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Abstract: Both strategic and operational plans to face drought and water shortage need a mechanism way to assess the 
consequences so that the rational decisions are taken by water authorities and stakeholders. The paper presents a 
simplified methodology for assessing the vulnerability of each simple water system towards single and multi-year 
drought events. The proposed methodology is based on the assumption that the aggregated vulnerability function is of 
a multiplicative type. The paper also proposes the “annualised risk” as the key determinant to assess drought severity. 
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1. INTRODUCTION 

Water shortage may be caused by intense or long lasting drought episodes and/or 
mismanagement of available water resources. In order to face water shortage caused by drought, 
proactive measures should be taken in a timely and well organised way which can assist affected 
areas either to prevent or mitigate the associated consequences. This proactive approach has gained 
acceptance by the various research groups working in this scientific area (Wilhite, 2000; Rossi et 
al., 2007; Tsakiris, 2008a; Garrote et al., 2007; Iglesias et al., 2009) although no systematic 
application of this approach has been implemented in the real world so far. Many research projects 
have recently adopted this proactive approach when devising strategies to combat drought and 
water shortage. 

The proactive approach includes two phases. In the first phase preparedness plans are devised for 
identifying the long and short term measures which are sound, viable, efficient and, 
environmentally and socially acceptable and could be applied at various levels of severity. The 
second phase refers to the implementation process of such plans provided that the necessary 
information is available from the drought/water shortage monitoring system. In short, Water 
Shortage Preparedness Plan should comprise a Strategic and an Operational Plan. 

The Strategic Plan uses historical data on drought and water shortage episodes together with 
economic, social and environmental data, trying to formulate relationships between drought 
scenaria and consequences. The cornerstone of this procedure is the estimation of the maximum 
potential consequences corresponding to the worst possible scenario. In the Strategic Plan the 
severity level of each scenario (represented by a return period) is identified and the (relative) 
vulnerability of each affected system is estimated. It is advisable for a complex water system to be 
disaggregated into a number of more or less uniform sub-systems. Normally three or four sub-
systems can be examined separately. In each sub-system the annualised risk is calculated for each 
option of measures taken against drought and water shortage. Annualised risk can then be compared 
with the acceptable (annualised) risk leading to the rational determination and design of the 
necessary protection measures. 

Apart from annual isolated droughts causing water shortage, the multi-year droughts should be 
also analysed. In the next paragraphs both the isolated annual droughts and the multi-year droughts 
are analysed. 
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For the Operational Plan three principal tools are of importance: a) the drought monitoring 
system, b) the forecasting mechanism for an early assessment of annual drought severity and c) the 
reliable deterministic mechanism for estimating the anticipated consequences based on the Strategic 
Plan. Finally a prioritised water allocation methodology should be devised for achieving the most 
efficient allocation of limited water resources. 

2. CALCULATING DROUGHT SEVERITY 

Drought is a recurring natural regional phenomenon associated with severe reduction of water 
supply availability for a region for a significant period of time. When modelling drought, there are 
three main dimensions (variables) characterising each drought episode, which need to be modelled. 
These dimensions are the severity (intensity), the duration and the areal extent of drought. When 
performing frequency analysis this multidimensional character of drought leads to obscure or 
difficult to understand procedures and decisions. 

In an attempt to simplify the identification and characterisation process Tsakiris (2008b) 
proposed the uni-dimensional analysis of droughts appropriate for management decisions. 
According to this simplification the river basin or sub-basin is used as the territorial unit for drought 
analysis, whereas prespecified reference periods are introduced for replacing the duration of the 
drought events on the temporal scale. Finally, the drought severity is represented by the 
Reconnaissance Drought Index (RDI) and supplementarily by the Standardised Precipitation Index 
(SPI) (Paulo et al., 2007). 

As known, RDI is based on the ratio of cumulative precipitation and potential evapotranspiration 
values (Tsakiris and Vangelis, 2005; Tsakiris et al, 2007). Three expressions of RDI are used; the 
initial, the normalised and the standardised. The last is of the same nature as SPI (a well known 
drought index using only precipitation values) and uses similar rules and thresholds with SPI. 

To promote comparability of drought severity data, the reference periods of 3, 6, 9 and 12 
months are proposed starting from the beginning of each hydrological year (e.g. October for the 
Mediterranean countries). 

In case of historical data, annual severity values can be associated to streamflow data and 
recharge of groundwater aquifers. The latter are the principal components (apart from the depletion 
rates) for estimating the water shortages. 

In the case of the Operational Plan the values of drought severity of the first or second reference 
periods of 3 and 6 months duration respectively are used to forecast the anticipated final annual 
drought severity level, which in turn has been associated with the anticipated consequences. At the 
same time the predicted annual drought severity level of the year under study can be compared with 
the severity levels corresponding to each scenario based on selected return period (Nalbantis and 
Tsakiris, 2009). 

It should be recognised that the complex water system of a river basin should be divided into a 
number of simpler uniform sub-systems mainly associated to water uses. Thus at least three sub-
systems may be distinguished in each basin: the urban (municipal) system, the agricultural water 
system and the industrial water system. Some other sub-systems such as the commercial and the 
tourist sub-systems may be studied separately or they can be incorporated in the urban and 
industrial systems accordingly. The need for disaggregating the entire system into sub-systems 
stems from the fact that each drought scenario with a certain return period has different 
consequences on each of the sub-systems and therefore each sub-system exhibits different 
vulnerability to water shortage leading to a different risk level. 

As mentioned earlier, isolated annual drought episodes can be studied and a return period may be 
attributed to each severity level. However, of particular interest is the occurrence of multi-year 
droughts. A simplified analysis of the multi-year drought episodes is attempted in the next 
paragraph. 
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3. ESTIMATING THE MULTI-YEAR DROUGHT CONSEQUENCES 

A certain river basin can be affected by drought of varying intensity for more than one year. 
Several persistent droughts lasting for several years have been recorded in several parts of the world 
with increasing frequency over the last decades. 

In general, it can be supported that the consequences from these multi-year droughts are much 
more significant compared to the sum of consequences from non-consecutive single-year droughts 
of the same intensity and the same number of years. 

The consequences from a multi-year drought are mostly dependent on the system characteristics 
and its vulnerability. A system with a more robust coping capacity, which is well prepared and its 
people are educated and responsive, is expected to withstand the stress created by a multi-year 
drought more successfully than a less prepared and more vulnerable system. 

Analysing the drought conditions for four areas in Greece (Thessaly, Cyclades, Athens and 
Eastern Crete) for the period 1955-2002, the single drought years as well as the multi-year drought 
events were recorded. The statistical results of this survey are presented in Figures 1 and 2. Figure 1 
refers to the number of drought years of varying intensity, whereas Figure 2 refers only to severe 
and extreme drought years (Tigkas, 2008). 
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Figure 1. Single and multi-year drought events during the period 1955-2002. 
(1: single year, 2: 2-year, 3: 3-year, 4: 4-year and 5: 5-year) 

10

0 0 0 0

8

2

0 0 0

7

1
0 0 0

7

1
0 0 0

0

2

4

6

8

10

12

Number of Years

N
um

be
r o

f D
ro

ug
ht

 E
ve

nt
s

Thessaly

Cyclades

Athens

E. Crete

Thessaly 10 0 0 0 0

Cyclades 8 2 0 0 0

Athens 7 1 0 0 0

E. Crete 7 1 0 0 0

1 2 3 4 5

 

Figure 2. Severe and Extreme single and multi-year drought events during 1955-2002. 

As can be seen from Figure 2, the severe or extreme droughts occurring for two consecutive 
years are very seldom phenomena. It can be also noticed that there is no multi-year severe drought 
event with duration more than two consecutive years. 
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In order to assess the multi-year drought impacts on a certain system a thorough analysis of all 
its components is required in response to various drought intensities for one or more consecutive 
years. For most of the cases such information is seldom available. For this reason in order to reach 
practical results, empirical vulnerability functions may be used for each year. Further, their 
aggregation over a number of years (multi-year drought) can be assumed to be of an additive or 
multiplicative form. 

For a number of situations examined with inadequate and scattered data it may be concluded that 
in the case of multi-year droughts the aggregated vulnerability function is of a multiplicative rather 
than an additive type. 

Using the first expression of RDI for the entire hydrological year, the response function can be 
practically approximated by a logistic or a power function. For simplicity the following analysis 
refers to the simplest power function type of the response function: 

( )12Y λα= %  (1) 

in which: Y is the response function of the year (Y≤1) 
12α%  is the ratio of the first expression of RDI α12 for the 12-month period of the 

hydrological year (usually October-September for the Mediterranean area) and its 
mean 12α  

λ is the sensitivity index 
 

It should be mentioned that 12α  is the well known Aridity Index of an area representing its 
climatic characteristics. For simplicity of symbols α12 will be used to represent 12α%  in this paper. 

If λ=1 the response function Y is linear. For values of λ>1 the function is concave whereas for 
values of λ<1 the function is convex as can be seen in Figure 3. Therefore if the system is robust 
and well prepared, the sensitivity index λ is less than 1, whereas for a more vulnerable system λ is 
expected to be greater than 1. For simplicity purposes the sensitivity index λ may be assumed 
constant for a certain system throughout the period examined. 
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Figure 3. Several forms of “power” vulnerability function. 
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According to the multiplicative principle for n consecutive drought years the final response may 
be calculated as: 

*
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in which the final response Yn
* is applied to the last year of the n-year drought period and Yi refers 

to the response of the single-year drought in the ith year. 
If the value of the item at risk A is constant during all the years of drought, the consequences are: 
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In the special case that Y1=Y2=Y3=…=Yn=Y, which practically means that the intensity of 
drought remains the same through the entire period of the multi-year drought, Eq. 2 may be written 
as: 

Yn
*

 = Yn (4) 

and the consequences of each year (k) of the multi-year drought are estimated as: 
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For illustration purposes let us consider a system with sensitivity index λ=0.25 affected by a 
three-year drought of average annual intensity represented by α12=0.70 (ratio of first expression of 
RDI divided by the aridity index). Then, for each of the three years the anticipated consequences 
measured by the economic loss is calculated as follows, given that the total value at risk is 1 million 
Euros (1 M €). 

first year loss:  L1 = A · (1 – Y1) = 1  · (1 – 0.700.25) = 1 ·(1 – 0.91) = 0.09 M € 

second year loss:  L2 = A · (1 – Y1 Y2) = 1 ·(1 – 0.84) = 0.16 M €  

third year loss: L3 = A · (1 – Y1 Y2Y3) = 1 ·(1 – 0.77) = 0.23 M € 

From the numerical example, it can be seen that although the intensity of drought is the same for 
all the three years of drought, the resulted consequences are considerably increased from the first 
towards the last year of this multi-year drought event. 

Now, it would be interesting to derive the aggregated loss over the entire multi-year drought 
period. Let us consider the three-year drought of the previous example. Then: 

⋅ ⋅ ⋅

⋅ ⋅ ⋅ ⋅
total 1 2 3 1 1 2 1 2 3

λ λ λ λ λ λ
12,1 12,1 12,2 12,1 12,2 12,3
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If the intensity of drought is considered uniform during the entire period of the three years, Eq. 6 
becomes 

λ 2λ 3λ
total 12 12 12L = A [ 3-a - a -a ]⋅  (7) 

For n-year drought Eq. 7 finally becomes: 

λ 2λ nλ
totalL = A [ n-a - a ...-a ]⋅  (8) 

Considering the data of the previous example (α12=0.70, λ=0.25, A=1 M €), the aggregated loss 
over the three-year drought period will be calculated according to Eq. 7 equal to 0.483 M €. As 
expected this figure is much greater than the aggregated loss of the three non-consecutive drought 
years (with the same intensity) which is calculated 0.255 M €. 

Based on the above calculations and the most common values for λ and α12 it becomes clear that 
for a multi-year drought the vulnerability is increasing as more drought years are added. Regarding 
the distribution of the intensity of drought it can be observed that the consequences are higher if the 
intensity of drought is greater during the first years of the multi-year drought, followed by milder 
drought years when compared to the opposite case in which there is a mild drought at the beginning 
followed by intense drought during the last years of the entire period. 

The last step in this multi-year drought analysis is how to calculate the sensitivity index λ which 
is compatible with the results produced for the multi-year drought. This task is difficult and is 
mainly dependent upon the complexity of the system which is analysed. For the simple systems an 
empirical rule is to study the consequences of two to three multi-year events from the recent 
historical record and try to estimate an average λ through a simple optimisation procedure based on 
trial and error. A more complicated approach is resulted if λ is not constant and is changing from 
year to year as the persistent drought progresses. Even in this case the procedure may be simplified 
by adopting a linear increase of λ in relation to the years from the beginning of drought. However, it 
should be clarified that these simplifications are introduced for formulating procedures which can 
reach practical results. In case of complex systems it is advisable to disaggregate the system into a 
small number of relatively independent sub-systems, as was mentioned previously. 

The above procedure for estimation of λ can be explained by a numerical example of a simple 
system affected by a three-year drought. Let α12 for each of the three years be α12 = 0.80, 0.90 and 
0.70, respectively. Let also consider the decrease of annual streamflow of the river (of the basin 
under study), as the consequences of drought. The annual streamflow of the river is decreased to 75, 
65 and 40% of the mean annual streamflow for the three drought years, respectively. The estimation 
of sensitivity index λ of the system may follow the procedure below: 

If λ is considered as a constant, then 

0.80λ = 0.75 ⇒  λ = 1.29 

0.80λ · 0.90λ = 0.65 ⇒  λ = 1.31 

0.80λ · 0.90λ · 0.70λ = 0.40 ⇒  λ = 1.34 

Therefore in this case an average λ = (1.29 + 1.31 + 1.34) / 3 = 1.31, can be selected. 
A second approach could accept a gradual increase of λ of say 0.02 per year. In this case λ=1.29 

during the first year, λ=1.31 during the second year and λ=1.33 during the third year. Therefore, 
instead of using a unique value of λ=1.31 we could expect a slight increase from year to year 
approaching the results of the analysis above. 

If the above procedure is tested for two to three multi-year drought events, some round figures 
can be obtained for being used in future multi-year drought events. 
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4. VULNERABILITY AND RISK IN COMPLEX WATER SYSTEMS 

As mentioned, this paper focuses on the vulnerability of complex water systems in response to 
drought. However, each water system reacts differently than another depending on its capacity and 
preparedness to withstand less water availability. Even in the same complex system, the sub-
systems exhibit different vulnerability. It should be also mentioned that a different level of water 
security for each system or sub-system may be required. For instance, a municipal water system 
should be more carefully protected against water shortage than an agricultural system. This is 
reflected at the level of acceptable probability of failure which should be smaller in the municipal 
water system. 

For a simple water system depending principally on annual water availability (annual regulation) 
the Strategic Preparedness Plan has the main task to determine the level of the probability of failure 
due to lack or deficiency of water and propose the necessary engineering and management measures 
in order to fulfil this requirement. In case of an existing system with a certain infrastructure, 
analysis of drought events is needed for the rational determination of the drought severity 
(corresponding to a certain return period) and therefore the necessary additional engineering and 
management measures which are required. 

It should be stressed that water shortage risk is not totally dependent on natural hazards such as 
drought. Therefore, the probabilistic procedure should also incorporate a deterministic component 
including the permanent characteristics of the system and the management practices adopted in this 
water system. Therefore if risk is calculated as the probability of failure (due to water shortage) it 
should always refer to given conditions and capacities (Tsakiris, 2009). 

In case of the Operational Preparedness Plan, one more constraint should be fulfilled: the initial 
conditions. In this case we have to calculate the so called conditional risk. 

For the Strategic or the Operational Plan both single year and multi-year droughts should be 
considered. 

Since probabilities are not easily understood by the decision makers and the stakeholders and 
they do not create the appropriate awareness for the severity of water shortage, risk can be 
evaluated in terms of economic, social and environmental loss. This may be achieved by the 
concept of annualised risk which incorporates the drought scenario with certain probability of 
exceedence, their impact on water availability and therefore its impacts on economic, social and 
environmental sectors. Figure 4 shows a composite evaluation of anticipated consequences from a 
certain drought or water shortage scenario on these sectors. This figure is the outcome of an Index 
Method (such as the Checklist or Multi-Attribute Utility method). According to the procedure 
followed, the individual criteria are transformed into numbers on a common notional scale as in 
Figure 4. Further by weighting them in terms of their relative importance the overall score for each 
scenario is derived. By using probability classes and the average impacts between drought scenaria 
at the borders of each class, the anticipated impacts (economic, social and environmental) from the 
entire drought events process and the given system characteristics can be estimated. 

The estimation of annualised risk is difficult and requires a deep knowledge of economic, social 
and environmental processes. This may be derived from experts’ knowledge of the system under 
study and is obviously applied only to the system under study. 

In complex water systems there is also one more complication related to allocation rules of 
limited water resources during the period under stress. Based on the above proposal, Tsakiris 
(2008a) proposed a prioritisation scheme in which the lack of each unit of water during a certain 
month has a certain impact. Through a multicriteria evaluation all units of demand may be 
characterised by a certain priority. The task of setting priorities for each unit of water available in 
each month is much more difficult in a complex system requiring advanced multicriteria 
evaluations and enhanced stakeholders participation, which cannot be discussed in this paper. 
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Figure 4. Evaluation of a drought episode based on the consequences on economic, environmental and social sectors. 

5. CONCLUSIONS 

Preparedness Plans to face water shortage, need simple and meaningful tools and calculation 
procedures, so that they can be understood and adopted by decision makers and stakeholders. In this 
paper attention is focussed on a simplified analysis of single and multi-year drought events through 
simple vulnerability functions. 

The proposed methodology is based on the assumption that the aggregated vulnerability function 
(towards a multiyear drought) is of a multiplicative type. 

The proposed methodology is simple and practical and easy to understand by water managers 
and stakeholders alike. 

Further, the paper proposes complex water systems to be disaggregated into a small number of 
sub-systems and vulnerability analysis to be performed in each sub-system separately. Finally the 
annualised risk in each sub-system is proposed to be used for setting priorities for engineering and 
management measures (strategic level) and for the allocation of limited water during the period 
under stress (operational level). 
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