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Abstract
SPATIOTEMPORAL PATTERNS OF ENSO-PRECIPITATION RELATIONSHIPS IN
THE TROPICAL ANDES OF SOUTHERN PERU AND BOLIVIA
Joseph Jonaitis
B.S., Michigan State University
M.A., Appalachian State University
Chairperson: L. Baker Perry, Ph.D.
Precipitation is vital in the outer tropical Andes, regulating freshwater availability,
flooding, glacier mass balance, and droughts. Precipitation in the region, however, is highly
seasonal and exhibits considerable interannual variability. The primary driver in interannual
variability is the El Niño Southern Oscillation (ENSO), with most investigations reporting
that the El Niño (La Niña) results in negative (positive) precipitation anomalies across the
region. Recent investigations, however, have identified substantial spatiotemporal differences
in ENSO-precipitation relationships. Motivated by the dissimilarity of these findings, this
study examines a carefully selected dataset (≥ 90% completeness) of ground-based
precipitation observations from 75 high-elevation (≥ 2,500 m asl) meteorological stations in
the tropical Andes of southern Peru and Bolivia to identify distinct groups and associated
variability in precipitation characteristics (e.g., total seasonal precipitation, wet season onset,
and wet season length). Using no spatial constraints, the K-Means algorithm optimally
grouped stations into five easily identifiable groups. Groups 3, 4, and 5 farthest from the
Amazon basin had significant positive (negative) precipitation anomalies (p < .05) during La
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Niña (El Niño), aligning with the traditional view of ENSO-precipitation relationships while
Groups 1 and 2 closest to the Amazon had opposite relationships. Additionally, though
studies have reported delays in the wet season, years characterized by El Niño had an earlier
wet season onset in all five groups. These findings may aid in improving seasonal climate
prediction and managing water resources, and could also allow for improved interpretation of
tropical Andean ice cores.
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Introduction
Known for being the longest continental mountain range in the world and running
more than 7,000 km along the western edge of South America, the Andes Mountains are
home to some of the world’s most diverse mountainous environments. These mountains are
also home to 99% of the all the tropical glaciers in the world, with Peru and Bolivia claiming
71% and 20%, respectively (Francou and Vincent 2007, Rabatel et al. 2013). Glaciers
provide freshwater to cities such as La Paz, Bolivia, and Lima, Peru, and store hundreds to
thousands of years of climatic paleoindicators (Thompson et al. 1986, Ramirez et al. 2003,
Haines et al. 2016). Present day Andean glacier mass balance is highly negative, however,
with annual losses of 0.76 m water equivalent since 1974, nearly four times faster than the
prior decade (Rabatel et. al 2013). Amplified warming in this region could mean temperature
increases of 5°-6°C under the IPCC A2 emissions scenario by the end of this century (Urrutia
and Vuille 2009) with all glaciers below 5,400 m asl (asl is omitted hereafter), constituting
approximately 50% of tropical glaciers in area, disappearing (Soruco et al. 2009).
Primary mechanisms for glacial loss include increasing temperatures (Bradley et al.
2006, Ramirez et al. 2001), variable precipitation, and possible changes in cloud cover
(Francou et al. 2003, Favier et al. 2004). Glacier loss and precipitation are closely linked, in
that solid precipitation primarily regulates the absorption and reflection of incoming solar
radiation on the glaciers (Rabatel et al. 2013). Glaciers in southern Peru and Bolivia face
increased ablation when fresh snow does not fall, especially during clear days at the end of
the dry season when the glaciers have their lowest albedo (Ribstein et al. 1995, Francou et al.
2003, Sicart et al. 2011).
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Although glacier mass balance is influenced by precipitation (Favier et al. 2004),
there are challenges to studying precipitation in the outer tropical Andes. The region has
spatially complex precipitation patterns (Aalto et al. 2003, Ronchail and Gallaire 2006),
sparse precipitation observations, and diverse terrain ranging from below 2,500 m asl to
6,542 m.
El Niño-Southern Oscillation (ENSO) determines the majority of inter-annual
precipitation variability in the outer tropical Andes (Francou and Pizarro 1985, Vuille et al.
2000, Garreaud and Aceituno 2001). Previous investigations (Garreaud and Aceituno 2001,
Ronchail and Gallaire 2006, Rabatel et al. 2013, Vuille et al. 2000) report that the warm
phase of ENSO (El Niño) is typically associated with negative annual precipitation
anomalies, whereas the cold phase of ENSO (La Niña) is typically associated with positive
annual precipitation anomalies. More recent studies that attempt to characterize the ENSOprecipitation relationships, however, challenge the traditional view of ENSO-precipitation
relationships in the region (Perry et al. 2014, Perry et al. 2017, Sulca et al. 2017).
Due to the inconclusiveness of the scientific findings and the need for accurate
climatic predictions, (Perry et al. 2014, Perry et al. 2017, Sulca et al. 2017, Vuille et al.
2000), I decided to investigate ENSO-precipitation relationships in the Andean Mountains of
southern Peru and Bolivia. Because satellite-based datasets such as the Tropical Rain
Measuring Mission (TRMM) underestimate precipitation in the tropical Andes by up to 3540% (Espinoza et al. 2015, Chavez and Takahashi 2017) and models such as the Weather
Research and Forecasting model, version 3.4.1 (Skamarock et al. 2008) overestimate
precipitation in the region (Junquas et al. 2018), I used daily ground-based precipitation data
recorded by rain gauge networks. Furthermore, this study only used stations from selected
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high elevation sites (≥ 2,500 m) in the study region with near complete (≥ 90%) precipitation
records from 1972-2016 (Fig. 1) to ensure a representative data set. Using these observations,
I computed precipitation characteristics for each station, such as total wet season
precipitation, wet season onset, and number of wet days for each hydrological year. To
investigate the intraregional variability of precipitation (e.g. Eck et al. 2018), the study region
was classified into five distinct groups through a K-means test, which determined the optimal
number of groups and maximized within group precipitation characteristic similarities and
outside group differences in precipitation characteristics. All groups were elongated with
their axis aligned parallel to the Andes with Groups 1 and 2 in the north and east and Groups
3, 4, and 5 in the south and west closest to the Pacific Ocean. Groups The Kruskal-Wallis H
test, suitable for three or more groups of non-parametric data, and a post-hoc test for the
Kruskal-Wallis H (Kruskal and Wallis 1952) tested for significant differences among ENSO
phases in each of the groups.
This paper has improved the understanding of ENSO-precipitation relationships that
shape the prediction of tropical Andean precipitation and interpretation of tropical Andean
ice cores across the Northern Altiplano. Though some studies suggested wet season onset is
delayed during El Niño when compared with ENSO Neutral or La Niña years, wet season
onset is earliest during El Niño years (n = 17 events) in all five station groups. La Niña years
(n = 10 events) had the latest onset in four of the five groups. Furthermore, a distinct eastwest ENSO-precipitation dipole was uncovered. While the western groups (Groups 3, 4, and
5) largely followed the traditional understanding of ENSO-precipitation relationships, eastern
groups (Groups 1 and 2), which include important ice core sites such as the Quelccaya
Icecap, demonstrated opposite relationships. These results will provide relevant information
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to better understand the distinct influences of past and future ENSO events on the spatially
variable characteristics of precipitation in the region. Such understanding will not only aid in
managing water resources in this area, which primarily receives precipitation from November
to March, but may inform the interpretation of ice core records and other paleoclimatic
archives within this study region.
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Abstract
Precipitation is vital in the outer tropical Andes, regulating freshwater availability, flooding,
glacier mass balance, and droughts. Precipitation in the region, however, is highly seasonal
and exhibits considerable interannual variability. The primary driver in interannual
variability is the El Niño Southern Oscillation (ENSO), with most investigations reporting
that the El Niño (La Niña) results in negative (positive) precipitation anomalies across the
region. Recent investigations, however, have identified substantial spatiotemporal differences
in ENSO-precipitation relationships. Motivated by the dissimilarity of these findings, this
study examines a carefully selected dataset (≥ 90% completeness) of ground-based
precipitation observations from 75 high-elevation (≥ 2,500 m asl) meteorological stations in
the tropical Andes of southern Peru and Bolivia to identify distinct groups and associated
variability in precipitation characteristics (e.g., total seasonal precipitation, wet season onset,
and wet season length). Using no spatial constraints, the K-Means algorithm optimally
grouped stations into five easily identifiable groups. Groups 3, 4, and 5 farthest from the
Amazon basin had significant positive (negative) precipitation anomalies (p < .05) during La
Niña (El Niño), aligning with the traditional view of ENSO-precipitation relationships while
Groups 1 and 2 closest to the Amazon had opposite relationships. Additionally, though
studies have reported delays in the wet season, years characterized by El Niño had an earlier
wet season onset in all five groups. These findings may aid in improving seasonal climate
prediction and managing water resources, and could also allow for improved interpretation of
tropical Andean ice cores.
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1. Introduction
The Andes Mountains, the longest continental mountain range in the world, contain
some of the world’s most diverse habitats and 99% of all the tropical glaciers in the world,
with Peru and Bolivia claiming 71% and 20%, respectively (Francou and Vincent 2007,
Rabatel et al. 2013). Glaciers store thousands of years of climate records (Thompson et al.
1986, Ramirez et al. 2003, Haines et al. 2016) and help regulate regional natural hazards such
as landslides, floods, droughts, and water shortages in this region (Anderson et al. 2017,
Vuille et al. 2017). Andean glacier mass balance is highly negative at present (Rabatel et. al
2013), however, and predicted amplified warming of 5°-6°C by the end of the century
(Urrutia and Vuille 2009) in this region could mean the disappearance of all glaciers below
5,400 m asl (asl is omitted hereafter), approximately 50% of glaciers in area (Soruco et al.
2009).
Primary mechanisms for glacial loss in the outer tropical Andes of southern Peru and
Bolivia, a region between 12-18 °S which includes part of the Altiplano, include increasing
temperatures (Bradley et al. 2006, Ramirez et al. 2001), variable precipitation, and possible
reduction in cloud cover (Francou et al. 2003, Favier et al. 2004). Glacier loss and
precipitation are closely linked, although there are numerous challenges to studying
precipitation including spatially complex precipitation patterns (Aalto et al. 2003, Ronchail
and Gallaire 2006), scarce observations, and high topographic relief ranging from below
2500 m asl to 6,542 m asl. The El Niño-Southern Oscillation (ENSO) determines the
majority of inter-annual precipitation variability in the outer tropical Andes (Francou and
Pizarro 1985, Vuille et al. 2000, Garreaud and Aceituno 2001) with initial research (e.g.
Vuille et al. 2000, Garreaud and Aceituno 2001, Ronchail and Gallaire 2006, Rabatel et al.
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2013) indicating positive and negative precipitation anomalies occurring during the warm
phase (El Niño) and cold phase (La Niña), respectively. Precipitation responses to ENSO
phases have been found to reverse over time near the study area (Aalto et al. 2003) and vary
adjacent to the study area (Ronchail and Gallaire 2006) (Fig. 1). The most recent studies
(Perry et al. 2014, Perry et al. 2017, Sulca et al. 2017) characterizing the ENSO-precipitation
relationships in the region, however, have challenged this initial view with ENSO phases
associated with opposing precipitation anomalies in some parts of the study area.
To resolve the differences among these studies, the present study investigates the
subregional variability of ENSO-precipitation relationships in the Andes of southern Peru
and Bolivia. In order to identify the ENSO-precipitation relationships in this intermontane
region, this investigation examines gauge-based precipitation data from selected high
elevation sites (≥ 2500 m) that have near complete (≥ 90%) precipitation records over a 45year period (Fig. 1). The study region is divided into optimally selected groups in order to
investigate intraregional variability of precipitation (e.g., Eck et al. 2018). The distinct
patterns identified by these new analyses help to resolve disparities among previous studies
and may provide critical information to scientists and local stakeholders to improve scientific
understanding of ENSO-precipitation relationships in the outer tropical Andes.

2. Background and Literature Synthesis

Precipitation in the outer tropical Andes has distinct seasons, with a single wet season
typically extending from October to March (Perry et al. 2017). Seasonal precipitation totals
increase over the study region from the southwest to the northeast, and over 50% of
precipitation occurs during the austral summer from December to February (Garreaud and
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Aceituno 2001, Perry et al. 2014). The wet season occurs when latent heating from Amazon
monsoonal convection associates with the formation of the Bolivian High and Chaco Low at
upper and lower levels of the atmosphere, respectively (Figueroa et al. 1995, Rodwell and
Hoskins 2001, Seluchi et al. 2003). The northern branch of the Bolivian High is associated
with upper-level (300 - 200 hPa) easterly winds, which are correlated with mid-level
moisture transport from the Amazon and convection in the Andes Garreaud (1999). The wet
season in the region is characterized by northerly and easterly flow at lower levels.
Conversely, westerly winds at the lower levels with low specific humidity dominate the dry
season, and are associated with a near complete dissipation of the Bolivian high (Vuille et al.
1998, Garreaud et al. 2003). In the intermontane region, pluvial periods lasting one to two
weeks alternate with dry periods of equal length (Garreaud and Aceituno 2001, Guy et al.,
forthcoming, 2018). This episodic pattern is regionally coherent (Garreaud 2000, Perry et al.
2014) and likely linked with the South American Low Level Jet (SALLJ), which influences
moisture provision from the Amazon lowlands to the Andes (Guy et al. forthcoming, 2018).
At the diurnal time scales, precipitation in the outer tropical Andes occurs predominantly as
convective events during the afternoon and longer-lasting stratiform events during the
nighttime (Perry et al. 2014, Chavez and Takahashi 2017, Junquas et al. 2018).
Precipitation falling in the outer tropical Andes is controlled by moisture availability
and its transport to the area (Garreaud 1999). The Amazon Basin is the source of about 95%
of the moisture for precipitating events in the region, as inferred from backward air
trajectories of precipitating events in Cusco and La Paz (Perry et al. 2014). Moisture
transport is primarily light, around 1-3 m s-1 (Vimeux et al. 2005, Perry et al. 2014), is
parallel with and enhanced by the SALLJ (Junquas et al. 2018), and originates from the west
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and north in southern Peru and east and north in Bolivia (Perry et al. 2014, Ronchail and
Gallaire 2006). Though seemingly contradictory, northwesterly moist flow in southern Peru
still advects moisture from the Amazon basin due to the area’s unique geomorphology. Over
the Bolivian Altiplano, precipitation decreases occur from east to west and north to south as
moisture is uplifted while crossing the Andes (Ronchail and Gallaire 2006). Valleys which
cut across the Andes and orient with the SALLJ from northwest to southeast channel the
moisture to the region (Junquas et al. 2018).
Contributing to the majority of inter-annual precipitation variability in the region
(Francou and Pizarro 1985, Vuille et al. 2000, Garreaud and Aceituno 2001), ENSO is a
complex teleconnection pattern with distinct signals throughout the world. Its warm phases
(El Niño) and cold phases (La Niña) typically last nine to twelve months and occur on
average every four years (Trenberth 1997). Both phases normally begin to develop from June
to August and reach their peak strength between December and April of the following year
(Philander 1983, Trenberth 1997), coinciding with the wet season peak within the study
region.
Like ENSO, the Pacific Decadal Oscillation (PDO) also associates with SST
variability in the Pacific. The SST changes during the warm PDO phase associate with
precipitation deficits in tropical South America (Mantua and Hare 2002). A climatic regime
shift identified with the PDO and the North Pacific occurred during the northern hemisphere
winter of 1976-77 and associated with widespread warming over the tropical Pacific similar
to El Niño (Graham 1994, Nitta and Yamada 1989).
Many investigations (e.g., Aceituno 1988, Vuille 1999, Vuille et al. 2000, Garreaud
and Aceituno 2001, Ronchail and Gallaire 2006, Rabatel et al. 2013) using a variety of
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methods have found that El Niño correlates with negative precipitation anomalies and La
Niña correlates with positive precipitation anomalies in the outer tropical Andes. Knüsel et
al. (2005) analyzed precipitation data, ENSO phase, and dust-related ions deposited between
1887 and 1999 in an ice core from Nevado Illimani (~6,300 m) in Bolivia. Increased dust
correlated with decreased precipitation and El Niño; decreased dust correlated with increased
precipitation and La Niña. Since glacial mass balance depends on the inter-annual variability
of precipitation (Favier et al. 2004), Veettil et al. (2016) concluded that rises in snowline
altitude (SLA) corresponded with decreases in precipitation. Selected glaciers in the
Cordillera Occidental and the Cordillera Oriental tended to have higher SLAs during El Niño
and lower SLAs during La Niña (Veettil et al. 2016). Furthermore, when the warm phase of
PDO and El Niño and the cold phase of PDO and La Niña aligned, the effects of El Niño and
La Niña were stronger on SLA. Increased glacial runoff from the Zongo glacier 30 km north
of La Paz was also associated with El Niño when compared with runoff during ENSO
Neutral (i.e. neither El Niño or La Niña) years (Ribstein et al. 1995). The amount of
precipitation attributed to the runoff, however, actually decreased when compared with
ENSO Neutral phase years, suggesting negative precipitation anomalies during El Niño when
compared with ENSO Neutral phase years (Ribstein et al. 1995).
Recent attempts to characterize ENSO-precipitation relationships using ground-based
precipitation data in the outer tropical Andes show conflicting results. Perry et al. (2014)
found that portions of the Cordillera Oriental near Cusco had negative precipitation
anomalies during the 2007-08 La Niña and positive precipitation anomalies during the
subsequent 2009-10 El Niño (Perry et al. 2014). In an additional study (Perry et al. 2017), La
Paz experienced negative precipitation anomalies during both phases of ENSO from 1979-
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2009. Cusco, on the other hand experienced positive precipitation anomalies during El Niño
and negative anomalies during La Niña from 1963-2009 (Perry et al. 2014, Perry et al. 2017).
Further illustrating the complexity of the effect of ENSO on the region, Aalto et al.
(2003) analyzed sediment cores near rivers in the eastern side of the Cordillera Oriental of
northern Bolivia using lead isotopes to determine individual sediment events. The authors
found that rapidly rising floods occurred more frequently during La Niña. More importantly,
they noted that in part of the floodplain, the response to ENSO flipped in the early 1970s—
such that rainfall was actually lower during La Niña and sometimes higher during El Niño
(Aalto et al. 2003). In an additional study (Ronchail and Gallaire 2006) that examined
precipitation observations, ENSO demonstrated distinct relationships on opposite sides of the
Cordillera Oriental of northern Bolivia. While the western side of the cordillera and the
Altiplano of Bolivia recorded negative precipitation anomalies during El Niño and positive
precipitation anomalies during La Niña, the opposite precipitation anomalies occurred on the
eastern side of the cordillera (Ronchail and Gallaire 2006). Location and timing seemed to
play a crucial role on how the ENSO-precipitation relationship is expressed, even within
regions of Bolivia.
The primary research question we address in this study is: how do precipitation and
its characteristics vary across space and through time as a function of ENSO phase over the
study area? The analyses are based on daily precipitation observations from 75 highelevation sites (≥ 2500m) in the Andes of southern Peru and Bolivia with near complete
precipitation records (≥90%) over a 45-year period. This work is motivated by the identified
need to improve scientific understanding of ENSO-precipitation relationships in space and
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time, and the desire to provide better guidance to stakeholders in the region who need to plan
for a changing climate and to scientists interpreting ice cores from glaciers in the region.

3. Data and Methods
Study Area and Datasets
The Peruvian National Meteorology and Hydrology Service (SENAMHI), Bolivian
SENAMHI, and the project Data on Climate and Extreme Weather for the Central Andes
(DECADE) (Andrade et al. 2018, Hunziker et al. 2018) provided daily precipitation
observations from stations between 12.5°S and 18°S in southern Peru and Bolivia (Table 1).
The precipitation observations, which originated from 533 Peruvian SENAMHI and 241
Bolivian SENAMHI manual and automatic stations, spanned from 1931 to the present and
from 1917 to the present, respectively. In order to focus on the north central Altiplano and its
bordering areas, the study region only included stations ≥ 2500 m asl. This study only used
stations with 90% completeness in their data set, surpassing the minimum recommended
completeness for climate normals (80%) (WMO 2011). The analysis extends from 1 July
1972 – 30 June 2017 (hereafter referred as hydrological years 1972-2016 or simply 19722016) because the period includes the greatest number of stations (76) at 90% completeness
over the longest time series including multiple El Niño and La Niña events.

Computation of Precipitation Characteristics
The daily precipitation observations provided the foundation for determining a set of
climatological characteristics, namely: total hydrological year (1 July – 30 June)
precipitation, total wet season precipitation, wet season onset, dry season onset, wet season
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length, peak wet season date, number of wet days, and number of very wet days for each
observation site. Liebmann et al. (2007) detailed the method for computing the wet and dry
season onset used to derive the wet season length and total wet season precipitation. The
average wet season onset for the entire period (1972-2016) was determined by computing
three values: 1) the daily mean precipitation over the entire period, 2) the daily difference
between the daily mean precipitation and the overall mean for the entire period, and 3) the
cumulative sum of the daily difference, starting on 1 July. For example, all precipitation
records from 1 July through the entire period were averaged to obtain the daily mean
precipitation for that date. The daily mean amount was subtracted from the overall mean
precipitation from 1972-2016 to compute the daily difference. Finally, the difference found
on 1 July was added to the difference found on 2 July to find the cumulative sum on 2 July.
Because very little precipitation falls from July through October, the cumulative sum
produces a negative slope during the same months. As the wet season approaches and mean
daily precipitation begins to exceed mean precipitation for the period, the slope becomes
positive. The day associated with the minimum in the cumulative sum denotes the wet season
onset. Conversely, the day associated with the maximum in the cumulative sum when the
overall mean precipitation begins to exceed the mean daily precipitation indicates the dry
season onset. In addition, the peak wet season date corresponded to the maximum value of
the slope of the cumulative sum. Prior to determining the peak and onset dates, a 14-day
rolling mean for the cumulative sum was employed to smooth precipitation cycles. A station
that recorded measurable precipitation (>0) during a calendar day signified one wet day. A
very wet day was counted when a station recorded precipitation during a calendar day that
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was at or above the 95th percentile of all precipitation observations during the entire study
period.

Grouping Analysis
The K-Means algorithm (Hartigan and Wong 1979), a grouping analysis tool in
ESRI’s ArcMap 10.4.1, grouped stations by their precipitation characteristics without
employing spatial constraints. The tool constructed different groups by finding the starting
stations that had the greatest differences in a characteristic and then grouping other stations
with similar characteristics to those starting stations. The station characteristics used to group
the stations included all of the aforementioned precipitation characteristics, geographical
properties of the station such as latitude and elevation, and combinations of all of these
characteristics. Multiple grouping analyses were performed, testing how well different station
characteristics grouped stations. An R2 value and a Calinski-Harabasz pseudo F-statistic (F)
(Calinski and Harabasz 1974) assessed both the fitness of the precipitation characteristic(s)
used and the groups developed. The closer an R2 value was to 1.0, the better the precipitation
characteristic was for discriminating among the stations in the groups produced. This study
sought groups of stations with R2 values over 0.95. Two to fifteen hypothetical groups were
produced for each grouping analysis. Each set of groups produced an F that reflected withingroup similarity and between-group difference. The optimal number of groups demonstrated
the highest F value while also maintaining the lowest number of groups. When grouping
stations by wet season onset, the algorithm consistently placed one station farthest to the
north (Huancalpi, Huancavelica, Peru at 12.539°S and 75.237°W) in its own group since its
wet season onset was twenty-four days earlier than the station with the next earliest wet
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season onset. For this reason, the station was not included in the dataset when grouping by
wet season onset and was not included in subsequent analysis.

Identifying ENSO-Precipitation Relationships
The eight precipitation characteristics were computed for the overall study region and
for each group during each hydrological year from 1972-2016. In addition to these
characteristics, the coefficient of variation (CV) was computed for total wet season
precipitation. Following Climate Prediction Center (2018) protocol for the Oceanic Niño
Index, each hydrological year was categorized as an El Niño or La Niña year if five or more
consecutive bi-monthly index values from the Multivariate ENSO Index (MEI) (Earth
System Research Lab) were greater than 0.5 or less than -0.5, respectively (Table 1). Any
years not identified as El Niño or La Niña were categorized as ENSO Neutral years. The
Kruskal-Wallis H (Kruskal and Wallis 1952) test revealed if any ENSO phase exhibited
significant differences in the precipitation characteristics. A post-hoc Kruskal-Wallis H test
(Dunn 1964), which employed a Bonferroni correction for multiple tests (Bonferroni 1936),
then completed a pairwise comparison of all ENSO phases to reveal which ENSO phase pairs
had significant differences. Unless otherwise noted, all differences reported were significant
at the 0.05 level. For further validation, the Spearman’s rank-order correlation tested the
strength and direction between various groupings of MEI values and the precipitation
characteristics.
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4. Results
Groups and their Precipitation Characteristics
Average wet season onset grouped the 75 stations in the study area most effectively
(Fig. 1). The grouping analysis produced four and five station groups with R2 values of
0.9702 and 0.9792, respectively. These two groupings represented the minimum number of
station groups that produced R2 values over 0.95. Groupings with more than five station
groups were not considered even if they had R2 values over 0.95. The F also had increased
values when stations were divided into four or five groups when compared with fewer
groups. Multiple iterations of the grouping analysis revealed that F values remained
relatively constant when grouping stations into five groups but had substantial drops when
grouping stations into four groups. Since grouping the stations into five sets produced a
higher R2 value and a consistently high F, the authors chose to group stations into five
groups. Although the groups were largely spatially contiguous, large gaps in station data
south and west of Cusco made delineation of geographic regions highly uncertain.
The five groups followed a NW – SE orientation, were numbered from 1-5, and
ordered from earliest to latest wet season onset date (Fig. 2a). Group 1 incorporated the
eastern Peruvian highlands, Quelccaya Ice Cap, and Cusco, while Group 2 incorporated most
of Lake Titicaca, the northeastern Bolivian highlands, La Paz, and Nevado Chacaltaya.
Median station elevation for Groups 1 and 2 were 3,903 and 3,840 m, respectively (Fig. 2b).
Groups 3, 4, and 5 were in the western cordillera and highlands of Peru and Bolivia with a
median station elevation of 3,872, 3,367, and 3,214 m, respectively. Groups 3, 4, and 5,
which were closest to the Pacific coast, demonstrated the latest average wet season onsets (7,
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15, and 29 December respectively), and Groups 1 and 2, closest to the Amazon Basin, had
the earliest wet season onset (11 and 20 November respectively).
Precipitation was highest in Groups 1 and 2 with 569 and 516 mm average total
precipitation during the wet season (Table 2) and 686 and 641 mm average total precipitation
during the hydrological year, respectively (Fig. 2c). Groups 3, 4, and 5 followed regional
patterns receiving 500, 398, and 219 mm on average during the wet season (Table 2) and
602, 462, and 240 mm on average during the hydrological year. The farther south and west
the groups were from the Amazon Basin, the less seasonal and annual total precipitation the
groups received. The CV, which was lowest and nearly identical in Groups 1 and 2, increased
spatially to the south and west coast (Fig. 2d). Group 5 had the highest CV indicating that the
greatest variability in seasonal precipitation occurred in the west closest to the Pacific coast.
The frequency of wet days and very wet days followed precipitation totals; both were highest
in groups nearest the Amazon lowlands in the east and lowest near the coast in the west
(Figs. 2e and 2f).

Regional and Group Response to ENSO
The study region as a whole and as individual groups showed statistically significant
differences between pairs of different ENSO phases. The overall study region experienced
increased total wet season and hydrological year precipitation during ENSO Neutral years
(66 and 74 mm more, respectively) compared with El Niño years (Table 2). Though not
statistically significant, wet season onset occurred, on average, 11 days earlier during El Niño
than during La Niña in the overall study region (Table 4). The dry season onset was also not
statistically different among any ENSO phase for any of the groups or the study region as a
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whole. The average dry season onset occurred on 12 April within the overall study region
and within seven days from that date among all ENSO phases in all the groups.
Groups 1 and 2 exhibited the most precipitation, wet days, and very days during El
Niño years and the earliest wet season onset in ENSO Neutral years. Both saw an earlier wet
season onset (20 and 27 days earlier, respectively) and longer wet season length (p<0.1 for
Group 2 only) during hydrological years with El Niño than with La Niña. Group 1 also had
1.3 more very wet days during El Niño years than in La Niña years (Fig. 3 and Tables 4 and
5). For both Groups 1 and 2, ENSO Neutral years received the greatest total wet season
precipitation (77 and 82 mm, respectively) (p<0.1) when compared with La Niña years (Figs.
4 and 5 and Table 2). Wet season onset occurred 16 days earlier on average in Group 2
during ENSO Neutral years in contrast with La Niña years (Table 5).
Groups 3, 4, and 5 also showed very similar precipitation characteristics in
precipitation, number of wet days and wet season onset. All three groups received increased
wet season precipitation (81, 135, and 133 mm more, respectively) during La Niña events
when compared with El Niño events (Figs. 4 and 5 and Table 2). La Niña years also reported
significantly increased total annual precipitation, more wet days, and more very wet days (1.5
and 1.5 days more, respectively) (Table 3) than El Niño years in Groups 4 and 5. ENSO
Neutral years showed an increase of 94 mm in total wet season precipitation and 102 mm (p
< 0.1) in total annual precipitation when compared with El Niño years in Groups 3 (Figs. 4
and 5 and Table 2). La Niña years also experienced positive wet season precipitation
anomalies (78 mm) (Table 2) and positive annual precipitation anomalies (85 mm more) than
ENSO Neutral years in Group 5.
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Spearman’s rank-order correlation validated and matched the significant differences
found in precipitation characteristics between El Niño and La Niña years for the study region
as a whole and for individual groups (Table 6). The January-February MEI value
corresponded best with precipitation in Groups 3, 4, and 5 and the September-October MEI
value corresponded best with wet season onset in Groups 1 and 2.

5. Discussion
Seasonal and Yearly Accumulation
Differences in positive and negative precipitation anomalies in the study region as a
whole and within the individual groups showed similarity with the ENSO-precipitation
relationships previously identified for the region. The overall study region received lower
annual and wet season precipitation (p < 0.1) during El Niño years, consistent with previous
studies (Aceituno 1988, Vuille 1999, Vuille et al. 2000, Garreaud and Aceituno 2001,
Ronchail and Gallaire 2006, Rabatel et al. 2013). In fact, Garreaud et al. (2003) reported a
significant moderate correlation (r = –0.46) between austral summer precipitation and the
Ocean Niño Index (ONI) over the entire Altiplano, which this study similarly found between
MEI and wet season precipitation over the study area (r = –0.456, p < 0.01) (Fig. 7c and
Table 6). Studies (e.g., Garreaud 1999, Vuille 1999, and Garreaud et al. 2003) also found that
ENSO-precipitation relationships are stronger in the western Altiplano, resulting in El Niño
years with greater negative anomalies and La Niña years with greater positive anomalies.
Similarly, Groups 3, 4, and 5, which occupy the western and central parts of the study region,
also showed significant positive precipitation anomalies in total seasonal precipitation during
La Niña events when compared with El Niño events (Figs. 3c, 3d, and 3e and Table 2).
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Furthermore, significant inverse relationships between MEI and precipitation became
stronger from east to west (from Groups 3 to 5) (Fig. 7 and Table 6). Plots of daily mean
precipitation for these groups show anomalously positive precipitation in January and
February during La Niña years (Fig. 5).
The traditional ENSO-precipitation relationship is reversed in Groups 1 and 2 in the
east of the study region encompassing La Paz, most of Lake Titicaca, Cusco, and the NE half
of the north central Altiplano. Though not statistically significant, these groups had on
average negative seasonal and yearly total precipitation anomalies during La Niña events and
positive precipitation anomalies during El Niño events. ENSO Neutral years had the largest
positive precipitation anomalies out of all the ENSO phases. Seasonal precipitation
anomalies were significantly greater (p < 0.1) during ENSO Neutral years when compared
with La Niña years (Figs. 3a and 3b). In Group 3, ENSO Neutral years also produced more
annual and seasonal precipitation than El Niño years, and though not statistically significant,
produced positive precipitation anomalies during La Niña years as well. Analysis of daily
mean precipitation during each ENSO phase reveals above average precipitation during
ENSO Neutral years particularly in January (Fig. 5).
The importance of ENSO Neutral years and the diminished ENSO signal in Groups 1
and 2 still align with the limited studies (e.g. Vuille et al. 2000, Garreaud et al. 2003, Perry et
al. 2017) segregating the eastern half of the study region. Eastern areas are largely
characterized as having a weak response to ENSO and with no relationship between
precipitation and ENSO phase (Vuille et al 2000, Garreaud et al. 2003). La Paz, for example,
experienced negative precipitation anomalies from 1979-2009 for both strong El Niño and
strong La Niña years (Perry et al. 2017). The authors found no studies, however, that tested
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the differences between ENSO Neutral years and La Niña or El Niño years in areas similar to
Groups 1 and 2. This void might explain why the significant positive precipitation anomalies
during ENSO Neutral years in Groups 1 and 2 have largely been unreported.

East-West Shift in Precipitation Responses to ENSO
Differences between Groups 1 and 2 with Groups 3, 4, and 5 reveal an east-west
ENSO-precipitation dipole that runs along a NW – SE line roughly parallel to the southern
border of Lake Titicaca. Because of their similar responses to varying ENSO phases, Groups
1 and 2 will hereafter be referenced as the eastern groups and Groups 3, 4, and 5 as the
western groups. One explanation for this divide may lie in differences in moisture availability
and transport to these groups during different ENSO phases. Throughout sites in the
Altiplano, pluvial episodes occur when mixing ratios exceed 5 g kg-1 and dry episodes occur
when below 3 g kg-1 (Garreaud et al. 2003). When mixing ratios do exceed 5 g kg-1, deep
convection almost invariably results (Garreaud et al. 2003).
In general, moisture advects into the Altiplano and its surrounding area from the east.
Important differences in moisture transport, though, have been found outside the Altiplano in
the eastern groups (Vimeux et al. 2005, Perry et al. 2017, Endries et al. 2018). While easterly
moist flow still occurred in these groups, 60-70% of precipitation events originated from the
north and west near Cusco and La Paz (Perry et al. 2017). Furthermore, 83% of 72-hour
backward moisture trajectories from 2004 to 2010 in Cusco originated under weak flow
regimes from the NW, NE, and E (Perry et al. 2014). The geomorphic configuration of the
eastern groups helps explain how northwesterly flow can still provide Amazonian moisture
from the northwest since moist continental lowland lies not only to the east and north but to
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the northwest of areas around Cusco (Fig. 1). Northwesterly oriented valleys which cut
across the Andes channel moisture to the region in connection with the SALLJ (Junquas et al.
2018). For western groups, flow from the northwest would immediately advect from other
mountainous regions rather than from the moist continental lowlands (Fig. 1).
Differences in moist flow also were noted during varying ENSO phases. The 2007-08
La Niña had increased moisture advection from the E and NE in Cusco while the 2009-10 El
Niño had increased moisture advection from the NW and NNW (Perry et al. 2014). Those
findings are consistent with increases in upper and lower level easterlies during La Niña and
westerlies during El Niño (Garreaud and Aceituno 2001). Fluctuations in northwesterly flow
during El Niño and La Niña, then, may explain the negative and positive precipitation
anomalies. Backward trajectories during all ENSO phases in the western groups, however,
should be performed for multiple years to test this hypothesis.
Scatterplots of wet season precipitation in the East and January-February MEI values
reveal that positive precipitation anomalies not only appear to be more favorable in ENSO
Neutral years, but weak El Niño years as well (Fig. 6). Further backward trajectory analyses
in eastern groups during specific ENSO phases, including ENSO Neutral, might provide a
link as to why weaker ENSO phases favor precipitation in the East. One hypothesis – that
weaker flow associated with weaker ENSO phases might allow moisture to persist longer in
the East – still needs to be tested. Such work to test differences in moisture availability could
be done through reanalysis data but was outside the scope of this investigation.
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Wet Days and Very Wet Days
The more western groups, which may receive the least moisture during El Niño years,
recorded fewer wet days (approximately 16 fewer days collectively on average) during El
Niño years than during La Niña years (Table 3). The eastern groups, in contrast, showed
inconsistent if any changes in the number of wet days during ENSO Neutral years when
proposed to receive greatest moisture availability. Specifically, when compared with La
Niña, ENSO Neutral exhibited an increase of 7.3 days in Group 1 and a decrease of 1.2 days
in Group 2 even though wet season precipitation during that phase increased by
approximately 80 mm in both groups. Small changes (at most 1.5 days) in very wet days
were reported in all groups among all ENSO phases.
The hypotheses that moisture availability varies substantially in the east and west of
the study region during the same ENSO phase could also explain the differences in wet days
and very wet days among the western groups. Increases in moist flow inferred from increases
in mean easterly flow in the study area during DJF from 1986-1995 resulted in an increase in
the number of wet days (Garreaud and Aceituno 2001). Garreaud and Aceituno (2001) used a
9-day moving average, however, eliminating short-lived episodes that may have eliminated
intense events and the ability to detect an increase in intensity of precipitation with increased
moist flow. Other factors or mechanisms other than moisture availability may be behind the
small changes in frequency of wet day in the East but fall outside the scope of this paper.

Wet Season Onset, Dry Season Onset, and Length
Wet Season onset is earliest in the northeastern areas of the study region with Groups
1 and 2 having the earliest onsets. Groups to the southwest have wet season onsets that are
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progressively later in the year. The spatial relationship of wet season onset mirrors the
primary direction of moisture delivery from the Amazon (Fig. 1 and Table 4) (Garreaud
1999, Perry et al. 2014). During all ENSO phases, moisture to begin the wet season is first
delivered to the eastern Groups, on average around the beginning of November. As increased
moisture influx occurs in the east, additional moisture advects further south and west entering
the western groups. Because moisture in Group 5 would need to first pass through all the
other groups, Group 5 has the latest wet season onset (1 January). Unlike the wet season
onset, the dry season onset occurs within a 15-day period during all ENSO phases for all five
groups. The similarity in these dates suggests regional upper-level subsidence and or a
marked decrease in regional moisture influx. While Group 5 does have the earliest dry season
onset, there was no discernible progression in dry season onset in the station groups as there
was with wet season onset. Because wet season onset is earliest in Groups 1 and 2 and dry
season onset is similar in all the groups, wet season length is also longest in Groups 1 and 2
(Fig. 4).
All groups had on average the earliest wet season onset during El Niño years out of
all ENSO phases, although this was only statistically significant in Groups 1 and 2 when
compared with La Niña years (Fig. 4). This finding departs from studies (e.g. Francou et al.
2003) that reference Wagnon et al. (2001) in order to support a delay in the wet season onset
during El Niño years. Wagnon et al. (2001) reported through their observations of increased
glacial ablation during the 1997-98 El Niño year that El Niño years associate with more dry
periods throughout the wet season, not necessarily at the beginning of the wet season. The
increased glacial ablation observed during El Niño might be explained by other mechanisms,
such as increased temperature (Bradley et al. 2006, Ramirez et al. 2001), decreased albedo
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(Francou et al. 2003), an increased fraction of precipitation falling as rain (Endries et al.
2018), or larger spans of sunny days during the wet season (Francou et al. 2003, Favier et al.
2004). Evaluation of these mechanisms, however, is outside the scope of this study.

ENSO Flavors and Other Limitations
Analysis of the scatterplots of wet season precipitation and January-February MEI
values reveals that ENSO events of comparable magnitude do not evoke the same response
(Fig. 6). For instance, wet season totals in Group 4 vary over 400 mm among the four
strongest El Niño events, with totals in the El Niño of 1997-98 comparable to the four
strongest La Niña events. Indeed, Sulca et al. (2017) found varying precipitation responses in
southern Peru depending if warmer waters were centered over the Central Tropical Pacific or
the Eastern Tropical Pacific.
Whereas ENSO phases are forecast months in advance (Climate Prediction Center),
the MEI and this study do not distinguish among differing SST patterns in different Pacific
Ocean regions which limits accurate predictions of precipitation responses to ENSO phases
in the western groups. Prediction of precipitation responses by ENSO phase in the eastern
groups, however, may be more accurate regardless of which type of ENSO persists. The
scatterplots in Group 1 and 2 reveal tighter groups of wet season totals among the strongest
El Niño and La Niña years.
This study also did not test relationships with other teleconnection patterns or
forcings that may also exert some degree of control in precipitation variability in the study
area. Veettil et al. (2016) demonstrated that when the warm phase of PDO and El Niño or the
cold phase of PDO and La Niña align, the response in glacial mass balance is amplified in
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southern Peru and Bolivia. By only looking at ENSO, this study possibly misses key
components to understanding and predicting precipitation variability.
Finally, the authors acknowledge that station coverage reporting consistent
precipitation observations was limited. The filtering method applied eliminated about 90% of
the total stations in the database which produced a large observational gap south and west of
Cusco. Unfortunately, lowering completeness thresholds to as low as 70% from 1972-2016
still did not fill this gap. While grouping analyses were done on the two clusters of stations
within Group 1 to verify that they both independently would form a separate group, the lack
of coverage ultimately made delineation of boundaries between group domains impossible.
Mortensen et al. (2018) offer a plausible solution to increase station density by interpolating
missing data using multiple regressions based on existing monthly statistics from highly
correlated nearby stations. Since no infilling was performed, findings from this analysis
could help validate future work employing this method.

6. Summary and Conclusions
This paper has improved the understanding of ENSO-precipitation relationships in the
outer tropical Andes of southern Peru and Bolivia. By creating five optimally chosen station
groups in the outer tropical Andes of southern Peru and Bolivia, this study uncovered two
areas (East and West) with differing precipitation responses to ENSO forcing of regional
climate. The western groups (Groups 3, 4, and 5), farthest from the Amazon, largely
followed the traditional understanding of ENSO-precipitation relationships producing fewer
wet days, fewer very wet days, negative annual precipitation anomalies, and negative
seasonal precipitation anomalies during El Niño years than in with La Niña years. The
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eastern groups, nearest to the Amazon and incorporating sites such as Quelccaya Icecap,
Cusco, and La Paz, exhibit the highest wet season and annual precipitation during ENSO
Neutral years of all ENSO classes. Additionally, during El Niño, these groups produced more
wet days, more very wet days, positive annual precipitation anomalies, and positive seasonal
precipitation anomalies than in La Niña years, although none of these variables are
statistically different. Finally, although some studies (e.g., Francou et al. 2003) suggested wet
season onset was delayed during El Niño when compared with ENSO Neutral or La Niña
years, this paper demonstrated wet season onset was earliest during El Niño years and was
most delayed during La Niña years in all five station groups.
Together these findings can now be used to better interpret ENSO predictions for
their sub-regional outcomes across the northern Altiplano and surrounding areas in southern
Peru and Bolivia. El Niño years and La Niña years produce deficits and increases in
precipitation, respectively, in the West, while in the East both phases produce deficits with
ENSO Neutral years producing the largest positive precipitation anomalies. Reinterpretation
of ice cores from glaciers such as Quelccaya Icecap located in the East may be necessary, as
these findings may suggest more annual accumulation during ENSO Neutral years.
The distinct ENSO-precipitation dipole across the study region may relate to different
moisture transport and availability characteristics according to ENSO phase. ENSO Neutral
years may favor moisture availability in the East through weak flow which allows moisture
to persist in that area while El Niño years favor increased northwesterly flow (Perry et al.
2014), resulting in less moisture availability in the West due to the geomorphic configuration
of that area. Such hypotheses in moisture transport could be tested throughout the study
region by employing methods such as computing backward trajectories of precipitating
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events. The inclusion of ENSO Neutral years as its own class in future analyses of ENSOprecipitation relationships is also essential. Additionally, the findings on early wet season
onset during El Niño events should be further tested and correlated with the start of the
agricultural season so that the information can serve stakeholders in the region.
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Table 1. Summary of data sets used.
Data Type
1. Precipitation
SENAMHI sites of Bolivia (533)
SENAMHI sites of Peru (241)
2. Teleconnection Pattern Indices
Multivariate ENSO Index (MEI)

Temporal
Resolution

Period

Source

Daily
Daily

1972 – 2017
1972 – 2018

DECADE Project and SENAMHI Bolivia
SENAMHI Peru

Monthly

1871 – 2018

U.S. Earth System Research Lab, NOAA
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Table 2. Average total wet season precipitation (mm) of all observation stations within the
entire study region (All) and within Groups 1-5 averaged over the hydrological years from
1972-2016 (Mean) and averaged over only El Niño, La Niña, and ENSO Neutral years from
that same period. Differences between La Niña (LN), El Niño (EN), and ENSO Neutral years
(NE) are also reported.
Group

Mean

El Niño

La Niña

Neutral

LN-EN
Diff

NE-LN
Diff

EN-NE
Diff

1

569

564

524

601

-40

77

-37

2

516

497

477

559

-20

82

-62

3

500

447

528

541

81

13

-94

4

398

341

476

413

135

-63

-72

5

219

169

302

224

133

-78

-55

All

450

414

464

480

50

16

-66
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Table 3. Average number of wet days of all observation stations within the entire study
region (All) and within Groups 1-5 averaged over the hydrological years from 1972-2016
(Mean) and averaged over only El Niño, La Niña, and ENSO Neutral years from that same
period. Differences between La Niña (LN), El Niño (EN), and ENSO Neutral years (NE) are
also reported.
Group

Mean

El Niño

La Niña

Neutral

LN-EN
Diff

NE-LN
Diff

EN-NE
Diff

1

110.5

110.1

111.6

110.4

1.5

-1.2

-0.3

2

107.2

103.1

105.4

112.7

2.3

7.3

-9.5

3

95.7

90.7

98.4

99.4

7.7

1.0

-8.7

4

77.0

69.2

86.9

79.4

17.6

-7.4

-10.2

5

44.3

36.1

58.0

44.9

21.9

-13.0

-8.8

All

88.7

83.7

93.1

91.5

9.4

-1.6

-7.7
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Table 4. Average wet season onset (month/day) of all observation stations within the entire
study region (All) and within Groups 1-5 averaged over the hydrological years from 19722016 (Mean) and averaged over only El Niño, La Niña, and ENSO Neutral years from that
same period. Differences between La Niña (LN), El Niño (EN), and ENSO Neutral years
(NE) are also reported.
Group

Mean

El Niño

La Niña

Neutral

LN-EN
Diff

NE-LN
Diff

EN-NE
Diff

1

11/11

11/4

11/24

11/11

20

-13

-7

2

11/20

11/10

12/7

11/21

27

-16

-11

3

12/7

12/2

12/13

12/8

11

-5

-6

4

12/15

12/11

12/20

12/16

9

-4

-5

5

12/29

12/26

1/1

12/31

6

-1

-5

All

12/2

11/28

12/9

12/2

11

-7

-4
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Table 5. Average wet season length (days) of all observation stations within the entire study
region (All) and within Groups 1-5 averaged over the hydrological years from 1972-2016
(Mean) and averaged over only El Niño, La Niña, and ENSO Neutral years from that same
period. Differences between La Niña (LN), El Niño (EN), and ENSO Neutral years (NE) are
also reported.
Group

Mean

El Niño

La Niña

Neutral

LN-EN
Diff

NE-LN
Diff

EN-NE
Diff

1

154.2

160.7

138.7

156.4

-22.0

17.7

4.3

2

139.1

146.1

120.9

142.4

-25.2

21.5

3.7

3

126.0

131.6

117.7

125.1

-13.9

7.4

6.5

4

122.8

127.9

115.0

122.1

-12.9

7.1

5.8

5

95.7

97.3

94.6

94.7

-2.7

0.1

2.6

All

130.9

134.8

122.1

131.9

-12.7

9.8

2.8
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Table 6. Spearman’s correlation values between annual MEI bimonthly index values and
average annual precipitation characteristics within the entire study region (All) and within
Groups 1-5: wet season onset, wet season length, wet season total, hydrological year total,
wet days, and very wet days. Correlations significant at the 0.05 level and 0.01 level (2tailed) are denoted with * and **, respectively.
Group

Wet
Season
Onset

September-October
Wet
Wet
Wet
Season
Season
Days
Length
Total

Very
Wet
Days

Wet
Season
Total

January-February

Hydrological
Year Total

Wet
Days

Very
Wet
Days

1

-0.448**

0.409**

0.135

-0.096

0.447**

-0.042

-0.075

-0.126

0.304*

2

-0.476**

0.346*

0.034

-0.116

-0.008

-0.109

-0.116

-0.211

-0.134

3

-0.147

0.213

-0.412**

-0.284

-0.248

-0.543**

-0.495**

-0.391**

-0.441**

4

-0.192

0.095

-0.528**

-0.427**

-0.336*

-0.580**

-0.532**

-0.484**

-0.390**

5

-0.084

-0.050

-0.501**

-0.536**

-0.334*

-0.604**

-0.559**

-0.611**

-0.448**

All

-0.204

0.230

-0.338*

-0.289

-0.147

-0.456**

-0.443**

-0.406**

-0.286
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Fig. 1. Map of study region with the 75 observation sites above 2500 m that had 90% or more
completeness in precipitation observations from 1972-2016. The sites were grouped into five
groups by average wet season onset over 1972-2016 using the K-means grouping method in
ArcMap 10.4.1.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2. Box and whisker plots displaying minimum, first quartile, median, third quartile, and
maximum wet season onset (month/day) (a), elevation (m) (b), total wet season precipitation
(mm) (c), coefficient of variation of total wet season precipitation (d), wet days (e), and very
wet days (≥ 95th percentile) (f) of the 75 observations sites according to group.

46

+

+

**

*
*

Fig. 3. Bar graph displaying wet season totals (mm) from 1972-2016 for Groups 1-5
averaged by ENSO phase: El Niño (red, n=18), ENSO Neutral (green, n=17), and La Niña
(blue, n=10). ENSO phases with significantly greater wet season totals than the phase with
the lowest wet season total are indicated with a ‘*’ for p < 0.05 or ‘+” for p < 0.1.
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*

+

*

+

Fig. 4. Bar graph displaying days before 2 January the wet season began from 1972-2016 for
Groups 1-5 averaged by ENSO phase: El Niño (red, n =18), ENSO Neutral (green, n=17),
and La Niña (blue, n=10). ENSO phases with a significantly earlier wet season onset than the
phase with the latest wet season onset are indicated with a ‘*’ for p < 0.05 or ‘+” for p < 0.1.
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(a)

(b)

(c)

(d)

(e)

Fig. 5. Line graph displaying daily mean precipitation (mm) from 1972-2016 for Group 1 (a),
Group 2 (b), Group 3 (c), Group 4 (d), and Group 5 (e) during El Niño years only (red,
n=18), ENSO Neutral years only (green, n=17), La Niña years only (blue, n=10), and all
years (black, n=45).
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(a)

(b)

(c)

(d)

(e)

Fig. 6. Scatterplot displaying January-February MEI values and corresponding wet season
total precipitation (mm) for each hydrological year from 1972-2016 for Group 1 (a), Group 2
(b), Group 3 (c), Group 4 (d), and Group 5 (e). Hydrological years classified as El Niño (red
x, n=18), ENSO Neutral (green circle, n=17), and La Niña (blue diamond, n=10). The
strongest four La Niña years (1973, 1975, 2007, and 2010) and El Niño years (1982, 1991,
1997, and 2015) are labeled by the hydrological year in which they occurred.
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(a)

(b)

(c)

Fig. 7. Line graph displaying percent change in the wet season total from the mean wet
season total from 1972-2016 for a) the average of Groups 1-2, b) Group 3, and the average of
Groups 4-5. January-February MEI values are plotted in black from 1972-2016 to provide
ENSO phase and strength.
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