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ABSTRACTStephanie C. Herring, Martin P. Hoerling, James P. Kossin, Thomas C. Peterson, and Peter A. Stott

Understanding how long-term global change affects
the intensity and likelihood of extreme weather events
is a frontier science challenge. This fourth edition of
explaining extreme events of the previous year (2014)
from a climate perspective is the most extensive yet
with 33 different research groups exploring the causes
of 29 different events that occurred in 2014. A number
of this year’s studies indicate that human-caused climate
change greatly increased the likelihood and intensity for
extreme heat waves in 2014 over various regions. For
other types of extreme events, such as droughts, heavy
rains, and winter storms, a climate change influence was
found in some instances and not in others. This year’s
report also included many different types of extreme
events. The tropical cyclones that impacted Hawaii were
made more likely due to human-caused climate change.
Climate change also decreased the Antarctic sea ice
extent in 2014 and increased the strength and likelihood
of high sea surface temperatures in both the Atlantic and
Pacific Oceans. For western U.S. wildfires, no link to the
individual events in 2014 could be detected, but the overall
probability of western U.S. wildfires has increased due to
human impacts on the climate.

| BAMS DECEMBER 2015

Challenges that attribution assessments face include
the often limited observational record and inability of
models to reproduce some extreme events well. In
general, when attribution assessments fail to find anthro-
pogenic signals this alone does not prove anthropogenic
climate change did not influence the event. The failure
to find a human fingerprint could be due to insufficient
data or poor models and not the absence of anthropo-
genic effects.

This year researchers also considered other human-
caused drivers of extreme events beyond the usual
radiative drivers. For example, flooding in the Canadian
prairies was found to be more likely because of human
land-use changes that affect drainage mechanisms. Simi-
larly, the Jakarta floods may have been compounded by
land-use change via urban development and associated
land subsidence. These types of mechanical factors re-
emphasize the various pathways beyond climate change
by which human activity can increase regional risk of
extreme events.
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12. EXTREME FALL 2014 PRECIPITATION IN
THE CEVENNES MOUNTAINS

R. VAuTARD, G.-]. VAN OLDENBORGH, S. THAO, B. DuBuIssoN, G. LENDERINK, A. RIBES, S. PLANTON,
J.-M. Soueeyroux, AND P. Yiou

Extreme daily fall precipitation in the Cévennes mountains has very likely intensified. The probability of
amounts witnessed in 2014 is estimated to have tripled since 1950, with large uncertainties.

Introduction. Fall thunderstorms along the northern
Mediterranean coast can produce a few hundred mil-
limeters of precipitation within one day (Ducrocq et
al. 2014). Such extremes, also called “Mediterranean
events”, occurred repeatedly during the fall (Septem-
ber-November, SON) of 2014, triggering 12 severe
weather warnings from Météo-France, and inducing
floods and casualties in several places during the
season. The yearly number of events with precipita-
tion exceeding 100mm in a day does not exhibit a sig-
nificant long-term trend, and furthermore it has been
difficult to establish a significant trend in the most
extreme cases of each year (Soubeyroux et al. 2015).
Here we investigate trends in the fall seasonal maxi-
mum of daily precipitation, using a homogenized and
quality-controlled dataset. We focus on a specific
area, the Cévennes mountain range, where the highest
daily precipitation amount is found in France in the
fall (Fig. 12.1a). These phenomena are triggered by
moist air advected from the warm Mediterranean Sea,
hitting the mountain range with convection possibly
amplified by colder continental air aloft.

Data. Recently, a homogenized dataset of monthly
temperature and precipitation covering continental
France was constructed (Gibelin et al. 2014) using the
HOMER software (Mestre et al. 2013). A few statisti-
cal methods exist to help homogenize daily climate

AFFILIATIONS: VAuTARD AND Yiou—Laboratoire des Sciences
du Climat et de I'Environnement—Institut Pierre-Simon Laplace
(LSCE-IPSL), Commissariat for Atomic Energy and Alternative
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France, Toulouse, France
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data for temperature and precipitation but gener-
ally require specific conditions (close well-correlated
neighbor series, e.g., SPLIDHOM, Mestre et al. 2011).
For the analysis, we used a set of 27 quality controlled
daily series of rain gauge measurements from Météo-
France daily reference series (DRS) datasets. The DRS
are not corrected, but selected using quality informa-
tion from monthly homogenization (little amplitude
and adjustments of inhomogeneities), low daily values
missing rate and few successive relocations (Moisselin
and Dubuisson 2006). The daily records of DRS are
then used without any adjustment.

Most daily series start between 1950 and 1953. The
fall precipitation events are small-scale, a few kilome-
ters across but more coherent along the direction of
motion, inducing a large spatial variability of seasonal
maxima. This creates an observational difficulty asa
loose network of rain gauges may miss some events. In
order to improve independence among stations, and
to have a sample of sites with comparable climatology,
we selected a subsample of the rain gauges with the
following conditions: (i) the long-term mean of the
highest daily precipitation in fall was in the range
70-110 mm day-}, (ii) the correlation of any two se-
ries was below 0.70 (r2 < 0.5); in this set the highest
10 precipitation events occur on different days. This
leaves 14 rain gauge series (see list in Fig. 12.1b) with
926 station years that we can assume to be identi-
cally distributed because of this selection criterion,
allowing us to better estimate long return times with
extreme value theory. However, the season maxima
observed the same year are statistically dependent
among locations, which has to be taken into account
for statistical inference. We verified that fall maxima
are uncorrelated from year to year.

Analysis of fall maxima and their trends. Figure 12.1b
shows the time series of each of the 14 stations’ fall
maxima of daily precipitation amounts. The figure
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Fic. 12.1. (@) Mean SON maxima of daily precipitation amounts (mm day-!) as obtained from the SAFRAN
(Systéme d’Analyze Fournissant des Renseignements Atmosphériques a la Neige) reanalysis (Quintana-Segui
et al. 2008), together with the locations of the stations used in the analysis; (b) Individual time series of SON
seasonal maxima of daily amounts for each selected site, together with the series of average of these maxima.
(c) Two-sided p values obtained for the trend in the SON maximum averaged over the 14 stations, using a time
period ranging from 1950 to the value in abscissa.

also shows the yearly average and maximum value
found in this subset. The maximum rainfall amount
found in the rain gauge set in 2014 is 320 mm day-1.
This value was exceeded only in 2002 and 1980, with
total values of 539 mm day-! and 334 mm day-! (see
Fig. 12.1b). The highest seasonal mean of the 14 sta-
tion maxima is observed in 2014 with 156 mm day-1.

Average seasonal maxima have a trend of about
4% decade-1, with a two-sided significance of p~5%
using all years, but p has a more robust value of 10%
when excluding 2014 (see Fig. 12.1¢). Individual se-
ries trends, calculated using all available years, vary
between 0 and 10% decade-!, with median values
around 4%-5% decade-!, and none of them is nega-
tive. However, only two stations have trends with p
less than 5% (Fig. 12.2a). To compare all stations over
a common 50-year period we also calculated trends
over the period 1965-2014 and found similar, and in

AMERICAN METEOROLOGICAL SOCIETY

fact more often larger than smaller positive trends
than in the full data series (Fig. 12.2a).

Pooled time-dependent return period analysis. To es-
timate changes in return periods, we pooled all 14
station years and fitted an extreme value function to
the resulting dataset that depends on a time-varying
covariate. We modeled the time series with a Gum-
bel distribution after transforming the precipitation
with a power 2/3 to compensate the expected power
3/2 scaling that results from three factors that each
contribute a scaling 1/2 to extreme precipitation in
the Gaussian approximation: the mass flux, specific
humidity and precipitation efficiency (Wilson and
Toumi 2005; van den Brink and Kénnen 2011). The
shape and scale parameters are assumed to vary
together with the global mean temperature, as a co-
variate to simulate climate change. Uncertainties are
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period. Circled points are those having a two-sided p value exceeding 5%. (b) Fit of a time-dependent Gumbel
distribution to the fall maximum of precipitation of the 865 station years to the power 2/3. The position and
scale parameters of the Gumbel distribution are assumed to scale with the smoothed global mean tempera-
ture. The red lines indicate the fit for the climate of 2014 with one-sided 95% confidence interval, taking spatial
dependencies into account to first order, the blue lines the same for 1950. The observations are also plotted
twice: once shifted up with the fitted trends to 2014, once shifted down to 1950. The horizontal line denotes the
value observed in 2014. (c) Dependency of the 99th percentile of daily precipitation on wet-days (and 5% to 95%
uncertainty range) on daily mean (43.5°-45°N, 2.5°-5°E average) temperature (°C) from E-OBS (Haylock et
al. 2008) for stations below 611 m, dotted black (red) lines denote Clausius—Clapeyron (two times CC) scaling.
The method is described in Lenderink et al. (2011).

estimated by a non-parametric bootstrap. To account  sites), derived from the analysis of pooled trends,
for stations dependence, we used, in the calculation and consistent with the range of values suggested in
of significance, an equivalent number of degrees of Bretherton et al. (1999). This has been implemented
freedom N* = 3.2 (instead of 14 for the number of in the bootstrap by scaling the p-value. From this
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analysis, the fitted return time of the value of fall
2014 in the current climate is about 250 years (Fig.
12.2a, with uncertainty range 120-600 years) at a
given location. This translates to an event like the 2014
amounts every 10-40 years at any of the 14 stations.
We estimate that around 1950 the return time would
have been a factor three higher, with a lower bound
of the 90% confidence interval of 1.15.

Attribution. The increase found in intensities of ex-
treme daily precipitation can, in principle, be caused
by a variety of mechanisms (natural variability,
changes in climate forcings). Anthropogenic climate
change is an obvious candidate, but low-frequency
natural variability and changing aerosol loads can
also have played a role. This can only be investigated
using a climate model able to reproduce precipitation
extremes. However, hydrostatic global and regional
climate models have problems representing the tail
of the distribution well in particular for precipita-
tion of convective origin (Chan et al 2014) and long
simulations of non-hydrostatic models are not yet
available. We therefore resort to a statistical model
relating extreme daily convective precipitation to
the local temperature in areas with ample moisture
availability (Lenderink and van Meijgaard 2008; Len-
derink et al 2011). The wet-day 99th percentile of daily
precipitation for the individual months, September to
November, shows a robust increase with temperature,
except for the highest temperatures in September
(Fig. 12.2b). Excepting these, this increase follows a
dependency of 7%-14% of precipitation amount per
degree, in correspondence to one to two times the
Clausius-Clapeyron (CC) relation—a behavior also
obtained for the 99.9th percentile (Fig. 12.2¢). The
observed increase of precipitation extremes with tem-
perature can be understood by the moisture increase.
The enhanced scaling compared to the Clausius-Cla-
peyron relation can be explained by convective cloud
feedbacks to increasing moisture levels (see Westra
et al. 2014 for a review on scaling). Lenderink and
van Meijgaard (2008) also found an enhancement of
short-term precipitation extremes with sea surface
temperature of 14% per degree in The Netherlands.
September temperatures in this region have
increased about 50% faster than the global mean
temperature over 1950-2014 (not shown), so tem-
peratures are about 1.1°C higher now than they were
around 1950. This agrees very well with results from
the CMIP5 ensemble in Mediterranean areas (Stocker
etal. 2013). Using the scaling found above the warm-
ing trend translates into an increase in intensity of

AMERICAN METEOROLOGICAL SOCIETY

extreme daily precipitation of roughly 7%-14%. This
indicates that at least part of the observed increase of
precipitation extremes is attributable to the increase
in temperature in the region, which in turn has been
attributed to anthropogenic modification of the atmo-
spheric composition (e.g., Stocker et al. 2013). How-
ever, given the large uncertainties and the unknown
influences of other factors such aerosol changes that
may have influenced precipitation extremes we can-
not directly attribute trends to atmospheric composi-
tion changes.

Conclusion. Extreme precipitation in the Cévennes
mountains in the fall of 2014 reached more than
300mm in a day and induced a record (since 1950)
maximal intensity when averaged over an ensemble
of rain gauges. Our analysis shows a strong increase
of the fall maxima in this area of about 30% since
the middle of the 20th century, with trends of about
4% decade! (p~10%). The return period of events
such as those found in 2014 is estimated to having
been reduced by a factor of about three, with a 90%
confidence lower bound of 1.15. In this area heavy
precipitation increases as a function of regional tem-
perature, with a rate exceeding 7% °C-1, indicating
that at least part of the trend is due to warming. While
suggesting a human influence, a formal attribution of
these trends, using non-hydrostatic models, would be
required for establishing and quantifying the fraction
of attributable risk, since other factors may have en-
tered into play in this area such as changes in aerosol
loads, radiation, and natural variability.
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Table 34.1. ANTHROPOGENIC INFLUENCE

ON EVENT STRENGTH f

INCREASE DECREASE NOT FOUND OR UNCERTAIN
Australia (Ch. 31) Australia, Adelaide & Melbourne
Heat Europe (Ch.13) (Ch. 29)
S. Korea (Ch. 19) Australia, Brisbane (Ch.28)
Cold Upper Midwest (Ch.3)
Winter Eastern U.S. (Ch. 4)
Storms and N. America (Ch. 6)
Snow N. Atlantic (Ch. 7)

Jakarta**#* (Ch. 26)
Canada** (Ch. 5) United Kingdom®*** (Ch. 10)
New Zealand (Ch. 27)

Heavy
Precipitation

Middle East and S.W. Asia
(Ch. 15)

N.E. Asia (Ch. 21)
Singapore (Ch. 25)

E. Africa (Ch. 16)
Drought E. Africa* (Ch. 17)
S. Levant (Ch. 14)

Tropical Gonzalo (Ch. 1)
Cyclones W. Pacific (Ch. 24)
Wildfires California (Ch. 2)

Sea Surface W. Tropical & N.E. Pacific (Ch. 20)
Temperature | N.W. Atlantic & N.E. Pacific (Ch. 13)

Sea Level

S. Australia (Ch. 32)
Pressure

Sea lce .
Extent Antarctica (Ch. 33)

T Papers that did not investigate strength are not listed.

11 Papers that did not investigate likelihood are not listed.

* No influence on the likelihood of low rainfall, but human influences did result in higher temperatures and increased net incoming radiation at the
surface over the region most affected by the drought.

** An increase in spring rainfall as well as extensive artificial pond drainage increased the risk of more frequent severe floods from the enhanced
rainfall.

*#* Evidence for human influence was found for greater risk of UK extreme rainfall during winter 2013/14 with time scales of 10 days
*#+% The study of Jakarta rainfall event of 2014 found a statistically significant increase in the probability of such rains over the last 115 years, though
the study did not establish a cause.
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Heat

Cold

Winter
Storms and
Snow

Heavy
Precipitation

Drought

Tropical
Cyclones

Wildfires

Sea Surface
Temperature

Sea Level
Pressure

Sealce
Extent

ON EVENT LIKELIHOOD 1t

INCREASE

Argentina (Ch. 9)

Australia (Ch. 30, Ch. 31)
Australia, Adelaide (Ch. 29)
Australia, Brisbane (Ch. 28)
Europe (Ch. 13)

S. Korea (Ch. 19)

China (Ch. 22)

Nepal (Ch. I8)

Canada** (Ch. 5)
New Zealand (Ch. 27)

E. Africa (Ch. 16)
S. Levant (Ch. 14)

Hawaii (Ch. 23)

California (Ch. 2)

W. Tropical & N.E. Pacific
(Ch. 20)

N.W. Atlantic & N.E. Pacific
(Ch. 13)

S. Australia (Ch. 32)

T Papers that did not investigate strength are not listed.

11 Papers that did not investigate likelihood are not listed.

* No influence on the likelihood of low rainfall, but human influences did result in higher temperatures and increased net incoming radiation at the
surface over the region most affected by the drought.

DECREASE

Upper Midwest (Ch.3)

Total

Number
of
NOT FOUND OR UNCERTAIN Papers
Melbourne, Australia (Ch. 29) 7
|
Eastern U.S.(Ch. 4)
N. America (Ch. 6) 4
N. Atlantic (Ch. 7)
Jakarta**##* (Ch. 26)
United Kingdom®*** (Ch. 10) 5
S. France (Ch. 12)
Middle East and S.W. Asia (Ch. I5)
E. Africa* (Ch. 17)
N.E. Asia (Ch. 2I) 7
S. E. Brazil (Ch. 8)
Singapore (Ch. 25)
Gonzalo (Ch. I1) -
W. Pacific (Ch. 24)
|
2
|
Antarctica (Ch. 33) |
TOTAL 32

** An increase in spring rainfall as well as extensive artificial pond drainage increased the risk of more frequent severe floods from the enhanced

rainfall.

*#* Evidence for human influence was found for greater risk of UK extreme rainfall during winter 2013/14 with time scales of 10 days

*#%% The study of Jakarta rainfall event of 2014 found a statistically significant increase in the probability of such rains over the last 115 years, though
the study did not establish a cause.
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