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The 2022-23 hydrological year in the Lake Titicaca, Desaguadero River, and Lake Poopd hydrological system
(TDPS) over the South American Altiplano constituted a historically dry period. This drought was particularly
severe during the pre-wet season (October-December), when the TDPS and the adjacent Andean-Amazon region
experienced as much as 60% reductions in rainfall. Consequently, Titicaca Lake water levels decreased by 0.05 m
from December to January, which is part of the rising lake level period of normal conditions. Such conditions
have not been seen since the El Nino-related drought of 1982-83. Using a set of hydroclimatic, Sea Surface
Temperature (SST) and atmospheric reanalysis datasets, we find that this new historical drought was associated
with enhanced southerly moisture flux anomalies, reducing the inflow of moisture-laden winds from the Amazon
basin to the TDPS. Such anomalies in moisture transport were not seen since at least the 1950s. The atmospheric
dynamics associated with this drought are related to La Nina SST anomalies via subtropical teleconnections
associated with Rossby wave trains towards South America, further extended by subtropical Atlantic Ocean SST
anomalies. This feature reduced the atmospheric moisture inflow from the Amazon and weakened the devel-
opment of the Bolivian High in the upper troposphere. These results document a new atmospheric mechanism
related to extreme droughts in the TDPS associated with La Nina SST anomalies during the pre-wet season. This
goes beyond the traditional understanding of El Nino events, especially the strongest ones, being associated with
dry conditions in the TDPS during the wet season (December-March).

1. Introduction

The South American Altiplano, located between the wet Amazon
rainforest and Pantanal wetland at the east and the desert of Peru-Chile
at the west (Fig. 1a), is characterized by frequent extreme hydro-
climatological events such as floods and droughts (Arias et al., 2021;
Poveda et al., 2020). In this region, below-normal precipitation events
impact the Lake Titicaca, Desaguadero River, and Lake Poop6 hydro-
logical system (TDPS; Fig. 1a), significantly affecting agriculture (pre-
dominantly rainfed), cattle breeding and economical activities, as well
as the proliferation of pests and diseases (UNEP, 1996; Garcia and Alavi,
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2018; Satgé et al., 2019). Thus, its population, already facing significant
vulnerability to poverty, is highly prone to drought-related impacts
(Sietz et al., 2012).

The annual cycle of rainfall over the TDPS exhibits a marked sea-
sonality with a rainy season (December to March) that attains more than
75% of the annual precipitation, a dry season (May to August) and a pre-
wet season (September to December) (Garreaud et al., 2003; Sedlmeier
et al., 2023). The strong seasonality of rainfall in this region is related to
the upper level anticyclone over the Peruvian-Bolivian Altiplano, known
also as the Bolivian High (BH) during the austral summer, which en-
hances zonal moisture transport from the Amazon basin towards the
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Fig. 1. Lake Titicaca’s geographical location and hydrograms. a) The Lake Titicaca, Desaguadero River, and Lake Poopo basins (TDPS system) boundary is delimited
by a black line, and the lake area is represented by a black polygon. Red lines in the Andean cordillera denote altitudes of 3 000 m.a.s.l. Interannual increment of lake
levels of b) April, ¢) February, and d) January, with respect to December. The dataset spans between 1914 and 2023. The purple horizontal lines represent the long-
term (1914-2023) average of lake level differences. “n” refers to the calendar year. Selected El Nino (La Nina) years are tagged with red (blue) bars if the El Nino 3.4
index from the HadiSST dataset is higher (lower) than 0.75 (—0.75) during at least 4 months between October ,,.; and April .. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

Altiplano and favors convection over the region (Espinoza et al., 2020).
The BH is a component of the South American Monsoon System (SAMS)
(Marengo et al., 2012; Vera et al., 2006). The peak of precipitation oc-
curs in January and is characterized by intense convective activity
combined with moisture advection from the Amazon Basin. During the
austral winter, the moist eastern flux is replaced by westerly winds,
which provide dry air linked to the atmospheric stability over the Pacific
Ocean and is associated with a higher frequency of frost events (Espi-
noza et al.,, 2020; Garreaud, 2009; Segura et al., 2022; Sulca et al.,
2018b). The pre-wet season synoptic climatology in the upper tropo-
sphere is consistent with a weakening of wintertime conditions and the
predominance of summertime conditions (Espinoza et al., 2020).

While the rainy season is certainly more important in terms of the
actual rainfall accumulation, positive (negative) rainfall anomalies
during the pre-wet season can be strongly related to the anticipation
(delays) of the onset of the rainy season. Delays in the onset of the rainy
season can seriously affect agricultural activities and productivity; for
example, by inducing i) delays in sowing and the need to re-sow due to
the appearance of dry spells during the time of the normal sowing
period, and ii) crop physiological stress due to water scarcity and large
thermal amplitude associated with low cloudiness (Garcia et al., 2007;
Geerts et al., 2006).

An enhanced convection in the central (western) Tropical Pacific
during El Nino (La Nina) promotes zonal large-scale disturbances and
intensity of the Walker cell, leading to increased subsidence (conver-
gence) in equatorial South America and Amazon (Cai et al., 2020). In
addition, El Nino (La Nina) leads to anomalies in the meridional Hadley
cell, inducing weaker (stronger) convection in equatorial South Amer-
ica, and the opposite in the descending branch of the Hadley cell in the
subtropics (Yoon and Zeng, 2010). Furthermore, disturbances caused by
anomalous deep convection over the Tropical Pacific are able to excite
extratropical Rossby wave trains that propagates via a pathway known
as the Pacific-South American pattern (Karoly, 1989; Mo, 2000). All the

above-mentioned ENSO-induced anomalies are able to produce mois-
ture flux anomalies across the Amazon basin, where El Nino (La Nina) is
often associated with dry (wet) conditions (Espinoza et al., 2022;
Marengo and Espinoza, 2016) and an intensification (weakening) of the
South American Low Level Jet (SALLJ, Jones et al., 2023; Montini et al.,
2019). This atmospheric feature enhances (reduces) moisture transport
towards the La Plata basin, where floods (droughts) are related to El
Nino (La Nina) events (Zanin and Satyamurty, 2020).

It is worth mentioning that studies on El Nino impacts in climate
variability in the TDPS have paid more attention to the wet season
instead of the pre-wet season. In the Altiplano, extreme El Nino (La
Nina) events have been related to drought (flood) conditions during the
rainy season (Garreaud et al., 2003; Jonaitis et al., 2021; W. Lav-
ado-Casimiro and Espinoza, 2014; Lavado-Casimiro et al., 2013; Segura
etal., 2019; Sulca et al., 2018a). This relationship is more significant for
the western and southern part of the TDPS rather than in the eastern
region (Jonaitis et al., 2021). However, the sign of the impacts of El Nino
and La Nina on precipitation is reversed during the pre-wet season of
September-December (Lavado-Casimiro and Espinoza, 2014; Lav-
ado-Casimiro et al., 2013; Sulca et al., 2018a,b). Indeed, for the Sep-
tember-November season, these studies documented negative rainfall
anomalies in the Peruvian-Bolivian Altiplano during La Nina years.
While this reversal and its impacts are documented at the regional scale
for South America and Southeastern South America (De Souza et al.,
2021; Kayano et al., 2021; Lopes et al., 2022), its specific mechanisms
and effects on precipitation in the tropical Andes, particularly over the
Altiplano region, remain to be elucidated.

SST anomalies over the subtropical southern Atlantic Ocean are also
able to induce significant rainfall variability in tropical regions such as
the southwestern Amazon basin; which is located immediately to the
east of the TDPS (Espinoza et al., 2014). For example, during the austral
summer of 2014, that region experienced rainfall anomalies about 100%
above normal. Such anomalies were associated with an exceptional SST
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Fig. 2. TDPS-averaged rainfall control on Lake Titicaca level differences. Linear regression and scatterplot between pre-wet (a) wet season rainfall anomalies
(December-March), and lake level differences between April (n) and November of previous calendar year (n-1). b) Same as a), but considering pre-wet rainfall
anomalies (September—November) and lake level differences between January(n) and November of previous calendar year (n-1). Blue envelopes the linear regression
line represents the 95% confidence interval. Note the differences in x and y scales. Selected El Nino (La Nina) years are colored as red (blue) if the El Nino 3.4 index
from the HadiSST dataset is higher (lower) than 0.75 (—0.75) during at least 4 months between October ,,.; and April ,,. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

gradient over the subtropical South Atlantic, with important warm
(cold) SST anomalies near the southern coast of Brazil (southern
Argentina, this region is delimited in Figure S1 and Section 5) (Coelho
et al., 2016; Espinoza et al., 2014). This situation brought an anticy-
clonic circulation centered around southeastern Brazil, which favored
the moisture transport towards the southwestern Amazon. These
anomalies occurred during weak La Nina forcing in the Pacific Ocean,
but such subtropical-induced anomalous atmospheric mechanisms were
associated with tropical ocean variability such as El Nino (Rodrigues
et al., 2015).

In addition to the year-to-year variability, a clear multidecadal
variability was also documented in this region with dry and wet periods
of around 12-14 years (Segura et al., 2016; Sulca et al., 2024). The
variability of zonal winds at 200 hPa, associated with the development
of the BH, has been proposed as the main mechanism explaining the
seasonal and multiannual variability of rainfall in the Altiplano (Gar-
reaud et al., 2003; Garreaud and Aceituno, 2001; Segura et al., 2016,
2019, 2020). Another mechanism that controls the summer rainfall
variability in the Altiplano is related to the western Amazon convection,
particularly intense since the early 2000s (Segura et al., 2020).

Historically, the area of the southern highlands of Peru is the area
most prone to the occurrence of droughts (ANA, 2013). It includes the
departments of Puno, Cusco, Tacna, Moquegua, Arequipa and Apurimac
with 70% of the population economically active in rainfed agriculture
and livestock. The exceptional drought of 1982-83 associated with a
very strong El Nino event affected dramatically the entire Altiplano and
adjacent Andean valleys (Lovon, 1985) and thus the highlands of Puno

and Cusco provinces in Peru and La Paz, Oruro and Potosi provinces in
Bolivia. It caused a massive migration from the rural Bolivian Altiplano
to the main cities that initiated the explosive population growth of the
city of El Alto. It also contributed to the economical downfall associated
with the mining crisis in the following years. Between 1981 and 2015,
other drought events were milder than the 1982-83 drought and were
more localized in the Peruvian Altiplano (Alonso et al., 2022) and
Bolivian Altiplano (Canedo-Rosso et al., 2021).

During 2022 and 2023, unprecedented dry conditions were reported
in the Peruvian-Bolivian Altiplano in the absence of El Nino conditions
(Marengo et al., 2023; Gestion, 2023). Actually, late 2022 - early 2023
was characterized by the end of a three-year-lasting La Nina event (see
Figure S1 and Blunden et al., 2023). The level of Lake Titicaca decreased
84 cm between April 2022 and April 2023, with a very weak seasonal
lake level increase of only 0.09 m between December 2022 and April
2023. Such low increase revealed very dry conditions not seen since
1982/83 and 1939/40, which were characterized by El Nino conditions
(Fig. 1b—d). Outstandingly, the pre-wet season of October-November
was the driest in 58 years in several Peruvian Andean cities. Lower than
half the normal precipitation in November-December was recorded in
some Bolivian cities, the driest since the decade of 1950 (Marengo et al.,
2023). This dry condition extended until January 2023 and caused
significant water deficits. Such deficit generated heavy economic losses
in the regions around the Lake Titicaca. In the provinces of Puno and La
Paz, up to 80% of potato and sweet potato and 90% of Andean grains
harvests were lost (Guardamino, 2023). The present study aims to
describe and analyze the meteorological characteristics and
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Fig. 3. Interannual rainfall variability over the TDPS system. a) Time-series of mean November SPI3. Colored horizontal lines in —1, —1.5 and —2 (1, 1.5 and 2)
represent moderately dry (wet), very dry (wet) and excessively dry (wet) threshold conditions, respectively. Selected El Nino (La Nina) Novembers are tagged with a
bold “EN” (“LN”) if the EI Nino 3.4 index from the ERAS reanalysis is higher (lower) than 0.75 (—0.75) during that month. b) The four driest Novembers according to
a). A blue dashed line delineates the TDPS area, a black polygon bounds the Titicaca Lake area and altitudes of 3 000 m.a.s.l. are bounded by green lines. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

precipitation deficits of the unprecedented 2022-23 drought in the
TDPS, particularly during the pre-wet season (September-December).

2. Datasets
2.1. Geomorphological settings

The Shuttle Radar Topographic Mission (SRTM) 30m topography
data (https://earthexplorer.usgs.gov/) was used to delimit the Andean
regions higher than 3 000 m.a.s.l. in some analyses. The boundaries and
area of the TDPS was obtained from the HydroBASINS dataset (https
://www.hydrosheds.org/products/hydrobasins), specifically from the
Level 05 dataset, according to the Pfaffstetter coding system. The
watershed area comprises 145 747 km?, and its elevation ranges from 3
660 to 6 542 m.a.s.l. (UNEP, 1996), with an average of 4 079 m.a.s.l. The
area of the TDPS was obtained from the HydroLAKES dataset (https://
www.hydrosheds.org/products/hydrolakes). The lake extends over a
surface of 8 269.7 km? in average with a mean water level of 3 809.4 m.
a.s.l.

2.2. Hydro-climatological datasets

We used monthly water level data collected at Muelle Enafer station
(3 800 m.a.s.l.) in the Peruvian side of the Lake Titicaca from 1914 to
2023, provided by the National Meteorology and Hydrology Service
(SENAMHI) of Perti (Fig. 1a). We use this timeseries as a reliable indi-
cator of interannual regional rainfall variability over the TDPS, as it is
closely correlated with accumulated precipitation during the wet season

(Garreaud and Aceituno, 2001; Segura et al., 2016). We define a hy-
drological year from September of year “n-1" to August of next “n” year.
We focus on the October—April period, when the average ascending limb
of the Titicaca Lake hydrograph occurs. Estimations of rainfall anoma-
lies during the 1979-2023 period were obtained from Climate Hazards
Group InfraRed Precipitation with Station data (CHIRPS version 2.0,
(Funk et al., 2015), available at a 0.05° x 0.05° resolution. To assess
droughts, the Standardized Precipitation Index, SPI (specifically SPI3)
was derived from rainfall anomalies. For standardization purposes,
monthly precipitation series was fitted to a Gamma distribution with
parameters given by the L-moments method, and then its cumulative
probability density function was transformed to a normal distribution
through an equiprobability transformation.

2.3. Ocean-atmospheric reanalysis dataset

Oceanic and atmospheric features, including SST, zonal and merid-
ional vertically integrated moisture flux from Earth’s surface to the top
of the atmosphere (VIMF) and its divergence, and geopotential heights
at 200 hPa, were obtained from ERA5 global reanalysis at a monthly
timestep (Hersbach et al., 2020). Anomalies were calculated using a
1980-2020 climatology.

To assess the role of the Pacific Ocean SST anomalies, El Nino 3.4
index was obtained after passing a 5-month rolling mean to the 5°N-5°S
and 170°W-120°W SST anomalies from the ERA5 dataset. ERA5-based
SST anomalies in the southwestern tropical Pacific (15-25°S and
145-195°W) were also calculated. In addition, El Nino 3.4 index derived
from the HadiSST dataset (Rayner et al., 2003) was used in order to tag
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Fig. 4. a) The climatology of November-December 1980-2020 of vertically integrated water vapor flux (VIMF, vectors) and its divergence (shades). b) Anomalies of

VIMF and its divergence during November—December 2022. Only anomalies of divergence of VIMF higher (lower) than 2 g m 257!

are plotted. Anomalies are

computed considering the climatology displayed in a). A black line represents the boundaries of the Amazon basin, the Titicaca Lake basin is bounded by a skyblue
line, and heights of 3 000 m.a.s.l. are delineated by brown lines in b). ¢) Interannual time-series of November, and November-December meridional VIMF anomalies
towards 71°-65°W and 13°-7°S (dashed black lines box in a)). Selected El Nino (La Nina) Novembers are tagged with a bold “EN” (“LN”) if the EI Nino 3.4 index from
the ERAS reanalysis is higher (lower) than 0.75 (—0.75) during that month. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

El Nino and La Nina years since 1914 (i.e., the start year of Muelle
Enafer’s lake water level measurements).

To identify El Nino (La Nina) events over more than three-month
periods (e.g., Decembery.;y to Aprilyp) and December (1) to
January(y)). HadiSST-derived El Nino 3.4 index must be higher (lower)
than 0.75 °C (—0.75 °C) during, at least, 4 months between April,) and
October(,.1). As mentioned before, “n” here denotes the second calendar
year of the hydrological year, which starts in September of year “n-1”
and finishes in August of year “n”. However, when analyzing shorter
periods such as single months, ERA5-based El Nino 3.4 index are used
for that month instead.

In addition, 200 hPa geopotential height anomalies were computed
in southeastern Brazil - 15°S-30°S and 60°W-45°W-, and were used as a
proxy for Rossby wave activity over central South America (e.g., Gel-
brecht et al., 2018). Extratropical Rossby waves activity can greatly
influence the upper and lower tropospheric circulation (e.g., BH’s
strength and position, and low-level moisture transport), which leads to
significant impacts in precipitation over the tropical Andes (e.g., Grimm,
2011; Jones et al., 2023; Sulca et al., 2016, 2018a).

3. The hydro-climatological context for the 2022-23 drought

An unusually low lake level rise (0.09 m) was recorded between
December 2022 and April 2023. It represents the fourth lowest seasonal

lake rise since 1940 (Fig. 1b). Lower rises were measured only in 1940
and 1983, when lake level difference reversals are found, and in 1990.
The years 1940 and 1983 were characterized by, at least, 4 months
between October-April under El Nino 3.4 conditions. If the monthly
period of lake water level differences is shortened from Aprilp) —
December(,.1) to February,)— December,.1) or January ) — December,.
1y (Fig. lc—d), the 2022-23 dry anomaly appears stronger when
compared to other hydrological years, especially during the 1980-2020
period. This is particularly accentuated between Januaryy)-December .
1y (Fig. 1d), when even a decrease of lake water levels was registered.

We further employ CHIRPS-derived rainfall anomalies, which is
justified by the substantial control (i.e. high, statistically significant
correlations) exerted by rainfall on monthly lake level changes during
the wet and pre-wet season (Fig. 2). Indeed, seasonal lake water level
differences are explained by summertime basin-wide averaged precipi-
tation anomalies over TDPS, accounting for up to 79% of its variance
(Fig. 2a). In addition, a significant fraction of the pre-wet lake water
level differences can also be explained by pre-wet season rainfall
anomalies (p < 0.05; Fig. 2b).

Indeed, while the averaged SPI3 over the TDPS shows that the
summer of 2023 represented the fourth driest January-March (JFM)
quarter (—1.28) since 1981 (Figure S2), 2022 featured the driest Sep-
tember-November (SON) trimester since 1981 (—2.1, Fig. 3a). During
the JFM 2023 drought in the TDPS, a severe moisture flux reduction over
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the western Amazon basin was observed, related to the Amazon basin
drought in 2023 (Espinoza et al., 2024),. The SPI3 during SON 2022 is
equivalent to a diminution in rainfall of 57% if 1981-2020 SON rainfall
climatology is considered. The spatial pattern of SPI3 during the four
driest SON since 1981 (1988, 2004, 2014 and 2022) shows that, during
the 2022 event intense dry conditions were observed in the eastern
Andean-Amazon slopes, adjacent to the TDPS (SPI3 < —2) (Fig. 3b). This
pattern suggests a potential influence of moisture flux anomalies from
Amazonia into the development of dry conditions in the Altiplano.

4. Moisture flux and its large-scale drivers during dry November
in the TDPS

According to the 1980-2020 climatology of VIMF and its divergence,
moisture flux towards the TDPS is associated with north-to-south
moisture flux over the Amazon basin, reaching values of about
100-150 kg m~2s™!' over the western Amazon (Fig. 4a). Novem-
ber-December 2022 was characterized by strong southerly VIMF
anomalies and lower-than-normal moisture flux divergence towards the
southern and western Amazon basin, which favored subsidence and dry
conditions over these regions (Fig. 4b). These features were associated
with a low-level cyclonic anomaly centered over southeastern Brazil,
where moisture flux convergence was enhanced. An increase of moisture
flux convergence was also displayed in Northern South America,
centered around 7°N 55°W. If the climatological period of 1980-2020 is
considered, meridional VIMF (*-1) anomalies timeseries in the western
Amazon (see black box in Fig. 4a) show that the expected north-to-south
moisture flux anomaly during November-December 2022 was the
weakest since, at least, 1980 (Fig. 4c). November 2022 shows an even
stronger north-to-south moisture flux anomaly than other La Nina

Novembers.

A significant correlation (~0.5, p < 0.05) arises between the times-
eries of meridional VIMF in the western Amazon and rainfall timeseries
in grid cells of the southern tropical Andes during November and it
weakens during the remainder of the pre-wet season between 1981 and
2022 (Fig. 5a—c). Strong interannual variability seen in meridional VIMF
variability in the western Amazon in Fig. 4b can be associated with
large-scale SST variability, particularly in the Tropical Pacific Ocean (e.
g., Jones et al., 2023; Taschetto et al., 2020). If correlated with the
timeseries of each grid cell of SST anomalies, it exhibits statistically
significant negative correlations with the SST in the central Pacific
Ocean during November (r = 0.4, p < 0.05, Fig. 5d). This means that,
during El Nino (La Nina) conditions, there are stronger northerly
(southerly) moisture flux anomalies, strengthening (weakening) the
moisture advection towards the TDPS and, thus, precipitation processes
in this Andean region. This is consistent with previous studies during
springtime in the western Amazon basin (De Souza et al., 2021; Espinoza
et al.,, 2011; Jones et al., 2023; Kayano et al., 2021). Furthermore, a
spatially-sparse, but significatively correlated positive signal appears in
the southwestern tropical Pacific. A similar spatial pattern is obtained
when correlating SST anomalies to the TDPS rainfall anomalies during
November, when El Nino (La Nina) conditions are correlated with pos-
itive (negative) rainfall anomalies (r = 0.5, p < 0.05, Fig. 5e). The
magnitude of the correlation between southwestern Pacific SST and
TDPS rainfall anomalies (r = 0.49, p < 0.05, Fig. 5e) is stronger than the
magnitude of the correlation between those SST anomalies and merid-
ional VIMF anomalies in the western Amazon (r = 0.31, p < 0.05,
Fig. 5d). In addition, these variables also feature a subtropical gradient
correlation pattern with the SST in the Southern Atlantic Ocean. The
southern subtropical southern Atlantic Ocean SST anomalies (40-60°S —
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Fig. 6. Central and southwestern tropical Pacific SST relationship with TDPS system rainfall and moisture flux in the western Amazon during November. Scatterplots
showing the relationship of El Nino 3.4 index (a-b), southwestern tropical Pacific SST anomalies (c-d), and southern subtropical southern Atlantic SST anomalies
(e-f) and precipitation anomalies in the TDPS system(a-c-e), and anomalies of meridional VIMF in 71°-65°W and 13°-7°S (b-d-f). Linear regression lines are
delineated by blue solid lines. Blue envelopes around it represents the 95% confidence interval. Regions where the SST anomalies were calculated are bounded in
Fig. 5d-e. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

60-30°W, black box in Fig. 5d-e) exhibit statistically significant corre-
lations (p < 0.05) of —0.31 with meridional VIMF in the western
Amazon and of —0.37 with rainfall anomalies over the TDPS. However,
the northern region adjacent to it does not (not shown).

The analysis of the correlations between SST anomalies of the three
aforementioned oceanic regions with meridional VIMF in the western
Amazon and rainfall over the TDPS are extended by means of scatter-
plots in Fig. 6. While November El Nino 3.4 index is significatively
correlated with the TDPS rainfall anomalies and meridional VIMF in
western Amazon, anomalies such as those seen in November 2022 fall
well outside the constructed linear regressions (Fig. 6a-b). However,
both the November 2022 rainfall and meridional VIMF anomalies
appear more as outliers of linear relationships with the southwestern
Pacific SST anomalies, November 2022 being the hottest November in
that oceanic region since 1981 at least (Fig. 6¢—d). This also occurs when
considering the SST anomalies over the southern subtropical southern
Atlantic Ocean, November 2022 being also the hottest November since
at least 1981 (Fig. 6e-f). Thus, a compositional analysis of VIMF and
rainfall anomalies for the 5 warmest and coldest Novembers over the
three oceanic regions under analysis was carried out, leading to results
consistent with this analysis (Figure S2, Table S1). These signals suggest
the role of large scale tropical and extratropical atmospheric mecha-
nisms in the diminution of moisture flux over the western Amazon and of
rainfall in the TDPS during November 2022 (e.g., Geirinhas et al., 2023).

5. Subtropical dynamics related to droughts in the TDPS

We further explore the subtropical dynamics linked to the occurrence
of reductions in moisture flux towards the western Amazon basin and
droughts in the TDPS. We do so by exploring the spatiotemporal vari-
ability of the geopotential height in 200 hPa (Z200) during November

2022, and its correlation with rainfall anomalies in the TDPS, El Nino 3.4
index and meridional VIMF between November 1979-2022 (Fig. 7).
November 2022 exhibited an extratropical Rossby wave train pattern,
with an outstanding standardized Z200 negative anomaly in south-
eastern Brazil, which is a common feature during La Nina’s November
(Fig. 7a-b). At interannual timescales, a downstream crest (upstream
trough) pattern over central South America is positively (negatively)
correlated with the TDPS rainfall anomalies during November, as seen
with the correlation coefficients between Z200 and the TDPS rainfall of
0.4-0.7 (p < 0.05, Fig. 7c¢). This downstream crest (upstream trough)
pattern in the high troposphere can be associated with a stronger
(weaker) development of the BH, consistent with wet (dry) conditions in
the Titicaca Lake basin (Medina Burga, 2020; Segura et al., 2019). This
high tropospheric pattern is also associated with a dipole-like behavior
of rainfall anomalies in the core region of the South American monsoon,
although during the austral summer period (e.g., Gelbrecht et al., 2018,
2021; Sulca et al., 2018a,b). An upstream trough over central South
America is associated with southerly moisture flux anomalies in the
southern and central Amazon basin (Fig. 7d), which is favorable to
conditions associated with cold-air intrusions towards tropical latitudes
in South America (Espinoza et al., 2013). The dynamics of cold-air in-
trusions are associated with an upstream trough at the high troposphere
over central South America, affecting the development of
cross-equatorial north-to-south moisture fluxes in the Amazon basin (see
Fig. 4a). The influence of Z200 over central South America on meridi-
onal moisture fluxes can even reach the northern hemisphere, as seen by
the negative correlations around 6°N 55°W (Fig. 7d). The trough pattern
at central South America can be further favored by La Nina conditions
(Fig. 7e) by the activity of extratropical Rossby waves, as seen by the
correlational pattern. Similar results are obtained if Z500 is analyzed
instead of Z200 (not shown).
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Comparisons of composites of 200 hPa winds considering its clima-
tology (1980-2020, Fig. 8a), the 9 wettest (Fig. 8b) and the 9 driest
(Fig. 8c) Novembers in the TDPS show a hindered formation of the BH
during dry Novembers (Fig. 8c). This weakening is associated with
upper-level cyclonic anomalies centered over southeastern South
America (Fig. 8d). This feature is associated with the signal over central
South America derived from the Z200 — TDPS rainfall correlations, and
with the anomalous anticyclone over central-eastern South America
derived from the Z200 - El Nino 3.4 index correlations (Fig. 7c—e),
which resembles the activity of Rossby wave trains. Regressing atmo-
spheric fields (VIMF and Z200) onto El Nino 3.4 SST index during
November for the period 1979-2022, show that La Nina-associated SST
anomalies are significantly related to the reduced moisture influx in the
western Amazon basin via the influence of extratropical Rossby waves
activity, as seen by the slope of the linear regression of Z200 onto El
Nino 3.4 index (Fig. 9). This feature subsequently weakens the devel-
opment of the BH and the north-to-south moisture transport from the
Amazon basin (Fig. 9). In addition, a significant relationship between El
Nino 3.4 index and VIMF occurs both at the Southern Atlantic Conver-
gence Zone (SACZ) and at the Southern Pacific Convergence Zone
(SPCZ). For the latter, increased convection in the SPCZ activity is
associated with increased moisture flux towards that region during La
Nina. As noted by Geirinhas et al. (2023), this situation can serve as a
potential source of extratropical Rossby activity towards South America,
leading to increased southerly VIMF anomalies towards tropical South
America and, ultimately, the TDPS (Fig. 7d).

6. Discussion and conclusions

In this study, we present empirical evidence that the unprecedented
drought in the TDPS during the pre-wet season of 2022 was associated
with a reduction in the moisture flux incoming from the Amazon basin.
We highlight the impact of extratropical Rossby wave trains over the

regional South American circulation during November (1979-2022),
when the first significant rains over the TDPS occur. This finding is
beyond the traditional view of the main El Nino (La Nina) roles in the
configuration of summertime dry (wet) anomalies by high tropospheric
teleconnections, where El Nino events, notably the strongest ones, are
related to dry conditions (e.g., Garreaud et al., 2003; Segura et al., 2020;
Sulca et al., 2018a,b; Jonaitis et al., 2021). The atmospheric features
associated with TDPS droughts in the pre-wet season (mainly
November) during La Nina events are schematized in Fig. 10a. The ac-
tivity of extratropical Rossby waves produces an anticyclonic (cyclonic)
anomaly over southern Argentina (southeastern Brazil). The Rossby
wave activity is primarily caused by perturbations forced at the south-
western Pacific Ocean (Geirinhas et al., 2023), although it can be
exacerbated by warm conditions in the southern subtropical Atlantic
Ocean (dashed brown polygon). These disturbances enhance extra-
tropical frontal activity and southerly wind anomalies towards tropical
South America. In addition, it reduces the northerly atmospheric mois-
ture inflow from the western Amazon (purple big arrow) and the
moisture flux towards the TDPS (small pink arrows). Such anomalies
produce an inhibition of convection over both the Andes-Amazon
transition region and the TDPS (red polygon). It also contributes to
the weakening of the development of the Bolivian High (“U200” arrow
above the Altiplano), which further reduces convective activity over the
TDPS. These dynamics differ from traditional El Nino-related droughts
during the wet season (DJF), as shown in Fig. 10b (Cai et al., 2020; Sulca
et al.,, 2018a). El Nino-induced Walker and Hadley cell anomalies
accelerate moisture flux towards the La Plata basin (Jones et al., 2023),
leading to increased moisture flux divergence in the western Amazon
and reduced moisture flux towards the TDPS. In addition with the
weakened Bolivian High development, these conditions further reduce
convective activity over the TDPS (Sulca et al., 2016), and are further
reinforced by extratropical Rossby waves (Mo, 2000).

It is worth to notice that the interannual variability of rainfall



R.A. Gutierrez-Villarreal et al. Weather and Climate Extremes 45 (2024) 100710

10 my/ :
e » b) The nine wettest Novembers
mfs
R N— - AN
PR - |- S P
v lr P PR ) N
« (‘llli 4‘((({1('-’
0° 4 A h 4 4 0° 14444%?’4‘{
Iy % Mohoh A A 2]
» boA A [ N N S S SV
> A A RO S N N N N S I
» A A RO N N T O Y ]
10°S N A INEE N N N N S '
" ‘A R GO O Y S '
‘ ¥ A7 ,.)AAA044
\
L. 7oA « « 4 4 4 A A
BN AN 7 sqrt(u,v)
\\ \ \\‘_,_,,rl/‘b'/ (m/s) Ly vowowa A A
20°S .-’\1 WY Y A s e A X AN
40
35
30°s 30
25 80°W 70°W 60°W 50°W
20 d) c) minus b)
10m 10 m/s T T —
> 15 T N PP G S sart(u,v)
RPN DI "] differences
10 L S s e AN I 70
0° N R - R O R A G iy SN 10
0" 2 e W’
5 - e 3
e A I I
0 c > (U T SN N 8
10°S . > NONN NN NN Y N e mes
10°S ~ RS NS S W) N M Ml Nl WV N Y .
9 \\\\kk>>>VVVVV';:i; ‘ Dalinal \\}N\\\\\\\\\\N\.
ey NN b bl bl 4 N A SREIIIRRY
\\\\\\\\\f %}h\z}?\\f:“ e : NSNS ~ i
20°s A S el S s Soos | 4 f TN\\\_\\
't e ————————
— ]
—— — W === |,
\Q //
)4 \ [
30°s g o [N\ N \\\ SXN
— 30°S ~
P\_—UL—/ NN \\\\ // 0
- H\l N NS v
80°W 70°W 60°W 50°W 80°W 70°W 60°W 50°W

Fig. 8. Upper tropospheric winds (200 hPa) during November. a) The 1980-2020 climatology, b) The nine wettest Novembers in the TDPS system, and c) the nine
driest Novembers in the TDPS system. Isotachs of 30, 35 and 40 m/s are drawn in thick black lines, and the TDPS basin is delimited by blue lines. The Titicaca Lake
area is bounded by a black polygon. d) The differences between the driest and the wettest Novembers (i.e., ¢ minus b). Note the differences in arrow scales between a-
c and d. The period considered in the calculation of wettest and driest Novembers is 1981-2022. In b), an approximated BH circulation is drawn with a dashed ellipse
and purple triangles. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

VIMF regressed onto Z200 regressed onto
El Nifio 3.4 index (kg/m2/s/°C) El Nifio 3.4 index (gpm/°C)
<MENNENNTTT 5 g/m2/s/°C -::—
80 50

— =50

=
. «
LMN R W? ‘\ e

I
11 uuuuuuunn
IS S

10°s s

20°s S

30°s >

40°s = 7 N
120°E 180° 120°W

Fig. 9. Regressed atmospheric dynamics fields onto El Nino 3.4 SST index during November (1979-2022). Slope of zonal and meridional regressed VIMF onto El
Nino 3.4 index (in vectors and blue-to-red shades), and slope of Z200 regressed onto El Nino 3.4 index (in brown-to-green shades). The pair of zonal and meridional
VIMF regression slope vectors are shown if p-value of Pearson’s r coefficient between meridional VIMF and El Nino 3.4 index is below 0.05. Similarly, for Z200,
regression values are shown only if p-value of Pearson’s r coefficient between Z200 and El Nino 3.4 index is below 0.05. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

explained by ENSO in the TDPS is spatially and temporally heteroge- are associated with westerly upper tropospheric winds over the region
neous. During the wet season, ENSO explains a significant fraction of the (Imfeld et al., 2019). Moreover, recently established connection of the
interannual variability of rainfall in the western side of the TDPS, but southern Andean rainfall variability with the western Amazon convec-
less so in its eastern side (Jonaitis et al., 2021). In addition, not all El tive activity during the summer (Segura et al, 2019) adds more
Nino events are associated with droughts in the TDPS, as not all of them complexity to the picture, suggesting a stronger Andean-Amazon
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relevant literature cited in the Introduction.

connection since the early 2000s. The latter helps to explain some
characteristics of this extreme drought: i) a stronger rainfall deficit in the
eastern part of TDPS (Fig. 3b) and ii) a stronger influence of atmospheric
moisture flux from the Amazon on precipitation in the eastern side of the
TDPS (Fig. 5b).

It has been suggested that multiyear La Nina conditions, like the
recent 3-year La Nina during 2020-22, have stronger impacts than
single-year La Nina events on South American and global hydroclimate
(Huang et al., 2022; Lopes et al., 2022; Okumura et al., 2017; Raj Deepak
et al., 2019; Wang et al., 2023). The longer persistence of multiyear La
Nina conditions, while dependent on initial conditions, can induce sig-
nificant ocean-atmospheric teleconnections in other oceanic basins such
as the northern Pacific, the tropical Atlantic and the Indian Oceans, and
vice-versa (Hasan et al., 2022; Kim and Yu, 2022; Liao and Wang, 2021;
Rodriguez-Fonseca et al., 2009; Tokinaga et al., 2019). Thus, the tele-
connections induced by such SST anomalies might interact, leading to
the possibility of reinforced atmospheric circulation anomalies for the
latter years of multiyear La Ninas. In addition, central Pacific La Nina is
also able to exert significant control in the subtropical Atlantic SST
variability through Rossby waves activity (Rodrigues et al., 2015). Sig-
nificant warming was observed in the southern subtropical southern
Atlantic Ocean (Fig. 6e and f), which could have aggravated the severity
of the drought under study due to reduced moisture flux towards the
western Amazon.

Other than 2020-22, only three 3-year La Nina events have occurred
since the 1950s: 1954-56, 1973-76 and 1998-2001 (https://earthobser
vatory.nasa.gov/images/150691/la-nina-times-three). Heterogeneous
impacts have been observed in the TDPS during those 3-year La Nina
events (Fig. 1b—d). However, the SON strong droughts of the latter years
of the 1954-56 and 2020-22 were followed by dry conditions during DJF
of the following year. Another similarity between both periods resides

10

on negative January-December lake water level differences (Fig. 1b).
For example, Geirinhas et al. (2023) showed that recent drought events
(2019-2022) in central-eastern South America were associated to a
significant weakening of northerly moisture flux towards that region, an
anomaly seen in the present study. In addition, significant negative
moisture flux anomalies in that region were also present by the end of
the decade of 1950, both being associated with cold SST anomalies in
the central Tropical Pacific Ocean. However, the reduction in moisture
transport in the western Amazon during November 2022 has not been
seen, at least, since the 1950s (Figure S4). In addition, a hypothesized
mechanism suggests that strong El Nino events preceded triple-dip La
Nina events; and while this was the case for the 1998-2001 event, it was
not for the 1954-56 and 2020-22 events (Kim et al., 2023; Shi et al.,
2023). For the 2022-23 La Nina event, intertropical and extratropical
interactions were suggested to trigger and sustain that La Nina event (e.
g., Hasan et al., 2022; Shi et al., 2023), although the synergistic impacts
on the causes and the consequences of that event still need further
investigation.

While the atmospheric features addressed in the present study (i.e.,
extratropical Rossby waves, moisture flux anomalies from Amazonia)
are related to SST variability and La Nina 2022-23, the fact that in
November 2022 exceptional dry conditions were observed cannot be
fully explained by the Pacific Ocean SST variability. Other mechanisms
must be analyzed, for instance the modulation of shorter frequency
variability modes, such as the Madden Julian Oscillation (Fernandes and
Grimm, 2023; Jones et al., 2023), the potential impact of global
warming and Amazonian deforestation. Regarding global warming, It is
still worth to explore future projections over complex terrain such as the
Andes-Amazon transition region (e.g., Gutierrez et al., 2024). Future
climate projections studies suggested significant reductions in precipi-
tation and increases in the intensity, frequency and duration of droughts


https://earthobservatory.nasa.gov/images/150691/la-nina-times-three
https://earthobservatory.nasa.gov/images/150691/la-nina-times-three

R.A. Gutierrez-Villarreal et al.

over the TDPS (Minvielle and Garreaud, 2011; Zubieta et al., 2021).
Although the origins of October-December 2022 drought in subtropical
South America were contained within the thresholds of natural vari-
ability, human activity significatively amplified the consequences of
that compound hot and dry event (Arias et al., 2023). Finally, the po-
tential role of deforestation rates in Amazonia in this drought cannot be
ruled out. Studies of projected Amazon deforestation scenarios showed
that it is associated with reductions in evapotranspiration, water vapor
and moisture fluxes, and lengthening of the dry season; all of which
inhibit convective activity in the western Amazon and, ultimately,
precipitation over the tropical Andes (Commar et al., 2023; Ruiz-Vas-
quez et al., 2020; Sierra et al., 2022, 2023; Wongchuig et al., 2023), Such
atmospheric features agree with those characterizing the 2022 drought
in the Altiplano, but the role of ongoing deforestation in the causes and
consequences of this specific drought have not been addressed yet.
Therefore, we encourage further research about global warming and
Amazon deforestation impacts over the southern Tropical Andes and the
Altiplano region.
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