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ABSTRACT

In this study we analyzed the influence of the El Nifio-Southern Oscillation (ENSO) phenomenon
on drought severity at the global scale. A unique aspect of the analysis is that the ENSO influence
was quantified using a multi-scalar drought indicator, which allowed assessment of the role of the
ENSO phases on drought types affecting various hydrological, agricultural and environmental
systems. The study was based on ENSO composites corresponding to El Nifio and La Nifia phases,
which were obtained from the winter EI Nifio 3.4 index for the period 1901-2006. Drought was
identified in a multi-scalar way using the Standardized Precipitation Evapotranspiration Index
(SPEI) and the global SPEIbase dataset. The study revealed the differing impacts of the EIl Nifio and
La Nifia phases on drought severity, the time scales of droughts, and the period of the year when the
ENSO phases explained drought variability worldwide. In large areas of America and eastern
Europe the role of ENSO events were evident at the shortest time scales (1-3 months) at the
beginning of events, but in areas of South Africa, Australia and Southeast Asia the effects were
more obvious some months later, and at longer time scales. We also identified areas where severe
drought conditions are associated with more than 70% of ENSO events. The propagation of the
drought conditions at longer time-scales (e.g., 6- or 12-months) is not directly determined by the
atmospheric circulation response to the SST anomalies, since the SPEI anomalies will be caused by

the cumulative dry conditions in some specific months. Knowledge of how these effects differ as a

function of the EI Nifio and La Nifia phases, and how they propagate throughout the drought time
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scales could aid in the prediction of the expected drought severity associated with the ENSO. Lags
detected during the study may help forecasting of dry conditions in some regions up to one year

before their occurrence.

KEYWORDS: Standardized Precipitation Evapotranspiration Index, predictability, climatic

change, atmospheric circulation, Southern Oscillation, El Nifio, La Nifia

1. INTRODUCTION

The EI Nifio-Southern Oscillation (ENSO) phenomenon is one of the main sources of variability in
the Earth's climate (Trenberth, 1997; Kiladis and Diaz, 1989; Halpert and Ropelewski, 1992;
Philander and Fedorov, 2003); the extremes of this atmosphere—ocean coupled mode are known as
the EI Nifio and La Nifa phases. El Nifio phases correspond to ENSO events during which pressure
differences across the tropical Pacific Ocean are reduced, and sea surface temperature (SST)
anomalies are positive in the central and eastern tropical Pacific Ocean (Philander, 1990). La Nifia
phases correspond to ENSO events characterized by cold SST and an enhanced sea level pressure
gradient from west to east across the tropical Pacific Ocean. These anomalous phases affect the
temperature of the atmosphere, and the surface and vertical displacement of wind flows and
moisture (Rasmusson and Carpenter, 1982).

Many studies have shown a close relationship between ENSO phenomena and climate variability in
tropical and subtropical regions (e.g. Ropelewski and Halpert, 1986, 1987; Redmond and Koch,
1991). During El Nifio (La Nifa) phases there is increased (decreased) precipitation in the south
Pacific Ocean, whereas dry (wet) conditions occur in Australia, Southeast Asia, South Africa and
northern South America (Smith and Ropelewski, 1997; Cordery and McCall, 2000; Hendon, 2003;
Rouault and Richard, 2005; Brown et al., 2009; Nel, 2009; Villar et al., 2009; Kotawhale, 2010).
The ENSO influence on precipitation is not restricted to the Pacific Ocean. Thus, New et al. (2001)

estimated that the ENSO phenomenon causes 6.3% of precipitation variance at the global scale, and
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also helps explain the climate variability of northern hemisphere regions, mainly in the north Pacific
Ocean and North America (Diaz and Kiladis, 1992; Schonher and Nicholson, 1989; Halpert and
Ropelewski, 1992; Trenberth and Guillemot, 1996; Mo and Schemm, 2008), on the European
continent (Lloyd-Hughes and Saunders, 2002; Bronnimann et al., 2004; Bronnimann, 2007), and in
Turkey (Karabork et al., 2005; Karabork and Kahya, 2009), the Sahel (Janicot et al., 1996, 2001)
and large areas of central Asia (Nazemosadat and Ghasemi, 2004).

The influence of ENSO events on the global variability of precipitation and temperature are well
known. Various studies have described the influence of the ENSO on surface climate. Ropelewski
and Halpert (1987) provided the first overview of global precipitation patterns associated with El
Nifo, and identified the months and regions in which wet and dry conditions are related to El Nifio
events; their following study (Ropelewski and Halpert, 1996) considered La Nifia events. Kiladis
and Diaz (1989) analyzed the effects of El Nifio and La Nifia events on global surface temperature.
Current interest in climate responses to variations in atmospheric circulation is mainly focused on the
occurrence of extreme events (e.g. floods, droughts, heat waves) that cause major environmental,
social and economic damage. Among natural hydroclimatic hazards, drought is the most damaging
because it causes major economic losses (Meehl et al., 2000; UN, 2008), famine (Obasi, 1994,
Nicholson, 2001) and negative environmental impacts (e.g. Ciais et al., 2005; Breshears et al., 2005).
Droughts are very difficult complex natural hazards to identify, monitor and analyze because of
problems associated with objectively quantifying their characteristics in terms of intensity,
magnitude, duration and spatial extent. Consequently, determining drought mechanisms is
problematic and it is very difficult to establish their onset, extent and cessation. Moreover, drought is
a multi-scalar phenomenon, which adds much complexity to any analysis. McKee et al. (1993)
clearly illustrated these characteristics of droughts through consideration of usable water resources,
including soil moisture, ground water, snowpack, river discharges and reservoir storages. The time

period from the arrival of water inputs to the availability of a given usable water resource varies
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considerably. Thus, the time scale over which water deficits accumulate becomes extremely
important, and functionally separates hydrological, environmental, agricultural and other types of
droughts. Thus, the response of crops, natural vegetation and hydrological systems to drought
conditions can vary markedly as a function of the time scale (Ji and Peters, 2003; Vicente-Serrano
and Lopez-Moreno, 2005; Patel et al., 2007; Vicente-Serrano, 2007; Khan et al., 2008; Lorenzo-
Lacruz et al., 2010; Quiring and Ganesh, 2010). This multi-temporal character makes it difficult to
identify clear relationships between atmospheric circulation patterns and drought variability. This
difficulty is exacerbated by the lags that commonly occur in the response of climatic conditions to
atmospheric circulation events, such as El Nifio and La Nifia.

Few studies have quantified the influence of ENSO phases on droughts using drought indices, and
relatively few regions of the world have been studied. These regions are mainly in the USA
(Piechota and Dracup, 1996; Rajagopalan et al., 2000; Balling and Goodrich, 2007; Mo and
Schemm, 2008; Mo et al., 2009), but also in Indonesia (D’Arrigo and Wilson, 2008), Canada
(Shabbar and Skinner, 2004), New Zealand (Fowler and Adams, 2004), South Africa (Rouault and
Richard, 2005), Iran (Nazemosadat and Ghasemi, 2004) and the Iberian Peninsula (Vicente-
Serrano, 2005).

Some studies have analyzed the impact of ENSO on droughts at the global scale. Dai et al. (2004)
developed a global dataset of the Palmer Drought Severity Index (PDSI) and showed that between
1870 and 2002 the pattern of drought variability representing the drought evolution in large regions
of North America and central Eurasia was strongly correlated to the ENSO. Appipatanavis et al.
(2009) also related the global PDSI with the ENSO, and showed a strong relationship in the
southwestern and northwestern United States, South Africa, northeastern Brazil, central Africa, the
Indian subcontinent and Australia. Sheffield et al. (2009) recently used an infiltration capacity
model to quantify the global occurrence of droughts for the period 1950-2000. They found robust

relationships between the surface area of the world affected by drought and the ENSO variability.
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While useful and informative, these global studies did not consider the impact of ENSO on drought
at different time scales, and thus its impact on various subsystems of the hydrological cycle.
Vicente-Serrano (2005) used a multi-scalar drought index (the Standardized Precipitation Index) to
show that the influence of the El Nifio and La Nifia phases varies widely across time scales in the
Iberian Peninsula; this approach is essential in accurately quantifying the wide variety of impacts
related to ENSO variability. Thus, when the atmospheric mechanisms of droughts are studied,
differing drought time scales must be considered to have a wide perspective of the hazard
implications (Lopez-Moreno and Vicente-Serrano, 2008).

This study is the first global multi-scalar analysis of the ENSO impact on droughts. The purpose
was to provide a general picture of drought conditions at various time scales associated with warm
(El Nifio) and cold (La Nifia) ENSO events and the associated physical mechanisms. Establishing
robust relationships between the ENSO and the evolution of drought is of great relevance because
ENSO is the main source of atmospheric circulation variability at a global scale. Such knowledge
will enhance internal prediction (Jin et al., 2008) and facilitate improved prediction of droughts (e.g.
Stone et al., 1996; Cordery and McCall, 2000), which will enhance the performance of existing

drought early warning and monitoring systems (Svoboda et al., 2002, 2004).

2. METHODS

2.1. Identification of ENSO events

Composites based on ENSO events are commonly used to analyze the nonlinear influence of the
ENSO on world climate (Smith and Ropelewski, 1997; Philip and Van Oldenborgh, 2009) because
the composite warm event ENSO anomalies are not the exact inverse of their cold event counterparts
(Hoerling et al., 1997).

There is general agreement on use of the EI Nifio 3.4 to monitor ENSO phenomena and to identify its
extreme phases. This index was proposed by Trenberth and Hoar (1996), based on the SST in two

selected Pacific Ocean areas, which are key regions for ENSO. The index has been widely applied to
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monitoring of the effect of ENSO on the global climate system, and also used to identify the extreme
phases of the ENSO (Trenberth, 1997). In this study the El Nifio and La Nifia events were identified
using the winter (December—February) El Nifio 3.4 index between 1901 and 2006, obtained from the
Hadley Centre Sea Surface Temperature data set (Rayner et al., 2003). El Nifio events were defined
by a winter El Nifio 3.4 index > 1, and La Nifia events were defined by an index < —1. Based on these
criteria the winters of 1903, 1906, 1912, 1919, 1926, 1931, 1941, 1958, 1966, 1969, 1973, 1983,
1987, 1992, 1995, 1998 and 2003 were classified as El Nifio, and the winters of 1910, 1917, 1934,
1943, 1950, 1951, 1956, 1971, 1974, 1976, 1985, 1989, 1999 and 2000 were classified as La Nifia.
By convention the EI Nifio and La Nifia years were defined as those that correspond to the year when
records the months of January and February of the event. The month of December therefore
corresponded to the year prior to the ENSO event.

We plotted the average and standard deviation values of the El Nifio 3.4 index for the entire year of
El Nifio and La Nifia events, and also for the previous year (Fig. 1). Trenberth (1997) carried out an
extensive analysis of the ENSO extreme phases using the El Nifio 3.4 index, and showed that most
events began between March and September. Figure shows that the greatest anomalies for both
events (ElI Nifio and La Nifia) occurred during the winter months (November—January), but the
anomalies in SSTs associated with the events commenced in May of the previous year and extended
to May—June in the year of the event. Thus, for La Nifia and El Nifio phases SST anomalies < —0.75
and > 0.5, respectively, were recorded from June of the previous year. Therefore, as the ENSO
phases were recorded in the winter months and large anomalies in the SST occurred some months
prior to and following these phases, it is reasonable to predict the early influence of ENSO events on
drought conditions in some regions, with implications at various time scales. For this reason the

drought analyses encompassed the year of the event and most of the preceding year.

2.2. Drought data set
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To identify drought conditions we used the Standardized Precipitation Evapotranspiration Index
(SPEI), which can be calculated at different time scales and considers the combined effects of
precipitation and temperature. The SPEI combines the sensitivity of the Palmer Drought Severity
Index (PDSI) to changes in evaporation demand (caused by temperature fluctuations and trends)
with the multi-temporal nature of the Standardized Precipitation Index (SPI). Further details on the
drought indicator have been provided by Vicente-Serrano et al. (2010).

The drought dataset used (the SPElbase, which is based on SPEI) covers the entire Earth at time
scales from 1 to 48 months at a spatial resolution of 0.5°, providing temporal coverage for the
period 1901-2006. This dataset combines improved spatial resolution with the operative capability
of previous gridded drought datasets based on the PDSI, and enables identification of various
drought types. Details of the SPEIbase have been reported by Vicente-Serrano et al. (2010b) and
Begueria et al. (2010). In this study we used time scales from 1 to 12 months to isolate the annual
effects of the ENSO events.

Figure 2 provides an example of the evolution of the SPEI at time scales of 3, 6, 9 and 12 months in
an area of central France (46.5°N, 8°E). At the shorter time scales (e.g. 3 months) there is a
continuous alternation of short dry and humid periods. At these time scales drought indices are
considered to represent agricultural or environmental conditions because they indicate the water
content of vegetation and soils (Ji and Peters, 2003; Vicente-Serrano, 2007; Quiring and Ganesh,
2010). At longer time scales (e.g. 12 months) droughts were less frequent but lasted longer. These
time scales are commonly considered representative of hydrological drought conditions, because
they show the strongest correlation with river flows and reservoir storages (Szalai et al., 2000;

Vicente-Serrano and Lépez-Moreno, 2005; Lorenzo-Lacruz et al., 2010).

2.3. Analysis
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An empirical methodology similar to that adopted by Ropelewski and Halpert (1986, 1987, 1996),
Piechota and Dracup (1996) and Karabork and Kahya (2003) was used to determine the impact of
El Nifio and La Nifia years on global drought conditions. The approach followed that of a previous
study (Vicente-Serrano, 2005) that analyzed the impact of ENSO events on droughts in the Iberian
Peninsula. Average SPEI anomalies at various time scales were calculated for El Nifio and La Nifia
years, and the year preceding.

To determine whether the SPEI at different time scales reflected significant humid or dry conditions
during El Nifio or La Nifa phases, the Wilcoxon-Mann-Whitney test was used (Siegel and Castelan,
1988). The Wilcoxon-Mann-Whitney test is based on ranks that do not require normally distributed
samples, and is slightly less powerful than parametric tests including the t-test (Helsel and Hirsch,
1992). The SPEI values in each of the months of El Nifio/La Nifia years were compared with the
values of the SPEI for the months of normal years and those with the opposite sign. Thus, to
determine the role of the El Nifio years the SPEI values during La Nifia years were added to the

SPEI values during normal years, and vice versa. The significance level was defined as o < 0.05.

2.4. Analysis of the atmospheric driving mechanisms

In order to analyze the possible physical mechanisms and atmospheric patterns that propagate the
El Nifio and La Nifa signal on droughts worldwide we obtained the average standardized anomalies
of global Sea Surface Temperature (SST), Sea Level Pressure (SLP) and 500 hPa geopotential
heights corresponding to the months of El Nifio and La Nifia phases. For the SST, the Extended
Reconstruction Sea Surface Temperature (ERSST) v3.b dataset at a resolution of 2° degrees was
used (Smith and Reynolds, 2004). The SLP and 500 hPa monthly fields were obtained from the

Twentieth Century Reanalysis at a resolution of 2° for the period 1901-2006 (Compo et al., 2011).

3. RESULTS

3.1 La Nifa events and multi-scalar droughts globally
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Figure 3 shows the monthly average anomalies of the 1-month SPEI during years under La Nifia
conditions, and from April of the previous year, when negative anomalies in the moisture conditions
had been identified. The possible positive anomalies are not shown because the study focus was on
droughts associated with ENSO events. Major negative moisture anomalies over large areas of the
world were evident at the 1-month time scale from the middle of the preceding year. Thus, in June
and July of the year prior to the La Nifia event dry conditions were recorded in areas of South
Africa, Europe and North America, but from November of the previous year to March of the La
Nifa year the main negative anomalies occurred on the American continent. The major anomalies
detected globally occurred in the southern USA/northern Mexico region. From November to March
the anomalies continuously covered large areas of this region, but even until June patchy areas with
significant negative anomalies were detected during La Nifia years. The effects were also evident in
some regions of South America from November to January, and in parts of Eurasia.

At the time scale of 3 months the drought conditions associated with La Nifia phases, which had
been observed in the regions with negative anomalies at the time scale of 1 month, were confirmed
and propagated over longer periods (Fig. 4). For example, in regions of South Africa significant
negative anomalies were identified from June to September of the year prior to the La Nifia phase.
Nevertheless, the effect was most evident in southern USA/northern Mexico, where strong negative
and significant anomalies in the SPEI were found for La Nifia events. Negative anomalies were also
found in areas of northern Argentina and southern Brazil from November in the year prior to a La
Nifia event to January in the event year. Moreover, in eastern Europe and western Russia negative
anomalies were clearly evident from March to May of La Nifia years.

At the 12-month time scale the negative SPEI anomalies were confirmed in terms of duration and
magnitude (Fig. 5). It is notable that at this time scale drought conditions were identified earlier in
southern Russia and Kazakhstan (from March to May) than in the southern USA/northern Mexico

region, where the negative anomalies were identified from May of La Nifia years and propagated to
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the end of the year. Other areas of the world also showed negative anomalies in some months
(mainly in South America and some regions of east Africa). Nevertheless, the surface area affected

was much smaller than in the Russia/Kazakhstan and USA/Mexico regions noted above.

3.2 El Nifio events and multi-scalar droughts globally

Figure 6 shows the 1-month negative SPEI anomalies corresponding to El Nifio events and the
preceding year. The surface extent and duration of the anomalies show that large areas of the world
had negative anomalies lasting several months. At the time scale of 1 month the impacts were
evident very early in some areas. For example, the El Nifio phenomenon began to cause significant
negative SPEI anomalies throughout most of Australia in April of the preceding year. Three months
later (in July) the anomalies affected most of Indonesia, the Indochina Peninsula, parts of India, the
majority of central America, and regions of South America. The same pattern was evident between
September and October, but from November of the previous year to July of the El Nifio year, large
areas of the world showed negative SPEI anomalies. There was substantial variability across the
world with respect to the start and duration of droughts related to ElI Nifio events. For example,
generalized negative anomalies in Australia ceased in December of the year prior to El Nifio events,
whereas a large area in the north of South America showed negative average anomalies from
December to March; following this the negative anomalies were displaced over the Amazon and
northeast Brazil, with significant impacts on drought until August. In India the negative anomalies
expanded from January to June, with some major differences among months. South Africa, Canada
and the Sahel region also showed negative anomalies for several months from December of the
previous year to September of the EI Nifio year.

At the time scale of 3 months the spatial pattern of the negative SPEI anomalies was more
homogeneous than that observed at the 1-month time scale (Fig. 7). In Australia, generalized

negative anomalies occurred from May of the year prior to the El Nifio year to January of the El
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Nifio year. Thus, the earliest impacts of El Nifio events on droughts were evident in this region of
the world. Similarly, in Central America strong negative 3-month SPEI averages were evident from
July to October in the year prior to EI Nifio events. The early influence of El Nifio on the occurrence
of dry conditions was also apparent in Indonesia. In this area significant negative SPEI anomalies
lasted until March of the El Nifio years. It is notable that the cumulative properties of the SPEI
allow identification of the spatial displacements of negative SPEI anomalies among regions. For
example, in the western Pacific and Indian Ocean regions it was observed that dry conditions
appeared in eastern Australia very early (in April of the year prior to El Nifio events), and
progressively affected more areas in May and June, which are the months in which the negative
anomalies moved to New Guinea. From July to November of the year prior to El Nifio events the
strongest negative anomalies occurred in Indonesia, although some areas of India, Indochina and
Australia were also affected. However, from January to June in El Nifio years the negative
anomalies were not evident in Australia and progressively disappeared from Indonesia, but
Indochina and most of India were affected by very strong negative anomalies. In South America the
impact of El Nifio events on 3-month droughts was initially evident in the northernmost region from
October of the year prior to El Nifio events, but strong negative anomalies affecting large areas
were identified from January to April of El Nifio years; the anomalies subsequently moved toward
the Amazon region from May to August. Also notable were the strong negative anomalies found in
large areas of Canada from January to June, the very strong negative and generalized 3-month SPEI
anomalies in the South Africa region from February to July, and the late impacts in the Sahel, from
July to December.

It is at the time scale of 12 months where the negative SPEI anomalies reinforce the results
identified at the time scale of months; clearly the effects were delayed in time (Fig. 8). Dry
conditions were recorded in the western Pacific and Indian Ocean regions from September of the

year prior to El Nifio events to November in the El Nifio year (with some spatial differences among
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months), but in general more homogeneous patterns were found than occurred at shorter time
scales. The same pattern was observed in South America and South Africa, where the spatial
patterns were more homogeneous and stable over time than those observed at shorter time scales. In
contrast, other regions (e.g. Canada) where large areas were affected by negative SPEI anomalies at

short time scales did not show significant negative anomalies at the time scale of 12 months.

3.3 Synthetic analysis

The figures described above identify regions of the world and the months and time scales of drought
in which dry conditions are associated with extreme ENSO events (El Nifio and La Nifia). Figure 9
shows the regions of the world most affected by the negative anomalies of the SPEI. As the spatial
patterns of drought-affected regions commonly change among months, it is difficult to define
homogeneous regions for assessing the impact. Figure 13 shows the average SPEI anomalies of
representative locations in regions where El Nifio or La Nifia events determining drought conditions
were observed over a number of months and time scales. For La Nifia events the regions involved
were northern Mexico and southern Russia, and for El Nifio events the regions involved were South
Africa, Indonesia, eastern Australia, northern Brazil, India and the Sahel. In general, the regions
showed how the drought conditions are recorded from short to long time-scales for the
corresponding ENSO event, being more evident the effects with longer time-scales. The negative
anomalies were initially recorded at short time scales during the late summer or autumn of the year
prior to the event; exceptions included in eastern Australia, where anomalies were recorded in the
spring of the year preceding the event, and in the Sahel, where anomalies were recorded in summer
of the preceding year. During the following months the anomalies on longer time scales
strengthened as a consequence of the accumulation of the short-term negative anomalies. When the
1-month negative anomalies were recorded for different months the negative anomalies for the

following months were evident at both long and short SPEI time scales (e.g. Indonesia). In contrast,



315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

when the 1-month anomalies were recorded over several months the negative anomalies were only
propagated at the longer time scales. This was evident in northern Mexico, where negative
anomalies at the 1-month time scale were initially evident in November of the year prior to the La
Nifia event, whereas two months latter (in January) the 5-month time scale was the shortest for
which a significant negative anomaly was found.

The figure 9 shows that in regions affected by dry conditions during La Nifia years (northern
Mexico and southern Russia) the period with negative anomalies was shorter and of lower
magnitude than occurred in regions affected by El Nifio. The SPEI anomalies in South Africa,
eastern Australia and northern Brazil showed very strong negative magnitudes (< —1.25) over
several months in the El Nifio year and in the preceding year, and encompassed various time scales.
In contrast, in northern Mexico the minimum values of the average SPEI were recorded at the 6-
month time scale in the year of La Nifia event (SPEI = —0.95), and in southern Russia the minimum
value (—0.81) was recorded in May at the12-month time scale.

Figure 10 shows the percentage of the world where the average of thel-, 3-, 6- and 12-month SPEI
values were < —0.5 and < -0.8 for La Nifia and El Nifio events and the preceding years. Two
thresholds were selected to assess the effect on moderate and more severe global dry conditions. At
the time scale of 1 month the surface of the world with average SPEI values < —0.5 oscillated about
5% for both El Nifio and La Nifia phases, although it was observed that for most months of the
years in which the events occurred (from January to August) the surface area corresponding to El
Nifio phases was much greater than for La Nifia phases. The difference was more evident for the
surface area with SPEI values < —0.8 (corresponding to very dry conditions); the surface area
affected by anomalies below this threshold was lower, but the difference between the EI Nifio and
La Nifia events was much clearer. The differences between El Nifio and La Nifia phases at the time
scale of 1 month were magnified at longer time scales. At the time scale of 3 months more than the

6% of the world showed average SPEI values < —0.5 from September of the year prior to El Nifio
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phases to October of the El Nifio year, but for late spring and early summer (April to July) 10% of
the world showed an average SPEI < —0.5. In contrast, during La Nifia phases the surface area
affected by droughts was much lower (< 5%). The difference was even more evident for an SPEI
threshold of —0.8, because very few areas of the world were identified with La Nifia phases
compared with 2—-3% of the world with ElI Nifio phases. The differences were enhanced at time

scales of 6 and 12 months, especially for the most severe droughts (SPEI < 0.8).

3.4. Related atmospheric mechanisms

Figure 11 shows the average values of the standardized 500 hPa geopotential heights corresponding
to La Nifia years. Large negative 500 hPa geopotential heights anomalies are recorded in the Pacific
region, but also propagated throughout the intertropical zone around the globe, from November of
the previous year to July of La Nifia year. This could be explained further by the observed cooling
of the Eastern Pacific basin, as it is shown with the large negative SST anomalies identified over
most of this tropical region from August of the preceding year to May of La Nifia year (see Figure
S5 in the supplementary material section). In addition, there are moderate positive 500 hPa
geopotential heights anomalies affecting the southern and western part of North America during the
months in which the most negative SPEIs at the time scale of 1 month were recorded in this region
(November, December, February and March) (see Figure 3). Also in the Eastern Europe, the pattern
of dominant negative 1-month SPEI is related to positive pressure 500 hPa anomalies, light to
moderate from February to May during La Nifia year. The surface conditions represented by the Sea
Level Pressure (SLP) anomalies could also help to explain the pattern of negative SPEI anomalies
observed during La Nifia phases over these regions (see Figure S6 in the supplementary material
section). In any case, the magnitude of the 500 hPa geopotential heights and SLP anomalies and the

general atmospheric circulations prone to cause droughts are progressively smoothed from May of
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La Nifia year. This would explain the very few negative SPEI anomalies at the time scale of one
month recorded from May of La Nifia year worldwide.

During EI Nifio episodes, strong positive SST anomalies in the Eastern Pacific basin are observed
from June of the previous year to May of the El Nifio year (see Figure S7 in the supplementary
material section). These large positive SST anomalies dramatically affect the low- and mid-level
atmospheric circulation during several months. In the case of El Nifio, it is very clear that the effect
on the 1-month negative SPEI anomalies is driven by different factors as a function of the region of
the world. The early effects of the EI Nifio are recorded in Indonesia (from July to December of the
previous year; see Figure 6) and Australia (mainly from October to December of the previous year;
see Figure 6), and they are mainly driven by the strong positive SLP anomalies observed over the
Western Pacific basin (Fig. 12). The colder than average SSTs in the Western Pacific region are
having a clear effect on the SLP conditions, resulting in a strong anticyclonic weather pattern
centered over Indonesia. This is a simultaneous effect of the El Nifio on the drought conditions
driven by coupled sea surface-low troposphere interactions. Nevertheless, the main effects of El
Nifio on droughts are propagated by means of the mid-troposphere anomalies summarized by the
maps of anomalies at the 500 hPa geopotential height (see Figure 13). High pressure SLP anomalies
in the Western Pacific basin between September of the previous year to April of El Nifio year
propagates to the mid-level troposphere between November of the previous year to June of El Nifio
year (particularly stronger in February-March), determining the occurrence of strong high pressure
anomalies at the 500 hPa level in most of the intertropical area Therefore, there is a clear
propagation of the negative SST anomalies to the positive SLP anomalies observed in the Western
Pacific basin. Consequently, these low-level anomalies are propagated throughout the entire
intertropical region reinforcing anticyclonic conditions at mid-level of the troposphere 6 months
after the SST anomalies in the Western Pacific region develop. Whereas for La Nifia years very few

land areas are affected by positive 500 hPa geopotential height anomalies, for El Nifio years a large
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emerged area shows a dominant anticyclonic circulation . For example, in the case of Australia and
Indochina the first strong positive 500 hPa anomalies are recorded in November and December of
the previous year, corresponding to strong negative 1-month SPEI anomalies over most of the
region. Thus, there is a high agreement between the areas with the strongest positive anomalies in
surface and 500 hPa pressures and the most negative SPEIs recorded each month of EI Nifio phase.
For instance, the negative 1-month SPEIs are recorded in Canada, northern part of South America,
South Africa, South India, and the Asian region from Indochina to the North Australia in December
of the previous year, wich correspond to the regions with the strongest positive anomalies at the 500
hPa geopotential height. From January to July of the El Nifio year, negative 1-month SPEI values
are recorded in different regions of the world affected by positive pressure anomalies at the mid-
troposphere, which are very persistent in areas like South Africa and South India where the negative
1-month SPEI values are recorded in most of the months from February to July of El Nifio year.

The results show that although the patterns of anomalies of SST, SLP and 500 hPa heights are
persistent for different months of El Nifio and La Nifia phases, the influence on the areas in which
the ENSO phenomenon is determining drought conditions is restricted to few months at the time
scale of 1 month. Therefore, the delays in the drought onset at longer time scales (e.g. 6- or 12-
months) occur due to a delay in the local hydrological response and are not associated with the
atmospheric circulation response to the SST anomalies or the evolution of the SST anomaly itself.
As a result, the anomalies recorded at longer time-scales, representative of different types of
drought, will be caused by the cumulative dry conditions in some specific months, commonly
coeval with the strongest ENSO signal in the SST and atmospheric circulation anomalies. These
anomalies will then propagate throughout the hydrological cycle to cause droughts at long time-
scales. Nevertheless, for EI Nifio phases, the persistence of the 1-month SPEI anomalies is

commonly stronger than that found for La Nifia phases (e.g., in the northern South America and
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South Africa), explaining that droughts are propagated at longer SPEI time-scales several months

after finishing the SST and related atmospheric circulation anomalies.

4. DISCUSSION AND CONCLUSIONS

We presented here the first global analysis of the ENSO impact on multi-scalar droughts, focusing
on the effects of the warm (El Nifio) and cold (La Nifia) events of the ENSO phenomenon. The
results showed that very dry conditions occurred during both phases in different areas of the world.
Thus, the spatial extent and the months in which the impacts were recorded varied significantly
during the events. The impact of warm and cold phases of the ENSO have been analyzed and
described in previous global studies (Kouski et al., 1984; Ropelewski and Halpert, 1987 and 1996;
Halpert and Ropelewski, 1992; Kiladis and Diaz, 1989; Diaz et al., 2001; Dai et al., 2004; Sheffield
et al., 2009; Appipatanavis et al., 2009), and in several regional and local studies focused on
particularly sensitive regions (e.g. Harger, 1995; Chiew et al., 1998; Bonsal and Lawford, 1999;
Richard et al., 2001; Karnauskas et al., 2008; Villar et al., 2009; Kothawale, 2010). Although our
results are consistent in general terms with previous findings, we have provided strong evidence
that the magnitude of the drought conditions recorded in each region shows large variations as a
function of the drought time scale. Thus, the results showed that the period in which dry conditions
were identified in each affected region tended to increase by some months as the time scale became
longer. This resulted from the procedure for calculation of the multi-scalar drought index, because
longer time scales generated smoother fluctuations and thus a larger sequence of anomalies with the
same sign. The main implication of the results is the potential to improve assessment of the possible
agricultural, environmental, hydrological and economic impacts, based on the ability of the
different drought time scales to represent the temporal variability of various usable water sources.
Nevertheless, it is noteworthy that both the timing of the impacts and the spatial pattern of negative

SPEI anomalies for both the warm and cold phases varied as a function of the time scale. At short
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time scales the main regions affected by negative SPEI anomalies were clearly identified. However,
they showed some variability, with large differences in the spatial patterns and the magnitude of the
anomalies among the months of the event. Thus, at short time scales the negative anomalies that
were identified showed a very patchy pattern, which was more evident during La Nifia events. In
contrast, at longer time scales the spatial pattern of negative anomalies was more coherent; fewer
but larger regions were affected, and the temporal variability in the affected areas and the
magnitude of the anomalies was low. Thus, longer time scales emphasized the ENSO effects and
clearly distinguished regions where the expected influence of the ENSO phases was uncertain or
statistically significant. At short time scales sustained negative anomalies during most ENSO
phases will produce marked dry conditions at longer time scales. In contrast, the influence on
droughts is smoothed at longer time scales in those regions only affected over a few months, or
where the events exhibit negative anomalies. As mentioned above, this will have significant
consequences for those hydrological subsystems with long response times to dry climate conditions,
such as ground water reserves and large reservoirs (e.g. Peters et al., 2005; Lorenzo-Lacruz et al.,
2010).

This study highlighted a number of regions that are markedly affected by drought at a wide range of
time scales in response to El Nifio and La Nifia phases. Those regions affected by La Nifia phases
were southern USA/northern Mexico and southern Russia/eastern Europe, whereas for El Nifio
phases the most affected areas were South Africa, Indonesia and the western Pacific area, Australia,
the northern part of South America and the Amazon, India and the Indochina peninsulas, central
and western Canada, and large areas of the Sahel. These results agree with the impact of positive
and negative ENSO phases on global precipitation. For example, Ropelewski and Halpert (1987)
showed in the West Pacific region and EIl Nifio phases low precipitation during most of the months
of the year. In India the negative precipitation anomalies are found between June and September of

the previous year to El Nifio and in South Africa between July of the previous year and March of El
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Nifio years, a similar pattern that found in northeastern South America. Thus, we found negative
SPEI anomalies for most of these months and regions by means of a SPEI 1-month time-scale.
Ropelewski and Halpert (1989) also analyzed La Nifia phases, showing a smaller number of
anomalies associated with La Nifia phases in relation to those identified for EI Nifio. Nevertheless,
these previous global studies showed very low monthly precipitation anomalies for most of the
regions and the areas in which the main effect of La Nifia phases on droughts have been identified
here (e.g., South North America) are not so clearly identified analyzing monthly precipitation
anomalies. The droughts associated with La Nifia phases in Southern USA and Northern Mexico
were described by Kahya and Dracup (1994), which detected negative streamflow anomalies
appearing at the beginning of La Nina event year until October of the same year. In any case, at the
time-scale of 1 month the magnitude of the negative SPEI anomalies found worldwide are, in
general, low and comparable to the magnitude observed by the studies cited above using monthly
precipitation. Thus, we clearly observe that when the cumulative effects summarized by longer
SPEI time-scales are analyzed larger anomalies are identified.

We have also analyzed the Sea Surface Temperature and the atmospheric circulation patterns that
the ENSO signal propagates on droughts worldwide. Although the dynamic of the El Nifio and La
Nifia phases had been widely analysed (e.g., Rasmusson and Carpenter, 1982; Clarke, 2008 and
references therein) and also their connection with the surface climate (e.g., Gershunov and Barnett,
1998; Allan et al., 1996), we have illustrated here the high relationship between atmospheric
circulation anomalies and the SPEI averages in those regions in which El Nifio or La Nifia phases
are prone to cause droughts. The effect of the ENSO phases on droughts is mainly propagated
throughout the mid-trophosphere (Enfield and Mestas-Nafiez, 1999; Mo, 2000), with a delay of
some months regarding the SLP anomalies in the Western Pacific area as a consequence of the
colder than average SST anomalies. The effect of the anomalies in the atmospheric circulation on

dry conditions are detected for several months of each one of the ENSO phases, but mainly for El
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Nifio years in which persistent negative SPEIs at the time scale of 1-month are recorded in some
regions (e.g., South Africa or India). Nevertheless, the propagation of the drought conditions at
longer time-scales (e.g., 6- or 12-months) is not directly determined by the atmospheric circulation
response to the SST anomalies, since the SPEI anomalies will be caused by the cumulative dry
conditions in some specific months, which may propagate several months after the SST or the
atmospheric circulation anomalies associated with the ENSO phases disappear.

The number of regions and months affected and the total surface area with negative anomalies was
much higher for El Nifio events than for La Nifia events. In summary, El Nifio events tended to
generate more droughts globally than La Nifia events. This is in agreement with the recent findings
of Sheffield et al. (2009), who showed that there is a tendency for more short-term drought events
to occur during El Nifio phases. Nevertheless, our results show that the tendency to more regions
and stronger negative anomalies for El Nifio events relative to La Nifia events clearly increases with
an increase in the time scale over which the drought is quantified. Thus, at the longest time scales
the percentage of the global surface area affected by drought during EIl Nifio years was more than
four times that for La Nifia years. This implies that El Nifio events affect more regions and have
greater impact, but also that the associated dry conditions are more persistent over time. Smith and
Ropelewski (1997) concluded that (i) in several regions where the ENSO influence has been
identified, the impact is greater for one phase (El Nifio or La Nifia) than the other, and (ii) in
general, the influence on precipitation at the global scale is greater during La Nifia events than
during EI Nifio events, which is a pattern that has also been observed for soil moisture modeled at
the global scale (Sheffield et al., 2009). This result is expected because during El Nifio events
tropical precipitation shifts to the central Pacific Ocean and away from tropical land areas. Thus,
during EI Nifio phases tropical land masses dry while wet over land is restricted to southern North

America and a small part of southern South America. The opposite is true during La Nina events.
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Our results also showed differences in the timing of the influence of ENSO events in different
regions of the world, independent of the drought time scale. The ENSO effect typically has a
temporal delay, which is longer where more remote is the connection (Kiladis and Diaz, 1989;
Stone et al., 1996). The lags in impact are very complex when quantified at various time scales.
Nevertheless, in the most affected regions of the world we did not find early effects (at the
beginning of the corresponding ENSO events) during La Nifia phases, whereas for El Nifio phases
early effects were clearly evident in areas including Australia and Indonesia. Moreover, the effects
of El Nifio phases lasted for many months, and in some regions (e.g. the Sahel) the impact of El
Nifio on droughts could be detected more than one year after the beginning of the warm phase.

It is notable that the effect of ENSO events on droughts clearly lagged in different regions of the
world, and that there was spatial displacement of the affected areas to neighboring regions as the
ENSO event developed: the most obvious case was the displacement of drought conditions towards
Indonesia from Australia at the beginning of El Nifio events, followed by advance to the Indochina
peninsula and finally to India.

Lags in the impacts of ENSO events and their propagation to neighboring areas offer a unique
mechanism for drought prediction. The development of measures for drought planning and
preparedness is a priority in reducing drought hazards (Wilhite, 1996; Wilhite et al., 2007;
Prabhakar and Shaw, 2008). A critical component in drought planning is the provision of timely and
reliable climate information on which to base management decisions (Svoboda et al., 2004). Hence,
drought monitoring is crucial for the implementation of drought plans and the use of synthetic
drought indicators, including the SPEI used in this study. Such indicators can provide accurate
information about the spatial extent and severity of drought conditions in a way that reflects the
level of risk in real time.

The capacity to accurately predict droughts prior to their onset would markedly improve the

management of risk, and reduce its associated impacts. However, relative to drought monitoring the
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forecasting of droughts is still unreliable. The unique system for drought forecasting in the USA is
based on a combination of sources including the Constructed Analogue on Soil moisture, the
Climate Forecast System seasonal precipitation forecasts, the El Nifio precipitation and temperature
composites for November—January, normal climatology, and the current drought conditions
(Schubert et al., 2007). Recent studies in Europe have indicated the possibility of providing
seasonal anomaly forecasts, using the influence of driving factors including the ENSO phase (Frias
etal., 2010).

The prediction of ENSO events has increased with the refinement of numerical models (Chen et al.,
2004; Tippet and Barnston, 2008; Jin et al., 2008). However, we have shown that prediction of
drought impacts related to ENSO can be possible too based only on observations, because there is
commonly a delay of some months from the onset of ENSO events (typically in April-May of the
previous year) to the occurrence of drought. The prediction can be even more robust for those water
sources related to long drought time scales (e.g. ground water and reservoir storages), where the
delay is even longer. In regions such as Australia, where the ENSO impact on droughts are
identified very early (at the beginning of the ENSO phases), the potential to predict is very limited
and dependent on numerical prediction of the occurrence of ENSO events. Nevertheless, given the
large temporal lag between the development of ENSO phenomena and the identification of drought
conditions, it appears possible to detect in advance the likely impact of the ENSO on drought in the
majority of regions, at time scales comparable to those in this study.

Although some studies have found a nonstationary relationship between the surface climate and the
ENSO variability in some regions (e.g. Lloyd-Hughes and Saunders, 2002; Kane, 2006), recent
analyses have demonstrated that the linear ENSO teleconnections are stable and robust, and there is
no evidence that changes in the strength of the teleconnections between ENSO and the atmospheric

circulation went beyond chance in the recent past (Sterl et al., 2007). Established relationships
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between ENSO phases and drought indices therefore seem appropriate for drought prediction over

large areas of the world.
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FIGURE CAPTIONS

Figure 1. Monthly SST anomalies (in degrees) corresponding to the phases of the winter El Nifio
(squares) and La Nifa (circles). The monthly means were computed for each time series for
the period 1971-2000. These means were then subtracted from their respective time series
for the entire data set (1901-2006).

Figure 2. Evolution of the 3-, 6-, 9- and 12-month SPEI in central France (46.5°N, 8°E).

Figure 3. Spatial distribution of the average 1-month SPEI anomalies during La Nifia years and the
years preceding. The black lines identify areas in which significant differences in the SPEI
average were found between the La Nifia years and other years.

Figure 4. Spatial distribution of the average 3-month SPEI anomalies during La Nifia years and the
years preceding. The black lines identify areas in which significant differences in the SPEI
average were found between the La Nifia years and other years.

Figure 5. Spatial distribution of the average 12-month SPEI anomalies during La Nifia years and
the years preceding. The black lines identify areas in which significant differences in the
SPEI average were found between the La Nifia years and other years.

Figure 6. Spatial distribution of the average 1-month SPEI anomalies during El Nifio years and the
years preceding. The black lines identify areas in which significant differences in the SPEI
average were found between the EIl Nifio years and other years.

Figure 7. Spatial distribution of the average 3-month SPEI anomalies during El Nifio years and the
years preceding. The black lines identify areas in which significant differences in the SPEI
average were found between the El Nifio years and other years.

Figure 8. Spatial distribution of the average 12-month SPEI anomalies during El Nifio years and the
years preceding. The black lines identify areas in which significant differences in the SPEI
average were found between the EIl Nifio years and other years.

Figure 9. Average SPEI values at the time scales of 1-12 months in eight representative regions of
the world during the ENSO phases that drive drought conditions in each region: i) La Nifia
(northern Mexico and southern Russia), and ii) EI Nifio (South Africa, Indonesia, eastern
Australia, northern Brazil, India and the Sahel). The black lines identify months and time
scales when significant differences in the SPEI averages were found between the
corresponding ENSO phase and the remaining years

Figure 10. Percentage of the world surface where the average 1-, 3-, 6- and 12-month SPEI values
were < —0.5 and < —0.8 for La Nifa (black bars) and El Nifio (gray bars) years and the year
preceding each.

Figure 11. 500 hPa standardized anomalies during La Nifia years and the years preceding.

Figure 12. SLP standardized anomalies during El Nifio years and the years preceding.

Figure 13. 500 hPa standardized anomalies during El Nifio years and the years preceding.
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