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ABSTRACT
Sao Paulo, Brazil has experienced severe water shortages and record low levels of its water reservoirs in
2013-2014. We evaluate the contributions of Amazon deforestation and climate change to low precipitation
levels using a modelling approach, and address whether similar precipitation anomalies might occur more
frequently in a warming world. Precipitation records from INMET show that the dry anomaly extended over
a fairly large region to the north of Sao Paulo. Unique features of this event were anomalous sea surface
temperature (SST) patterns in the Southern Atlantic, an extension of the sub tropical high into the Sao Paulo
region and moisture flux divergence over Sao Paulo. The SST anomalies were very similar in 2013/14 and
2014/15, suggesting they played a major role in forcing the dry conditions. The SST anomalies consisted of
three zonal bands: a cold band in the tropics, a warm band to the south of Sao Paulo and another cold band
poleward of 40S. We performed ensemble climate simulations with observed SSTs prescribed, vegetation
cover either fixed at 1870 levels or varying over time, and greenhouse gases (GHGs) either fixed at pre-
industrial levels (280 ppm CO,) or varying over time. These simulations exhibit similar precipitation deficits
over the Sao Paulo region in 2013/14. From this, we infer that SST patterns and the associated large-scale
state of the atmosphere were important factors in determining the precipitation anomalies, while deforestation
and increased GHGs only weakly modulated the signal. Finally, analyses of future climate simulations from
CMIP5 models indicate that the frequency of such precipitation anomalies is not likely to change in a

warmer climate.

Keywords: water shortages, deforestation, pattern recognition algorithm, climate change, sea surface

temperature anomaly

1. Introduction

Sao Paulo, Brazil is the largest metropolitan region of the
Southern Hemisphere with a population of about 20 mil-
lion (United Nations Department of Economic and Social
Affairs Population Division, 2015). This region receives
most of its precipitation during austral summer
(October—March) with a peak during December—February
(DJF) and experiences a usually well-defined dry period
during the austral winter (Barros et al., 2000). The
Cantareira reservoir system is the largest source of
water for Sao Paulo’s metropolitan region, which under

*Corresponding author. e-mail: K.C.Pattnayak@leeds.ac.uk

normal conditions supplies water to 8.8 million people.
Records from the utility company of Sao Paulo (SABESP
- COMPANHIA DE SANEAMENTO BASICO DO
ESTADO DE SAO PAULO, 2008) reveal that the
Cantareira reservoir system which has been in operation
since 1976 reached the lowest historical water level in
2014/15 (Coutinho et al. 2015; Otto et al., 2015; Nobre
et al., 2016) causing a severe water shortage in the region.
This water shortage led to a number of impacts in several
socioeconomic sectors such as water availability for
human consumption, irrigation, hydropower generation,
food and energy production (King et al. 2015; Munich,
2015; Swiss-Re 2015; UNICA, 2015). For future planning
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of water provision to Sao Paulo, it is therefore important
to understand the various causes of the extremely low
reservoir levels and evaluate the risk of future
water shortage.

The state of Sao Paulo experienced a persistent rainfall
deficit during the period from 2012 to 2015, with particu-
larly low precipitation during the DJF 2013/14 wet season
(Coelho et al., 2016a; Nobre et al., 2016). These conditions
contributed to the low levels of the reservoir system. The
precipitation deficit extended not only over the state of
Sao Paulo but also over the whole southeast of Brazil
(Seth et al., 2015; Coelho et al. 2016a, b; Getirana 2016;
Cavalcanti et al. 2017). The general climate constellation
during the 2013-14 wet season (DJF) has been analysed
by Coelho et al. (2016a, b) in detail. In brief, the South
Atlantic subtropical high extended anomalously far to the
west during this period. The high-pressure zone was main-
tained over an anomalously warm sea surface temperature
(SST) region in the southwestern South Atlantic. This sys-
tem contributed to the observed precipitation deficit over
southeast Brazil. The system was also associated with a
reduction in the number of ‘South Atlantic convergence
zone’ (SACZ) episodes. The SACZ is an elongated con-
vective band originating in the Amazon basin, extending
south-eastwards across southeast Brazil into the subtrop-
ical Atlantic Ocean (Kodama, 1993; Herdies et al., 2002,
Carvalho et al., 2004; Kolusu et al. 2015; Otto et al., 2015;
Seth et al., 2015; Silva et al., 2015; Nobre et al., 2016).
According to these studies the regular humidity transport
from the Amazon region that normally reaches the south-
east region of Brazil during SACZ episodes, was directed
towards southern Brazil instead. Indeed, during January
2014, an anti-cyclonic anomaly was established over most
of subtropical South America east of the Andes, which
weakened the SACZ activity. As a result of this, drought
conditions occurred in Southeastern Brazil in summer of
2014 (Espinoza et al., 2014; Nobre et al 2016). In parallel
to the drought over the Sao Paulo region, very strong pre-
cipitation anomalies
(Nobre et al., 2016).

Coelho et al. (2016a), Otto et al. (2015) and Coutinho
et al. (2015) have also investigated to what extent the cli-
mate anomaly in December 2013 to February 2014 and
over the extended January 2014 to February 2015 period
was extraordinary by comparing the precipitation anoma-
lies with historical precipitation records. Their study
found that the 2013/14 austral summer was exceptionally
dry over the Sao Paulo region. Dry events had been
recorded previously, but the precipitation deficit was
smaller. Cavalcanti et al. (2017) found that there was an
opposite precipitation signal in the western Amazon
(very wet) to that in southeast Brazil (very dry), in
January 2014 and 2015. Getirana (2016) studied the

occurred in Western Amazonia

extreme water deficit in Brazil using satellite data. He
found a reduction of 20-23% of precipitation over an
extended period of 3 years. The rainfall deficit over south-
east Brazil is also positively correlated with the warm
SST over the equatorial western Pacific Ocean (Espinoza
et al., 2014; Coelho et al., 2016b; Cavalcanti et al., 2017)
and negatively correlated with equatorial central Pacific
Ocean (Coelho et al., 2016b). Coelho et al. (2016b) also
found a large scale teleconnection pattern between
200 hPa geopotential height and Indonesian heat source.

Given the vital role of water, it is important to under-
stand in full the causes of the shortage. A range of
popular articles both in newspapers and science journals
have created the impression that deforestation may have
contributed to the Sao Paulo drought (Escobar, 2015;
Nazareno and Laurence, 2015) and led to studies address-
ing this question (Marengo and Alves, 2015). Another
hypothesis is that global warming due to greenhouse gas
(GHG) emissions to the atmosphere may have affected
the tropical hydrological cycle, and in the future more
such events may occur (Escobar, 2015). In order to
contribute to the Sao Paulo water shortage attribution
problem, this article aims to address the following ques-
tions using observations and model simulations: (1) What
is the likely contribution of Amazon deforestation to the
anomalies? (2) Is there a likely link between the drought
events and climate change? (3) Are 2013/14 conditions
likely to occur more frequently in the future?

We first re-examine the 2013/14 water shortage event,
thereby expanding on the analysis of Coelho et al.
(2016b), to establish to what extent and in which way the
2013/14 event was anomalous. We then use various ensem-
ble simulations with an atmospheric general circulation
model (AGCM) forced with observed SSTs (as compiled
by HadISST [Rayner et al., 2003]), to study the contribu-
tion of land use cover change (LUCC) and elevated GHG
levels on the rainfall anomalies over the Sao Paulo region.
Finally, we use a pattern recognition approach to investi-
gate whether climate models project a future increase in
the precipitation deficit of the type observed during 2013/
14, i.e. indirectly whether climate change would increase
pressure on water supply via an increase of droughts. The
data and experimental design are described in Section 2.
Section 3 presents the results and a discussion, and conclu-
sions are presented in Section 4.

2. Data and methods

For our study we used multiple observational datasets
and factorial model simulations. Rainfall anomalies were
investigated using station-based records from the
Brazilian National Meteorological Service (INMET) and
the Global Historical Climatology network (Peterson and
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Vose, 1997; available at http://www.ncdc.noaa.gov/ghcnm/
v2.php), and precipitation estimates from gridded datasets
from the Global Precipitation Climatology Project
(GPCP; Adler et al., 2003). In this study, three INMET
stations, Guarulhos, Taubate and Catanduva, have been
considered (Fig. 1a). There are also station data available
for Mirante de Santana from INMET and Parque
Estadual das Fontes do Ipiranga from Universidade De
Sao Paulo (USP) located inside Sao Paulo City, which
show very different trends from the sites outside the city,
but we refrained from relying on these two records
because they are not located in the catchment area of the
reservoirs and because it is likely that they are affected by
the so-called ‘urban rainfall effect’. Indeed large urban
areas have been shown to affect downwind rainfall, lead-
ing to average increases of 28% (Shepherd et al., 2002)
and it seems very difficult to separate these effects in
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Fig. 1.

precipitation records from larger-scale effects. The
Cantareira reservoir water volume data were obtained
from the water and waste management company of Sao
Paulo state SABESP (Companhia de Saneamento Basico
do Estado de Sao Paulo S.A.), moisture transport and
mean sea level pressure were obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
Reanalysis Interim (ERA-Interim; Dee et al., 2011).
ERA-Interim combines observations and model output to
obtain a best estimate of historical climate. It covers the
period from 1 January 1979 to present day.

To probe the effect of changes in land use cover and
GHG levels on the observed climate anomalies, we per-
formed simulations using the atmospheric component of
the Hadley Centre Climate model (HadAM3; Pope et al.,
2000). We chose this setup because it permits us to

impose observed SSTs and make comparisons with

(c) Precipitation Records from INMET Stations
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(a) Geographical location of the Sao Paulo Cantareira water reservoir and the INMET climate stations in Sao Paulo State,

(b) annual cycle of rainfall for 2013/14 and long-term mean for the period 1979-2004 from GPCP over Sao Paulo (averaged over the
region 50°W to 45°W and 25°S to 20°S), (c) water storage volume (hm®) of Cantareira reservoir system for the period 1982 to early 2015
and (d) annual (July—June) and wet season (December, January and February) rainfall measured at the INMET stations in the State of
Sao Paulo from 1961 to 2014.
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observations. Previously, several researchers have vali-
dated the HadAM3 model for the present climate over
South America (Chou et al., 2012; Reboita et al., 2014;
Cabré et al., 2016) and found that the model performs
well. We have also investigated the different aspects of
model performance that are important for simulating the
2013/14 anomalies according to previous studies.
Specifically, model 200hPa geopotential height captures
the large-scale teleconnection pattern associated with an
Indonesian upper troposphere heat source, as described in
Coelho et al. (2016b), although it was somewhat displaced
to the west when compared with the observed pattern,
particularly the low pressure anomaly over southern
south America,
Furthermore, the geopotential-height anomaly at 200 hPa
over the Atlantic near the southeast Brazil region where
the blocking system manifested itself and contributed to
the precipitation deficit was well reproduced in the simu-
lation in each of the summer months in 2013/14 (see
Supplementary Fig. S1).

For all simulations we prescribed SSTs and sea ice
from 1850 to 2016 from the Hadley Centre Global Sea
Ice and Sea Surface Temperature (HadISST) datasets
(Rayner et al., 2003). With these boundary conditions
fixed we performed three scenarios (see
Table 1)

and magnitudes were also lower.

simulation

1. Fixed land cover as in 1870 following Meiyappan and
Jain (2012) and fixed GHG levels at preindustrial
values (i.e. CO, fixed to 280 ppm),

2. Time varying land cover using the reconstruction of
Meiyappan and Jain (2012) and fixed pre-industrial
GHG levels, and

3. Time varying land cover and time-varying atmospheric
GHG levels following observations.

LUCC between 1870 and 2013 from reconstructions by
Meiyappan and Jain (2012) reveal a reduction in the frac-
tion of broad leaf trees at the cost of grasses towards
southeast Brazil (see Supplementary Fig. S2).

For each of these scenarios we first run one complete
simulation starting in the year 1870 and ending in 2015.

Table 1. Simulations carried out with HadAM3.

Because of the chaotic nature of the atmospheric circula-
tion we then produce ensembles based on slightly differ-
ent initial conditions by slightly varying the time-step for
updating vegetation cover or slightly shifting the start
date. For creating these ensembles, we restart the simula-
tions in 1970. For the first two scenarios (fixed vegetation
and fixed GHG levels and observed changing land cover
and fixed GHG levels) we created ensembles of 5 simula-
tions while for the third scenario (changing land cover
and changing GHG levels) we created a larger ensemble
with 5 ensemble members starting in 1970 and 25 add-
itional ones in 2008. We chose this large ensemble for the
third scenario because it should be the most realistic and
thus we wanted to improve statistical power for this case.

In order to assess the occurrence frequency of anomal-
ous precipitation patterns similar to 2013/14 in the future,
we use projections from the Fifth Coupled Model Inter-
comparison Project (CMIP5, Taylor et al., 2012) with
three well-established climate models listed in Table 2
forced with the Representative Concentration Pathways
(RCPs) 8.5 scenario. This scenario is a high emissions
scenario, which reaches an atmospheric CO, level of
900 ppm by 2100.

3. Results and discussion

3.1 Evidence of water shortage based on observed and
reanalysis datasets

3.1.1 Local precipitation and reservoir level records. We
first briefly review what in-situ historical precipitation
records from INMET tell us about the 2013/14 event
(stations shown in Fig. la). An advantage of these
records over gridded datasets is that they do not involve
any interpolation or extrapolation. On the other hand, a
disadvantage is that the records are not continuous. Total
annual rainfall has been calculated as the sum of rainfall
from July to June of the following year for each year
from 1961 to 2014 (Fig. 1c). The observed rainfall during
DJF 2013/14 was reduced by 86% at Taubate, and by
40-50% at the Guarulhos and Catanduva station with
respect to the 1961-2014 mean (Fig. 1c). The precipitation

Simulation scenarios ~ Number of ensembles SST GHG Land cover
1 6 Observed SST (HadISST)  Fixed at pre- Fixed at 1870
industrial (280 ppm)
2 6 Observed SST (HadISST)  Fixed at pre- Time varying land cover
industrial (280 ppm) (Meiyappan and
Jain, 2012)
3 31 Observed SST (HadISST)  Increasing CO, Time varying land cover

(Meiyappan and
Jain, 2012)
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records from these three stations, including Cantanduva,
which is located farther away in the northwest of the res-
ervoir (Fig. 1a), show that the dry anomaly extended over
a fairly large region. Thus the observed precipitation def-
icit 2013/14 was not just restricted to the close vicinity of
Sao Paulo city but was of a larger-scale regional charac-
ter. The annual cycle of rainfall for 2013/14 and long-
term mean from GPCP (Fig. 1b) over this larger region
(averaged over the region 50°W to 45°W and 25°S to
20°S), clearly shows that the precipitation reduction
occurred during the peak rainy season (i.e. December
2013 to February 2014). In these three months, the pre-
cipitation was reduced by more than 50% in each of
the months.

For completeness we also reproduce here the time series
of reservoir water storage volume from Companhia De
Saneamento Basico Do Estado De Sao Paulo (SABESP —
COMPANHIA DE SANEAMENTO BASICO DO
ESTADO DE SAO PAULO, 2008) for the Cantareira res-
ervoir (Fig. 1d). It reveals a slight decline from 2011
onwards followed by a dramatic decrease in 2013/14 reach-
ing a historical low, with the reservoir containing only 5%
of its storage capacity in early 2014 (a reduction from
~1087 hm® in 2012 to 250 hm® in 2014). Inflow records
into the Cantareira reservoir system from SABESP for the
period 1931-2015 based on riverine records reveal similarly
a drastic reduction in 2013/14 and 2014/15 (Fig. 2). The
reduction is strongest during the wet season (DJF) with a
60% decrease in inflow during 2013/14. This confirms that
a lack of inflow is one of the major causes for the low res-
ervoir levels, but does not rule out additional contributing
causes, such as change in water usage from the reservoir.

Table 2. List of CMIP5 climate models and ensemble outputs
used in this study, simulation period, and research groups
responsible for their development.

Models Reference Simulation period

CCSM4 Gent et al. (2011) Jan 1850-Dec 2300
GFDL-ESM2M Dunne et al. (2012, 2013) Jan 1861-Dec 2100

3.1.2 Large-scale rainfall and SST anomalies for
2013-2015. To investigate the contributions of large scale
circulation changes to the precipitation deficit over state
of Sao Paulo, we compare time-lags between precipitation
anomalies and anomalies in SST, geopotential height at
200 hPa from NCEP/NCAR (Kalnay et al., 1996) and out-
going longwave radiation (OLR) from NOAA (Liebmann
and Smith 1996) for the period 2011 till 2015, including
the manifestation and/or absence of SACZ (Fig. 3a—d).
This analysis indicates that geopotential height anomalies,
located to the south of Sao Paulo (Fig. 3b), precede the
precipitation anomalies in 2013/14 and 2014/15. SST
anomalies (Fig. 3d) are time-synchronous (contemporan-
eous) with the precipitation anomalies and OLR anoma-
lies occurring similarly at the same time as precipitation
anomalies, as expected (Fig. 3c).

The large-scale spatial patterns of rainfall and SST
anomalies for the peak rainy season (DJF) between 2013
and 2015 are shown in Fig. 4a—f based on the GPCP cli-
matology and ERA-Interim reanalysis and with reference
to the 1979-2004 period. Large-scale patterns of rainfall
are quite similar in both 2013/14 and 2014/15 (Fig. 4a
and b) with both years showing a negative precipitation
anomaly over southeastern Brazil, which includes Sao
Paulo (green cross). The negative precipitation anomaly
extends in a southeastward direction into the subtropical
South Atlantic in both years. In these 2 years, the nega-
tive anomaly over Sao Paulo is also associated with posi-
tive rainfall anomalies to the south of Sao Paulo, in the
La Plata basin, SESA (Southeast South Asia) and over
the western part of the Amazon basin. The dipole pattern
observed in these 2 years agrees well with other studies
(Espinoza et al., 2014; Coelho et al., 2016b; Cavalcanti
et al, 2017). In 2015/16Sao Paulo, received normal
amounts of rainfall consistent with Zhang et al. (2016),
while a negative precipitation anomaly of about 2-3 mm/
day can be observed towards the eastern part of Amazon
basin. At a larger scale, the precipitation anomaly pattern
has a dipole-like structure over Brazil (Fig. 4c) consistent
with El Nino conditions; the southern part of Brazil
shows excessive rainfall whereas the northern part shows

HadGEM2-ES  Collins et al. (2011) Decl1859-Dec 2299
a rainfall deficit.
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Fig. 2. Annual and seasonal inflow into the Cantareira reservoir system for the period 1931-2015 based on SABESP records.
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Time-Latitude Diagram (Jul 2011 — Dec 2015)
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precipitation has been averaged over Sao Paulo, i.e. 50°W to 40°W, whereas the other three variables have been averaged over the south
Atlantic Ocean. Geopotential height and OLR have been averaged over 65°W to 40°W and SST has been averaged over 45°W to 10°W.
The monthly anomalies of the climatic fields have been calculated with respect to the mean of the respective months during the whole

period i.e. 1979-2004.

Figure 4d and e show the observed SST anomaly from
ERA-Interim in DJF 2013/14 and 2014/15, respectively.
The anomalies are very similar suggesting a possible asso-
ciation between these SST anomalies and the observed
precipitation deficit over Sao Paulo 2 years in a row. The
SST anomalies consist of three zonal bands: a cold band
in the tropical Atlantic (10°N to 20°S), a warm band just
to the south of Sao Paulo (20°S to 40°S, roughly the
oceanic part of the SACZ region), and another cold band
poleward of 40°S. In both rainfall-deficit years, warm
anomalies were also observed over the Indonesian Pacific
and cold anomalies over equatorial central Pacific (see
Supplementary Fig. S3a, b), which is consistent with Seth
et al. (2015) and Coelho et al. (2016b). Usually, the sub-
tropical high over the South Atlantic forms far from the
South American coast with core towards the eastern part
of the South Atlantic. But in 2013/14, this high-pressure
system has formed much closer to the coast extending
towards northeast Brazil, resulting in the absence of the
formation of SACZ episodes in 2013/14 (Coelho et al.,
2016b; Nobre et al., 2016). These analyses largely agree
with the inferences made by Otto et al. (2015), Seth et al.
(2015) and the analysis performed by Coelho et al.,

(2016a, 2016b). The warm SST band near Sao Paulo seen
in 2013-2015 shifted northward in 2015/16 (Fig. 4f)
resulting in positive rainfall anomalies west of Sao Paulo
(Fig. 4c). The mechanism behind the absence of SACZ
was the prolonged atmospheric blocking near Sao Paulo
(Coelho et al., 2016b).

3.1.3 Vertically integrated moisture flux transports and
divergence. Moisture flux transport relates to precipitation,
thus insights on drought mechanisms can be gained by
analyzing moisture flux transport and its divergence (with
positive divergence indicative of absence of precipitation).
During the two rainfall-deficit years the column-integrated
moisture flux advected into the Sao Paulo region was
mostly from the North (Fig. 5a and b). In these years,
there was a strong divergence observed over Sao Paulo
(Fig. 5c and d), which is consistent with the occurrence of
negative precipitation anomalies. In contrast, there is a
strong convergence zone over the western Amazon and a
weak divergence over the La Plata basin in both the deficit
years, which is associated with excessive rainfall over the
corresponding regions (Fig. 5¢ and d).
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been adopted from GPCP (Adler et al., 2003) and the SST is from ERA-Interim (Dee et al., 2011). The top panel (a—c) shows the
rainfall anomalies while the bottom panel (d—f) shows the SST anomalies. The geographical location of Sao Paulo city has been marked
as green plus sign in all the subplots. We have chosen a box over the South Atlantic Ocean, which has been used to identify the similar

occurrence of SST anomaly pattern in the future climate.
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Fig. 5.  Top panel: Moisture flux transport anomaly and SST
anomaly (°C) obtained from ERA-Interim for (a) 2013/14 and (b)
2014/15 with respect to the mean of the respective fields during
1979-2004. The moisture flux transport has been plotted as vector
field while the SST anomaly has been plotted as shaded. Bottom
panel: moisture flux anomaly divergence for (c) 2013/14 and (d)
2014/15.

3.2 Model-based examination of the role of Amazon
deforestation and GHG emissions on the Sao Paulo
water shortage

To investigate the roles of deforestation in the Amazon
and changes in the climate system caused by increases in
GHGs for the anomalously low rainfall event in 2013/14,
we carried out three simulation scenarios with HadAM3
as described in Section 2 and summarized in Table 1.
Comparing different ensemble members, we find that
there is a precipitation deficit during 2013/14 in the Sao
Paulo region (defined as above) in four out of six, and
five out of six of the simulations for scenarios 1 and 2,
respectively. For the 31 ensemble simulations for scenario
3, 74% of the simulations showed a precipitation deficit
(see Fig. 6), suggesting that SST’s anomaly patterns as in
2013/14 are associated with drier than usual conditions in
the Sao Paulo region, although reflecting the chaotic
nature of atmospheric circulation this is not always the
case, i.e. there seem to be at least two possible modes. To
identify and display the spatial patterns associated with
the dry mode in the results that follow we only averaged
the negative rainfall members.

We first compare the simulated rainfall anomalies in
DIJF 2013/14 with respect to 1979-2004 mean rainfall as
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Fig. 6. Frequency distribution of DJF 2013/14 rainfall anomaly
over the Sao Paulo region (25°S to 20°S and 50°W to 45°W)
from HadCM3 simulations with observed land cover and
observed GHG. Total 31 numbers of ensemble simulations were
carried out by perturbing the initial conditions.
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documented by gridded observed rainfall from GPCP
(Fig. 7). Large-scale simulated precipitation patterns are
broadly similar between the different simulation scenarios,
all showing on average a negative precipitation anomaly
over southeastern Brazil, including the Sao Paulo region,
although the anomalous pattern is slightly displaced
northwards when compared to the observed pattern. In
both GPCP observations (Fig. 7a) and model simulations
(Fig. 7b-d) the precipitation anomaly extends in the
southeastward direction the subtropical South
Atlantic. All simulations capture not only the Sao Paulo
region anomaly but also the excess rainfall pattern over

into

the western part of the Amazon basin. However, the rain-
fall anomaly patterns in the two simulations with vegeta-
tion changing over time including recent deforestation
over Amazon forest (Fig. 7c and d) are slightly closer to
GPCP precipitation anomalies (Fig. 7a) compared to the
simulation with fixed vegetation (Fig. 7b). Thus,

2013/14 DJF Rainfall Anomaly

(b) Fixed land cover (1870)
and fixed CO, (280 ppm)
L3
o o
20°s 20°s
40°s 40 s
_ 4
80°W 60° W 40° W 20" W 80°W 60 W 40° W 20" W 3
(c) Time varying land cover
and fixed CO, (280 ppm) ’
1
0
-1
80°W 60 W 40 W 20° W o
(d) Time varying land cover
and observed increasing CO, -3
o -4
(in mm/day)
20°s
40" s

80°W 60° W 40" W 20" W

Fig. 7.

DIJF rainfall anomaly (mm/day) for 2013/14 (right panel) with respect to 1979-2004 from observations and HadAM3 simulations.

Left and right columns represent observed and model simulated rainfall anomaly for 2013/14 respectively. (a) Observed rainfall from GPCP
rainfall, b) simulation result of HadAM3 with fixed land cover (1870) and CO, fixed at preindustrial level (Scenario 1), (c) simulation
results using HadAM3 with reconstructed time varying land cover (Meiyappan and Jain, 2012) and CO, fixed at preindustrial level
(Scenario 2) and (d) simulation results using HadAM3 with reconstructed time varying land cover (Meiyappan and Jain, 2012) and
observed GHGs increasing over time (Scenario 3). In this figure, the selection of the ensembles is based on criteria when the ensemble
member simulates the rainfall anomaly over the Sao Paulo region (25°S to 20°S and 50°W to 45°W) less than —1 mm/day. Then the

composite of these ensembles have been calculated and plotted above.
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(a) Pattern Correlation of SST Anomaly over Southwest Atlantic with 2013/14 SST Anomaly
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(a) Pattern correlation of SST anomaly from ERA-Interim of DJF 2013/14 over south Atlantic (region shown in Fig. 3d i.e.

60°S to 0 and 42°W to 10°W) with SST anomaly in the other years. Red lines denote the years when the correlation is greater than or
equal to 90th percentile and blue lines denote the years when the correlation is less than or equal to 10th percentile. (b) Frequency
distribution of pattern correlation coefficients of ERA-Interim SST anomalies for 1979-2015.

according to these simulations, even in the presence of
unperturbed forests (Fig. 7b), the low precipitation anom-
aly over Sao Paulo is reproduced by the model. With the
caveat that observed SSTs may already be influenced by
deforestation of the Amazon, our simulations thus sug-
gest that the Sao Paulo precipitation deficit is indeed
related primarily to the specific SST anomalies in these
years with deforestation/vegetation cover change or the
direct effect of increasing GHG levels slightly modulating
the anomalies. We also make the caveat that we cannot
discern to what extent the positive SST anomalies are
enhanced by lack of clouds impeding solar radiation.

3.3 Past and future frequency of dry events like 2013/
14 in the Sao Paulo region

How unique are the SST conditions experienced during
the wet season of 2013/14? In order to obtain at least a
tentative answer for this question both for the historical
record and future climate simulations, we apply a simple
pattern recognition approach (Santer et al., 1995) both to
the historical record and future climate simulations. The
pattern recognition approach calculates for each year a
correlation coefficient (CC) of spatial patterns of SST

anomalies in the South Atlantic (region shown in
Fig. 4d), with the spatial pattern of the anomaly in DJF
2013/14. High positive correlation values indicate a simi-
lar (spatial) SST condition to 2013/14. To calculate the
correlation coefficients, spatial patterns are arranged as
vectors and then the correlation coefficient calculated in
the standard way. For example, if the spatial map con-
sists of N x M pixels, then these are arranged as a vector
5 = (S11..%21,. %N, ,SM1,.Sm,. N) wWhere s11_ 51y, is the
first column of pixels of the map and so on.

We first test the approach by applying it to the ERA-
Interim SST anomaly over the region in the Atlantic
marked in Fig. 4d for the 1979-2015 period (Fig. 8). There
are 3 years when correlation values exceed the 90th per-
centile of the time series (Fig. 8), viz. 2000-01 (CC value
0.76), 200506 (CC value 0.72) and 2014/15 (CC value
0.85), and the four events for which patterns are most anti
correlated (below the 10th percentile): 1984-85 (CC value
—0.74), 1999-00 (CC value -0.54), 2004-05 (CC value
—0.51) and 2008-09 (CC value —0.4). The frequency distri-
bution of pattern correlation coefficients of SST anomaly
over tropical South Atlantic Ocean for the period
1979-2015 is provided in Fig. 8b. Events with high positive
correlation occurred three times over this 36-year period.
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Fig. 9.

DJF rainfall anomaly (GPCP), SST and moisture flux transport anomaly (ERA-Interim) during the years having correlation

value greater than or equal to 90th percentile (Fig. 8) of the study period viz. 2000-01, 2005-05, 2013-14 and 2014-15. Top panel:
rainfall anomaly for the years 2000-01 (a), 2005-06 (b), 2013-14 (c) and 201415 (d). Bottom panel: SST (in shaded) and moisture flux
transport (in vector) anomaly for the years 2000-01 (e), 2005-06 (f), 2013-14 (g) and 201415 (h).

The spatial map of rainfall and SST anomalies for the
years having highest correlation values (greater than 90th
percentile) are plotted in Fig. 9, whereas similar plots for
the most anti-correlated years (less than 10th percentile)
have been provided in Supplementary Fig. S5. In 2000-01,
2005-06 and 2014/15, the spatial patterns of the rainfall,
SST and moisture flux anomaly near Sao Paulo were
indeed similar to that in the 2013/14 (Fig. 9). In the anti-
correlated years 1984-85, 1999-00, 2004-05 and 2008-09
there were positive rainfall anomalies over the Sao Paulo
region (Supplementary Fig. S5). Also, we analysed the dur-
ation of the surface pressure anomaly associated with
blocking during the highest and lowest correlated years
over the Sao Paulo region (Supplementary Fig. S4). The
durations of the pressure anomaly for the years with simi-
lar anomalies are similar to the duration in 2013/14.

We further apply the pattern recognition approach to
historical and future climate simulations with three well-
known CMIP5 models: CCSM4, GFDL-ESM2M and
HadGEM2-ES for the historical period (1860-2005) and
future period (2006-2100) based on the RCP 8.5 emis-
sions scenario (Collins et al.,, 2011). The choice of the

CMIP5 models has been made based on its ability to
reproduce the precipitation and OLR pattern in the
SACZ and SESA region (Junquas et al., 2012). This has
been performed by calculating the climatological DJF
mean of precipitation and OLR for the period 1979-2005
for selected three models (viz. CCSM4, GFDL-ESM2M
and HadGEM2-ES) and corresponding observations.
Precipitations from GPCP and OLR from NOAA have
been used as observations for validating the CMIP5 mod-
els. The CMIPS models have performed satisfactorily in
reproducing the precipitation (see Supplementary Fig. S6)
and OLR pattern over SACZ and SESA region
(see Supplementary Fig. S7). Further, the precipitation
changes in the future period (2050-2075) with respect to
the historical period (1979-2004) suggest that the seesaw
pattern exists (see Supplementary Fig. S8), which is con-
sistent with Junquas et al. (2012). It is interesting to note
that, on average, rainfall in Sao Paulo region is higher in
the future (see Supplementary Fig. S8).

The spatial correlation was calculated between the SST
anomalies of 2013/14 from ERA-Interim with each year’s
SST anomaly from the selected three CMIPS models over
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Left panel represents the pattern correlation coefficients of SST anomaly of DJF 2013/14 from ERA-Interim with SST

anomaly of other years for simulations with CCSM4 (a), GFDL-ESM2M (b) and HadGEM2-ES (c) for the period 1870-2100. Right
panel represents the rainfall anomaly over the Sao Paulo region (25°S to 20°S and 50°W to 45°W) from CCSM4 (d), GFDL-ESM2M
(e) and HadGEM2-ES (f) for the period 1870-2100. The blue and red curves represent historical and future periods in RCP8.5 scenario
respectively. Black vertical lines in Fig. 8a—c indicate the years when the correlation value is more than 90th percentile and in Fig. 8d-f,
the black vertical line shows the rainfall anomalies for the corresponding years.

the tropical South Atlantic Ocean (Fig. 10a—c). We use a
moving window of 20 years to calculate SST anomalies to
take into account the temperature increases of the ocean
in these simulations. Also, the rainfall anomaly over Sao
Paulo has been plotted for the historical and future peri-
ods for the same models (Fig. 10d—f). The analysis shows
that for years in which historical SST correlations over
the tropical South Atlantic Ocean are higher than 90th
percentile of the corresponding rainfall anomalies over
Sao Paulo were indeed negative in 67% of the cases in
CCSM4 and in around 90% of cases in GFDL-ESM2M
and HadGEM2-ES, thus confirming the consistency
of the approach. The normalized frequency distributions
of the correlation coefficients of three CMIPS5 models
for the past and future shows that there is no clear
indication of an increase of 2013/14 SST anomaly events
in any of the model predictions of future climate
(Fig. 11a—d).

4. Conclusions

Building on previous studies, we have further investigated
the factors contributing to the recent water shortage over
Sao Paulo over the period 2013/14 and 2014/15, using a

combination of observations, reanalysis datasets and
model simulations. We have specifically analysed the role
of deforestation and elevated GHG levels for the 2013/14
and 2014/15 anomalies using a set of factorial coupled
land-vegetation-atmosphere ensemble simulations, driven
by observed SSTs. From the simulation results we con-
clude that an anomalous high pressure system was estab-
lished over anomalously warm SSTs in the southern
Atlantic Ocean, with the warm ocean maintained by pre-
vailing subsidence and enhanced solar radiation reaching
the surface. These factors were found to be directly asso-
ciated with the precipitation deficit, while deforestation
and increasing GHGs only slightly modified the character
of the precipitation anomalies. The results of the time-
varying GHG experiment presented in the manuscript
agree with experiments by Otto et al. (2015) with respect
to unchanged precipitation response when comparing the
current with pre-industrial GHG conditions. Historical
records and a pattern recognition analysis suggest further
that spatiotemporal SST and precipitation anomalies
similar to those in 2013/14 have occurred three times over
the last 35years. Finally, the analysis of future climate
simulations from three different CMIP5 models does sug-
gest that similar SST anomalies in the southern Atlantic
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of SST anomalies for the simulations with CCSM4 (a), GFDL-ESM2M (b) and HadGEM2-ES (c) for the period 1870-2100. The blue
and red bars represent historical and future periods in RCP8.5 scenario respectively.

and associated events of precipitation deficit are likely to
occur with similar frequency in the future. These results
need to be taken with sufficient caution given limitations
of climate models and of our approach.
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