over the northern Europe region, the precipitation
analogues follow the observed averages closely (Fig.
13.2a; r = 0.62; p-value <10-15). This shows that the
precipitation rates are influenced by the large-scale
atmospheric circulation.
In order to describe the circulation patterns of
summer 2012, we used the clustering approach of
Yiou et al. (2008) to derive the four preferential summer weather regimes over the North Atlantic region
and the period 1948–2012. The rationale for this
analysis is to visualize the atmospheric circulation
temporal variability and associate episodes of high
precipitation with circulation patterns (Fig. 13.2a).
This complements the analysis of flow analogues. The
weather regimes are computed from SLP anomalies
during 1948–2012. These four weather regimes correspond to modifications in the flow and affect the
advection of temperature and humidity (Fig. 13.2c–f).
We find that the wet spells over Northern Europe correspond with episodes of the Icelandic Low and Atlantic Ridge [following the terminology of Cassou et
al. (2005)], which both yield low pressure centers near
Scandinavia (Fig. 13.2a). When the circulation reverts
to anticyclonic patterns over Scandinavia (Blocking
or NAO-), precipitation rates fall to low values.
Trends of precipitation. We computed the linear trends
of the seasonal average precipitation over the outline
region (Fig. 13.2b) for the period between 1971 and
2012. A significant increasing trend is found for summer and winter precipitation (p-value <2.10-3). The
trends for other seasons are not statistically significant (p-values >0.1). The mean analogue precipitation for summer is well correlated (r = 0.86, p-value
<10-15) with the observed average (Fig. 13.2b), and the

analogue also yields a positive summer trend found
in the observations, although it is not statistically
significant (p-value = 0.14).
Conclusions. Our analysis suggests that the high precipitation rates were caused by the cyclonic conditions that prevailed during the early summer (June
and July) over Scandinavia. Such conditions brought
moist air over northern Europe. This conclusion is
drawn from the significant correlations over Europe
between the observed and the analogue precipitation, deduced from the north Atlantic atmospheric
circulation.
The trend in summer precipitation over northern
Europe is significantly positive but is marginally
reproduced by analogues of circulation (with no statistical significance), although the precipitation analogues are correlated with the observations on daily
to seasonal timescales. The frequency of cyclonic
regimes over Scandinavia (Icelandic Low and Atlantic Ridge) has also increased, albeit not significantly
(not shown).
Hence, we cannot attribute this upward summer
precipitation trend since 1971 to changes in the atmospheric patterns themselves, because the frequency of
cyclonic patterns has not significantly increased nor
have the analogue reconstructions of precipitation.
This suggests a contribution of climate change to
precipitation rate in northern Europe. We conjecture
that such a trend could be due to precipitation rates
within the cyclonic patterns, which convey more
moisture because of increased temperatures. This is
consistent with recent process studies of convective
precipitations (Berg et al. 2013), although this requires
more studies on fine-scale precipitation processes.

14. THE RECORD WINTER DROUGHT OF 2011–12 IN THE
IBERIAN PENINSULA
Ricardo Machado Trigo, Juan A. Añel, David Barriopedro , Ricardo García-Herrera , Luis
Gimeno, R aquel Nieto, Rodrigo Castillo, Myles R. Allen, and Neil Massey
Introduction. The Iberian Peninsula (IP) was hit in
2011–12 by one of the most severe droughts ever recorded in this increasingly dry region of the world.
This drought event had major socioeconomic impacts
due to the decline in agricultural and hydroelectric
power production. There are hints of an increase in
the frequency of drought events in the Mediterranean basin (Sousa et al. 2011; Hoerling et al. 2012b;
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Seneviratne et al. 2012) and over the IP in particular
(Xoplaki et al. 2012). Despite some contradictory results with state-of-the-art models (Scaife et al. 2012),
this drying trend fits into an expected tendency towards more frequent dry periods in a future warmer
climate in that region (Seneviratne et al. 2012). The IP
precipitation regime is characterized by a strong interannual (and decadal) variability but is also shaped
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more than 50% of the territory, including the 2004–05
episode (García-Herrera et
al. 2007) and the more recent
2011–12 event. Here we intend
to assess how extraordinary
this last extreme drought was
and analyze some of the main
factors contributing to it.
Spatial and temporal assessment of the drought episode.
Monthly precipitation data
based on in situ rain gauges
at 1.0° by 1.0° resolution were
provided by the Global Precipitation Climatology Centre
(GPCC; Rudolf and Schneider
2005). Since the number of
stations over Iberia experiences a pronounced decrease
before the 1950s in this dataset, the period of analysis has
been limited to 1950–2012.
Precipitation for the period
1950–2010 was obtained from
the so-called full data product
(1901–2010). For 2011–12, data
were derived from the monitoring product (2007–present)
that only uses a network of
Fig . 14.1. (a) Accumulated monthly precipitation (in percentage of the near-real-time stations. Previ1951–2010 normals) during the hydrological year 2011–12. Black box delimits
ous work on Mediterranean
the region considered IP. (b) Accumulated monthly precipitation averaged
drought events (e.g., Garcíaover the IP during the hydrological year 2011–12 (black line) and during the
other two most severe drought events in the period 1950–2012 (colored Herrera et al. 2007; Trigo et
lines). Light, dark, and medium gray shaded areas show the ensemble al. 2010) has shown a high
spread from the corresponding evolutions of all hydrological years between consistency between these two
2002–03 and 2011–12, 1950–51 and 1959–60, and the overlapping between GPCC products during their
them, respectively. The gray thick line indicates the 1950–2010 mean evo- overlapping period.
lution, with boxes and whiskers representing the ±0.5 sigma level and the
Droughts in partially semi10th–90th percentile interval, respectively. (c) Climatological (1950–2010)
arid regions, such as the IP,
annual cycle of monthly precipitation averaged over the IP box, with the light
(dark) shaded areas comprising the 10th–90th (30th–70th) percentiles, and can evolve with some comthe median in between. The dashed line shows the time series for 2011 and plexity in both spatial and
2012, with the corresponding monthly departure from the climatological temporal domains. It is highly
mean represented in the bottom graphic.
advisable to avoid use of the
calendar year and instead
by great spatial variability. This spatial complex- evaluate the anomalous hydrological year, which
ity has been characterized through comprehensive extends from September of year n-1 through August
drought analysis (Vicente-Serrano 2006). Thus, most of year n. The accumulated precipitation over the IP
drought events have not affected the entire IP terri- between September 2011 and August 2012 dropped to
tory, being often restricted to 20% or 30% of the IP roughly 50% of the 1950–2000 climatological average
area, while less frequent extreme events have reached over the southwestern IP (Fig. 14.1a). The evolution of
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Table 14.1. Monthly values (standardized units) of NAO and EA indices (from CPC/NOAA).
The fourth column shows the expected value of the IP for the given month of the drought
as inferred from the observed values of NAO and EA patterns. For comparison, columns
five and six show the observed IP value and the climatological mean IP value for 1950–2012,
respectively.
NAO

EA

Regressed IP with
NAO & EA (mm)

Observed IP (mm)

Climatological IP
mean (mm)

DEC 2011

2.25

0.11

19.2

39.6

89.0

JAN 2012

0.86

-1.76

37.1

31.8

78.0

FEB 2012

0.03

-1.73

38.2

21.9

68.6

MAR 2012

0.93

-0.64

37.9

27.8

62.8

the accumulated monthly IP-averaged precipitation
between September 2011 and August 2012 is also
shown in Fig. 14.1b, together with the corresponding
evolution of the climatological accumulated monthly
precipitation distribution (whiskers plot). At the end
of the considered period, the accumulated precipitation average over the IP (~470 mm) was ~67% of the
long-term mean value (~700 mm), corresponding to
the second lowest accumulated value in any hydrological year since 1950, only second to the 2004–05
drought (evaluated in García-Herrera et al. 2007).
Most of the precipitation over the IP falls between
October and March, thus major droughts are always
characterized by lower-than-usual rainfall during
these months (García-Herrera et al. 2007). To better assess the months that specifically contributed
to this drought, we show in Fig. 14.1c the evolution
of monthly precipitation. The entire hydrological
year of 2011–12 is characterized by lower-thanaverage values with two exceptions (November
2011 and April 2012). Nevertheless, the peak period of rainfall during the winter (December to
March; DJFM) is characterized by an outstanding
sequence of dry months, often close or even below
the 10th percentile of its climatological distribution.
Next we analyze these four months more in depth.
Main physical mechanisms. The most important largescale teleconnection pattern of the Euro Atlantic
region corresponds to the North Atlantic Oscillation
(NAO) that has a significant influence on the precipitation regime of the IP (Trigo et al. 2004). The NAO
modulates the westerly atmospheric flow in such a
way that positive values of the NAO index are usually
AMERICAN METEOROLOGICAL SOCIETY

associated with below-average precipitation in the
IP. Additionally, the Eastern Atlantic (EA) pattern
also plays an important role (Trigo et al. 2008), with
positive values of the EA index associated with above
normal precipitation in the IP. Values of these two indices were obtained from NOAA's Climate Prediction
Center or DJFM of 2011–12. The values are shown in
Table 14.1 and confirm a total predominance of positive NAO, while the EA was characterized by negative
values (with the exception of December). Note that
extreme values in one or another index were observed
through the entire winter season. The fourth column
shows the expected value of the IP for the given
month of the drought as inferred from the observed
values of NAO and EA patterns. The expected value
of the IP for that month and year was derived from
a regression analysis of the IP with monthly NAO &
EA series, after removing that year from the series.
As expected, the regressed value is considerably lower
than the climatological average (last column) and
closer to the low IP values observed.
The IP winter precipitation is influenced not only
by the preferred path of synoptic disturbances (storm
tracks), and associated atmospheric instability that
forces air masses to rise, but also by the supply of moisture from the major moisture source regions (MSR) in
the North Atlantic (Gimeno et al. 2010a). The most important MSR affecting the winter precipitation in the
IP corresponds to a large tropical-subtropical North
Atlantic corridor stretching from the Gulf of Mexico
to the Caribbean Islands (Gimeno et al. 2010b, 2013).
Herein, we use the MSRs identified by Gimeno et al.
(2010b) over the Atlantic: North Atlantic (NATL) and
Mexico Caribbean (MEXCAR; Fig. 14.2, top panel).
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We quantify how much less
moisture from these MSRs was
received in the IP during the
winter of 2011–12 compared
with a long-term climatology
(1979–80 to 1999–2000). For
that purpose, a Lagrangian
analysis was used, which in
summary, consists of identifying all trajectories originating
from MSRs and coming to
the IP. By quantifying the
net rate of change of water
vapor along each trajectory
and adding this for all the
trajectories over the 10 days
of transport (averaged atmospheric moisture residence
time), it is possible to quantify
moisture received by the IP
from each MSR in terms of
E-P (see method section in Gimeno et al. 2010a,b for details).
The resulting climatology is
shown in the middle panels
of Fig. 14.2 (shading), together
with the percentage of reduction of (E-P) for the 2011–12
winter (calculated from ERAInterim reanalysis data) with
respect to the period 1979–80
to 1999–2000 (contour lines).
The generalized reduction of
moisture supply is clear for
2011–12, particularly in the
southern (up to 80%), western,
and northern regions (higher
than 60%) and is in agreement with a steering of storm
tracks away from Iberia due
to extreme values of NAO and
EA. Over the center of the IP,
the reduction is limited to less
than 20% for both sources.

Fig. 14.2. Main moisture sources associated with winter precipitation over
the IP and changes in return of winter accumulated precipitation. (a) Winter
moisture source regions for the IP, defined based on the threshold of 750 mm
yr-1 of the annual vertically integrated moisture flux calculated for the period
1958–2001 using data from ERA-40 [see Fig. 1 of Gimeno et al. (2010a)], NATL,
and MEXCAR. (b) Climatological (1979–80 to 1999–2000) values of E-P (mm
day-1) integrated over 10-day winter periods from the ERA-40 reanalysis
(color shading) coming from MEXCAR and NATL respectively. Only values
below -0.01 mm day-1 are plotted. Black contours indicate percentage of reduction of E-P during the 2011–12 winter with respect to the period 1979–80
to 1999–2000. (c) Return periods of winter (DJFM) accumulated precipitation
(mm) averaged over the IP for 1960–69 (blue curve) and 2000–09 (red curve).
The observed value for the 2011–12 winter drought (121 mm) corresponds
Changing probabilities of an to a value of 91 mm in the ensemble, shown on both curves as a filled circle.

event such as the 2012 Iberian drought. Figure 14.2
(bottom panel) shows the comparison of return
periods of averaged cumulative precipitation for the
same area as that shown in Figure 14.1a, but using
an ensemble of climate simulations of at least 2300
members per decade. The simulations are exactly
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the same as those used by Massey et al. (2012) (the
same configurations for sea surface temperature,
sea ice fraction, atmospheric gas concentrations,
volcanic emissions, solar forcing, and topography),
simply studying a different region (the IP). They were
performed embedding the regional climate model

HadRM3P with 0.44° x 0.44° grid size in the global
climate model HadAM3P. The DJFM cumulative
precipitation in the ensemble for this area is 223 mm.
That is 25% less than the observed mean and agrees
with previous results of an existing dry bias in the
model (Haynes et al. 2013, manuscript submitted
to PLOS ONE). To compensate for model bias, we
calculate the percentage below the observed mean of
the 2011–12 drought over the IP and then apply this
percentage to the model data. The resulting value
in the ensemble that corresponds to the recorded
precipitation of 121 mm is 91 mm. The return period
of this value (computed from the total number of occurrences for each decade) has been reduced by ~8
years, i.e., from 41.7 years in the 1960s to 33.6 years
in the 2000s. That is, assuming that the model bias
can be linearly corrected for, currently we can expect
3.0 winter IP droughts per century like the one observed in 2011–12, compared with 2.4 in the 1960s.
Summary and conclusions. The 2011–12 winter
drought over the IP was extreme in its magnitude
and spatial extent. The season was dominated by a
positive NAO and negative EA, thus both large-scale

circulation patterns acted in such a way that did
not favor the steering of low-pressure systems over
Iberia and, therefore, promoted the very dry winter
period. We believe that these two mechanisms are
not independent, although the predominant mechanism is related to the steering of storm tracks by
the large-scale patterns mentioned, particularly the
NAO. Further work is currently being undertaken to
evaluate possible changes of conversion efficiency of
moisture to precipitation during dry and wet years.
Finally, we have quantified significant reductions
of moisture advection from the two main Atlantic
sources that usually supply the IP. Using a relatively
large ensemble of climate simulations based on the
regional model HadRM3P, it was shown that the
return period of such an extreme drought has decreased between the 1960s and 2000s decades. Overall these results agree with previous ones by Hoerling et al. (2012b), who found a tendency towards
a drier Mediterranean for the period 1970–2010 in
comparison with 1901–70, and that such a trend has
been partially driven by the anthropogenic emissions of greenhouse gases and aerosols, although
modulated by the NAO phase.

15. ATTRIBUTION OF 2012 AND 2003–12 RAINFALL DEFICITS
IN EASTERN KENYA AND SOUTHERN SOMALIA
Chris Funk, Greg Husak, Joel Michaelsen, Shraddhanand Shukla , Andrew Hoell, Bradfield
Lyon, Martin P. Hoerling, Brant Liebmann, Tao Zhang, James Verdin, Gideon Galu, Gary Eilerts,
and James Rowland
Introduction. Over the past 14 years, eastern East Africa
(EA) has experienced more frequent boreal spring dry
events (Funk et al. 2008; Williams and Funk 2011;
Lyon and DeWitt 2012; Funk 2012). In the spring of
2012, below-average March–May rains across parts
of eastern Kenya and Southern Somalia (a region
bounded by 4°S–4°N, 37°E–43°E, green polygon, Fig.
15.1a) once again contributed to crisis and emergency
levels of food insecurity (FEWS NET 2012a). In some
regions, rainfall deficits of more than 30% led to crop
failures and poor pasture conditions, causing families
in Kenya to move in search of work or take children
out of school, and inhibiting Somalia’s recovery
from the acute malnutrition and famine caused by
the 2010–11 drought. While not particularly severe,
the poor March–May 2012 rains added to climatic
stresses associated with a series of March–May dry
events occurring in 2007, 2008, 2009, and 2011. Figure
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15.1b shows March–May (three month) Standardized
Precipitation Index (SPI; McKee et al. 1993) values,
based on 1981–2012 Famine Early Warning Systems
Network (FEWS NET) precipitation data (see Supplemental Material for a brief description). Dry events,
defined as March–May seasons with SPI values of less
than -0.5, are shown in orange. In fragile food economies, these repetitive dry events can lower resilience,
disrupt development, and require large infusions
of emergency assistance. It is not the climate alone
that creates these outcomes, but rather the climate’s
interaction with extreme poverty, high endemic rates
of malnutrition, limited or nonexistent governmental
safety nets, and poor governance. In 2011, for example,
the worst drought in 60 years combined with chronic
food insecurity, high global food prices, and the actions of Somali terrorists to produce an estimated 258
000 deaths in Somalia (FEWS NET 2013).
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