N

N

Relative Contributions of Sea Surface Temperature and
Atmospheric Nonlinearities to ENSO Asymmetrical
Rainfall Response
Gangiredla Srinivas, Jérome Vialard, Matthieu Lengaigne, Takeshi Izumo,

Eric Guilyardi

» To cite this version:

Gangiredla Srinivas, Jérome Vialard, Matthieu Lengaigne, Takeshi Izumo, Eric Guilyardi. Relative
Contributions of Sea Surface Temperature and Atmospheric Nonlinearities to ENSO Asymmetrical
Rainfall Response. Journal of Climate, 2022, 35 (12), pp.3725-3745. 10.1175/JCLI-D-21-0257.1 .
hal-03718445

HAL Id: hal-03718445
https://hal.umontpellier.fr /hal-03718445v1
Submitted on 16 Jan 2025

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.umontpellier.fr/hal-03718445v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

15 JUNE 2022 SRINIVAS ET AL. 3725

Relative Contributions of Sea Surface Temperature and Atmospheric Nonlinearities to
ENSO Asymmetrical Rainfall Response

G. SRINIVAS,? J. VIALARD,* M. LENGAIGNE,” T. IzZUMO,® AND E. GUILYARDL™¢

& LOCEAN-IPSL, Sorbonne Universitée (UPMC, Univ Paris 06) CNRS-IRD-MNHN, Paris, France
® MARBEC, University of Montpellier, CNRS, IFREMER, IRD Sete, France
€ EIO, Ifremer, ILM, UPF, IRD, Ifremer Tahiti, France
4 NCAS-Climate, University of Reading, Reading, United Kingdom

(Manuscript received 31 March 2021, in final form 4 February 2022)

ABSTRACT: Here, we investigate the relative roles of atmospheric nonlinearities and asymmetrical sea surface temperature
(SST) forcing in the El Nifio-Southern Oscillation (ENSO) asymmetrical rainfall response. Applying a vertically integrated
water vapor budget to the ERAS reanalysis leads to a simple analytical equation for precipitation anomalies. This formulation
reveals that ENSO rainfall anomalies are dominated by the linear component of the dynamical term (i.e., the anomalous mois-
ture convergence due to the effect of circulation anomalies on climatological humidity). Nonlinearities in this term and the lin-
ear thermodynamical term (i.e., the effect of climatological circulation on humidity anomalies) both strengthen central Pacific
rainfall anomalies for both ENSO phases. In contrast, the nonlinear term associated with the effect of anomalous divergence
on anomalous moisture (i.e., the mixed term) weakens La Nifia dry and strengthens El Nifio wet anomalies, in particular dur-
ing extreme El Niflo events when it contributes to about 40% of the eastern Pacific wet anomalies. Overall, atmospheric nonli-
nearities directly account for ~70% of the positively skewed ENSO rainfall distribution east of the date line, and ~50% of the
negatively skewed rainfall distribution in the western Pacific. The remaining ENSO rainfall asymmetries are attributable to the
asymmetrical ENSO SST pattern. This asymmetrical SST pattern also has contributions from atmospheric nonlinearities
through the Bjerknes feedback loop, in addition to those from oceanic nonlinearities. Our estimates are thus likely a lower
bound of the contribution of atmospheric nonlinearities to the overall ENSO rainfall asymmetry.
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1. Introduction As mentioned above, the most obvious ENSO asymmetry
is related to its amplitude, with stronger El Nifio than
La Nifia SST and rainfall anomalies in the eastern Pacific
(e.g., Deser and Wallace 1987; Burgers and Stephenson 1999;
An and Jin 2004). This amplitude asymmetry is also associ-
ated with various pattern asymmetries. La Nifia SST and rain-
fall anomalies are shifted westward and have a wider
latitudinal extension relative to El Nifio anomalies (Hoerling
et al. 1997; Kang and Kug 2002; Takahashi et al. 2011;
Dommenget et al. 2013). Also, El Nifio patterns tend to be
more diverse than La Nifia patterns, with smaller amplitude
El Nifio events being confined in the central Pacific, while
strong events extend up to the South American coast (e.g.,
Kug et al. 2009; Takahashi et al. 2011; Capotondi et al. 2020).
On the other hand, strong La Nina events tend to be shifted
west relative to weak La Nina events (Dommenget et al. 2013).
There is also a marked asymmetry in ENSO phase changes:
El Nifo events tend to decay rapidly after their peak and tran-
sition to La Nifia events, while La Nifia events can persist a
second year and are rarely followed by an El Nifio event
(e.g., Larkin and Harrison 2002; Ohba and Ueda 2009;
Okumura and Deser 2010; Choi et al. 2013). This may indi-
cate that some phases of ENSO are more predictable than
some others (e.g., Larson and Kirtman 2017; Planton et al.
2018, 2022) and hence have practical applications for seasonal

El Niflo-Southern Oscillation (ENSO) arises from air-sea
interactions in the tropical Pacific (e.g., Timmermann et al.
2018) and affects climate worldwide through atmospheric tele-
connections (Taschetto et al. 2020). ENSO dominates Earth’s
year-to-year climate variations, impacting ecosystems and soci-
eties globally (Holbrook et al. 2020; Lehodey et al. 2020). The
warm phase of ENSO is characterized by anomalously warm
sea surface temperature (SST) anomalies in the central and
eastern equatorial Pacific and by enhanced deep atmospheric
convection and westerly wind anomalies in the central equato-
rial Pacific. While La Nifna (i.e., the cold ENSO phase) can
broadly be viewed as a mirror image of El Nifio, asymmetries
between these two ENSO phases have recently become a
prominent research interest (e.g., An et al. 2020). This interest
relates to the fact that El Nifio events can occasionally reach
much larger amplitudes than La Nina events, like in 1982,
1997, and 2015. There is a complete reorganization of deep
atmospheric convection during these extreme El Nifio events,
including an equatorial shift of the intertropical convergence
zone that leads to large rainfall anomalies in the otherwise dry
eastern equatorial Pacific (e.g., Takahashi et al. 2011; Cai et al.
2014; Santoso et al. 2017). This has motivated in-depth studies
on the drivers of these extreme El Nifio events (see Santoso
et al. 2017), and more generally on asymmetries between El

Nifio and La Nifia (An et al. 2020). forecasts.
Nonlinearities are required to explain ENSO asymmetries

(An et al. 2020). Oceanic nonlinearities have been proposed
Corresponding author: G. Srinivas, sgangiredl@locean.ipsl.fr to contribute to these asymmetries (e.g., nonlinear dynamical
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heating, tropical instability waves; see An et al. 2020). We will
come back to the role of oceanic nonlinearities in the discus-
sion section, but here we focus on atmospheric nonlinearities,
which some studies argue to be the primary source of ENSO
overall asymmetry (Geng et al. 2019) including its pattern
asymmetry (Geng et al. 2020). Subseasonal synoptic wind
events named “westerly wind events” (WWEs) play a vital
role in ENSO development (e.g., Lengaigne et al. 2005).
While those events are partly random, they become more
probable and expand eastward during El Nifio (e.g., Lengaigne
et al. 2004; Eisenman et al. 2005; Puy et al. 2016). This
“multiplicative noise forcing” associated with WWEs acts to
increase El Nifio amplitude and decrease the predictability of
El Nifio events relative to La Nifa events (e.g., Jin et al. 2007;
Levine and Jin 2010; Planton et al. 2022) and strongly contri-
butes to the genesis of strong El Nifio events (e.g., Puy
et al. 2017). The low-frequency wind stress (e.g., Hoerling
et al. 1997; Kang and Kug 2002) and heat flux (e.g., Lloyd et al.
2012; Bellenger et al. 2014) response to a unit SST anomaly
also tends to be larger during El Nifio than during La Nina
events. This wind stress asymmetry also favors larger El Nifio
events (Kang and Kug 2002; Frauen and Dommenget 2010;
Choi et al. 2013) while the heat flux asymmetry limits this
amplitude asymmetry (Im et al. 2015). All these nonlinear
atmospheric processes are related to the development of deep
atmospheric convection, driving surface wind anomalies
through Matsuno-Gill dynamics and influencing surface heat
fluxes via their joint effect on shortwave and latent heat
fluxes.

Deep atmospheric convection and the associated rainfall
indeed play a critical role in the nonlinearity of the tropical
atmosphere. While the low-level equatorial atmospheric cir-
culation response to diabatic heating is generally considered
quite linear (DeWeaver and Nigam 2002), there is a strong
nonlinear dependence of the atmospheric deep convection on
SSTs, with convection preferentially developing above a
~27°C threshold (e.g., Gadgil et al. 1984; Graham and Barnett
1987). Previous studies have proposed that this nonlinearity
plays a significant role in the westward shift of La Nifia rain-
fall and wind anomalous patterns relative to those of El Nino
(Hoerling et al. 1997; Kang and Kug 2002; Ham and Kug
2012). Background SST exceeds the convective threshold
west of the date line, and warm anomalies raise SST above
the convective threshold mainly east of the date line, while
cold anomalies inhibit convection west of the date line, hence
leading to the westward shift of convective and wind anoma-
lies during La Nifna compared to El Nino. Through a series of
idealized experiments with an atmospheric general circulation
model (AGCM) forced by opposite anomalous SST patterns,
Hoerling et al. (2001) demonstrated that atmospheric nonli-
nearities mostly matter for strong El Nifo events, while the
atmospheric response is predominantly linear for weaker
ENSO SST forcing. Forced and coupled model experiments
(Kang and Kug 2002) and a stability analysis applied to obser-
vationally derived products (Im et al. 2015) both indicate that
the nonlinearity of atmospheric convection plays a significant
role in ENSO asymmetry, through its control of the eastward
shift of El Nifo wind anomalies. The nonlinearity of the
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convective/rainfall response to SST also plays a key role in
the development of the strong east Pacific El Nifio events
(e.g., Takahashi and Dewitte 2016).

The above studies point out the key role of the nonlinear
rainfall response to SST for ENSO asymmetries. However,
only a few studies did attempt to identify the physical pro-
cesses behind this nonlinear rainfall response to SST from the
perspective of the water budget. Chung et al. (2014) and
Chung and Power (2014) did apply a vertically integrated
water budget analysis to idealized AGCM experiments forced
by El Nifno and La Nina patterns of varying amplitudes.
Terms of this vertically integrated water budget include the
influence of 1) circulation anomalies on the background
humidity (referred below as the dynamical term), 2) back-
ground circulation on humidity anomalies (referred below as
the thermodynamical term), and 3) anomalous circulation on
humidity anomalies (referred below as the mixed term). They
found that the dynamical term in general dominates ENSO-
induced moisture convergence, and its nonlinearity is respon-
sible for the eastward shift of El Nifo rainfall pattern relative
to that of La Nifa, with the nonlinear mixed term having a
smaller contribution. Using a similar modeling framework,
Chung and Power (2015) however demonstrated that, in addi-
tion to these atmospheric nonlinearities, differences between
the canonical and strong El Nifio SST patterns also contribute
to the asymmetrical ENSO rainfall response through changes
in the dynamical term of the vertically integrated water
budget.

These studies, based on atmospheric experiments with a
single AGCM, suggest that both atmospheric nonlinearities
related to the dynamical term and SST asymmetries contrib-
ute to the ENSO asymmetrical rainfall response, but do not
quantify their relative importance. In the present study, we
diagnose the contribution of atmospheric nonlinearities and
SST asymmetries to the ENSO asymmetrical precipitation
response in detail using a dataset more constrained by obser-
vations, namely the latest European Centre of Medium-
Range Forecast (ECMWEF) reanalysis (ERAS; Hersbach et al.
2020). We use a vertically integrated water budget approach
to derive an equation for precipitation anomalies as a function
of SST and surface layer divergence anomalies and their back-
ground seasonal cycle. This equation is used to separate pre-
cipitation anomalies into parts that linearly and nonlinearly
depend on SST anomalies. This allows diagnosing the relative
contribution of atmospheric nonlinearities and SST asymme-
tries to the ENSO asymmetrical precipitation response, as
well as identifying the associated physical processes.

The rest of the paper is organized as follows. Section 2
describes the methods and datasets. In section 3, we apply the
vertically integrated water budget to the climatological and
ENSO rainfall anomalies and discuss the dominant balance.
Based on these results, we derive a simple equation for pre-
cipitation anomalies in section 4. In section 5, we use that
equation to discuss the physical processes that contribute
to the asymmetrical ENSO rainfall response, as well as the
relative contribution of atmospheric nonlinearities and asym-
metrical SST forcing to this asymmetry. Finally, section 6 pro-
vides a summary and discusses our results.
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2. Datasets and methods

We use the latest version of European Centre for Medium-
Range Weather Forecasts (ECMWF) reanalysis (ERAS;
Hersbach et al. 2020) produced using 4D-Var data assimila-
tion and improved physical parameterizations (in particular
convection and microphysics). This dataset has a 0.5° X 0.5°
horizontal resolution and 137 hybrid sigma/pressure levels,
with the top level at 0.01 hPa. To investigate how SST modu-
lates the atmospheric water vapor budget, we use the follow-
ing monthly mean fields: SST, precipitation, evaporation
(two-dimensional fields at the surface level), specific humidity,
and zonal and meridional wind components (three-dimen-
sional fields on pressure levels). The three-dimensional hori-
zontal divergence used in our budgets is recomputed from the
zonal and meridional wind components. ERAS also provides
monthly averages of the vertically integrated horizontal mois-
ture convergence, which we used in combination with the
other monthly data to distinguish the low-frequency and high-
frequency scale variations contributions to the water vapor
budget calculation.

In addition, we use the following ancillary datasets for eval-
uation purposes: monthly mean Global Precipitation Clima-
tology Project (GPCP) (version 2.3; Adler et al. 2018) rainfall
(1979-2019), 10-m wind retrieved from the SeaWinds instru-
ment aboard the National Aeronautics and Space Adminis-
tration (NOAA) QuikSCAT satellite (1999-2009; Hoffman
and Leidner 2005), and surface-level relative humidity from
the Atmospheric Infrared Sounder (AIRS; Olsen et al. 2017)
satellite product (2005-19). In the following sections, the
monthly climatological seasonal cycle is computed over the
1979-2019 period except for Fig. 1, where the ERAS climatol-
ogy is computed over the longest period available for each
observational dataset. Since we focus on seasonal and longer
time scales typical of ENSO, a 3-month Hanning filter is sys-
tematically applied to all monthly mean fields.

Since our results are based on the ERAS dataset, let us
briefly evaluate this product. Nogueira (2020) showed that
this product is improved over ERA-Interim (herein ERA-I;
Dee et al. 2011) in the tropics, both in terms of bias, correla-
tion, and root-mean square error. Nogueira’s (2020) process-
based analysis points to an improved representation of the
moisture sinks and sources in the tropics, an important feature
for our budget analysis. He however also diagnosed an over-
estimated moisture-flux convergence in the tropics, leading to
excessive precipitation in ERAS. Figure 1 complements this
analysis by providing a qualitative evaluation of ERAS clima-
tological rainfall, surface circulation, and relative humidity in
the tropics against observationally derived estimates. Figures
la and 1b indicate that ERAS reproduces reasonably well the
main tropical rainfall bands such as the intertropical conver-
gence zone (ITCZ) and South Pacific convergence zone
(SPCZ), but tends to overestimate rainfall amount in those
areas (by ~30% on average for regions where GPCP climato-
logical rainfall estimate is >6 mm day™'; see Fig. 1c). ERA5
reproduces the surface circulation structure well (Figs. 1a,b)
but underestimates the surface wind convergence in rainy
areas (Fig. 2c). This suggests that the rainfall overestimation
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FIG. 1. Climatological precipitation (shading; mm day ') and
10-m winds (vectors; m s ') for (a) ERA5 and (b) observations.
Bias (i.e., ERA5 minus observed) of (c) precipitation (shading;
mm day ) and 10-m wind (vectors; m s 1), and (d) relative humi-
dity (shading; %). Observations used are GPCPv2.3 for precipita-
tion, QuikSCAT for winds, and AIRS for relative humidity. For
consistency, ERAS climatology is computed for the period over
which each observational dataset is available (1979-2019 for
GPCPv2.3,1999-2009 for Quik SCAT, and 2005-19 for AIRS).

is not attributable to circulation biases, but rather to biases in
the lower tropospheric water vapor content. Comparison of
ERAS surface relative humidity with that from AIRS con-
firms this hypothesis, pointing to a wet bias of up to 6% over
most of the three tropical basins (Fig. 1d). The overestimated
ERAS rainfall in rainy regions is thus likely linked to thermo-
dynamical rather than dynamical biases, as also suggested by
the analyses of Nogueira (2020). In the discussion section, we
will come back to the potential consequences of these biases
on our results. We do not show ENSO rainfall anomalies
from ERAS here, but will show later that they agree quite
closely with those from GPCP (Figs. 3 and 4).

We also compute El Niflo and La Nina composites using
NOAA’s operational definition for ENSO events (Trenberth
et al. 2020), based on the oceanic Nifio index (ONI). This
index corresponds to a 3-month running mean of SST anoma-
lies in the Nifio-3.4 region (5°N-5°S, 120°-170°W). Following
the NOAA methodology, we define an El Nifio (La Nifia)
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FIG. 2. Climatology of vertically integrated moisture budget
terms (mm day '): (a) precipitation, (b) evaporation, and (c) low-
frequency (Vi) and (d) high-frequency (Vi) components of the
vertically integrated moisture convergence (VIMC). Climatological
precipitation from (a) are overlaid as contours in (b)—(d). Here and
in the rest of the manuscript, the climatology is computed over
1979-2019. See Eq. (1) for ERAS vertically integrated moisture
budget: rainfall [in (a)] is equal to the sum of (b)-(d) plus negligible
terms (see text for details). Seasonal V anomalies have been bro-
ken down into contributions from low (~90 day and longer; see
text for details) and high frequencies (less than ~90 days).

event when this ONI exceeds (falls below) 0.5°C (—0.5°C)
during more than 5 consecutive months. We further consider
that an El Nifio is an “extreme” El Nifio when the ONI index
exceeds 2°C, while other El Nifio events are defined as moder-
ate. Based on the above criteria, 1982/83, 1997/98, and 2015/
16 fall in the extreme EI Nino events category; 1979/80, 1986/
87, 1987/88, 1991/92, 1994/95, 2002/03, 2004/05, 2006/07, 2009/
10, 2014/15, and 2018/19 are classified as moderate El Nifio
events; and 1980/81, 1983/84, 1984/85, 1985/86, 1988/89, 1995/
96, 1996/97, 1998/99, 1999/2000, 2000/01, 2005/06, 2007/08,
2008/09, 2010/11, 2011/12, 2016/17, and 2017/18 are classified
as La Nina events. Because we use the ERAS data product
and we do not detrend SST, two cold events (1980/81 and
1996/97) and one warm event (1979/80) that are slightly below
the threshold in NOAA’s classification become La Nina or El
Nifo events in our classification. We did verify that including
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or excluding these events when computing composites hardly
changes our results. When specifically wanting to highlight
general El Nifo versus La Nifia asymmetries, we merge
extreme and moderate El Nifo events into a single category
(e.g., Figs. 10 and 12). In Fig. 3, where we first present the
broad balance that explains both El Nifio and La Nifa rainfall
anomalies, we will simply perform an ENSO composite by
combining all three categories (applying a —1 weighting to La
Nina years).

3. The vertically integrated water budget

We use a vertically integrated water vapor budget to inves-
tigate the main processes that contribute to tropical rainfall.
We apply this budget to the total ERAS precipitation, before
investigating anomalies with respect to the climatological sea-
sonal cycle to understand the dominant balance that drive
ENSO precipitation anomalies. The vertically integrated
atmospheric water vapor budget equation for low-frequency
variations (the ( ) operator indicates a 3-month Hanning filter
applied to monthly mean values as described in section 2) can
be written as follows:

KW) (B~ P + (Vi) + 1), )

Equation (1) states that low-frequency filtered total atmo-
spheric column water vapor ((W)) has a source term associated
with surface evaporation ((E)), a sink term associated with pre-
cipitation ((P)), and a sink or source associated with vertically
integrated moisture convergence ({ Vo)) correspond to a resid-
ual associated with extra source and sink terms. Some of these
extra terms are physical (e.g., changes in cloud liquid and ice
water content) while others result from the assimilation incre-
ments that constrain ERAS water content to remain close to
the observed values. The storage d(W)/dt and residual terms
are at least one order of magnitude smaller than other terms in
Eq. (1), for climatology as well as for interannual anomalies,
and are thus neglected in the remaining of the paper.

In Eq. (2),

Viot) = — Vlrtv d, = —V1 " {v) + (v” ”)d
tot) = g qap gl (9) q )ap
~ Vie + Vi, (2)

(Vior) 1s estimated from the pressure integral between py =
1000 and p, = 300 hPa, g is the specific humidity, v is the hori-
zontal wind vector, and g is the gravitational acceleration.
Since we are mostly interested in ENSO, which is a low-
frequency signal, we further decompose V. into contribu-
tions from intraseasonal (Vi) and low-frequency (V) ¢ and
v components. The double prime (”) indicates deviations from
filtered values ( ). ERAS provides monthly average values for
the vertically integrated moisture convergence Viy: we thus
compute Vs from the filtered velocity v and specific humidity ¢
and obtain V}, as a residual. In the rest of the paper, we drop
the ( ) operator and all variables correspond to the monthly
mean to which the Hanning filter has been applied.
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FIG. 3. Composite map of the boreal winter [ie., December—February (DJF)] ENSO symmetrical anomalous
vertically integrated moisture budget terms (mm day '): (a) precipitation, (b) low-frequency components of the vertically
integrated moisture convergence Vy, (c) evaporation, and (d) high-frequency components of the vertically integrated
moisture convergence Vy. Observed precipitation anomalies are overlaid as thick contours in (a) and ERAS precipitation
anomalies from (a) are overlaid as thin contours in (b)—(d). The ENSO symmetrical composite is obtained as 12 X (El
Nino composite — La Nina composite). See section 2 for the years retained as El Nifio and La Nina events.

Figure 2 displays the long-term mean of the Eq. (1) domi-
nant terms. The subseasonal component of the vertically inte-
grated moisture convergence V¢ marginally contributes to
tropical large-scale precipitation (Fig. 2d) and can thus be
neglected. As a result, the climatological rainfall (Fig. 2a)
results from a balance between evaporation (Fig. 2b) and ver-
tically integrated moisture convergence associated with low-
frequency winds and humidity Vi (Fig. 2¢). The rainfall spa-
tial structure is mainly controlled by Vi (Fig. 2c) because E is
spatially homogeneous (Fig. 2b). Similarly, the rainfall sea-
sonal variations are determined by the V) variations, with
evaporation remaining almost constant throughout the clima-
tological seasonal cycle (not shown).

Let us now discuss the main rainfall balance associated with
ENSO. To do so, Figs. 3 and 4 respectively provide an ENSO
symmetric component composite and the averaged Nifio-3
and Nino-4 (see box boundaries in Fig. 3d) time series of the
dominant terms from Eq. (1) interannual anomalies [where a
prime (”) denotes anomalies with respect to the climatological
seasonal cycle]:

P =F +V,+ V. 3)

The composite of symmetrical ENSO rainfall anomalies
from ERAS5 match those from GPCP (colors and contours in
Fig. 3a) well, with wet anomalies between 10°S and 5°N in the
western and central Pacific corresponding to an equatorward
shift of the ITCZ and SPCZ, and dry anomalies under the
ITCZ and SPCZ poleward portions. The V¢ and evaporation
interannual anomalies only marginally contribute to symmetric
ENSO rainfall anomalies (Figs. 3c,d), which are almost entirely

controlled by the interannual anomalies of the low-frequency
vertically integrated moisture convergence: P’ ~ ~V|. Time
series of the water budget interannual anomalies (Fig. 4) further
support this balance, with a 0.93 (0.95) correlation and 0.5 (0.73)
mm day ! rms error over Nifio-3 (Nifio-4). It also indicates that
this balance holds both for El Nifio and La Nina events. This fig-
ure also shows that ERAS interannual anomalies closely follow
those from GPCP, both during El Nifo and La Nifa events,
confirming that ERAS can confidently be used to study ENSO
rainfall asymmetry.

This section demonstrated that the low-frequency vertically
integrated moisture convergence plays a key role in the large-
scale rainfall distribution, as hypothesized by Neelin and Held
(1987). It controls the climatological rainfall spatial pattern
and seasonal cycle, with an offset associated with the almost
constant evaporation rate. ENSO-related interannual rainfall
anomalies are controlled by the low-frequency vertically inte-
grated moisture convergence, with evaporation interannual
anomalies playing a negligible role. This matches the results
from previous moisture budget analyses in the tropical
regions (e.g., Rao et al. 1998). Hence, the tropical precipita-
tion anomalies can be approximated as low-frequency verti-
cally integrated moisture convergence anomalies.

4. Precipitation as a function of surface properties

We follow ideas similar to Neelin and Held (1987) and Yu
and Neelin (1997) to relate the tropical precipitation to SST.
These authors developed an analytical framework that indi-
cates that the vertically integrated moisture convergence due
to low frequencies should be proportional to near-surface
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FIG. 4. Time series of interannual anomalies of the ERAS vertically integrated moisture budget
terms (mm day~'): precipitation (red), evaporation (green), low-frequency components of the vertically
integrated moisture convergence Vy (blue), and high-frequency components of the vertically integrated
moisture convergence Vj,r (magenta) averaged over (a) Nifo-3 and (b) Nifio-4 regions. Observed pre-
cipitation anomalies are plotted as solid black line. The correlation and root-mean-square error of each
curve relative to the ERA-S interannual rainfall anomalies are indicated above each panel.

divergence [Eq. (4.1) in Yu and Neelin (1997)], with a “gross
moisture stratification” proportionality coefficient, which
strongly depends on SST (Yu et al. 1998). Some authors have
pointed out the use of a single vertical profile is not appropri-
ate to describe the atmospheric divergence and humidity vari-
ability in regions such as the ITCZ (e.g., Back and Bretherton
2006), where changes in vertical profiles respond locally not
only to SST but also to large-scale reconfigurations of the
atmospheric circulation (e.g., Huaman and Schumacher
2018). As we will show later, this approach allows us to derive
a rainfall equation that performs very well in the Nifio-3 and
Nifio -4 regions, which are most relevant for discussing ENSO
variability. Readers can refer to appendix A for a simplified
derivation of such a relation, but we briefly summarize the
salient steps here. Vertically integrated humidity advection is
generally weak in the tropics (not shown). Figure 5 shows cli-
matological profiles of moisture, divergence, and moisture
divergence in Nino-3 and Nifno-4, as well as the typical vertical
structure of ENSO-related signals (obtained through regres-
sion on normalized Nino-3.4 SST anomalies). Because of
the colder temperature at upper levels and the Clausius—
Clapeyron relationship, specific humidity decays roughly
exponentially with height (Fig. 5a). As a result, most of the
moisture convergence/divergence largely occurs within the
1000-850-hPa layer (Fig. 5c). While ENSO-related moisture
signals extend above 850 hPa (Fig. 5d), most of the ENSO
divergence anomalies occur in the lower 1000-850-hPa layer
(Fig. Se), and so does ENSO moisture divergence (Fig. 5f).

Overall, one thus expects 1000-850-hPa divergence anomalies
to play a strong role in controlling both the total Vi [Eq. (4.1)
of Yu and Neelin 1997] and its interannual anomalies, due to
weighting by the large near-surface humidity.

Figure 6 assesses the relation between V) and the SST-
dependent “gross moisture stratification” proposed by Yu
and Neelin (1997) and Yu et al. (1998). To that end, we have
binned Vi as a function of near-surface (1000-850-hPa aver-
age) convergence and SST (Fig. 6a). This figure confirms that
V¢ is to the first order a linear function of convergence,
although some saturation appears for divergent surface circu-
lations (we will come back to this in the discussion section).
Given this relationship, Vs can be approximated as

Vlf =V = —m(T)(d - d()), (4)

with the average 1000-850-hPa divergence denoted as d;
do~ —0.2 dayfl. The d, term needs to be accounted for when
using Eq. (4) to recompute the total rainfall but can be
neglected when applying this equation to ENSO rainfall
anomalies (not shown); we will nonetheless retain it in the
rest of the paper. The SST-dependent gross moisture stratifi-
cation m(7T) (with SST denoted as T) can be obtained as the
slope of the various curves ion Fig. 6a, and is displayed in red
in Fig. 6b. It can be fitted as m(T) = mgePT=T0) (black curve
in Fig. 6b) where T, = 25°C, B = 0.28°C™ !, and my = 9 mm.
As detailed in appendix A, one expects m to increase expo-
nentially with SST at a 0.07°C™! e-folding rate, due to
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FIG. 5. Vertical profiles of climatological (a) specific humidity (g kg™ 1), (b) divergence (day ), and (c) moisture divergence (g kg™ ! day ™)
averaged over Nifio-3 (black curve) and Nifio-4 (red curve) regions. (d) Specific humidity (g kg™ ' °C™"), (e) divergence (day ' °C™'), and
(f) moisture divergence (g kg~ * day ' °C™!) interannual anomalies regressed on normalized Nifio-3.4 SST anomalies for both Nifio-3 (black
curve) and Nifio-4 (red curve) regions. The thin dashed line on each panel indicates the upper boundary of what we assume to be the boundary

layer (1000850 hPa).

Clausius—Clapeyron (the saturation humidity increase sup-
ported by the underlying high SSTs). The much larger
0.28°C~! e-folding rate of m(T) is related to the SST-depen-
dent vertical atmospheric structure (see appendix A).

By linearizing d and T into their climatological seasonal
cycle (overbar) and anomalies (’), and recalling that P’ = V|,
Eq. (4) leads to the following expression for interannual rain-
fall anomalies (see appendix B for details):

P ~PAT,d, T, d)

-m(T)|_ &
—
DYN

+Bld —do)T" + B(T'd)|.  (5)

THD MIX

A physical interpretation of the above equation follows.
The —m(T) in front of the equation represents the effect of
the background humidity profile g. It translates the fact that a
given divergence anomaly produces a much larger precipita-
tion response at high background SST, due to the combined
effect of Clausius—Clapeyron and a thicker moist layer. The
first term within the bracket translates the fact that a diver-
gence anomaly d’ contributes to rainfall through its influence
on the moisture convergence. We will call —m(T)d’ the
“dynamical contribution” to rainfall DYN [as, e.g., in Chung
et al. (2014)], corresponding to the effect of the anomalous
circulation d’ on the background humidity profile g. The sec-
ond term is often referred to as the “thermodynamical
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FIG. 6. (a) Low-frequency components of the vertically integrated moisture convergence Vj as a function of
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details).

contribution” to rainfall, THD, corresponding to the effect of
the background divergence d on the anomalous humidity pro-
file ¢’ [represented by the —m(T)BT" term]. Second-order
contributions to this term are negligible and were dropped
(see appendix B for details). The B(7"d’)’ term is also second
order, but cannot be neglected (see appendix B for details). It
is the mixed dynamic-thermodynamical contribution, MIX,
corresponding to the effect of the anomalous divergence d’
on the anomalous humidity profile ¢’ [represented by the
—m(T)BT" term]. As we will see later, this nonlinear term
plays an important role in the generation of rainfall asymme-
tries between El Nifo and La Nifa events. The nonlinearity
in the 7"d’ term implies that it does not average to zero, and
its anomaly is thus written as (7'd’)’: the —m(T)BT’d’ term
represents the ENSO contribution to climatological rainfall
due to nonlinearities. While this contribution is small relative
to the two dominant components of the climatological P bud-
get Vir and E seen in Fig. 2 (not shown) it cannot be neglected
in the MIX term: it would otherwise introduce a positive bias
in the MIX term skewness, which would be an issue when
evaluating the contribution of this term to ENSO rainfall
anomalies asymmetries.

Figure 7 assesses the ability of Eq. (5) to reproduce ERAS
precipitation anomalies in Nifio-3 and Nifio-4. The P° formula
above matches the observed precipitation interannual anoma-
lies almost perfectly, with a 0.98 (0.96) correlation and
0.37 (0.64) mm day ™' rms difference over the Nifio-3 (Nifio-4)
region. The amplitude asymmetries between El Nifio and La
Nina in Nifio-3 and Nifio-4, with larger rainfall anomalies dur-
ing El Nifio events, are in particular very well reproduced by
our P° equation (Fig. 7).

To further test the ability of P’ to reproduce the ENSO
rainfall anomalies and the asymmetries between El Nifio and
La Nina, Fig. 8 shows the symmetrical and asymmetrical

components of ENSO composite rainfall anomalies from
GPCP, ERAS, and our P° estimate. Those symmetrical and
asymmetrical components are respectively obtained as the
half-difference and half-sum of the El Nifo (including both
moderate and extreme events) and La Nina composites, as
defined in section 2. The first thing to note is that the GPCP
and ERAS ENSO rainfall anomalies match quite well, both
for the symmetric and asymmetric components. In fact, P°
can also reproduce the ENSO composite symmetrical rainfall
pattern very well (Figs. 8b,c), despite a slight overestimate of
the signal in the central Pacific and south of the ITCZ (see
appendix B for a discussion of the error sources). The agree-
ment is even more convincing for the ENSO rainfall asym-
metrical component (Figs. 8e,f). Equation (5) thus reproduces
the symmetrical and asymmetrical ENSO rainfall signal very
well. In the following section, we will thus use Eq. (5) to diag-
nose the various physical contributions to ENSO-related rain-
fall anomalies P’ and their asymmetries between El Nifio and
La Nifa.

5. Mechanisms of the El Nifo-La Niina precipitation
asymmetries

Eliminating d’ from Eq. (5) would yield a formula of P’ as
a function of 7" only. This would require a formula of d’ as a
function of P’ through nonlocal Matsuno-Gill dynamics (e.g.,
Gill 1980), and as a function of 7" through its direct action on
the boundary layer horizontal pressure gradients (Lindzen
and Nigam 1987). We will discuss this perspective in section 6,
but this is beyond the goal of the present article, whose main
goal is to identify nonlinearities in the P’ dependency on SST
anomalies 77, so that we can quantify the relative role of these
nonlinearities and of asymmetries in the anomalous SST forc-
ing in the overall P’ asymmetry. We will thus use a statistical
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FIG. 7. Time series of average ERAS precipitation anomalies (P’; black curve; mm day ') and
PP [Eq. (5); red curve] analytical relation over the (a) Nifio-3 and (b) Nifio-4 regions. The blue
curve shows the MIX contribution of P° from Eq. (7).

approach to split d’ into a part that is linearly dependent on
SST and a residual that contains nonlinearities. There is
indeed an implicit nonlinearity in the dynamical term d’. As
demonstrated by the results of Chung et al. (2014) and Chung
and Power (2014), the divergence anomaly d’ is indeed not a
linear response to SST anomalies, in particular due to the con-
vergence feedback (e.g., Zebiak 1986). We thus separate the
linear and nonlinear components of the divergence anomalies
d’ as follows. Previous studies have shown that most of
ENSO-related SST variance can be explained from two
orthogonal normalized indices of the eastern and central
Pacific events E and C (Fig. 9a; Takahashi et al. 2011),
deduced from a rotation of the two leading EOFs of the tropi-
cal Pacific SST anomalies. Dommenget et al. (2013) showed
that these two indices can be used to summarize both the
amplitude and pattern asymmetries associated with ENSO
SST anomalies. Mayer et al. (2013) further demonstrated that
ENSO-related Vi (or equivalently, precipitation or diver-
gence) anomalies could also be summarized using these two
uncorrelated indices. We thus obtain the linear part of the
divergence response to SST as

dy = dp(x,y)E(0) + dc(x,y)C(), (6)

where dg (dc) is obtained from the regression of d’ on the
E(C) index (Figs. 9b,c). Figures 9b and 9c show that the diver-
gence anomalies associated with the E pattern are unsurpris-
ingly shifted east relative to those associated with the C
pattern, and that both patterns are associated with a dipole
corresponding to a meridional shift of the ITCZ. Figure 9e
shows the central-western Pacific (red box on Fig. 9c) average
d’ as a function of the C index, and its linear fit remains sys-
tematically within the interquartile distribution (Fig. 9e),

indicating a relatively linear response of divergence around
the date line to the C index. Farther east (from the date line
to 110°E; see black box in Fig. 9b), the divergence deviates
significantly from its linear fit for large positive values of E,
highlighting a nonlinear divergence response to SST in the
central Pacific for large El Nifio events as already discussed
by Takahashi and Dewitte (2016). We obtain the nonlinear
contribution to the divergence as d}; = d’ — dj, which allows
us to split the dynamical term of Eq. (5) into a linear and a
nonlinear contribution (refer to section 6b for a discussion of
approximations related to this separation):

PT,d,7,d)~-mT)| & + d,
S~— S~—
DYN; DYN,
+ Bld — do)T" + B(T’d’ — T'd")|. (7)
pa=d)l TR d T el

THD MIX

The main contributors to ENSO rainfall anomalies are dis-
played on Fig. 10, which contrasts composites of P’ and its
four contributors [RHS of Eq. (7)] during the peak phase
(December-February average) of El Nino and La Nifia events
(note that for this analysis the El Nifio composite includes
both moderate and extreme El Nino events; we will discuss
extreme El Niflo events separately below). The largest con-
tributor to the overall ENSO rainfall anomaly is the linear
component of the dynamical feedback DYN; (Figs. 10c,i).
Positive SST anomalies are indeed generally associated with
an enhanced low-level horizontal convergence, yielding stron-
ger rainfall and vice versa. As expected from Eq. (7), the
effect of the divergence anomalies is modulated by the back-
ground humidity profile m(T), yielding a much stronger
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rainfall response at high SST, for instance in the central
Pacific (Figs. 10c,i).

Nonlinear contributions to the dynamical feedback (DYNy)
generally tend to strengthen the linear component, especially in
the central Pacific where the ENSO rainfall anomalies are largest
(Figs. 10d.j). This agrees with Zebiak (1986), who underlined the
contribution of the convergence feedback in the central Pacific.
The thermodynamical effect also tends to strengthen the dynam-
ical effects (Figs. 10e.k). Warm SST anomalies indeed not only
generate anomalous low-level convergence, but also tend to
warm and moisten the lower troposphere, leading to enhanced
rainfall. This thermodynamical effect is also enhanced in high
background SST and convergence regions, due to the m(T) and
d — dy terms in Eq. (6).

While the linear and nonlinear dynamical terms and the
thermodynamical term all tend to combine constructively to
produce the La Nifia and El Nifio rainfall patterns, the nonlin-
ear MIX —m(T)B(T"d’)’ term has a more distinct spatial pat-
tern. Figure 11 allows us to understand how this spatial
pattern emerges, by separately showing its —m(T)BT"d’
El Nifio and La Nina composites, and the constant contribu-
tion to this term —m(T)BT’d’ . As explained earlier, this cons-
tant contribution is required to ensure that the MIX long
term mean is zero: it corresponds to ENSO contribution to
the mean state rainfall through atmospheric nonlinearities, of
up to 2 mm day ! just east of the date line (Fig. 11c; 12% of
the Nifio-4 DJF rainfall).

The terms 7" and d’ are negatively correlated, because
anomalous convergence tends to occur over warm anomalies
and divergence over cold ones. The —m(T)BT"d’ term is thus

almost always positive, during both El Nifio and La Nifa
(Figs. 11a,b). Physically, it can be explained as follows: the
positive low-level convergence and specific humidity combine
to produce a stronger moisture convergence over warm
anomalies. On the other hand, over cold anomalies, the dry-
ing effect of the divergence anomaly is made less efficient by
the lower humidity loading in the lower troposphere. The
~20° longitude (2000 km) westward shift of 77 and d’ during
La Nifa relative to El Nifo (Figs. 10a,g) also induces a west-
ward shift of —m(T)BT"d’ (Figs. 11a,b). When subtracting
the —m(T)BT’d’ contribution displayed in Fig. 1lc, this
explains why the MIX term becomes slightly negative in the
western Pacific during El Nifio events (Fig. 10f) and in the
central Pacific during La Nifa events (Fig. 101).

But overall, the main effect of the MIX term is to enhance
rainfall in the central and eastern Pacific during El Nifo
events, east of the maximum positive rainfall anomalies
(Fig. 10f). During La Nifia events, the MIX term is also posi-
tive in the western Pacific, where the dry anomalies tend
to be maximum (Fig. 101). This term thus acts to enhance
El Nifno wet and reduce La Nifia dry rainfall anomalies
(Fig. 7). This is therefore an important term contributing
to the rainfall amplitude asymmetry between El Nino and
La Nifia.

Figure 12 displays the composite ENSO symmetrical and
asymmetrical components of the Eq. (7) rainfall budget. The
symmetrical component confirms that the linear DYN term
dominates the budget, that the nonlinear DYN term (DYN,)
enhances the effect of the linear term in the central Pacific,
and that the thermodynamical term THD operates mostly
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quartiles in green and blue) of the average central Pacific [black box in (b)] divergence anomalies binned as a function
of the E index. (e) As in (d) but for central-western [red box in (c)] divergence anomalies as a function of the C index.

under the ITCZ and SPCZ (Figs. 12b—¢). This analysis also
indicates that the MIX term is a key source of atmospheric
nonlinearity that contributes to El Nifio—-induced wet anoma-
lies, but offsets La Nina—induced rainfall anomalies in the cen-
tral Pacific (Fig. 121). While the MIX term mainly contributes
to the central-eastern Pacific skewed ENSO rainfall distribu-
tion, the thermodynamical term and both the linear and non-
linear dynamical terms all contribute to the westward La Nina
pattern shift (Figs. 12h-k).

As discussed in the introduction, atmospheric nonlinearities
and the westward shift of the La Nina SST pattern relative to
that of El Nifio both contribute to the ENSO asymmetrical
rainfall response. Below, we estimate the contribution of each
of these factors to the overall ENSO asymmetrical precipita-
tion response. The asymmetrical component of the ENSO
rainfall can be approximated (see appendix C for a full

derivation; letter a subscripts indicate the asymmetrical and
letter s the symmetrical components) as shown below:

PO —

0 = —m(T)|Bld — do)T,, + dj,
—_—_—

SST forcing

+ dy, + BT, + T, - TT)|. ®)

Atmospheric nonlinearity

The terms dj, and d};, designate the linear and nonlinear
components of the divergence anomaly response to the SST
forcing 77, obtained through Eq. (6) and its residual. The first
two terms in the brackets of the RHS of Eq. (8) linearly
depend on T7: they represent the part of rainfall anomalies
that are directly forced by SST asymmetries. The remaining
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day™ 1), (b) P° (shading; mm day '), and of various P° budget terms [see Eq. (7)]: (c) linear (DYN,) and (d) nonlinear
dynamical (DYN,,) terms, (e) thermodynamical (THD) term, and (f) mixed dynamical-thermodynamical (MIX)
term. (g)—(1) As in (a)—(f), but for La Nifia. The P’ composites (mm day ') for El Nifio and La Nifia events are respec-
tively displayed as contours in (b)—(f) and (h)—(1). The El Nifio composites on this figure include both moderate and

extreme El Nifio events.

terms in Eq. (8) are nonlinear. These terms include a contri-
bution from asymmetrical signals, for instance the d/, T}, con-
tribution from the MIX term. In practice, this contribution is
small (not shown), because d/, and 7/, are much smaller than
their symmetrical counterparts (see Figs. 12a,g). We will thus
consider that this term mainly represents the effect of atmo-
spheric nonlinearities.

The first two terms of Eq. (8) are thus summed and repre-
sent the part of the ENSO rainfall asymmetrical response
(Fig. 13a) that is forced by the asymmetrical SST pattern
(Fig. 13b), while the last two terms (Fig. 13c) represent the
effect of atmospheric nonlinearities. The ENSO rainfall asym-
metrical component (Fig. 13a) displays a clear dipole pattern,

with positive anomalies in the central and eastern Pacific and
negative anomalies in the western Pacific and under the
ITCZ. Positive values in the central Pacific indicate that El
Nino wet anomalies are larger than La Nifia dry anomalies in
this region (also see Figs. 10b,h). Negative values west of the
date line correspond to the westward extension of the La
Nina dry anomalies related to the El Nifio wet anomalies
(also see Figs. 10b,h). Table 1 allows us to quantify the atmo-
spheric nonlinearities and SST contributions to the ENSO
rainfall asymmetries in the central and eastern (175°E-90°W,
5°N-5°S) and western Pacific (145°-175°E, 5°N-5°S; see boxes
in Fig. 13). Our decomposition indicates that the larger-
amplitude rainfall anomalies associated with El Nifno in the
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central and eastern Pacific can mainly be attributed to atmo-
spheric nonlinearities (~70%; Table 1, Figs. 13a,c). On the other
hand, the westward extension of La Nifia dry anomalies into the
western Pacific has ~50% contributions from the SST forcing
asymmetry and the internal atmospheric nonlinearities.

In the above analysis, we simply considered the overall
asymmetries between El Nifio and La Nifia but did not specif-
ically discuss extreme El Nifio events. Takahashi and Dewitte
(2016) suggested that atmospheric convective nonlinearities
play a key role in generating intense rainfall anomalies in the
equatorial eastern Pacific during these strong El Nifio events.
Figure 7 confirms that: the MIX term becomes nonnegligible
in the Nifo-3 region during each of the three extreme El Nifio
events in the record (1982/83, 1997/98, and 2015/16). Figure 14
provides a composite evolution of the various terms of the
atmospheric water budget in Nifio-3 during extreme El Nifio
events based on Eq. (7). We do not show moderate El Nifio
or La Nina events composites, for which anomalies over the
eastern equatorial Pacific are weak. On the other hand, wet
anomalies of up to 7 mm day~! occur in the Nifio-3 region at
the peak of extreme El Nino events (Fig. 14a). The two larg-
est contributors to the El Nifio peak rainfall anomalies are the
mixed MIX and linear dynamical DYN; terms. The mixed
term accounts for ~40% of the DJF Nifio-3 rainfall (Fig. 14a),
confirming that internal atmospheric nonlinearities related to
the anomalous transport of anomalous moisture play a key
role in the generation of the extreme El Nifio large eastern
Pacific rainfall anomalies. When also considering nonlinear-
ities associated with the dynamical term (blue DYNy,; curve,
accounting for 13%), nonlinearities associated with the deep
atmospheric convection contribute to about 50% of the
December—February eastern Pacific rainfall anomaly during
extreme El Nifio events.

In this section, we have demonstrated that the nonlinear
moisture transport plays a key role in the rainfall asymmetry
between El Nifio and La Nifa in the central and eastern
Pacific, being a large term in the eastern Pacific anomalous
moisture budget during extreme El Nifos (~40% of the total
rainfall anomaly; Fig. 14a). Overall, atmospheric nonlinear-
ities contribute to about 70% of the larger El Nifio than La
Nina wet anomalies in the central and eastern Pacific, and to
about half of larger La Nina than El Nino dry anomalies in
the western Pacific (Fig. 13 and Table 1).

6. Summary and discussion
a. Summary

It is important to understand the asymmetrical rainfall
response to ENSO, because it appears to play a strong
role in ENSO overall asymmetries, the development of
extreme El Nifio events (e.g., Kang and Kug 2002; Frauen
and Dommenget 2010; Im et al. 2015; Takahashi and
Dewitte 2016; Geng et al. 2019) and how the mean state
and ENSO respond to anthropogenic climate change (e.g.,
Power et al. 2013; Karamperidou et al. 2017; Cai et al.
2018). In the present study, we assess the respective contri-
bution of SST asymmetrical forcing and atmospheric nonli-
nearities on the asymmetrical rainfall response to ENSO
based on a vertically integrated water budget applied to the
ERAS reanalysis (Hersbach et al. 2020).

We first show that interannual rainfall anomalies are domi-
nated by interannual variations of the vertically integrated
moisture convergence (VIMC), and that subseasonal winds
and humidity variations hardly contribute to this term, which
can thus be computed from seasonally averaged quantities.
Following ideas developed by Neelin and Held (1987) and
Yu and Neelin (1997, 1998), we then derive a simplified equa-
tion for VIMC, under the form of a SST-dependent “gross
moisture stratification” multiplied by the boundary layer
(taken as the 850-1000-hPa average) divergence. Gross
moisture stratification can be approximated from an expo-
nential of SST, with an e-folding scale of 0.28 K~'. This
value is considerably larger than the 0.07 K™! expected
from the Clausius—Clapeyron relation, because the vertical
structure of divergence and humidity is SST dependent and
leads to a larger VIMC for a given surface divergence value
at high SST and hence much larger ENSO rainfall anomalies
per unit of divergence anomaly at high background SST.
The specific nature of this dependence will be analyzed in a
subsequent study.

The above relation allows deriving a simple and realistic
equation for rainfall interannual anomalies as a function of
SST and boundary layer divergence background state and
anomalies. Its analysis reveals that climatological moisture
transport by the anomalous circulation (i.e., “dynamical”
contribution) contributes most to ENSO rainfall anomalies,
reinforced by transport of anomalous moisture by the
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FIG. 12. Average DJF of the ENSO composite (left) symmetrical [obtained from Fig. 10 as (Nifio — Nifia)/2] and
(right) asymmetrical [obtained from Fig. 10 as (Nifio + Nifa)/2] anomalies. (a),(g) SST (7”; shading; °C) and diver-
gence (d’; contours; day '), (b),(h) P° (shading; mm day ), and of various P° budget terms [see Eq. (7)]: (c),(i) linear
(DYN)) and (d),(j) nonlinear dynamical (DYN,,) terms, (e),(k) the thermodynamical (THD) term, and (f),(1) the

mixed dynamical-thermodynamical (MIX) term.

climatological circulation (the linear “thermodynamical” contri-
bution). A major source of amplitude asymmetry arises from
atmospheric nonlinearities, especially the transport of anomalous
moisture by the anomalous circulation (i.e., the “mixed” term).
Being positive for both El Niflo and La Nifia, it strengthens El
Nifio rainfall anomalies and weakens La Nifla anomalies. This
term in particular contributes to about 40% of the eastern Pacific
wet anomalies during the peak of extreme El Nifio events. Non-
linearities in the circulation response to SST anomalies also
contribute to asymmetries through a nonlinear contribution
to the dynamical term. Together, these atmospheric nonli-
nearities contribute to about 70% of the ENSO positively
skewed rainfall anomalies in the central and eastern Pacific

and about 50% of the negatively skewed rainfall anomalies
in the western Pacific.

b. Discussion

Most of the assumptions made when deriving the P° equa-
tion are accurate, as can be testified by the very good agree-
ment between this estimate and the actual rainfall interannual
anomalies (Figs. 7, 8). A more questionable assumption,
though, is related to the separation of divergence anomalies
d’ into a linearly and nonlinearly dependent part on SST
anomalies, based on the projection on E and C indices
[Eq. (6)]. Previous studies (e.g., Takahashi and Dewitte 2016)
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FIG. 13. Average DJF of the ENSO asymmetrical (a) P° (shading;
mm day ') and P’ (contour; mm day ') components and its con-
tributions due to (b) the asymmetrical SST forcing (with the con-
tours indicating the SST anomalies) and (c¢) atmospheric nonli-
nearities [see Eq. (8)]. The asymmetrical ENSO component is
defined as the half sum of El Nifio (including both moderate and
extreme events) and La Nifla composite anomalies. The central-
eastern Pacific (CEP; 175°E-90°W, 5°N-5°S) and western Pacific
(WP; 145°-175°E, 5°N-5°S) boxes are used to provide the average
values in Table 1.

have pointed out that the central-eastern Pacific regime
change between the effects from the stable (Lindzen and
Nigam 1987) and convective (Gill 1980) mechanisms for gen-
erating divergence occurs beyond some positive SST anomaly

TABLE 1. Average P° ENSO asymmetrical components in the
central eastern Pacific (CEP; 175°E-90°W, 5°N-5°S) and western
Pacific (WP; 145°-175°E, 5°N-5°S) boxes (see Fig. 13), and
contributions from the SST asymmetrical forcing and atmospheric
nonlinearities [cf. Eq. (8)].

Atmospheric

P° asymmetry SST nonlinear

(mm) contribution (%)  contribution (%)
CEP 0.42 30 70
WP —0.43 53 47
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FIG. 14. Extreme El Nifio composite life cycle averaged over the
Nifo-3 region for (a) the ERAS5 interannual anomalies P’ (black
dashed curve), P° [from Eq. (7), black curve], and its contributors
(mm day~')—linear (DYNj; red) and nonlinear dynamical (DYN,;
blue) terms, the thermodynamical (THD; green) term, and the
mixed dynamical-thermodynamical (MIX; magenta) term—and
(b) SST anomalies.

threshold (corresponding to the E = 1 value in Fig. 9d). We
should thus in principle have performed separate regressions
over the range covered by each regime. From a practical per-
spective, however, a piecewise linear regression and the linear
fit for E <1 are very similar, hence justifying our approximate
method for estimating d,. In addition, independent results
from AGCM sensitivity experiments to be reported in a
future study give very similar estimates of the partition of the
rainfall asymmetrical response into atmospheric nonlinearities
and the SST asymmetrical forcing to those of Fig. 13 based on
our analytical approach (not shown). We hence believe that
our estimates of the direct role of atmospheric nonlinearities
for generating ENSO rainfall asymmetries are reasonably
robust.

Let us now discuss our main results against those obtained
by previous studies. By examining the tropical water budget
in the NCEP reanalysis, Rao et al. (1998) did show that verti-
cally integrated moisture convergence dominates ENSO-
related interannual variations, in agreement with our results.
Other studies did use a modeling approach to study ENSO
rainfall asymmetries. Hoerling et al. (1997) seminal work indi-
cates that El Nino-La Nina rainfall asymmetries can be quali-
tatively reproduced by forcing an AGCM with an El Nifio
and La Nifa opposite SST patterns, interpreting this as
ENSO asymmetrical rainfall response being largely a conse-
quence of the nonlinear atmospheric processes related to the
threshold response of convection to SST. Both our study and
that of Chung and Power (2015) indicate that differences
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between the moderate and strong El Nifio SST patterns also
contribute to the asymmetrical ENSO rainfall. Our study fur-
ther points to a ~50% (when accounting for both the MIX
and DYN,, terms) effect of atmospheric nonlinearities for the
large eastern Pacific rainfall response to extreme El Nifio
events in agreement with Takahashi and Dewitte (2016).

Chung et al. (2014) and Chung and Power (2014) also inves-
tigated the dominant terms and nonlinearities in the ENSO
water budget, but through the use of idealized AGCM expe-
riments. In agreement with our results, they found that
the “dynamical” term dominates the symmetrical rainfall
response. It is difficult to compare our estimate of nonlinear-
ities with theirs, based on forcing an AGCM with a varying-
amplitude El Nifio or La Nina SST pattern, but their results
indicate equivalent contributions of the dynamical and mixed
terms to nonlinearities [see Fig. 4 of Chung and Power (2014)
and Fig. 5 of Chung et al. (2014)], while we find a stronger
role of the mixed term. This suggests that the nonlinearity of
the circulation response to the SST forcing, which plays an
important role in the dynamical term, is probably quite sensi-
tive to the convective parameterization in the AGCM.

It is difficult to assess which of our results from ERAS5
budgets or Chung et al.’s (2014) AGCM experiments is more
trustworthy. As we pointed out earlier, ERAS tends to have
too strong rainfall under the ITCZ and SPCZ, relative to
GPCP (Nogueira 2020). While this may cast doubt on our
water budget, we remark that this rainfall overestimation
mostly concerns the mean seasonal cycle, and that the ENSO
rainfall interannual variations are very well reproduced by
ERAS5 (Figs. 3 and 4). In addition, the atmospheric circulation
is also constrained by data in ERAS, which may result in a
better estimate of the VIMC. But using a data assimilation
product for a budget study is not necessarily bulletproof, as
data assimilation introduces extra source and sink terms in
order to constrain the solution to remain close to observa-
tional estimates. This is apparently not the case here, where
the residual from the water budget (which includes the assimi-
lation increments) makes very little contribution to the overall
moisture balance. Overall, more ENSO water budget studies
based on other datasets and models (e.g., the Coupled Model
Intercomparison Project database) may be needed to ascer-
tain the dominant nonlinearity in the rainfall response to
ENSO.

While we have focused on the role of atmospheric nonli-
nearities, many studies also point to oceanic nonlinear pro-
cesses that could also contribute to ENSO asymmetries. The
advection of ENSO ocean temperature anomalies by anoma-
lous currents, also referred to as nonlinear dynamic heating,
warms central to eastern Pacific SST, through both its vertical
(Zebiak and Cane 1987; An and Jin 2004) and horizontal
components (Su et al. 2010), hence strengthening El Nifio but
weakening La Nifa events. The advection of heat associated
with tropical instability waves (TIWs) can also contribute to
ENSO asymmetries (An 2008; Xue et al. 2020). There is cur-
rently no clear consensus on which of these oceanic nonlinear-
ities and atmospheric nonlinearities dominate the overall
ENSO asymmetry, as the impacts of these asymmetries have
generally been studied separately.
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Our results indicate a weaker role of SST asymmetries than
of atmospheric nonlinearities in ENSO rainfall anomalies.
Given the coupled nature of ENSO, it is more relevant to dis-
cuss ENSO asymmetries in terms of the respective roles of
oceanic and atmospheric processes. Several studies (e.g.,
Frauen and Dommenget 2010; Geng et al. 2019; Takahashi
et al. 2019) indeed argue that the ENSO SST asymmetries are
themselves largely be the result of the convective nonlinearity
through the air—sea feedback loop. Our estimates of the atmo-
spheric nonlinearities to the ENSO rainfall asymmetries are
thus likely a lower bound. In a future study, we will present a
diagnostic approach that attempts to quantify the relative
effects of the oceanic and atmospheric nonlinearities on the
overall ENSO asymmetry.

Neelin and Held (1987) proposed a nonlinear equation for
rainfall as a function of SST. This equation was however diffi-
cult to use due to the lack of observational constraints on
most of the terms, in particular atmospheric stability and heat
fluxes through the atmosphere. Our study confirms the main
assumptions made in Neelin and Held (1987) and Yu and
Neelin (1997), namely that vertically integrated moisture con-
vergence dominates rainfall variability, and that vertically
integrated moisture convergence is strongly related to the sur-
face convergence through gross moisture stratification, which
strongly increases at high SST. The gross moisture stratifica-
tion approach can however yield large errors in regions such
as the ITCZ or SPCZ (see, e.g., Back and Bretherton 2006).
However, when applying this approach to rainfall anomalies
rather than to the total rainfall, our work indicates that
these errors tend to be cancelled by those associated with
the Taylor expansion truncation when deriving Eq. (5) (see
appendix B). This explains why the gross moisture stratifi-
cation approach works so well for interannual anomalies
(Fig. 8). A perspective of this work is thus to obtain an eas-
ily usable equation for rainfall interannual anomalies as a
function of SST anomalies only [i.e., to eliminate the diver-
gence anomalies from Eq. (5)]. The main difficulty is thus
to express those divergence anomalies as a function of rain-
fall anomalies through Matsuno—Gill dynamics (e.g., Gill
1980), and/or as a function of 7” through its direct action on
the boundary layer horizontal pressure gradients (Lindzen
and Nigam 1987). While the study of Neelin and Held
(1987) offers some guidance, the functional form of the
atmospheric stability, convective heating and radiative
cooling dependence on SST still needs to be investigated
in order to provide an easily usable equation that can be fit-
ted to observations or models. We will pursue this in the
future.
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APPENDIX A

Relation between Vertically Integrated Moisture
Convergence and Surface Properties

This appendix contains a simplified derivation of the rela-
tion between the vertically integrated moisture flux conver-
gence (VIMC, denoted here as V) and surface properties
obtained by Neelin and Held (1987) and Yu and Neelin
(1997), using the same approximations. The term V can be
computed from the vertical integral of the moisture conver-
gence over the atmospheric column as follows:

1
V= ng(qu)dp. (Ala)
While humidity advection clearly cannot be neglected at
some pressure levels, we verified that its vertical integral is
in general negligible in the tropics. Therefore,

V= équu dp. (Alb)

We note the 1000-850-hPa average humidity, divergence,
and temperature ¢,, d;, and T,. The Clausius—Clapeyron
relation allows computing g, from 7 and relative humidity 7:

qs = rAe"", (A2)
with A and v being 0.003 g kg~ ! and 0.07 K™ ! respectively.
We verified that Ty ~ T — A, where T is the SST and A is a
climatological air-sea temperature difference. Noting A’ =
rde ", we get

qs = rAe e x Ae"T (A3)

Let us now assume that the moisture and divergence ver-
tical structures only depend on the SST T (with e.g., thicker
atmospheric boundary layer at higher 7):

d(x,y,p,t) = ds(x,y,t)d*(p, T)+d (p,T), (Ada)

q(x,y,p,t) = gs(x,y,1) g®T)+q (p,T). (A4b)

Combining Egs. (Alb), (A3), (Ada), and (A4b) leads to

1 « « 1 X
V = m(T)d,, where m(T) = A/eVTg‘[d q dp + gjd”q dp.
(Adc)

The term m(T) was referred to as “gross moisture strat-
ification” by Yu and Neelin (1997). Yu et al. (1998) found
that m strongly depends on SST. The above equation indi-
cates that part of this dependence arises from Clausius—
Clapeyron (the A’e?T term), and that part of this depen-
dence is related to the dependency of the divergence and
humidity vertical structures on SST (the [d"q"dp term). In
the present study, we find that this vertical structure depen-
dence on SST boosts the effect of Clausius—Clapeyron, and
that m has an exponential dependence on SST, but with a
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0.28 K™ ! e-folding scale, compared to the 0.07 K™ ! e-folding
scale expected from Clausius—Clapeyron, as seen in Fig. 6.

APPENDIX B

Equation for Interannual Precipitation Anomalies

In this appendix, we derive a simplified equation for
ENSO rainfall anomalies. In the text of the paper, we show
that the vertically integrated moisture convergence anoma-
lies dominate rainfall interannual anomalies:

V= —-m(T)d — dy), (B1)

m(T) = mgePT=T0), (B2)
We note interannual anomalies using a prime and the
background climatological seasonal cycle with an overbar
(e.g., T=T + T"). For Eq. (B2), we get
m(T + T7) = moePT PT-T0) = BT 1y(T). (B3)
Inserting Eq. (B3) into Eq. (B1) and using d =d + d’, we
get

V=-mDe"(d — dy + ).

By doing a Taylor expansion of the ¢’ to the second
order, we get

V=-m(D[1+ BT + BT)/2+-|d—dy + &),

V=-m(TD|d—dy+d + Bld— dy)T

)2
+BT'd + (d — do)—(Bg) + e,

The second-order term (d — do)(BT")? /2 is negligible rela-
tive to the other second-order term B7'd’ in the tropical
Pacific (the ratio of the standard deviation of these two
terms is respectively 0.07 and 0.04 in Nifo-3 and Nifio-4),
hence

~ —m(Td — dy + &' + p(d — do)T' + BT'd'].
Taking the climatology, we get

V = —m(D)(d - do + BT (B4)

The BT’d’ corresponds to the ENSO contribution to
mean state rainfall through atmospheric nonlinearities.
While this contribution to the climatological rainfall is rela-
tively small compared to the dominant terms displayed in
Fig. 2, it is not negligible relative to interannual anomalies
(especially in Nifio-4) and needs to be retained when com-
puting V’ =V — V (it would otherwise introduce an errone-
ous positive skew in the V’ estimate).
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F1G. B1. Average DJF ENSO (left) symmetrical (obtained as the half difference of the El Nifio and La Nina compo-
sites) and (right) asymmetrical (obtained as the half sum of the El Nifio and La Nifia composites) of (a),(e) the ERAS5
evaporation anomalies £’, (b),(f) the intraseasonal variability contribution to the vertically integrated moisture conver-
gence V7, (c),(g) the residual R’, and (d),(h) P’ — P° [see Eq. (B6) of appendix B and the related text for a discussion

of the P° error budget].

Recalling that P’ ~ V7, this gives the equation for our
interannual rainfall anomalies estimate P°:

P’ = —m(Dd + Bd — do)T’ + B(T’d’ — T'd’)]. (B5)

The main text of the paper details the physical meaning of
the above terms. Below, we provide an equation for the source

of errors in P° and discuss the impact of those errors on the
ENSO budget. Combining Egs. (3) and (4), it is easy to get

P=P +F +V,+R. (B6)
Sources of errors in P° hence include the interannual
anomalies of the evaporation E’, high-frequency variability
contribution to the vertically integrated moisture convergence
Vs and a residual R’ that includes both approximations
related to the gross moisture convergence approximation
[Eq. (4)] and to dropping high-order terms in the Taylor
expansion above. Fortunately, these two errors tend to can-
cel each other and to diminish the residual R’ (not shown).

Figure B1 shows the December—February composite of Eq.
(6) for the ENSO symmetrical and asymmetrical components
(obtained as the half difference and half sum of the El Nifio
and La Nifia composites, respectively). This figure indicates
that the P° errors are quite small, for both the ENSO sym-
metrical and asymmetrical rainfall anomalies components
(Figs. Bld,h and 8b,c.e,f). The main source of error for the
ENSO symmetrical component is R’ (Figs. Blc,d). For the
ENSO asymmetrical component, R and V},; both contribute
to the P° error (Figs. B1fh). But overall, the P° errors seem
sufficiently small to use P° to understand the ENSO rainfall
physical causes, and their asymmetries between El Nino and
La Nina. Again, we point here that the very good perfor-
mance of P° for ENSO rainfall anomalies come from the fact
that errors associated with the gross moisture stratification
approach and errors associated with dropping the third and
higher-order terms in the Taylor expansion tend to compen-
sate. The former indeed tend to overestimate rainfall anoma-
lies (Fig. 6) while the latter tend to underestimate them
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(approximating e by 1 + BT). Our approach hence works
quite well for interannual rainfall anomalies, but a theory for
the total rainfall would need to also account for nonlinearities
in the Fig. 6a (i.e., going beyond the gross moisture stratifica-
tion approach).

APPENDIX C

Equation for the Asymmetrical Component of
ENSO Rainfall Anomalies

In this appendix, we derive an equation for the asymmet-
rical component of ENSO rainfall anomalies as a function
of the symmetrical and asymmetrical components of the sea
surface temperature and low-level divergence anomalies.
For any variable (here the SST anomalies 7”), we note the
El Nifio composite 7% and the La Nina composite 7. The
symmetrical and asymmetrical parts of the SST signal can
thus be obtained as T; = (T}; — 77)/2 and T, = (T + T})/2.
Injecting Ty, = T; + T),, T} = T, — T, and similar expressions
for divergence anomalies into Eq. (4) yields the following
expressions for the El Nifio and La Nina rainfall anomalies:

P(T.d. Ty dy)

d, + B[(E —do)T, + d, T, + d,T, + d;,T;]

= —m(T) B v
+d + l(d = do)T; + dT;| - BT
P(T.d.T;.dy)
o pldt ﬁ[(ﬁ —d)T, + d/T, — d'T, — d;T;] |

~d, + B[~ @ - d)T; + a;T)| - BT

The asymmetrical component of the ENSO rainfall
anomaly P, is then obtained as

P = (1/2)|P°(T.d. Ty dy) + P(T.d. T, )|

a

PO

a

~m(T)|d; + Bld — do)T; + (d,T; + d;T; - TT)|

The d), term can then be broken into a part that linearly
depends on SST anomalies and a nonlinear part, using
Eq. (6) in the manuscript.
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