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Abstract

The interannual variability of hydroclimatic conditions in Northwestern South America, especially precipitation, is mainly
influenced by the El Nifio—Southern Oscillation (ENSO). We explore potential mechanisms that affect precipitation occurrence
in Northwestern South America during El Nifio and La Nifia events over the period 1980-2019, using data from the ERAS
reanalysis. We look at the atmospheric moisture contribution from different sources using the Dynamic Recycling Model
to track water vapor trajectories. Interestingly, conditions with reduced precipitation during El Nifio events can take place
along with increased precipitable water. To understand this, we analyze thermodynamic conditions in the atmosphere that are
necessary for precipitation to occur over the region, such as convective available potential energy, convective inhibition, lifting
condensation level, and low-level relative humidity. With this approach, we find more favorable thermodynamic conditions
for the occurrence of precipitation during La Nifia events, even if the content of water vapor is equal or even less than during
El Nifio events. We also look at the structure of the regional Hadley and Walker circulation in both types of events and find
that a weaker ascending motion during El Nifio events also inhibits convection. This study provides an integral picture of how
precipitation anomalies over Northwestern South America during ENSO events are related to dynamic and thermodynamic

conditions and sources of atmospheric moisture.

1 Introduction

El Nifio—Southern Oscillation (ENSO) is the main source of
interannual hydroclimatic variability in Northwestern South
America (NWSA), a region that is commonly referred as
Northern South America (Poveda et al. 2006; Cdrdoba-
Machado et al. 2015; Shimizu et al. 2017; Cai et al. 2020;
Arias et al. 2021). The positive phase of ENSO, known as El
Nifio (EN), is associated with reduction in precipitation and
increase in near-surface temperature over the region. By con-
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trast, its negative phase, known as La Nifia (LN), is associated
with an increase in precipitation and a reduction in near-
surface temperatures (Poveda and Mesa 1996; Wang 2004;
Capotondi et al. 2015; Salas et al. 2020). These changes in
near-surface temperature associated with the ENSO phases
modify the strength of the regional winds (both easterlies
and westerlies) that also explain precipitation differences
in both EN and LN due to reduced (increased) orographic
low-level convergence during EN (LN) (Mesa-Sanchez and
Rojo-Hernandez 2020). Despite the tremendous efforts in
studying this phenomenon, the mechanisms behind its effects
at a regional and local scale in NWSA are still being under-
stood (Canchala et al. 2020; Yan et al. 2020; Bolafios et al.
2021; Ceron et al. 2021; Sori et al. 2021).

Several studies have addressed the effects of ENSO in
precipitation through the changes in atmospheric moisture
contribution during both EN and LN events (Ropelewski
and Halpert 1989; Castillo et al. 2014; Llamedo et al. 2017,
Sulca et al. 2018; Sori et al. 2021). Particularly for NWSA,
Arias et al. (2015) indicate that the anomalous wet season
during the period 2010-2012 was mainly controlled by an
enhanced moisture contribution from the Caribbean sea, the
tropical Atlantic ocean, and the eastern Pacific ocean. From
another perspective, Hoyos et al. (2019b) evaluate the spatio-
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temporal variability of atmospheric moisture in NWSA on
seasonal and interannual time scales and emphasize the role
of the Intertropical Convergence Zone-induced circulation
and the low-level jets as the most important sources for this
variability. As a final example, Morales et al. (2021) high-
light the role of the low-level jets in moisture transport, for
instance, in different ENSO regimes. They show that dur-
ing LN, the low-level circulation jet over western Colombia,
known as the Choco Jet (Poveda and Mesa 1999, 2000),
strengthens the wind shear over the region, a key mech-
anism in atmospheric moisture advection. These previous
studies suggest that increases in precipitation in NWSA, dur-
ing strong LN events for example, are characterized by an
enhanced moisture transport of surrounding regions which
is also associated with changes in regional circulation.

In comparison to the effects on atmospheric moisture con-
tribution, less attention has been given to ENSO effects on
thermodynamics over NWSA. Nevertheless, there are some
studies that show the strong effect of thermodynamics on pre-
cipitation patterns over specific regions. Lintner and Boos
(2019) explore the relationship between the South Pacific
Convergence Zone and ENSO events through a 2D approach
of atmospheric energy transport. They show that water and
energy flux anomalies during ENSO dominate the South
Pacific Convergence Zone shift. Bayr et al. (2021) quantify
the thermodynamic feedbacks between the ocean and the
atmosphere through sea surface temperatures and heat fluxes
simulated by climate models. They suggest that the better
the representation of thermodynamic feedbacks between the
ocean and the atmosphere, the more realistic is the simulation
of ENSO events. This highlights the importance of thermo-
dynamic processes as the main drivers in the response of
precipitation to ENSO events.

A supporting mechanism of these thermodynamic drivers
is the Hadley cell (Ye et al. 1998). Riemann-Campe et al.
(2009) present a global climatology of the thermodynamic
indices convective available potential energy (CAPE) and
convective inhibition (CIN). They show that large values
of CAPE may be associated with conditions in the ascend-
ing branch of the Hadley circulation, while large values
of CIN would be characteristically seen for conditions in
the descending branch. The Hadley cell also plays a role
in the response of precipitation during ENSO events (Guo
and Li 2016). Kayano et al. (2019) study the regional cir-
culation patterns in terms of the Walker and Hadley cells
during LN events. They find that variations in both cells
affect precipitation in South America during LN events due
to an enhancement of the rising motions. By contrast, for
the EN events, the weakened rising motion and the strength-
ened downward motion of the Hadley cell play the key roles.
However, Rollings and Merlis (2021) find that the relation-
ship between ENSO and the Hadley cell is strong only when
considering low-frequency variability in the ENSO signal.
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In light of the importance of (i) atmospheric moisture
advection, (ii) thermodynamic feedbacks, and (iii) regional
circulation patterns in response to ENSO events, we analyze
the effects of EN and LN in precipitation over NWSA and the
main drivers underlying the ENSO precipitation response.
First, we quantify the atmospheric moisture contribution
from different sources to NWSA (and the contribution of
NWSA to itself, i.e., atmospheric moisture recycling). Sec-
ond, we analyze various thermodynamic parameters related
to atmospheric instability and that are usually associated with
the occurrence of precipitation. Third, we look at the response
of the regional Hadley cell in terms of the rising and sinking
motions of air parcels.

2 Data and methods
2.1 Study area

We perform our analyses on the regional domain of tropical
South America, shown in Fig. 1. To study the atmospheric
water vapor transport, we divide this domain in different
subregions (sinks and sources of atmospheric moisture), fol-
lowing the approaches of Arias et al. (2015), Agudelo et al.
(2019), and Ruiz-Vasquez et al. (2020) of big continen-
tal basins. These subregions are based on the Pfafstetter
delineation of basins, level 1 (Verdin and Verdin 1999), and
latitudinal classification of oceanic sources. We focus in the
NWSA subregion as a sink of atmospheric moisture during
EN and LN phases.

NWSA is an interesting region in terms of hydroclimatic
variability arising from its equatorial setting and its neigh-
boring Caribbean sea and tropical Pacific ocean. Moreover, it
displays large topographic gradients due to the three branches
of the Andes crossing from southwest to the northeast, which
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Fig. 1 Domain considered to estimate water vapor transport towards
Northwestern South America (NWSA) using the DRM. TNP, Tropi-
cal North Pacific; TSP, Tropical South Pacific; TNA, Tropical North
Atlantic; TSA, Tropical South Atlantic; CAM, Central America;
CABN, Caribbean Sea; ORIC, Orinoco basin; GUYN, Guyanas; PECH,
Peru-Chile; NAMZ, Northern Amazon; SAMZ, Southern Amazon;
TOCA, Tocantins basin; NORD, Brazilian Nordeste; LPRB, La Plata
River Basin; AFRC, Africa; ANDS, Subtropical Andes
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propitiates strong land-atmosphere feedbacks (Poveda et al.
2011). The boundaries for this region follow the coastlines
and the topography of the eastern branch of the Andes.

Arias et al. (2015) quantify the total water vapor contri-
bution to NWSA from the considered sources. They account
for approximately 79% of the total atmospheric moisture that
reaches NWSA. The remaining 21% may be due to mois-
ture imbalances depicted by the input atmospheric fields and
additional losses in the numerical schemes of the Dynamic
Recycling Model (DRM). The fundamentals of the DRM are
further explained in Section 2.3.

2.2 ENSO events

To select the periods corresponding to each ENSO phase (EN
and LN), we examine the Oceanic Nifio Index (ONI) (NOAA
2023; Glantz and Ramirez 2020). This index considers the 3-
month running mean of sea surface temperature anomalies of
the tropical Pacific ocean averaged over the region 5° N-5°
S, 170° W-120 °W. Although the ONI can be calculated for
any period, in this study, we calculate the ONI over the period
1980-2019 which is a suitable length to compute climatology
values and is the available data period (see Section 2.3) at the
moment of computations. For a season to be considered as
part of an ENSO event, the ONI values must exceed +0.5 °C
for at least five consecutive months. This is the operational
definition used by the National Oceanic and Atmospheric
Administration (NOAA). We show in Table 3 the classifica-
tion of seasons as EN (red) and LN (blue) events during the
period 1980-2019.

We focus our analyses only on the differences in atmo-
spheric and thermodynamic-related variables between EN
and LN events that are statistically significant according to
a Bootstrap test (Efron 1992). For this purpose, we generate
1000 data samples with replacement. We consider only sig-
nificant differences according to a significance threshold of
95% (Agudelo et al. 2019). We choose Boostraping since it
does not make any a priori assumption about the distribution
of the sample data.

2.3 Atmospheric moisture sources

We use the DRM to track the atmospheric humidity from
different source to sink regions during ENSO events. NWSA
is the sink region of interest in this study. The DRM is a
2D analytical model that uses a semi-Lagrangian approach
to estimate the spatio-temporal variation of the atmospheric
moisture that is recycled in a target region (i.e., that originates
as evapotranspiration in the same region) and is advected
to and from other remote regions (Dominguez et al. 2006;
Martinez and Dominguez 2014; Ruiz-Vasquez et al. 2020).
The model is derived from the water vapor conservation equa-
tion integrated into the atmosphere and can be used for time
scales from days (because it does not assume that any change
in the storage term of the conservation equation is negligible)
to monthly and larger scales. The mathematical formulation
of the DRM is discussed by Dominguez et al. (2006).

Further, Martinez and Dominguez (2014) develop a
method to identify the contributions from each source region
to a given sink region. It allows decomposing the trajectory
of the plot when it reaches the sink region to identify in which
regions the humidity of each part of the trajectory was gen-
erated. This method also allows quantifying the contribution
of the same target region to its own humidity (i.e., moisture
recycled).

Despite treating the atmosphere as a single layer, Roy et al.
(2019) and Morales et al. (2021) find that the DRM performs
well in regions with complex topography. Both studies find
differences between the vertical integration of the fluxes and
the low-level winds in terms of magnitude. Nevertheless, the
variability (in terms of anomalies and correlations) is the
same in both cases. Therefore, the DRM may be effectively
used to study atmospheric transport changes in the context
of different ENSO phases.

We analyze the climatological interannual variability of
water vapor transport in NWSA associated to EN and LN
events. We use atmospheric sub-daily data from the ERAS
reanalysis (Hersbach et al. 2020), at a resolution of 0.5° for
the period 1980-2019 (see Table 1) in the domain covered

Table 1 Variables obtained

from the ERAS reanalysis to be Variable Time (hour)
used in the DRM Evaporation 00:00, 12:00
Total precipitation 00:00, 12:00

Vertically integrated water vapor from the Earth’s surface to the top of

the atmosphere

Vertical integral of eastward water vapor from the Earth’s surface to the

top of the atmosphere

Vertical integral of northward water vapor from the Earth’s surface to

the top of the atmosphere

00:00, 06:00, 12:00, 18:00

00:00, 06:00, 12:00, 18:00

00:00, 06:00, 12:00, 18:00
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by latitudes 20° S—19° N and longitudes 99° W-10.5° W, as
shown in Fig. 1.

2.4 Thermodynamic indices

In addition to the atmospheric moisture transport estimates,
we analyze thermodynamic indices related to precipitation
occurrence. Particularly, we consider the following variables
from the ERAS reanalysis, in accordance to Chen et al.
(2017):

e Convective available potential energy (CAPE): itis an
indicator of the instability (or stability) of the atmosphere.
This index assesses the potential for the development of
convection, which can lead to precipitation, but it is not
the only condition for precipitation to occur. Large pos-
itive values of CAPE indicate that an air parcel would
be much warmer than its surrounding environment, very
buoyant, suggesting great potential for severe weather
(Gizaw et al. 2021).

e Convective inhibition (CIN): in counterpart to CAPE,
CIN is a measure of the amount of energy required for
convection to occur. High values of this parameter indi-
cate that deep and moist convection is unlikely to occur
even if CAPE is large. Therefore, these two indices are
complementary (Gizaw et al. 2021).

e Lifting condensation level (LCL): it is the height in the
atmosphere at which the Relative Humidity (RH) of an
air parcel reaches 100% when it is cooled by dry adia-
batic lifting from the surface. It is an estimation of the
convective cloud-base height (Shi et al. 2021). In gen-
eral, high cloud bases over the tropics indicate hot dry
land surfaces.

e Low-level relative humidity (RH): humidity at low lev-
els is important for convective initiation (Todd et al.
2018). Here, we use data of low-level RH as an average
over the 1000-850 hPa layer.

For these variables, we consider monthly averages at two
different hours a day: 06 UTC and 18 UTC, which represent
nighttime (01:00 LT) and daytime (13:00 LT) over NWSA,
respectively. We choose these two-time slices to represent
two extremes in the diurnal cycle of precipitation in NWSA,
as described in Bedoya-Soto et al. (2019). During midnight,
the mature phase of the mesoscale convective systems is
mainly formed. At noon, NWSA experiences the time of
maximum heating and therefore has most of the potential to
produce rainfall. Rainfall events in NWSA can be observed
during both time slices.

In addition to the previously listed thermodynamic indices,
we also analyzed: total precipitable water vapor, relative
humidity in the middle troposphere (700400 hPa), shal-
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low vertical wind shear (vector wind difference between 3
and 1 Km), and deep vertical wind shear (vector wind differ-
ence between 1 and 9 Km). Nevertheless, we decided not to
include these in the current study since they did not show to
be significantly different between EN and LN events.

2.5 Regional Hadley and Walker cells

Finally, we consider the response of the regional Hadley and
Walker cells in tropical South America to ENSO events.
For the regional Hadley cell, we follow the approach for-
mulated by Zhang and Wang (2013) to calculate a regional
mass-stream function (V) without violating the principle of
negligible net transport of zonal mass. This approach uses the
meridional component of the irrotational flow, which con-
tributes to the vertical motion in the north-south circulation
represented by the Hadley cell. We calculate the meridional
mass-stream function of the regional Hadley circulation over
tropical South America, as shown by the Eq. 1.

P
v = 2m cos(@) C;S(¢) /[UIR]dP (M
0

where ¢ is the latitude and vy is the irrotational compo-
nent of the meridional wind averaged for longitudes 70°
W-=50° W. Similar to the thermodynamic indices described
in Section 2.4, we obtain the monthly wind fields to compute
the irrotational component of the meridional wind from the
ERAS reanalysis at 06 UTC and at 18 UTC.

For the regional Walker cell, we use the zonal component
of the irrotational flow that contributes to vertical motion
in the East-West circulation and it is computed for the 99°
W-10.5° W longitudinal band. The irrotational component
of the zonal wind is averaged over 0°~10° N, to assess the
changes in the Walker circulation over NWSA.

3 Results

3.1 Atmospheric moisture contributions to NWSA
during ENSO events

Figure 2 shows the annual cycle of precipitable water and the
annual cycle of the terms of the moisture balance (precipita-
tion, evaporation, and residual term) that are contributed from
all the sources included in Fig. 1 to NWSA during EN and
LN events. From February to July, we see more precipitable
water contributed during EN (PWEN) with respect to the pre-
cipitable water contributed during LN (PWLN), whereas the
contribution from August to January is approximately equal
in both EN and LN events. However, this contribution does
not correspond to the respective contribution in precipitation.
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In general, we see a higher contribution in precipitation to
NWSA during LN than during EN events. The annual cycle
of the evaporation term (Fig. 2c) shows more contribution to
the atmosphere during LN than during EN, especially in the
months with higher precipitation values (January—March and
June—September). Similar to precipitation, the annual cycle
of convergence shows higher contribution to the water bal-
ance during LN with regards to EN (see Appendix A Fig. 14).

Fig.3 PWEN-PWLN
contribution to NWSA (brown
line) during the DJF season
from the sources a TNA, b TNP,
¢ CABN, d ORIC, e NWSA, f
GUYN, and g NAMZ. Reddish
(blueish) colors represent

The net income of moisture to each atmospheric column can
be represented by the residual term (TR) as shown by Eq.2.

d(PW)

TR=C+E—-P=
dt

— RES, 2)

where C, P, and E denote convergence, precipitation, and
evaporation, respectively. R E S, represents the residual forc-

b) TNP

reduction (increment) of PWEN
with respect to PWLN. White
background represents no
significant differences according
to a Bootstrap test. Vectors
represent the difference in VIMF
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Fig.4 PWEN-PWLN contribution to NWSA (brown line) during the
MAM season from the sources a ORIC, b NWSA, ¢ CABN, d NAMZ,
and d GUYN. Reddish (blueish) colors represent the reduction (incre-

ing associated with the analysis increments in the reanalysis,
and d(l;lW ) is the rate of change in the water vapor content in
an atmospheric column, which at intra-annual time scales can
be nonnegligible (Lorenz and Kunstmann 2012). Since the
intra-annual behavior of atmospheric variables is important
for the different ENSO phases; here, we include TR aver-
ages for each month of the year for composites of EN and
LN years (Fig.2d).

In general, the TR term is much smaller in magnitude
than the other terms in the atmospheric water balance Eq. (2).
However, TR is larger during EN than during LN, particularly
during the first half of the year (Fig. 2d), which may be related
with a sharper increase in PW between February and May
during EN years (Fig.2a). In other words, the net income
of moisture as estimated by TR (i.e., subtracting the output
due to precipitation from the inputs associated with moisture
convergence and surface evaporation) is larger during EN,
leaving a moister atmosphere during the first part of the year,
even during months when precipitation is nearly the same in
EN and LN years (Fig.2b).

Between May and September, the TR term is rather similar
between EN and LN, with values closer to 0, associated with
similar values of PW in both phases of ENSO, with smaller
changes during this time of the year. Between October and
December, the TR is negative, associated with similar rates
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of decrease in PW during the last part of the year, starting
from similar PW values in October for both phases of ENSO.
The negative values of TR during periods with increasing PW
could be related with the error-like term R E S,,,. For example,
Rodell et al. (2015) found that the error in the closure of
the atmospheric water budget equation for South America is
negative, with an average value of -0.07mm/day.

We quantify the changes in atmospheric moisture advec-
tion and recycling within the regions considered during both
EN and LN events. Figures 3, 4, 5, and 6 show PWEN-
PWLN (colors) and the differences in vertically integrated
moisture fluxes (VIMF; vectors) for each season: December—
February (DJF), March—-May (MAM), June—August (JJA)
and September—November (SON), respectively. The cli-
matological EN and the differences between EN and LN
composites for VIMF are shown in the Appendix A Fig. 15.
Figure3 reveals that there is more contribution of PWEN
to NWSA from Tropical North Atlantic (TNA), Orinoco
(ORIC), Guyanas (GUYN), and northern Amazon (NAMZ)
than PWLN. Similar results were found by Kim et al. (2019).
Also, there is less contribution of PWEN from Caribbean
(CABN) and Tropical North Pacific (TNP) than PWLN.
Regarding the moisture recycling (Fig. 3e), we see a dipole
in the NWSA atmospheric moisture contribution to itself,
which coincides with a weakening of the VIMF vectors in



ENSO influence on water vapor transport and thermodynamics over Northwestern South America 3777

a) TNA

b) GUYN

c) CABN

i : T'/T/‘Q
80°W 75°W 70°W 65°W 60°W

12°N~+

8°N

mm
-3 -15 0 15 3 -2 -1

Fig.5 PWEN-PWLN contribution to NWSA (brown line) during the
JJA season from the sources a TNA, b GUYN, ¢ CABN, d NAMZ,
e SAMZ, and f NWSA. Reddish (blueish) colors represent reduction

the northern part of NWSA during EN with respect to LN that
sequentially suppresses southward moisture transport during
EN.

For MAM, Fig.4 shows in general more number of
source regions (ORIC, NWSA, NAMZ, and GUYN) with
an increase in their contribution of PWEN to NWSA with
respect to PWLN than source regions with a decrease in their
contribution, which coincides with Fig.2. Only CABN con-
tributes less during EN than during LN events. During this
season, we do not see a substantial difference in VIMF vec-
tors over the NWSA subregion.

During JJA, we see significant changes in moisture con-
tribution from the regions shown in Fig.5. TNA and GUYN
are the only sources that contribute more PWEN to NWSA
than PWLN. CABN, NAMZ, and Southern Amazon (SAMZ)
contribute less PWEN. The moisture recycling in NWSA
is also less during EN. VIMF vectors over Central Amer-
ica (CAM) are strengthened in EN during this season in
relation to LN, and this factor endorses the westward atmo-
spheric moisture advection. These positive and negative
contributions are of similar magnitude and thus they com-
pensate, leaving a similar amount of atmospheric moisture
over NWSA, as observed in Fig. 2.

Finally, for SON, we mostly see less contributions of
PWEN to NWSA from the considered regions (Fig.6) with

mm (TR T T [T TS, mm
12 2 -1 0 1 2

40 Kg/m*s

(increment) of PWEN with respect to PWLN. White background rep-
resents no significant differences according to a Bootstrap test. Vectors
represent the difference in VIMF

respect to PWLN. Only TNA contributes more moisture dur-
ing EN than during LN. This is also linked to a weaker
low-level jet over western Colombia, known as the Choco
Jet, as discussed by Gallego et al. (2019). Similar to what
happens during JJA (Fig.5), VIMF vectors over CAM are
strengthened during EN, favoring the atmospheric moisture
advection towards more western regions.

The moisture transport shown in Figs. 3, 4, 5, and 6 must
be considered along with atmospheric moisture flux conver-
gence (See Appendix A Fig.15). All year round, there is
less convergence over NWSA during EN than during LN. In
terms of the moisture contribution to NWSA, the low conver-
gence values during EN, with regards to LN, explain the low
precipitation values seen, which suggests that larger values
of monthly mean precipitable water (Fig.2a) are available
during EN at the same time when the fluxes associated with
moisture convergence (see Appendix A Fig. 14 and precipi-
tation (Fig. 2b) are reduced.

The percentage change in precipitable water contribution
to NWSA from the sources considered in Figs. 3, 4, 5, and 6
during LN relative to EN events is shown in Table 2. The most
noteworthy changes are from TNP, GUYN, and SAMZ, but
these sources only contribute to NWSA approximately in 6%
of the total atmospheric moisture, and therefore changes in
these sources are small in absolute terms. Changes from TNA
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Fig.6 PWEN-PWLN contribution to NWSA (brown line) during the
SON season from the sources a TNA, b TNP, ¢ CABN, d ORIC, e
NAMZ, and f SAMZ. Reddish (blueish) colors represent reduction

and NWSA are more meaningful because these sources con-
tribute in approximately 45% of the total moisture in NWSA.
Changes in CABN, ORIC, and NAMZ are also important
because they contribute in 19% to the total moisture over
NWSA (Arias et al. 2015). MAM is the season with the
most remarkable change in precipitable water, as seen also
in Fig. 2a.

Table 2 Percentage change (%) of atmospheric moisture contribution
of each source to NWSA during LN with respect to the contribution of
the same source during EN

DJF MAM JIA SON
TNP 224.37 122.22 326.17 153.27
TNA 88.74 99.98 90.17 89.37
CABN 147.18 159.08 138.78 137.76
NWSA 102.22 94.76 118.07 101.08
ORIC 68.27 81.29 99.22 90.41
GUYN 40.81 72.32 82.52 91.88
NAMZ 69.42 72.11 130.57 112.47
SAMZ 434.39 146.79 437.85 198.48
Total 100.16 95.28 99.93 100.16

Blue(red) indicates increased (decreased) contribution
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(increment) of PWEN with respect to PWLN. White background rep-
resents no significant differences according to a Bootstrap test. Vectors
represent the difference in VIMF

3.2 Thermodynamic indices during ENSO events

Now, we aim to understand the counter-intuitive response of
precipitation to the available precipitable water during the
ENSO phases. What does happen with the extra humidity
from February to June in the atmosphere during EN in rela-
tion to LN? Why does it not precipitate? Which mechanisms
favor the precipitation during LN from May to March? We try
to solve these questions from a thermodynamic perspective,
quantifying the values of the indices described in Section 2.4
and the regional Hadley and Walker cells, as introduced in
Section 2.5.

We look at some thermodynamic conditions (indices) nec-
essary for precipitation to occur, as described in Section 2.4.
We focus only on their values over NWSA during local
nighttime (06 UTC) and local daytime (18 UTC), which cor-
respond to time slices with high occurrence of precipitation
over this region (Bedoya-Soto et al. 2019).

Large values of CAPE are often associated with pre-
cipitation since convection takes place. Figure 7 shows the
differences in CAPE composites between EN and LN events.
In general, CAPE is higher over NWSA during EN than dur-
ing LN events for all seasons, specially at nighttime. This
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a) EN - LN 06h UTC DJF b) EN - LN 06h UTC MAM c) EN- LN 06h UTC JJA d) EN - LN 06h UTC SON
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Fig.7 Seasonal differences in CAPE between EN and LN events at a—d 06h UTC and e-h 18 h UTC

index suggests that precipitation would more likely occur
during EN, which is not what we observe from the response of
precipitation in Fig.2b. However, it is necessary to consider
other indices in order to evaluate the occurrence of precipita-
tion. Furthermore, given the complex topography of NWSA
and the observed diurnal cycle, precipitation maximum is
equally likely to occur during the afternoon and midnight
(Poveda et al. 2005).

However, in many situations CAPE cannot be released
unless CIN has a small value (Markowski and Richard-
son 2010). High values of CIN represent the amount of
energy that is still required for the development of convec-
tive systems and therefore suggest the non-occurrence of
precipitation. In Fig. 8, we see high positive values of CIN
across NWSA during all the seasons, especially at daytime
(18 UTC) for the EN-LN composites. This pattern agrees

d) EN - LN 06h UTC SON
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Fig.8 Seasonal differences in CIN between EN and LN events at a—d 06h UTC and e-h 18 h UTC
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d) EN - LN 06h UTC SON
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Fig.9 Seasonal differences in LCL between EN and LN events at a—d 06h UTC and e-h 18h UTC

with: (i) the non-occurrence of precipitation for EN events
during the first semester of the year, in which there is more
atmospheric humidity, and (ii) the favoring of precipitation
during the second semester of the year, in which humidity
over NWSA is more similar in both EN and LN events, as
observed in Fig.2a.

A third thermodynamic index considered is the LCL. High

of cloud-base which suggests hot and dry surface conditions.
Figure 9 shows that the cloud-base during EN events is higher
than during LN events. MAM was the only season that did not
show significant differences for this index between the two
ENSO phases, but also it is the season when there are small
differences in terms of precipitation between both EN and LN
events (Fig.2b). The greatest differences in LCL are found

values of this index in tropical regions indicate high altitude

d) EN - LN 06h UTC SON
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Fig. 10 Seasonal differences in low-level RH between EN and LN events at a—d 06 h UTC and e-h 18 h UTC
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during DJF and JJA when the differences in precipitation are
also the greatest.

The final thermodynamic index analyzed is the low-level
RH (the RH contained in the atmospheric layer between
1000 and 850 hPa; Fig. 10). This index is particularly impor-
tant during DJF, with less RH during EN than during LN.
Even though there is more atmospheric humidity available
in this season during EN events (Fig.2a), the atmosphere is
warmer and therefore the RH can be lower, inhibiting the
occurrence of condensation and precipitation. In particular,
variations of RH during ENSO have been investigated by
Todd et al. (2018), who find a strong correlation between RH

Fig. 11 Vertical cross-sections
of the regional mass-stream
function (contours) averaged
over 70° W=50° W during a
DIJFE, b MAM, ¢ JJA, and d SON
for EN events (first column) and

Pressure (hPa)

the difference between EN and a) DJF
LN events (second column).
Vectors represent the divergent
component of the meridional
wind (in m/s) and the vertical
negative pressure velocity (in
10 hPa/s)
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and precipitation shifts during ENSO events, highlighting
the importance of this variable as a predictor of precipitation
shifts in modeled ENSO events.

3.3 Regional Hadley and Walker cells during ENSO
events

To support the findings discussed in Section 3.2, we also look
at the response of the regional Hadley and Walker circulation
over NWSA to the ENSO phases. Figures 11 and 12 show the
mean vertical motion at latitudes and longitudes that cover
the NWSA subregion. The ascending branch of the Hadley
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Fig. 12 Divergent component
of the zonal wind (in m/s) and
the vertical negative pressure

velocity (in 10> hPa/s) averaged

over 0° N-10° N during a DJF,

b MAM, ¢ JJA, and d SON for

EN events (first column) and the a) DJF

difference between EN and LN

events (second column)
b) MAM
c) JJA
d) SON

cell is located over the latitudes of the Summer Hemisphere.
Similarly, the ascending branch of the Walker cell is favored
from MAM until SON, and it is stronger during JJA, around
70°W.

The ascending motions favor the development of convec-
tive systems and therefore the occurrence of precipitation,
whereas the descending motions inhibit precipitation. In the
first and third rows of Fig. 11, we can see how this ascending
branch shifts from one to another side of the Equator between
seasons, being around 10°S during DJF (Austral Summer)
and around 8°N during JJA (Boreal Summer). During the
transition seasons (MAM and SON), the ascending branch
is not clear and spans over more latitudes. The second and
fourth rows in Fig. 11 show the differences in this vertical
motion between EN and LN events. In terms of the Walker
cell (Fig.12), we see a weakening of the ascending motion
during all seasons in EN events, specially over the NWSA
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subregion (around 75°W). In most cases, the weakening of
the ascending motion over NWSA is stronger in lower lev-
els of the troposphere, but during JJA the weakening is also
strong in the middle levels.

Overall, we see a weakening in the ascending motions dur-
ing EN events and a strengthening in the descending motions
during LN events, favoring the inhibition of precipitation during
EN, as first discussed by Kousky et al. (1984) and Ropelewski
and Halpert (1987). This weakening (strengthening) of the
ascending (descending) motion during EN is also consis-
tent with the results from Martin-Gémez et al. (2020) and
Satori et al. (2009). The weakening (strengthening) of the
ascending (descending) motion is particularly strong during
DIJF and JJA. Thus even though there is slightly more pre-
cipitable water in the atmosphere for both seasons during
EN (Fig.2a), the ascending motion is inhibited and so the
development of convective systems and precipitation during
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EN events (Fig. 2b). The strengthened response in precipitation
during LN shows that the also strengthened ascending motion in
this phase compensates a lower available humidity (Fig. 2a).

Finally, for the rainy seasons in NWSA (MAM and SON),
we see that the weakening of the ascending motion dur-
ing EN is associated with the difference in precipitation
with respect to LN. For MAM, we see the largest differ-
ences in precipitable water over NWSA between both ENSO
phases (precipitable water being greater during EN), but the
increased ascending motion during LN makes precipitation
values very similar to that of EN. For SON, even though the
amount of precipitable water is very similar in both phases,
precipitation is strengthened during LN (Fig.2b) due to an
enhanced ascending motion.

4 Discussion and conclusions

The aim for this study is to investigate the following ques-
tion: what are the atmospheric conditions, in terms of regional
circulation, atmospheric moisture transport, and thermody-
namics, over Northwestern South America (NWSA) during
the phases of El Nifio—Southern Oscilation (ENSO)? We

a) Climatology

find that during about half of an El Nifio (EN) year, there
is more precipitable water than during a La Nifia (LN) year,
despite the fact that precipitation can be greater during the lat-
ter. Besides the change in the atmospheric moisture sources,
we also explore the role of plausible dynamic and thermo-
dynamic mechanisms for such changes. Our findings are
summarized in Fig. 13.

Using the Dynamic Recycling Model (DRM), we compute
the trajectories of water vapor transport over the region. The
quantified amount of precipitable water in water vapor track-
ing models is highly sensitive to the residence time of water
vapor in the atmosphere considered by the models (Gimeno
et al. 2021; Nieto and Gimeno 2019), which could lead to
over/underestimations in the atmospheric moisture contribu-
tion. However, the DRM performance has been shown to be
adequate for NWSA in comparison to other more complex
3D models like FLEXPART (Hoyos et al. 2018; Morales
et al. 2021), especially when studying atmospheric changes
in moisture transport under different regimes, as we do here.

From February to July, we see more contribution from
the different sources during EN than during LN events,
although the contribution is similar between both phases for
the remaining months. The contributions from the Atlantic

=0

b) EN - LN

c) Change in mechanisms

Moisture

T CAPE

CIN

l Transport from the Pacific ocean
T Transport from the Atlantic ocean
LCL

T Transport from continental regions

RH low levels

-— — —>

l Recycling NWSA

T/ﬁ Total PW
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Fig. 13 Schematic illustrating key changes in atmospheric moisture
transport, thermodynamic indices, and regional circulation across North
Western South America (NWSA) during ENSO events. a Represents
the climatology of the atmospheric moisture transport from various
sources to NWSA (black arrows) and the regional Hadley cell (yel-
low arrows). b Represents the differences between EN and LN phases,
where red (blue) arrows denote reduced (increased) atmospheric mois-

Thermodynamics

Dynamics
¢ Upward motion NWSA

T Subsidence Amazon

l Precipitation NWSA

ture transport while black arrows denote negligible changes. ¢ Provides
a summary of significant changes in different mechanisms: atmospheric
moisture transport (blue solid rectangle), thermodynamic indices (red
solid rectangle), and regional dynamics (green transparent rectangle)
over NWSA, where solid (transparent) background color indicates novel
(previously known) insights into the mechanisms influencing precipi-
tation in NWSA during ENSO phases
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ocean and continental subregions increase, whereas the con-
tributions from the Pacific ocean and the moisture recycling
in NWSA decrease (Fig. 13). The response of precipitation
to these changes during ENSO is nonlinear. The amount of
precipitation largely depends on the available precipitable
water (Chen et al. 2017), but also on local conditions such
as atmospheric stability, advection rate, and regional cir-
culation patterns. We find that precipitable water is larger
during EN compared to LN during the first part of the year,
despite having nearly the same or even more precipitation
during LN years. In this part of the year, there is a higher
net income of moisture due to convergence and evaporation
during EN, which along with less precipitation is leaving a
moister atmosphere, compared with LN conditions. In this
sense, precipitation during the first part of the year would
be controlled by additional factors, e.g., thermodynamics,
but not by the availability of moisture alone. In other words,
thermodynamic and/or dynamic factors may drive precipita-
tion during the first part of the year, which in turn impacts the
amount of precipitable water remaining in the atmosphere.

Accordingly, we look at the response of some thermody-
namic indices and the atmospheric regional circulation over
NWSA to both ENSO phases. These aspects strongly influ-
ence the occurrence of precipitation, as suggested by Chen
et al. (2017) and Liu et al. (2020). To account for the ther-
modynamics, we consider four indices: convective available
potential energy (CAPE), convective inhibition (CIN), lifting
condensation level (LCL), and low-level relative humid-
ity (RH). The changes identified in the last three indices
agree with the already observed changes of precipitation over
NWSA during the ENSO phases.

From a thermodynamic perspective, precipitation is less
favored during EN events because (i) there is more energy
required for convection to occur (higher CIN), (ii) the air
parcels reach saturation at higher altitudes (higher LCL), and
(iii) the lowest levels in the atmosphere have less RH, which
makes the condensation process more difficult. CAPE is also
larger during EN years, but this is not surprising (despite the
similar or reduced precipitation) since with less precipitation
and anomalous subsidence conditions, we can have more
solar radiation reaching the surface, more heating, higher
near-surface temperature, thus increasing the potential tem-
perature of air parcels, finally increasing CAPE (Dommenget
2010). However, this available energy cannot be released
when CIN is relatively large, as in EN years.

The atmospheric general circulation over NWSA is
induced by diabatic heating (Mesa-Sanchez and Rojo-
Hernandez 2020). In places where precipitation largely
exceeds evaporation, such as typically in NWSA, a signif-
icant amount of latent heat becomes available to influence
the atmospheric circulation. When there is another heating
source nearby, for instance in front of the coasts of Peru dur-
ing EN events, the westerly winds move further south. This
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results in a decrease of the magnitude of the westerly winds
entering NWSA as we see in our results with the reduced
moisture advection from the Pacific ocean. In response, the
easterly winds increase and so the moisture advection from
the Atlantic ocean and eastern continental sources increases
as well.

As a last mechanism to explain precipitation occurrence
during EN and LN, we study the response of the regional
Hadley and Walker cells to these phases. Similar to what we
find with the thermodynamic indices, the regional cells also
support the favoring of precipitation during LN. We see a
weaker (stronger) ascending motion during EN (LN) events
over NWSA during all the seasons, which inhibits (enhances)
the upward motion of air masses and condensation processes
over the region. This result also reinforces the findings by
Ropelewski and Halpert (1987), who highlight the subsi-
dence over NWSA due to a westward displacement of the
Walker circulation during EN.

According to the atmospheric water budget, the precipita-
tion rate is related to changes in precipitable water, not just
to its absolute value. Therefore, a large value of precipitable
water could be associated with little precipitation provided
that precipitable water does not change too much on a given
interval of time (e.g., no increase with time). In this study
larger values of precipitable water during EN years (com-
pared to LN years, Fig.2a) are found to be associated with
a net increase in moisture from convergence and evapora-
tion when precipitation is less or even nearly the same. In
this sense, precipitation would be more controlled by other
factors like thermodynamics (e.g., CIN) and the regional
circulation (e.g., anomalous subsidence), with increased pre-
cipitable water as a consequence rather than driving factor.
The extra precipitation observed during LN is associated
with asymmetric changes in the regional circulation (Hadley
cell) that intensify the atmospheric moisture convergence and
favor unstable thermodynamic environments. Finally, these
asymmetric changes in regional circulation are linked to an
enhancement of atmospheric moisture transport from partic-
ular sources during LN with respect to EN, including those
from the Pacific ocean. The Atlantic ocean and continental
sources like ORIC and the Northern Amazon dominate dur-
ing EN.

Thermodynamic conditions and the regional circulation
play key roles in the response of precipitation over NWSA
during EN and LN events, even more than the mere avail-
ability of atmospheric moisture, as seen for the first part of
the year (Figs.2 and 13). For example, during the 2015 flash
flood event in La Liboriana basin in Salgar, Colombia (Hoyos
et al. 2019a), the regional circulation and the atmospheric
convection strengthened the orographically-enhanced heavy
precipitation episode that triggered a flash flood, even under
negative monthly precipitation anomalies during an EN year.
There are other extreme cases in which the content of water
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vapor can dominate the response of precipitation during LN
events, as shown by Arias et al. (2015), who find that the
anomalous wet season in NWSA during 2010-2012 was
largely controlled by extra moisture contributions from the
adjacent oceans. Nevertheless, this was a very unique LN
event, in terms of its impacts in the region (Boening et al.
2012; Hoyos et al. 2013). In this study, we consider the aver-
age of all EN and LN events during the period 1980-2019,
from which we can see that thermodynamics and regional
circulation have a dominant role in the occurrence of pre-
cipitation. Changes in the atmosphere-ocean coupling due
to ENSO variability modify air temperature over land and
therefore the atmospheric stability, which is essential for pre-
cipitation to occur. Moreover, land-atmosphere interactions
over NWSA are shown to be important during the ENSO
phases (Bedoya-Soto et al. 2018, 2019; Cai et al. 2020)
Previous studies show that NWSA is particularly sensitive
to the influence of ENSO (Poveda and Mesa 1996; Poveda
et al. 2006; Hoyos et al. 2019b; Salas et al. 2020; Arias et al.
2021). In general, EN events induce reductions in precip-
itation and runoff in the region (Cérdoba-Machado et al.
2015; Serna et al. 2018; Canchala et al. 2020) while LN
events are associated with the opposite (Hoyos et al. 2013;
Arias et al. 2015). Poveda et al. (2006) discuss some phys-
ical mechanisms associated with the influence of ENSO in
NWSA. Among these aspects, they highlight that decreases
in precipitation over NWSA during EN years are related to:
(i) the reduction of atmospheric moisture transport inland
from the eastern Pacific, in association with a weaker Choco
jet; (ii) an anomalous Hadley cell with subdued ascent of
moist air over NWSA; (iii) the displacement of the convec-
tive centers within the Intertropical Convergence Zone in
the eastern equatorial Pacific towards the west and south of
their climatological location; (iv) a weak feedback between
precipitation and surface convergence associated with the
Hadley circulation and the trade winds; and (v) the dis-
ruption of land-atmosphere interactions due to the regional
coupling between anomalies of precipitation, soil moisture,
vegetation, and evapotranspiration, with reduced evapotran-
spiration inducing a reduction of evaporation recycling.
Our results support that EN events are characterized by
reduced atmospheric moisture transport from the Tropical
North Pacific to NWSA, enhanced air subsidence over the
region in association with anomalous regional Hadley and
Walker cells, reduced moisture convergence in NWSA, and
reduced atmospheric moisture recycling over the region. In
addition, our work provides further evidence of the key role
played by the regional atmospheric circulation and ther-
modynamics in the mechanisms for ENSO influence on
precipitation in NWSA. In this sense, the reduced precipi-
tation observed over NWSA during EN years with respect to
LN is not a matter of reduced atmospheric moisture trans-
port towards the region. In fact, EN years exhibit enhanced

water vapor transport to NWSA from most of its main mois-
ture sources with respect to LN, however this available
atmospheric water does not precipitate. The inhibition of
precipitation in NWSA during EN arises from a more sta-
ble atmosphere characterized by enhanced CIN, higher LCL,
and reduced RH in the lower levels. The combination of a
more stable atmosphere with an enhanced subsidence motion
in NWSA due to an anomalous Hadley cell overcomes the
increases of precipitable water in the region, inducing a
reduction of precipitation during EN years in comparison
with LN. This reveals the importance of considering not
only the dynamic aspects and moisture sources for precipi-
tation but also the thermodynamics involved, particularly in
aregion with very complex land-atmosphere interactions.

Appendix A

Table 3 Classification of seasons in El Nifio (red) and La Niiia (blue)
events

DJF MAM JJA SON
1982-1983 1982 1982 1982
1983-1984 1983 1985 1983
19841985 1985 1987 1984
1986-1987 1987 1988 1986
1987-1988 1989 1991 1987
1988-1989 1992 1997 1988
1991-1992 1998 1998 1991
1994-1995 1999 1999 1994
1995-1996 2000 2000 1995
1997-1998 2008 2002 1997
1998-1999 2011 2004 1998
1999-2000 2012 2007 1999
2000-2001 2015 2009 2000
2002-2003 2016 2010 2002
2004-2005 2018 2011 2004
2005-2006 2019 2015 2006
2006-2007 2007
2007-2008 2009
2008-2009 2010
2009-2010 2011
2010-2011 2014
2011-2012 2015
2014-2015 2016
2015-2016 2017
2017-2018 2018
2018-2019
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Fig. 14 Seasonal cycle of convergence over NWSA for EN (red) and
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