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The seismic risk potential for Malawi is high because traditional adobe and earthen struc-
tures are seismically vulnerable and large earthquakes of M,,7.0 or greater may occur
in the Malawi Rift. To assess seismic risk of the Malawian communities quantitatively,
data and models for exposure, hazard, and vulnerability modules that are suitable for
Malawi are integrated. The developed risk model is applied to a retrospective appraisal
of the past damaging 2009 Karonga earthquake sequence and to the future earthquake
scenarios for long-term risk management purposes. The earthquake impact assessment
results highlight that the collapse risk predictions of the Malawian settlements are partic-
ularly dependent on the inclusion of large-magnitude earthquakes from the active faults
around Lake Malawi and the selection and combination of seismic vulnerability models.

Keywords: seismic risk, long-term risk mitigation, exposure, population, large-magnitude earthquake, seismic
vulnerability, sensitivity analysis

INTRODUCTION

Malawi, as a low-income country in East Africa with a population of 16.7 million, has limited
capability to cope with major earthquake disasters. The population is mainly rural and is engaged
in agricultural activities. Traditional houses are hut structures, consisting of mud walls and burnt/
unburnt bricks and blocks and, thus, are not resistant against intense ground shaking (World
Housing Encyclopedia, 2002). The December 2009 Karonga earthquake sequence, albeit moderate
events with moment magnitudes M,5.4 to M,6.0 (United States Geological Survey, 2009; Biggs et al.,
2010), caused significant damage and disruption to local communities (United Nations Resident
Coordinator, 2009; United States Geological Survey, 2009; Chapola and Gondwe, 2016), revealing
the weakness and vulnerability of the country. Moreover, the shelters project by UN-HABITAT,
United Nations High Commissioner for Refugees (UNHCR), and International Federation of Red
Cross (IFRC) (2012) highlighted the urgent needs for constructing safer houses in Malawi. To
mitigate the adverse impact due to future earthquake disasters, it is vital to evaluate the seismic risk
to Malawian communities accurately and to implement adequate risk mitigation measures (Chapola
and Gondwe, 2016). In this context, rapid increase of population is a major concern.

Malawi is situated in the southern branch of the active East Africa Rift System (Yang and Chen,
2010). In the Malawi Rift, several major geological faults (e.g., Livingstone and Bilila-Mtakataka
faults) can be identified using seismic stratigraphic analysis (Flannery and Rosendahl, 1990). These
faults may be capable of hosting earthquakes of M,,7.0 or greater due to relatively long fault lengths
(>90 km) and wide seismogenic thickness (>30 km) (Jackson and Blenkinsop, 1997). The potential
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size of the earthquakes in the Malawi Rift is significantly larger
than those of the 2009 Karonga sequence and other historical
events in the region, such as the 1989 Ms6.6 Salima-Dedza-
Mchinji earthquake (Gupta and Malomo, 1995). For instance, in
an event of M,7.0+, much stronger shaking will be experienced
over wider geographical areas, which could result in potential
catastrophe. At present, Malawians lack a seismic risk assessment
and long-term earthquake mitigation strategy, particularly for
large-magnitude events.

Conventionally, seismic hazard assessment was done by
considering an available instrumental earthquake catalog only
(Midzi et al., 1999), which is short in duration in comparison
with average recurrence periods of the geological faults (e.g.,
50 years versus thousands of years). Given the seismic potential
of well-matured geological faults around Lake Malawi, Hodge
etal. (2015) assessed regional seismic hazard in Malawi by incor-
porating geological and geomorphological information. In their
study, possibility of having M,7.0-8.0 earthquakes was formally
included in probabilistic seismic hazard analysis by exploring
different hypotheses regarding different rupture scenarios of
the major faults and by evaluating impact of including large
earthquakes. In particular, testing sensitivity to different fault
rupture scenarios is important for contextualizing a seismic
hazard and interpreting results in light of incomplete knowledge
and inherent uncertainty about physical rupture mechanisms.
Nevertheless, the extension to seismic risk assessment has not
yet been conducted.

This study extends the current seismic hazard model for
Malawi into a seismic risk model by evaluating risk as convo-
lution of hazard, exposure, and vulnerability. In applying this
framework, model components need to be compatible such that
exposure-hazard-vulnerability modules are linked seamlessly and
key uncertainties in the models are accounted for and propagated
properly. This has a major influence on the choice of appropriate
models in developing a seismic risk model for Malawi due to the
lack of relevant data and applicable models. For example, ground
motion and seismic vulnerability models specific to Malawi do
not exist; although some teleseismic ground motion data are
available for small-to-moderate earthquakes (e.g., 2014 M,5.1
event), these data are insufficient to develop a robust prediction
model. In such situations, global models need to be considered.
In face of such pragmatic constraints, the risk assessment frame-
work is focused on the impact to the population (i.e., the number
of affected inhabitants experiencing a certain seismic intensity)
and on the building collapse as a proxy to damage to the built
environment.

To produce accurate risk predictions, it is paramount that
high-resolution contemporary population data are used in the risk
model. For this purpose, exposure data for Malawian settlements
are obtained from WorldPop (2014) (http://www.worldpop.org.
uk/; Linard et al., 2011, 2012), which is a public database of the
high-resolution spatial population data (100-m grids) for devel-
oping countries. The WorldPop database provides the population
distributions adjusted to match the United Nations national
population estimates in year 2010, 2015, and 2020, allowing an
investigation of the earthquake impact in the past, present, and
future. Hazard is characterized based on the Hodge et al. model,

which allows the investigations of adopting different hypotheses
regarding the fault rupture behavior. To make the hazard output
consistent with the input for seismic vulnerability, modifications
are necessary in terms of seismic intensity measures. For Malawi,
using modified Mercalli intensity (MMI) rather than modern
measures [e.g., peak ground acceleration (PGA), peak ground
velocity (PGV), and spectral acceleration] is appropriate due to
the lack of seismic vulnerability models that take such modern
hazard parameters as input. The vulnerability module is based
on empirical prediction models of building collapse that are
applicable to global building stock. Specifically, collapse predic-
tion models by Jaiswal et al. (2011), So and Spence (2013), and
Spence and Foulser-Piggott (2013) are adopted. Details of the
models differ, particularly in definitions of vulnerability classes
for building typologies and methods for the model development.
As part of the risk assessment, the validity of these models is
investigated by applying them to the earthquake damage due to
the 2009 Karonga sequence.

The main objectives of this study are to: (i) develop the
first-generation probabilistic seismic risk model for Malawi;
(ii) conduct quantitative earthquake impact assessments for
several urban and rural communities in Malawi and carry
out sensitivity analyses with regard to exposure, hazard, and
vulnerability model components; and (iii) discuss the results
from long-term risk management perspectives. The significance
and novelty of this work are that the seismic risk model is
successfully developed and applied for Malawi by accounting
for key uncertainties in the quantitative risk assessment. The
approach taken is similar to the prompt assessment of global
earthquakes for response (PAGER) methodology (Earle et al.,
2009). However, this research is focused on prediction/assess-
ment of earthquake impact due to future scenarios, rather than
real-time impact assessment. This is to enhance Malawi’s seismic
resilience and to enable a rational long-term risk mitigation,
which is critically lacking. The scenarios considered are numer-
ous and consistent with regional probabilistic seismic hazard
analysis; such comprehensive assessment facilitates the holistic
design and risk mitigation actions. The paper is organized as
follows. First, a general methodology for seismic risk analysis
is presented, followed by detailed descriptions of the exposure,
hazard, and vulnerability modules. Subsequently, the developed
risk model is applied to the 2009 Karonga earthquake scenario.
The predicted risk estimates in terms of the number of collapsed
buildings using different vulnerability models are compared with
the observed earthquake damage during the sequence. In the
Section “Result;” seismic risk assessment results for five rural and
urban settlements in Malawi are discussed by considering future
earthquake scenarios. Especially, sensitivity of the earthquake
impact (i.e., number of affected population and number of
buildings collapsed) to exposure (i.e., population distributions
at different years), hazard (i.e., different fault rupture and ground
motion modeling), and vulnerability (i.e., different combinations
and weighting of applicable building-collapse prediction models)
is investigated. Finally, main conclusions are drawn with the
emphasis on future extensions and further applications of the
developed seismic risk model for improving seismic resilience
in Malawi.
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METHODOLOGY

Analytical Framework

The analytical framework for the developed seismic risk model
for Malawi is based on a generic concept of risk and is comprised
of three main elements, i.e., exposure, hazard, and vulnerability.
It is consistent with a modern seismic risk analysis methodology
(McGuire, 2004). An important feature is that the framework is
developed for a portfolio of buildings at regional levels, rather
than individual structures. Figure 1 shows the seismic risk
analysis procedure. More detailed descriptions of the model
components are given in the following.

The exposure module defines the spatial distribution of the
population in a selected settlement and its temporal change.
The WorldPop data are given at spatial grids of 100 m (Linard
et al,, 2011, 2012). The building occupancy rate, which is based
on Malawi’s census data (National Statistical Office of Malawi,
2008), is used to convert the population size into the number of
buildings in the settlement. The hazard module consists of two
main components: (i) generation of synthetic earthquake catalog,
and (ii) estimation of macroseismic intensity (MMI) at exposure
grid cells. The catalog generation is based on the seismic hazard
model by Hodge et al. (2015), which takes into account both
instrumental catalog-based seismicity model and fault-based
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geomorphological model. The MMI values at grid cells of the
exposure data are estimated using the prediction model by Allen
et al. (2012). The vulnerability module evaluates the probability
of building collapse for a given seismic intensity. The assessment
is based on a set of applicable vulnerability models for global
building typologies [e.g., Jaiswal et al. (2011), So and Spence
(2013), and Spence and Foulser-Piggott (2013)]. The seismic
vulnerability classes of Malawian buildings are assigned based
on the PAGER building typologies (Jaiswal and Wald, 2008) and
EMS-98 (Griinthal, 1998).

The seismic risk assessment is performed based on Monte
Carlo simulation (see a flowchart in Figure 1). For a given set-
tlement of interest in Malawi, population and building data are
obtained. Then, a synthetic earthquake catalog is generated using
the adopted seismic hazard model. For each seismic event in
the synthetic catalog, MMI values at the exposure grid cells are
evaluated by taking into account prediction errors of the MMI
model. Using the MMI values and population data, the number
of affected population is expressed in terms of macroseismic
intensity. Subsequently, a seismic vulnerability model is applied
to calculate the collapse probability of each building, and a
scenario-based building damage map is created by generating
realizations of collapse for all buildings individually according
to the calculated collapse probability. The preceding analysis
procedure is repeated for all events in the synthetic catalog. Note
that the events in the catalog are all associated with occurrence
times and thus annual probability of exceedance can be assigned
to these events. In the post-processing stage, various forms of the
seismic risk results can be produced, including a MMI hazard
curve, affected population hazard curve, and building-collapse
risk curve. These outputs are useful for developing long-term
seismic risk management strategies for different settlements in
Malawi.

Exposure

The WorldPop database offers high-resolution population maps
(approximately 100 m by 100 m resolution) of Malawi in year
2010, 2015, and 2020. The WorldPop maps have been created
by combining various forms of geographical and demographic
data. The accuracy of modeling the population distribution has
been evaluated by comparing the modeled population distribu-
tion with existing census counts at a high administrative level in
several African countries (Linard et al., 2011, 2012). For these
countries, the WorldPop dataset outperforms other population
datasets, such as LandScan data.

Figure 2A shows the population distribution of Malawi in
year 2015, where red color represents high population density
areas. Two major urban cities in Malawi are Lilongwe (capital)
and Blantyre (not indicated in the map; it corresponds to the high
population density areas in the south of Zomba). In the figure,
locations of five urban and rural settlements that are considered
for the seismic risk assessment in the main result section are
indicated: Karonga, Mzuzu, Lilongwe, Mangochi, and Zomba.
They are selected on the basis of population characteristics and
proximity to major faults. Figure 2B shows the zoomed popula-
tion distributions for the five settlements. For each location, the
boundary of the population is defined by a radius of 10 km by

setting the center of the circle to the most densely populated area.
It can be observed that rural towns (i.e., Karonga and Mangochi)
have more compact high-density areas than urban cities (i.e.,
Mzuzu, Lilongwe, and Zomba). To transform population data
into building data, the number of buildings per cell is estimated
by dividing the number of population per cell by the average
occupancy, which is set to five people per building based on the
census data (National Statistical Office of Malawi, 2008). In the
final exposure data, cells with the rounded number of buildings
less than 1 (i.e., cells with the population size less than 2.5) are
eliminated. Furthermore, Figure 3 shows the population growth
of the five cities and towns between 2010 and 2020, highlighting
a more rapid increase in Lilongwe.

Seismicity and Earthquake Catalog

Generation

Geological, geodetic, and geomorphological studies in Malawi
indicate the possibility for experiencing infrequent, large earth-
quakes originated from the well-matured fault systems along Lake
Malawi (Flannery and Rosendahl, 1990; Jackson and Blenkinsop,
1997). Figure 4 shows locations of seven faults in the Malawi
Rift region: Livingstone, Usisya, Mbamba, Bandawe, Metangula,
Mwanjage, and Bilila-Mtakataka faults. Hodge et al. (2015)
investigated the effects of including such large-magnitude earth-
quakes on the regional seismic hazard potential in the Malawi
Rift region through probabilistic seismic hazard analysis. In
their model, four variations of the earthquake occurrence model
were considered. The first one was solely based on the post-1965
instrumental earthquake catalog compiled by the International
Seismological Centre. The seismicity model was characterized
using the truncated Gutenberg and Richter (1954) relationship,
where the maximum moment magnitude was set to 6.75, by
subdividing the entire region into four sub-regions according to
local seismic activities. The b-values of the sub-regions were in a
range from 0.97 to 1.08, which are consistent with the previous
seismic hazard model by Midzi et al. (1999). Further details of the
instrumental catalog-based seismicity model for Malawi can be
found in Hodge et al. (2015).

For the fault-based models, fault rupture parameters, such
as fault dimensions and slip rate, were determined based on
empirical scaling relationships available in the literature by
accounting for their uncertainties [see Hodge et al. (2015) for
details]. On the other hand, strain accumulation for each fault
was calculated based on a global plate motion model by Kreemer
et al. (2003) and geodetic plate motion estimates of the Nubia
and Rovuma micro-plates (Stamps et al., 2008). Significant
epistemic uncertainty exists regarding whether a fault ruptures
along its entire length in a single event or in a series of smaller
earthquakes, affecting the recurrence time interval and mag-
nitude of the seismic events. For instance, the Livingstone and
Bilila-Mtakataka faults are considered as a single, continuous
structure (Wheeler and Karson, 1989; Jackson and Blenkinsop,
1997), whereas the other five faults consist of segments that
could rupture individually (Flannery and Rosendahl, 1990;
Contreras et al., 2000). To take into account different rupture
possibilities of future earthquakes, the second to fourth models
are based on the earthquake rupture of the seven fault systems
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FIGURE 2 | (A) Population distribution for Malawi in year 2015. (B) Population distributions for Karonga, Mzuzu, Lilongwe, Mangochi, and Zomba. Note that the

by considering different rupture hypotheses, i.e., continuous,
mixed, and segmented rupture, respectively, in addition to the
instrumental catalog-based seismicity. The mixed rupture model
is a composite model based on the continuous and segmented
cases with equal weights. The information of the continuous
rupture model for the seven fault systems is included in Figure 4;
more details of the segmented rupture model can be found in
Hodge et al. (2015). For seismic hazard and risk assessments of
specific cities/towns, it is important to consider the proximity of
the fault segments to the locations of interest (Figure 4). Mzuzu
and Mangochi are relatively close to two major fault systems
(about 30 km at distance); Karonga and Zomba are at moder-
ate distances from major faults (40-60 km); whereas Lilongwe,
although its population is much greater than others (Figures 2
and 3), is relatively far from the major faults (100 km). The
differences of the exposure and hazard characteristics at differ-
ent settlements have a significant influence on the earthquake
impact assessment.

Figure 5 compares magnitude-recurrence relationships of the
four rupture models for the entire region. For this comparison,
synthetic earthquake catalogs for the rupture models are gener-
ated through Monte Carlo simulation (Hodge et al., 2015). Up to
M,6.5, all rupture models follow the same trend that is based on
the instrumental catalog, but they diverge at higher magnitudes.
The instrumental catalog-based model is generated using three
possible maximum magnitudes, 6.25, 6.5, and 6.75, with weights
of 0.25, 0.5, and 0.25, respectively, causing a drop-oft around
M,6.7. Although the continuous, mixed, and segmented rupture
models all fall within the 5th and 95th percentiles of the extrapo-
lated Gutenberg-Richter relationship, these large faults are not
uniformly distributed within the entire source zone (Figure 4).
In other words, despite the similarity between the extrapolated
Gutenberg-Richter statistics based on the instrumental catalog
and those based on the geological rupture models, the geological
approach contains more spatial information on the distribution
of potential hazard.
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Estimation of Macroseismic Intensity
Another critical component of the hazard module is the estimation
of ground motion intensity at building locations. In the developed
seismic risk model, MMI is adopted as seismic intensity measure.
Despite its qualitative nature and difficulty in assigning reliable
estimates of MMI values to observations (Musson et al., 2010;
Hough, 2014), the use of MMI measures has been increasing in
prompt ground motion and loss estimation (e.g., PAGER; Earle
et al,, 2009). The main reasons for adopting MMI in this study
are twofold: (i) lack of modern ground motion models for PGA
and spectral acceleration that are specific to Malawi or East Africa
broadly (this is applicable to the MMI prediction model) and (ii)
unavailability of advanced seismic vulnerability models that use
PGA and spectral acceleration as input for structural damage
prediction. There are two options in estimating MMI for a given
scenario (Cua et al, 2010): (i) use of ground motion models
for MMI directly for all considered scenarios [direct approach;
e.g., Atkinson and Wald (2007)] and (ii) use of multiple ground
motion models for spectral acceleration and then convert to
MMI through empirical relationships [indirect approach; e.g.,
Wald et al. (1999)]. In this work, the direct approach using the
prediction equation by Allen et al. (2012) is considered. This is
because the indirect methods, where the estimates of MMI values
are obtained via PGA and PGV using the prediction equations
for PGA and PGV and the conversion equations between PGA/
PGV and MMI (Wald et al., 1999), are associated with significant
uncertainty (Cua etal., 2010), usually greater than the uncertainty
of the direct MMI prediction equation alone.

Allen et al. (2012) developed two prediction models that use
the rupture distance and the hypocentral distance as source-to-
site distance parameter. In this study, the model that is based on
the rupture distance is adopted because the rupture distance can
be evaluated for seismic events in the synthetic catalog (fault
geometry is known for each event) and the prediction error for

the rupture distance-based model is smaller than that for the
hypocentral distance-based model. The Allen etal. model includes
the site term that is a function of topographical slope. To account
for such site effects, the slope gradients at the exposure grid cells
are obtained from the global Vi3 map by Wald and Allen (2007).
Figure 6 shows the median as well as 16th and 84th percentiles
of the predicted MMI values as a function of rupture distance
for three magnitude values. Typically, for a given earthquake
scenario, the confidence interval of the estimation corresponding
to the 16th and 84th percentiles is plus/minus 0.7-1.0 MMI units
(Allen et al., 2012).

In estimating MMI values at exposure grid cells, spatial
correlation of MMI values at different locations is taken into
account (i.e., MMI values are simulated as a correlated random
field). This consideration can be important when earthquake
impact assessment for a portfolio of buildings is carried out
(Goda et al., 2011). The challenging aspects of the evaluation
are that a suitable spatial correlation model for MMI is not
available in the literature and that the effects of spatially vary-
ing seismic intensity measures are partly included in original
MMI observations as they are defined over certain areas (e.g.,
zip codes and administrative units). In this study, a simplified
correlation structure, which adopts a constant linear correlation
coeflicient at different locations (within the radius of 10 km from
the center of the settlement), is considered for the prediction
error of the MMI equation. More specifically, for the base case,
the correlation coeflicient is set to 0.5; this value is consistent
with the empirical correlation estimates of PGA and spectral
acceleration of various past earthquakes within the separation
distance up to 10 km (Goda, 2011). In the Section “Result,” the
effects of considering different correlation coeflicients on the
earthquake impact assessment will be investigated.

Seismic Vulnerability

In order to make a prediction for the number of collapsed houses
due to a large-magnitude seismic event, three vulnerability
models developed by Jaiswal et al. (2011), So and Spence (2013),
and Spence and Foulser-Piggott (2013) are considered. All three
models are developed for global building stock and use MMI
as input hazard parameter. They produce estimates of building-
collapse probability for a given MMI and building typology. The
building typology (or vulnerability class) signifies the seismic
resistance and capacity. Therefore, granularity and assignment
of the vulnerability classes to buildings are important, having
significant impact on the result.

The So-Spence and Spence-Foulser-Piggott models were
developed based on the Cambridge earthquake impact data-
base. Although the final publication years of the So-Spence and
Spence-Foulser-Piggott models were the same, the So-Spence
model was a predecessor of the Spence-Foulser-Piggott model
(the former was initially submitted in 2011, whereas the latter
was presented at a conference in 2013). Furthermore, they were
developed for different purposes; the So-Spence model was
developed as a part of the casualty and fatality model, whereas
the Spence-Foulser-Piggott was developed for the building-
collapse assessment. Because the predicted collapse rates based
on these two models differ significantly (see Figure 7), both
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FIGURE 4 | Fault maps of the continuous rupture model for Malawi [modified from Hodge et al. (2015)].

models are considered in this study to investigate the effect of
seismic vulnerability functions on the building-collapse risk.
Both vulnerability models adopt the EMS-98 classification
scheme (grades A to E) to differentiate structures by the main
component of their structural build-up. The general descrip-
tions for the vulnerability classes A to E are (note: class D is split
into D1 and D2): weak masonry (A), unreinforced masonry (B),
structural masonry or pre-code reinforced concrete frame (C),
moderate-code reinforced concrete frame or shear-wall (D1),
timber frame (D2), and steel frame or high-code reinforced
concrete frame (E). The expert reports for Malawi (World
Housing Encyclopedia, 2002) indicate that 35 and 45% of the
houses are classified as rammed earth house and unburnt brick
wall building, respectively, whereas 5% of the building stock
is timber frame with mud wall; the remaining 15% is unclas-
sified. The seismic vulnerability ratings given in the World
Housing Encyclopedia reports are “high vulnerability (A)” for
the rammed earth house and unburnt brick wall building and
“medium-low vulnerability (D)” for the timber frame with mud
wall. Based on this information, 80 and 5% of the Malawian
residential stock are considered as EMS-98 class A and D2,
respectively. It is assumed that the remaining 15% is classified as
D1 by comparing the building-collapse vulnerability functions
for different classes. This assignment is arbitrary and could have
been done differently (e.g., class B or class C may be considered).

Figures 7A,B compare the building-collapse rate functions of
the So-Spence and Spence-Foulser-Piggott models, respectively.
It can be observed that there is significant variability among the
collapse rate functions for different vulnerability classes and for
different models. More specifically, the collapse rate functions
for the So-Spence model are more clustered, in comparison with
those for the Spence-Foulser-Piggott model. For the So-Spence
model, the assumption adopted for the unclassified building
stock (i.e., 15% is considered to fall under D1, which could have
been in B or C) has minor effect, whereas such a difference can
be large for the Spence-Foulser-Piggott model.

The Jaiswal et al. model is based on the WHE-PAGER clas-
sification system (World Housing Encyclopedia, 2002; Jaiswal
and Wald, 2008), where a global residential building inventory
database was derived in order to characterize the building stock
distribution and to estimate the vulnerability of building stock
to earthquake shaking by classifying country specific buildings
by construction material. The structural types that are relevant
to Malawian buildings are mud walls (M2), adobe blocks (A),
rubble stone (RS), unreinforced fired brick masonry (UFB),
and concrete block unreinforced masonry (UCB). The percent-
ages of the buildings assigned to these typologies are 0.15, 0.19,
0.01, 0.14, and 0.51, respectively (Jaiswal and Wald, 2008). Due
to absence of the actual damage data, the global vulnerability
functions for different vulnerability classes were developed based
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on expert judgement (Jaiswal et al., 2011). Figure 7C shows the
five building-collapse curves by Jaiswal et al. (2011) which are
relevant for Malawi.

Moreover, Figure 7D compares the combined collapse rate
functions for the So-Spence, Spence-Foulser-Piggott, and Jaiswal
et al. models. The combined function is obtained by weighting
individual collapse rate functions for different vulnerability

classes based on the percentages of the building classes. It can
be seen that three vulnerability models produce similar collapse
probability predictions for MMI 6 to 7, whereas, for MMI > 7, the
Spence-Foulser-Piggott and Jaiswal et al. models predict build-
ing collapse with much greater probabilities than the So-Spence
model. To investigate the effect of using different combinations
of the three vulnerability models on the seismic risk assessment
result, an option to assign different weights to these three models
is implemented in the developed seismic risk model. For the base
case, equal weighting is considered.

RETROSPECTIVE ASSESSMENT OF
THE 2009 KARONGA EARTHQUAKE
SEQUENCE

It is important to examine whether the developed seismic risk
model produces realistic risk predictions for past earthquakes.
In this context, it is particularly interesting to investigate which
of the three seismic vulnerability models implemented in the
seismic risk model produces reasonable results with respect to the
observed damage. The earthquake damage observations/records
during the December 2009 Karonga earthquake sequence can
be used for such purposes (note: a similar retrospective assess-
ment for the 1989 Salima-Dedza-Mchinji earthquake is difficult
because relevant exposure data are unavailable). According to
the United States Geological Survey (2009), four moderate earth-
quakes struck the Karonga region between December 6, 2009 and
December 20, 2009: M,,5.8 event on 6th December, M,5.9 event
on December 8, M,5.4 event on December 12, and M,,6.0 event
on December 19. The epicentral locations of the four events by the
United States Geological Survey (2009) are shown in Figure 8A.
Alternatively, source models estimated by Biggs et al. (2010) can
be adopted for the retrospective damage assessment of the 2009
Karonga sequence. The finite-fault models by Biggs et al. (2010)
are also included in Figure 8A. It is noteworthy that the source
locations of the four events by the two studies differ significantly.
Among these, the 8th December event and 19th December
event were particularly damaging. The United Nations Resident
Coordinator (2009) reported that 1,557 buildings were destroyed
during the whole Karonga sequence (break-down for each event
is not available). On the other hand, the United States Geological
Survey (USGS) significant earthquake database (2009) indicated
that about 3,000 buildings were destroyed or damaged due to the
8th December event, while 1,111 houses were destroyed due to
the 19th December event.

To produce the seismic risk estimates for the 2009 Karonga
earthquake using the developed seismic risk model, the 8th
December, 2009 event is considered. This scenario poses the
most critical seismic hazard (on average) to the building stock in
Karonga among the four seismic events of the Karonga sequence
due to its proximity to the population center (Figure 8A). It is
noteworthy that the predicted earthquake damage may under-
estimate the actual damage because damage accumulation due
to multiple earthquakes is not taken into account, as indicated
by the United Nations Resident Coordinator (2009). For the
retrospective assessment of the earthquake damage, a separate
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exposure dataset (i.e., different from the one shown in Figure 2B)
is prepared by using the WorldPop data in year 2010 and by
considering a boundary radius of 30 km. The radius of 30 km
is chosen by considering that predicted MMI values of the 8th
December event become sufficiently low not to cause building
collapse (see Figures 6 and 7D). In total, 10,000 simulations are
conducted. Figure 8B shows histograms of median MMI based
on the two source models for the 8th December event, highlight-
ing large variability of the representative macroseismic intensity.
The median MMI (horizontal axis of Figure 8B) corresponds to
the 50th percentile of the MMI values that are estimated at the
exposure cells and thus represents the typical ground intensity for

the building portfolio during a seismic event. On the other hand,
the counts (vertical axis of Figure 8B) correspond to the number
of the cases where the median MMI falls within the specified bin.
The seismic hazard levels due to the USGS point-source model
are less than those due to the Biggs et al. finite-fault model; the
mean and SD of median MMI are 6.38 and 0.65, respectively,
for the USGS point-source model, whereas the mean and SD of
median MMI are 6.82 and 0.65, respectively, for the Biggs et al.
finite-fault model.

Subsequently, for the 10,000 synthesized seismic events,
building-collapse assessment is carried out using three vulner-
ability models individually as well as using the equal-weight
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model (Figure 7D). The results based on the USGS point-source
model are shown in Figure 9A, whereas the results based on the
Biggs et al. finite-fault model are shown in Figure 9B. Note that
the counts (vertical axis of Figure 9) correspond to the number
of the cases where the number of collapsed buildings falls within
the specified bin based on the 10,000 simulations. The So-Spence
model results in a concentrated probability distribution of the
number of collapsed buildings, whereas the other two models
show a long upper tail distribution for the number of collapsed
buildings. The main reason for the more concentrated collapse
risk prediction for the So-Spence model is because its weighted
collapse rate function (Figure 7D) has a gentle slope in terms
of MMI. By contrast, the steep slopes for the Spence-Foulser-
Piggott and Jaiswal et al. models result in much greater varia-
tion of the predicted collapse risk distribution. The use of the
finite-fault model rather than the point-source model leads to
the increased estimates of the number of collapsed buildings;
this is because of the finite-fault dimension of the earthquake
for this event (i.e., source-to-site distances are shorter for the
former than the latter; Figure 8). Given the general agreement
of the predicted and observed damage and significant variability
of the predicted earthquake risk, it is not possible to determine
the suitability of the three vulnerability models. In such cases,
it may be sensible to consider all three vulnerability models
with equal weight (i.e., equal credibility for these models). The
sensitivity of the collapse risk predictions to the vulnerability will
be investigated in Section “Result”

SEISMIC RISK ASSESSMENT OF
SETTLEMENTS IN MALAWI

Quantitative assessment of seismic risk for five cities and towns
in Malawi (see Figure 2) is conducted to investigate the key
features of the earthquake impact metrics and their changes

due to different exposure-hazard-vulnerability characteristics.
Throughout this section, the base case for the seismic risk assess-
ment is set as follows: the earthquake occurrence is based on the
mixed rupture model; the spatial correlation coefficient of MMI
values is 0.5; the exposure data are for year 2015 (Figure 2); and
three vulnerability models are weighted equally (Figure 7D).
Two earthquake impact indicators that are focused on are the
number of affected people experiencing MMI > 6.5 and the
number of collapsed buildings in a given settlement. The dura-
tion of the synthetic earthquake catalog is set to 1 million years.
To facilitate the presentation of the sensitivity analysis results to
the exposure-hazard-vulnerability model components, Mzuzu
is focused on in the first three subsections. Subsequently, the
results for different settlements are discussed in the last subsec-
tion to examine the effects of site locations on the earthquake
impact assessment.

Effects of Seismic Hazard Models

In this subsection, the effects of the seismic hazard modeling are
investigated. The major source of uncertainty in the developed
seismic risk model can be attributed to the earthquake occur-
rence modeling (Hodge et al., 2015); i.e., instrumental catalog,
continuous rupture, mixed rupture, and segmented rupture.
Figures 10A, 11A, and 12A compare the median MMI hazard
curves, affected population curves (MMI > 6.5), and building-
collapse curves, respectively, for Mzuzu by considering four
different rupture models. Figure 10A clearly demonstrates the
effect of different earthquake occurrence models on the MMI
hazard curves. For instance, at the annual exceedance prob-
ability levels of 1072 to 10~ (which are typical probability levels
referred to in making earthquake risk mitigation decisions), the
median MMI hazard values increase by 0.1 to 0.6 MMI units, 0.6
to 1.1 MMI units, and 1.1 to 1.3 MMI units for the continuous,
mixed, and segmented rupture models, respectively, with respect
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to the instrumental catalog model. The differences between the
instrumental catalog-based model and the fault-based models
highlight the potential impact of including infrequent, large
earthquakes in the seismic hazard assessment. In Mzuzu, such
differences are greater for the segmented rupture model as both

Usisya and Bandawe faults (Figure 4) may rupture in segment
more frequently. At the high probability level, the MMI hazard
curve for the continuous rupture case is similar to the one for the
instrumental catalog-based model because the occurrence of the
whole rupture case is rare; it gradually approaches to the hazard
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curve for the segmented rupture model as the probability level ~ levels of 107 to 10~ can be as large as a factor of 100. As the
decreases. The MMI hazard curve for the mixed rupture model  seismic hazard increases from the instrumental catalog-based
falls between the continuous rupture case and the segmented  case to the fault-based cases, the maximum number of popula-
rupture case (as expected). tion is reached at rarer probability levels. These results essentially

Figure 11A compares the affected population curves for  indicate the regional earthquake impact felt by the residents more
MMI > 6.5. The differences among the four cases are significant;  frequently when the possibility for the large-scale fault rupture is
for example, the differences at the annual exceedance probability ~ taken into account.
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Figure 12A shows the effects of the earthquake occurrence
models on the collapse risk prediction. The overall trends of
the building-collapse curves are similar to those of the median
MMI hazard curves (Figure 10A). An important practical
aspect of the presented risk results is that, for example, at
the annual exceedance probability levels of 107 to 1073, the
building-collapse potential for the fault-based models is greater
than that for the instrumental catalog-based model by a factor
of 2-5. It is also noteworthy that the differences of the collapse
risk predictions for the instrumental catalog-based model and
the fault-based models tend to increase as the rarer probability
level is considered.

Another aspect that is worthy of investigating is the effect of
correlation of MMI values at exposure cells. Three correlation
coeflicients, 0.25, 0.5, and 0.75, are considered for such inves-
tigations. The results in terms of median MMI hazard curves,
affected population curves (MMI > 6.5), and building-collapse
curves are shown in Figures 10B, 11B, and 12B, respectively.
General trends of the hazard and risk curves for different
spatial correlation values are that three curves intersect one
another (note: this is visible in Figures 11B and 12B but not
in Figure 10B) and that with the increase of the correlation
coefficient and with the decrease of the annual exceedance
probability level, both hazard and risk metrics become greater,
which is consistent with other seismic risk studies for a building
portfolio (Goda et al., 2011). These are due to the simultaneous
occurrence of correlated more intense macroseismic intensity at
building sites, thus the aggregate effects due to the earthquake
are increased. Among the three kinds of the results, more
remarkable changes are observed for the affected population
curves (Figure 11B); the differences can be as large as a factor
of 10. Essentially, when the ground motions are more correlated,
the increase of the affected populations can happen abruptly.
Although the effects of the correlation of MMI values are notice-
able, its overall influence is relatively minor compared with the
influence due to the earthquake occurrence modeling (e.g., up
to 10% differences versus up to 500% differences for the collapse
probability curves at the annual exceedance probability levels of
1072-1073).

Effects of Exposure Data

Next, the effects of different exposure datasets (i.e., population
in year 2010, 2015, and 2020; Figure 3) on the earthquake
impact for Mzuzu are examined. The results for the affected
population curves and building-collapse curves are displayed
in Figure 13 (note: different exposure data do not affect median
MMI curves and thus omitted). Essentially, the effects of the
increased population result in the shift of the hazard and risk
curves toward more severe earthquake consequences. Typically,
the differences of the curves for 2010 and 2020 with respect
to the curve for 2015 are +20-25%. It is noteworthy that the
increase of the earthquake impact is proportional because the
spatial distribution of the local population does not change
drastically over the years; in cases of very rapid urbanization
where several suburb settlements are created particularly near
the active faults, more significant changes to the hazard and risk
curves are expected.

Effects of Seismic Vulnerability Models

The effects of using different seismic vulnerability models (i.e.,
combinations of the Spence-So, Spence-Foulser-Piggott, and
Jaiswal et al. models; Figure 7) on the building-collapse curves
for Mzuzu are investigated (note: different vulnerability models
affect neither median MMI curves nor affected population
curves and thus omitted). In Figure 14A, results based on the
three individual models, in comparison with the equal-weight
model are presented, whereas in Figure 14B, results based on
the combined models consisting of two individual models are
shown. The differences of the building-collapse curves shown
in Figure 14A are drastic (differences more than a factor of 10
are possible depending on the probability level), highlighting the
significant sensitivity of the results to the adopted vulnerability
models. When the So-Spence model alone is considered, the
risk level for less severe earthquake damage (e.g., number of col-
lapsed buildings less than 1,000) is increased significantly. This
is because the weighted collapse rate function of the So-Spence
model has a gentle slope and predicts several percent of collapse
probability irrespective of MMI values (Figure 7D). This is con-
trary to the collapse rate functions for the other two vulnerability
models, which rapidly increase with MMI values. Consequently,
the collapse risk levels for the Spence-Foulser-Piggott and Jaiswal
et al. models are relatively low for less severe earthquake damage;
however, these models predict devastating earthquake damage
consequences for rare cases (resulting in overall collapse rates
reaching several tens of percent of the entire building stock).
Figure 14B shows similar results but the total effects due to the
adopted (combined) vulnerability models are less drastic than
those shown in Figure 14A (as expected).

In addition to the sensitivity results shown in Figure 14, the
effects of assigning the 15% of the buildings with unclassified
vulnerability (for the base case, D1 class is assumed) to a different
class (B or C) are investigated. The final building-collapse curves
for the three classifications (i.e., D1, B, or C) are almost identical
(i.e., three curves overlap) and, for this reason, the results are not
presented in this study. The main reasons for the insignificant
influence of the vulnerability class assignment include: (i) col-
lapse prediction models for D1, B, and C are much smaller, by fac-
tors of 5-20, than those for A (Figures 7A,B) at MMI levels near
6.5-7.5 (which are the most dominant scenarios for Mzuzu; see
Figure 10A) and (ii) the building proportion for the vulnerability
class A (80%) is significantly larger than that for the unclassified
vulnerability (15%).

In the situations where use of global vulnerability models
is inevitable and no suitable models can be identified through
retrospective assessment of the past earthquake damage cases
(e.g., 2009 Karonga case), it may be prudent to use a composite
(weighted) model based on applicable vulnerability models.
Nevertheless, it is important to carry out sensitivity analysis
related to the choice and weighting of the seismic vulnerability
models as the analysis results will provide further insights as to
how such extremely low/high risk predictions are derived.

Effects of Site Locations
Finally, the effects of site locations on the hazard and risk analysis
results are studied by considering the five settlements (Figure 2).
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It is noteworthy that the change of site locations alters not only
exposure data characteristics but also hazard characteristics
(Figure 4). In this subsection, the median MMI hazard curves,
affected population curves (MMI > 6.5), and building-collapse
curves for the five cities and towns are compared in Figure 15.
Because the inclusion/exclusion of the fault-based rupture models

has a complex influence at different locations, both instrumental
catalog-based model and mixed rupture model are considered.
Figure 15A shows the median MMI hazard curves for the
five cities and towns. The differences among the instrumental
catalog-based models for the five locations are relatively small
(at most 0.3 MMI units). By contrast, the fault-based MMI
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hazard curves for Karonga, Mzuzu, and Mangochi are sig-
nificantly greater than those for Lilongwe and Zomba due to
the inclusion of the moderate-to-large earthquakes originated
from the fault systems (Figure 4). The extent of the seismic
hazard levels at these locations is mainly governed by the
proximity to the fault systems and their rupture characteristics
(i.e., magnitude and recurrence period; Figure 4). A detailed
examination of the results for Karonga, Mzuzu, and Mangochi
indicates that the seismic hazards for Karonga and Mzuzu are
influenced by the continuous rupture of the Livingstone fault
and the Bilila-Mtakataka fault, respectively (i.e., no segmenta-
tion is considered for these two fault systems), as evidenced by

the gradual deviation from the instrumental catalog-based case.
On the other hand, for Mzuzu, the seismic hazard is dominated
by the segmented rupture case.

Figure 15B shows the affected population curves. The results
are more complicated because different population sizes for the
five cities and towns affect the saturation levels of the earthquake
impact. In this plot, although the overall seismic hazard level for
Lilongwe is lower than other locations (differences up to 0.8 MMI
units at the annual exceedance probability levels of 1072 to 107%; see
Figure 15A), the total earthquake impact on the population for
Lilongwe is much greater than those for Karonga, Mangochi, and
Zomba (differences up to a factor of 2 at the annual exceedance
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probability levels of 107* to 107 see Figure 15B). This observa-
tion is applicable to both instrumental catalog-based and mixed
rupture models. The results highlight the importance of exposure
in practical seismic risk management and suggest that the rela-
tive seismic risk ranking of the settlements (and thus priority in
seismic risk mitigation actions) needs to be determined by taking
into account both exposure and hazard characteristics.

Figure 15C shows the comparison of building-collapse
curves for the five cities and towns. The overall trends of the
collapse risk curves are similar to those of the affected popula-
tion curves (Figure 15B), although shapes are different. The
results confirm the importance of exposure data to the overall
earthquake impact in terms of building collapse. Some of
the building-collapse curves, such as those for Karonga and
Mangochi based on the mixed rupture model, exhibit more
complex behavior, e.g., more rapid increase of the collapse risk
around the annual exceedance probability levels of 4 X 10~ to
107°. These are due to the changes of the influential fault rupture
patterns from more frequent segmented rupture cases to rarer
continuous rupture cases.

CONCLUSION

With more than 60% of Malawi’s population living below the
international poverty line of US$1.25 per day, this East African
society lacks the resilience to cope with a large-magnitude
seismic event. This is mainly due to the high seismic vulner-
ability of Malawian structures, with a large population of the
country living in relatively close proximity to the active Malawi
Rift, which can host earthquakes of M,7.0 or greater. Aiming at
enhancing the long-term seismic resilience of Malawi, this study
developed the first-generation quantitative seismic risk model
for Malawian communities and carried out detailed sensitivity
analyses with regard to exposure, hazard, and vulnerability
characteristics. The high-resolution population data, regional
fault-based seismic hazard model, macroseismic intensity
prediction model, and building-collapse prediction models
were integrated to evaluate the earthquake impact in terms of
affected population experiencing a certain intensity and number
of collapsed buildings. The seismic risk model was applied to
two types of investigations, a retrospective assessment of the
earthquake damage during the 2009 Karonga sequence and the
earthquake risk analysis against future major earthquakes for
rural and urban settlements in Malawi.

Based on the analysis results, the following conclusions can
be drawn:

o The predicted numbers of damaged and collapsed buildings
due to the 8th December, 2009 M,5.9 Karonga earthquake
scenario are broadly consistent with the earthquake damage
observations. However, the predicted seismic risk estimates
have significant variability depending on the adopted seismic
vulnerability models. Henceforth, it is not possible to determine
which of the candidate vulnerability models, implemented in
the developed seismic risk model, is more suitable. Under
such circumstances, it may be sensible to consider a composite
vulnerability model, rather than a single specific model.

o The sensitivity of the seismic hazard and risk analysis results
to the earthquake occurrence modeling has significant impact.
In particular, inclusion of fault-based rupture models in the
hazard module has a major influence on the median MMI haz-
ard curves, affected population curves, and building-collapse
curves for rare, devastating events.

o The seismic vulnerability models (i.e., collapse rate functions)
affect the building-collapse risk curves significantly. It is of
vital importance to carry out sensitivity analysis related to the
choice and weighting of the seismic vulnerability models to
gain further insights on derived risk predictions.

o The site locations of interest change both exposure and hazard
characteristics of the earthquake impact assessment. The
seismic hazard assessment, which is the initial step and is
often more focused on in earthquake mitigation studies, only
tells us a half of the story. Both exposure and vulnerability
assessments are essential to obtain a holistic evaluation of the
seismic risk at stake and to decide priority for rational seismic
risk mitigation actions.

o Other aspects, such as spatial correlation of macroseismic
intensity at different locations and temporal change of the
exposure characteristics, have a noticeable influence on the
earthquake impact assessment.

Itis concluded that Malawi could be at serious risk of building
collapse and in turn fatality rates if a large-magnitude event were
to strike. The high seismic vulnerability of buildings in Malawi,
particularly the high proportion of semi-permanent and tradi-
tional structures greatly increases the seismic risk due to their
high collapse susceptibility. Significant improvements would
have to be made in order to reduce the number of damaged
and collapsed buildings. In future studies, it is recommended
that this model is further expanded in order to more compre-
hensively assess the risk posed to the entirety of the country, to
realize the model’s full potential. A cost-benefit analysis could
then be conducted in order to advise a cost-effective strategy to
mitigate future building collapse and reduce fatalities for areas
at the most risk, such as assessing the benefits of strengthening
and retrofitting existing structures. Finally, the study could be
considered to evaluate Malawian building regulations to reduce
the seismic risk.
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