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Abstract: Sao Paulo metropolitan region experienced an acute water crisis between 2013 and
2015. According to the Brazilian and international press, it was due to climatic, anthropogenic,
and water management factors. This paper assesses the hydro-climatic characteristics of the crisis by
focusing on the Alto-Tieté basin and the headwater of the Piracicaba-Capivari-Jundiai (PCJ) basin that
supply 70% of the water consumed in the metropolis. Based on 16 rain-gauge stations, 5 runoff-gauge
stations, and several statistical analyses carried over the 1951-2015 period, this assessment shows
that the 2013-2015 hydro-climatic crisis resulted from a large number of days without rain in the
north of the Alto-Tieté basin and to less intense precipitation events in the headwaters of the PCJ
basin during the austral spring 2013 and the year 2014. It also defines a return period of 98 years
for observed river flows in 2014. Despite the rare nature of this hydrological drought, the need for
efficient water saving policies is brought forward.

Keywords: Sao Paulo; Brazil; water scarcity; hydrological drought; low-flow frequency; low-flow
threshold

1. Introduction

Regarding water resources, Brazil has a privileged position. It holds 12% of the world’s freshwater
resources and has a water availability of 41,603 m?/inhabitants/year [1,2]. This value varies from
634,887 m3 /inhabitants /year in the Amazon region to 1460 m3/inhabitants/year in the Northeast [1,2].
Freshwater resource-distribution is indeed extremely unequal: 70% of the available freshwater is
located in the Amazon basin, where less than 7% of the population live, while more than half of the
Brazilian population lives in catchments of the Atlantic coast and face water scarcity problems [1,3].
Water scarcity issues derive from a semiarid climate, intermittent flows, and highly urbanized areas in
the northeastern States, high water demands for irrigation purposes in the central and southern States,
and high industrial and urban demands combined with water quality degradation in southeastern
Brazil [1,3]. The southeastern state of Sdo Paulo was notably affected by a severe water crisis that
began in October 2013 and extended to the neighboring states of Rio de Janeiro and Minas Gerais
in 2014 and 2015 [4,5]. Surface- and ground-water resources were depleted due to deficient rainy
seasons and high temperatures [6,7]. This resulted in urban water supply shortages, massive losses
in the 2014 agricultural harvest, and imperiled hydropower generation [7,8]. The water crisis was
particularly acute in Sao Paulo’s Metropolitan Region (SPMR), South America’s largest metropolis,
where 10% of Brazilians live (nearly 20 million in 2014) [9] and 17% of the national gross domestic
product is produced [1].
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According to the Brazilian and international press, the SPMR faced its greatest water crisis due to
interconnected natural, anthropogenic and water management factors, see e.g., [10-14]. The meteorological
cause, at a continental scale, was the persistence of a wide and intense mid-atmosphere blocking high
over Southeastern Brazil during the austral summer 2014, i.e., a high pressure area with a barotropic
structure that blocked the passage of cold fronts from the south and moisture from the Amazon region
thus impeding deep cloud formation [6,15,16]. It lasted for 45 days, when it usually lasts for 7 to
8 days [7,17]. At the regional scale, it resulted in an exceptionally dry event with a lack of rainfall
during several consecutive weeks and temperatures above average during the austral summer 2014 [18].
In 2014, the state of Sao Paulo recorded the driest and warmest year since 1961 (830 mm in comparison to
1681 mm on average over the 1981-2010 climatological mean [18,19]; mean maximum temperature
of 314 °C in comparison to 28.7 °C on average during the 1961-2015 period [7]). This persistent
climatic drought enhanced a sharp decline in the water flowing into the reservoirs that supply water to
the metropolis. From December 2013 to January 2015, water inflows were, on average, 70% and 35% below
the historical mean and historical minimum inflow, respectively [20]. Combined with high evaporation
rates, as reservoirs are open-air, and water withdrawals, it resulted in dangerously low water levels,
fluctuating around 5-15% of their full capacity [20,21]. The metropolis rising population exacerbated the
vulnerability of the region: there was a six-fold increase between 1950 and 1980, and a growth rate of
74.3% between 1980 and 2015 [22]. In addition, water pollution from domestic and industrial effluents
flowing into water bodies reduced water availability [23,24]. During the crisis, 10% of wastewater was
not collected [23]. Some authors also pointed out that deforestation at the continental and regional scale
added to the water crisis by affecting precipitation distribution and soil water retention capacities [25-28].
Finally, studies have called on the importance of socio-political drivers in the water crisis. Supplying
water in sufficient quantity and quality has become a political issue in many localities of SPMR [29] that
aggravated during the crisis [8,10,30]. During the water crisis, the water and sanitation management
company of Sao Paulo State (SABESP—Saneamento Basico do Estado de Sao Paulo) set two main measures
(Jerson Kelman, director of SABESP, personal communication, 8 August 2016). The first one consisted in
offering discounts on water pricing to reduce water consumption: the more people or industries saved
water, the more they saved on their water bill. The second measure involved decreasing pressure in
the pipes to reduce leakages, estimated at 28% (Head of the Integrated Planning Department, personal
communication, 8 August 2016). This measure reduced the ability of water to arrive uphill and dried taps
in the periphery of the city [27,30]. Unfortunately, the poorest districts are in the outskirt of the city, water
connections are precarious and houses are not always equipped with water towers, although they are
legally mandatory in Brazil. Hence, Millington (2018) argues that the water crisis was “produced by the
combination of existing inequities in city’s water infrastructure and the differentiated abilities of residents
to store water” [30]. Soriano et al. (2016) also claim the lack of information from the authorities about the
water crisis and on the state of the Cantareira system until it reached a critical level, i.e., when water had
to be tapped from the dead volume for the second time [8§].

Given the substantial impacts of the droughts, the number of people affected by water supply
restrictions, and the unsatisfactory water management options taken, it is essential to grasp the
hydro-climatic characteristics of this water crisis. Several authors have explored the atmospheric
origins of Sao Paulo’s water crisis see e.g., [6,15,16,18]. Others have analyzed its hydro-climatic context
at the scale of the southeastern region [7,31] or the State of Sao Paulo [18]. A comparison of the
climate of the cities of Monte Alegre do Sul, located in the north of the metropolis, and of Sao Paulo
during the water crisis was also carried out [32]. Our study is complementary to these previous
hydro-climatic studies by focusing on the two main catchments that supply water to SPMR. This paper
offers a detailed hydro-climatic analysis of this area based on a large number of historical records
(data available for 16 rain-gauge stations and 5 runoff-gauging stations) and usual statistical tools in
order to examine the spatial and temporal variability of precipitation and runoff over the 1951-2015
period, address droughts’ conditions in these two regions and evaluate the return period of observed
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runoff series. This paper also aims to bring light on the rare nature of the drought event that affected
the SPMR between 2013 and 2015 but also on the vulnerability of the metropolis to droughts.

2. Study Area

This study focuses on the two main regions that supply water to the SPMR: the Alto-Tieté basin
and the headwater of the Piracicaba-Capivari-Jundiai (PCJ) basin (Figure 1a).

The SPMR is Brazil’s most important economic and industrial center. It occupies an area of
7946 km?, of which one third is urbanized [33-35]. Its population rose from 2 million inhabitants in
1940 to 12.6 million in 1980 and to nearly 20 million in 2014, making it the world’s fourth most
populous metropolis nowadays [9]. Rapid urban sprawl, including the expansion of informal
settlements in protected areas, and industrial growth generated intense water demands. In 2004,
total water demand rose to 86.4 m3/s, which 79.3% came from the urban sector, 16.6% from
the industrial sector and 4.2% from the agricultural sector [36]. An extensive network of water
infrastructures has been implemented over the years, in particular, three main systems that provide
70% of the water consumed in SPMR: the Guarapiranga, the Billings and the Cantareira systems.

Alt (m) = Sao Paulo Metropolitan Region (SPMR)
w2033 [ Municipality of Sao Paulo

-4 I Water supply reservoirs
—  Riverflow direction

Gauging stations
e Runoff e Precipitation

Minas Gerais

¥ |Piracicaba-Capivari-Jundiai

S&o Paulo
basin

— Canal

Alto-Tieté basin = Tunnel

Pi

- iracicaba=
— —— | |capivari-Jundiai bas.r?%ﬂba Alto Tieté basin|

Figure 1. (a) Localization of Sao Paulo metropolitan region (SPMR) and its main water supply reservoirs
in the Alto-Tieté and Piracicaba-Capivari-Jundiai basins; (b) Simplified representation of the Cantareira
system (R: Reservoir).

The Guarapiranga and Billings reservoirs, respectively built in 1908 and 1925, are located in the
Alto-Tieté basin (Figure 1a). They supply water to 5.6 million people in the southern and southeastern
parts of the metropolis. However, these open-air reservoirs face serious water pollution problems
due to the expansion of urban slums with no sewage or solid waste collection system on their shores.
The Alto-Tieté basin encompasses 35 out of 39 municipalities of the SPMR and is home to around 98.9%
of its population [37]. Bordered in the south by the Serra do Mar mountains, its northeastern side by
the Serra da Cantareira and its northwestern side by the Paranapiacaba mountain range, the Tieté
River drains an area of 5986 km? in its upper part. It is characterized by a tropical climate with mean
annual temperatures of 17.8 °C and precipitation of 1430 mm/year (1951-2015 period) [33].

In the early 1960s, water supply difficulties occurred. Starting in 1966, an interbasin water transfer
system, the Cantareira System, was developed in the north of SPMR (Figure 1b). It was impounded
in 1976 and became operational in 1981. Formed of six open-air reservoirs that cover an area of
22, 579.5 km?, it is one of the world’s biggest water production system. The first four reservoirs
collect water from the headwaters of the Piracicaba-Capivari-Jundiai (PCJ) basin and have a total
effective volume of 973.9 Hm?> [4,38] (Figure 1b). Tunnels, canals and pumps drive water to the
Alto-Tieté basin to supply 8.1 million people in the northern and central part of SPMR. The Cantareira
system is managed by SABESP, the water and sanitation management company of Sao Paulo State.
Water allocation between the SABESP and the PC]J river basin committee depends on water transfer
authorization adopted in 2004. Minimum and maximum allocation of 24.8-31 m3/s for SPMR and
3-5 m?/s for the PCJ basin were defined under normal hydrological conditions, along with operational
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rules to be applied during drought episodes [20,39,40]. As an example, in March 2014, the SABESP
extracted 33 m®/s from the Cantareira system and, as a result of the drought, it gradually had to reduce
water extraction, reaching an extraction grant of 13.5 m3/s in early 2015 [20].

3. Material and Methods

3.1. Data

Daily precipitation and runoff data available on the Alto-Tieté basin and the headwaters of the
PCJ catchment were provided by the Departamento de Aguas e Energia Elétrica (DAEE) of Sao Paulo
State and the National Water Agency (Agéncia Nacional de Aguas, ANA), for the period 1930-2017.
Gauging stations that had records during the 2013-2015 period, and less than 10% gaps for precipitation,
were selected, reducing the analysis to the 19512015 period. In the Alto-Tieté basin, 10 precipitation
stations and one runoff station monitoring the Alto-Tieté River were used while in the headwaters
of the PC]J basin, 6 precipitation stations and 4 runoff stations monitoring the Camanducaia, Jaguari,
Atibaia and Capivari rivers were considered (Figures 1 and 2). For the Jaguari and Atibaia rivers,
the gauging stations are respectively located at the outlet of the two first reservoirs (Jaguari and
Jacarei) and the fourth reservoir (Atibainha) of the Cantareira System (Figure 2). Based on this data,
daily, monthly and annual analyses were carried out but, for synthesis purposes, results will be
presented at a decadal or seasonal time-step.

Localization of rain gauges - - Data gaps Annual mean
Piracicaba-Capivari-Jundiai Station Period (%) (mm for rain; m¥/s for runoff)
basin .
Rain gauges - Piracicaba-Capivari-Jundiai basin
P1 1951-2015 53 1596.1
P2 1952-2015 1.7 1508.3
P3 1951-2015 0.3 1556.3
P4 1951-2015 4.4 1439.5
P5 1951-2015 71 1389.0
P6 1951-2015 0.0 1402.0
Rain gauges - Alto-Tieté basin
A1 1951-2015 0.8 1236.4
A2 1951-2015 5.9 1850.4
A3 1951-2015 26 1313.8
Localization of runoff gauges Ad 1951-2015 15 13315
Piracicaba-Capivari-Jundiai A5 1951-2015 08 1434 4
A6 1951-2015 6.0 1330.2
A7 1951-2015 2.8 1394.2
A8 1951-2015 0.0 14723
A9 1951-2015 0.8 1404.8
A10 1951-2015 0.1 1384.4
Runoff gauges*
Camanducaia 1951-2015 0.0 6.8
Jaguari 1971-2015 20.7 141
Atibaia 1971-2015 20.9 25
Capivari 1952-2015 10.9 6.2
Alto-Tieté 1965-2015 3.8 10.5

Figure 2. Dataset availability. * Data gaps and annual means are evaluated over the period for which
data is available.

3.2. Seasonal Patterns of Precipitation and Runoff Series

Seasonal rainfall patterns, i.e., changes in the beginning and ending month of the rainy or dry
season, were analyzed at a decadal time step. According to Erpicum et al. (1987), the dry season
begins when the probability of having a dry day (precipitation < 1 mm) belonging to a dry event of
at least seven days is greater than the probability of having a wet day (precipitation > 1 mm) [41].
Based on this assumption, the evolution of these two types of days were computed and presented on a
same graph over 5-day periods. The dry period is defined when the curve of the percentage of dry
days belonging to a dry event of at least seven days is above the curve of the percentage of wet days,
and vice versa [42].
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Pardé’s coefficients [43] were used to define the hydrological regime of the Alto-Tieté,
Camanducaia, and Capivari rivers. They are based on the ratio of mean monthly runoff to mean
annual runoff on a multiannual basis. The regimes of the Jaguari and Atibaia rivers were not explored
as gauging stations are located at the outlet of reservoirs of the Cantareira system (Figure 1), and river
flow dynamics are influenced by reservoir management options.

3.3. Trends in Hydroclimatic Series

The stationarity of precipitation and runoff monthly series was addressed by applying the
statistical tests of Pettitt [44], Lee and Heghinian (L&H) [45] and Buishand [46] as well as the
segmentation of Hubert et al. [47], using the free software Khronostat [48]. These tests aim to detect
ruptures, i.e., segments of the time series with significant different means, or variance in the case of
Pettitt test. If no rupture is detected, the stationarity of the series is accepted. These tests were applied
to all precipitation and runoff series, except downstream the main reservoirs of the Cantareira system
where river flows are influenced by reservoir management.

3.4. Hydroclimatic Variability

The Standardized Precipitation Index (SPI) [49,50] was used to characterize drought or abnormal
wet events. This index is based on the long-term precipitation record fitted to a gamma distribution,
which is transformed into a normal distribution so that the mean SPI for the desired location and
period is zero [51]. It is then computed by dividing the difference between the normalized monthly,
seasonal, or annual precipitation and its long-term mean by the standard deviation (Equation (1)).
It provides information on the spatial distribution of precipitation and indicates areas affected by low
and heavy precipitation events over time. In this study, the SPI was computed for each station at an
annual time-step over the 1951-2015 period (Equation (1)).

_ Pyear — P1951-2015
01951-2015

SPI (1)
with P, the normalized annual precipitation (in mm); P1951-2015, the long-term annual mean and o,
the precipitation standard deviation over the studied period.

The number of wet days and the average amount of precipitation on wet days, monitored at each
station, for each year, were used to quantitatively characterize changes in total rainfall.

3.5. Intensity of Drought Events

Droughts are here explored from a hydrologic point of view. They are viewed as a period of
time during which there is a lower availability of water in the hydrological cycle than the long-term
average [52].

The threshold level method was applied to determine the mean duration, deficit volume and
intensity of precipitation anomalies and hydrological droughts [53,54]. This method assumes that
a drought is characterized by precipitation and discharge falling below a threshold level until it is
exceeded again [53]. For each station, daily thresholds specific for each Julian day derived from the 80th
percentile of daily precipitation/flow duration curves were applied to daily precipitation/runoff series.

The 80th percentile was chosen as it is recommended and often used as a standard in drought
analysis for perennial rivers [55,56]. Daily flow duration curves were defined based on the
“thirty-day moving window” threshold level approach, which is recommended to smooth within-year
fluctuation of hydro-meteorological time series and define suitable threshold values [53]. Based on
this approach, daily thresholds specific for each Julian day were computed from the flow duration
curve defined from the set of 30-days observations centered on that particular day [54]. It should also
be noted that before doing any analysis, precipitation series were smoothed using a 30-day moving
average due to their dynamic nature [54].
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The threshold level approach identifies any short- or long-term drought events. Identified drought
events were pooled together if less than 10 days occurred between two consecutive events or excluded
if they lasted less than 15 days.

3.6. Frequency of Drought Events

Finally, a low-flow frequency analysis [57] was performed to determine the frequency and severity
of the drought event that occurred between 2013 and 2015.

For each runoff gauging station, a low flow frequency curve was constructed based on series of
annual flow minima (one sole value from every year of record). The latter were extracted from
annual series of 7-day average flows, less sensitive to day-to-day variations and measurement
errors [57,58]. Several probability distribution functions most suitable for fitting the shape of the
data were examined using the software EasyFit [59]. The distribution functions of Gumbel, Weibull
and LogPearson Type III, as well as the Generalize Extreme Value (GEV) function, were explored
as they are frequently used in connection with low flows see e.g., [57,60,61]. The statistical tests of
Chi-Square [62], Anderson-Darling [63], and Kolmogorov Smirnov [64], as well as the root mean
square error, were mobilized to identify which distribution best fitted the datasets. Three low-flow
indices were finally extracted to determine the low-flow frequency and judge of the severity of the
2013-2015 drought event:

e 7Q2, annual 7-day minimum flow with a two-year recurrence interval (non-exceedance probability
of 50%) [58];

e 7Q10, annual 7-day minimum flow with a ten-year recurrence interval (non-exceedance
probability of 10%) [58];

e  Return period of observed 7-day flow minima.

4. Results

4.1. Seasonal Patterns of Precipitation and Runoff

The analysis of the beginning and ending of the dry season shows that the Alto-Tieté basin and
the headwater of the PCJ basin are characterized by a dry season extending from April to mid-October
(Figure 3a). During the dry season, more than 30% of dry days belong to a dry event of at least seven
days and there are less than 20% of wet days. The driest months are July and August during which
65-75% and 70-80% of dry days belong to a dry event of at least seven days in the Alto-Tieté basin
and the headwater of the PCJ basin, respectively, and there are less than 20% and 10% of wet days,
respectively. In both basins, the wet season extends from mid-October to March. The wettest months
are December, January and February (Figure 3a). They are characterized by 40-50% of wet days and
less than 10% of dry days belonging to a dry event lasting at least seven days.

a) Beginning and ending date of the dry season (mean 1951-2015) b) Hydrological regimes

Alto-Tieté basin PCJ basin
['d
> 1 -—
5 801 g 2]
T 1 k)
= 60+ B 15{ 7
2 3
;40- o 14 \
5. 3
6 20+ $054
<
JFMAMJJASOND J FMAMJJASOND JFMAMJJASOND
— % of dry days belonging to a dry event of at least 7-days — Alto-Tieté River
— % of wet days — Camanducaia River (PCJ basin)

Capivari River (PCJ basin)

Figure 3. Mean seasonal pattern of (a) precipitation and (b) runoff in the Alto-Tieté basin and the
headwaters of the Piracicaba-Capivari-Jundiai (PCJ) basin for the 1951-2015 period.
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The Alto-Tieté, Camanducaia and Capivari rivers have a pluvial hydrological regime,
which follows these seasonal patterns (Figure 3b). Mean monthly river flows are high from January to
February (15.5 m?®/s, 11.4 m3/s and 14.5 m3/s on average over the 1951-2015 period, respectively)
and low from May to October, with the lowest values generally observed in August (7.7 m3/s, 3.5 m?/s,
4 m3/s on average over the 1951-2015 period, respectively).

Nonetheless, three main changes in the seasonal pattern of precipitation emerged. The wet
character of the 1981-1990 decade could first be highlighted. More wet days and less dry days
belonging to a dry event of at least seven days than the 1951-2015 average were recorded during the
dry season, even during the driest months July and August (Figure 4A(a),B(a)).

The dry nature of the decades 1971-1980, 2001-2010, and 2011-2015 could also be outlined. In the
former cases, more dry days belonging to a dry event of at least seven days were recorded during the
wet season compared to the 1951-2015 average (Figure 4A(b),B(b) illustrated by the decade 2001-2010).
The curve of the percentage of dry days belonging to a dry event of at least seven days is even above
the curve of the percentage of wet days at times, highlighting short dry periods prior the dry season.
For the latter case, the dry season was identified as more intense than the long-term average with
(i) a dry season ending in mid-November in the Alto-Tiete (Figure 4A(c)), (ii) 70-80% and 80-90% of
dry days belonging to a dry event of at least seven days in August, in the Alto-Tiete basin (Figure 4A(c))
and the headwater of the PCJ basin (Figure 4B(c)), respectively, (iii) 40% of dry days still belonging to a
dry event of at least seven days in October and November in both basins, and (iv) less than 10% of wet
days in August and less than 20% in September and October in both basins.

(A) Seasonal patterns in the Alto-Tieté basin
(a) wet decade (1981-1990) (b) dry decade (2001-2010) (c) dry period (2011-2015)
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Seasonal patterns in the headwaters of the PCJ basin

(a) wet decade (1981-1990) (b) dry decade (2001-2010) (c) dry period (2011-2015)
2 ]
(1]
T 801 1
d;) T 1 i
o 60: . ] . :ﬂ"}
2 1o My | .l ] Ty ey
3 20 AWM, T g g w
S ! 1 1 .

J FMAMJJASOND JFMAMJJASOND JFMAMJJASOND

% of dry days belonging to a dry event of at least 7 days % of wet days
considered decade —— considered decade
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Figure 4. Specific precipitation seasonal patterns that emerged from the 1951-2015 average in (A) the
Alto-Tieté and (B). PCJ basins: (a) wet decade (1981-1990) due to more wet days and less dry days
during the dry season, (b) dry decades (1971-1980 and 2001-2010) due to more dry days during the
wet season, and (c) dry period (2011-2015) due to a longer and more intense dry season.

4.2. Long Term Trends in Precipitation and Runoff Since 1951

Based on the four statistical tests, ruptures in precipitation series were detected for two rain gauges
(P5 and P6) located in the south of the PCJ basin. The ruptures highlight an increase of precipitation by
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13% in P5 since 1988, and by 20% in P6 since 1975 (not shown). No rupture, i.e., no long-term trends,
were identified for other precipitation series recorded in the Alto-Tieté and PCJ basins.

Regarding runoff series, distinct results were obtained. A decreasing trend in monthly runoff was
observed for the Alto-Tieté River as well as a rupture in 2000, highlighting a 50% decrease in annual
stream flows. For the Camanducaia River, a rupture was detected in 1971 by the statistical test of Pettit
and in 2013 by the statistical test of L&H. Between 1951-1971 and 1972-2013, annual runoff records
increased by 16.9% whereas since 2013 they decreased by two and a half time (183%). Finally, all tests
detected a rupture in 1981 for the Capivari River: annual runoff records have doubled since then.

4.3. Spatial and Temporal Distribution of Precipitation Since 1951

Figure 5 shows the distribution of decadal SPI based on annual SPI values computed for each
rain gauges between 1951 and 2015. Dry and wet decades are defined by negative and positive values,
respectively. Based on this figure, three main precipitation events can be identified, as described below.

First, a dry spell affecting the whole study area during the 1961-1970 decade can be seen (Figure 5).
A shortfall in precipitation is recorded by 11 out of 16 stations. In five stations, located in the Alto-Tieté
basin, the number of low intensity precipitation events (1-10 mm/day) increased at the expense
of moderate intensity events (11-40 mm/day; not shown). In the other stations, a decrease in the mean
number of wet days by 8 to 20 days in the Alto-Tieté basin, and by 7 to 13 days in the headwaters
of the PCJ basin were registered. This decade is also characterized by two severely dry years: 1963
(—2.32 < SPI < —1.18 in the Alto-Tieté basin and —2.32 < SPI < —0.56 in the headwaters of the PCJ
basin) and 1968 (—2.39 < SPI < —1.04 and —1.83 < SPI < —0.6, respectively). In the Alto-Tieté basin,
all stations recorded a decrease in precipitation by 25-35% in 1963 and 20-30% in 1968 (not shown).
In the headwaters of the PCJ basin, precipitation decreased on average by 25% and 35%, respectively.

Second, a wet event affecting the whole study area during the 1981-1990 decade is observed
(Figure 5). An excess in precipitation is recorded by 12 out of 16 stations. More moderate intensity
events and a day or two of additional extreme events (>41 mm) were measured in the Alto-Tieté basin
(not shown). In the northern part of the basin and in the headwaters of the PCJ basin, the mean number
of wet days increased by 10 to 20 days, and 6 to 14 days, respectively. In addition, the wettest year of
the 1951-2015 period was recorded by all stations during this decade, in 1983 (1.24 < SPI < 3.99 in
the Alto-Tieté basin and 2.46 < SPI < 3.75 in the headwaters of the PCJ basin). On average, annual
precipitation reached 2167.3 mm (+22% to 69% compared to the 1951-2015 annual average, depending
on the station; Figure 2) and 2457.1 mm (+50% to 86%; Figure 2) in the stations of the Alto-Tieté and
PCJ basins, respectively.

Finally, the headwaters of the PCJ basin and the northern part of the Alto-Tieté basin are
characterized by a dry spell during the 2011-2015 period, while normal to wet conditions are identified
in the southern and eastern part of the latter (Figure 5). One quarter of precipitation events were less
intense and more than half were of low intensity (1-10 mm) in the headwaters of the PCJ basin, while in
the northern part of the Alto-Tieté basin, the number of wet days decreased by 6 to 35 days (not shown).
In the headwaters of the PCJ basin, the 2011-2015 period was also characterized by three significantly
dry years: 2013, 2014 and 2015, for which mean annual precipitation amounted for 1303.6 mm (—12.5%
compared to the 1951-2015 annual mean), 922.6 mm (—38%) and 1359.3 mm (—8.8%), respectively.
The year 2014 was even identified as one of the driest years of the 1951-2015 period.
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Figure 5. Decadal standardized precipitation index (SPI) based on annual SPI values computed for
each rain gauges of the Alto-Tieté basin and the headwaters of the PCJ basin for the 1951-2015 period.

4.4. Precipitation Anomalies Since 1951

Based on the threshold level approach, the number of precipitation anomalies that affected the
Alto-Tieté and PC] basins was assessed. On average, 16 precipitation drought events occurred each
decade (not shown). The highest number of episodes was observed during the 1961-1970 decade,
with 19 drought events. The mean duration and mean deficit of precipitation anomalies was then
addressed and are presented at a decadal time step in Figure 6.

According to Figure 6, the length and deficit volumes of precipitation volumes are homogeneous
through time over both basins. With regard to the Alto-Tieté basin, precipitation anomalies last on
average between 28 and 40 days and the mean deficit volume vary between 16 mm and 30 mm.
Considering the headwaters of the PC] basin, precipitation anomalies last on average between 27 and
43 days and the mean deficit volume vary between 16 mm and 35 mm. Nonetheless, it can be seen that
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the precipitation anomalies of the 2001-2010 decade had the lowest deficit volumes (less than 16.5 mm)
on average in both catchments. Finally, still from Figure 6, it can be underlined that precipitation
anomalies of the 2011-2015 period lasted for a longer period in the Alto-Tieté basin than in the
headwaters of the PCJ basin, although the difference remains small (31.5 and 29 days on average,
respectively). Volume deficits were nonetheless larger in the headwaters of the PCJ basin than in
the Alto-Tieté basin: 34.5 mm and 21.9 mm on average, respectively. Finally, it can be noted that P5,
situated close to the Jacarei reservoir, recorded the longest and driest precipitation anomalies during
this period (mean duration of 51 days and mean volume deficit of 65.6 mm; Figure 6).

1951-1960 1961-1970 1971-1980

1966: Beginning of

; . 1976: Cantareira system impoudment
Cantareira system construction

1981-1990 1991-2000 2001-2010

1981: Cantareira system is operational

Localization of rain gauges

Il City of S&o Paulo

2011-2015 Piracicaba-Capivari-Jundiai

Cantareira system
unn under construction
N USE

Precipitation anomaly
mean duration

O 46-60 days (> 2 months)
(O 3145 days (1.5 month)
O  15-30 days (< 1 month)

Precipitation anomaly
mean deficit (mm)

Alto-Tieté basin 50 40 30 20 10

Figure 6. Mean duration (circles) and mean deficit (color gradient) of precipitation anomalies in the
Alto-Tieté basin and the headwaters of the PCJ basin during the 1951-2015 period, averaged at a
decadal time-step.
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4.5. Hydrological Anomalies Since 1951

4.5.1. Thresholds to Pinpoint the Severity of Hydrological Droughts

Table 1 presents the results from the low-flow frequency analysis. The Weibull and GEV
distributions best fitted runoff series of the Alto-Tieté and PC]J rivers. It also resulted from this analysis
that the 7Q2 and 7Q10 thresholds corresponded to a return period of observed 7-day flow minima of
98 and 99 years, respectively.

Table 1. Best-fit probability functions of low flow series and extreme low flow thresholds.

7Q2 (m3/s) 7Q10 (m3/s)
Monitored River Best-Fit Distribution Return Period: Return Period:
98 Years 99 Years

Alto-Tieté Weibull 4.0 1.5
Camanducaia GEV 2.1 1.2
Jaguari Weibull 4.6 1.2
Atibaia GEV 1.0 0.4
Capivari GEV 1.6 0.8

4.5.2. Hydrological Droughts in the Alto-Tieté Basin

Based on the threshold level approach, hydrological droughts were identified and characterized by
their mean duration and mean deficit (Table 2). The temporal comparison between monthly observed
runoff values and the three threshold values used to characterize the intensity of hydrological drought
episodes are presented in Figure 7.

For the Alto-Tieté River, the largest number of hydrological drought events were observed during
the 2001-2010 decade (Table 2). Each year of this decade was affected by one to four hydrological
droughts. The longest episodes occurred in 2003 and 2005: they respectively lasted 258 and 223 days
and enhanced a volume deficit of 265.8 m3 and 273.3 m?, i.e., a loss in discharge of 1-1.2 m® per
day. In 2003 and 2005, monthly runoff values were often lower than the 7Q2 threshold (Figure 7a).
The highest volume deficits were nonetheless recorded in 2006 and 2007 (361.1 m® and 295.9 m?,
respectively). These drought episodes occurred over shorter periods of time (178 and 147 days,
respectively) causing a mean discharge deficit of 2 m3 per day. In 2006, mean monthly runoff fell below
the 7Q10 threshold between May and August (Figure 7a).

Table 2. Decadal characteristics of hydrological drought events that affected the Alto-Tieté, Camanducaia

and Capivari rivers.

Alto-Tieté River Camanducaia River Capivari River

Total Mean Mean Total Mean Mean Total Mean Mean
Drought Duration Deficit Drought Duration Deficit Drought Duration Deficit
Events (days) (m3) Events (days) (m3) Events (days) (m3)

1951-1960 NA NA NA 19 54 39.3 13 99 81.7
1961-1970 5 26 18.7 8 107 131.2 16 73 62.2
1971-1980 12 28 30.7 7 36 27.8 22 41 28.7
1981-1990 0 - - 11 29 13.7 6 49 24.8
1991-2000 3 38 28.1 10 40 20.3 1 38 11.3
2001-2010 23 103 142.1 9 46 18.4 0 - -

2011-2015 6 154 252.9 8 138 2714 1 22 8.9

Finally, the 2011-2015 period was characterized by low runoff series. Monthly runoff was lower
than the 7Q2 threshold during the austral winter 2012 (June to September) and the 7Q10 threshold in
spring 2013 (September to December; Figure 7a). In 2014, the longest and driest drought event of the
1965-2015 period was identified. It lasted 333 days and enhanced a total volume deficit of 631.5 m3,
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i.e., a loss in discharge of 1.9 m® per day on average. This same year, runoff values were below the 7Q2
threshold, and even below the 7Q10 in November (Figure 7a).
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Figure 7. Observed monthly runoff series of the Alto-Tieté River (Alto-Tieté basin) and the
Camanducaia, Capivari, Jaguari and Atibaia rivers (PCJ basin) compared to three threshold values
(80th percentile of monthy flow duration curves, 7Q2 and 7Q10) in order to capture hydrological
anomalies (i.e., when observed runoff values are lower than the threshold values). Statistical ruptures
identified in Section 4.2 are also shown.
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4.5.3. Hydrological Droughts in the Headwaters of the PCJ Basin

Regarding the Camanducaia River, the longest and driest drought events were observed during
the 1961-1970 decade and 2011-2015 period. The most severe episodes were recorded in 1968, 1969,
and 2015. Their respective durations were 138 days, 263 days and 125 days. During the austral winter
season (July to September), daily runoff values failed to meet the 7Q2 threshold (Figure 7b), leading to
total volume deficits of 113.9 m3, 453.7 m?, and 218.2 m?, respectively (i.e., a mean discharge deficit
of 0.8-1.7 m3 per day during the drought episodes). The drought event that occurred in 2014 was
even more extreme. It lasted 356 days and triggered an annual volume deficit of 812.5 m?, i.e., a loss
in discharge of 2.3 m3 per day. From August to November, daily runoff values fell below the 7Q2
threshold (Figure 7b).

The Capivari River was mostly concerned by hydrological droughts before 1980 (Table 2 and
Figure 7c). The first most severe runoff anomaly was observed in 1953. It lasted 288 days, the volume
deficit reached 256 m? (i.e., a loss in discharge of 0.9 m® per day) and daily runoff values were regularly
lower than the 7Q2 threshold between July and December (Figure 7c). The second most severe runoff
anomaly was observed in 1969 during 296 days. A total volume deficit of 417.5 m> was estimated, i.e., a
loss in discharge of 1.4 m® per day during the drought episode, noted by daily runoff values lower
than the 7Q10 threshold during autumn (April to June) and winter (July to September; Figure 7c).

Finally, runoff anomalies were difficult to analyze for the Jaguari and Atibaia rivers, on one hand
because of a significant number of gaps in the dataset (Figure 2), and on the other hand because
they have been implemented downstream the main reservoirs that compose the Cantareira system.
Runoff values are hence influenced and depend on management options considered by SABESP.
Nonetheless, it can still be observed that runoff values are below the 7Q2 value from November 2011
for the Jaguari River, downstream the Jaguari and Jacarei reservoirs (first reservoirs of the Cantareira
system; Figure 7d), and from September 2014 for the Atibaia River, downstream the Atibainha
reservoir (fourth reservoir of the system; Figure 7e). In addition, such low runoff values downstream
these reservoirs were already observed between January 2002 and September 2009 for the former,
and between January 2002 and August 2006 for the latter (Figure 7d,e).

5. Discussion

5.1. Overview of Precipitation and Runoff Long-Term Trends

The historical records and statistical analysis revealed that the Alto-Tieté basin and the headwater
of the PCJ basin were affected by several dry spells during the 1951-2015 period.

The most severe precipitation anomalies were recorded during the 1961-1970 decade and
2011-2015 period. Precipitation deficits often lasted for more than 45 days and more than 80%
of dry days belonged to a dry event of at least seven days during the dry season. Episodes that
occurred in 1963 and 1968 were particularly persistent. They lasted for more than three months
and annual precipitation were 25-35% below normal values due to more low intensity events in the
Alto-Tieté basin and a decrease in the number of wet days in both basins. The most severe hydrological
anomaly identified for the Camanducaia and Capivari rivers was notably observed in 1968 and 1969,
respectively. River flows were lower than the 7Q2 threshold, and even the 7Q10 threshold for the
Capivari River, during the austral winter.

In addition, a hydrological drought was identified between 2003 and 2006 in the Alto-Tieté basin,
certainly explaining the statistical rupture observed in the runoff series in 2000. A return period of
99 years was notably identified for river flows during the austral winter 2006. During this same period,
runoff deficits were observed at the outlet of the reservoirs of the Cantareira system. This is probably
the consequence of less wet days, although with low volume deficits, that enhanced several short dry
periods during the wet season of the 2001-2010 decade.

Therefore, the water supply basins of SPMR have been affected by severe hydro-climatic drought
events during the 1951-2010 period but with reduced magnitude and duration [18,19]. These previous
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events notably resulted in the development of the Cantareira System in the late 1960s but, to our
knowledge, episodes identified during the 2000 decade resulted in an energy crisis but not a water
crisis [65-67].

5.2. Overview of the Hydro-Climatic Context of the 2011-2015 Water Crisis

The 2011-2015 period was characterized by severe precipitation anomalies and runoff deficits that
concerned the north of the Alto-Tieté basin and the headwaters of the PCJ] basin. The southern part
of the Alto-Tieté basin was poorly affected, most certainly in relationship with isolated topographic
features modulated by Serra do Mar and Serra da Paranapiacaba [19,68]. During this period, the north
of the Alto-Tieté basin was affected by a large number of days without rain that resulted in a long dry
season, until mid-November, while precipitation had a greater volume deficit in the headwaters of
the PC]J basin due to less intense precipitation events. In addition, during the driest month, August
70-80% and 80-90% of dry days belonged to a dry event of at least seven days in the Alto-Tieté and
headwaters of the PCJ basins, respectively, and 40% of dry days observed in October and November
still belonged to dry events of at least seven days.

The peak of the crisis can be defined when there was a significant breakdown in water supply.
It started during the austral spring 2013 when monthly runoff values fell below the 7Q10 at the outlet
of the Jaguari and Jacarei reservoirs as well as in the Camanducaia and Alto-Tieté rivers. A decrease
in annual runoff by two and a half time was even observed since then for the Camanducaia River.
This period was followed by the longest and driest hydrological drought of the 1951-2015 period.
It lasted almost a year and triggered a loss in runoff of 1.9 m3/day and 2.3 m?®/day in the Alto-Tieté
and Camanducaia rivers, respectively, in 2014. Both rivers had runoff values below the 7Q2 threshold
and, at times, lower than the 7Q10 threshold, during the year 2014 for the former, and from August to
November 2014 for the latter. The low-flow frequency analysis revealed that runoff values observed
during the austral spring 2013 and the year 2014 had a return period of 98 years.

During the dry austral winter (July to September) and spring (October to December) in 2013,
precipitation were 44% and 15% below the seasonal 1951-2010 norm in the north of the Alto-Tieté basin,
and 15% and 25% below the seasonal 1951-2010 norms in the headwaters of the PC] basin, respectively.
In 2014, annual precipitation records were 44% below the seasonal norm values. These results are in
line with previous studies that diagnosed that the austral summer 2013/2014 and the year 2014 stand
out as the driest of the 1961-2015 records [7,18,19]. According to Coelho et al. (2015), the probability
of attaining such precipitation levels was of 0.01% [19]. This illustrates how rare this hydro-climatic
event was.

5.3. Coping With the Risk of Water Crisis

During the past 70 years, several hydro-climatic droughts affected the water supply basins of
SPMR. Changes in precipitation seasonality had a significant impact on the availability of water
resources in the water supply basins and, in a context of demographic and socio-economic growth,
led to a water crisis in 2013-2015. In light of climate change, temperatures, rainfall extremes and the
number of consecutive dry days are projected to increase in Southern and Southeastern Brazil by
2030 [69]. Hydrological droughts are then likely to happen again in the near future.

To cope with water scarcity risks, water supply structural measures are further developed by
the SABESP (Jerson Kelman, personal communication, 8 August 2016). Since 2009, the SABESP
operates a wastewater treatment and reuse plant for industrial purposes, and since 2013, it invests
into three main projects to store larger amounts of water (Jerson Kelman, personal comm., 8 August
2016): (1) the Sao Lourenco water production system that aims to raise water supply by 7% for
the SPMR, especially in the west of the metropolis; (2) the interconnection between the Jaguari and
Atibainha reservoirs of the Cantareira system; and (3) the Itapanhau project (not started yet) that aims
to transfer water from the Paraiba do Sul mountains to the Alto-Tieté River. However, counterpoints
to infrastructural approaches are advanced by some authors calling for new measures for SPMR see
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e.g., [40,70,71]. In particular, they promote economic demand management mechanisms that proved
successful in arid regions, like the water pricing incentives set during the 2013-2015 water crisis yet
abandoned once the critical period was over, or water rights trade and adaptation for less thirsty
and higher added value crops implemented in Brazil’s northeastern state Ceara. Other authors also
encourage moving towards local solutions and rainwater harvest [30,72,73] or catchment protection
options [74-76]. All agree that, in a changing environment, there is a need for water authorities and its
population to raise awareness about limited freshwater resources.

6. Conclusions

Based on the analysis of data from 16 rain-gauge stations and 5 runoff-gauging stations located in
the Alto-Tieté basin and the headwaters of the PC] basin that supply water to SPMR, we examined the
long-term trends of precipitation and runoff records to address the severity of the 2013-2015 drought.
Our analysis showed that the hydro-climatic drought concerned the north of the Alto-Tieté basin and
the headwaters of the PCJ basin. Both areas were affected by a deficit in precipitation from the austral
spring 2013 to the end of the year 2014 due to a large number of wet days without rain in the north of
the Alto-Tieté basin and to less intense precipitation events in the headwaters of the PCJ basin. Our use
of the threshold level method showed that from the austral spring 2013 to the austral summer 2014,
low flows were extreme and, consequently, we assume that they did not allow to correctly fill in the
reservoirs of the Cantareira system, and to fulfill water demands depending on reservoirs with very
low levels. Observed precipitation had a probability of occurrence 0.01% [19] and observed runoff had
a return period of 98 years, and, at time, of 99 years (this study), which highlight the rare nature of this
long-lasting phenomenon. Nonetheless, considering climatic and anthropogenic changes, the SPMR
remains particularly vulnerable to water scarcity events. There is an urgent need for water authorities
to be aware of this risk and to implement efficient hydraulic infrastructures and water saving policies.
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