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ABSTRACT
Wider economic impacts of heavy flooding in Germany: a non-linear programming approach. Spatial
Economic Analysis. This paper further develops a new methodology to estimate the wider, indirect impacts
of major disasters, and applies it to the 2013 heavy flooding of southern and eastern Germany. We model
the attempts of economic actors to continue their usual activities, as closely as possible, by minimizing the
information gain between the pre- and post-disaster pattern of economic transactions of the economy at
hand. Findings show that government support of local final demand substantially reduces the indirect
losses of the floods, while having a disaster at the top of the business cycle increases them. Moreover, we
find that assuming fixed trade origin shares and fixed industry market shares, as in all multiregional input–
output models, leads to implausibly large estimates of the indirect losses.
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摘要

德国严重洪泛的广泛经济冲击：非线性模式化方法。Spatial Economic Analysis.本文进一步建立评估主要

灾害的广泛与间接冲击之崭新方法，并将之应用于2013年德国南部与东部发生的严重洪泛。我们透过

最小化眼前经济的灾害前与灾害后之经济交易模式之间的信息取得，尽可能仔细地模式化经济行动者持

续其日常活动的企图。研究结果显示，政府对地方财政需求的支持，大幅降低了洪泛的间接损失，而在

经济週期的顶峰发生灾害时，则会增加间接损失。此外，我们发现，在所有的多重区域投入—产出模型

中所预设的固定贸易来源比率与固定产业市场比率，导致对间接损失产生不合理的大量估计。

关键词

灾害分析; 跨区域贸易; 多重区域供给—使用表; 信息取得

RÉSUMÉ
Impacts économiques des graves inondations survenues en Allemagne: une approche non linéaire à la
programmation. Spatial Economic Analysis. La présente communication développe une nouvelle
méthodologie pour l’estimation des impacts indirects plus généraux de désastres majeurs, et l’applique
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aux graves inondations survenues en Allemagne méridionale et orientale, en 2013. Nous modélisons les
tentatives, par des acteurs économiques, de poursuivre, le plus possible, leurs activités normales en
minimisant les gains d’informations du modèle de transactions économiques de l’économie présente entre
la période précédent la catastrophe et celle qui lui fait suite. Les résultats montrent que l’assistance du
gouvernement à la demande finale locale réduit dans une grande mesure les pertes indirectes dues aux
inondations, alors qu’en plaçant une catastrophe en haut du cycle des affaires, on les augmente. Nous
notons également que l’hypothèse de parts fixes de l’origine des échanges et de parts fixes du secteur
industriel, comme dans tous les modèles d’entrée / sortie plurirégionaux, donne lieu à des estimations
anormalement élevées des pertes indirectes.

MOTS CLÉS
analyse des désastres; commerce inter-régional; tableau offre – utilisation plurirégional; gains d’informations

RESUMEN
Repercusiones económicas más amplias por las fuertes inundaciones en Alemania: un enfoque de
programación no lineal. Spatial Economic Analysis. En este artículo seguimos desarrollando una nueva
metodología para calcular las repercusiones amplias e indirectas de desastres importantes que ponemos
en práctica con la fuerte inundación de 2013 del sur y el este de Alemania. Modelamos, lo más cerca
posible, los intentos de los actores económicos de continuar sus actividades habituales, por lo que
minimizamos la ganancia de información entre el patrón antes y después de la catástrofe de las
transacciones económicas de la economía a mano. Los resultados muestran que el apoyo gubernamental
a la demanda final de ámbito local reduce considerablemente las pérdidas indirectas causadas por las
inundaciones, mientras que sufrir una catástrofe en la cima del ciclo comercial las aumenta. Además,
observamos que si suponemos cuotas fijas de origen comercial y cuotas fijas de mercado de la industria,
al igual que en todos los modelos de entradas y salidas multirregionales, llegamos a estimaciones
absurdamente grandes de las pérdidas indirectas.
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análisis de desastres; comercio interregional; tabla de origen y destino multirregional; ganancia de
información
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INTRODUCTION

This paper investigates the wider, inter-industry and interregional impacts of the heavy flooding
events of May and June 2013 in eastern and southern Germany. Over the past two decades the use
of input–output (IO) models for the assessment of the indirect economic losses caused by man-
made or natural disasters gained increasing popularity, as evidenced by two special issues of Econ-
omic Systems Research and several dozen papers in scientific journals (cf. Okuyama & Santos,
2014). Of these IO applications, the inoperability IO model (IIM; Santos & Haimes, 2004) con-
stitutes the single most used model. An important part of this literature aims at formulating pol-
icies to increase the resilience of economic systems, i.e., to reduce the size of the wider impacts of
natural or manmade disasters (e.g., Anderson, Santos, & Haimes, 2007, Barker & Santos, 2010).

Results from IO applications virtually always show economy-wide losses that are significantly
larger than the direct losses of the disaster itself (i.e., the destruction of stocks of infrastructure,
capital and labour), as can be observed from the ratios of the economy-wide total losses to the
direct losses, i.e., disaster impact multipliers. For example, a disaster multiplier of about 2.2 is
found for the 2003 blackout in the north-west of the United States (Anderson et al., 2007). Santos
and Haimes (2004) report results that suggest disaster multipliers due to a 10% drop of demand
for air transport because of terrorist attacks varying between 2.5 and 3.6 (the latter including an
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endogenous workforce), while the ratio of total to direct losses of the attacks on September 11 is
estimated to be about 2.0 (Santos, 2006).

For the interpretation of these outcomes, it is important to note that the IIM is equivalent to
the standard demand-driven IO model expressed in relative changes (Dietzenbacher & Miller,
2015). Consequently, the IIM suffers from the same limitations as the standard IO model.
These limitations in this context, in particular, include its rigid assumption of fixed coefficients
and its restriction to estimating only the backward, demand-driven impacts of changes in exogen-
ous final demand (Oosterhaven & Polenske, 2009).

Natural and manmade disasters, however, cause shocks to both the demand and supply sides
of the economies at hand. The impacts of negative demand shocks may, in principle, be
estimated by means of the standard IO model, since both consumers and producers will most
likely react by proportionally by reducing all their purchases, i.e., by using fixed ratios. Still, the
use of the IO model, even to estimate those impacts, is not without problems (Oosterhaven,
2017). Especially, double counting impacts needs to be avoided (see also Rose, 2004), as disasters
cause exogenous shocks to total output and labour income, both of which are endogenous in all IO
models.

Estimating the impacts of shocks to the supply of products and labour by means of the stan-
dard IO model, however, is impossible for several reasons. First and foremost, firms will not react
to negative supply shocks by proportionally reducing all their purchases. Instead, they will look for
substitutes. Three broad types of replacements are possible. (1) Firms may look for different firms
in the same region that produce the same product. This will lead the changes of the industry market
shares in the supply of the product at hand. This fixed ratio assumption is hidden in the construc-
tion of most symmetric IO tables (Miller & Blair, 2009). (2) Firms may look for suppliers from
different regions. This leads to changes in the self-sufficiency ratios and the imports ratios for the
product at hand. This assumption is mostly made implicitly, but is well recognized in the IO lit-
erature (Miller & Blair, 2009; Oosterhaven & Polenske, 2009). (3) Firms may look for different
products that perform the same function, e.g., plastic instead of metal subparts. This implies a
change in the real technical coefficients, which is the least likely reaction, at least in the short run,
as it implies changing the production process.

Only if an input is truly irreplaceable does the lack of its supply forces purchasing firms to shut
down part or all of their production. In that case processing coefficients (i.e., reciprocal real technical
coefficients) need to be used (Oosterhaven, 1988), which results in partial disaster multipliers that
will be many times larger than even the large, above-mentioned disaster multipliers. In all other
cases, substitution of the lacking inputs will lead to positive impacts elsewhere in the economy,
including other industries in the same, and in other regions and countries.

Up till now, these positive substitution effects can only be estimated by spatial computable
general equilibrium (CGE) models (cf. Tsuchiya, Tatana, & Okada, 2007). In fact, different ver-
sions of such a model are needed to model the short- as opposed to the longer-run impacts,
because short-run substitution elasticities are much closer to zero than their longer-run equivalents
(Rose &Guha, 2004). Moreover, in longer-run simulations, many more variables need to be mod-
elled endogenously. Consequently, CGE models are difficult and rather costly to estimate, even if
the essential data, such as interregional social accounting matrices and all kind of elasticities, are
available (see Albala-Bertrand, 2013, for a further critique).

The hypothetical extraction (HE) method proposed by Dietzenbacher and Miller (2015) as an
alternative to the IO model circumvents assuming of fixed trade coefficients, because a well-
defined HE involves the assumption that the sales of the extracted industry are compensated
by an equally large increase of imports (see Dietzenbacher & Lahr, 2013, for extensions of the
original HE method). However, contrary to what was originally suggested (Paelinck, de Caevel,
& Degueldre, 1965; Strassert, 1968), the complete or partial extraction of a row from the IO
matrix does not simulate the forward, supply impacts of that HE on its customers. Instead, it
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measures the backward, demand effects of a drop (or complete disappearance) of demand for the
intermediate inputs of the extracted industry.

The supply-driven IO model (see Bon, 1988, for the multiregional version) does not constitute
a plausible model for studying the forward impacts of disasters either (Oosterhaven, 1996, 2012,
and Dietzenbacher, 1997, who additionally advocates a reinterpretation as a price model). Pre-
sently, a more or less plausible measurement of the economy-wide impacts of an exogenous supply
shock requires many additional assumptions and/or information as regards the adaptation behav-
iour of up- and downstream industries, as in Oosterhaven (1988), Hallegate (2008), and Rose and
Wei (2013).

As a simpler alternative to using fixed ratios, Batten (1983, ch. 5) shows how the principle of
minimum information gain (cf. Theil, 1967) may be used flexibly to estimate intra- and interre-
gional trade flows in various multiregional input–output (MRIO) settings. This principle is also
applicable to a situation wherein a shock to anMRIO system results in lower production capacities
with an unknown new pattern of intra- and interregional trade. Oosterhaven and Bouwmeester
(2016) combine this idea with processing coefficients and endogenous production levels in the
indirectly impacted industries and regions. In this paper we follow their approach, but instead
of using an interregional IO table, we use the nowadays more common multiregional supply-
use table (MRSUT) framework to describe the various equilibriums. In this way, we are also
able to avoid the assumption of fixed industry market shares, which is still present in their
MRIO approach.

The paper is structured as follows. The next section presents our new, multiregional supply use
(MRSU) non-linear programming (NLP) model. The third section presents the specification of
the main flooding scenario and two scenarios describing the flooding impacts under alternative
economic environments. First, we consider the case of extensive governmental aid and, second,
we consider the case where all pre-disaster production capacities are fully utilized, as at the top
of the business cycle. The results in the fourth section show considerably lower disaster multipliers
in the main and in both alternative scenarios compared with those found with standard demand-
driven IO models. The fifth section investigates the overestimation of the indirect impacts that
results when our assumptions of flexible trade origin shares and flexible industry market shares
are replaced with fixed shares, as in the standard MRIO model. The sixth section concludes.

MODELLING METHODOLOGY

Our simulation of the short-run reaction of economic actors (firms, households and various gov-
ernments) to a disaster is based on the assumption that all actors attempt to re-establish the size
and pattern of their economic transactions of the pre-disaster situation as much as possible. We
measure the distance between the situation before and after the disaster by means of the infor-
mation gain measure of Kullback (1959) and Theil (1967). To mimic the adaptation strategies
of economic actors, we minimize the information gain of the short-run post-disaster equilibrium
compared with pre-disaster equilibrium of the economy at hand, i.e., the base scenario, as sum-
marized by the 2007 MRSUT of Germany (Többen, 2017, ch. 4).

The set-up of this table is shown in Figure 1, with bold capital cases indicating matrices, bold
lower cases vectors and italics scalars, and where:

vrij [ Vr = supply of product j by industry i in region r;
ursji [ Urs = use of product j from region r by industry i in region s;
yrsjf [ Yrs = use of product j from region r by final demand category f in s;
erj [ er = foreign exports of product j by region r;
wr

li [ Wr = value added of type l by industry i in region r;
grj [ gr = total supply = total demand of product j by region r;
xri [ xr = total output = total input by industry i in region r;
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uRoW , s
ji [ Urow,s = foreign imports of product j by industry i in region s; and

yRoW , s
jf [ YRoW,s = foreign imports of product j by final demand category f in region s,

where an asterisk (*) is the summation over the index concerned.
The information measure of Kullback and Theil, however, needs to be adapted to incorporate

the criticism that arose in the discussion that unrolled after the introduction of the Generalised
RAS (GRAS) algorithm for updating and regionalizing national IO matrices with both positive
and negative entries (Junius & Oosterhaven, 2003). Huang, Kobayashi, and Tanji (2008) sum-
marize this discussion and propose an improved GRAS objective function (IGRAS). We use
the IGRAS measure and not their comparably well-performing improved normalized squared
differences, as the latter concentrates on minimizing large percentage errors in small cells,
while it treats positive and negative deviation equally, as opposed to IGRAS which weighs nega-
tive deviations (i.e., losses) more heavily than positive ones (i.e., gains). However, our actually used
version of IGRAS is a little simpler than that of Huang et al., as we do not have negative entries
(see further: Oosterhaven & Bouwmeester, 2016).

In summary, we thus minimize the information gain of the post-disaster MRSUT compared
with the pre-disaster MRSUT:

Minimize
∑r
ij

vrij ln
vrij

vr, exij

− 1

( )
+

∑rs
ij

ursij ln
ursij

urs, exij

− 1

( )
+

∑rs
j

yrsj∗ ln
yrsj∗
yr, exj∗

− 1

( )
+

∑r
j

erj ln
erj

er, exj

− 1

( )
+

∑r

i

wr
∗i ln

wr
li

wr, ex
∗i

− 1

( ) (1)

where the summation over r in the terms with ursij and yrsjf (i.e., in the regionalized use table)
includes the rest of the world (RoW). The asterisk indicates that we aggregate, respectively, the

Figure 1. Set-up of the German use-regionalized multiregional supply-use table for 2007.
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10 categories of final demand and the five categories of value added of the MRSUT. The ‘ex’ indi-
cates exogenous data (i.e., the actual values from the MRSUT for Germany for 2007). For our
application to the German floods we use an aggregated version of the original table, with 12 indus-
tries and 19 products, in order to keep the computational requirements at a reasonable level.1 A
description of the industry and product categories is shown in Table 1.

Table 1. Industry and product categories, with national value added shares per industry.
Code Description % value added

Industries

i1 Agriculture, forestry, fishery 1.2%

i2 Mining and quarrying 0.4%

i3 Food, textiles, wood products, paper, printed matter 4.1%

i4 Refined petroleum, chemicals, plastics 4.2%

i5 Glass, mineral products, basic and fabricated metals 4.1%

i6 Machinery, transport equipment, other manufacturing 12.0%

i7 Electricity, gas and water supply 2.5%

i8 Construction 4.1%

i9 Trade, hotels and restaurants 11.4%

i10 Transportation services 5.9%

i11 Financial intermediation, renting, business-related services 28.3%

i12 Public administration, education, healthcare, personal services 21.9%

Products

j1 Agriculture, forestry, fishery

j2 Mining and quarrying

j3 Food, textiles

j4 Wood products, paper, printed matter

j5 Refined petroleum

j6 Chemicals, plastic

j7 Glass and mineral products

j8 Basic and fabricated metals

j9 Machinery

j10 Electrical apparatus and equipment

j11 Transport equipment

j12 Other manufactured products

j13 Electricity, gas and water

j14 Construction

j15 Trade, hotels and restaurants

j16 Transport services

j17 Telecommunication

j18 Financial intermediation, renting, business-related services

j19 Public administration, education, healthcare, personal services
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The first restriction to minimizing (1) is that all transactions are semi-positive. This implies that
changes in stocks are excluded from the model. This exclusion is justified by the fact that changes
in stocks, as a rule, do not represent economic transactions for which we assume that economic
actors try to maintain them as much as possible. The pre-disaster levels of stocks, however, do rep-
resent important ultra-short-run adaptation possibilities (Hallegate, 2008; MacKenzie, Santos, &
Barker, 2012). Hence, these are ignored by our method; partly because they only delay the adjust-
ments that are modelled by our method, and partly because an MRSUT only gives information
about the historic changes in these levels and not about the levels themselves.

Furthermore, in all scenarios we minimize (1) subject to the following additional constraints.
First, and foremost, we assume that prices changes in such a fashion that the economy remains in
short-run equilibrium, i.e., we assume that demand equals supply, per product, per region:

∑s

i

ursji +
∑s

yrsj∗ + erj =
∑
i

vrij , ∀j, r (2)

A great advantage of our approach, above that of, for example, a CGE model, is that we do not
need to specify these price changes nor any supply or demand elasticities. Instead we concentrate
on the volume changes, i.e., all variables are measured in base scenario prices equal to unity.

Second, and equally important, we assume that total output equals total input for each regional
industry:

∑
j

vsij =
∑r

j

ursji + ws
∗i , ∀i, s (3)

Third, we assume cost minimization under a Walras–Leontief production function, per input, per
industry, per region, which results in (Oosterhaven, 1996):

∑r

ursji = a∗sji x
s
i , ∀j, i, s, and ws

∗i = csi x
s
i , ∀i, s (4)

In (4), additionally, a∗sji denotes fixed technical coefficients, i.e. intermediate inputs regardless of
spatial origin per unit of output; and csi denotes fixed value added per unit of output, with the a∗sji
and csi being calculated from the base-year MRSUT as a∗sji =

∑r
urs,exji /xs,exi and csi = ws,ex

∗i /x
s,ex
i .

Note that
∑

j a
∗s
ji + csi = 1, ∀i, s, by definition and, therefore, that r in (4) as well as in the sum-

mation ‘*’ includes foreign imports.
Fourth, we use the same assumption to model a fixed product mix of final demand:

∑r

yrsj∗ = psjy
s, ∀s (5)

In (5), additionally, ys denotes total regional final demand (i.e., i′ys), and psj denotes package coef-
ficients (i.e., final demand regardless of spatial origin per unit of total final demand), with the p
being calculated from the base-year MRSUT as psj =

∑r
yrs,exj∗ /ys, ex, with

∑
j p

s
j = 1. Note that

(5) may be derived from a cost-minimizing assumption under a Walras–Leontief utility function,
and note again that r includes foreign imports.

THE FLOODING SCENARIOS

In May and June 2013 heavy rainfall over Central Europe led to massive floods of the rivers Elbe,
Danube and their tributaries. For the particularly affected states of Sachsen and Sachsen-Anhalt it
was already the third ‘flooding of the century’ since 1997. In future, floods are expected to occur
even more frequently due to climate change (IPCC, 2013; PIK, 2011). According to annual
reports of the re-insurance company Munich Re (2014), the floods were the world’s most costly
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natural disaster in 2013, with economic damage estimated at about €10 billion to German public
infrastructure, rolling stock, factories and residential buildings.

This figure, however, only accounts for insurance claims for direct damage to capital stocks. In
addition, the floods also caused substantial damage by restricting economic activity (i.e., flows
representing economic transactions). In the case of the 2013 floods, such damage included, for
example, business losses of manufacturers that had to shut down production because production
facilities were damaged or because workers were unable to get to work, as well as losses of business
owners in the affected cities who had to close their hotels, restaurants or stores (Wenkel, 2013).
These direct business losses constitute the cause for further indirect losses in up- and downstream
industries. The estimation of the latter losses constitutes the main purpose of our model. As there
is no exact information on the direct losses, we use monthly data about the number of employees
working ‘less than their regular contract time’, called ‘under-time’, to estimate the production
losses directly caused by the floods.

The main flooding scenario
In the main flooding scenario, we model these direct production losses as constraints on the pro-
duction capacities of industries in the directly affected regions. This set of regions q consists of the
four out of the 16 German states whose economies were directly hit by the floods. These are
Bayern in the south-east, whose economy was hit by a flood of the Danube, and the eastern Ger-
man regions of Sachsen, Sachsen-Anhalt and Thüringen, whose economies were hit by the flood-
ing of the Elbe (see Figure 3 for the location of these regions). Direct damage to production
capacities are modelled by:

x
q
i ≤ (1− g

q
i ) x

q, ex
i , ∀ i, q (6)

where g
q
i represents the production capacity loss rate of industry i in region q.

The losses of production capacities are taken from Schulte in den Bäumen, Többen, and Len-
zen (2015), where they are estimated by means of monthly data about the number of workers
working under-time by region and industry.2 Figure 2 shows the monthly time-series of the num-
ber of under-time employees in Germany from January 2008 to December 2014. Due to the sea-
sonal climate, this number usually increases from summer to winter and decreases from winter to
summer, since the cold weather hampers many sectors, such as agriculture, construction and gas-
tronomy. The data point marked by a grey arrow refers to the maximum reached in 2009 in the
course of the financial crisis. In that year German gross domestic product (GDP) dropped by
about 5.2%. The data points marked by a white arrow in 2013 and 2014 refer to increases of
the number of under-time employees caused by unusually wet springs. In the bottom panel, the
strong increase from May to June 2013 (marked by a black arrow) can be attributed to the
flood of the Danube and Elbe. In the flooded regions of Bayern, Sachsen, Sachsen-Anhalt and
Thüringen under-time employees make out about 0.263%, while in those regions unaffected by
the flood only 0.006% of employees are working under-time.

In the short run that we are studying, the labour intensity of production may be assumed to be
fixed. Consequently, the shares of employees working under-time delivers our estimates of the
production capacity loss rates g

q
i .

For the interpretation of the spatial distribution of the flooding impacts, the first panel of
Figure 3 shows the geographical location of the 16 German states. The second panel shows the
population and GDP shares of the German regions. From these numbers it can be concluded
that there is still a significant gap in GDP per capita between the former western and eastern Ger-
manys. The highest GDP per capita can be observed for the city-states of Hamburg and Bremen.
Berlin’s GDP per capita is below the national average, but significantly higher than the GDP per
capita of the other eastern states. These high city-state scores, however, are misleading as an
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indicator for regional welfare, as they are partly explained by the large amounts of in-commuters
that do not count in the denominator. Apart from the city-states, the southern states of Bayern,
Hessen and Baden-Württemberg have the highest GDP per capita. In both former parts of the

Figure 2. Number of under-time employees in Germany: (top) monthly time-series from January 2008
to December 2014; and (bottom) enlargement of the top panel from February 2012 to December 2014.
Source: Schulte in den Bäumen et al. (2015), Federal Labour Office.

Figure 3. Germany’s 16 federal states, their percentage shares in the national population and gross
domestic product (GDP), and percentage inoperability of directly affected regional industry output.
Source: VGR der Länder.
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reunified Germany, GDP per capita increases from north to south. Among the former western
states, the most northern state of Schleswig-Holstein has the lowest GDP per capita, while
among the former eastern states Sachsen in the south has the highest and Mecklenburg-Vorpom-
mern in the north has the lowest GDP per capita.

Finally, the rightmost column shows the percentage inoperability, i.e., the direct loss of pro-
duction capacity in the four directly affected regional economies. The inoperability of Bayern’s
economy turns out to be much lower compared with the three eastern states that were hit by
the Elbe floods. However, the size of Bayern’s economy is more than twice as large as the econ-
omies of Sachsen, Sachsen-Anhalt and Thüringen added together, which makes the absolute size
of its inoperability, in fact, larger than that of the three Elbe regions. In a recent contribution,
Thieken et al. (2016) present outcomes from a survey among 550 firms, of which 88% reported
business losses. Their outcomes show sectoral differences regarding the nature of the business
interruptions. Manufacturers mostly suffered from their own delivery problems and the delivery
problems of suppliers, whereas service sectors were mostly affected by sales reductions.

The alternative economic environment scenarios
In the first alternative scenario, we assume that the German government reacts to the drop in
income in the flooded regions by strong policy measures such that the level of final demand is
maintained in all regions. This governmental aid scenario implies adding the following constraint
to the main flooding scenario (1) to (6):

ys ≥ ys, ex, ∀s. (7)

In the second alternative scenario we assume that all industries in all of Germany have zero excess
production capacity, as would be about the case at the top of the business cycle. The main flooding
scenario, which assumed unlimited spare capacity in all of Germany, of course, comes closer to the
actual situation in June 2013. In fact, Figure 2 shows that Germany’s economy was hit by the
floods at the seasonal bottom of the business cycle, when GDP grew by only 0.1% in the first quar-
ter, due to a long winter and an unusually wet spring (Wenkel, 2013).

Mathematically, this second alternative, business cycle scenario, implies adding the following
constraint to the main flooding scenario (1) to (6):

xsi ≤ xs, exi , ∀i, s. (8)

MODELLING OUTCOMES

Before discussing the three flooding scenarios, we first summarize the properties of the short-run
pre-disaster equilibrium, i.e., the base scenario. It consists of the transactions shown in the
MRSUT for the 16 German states for 2007 (Többen, 2017, ch.4). However, from this
MRSUT, the negatives have been removed, which means that the accounting identities (2) and
(3) are no longer observed. Hence, with the base model (1) to (3) the MRSUT is rebalanced,
and the technical coefficients of (4) and (5) are recalibrated. The removal of negative flows and
the rebalancing of the MRSUT only leads to small differences between the original table and
the base scenario table. The mean absolute percentage deviation of MRSUT elements amounts
to 1.31%, while the weighted mean absolute percentage deviation is only 0.67%, which indicates
that the larger percentage deviations tend to concentrate on the smaller elements.

Outcomes of the main flooding scenario
The impact of the floods in the main flooding scenario is shown in Table 2 in terms of the differ-
ence between the aggregated pre- and post-disaster multiregional-use tables. Nationwide, gross
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Table 2. Difference between aggregated pre- and post-disaster transactions (€millions) in the main flooding scenario.
Intermediate use

r1 r2 r3 r4 r5 r6 r7 r8 r9 r10 r11 r12 r13 r14 r15 r16 …

r1 2.1 –0.2 0.2 0.0 0.6 0.1 0.1 0.3 –1.6 0.0 0.1 0.1 0.1 –1.3 –1.3 –1.5 …

r2 0.7 2.0 1.4 0.1 0.7 0.2 0.4 0.7 –2.8 0.1 0.3 0.3 0.3 –4.0 –4.6 –2.9 …

r3 0.2 1.9 4.9 0.2 1.2 0.2 0.4 2.7 –6.1 0.1 0.2 0.2 0.1 –6.0 –7.1 –3.6 …

r4 0.0 0.0 0.2 0.3 0.4 0.1 0.1 0.2 –1.1 0.0 0.0 0.0 0.0 –2.1 –0.7 –0.7 …

r5 0.4 0.7 1.6 0.3 10.5 0.8 1.0 2.9 –24.7 0.2 0.6 0.4 0.3 –16.7 –14.8 –8.6 …

r6 0.1 0.2 0.3 0.1 0.7 0.5 0.3 1.7 –3.5 0.0 0.2 0.1 0.2 –2.6 –2.2 –1.5 …

r7 0.2 0.2 1.3 0.2 2.5 0.7 4.2 1.1 –10.4 0.1 0.1 0.1 0.1 –8.0 –6.8 –6.4 …

r8 0.3 1.2 1.2 0.0 1.9 0.6 0.8 9.1 –14.0 0.3 0.4 0.4 0.2 –9.5 –6.9 –4.3 …

r9 –1.5 –1.9 –6.4 –0.9 –16.6 –2.6 –5.7 –12.6 –439.7 –1.1 –1.2 –1.1 –0.9 –19.0 –11.9 –9.3 …

r10 0.1 0.2 0.1 0.0 0.7 0.1 0.1 0.2 –1.5 0.4 0.0 0.1 0.0 –1.1 –0.8 –0.6 …

r11 0.1 0.0 0.2 0.0 0.6 0.1 0.1 0.3 –2.2 0.0 1.5 0.1 0.1 –4.1 –4.5 –1.2 …

r12 0.1 0.5 0.2 0.0 0.4 0.1 0.2 0.8 –1.4 0.0 0.4 1.4 0.1 –3.2 –2.5 –0.7 …

r13 0.0 0.0 0.1 0.0 0.4 0.0 0.1 0.1 –0.8 0.0 0.0 0.0 –0.1 –1.1 –0.7 –0.5 …

r14 –1.9 –4.6 –4.6 –0.3 –9.9 –1.4 –4.2 –9.5 –15.3 –1.3 –2.5 –1.3 –0.7 –343.4 –7.8 –3.3 …

r15 –2.1 –5.4 –6.4 –1.3 –14.6 –3.0 –5.1 –10.2 –13.0 –1.3 –2.5 –1.7 –1.3 –9.2 –247.7 –5.1 …

r16 –0.8 –0.8 –2.5 –0.7 –6.5 –1.2 –2.9 –4.6 –8.1 –0.4 –0.7 –0.7 –0.4 –4.4 –2.8 –144.3 …

Imports 1.8 1.9 7.1 1.0 11.7 3.1 5.0 12.6 –121.8 1.0 1.4 1.3 0.9 –68.2 –77.0 –34.4 …

Value added –4.5 –13.0 –7.0 –2.0 –22.4 –3.4 –14.3 –11.7 –483.0 –2.8 –7.7 –3.6 –2.3 –405.4 –288.9 –160.3

Total output –4.9 –17.0 –8.2 –2.9 –37.8 –5.1 –19.5 –16.0 –1150.8 –4.5 –9.4 –3.8 –3.3 –909.3 –689.0 –389.3

(Continued )
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Table 2. Continued.
Final use

Exports Total user1 r2 r3 r4 r5 r6 r7 r8 r9 r10 r11 r12 r13 r14 r15 r16

r1 –1.3 –1.4 0.1 0.0 0.2 0.0 0.1 0.2 –0.7 0.1 0.1 0.1 0.1 –0.3 0.0 0.1 –0.1 –4.9

r2 0.5 –19.2 1.4 0.2 0.4 0.1 0.3 0.5 –0.3 0.8 0.2 0.5 0.4 1.0 0.6 0.2 2.7 –17.0

r3 0.3 8.3 –5.3 0.2 0.6 0.2 0.2 0.2 –0.6 0.3 0.1 0.4 0.2 –0.3 –0.4 0.0 –2.2 –8.2

r4 0.0 –0.2 0.4 –1.0 0.1 0.1 0.1 0.1 –0.1 0.1 0.1 0.1 0.0 0.2 0.2 0.2 –0.1 –2.9

r5 0.2 –0.9 0.8 0.1 0.4 0.5 0.3 0.5 –2.5 0.3 0.1 0.6 0.2 0.2 0.2 0.4 5.9 –37.8

r6 0.0 0.4 0.2 0.0 0.2 –1.5 0.1 0.0 –0.4 0.2 0.2 0.1 0.6 –0.2 0.0 0.0 0.4 –5.1

r7 0.1 –0.4 0.4 0.4 0.5 0.6 0.5 0.4 –2.1 0.1 0.0 0.2 0.1 –0.7 0.0 0.3 1.3 –19.5

r8 0.3 4.1 0.5 0.2 0.7 0.6 0.7 –8.3 5.9 0.4 0.2 0.6 0.2 –0.7 0.2 0.3 –3.5 –16.0

r9 –1.3 –2.7 –1.6 –0.5 –5.8 –1.8 –4.4 –3.7 –229.3 –0.3 –0.8 –0.6 –0.4 –7.0 –1.1 –1.9 –355.5 –1150.8

r10 0.1 –0.3 0.0 0.1 0.1 0.3 0.0 0.1 0.0 –3.1 0.0 0.4 0.1 –0.5 0.1 0.1 0.1 –4.5

r11 0.0 –0.2 0.1 0.1 0.3 0.1 0.1 0.2 –1.8 0.1 0.8 0.3 0.1 –0.8 –0.4 –0.1 0.4 –9.4

r12 0.1 2.0 0.1 0.0 0.1 0.0 0.0 0.1 –0.1 0.2 0.9 –1.8 0.2 –1.3 –0.4 0.1 –0.3 –3.8

r13 –0.1 –0.3 0.0 0.0 0.0 0.1 0.0 0.0 –0.5 0.0 0.0 0.2 0.5 –0.5 –0.1 0.0 –0.4 –3.3

r14 –4.4 –21.6 –3.4 –1.0 –10.8 –1.2 –5.9 –3.2 –21.0 –4.2 –6.0 –3.5 –1.1 –218.8 –6.5 –4.7 –179.7 –909.3

r15 –3.4 –20.3 –6.8 –1.6 –7.9 –1.8 –4.1 –3.2 –6.8 –3.8 –3.5 –3.7 –1.6 –9.3 –94.2 –7.1 –180.1 –689.0

r16 –2.7 –2.6 –1.8 –2.7 –4.7 –0.7 –6.1 –1.7 –6.7 –0.5 –1.1 –1.2 –0.4 –3.8 –1.7 –57.5 –111.7 –389.3

Imports 1.3 –17.7 5.4 1.0 10.3 2.5 5.1 5.7 –9.1 3.5 1.0 1.9 0.5 –0.1 –1.0 2.0 0.0 –240.3

Total –10.2 –72.9 –9.4 –4.6 –15.3 –1.9 –13.0 –12.1 –276.1 –5.9 –7.6 –5.2 –0.2 –243.1 –104.5 –67.6 –822.9 –3511

Source: Authors’ own calculations.
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output drops by €3.27 billion. With a loss of output in the flooded states directly caused by the
disaster of about €2.95 billion, this outcome implies a national German disaster multiplier of
1.11. Formally, we define the national disaster multiplier as:

MN =
∑s

i

(xsi − xs, exi )/
∑q
i

g
q
i x

q
i , (9)

where the numerator represents the total national change in gross output and the denominator
represents the change in output that can be directly attributed to the floods. Note that the national
multiplier comprises both negative and positive impacts on regional industries, such that it has to
be interpreted as a net multiplier. In the main flooding scenario, the total net impact comprises
aggregate regional losses of about €3.36 billion and aggregate regional gains of about €0.09 billion,
which only occur in non-flooded regions, as their industries are not affected by the direct capacity
losses.

Regarding the four flooded states, regional multipliers vary from 1.139 for Bayern (r9) via
1.041 for Sachsen (r14), 1.046 for Thüringen (r16) to virtually 1.0 for Sachsen-Anhalt (r15).
These regional disaster multipliers are defined as:

Mq =
∑q
i

(x
q
i − x

q, ex
i )/

∑q
i

g
q
i x

q
i , (10)

where the numerator measures the total change in regional gross output of flooded states and the
denominator measures the direct loss of gross output due to the floods in that same state.

The main reason for the difference in the regional multipliers is the relative size of Bayern’s
economy, which is more than twice as large as the economies of Sachsen, Sachsen-Anhalt and
Thüringen added together (Figure 3). Larger regions tend to be less open and, hence, tend to
be relatively more dependent on intraregional transactions, which are shown on both the diagonals
in the top panel (intraregional industry-to-industry transactions) and in the bottom panel (intrar-
egional industry-to-final demand transactions) of Table 2. The elements of both off-diagonals, in
contrast, refer to interregional transactions.

In all four cases, the regional disaster multipliers are small, definitely compared with the impact
multipliers derived from the standard, demand-driven Leontief model (e.g., the weighted average
IO multipliers of the flooded regions run from 1.38 for Sachen-Anhalt to 1.45 for Bayern). They
are even smaller when compared with the disaster impact multipliers deduced from the papers
cited above. The main reason for this difference is that our model takes spatial substitution effects
into account, whereas IO multipliers do not.

Compared with the negative direct impacts and the negative first-order indirect forward and
backward impacts, these positive substitution effects are much smaller and, thus, only mitigate the
negative direct and first-order indirect impacts in the rows and columns of the flooded regions. In
the off-diagonal cells of the non-flooded regions, however, no direct and first-order indirect nega-
tive impacts are present. Consequently, practically all these cells in Table 2 appear to be positive,
indicating that the positive substitution effects dominate the higher-order negative effects for the
non-flooded regions.

With respect to the regions that only experience indirect impacts, large impacts can, in particu-
lar, be found in Nordrhein-Westfalen (r5), Hessen (r7) and Baden-Württemberg (r8), which are
ranked first to fourth in terms of their share in national GDP. Moreover, Baden-Württemberg
and, especially, Hessen share long common borders with flooded states and have strong economic
interrelations with, especially, Bayern. In addition, the city-state of Hamburg (r2) shows remark-
ably large reductions of its gross output for the relatively small size of its economy and its rather
long distance from the regions directly affected. This outcome can be attributed to the important
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role of Hamburg as a transportation hub for international trade. Germany’s largest sea harbour is
located here, while the Elbe directly connects Hamburg with the three flooded eastern states. The
fact that deliveries from Sachsen and Sachsen-Anhalt that satisfy intermediate and final demand
in Hamburg are affected in particular provides further support for this interpretation.

Regarding the changes in final demand, shown in the lower part of Table 2, drops can be
observed in all regions. The drops in the non-flooded states can be explained by the shortage
of supply, especially of manufactured products from the flooded states. The purchases of these
products from local suppliers, from other non-flooded states and from the RoW increase, but
these increases are insufficient to compensate fully for disaster-induced losses of supply. The
drops in intraregional deliveries to final demand on the diagonal of the lower part of Table 2
stem from decreased final demand for personal services, which are predominantly non-tradable.
This means that the suppliers of these services are unable to compensate for the drops of local
demand by searching for new customers in other regions.

Regarding the impacts on value added, Table 3 adds a breakdown by industry to the break-
down by region shown in Table 2. In the main flooding scenario, the total impact on value
added amounts to a loss of about €1.43 billion, whereby about 84% or €1.2 billion of the total
impact on value added can be attributed to the direct loss of production capacities. The remainder
of about €0.227 billion constitutes the net indirect impact of the disaster. This net impact to value
added consists of a positive component of about €38 million (the sum of positive changes in value
added by regional industry in Table 3) and of a negative component of about €265 million. About
58% of the indirect net impacts concentrate on those regions that are already directly affected by
the disaster, whereby Bayern (r9) is particularly affected. Of those regions that are only indirectly
affected, the largest absolute impacts are felt in Nordrhein-Westfalen (r5), Hessen (r7), Baden-
Württemberg (r9) and the city-state of Hamburg (r2).

Regarding the impacts by industry, it can be seen that the construction sector (i8) in the non-
flooded regions experiences an increase in its output and, thus, in its value added of about €35
million. This outcome can be explained by an important peculiarity of this sector, namely that
it sells its output almost exclusively to the capital formation part of regional final demand. As
such, the construction sector suffers from the indirect drop of final demand just like personal ser-
vice. However, unlike personal services, construction services are more mobile, since construction
firms may send their workers to construction yards in other regions. Consequently, construction
firms from non-flooded states step in to compensate for the supply shortage in flooded states,
which more than offsets the drop of construction demand from final consumers in their own
regions.

In terms of negative indirect impacts, a concentration on just three sectors can be observed,
namely trade services and gastronomy (i9), financial and business related services (i11), and per-
sonal services (i12), which account for about 83% of all negative impacts. This outcome can be
explained by the drop of final demand in the flooded regions, which predominantly hits industries
with a high dependency on local demand.

Outcomes of the alternative economic environment scenarios
Next, we discuss how the outcomes of the main flooding scenario change under different econ-
omic environments.

In the governmental aid scenario it is assumed that governments prevent regional final demand
to drop below its pre-disaster level. It can be observed from Table 4 that this scenario has a large
positive effect on the indirect impacts on value added. In fact, the total increase in value added by
€320 million, compared with the main flooding scenario, means that the total damage of the flood
is reduced by about €93 million. Consequently, the national net disaster multiplier is less than one
(0.939), while regional net multipliers are close to one (i.e. the largest multiplier is that of Bayern
(r9) with about 1.020).
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Table 3. Impacts on value added (€millions) by region and industry in the main flooding scenario.
Industries

i1 i2 i3 i4 i5 i6 i7 i8 i9 i10 i11 i12 Total

Danube – direct impacts

r9 0.00 0.00 –23.24 –28.50 –15.38 –178.07 –1.47 –33.31 –31.99 –44.98 –24.54 –6.20 –387.68

Elbe – direct impacts

r14 –4.93 0.00 –38.81 –0.91 –18.80 –69.62 –1.18 –60.63 –58.95 –26.40 –74.93 –24.91 –380.07

r15 –10.87 –0.18 –17.76 –51.71 –7.00 –47.93 –3.66 –30.47 –36.97 –13.94 –41.05 –27.26 –288.80

r16 –1.02 0.00 –7.27 –35.00 –6.58 –32.81 –5.71 –12.45 –9.99 –1.37 –32.04 –4.03 –148.28

Total – direct –16.83 –0.18 –63.85 –87.62 –32.38 –150.35 –10.55 –103.56 –105.91 –41.71 –148.02 –56.20 –817.15

Indirect impacts

r1 –0.11 0.00 0.05 –0.01 0.01 –0.11 0.01 2.59 –0.77 –0.05 –2.13 –4.03 –4.53

r2 –0.04 –0.01 0.06 –0.11 –0.02 –0.08 0.07 5.18 –2.00 –0.23 –7.29 –8.56 –13.02

r3 –0.56 –0.32 0.24 –0.16 –0.22 –0.50 0.03 4.84 –0.57 0.08 –4.25 –5.64 –7.02

r4 –0.01 0.00 0.05 0.01 –0.09 –0.09 –0.04 0.44 –0.19 0.00 –0.66 –1.41 –1.99

r5 –0.24 –0.30 0.11 –0.96 –2.41 –0.96 –0.39 4.99 –3.81 0.29 –10.96 –7.75 –22.39

r6 –0.11 –0.01 0.05 –0.40 –0.17 –0.07 –0.01 0.90 –0.19 0.07 –1.53 –1.88 –3.36

r7 –0.07 0.00 0.25 –0.24 –0.12 –0.26 0.03 4.02 –1.65 –0.06 –10.10 –6.05 –14.26

r8 –0.23 –0.01 –0.05 –0.15 –0.38 –2.42 0.13 6.99 –1.98 0.70 –7.30 –7.00 –11.70

r9 –1.43 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 –39.98 –53.96 –95.34

r10 –0.01 –0.02 0.04 0.00 –0.20 –0.10 –0.07 –0.02 –0.22 0.00 –0.77 –1.41 –2.79

r11 –0.01 0.00 0.12 0.00 –0.01 –0.08 0.03 2.96 –0.28 –0.07 –5.03 –5.30 –7.67

r12 –0.16 –0.05 0.09 0.00 –0.10 0.04 –0.06 1.58 0.00 –0.06 –1.89 –2.93 –3.56
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r13 –0.12 0.00 0.07 0.00 –0.02 –0.05 –0.10 0.30 –0.06 0.00 –0.67 –1.63 –2.28

r14 0.00 –0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 –25.28 –25.32

r15 0.00 –0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 –0.08

r16 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 –0.27 0.00 –11.83 –12.07

Total – indirect –3.11 –0.78 1.08 –2.02 –3.73 –4.69 –0.36 34.77 –11.72 0.39 –92.57 –144.65 –227.39

Source: Authors’ own calculations.
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Table 4. Changes in indirect impacts on value-added (€millions) from the main flooding scenario in the government aid scenario.
Industries

i1 i2 i3 i4 i5 i6 i7 i8 i9 i10 i11 i12 Total

r1 0.08 0.01 0.14 –0.01 0.04 0.02 0.23 1.09 1.64 0.17 2.62 5.60 11.61

r2 0.04 0.02 0.12 0.34 0.00 0.18 0.35 2.08 4.24 0.44 6.38 9.20 23.41

r3 0.35 0.04 0.17 0.04 0.05 0.03 0.53 2.41 2.31 0.35 5.20 9.67 21.15

r4 0.02 0.00 0.05 0.01 0.01 0.12 0.06 0.23 0.65 0.07 0.81 1.76 3.81

r5 0.22 0.08 0.29 –0.22 –0.07 0.23 2.06 2.57 8.27 1.40 11.95 12.69 39.46

r6 0.14 0.00 0.10 –0.10 –0.06 0.27 0.25 0.52 0.89 0.22 1.78 3.36 7.37

r7 0.15 0.00 0.19 –0.03 0.07 0.02 0.61 1.94 4.91 1.16 9.70 10.62 29.32

r8 0.23 0.01 0.16 0.11 0.10 0.09 0.75 4.12 2.93 0.96 7.42 11.65 28.52

r9 0.50 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 27.65 53.96 82.17

r10 0.01 0.02 0.05 0.01 –0.08 0.13 0.09 0.25 0.44 0.10 1.00 1.99 4.02

r11 0.02 0.00 0.01 –0.03 0.02 0.07 0.40 1.17 1.84 0.42 4.48 8.23 16.62

r12 0.15 0.04 0.08 –0.01 0.06 0.06 0.38 0.87 0.91 0.37 2.44 5.06 10.41

r13 0.09 0.00 0.01 0.01 0.01 –0.03 0.09 0.19 0.97 0.09 1.03 2.93 5.39

r14 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 25.28 25.33

r15 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04

r16 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.27 0.00 11.83 12.13

Total – indirect 2.00 0.41 1.36 0.10 0.16 1.19 5.80 17.43 30.00 6.04 82.45 173.85 320.77

Source: Authors’ own calculations.
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The regional distribution of impacts shows that the positive impact of governmental aid on
regional value added is substantial enough to offset the losses observed in the main scenario in
the states directly affected by floods. This result gives additional support for our interpretation
that the majority of indirect losses are the result of drops in final demand levels as a reaction
on the supply shortage, rather than being caused by the supply shock itself. This particularly
holds true for industries providing personal services primarily to local markets.

In non-flooded states by contrast, the indirect gains of governmental aid on value added
offsets the indirect losses observed in the main scenario, as the national multiplier already
suggests. However, there is a remarkable difference between the impact of governmental aid
on manufacturers (i1–i6), as opposed to the impact on public utility (i7), construction and ser-
vices industries (i7–i12), indicating that in particular the industries that depend on local mar-
kets benefit from such a policy. Manufacturing industries are already much smaller than the
service industries (Table 1), but even discounting this size effect, they also benefit less from
preventing regional final demands to drop; some of them even suffer additional losses. This
outcome suggests that supporting final demand may result in increased competition for already
limited supply.

In the business cycle scenario it is assumed that the regional economies are hit at the top of the
business cycle, i.e., that all regional industries are operating at full capacity. Table 5 examines the
impacts of this scenario. The limited ability to purchase substitutes from German firms has a sub-
stantial impact on the national net disaster multiplier, which increases from 1.139 to 1.183. About
93% of these additional indirect losses occur in non-flooded states that are now unable to com-
pensate for the supply shortages in the flooded states. The regional multipliers of flooded states
increase only slightly; in Bayern (r9) from 1.139 to 1.149, in Sachsen (r14) from 1.046 to
1.048, and in Thüringen (r16) from 1.041 to 1.043. In Sachsen-Anhalt (r15) the net multiplier
remains almost unchanged. Our main outcome that economies at the top of the business cycle
are more vulnerable to supply shocks is in line with results derived from an endogenous business
cycle model reported by Hallegate and Ghil (2008).

The distribution of indirect losses across industries is also different compared with the main
flooding scenario. Intuitively, one would expect that manufacturers in non-flooded states are
among those industries who suffer most from limited production capacities. Due to their typically
higher share of intermediate inputs in total cost of production compared with service industries,
manufacturers are more dependent on finding substitutes for supply lost from the flooded states.
Still, even discounting the much smaller size of the manufacturing industries compared with the
service industries, about 98% of indirect losses of value added are felt by service industries deliver-
ing primarily to local final demand. This outcome suggests that limited production capacities in
non-flooded states at the top of the business cycle amplify the indirect demands shock in the form
of a drop of final demand, which were switched off in the governmental aid scenario, but not in the
business cycle scenario. From this general pattern some exceptions can be found among the indus-
tries from the primary sector, manufacturing and utility (i1–i7), which are mainly driven by
exports.

TESTING THE IMPACT OF ASSUMING FIXED RATIOS

Next, we discuss how the results of the main flooding scenario would change if we add the
additional assumptions of the demand-driven MRIO model to our NLP model (1) to (6), namely
fixed trade origin shares and fixed industry market shares in regional product demand. Investi-
gating the impacts of adding these two assumptions alone and in combination enables us, firstly,
to examine the scale of damage that is avoided because of the ability of industries and final con-
sumers to search for different suppliers when faced with a supply shortage. Secondly, it enables us
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Table 5. Changes in indirect impacts on value added (€millions) from the main flooding scenario in the business cycle scenario.
Industries

i1 i2 i3 i4 i5 i6 i7 i8 i9 i10 i11 i12 Total

r1 0.02 0.00 –0.10 –0.01 –0.03 0.03 –0.01 –2.59 –0.70 0.02 –2.09 –2.52 –7.99

r2 0.00 –0.01 –0.07 –0.08 0.00 0.02 –0.07 –5.18 –0.88 0.04 –2.65 –2.60 –11.48

r3 0.00 –0.01 –0.24 –0.05 –0.07 0.04 –0.03 –4.84 –1.42 –0.08 –3.56 –5.46 –15.73

r4 0.00 0.00 –0.05 –0.01 0.00 –0.01 0.04 –0.44 –0.16 0.00 –0.38 –0.47 –1.49

r5 –0.03 0.00 –0.27 –0.04 –0.20 –0.03 0.39 –4.99 –2.38 –0.29 –5.19 –6.21 –19.24

r6 –0.02 0.00 –0.07 –0.01 –0.05 –0.06 0.01 –0.90 –0.38 –0.07 –0.96 –1.50 –4.00

r7 –0.02 0.00 –0.25 –0.04 –0.05 0.03 –0.03 –4.02 –1.42 –0.06 –4.18 –4.19 –14.23

r8 –0.03 0.01 –0.23 –0.10 –0.12 –0.03 –0.13 –6.99 –2.17 –0.70 –5.23 –6.92 –22.64

r9 –0.05 –0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 –3.29 –3.52 –6.89

r10 0.00 0.00 –0.04 0.00 –0.01 –0.04 0.01 0.02 –0.04 0.00 –0.13 –0.15 –0.38

r11 0.00 0.00 –0.12 0.00 0.01 0.02 –0.03 –2.96 –0.58 –0.05 –2.46 –3.46 –9.65

r12 –0.01 0.00 –0.09 0.00 0.00 –0.04 0.06 –1.58 –0.32 –0.02 –1.20 –1.70 –4.89

r13 –0.02 0.00 –0.07 0.00 –0.01 0.00 0.03 –0.30 –0.13 0.00 –0.34 –0.52 –1.35

r14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 –1.37 –1.36

r15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

r16 0.00 –0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 –0.67 –0.70

Total – indirect –0.18 –0.08 –1.60 –0.35 –0.54 –0.06 0.22 –34.77 –10.57 –1.18 –31.66 –41.24 –122.02

Source: Authors’ own calculations.
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to assess the potential overestimation of the indirect disaster impacts whenMRIOmodels are used
that do not allow for these substitution possibilities.

Fixed market shares and fixed trade coefficients
The assumption of fixed industry market shares is commonly used in IO models based on industry-
by-industry transaction matrices, both in the case when such models are based on supply-use
tables (SUTs) and when they are based on symmetric industry-by-industry IO tables. In the
first case the assumption needs to be made explicitly in order to derive an operational IO
model (Oosterhaven, 1984). In the second case, the assumption is implicitly embodied in the sym-
metric IO table itself, which nowadays is typically derived from supply-use accounts (Miller &
Blair, 2009). Formally, the assumption of fixed market shares is written as:

vrij = dr
ijg

r
j , ∀ i, j, r. (11)

where dr
ij is market share of industry i in the demand for product j from region r, calculated from

the MRSUT, with
∑

i d
r
ij = 1.

While this assumption is, to some extent, plausible when used in the context of a negative
demand shock, it is highly implausible when the economy is faced with a negative supply
shock. This can be easily shown with an example. Assume the extreme case where a certain pro-
duct is produced by two industries only. The first industry is assumed to provide 90% of the total
supply, whereas the market share of the second industry is only 10%. If this second industry is
forced to shut down its production because of a disaster while the first industry is unaffected,
fixed industry market shares would imply that the first industry will also not be able to sell that
product. Therefore, the assumption of fixed market shares can be expected to inflate the outcomes
of our model artificially.

The assumption of fixed trade origin shares is commonly used in all demand-driven MRIO and
MRSU models (cf. Oosterhaven, 1984). As the data are available, we use the cell-specific, so-
called interregional version of this assumption (Isard, 1951) instead of the less data-demanding
row-specific, so-called multiregional version (Chenery, 1953; Moses, 1955). Formally, the cell-
specific version is written as:

ursji = trsjiu
s
∗i, ∀r, s, j, i, (12)

for intermediate demand, and:

yrsj∗ = trsj∗y
s, ∀r, s, j, f , (13)

for final demand, where trsji and trsj∗ indicate the trade origin shares, i.e., the output of product j
from region r per unit of total use of product j by industry i in region s or by total domestic
final demand in region s. These shares are calculated from the MRSUT, with

∑r
trsji = 1 and∑r

trsj∗ = 1. The row-specific version of (12) and (13) assumes that the trade origin shares for
all purchasing industries j and total domestic final demand in region s are equal.

In terms of intermediate demand, the assumption of fixed trade shares extends the fixed tech-
nology assumption to the geographical origin of intermediate inputs (cf. Oosterhaven & Polenske,
2009). In the context of a negative demand shock, it is more or less plausible to assume that firms
proportionally purchase fewer inputs from all their established suppliers. In the case of a negative
supply shock, however, firms will immediately search for different sources for their inputs. In an
extreme case, assuming fixed trade shares implies that firms have to shut down their own pro-
duction completely if only one of their suppliers from a specific region is unable to deliver the
required inputs. The same holds true for final consumption. Hence, this standard MRIO assump-
tion also leads to overstating the indirect impacts of disasters.
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Discussion of the effect of assuming fixed ratios
In order to examine the effect of these standard IO assumptions on the scale and spread of indirect
impacts, national and regional impact multipliers of the main flooding scenario under the three
different sets of assumptions are shown in Table 6. These sets include, first, the assumption of
fixed market shares, second, the assumption of fixed trade shares and, third, both assumptions
taken together.

It can be observed that all three sets of alternative assumptions have a significant impact on the
scale of the projected indirect impacts. Fixed-industry market shares amplify indirect impacts by
more than 75% compared with the main flooding scenario. In particular, the strong increase in
Bayern (r9) is responsible for this result. In Bayern, the machinery and transport equipment sector
(i6) experiences a direct loss of production capacity of about 0.27%. This industry produces 12
different types of secondary products in addition to its primary products. As these secondary pro-
ducts constitute the primary product of nine other industries, the strong shock to i6’s production
capacity is transferred onto these nine other industries by forcing them to decrease their pro-
duction in accordance to their pre-disaster market shares.

Under fixed trade origin shares the national disaster multiplier is amplified even more, i.e.,
with about 140% compared with the main flooding scenario. Compared with the assumption
of fixed market shares, the regional multiplier of Bayern is significantly smaller, while those of
the eastern states increase. The much smaller increase in the regional multipliers compared
with the national one indicates that substantial fractions of the indirect losses are felt in non-
flooded states. The main reason for the inflated national multiplier is the much smaller positive
indirect impacts in non-flooded states, as spatial substitution has been ruled out.

Finally, combining both assumptions mimics the impacts as estimated by the demand-dri-
ven MRIO model. It can be seen that the combination of both assumptions drastically amplifies
the estimated scale of the indirect damage. The national disaster multiplier becomes 1.971,
which means that nationwide indirect damage are about six times larger compared with the
main flooding scenario. This means that they are now of an order of magnitude that is compar-
able with the lower end of the bandwidth of multipliers reported in the literature on the IO
model cited above.

Our outcomes of adding both assumptions also confirm the outcomes of Koks et al. (2015).
They compare the regional and national disaster impacts of two flooding scenarios for the Italian
Po River delta, as estimated with, respectively, the adaptive regional input–output (ARIO)
model developed by Hallegate (2008), a regionalized version of the CGE model developed
by Standardi, Bosello, and Eboli (2014), as applied by Carrera, Standardi, Bosello, and Mysiak
(2015), and the multiregional impact assessment (MRIA) model of Koks and Thissen (2016).
The latter model resembles our own approach most. Both with a convex and a linear recovery
path, a phenomenon which is absent in our approach, the fixed ratio ARIO approach predicts
national economic losses that are 1.5 to three times larger than those of the more flexible ARIO

Table 6. Comparison of national and regional disaster impact multipliers.

Assumptions Equations

Disaster impact multipliers

National r9 r14 r15 r16

Main scenario (5.1–5.6) 1.110 1.139 1.041 1.000 1.046

Fixed market shares (5.1–5.6), (5.11) 1.193 1.306 1.083 1.010 1.057

Fixed trade shares (5.1–5.6), (5.12–5.13) 1.334 1.207 1.176 1.070 1.125

Both shares fixed (5.1–5.6), (5.11–5.13) 1.966 1.588 1.832 1.586 1.420

Source: Authors’ own calculations.
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and CGE models.3 With a concave recovery path, the ARIO model outcomes are 4.5 to seven
times larger than those of the MRIA model and almost six times larger than those of the CGE
approach. Without the mitigating positive impact of the recovery path assumptions, the differ-
ence would be even larger.

CONCLUSIONS

This paper assesses the indirect economic losses caused by the heavy flooding in the south and
south-east of Germany in 2013 by means of the novel NLP model originally proposed by Oos-
terhaven and Bouwmeester (2016). It constitutes the first application of that method to a real dis-
aster using an MRSUT, instead of a multiregional IO table.

First and foremost, remarkably we find regional and national disaster multipliers all to be smaller
than 1.20. Second, we examine the sensitivity of the NLP model outcomes to varying economic
environments, which shows that government support of final demand substantially reduces the
already small indirect losses, while being at the top of the business cycle considerably increases them.

Third, we investigate the implications of adding the fixed ratio assumptions commonly used in
IO models. We theoretically conclude that the applying fixed-origin trade shares and fixed-industry
market shares, in the presence of negative supply shocks, has implausible economic implications,
while our empirical outcomes show that they artificially enlarge the indirect disaster loss estimates
by about 70% and 140%, respectively. When both fixed ratios are added in combination, as in all
standard IO models, indirect disaster loss estimates are amplified by about six times.

As regards the choice of modelling technique, we conclude that the NLPmodel fills the huge gap
between standard IO models of questionable plausibility in the case of supply shocks and fully articu-
lated spatial computable general equilibrium (SCGE) models that have extreme data requirements.
The NLPmodel has the advantage of allowing for flexibility in trade origin shares and industry mar-
ket shares, without needing to model prices and markets explicitly as in SCGE models.

Finally, our much lower disaster multipliers than hitherto reported have an important policy
implication. They imply that the disaster literature emphasis on stimulating the resilience of
the economic system as a whole is not justified. Instead, much more attention to preventing
and mitigating the direct cost of natural and man-made disasters is justified.
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NOTES

1. The model was implemented in General Algebraic Modeling System and solved via CON-
OPT3. The computation time varied from scenario to scenario, but was generally less than one hour.
2. The majority of labour contracts in Germany specify a fixed number of working hours for a
certain monthly salary (apart from overtime hours). Due to this, cases of stark underutilization
of labour inputs, e.g., due to a disaster, put danger on the survival of affected firms, since workers
have to be paid nonetheless. In order to prevent insolvencies of actually viable companies due to
external events, firms can apply for what we will call under-time allowances (in German: Kurzar-
beit), which allow them to pay their workers only for the hours worked, while the unemployment
insurance pays two-thirds of the remaining contractual salary.
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3. Estimates of the direct economic losses are lacking in Koks et al. (2015). Hence, we cannot
compare our disaster multipliers with theirs. We can only compare the differences in the total
economic losses’ estimates.
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