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Abstract. Drought management strategies have primarily focused on structural measures, which are insuffi-
cient to prevent water supply disruptions and economic losses. In this concept, adaptation entails anticipating
the negative financial consequences of extreme weather events and taking appropriate measures to prevent and
mitigate them. As a result, insurance is a valuable adaptation measure for compensating unexpected losses and
preventing financial damage from becoming long-term economic damage. We simulated indexed insurance for
the Cantareira Water Supply System (CWSS). The system is responsible for providing water to 7.2 million peo-
ple in the Metropolitan Region of São Paulo (MRSP). Our methodology consists of three steps: (1) describing
the indexed variable, (2) computing economic losses depending on event magnitude, and (3) evaluating risk
premiums for low, medium, and high coverage levels. According to our findings, an annual fee (premium) of
USD 0.43, 0.87, and 1.73 should be charged per person to obtain drought coverage for 3, 6, and 12 months (low,
medium, and high levels), respectively. These values account for 1.7 %, 3.4 %, and 6.7 % of the annual costs paid
by CWSS-supplied users, accordingly. The premium fee can be incorporated into water bills as a novel technique
to pool the risk between supplied users and the utility, thereby protecting them against surcharge fluctuations.

Keywords. SDG 13; water management; adaptation measures; hy-
drological drought

1 Introduction

Droughts and floods caused direct losses of roughly
USD 1.75 billion per year in Brazil between 1995 and 2014
(Agência Nacional de Águas e Saneamento Básico, 2017).
These financial losses can be minimized and compensated
through adaptive tools (Navarro et al., 2021), such as in-
surance against extreme events. In this context, insurance
prevents short-term economic damage from becoming long-
term economic damage (Seifert-Dähnn, 2018).

The traditional method of developing an insurance scheme
entails calculating the insurance premium based on the ex-
pected disaster risk (Kunreuther and Michel-Kerjan, 2014).
Similarly, the magnitude of the index variable, such as pre-
cipitation, streamflow, or reservoir level, triggers the in-
demnity in index insurance (index-based) (Mohor and Men-

diondo, 2017). Despite several successful examples of index
insurance application around the world (Le Den et al., 2017;
Guillier, 2017; Hanger et al., 2018; Ruiz-Rivera and Lu-
catello, 2017) development in non-agricultural sectors re-
main limited.

Therefore, we present the development of index insur-
ance for water utilities. We simulated index insurance for the
Cantareira Water Supply System, responsible for providing
water to 7.2 million people in the São Paulo Metropolitan
Region (SPMR). The region is prone to droughts, the most
recent of which occurred in 2014/2015, resulting in water re-
strictions and rationing in the SPMR. Since then, numerous
studies have been conducted to better understand current and
future hydrological behavior and to assess water security in
the region (Gesualdo et al., 2019; J. S. Sone et al., 2022; Taf-
farello et al., 2016). Our focus is to identify highly correlated
indexes and estimate the size of payouts in case of extreme
hydrological conditions in the region. Our findings suggest
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the creation of a financial tool to reduce losses as an addi-
tional water resource management approach.

2 Methodology

We simulated index insurance to mitigate drought financial
losses for the main contributor to the Cantareira water sup-
ply system (CWSS), which supplies the SPMR. The study
area of the Jaguari basin is responsible for supplying 46 %
of the Cantareira system, which provides water for approxi-
mately 7.2 million people in the SPMR (SABESP, 2021). Our
methodology comprises (1) characterizing the index vari-
able, (2) calculating economic losses by event magnitude,
and (3) estimating risk premiums for low, medium, and high
coverage levels.

The first step in creating an indexed insurance contract is
determining an appropriate index. To be considered effec-
tive, it must be transparent, publicly available, difficult to
manipulate, and strongly correlated with the actual financial
losses covered by the insurance (Baum et al., 2018; Denaro et
al., 2020). The index variable was chosen based on the high-
est correlation between the candidate’s hydrometeorological
variables and the reservoir level. The hydrometeorological
variables of streamflow and reservoir information were de-
rived from the SABESP, the water and waste management
company of CWSS on a daily basis. The daily precipita-
tion was from Brazilian Daily Weather Gridded Data (BR-
DWGD) (Xavier et al., 2016), and ERA5 reanalysis replaces
the ERA-Interim global climate data (Hersbach et al., 2020).
Further information on the utility revenue data, such as Wa-
ter tariff, Net revenue, Water consumption, and Population
served, were obtained from the SABESP in a monthly reso-
lution.

The insurance payment function translates the values of
the index (i) into payments (p), which can take differ-
ent forms. Payments are triggered once the index value is
equaled to or exceeded, a strike value (k). This k value is de-
fined as the threshold value of the index, therefore, it may
vary according to the level of coverage offered by the insur-
ance contract. For this work, we adopted a strike value of
10 % of the reservoir active volume, i.e., before reaching the
so-called dead volume.

The financial risk was measured in terms of per capita
per day residential economic losses, based onAubuchon and
Morley (2013) equation, and linked to drought-related re-
strictions on water use. We consider that the contracts are
offered by the insurer for a price, or premium (Pr), which
can be estimated from the probability of payment distribu-
tion. The value of Pr is a function of the expected payouts
(E(p)) plus the administrative fees (Af). To reduce the un-
certainty of the calculations, we do not consider Af, thereby
the values presented here represent the pure risk premium.

In risk contracts, the distribution of the probability of pay-
ment has a heavy tail, configuring high payments with a

low probability of occurrence at the right end. To adjust this
behavior and better indicate the price of risk to extremes,
the Wang transformation can be used (Wang, 2002). This
transformation adjusts the payout distribution by more heav-
ily weighting low-probability events. Thus, the adjusted risk
F ∗(p) can be determined as in Eq. (1):

F ∗(p)=∅
(
∅−1 (F (p))+ λ

)
(1)

where ∅ is the cumulative distribution function of pay-
outs, and λ is the Sharpe ratio, representing market risk.
We adopted λ as 0.25 based on weather derivative contracts
(Wang, 2002). Thus, the adjusted premium (Pr adjusted) can
be determined through the sum of expected payouts (E(p))
times the adjusted risk F ∗(p), given by Eq. (2):

Pr ajusted=
∑[

E(p) ·F ∗(p)
]

(2)

To find the optimal premium value and cope with uncer-
tainty, we need to generate a synthetic series of losses
and assess its probability. We used the spatial stochastic
model PRSim.wave (Phase Randomization Simulation using
wavelets) proposed by Brunner and Gilleland (2020). The
model was run 100 times for a 28-year sample of observed
data (1985–2013) and obtained 2800 years of simulated data.
In addition, we assumed three groups of annual coverage lev-
els – high, medium, and low – representing respectively 12,
6, and 3 months of drought coverage during a 1-year contract.
These groups represent the risk aversion of the policyholders,
once it related the reservoir level for a given drought period
(12, 6, and 3 months) to the economic losses. This exercise
considers that the greater the risk aversion, the greater the
Willingness to Pay, and consequently the premium value.

3 Results and discussion

In the same year, the association between reservoir level and
hydrometeorological factors was minimal. However, because
there is typically a large lag between the implementation of
conservation measures and revenue losses, correlations be-
tween utility revenues and hydrometeorological factors are
also assessed, with the index value lagging by 1 to 2 years.

The 2-year lag cumulative precipitation has a strong corre-
lation (Spearman’s correlation of 0.84) with the utility reser-
voir level and therefore the utility revenue, hence is used as
the index variable in this study. The strike value (k) is given
when the volume is 10 % before the dead volume, less than
or equal to 385.7 hm3, and this translates into an index of
2 years lag accumulated precipitation of 2424.3 mm

The observed statistical properties of the precipitation
time series were satisfactorily reproduced by the stochastic
simulation. We derived the losses distribution and average
daily loss of USD 480 000.00 using the stochastic simula-
tion (Data are in constant 2020 USD (United States dollar) –
USD 1.00=BRL 5.15). We computed the loss value for each
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Figure 1. Synthetic series simulation for drought assessment.

day the reservoir is below the index (represented as a dashed
line in Fig. 1).

Considering the three coverage levels, high, medium, and
low, we find out an optimum premium value of USD 0.43,
0.87, and 1.73 for each water user and the respective cover-
age level. These values correspond to 1.7 %, 3.4 %, and 6.7 %
of the annual fee paid in the annual water bills. The hydro-
logic risk management fee (premium fee) can be included in
water bills as a new technique for pooling risk among users
and utilities and protecting them from surcharge fluctuations.

The coverage level in this example will be assumed based
on the water consumers’ willingness to pay (WTP) and risk
aversion. Water consumers that have previously encountered
water restrictions and rationing are said to be WTP for pre-
ventative and adaptation efforts (J. Sone et al., 2022). As a
result, we can predict that water consumers in SPMR are
more willing to pay for index-based insurance because they
have encountered numerous water restrictions over the last
20 years.

4 Conclusions

We simulate a drought index insurance for the Cantareira
Water Supply system. Our results suggest that drought-
related financial risks can be the management by water util-
ities and users to reduce the financial impact of droughts on
water users via index-based insurance. As disruptions are dif-
ficult to remedy on a short-run basis, index insurance has
the potential to significantly reduce the costs of managing
financial risk and disruptions. Given the increased frequency
and intensity of extreme weather events in the future, we ac-
knowledge the critical necessity of financial mechanisms to
minimize losses as an additional solution for water resource
management. The findings revealed that utilities and users
are exposed to a wide range of hydrologic and climate-related
financial risks, particularly in recent years. A variety of fac-
tors could contribute to this, including climate change, which
alters the frequency and intensity of droughts-related events,
and the increasing population and demand in the region.

Code availability. The code used to process the data and to pro-
duce the figures can be requested from the first author.

Data availability. The daily streamflow time series and reservoir
information used in this study are available via SABESP (https:
//mananciais.sabesp.com.br/Home, last access: 8 March 2023). Fur-
thermore, the daily precipitation DWGD from Xavier et al. (2016,
https://doi.org/10.1002/joc.4518) and ERA5 reanalysis from Hers-
bach et al. (2020, https://doi.org/10.1002/QJ.3803).
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