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ABSTRACTStephanie C. Herring, Nikolaos Christidi, Andrew Hoell, James P. Kossin, Carl . Schreck Il and Peter A. Stott

This sixth edition of explaining extreme events of the
previous year (2016) from a climate perspective is the
first of these reports to find that some extreme events
were not possible in a preindustrial climate. The events
were the 2016 record global heat, the heat across Asia,
as well as a marine heat wave off the coast of Alaska.
While these results are novel, they were not unexpected.
Climate attribution scientists have been predicting that
eventually the influence of human-caused climate change
would become sufficiently strong as to push events
beyond the bounds of natural variability alone. It was also
predicted that we would first observe this phenomenon
for heat events where the climate change influence is most
pronounced. Additional retrospective analysis will reveal
if, in fact, these are the first events of their kind or were
simply some of the first to be discovered.

Last year, the editors emphasized the need for ad-
ditional papers in the area of “impacts attribution” that
investigate whether climate change’s influence on the
extreme event can subsequently be directly tied to a
change in risk of the socio-economic or environmental
impacts. Several papers in this year’s report address this
challenge, including Great Barrier Reef bleaching, living
marine resources in the Pacific, and ecosystem productiv-
ity on the Iberian Peninsula. This is an increase over the
number of impact attribution papers than in the past, and
are hopefully a sign that research in this area will continue
to expand in the future.

Other extreme weather event types in this year’s
edition include ocean heat waves, forest fires, snow
storms, and frost, as well as heavy precipitation, drought,
and extreme heat and cold events over land. There were
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a number of marine heat waves examined in this year’s
report, and all but one found a role for climate change
in increasing the severity of the events. While human-
caused climate change caused China’s cold winter to be
less likely, it did not influence U.S. storm Jonas which hit
the mid-Atlantic in winter 2016.

As in past years, the papers submitted to this report
are selected prior to knowing the final results of
whether human-caused climate change influenced the
event. The editors have and will continue to support the
publication of papers that find no role for human-caused
climate change because of their scientific value in both
assessing attribution methodologies and in enhancing
our understanding of how climate change is, and is not,
impacting extremes. In this report, twenty-one of the
twenty-seven papers in this edition identified climate
change as a significant driver of an event, while six did
not. Of the 13| papers now examined in this report over
the last six years, approximately 65% have identified a
role for climate change, while about 35% have not found
an appreciable effect.

Looking ahead, we hope to continue to see improve-
ments in how we assess the influence of human-induced
climate change on extremes and the continued inclusion
of stakeholder needs to inform the growth of the field and
how the results can be applied in decision making. While
it represents a considerable challenge to provide robust
results that are clearly communicated for stakeholders
to use as part of their decision-making processes, these
annual reports are increasingly showing their potential
to help meet such growing needs.



13. A MULTIMETHOD ATTRIBUTION ANALYSIS
OF THE PROLONGED NORTHEAST BRAZIL
HYDROMETEOROLOGICAL DROUGHT (2012-16)

EbuarDO S. P. R. MARTINS, Calo A. S. CoeLHo, REIN HAARSMA, FRIEDERIKE E. L. OTTO,
ANDREW D. KING, GEERT JAN VAN OLDENBORGH, SARAH KEW, SJOUKJE PHILIP,
FrRaNcisco C. VASCONCELOS JUNIOR, AND HEIDI CULLEN

Northeast Brazil experienced profound water shortages in 2016 due to a five-year drought. Using multiple
methods, we could not find sufficient evidence that anthropogenic climate change increased drought risk.

Introduction. The northeast Brazil region (NEB,
defined as the land area in 7°-21°S, 36°-47°W; Fig.
13.1a) has experienced a remarkable drought during
the 5-year period between 2012-16 (Fig. 13.1c). The
NEB encompasses the largest regional water supply
system of Brazil, the Sdo Francisco River Basin (SFRB),
which is of great importance not solely for human
consumption, but also for agricultural and hydropower
production. During the 2012-16 drought, this system
suffered major impacts due to water shortages
affecting several sectors. Southern NEB experiences
the wet season during austral summer and the dry
season during austral winter. Central NEB has a
semiarid climate with reduced precipitation, relative
to the rest of Brazil, during all seasons. Northern NEB
experiences the wet season during austral autumn
and is predominantly dry during the other seasons.
The region is prone to frequent droughts most often
associated with El Nifio (Ropelewski and Halpert 1987,
1989) and/or the positive (northward) anomalous sea
surface temperature (SST) gradient between tropical
north and south Atlantic (Moura and Shukla 1981).
However, the beginning of the 2012-16 drought has
been documented not to be associated to El Nifo
(Rodrigues and McPhaden 2014; Marengo et al. 2016).
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The SFRB water system (composed of Trés
Marias, Sobradinho, and Itaparica reservoirs) reached
in January 2016 just 5% of its volume capacity (Fig.
13.1b). Most important reservoirs across other re-
gional states reached similar low levels, causing water
shortages in several municipalities. In December
2016, one of the regional states (Ceara), registered 39
collapsed (empty) reservoirs out of 153 monitored res-
ervoirs. Another 42 reached the inactive volume, with
waters solely accessible when installing dedicated
pumping systems. In addition, 96 out of the 184 Ceara
municipalities experienced water supply interruption.
To reduce northern basin vulnerability, a long-lasting
project dating back to colonial times, was implement-
ed: the Sdo Francisco diversion projecta large-scale
interbasin water transfer to the driest NEB portion,
bringing southern SFRB water to northern states.
Remaining issues to be addressed are the impacts
of prolonged droughts on the project sustainability
and the potential impact the diversion may have in
increasing water demand in the northern basins.

This water crisis is not solely due to the evolving
state of the physical system but is also aggravated by
various federal and state system structural problems
affecting drought monitoring/forecasting, vulner-
ability assessment, mitigation, and response plan-
ning. The crisis is therefore profoundly exacerbated
by drought management deficiencies. Both exposure
and vulnerability (due to population growth and
increased water demand) remain high and can be
further intensified with frequent disregard of long-
term view in short- and medium-term decisions.

This study investigates possible changes in the
hydrometeorological hazard, comprising the accumu-
lated precipitation, the difference between precipita-
tion and evaporation (P—E), and its potential impact
on two SFRB reservoirs inflows (Q). A drought as-
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sessment solely based on meteorological aspects is not
sufficient to inform public decisions. The combina-
tion of the physical event, vulnerability, and exposure
of millions of people living in rural and urban areas
represent the true impact (Field et al. 2012).

Data and methods. This paper performs an assessment
and attribution analysis of the 2016 NEB drought
event through a multimethod investigation of
12-month (January to December 2016) and multiyear

(P-E), and 12-month hydrological flow (Q). The
methods include:

(i) Estimation of return periods for the 2016 and
2012-16 drought events based on historical records
(1900-2016). Return periods were obtained by invert-
ing the fit of annual accumulation of monthly mean
precipitation to a Gaussian distribution that scales
with the smoothed global mean surface temperature
(GMST). Global warming is factored in by allowing
the Gaussian fit to be a function of the (low-pass fil-

(2012-16) accumulated precipitation, water balance tered) GMST. It is assumed that the scale parameter
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Fic. 13.1. (a) Relative precipitation anomalies for Jan 2012-Dec 2016 (left) and Jan-Dec 2016 (right) as
a percentage of the 1941-2010 climatology (Source: GPCC); (b) Sao Francisco River Basin equivalent
reservoir water volume (%) since 1998; (c) 12-month running mean of precipitation anomalies averaged
over land grid points within the area 7°-21°S, 36°-47°E. Base period 1941-2010; (d) Same as (c), but for
5-year running mean; (e) Return period curve obtained by inverting the fit of annual sum of monthly mean
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Observations (pink) are shown twice: scaled to the 2016 climate (red) and to the 1900 climate (blue); (f)
As in (e), but now for 5-year sum and no trend.
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(i.e., the standard deviation) scales with the position
parameter (i.e., the mean) of the Gaussian fit. This
observational analysis is based on the GPCC-V7
analysis up to 2013 (Global Precipitation Climatol-
ogy Centre; Schneider et al. 2014), and the GPCC
monitoring V5 analysis for 2014-16, designed to be
compatible with each other.

(i) Estimation of the change in drought risk for
this event by comparing model simulations of the
current climate with simulations of the climate in
a “world that might have been” if the atmospheric
composition through greenhouse gas emissions had
not been changed. We use the distributed computing
framework—weather@home—to run the Met Office
Hadley Centre atmosphere-only general circulation
model HadAM3P (Massey et al. 2015) to simulate
precipitation and P-E in two different ensembles
representing: 1) observed climate conditions of 2016,
and 2) counterfactual conditions under preindustrial
greenhouse gas forcings and 11 different SST esti-
mates without human influence (Schaller et al. 2014).

(iii) A similar procedure as in (ii) but instead using
coupled multimodel ensemble simulations (CMIP5;
Taylor et al. 2012) and the SST-forced HadGEM3-A
model (Christidis et al. 2013).

(iv) Downscaling Had AM3P precipitation and
evaporation using a hydrological model (Lopes et
al. 1981) for estimating flows for both High (Trés
Marias) and Medium (Sobradinho) Sdo Francisco
hydrographic regions.

Results. Drought conditions were observed over NEB
during 2012-15 and continued into 2016 for most
of the region (Fig. 13.1a). Figures 13.1c,d show NEB
12-month and 5-year running mean time series, re-
spectively. While the severity of the 2012-16 drought
is evident, no historical trend is discernible in either
of the series. The return period for the 2016 drought
is about 4 years [95% confidence interval (CI): 2-9
years (Fig. 13.1e)]; however the continuous 2012-16
drought has a return period of 350 years [95% CI:
at least 135 years (Fig. 13.1f)], characterizing this
drought as exceptional. There is no autocorrelation
in the series, so the 5-year drought is a combination
of 1-year droughts. Note that with 100 years of this
data, only trend changes that exceed a roughly twofold
increase or decrease in probability can be detected.
The NEB annual mean precipitation weather@
home analysis (Fig. 13.2a) shows that low precipita-
tion extremes have become slightly less likely due
to anthropogenic forcing: what would have been a
1-in-4-year precipitation deficit event like the 2016

AMERICAN METEOROLOGICAL SOCIETY

event has become approximately a 1-in-6-year event
with a risk ratio of 0.70 (95% CI: 0.55-0.84). The
P-E analysis (Fig. 13.2d) also indicates a reduction
in drought risk. For future precipitation projections
under a 2°C scenario (Mitchell et al. 2017), the picture
is different (not shown) with a marked increase in low
precipitation extremes in consistency with the CMIP5
analysis below.

Our CMIPS5 analysis used eight climate models
passing our evaluation test of satisfactorily capturing
the observed NEB annual precipitation anomalies dis-
tribution (see online supplementary material). Using
these models we compared the likelihood of 1- and
5-year precipitation deficits comparable to the 2016
and 2012-16 events, respectively (Figs. 13.2b,e). Our
multimodel analysis indicates that climate change has
increased the probability of such prolonged low pre-
cipitation events, although there is high uncertainty
on the magnitude of that influence (Fig. 13.2i). In
future, precipitation deficits like 2016 or the last five
years are projected to be even more likely. There is also
no detectable change in P-E due to human-induced
climate change (Fig. 13.2¢,f) presumably because
the increase in evaporation cancels the increase in
precipitation. The HadGEM3-A analysis indicates
reduced risk for low precipitation events due to an-
thropogenic forcing, with even higher uncertainty
than CMIPS5 (Figs. 13.2i).

The comparison of the probability density func-
tions (PDF) for 2016 annual flow under preanthro-
pogenic (counterfactual ensemble) and current
emissions (actual ensemble) for both SFRB regions
(Figs. 13.2g,h) reveals slightly reduced risk of extreme
low flow as observed in 2016 due to anthropogenic
forcing.

Conclusions. The observational analysis confirmed
that droughts are common over NEB, but prolonged
droughts comparable to the current one are excep-
tional, as highlighted by the impressive return period
for the 2012-16 drought of at least 135 years.

The weather@home simulations indicated that
anthropogenic climate change is not contributing
to increased risk of single-year droughts over NEB,
which is in line with the hydrological analysis that
also did not indicate increased risk for extreme
low flow. This is consistent with the observational
analysis that did not indicate a trend toward drier
conditions up to now as an association with global
mean temperature (see Fig. ES13.1e). Despite the
CMIP5 analysis indicating increased likelihood of
1- and 5-year precipitation deficits over NEB due
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to anthropogenic forcing, an uncertainty analysis
of the 1-year precipitation risk ratio results shows
that the evidence is weighted toward natural climate
variability as the principle driver, as summarized
in Fig. 13.2i. Most CIs include the risk ratio equal
to 1 indicating that no change in drought risk can
be detected or attributed. Our multimethod analy-
sis suggests that there is not enough evidence that
anthropogenic climate change increased drought risk.
In future projections under strong radiative forcing,
both weather@home and CMIP5 indicate increased
risk for extremely dry events.

The 2012-16 drought might also have been pro-
longed by a positive hydrological cycle feedback. The
possibility of a positive feedback between precipita-
tion and soil moisture and the existence of multiple
equilibria was theoretically suggested by D’Andrea
etal. (2006). Oyama and Nobre (2003) and Hirota et
al. (2011) investigated this feedback for NEB showing
thatland surface and vegetation changes could induce
tipping points and multiple equilibria. A similar
investigation focused on the 2012-16 event could
help advance the understanding of the mechanisms
associated to the observed drought.
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Government responses to the past and present
droughts have common characteristics that severely
prevent drought risk mitigation through improved
response and relief, long-term resilience building,
and adaptation measures (Martins et al. 2016). This is
particularly true for the multiyear drought (2012-16)
analyzed in this paper.
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Table I.1. SUMMARY of RESULTS

INCREASE DECREASE NOT FOUND OR UNCERTAIN
Ch. 3: Global
Ch. 7: Arctic
Heat
Ch. I5: France
Ch. 19: Asia
Ch. 23: China
Cold
Ch. 24: China
Heat & Ch. 25: Thailand
Dryness
Ch. 4: Central Equatorial Pacific

Marine Heat

Ch.
Ch.
Ch.
Ch.
Ch.

5: Central Equatorial Pacific
6: Pacific Northwest

8: North Pacific Ocean/Alaska
9: North Pacific Ocean/Alaska
9: Australia

Ch.

4: Eastern Equatorial Pacific

Ch. 20: South China Ch. 10: California (failed rains)
Heavy Ch. 21: China (Wuhan) Ch. 26: Australia
Precipitation
Ch. 22: China (Yangtze River) Ch. 27: Australia
Frost Ch. 29: Australia
Winter Storm Ch. 11: Mid-Atlantic U.S. Storm "Jonas"
Ch. 17: Southern Africa
Drought Ch. 13: Brazil
Ch. 18: Southern Africa
Atmospheric .
Circulation Ch. 15: Europe
Stagnant Air Ch. 14: Western Europe
Wildfires Ch. 12: Canafh. & Australia (Vapor
Pressure Deficits)
Coral Ch. 5: Central Equatorial Pacific
Bleaching Ch. 28: Great Barrier Reef
Ch. 5: Central Equatorial Pacific (Chl-a
Ecosystem and primary production, sea bird abun-
Function dance, reef fish abundance)
Ch. 18: Southern Africa (Crop Yields)
El Nifio Ch. 18: Southern Africa Ch. 4: Equatorial Pacific (Amplitude)

TOTAL

54
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Heat

Cold

Heat & Dryness

Marine Heat

Heavy
Precipitation

Frost

Winter Storm

Drought

Atmospheric

Circulation

Stagnant Air

Wildfires

Coral
Bleaching

Ecosystem

Function

El Nifio

METHOD USED
Total

Events

Ch. 3: CMIP5 multimodel coupled model assessment with piCont, historicalNat, and historical forcings
Ch. 7: CMIP5 multimodel coupled model assessment with piCont, historicalNat, and historical forcings
Ch. 15: Flow analogues conditional on circulation types

Ch. 19: MIROC-AGCM atmosphere only model conditioned on SST patterns

Ch. 23: HadGEM3-A (GA6) atmosphere only model conditioned on SST and SIC for 2016 and data fitted to
GEV distribution

Ch. 24: CMIP5 multimodel coupled model assessment

Ch. 25: HadGEM3-A N216 Atmosphere only model conditioned on SST patterns

Ch. 4: SST observations; SGS and GEV distributions; modeling with LIM and CGCMs (NCAR CESM-LE and
GFDL FLOR-FA)

Ch. 5: Observational extrapolation (OISST, HadISST, ERSST v4)
Ch. 6: Observational extrapolation; CMIP5 multimodel coupled model assessment
Ch. 8: Observational extrapolation; CMIP5 multimodel coupled model assessment

Ch. 9: Observational extrapolation; CMIP5 multimodel coupled model assessment

Ch. 10: CAM5 AMIP atmosphere only model conditioned on SST patterns and CESMI CMIP single coupled
model assessment

Ch. 20: Observational extrapolation; CMIP5 and CESM multimodel coupled model assessment; auto-regres-
sive models

Ch. 21: Observational extrapolation; HadGEM3-A atmosphere only model conditioned on SST patterns;
CMIP5 multimodel coupled model assessment with ROF

Ch. 22: Observational extrapolation, CMIP5 multimodel coupled model assessment
Ch. 26: BoM seasonal forecast attribution system and seasonal forecasts

Ch. 27: CMIP5 multimodel coupled model assessment

Ch. 29: weather@home multimodel atmosphere only models conditioned on SST patterns; BoM seasonal
forecast attribution system

Ch. I1: ECHAMS atmosphere only model conditioned on SST patterns

Ch. 13: Observational extrapolation; weather@home multimodel atmosphere only models conditioned on
SST patterns; HadGEM3-A and CMIP5 multimodel coupled model assessent; hydrological modeling

Ch. 17: Observational extrapolation; CMIP5 multimodel coupled model assessment; VIC land surface
hdyrological model, optimal fingerprint method

Ch. 18: Observational extrapolation; weather@home multimodel atmosphere only models conditioned on
SSTs, CMIP5 multimodel coupled model assessment

Ch. 15: Flow analogues distances analysis conditioned on circulation types

Ch. 14: Observational extrapolation; Multimodel atmosphere only models conditioned on SST patterns
including: HadGEM3-A model; EURO-CORDEX ensemble; EC-EARTH+RACMO ensemble

Ch. 12: HadAM3 atmospere only model conditioned on SSTs and SIC for 2015/16

Ch. 5: Observations from NOAA Pacific Reef Assessment and Monitoring Program surveys

Ch. 28: CMIP5 multimodel coupled model assessment; Observations of climatic and environmental conditions
(NASA GES DISC, HadCRUT4, NOAA OISSTV2)

Ch. 5: Observations of reef fish from NOAA Pacific Reef Assessment and Monitoring Program surveys; visual
observations of seabirds from USFWS surveys.

Ch. 18: Empirical yield/rainfall model

Ch. 4: SST observations; SGS and GEV distributions; modeling with LIM and CGCMs (NCAR CESM-LE and
GFDL FLOR-FA)

Ch. 18: Observational extrapolation; weather@home multimodel atmosphere only models conditioned on
SSTs, CMIP5 multimodel coupled model assessment
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