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ABSTRACTStephanie C. Herring, Andrew Hoell, Martin P. Hoerling, James P. Kossin, Carl ). Schreck Ill, and Peter A. Stott

This fifth edition of explaining extreme events of the
previous year (2015) from a climate perspective contin-
ues to provide evidence that climate change is altering
some extreme event risk. Without exception, all the
heat-related events studied in this year’s report were
found to have been made more intense or likely due to
human-induced climate change, and this was discernible
even for those events strongly influenced by the 2015 El
Nifo. Furthermore, many papers in this year’s report
demonstrate that attribution science is capable of separat-
ing the effects of natural drivers including the strong 2015
El Nifo from the influences of long-term human-induced
climate change.

Other event types investigated include cold winters,
tropical cyclone activity, extreme sunshine in the United
Kingdom, tidal flooding, precipitation, drought, reduced
snowpack in the U.S. mountain west, arctic sea ice ex-
tent, and wildfires in Alaska. Two studies investigated
extreme cold waves and monthly-mean cold conditions
over eastern North America during 2015, and find these
not to have been symptomatic of human-induced climate
change. Instead, they find the cold conditions were caused
primarily by internally generated natural variability. One
of these studies shows winters are becoming warmer, less
variable, with no increase in daily temperature extremes
over the eastern United States. Tropical cyclone activity
was extreme in 2015 in the western North Pacific (WNP)
as measured by accumulated cyclone energy (ACE). In this

| BANMS DECEMBER 2016

report, a study finds that human-caused climate change
largely increased the odds of this extreme cyclone activity
season. The 2015 Alaska fire season burned the second
largest number of acres since records began in 1940.
Investigators find that human-induced climate change has
increased the likelihood of a fire season of this severity.

Confidence in results and ability to quickly do an
attribution analysis depend on the “three pillars” of
event attribution: the quality of the observational record,
the ability of models to simulate the event, and our
understanding of the physical processes that drive the
event and how they are being impacted by climate change.
A result that does not find a role for climate change
may be because one or more of these three elements is
insufficient to draw a clear conclusion. As these pillars
are strengthened for different event types, confidence in
the presence and absence of a climate change influence
will increase.

This year researchers also link how changes in extreme
event risk impact human health and discomfort during
heat waves, specifically by looking at the role of climate
change on the wet bulb globe temperature during a
deadly heat wave in Egypt. This report reflects a growing
interest within the attribution community to connect
attribution science to societal impacts to inform risk
management through “impact attribution.” Many will
watch with great interest as this area of research evolves
in the coming years.



15. ASSESSING THE CONTRIBUTIONS OF LOCAL AND EAST
PACIFIC WARMING TO THE 2015 DROUGHTS IN ETHIOPIA
AND SOUTHERN AFRICA

CHRis FuNk, LAURA HARRISON, SHRADDHANAND SHUKLA, ANDREW HOELL, DIRIBA KORECHA,
TaMukA MAGADZIRE, GREGORY HusAk, AND GIDEON GALU

Anthropogenic warming contributed to the 2015 Ethiopian and southern African droughts by increasing
El Nifio SSTs and local air temperatures, causing reduced rainfall and runoff, and contributing
to severe food insecurity.

Introduction. In northern Ethiopia (7°-14°N, 36.5°-
40.5°E, NE) during June-September (JJAS) of 2015
and in southern Africa (13.5°-27°S, 26.5°-36°E,
SA) during December-February (DJF) of 2015/16,
main growing seasons rains were extremely poor.
In Ethiopia, Climate Hazards Group Infrared
Precipitation with Stations (CHIRPS) (Funk et al.
2015¢) and Centennial Trends (Funk et al. 2015b) data
indicated one of the worst droughts in more than 50
years (FEWSNET 2015). More than ten million people
currently require humanitarian relief (FEWSNET
2016a). SA rains were also extremely poor (FEWSNET
2016b); in Mozambique and Malawi, February maize
prices were more than twice the five-year average, and
in Zimbabwe the president has declared a national
disaster in view of the El Nifio-induced poor rains
and the escalating food insecurity situation.

NE has been experiencing long-term rainfall de-
clines (Funk et al. 2008; Funk et al. 2005; Jury and
Funk 2013; Viste et al. 2012; Williams et al. 2012). The
eastern Ethiopian highlands have exhibited recur-
rent soil moisture and runoff deficits since the 1990s
(Funk et al. 2015¢). NE rains in 2015 were the driest
on record, but station data density prior to 1950 is very
sparse for Ethiopia (Funk et al. 2015b). SA rainfall
does not exhibit a decline, but the 2015-16 drought
was severe. The impact of ENSO on Ethiopian rainfall
is well documented (Fig. S15.1; Camberlin 1997; De-
gefu 1987; Diro et al. 2011; Gissila et al. 2004; Korecha

and Barnston 2007; Korecha and Sorteberg 2013;
Segele and Lamb 2005): the warm phase of ENSO is
associated with suppressed rains during the main wet
season (JJAS) over north and central Ethiopia. There
have also been numerous papers documenting a nega-
tive teleconnection between El Nifio and SA rainfall
(Supplemental Fig. S15.1; Hoell et al. 2015; Jury et
al. 1994; Lindesay 1988; Misra 2003; Nicholson and
Entekhabi 1986; Nicholson and Kim 1997; Reason et
al. 2000; Rocha and Simmonds 1997).

Is Anthropogenic Climate Change Causing More Extreme
El Nifios? Our attribution approach is similar to our
2014 study (Funk et al. 2015a) examining boreal
spring rainfall deficits in Kenya and southeastern
Ethiopia. We first assess changes in Nifio-3.4 SST
extremes based on climate change simulations
and then interpret these results using empirical
relationships between Nino-3.4 SSTs and regional
rainfall and air temperatures. Figures 15.1a,b examine
JJAS and DJF Nino-3.4 SSTs (Huang et al. 2015)
from observations (blue/red bars) and a multimodel
climate change ensemble (red lines and blue shading;
SST simulations from 19 model combinations and 34
simulations; 2006-15 simulation values were based
on the RCP8.5 experiment; for details see https://
climexp.knmi.nl) based on simulations from 1861
through 2100. For each of the 34 simulations, for
each year, the top six Nifio-3.4 SST events from the
surrounding 30 years typified El Nifio. The heavy
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of California Santa Barbara, Santa Barbara, California; HARRISON,
SHUKLA, KOoRECHA, MAGADZIRE, HusAK, AND GALU—University of
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Division, Boulder, Colorado
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A supplement to this article is available online (10.1175
/BAMS-D-16-0167.2)
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red lines depict the ensemble average of these values
for each year. The thin red lines identify the 80%
confidence interval associated with the ensemble
spread. The climate change distribution agrees
reasonably well with the observed increasing strength
of moderate-strong Nifno-3.4 events. The simulations
predict increasingly extreme Nifio-3.4 events, and
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FiG. 15.1. (a),(b) Observed Nifio-3.4 SST anomalies (bars) along with associated
30-yr means (thick black line). SST simulations are from 19 model
combinations and 34 simulations; 2006-15 simulation values were based on
the RCP8.5 experiment (for details see https://climexp.knmi.n]). Thick and
thin red lines show running 30-yr climate change ensemble El Niiio SSTs
(see www.esrl.noaa.gov/psd/repository/alias/facts). (c),(d) Changes in the DJF
Geophysical Fluid Dynamics Laboratory Atmospheric Model version 3 near-
surface air temperatures and precipitation during 1980-2015 El Nifio events
versus 1920-79 El Nifio events. Results based on the |17-member ensemble
mean. (e),(f) Scatterplots between Nifio-3.4 SST and observed NE and SA

rainfall anomalies.
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this is what we see in the SST
observations (Supplemental
Figs. S15.1a,b): increasingly
intense El Nifio events.

To estimate radiatively
forced changes in ENSO max-
ima, we subtracted the average
1946-75 ensemble sea surface
temperatures over the Nifio-
3.4 region (temporal center
point marked with the black
vertical lines in Figs. 15.1a,b)
from the 2000-29 Nifio-3.4
values (the last point on the
thick red line). For DJF and
JJAS, this gives us an estimat-
ed change of +1.2°C. Using
the 80% confidence intervals
for 2015-16 and repeating this
calculation lets us establish a
range of values AT ;= +1.2°
+0.5°C and AT),g= +1.1° £
0.5°C.

We next examine three
atmospheric GCM simulation
ensembles, drawn from the
Earth Systems Research Labo-
ratory Facility for Climate As-
sessments (FACTS; see www
.esrl.noaa.gov/psd/repository
/alias/facts). Using FACTS,
we examined differences be-
tween 1980-2015 and 1920-79
moderate-to-strong El Nifos,
using atmospheric General
Circulation Model (AGCM)
simulations. Figures 15.1c,d
show results for a single model
for DJF. Supplemental Fig.
S15.2 shows similar results
for all three models for both
seasons. Over the tropical Pa-
cific and Indian Oceans (Fig.
15.1¢), recent El Nifios have
been associated with much
warmer conditions (> +0.8°C),
consistent with Figs. 15.1a,b,
but have also been potentially
influenced by natural decadal
variability (Wittenberg 2009).

Accompanying the warm-
ing is a very large (70%+)
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increase in eastern Pacific rainfall (Fig. 15.1d), one
measure of the strength of ENSO (Chiodi and Har-
rison 2010; Chiodi and Harrison 2015; Curtis and
Adler 2000). The magnitude of El Nifio precipitation
increases over the eastern Pacific would strongly
influence El Nifno’s atmospheric forcing strength,
and we find a precipitation decline (Fig. 15.1d) over
southern Africa that is broadly consistent with our
empirical analysis. Results from two other models and
JJAS are similar (Supplemental Fig. S15.2).

Estimating Rainfall and Air Temperature Changes due
to El Nifio. Figures 15.1e,f show regressions between
NE/SA rainfall and Nifio-3.4 SSTs. Our study regions
were chosen based on historical teleconnections
(Supplemental Figs. S15.1e,f) and the pattern of the
2015-16 deficits. In Ethiopia and southern Africa,
Nifno-3.4 SSTs explained 45% and 53% of the 1981-82
to 2015-16 rainfall variance, respectively. While
rainfall performance varied substantially during

AMERICAN METEOROLOGICAL SOCIETY

strong El Nifios (the 1997-98 response was relatively
modest in both regions), the observations suggest
that a 1°C increase in El Nifio-3.4 SSTs produces a
79 mm and 62 mm decrease in NE and SA rainfall,
respectively. These regressions slopes suggest that
without anthropogenic Nifo-3.4 warming, NE and
SA rainfall would have been approximately 16% and
24% greater, respectively.

ENSO teleconnections and warming trends were
used to estimate anthropogenic air temperature
changes of +0.9°C (Supplemental Material). Using the
lower bounds of Nifio-3.4 SST change (T};,s=0.6°C,
Tp,;:=0.7°C) gives estimates of a 9% and 14% rainfall
change and a 0.8°C and 0.7°C JJAS/DJF air tempera-
ture change in NE and SA, respectively.

Contrapositive Hydrologic Experiment. We performed
four hydrologic experiments using the variable
infiltration capacity (VIC) model. In these
experiments, we drove the VIC model with (i)

DECEMBER 2016 BAMNS | S77



observed weather forcings, (ii) weather forcing in
which we increased NE/SA precipitation by 16% and
24%, (iii) weather forcings with air temperatures
cooled by +0.9°C/+0.9°C NE/SA, and (iv) weather
forcings with both (i) and (ii) changes. Figure 15.2
shows results for experiments (ii)-(iv), expressed as
anomalies from (i). Our contrapositive NE runoff
changes, in our region of interest, for (ii)-(iv) were:
+35%, +1%, +37%; for SA (ii)-(iv) changes were: +48%,
+1%, +49%. Clearly, anthropogenic disruptions in
precipitation, associated with the large increases in
ENSO SST (Figs. 15.1a,b), provided the dominant
contribution. As was the case for 2014 (Funk et al.
2015a), we find that a ~1°C warming over the tropical
Pacific can have a much greater impact than a ~1°C
warming in local air temperatures.

Conclusions. Anthropogenic warming contributed
substantially to the very warm 2015/16 El Nifo SSTs,
and this anthropogenic contribution likely reduced
NE and SA rainfall by approximately 16% and 24%.
The associated simulated runoff reductions were
much larger, 35% and 48%, respectively. A ~1°C
warming over the tropical Pacific appears associated
with a large (>70%) increase in El Nino diabatic
forcing (Fig. 15.1f), and modest (~20%) precipitation
reductions over NE/SA. These “modest” rainfall
reductions, acting to accentuate natural El Niio
impacts, have contributed to substantial food crises.

Recent El Nifios appear to be more intense (Supple-
mental Fig. $15.2). During El Nifios, warmer Indo-
Pacific SSTs, and associated rainfall changes, may
be more influential than the direct impacts of local
increases in air temperatures. The contrast between
Figs. 15.2a,b and 15.2d,e tell us that, based on these
hydrologic simulations, nonlocal warming in the
tropical Pacific had a much stronger drought impact
than did relatively small local air temperature im-
pacts. We feel this result is quite important, possibly
indicating that a major mode of “climate change” may
be associated with more extreme tropical SST and
SST gradients. “Global warming” expressed as local
increases in air temperatures may have less dramatic
impacts. Assessments (Brown et al. 2015) of local
temperature impacts on crop yields suggest relatively
small yield reductions per degree of warming (~2%
per °C). A degree of warming in Nifo-3.4 SSTs, con-
comitant with a warm ENSO event, can have larger
impacts due to teleconnected precipitation declines.

Because runoff forms a relatively small fraction
of the hydrologic balance, the influence of rainfall
deficits can be amplified, potentially leading to severe
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hydropower shortages (Davison 2015; Onishi 2016)
and even severe drinking water deficits (Gauette
2016). These crises are just one aspect of the wide-
spread food insecurity related to the extreme 2015/16
El Nifio (Fig. 15.1), which is thought to have contrib-
uted to the severe food insecurity of 60 million people
“primarily in the most vulnerable regions of southern
Africa, East Africa, Central America, and the Pacific
Islands” (OCHA 2016). If La Nifia conditions follow,
extreme warming in the western Pacific may lead to
dry conditions over equatorial East Africa (Funk et al.
2015a; Funk et al. 2014; Shukla et al. 2014), exacerbat-
ing food insecurity conditions.
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Table 28.1. Summary of Results

INCREASE DECREASE NOT FOUND OR UNCERTAIN

Global Temperature (Ch. 2)

South India & Sri Lanka (Ch. 2)
Central Europe (Ch. I1)

Europe (Ch. 12)

Ethiopia and Southern Africa (Ch. 15)
Heat N.W. China (Ch. 19) Central Equitorial Pacific (Ch. 2)
W. China (Ch. 20)
Japan (Ch. 21)
Indonesia (Ch. 22)
S. Australia (Ch. 23)
Australia (Ch. 24)

Mid-South Atlantic U.S. (Ch. 7)

Cold Northeastern U.S. (Ch. 7)
N. America (Ch. 8)
Heat & Egypt (Ch. 14)
Humidity India & Pakistan (Ch. 16)
Indonesia (Ch. 22)
Dryness
Tasmania (Ch. 25)
Nigeria (Ch. I3
Pre'c"ie.at"’;. China (Ch. 18) 'g_em( )
pitation India (Ch. 17)

Sunshine United Kingdom (Ch. 10)

Canada (Ch. 9)

Drought L. )

Ethiopia and Southern Africa (Ch. 15)
Tropical Western North Pacific (Ch. 26)
Cyclones

Wildfires Alaska (Ch. 4)

Sealce

Extent Arctic (Ch. 27)

HiGH Tibe

SouTHEASTERN U.S. (CH. 6)
FLoobs

Snoweack WasHINGTON U.S. (CH. 5)
DRouGHT
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___ e

Ch. 2: CMIP5 modeling
Ch. |1: Observations; weather@home modeling
Ch. 12: HadGEM3-A modeling
Ch. I15: CMIP5 modeling
Ch. 19: CMIP5 modeling with ROF; FAR
Heat 12
Ch. 20: CMIP5 modeling with ROF; FAR
Ch. 21: MIROC5-AGCM modeling
Ch. 22: Observations; CMIP5 modeling
Ch. 23: weather@home modeling; FAR
Ch. 24: BoM seasonal forecast attribution system and seasonal forecasts
o Ch. 7: Observations; CMIP5 modeling 3
o
Ch. 8: AMIP (IFS model) modeling
Heat & Ch. 14: weather@home modeling -
Humidity Ch. 16: Non-stationary EV theory; C20C+ Attribution Subproject
Ch. 22: Observations; CMIP5 modeling
Dryness 2
Ch. 25: Observations; Modeling with CMIP5 and weather@home
Ch. 13: Observations; Modeling with CAMS5.1 and MIROC5
H.e.avy. Ch. 17: Observations; Modeling with weather@home, EC-Earth and CMIP5 3
Precipitation
Ch. 18: HadGEM3-A-N216 modeling; FAR
e Ch. 10: Hadley Centre event attribution system built on the high-resolution version |
unshine
of HadGEM3-A
D ht Ch. 9: Observations; CMIP5 modeling; Trend and FAR analyses 2
rou
& Ch. 15: CMIP5 modeling, land surface model simulations, and statistical analyses
Tropical Ch. 26: GFDL FLOR modeling; FAR [
Cyclones
Wildfires Ch. 4: WRF-ARW optimized for Alaska with metric of fire risk (BUI) to calculate FAR |
Sea lce Ch. 27: OGCM modelin [
Extent U g
HiGH Tipe
CH. 6: TIDE-GAUGE DATA; TIME-DEPENDENT EV STATISTICAL MODEL |
FLoobps
LI CH. 5: OBservATIONS; CESMI MODELING |
DROUGHT

ACRONYMS:

AMIP: Atmospheric Model Intercomparison Project

BoM: Bureau of Meteorology, Australia

BUI: Buildup Index

CAM: Community Atmosphere Model, http:www.cesm.ucar.edu
CESM: Community Earth System Model
CMIP: Coupled Model Intercomparison Project

GFDL FLOR: Geophysical Fluid Dynamics Laboratory Forecast version
Low Ocean Resolution

GHCN: Global Historical Climatology Network
IFS: Integrated Forecast System

MIROC5-AGCM: Model for Interdisciplinary Research on Climate—
Atmospheric General Circulation Model

OGCM: Ocean General Circulation Model
ROF: Regularized Optimal Fingerprinting

FAR: Fraction of Attributable Risk

EC-EARTH: https://verc.enes.org/

EV: Extreme Value

weather@home: http:www.climateprediction.net/weatherathome

WRF-ARW: Advanced Research (ARW) version of the Weather
Research and Forecasting (WRF) model
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