other alternative is to follow one path and return only if necessary. This method uses the 
depth first search algorithm. Starting at the root, the algorithm looks for one new vertex that 
can be reached using a connected edge. The new found vertex is than to be visited. If no new 
vertex is found the algorithm returns to the previous one. Figure 5 shows the spanning tree 
created using the depth first search algorithm. Starting on the root the next vertex found was 
v2, which lead to v4 and v4 lead to the leaf v3 [24]. 

 

Figure 5: Spanning tree – depth first search 

Both trees created using the different algorithms are spanning trees. Both have 3 edges as the 
condition, v-1, requires. Depending on the underlying graph, breadth first search and depth 
first search have their ups and downs. Considering a wheel with spokes, BFS will definitely 
be faster since it will find all vertices at once, where DFS needs to backtrack after every new 
found vertex. On the other hand DFS is much faster of finding the spanning tree when the 
graph is a long chain and the root is located on an end, since BFS will always look for other 
vertices. Regardless of the graph structure if only one spanning tree exists, both BFS and DFS 
will find the solution [24]. 

2.2.3 The shortest path problem 
The shortest path problem is a basic problem in graph or network theory. In order to find the 
shortest path the graph connections need to be assigned costs. Then the shortest path is the 
path connecting the start and destination where the sum of the costs is a minimum; however 
these costs need to be applied to the graph first [24].  

To recap, the shortest path is the path from a source to a vertex where the sum of the cost of 
the edges connecting those is to be minimized. In other words the cost of the path needs to be 
minimized. The problem is to find the shortest path that connects each vertex with the source. 

1 

3 

4 

2 

root 

leaf 
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The question is now how to find those paths. One method is to calculate all possible paths and 
compare the costs to find the least expensive. However this method is more and more time 
consuming the larger the graph or network. Another method was invented by the Dutch 
mathematician Dijkstra. The Dijkstra algorithm is used in the ArcGIS software and will 
therefore be explained in detail. Other algorithms such as A* or the Floyd – Warshall 
Algorithm will not be discussed [24].  

The Dijkstra algorithm 

The Dijkstra Algorithm is simple. Starting at a source vertex s the goal is to build to get a new 
vertex every step. This new vertex is settled permanently. The first step is to find the nearest 
vertex to the source, which is the source itself. The distance from the source to the source is 
zero, d1 = 0. After k steps the distances for d1, d2, …, dk are known, where dk is the distance to 
the k nearest vertex and the vertices visited are enumerated with 1 to k. The next step is to 
find the nearest vertex of vk. In general the Dijkstra algorithm can be described by,  

minimize di + lij, 

where i is a vertex already settled and j is a new vertex. Further di represents the distance from 
source s to vertex i and lij the length of the new edge connecting vertex i and j. It is important 
that both the distance covered (di) and the new length (lij) are minimized. The algorithm 
minimizes di + lij over all old vertices i = 1,…,k and all new vertices j = k+1,…,v. That gives 
k times v – k different possibilities [24].  

An example will help understand how the Dijkstra algorithm works. Figure 6 shows a graph 
with six vertices and eleven edges. The vertex marked with s is the source and the numbers 
next to the edges are the costs or lengths [24].  

 

Figure 6: Sample graph for Dijkstra algorithm [24] 

Looking at the graph vertex 1 is the start vertex with d1=0. Vertex 2 is already settled with the 
distance between the vertices 1 and 2 as d2 = 3. Now for step 3 the next nearest vertex needs 
to be settled. Before finding this vertex the remaining k(v – k) = 2(6 - 2) = 8 different 
possibilities need to be looked at. The possibilities are shown in Table 1 [24].  

from vertex di + lij = dj 
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i = 1 0 + 9 = 9 0 + 10 = 10 0 + ∞ = ∞ 0 + ∞ = ∞ 

i = 2 3 + 5 = 8 3 + ∞ = ∞ 3 + 4 = 7 3 + 2 = 5 

Table 1: Dijkstra algorithm – Step 3 [24] 

For i = 1 the two adjacent vertices have a cost of 9 and 10, where for the two remaining 
vertices the cost is unknown and therefore considered ∞. The same is true for the single 
unreachable vertex for i = 2. Looking at the table it becomes clear, that dj = 5 is the lowest 
among the different possibilities. Therefore the new distance d3 = 5 and the new vertex added 
is in the bottom right corner of the graph. The next step is to find the new nearest vertex to s. 
Again a table will help find the solution [24]. 

from vertex di + lij = dj 

i = 1 0 + 9 = 9 0 + 10 = 10 0 + ∞ = ∞ 

i = 2 3 + 5 = 8 3 + ∞ = ∞ 3 + 4 = 7 

i = 3 5 + 2 = 7 5 + 6 = 11 5 + 1 = 6 

Table 2: Dijkstra algorithm – Step 4 [24]. 

The lowest distance has a cost of 6 and is therefore chosen to be the next vertex. The new 
vertex 4 is in the top right corner of the graph and has a distance of d4 = 6. The steps are 
repeated until the shortest path for each vertex in the graph is found [24].  

According to Strang, Dijkstra found a problem with this algorithm. Looking at the two tables 
the algorithm increased the work load. Table 1 had two rows and four columns and thus 
calculated 8 elements, where Table 2, with three columns and rows, needed to calculate 9 
values. Further six elements were repeatedly calculated in the tables creating unnecessary 
work load. The new idea was to maintain a list of the best distances as they are discovered. 
The best distance Dj was defined by the minimum of di + lij. After k steps the distance to 
vertex j will only change if dk + lkj improves the previous results by leading through vertex k. 
In any other case the distance Dj will be maintained as the best. The new algorithm updates 
the distances Dj and then chooses the next vertex. Therefore the new found formula for the 
Dijkstra algorithm is [24]:  

}{
}{ kjDd

ldDD

jk

kjkjj

>←

+←

+ :min

,min

1

 (2) 

The Dijkstra algorithm is simple and easy to implement. It can solve graphs in a reasonable 
amount of time, although faster algorithms exist. Further it is used in the ArcGIS 9.3 Software 
as a routing algorithm.  

The costs for the Dijkstra algorithm can be lengths, monetary values, travel times, or any 
other desired parameter. In any case the value for the cost is important. Taking lengths for 
example no negative or zero values can be assigned to an edge, since in the real world lengths 
cannot be negative and a zero value for an edge would result in a loop to the same vertex. Be 
that as it may, when considering monetary costs it is possible that they are zero; nonetheless a 
negative value is not allowed. Considering negative costs on edges problems occur. Figure 7 
shows a graph with five vertices, the blue vertex is the starting point and the orange the 
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destination. The numbers next to the edges are the weights, which are positive or negative 
[24]. 

 

Figure 7: Graph with negative loop 

Applying the Dijkstra algorithm to find the shortest path, the next vertex visited would be 
vertex 2 since the weight is less compared to vertex 3 and all other vertices aren’t reachable. 
From vertex 2 the next less weighted edge leads to vertex 4 (-2 is smaller than -1) and from 
vertex 4 to vertex 3 (-2 is smaller than 5). From vertex 3 the next logical step is back to vertex 
2, because this is the edge with the lowest costs. This graph results in a loop between 2, 4, and 
3, thus never finding the destination vertex 5.  

This example shows the problem of negative costs. In any case, no negative travel times or 
lengths exist in the real world. It is therefore that costs are assumed to be non negative for the 
rest of the thesis, cij ≥ 0. 

2.3 Weather Influences on Traffic 

2.3.1 Weather effects 
Weather events affect the traffic in numerous ways. It changes the driver behaviour, the road 
conditions as well as the roadway safety. In terms of driver behaviour adverse weather 
conditions have different effects. It often leads to increased spacing between vehicles, as well 
as, reduction in travel speed and acceleration rate. An increase in accident frequency and 
severity is noticeable when looking at the road safety, for example due to slippery or icy road. 
Considering the road mobility a driver experiences increase in delay and congestion, while 
looking at the operator perspective a lower road capacity is noticeable. The table below shows 
the impacts of weather effects on roadways and traffic operations [5]. 
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Figure 8: Influence of weather events on roadway and traffic operations [5] 

One can see that in terms of traffic operation impacts a reduction in speed is a result of the 
first three weather events, leading to longer travel times. 

 

2.3.2 Influences of Weather on Traffic in Numbers 
In this chapter different studies of how weather influences the traffic in terms of travel speed 
and road capacity will be reviewed, as well as the fundamental correlation between traffic 
flow, speed and density. 

In the HCM 2000 (Highway Capacity Manual 2000) the research studies conducted on the 
effects of rain, snow and fog showed that these adverse weather conditions significantly 
reduce not only the lane capacity but also the driving speed. The study observing highways, 
classified rain and snow into two categories namely light and heavy. Table 3 shows the 
findings listed in the HCM 2000 [4]. 

Weather Condition Classification 
Travel Speed 

Reduction [%] 
Capacity Reduction 

[%] 

Light 2-14 0 
Rain 

Heavy 5-17 14-15 

Light 3-10 5-10 
Snow 

Heavy 20-35 30 

Table 3: HCM 2000 speed and capacity reductions based on weather influence [1]. 

A Problem with the categorization in only light and heavy is the missing rain/snow intensity 
[inch/hour]. No intensity range for either light or heavy is given. Although visibility reduction 
due to fog is mentioned, no capacity reduction effects can be reported. The HCM 2000 states 
that fog warning devices reduce the operating speed by 8 to 10 km/h [4].  
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The authors Agarwal et al performed a study on a portion of the urban free ways of the US 
Twin Cities St. Paul and Minneapolis over an observation period of four years (January 2000 
till April 2004). They investigated the reduction in travel speed and road capacity during the 
adverse weather conditions of rain and snow. The data collection included around 4.000 
detector loops installed on the observed free ways measuring in a 30 second time interval 
traffic volume and occupancy. The weather data were provided by the National Climatic Data 
Center and Minnesota Department of Transport. The results and the intensity categories for 
snow and rain can be seen in Table 4 [1]. 

Weather 
Condition 

Classification 
Intensity 

[inch/hour] 
Travel Speed 

Reduction [%] 
Capacity 

Reduction [%] 

None 0 0 0 

Trace ≤ 0.05 3-5 3-5 

Light 0.06-0.1 7-9 6-11 

Moderate 0.11-0.5 8-10 7-13 

Snow 

Heavy > 0.5 11-15 19-27 

None 0 0 0 

Trace <0.01 1-2 1-3 

Light 0.01-0.25 2-4 5-10 
Rain 

Heavy >0.25 4-7 10-17 

Table 4: Speed and Capacity reduction of snow and rain [1]. 

They concluded, that their study, compared to the Highway Capacity Manual 2000 (reviewed 
above), showed less reductions in terms of travel speed and capacity than recommended by 
the HCM2000.[1] 

Weather conditions such as temperature, wind speed and visibility were also observed during 
the same study, which are shown in Table 5. 

Weather 
Condition 

Category Units 
Capacity 

Reduction [%] 
Speed 

Reduction [%] 

10-1 °C 1 1-1.5 

0 – (-20) °C 1.5 1-2 Temperature 

< -20 °C 6-10 0-3.6 

16-32 km/h 1-1.5 1 
Wind Speed 

>32 km/h 1-2 1-1.5 

1-0.51 Mile 9 6 

0.5-0.25 Mile 11 7 Visibility 

< 0.25 Mile 10.5 11 
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Table 5: Speed and capacity reductions for temperature, wind speed and visibility [1]. 

For these weather conditions a comparison with the HCM 2000 is not reasonable since the 
HCM 2000 doesn’t state any findings on these weather parameters. The speed reductions due 
to temperature are not significant, only extremely cold temperatures below -20°C showed a 
reduction of up to 3.6%. Similar wind speed doesn’t affect the driving speed significantly. 
However, a reduction of visibility to less than 400 meters shows a decrease of operating speed 
up to 11% [1]. 

A study carried out in Japan on the Tokyo Metropolitan Expressway during a two year period 
from 1st July 2002 to 30 June 2004, observed next to the effects of daylight on the capacity, 
the effects of rain on the driving speed. The study area carries around 28% of all arterial 
vehicle flow and has a total length of 283 km, including sections of merging, weaving and 
curves. The traffic data was collected by ultrasonic sensors installed on the freeway 
approximately 300 meter apart. The sensors measured, traffic flow, speed and occupancy in a 
one minute interval. The Tokyo Amesh, a rainfall information system, provided the rain data 
at a one minute cycle and a 250 meter grid. The graph below shows the fundamental relation 
between speed and traffic flow including three different rain levels [7]. 

 
Figure 9: Speed flow curve at Hamasakibashi Junction for different rainfall [7]. 

On the x-axis the traffic flow in vehicles per hour and on the y-axis the operating speed in 
km/h are shown. The blue dots represent measurements during dry conditions while the pink 
and yellow dots the measurements have been done during rainfall of up to 1 mm/h or 5 to 10 
mm/h respectively. The blue case has a capacity of 2250 veh/h, whereas the yellow one has a 
maximum throughput of only 1700 veh/h. As for the driving speed similar reductions can be 
observed. The curve clearly shows a reduction of the travel speed and the capacity. Table 6 
shows the speed reduction in percent based on the median free flow speed for the six defined 
rainfall categories [7]. 
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Rainfall [mm/h] 
Median free flow speed 

[km/h] 
Speed reduction [%] 

0 77.7 0.0 

0-1 74.2 4.5 

1-2 74.2 4.6 

2-3 73.4 5.6 

3-4 72.7 6.4 

5-10 71.4 8.2 

Table 6: Speed reductions for different rainfall [7]. 

When comparing these results with the HCM 2000 it can be seen that the 5-10 mm/h rainfall 
category with 8.2% shows approximately the mean reduction in driving speed compared with 
the heavy rain class in the HCM 2000 with 5-17%.  

A study commissioned by the “Verkehrsverbund Ost Region Ges.m.b.H.” and the Project ITS 
Vienna Region, conducted in Austria, Vienna, observed the route change under weather 
influence for multi modal transport during 01.10.2008 and 30.09.2009. Regarding the 
reduction in capacity and driving speed the literature review of this study came to the shorted 
conclusions in Table 7 [3]. 

Weather parameter Speed reduction [%] Capacity reduction [%] 

Rain 8 – 17 4 – 14 

Snow 8 – 40 4 – 25 

Temperature 0 1 – 8 

Wind 14 1 

Visibility 15 10 – 12 

Table 7: Speed and capacity reduction based on VOR study [3]. 

Their multimodal approach showed, when considering adverse weather situations, that the 
system proposed more changes within the public transport network, reducing the footway 
time [3]. 

The study also observed solely motorised individual traffic and compared the travel times. 
They distinguished between two cases, one considering weather effects called WuV and a 
standard approach. The calculated travel times where compared with measurements based on 
data obtained from a taxi fleet. By incorporating weather influences into the calculation the 
mean deviation of the travel time reduced by 3% from 17% in the standard case to 14% in the 
WuV approach. It can be said that considering influences of adverse weather situations in 
their calculations is reasonable [3].  

The literature showed great discrepancies on how weather affects the travel speed. Not only 
have the used categories differed but also the found results. With a range from 5 % to 35 % 
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speed reduction for heavy rain the results vary depending on the study. Although all presented 
studies are coherent, it seems that more research needs to be done on the field of weather and 
traffic.  

2.4 Practical Issues 
In this chapter, properties of Geographical Information Systems (GIS) and different 
coordinate systems will be discussed. GIS are needed to work with road and weather data 
later in the thesis. And to combine the different data sets using a common coordinate system. 

2.4.1 Geographical Information System Data 
The idea behind a GIS is to handle, analyse and display geographical data in a common 
information system environment. It can be used to display land use, population, and political 
borders, as well as satellite models of road -, river- and other kinds of networks. Functions of 
a GIS include: 

o Data entry 

o Data display 

o Data management 

o Information analysis 

The following figure will help understand the basic principal of a GIS, as it shows the 
disposition of a territory in layers. A layer is a virtual map of the same or a portion of the 
observed territory, where all locations have the same coordinates as in the real world. All 
layers have to be transformed into the same coordinate system to ensure compatibility [6]. 
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Figure 10: Layerisation of real world into vector and raster data [6]. 

Figure 10 shows the two types of data structures: 

o raster 

o vector 

In the following the difference between those layers will be discussed.  

Raster Data 

An example for raster data are satellite images. The observed area is divided into columns and 
rows. Each rectangular cell, created this way, in an image a cell is a pixel, contains 
information about the geographical position and an attribute value [6].  

The spatial location of each cell is implicitly contained within the ordering of the cell grid or 
cell matrix. A cell is the smallest accessible unit within a raster grid and represents discrete 
information [6].  

Thus the raster format is suitable for certain types of spatial operations, for example overlays 
and field calculations. Nevertheless it leads to increased storage space, since each cell is 
stored within the matrix, regardless of whether it is a used feature or an empty space. Another 
problem when rasterising the real world is loss of data. The loss of information is shown in 
Figure 11 and is due to digitalisation of the real world [6].  
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Figure 11: Rasterisation of the real world. 

On the left hand side of the picture one can see the reality. On the top left corner is a lake, and 
from the South to the East a road passes the grass area. The right hand side shows the same 
area as a raster layer. Due to the rasterisation of the area for example the shape of the lake 
changed. This is because when overlaying the raster grid the cell can only be assigned a single 
value, usually based on the value covering more space within the cell. This problem can be 
solved by reducing the cell size but cannot be completely eradicated. Further the cell size is 
scale dependent and therefore must be set during the data gathering process.  

Vector Data 

Vector is a data structure used to store spatial information. The vector format uses points, 
lines and polygons to describe the environment. Thus only the outlines of a feature exist. In 
vector data a curved line is represented by lines strung together. By only storing the 
boundaries of a feature, the space outside does not exist. While the spatial representation is 
stored in the lines, points and polygons, the thematic information is associated. This double 
data base is called hybrid organisation. A key element in this type of organisation is the 
identifier which is unique for each object. The purpose of the identifier is to link the thematic 
information to the according spatial reference. While the vector approach is more complicated 
it uses less storage space [6]. 

The vector data structure uses a coordinate system. When looking at a two dimensional map, 
points consist of a coordinate pairs, lines are composed of a serious of points and polygons 
are represented by a serious of lines. In case of a three dimensional map a point is represented 
by a triple, in an n-dimensional map a point consist of a pair with dimension n [6].  

o Points represent objects, for example buildings or important places on a small scale 
map. It represents a feature too small to be represented with a polygon or line. 

o A line is used to represent streets, rivers or other geographical objects too small to 
display as an area, as well as various one-dimensional features such as country 
boarders.  

o A polygon is used to display areas. It is composed of a serious of lines and often a 
point inside for identification [6].  
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Similar to the raster format the vectorisation of the real world leads to data loss. Figure 12 
shows on the left hand side the real life picture while the right hand side shows the vector 
representation. 

  
Figure 12: Vectorisation of the real world. 

The blue line represents the outline of the lake, while the grey line represents the road. The 
empty areas between the lines are not assigned values. In the vector format curves are 
represented as a number of straight lines and thus the reality isn’t mirrored correctly. Usually 
the level of detail depends on the scaling factor of the map.  

Scale 

Both vector and raster data are scale dependent. This means that the data quality is related to 
the information collecting processes. This collecting process, usually using point observation, 
inherits unavoidable imperfections in two ways: 

o Unpredictable random disturbances in the value production 

o Observations focus not at a point but over an extended area 

These problems exist due to the fact that observation is undertaken. The scale depends on the 
number of different observation points. The more observation points the smaller the scale can 
be. Further the selected scale has different effects depending on the object formation [19]: 

Size of smallest objects detected: The scale limits the objects observable. The objects is 
to small to observe by using a specific scale are objects with one less dimension than the 
scale. These are aggregated with their neighbours, the cartographic minimal mapping unit. 
Using a scale of m (meters) one does not expect to find objects smaller than f · m2, where f is 
a form descriptor indicating how different an object is from a square or circle [19].  

Effects on uniformity: If differences in property values smaller than the scale exist, then 
they are not observable or detectable. It is therefore not possible to differentiate these values 
when looking at two objects. This is the effect described above, where smaller objects are not 
detected and escape the observation [19]. 

Effects on object classification: Another direct influence of the scale is the object 
formation, which indirectly relates to the object classification. This is very important when 
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looking at a class which is distinct by size. For example a small building compared to a larger 
building [19].  

To summarize the effects it can be said that the scale is important for the resolution of the 
map. The scale determines how small objects are detectable or observable. For vector data 
this means that by reducing the scale more objects will be visible. Where one scale only 
detects the contours of properties a smaller scale will be able to detect the outlines of the 
house and the threes located on the property itself. As for raster data a smaller scale also 
introduces a higher level of detail. Taking the same example as for vectors, a larger scale may 
only detect the roof of the house and the garden on a property, where a smaller scale is able to 
distinguish between roof and chimney. Regardless of vector or raster data the smaller the 
scale the higher the level of detail, but the more storage space is needed. 

2.4.2 Coordinate Systems 
In general two types of reference systems exist. The celestial and the terrestrial coordinate 
reference system. While the celestial system uses a defined set of stars as reference points, as 
used by the European Space Agency (ESA), the terrestrial system uses control stations as 
reference. As a logical choice the terrestrial system is used for this thesis. The terrestrial 
reference system has the three dimensional axis identical to the mean position of the earth’s 
rotation axis, where the first dimensional direction is associated with the Greenwich meridian. 
The execution of this system is called Terrestrial Reference Frame (TRF). An example of 
such a frame is the International TRF (ITRF) produced by the International Earth Rotation 
Service. The ITRF also considers tidal effects, plate tectonics and other temporal effects and 
therefore needs to be updated regularly. The versions are added digits representing the last 
years data used for the system [15]. 

Another terrestrial reference system is the World Geodetic System 1984 (WGS-84), which is 
used for Global Positioning System (GPS). The WGS-84 was realised by the use of 1500 
terrestrial reference sites. The frame underlies an ellipsoid of revolution originally defined by 
four parameters that are: 

o semimajor axis a 

o normalised second-degree zonal gravitational coefficient 

o truncated angular velocity of the earth 

o earth gravitational constant 

A comparison with the ITRF showed that the gravitational constant of the systems differed, 
leading to differences in satellite orbits. This information triggered the change of the 
gravitational constant from the WGS-84 to the ITRF. In the year 1996 the National Imagery 
and Mapping Association (NIMA) released a new version of the WGS-84 using the flattening 
of the earths as an input parameter instead of the normalised second-degree zonal 
gravitational coefficient. Due to these changes the ITRF and WGS-84 are practically 
identical, with only systematic differences of one centimetre, nowadays [15]. Data in an 
coordinate system are processed using a GIS and ArcGIS is on of these systems. 
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2.5 The ArcGIS Software 
The ArcGIS Desktop Evaluation Edition (DEE) 9.3 software is developed by Environmental 
Systems Research Institute, Inc (ESRI) in Redlands California. The company has been 
developing GIS software since the mid 1970s including tools for geographical analyses like 
network analysis and impact analysis from and on environment and traffic. The software was 
developed to help the user display, asset and manage data, as well as a planning, forecast and 
analysis tool. The ArcGIS 9.3 software used for this thesis is a free student licensed version 
and is limited to the extensions Tracking-, Spatial- and Network Analyst. The software 
package includes the programs ArcCataloge, ArcMap, ArcGlobe, ArcReader and ArcScene, 
where only the first two programs are used. The principles of ArcGIS and the used Extension 
will be described shortly below [8]. 

2.5.1 Spatial Reference Domain 
The spatial reference domain of ArcGIS is the allowed set of x and y values and explains how 
x and y values are managed. In ArcGIS every feature class has its own spatial reference, 
which in turn has a coordinate grid. This coordinate grid consists of a mesh of points 
including an origin, the minimum values for x and y, as well as the resolution of the x and y 
axis. Figure 13 shows the conceptual coordinate grid on the left side illustrated by points and 
on the right side in a lattice structure [22].  

 

Figure 13: ArcGIS Coordinate grid [22] 

The XY resolution is the smallest distance between different x and y coordinates. The 
resolution depends on the grid size. The smaller the size the more precise can coordinates be 
stored. However a smaller grid resolution can affect the performance due to excessive disk 
use. Figure 14 shows two different XY resolutions in lattice structure. The left hand side has a 
XY resolution 0.1. The right hand side diagram shows a smaller XY resolution of 0.0001 
[22].  
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Figure 14: Different resolutions in lattice structure [22] 

The XY resolution is the maximum error that a coordinate in ArcGIS can differ from the real 
life. It is therefore important to match the resolution in accordance with the application. A 
point with coordinates more precise than the XY resolution will automatically snap to the next 
point on the mesh grid, changing their coordinates accordingly. [22].  

2.5.2 Network Analyst 
The Network Analyst is the extension capable of doing the routing. It uses a classic cost 
oriented Dijkstra-Algorithm to calculate the shortest path within the given network. It uses a 
Network Dataset (ND) created by the user. The ND is modelled as an undirected, nonnegative 
weighted graph, with additional edge attributes for example one-ways. The user has the 
possibility to choose various sources, set up the connectivity for the model, define turns 
within the network and establish driving directions. Before building the network the user also 
selects the used costs, for example section length, so that the algorithm has a reference value. 
Further restrictions, such as one-ways or barriers, can also be added [9].  

With a built network dataset, the analyst is capable of solving following problems: 

o Point to point routing 

o Closest facility 

o Service area 

o OD-Cost-Matrix 

o Fleet routing 

During the thesis the point to point routing will be used to calculate the optimum route [9]. 

3 Data Requirements and Work Methodology 
In this chapter the desired requirements for the two data sets and the methodology for the 
static and dynamic model are discussed. 

3.1 Data Requirements 
Before getting into the matter, requirements for the used road and weather data, need to be 
defined and basic principles will be laid out. Since weather influences the driving speed and 
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the driving speed changes the travel time, it is only reasonable to use the travel time as routing 
parameter. Out of this conclusion requirements for the data can be found. 

Looking at the road data requirements first, the set is considered as suitable if it is connected 
and contains following information: 

o section length 

o section speed 

Connected means that every single point on the road network can be reached by starting on 
any other point included in the network using the edges of the network. Thus islands are not 
allowed within the network.  

Section length and speed are important factors for the routing, since these two parameters 
allow the calculation of the travel time via the following formula, 

v

s
t =

 
(3) 

where t is the travel time, s the section length and v the driving speed on the section. As 
driving speed the legally allowed speed limit is assumed. All calculations will be done using 
the metric system.  

To assure the same starting and end points for each route calculation section names are used. 
It must be further noted that the thesis doesn’t claim the real life correctness of a proposed 
route. One-ways are considered, if available. However it is important that the road data set is 
the same for all approaches and that the initial situation for each analysis stays the same.  

The requirements for the weather data are: 

o cover the whole road network, 

o have a sufficiently small cell size (1 - 10km) 

The weather data should further contain contains information about weather effects. The 
desired weather parameters are: 

o rain 

o snow 

o temperature 

o wind 

o visibility 

Next to the first requirement of coverage it is also important that road and weather data are 
using the same coordinate system to ensure correct overlay. Historical weather data are used 
to ensure real life conditions for the observed area. 



22 

As for the weather information, rain and snow are influencing the driving speed strongly and 
therefore have to be included in the weather data set. Temperature and wind have little effects 
on the driving speed, as can be seen in the literature study. Wind and Temperature are 
considered as optional and can be included. The weather parameter visibility is influencing 
the operating speed strongly, but the prediction of it is difficult. For example a visibility 
reducing weather condition is fog, which is hard to predict since it occurs locally and has 
many influential factors such as relative humidity, pressure level, temperature, height, wind, 
etc. Therefore it is considered as an optional parameter and is used only if it is available.  

As the literature study showed reduction effects for rain and snow only consider the current 
precipitation, therefore long lasting effects such as wet roads, snow depth or black ice are not 
considered as input parameters. As for wind the literature didn’t distinguish between side, 
contrary and tailwind, as they should influence the driving behaviour differently. Nevertheless 
the current wind speed will be used as input parameter. 

Based on the literature Table 8 shows the categories, travel speed and capacity reductions 
used in the thesis. The units were changed to meet the metric system, where one inch equals 
2.54 cm and one mile 1609.344 meter. The categories were changed accordingly. 

Weather 
Condition 

Category Range Unit 
Travel Speed 

Reduction [%] 
Capacity 

Reduction [%] 

None 0 mm/h 0 0 

Light <= 1.27 mm/h 5 5 

Medium 1.28-2.54 mm/h 9 11 

Heavy 2.55-12.7 mm/h 10 13 

Snow 

Strong > 12.7 mm/h 15 27 

None 0 mm/h 0 0 

Light <2.54 mm/h 2 3 

Medium 2.55-6.35 mm/h 4 10 
Rain 

Heavy >6.35 mm/h 7 17 

Light 1-10 °C 1 1.5 

Medium 0 – (-20) °C 1.5 2 Temperature 

Heavy < -20 °C 10 3.6 

Medium 16-32 km/h 1.5 1 
Wind Speed 

Heavy >32 km/h 2 1.5 

Light 1609-820 m 9 6 

Medium 819-402 m 11 7 Visibility 

Heavy < 402 m 10.5 11 

Table 8: List of speed reductions used fort he thesis [1]. 
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The maximum speed and capacity reduction values have been chosen to homogenise the 
categories and to clarify the results. In order to compare the weather influences on the routing 
behaviour reference cases are needed. The cases should cross the mountain region of the Alps 
from North to South, as well as lead alongside East to West, in order to cover the mayor 
travelling directions in Austria.  

Furthermore combinatory effects, such as black ice, which is caused by rain and temperatures 
below 0 °C are not considered during the thesis. The problem of black ice, is that no data of 
how this weather phenomenon influences the driving speed could be found.  

Further all data need to be transformed to the same coordinate system. As described in 
Chapter 2 the WGS-84 is used for GPS. This circumstance and the fact that all navigational 
devices use GPS for positioning are reasons to use WGS-84 as a common coordinate system 
for both, road and weather data.  

3.2 Work Methodology 
As mentioned above the different weather situations are using historical data and have to be 
compared with reference routes. Six reference routes have been chosen. The start and 
destination of the reference routes can be seen in Table 9. 

Reference Route 
Number 

Starting point Destination 

1 Opernring, Vienna Viktringer Ring, 
Klagenfurt 

2 Opernring, Vienna Römerstraße, 
Bregenz 

3 Gruberstraße, Linz Joanneumring, Graz 

4 Gruberstraße, Linz Viktringer Ring 
Klagenfurt 

5 Sterneckstraße, 
Salzburg 

Joanneumring, Graz 

6 Sterneckstraße, 
Salzburg 

Viktringer Ring, 
Klagenfurt 

Table 9: Reference cases. 

Case one and two start in the Austrian capital and their routes are running north and south of 
the Alps. Case three and four start in Linz and with a destination in the southern part of 
Austria the routes need to cross the Alps, or pass them in the East of Austria. The last two 
cases start in Salzburg and with the destinations in Graz and Klagenfurt the routes also have 
to cross the Alps. It is expected, that the routes are mainly using the Austrian motorway 
network to reach their destination. A list of the travel times and a picture of the route can be 
seen in chapter 4. From now on the routes will be referred to by their numbers and start and 
destination by the name of the city only.  
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The routing problem is split into two models: 

o The static model  

o The dynamic model 

Both models are calculating the fastest route from start to destination. The static model uses 
only one weather situation, thus simulating constant weather condition. The dynamic model 
uses an update interval and therefore regularly uses new weather situations as input 
parameters for the routing. 

Combinatory effects of weather and road data will not be considered in any model. Such an 
effect may be rain and temperatures around 0 °C in combination with bridges, which may lead 
to black ice due to the missing ground heat. Another effect may be strong winds in 
combination with bridges, that may cause the driver to reduce the driving speed even below 
the proposed reductions.  

3.2.1 The Static Model 
The methodology is simple. The first step is to prepare the road data. Then the reference cases 
are created. Afterwards the weather data are applied to the network, thereby introducing the 
speed reduction effects to the roads. The new cases are analysed and afterwards compared to 
the reference ones. The loop of preparing, applying, analyzing and comparing has to be done 
at least five times with different weather sets, in order to have minimum of explanatory 
power. If more than five different weather situations can be found, the loop count can be 
increased accordingly. The last step is to present the overall results. The following diagram 
visualises the methodology. 
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Figure 15: Figurative methodology static case. 

The amount of simulations n is set to five, but can exceed it if enough different weather 
situations exist. If during the study it turns out that other reference routes can show weather 
impacts, the list of reference cases can be extended accordingly. This maybe due to the 
problem that weather phenomenon may not be suited for the sample cases. 

3.2.2 The Dynamic Model 
Where the static model uses a single weather condition, the dynamic model regularly updates 
the weather situations leading to changes in the road network in terms of speed reduction. The 
update interval is corresponding with the achievable weather data and can therefore not yet be 
determined, none the less an update period of at least one hour is desired. The process of 
implementing the different weather situations will be explained graphically in Figure 16. The 
red coloured rings represent the different service areas (SA) of the road network. This creates 
a ring like structure originating from the start point and covering the whole road network. For 
each ring the different weather situations are applied, simulating a weather situation update at 
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the border of the rings. Updating times for the weather change and times for route 
recalculation are neglected. The steps to the left are repeated until the whole road network is 
covered with service areas. n is the number of weather situations used for the dynamic model. 
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Figure 16: Figurative methodology dynamic case 

Finally the from the service areas extracted road networks are combined to a new network, 
which now is the base for the routing problem. The figurative methodology of the static case 
also applies to the dynamic case, the application of the weather data to the network is simply 
substituted with the approach above. Nonetheless the observed situations will only be those 
showing route change results in the static model to reduce the workload. Possible route 
changes for the dynamic model will than be compared to the corresponding ones in the static 
model. 

Due to the more complex approach two simplifications will be made: 

o Usage of rain data only 

o Reference Cases are restricted to only route change cases (static model) 

The usage of rain data only can be explained by lessening the complexity of the problem, as 
well as the computing and working time, the same is true for restricting the observed routes to 
the static cases. As the weather situations progress with travel time, the starting situations will 
be the same as the corresponding case in the static model.  

4 The Study 
Before focusing on the road data a short description of the Austrian landscape, as well as the 
major roads will, be done. This is important to have a better understanding of the geographical 
situation. In Figure 17 the Austrian landscape can be seen. 

 

Figure 17: Landscape of Austria with federal states [16]. 

Austria consists of nine federal states (Vorarlberg, Tyrol, Salzburg, Carinthia, Upper and 
Lower Austria, Styria, Burgenland and Vienna) and its capital is Vienna (large red dot). A 
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large part of the central Austrian landscape is the mountain region of the Alps where the road 
network is less dense. In Figure 18 the highway network (yellow lines) with their 
corresponding numbers of Austria can be seen. The A1 (Western-Highway) which leads from 
Vienna to Salzburg and the A2 (Southern-Highway) from Vienna to Klagenfurt are the most 
important highways in Austria. The A10 (Tauern-Highway) and A9 (Pyhrn-Highway) are 
crossing the Alps and ensure the connection between the northern and southern part of 
Austria. The light and dark grey areas indicate the mountain region.  

 

Figure 18: Austrian Higway Network [17]. 

4.1 Austrian Road Data 
The Road Data used for the thesis was obtained from Open Street Map (OSM). OSM is a free 
editable world map. The data is voluntarily generated by private users but for public non 
commercial services only.  

OSM consist of free data licensed under Creative Commons Attribution-ShareAlike 2.0 (CC-
BY-SA). A user is allowed to use, distribute as well as copy and edit the free road data, as 
long as OSM is credited. All road maps used in this thesis are licensed Map data © 
OpenStreetMap contributors, CC-BY-SA [11]. 

The OSM data for Austria are available as shape files, which are vector GIS files and are 
readable with the used ArcGIS 9.3 software. The shape file format was developed by ESRI 
and is nowadays a quasi standard in the GIS environment. As described in the Chapter 2 a 
vector based data structure consists of either: 

o lines 

o polygons 

o points 

o a mixture of all 
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By OSM the Austrian territory is described with several point, line and polygon features, all 
stored in separate shape files. Table 10 shows the available information and the according 
feature type. 

Topological information Feature type 

Buildings Polygon 

Natural Polygon 

Places Point 

Points Point 

Railways Line 

Roads Line 

Waterways Line 

Table 10: Topological information of OSM shape files. 

For this thesis only the roads shape files is of interest, to ensures the routing possibility for the 
ArcGIS 9.3 software. The major problem with OSM data is the suitability, which, for this 
thesis, can be subdivided into the following points: 

o Network (data may be missing streets, one-ways may be missing) 

o Speed (data may or may not include speed limits for certain roads) 

o Street length (data may have the wrong length for a road segment) 

One can now see that road data may not be outright, nevertheless the huge number of editors 
(“local experts”) of OSM guarantees certain correctness. However when looking at the road 
data requirement for the thesis one can see that the data provided from OSM is sufficient, as 
will be explained below. 

In terms of network completeness the road data for Austria provided by OSM contains a lot of 
information, as not only highways, major roads, local roads and residential roads are included, 
but also tracking routes, skiing routes and other private streets. Regarding the completeness of 
one-ways the thesis doesn’t claim the real-life correctness of a route from start to destination, 
only the travel time of a route is considered as important. Thus the data requirements are 
fulfilled. Further the network of OSM can be considered closed, so each link and each node 
can be accessed from any other link or node, an important property when considering vehicle 
routing. 

In terms of speed, a very important factor for travel time based routing, any missing data can 
be completed manually to the correct values. Regarding the street or section length one cannot 
be one hundred percent sure that this data set is correct. The problem that the section length 
isn’t explicitly stored in the data set in meters can be solved by calculating the shape length 
for each section separately using the ArcGIS 9.3 software. Nevertheless for the whole study 
the section length remains the same thus providing the same initial position for each test.  
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4.1.1 Preparing the Road Data 
As described above the road data contains roads which are not useable for vehicles. In order 
to keep the computation time low the road types are restricted to the ones listed in Table 11.  

OSM Road data selection 

Road type Count Maximum allowed speed 

Crossing 5  50 km/h 

Motorway 5067  130 km/h 

Motorway_link 3284  130 km/h 

Primary 12764  100 km/h 

Primary_link 1286  100 km/h 

Secondary 14426  70 km/h 

Secondary_link 37  70 km/h 

Tertiary 14441  50 km/h 

Tertiary_link 1  50 km/h 

 Total  51311  

Table 11: Used road types, count and maximum speeds for network data 

The proposed top speeds are chosen according to the Austrian law and are only applied for 
sections where the OSM data doesn’t already provide a speed limit. The only exceptions are 
the secondary and secondary_link data sets where the selected value of 70 km/h is taken to 
avoid the problem of dividing the sets into urban and rural roads. 

Unfortunately due to the reduction of the OSM data to a limited list of road types the closed 
property of the network isn’t given anymore. Another problem is that the ArcGIS 9.3 software 
doesn’t support automatic deletion of island, thus the existing islands had to be removed 
manually, which lead to the problem of detecting the islands. Using the Network Analyst Tool 
of ArcGIS 9.3 and its subroutine Service Area it is possible to draw an area around a given 
start point. This so called Service Area determines what roads can be accessed from the given 
point. It was with the help of the Service Area Routine that islands were excluded from the 
closed network. Using the Extraction Tool – Clip the new network was clipped out of the 
original one, thus having a closed network with no islands. On the upper side of Figure 19 one 
can see the OSM road network while the lower side shows the reduced Austrian road 
network. 
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Figure 19: Original and reduced Austrian road network. 

One can clearly see how the road network has been reduced from original 460319 to only 
50924 entries.  

In order to use the data further, some fields need to be added to the attribute table. Next to the 
shape length (shape_leng) in meters the field weather speed (weather_sp) was added. The 
field weather speed represents the allowed top speed reduced by the corresponding percentage 
for the underlying weather conditions. Further the fields travel time (travelT) and weather 
travel time (WtravelT) were added to provide the cost parameter for the routing algorithm. A 
complete list of all fields of the altered OSM data can be found in Figure 20. 

 

Figure 20: Attributes of OSM roads 

In the list above one can see that not every section has a name or a reference number. The 
field maxspeed doesn’t contain a reasonable (maxspeed of 0 km/h) entry for each segment. 
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The added fields will be filled during the different simulations with the according reduction 
values and matching travel times. The field FID is the unique number for the section, where 
the field shape defines whether the item is a point, polyline or polygon. If the one-way field is 
set to 1 then the corresponding shape is a one-way. The problem with this notation is that it is 
not possible to find out in which direction the road segment is restricted. The type field 
defines the road type on which the maximum speed is distinguished. The attribute bridge, 
indicates whether the road segment is a bridge ( = 1) or not (= 0). As for bridges the weather 
usually affects the driving behaviour different, but no data are available how these behaviours 
change. Therefore in the simulations bridges are treated as normal road segments.  

The next step necessary to prepare the data for the study is to fill the missing information 
regarding the maximum speed with the previously stated values. This is done using Structured 
Query Language (SQL) statements to find the concerned sections using the software. After 
substituting all zero entries with the correct speed limits the reference cases are calculated. 
For the reference case the travel times without speed reductions need to be calculated. This is 
done using formula 2 and converting the maxspeed values from km/h to m/s. The result is the 
travel time in seconds for each section. 

Figure 21 shows the final Austrian road network used with the motorway network 
highlighted. It is expected that this is the mainly used road network. Beneath the road network 
the Austrian polygon can be seen, which is needed to clip the weather data to match the road 
segment. 

 

Figure 21: Final Austrian road network with motorways highlighted. 

The raster like structure of the Austrian polygon is due to the fact that the shape was 
generated using ArcGIS 9.3 software and to ensure that every single road segment is covered 
by the polygon. 

4.2 Creating the Reference Cases 
The reference cases need to be created and calculated, which consist of six different routes. 
The total travel time as well as the start and destination point can be seen in Table 12. It 
shows the taken route, where the dots represent the start and end points. The routes are 
coloured in pairs in order to distinguish between the three starting positions. 

No Start Destination Total 
Travel 

Routes 
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Time 
[min] 

1 Opernring, 
Vienna 

Viktringer 
Ring, 
Klagenfurt 

155.39 

 

2 Opernring, 
Vienna 

Römerstraße, 
Bregenz 

384.35 

 

3 Gruberstraße, 
Linz 

Joanneumring, 
Graz 

114.14 

 

4 Gruberstraße, 
Linz 

Viktringer 
Ring 
Klagenfurt 

150.81 

 

5 Sterneckstraße, 
Salzburg 

Joanneumring, 
Graz 

139.72 
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6 Sterneckstraße, 
Salzburg 

Viktringer 
Ring, 
Klagenfurt 

112.13 

 

Table 12: Reference cases for routing simulation. 

As can be seen in the table above, the study came up with the expectations as the routes use 
mainly motorways to reach their destination. Route number two from Vienna to Bregenz 
takes a detour when compared with the real life route, as it is limited to the Austrian road 
network and therefore the shortcut via the highway in Germany isn’t possible. The first route 
from Vienna to Klagenfurt is despite the expectations using the inner route and isn’t passing 
Graz. All other routes show reasonable results when compared with reality, although the 
travel time is lower than usual due to the missing interference of traffic, toll stations or 
construction sites. Nevertheless the aim of this thesis isn’t to compare routes with real life. 

4.3 The Weather Data 
The weather data is provided by the company Ubimet. Ubimet is one of the leading weather 
service provides in Central and Eastern Europe. Ubimet not only uses public weather data but 
can also access the data of the largest private weather metering network in Central Europe 
[12]. 

The data provided by Ubimet are weather data in two different formats: 

o Gridded Binary (GRIB) 

o Network Common Data Format (NetCDF)  

Both formats are raster data sets. While the NetCDF format has an hourly update period, the 
GRIB data are only available in six hour steps. Both data formats consist of one time step per 
set. The next two subchapters discuss the two formats separately.  

GRIB Data 

The GRIB data format was introduced by the WMO (World Meteorological Organisation) to 
provide an efficient way to transmit and store weather data. The format is bit oriented and 
aside the grid description data, the records also include describing meta data. 

The parameters and their corresponding code, as well as the used units will be shown in the 
table below. Table 13 only shows the for this thesis relevant parameters. 

Code figure Field parameter Unit 

011 Temperature Kelvin 

020 Visibility M 
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031 Wind direction Degree true 

032 Wind speed m/s 

054 Precipitable water Kg/m² 

064 Snow fall rate water equivalent Kg/m²s 

Table 13: GRIB data code list with description and units [10]. 

In order to read the GRIB data with the used ArcGIS 9.3 software it is necessary to transform 
the data into a NetCDF format. This is done with the CDO (Climate Data Operators) software 
from the “Max-Planck-Institute für Meteorologie”. The CDO is a collection of operators able 
to analyse and manipulate weather data. Aside the two used formats the software also 
supports SERVICE, EXTRA and IEG. The Software was developed by Cedrick Ansorge and 
managed by Ralf Mueller and Uwe Schulzweide. For the data transformation the cdowin32 
software was used in order to execute the software under a Windows environment [13].  

Unfortunately a first glimpse on the data file turned out that this format is not useful. While 
the conversion from GRIB to NetCDF takes a lot of time, the real problem is the cell size, 
with an edge length of around 110 km. This cell size covers the Austrian territory completely 
covered only using 24 cells, leading to an insufficient resolution to apply the weather based 
speed reductions reasonably. Figure 22 shows how the GRIB data, precipitable water, covers 
the area of Austria 

 

Figure 22: Austrian territory with underlying GRIB cells. 

The above mentioned problem leads to the preliminary rejection of the data.  

NetCDF Data 

The Network Common Data Format (NetCDF) was developed in the Unidata Program 
Center. It is a self describing, portable, scalable, appendable, sharable and achievable data 
format that consists of a set of interfaces and libraries [14].  



36 

The parameters available and relevant for this thesis are listed in Table 14. The list contains 
the parameter code, a short description and the corresponding units.  

Parameter code Field description Unit 

RAINNC Accumulated Total Grid Scale Precipitation mm/h 

SNOWNC Accumulated Total Grid Scale Snow and Ice mm/h 

U x-Wind component m/s 

V y-Wind component m/s 

UST U* Similarity Theory m/s 

TSK Surface Skin Temperature Kelvin 

Table 14: NetCDF data code list with description and units. 

A parameter describing the visibility is not available. The problem with visibility range 
prediction or measurement is that for example fog is a local problem and difficult to predict. 
Especially ground fog is a phenomenon that occurs locally and can therefore escape the 
measurement network. Ground fog can reduce the visibility to less than 50 meters which 
represents a huge threat for car drivers.  

Often fog is a cause for severe accidents. On 29th January 2011 in Sachsen-Anhalt Germany 
two trains frontally crashed. Due to heavy fog, the engine driver of the freight train 
overlooked a stopping signal and crashed into a local train. The local train derailed, the 
accident caused ten fatalities. [20]  

The parameter UST, which is based on the Similarity Theory, is the horizontal, x-directional 
projection of the vertical wind component. Since literature doesn’t differ between contrary, 
following and cross wind only the wind speed is important for the driving speed reduction. 
Thus the total wind speed affecting the road is used and calculated by adding up the absolute 
values of the x and y components as well as the parameter UST. The following formula shows 
how the used wind (Uwind) is calculated. 

UwindUSTVU =++  (4) 

The input parameters U, V and UST are listed in the table above. The unit of the temperature 
parameter is given in Kelvin and will be converted to Degree Celsius to match proposed speed 
reductions using the following formula. 

15,273−= KelviniusDegreeCels  (5) 

With a cell size of 4 km edge length the Grid resolution is sufficient. Figure 23 shows the 
accumulated total grid scale precipitation for the region in Austria. One can see that compared 
with the GRIB format the NetCDF data structure is more suited for the purpose of the study in 
terms of Grid resolution. 
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Figure 23: Austrian territory with underlying NetCDF cells. 

Although the visibility problem cannot be solved the NetCDF data provide sufficient 
information to be applied on the street network.  

Before combining the network data set and the weather data both need to be transformed into 
the same coordinate systems. In 1995 with joining the European Union Austria is also obliged 
to change national cartography to international standards. Beginning in the year 2000 the 
Austrian administrative office for gauging and survey started the changed from the old Gauß-
Krüger-System to the new World Geodetic System 1984 Universal Transverse Mercator 
(UTM) and was finished by 2009. It is therefore that the data used in this study are projected 
to the WGS 1984 UTM system [18]. 

4.3.1 Selecting the Weather Situations 
This chapter is about selecting the eight different weather situations. The data provided by 
Ubimet are historical weather data from Austria. Unfortunately only four days are available, 
the 18th and 19th of July 2009 and the 13th and 14th of August 2010. Due to this circumstance 
the selection for the adverse weather situations is based on the most important influential 
factor rain. Snow is not expected during summer time. The situations selections haven been 
done, keeping the reference routes in mind, to fit eventual route changes.  

Table 15 shows the seven selected weather situations and gives a short description. The 
pictures within the table only show the selection parameter rain. The colour red indicates rain, 
where the colour blue represents no rain, the colour ramp ranges from 0 mm/h (deep blue) to 
up to 120 mm/h (bright red). Also the date and time of the adverse weather condition, as well 
as expectations are stated. Nevertheless wind and temperature were also considered during 
calculations.  

Case 
No 

Date Description Expectation Weather Situation (Rain) 
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1 13.8.2010 
– 9:00 

Heavy rain 
above 
Salzburg 
and East of 
Tyrol. 

Light rain 
West of 
Villach. 

Route 
change for 
route 2 
expected 

 

2 13.8.2010 
-17:00 

Heavy rain 
in the 
region of 
Tyrol. 
Light rain 
north of 
Klangenfurt 

Possible 
route 
change for 
route 1 

 

3 14.8.2010 
-08:00 

Heavy rain 
north and 
west of 
Klagenfurt 

More likely 
route 
change for 
route 1 

 

4 18.7.2009 
-03:00 

Heavy rain 
between 
Graz and 
Klagenfurt, 
as well as 
around 
Salzburg 

Route 
change for 
route 1 and 
4 expected 

 

5 18.7.2009 
-10:00 

Severe rain 
conditions 
over the 
region of 
the alps 

High delay 
in travel 
time 
expected, 
no route 
change 
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6 18.7.2009 
-18:00 

Severe rain 
in Austria, 
except 
Vienna and 
Klagenfurt 

Possible 
route 
change for 
route 6 

 

7 18.7.2009 
-20:00 

Heavy rain 
in Tyrol 
and Central 
Austria 

No route 
change 
expected. 

 

Table 15: Weather cases 

For weather situation number 6 it needs to be stated, that this condition was extracted by a 
larger scale file, covering also the area of the neighbouring countries of Austria. With a cell 
size of 12.4 x 12.4 kilometres the resolution is of borderline quality. Compared to the higher 
resolution variant of this situation, the encapsulation of Klagenfurt with adverse weather 
conditions isn’t that clear.  

Although for some of the selected weather conditions no route change is expected, the delay 
times are also an interesting analysis factor. Furthermore wind and temperature also affect the 
routing behaviour, which may correct the expectations.  

Figure 24 shows the weather situations temperature on the left hand side and combined wind 
on the right hand side in Austria. The weather data correspond with the historical date of 
weather case 1. The combined wind is calculated as described in (4). Both are represented 
using a blue-red colour ramp, where the light blue colour represents the lowest and the bright 
red colour the highest value. The temperature ranges from around 274.93 to 219.35 Kelvin 
and the wind ranges from 0.21 to 18.94 m/s.  

  
Figure 24: Temperature and combined wind in Austria 
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One can clearly see that the mountainous region of the Alps has lower temperature compared 
to the more populated areas in the flatter land of Austria. Similar to the temperature the wind 
in the Alp region is higher compared to the plains.  

5 The Static Model 
This chapter shows how the weather data are applied to the road network, as well as compares 
the results in detail. In the static model a virtual driver uses the road network to reach his 
destination. The weather situation doesn’t change for the time the network is accessed.  

5.1 Apply Weather Data 
The first step is to apply the weather data need to the road network. To apply the data several 
steps are needed. The ArcGIS 9.3 software supports the application of the steps with a 
Graphical User Interface (GUI) called Model Builder (MB). Using the Model Builder the 
necessary tools can simply be dragged into the MB and combined with the input parameters. 
Before showing the flow diagram, the used tools will be explained briefly.  

Used Tools 

1. Extract by Mask: This tool is used to get rid of unnecessary data outside from Austria. 
The Austrian polygon is the mask and the input data are the different weather raster 
(rain, snow, wind, temperature). The result is a raster, which contains fewer cells and 
therefore needs less storage space, which further leads to lower calculation times.  

2. Reclassify: This tool is needed to reclassify the various cell values to corresponding 
weather categories. For example the temperature values ranging from theoretical -
273,15 to infinite DegreeCelsius are categorized into below -20°C, -20 to 0 °C, 0 to 10 
°C and above 10 °C and assigned grid code numbers. This new classification allows 
the application of the speed reduction. 

3. Raster to Polygon: This conversion tool creates polygons out of the different raster 
classes and separates them using a grid code. The “simplify polygon” box is 
unchecked to ensure correct overlay.  

4. Select: The select tool is used to select the different polygons created by the 
conversion tool. The selection is done using an SQL statement queering for the grid 
code. 

5. Clip: The clip tool needs two input values, a data set and a polygon which extracts the 
new data out of the input. Using the road network and the different category polygons 
the corresponding road segments can be extracted, inheriting the different categories. 

6. Calculate field: This tool can calculate attribute values of input data using standard 
algebraic calculations. This tool is used to calculate the reduced weather speeds and 
write them into the corresponding field. The calculate field tool is not only used for 
the calculation of the reduced speed stored in the weather speed field, but also to 
calculate the driving time once all reductions were applied. The speed reduction is 
calculated sequential. This means that first the rain reduction is applied and based on 
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this the reduction for temperature is calculated, followed by wind. The calculate field 
is also used to recalculate the shape length of the segments split during the process. 

7. Merge: The merge tool combines any number of input data sets to a new one. The 
input sets need to be of the same format (raster, vector).  

8. Single Output Map Algebra: This algebra tool is able to calculate using raster files as 
input values and afterwards returns a single raster file.  

Tools one to seven are used for each weather parameter, where the merged road data are 
always the input for the next cycle. Tool eight is only needed for wind data. Figure 25 shows 
the sequential order of the steps used to create the new road data, followed by a diagram taken 
from the MB of ArcGIS 9.3. The blue rectangles indicate the input parameters that are rain, 
temperature, x-wind, y-wind, z-wind, road network, Austrian polygon and storing directory. 
The final output is a road data set containing the reduced speeds in the field weather speed 
and the corresponding travel time, field WtravelT, for each section. Also the normal travel 
time is calculated as reference.  
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Figure 25: Travel Time Calculations Flow-Diagram 
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Figure 26: Flow-Diagram of Travel Time Calculations in Model Builder 

Figure 26 shows the flow diagram, displayed in Figure 25, as it was built using the model 
builder of ArcGIS 9.3. The marked areas represent different stages in the execution. Blue 
ovals are input parameters, yellow rectangles represent tools and green ovals are outputs. 
Rain, temperature, and the Austrian polygon are located in the top dark blue rectangle, where 
the three types of wind (UST, V and U) are in the matching rectangle below. The blue oval in 
the small red rectangle is the road network, which is an input for the calculation, where the 
blue oval to the right determines the storage folder for the final road network. The green 
rectangle includes the tools for extraction by mask, reclassification and converting to polygon 
in that order. The tool between the blue and green rectangle is the calculation tool to combine 
the wind inputs. In the red rectangles the tools, select, clip and calculate fields are executed. 
The output of one rectangle, a road network, is the input for the next one. The order of 
calculating the speed reduction is rain, temperature, and wind. Finally the black rectangle 
merges the clipped roads to the final network and stores it in the desired folder.  

The whole model was created using the Model Builder provided by ArcGIS 9.3. The creation 
of the model is simple by using drag and drop to position the necessary tools. Inputs are also 
dragged into the model. The connections need to be set manually.  

A first analysis of the final road data showed, that all road data containing weather 
information have more sections than the original one. This problem is a crucial point since it 
suggests that due to the breaking up and merging processes new roads are generated, 
respectively roads are overlaid with the same roads again thus creating incorrect results for 
the routing. For better understanding the problem is from now on referred to as split problem. 
However no new roads are generated as can be seen in the picture below. In some cases, due 
to the splitting process, sections are split into two or more individual segments, thus creating a 
higher segment count after merging.  

Instead of splitting the road segments other solutions are possible. Two other possibilities of 
solving the problem will be discussed briefly: 

Weight of the larger segment: This solution doesn’t split the section into two separate 
parts. Instead it finds out which weather situation covers more than 50 % of the section 
length. After determining the weather situation the reduction effects of the longer road 
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segment are applied to the whole section. This solution is simple but can distort the results of 
the routing if many problematic sections exist. Another problem occurs when the section is 
exactly covered with 50% of one weather situation and 50% of another, or if the segment 
contains more than two weather situations.   

A weighted mean of the different weights: This solution solves the problem occurring at 
the weight of the larger segment solution, as this approach applies the speed reduction as a 
weighted mean. For example 70% of a section has a 7% speed reduction due to heavy rain 
and for the remaining 30% of the road segment the speed is only reduced by 4%. Thus the 
mean weight will be 6.1%. The following formula shows how the calculation of the weighted 
mean is performed  

new

n

i
ii rlr

l
=⋅∑

=1

1

 
(6) 

where, l is the section length, n the number of different weather situations, ri the speed 
reduction for the specific weather situation and li the partial section length for the weather 
situation. The result rnew is the new speed reduction which is than applied for the whole 
section. As this solution can cope with the problem of having more than two weather 
situations for one segment it still homogenises the reduction effect. 

The two presented alternative solutions are simple but difficult to implement in ArcGIS. 
However they don’t reduce the algorithms performance as no additional road segments 
(edges) are added to the road network. Nonetheless this is only a prototype so the 
performance of the algorithm has low priority. In any case the split approach is used to ensure 
the reduction of speed in accordance with the weather data.  

  
Figure 27: The split problem 

On the left hand side of Figure 27 one can see the original road data with a selected segment 
(light blue) crossing the cell boundaries. On the right hand side the old segment was split into 
two sections. The two sections can be selected separately; the right section is selected (light 
blue). In this special case the original section length was 4,938.068402 m where the new 
section lengths (red segment = 2,655.221095 m and green segment 1,282.847234 m) add up 
to only 4,938.068329 m. This creates an error of 0,000073 m or 73 micrometers. The split 
problem only occurs at borders thus varying from case to case and weather parameter to 
weather parameter. The reason for this split error lays in the properties of the spatial reference 
domain of ArcGIS. The coordinates of the new found segments are snapped to the coordinate 
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grid, creating the split error. The default spatial reference is used, which for a projected metric 
system is 1/10 mm. The spatial reference can be reviewed in the chapter Spatial Reference 
Domain.  

In Table 16 a short estimated calculation will show the influence of these errors. The average 
segment split error of 3 mm was chosen to exaggerate the problem and to cope with the fact 
that the road data is split for each weather condition (rain, wind, temperature). The increased 
error is assumed for each road segment. 

Assumption: route length: 70 km 

 Average segment length: 5 km 

 Average segment split error: 3 mm 

   

Results: Number of sections for route: 14 

 total route error: 42 mm 

Table 16: Split error calculation 

The calculation showed a total route error of 42 mm, which is 0,00006 % of the total route 
length, and can therefore be neglected.  

Another problem that occurred during the application of weather data to the road segments 
was the “boundary problem”. Since the weather data was previously clipped by the Austrian 
polygon to save computing time, the weather data was not covering the whole area of the road 
network, as can be seen in Figure 28.  

 

Figure 28: The boundary problem. 

The light blue area shows the Austrian polygon, where the coral area represents the weather 
data. The original road network black exceeds the weather area thus reducing the new 
network. This problem was solved using a larger Austrian polygon to still reduce computing 
time but guarantee the inclusion of all road segments. A picture of the new found polygon is 
displayed below in Figure 29. 
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Figure 29: New Austrian Polygon 

A comparison between the two travel times showed that the weather travel times are never 
lower than the original travel times, guaranteeing that the reference case routes will be the 
fastest.  

5.2 Comparison with Reference Cases 
The comparison done in this chapter is between the reference cases and the seven different 
weather situations. Each reference case is compared with the corresponding routes for every 
single weather condition. Furthermore if route change happened the original route will be 
calculated using additional stops to compare the time difference for the new situation. The so 
achieved new travel time value is displayed under the column WtravelT reference. All 
information for the new cases can be seen in the corresponding tables, including the new 
routes if any exist. Blue marked rows show new routes, green marked travel time change of 
more than three minutes and red coloured rows represent a travel time increase of more than 
10 minutes.  

5.2.1 Weather Case 1 
To recap the weather situation for this case was heavy rain above Salzburg and East of Tyrol, 
as well as light rain West of Villach. Further a route change of route number two (Vienna to 
Bregenz) was expected. As can be seen in Table 17 the weather travel times have increased 
compared to the reference times. However for routes 1, 3, and 4, the increase was only in the 
range of seconds. Looking at the results of route 5 and 6, which originate in Salzburg, the 
travel times have increased by two to three minutes. This is due to the heavy rain at the 
starting point. As for route number 2 the travel time increased the most by more than seven 
minutes. As expected the route was changed due to the heavy rain at Salzburg. Looking at the 
increase of travel time in percentage the route with the most delay is route number 5 with only 
1.95 % followed by 2 and 6 with 1.87 % and 1.69 %. All other routes experienced an increase 
in travel time by less than 1 %. 

Route 
No 

Travel time 
reference [min] 

WtravelT 
[min] 

WtravelT  
reference [min] 

1 155.39 155.58 N/A 

2 384.35 391.55 392.66 

3 114.14 114.47 N/A 

4 150.81 150.98 N/A 
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5 139.72 142.45 N/A 

6 112.12 114.02 N/A 

Table 17: Comparison Weather Case 1 

From left to right the new rout, with rain, and the old route number 2 can be seen in the top 
row of Figure 30. The bottom row shows the same routes but with the reclassified rain 
situation to differentiate better between the rain categories (violet = no rain, green = light rain, 
light red = medium rain, turquoise = heavy rain). As can be seen the new route changes right 
from the start, rather than skipping the adverse weather condition locally. The new route leads 
south along the A2 before propagating to the west using the S6 and Pyhrn-Highway until it 
reaches Tyrol, where the two routes merge due to missing travel alternatives. 

  
Figure 30: New Route Vienna – Bregenz Weather Case 1 - Route 2 

Comparing the two routes, the reference route is 7.2 minutes faster. An interesting fact is that 
the new route is with 692.20 km approximately 18.8 km shorter compared to the 711.00 km 
long reference route. Out of this the average speeds can be calculated which are 106.07 km/h 
for the new route and 110.99 km/h for the old route, a difference of 4.92 km/h. This reduction 
in travel speed is equal to a 4.43 % reduction of the original one. Just looking at the 112.91 
km long sections around Salzburg, the heavy rain increases the travel time by 3.63 minutes, 
when comparing the weather case with the reference case. Whereas the first half (origin to 
merging point of new and old route) of the new route, has a total increase in travel time of 
only 2.69 minutes. This means that the total amount of wind and temperature effects on the 
328.17 km long first half of the new route has less impact on the travel time than a shorter 
section with rain. A driver using the new route is less exposed to heavy rain conditions by 
avoiding the area of Salzburg. The first half of the new route passes a light rain section, which 
is only 16.2 km long.  
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5.2.2 Weather Case 2 
To recap the weather situation for this case, it consisted of heavy rain in the region of Tyrol 
and little rain between Klagenfurt and Salzburg. No rout change was expected, but a change 
for route 1 was considered possible, due to the fact that rain was covering the sections in 
Tyrol, whereas an alternative route without rain was available. As can be seen in Table 18, 
routes number 4, 5, and 6 experienced a delay of more than three minutes. This increase in 
travel time is due to the fact that most sections of the routes were exposed to medium ranged 
rain. For routes 1 and 3 the little travel time increase of less than three minutes can be 
explained by the lack of rain covering the most parts of the routes. Only the second half of the 
routes are influenced by rain and mainly with light one. As for route 2, the only route where a 
change was considered, the enormous increase in travel time of more 15 minutes can be lead 
back to the heavy rain conditions in Tyrol.  

Route 
No 

Travel time 
reference [min] 

WtravelT 
[min] 

WtravelT  
reference [min] 

1 155.39 157.66 N/A 

2 384.35 403.08 N/A 

3 114.14 116.73 N/A 

4 150.81 156.30 N/A 

5 139.72 144.82 N/A 

6 112.12 119.29 N/A 

Table 18: Comparison Weather Case 2 

When looking at travel time increase for each route on a percentage scale. It becomes clear 
that now route number 2 with an increase in travel time of 4.88 % is not the route with the 
largest delay, since route 6 has experienced an increase of 6.4 %. Similar to this result is the 
change in average speed. Routes 4 and 5 experienced a decrease in average speed of around 
3.6 % which is slightly below the total average of 3.7 % when looking at all routes together.  

5.2.3 Weather Case 3 
The weather situation in this case consists of heavy rain in Tyrol, as well as north of 
Klagenfurt. In the West of Klagenfurt some spots containing heavy rain can be found. As for 
this weather situation, compared to weather case number two, the rain in the southern Alp 
region is more intense and covers a larger area. Due to this circumstance a route change for 
route one was considered more likely compared to the previous weather situation. As can be 
seen in Table 19, not only the expected route change occurred, but the travel times for all 
routes have increased. In this situation the drivers on the routes 1, 3, 4, 5, and 6 experienced a 
delay of more than three minutes and the travel time for route 2, from Vienna to Bregenz, 
even increased by more than 20 minutes. When again looking at the change in percentage, 
still route 6 has the highest travel time increase with 6.7 %, but routes 4 and 5 are now around 
4.7 %, route 2 has a delay of 5.2 %.  

Route Travel time WtravelT WtravelT  
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No reference [min] [min] reference [min] 

1 155.39 158.79 160.02 

2 384.35 404.47 N/A 

3 114.14 118.41 N/A 

4 150.81 158.34 N/A 

5 139.72 146.24 N/A 

6 112.12 119.61 N/A 

Table 19: Comparison Weahter Case 3 

Figure 31 shows the two different routes from Vienna to Klagenfurt. On the left side the new 
route and on the right hand side the reference route is shown, where the top row shows the 
rain precipitation in mm/h with a blue-red colour ramp, the lower row shows the rain situation 
as previously classified. Describing the new route first, it is leading South on the A2 until 
Graz and shortly after passing the capital of Styra it merges with the original route. Looking at 
the new route it nearly avoids rain completely, as for the old route it would pass a medium 
and heavy rain section. As for route number 1 the travel time has, compared to the reference 
case, increased by 3.4 minutes, where the reference route during the weather case showed an 
increase of 4.63 minutes. This is a difference in delay of 1.23 minutes. The difference in rain 
exposure can be seen in the lower row. The reclassified rain condition (violet = no rain, green 
= light rain, light red = medium rain, turquoise = heavy rain) shows that the new route passes 
only sections with no, light and medium rain, where the old route, passes through areas 
exposed to heavy rain as well. Although comparing the top and lower row it becomes clear 
that the blue-red colour ramp distorts the presumption of where rain is. In any case the new 
route is with 319.37 km more than 15 km longer than the old route, but with an average speed 
of 120 km/h also 7 km/h faster.  
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Figure 31: Comparison Weather Case 3 - Route 1 

The exposure to any kinds of rain for the new route is limited to round 60 minutes, where a 
driver on the old route is passing more severe rain sections and for a longer time period of 101 
minutes. The decrease of rain time is around 40 % comparing the old and the new routes. 
Next to the time a driver spends in adverse weather condition, also the length of the critical 
sections were reduced, from 184.3 km to now only 118 km. Looking at the wind and 
temperature perspective reductions of more than 1 percent were only existent in the regions 
around Graz leading to less exposure to strong winds and cold temperatures when using the 
new route.  

5.2.4 Weather Case 4 
The weather situation for this case is heavy rain around Salzburg as well as rain between Graz 
and Klagenfurt. As for the latter it is expected, that the routes 1 and 4 are changing since the 
heavy rain in the core section of the Alps should decrease the travel time sufficiently. As can 
be seen in Table 20 the routes 3 and 6 show only marginal changes in travel time of less than 
two minutes, where route 2 and 5 show increases in travel time of 17.97 respectively 3.39 
minutes. As expected the routes have changed for route 1 and 4 but they are just seconds 
faster when compared to the original route during the weather case. The assumption of route 
change was obviously just affirmed by luck. For this weather case route 2 and 4 showed the 
maximum delay with a travel time increase of 4.6 and 3 %.  

Route 
No 

Travel time 
reference [min] 

WtravelT 
[min] 

WtravelT  
reference [min] 

1 155.39 160.00 160.30 

2 384.35 402.32 N/A 

3 114.14 115.75 N/A 

4 150.81 155.39 155.55 

5 139.72 143.11 N/A 

6 112.12 114.22 N/A 

Table 20: Comparison Weather Case 4 

Focusing on the route change for route 1 first, it can be seen in Figure 32, that the same 
alternative route was chosen when comparing to the previous case. Again the top row shows 
the two different routes (left: new. right: old) with blue-red colour ramp rain and the lower 
row shows the same routes with the reclassified rain conditions (violet = no rain. green = light 
rain. light red = medium rain. turquoise = heavy rain).  
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Figure 32: Comparison Weather Case 4 – Route 1 

Comparing the left and right hand side it can be easily seen that the reference route passes 
through a longer section of rain, therefore increasing the exposure time. The travel time in the 
adverse weather condition is for the new route around 63 minutes which is 25.4 minutes less 
than the old route with 88.4 minutes. Similar, the rain sections passed when driving the 
alternative route sum up to 123.4 km. which is approximately 23 % lower than the 161 km 
long road segment exposed to rain on the reference route. 

The second change in this case was for route 4. Figure 33 shows the reclassified rain state, as 
well as the new route on the left side and the old route on the right. Both routes starting at 
Linz take the A9 highway south until they reach the rainy area in southern Austria. One can 
clearly see that the new route avoids the heavy rain sections and takes an alternative more 
direct route to the destination Klagenfurt. The length of the new route is with 265.3 km not 
that much shorter compared to the reference route with a total length of 282.6 km. As 
mentioned before the time difference isn’t as obvious as expected with only 10 seconds. 
Nonetheless a route change was proposed. The picture below shows the reclassified rain 
situation (violet = no rain. green = light rain. light red = medium rain. turquoise = heavy rain). 

Figure 33: Comparison Weather Case 4 – Route 4 
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Looking at the time and length difference a hypothetical driver has to spend during the 
adverse weather condition of rain, the new route again shows how rainy and therefore 
dangerous situations are avoided. With a travel time of 52.5 minutes and a length of 78.4 km a 
driver on the alternative route is less exposed to rain, compared to the 65.3 minutes and 113.5 
km long sections on the old route. This numbers equal a reduction of rain exposure in terms of 
travel time of 20 % and in terms of length of 31 %. Although heavy rain situations weren’t 
completely avoided it is a high reduction of exposure to dangerous weather conditions.  

5.2.5 Weather Case 5 
The weather situation for case number 5 is heavy rain in the Alp region as well as in Lower 
Austria. Due to this weather conditions no route change but high delay in travel times was 
expected. Table 21 shows how the travel times for the six reference routes were changed.  

Route 
No 

Travel time 
reference [min] 

WtravelT 
[min] 

WtravelT  
reference [min] 

1 155.39 168.06 N/A 

2 384.35 415.07 N/A 

3 114.14 123.98 N/A 

4 150.81 163.78 N/A 

5 139.72 151.34 N/A 

6 112.12 121.26 N/A 

Table 21: Comparison Weather Case 5 

As can be seen all routes experienced a high delay in travel time. Routes 1, 2, 4, and 5, had an 
increase of more than 10 minutes where routes 3 and 6 are just under the 10 minutes limit. All 
routes showed a travel time increase of around 8%.  

5.2.6 Weather Case 6 
The weather situation is similar to case number 5, severe rain in Austria, except Vienna and 
Klagenfurt. Further this case was the trial case using the higher resolution. Although the 
change in resolution created a light rain area around Klagenfurt no route change was 
experienced. The facts of travel time change are displayed in Table 22.  

Route 
No 

Travel time 
reference [min] 

WtravelT 
[min] 

WtravelT  
reference [min] 

1 155.39 167.97 N/A 

2 384.35 416.46 N/A 

3 114.14 123.55 N/A 

4 150.81 163.32 N/A 

5 139.72 151.29 N/A 

6 112.12 121.68 N/A 
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Table 22: Comparison Weather Case 6 

The results concur with the extreme weather situation. All routes except route number 6 
experienced a delay of more than 10 minutes, where the exception has a borderline value. The 
increase of travel time for each route lies above 8 %, which is similar to case number 5.  

5.2.7 Weather Case 7 
The weather situation is slightly better than in case number 5, less rain in Austria. The 
turbulences have weakened, but still leave no place for an alternative route. As expected no 
route change happened. An overall increase of travel time was verified. Table 23 shows the 
results for case number 7. 

Route 
No 

Travel time 
reference [min] 

WtravelT 
[min] 

WtravelT  
reference [min] 

1 155.39 168.94 N/A 

2 384.35 415.96 N/A 

3 114.14 123.81 N/A 

4 150.81 163.72 N/A 

5 139.72 151.32 N/A 

6 112.12 121.71 N/A 

Table 23: Comparison Weather Case 7 

Although the weather situation has relaxed, the results mirror weather case number 5. Route 3 
and 6 are below the 10 minute limit, where the rest exceeds it. Further the travel time increase 
for all routes is again around 8%.  

6 The Dynamic Model 
The structure of this chapter is similar to the static model chapter. First the application of the 
weather data is discussed, where afterwards the results are presented in detail. The dynamic 
model uses service areas that graphically represent the time a specific weather situation is 
valid. Exiting a service area, and therefore entering another, a driver is confronted with a new 
weather situation. Figure 34 shows an example of how service areas look like. The service 
areas were created using an hourly update period. The same period will be used for the 
dynamic model in accordance with the weather data available. 
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Figure 34: Service Areas Example – Starting Point Vienna 

6.1 Create Service Areas 
The creation of the service areas needs to be combined with the application of the weather 
data. For simplification this problem will be called update problem. 

The update problem exists, when creating the service areas for the whole network in advance. 
The problem will be explained using an example, which will help understand the issue. To 
reduce the problems complexity it is assumed that the road network can be easily covered 
with three service areas of an hourly update interval. Another simplification is that the road 
network only consists of highways with a top speed of 130 km/h. When creating the service 
areas in advance two options are available. To explain these options: ArcGIS needs a network 
dataset to calculate service areas. As described in a previous chapter a network dataset needs a 
cost parameter which will be the travel time. Based on this initial situation the two options 
are: 

1. Create service area using a network with no weather influence 

2. Create service area using a network with the starting weather condition 

The problem for both options is the same, although for the second alternative the issue is 
shifted, beginning with the second service area. Considering the creation of service areas 
using no weather influence the maximum distance that can be covered within an hour is 130 
km. Now drawing the service areas, the network will then be filled with the weather situations 
chronologically. Figure 35 shows the service areas (black rings), the starting position (black 
dot), the different weather situations (coloured), and the road network (black lines). In this 
ring structure the service areas, and therefore the weather situations, change after travelling 
130 km. 
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Figure 35: Service areas for update problem 

In any case, after applying the speed reduction effects of the weather situation, the driver isn’t 
able to reach the next service area within the proposed update period of one hour. Considering 
heavy rain for the core service area the speed reduction is 7 %, leading to a top speed of 120.9 
km/h. This means that after an hour the driver covered only 120.9 km. The remaining 9.1 km 
of the core service area the system uses a wrong weather situation. The 9.1 km equal 
transferred to a time value 4.52 minutes. If the speed reduction is less than the 7 % the error 
reduces accordingly, however if a speed reduction is applied the update error cannot be 
eradicated. Creating the service areas based on the core weather situation, as proposed in 
alternative two, the problem is shifted to the outer service areas, as the weather situations will 
change. It is therefore obvious that the creation of service areas needs to be combined with the 
weather situations for correct results. Further the maximum of 4.52 minutes travel time 
discrepancies are way to long to be considered weather and routing update time. In the next 
chapter the creation of service areas in combination of the weather situations will be shown.  

6.2 Apply Weather Data and Create Service Areas 
As shown in the previous chapter the processes of applying weather data and creating service 
areas are strongly interwoven. Figure 36 shows the flow diagram for applying weather effects 
and creating the corresponding service areas. Unfortunately in ArcGIS the process of creating 
a network dataset cannot be done using the model builder and therefore the middle part of the 
following flow diagram had to be done manually. Initially the count for i is set to one. The 
service area is calculated using an input in seconds. Since one hour equals 3600 seconds the 
loop count i is multiplied with 3600. The loop is run through until the whole network is 
covered with service areas. This depends on the starting point.  

Another restriction when creating the service areas is the circumstance that only one starting 
position can be considered. This is due to the chronological process of introducing weather 
situations. However the dynamic case is only done for the cases that showed desired results in 
the static case, therefore the workload is reduced. As in weather case number 4 two different 
starting points must be calculated, since route 1 and route 3 showed a route change.  

Using the structure proposed in Figure 36 the road network will be exchanged with the 
matching network including weather situations step by step. After the first run through the 
loop the road network of the core service area had the first weather situation applied. The next 
run ensures that the core and the 2nd service areas are applied with the corresponding weather 
data.  
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Figure 36: Flow diagram of the dynamic model 

After completing the previous process a final set of service areas and a final network dataset 
is ready to use. This new network dataset contains all the weather information in the ring like 
structure. Figure 37 shows the two different service areas for the starting point Vienna (orange 
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dot). The underlying service areas (coloured) were created previously, where the top layered 
service areas (grey-transparent) were created using the methodology above. The left hand side 
shows service areas covering Austria, where the right side shows an partial extraction for 
better view. On the left hand side, one can see that for the first three rings the differences are 
not existent, due to the lack of rain. However looking at ring 4, 5 and 6, the changes in service 
areas can be seen clearly. The last ring shows a match again, since it covers the rest of the 
road network. The error for the rose coloured area, as can be seen in the left hand side of 
Figure 37, is between 4 and 15 km equal to 1 to 4 cells.  

 

  
Figure 37: Polygon Differences – Vienna 

6.3 The Weather Situation 
The cases for the dynamic model consist of several different rain situations. The following 
figures will show the rain situations for the three cases, accompanied by a short description. 
All figures contain seven different rain situations, starting with the earliest in the top left 
corner. For better orientation the Austrian polygon is included. The small images represent the 
rain situation for one hour over the area of Austria. The blue-red colour ramp ranges from 0 to 
up to 54 mm/h precipitation.  
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Figure 38: Weather Situation Case 1 – Dynamic Model 

Figure 38 shows the rain situation for the first case. The chronological chain starts on the 13th 
8 2010 at 9:00 o’clock, and proceeds to 15:00 o’clock. As can be seen the rain around 
Salzburg decreases as time passes, where nearly the whole area of Tyrol is covered with 
heavy rain during the last two hours. The eastern part of Austria isn’t affected by rain at all. 
Although the rain decreases in Salzburg a route change is still expected. Further heavy rain in 
Tyrol is expected to increase the travel time, compared to the results of the static model.  

   

  

 

  

Figure 39: Weather Situation Case 3 – Dynamic Model 

Figure 39 shows the rain situation for the third case. The chronological chain starts on the 14th 
8 2010 at 8:00 o’clock and proceeds to 14:00 o’clock. As can be seen the rain situation nearly 
stays the same for the whole observation period. Slight increases in rain activity can be seen 
in the eastern region of Austria, near the border. Since the weather situation stays the same 
compared to the static model, the same route change is expected. Further an increase in travel 
time should not occur. 
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Figure 40: Weather Situation Case 4 – Dynamic Model 

Figure 40 shows the rain situation for the fourth case. The chronological chain starts on the 
18th 7 2009 at 3:00 o’clock and proceeds to 9:00 o’clock. As can be seen the rain situation in 
Austria changes continuously. Although heavy rain stays in the region of Tyrol and 
Vorarlberg, the rain situation in the southern region of Austria varies from hour to hour. The 
heavy rain in this region was also the cause for the route change in the static model. Therefore 
again route change is expected.  

6.4 Comparison with Static Model 
In this chapter the results of each case in the dynamic model are compared to the results of the 
static model. The three weather situations and the corresponding routes are analysed and route 
changes discussed.  

6.4.1 Weather Case 1 
Figure 41 shows the route Vienna – Bregenz for the two different models. On the left hand 
side of the figure one can see the dynamic model, including the last rain situation. The right 
hand side of Figure 41 shows the case in the static model. 
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Figure 41: Dynamic vs. Static Model Weather Case 1 

One can see that the same route change compared to the reference case occurred. In any case 
as expected the total travel time increased from 391.5 minutes to now 397.6 minutes. This is 
an increase in travel time of 6.1 minutes, which equals 1.56 %. The increase can be lead back 
to the heavy rain in Tyrol. In absence of alternatives in the low road density area of Tyrol a 
driver needs to pass through the heavy rain section, thus increasing the exposure time.  

6.4.2 Weather Case 3 
Figure 42 shows the two routes of weather case 3. The left hand side shows the dynamic 
model and the right hand side shows the static model.  

Figure 42: Dynamic vs. Static Model Weather Case 3 

When comparing the travel times a nearly non existent discrepancy of 1 second was observed. 
This change can be lead back to marginal changes in the rain situation of the dynamic case. 
However more interesting is the fact that the travel times were nearly the same, although the 
dynamic model didn’t include temperature or wind data. It is the immediate conclusion that in 
this case wind and temperature didn’t affect the driving speed.  

6.4.3 Weather Case 4 
This case caused two changes in routes during the static model. Therefore the two routes need 
to be analysed, starting with the route from Vienna to Klagenfurt. Figure 43 shows the two 
models, left dynamic and right static. One can clearly see how the rain situation changed in 
the dynamic model compared to the static case. 

  
Figure 43: Dynamic vs. Static Model Weather Case 4 – Vienna - Klagenfurt 
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The new rain situation, more rain in the area between Graz and Klagenfurt, increased the 
travel time by almost 2 minutes and is by 161.7 minutes for the dynamic model. The increase 
of travel time is due to the additional rain in Graz.  

Figure 44 shows the same comparison of the two cases, but for the route Linz to Klagenfurt. 
Again the difference in rain can be seen, which results in an increase in travel time of around 
1 minute to now 156.2 minutes. 

Figure 44: Dynamic vs. Static Model Weather Case 4 – Linz - Klagenfurt 

The changes in travel time for both routes (Vienna to Klagenfurt and Linz to Klagnefurt) are 
only marginal. This strongly suggests that a driver has almost the same exposure to rain, when 
comparing the dynamic and static approach. Both routs have a travel time lower than three 
hours, only passing rain situations where the North–South corridor is almost rain free.  

7 Final Results and Conclusion 
In this chapter the results of the static and dynamic models will be discussed and concluded. 
Further general conclusions are presented. 

7.1 The Static Model 
Before looking at the results for the alternative routes, the overall delays in travel time 
compared with the reference cases will be discussed. Figure 45 shows the average increase of 
travel time increase of each route and for each weather situation in percent.  
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Figure 45: Average Travel Time Increase for all Weather Cases 

As can be seen the last three weather cases show an increase of around 8 %. This high 
increase of travel time concurs with the heavy rain conditions all over Austria. In any case 
heavy rain decreases the driving speed by only 7 % leaving the missing 1 % to the 
combinatory effects of wind and temperature. With a maximum combined influential factor of 
3.5 % (2 % wind and 1.5 % rain) the effects of wind and temperature in Austria are, with a 
third of the possible, marginal.  

For the other four cases the differentiation between rain, wind, and temperature isn’t possible, 
although considering rain as the important influential factor for the increase of travel time is 
most likely. The slightly higher increase of travel time of case number 3 when compared to 
number 2 also concurs with the more intense rain situation for the third case.  

Focusing now on the results of the alternative and reference cases, the next diagram shows the 
difference in total route length for the four different routes. In Figure 46 the blue bar indicates 
the total route length for the reference route, where the red bar indicates the same but for the 
alternative route. The smaller black bars show the difference in positive or negative values. 
The x axis shows the weather cases with the route numbers and the y axis the length in km. 
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Figure 46: Route Length and Difference for alternative Routes 

At the first glance it can be seen that the route length is not varying much. As for the first and 
last routes the total length has decreased, where the rest showed an increase of covered 
distance. In any case the small differences in length are irrelevant compared to the total 
distance travelled. Since travel time was the crucial factor for the routing decision the change 
in route length is not important. However the small change in route length is due to the low 
density of the Austrian road network and the little speed reduction effects applied.  

Now looking at graph for the travel times, Figure 47, the new routes are compared with the 
reference routes, both under the influence of weather. Again the blue bars represent the 
reference route and the red bar the new route, black bars are the differences in numbers. The x 
axis shows the weather cases with the route numbers and the y axis the travel times in 
minutes. 
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Figure 47: Total Travel Time and Difference for alternative Routes 

It becomes immediately obvious that the changes in travel time are even smaller than the 
differences in length. With travel times of around 150 minutes for the last three cases and 
nearly 400 minutes for the fist one, difference in travel time of approximately one minute can 
be neglected. As it became clear during the previous analysis the changes in travel time were 
not as high as expected. Especially the last alternative route observed showed that the 
difference in travel time was only in the range of seconds. It can further be said that when 
considering other traffic as well the small differences of maximum 1 minute and 14 seconds 
(C3 – R1) will be lost easily during breaking and overtaking manoeuvres. It also cannot be 
expected that a driver is able to drive top speed during the whole journey.  

Although the previous results weren’t as significant as expected, a more detailed analysis of 
the different routes showed interesting results, for example comparing the exposure time to 
heavy rain of the two routes, which can be seen in Figure 48. On the x axis the weather cases 
with the route numbers can be seen, where the y axis represents the minutes. The blue bars are 
the reference route, red bars the new route and black bars represent the differences. It further 
needs to be mentioned that only the sections were observed where the both routes did not 
coincide.  
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Figure 48: Section Travel Time and Difference for alternative Routes 

As can be seen the new routes are less exposed to adverse weather conditions such as medium 
or heavy rain. Looking at the first bars (C1 – R2), the one with the highest difference, a 
reduction of 60 minutes exposed to rain to less than 10 minutes equals a reduction of more 
than 80 %. In this special case, medium and heavy rain conditions were avoided completely. 
The results for C4 – R3, the route with the lowest difference in total travel time, show also the 
lowest difference for the rainy section. However comparing the two sections a total of 12.7 
minutes, which equals 19.4 %, less time was spent in rainy conditions. As for the other cases, 
both referring to route 1, it can be seen that the differences in exposure time can vary 
depending on the weather situation. The reduced exposure time suggests that fewer accidents 
occur. A further result is less congestion due to the use of alternative routes. 

Similar results can be achieved by looking not at the section time but the section length, as is 
shown in Figure 49. The y axis now represents the length in km. 
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Figure 49: Section Length and Difference for alternative Routes 
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The results for length mirror the results for travel time closely. The only exception is C4 – R3 
where the difference in section length exposed to rainy conditions has increased. Nevertheless 
it can be concluded that when reducing exposed travel time the exposed distance will decrease 
similar.  

The fact that the alternative routes are only saving little time compared to the total travel time 
is compensated by the fact that the alternative routes show huge reductions in terms of travel 
time and section length exposed to rainy weather situations. Looking at the average of all four 
observed routes a total of 43.98 % of the exposed time was saved comparing the alternative 
route with the reference one. This means that when taking the new route adverse weather 
conditions are avoided. Figure 50 shows the reduction of the exposed travel time in respect to 
the total travel time for both the reference and alternative route. 
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Figure 50: Total and section travel time 

Again the section bars only represent the exposure to adverse weather conditions for route 
parts that are not matching. As for C3 – R1 the exposure to a rainy situation is reduced from 
approximately two thirds (reference route) to only one third on the new route.  

Out of these results it can be concluded, that taking the alternative route is not necessarily 
faster in real life, but for sure reduces the exposure time to adverse weather conditions and 
therefore minimizes the risk of being involved into a car accidents.  

7.2 The Dynamic Model 
The comparison between the four routes of the dynamic model and the corresponding routes 
of the static model in terms of travel time are shown in Figure 51. The blue bars represent the 
travel times of the static approach, where the red bars are the dynamic one. One can see that 
the travel times almost stayed the same, except for weather case one, where the difference is 
more than six minutes.  
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Figure 51: Comparison Travel Time - Static vs. Dynamic Model Conclusion 

A comparison of rain exposure times is difficult. Where the static approach only had one 
underlying weather situation, the rain conditions changed hourly for the dynamic model. The 
continuous change makes it difficult to extract the exact distances or travel times a driver is 
exposed to the adverse condition. Be that as it may the small changes in travel time suggest 
that the exposure times are almost the same. As for case number one the driver needs to pass a 
longer heavy rain section, but this is due to the fact that no alternative route for this section is 
possible. This circumstance also proposes that the dynamic approach works properly.  

In any case the dynamic model only included rain, which is interesting when looking at C3 – 
R1, where the weather situations didn’t change over the observation period of seven hours. 
The dynamic as well as the static approach proposed the same route, taking the same amount 
of time. This proposes that effects such as wind and temperature, which were considered 
during the static approach, only have marginal influence on the driving speed.  

7.3 General conclusions 
Conclusively it can be said that the aim of the thesis is fulfilled. Both, classic and weather 
cases were observed and compared. Furthermore the introduction of a dynamic model posed a 
more realistic approach to the problem. The thesis then showed that route change due to 
weather influence can happen and if it reduces the exposure time of the driver to adverse 
conditions. This reduction is in terms of travel time depends on the weather situation and 
reached a maximum of 80%. The results showed that the time saved when travelling the 
alternative route is little. This circumstance can be lead back to the fact that the highway 
network of Austria isn’t very dense and with the high speed the motorways present the only 
alternative.  

Looking at the necessary prerequisites algorithms, road and weather data. Where the 
necessary routing algorithm for solving the shortest path was no problem to find, the road data 
did bring some issues along. The main issue was the completeness of the data, which needed 
pre-processing to solve the issues. However the final achieved road data were sufficient for 
the thesis. The weather data provided by Ubimet had sufficient high geographic resolution but 
were lacking interesting weather information, namely fog or other visibility reduction 
parameters. In any case the temporal resolution of one hour was satisfactory. The used 
software to process the data and calculate the routes was up to standard, thus satisfying the 
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requirements. It can therefore be concluded that the prerequisites for this thesis were 
available. 

 

8 Future Work 
For further work on this topic it would be interesting to find data including fog or snow. Both 
new weather conditions have high impact on the driving speed and will therefore be 
interesting in terms of rerouting and saving time. One could also consider not using the 
proposed speed reduction effects but come up with a new approach to avoid adverse weather 
conditions, for example reducing the speed to zero for completely shutting out a specific area 
or road segment. Further other weather effects such as black ice or combinatorial effects 
should be included. Also the use of current weather data, rather than historical ones has to be 
considered for future work.  

Another step that should be taken is to include traffic flow into the network. Since traffic 
influences the driving behaviour and speed the amount of traffic on the street needs to be 
integrated into the routing process. This effect may be especially relevant when thinking 
about road works that reduce the traffic flow and speed. Also historical peaks of traffic flow, 
such as holiday start, that reduce the driving speed are worth investigating to find alternative 
routes. 

More research needs to be done in the field of weather based speed reduction. The literature 
review showed several dissonant studies, with different results. Also the study areas were 
highways, leaving the problem of how the speed is reduced on rural roads or within cities. 
Some studies included wind and temperature effects others only focussed on rain. While the 
results of the thesis propose that wind and temperature have minimal effects it is worth 
investigating them. Further the combination of the two proposed models has to be considered 
when working on the same topic. The goal is having a dynamic approach including more 
weather situations, thus having more realistic conditions. The posed studies also didn’t 
consider road surface conditions and properties, which can strongly influence the driving 
speed. In correspondence the data of the road surface needs to be available to include these 
reductions to further models.  

A next step would also be to include the Dynamic Segmentation tool of the ArcGIS software 
into the models. This would reduce the issues of the split problem and provide a new 
approach to the model.  

As the results of the thesis showed the time saving effect of the alternative routes is little. An 
extension of the Austrian road network to European dimension would be important. The 
extension poses more alternative routes, in terms of highways, and has longer travel times, 
where local minimal time savings can sum up to larger ones for the whole trip.  
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