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GIS-based applications of sensitivity analysis

for sewer models

M. Mair, R. Sitzenfrei, M. Kleidorfer, M. Möderl and W. Rauch
ABSTRACT
Sensitivity analysis (SA) evaluates the impact of changes in model parameters on model predictions.

Such an analysis is commonly used when developing or applying environmental models to improve

the understanding of underlying system behaviours and the impact and interactions of model

parameters. The novelty of this paper is a geo-referenced visualization of sensitivity indices for model

parameters in a combined sewer model using geographic information system (GIS) software. The

result is a collection of maps for each analysis, where sensitivity indices (calculated for model

parameters of interest) are illustrated according to a predefined symbology. In this paper, four types

of maps (an uncertainty map, calibration map, vulnerability map, and design map) are created for an

example case study. This article highlights the advantages and limitations of GIS-based SA of sewer

models. The conclusion shows that for all analyzed applications, GIS-based SA is useful for analyzing,

discussing and interpreting the model parameter sensitivity and its spatial dimension. The method

can lead to a comprehensive view of the sewer system.
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INTRODUCTION
Sensitivity analysis (SA) is a state of the art method used by

applications and during the analysis of case studies to
improve the understanding of underlying system behaviour
(Saltelli et al. ). The aim of a SA is the exploration of

changes in model output induced by changes in model
input.

Before using a model to describe and predict real

system behaviour it has to be calibrated. This is done by
finding a valid set of model parameter assignments such
that the resulting model output matches measured data
of real system behaviour (accurately enough). As calibrat-

ing a model can be a time-consuming and complex task, a
priori knowledge obtained through SA can be a valuable
input for optimization and calibration algorithms. For

instance, in Osuch-Pajdzinska & Zawilski () a storm
sewer model was studied according to particular model
parameter changes. It was found that only a small portion

of all the investigated model parameters significantly
affected model output. Similar results have been reported
by Dotto et al. (, ). These studies compared water
quantity and quality models of different complexity
(i.e. different numbers of model parameters) and found

that their performance was indifferent due to the lack of
sensitivity for most parameters of the complex model. Sen-
sitivity analyses and optimization algorithms are essential

parts of a state-of-the-art calibration technique. Both of
them have to evaluate possible solution candidates. A
possible solution candidate is represented by one assign-

ment set of all model input parameters. The evaluation
can be done manually or automatically. In the paper by
di Pierro et al. (), automatic calibration of urban
storm water runoff models was investigated. Apart from

a single objective function, multi-objective functions are
also used to find a global optimum within the correspond-
ing fitness landscape. A spatial reference of the sensitivity

of each model parameter would be of great value for
manual and automatic calibration.

Input parameter uncertainties are an omnipresent fea-

ture of each sewer system model (Kleidorfer et al. a).
They can decrease the accuracy of a model significantly.
For instance, Bertrand-Krajewski et al. () accounted
for sensor calibration, data validation, measurement and
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sampling uncertainties in monitoring urban drainage sys-

tems. Amongst others, James et al. () discussed the
optimization of influences from uncertainty, complexity
and cost for modelling combined sewer systems. Kleidorfer

et al. (b) investigated data requirements for a suffi-
ciently calibrated model. The economics of model
development and calibration become of interest for consult-
ants and researchers when calculating total project costs.

James et al. () effectively illustrate the correlation
between cost and uncertainties. With a geographic infor-
mation system (GIS)-based application of SA, those

uncertainties can be considered in the modelling process
more effectively.

Risk is the combination of the probability of an event

and its consequence (Leitch ). The risk source is
often referred to as a hazard in case its consequence
does not fulfil a certain risk criteria (ISO Guide ). In
the context of combined sewer system risk analysis, this

means that consequences such as increased combined
sewer overflow and pluvial flooding can be obtained by
multiplying hazard zone maps (representing the probability

of an event at a spatial dimension) with combined sewer
network vulnerability maps (UN DHA ). Vulnerability
maps show broken system components (risk sources)

where the consequence is not serious. An example of a
system-wide vulnerability assessment approach is
shown in Ezell () where a value model was used to

measure the vulnerability of infrastructure (Infrastructure
Vulnerability Assessment Model, I-VAM). Vulnerability
assessment tools (Brashear & Stenzler ) aid in describ-
ing critical facilities and assets to be protected by

identifying system vulnerabilities and determining the
level of protection to which the security system should be
designed. Möderl et al. () use these assumptions in a

spatially distributed SA for identifying weak points in
urban drainage systems.

The novelty of this paper is the spatial mapping of model

parameter sensitivity to the modelled sewer network with
the aid of GIS software. The focus is on combined sewer
models taking into account four different applications of
Figure 1 | Sensitivity map workflow.
SA (model calibration; uncertainty assessment; vulnerability

identification; conduit and storage volume design).
MATERIAL AND METHODS

In the literature, methods for SA are identified and dis-
cussed (Frey & Patil ). Techniques for sensitivity

assessment range from quantitative variance-based methods
to other forms of global sensitivity with regional properties
(Tang et al. ), down to the simplest screening

approaches which alter one model parameter in a simu-
lation run and analyze the variation in the resulting model
output (e.g. the One-factor-at-a-time (OAT) method). In

this work, the GIS-based application of SA is shown for
combined sewer systems. In a first step, the sensitivity of
model response towards parameter changes is investigated

with a local SA. This is done by changing the values in the
vector of model parameters independently (OAT). Although
the disadvantage of the OAT method not considering par-
ameter interdependencies is known, it is used in this paper

for its simplicity. The presented approach can certainly be
used with more complex analysis techniques (regional,
global SA, etc.). The response can be spatially referenced

at the location of its origin using GIS software. To indicate
and compare model results of pluvial flooding and com-
bined sewer overflows, various SWMM5 (Rossman )

model simulations (for a design storm events) are analyzed.
A module, which performs SA and spatial referencing of
model results in parallel on a multi-core system was devel-
oped and implemented in the freely available open source

GIS package SAGA GIS (Cimmery ).
Figure 1 shows the basic workflow of the developed

SAGA GIS module. The input is a SWMM5 model for

which the GIS-based SA is performed. The results are sensi-
tivity maps, in which the impacts of system component
changes (i.e. parameter variation, e.g. conduit roughness)

on the entire system performance are mapped at their
origin and coloured/shaded according to their sensitivity.
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Table 1 | Summary of investigated applications
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Each model simulation run is independent of the previous

simulation run allowing for parallel processing.
Application Element-parameter Variation
Performance
indicator

Uncertainty
assessment

Conduit length Times 2 S

Vulnerability
identification

Conduit capacity To zero F

Conduit and
storage design

Conduit cross-
section

Times 2 F

Storage-unit
volume

þ10,000 m3 E

Model
calibration

Catchment
imperviousness

Times 0.5 CSO
discharge

Conduit
roughness

Times 2 CSO
discharge
Application of specific parameter variation

In this paper, four applications of SA are presented:

(1) model calibration; (2) uncertainty assessment; (3) vulner-
ability identification; as well as (4) conduit and storage
volume design. Model calibration analyses the impact of

model parameter changes on model simulation results (1).
In the context of uncertainty assessment, SA investigates
the impact of changes in model input parameters on

model simulation results (2). Each of the four applications
corresponds to a spatial identification and variation of
model parameter values for SA.

1. For model calibration, the investigated parameters are
catchment imperviousness and conduit roughness,
which are both limited by physical boundaries. The

resulting map indicates where one can start with par-
ameter variation or grouping of several parameters to
decrease the search space during a manual or automatic

calibration.
2. For uncertainty assessment, conduit length is investigated

as an example of measurement error. In this case, uncer-

tainties are a consequence of measurement or data
collection errors. The resulting map displays the influ-
ence of such an error for model predictions.

3. For the identification of vulnerabilities, the investigated

parameter is conduit capacity. Setting the capacity to
zero is equivalent to simulating collapse of the conduit.
This represents the risk source (hazard). The resulting

map displays the impact of each collapsed conduit
event on the entire system performance.

4. The investigated parameters for conduit and storage

design are conduit cross-section and storage unit-
volume. Varying these parameters shows possible sol-
utions to increase the transport and storage capacity

(e.g. replacing a conduit with a higher diameter or provid-
ing more storage volume at a junction). If failing conduits
are replaced, a new diameter can be chosen. This map
indicates sites where an increased conduit capacity or

increased storage volume is most effective.

Parameter configurations are summarized in Table 1.

The parameter variations are conditional to the application
of the sensitivity map (e.g. data uncertainty range in the case
of the uncertainty map, possible building measures in the

case of the design map). For other objectives, other par-
ameter variations can be introduced. The aim of this
investigation is to identify locations in the system where
model parameters are more sensitive compared with
others (i.e. ranking of parameter sensitivities). In this
paper the magnitude of the variation for each selected

model parameter can be seen as an example value. Investi-
gations showed that the variation has only low impact on
the prioritization. For example varying the length of con-

duits (uncertainty map) ±50% instead of ±100% results in
the same prioritization of elements.

Application of specific performance indicators (PIs)

In order to assess the behaviour of a system, it is not effec-
tive to display all system states in spatial and temporal
dimensions. Therefore, PIs can act as information filters to

aggregate the amount of data. The PIs have to be a sufficient
representation for the type of system behaviour that is under
consideration. Here, PIs that indicate changes in model

output of combined sewer systems are required. The most
important system behaviours which are under question are
water pollution and urban flooding. In this study the following

three PIs are used and discussed. All of them range between
0 (worst performance) and 1 (perfect system behaviour):

• The CSO efficiency is used in Austrian guidelines
(ÖWAV-RB 19 ; Kleidorfer & Rauch ) to evaluate
a combined sewer system performance over a simulation
period of at least 10 years with measured rainfall data.

The indicator represents the percentage of surface
runoff (E) which is treated at the waste water treatment
plant (WWTP) as an average over the simulation

period. Instead of using a long-time series for each vari-
ation, design storm events are used to compare system
www.manaraa.com
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behaviours according to different boundary conditions.

The PI is calculated based on the ratio of total combined
sewer overflow volume of the entire system and total sur-
face runoff generated.

E ¼ 1� Overflow
Surface runoff

ð�Þ½0; 1� �

• Surcharge is a result of insufficient transport capacity in

pipes and should be reduced to an acceptable degree
(return period). Zones of surcharge can grow to a flood-
ing region if more intensive rainfall is predicted in

future, and thus are relevant for design. The PI value
for surcharge (S) equals one minus the number of sur-
charged nodes divided by the total number of nodes.

S ¼ 1�#Surcharged nodes
#Nodes

ð�Þ½0;1�

• When estimating urban floods due to sewer system over-

load, a high resolution of spatial detail is usually required
to identify possible weak points in the system. In contrast,
when using a one dimensional model, the flooded volume

per manhole is assessed. Here, a system-wide PI is used to
indicate the probability of damage caused by pluvial
flooding (F). A weighting function is evaluated at each

junction. This takes a value of one in case of no pluvial
flooding and a value of zero if a flooding volume of x
cubic metres occurs in the simulation period. Finally,
the average over all junctions (J ) is calculated. For the

evaluations in this work, a value of x¼ 50 m3 is assumed.
Choosing this value (F) results in a sufficient range of
results in order to prioritize nodes. If x is increased, the

range of results of (F) will decrease and converge to
(F)¼ 0. By decreasing x the results of (F) converge to
(F)¼ 1.

F ¼
P#J

i¼0 minðx;maxð0;FiÞÞ=x
#J

ð�Þ½0; 1�

The PIs used in the evaluation of results for the different

SA applications are summarized as listed in Table 1.

Spatial representation

For each parameter variation of a network element, first, the

corresponding result of the model output (i.e. variation in
the PIs) is calculated. Second, this variation in the PI
value is spatially allocated to the cause (the network

element under question). With this workflow it is possible
to draw sensitivity maps using GIS. For regional SA
(where two or more parameters are varied simultaneously),

this definition has to be enhanced. Each variation in the PI
is spatially allocated to each involved cause, which results in
a vector of PI-results in each cause. Now it is possible to
map one value (e.g. maximum value – maximum sensitivity)

of this vector to the corresponding network element and
draw a sensitivity map.

Description of case study

The case study comprises an alpine city, with a total catch-

ment area of 2,076 ha (impervious area 774 ha), drained
with a gravity-driven combined sewer system. Only one
pumping station and some storage basins are present to
reduce combined sewer overflows at several outfalls.

The model consists of about 300 nodes. Total storage
volume is 5,100 m3. A further description of the case study
is available from Kleidorfer et al. (c). The design

storm event (EULER II, De Toffol ) has a return
period of two years.

The parallel simulations for all four maps took <1 h for

this model. The benchmark system is a high end multi-core
system containing two Intel® Xeon® X5650 @ 2.67 GHz
processors and a 24 GB DDR3 ram (shared memory).

Each of the processors has 12 MB of L2 cache and six
cores. On the total number of 12 cores on this system, 24
hardware threads in Hyper-threading mode are running.
RESULTS

Maps of the four SA applications (uncertainty, calibration,
vulnerability and capacity design) are presented below
along with an interpretation and discussion of their value.

Uncertainty assessment

Uncertainty assessment techniques are applied to estimate
the confidence of model predictions with respect to uncer-
tainties that plague input and calibration data as well as
model parameters. The analysis usually involves estimating

confidence bounds of model predictions by propagating
different sources of uncertainties through a model. It
should not only be used in the context of model develop-

ment, but also in conjunction with model application. In
this work, uncertainty maps are a means of their
www.manaraa.com
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visualization. Here, uncertainties are not expressed as

bounds but as parameter sensitivities. These maps display
regions of parameters, which have a high impact on the
overall model prediction uncertainty. In this case study,

measurement uncertainties are taken into account. Other
sources of uncertainty can also be visualized where
required.

Although the determination of the conduit length is

simple and not cost intensive, data collection of sewer sys-
tems is frequently accompanied by significant errors when
determining pipe length. Reasons for this can be both

blunt errors and sloppiness due to time pressure. In this con-
text, the sensitivity map in Figure 2 is calculated based on
the variation of pipe length (see Table 1) and measured

with a system PI for surcharge (S). The green coloured con-
duits (Figure 2) represent low to no impact on surcharge (S).
Red coloured conduits have a high PI change as a conse-
quence. The position indicated with (1) in Figure 2 shows

a red coloured conduit. If that length is doubled, additional
storage volume can be activated. This will consequently
Figure 2 | Uncertainty map.

Figure 3 | Vulnerability map.
decrease the flooding volume and therefore increase the

system PI (S).

Vulnerability identification

Identification of vulnerability is usefully in the frame of a

risk analysis as critical points – revealing high consequences
for the system performance – can be eliminated after detec-
tion. Vulnerability maps indicate the consequences in the

case of a potential component failure. These maps therefore
aid in the identification of critical points in the system. Con-
duit collapse is investigated in this paper, but other
hazardous events such as combined sewer overflow sur-

charge or pump failures can be simulated and mapped as
well (see e.g. Sitzenfrei et al. ). Traffic accidents with
explosive goods or system aging can cause such a collapse

of a conduit. For the vulnerability map, the capacity of
each conduit is reduced to zero and the consequent sensi-
tivity to PI for pluvial flooding (F) is mapped. In Figure 3,

a vulnerability map for the case study is shown. The
www.manaraa.com
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conduits in dark green indicate a positive effect on pluvial

flooding, while dark red refers to an increase in flooding
volume. Collapsed pipes, which result in an improvement,
reduce the flooding, because more water is discharged in

the receiving water body. A negative consequence is the
release of polluted waste water. This effect is not captured
by the adopted PI (F). To capture these, a new system indi-
cator has to be investigated, which may be a combination of

PIs (F) and (E).
This kind of sensitivity map allows an engineer to ident-

ify vulnerable system components fast. Moreover, it can be

used as basis for risk analysis by joining vulnerability maps
with hazard zone maps.

Conduit and storage design

One of the most important applications of an urban drai-
nage model is to determine the required cross-section
design e.g. in the frame of adaptation or rehabilitation plan-

ning. For this purpose, a sensitivity map is drawn to
illustrate the variation of conduit capacity. The sensitivity
of conduits is measured by the PI for pluvial flooding
(F). To reduce flooded nodes, alteration of the conduit

designs highlighted in red and black is most effective.
Other conduits reveal low sensitivity. Furthermore, the
impact of an additional storage unit at junctions is evalu-

ated (shown in Figure 4). Strategies for implementing
storage units with a capacity of 10,000 m3 are devised by
placing such units at each manhole. The impact of the sto-

rage volume on CSO emission efficiency (E) is visualized
at the junctions. The most effective sites for storage are
indicated with green.

In the case of the design map towards storage units, the

results of the introduced SA were compared with the result
of a best practice planning process of a consultant. The
Figure 4 | Design map.
conclusions regarding design where nearly identical. But

the time for the investigation diverges significantly. For
best practice techniques, several months of repeated calcu-
lations can be required in complex systems to obtain the

same results that can be achieved in hours with the pro-
posed automated method.

Model calibration

In the presented case, CSO discharge volume into the

receiving water body is the defined objective for model
calibration. Hence, it is a measurable system property; no
special PI has to be investigated. To analyze the sensitivity

of each system component, results are divided by the CSO
discharge volume of the initial model. A calibration map is
thus drawn, joining the values of CSO discharge volume to

the corresponding elements (shown in Figure 5). Such a
map depicts the impact of changing a sub-catchment’s
imperviousness or conduit roughness. In this case, conduit

roughness and percentage of imperviousness of the sub-
catchment area are the parameters used for model cali-
bration. Thus, the sensitivities of these parameters are
analyzed. The system components indicated in green can

be used to increase the objective function’s value by
increasing the value of the system component. Red
coloured system components can be used to decrease the

objective’s value by decreasing the value of the component.
The red and green coloured components represent highly
sensitive model parameters. White coloured junctions are

insensitive because they have no connected sub-catchment
area. For a rough calibration, it is recommended to start
with the more sensitive system components. Most of the
junctions are coloured in green because by decreasing the

imperviousness of sub-catchments also the CSO discharge
volume decreases, hence no red coloured junctions are in
www.manaraa.com



Figure 5 | Calibration map.
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the map. The right-hand side of the map (Figure 5, indi-
cated by 1) represents a roughness variation of the red
coloured conduit which is the most sensitive one of the
whole system. The increased roughness results in less

flow capacity and therefore, a lower discharge of water.
This will result in a greater CSO discharge volume at the
upstream CSO (left next to the conduit) and therefore,

that volume is not transported to the WWTP.
CONCLUSION

SA is commonly used for model analysis and application.
This paper introduced a systematic application of GIS tech-
nology for this task. A discussion was given on those
applications where the automated and GIS-based

approaches reveal extensive advantage. Maps for model cali-
bration, cross-section design, storage unit placement,
uncertainty assessment and vulnerability identification

were introduced and the use for sensitivity propagation
was discussed. A key feature of this innovative approach is
the definition of the spatial join of local sensitivities. Fur-

thermore, the informative value, interpretations and how
this information can be used for other applications of the
created maps were demonstrated with a case study.

The type of SA chosen for this paper was the simple
OAT method. This method, though simplistic and with
shortcomings, was deemed adequate for the purposes of
this study. Future work will focus on a GIS-based appli-

cation for global SA using more advanced mathematical
techniques. It is also of interest to study the impact of
model complexity on sensitivity results for successful optim-

ization. This is necessary to ensure reliability of results and
minimize computational burden.
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