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Abstract

The relation between rainfall and water accumulated in reservoirs comprises nonlinear faed-
backs. Here we show that they may generate altemative equilibrium regimes, one of high
water-volume, the other of low water-volume. Reservoirs can be seen as socio-environmen-
tal systems at risk of regime shifts, characteristic of tipping peint transitions. We analyze data
from stored water, rainfall, and water inflow and outflow in the main reservoir serving the met-
ropolitan area of S&o Paulo, Brazil, by means of indicators of critical regime shifts, and find a
strong signal of a transition. We furthermore build a mathematical model that gives a mecha-
nistic view of the dynamics and demonsirates that altemative stable states are an expected
properly of waler reservoirs. We also build a stochastic version of this model that fits well to
the data. These results highlight the broader aspect that reservoir management must
account for their intrinsic bistability, and should benefit from dynamical systems theory. Our
case study illustrates the catastrophic consequences of failing to do so.

Introduction

Complex socio-ecological and socio-environmental systems often involve interactions between
natural elements and human action in a nonlinear and adaptive way (1]. Such systems have
received much attention [2, 3] recently and may display many of the common dynamical fea-
tures present in natural systems. Here we will be interested in the existence of alternative stable
states, representing different possible dynamical regimes, and transitions between them. These
tipping-point transitions have been well studied and are common in natural systems [4].
Desertification [5-7] and lake eutrophication [#, 9] are only the most notable ones among a
plethora of cases. Characterization of a transition from time-series data can be assessed using
indexes related to either return-time to equilibria or variability near the tipping point [10].
These techniques, together with models that encompass the main features of the system, may
be extended to systems where the interaction with the human factor creates the possibility of a
certain level of control or, at least, of action attempting to bring the system to a situation that is
considered desirable. Our attention will be focused on the dynamics of water reservoirs, which
has not been studied under this light, and on the characterization of alternative stable states
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and associated transitions. We show a case in which these dynamic properties have been
neglected in the management of one of the largest water reservoirs in the world, the Cantareira
system, which serves the Metropolitan Area of Sio Paulo (MASP).

MASP faces an unprecedented crisis of water supply. This exceptional situation can be read-
ily seen from the plot of the volume of water stored the Cantareira system, the main reservoir
serving the area, over the past twelve years (Fig 1). The volume of water decreased sharply
from mid-2013 and the operational capacity of the reservoir was depleted in July 2014, Since
then water withdrawal is done by pumping of the so-called “strategic reserve” or “dead vol-
ume”. The Sio Paulo Water Company, SABESP, began to reduce withdrawals in January 2014,
and by May 2015 the total outflow was 40% of the average values. Additionally, the last rainy
season (Oclober 2014—March 2015} provided more rainfall compared to the previous two
years. Despite that, only 15% of total volume had been recovered, and the reservoir remains
operationally exhausted. This situation seems typical of catastrophic regime shifis, driven by a
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Fig 1. Rainfall, water flows and volume stored in the Gantareira system since 2004. Upper panel: notwithstanding the inter-annual trend, a clear
seasonal fluctuation is present in the rainlall (gray) which was followed by the volume of stored water (percentage of operational volume, blue line} until mid
2013. From this point on, the volume of water decreased to very low levels, without any seasonal trend. A recovery of small amplitude is seen from Feb-May
2015 due to reduction in outflow. Thisis shown in the lower panel: the waler inflow into the reservoir (gray) showed seasonal fluctuations coupled to rainfall,
The reservoir operators kept outflow (blue line) around the maximum average allowed (36 m” s, exceeded only to avoid overflow). Operators started a
gradual decrease in outflow in the beginning of 2014, when the operational volume was close to deplation. Since the depletion (July 2014), water is available
anly by pumpjng. and outflow reduction proceeded in a slow pace till January 2015, when it was abruptly cut by 25%.

doi 10.1371/joumnal pone 01382785001
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tipping-point transition. In this work, we will establish this regime transition on firm grounds
and discuss its consequences. For sake of brevity, we will use the term reservoir to mean a sys-
tem of interconnected reservoirs.

We propose that reservoir water-volume is subject to drastic regime changes due to the
underlying bistability of the system. Bistability is the condition in which there are at least two
possible stationary states of a system for the same set of parameters. In our case, the parameter
is rainfall and the variable that may assume two possible alternative stable states is the volume
of water stored in the reservoir. If the reservoir is at high levels the catchment has more stored
water and thus more of the rainfall will flow into water the reservoir. On the other hand, for
low water levels the most obvious change is that much of the water is absorbed by dry soil and
thus a lower proportion of rainfall becomes stored water in the reservoir. Many other factors
may be at play and the exact relation between rainfall and the amount of water stored in the
reservoir is an instance of the rainfall-runoff problem in hydrology [11]. What matters for our
discussion is that these feedback mechanisms are drivers of critical transitions.

Both states, high-level and low-level regime, are resitient in ranges of rainfall and outflow
parameters that may overlap, leading to hysteretic behavior: the paths to and from the low-
level state are not the samie. Resilience of the high-level water volume regime may be lost, for
instance, if the rainfall index falls below a certain critical value, or if the reservoir is over-
exploited. The system then transits to the low-level regime, in a tipping-point transition entail-
ing a regime shift. The dramatic side of this fact is that the low-level regime is also resilient, so
either rainfall index has to increase beyond the mentioned critical value, or outflow has to be
reduced drastically in order to produce 1 backwards transition to the high-level regime. This
state of affairs prompts us to characterize transitions by indexes related to the critical slowing
down phenomenon [12]. These indexes are usually connected to research of early-wacning sig-
nals of eritical transitions. Discussions in recent literature have raised doubts about how early
the signals are {13], but this is not actually relevant in the present case, as we are concerned
mainly with characterization and not anticipation of the transition.

In what follows we proceed by the following steps: we first inspect the data to establish the
existence of a feedback mechanism; next we look for indicators of critical transitions in two
steps, first by a qualitative assessment of the data, and second by demonstrating the existence
of a peak in the variance characteristic of near tipping point regions. We then turn to a further
step by proposing a mathematical model for the dynamics of the system, in two versions. First,
a deterministic version where we can understand the dynamical behavior of reservoirs. Next,
we propose an stochastic extension of the model, via a stochastic differential equation which
can be fitted to actual data accurately and used for short-term extrapolations.

Model Independent Results
The feedback mechanism

Given a certain amount of rainfall, how much water will effectively flow into the reservoir?
This is connected to the rainfall-runoff problem, central in hydrology. The big picture is that
the wetter the catchment the more of the rainfall is converted in runoff water [11], that in this
case will flow 1o the reservoir. A complete assessment of this situation involves modeling the
rainfall-runoff relation in an explicit spatial setting, considering soil heterogeneities, terrain
and many other variables. However, in order to proceed in a simpler way, we postulate that the
volume of water stored in the reservair is a surrogate for the drainage basin condition. To verify
that this is a sound assumption, we show in Fig 2 the ratio of water inflow to the rainfall in the
Cantareira reservoir as a function of the volume, yielding a clear trend: the higher the volume,
the more efficiently the rainfall becomes water flowing into the reservoir.
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Fig 2. Dependence of the dally ratlo of inflow to rainfall on the stored water In the reservolr. The Cantarsira reservoir shows the well-known non-linear
transter of rainfall to runoff. The volume of water in the reservoir Is a surrogate of total water in the whole caichment. The higher the volume the wetter the
catchment and the Jarger the inflow/rainfall ratio. The data is the same of Fig 1, with each point comesponding fo data for one day.
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Assessment of a critical transition

In Fig 3 we show the data for the Cantareira reservoir in the rainfall vs. stored-water plane. In
normal situations, we would expect to have nearly closed curves in the upper part of the plane.
These curves come from the seasonality of rainfall, which induces similar oscillations in the
water stored in the reservoir. However, what is seen in the plot is that from 2013 on, the system
spins down to a new cycle on the lower part of the plane. This lower cycle represents, again,
seasonal variations, but the volume now oscillates around much smaller values. In the inset of
Fig 3 we show what would be the result obtained from an ordinary differential equation dis-
playing bistable behavior, in which the rainfall parameter oscillates in time and has a decreas-
ing trend, inducing a regime change. Similarities are evident. The specific equations that
generate Fig 3 will be discussed in the Mathematical Models section.

The previous discussion gives a qualitative view of a transition, but we would like to take a
step forward and provide a more quantitative assessment. In recent years, several methods for
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Flg 3. Observed and simulated transition between two dynamical regimes in the rainfall-volume plane. In the main panel we show the actual data for
the Canlareira system. In the insel wa show the results of a differential equation describing this system, which exhibits bistable bahavior. The equation was
simulated with variation of rainfall with & ime oscillating part plus a long-lerm decreasing frand.

doi:10.137 1joumal pone.0138278.g003
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detecting early-warning signals of critical transitions have been developed [10, 14]. These are
based on the critical slowing down phenomenon, implying that the autocorrelation function at
lag one and variance indicators should increase near the transition. As discussed in [15],2
series of underpinnings exist concerning the reliability of these indicators, which may fail to
anticipate the occurrence of a transition. However, in this work we are interested in character-
izing the regime shift rather than anticipating it. In order to do so, we evaluated evidence of a
critical transition with a diffusion-drifi-jump model (ddj). If the time series is long enough and
has high frequency of observations, this model gives an accurate description of the underlying
process that generates the data [16]. Variations along time are described as a combination of
instantaneous changes by deterministic trends (the drift), instantaneous variation (diffusion)
and occasional uncorrelated changes (jumps). The model also allows to estimate the variance
conditioned to these components. In theory, this conditional variance goes to infinity at bifur-
cation points of the underlying dynamics [10]. We found a very clear peak in the conditional
variance near the beginning of 2014 (Fig 4). This gives the first characterization of an indicator
of critical regime shifts for water reservoirs. Running-window statistics like variance and auto-
correlation at lag one [10] followed the same trend.

As discussed in [12], critical transitions are better assessed when, together with a statistical
indicator, like the conditional variance used in Fig 4, 2 mechanism leading to bistability is evi-
dent. The feedback discussed above is the basic mechanism we hypothesize, A further step,
therefore, is to build a mathematical model that takes into account the feedback and may be fit-
ted to the data, and show that it exhibits bistability. This is what we present in the next section,

Mathematical models for reservoir dynamics
Deterministic model

The change in time of stored-water volume in a reservoir is determined by inflow and outflow
rates. Qutflow rates are a consequence of management decisions. Inflow comes ultimately from
rainfall through a set of hydrological processes. This leads to an equation of the form:

dv

dt - _5iV:'| e fl:VaR) . (1}

where V is the volume of water stored in the reservoir, s(V) is the outflow rate and r(V,R) is the
inflow rate, with R a measure of the rainfall. We now discuss these terms separately.

Qutflow. We assume that withdrawal of water is managed and saturates to a maximum,
sy when the stored volume is high, but is reduced as water becomes scarce (which could be
done both to prevent complete disaster or due to the difficulty in pumping water from low lev-
els). Such assumption is realistic for the Cantareira system: while stored volume was above 33%
water withdrawals oscillated around 36 m® s™', according to the maximum quota set by the
Brazilian Waler Agency, ANA (Fig 5). As the volume dropped outflow decreased because ANA
pushed the main reservoir operator SABESP to cut down withdrawals. To model this situation
we use the following simple form:

\ s,V
s(V) = Kiv’® (2)
where K is the volume of water at which the withdrawal is reduced to s¢/2. It is a measure of
how cautious the water management is.

Inflow. Asalready implied in the notation r{V,R), inflow depends not only on rainfall, but

also on volume. As discussed above, we propose that inflow is higher for higher volumes. A
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Fig 4. Assessment of critical regime shift in a water reservalr by a peak In the conditlonal varlance. Conditional variance from a drift-diffusion-jump
maodel {deff} for the Cantareira water volume as a function of relative stared volume (left), and of time {right). The dof model was fitted to the daily tima series
of the relative stored volume, log-transformed as recommended by [10], The time series (right panel) shows an abrupt increase of daf conditional variance at
the beginning of 2014, which indicates that a stale transition occurred, The left panel shows that the high variance values occurred in a narrow range of low
volumes in the reservoir, recorded in the end of 2013 and beginning of 2014,

dt-10.1371/jouml pane.0138278.9004

simple assumption is thus:

2RV V<V,
r(V,R} = (3)
0 , otherwise.
wherea, 0 < § < 1 and 0 < ¥ < 1 are phenomenological parameters. We alse introduced a
maximum volume for the reservoir, V... Once it is attained, no increase in stored water is
possible and excess inflow is released downstream through a spillway.
Putting everything together, we come to the following differential equation:
dv 5,V g
A AR A v 4
&~ kv RV )

if V< V. If V > V0 the second term on the right-hand side is zero. Eq (4} is not meant to
be a full model of all hydrological processes, but rather a description of the basic dynamical fac-
tors affecting the volume of water stored in a reservoir. In spite of its simplicity, a stochastic
version of it fits very well to observed data, as will be seen below.
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If the rainfall is constant over time, Eq (4) has either one or two stable fixed points, depend-
ing on the value of R. Fig 6 shows the general situation, assuming specific values for the param-
eters. The existence of a bistability region is clear.

The existence of the bistability region depends essentially on the fact that inflow is depen-
dent on the volume, The form of the outflow term is not essential: all that is required is that it
goes to zero as V goes to 0 and that it saturates at some value. The existence of a maximum vol-
ume is, from the mathematical viewpoint, a form of avoiding arbitrarily large volumes,

Obviously, in real situations R is not constant. It has clear seasonal variations and may be
subject to long-term trends. Solutions, in this case, will not tend to a constant value. Bistability
will be reflected in the existence of different regimes, corresponding to oscillations around the
fixed points of the time-independent problem, as long as the seasonal variations and trends are
not too large. In Fig 7 an example is shown, with R = Ry{1 + a sin{27f1))(1 - bt). We also plot
the solution as a curve in the VxR-plane (inset of Fig 3), showing the distinctive feature of

reservoir volume

o "0 20 30 0 50 60
time

Fig 7. Regime shift in our mathematical model. The velume time senes is a reprasentative numaerical
solution of Eq (4). For this solution rainfall is assumed as R(t) = Ay(1 + a sin(2mt))(1 - bt), withRg = 1.1,
a=0.4, =04 andb = 0.01. All the other parameters are the same as in Fig &, The parametric plot V{t}xA(t)
for Ihis solution is givenin the [nls_gt_ olFigd.

doi:10.1371fjournal pone.01368278.9007
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oscillations in the upper part, spinning down on a short time scale to the lower part. This pat-
tern is present also in the observed refationship between rainfall and stored volume in the res-
ervoir (main panel of Fig 3).

Stochastic model

In order to compare theory to data we need to take a further step and allow for stochastic fluc-
tuations. This leads us to consider the following stochastic differential equation:

dV = (aRf V' - E)dt + oVdW , (5)

where E is the outflow of water (m® 5™}, R is the mean rainfall in the previous 30 days (mm)
and Wis the standard Wiener process. The term oVdW expresses an instantaneous stochastic
Gaussian noise in the stored volume, with zero mean and standard deviation proportional to
the stored volume. We also assume that the observed values of stored volume follow a Gaussian
distribution with mean value equal to the expected value of the stochastic equation and an
unknown standard deviation €. The reason to take R as a 30-day mean is empirical: volume
does not respond instantaneously to rainfall, and complex hydrological processes tend to
spread effects over time. This non-locality in time is encompassed by taking a mean rainfall
over a certain period, The period itself (30 days) is justified a posteriori as the one giving the
best fit to data.

Eqy (5) keeps the deterministic skeleton from the previous discussion, at the same time
allowing us to take V, R, E and inflow from time-series of recorded data for the Canlareira res-
ervoir, We recall that our model predicts catastrophic shifts because water inflow depends on
the stored volume, which creates a feedback mechanism. To evaluate the support provided by
data o this hypothesis, we evaluated a competing model in which inflow depends only on
rainfall:

dV = (zR¥ — E)dt + aVdW . (6)

The dataset are the time series of daily inflow, outflow, rainfall, and stored water volume.
The medel provided good fits for time spans up to one year. In this paper we focused on the
last 365 of the time series (May 31 2014 to May 31 2015). Because simultaneous fitting of all
five parameters (a, 8, y, ¢ and €) did not converge, or provided unreasonable estimates, we cali-
brated both models in 3 steps:

1. The observation error € was conservatively estimated from trajectory matching [17].

2. The exponent ¥ was estimated as the slope of a Gaussian linear regression of reservoir area
in function of reservoir volume in log scale.

3. Parameters a, ff and ¢ were estimated with Bayesian particle filter [1 8] modified by [17].

kq 5, which describes expected water inflow as a function of rainfall and current stored vol-
ume, provided 2 much more plausible fit to the observed time series (log-likelihood ratio:
12.11, Table 1), The model that does not take into account the effect of volume on inflow (Eq
(6)) underestimated the stored volume in most of the period, and did not predict the increase
and further stabilization of stored volume since February 2015 (Fig 8). The better fit of Eg (5)
supports the hypothesis that the ratio of inflow to rainfall depends on the volume. This feed-
back is caused by the interaction between rainfall and stored volume, a surrogate of the hydro-
logical state of the catchment. This, in turn, substantiates our statement about the existence of
alternative states due to a feedback process.

PLOS ONE | DOI:10.1371/joumal.pone.0136278  September 15, 2015 10/14
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Table 1. Estimates of parameters and Log-likelihood (LL) for two competing modals to predict the changes in stored water vofume in Cantarelra
reservoir. The model that describes waler inflow as a function of rainfall and stored water (#{rain,volume), Eq (5)) had a much higher likelihood and thus pro-
vides a much more plausible description of the time series.

Modal| a B Y o t LL
Eq (5):f{raln,volume) 5.998 1.043 058 00023 a,2x10° £676.0
Eq (6):ffrain) | 3924943 0826 - 0.00948 310’ 66881

doi-10.1371fjournal.pone.0138278.1001

Concluding remarks

We have demonstrated that the dynamics of the volume of water stored in a reservoir is subject
to abrupt regime shifts and hysteretic behavior. These results follow from: (i} a qualitative
assessment of the dynamics; {ii) a quantitative evaluation of indexes characterizing regime
shifts; (iii) a modeling approach that gives a mechanistic view of the dynamics; and (iv) a fit of
a corresponding stochastic model to the data.

These results have serious significance for water reservoirs management, Resilience of the
normal operating conditions may be lost under drought conditions in favor of a new low water
levels regime, which is jtself resilient under a range of external conditions. Recovery of the nor-
mal condition can, thus, be difficult, and may demand potentially extreme measures. These

Stored water (1 06m3)
S

0-

Jul 2014 Oct2014  Jan2015  Apr2015

Fig 8. Tima series of observed and predicted stored water volume In the Cantareira reservolr system. The black line shows the observed time series
which are daily records from 2014-05-31 1o 2015-05-31. The orange lines and shaded areas show the expectad trajectories and Bayesian credibility interval
from a mathematical model of observed inflow as function of rainfall {(Eq (6)). The blue knes and shaded areas show the expected values and intervals from a
mode! of inflow as a function of both rainfall and the stored volume (Eq (5)). Trajectories and intervals were calcutated from 5000 numerical simulations of
each model, with parameters sampled from the posterior distribution of the Bayasian particle filter estimation.

d0i:10.1371foumal.pone.0138278.9008
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measures are those that allow for decrease in the outflow of the reservoir, representing a possi-
ble burden to populations served by the reservoir. This implies that cautious management of a
reservoir should avoid the regime shift. The major question then becomes: how to achieve such
management? We have taken a first step here, identifying the need to acknowledge the poten-
tial for such catastrophic transitions, Under this perspective, early warning signals of cata-
strophic regime shifts are a possible avenue to tackle the problem in the absence of detailed
hydrological data, but the extent of their predictive power has yet 1o be ascertained.

Studies in water resources have mainly favored full-blown models to depict the ever increas-
ing understanding of hydrological processes [11]. Nevertheless simple mathematical descrip-
tions of the first principles that operate in catchments also proved to be useful both in fitting
data and understanding the underlying mechanisms [11, 19]. We followed this synthetic
approach to propose a model akin to those used in system dynamics. Qur models are a bare-
to-the-bones description on how rainfall turns into stored water in a reservair. In doing that
we depict many hydrological processes in a few fixed parameters. Such a phenomenological
approach brings out general dynamic properties. In this sense, we show how alternative states
and regime shifts result from a very simple first principle, namely, feedback mechanisms. We
show that a model that has these feedbacks—and not much more than that—provides a more
plausible description of observed data. In doing so we aim to highlight key properties that
water reservoir share with other socio-environmental systems, which can contribute to fully-
fledged models.

In this study we focused on a specific reservoir, the Cantareira system in the metropolitan
area of Sio Paulo. Let us now elaborate on this specific case. Signals of below the average rain-
fall were present since mid-2013, with corresponding decrease in water inflow. The conditional
variance increased steadily in the very beginning of 2014, indicating an ongoing regime shift.
The average inflow rate in January 2014 was 15.7 m’/s, whereas the outflow was kept at 34.3
/s, a very unusual deficit for the rainy season in the region. Actually, the 30-day moving
average of inflows and outflows presented deficits continually from May 2013 to February
2015, contrary to the recurrent pattern of the period from December-May, which always had
greater inflows than outflows. The operators began decrementing releases only in March 2014,
and at a pace that was not enough to bring back the system to the normal operating conditions.
The obvious question is why the management policies could not avoid the collapse of the sys-
tem. Official documents available to the public [20)] show that the Brazilian Water Agency
(ANA) and the Sio Paulo State Water Department (DAEE) agreed that operators (SABESP and
other water companies) could take up to 36 m® s™" of water from the Cantareira system. The
agreement also included a reservoir rule curve that prescribed maximurmn allowed withdrawals
according o the stored volume of the system. These were not respected since January 2014.
Even if the limits were met, they were probably too loose, For instance, the outflow allowed for
the rainy months of November/December 2014 would be 27 m” s™* even if the operational
capacity had been completely depleted. Since March 2014, ANA and DAEE abandoned the rule
curve and adopted tighter limits. The maximum values have been negotiated periodically, and
are currently 17.5 m® ™" (June-August 2015) and 13.5 m® s~ (September-November 2015).
Nevertheless, the National Center for Surveillance of Natural Disasters (http.//www.cemaden.
gov.br/) forecasts that the Cantareira system will stay below its operational capacity at least
until the beginning of 2016.

In summary, our results and our study case show that the management of reservoirs should
take alternative regimes into account and avoid a transition to low-volume regimes. Failing to
do so represents a prolongated burden, extending well beyond the period of anemalous rainfall,
because outflow has to be kept as low as possible until a backwards transition occurs. Therefore
managers should act as another feedback mechanism in the socio-environmental system that

PLOS ONE | DOY10.1371/joumal.pone.0138278  September 15,2015 12/14



' PLOS | one

Catastrophic Regima Shift in Water Reservoirs

keeps it in the desired regime notwithstanding external forces like climate anomalies, In not
doing so, managers of the Cantareira system acted like one more external force that pushed the
reservoir to a catastrophic shift.

Data Sets

Data for the time series of stored water volume in the main reservoir system of Sio Paulo State
(Cantareira) and for the corresponding rainfall index were obtained from the $3o Paulo Water
Company (SABESP) database, which can de accessed at hitp://www2 sabesp.com.br/
manancials/DivulgacaoSiteSabesp.aspx. Data for the inflow and outflow were obtained from
hitp:/fwww2.sabesp.com.br/mananciais/Divulgacavpcj.aspx and processed through Optical
Character Recognition {OCR) software. Starting January 15th, 2015, a more convenient tool
has been provided by SABESP at http:/site_sabesp.com.brfsite/interna/Default.aspx?secaold=
553. All data and codes used in the analyses are available at (https://github.com/cantareira/
plos.
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Correlation doesn’t imply causation

Posted by kelman on 22 Sep 2015 at 00:23 GMT

This paper starts showing that there is a positive cormelation between inflow and storage. This is obvious for
those familiar with the equation of continuity. They know that inflow causes storage. But the other way
around — storage causing inflow - as proposed by the authors, isn't necessarily true. One of the first things
one leams in & statistics class is that comelation doesn't imply causation.

As observed by the authors, “the wetter the catchment the more of the rainfall is converted in runoff water”.
Using the authors” notation, this means that the inflow r into the reservoir is not only a function of the rainfall
R, but also of the water stored in the catchment, mostly in the soil, C. That is the inflow can be represented
as r(C,R).

The authors "postulate that the volume of water stored in the reservoir is a surrogate for the drainage basin
condition”. That is, they use r (V,R) rather than r(C,R) in the continuity equation of the reservoir. In their
words: “inflow depends not only on rainfall, but also on volume... we propose that reservoir water-volume is
subject to drastic regime changes due to the underlying bistability of the system. Bistability is the condition
in which there are at least two possible stationary states of a system for the same set of parameters. In our
case, the parameter is rainfall and the variable that may assume two possible alternative stable states is
the volume of water stored in the reservoir. If the reservoir is at high levels the catchment has more stored
water and thus more of the rainfall will flow into the reservoir. On the other hand, for low water levels the
most obvious change is that much of the water is absorbed by dry soil and thus a lower proportion of rainfall
becomes stored water in the reservoir”. This is the core of the authors” claim of a nonlinear feedback.

In fact, if the reservoir is at high level, the catchment may have or may not have more stored water,
depending on the previous decisions about outflow, which in tum depend on the water demand and on the
status of the other water producing systems of the Metropolitan Region. In case the catchment has indeed
more stored water, probably the mean infiltration rate will be smaller and more rainfall will be converted into
runoff, as suggested by the authors. On the other hand, the high level of the reservoir decreases the
gradient of the water table, and therefore the groundwater flow from the marginal land into the reservoir
{Darcy equation).

Conceptually, the emptying of the reservoir could cause a nonlinear sink effect in the surrounding
groundwater as it is the case, for example, when the pumping rate in one or more wells surpasses recharge,
resulting on lowering the water table of the non-confined aquifer and, eventually, to a new equilibrium
regime.

In order to evaluate whether an analogous phenomenon exists in the Cantareira case, it would be necessary
to model the reservoir — groundwater relationship. This was not done by the authors neither by this
commentator. However it is fair to assume that in this particular case the feedback mechanism is negligible
because the maximum surface areas of the reservairs is only 4% of the total catchment area. Therefore, the
occurrence of the two equilibrium regimes in the Cantareira case doesn’t seem to be grounded on the
physical reality.

The authors” attempted to compare two modeling options: one with and the other without the feedback
mechanism. They tried to fit the models to the observed daily series in the time interval from May 31, 2014
to May 31, 2015. However they failed to do so “because simultaneous fitting of all five parameters did not
converge, or provided unreasonable estimates”. Nevertheless they went forward with the comparison using a
cumbersome estimation procedure and adding white noise into the equation. That is, they used a stochastic
model to produce Monte Carlo simulations. Based on this difficult-to-reproduce approach, they got “5000
numerical simulations of each model, with parameters sampled from the posterior distribution of the
Bayesian particle filter estimation”.

The results were displayed in Figure 8.

According to the authors, “the model that does not take into account the effect of volume on inflow
underestimated the stored volume in most of the period, and did not predict the increase and further
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stabilization of stored volume since February 2015. The better fit supports the hypothesis that the ratio of
inflow to rainfall depends on the volume. This feedback is caused by the interaction between rainfall and
stored volume, a surrogate of the hydrological state of the catchment. This, in tumn, substantiates our
statement about the existence of altemative states due to a feedback process”.

In reality the stabilization of stored volume since February 2015 was due to a radical reduction on the
reservoir outflow, decided by Sabesp (the reserveir operator). This could only be achieved because Sabesp
had just finished the construction of several interconnections in the water distribution system of the
Metropolitan Region aiming to increase the operational flexibility. It was a manmade phenomenon that
certainly could not be modeled based on natural processes.

In addition, the differences between the black, orange and blue lines don’t seem to be relevant. What really
strikes the reader is the widening of the blue shaded area, starting on February 2015. This means that,
according to the model proposed by the authors, there is a huge uncertainty regarding storage. Therefore,
even if the model was based on a physically sound assumption, it would be of little help for actual decision
making. This is what the authors suggest in some parts of the paper, like for example “...in this work we are
interested in characterizing the regime shift rather than anticipating it".

Nevertheless, in the concluding remarks, the authors say that “our results and our study case show that the
management of reservoirs should take altemative regimes into account and avoid a transition to low-volume
regimes. Failing to do so represents a prolongated burden, extending well beyond the period of anomalous
rainfall, because outflow has to be kept as low as possible until a backwards transition occurs. Therefore
managers should act as another feedback mechanism in the socio-environmental system that keeps it in
the desired regime notwithstanding extemal forces like climate anomalies. In not doing so, managers of the
Cantareira system acted like one more extemal force that pushed the reservoir to a catastrophic shift”.

That is, based on a debatable model, to say the least, the authors proclaim the occurrence of a catastrophic
shift in the Cantareira. Furthermore, they suggest that managers of the Cantareira system contributed to this
alleged catastrophe.

In reality what is happening in the Cantareira isn’t the consequence of the trapping of the system in a low
stable level. It is just the result of a rare hydrological event. Indeed, if one chooses a normal distribution to
model the annual inflow to the Cantareira reservoirs — which is a reasonable assumption in view of the
Central Limit Theorem - and uses data from 1930 to 2013 to estimate the parameters, the estimated
probability of an annual inflow equal or smaller of actually occurred in 2014 would be 0.004 (recurrence
interval of 250 years).

The fact of the matter is that, under uncertainty it is extremely difficult for any Government to divert much
needed financial resources from education, security and health of the population in order to build
infrastructure capable of enduring very unlikely events. Monday moming quarterbacks don‘t have this
problem.

Competing interests declared: | am professor of Hydrology at the Federal University of Rio de Janeiro and
since January 2015 | became the CEO of Sabesp, the water company of Sao Paulo State and operator of
the Cantareira reservoirs.

Cantareira operators must consider critical transitions - response
to Jerson Kelman

renatome repled 1o kelman on 25 Sep 2015 at 13:01 GMT

Jointly written by the paper authors: Renato M. Coutinho, Roberto A. Kraenkel and Paulo 1. Prado.
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We welcome comments about our work and are glad to publicly discuss them in an academic forum,
The debate on scientific research relevant to policy decisions is a much-needed step to reduce the
huge research-implementation gap that plagues environmental policies in Brazil (Pardini et al. 2013).

Jerson Kelman disagrees with our central thesis that the Cantareira system went through a
catastrophic transition to a low-efficiency regime. In what follows we will discuss the criticisms that
were raised and, besides clarifying several technical points, we will show that they are either unsound
or just show a lack of familiarity with the state-of-the-art in statistical modelling. We conclude upholding
our point that critical transitions must be taken into account in managing water reservoirs. For the
benefit of the readers we also provide references to standard texts in the area.

Our paper provides three lines of evidence for the occurrence of a critical transition in the Cantareira
system: (1) a correlation between stored volume and rainfall/inflow ratio, (2) statistical indicators of
transitions in the time series of stored water volume, and (3) a fit of a phenomenological model to data.
In this comment we first answer to the concems raised by Kelman on evidence lines 1 and 3. We then
elaborate on the evidences not evaluated by Kelman, as we think that the three lines altogether provide
a strong argument for the existence of a transition.

On the role of correlation in our results

Kelman incorrectly claims that we used a correlation between inflow and storage. Actually we proposed
that storage is cormrelated with catchment efficiency - inflow/rainfall, not inflow rate. Figure 2 clearly
shows that this was the case in the Cantareira system. That "correlation does not imply causation” is
an unnecessary truism in a debate among experienced users of statistics, Nevertheless we state
clearly the purpose of seeking the correlation (emphasis added) : “[...] in order to proceed in a simpler
way, we postulate that the volume of water stored in the reservoir is a surrogatefor the drainage basin
condition. To verify that this is a sound assumption, we show in Fig 2 the ratio of water inflow to the
rainfall in the Cantareira reservoir as a function of the volume”. Once the assumption is verified, we
proceeded by building a phenomenological model based on the observed correlation. Hence, the model
does not depend on causation links between volume and efficiency, only on the validity of the volume
as a surrogate of catchment condition for the case study, which is guaranteed by the correlation
between them.

On model fitting and model selection

The concerns raised by Kelman about our statistical models suggest that our methods may be novel
for part of the readers, and thus some technical details may need further clarification. In this section
we give additional information on the underlying logic and robustness of our statistical approaches.

The model-based inference we used is a well grounded reasoning to link theory to data through
statistical modelling (Edwards 1972, Bumham & Anderson 2002). Once each hypothesis is translated
into a statistical model, log-likelihood ratios are used to express the support that the data provides to
one model vis a vis the competing ones. So, the criterion to compare models is not simply looking at
the curves, which is obviously subjective, but using the log-likelihood ratio, reported in the text and
obtained from Table 1. In this case, this ratio was of 12.11, which means that the model which
includes the rainfall x volume interaction was exp(12.11)=181679 times more plausible than the
competing one.

Our fitting procedure is not a "cumbersome" or "difficult-to-reproduce approach”, it is cutting-edge
statistics. Furthermore, our analyses were ran in R, a powerful statistical programming environment
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which is widely used in applied scientific research. A large academic community worldwide uses R to
make the latest statistical methods accessible in the form of open source code. The R packages we
used were developed by leading researchers in statistical indicators of critical transitions (Dakos et al.
2012) and stochastic dynamic models (King et al. 2009). This code-sharing culture and many specific
tools make R fully compliant to reproducible research. Accordingly, our results can be checked and
reproduced by running the R codes we made available at https://github.com/cantar... , as mentioned in
the "Data sets" section of the paper.

To fit the competing models, we estimated the three parameters of greatest interest, after fixing the
remaining two to reasonable values, a rather simple approach that is quite justified to fit many-
parameter models. We included white noise in the models to represent stochastic fiuctuations of the
system itself. Hence, the noise parameter expresses process uncertainty, in contrast to measurement
errors, that are expressed by a separated parameter. To do so, we benefited from recent advances in
fitting and evaluating partially observed Markovian processes (POMP) {http://kingaa.github.io/p...). An
interesting side-effect of using POMP models was noted by Kelman, that points out that the selected
model predicts "a huge uncertainty regarding storage”. In our model, most of this uncertainty is due to
the process and not to the measurement error, suggesting that environmental stochasticity should be
taken into account in decision making, instead of being blamed or ignored. Finally, the comment that "
fthe reduction of outflow] was a manmade phenomenon that certainly could not be modeled based on
natural processes” suggests that Kelman did not understand that the outflow term in our models is
simply the empirical data publicly provided by SABESP. Any intervention by SABESFP was already
present in our model and is not, by itself, sufficient to provide an explanation to the data.

On indicators of critical transitions

Another strong evidence we present is the peak in the conditional variance shown in Fig 4 and
explained in detail in the section "Model independent results”. Kelman asserts that no critical transition
has taken place, by attempting to erode the rationale behind the feedback assumed by our
deterministic and stochastic models. However, he did not tackle this result, which does not rely on a
particular postulated feedback, mechanistic or otherwise. This kind of peak is typical of phase
transitions and cannot simply be ignored or attributed to some kind of dry spell. An easy entrance point
to the vast literature on this topic can be found in the book by Scheffer (2009), while the references for
the more recent developments and techniques are cited in the paper.

Concluding remarks

According to Kelman, what happened in the Cantareira system "is just the result of a rare hydrological
event" namely, an unusually low inflow in 2014, This amounts to exclusively blame bad fortune for the
water supply crisis. As rare as this event might be, and exact probabilities are still a matter for further
debate, our point is that it did happen, and therefore requires an explanation. Rare events are not
always unpredictable, and the best way to avoid them is to understand them. Science’s role is to leamn
how and why such events occur, and thus the use of expressions like "Monday moming quarterbacks
don’t have this problem” hides a misconception and diverts the attention both from scientific
discussion and from the assessment of responsibilities. It goes without saying that PLoS One is not a
venue for expressions of that kind.

We indeed provided an explanation to the observed phenomenon - critical transitions to a low-efficiency
state - along with evidences that such a transition took place. In our paper we pointed out that
operators of the Cantareira system acted as one of the forces in the socio-environmental system that
pushed it to the transition. We do not know if they were aware of the risk of a catastrophic shift at that
time, but from now on they can be. So we hope that our paper and this comment will encourage
managers of water reservoirs to consider critical transitions when taking decisions and to implement
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strategies to avoid them.
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On the possibility of avoiding the transition reducing water
withdrawal

Posted by kelman on 07 Oct 2015 at 10:49 GMT

in my earlier comment, | disagreed with the proposition that reducing water withdraw from the reservoirs of
the Cantareira system would alter significantly the amount of water in the catchment (C). Therefore, a
transition to a lower efficiency state, even if such phenomenon existed, would not result from a faulty
operation rule. The authors answered saying that as “the reservoir outflow is of the same magnitude of the
other two main natural flows in the Cantareira catchment, ... it is reasonable that the reservoir outflows
participate in an important way in the water balance in this system, and more importantly so the lower the
rainfall. Hence not reducing water withdrawal before the transition contributed to its unfolding”. | agree that
the reservoir outflow participate in an important way in the water balance of the reservoir system. However,
this doesn’t mean that the reservoir outflow is relevant in the water balance of the catchment. This remains
to be proved.

Competing interests declared: | am professor of Water Resources and Hydrology at the Federal University
of Rio de Janeiro and president of Sabesp
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