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ABSTRACT

Extreme snowfall events (ESEs) in the Peruvian Andes (10°-18.4°S, >4000m) result in considerable economic losses. Despite
their importance, how El Nifio-Southern Oscillation (ENSO) diversity modulates the impact of the Madden-Julian Oscillation
(MJO) on ESEs in the Peruvian Andes remains unexplored. Daily ERAS reanalysis data from 1981 to 2018 were analysed. This
study examines 16 ESEs. A bandpass filter with a 20-90-day range was applied to isolate the intraseasonal component of the daily
anomalies. Additionally, time series data from the real-time multivariate MJO (RMM) index and Eastern and Central ENSO (E
and C) indices were utilised. Composites were performed to describe the atmospheric circulation patterns related to ESEs in the
Peruvian Andes under neutral, El Nifio and La Nifia conditions in the central and eastern Pacific Ocean. Under non-ENSO con-
ditions, the MJO alone does not trigger ESEs in the Peruvian Andes during the DJF season. The absence of a well-organised con-
vection system over the Peruvian Andes prevents ESEs. Conversely, during the JJA season, MJO Phases 5, 6 and 7 induce ESEs in
the southern Peruvian Andes by enhancing moisture flux from the east through the equatorward propagation of an extratropical
Rossby wave train that crosses South America and reaches the Altiplano region. In terms of ENSO diversity, the combined effects
of the Central La Nifia and MJO Phases 6 + 7 induce ESEs across the Western Cordillera of the southern Peruvian Andes during
the DJF season. During austral winter, the interaction between the Central El Nifio and MJO Phases 8 + 1, Eastern El Nifio and
MJO Phases 2+ 3, and Eastern La Nifia and MJO Phases 8 + 1 induce ESEs across the Peruvian Andes.

1 | Introduction 1999; Grimm 2019). The primary characteristic of low-level cir-

culation over South America is the South American low-level

In austral summer (DJF), the greatest amount of precipitation
occurs over the south-central Amazon. The South Atlantic con-
vergence zone (SACZ), oriented northwest-southeast, generates
a cloud band with intensified precipitation, which seems to in-
tegrate with the vigorous convection over the Amazon Basin,
extending from tropical South America (SA) southeastward
into the South Atlantic Ocean (Kodama 1992; Liebmann et al.

jet (SALLIJ), which is situated east of the Andes and facilitates
the transport of warm and moist air from the Amazon Basin
toward the subtropics (Montini et al. 2019). In the upper tro-
posphere, at approximately 200hPa, the predominant feature
of the atmospheric circulation over the South American conti-
nent is the Bolivian high-Nordeste low (BH-NL) system (Chen
et al. 1999). The liberation of latent heat during convection over
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the Amazon Basin establishes the core structure of the BH-NL
system (Lenters and Cook 1997). Additionally, Chen et al. (1999)
reported that warm sea surface temperature (SST) anomalies in
the southeastern tropical Atlantic intensify the upper-level BH-
NL system. The BH-NL system is absent during austral winter,
when the upper-level westerly zonal flow prevails over South
America.

Glaciers in the Andes Mountains serve as essential buffers
against seasonal precipitation variability, supplying water
for domestic, agricultural, and industrial uses during dry pe-
riods (Vuille et al. 2008). However, there is limited research
on the climatological characteristics of snowfall events in the
Andes Mountains. In the northern Chilean Andes, Vuille and
Ammann (1997) observed that cutoff lows and the northward
movement of cold Pacific air masses cause snowfall during the
winter months (May-September) over a six-year period (1984,
1986, and 1990-1993). Conversely, few studies have investi-
gated snowfall in the Peruvian Andes (above 3800 m), which
is influenced by changes in South America's regional atmo-
spheric circulation. During the wet months (October-March),
the Peruvian Andes experience snowfall, but the underly-
ing physical mechanisms differ (Aliaga-Nestares et al. 2021;
Hurley et al. 2015). For example, Aliaga-Nestares et al. (2021)
utilised the elbow method in cluster K-means analysis to iden-
tify two distinct atmospheric circulation patterns for wet ESEs
in the Peruvian Andes associated with changes in the Bolivian
high's intensity and position. Type-1 wet ESEs in the Peruvian
Andes are characterised by a strengthened Bolivian high,
resulting in upper-level northeasterly wind anomalies that
increase moisture transport from the Amazon to the Andes.
In Type-2 wet ESEs, an upper-level trough near the Peruvian
coast (85°W, 10°S) shifts the Bolivian high eastward from
its typical position (60°W, 15°S). This configuration leads to
southwesterly wind anomalies over the Andes in Peru and
Bolivia, indicating enhanced moisture flow from the Amazon
Basin to the central Andes (Garreaud et al. 2003; Vuille and
Keimig 2004; Imfeld et al. 2019; Segura et al. 2019; Villalobos-
Puma et al. 2022). Although these two types of upper-level at-
mospheric circulation patterns for wet ESEs in the Peruvian
Andes have been identified, the underlying large-scale phe-
nomena remain unclear. Conversely, Hurley et al. (2015) re-
ported that cold surges propagating along the eastern slope
of the Andes account for approximately 70% of the total snow
accumulation on the Quelccaya Ice Cap in the Peruvian Andes
at an elevation of 5680 m. However, no study has identified
the predominance of any of these three mechanisms in caus-
ing extreme snowfall events in the Peruvian Andes during the
DIJF season.

Numerous case studies indicate that in the southern Peruvian
Andes, snowfall during the dry months (April-September) re-
sults from mainly synoptic processes (Quispe and Avalos 2006a;
Quispe and Avalos 2006b; Quispe 2014; Quispe 2017; Aliaga-
Nestares et al. 2021). Recently, Aliaga-Nestares et al. (2021)
identified three atmospheric circulation patterns that char-
acterise winter ESEs in the Peruvian Andes. Type-1 dry ESEs
in the Peruvian Andes feature a convergence of an upper-level
trough near the coasts of Peru and northern Chile (82°W, 8°S)
at 300hPa. This condition leads to upper-level southwesterly
wind anomalies over the Andes in Peru and Bolivia, increasing

moisture transport from the Amazon Basin to the central Andes,
thereby initiating instability and causing snowfall. Type-2 dry
ESEs are marked by an upper-level cutoff low (77°W, 22°S),
which causes southwesterly wind anomalies over the Andes in
Peru and Bolivia. This condition amplifies the moisture flow
from the Amazon Basin to the central Andes, leading to insta-
bility and the onset of snowfall. In Type-3 dry ESEs, an upper-
level trough near the coast of Peru and northern Chile (75°W,
15°S) transports a cold and dry Pacific air mass to the central
Andes. This leads to enough instability to trigger snowfall in the
region.

El Nifno-Southern Oscillation (ENSO) is the primary driver of
interannual variability in global temperature and precipitation.
ENSO has warm and cold phases of sea surface temperature
(SST), known as El Nifio and La Nifa, respectively. Several
studies have shown that ENSO modulates the height, size and
intensity of precipitation events (Liu et al. 2019). Using the
multivariate ENSO index, Liu et al. (2019) noted that El Nifio
inhibits the initiation of mesoscale convection systems and si-
multaneously reduces the height of the column of deep convec-
tion over the Amazon Basin and in the tropical Andes, tropical
Atlantic and even the subtropics. In Peru, for example, Lagos
et al. (2008) reported that warm Nifio 3.4 episodes cause rainfall
along the northern Peruvian coast, whereas they reduce rainfall
along the Peruvian Andes. Conversely, La Nifia tends to exhibit
the opposite pattern related to El Nifio.

Since ENSO induces extreme rainfall events worldwide, the
scientific community has identified specific regions in the
equatorial Pacific Ocean that capture ENSO signals. These
regions are Nifio 1+2 (N1+2; 0°-10°S, 90°-80° W), Nifo 3
(N3; 5°S-5°N, 150°-90° W), Nifio 3.4 (N3.4; 5°S-5°N, 170°-
120°W), and Nifno 4 (N4; 5°S-5°N, 160°-150°W). These
regions are used to develop statistical forecast models and
monitor ENSO. For example, Lagos et al. (2008) developed a
forecast model for December rainfall on the northern coast of
Peru using December SST predictions from the Nifio 3.4 re-
gion. Similarly, Wu et al. (2018) used the Nifio 3.4 index as
a predictor for forecasting rainfall in the southern Peruvian
Andes. Conversely, La Nina tends to exhibit the opposite
pattern related to El Nifio. In addition, the authors reported
that changes in SST anomalies in the tropical Atlantic Ocean
do not modulate summer rainfall in the southern Peruvian
Andes. In subtropical regions, La Nifia weakens the intensity
of the intertropical convergence zone, thereby reducing upper-
level convergence in the subtropics. Thus, La Nifia conditions
promote the intrusion of extratropical Rossby wave trains into
the South American continent (Barreiro 2016).

In recent decades, numerous studies have highlighted the
necessity of employing two independent indices to character-
ise the nonlinear behaviour of ENSO (Takahashi et al. 2011;
Capotondi et al. 2015; Tedeschi et al. 2015, 2016; Goudard et al.
2024). Takahashi et al. (2011), using rotated empirical orthog-
onal function techniques, reported that Eastern and Central
El Nifio events are associated with warm SST anomalies
confined to the eastern and central Pacific Ocean. However,
these phenomena exert different impacts on large-scale atmo-
spheric circulation over South America. In tropical regions,
Sulca et al. (2018) emphasised that both Eastern and Central
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El Nifio events generate an upper-level stationary Rossby wave
over the Pacific Ocean at 200 hPa. Upper-level easterly wind
anomalies dominate the equatorial Pacific, whereas upper-
level westerly wind anomalies are observed over the tropical
Andes, leading to dry conditions in these regions. The mag-
nitude of upper-level westerly wind anomalies over Peru is
twice as large during Central El Nifio events. Conversely, the
two types of La Nifia exhibit upper-level regional atmospheric
patterns opposite to those associated with the two types of El
Nifio. Sulca et al. (2021), using a statistical rainfall model, re-
ported that summer rainfall in the Eastern Cordillera of the
Peruvian Andes cannot be explained solely by the variability
of the equatorial Pacific Ocean. Goudard et al. (2024), using
classical SST El Nifio regions, reported that warm SST anom-
alies in the Nifio 4 region (Central El Nifio) induce an upper-
level Rossby wave train over the Pacific Basin, but it is twice as
weak as that in the warm SST Nifio 3 region. This result con-
trasts with reported upper-level atmospheric circulation over
the Central and Eastern SST Nifio indices (Sulca et al. 2018).

The Madden-Julian Oscillation (MJO) is a large-scale anom-
alous atmospheric circulation that originates in the western
Indian Ocean and is confined to the tropics. It has the charac-
teristic of propagating toward the east with a speed that varies
between 5 and 10ms~!. The MJO has periods of between 30
and 90days (Madden and Julian 1972, 1994), and its maximum
intensity occurs twice a year: in summer and autumn in the
Southern Hemisphere. This wave disturbance has an eastward
propagation of tropical convective anomalies from the Indian
Ocean to the western Pacific and subsequently to South America
and Africa.

Numerous studies have investigated the influence of the MJO
on extreme rainfall episodes in South America, focusing on its
effects on upper-level atmospheric circulation (Madden and
Julian 1972; Alvarez et al. 2016; Grimm 2019; Mayta et al. 2019;
Recalde-Coronel et al. 2020; Liu et al. 2023; Fernandes and
Grimm 2023). For example, Grimm (2019) reported that MJO
Phases 8 + 1 increase precipitation in subtropical South America
at approximately 30°S by generating upper-level anticyclonic
and cyclonic circulation patterns. In the Peruvian Andes,
Recalde-Coronel et al. (2020) reported that MJO Phases 8+1
reduce rainfall over the Western Cordillera of the southern
Peruvian Andes from 1981 to 2016.

Few studies have examined how different ENSO types regulate
the MJO teleconnection (Moon et al. 2011; Alvarez et al. 2016;
Shimizu and Ambrizzi 2016; Shimizu et al. 2017). Using the
Nifio 3.4 index, Moon et al. (2011) analysed how neutral, El
Nifio and La Nifia conditions influence MJO Phases 3 and 7 on
upper-level atmospheric circulation over South America north
of 40°S during the period 1979-2008. Under neutral ENSO con-
ditions, MJO Phase 3 enhances the upper-level BH-NL system
over South America by strengthening deep convection over the
Indian Ocean and the African continent, which intensifies the
upper-level eastern zonal flow. This corresponds to a significant
OLR dipole, with positive anomalies over northeastern Brazil
and negative anomalies over the southern Peruvian Andes.
El Nifio negates the remote influence of MJO Phase 3 on the
Peruvian Andes by inducing upper-level flow anomalies north
of 22°S in South America. Conversely, La Nifia strengthens the

teleconnection of MJO Phase 3 over South America by amplify-
ing and expanding upper-level easterly flow anomalies latitudi-
nally over South America, which is indicative of an enhanced
upper-level BH-NL system. MJO Phase 7 reduces upper-level
easterly flow over equatorial South America (10°N-8°S) and
enhances the Bolivian High via the eastward propagation of
extratropical Rossby wave trains into the South American con-
tinent. El Nifio intensifies and expands toward the south of the
upper-level flow anomalies over South America, indicating
a weakening of the BH-NL system. Conversely, La Nifia neu-
tralises the effect of MJO Phase 7 on upper-level atmospheric
circulation over South America by intensifying the upper-level
easterly flow over SA. Under MJO Phase 7, La Nifia induces wet
anomalies over the Altiplano region via eastward propagation of
extratropical Rossby wave trains into the South American conti-
nent, provoking a slightly enhanced Bolivian High. In contrast,
no studies have assessed the impacts of the MJO on extreme
snowfall events in the Peruvian Andes under different types of
SST configurations over the equatorial Pacific (e.g., Eastern and
Central ENSO).

The main goal of this study is to elucidate whether the coupling
of the MJO and ENSO induces extreme snowfall events in the
entire Peruvian Andes by examining alterations in large-scale
atmospheric circulation patterns over the Southern Hemisphere.
This study focuses on the DJF and JJA seasons because the pat-
terns of low- and upper-level atmospheric circulation associated
with the MJO are unstable in the transition seasons (Fernandes
and Grimm 2023).

2 | Data and Methods

This study extracts the list of extreme snowfall events for the
summer (DJF) and winter (JJA) seasons from Aliaga-Nestares
et al. (2021) (Table 1). The details of the definition and identi-
fication of extreme snowfall events in the Peruvian Andes are
documented in Aliaga-Nestares et al. (2021).

Daily gridded precipitation data from the Peruvian
Interpolated Data of the Servicio Nacional de Meteorologia
e Hidrologia (SENAMHI) Climatological and Hydrological
Observations version 2.1 (PISCOp v2.1; Aybar et al. 2020;
Gutierrez et al. 2022) dataset were used to verify the occur-
rence of wet episodes during extreme snowfall events in the
Peruvian Andes. PISCOp v2.1 has a horizontal resolution of
10x 10km and covers the 1981-2018 period. This dataset can
be downloaded at https://figshare.com/articles/dataset/High-
resolution_gridded_rainfall dataset_for_Peru_-_PISCOp_
v2_2_dataset/21127423.

The ERAS reanalysis (Hersbach et al. 2020) from the European
Centre for Medium-Range Weather Forecasts (ECMWF) was
used to characterise the snowfall and 200-hPa geopotential
height and wind daily patterns associated with the MJO. This
analysis has a resolution of 31km and covers the same 1981-
2018 period.

To study the deep convection associated with extreme snowfall
events in the Peruvian Andes, daily OLR data from the NCAR/
National Oceanic and Atmospheric Administration (NOAA)
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TABLE 1

| List of extreme snowfall events in the Peruvian Andes during austral summer (DJF) and winter (JJA) from 1995 to 2018. Only RMM
Phases with a module higher than or equal to 1 are shown. Only Eastern and Central El Nifio (La Nifia) with values greater than or equal to 1 are
shown. This list was extracted from Aliaga-Nestares et al. (2021).

DJF JJA

Event Date MJO phase ENSO type Event Date MJO phase ENSO type

1 12/27/1995 — E- 1 08/07/1997 — E+

2 12/03/1999 4 C- 2 08/21/1997 — E+

3 01/23/2004 2 c* 3 07/10/2002 7 C+

4 12/31/2007 5 E-C- 4 06/28/2004 7 —

5 12/21/2008 — C- 5 07/01/2004 8 —

6 02/17/2009 — C- 6 07/02/2004 8 —

7 01/10/2010 — C+ 7 07/03/2004 8 —

8 02/12/2011 — C—- 8 07/04/2004 8 —

9 12/21/2011 4 C—- 9 08/23/2004 8 C+

10 12/23/2011 4 C—- 10 08/24/2004 8 C+

11 12/24/2011 5 C—- 11 08/08/2008 2 E+ C-

12 12/25/2011 5 C—- 12 07/26/2009 — —

13 01/05/2012 — C—- 13 07/27/2009 — —

14 01/06/2012 — C- 14 07/03/2011 — C—-

15 01/27/2012 6 C—- 15 06/07/2012 5 E+

16 01/29/2012 6 C—- 16 08/24/2013 8 E-

17 02/06/2012 7 C—- 17 08/25/2013 8 E-

18 02/09/2012 8 C- 18 08/27/2013 1 E-

19 02/12/2012 8 C— 19 08/28/2013 1 E—-

20 02/20/2012 2 C—- 20 08/29/2013 1 E-

21 01/17/2013 7 — 21 07/03/2015 7 E+

22 01/22/2013 7 — 22 07/04/2015 7 E+

23 01/16/2014 — — 23 08/12/2015 — E+ C+

24 01/04/2015 7 C+ 24 08/13/2015 — E+ C+

25 01/20/2015 7 C+ 25 06/28/2016 — —
26 07/07/2016 — —
27 06/03/2018 5 —
28 06/04/2018 5 —
29 06/05/2018 5 —
30 07/14/2018 5 —
31 07/19/2018 5 —
32 07/20/2018 6 —
33 07/21/2018 6 —
34 07/22/2018 6 —
35 08/07/2018 6 —
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SNOWFALL(SF, in m of water equivalent): 1981-2018
a) 1000+SF DJF
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FIGURE1 | Climatology of snowfall (in m of water equivalent) during (a) austral summer (December-January-February, DJF) and (b) austral
winter (June-July-August, JJA). The climatology is based on the period from 1981 to 2010. The ERAS5 reanalysis was used in this analysis. [Colour

figure can be viewed at wileyonlinelibrary.com]

(Liebmann and Smith 1996) for the period 1981-2018 were
analysed.

The daily anomalies were calculated by removing the mean
and its first three harmonics, from which the linear trend was
also removed. On the other hand, a 20-90-day bandpass filter
based on the Morlet wavelet (Torrence and Compo 1998) was
applied to extract the intraseasonal component of the data. This
band was chosen because the intraseasonal component of South
American rainfall varies in the 20-90-day band (Liu et al. 2023;
Fernandes and Grimm 2023). Notably, the Morlet wavelet has
been used to extract the flow of the Amazon, Guyana, Parana,
Orinoco, and Congo rivers (Labat et al. 2005, 2012) and the
interannual-interdecadal variability in rainfall in the central
Andes (Sulca et al. 2022, 2024a).

The position of the MJO along its eastward propagation is
identified through the MJO real-time multivariate (RMM)
index (Wheeler and Hendon 2004; hereafter WH2004). This
study used the RRM index from the Bureau of Meteorology
(BoM) for the period 1981-2018 (IRI 2024). Snowfall and at-
mospheric circulation patterns over South America at upper
troposphere levels associated with the MJO are identified
through composites for each pair of RMM Phases 8 +1, 2+ 3,
4+5, and 6+ 7, but they are considered only when the mod-
ules of RMM1 and RMM2 are equal to or greater than 1. The
statistical significance of the composites is based on Student's
t test (Wilks 2011).

The E and C indices for the eastern and central equatorial
Pacific SST anomalies (Takahashi et al. 2011) are used because
they are poorly correlated. The E and C indices are calculated
from the ERSSTv5 dataset and are freely available on the IGP
website (http://met.igp.gob.pe/datos/ecindex_ersstv5.txt). The E

and C indices were chosen because they do not present an intra-
seasonal component (Sulca et al. 2024b).

Here, neutral ENSO conditions occur when E and C are simul-
taneously lower, between —0.5 and +0.5. This method was
chosen to avoid any effects of coastal El Nifio in the results.
Additionally, Central El Nifio (La Nifia) occurs when C is higher
(lower) or equal to +1 (—1). Similarly, Eastern El Nifio (La Nifia)
occurs when E is higher (lower) or equal to +1 (-1).

Satoh et al. (2004) reported that solid precipitation is caused by
cumulonimbus clouds, which are characterised by snow in the
upper parts and rainfall in the lower parts. Since cumulonim-
bus clouds are caused by deep convection systems, this study
uses the OLR index to verify the presence of well-organised con-
vection systems during snowfall events in the Peruvian Andes.
Additionally, precipitation data are used to confirm the simul-
taneous occurrence of rainfall and active convection systems
during snowfall events in the Peruvian Andes.

3 | Climatological Pattern of Extreme Snowfall
Events in the Peruvian Andes

The climatological snowfall patterns over the Peruvian Andes
from 1981 to 2018 during the DJF and JJA seasons, as simulated
by the ERAS reanalysis, are shown in Figure 1. Figure 1a shows
that the ERAS reanalysis simulates maximum snowfall over the
Western and Eastern Cordilleras of the Peruvian Andes, which is
twice as large along the Western Cordillera. However, the ERAS5
reanalysis underestimates the intensity of the snowfall amount
along the Eastern Cordillera of the central Peruvian Andes. The
JJA snowfall pattern resembles the DJF snowfall pattern but is
half as strong (Figure 1b).
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EXTREME SNOWFALL EPISODES IN THE PERUVIAN ANDES [1995-2018]
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Composites of unfiltered snowfall anomalies (in m of water) during extreme snowfall events in the Peruvian Andes during the (a) DJF

FIGURE2 |
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and (b) JJA seasons. (c and d) As in a and b, but for filtered (20-90-day band) snowfall anomalies. The black contour represents topographic elevation

above 4000 m. Hatching areas indicate significant unfiltered and filtered snowfall anomalies at the 95% confidence level. The unfiltered (filtered)

snowfall anomalies were rescaled by a factor of 107° (10~°). The ERAS reanalysis data from the period from 1981 to 2016 were used in this analysis.

[Colour figure can be viewed at wileyonlinelibrary.com]

The results of the composite for the unfiltered and filtered
daily snow anomalies during extreme snowfall events across
the Peruvian Andes in the DJF and JJA seasons are shown in
Figure 2.

For the DJF season, Figure 2a-b show that unfiltered and fil-
tered snowfall events present an increase in snowfall, although
this increase is not statistically significant, over the Western
Cordillera of the southern and central Peruvian Andes (north
of 16.4°S). Conversely, a reduction in snowfall is observed
in the remaining parts of the Peruvian Andes. The absence
of significant snowfall anomalies implies that the ERAS re-
analysis is unable to simulate extreme snowfall events in the
Peruvian Andes. These findings show that the current reso-
lution of the ERAS5 reanalysis is insufficient to reproduce the

observed pattern of extreme snowfall events in the Peruvian
Andes during the austral summer. During the JJA season, as
shown in Figure 2c, unfiltered snow episodes exhibit a signifi-
cant increase in snowfall over the entire Peruvian Andes, with
the most substantial increases observed along the Western
Cordillera and Eastern Cordillera of the Peruvian Altiplano.
Conversely, there are no significant increases in snowfall
over Lake Titicaca. These findings highlight the regional
nature of extreme snowfall events in the Peruvian Andes
during the austral winter season. Additionally, they indicate
that the horizontal resolution of the ERAS5 model is sufficient
for capturing and reporting these extreme snowfall events in
the Peruvian Andes. The pattern of filtered snowfall anom-
alies closely mirrors the unfiltered snow pattern, extending
to cover Lake Titicaca and the Bolivian Altiplano (Figure 2d).
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These findings indicate that extreme winter snowfall events
in the western Andes of the Peruvian Andes exhibit an intra-
seasonal nature.

4 | Patterns of Snowfall and Changes in
Atmospheric Circulation Over South America
During the MJO Under ENSO-Neutral Conditions

4.1 | Austral Summer (DJF)

Under non-MJO conditions, Table 1 shows that 8 out of 25 ex-
treme snowfall events in the Peruvian Andes occurred outside
of active MJO phases during austral summer. This suggests that
other large-scale and local forcings contribute to extreme snow-
fall events in this region. However, this study does not include
further characterisation of these extreme snowfall events, which
is beyond the scope of this research.

During RMM Phases 8 +1, as displayed in Figure 3a, snow-
fall increases along the Western Cordillera of the southern
Peruvian Andes. In contrast, a simultaneous reduction in
snowfall is observed in the remaining Peruvian Andes. This
increase in snowfall agrees with the negative velocity po-
tential anomalies over the Pacific Basin and South America
(Figure 3b). Significant negative OLR anomalies and an
upper-level anticyclonic circulation centered at 65°W, 23°S
(Figure 3c) suggest an enhanced and southward-displaced
upper-level Bolivian high from its climatological position
(Fernandes and Grimm 2023). Southeasterly VIHT anomalies
originating from the southern Atlantic Ocean are observed
over the Peruvian and Bolivian Amazon (Figure 4a). These
anomalies indicate the intrusion of an extratropical Rossby
wave into the continent along the eastern flank of the Peruvian
Andes (Garreaud 1999; Fernandes and Grimm 2023), reducing
moisture over the Eastern Cordillera while favouring convec-
tion over the southern Peruvian Andes at intraseasonal times-
cales. These circulation anomalies account for the reduction
in snowfall in the Eastern Cordillera of the southern Peruvian
Andes (Figure 4a). Northwesterly VIHT anomalies are pres-
ent over the Western Cordillera of the southern Peruvian
Andes (Figure 4a). Both southeasterly and northwesterly
VIHT anomalies contribute to the southward displacement
of the upper-level Bolivian High, causing wet anomalies over
the southern Peruvian Andes (Figure 4b). Conversely, west-
erly VIHT anomalies dominate over the central and north-
ern Peruvian Andes north of 11°S (Figure 4a), leading to dry
anomalies in these regions (Figure 4b) due to the weakening
of the easterly humidity flux from the Amazon Basin (Vuille
et al. 2000; Segura et al. 2019). These findings suggest that the
increase in snowfall in the Western Cordillera of the south-
ern Peruvian Andes during MJO Phases 8 4+ 1 is dynamically
linked to an enhanced upper-level Bolivian High displaced
southward from its climatological position, influenced by the
extratropical teleconnection via the intrusion of extratropical
Rossby wave trains into the continent along the eastern flank
of the Peruvian Andes. Conversely, the decrease in snowfall in
the central and northern Peruvian Andes during MJO Phases
841 is dynamically linked to the weakening of the easterly
moisture flux from the Amazon Basin as the MJO crosses
equatorial South America.

Concerning RMM Phases 2+ 3, Figure 3d displays an increase
in snowfall across the Peruvian Andes south of 10°S. The in-
crease in snowfall corresponds to a velocity potential dipole
with positive and negative anomalies over the tropical Andes
and eastern Brazil (Figure 3e). This velocity potential dipole is
consistent with an OLR dipole characterised by negative anom-
alies over the Peruvian Andes and positive OLR anomalies over
northeastern Brazil. It also coincides with upper-level easterly
winds over the Peruvian Andes and simultaneous northeasterly
wind anomalies over northeastern Brazil at 200hPa (Figure 3f),
indicating an enhanced upper-level Bolivian High-Nordeste
Low system over the continent. The enhanced upper-level BH-
NL system is consistent with significant easterly VIHT anom-
alies and wet anomalies over the southern Peruvian Andes
(Figure 4c,d). These conditions even extend toward eastern
Brazil, demonstrating that the increase in snowfall results
from the strengthening of the eastward moisture flux from the
Amazon Basin. These results align with the circulation patterns
associated with wet spells in the central Peruvian Andes caused
by a strengthened upper-level BH-NL system on intraseasonal
timescales (Sulca et al. 2016). Additionally, the upper-level
easterly wind anomalies crossing the South American conti-
nent extend to the tropical Atlantic Ocean, suggesting that they
are caused by deep convection over the Indian Ocean and the
African continent (Gahtan and Roundy 2021), similar to pat-
terns observed at interannual timescales (Lenter and Cook 1997;
Chen et al. 1999). These findings indicate that the increase in
snowfall in the southern Peruvian Andes during MJO Phases
2+ 3is dynamically linked to a strengthened upper-level BH-NL
system, driven by deep convection over the Indian Ocean and
the African continent that intensifies upper-level easterly flow.

In RMM Phases 4+ 5, Figure 3g displays a reduction in snow-
fall across the Peruvian Andes. The reduction in snowfall corre-
sponds to a positive velocity potential over South America and
the tropical Atlantic Ocean (Figure 3h). This positive velocity
potential is linked to slightly positive OLR anomalies over the
Peruvian Andes. Upper-level westerly wind anomalies over the
southern Peruvian Andes and a positive core of geopotential
height anomalies over the southern coast of Peru, centered at
31°S, 75°W at 200hPa (Figure 3i), suggest that the reduction
in snowfall in the Peruvian Andes is driven by the westward
dry air flux from the Pacific Ocean (Garreaud 1999). This ob-
servation aligns westerly VIHT anomalies and dry anomalies
over the Western Cordillera of the southern Peruvian Andes
(Figure 4e,f). Figure 4e,f also illustrate significant easterly
VIHT anomalies and wet anomalies over the Eastern Cordillera
of the southern Peruvian Andes. These conditions contradict the
reduction in snowfall over the Eastern Cordillera of the south-
ern Peruvian Andes, suggesting that ERA5 reanalysis cannot
capture the increase in snowfall in this region during MJO
Phases 4+ 5 in austral summer. Figure 3i also shows an upper-
level anticyclonic circulation over the southern part of the South
Atlantic Ocean, representing the extratropical teleconnection
of MJO Phase 4 (Fernandes and Grimm 2023), which weak-
ens the upper-level Bolivian High. These findings indicate that
the reduction in snowfall in the Peruvian Andes during MJO
Phases 4+ 5 is dynamically linked to a weakening of the upper-
level Bolivian High, driven by the equatorward propagation of
an extratropical Rossby wave along the eastern coast of South
America.
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20-90 day band: MJO [DJF: 1981-2018]
a) 10°+SNOWFALL ~ b) RMM 8+1: OLR & 200 hPa VP c) U, V, 2+HGT

20N
1251 EQ4

20S 1
15S 1

40S 1
18S 1

60S

78W  75W  72W 69w

d) 10%SNOWFALL f) U, V, 2#HGT

TEIT G R

20N

1251 co B
208
1551
408
185 g
78W  75W  72W 69w

9)

20N

10°+SNOWFALL

1251 EQ

20S
155 1

185 1 £ 3 {
r v + 6 b pedemiony v T v r T r
78 75W 720 69W 120E 160E 160W 120 8OW 40W 0O  40E B0E

j) 10°+SNOWFALL k) RMM 6+7: OLR & 200 hPa VP

T, (

(1
.i’*;.ﬂ» ’
il

//“

/

1251

%

158 1

185 ¥
78W  75W  72W  69W

80W 40W O 40F 80OF
1T T T T T
-8-7-6-5-4-3-2-10 1 2 3 4 5 6 7 8 ——> 1000 3000
2

FIGURE 3 | Composite of filtered anomalies in the 20-90-day band for (a) snowfall (m of water) and (b) OLR (Wm™2) and velocity potential
(m?s7) and (c) OLR (Wm™2), wind (ms™') and geopotential height (m) over the Southern Hemisphere at 200 hPa for RMM Phases 8 + 1 under neutral
ENSO conditions during austral summer (December-January-February, DJF). (d-f) As in (a-c) but for RMM Phases 2+ 3. (g-i) As in (a—c) but for
RMM Phases 4+ 5. (j-1) As in (a-c) but for RMM Phases 6 + 7. Only wind anomalies statistically significant at the 95% confidence level are shown.
Shaded areas indicate significant anomalies of snowfall and OLR at the 95% confidence level. The black contour represents topographic elevation
above 4000m. The black contour represents topographic elevation above 4000 m. The filtered (unfiltered) snowfall anomalies were rescaled by a
factor of 10~° (107°). The geopotential height anomalies were rescaled by a factor of 2. The ERAS reanalysis data from the period from 1981 to 2018
were used in this analysis. [Colour figure can be viewed at wileyonlinelibrary.com]
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VIHT & PRE: DJF 1981-2018
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FIGURE 4 | Composite of filtered anomalies in the 20-90-day band for (a) vertically integrated humidity transport (kgm='s™") and (b) precip-

B

itation (mmday~') during MJO Phases 8+ 1 under non-ENSO conditions during austral summer (December-January-February, DJF). The black
vectors represent VIHT anomalies that are statistically significant at the 95% confidence level. Hatched areas indicate significant precipitation anom-
alies (>2500m) at the 95% confidence level. The PISCOp v2.1 and the ERAS reanalysis datasets of the period from 1981 to 2018 were used in this
analysis. (c and d) As in (a and b) but for MJO Phases 2+ 3. (e and f) As in (a and b) but for MJO Phases 4+ 5. (g and h) As in (a and b) but for MJO

Phases 6 +7. [Colour figure can be viewed at wileyonlinelibrary.com]

Regarding RMM Phases 6 + 7, Figure 3j illustrates a decrease
in snowfall across the central and southern Peruvian Andes.
Negative velocity potential anomalies are evident over the
Pacific Basin and South America (Figure 3k). However, non-
significant positive OLR anomalies and significant upper-
level westerly winds over the Peruvian Andes at 200hPa
(Figure 3l) indicate a weakening of the upper-level Bolivian

high. These results agree with slight southeasterly VIHT
anomalies and dry anomalies over the southern Peruvian
Andes (Figure 4g,h). Figure 31 also shows an upper-level an-
ticyclonic circulation over the southern portion of the South
Atlantic Ocean, indicating that the equatorward propagation
of the extratropical Rossby wave trains along the eastern coast
of Brazil, which weakens the upper-level BH-NL system (Chen
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et al. 1999). These findings indicate that the decrease in snow-
fall in the southern Peruvian Andes during MJO Phases 6 + 7
is due to the reduced easterly moisture flux from the Amazon
Basin, driven by the weakening of the upper-level BH-NL
system over South America, which is caused by the eastward
propagation of extratropical Rossby wave trains along the
eastern coast of Brazil.

4.2 | Austral Winter (JJA)

Under non-MJO conditions, Table 1 shows that 9 out of 35 ex-
treme snowfall events in the Peruvian Andes occurred outside
of active MJO phases during austral winter. This suggests that
other large-scale and local forcings contribute to extreme snow-
fall events in this region. However, this study does not include
further characterisation of these extreme snowfall events, which
is beyond the scope of this research.

During RMM Phases 8+ 1, negative snowfall anomalies are
observed over the Western Cordillera of the southern Peruvian
Andes (Figure 5a). Figure 5b,c display nonsignificant negative
OLR anomalies and negative velocity potential anomalies over
the southern Peruvian Andes. Significant upper-level east-
erly wind anomalies, which are part of an upper-level ridge,
are observed over the southern Peruvian Andes at 200hPa.
These easterly wind anomalies are part of an upper-level ex-
tratropical Rossby wave train that crosses the northern Andes
of Chile and Peru near 67°W, 19°S (Figure 5c). This explains
the observed northwesterly VIHT anomalies and dry anomalies
over the Western Cordillera of the southern Peruvian Andes
(Figure 6a,b). These results indicate that the transport of dry air
masses from the Pacific Ocean toward the Peruvian Andes sup-
pressed snowfall in these areas during MJO Phases 8 + 1. Based
on these findings, extreme snowfall events 4-8 (Table 1) cannot
be attributed to the effect of MJO Phase 8 because its respec-
tive circulation patterns inhibit snowfall in the Peruvian Andes
(Figure 5a).

During RMM Phases 2+ 3, as shown in Figure 5d, snowfall
anomalies decrease in the Peruvian Andes. This is consis-
tent with positive anomalies in OLR and velocity potential
(Figure 5e). Significant upper-level easterly wind anomalies
associated with an upper-level ridge are observed over the
northern Argentinian Andes near 65°W, 30°S (Figure 5f). This
aligns with southeasterly VIHT anomalies and dry anomalies
over the Eastern Cordillera of the southern Peruvian Andes
(Figure 6c,d). These circulation anomalies suggest that the
transport of dry air masses from the Pacific Ocean toward the
southern Peruvian Andes suppresses snowfall in this region.
Additionally, Figure 5e illustrates the equatorward propagation
of an extratropical Rossby wave train crossing the Altiplano re-
gion and moving northward toward the northern Argentinian
Andes (65°W, 28°S). Thus, during the MJO under RMM Phases
2+ 3, snowfall decreases over the southern Peruvian Andes due
to the equatorward propagation of an extratropical Rossby wave
train crossing the Altiplano region during the austral winter on
intraseasonal timescales.

During RMM Phases 4+ 5, as shown in Figure 5g, negative
snowfall anomalies occur in the central Peruvian Andes

and the Eastern Cordillera of the southern Peruvian Andes,
whereas snowfall increases in the Western Cordillera of the
southern Peruvian Andes. The reduction in snowfall in the
central Peruvian Andes is in agreement with nonsignifi-
cant positive OLR anomalies and nonsignificant upper-level
westerly wind anomalies over the central Peruvian Andes at
200hPa (Figure 5h,i). This suggests a reduction in rainfall
and easterly moisture flux from the Amazon (Figure 6e,f).
The increase in snowfall in the Western Cordillera of the
southern Peruvian Andes corresponds to either negative but
not significant OLR anomalies or positive velocity potential
anomalies (Figure 5h,i). Significant upper-level northeast-
erly wind anomalies are observed over the southern Peruvian
Andes, forming part of an upper-level ridge over the coast of
central Brazil at 200hPa (45°W, 30°S) (Figure 5i). This pat-
tern is consistent with northeasterly VIHT anomalies and wet
anomalies over the Altiplano region (Figure 6e,f). These cir-
culation anomalies suggest enhanced moisture transport from
the Amazon Basin to the southern Peruvian Andes, favouring
snowfall in the Western Cordillera over the southern Peruvian
Andes. Despite wet conditions across the southern Peruvian
Andes, the Eastern Cordillera shows negative snowfall anom-
alies (Figure 5g), suggesting that the ERAS reanalysis fails
to accurately reproduce snowfall in this region. Additionally,
Figure 5i shows that the upper-level ridge is part of extratrop-
ical Rossby waves propagating toward lower latitudes along
the eastern coast of Brazil. Thus, during MJO Phases 445,
a snowfall dipole emerges with increased snowfall over the
southern Peruvian Andes and reduced snowfall in the central
Peruvian Andes, driven by upper-level westerly and north-
easterly wind anomalies. The decrease in snowfall in the
central Peruvian Andes is caused by weakened moisture flux
from the east, driven by upper-level westerly wind anomalies
over this region associated with the eastward propagation of
the MJO. The increase in snowfall in the Western Cordillera
of the southern Peruvian Andes is caused by strengthened
moisture flux from the east, driven by the equatorward prop-
agation of an extratropical Rossby wave train along the coast
of Brazil on intraseasonal timescales. Based on these findings,
extreme snowfall events 27-31 (Table 1) were likely caused by
increased moisture flux from the east and strong organisation
of convection over the Peruvian Andes during MJO Phase 5.

During RMM Phases 6+ 7, positive snowfall anomalies occur
across the entire Peruvian Andes (Figure 5j). Figure 5k shows
significant negative anomalies of OLR and velocity potential
across the entire Peruvian Andes. Significant upper-level west-
erly wind anomalies are observed over the Peruvian Andes at
200hPa (Figure 51). These upper-level westerly wind anomalies
are part of an upper-level trough located in the northern Andes of
Chile and Peru at 67°W, 19°S. This explains the non-significant
northeasterly VIHT anomalies are observed along the eastern
flank of the Peruvian Andes and significant wet anomalies
across the Peruvian Andes (Figure 6g,h). These results indicate
that strengthened moisture flux from the east triggers snowfall
across the entire Peruvian Andes during MJO Phases 6+ 7 in the
austral winter. This same mechanism works for the extreme pre-
cipitation over the southern Peru during the JJA season (Segura
et al. 2022). Figure 5l also shows extratropical Rossby wave
trains propagating toward low latitudes, crossing the Altiplano
region. Thus, during MJO Phases 6+7, snowfall increases
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FIGURE 5 | Composite of filtered anomalies in the 20-90-day band for (a) snowfall (m of water) and (b) OLR (Wm™2) and velocity potential
(m?s~) and (c) OLR (Wm2), wind (ms~') and geopotential height (m) over the Southern Hemisphere at 200 hPa for RMM Phases 8 + 1 under neutral
ENSO conditions during austral winter (June-July August, JJA). (d-f) As in (a-c) but for RMM Phases 2+ 3. (g-i) As in (a-c) but for RMM Phases
4+5.(j-1) Asin (a-c) but for RMM Phases 6 + 7. Only wind anomalies statistically significant at the 95% confidence level are shown. The shaded areas
indicate significant snowfall and OLR anomalies at the 95% confidence level. The black contour represents the topographic elevation above 4000 m.
The filtered (unfiltered) snowfall anomalies were rescaled by a factor of 107 (10°). The geopotential height anomalies were rescaled by a factor of
2. The ERAS reanalysis data from the period from 1981 to 2018 were used in this analysis. [Colour figure can be viewed at wileyonlinelibrary.com]
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VIHT & PRE: JJA 1981-2018
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FIGURE 6 | Composite of filtered anomalies in the 20-90-day band for (a) vertically integrated humidity transport (kgm='s™!) and (b) precipi-

tation (mmday?) during MJO Phases 8 + 1 under non-ENSO conditions during austral winter (June-July August, JJA). The black vectors represent

VIHT anomalies that are statistically significant at the 95% confidence level. Hatched areas indicate significant precipitation anomalies (>2500m)
at the 95% confidence level. The PISCOp v2.1 and the ERAS reanalysis datasets of the period from 1981 to 2018 were used in this analysis. (c and d)
As in (a and b) but for MJO Phases 2+ 3. (e and f) As in (a and b) but for MJO Phases 4 + 5. (g and h) As in (a and b) but for MJO Phases 6 + 7. [Colour

figure can be viewed at wileyonlinelibrary.com]

across the entire Peruvian Andes because strengthened mois-
ture from the east driven by extratropical Rossby wave trains
propagates toward low latitudes, crossing the Altiplano region.
Based on these findings, extreme snowfall events 4 and 32-35
(Table 1) were likely caused by enhanced moisture flux from the
east and a strong organisation of convection over the Peruvian
Andes during MJO Phases 6 +7.

5 | Modulation Effect of ENSO Diversity on MJO
Impacts on Snowfall in the Peruvian Andes During
Austral Summer

The results of the composites for the 20-90-day bands of snow-
fall, precipitation, OLR and vertically integrated moisture
transport anomalies during active MJO under Central El Nifio,
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Central La Nifia, Eastern El Nifio, and Eastern La Nifia during
the DJF season from 1981 to 2018 are shown in Figures 7-11.

5.1 | Central El Nifio

With respect to Central El Nifio, MJO Phases 8+ 1 and 6+ 7 lead
to a reduction in snow in the Peruvian Andes (Figure 7a-d).
Conversely, the MJO Phases 2+ 3 and 4+ 5 are associated with
increased snowfall in the Western Cordillera of the Peruvian
Andes and simultaneously decreased snowfall over the Eastern
Cordillera in the southern Peruvian Andes (Figure 7b,c). This
increase in snowfall corresponds to significant wet anomalies
observed in the western and central Peruvian Andes (Figure 8c).
However, these same regions do not exhibit significant negative

OLR anomalies (Figure 9¢), suggesting that the snowfall increase
is not linked to a well-defined convection system. Additionally,
Figure 10b,c depict upper-level easterly wind anomalies over the
Peruvian Andes, which are associated with the strengthening of
the upper-level BH-NL system (Figure 10b,c) but are not statis-
tically significant during RMM Phases 4+ 5. This implies that
upper-level easterly flow anomalies over South America, which
drive deep convection over the Indian Ocean and the African
continent, dominate the upper-level westerly flow anomalies
over SA, which drive warm SST anomalies in the central Pacific
Ocean. Based on these findings, the extreme snowfall event on
January 23, 2004 (event 3, Table 1), was likely caused by en-
hanced moisture flux from the east and a strong organisation of
convection over the Peruvian Andes during MJO Phases 2+ 3,
influenced by Central El Nifio.

20-90 day band: DJF — 10%snow(mm day™) anom. [1981-2018]
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FIGURE 7 | Composite of filtered anomalies in the 20-90-day band for snowfall (m of water) over the Peruvian Andes for (a) RMM Phases
8+1, (b) RMM Phases 2+ 3, (c) RMM Phases 4+ 5, and (d) RMM Phases 6 + 7 under Central El Nifio during austral summer (December-January-
February, DJF). (e-h) As in (a-d) but for Central La Nifa. (i-1) As in (a-d) but for Eastern El Nifio. (m-p) As in (a-d) but for the Eastern La Nifia.
The shaded areas indicate significant snowfall anomalies at the 90% confidence level. The black contour represents the topographic elevation above

2500m. The filtered snowfall anomalies were rescaled by a factor of 107°. The analysis is based on the period from 1981 to 2018. [Colour figure can

be viewed at wileyonlinelibrary.com]

13 of 25

51017 SUOLULIOD AR 3|01 ddke aU Ag pouBA0B 812 SOPILE YO ‘95N JO S9N 10} ARIGITBUIUO AB|IA UO (SUONIPUOD-PUB-SLLLBILLC" B XA 1[BU 1|U0//'ScY) SUOIPUOD PUE SLLLB | 841 39S (G202 /70/20] U0 ARig18UIUO AB]1M Nidd BUBILR0D Ad 062890 1/Z00T OT/10PALI0D"/B|IW ATRIGpUIIUO SILLLY/SCNIY LLOJJ POPEOIUMOQ ‘0 ‘8800.60T


https://onlinelibrary.wiley.com/

20-90 day band: DUF — 2+PRE(mm day™') anom. [1981-2018]
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FIGURE 8 | Composite of filtered anomalies in the 20-90-day band for precipitation (mmday~') over the Peruvian Andes for (a) RMM Phases
8+1,(b) RMM Phases 2+ 3, (c) RMM Phases 4 + 5, and (d) RMM Phases 6 + 7 under the Central El Nifio during austral summer (December-January-
February, DJF). (e-h) As in (a-d) but for Central La Nifa. (i-1) As in (a-d) but for Eastern El Nifio. (m-p) As in (a-d) but for the Eastern La Nifia. The
shaded areas indicate significant precipitation anomalies at the 90% confidence level. The black contour represents the topographic elevation above

2500m. The analysis is based on the period of 1981-2018. [Colour figure can be viewed at wileyonlinelibrary.com]

5.2 | Central La Nifia

During Central La Nifia, MJO Phases 8 +1,2+3, and 4 + 5 re-
duce snowfall over the Peruvian Andes (Figure 7e-g). These
reductions in snowfall agree with significant dry anomalies
(Figure 8f,g) and significant positive OLR anomalies over the
Peruvian Andes (Figure 9e-g). In contrast, during MJO Phases
6+ 7, snowfall increases along the Western Cordillera of the
Peruvian Andes (Figure 7h). These increases in snowfall cor-
respond to significant wet anomalies and significant negative
OLR anomalies over the Western Cordillera of the southern
Peruvian Andes (Figures 8h and 9h). Significant northeasterly
wind anomalies over the southern Peruvian Andes result from
the interaction between an upper-level cyclonic circulation
anomaly over the Peruvian Pacific coast and an upper-level
anticyclonic circulation anomaly over the northern Chilean
Andes (68°W, 30°S) at 200hPa (Figure 10h). These circula-
tion patterns align with southeasterly VIHT anomalies along
the eastern flank of the Peruvian Andes and westerly VIHT

anomalies over the central Peruvian Andes, extending toward
northeastern Brazil (Figure 11h). These southeasterly VIHT
anomalies suggest a reversal of the SALLJ and the equator-
ward propagation of a cold surge along the eastern slope of
the northern Chilean Andes. This pattern is consistent with
snowfall events on the Quelccaya Ice Cap triggered by cold
surges (Hardy et al. 2015). This upper-level anticyclonic circu-
lation indicates a southward shift of the Bolivian High, driven
by the intrusion of the upper-level extratropical Rossby wave
train into the Altiplano region. Cold SST anomalies over the
central Pacific Ocean weaken upper-level convergence over
the subtropics (Webster and Holton 1982; Ferranti et al. 1990;
Barreiro 2016), facilitating the penetration of an upper-level
extratropical Rossby wave train into the continent, crossing
the Altiplano region. These findings show that the combined
effects of Central La Nifia and MJO Phases 6 + 7 induce snow-
fall over the Western Cordillera of the southern Peruvian
Andes during the austral summer by enhancing the humid-
ity flux from the east, driven by the southward shift of the
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20-90 day band: DJF — 2*OLR(W m™) anom. [1981-2018]
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FIGURE 9 | Composite of filtered anomalies in the 20-90-day band for outgoing longwave radiation (OLR, Wm~™2) over the Peruvian Andes
for (a) RMM Phases 8+ 1, (b) RMM Phases 2+ 3, (c) RMM Phases 4 +5, and (d) RMM Phases 6+ 7 under Central El Nifio during austral summer
(December-January-February, DJF). (e-h) As in (a-d) but for Central La Nifia. (i-1) As in (a-d) but for Eastern El Nifio. (m-p) As in (a-d) but for the
Eastern La Nifia. The shaded areas indicate significant OLR anomalies at the 90% confidence level. The black contour represents the topographic

elevation above 2500 m. The analysis is based on the period from 1981 to 2018. [Colour figure can be viewed at wileyonlinelibrary.com]

Bolivian High in response to the equatorial propagation of
an upper-level extratropical Rossby wave train into the conti-
nent, crossing the Altiplano region. Based on these findings,
extreme snowfall events 15-17 (Table 1) were likely caused
by enhanced moisture flux from the east and a strong organ-
isation of convection over the Peruvian Andes during MJO
Phases 6 +7, influenced by Central La Nifia. Conversely, ex-
treme snowfall events 2, 9-12, and 18-20 cannot be attributed
to the combined effects of Central La Nifia and MJO Phases
841, 243 and 4+ 5 because their respective circulation pat-
terns inhibit snowfall in the Peruvian Andes (Figure 7e-g).

5.3 | Eastern El Nifio
With respect to Eastern El Nifio, MJO Phases 8+1 and

243 reduce snowfall in the Peruvian Andes (Figure 7i,j).
Conversely, MJO Phases 4+5 and 6+7 cause positive

snowfall anomalies over the western and central parts of the
Peruvian Andes while simultaneously reducing snowfall in
the Eastern Cordillera of southern Peru (Figure 7k,1). This in-
crease in snowfall aligns with the observed wet anomalies in
the central and eastern parts of the Peruvian Andes and even
extends toward the Bolivian Altiplano (Figure 8k,l). However,
these regions exhibit nonsignificant negative OLR anomalies
over the southern Peruvian Andes (Figure 9k,l), indicating
a lack of organised convection systems in this region. There
are significant easterly wind anomalies over the southern
Peruvian Andes and significant northerly wind anomalies
over the northeastern Peruvian Andes at 200 hPa, indicating a
strengthened BH-NL system (Figure 10k,1). The strengthening
of the BH-NL system is associated with the equatorward propa-
gation of the extratropical Rossby wave train along the eastern
coast of South America. This circulation pattern explains the
predominance of easterly VIHT anomalies over the Peruvian
Andes, indicating an enhanced humidity flux from the east
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20-90—day band DJF: Wind (m s™) & 1.5*HGT (m) anom. [1981-2018]
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FIGURE 10 | Composite of filtered anomalies in the 20-90-day band for wind (ms™') and geopotential height (in m) anomalies over South
America at 200hPa for RMM Phases 8 + 1 under (a) Central El Nifio, (e) Central La Nifia, (i) Eastern El Nifio and (m) Eastern La Nifia during austral
summer (December-January-February, DJF). (b, f, j and f) As in (a, e, i and m) but for RMM Phases 2+ 3. (c, g, k and 0) As in (a, e, i and m) but for
RMM Phases 4+5. (d, h,1and p) As in (a, e, i and m) but for RMM Phases 6 + 7. Only wind anomalies statistically significant at the 95% confidence
level are shown. The shaded areas indicate significant OLR (W m~2) anomalies at the 95% confidence level. The grey shading represents the topo-

graphic elevation above 1000 m. The geopotential height anomalies were rescaled by a factor of 2. The ERAS reanalysis data from the period from

1981 to 2018 were used in this analysis. [Colour figure can be viewed at wileyonlinelibrary.com]

(Figure 11k,1). Therefore, the combined effect of Eastern El
Nifio and MJO Phases 4+ 5 and 6+ 7 induces snowfall over
the Western Cordillera of the southern Peruvian Andes. This
occurs through a strengthened moisture flux from the east,
driven by an enhanced upper-level BH-NL system over South
America by the equatorward propagation of the extratropical
Rossby wave train along the eastern coast of South America
during austral summer. However, no extreme snowfall events
occur in the Peruvian Andes during MJO Phases 4+ 5 under
Eastern El Nifio (Table 1). This suggests that the primary lim-
iting factor of a strongly organised convection system over the
Peruvian Andes.

5.4 | Eastern La Niia

Under Eastern La Nifia conditions, MJO Phases 8+ 1 and 6+ 7 are
associated with reduced snowfall over the Western Cordillera of the
southern Peruvian Andes (Figure 7m,p). However, wet anomalies
are observed over the Western Cordillera of the southern Peruvian
Andes in the same MJO Phases (Figure 8m,p). Positive OLR anom-
alies occur over the Western Cordillera of the southern Peruvian
Andes, but they are not statistically significant (Figure 9m,p).
Additionally, MJO Phases 2+ 3 produce mixed snowfall anoma-
lies across most of the Peruvian Andes (Figure 7n). These same
MIJO Phases induce significant dry anomalies over the southern
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FIGURE 11 | Composite of filtered anomalies in the 20-90-day band for vertically integrated humidity transport (VIHT, kg m~s~!) over the

Peruvian Andes under Central El Nifio conditions during austral summer (December-January-February, DJF) for (a) RMM Phases 8 + 1, (b) RMM
Phases 2+ 3,c) RMM Phases 4 + 5, and (d) RMM Phases 6 + 7. (e-h) As in (a—d) but for Central La Nifia. (i-1) As in (a-d) but for Eastern El Nifio. (m-p)
As in (a-d) but for the Eastern La Nifia. The shaded areas represent the easterly component of vertically integrated humidity transport. The black

vectors are statistically significant at the 95% confidence level. The analysis is based on the period from 1981 to 2018. The ERAS5 reanalysis was used

in this analysis. [Colour figure can be viewed at wileyonlinelibrary.com]

Peruvian Andes (Figure 8n). The inconsistency between snow-
fall and precipitation patterns over the Peruvian Andes suggests
that the ERAS5 reanalysis struggles to accurately simulate positive
snowfall anomalies. In contrast, MJO Phases 4+ 5 are associated
with increased snowfall over the Western Cordillera of the south-
ern Peruvian Andes (Figure 70). The positive snowfall anoma-
lies are in agreement with the wet anomalies observed over the
Western Cordillera of the southern Peruvian Andes, although they
are not statistically significant (Figure 8o). However, the southern
Peruvian Andes exhibit negative OLR anomalies, although these
anomalies are not statistically significant (Figure 90). Significant
northeasterly wind anomalies are observed over the southern

Peruvian Andes at 200hPa (Figure 100). These northeasterly wind
anomalies are part of an extratropical Rossby wave train propagat-
ing along the coast of Brazil at 200hPa. These circulation anoma-
lies explain the easterly VIHT anomalies over the study region and
throughout Brazil (Figure 110), indicating that increased snowfall
over the Western Cordillera in the southern Peruvian Andes is
driven by enhanced moisture flux from the Amazon Basin. These
circulation patterns indicate that the ERAS reanalysis fails to
reproduce the increased snowfall over the Eastern Cordillera in
the southern Peruvian Andes. Therefore, the combined effect of
Eastern La Nifia and MJO Phases 4+ 5 leads to increased snow-
fall over the southern Peruvian Andes during the DJF season.
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However, no extreme snowfall events are observed in the Peruvian
Andes during MJO Phases 4+ 5 under Eastern El Nifia alone
(event 4 in Table 1). This suggests that the absence of a strongly
organised convection system over the southern Peruvian Andes is
the primary limiting factor.

6 | Modulation Effect of ENSO Diversity on MJO
Impacts on Snowfall in the Peruvian Andes During
Austral Winter

The results of the composites for the 20-90-day bands of snow-
fall, precipitation, and OLR anomalies during active MJO under
Central El Nifio, Central La Nifia, Eastern El Nifio, and Eastern
La Nifia during the JJA season from 1981 to 2018 are shown in
Figures 12-15.

6.1 | Central El Niiio

With respect to Central El Nifio, MJO Phases 2+ 3, 4+ 5 and
6+ 7 result in a reduction in snowfall in the Peruvian Andes

(Figure 12b-d). Conversely, the MJO Phases 8+1 are as-
sociated with increased snowfall in the southern Peruvian
Andes, while snowfall decreases in the central Peruvian
Andes (Figure 12a). This increase in snowfall coincides with
significant wet anomalies observed in the southern Peruvian
Andes (Figure 13a). However, these same regions exhibit both
significant and slight positive OLR anomalies (Figure 14a),
suggesting that the snowfall increase is linked to a localised
and well-defined convection system. Additionally, Figure 15a
shows upper-level easterly wind anomalies over the southern
Peruvian Andes at 200 hPa, which enhance moisture flux from
the east and contribute to the development of a well-defined
convection system over the southern Peruvian Andes, leading
to snowfall. Figure 15a also shows that the upper-level east-
erly wind anomalies are part of the equatorward propagation
of an extratropical Rossby wave train along the eastern coast of
Brazil at 200 hPa. Based on these findings, the extreme snow-
fall events of August 9-10, 2004 (events 9 and 10, Table 1), were
likely caused by enhanced moisture flux from the east and a
strong organisation of convection over the Peruvian Andes
during MJO Phases 8+1 in the JJA season, influenced by
Central El Nifio.

20-90 day band: JUA — 10°+SW(m of water) anom. [1981-2018]
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FIGURE12 | Composite of filtered anomalies in the 20-90-day band for snowfall (m of water) over the Peruvian Andes for (a) RMM Phases 8 +1,
(b) RMM Phases 2+ 3, (c) RMM Phases 4 + 5, and (d) RMM Phases 6 + 7 under Central El Nifio during austral winter (June-July-August, JJA). (e-h)
As in (a-d) but for Central La Nifia. (i-1) As in (a-d) but for Eastern El Nifio. (m—p) As in (a-d) but for the Eastern La Nifia. The shaded areas indi-
cate significant snowfall anomalies at the 90% confidence level. The black contour represents the topographic elevation above 2500 m. The filtered

snowfall anomalies were rescaled by a factor of 10~°. The analysis is based on the period from 1981 to 2018. [Colour figure can be viewed at wileyon-

linelibrary.com]
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20-90 day band: JUA — 50*pre(mm day™) anom. [1981-2018]
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FIGURE 13 | Composite of filtered anomalies in the 20-90-day band for precipitation (mmday~") over the Peruvian Andes for (a) RMM Phases
8+1, (b) RMM Phases 2+ 3 (c) RMM Phases 4+ 5, and (d) RMM Phases 6 + 7 under the Central El Nifio during austral winter (June-July-August,
JJA). (e-h) As in (a-d) but for Central La Nina. (i-1) As in (a-d) but for Eastern El Nifio. (m-p) As in (a-d) but for the Eastern La Nifia. The shaded
areas indicate significant precipitation anomalies at the 90% confidence level. The precipitation anomalies were rescaled by a factor of 50. The black

contour represents the topographic elevation above 2500 m. The analysis is based on the period of 1981-2018. [Colour figure can be viewed at wi-

leyonlinelibrary.com]

6.2 | Central La Nifa

During Central La Nifia, MJO Phases 243, and 6+ 7 reduce
snowfall over the Peruvian Andes (Figure 12f,h). These re-
ductions in snowfall agree with significant dry anomalies
(Figure 13f,h) and significant positive OLR anomalies over
the Peruvian Andes (Figure 14fh). In contrast, during MJO
Phases 8 +1 and 4+ 5, snowfall increases in localised areas of
the Peruvian Andes, but these phases exhibit different snowfall,
precipitation, OLR and circulation patterns. For example, MJO
Phases 841 result in increase in snowfall along the Eastern
Cordillera of the central Peruvian Andes (Figure 12e). These in-
creases in snowfall correspond to significant wet anomalies and
negative OLR anomalies over the Eastern Cordillera of the central
Peruvian Andes (Figures 13e and 14€). Non-significant easterly
wind anomalies over the Peru result from an upper-level anticy-
clonic circulation anomaly over the southeastern Brazil (60°W,
24°8S) at 200hPa (Figure 15¢). These upper-level easterly wind
anomalies enhance moisture flow from the east, triggering con-
vection over the southern Peruvian Andes, which leads to snow-
fall. However, no extreme snowfall events occur in the central
Peruvian Andes during MJO Phases 8 +1 under Central La Nifia
(Table 1). This suggests that the primary limiting factor is the

lack of a strongly organised convection system over the Peruvian
Andes. MJO Phases 4+ 5 induce snowfall along the Western
Cordillera of the southern Peruvian Andes (Figure 12g). These
increases in snowfall are associated with non-significant neg-
ative OLR anomalies over the Eastern Cordillera of the central
Peruvian Andes (Figure 13g). However, the increase in snowfall
is not consistent with the significant dry anomalies and upper-
level westerly wind anomalies over the Western Cordillera of
the southern Peruvian Andes at 200hPa (Figures 14g and 15g).
These significant westerly wind anomalies over the Peru result
from an upper-level cyclonic circulation anomaly off the coast of
Peru (82°W, 30°S) at 200 hPa (Figure 15g). These findings show
that ERAS reanalysis does not accurately capture the sign of the
anomalies of the snowfall over the Peruvian Andes. Notably, no
extreme snowfall events occur in the Peruvian Andes during
MJO Phases 4+ 5 under Central La Nifa (Table 1).

6.3 | Eastern El Niiio

With respect to Eastern El Nifio, MJO Phases 445 and 6+7
are associated with a reduction in snowfall in the Peruvian
Andes (Figure 12k,1). Conversely, MJO Phases 8+1 and 2+3
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20-90—day band: JUA — 2+*OLR(W m™) anom. [1981-2018]
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FIGURE 14 | Composite of filtered anomalies in the 20-90-day band for outgoing longwave radiation (OLR, W m~2) over the Peruvian Andes for
(a) RMM Phases 8+ 1, (b) RMM Phases 2+ 3, (c) RMM Phases 4+ 5, and (d) RMM Phases 6+ 7 under Central El Nifio during austral winter (June-
July-August, JJA). (e-h) As in (a-d) but for Central La Nifia. (i-1) As in (a-d) but for Eastern El Nifio. (m-p) As in (a-d) but for the Eastern La Nina.
The shaded areas indicate significant OLR anomalies at the 90% confidence level. The black contour represents the topographic elevation above

2500m. The analysis is based on the period from 1981 to 2018. [Colour figure can be viewed at wileyonlinelibrary.com]

cause positive snowfall anomalies over most of the Peruvian
Andes (Figure 12i,j). However, they exhibit distinct snow-
fall, precipitation, OLR and circulation patterns. During MJO
Phases 8+ 1, the increase in snowfall contradicts the observed
significant dry anomalies and positive OLR anomalies over the
Peruvian Andes, which extends toward the Bolivian Altiplano
(Figures 13i and 14i). Significant westerly wind anomalies over
the Peruvian Andes at 200hPa weaken moisture flux from the
east, which inhibits snowfall events. These finding show that the
ERAS5 reanalysis does not accurately reproduce the reduction in
snowfall over the Peruvian Andes. Indeed, no extreme snowfall
events occur in the Peruvian Andes during MJO Phases 8+1
under Eastern El Nifio (Table 1). During MJO Phases 2+ 3, the
increase in snowfall is consistent with the observed significant
wet anomalies and negative OLR anomalies over the Eastern
Cordillera of the central Peruvian Andes (Figures 13j and 14;j).
Significant easterly wind anomalies over the Peruvian Andes
at 200hPa indicate a strengthened moisture flux from the east,
which triggers snowfall events. These upper-level easterly wind
anomalies over Peru are part of an anticyclonic circulation over
the central part of South Atlantic Ocean (40°W, 25°S) at 200 hPa.
Based on these findings, the extreme snowfall event on August
08, 2008 (event 11, Table 1) was likely driven by enhanced mois-
ture flux from the east and a strong convective organisation over

the Peruvian Andes during MJO Phases 2+ 3, influenced by
Eastern El Nifio.

6.4 | Eastern La Niia

Under Eastern La Nifia conditions, MJO Phases 2+ 3,4 +5, and
647 are associated with reduced snowfall over the Western
Cordillera of the southern Peruvian Andes (Figure 12n-p). In
contrast, MJO Phases 8 +1 are associated with increased snow-
fall over the Eastern Cordillera of the central Peruvian Andes
(Figure 12m). The positive snowfall anomalies are in agreement
with the significant wet anomalies and negative OLR anoma-
lies over the Eastern Cordillera of the central Peruvian Andes
(Figures 13m and 14m). Easterly wind anomalies are observed
over the Peru at 200 hPa but they are not statistically significant
(Figure 15m). These easterly wind anomalies are part of an
anticyclonic circulation over the central coast of Brazil (40°W,
23°S) at 200hPa, suggesting that increased snowfall over the
Eastern Cordillera in the central Peruvian Andes results from
enhanced moisture flux from the Amazon Basin. Figure 15j also
shows that the upper-level easterly wind anomalies over Peru
are weaker than in the interaction between Eastern El Nifio
and RMM Phases 2+ 3. Based on these findings, the extreme
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20-90—day band JJA: Wind (m s™') & 1.5%HGT (m) anom. [1981-2018]
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FIGURE15 | Composite of filtered anomalies in the 20-90-day band for wind (ms~') and geopotential height (in m) anomalies over South America
at 200hPa for RMM Phases 8 + 1 under (a) Central El Nifio, (e) Central La Nifia, (i) Eastern El Nifio and (m) Eastern La Nifia during austral winter
(June-July-August, JJA). (b, f, j and f) As in (a, e, i and m) but for RMM Phases 2+ 3. (c, g, k and 0) As in (a, e, i and m) but for RMM Phases 4+ 5. (d,
h, land p) Asin (a, e, i and m) but for RMM Phases 6 + 7. Only wind anomalies statistically significant at the 95% confidence level are shown. The
shaded areas indicate significant OLR (W m~2) anomalies at the 95% confidence level. The grey shading represents the topographic elevation above
1000m. The geopotential height anomalies were rescaled by a factor of 2. The ERAS reanalysis data from the period from 1981 to 2018 were used in

this analysis. [Colour figure can be viewed at wileyonlinelibrary.com]

snowfall events on events 16-20 (Table 1) were likely caused by
enhanced moisture flux from the east and a strong organisation
of convection over the Eastern Cordillera of the central Peruvian
Andes during MJO Phases 8 + 1, influenced by Eastern La Nifa.

7 | Summary and Conclusions

This analysis documented the modulation effect of ENSO di-
versity on the impact of the MJO on extreme snowfall events
in the Peruvian Andes during the austral summer (December,
January, and February, DJF) and winter (June, July, and August,
JJA) seasons from 1981 to 2018 using 31x31km resolution

ERAS reanalysis data. The intraseasonal nature of extreme
snowfall events in the Peruvian Andes is revealed by applying
a bandpass filter of 20-90day band. RMM and ENSO diversity
indices were employed to elucidate the anomalous patterns of
snowfall, precipitation, vertically integrated humidity transport,
OLR, velocity potential, wind, and geopotential height over the
Southern Hemisphere at 200 hPa associated with extreme snow-
fall events in the Peruvian Andes under different combinations
of MJO and ENSO conditions for the identification of large-scale
mechanisms.

An initial analysis revealed that the MJO modulates snowfall
in the Peruvian Andes under non-ENSO conditions, but its
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atmospheric circulation patterns change seasonally. During the
DJF season, MJO Phases 2+ 3 induce snowfall in the Peruvian
Andes through increased moisture flow from the east. This is
achieved by reinforcing the upper-level BH-NL system, which is
influenced by deep convection over the African continent and
the Indian Ocean (Gahtan and Roundy 2021). Thus, the moisture
mechanism is also effective during austral summer, leading to
snowfall events in the Peruvian Andes. Conversely, during Phases
6+ 7, the MJO inhibits snowfall in the Peruvian Andes by caus-
ing upper-level southwesterly wind anomalies over Peru, thereby
decreasing moisture flux from the east. These upper-level south-
westerly wind anomalies over Peru are caused by the coupling
of equatorial Kelvin and Rossby waves in the upper troposphere
(Rui and Wang 1990; Roundy 2014; Sakaeda and Roundy 2015;
Recalde-Coronel et al. 2020). However, the MJO cannot cause
extreme snowfall events in the Peruvian Andes alone during the
DJF season (see Table 1).

During the JJA season, MJO Phases 4+ 5 induce extreme
snowfall events in the Western Cordillera of the southern
Peruvian Andes caused by strengthened moisture flux from
the east, driven by the equatorward propagation of an extra-
tropical Rossby wave train along the coast of Brazil on intrase-
asonal timescales. MJO Phases 6+ 7 induce extreme snowfall
events by intruding extratropical Rossby wave trains along
the western side of the South American continent, reaching
the central Andes at the upper troposphere level. This induces
enough instability to fall snow in the Peruvian Andes. This is
consistent with the mechanism for the winter snowfall events
in the southern Peruvian Andes (Quispe and Avalos 2006a;
Quispe and Avalos 2006b) and northern Chilean Andes
(Vuille and Amman 1997).

With respect to ENSO diversity, during DJF season, the com-
bined effect of the Central El Nifio and MJO Phases 2+ 3 and
445 induces snowfall over the Western Cordillera of the
southern Peruvian Andes by strengthening moisture flux from
the east. This is driven by an enhanced upper-level BH-NL
system over South America, which is reinforced by upper-level
easterly flow anomalies resulting from deep convection over
the African continent and the Indian Ocean (Chen et al. 1999;
Gahtan and Roundy 2021). Central La Nifia is associated with
snowfall in the Western Cordillera of the Peruvian Andes
during the DJF season. This occurs when its effect combines
with MJO Phases 6+ 7, enhancing moisture flux from the
east. This enhancement is caused by a southward shift of the
upper-level Bolivian High, driven by the equatorial propaga-
tion of an upper-level extratropical Rossby wave train cross-
ing the Altiplano region. The combined effect of Eastern El
Nifio and MJO Phases 4+ 5 and 6+ 7 induces snowfall over
the Western Cordillera of the southern Peruvian Andes. This
is facilitated by a strengthened moisture flux from the east,
driven by an enhanced upper-level BH-NL system over South
America as a response to the equatorward propagation of the
extratropical Rossby wave train along the eastern coast of
South America during the DJF season. The combined effect
of Eastern La Nifia and MJO Phases 4 + 5 results in increased
snowfall over the southern Peruvian Andes during the DJF
season. However, the absence of a well-organised convec-
tion system over the southern Peruvian Andes is the primary

limiting factor for extreme snowfall events in this region, re-
gardless of ENSO and the MJO during the DJF season.

During austral winter, the combined effect of the Central El
Nifio and MJO Phases 8+ 1 induces snowfall over the south-
ern Peruvian Andes by enhancing moisture flux from the east.
This is driven by enhanced upper-level easterly flow anoma-
lies over the southern Peruvian Andes. These easterly wind
anomalies are part of the equatorward propagation of an ex-
tratropical Rossby wave train along the eastern coast of Brazil
at 200hPa. Central La Nifa is associated with snowfall in
the Western Cordillera of the Peruvian Andes during the JJA
season. This occurs when it interacts with MJO Phases 8+ 1,
enhancing moisture flux from the east. However, these condi-
tions do not lead to extreme snowfall events over the Peruvian
Andes. The combined effect of Eastern El Nifio and MJO
Phases 2+ 3 induces snowfall over the Eastern Cordillera of
the central Peruvian Andes by enhancing moisture flux from
the east. This is driven by an enhanced upper-level easterly
flow anomalies over the southern Peruvian Andes. These east-
erly wind anomalies over Peru are part of an anticyclonic cir-
culation over the central part of South Atlantic Ocean (40°W,
25°S) at 200hPa. The combined effect of Eastern La Nifia
and MJO Phases 8+1 increases snowfall over the Eastern
Cordillera of the central Peruvian Andes during the JJA sea-
son by enhancing moisture flux from the east. This is driven
by an enhanced upper-level easterly flow anomalies over Peru.
These easterly wind anomalies are part of an anticyclonic
circulation over the central coast of Brazil (40°W, 23°S) at
200hPa. However, the lack of a strongly organised convection
system over the Peruvian Andes is the main limiting factor
for extreme snowfall events in this region, regardless of the
possible combinations of ENSO and the MJO during the JJA
season.

This study presented several limitations, such as the lack of
long records of in situ snowfall data and the low performance
of the ERAS5 reanalysis. For example, the coarse horizontal
resolution of the ERAS5 reanalysis is only capable of simu-
lating the intraseasonal winter pattern of extreme snowfall
events across the Peruvian Andes. This is because the ERAS5
reanalysis cannot accurately reproduce several local processes
required to trigger extreme snowfall events in the Peruvian
Andes. This finding suggests that further investigation into
local phenomena is essential to better characterise extreme
snowfall events in the Peruvian Andes during the austral
summer and winter and mitigate their impacts on the local
population.

Finally, these new outcomes will serve to improve the cur-
rent prediction and monitoring systems for extreme snowfall
events in the Peruvian Andes and thus reduce damage to the
local population and their economic activities in the DJF and
JJA seasons.
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