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ABSTRACT: El Nifio-Southern Oscillation (ENSO) has a profound influence on the occurrence of extreme precipitation
events at local and regional scales in the present-day climate, and thus it is important to understand how that influence may
change under future global warming. We consider this question using the large-ensemble simulations of CESM2, which
simulates ENSO well historically. CESM2 projects that the influence of ENSO on extreme precipitation will strengthen
further under the SSP3-7.0 scenario in most regions whose extreme precipitation regimes are strongly affected by ENSO
in the boreal cold season. Extreme precipitation in the boreal cold season that exceeds historical thresholds is projected to
become more common throughout the ENSO cycle. The difference in the intensity of extreme precipitation events that oc-
cur under El Nifio and La Nifia conditions will increase, resulting in “more extreme and more variable hydroclimate ex-
tremes.” We also consider the processes that affect the future intensity of extreme precipitation and how it varies with the
ENSO cycle by partitioning changes into thermodynamic and dynamic components. The thermodynamic component,
which reflects increases in atmospheric moisture content, results in a relatively uniform intensification of ENSO-driven ex-
treme precipitation variation. In contrast, the dynamic component, which reflects changes in vertical motion, produces a
strong regional difference in the response to forcing. In some regions, this component amplifies the thermodynamic-
induced changes, while in others, it offsets them or even results in reduction in extreme precipitation variation.

KEYWORDS: ENSO; Extreme events; Ensembles

1. Introduction (Schubert et al. 2008; Zhang et al. 2010) and the probability of
extremal precipitation occurring at multiple sites in the same
season is also higher (Shang et al. 2011). Over South America,
ENSO has shown to have significant influence on 3-day pre-
cipitation events that exceed the 90th percentile of such
events (Grimm and Tedeschi 2009). ENSO also affects ex-
treme precipitation in other parts of the world, including
Indonesia (Supari et al. 2018; Kurniadi et al. 2021), the Arab
region (Donat et al. 2014), Australia (King et al. 2013), and
East Africa (Taylor et al. 2013).

The sixth assessment report of the Intergovernmental Panel
on Climate Change (IPCC AR6) concluded that the future am-
plitude of ENSO rainfall variability will very likely intensify in
response to global warming over the twenty-first century re-
gardless of changes in ENSO sea surface temperature (SST)
variability (Lee et al. 2021). Greenhouse warming intensifies
ENSO-driven variability of boreal winter tropical upper-
tropospheric temperature and geopotential height, tropical
humidity, subtropical jets, and tropical Pacific rainfall (Hu et al.
2021). The associated ENSO precipitation variability on re-
gional scales is therefore also likely to intensify (Power et al.
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Extreme precipitation can induce floods, landslides, soil
erosion, damage to property and infrastructure, and even loss
of life. El Nifio—Southern Oscillation (ENSO), which is the
most prominent global-scale mode of interannual variability,
impacts many regions of the globe through atmospheric tele-
connections, affecting extreme weather events worldwide.
Previous studies suggest that ENSO influences different parts
of the daily precipitation distribution differently, and that im-
pacts on precipitation extremes could be particularly strong
(Kenyon and Hegerl 2010). For example, over an extended
part of North America, a daily precipitation event in the bo-
real cold season that occurs once every 20 La Nifla years will
occur between 2 and 4 times as often during El Nifio years

Denotes content that is immediately available upon publica-
tion as open access.

Most previous studies have, however, focused on the
changes in the influence of ENSO on monthly or seasonal pre-
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DOI: 10.1175/JCLI-D-22-0713.1

© 2023 American Meteorological Society. This published article is licensed under the terms of the default AMS reuse license. For information regarding
reuse of this content and general copyright information, consult the AMS Copyright Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by UNIVERSITY OF VICTORIA | Unauthenticated | Downloaded 03/18/25 10:15 PM UTC


https://doi.org/10.1175/JCLI-D-22-0713.s1
https://doi.org/10.1175/JCLI-D-22-0713.s1
mailto:sunqh@nuist.edu.cn
http://www.ametsoc.org/PUBSReuseLicenses

6394

factor in the occurrence of extreme precipitation events at lo-
cal and regional scales (Zhang et al. 2010). Studies available to
date have not considered whether projected climate changes
will affect ENSO’s influence on the most extreme types of
daily precipitation events, and thus this article addresses that
question.

Given that extreme weather often results from ENSO-
induced anomalous atmospheric circulation, it is important to
ask how ENSO-related extreme weather will change in the fu-
ture. Warming will play an important role because the atmo-
spheric water-holding capacity increases roughly exponentially
with temperature, which influences the changes in the daily ex-
treme precipitation intensity under warmer climates (Li et al.
2021; Sun et al. 2021). Extreme precipitation is influenced by
both moisture and circulation (Huang and Xie 2015), and thus
by ENSO. A moisture budget decomposition can help parti-
tion the ENSO-driven variation of extreme precipitation into
dynamic and thermodynamic contributions. The recent advent
of several large-ensemble climate simulations provides an
opportunity to study these issues more closely because they
provide large amounts of data that can be used to produce
statistically robust estimates of changes in ENSO-related ex-
treme weather, particularly for rare events. Here we aim to
1) quantify changes in ENSO-related extreme precipitation
with different intensity in the future warmer climate with large
ensembles, 2) characterize the changing risks of extreme pre-
cipitation conditional on different ENSO phases, and 3) un-
derstand the role of thermodynamic and dynamic effects on
their changes.

This paper is structured as follows. Section 2 describes the
observational data and model simulations used in this study,
as well as the analysis methods. Climate model performance
in reproducing ENSO characteristics and teleconnections
with extreme precipitation is evaluated in section 3. The re-
sults of our analyses of future ENSO-related changes in ex-
treme precipitation are provided in section 4, and their
interpretation in view of physical mechanisms is discussed in
section 5. Discussion and conclusions are given in sections 6
and 7.

2. Data and methods
a. Index definition and datasets

We identify ENSO events using an index based on smoothed
monthly mean SST anomalies, similarly to Planton et al.
(2021). SST anomalies are obtained by linearly detrending
monthly mean SST, then calculating anomalies relative to
the seasonal cycle of detrended SSTs, and finally smoothing
the resulting anomalies with a 5-month triangular-weighted
moving average filter. An ENSO index is obtained by spa-
tially averaging the smoothed anomalies over the Nifio-3.4
region (5°S-5°N, 120°-170°W). A year is classified as an El
Nifio year when the December value of the index exceeds
0.75 standard deviations (STD) and similarly identify La
Nifia events by the occurrence of index values that fall be-
low —0.75 STD. We compared the results using 0.75, 1.0,
and 1.5 STD as criteria to define ENSO events and found
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that the results were very similar. Therefore, we report only
the results obtained using 0.75 STD as the criterion in this
paper.

We use November-April (NDJFMA) maximum 1-day
precipitation amounts (Rx1day) to represent extreme precipi-
tation in the boreal cold season and examine the relationship
of these extremes with ENSO variability. We consider sea-
sonal maximum one-day precipitation amounts because of
their relevance to local societal and economic impacts and be-
cause the magnitudes of rare events, such as those expected
to recur once every 20 or 50 years on average, are frequently
used in the design of infrastructure. In some areas, the
November to April daily maximum precipitation as obtained
from ERAS can frequently be of a magnitude comparable to
the levels that are usually classified as model drizzle (daily
accumulations of less than 1 mm). To avoid analyzing such
precipitation, we have masked out grid boxes for which more
than 10% of years have November—April Rxlday below 1 mm
during the evaluation period based on the ERAS. This should
eliminate the inclusion of areas where spurious, out of season
extremes are likely to occur in the observationally constrained
reference data. The resulting mask is applied to both ERAS
and the model output.

We consider indices that are based on both observations
and climate model simulations. We compute an observed
ENSO index using the NOAA Extended Reconstructed Sea
Surface Temperature dataset, version 5 (ERSSTVS; Huang
et al. 2017). Annual observationally constrained NDJFMA
Rxlday values are calculated using daily precipitation from
reanalysis datasets, which, while not perfect, have complete
spatial coverage. The reanalysis datasets considered are ERAS
(Hersbach et al. 2020), NCEP1 (Kalnay et al. 1996), JRASS
(Ebita et al. 2011), and MERRA (Rienecker et al. 2011). Al-
though reanalysis data provide spatially and temporally complete
data, they may contain biases and inhomogeneities caused by the
use of models in reanalysis systems and variations in the quality,
sources, and coverage of assimilated data. We therefore also use
HadEX3, which is a gridded dataset of extremes indices derived
from land-based station data (Dunn et al. 2020) for comparison
with the reanalysis datasets. See section 2b for the selection of re-
analysis datasets.

For the models, we consider three CMIP6 global models
that have provided large initial conditions ensembles with
simulations from 1850 to 2100 under historical (Eyring et al.
2016) and SSP3-7.0 (O’Neill et al. 2016) forcings, including
50 members from CanESMS5, 50 members from CESM2,
and 40 members from ACCESS-ESM-5. Large-ensemble
climate simulations are used to examine simulated histori-
cal ENSO-related extreme precipitation and their projected
changes in future climate under the SSP3-7.0 scenario.
Given the complexity of climate models and the multiscale
interactions that they simulate, it is essential to know which
models simulate ENSO characteristics and teleconnections
with extreme precipitation best before using them. We there-
fore first evaluate the performance of these models and then
select the best performing of these models for assessing future
projections and a detailed moisture budget decomposition.
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TABLE 1. ENSO metrics used in the study. ENSO metrics are calculated for the period 1979-2013.

ENSO metrics Description Unit
ENSO pattern Equatorial Pacific sea surface temperature anomalies relative to the average during the °C °C!
1981-2010 period: December Nifio-3.4 SSTA regressed onto December SSTA across the
Equatorial Pacific
ENSO amplitude Standard deviation (S) of SST anomalies in the central equatorial Pacific (5°N-5°S, °C
170°-120°W). S = \/211 |X, — X|/(N — 1), where X; is the Nifio 3.4 SST anomaly in year
i, X is the mean of X over all years, and N is the number of years.
ENSO seasonality ENSO seasonal timing: Ratio of the STD of Nifio-3.4 SSTA in NDJ with that in MAM —
ENSO cycle Mean time between El Nifio events years
SST-Taux_feedback ~ Ocean-atmospheric Bjerknes feedback; computed by regressing zonal wind stress anomalies N m 2 °C ™!
relative to the average during the 1981-2010 period (TauxA) in the western equatorial
Pacific [horizontal Nifio-4 (5°N-5°S, 160°E-150°W) average] onto sea surface temperature
anomalies (SSTAs) in the eastern equatorial Pacific [horizontal Nifio-3 (5°N-5°S,
150°-90°W) average]
Rxlday_tc ENSO-Rxl1day teleconnection pattern over global land during November—April (based on mm °C?

regression)

b. Reference data for model evaluation

Following Planton et al. (2021), we use six ENSO evalua-
tion metrics to evaluate model performance in simulating
ENSO, including ENSO pattern, ENSO amplitude, ENSO
seasonality, the length of the ENSO cycle, the strength of the
ocean—atmosphere Bjerknes feedback (SST-Taux_feedback),
and the structure of ENSO winter extreme precipitation tele-
connection patterns (Rx1day_tc). Details of these metrics are
provided in Table 1. Specifically, as the Walker circulation’s
strength influences ENSO-driven teleconnections (e.g., Klein
et al. 1999), we used the SST-Taux_feedback to estimate the
impact of that process. Additionally, we used Rxlday_tc,
which we defined as the linear regression of extreme precipi-
tation during boreal cold season onto the ENSO index, to de-
scribe the teleconnection relationship between precipitation
extremes and ENSO.

We compute the observed ENSO pattern, ENSO ampli-
tude, ENSO seasonality, and ENSO cycle length during 1950-
2013 using ERSSTvS, which is regarded as the reference to
evaluate the performance of models’ simulations.

Rxl1day_tc patterns are evaluated based on reanalysis data
because of lack of full spatial coverage by HadEX3. The eval-
uation is conducted using the period 1979-2013 because all re-
analysis datasets cover the period beginning from 1979, after
which reanalysis products have markedly higher quality than
during the presatellite period (Uppala 2007), and because
models with historical forcing end in 2014. Rx1day_tc patterns
are calculated using precipitation data from a reanalysis data-
set that has an ENSO-Rx1day teleconnection pattern closest
to that of the HadEX3 precipitation over the areas where
HadEX3 has sufficient coverage for the period 1979-2013. To
select the best reanalysis dataset as the reference dataset for
model evaluation, we obtained the teleconnection patterns
for the period 1979-2013 using HadEX3 precipitation and dif-
ferent reanalysis datasets over the grids where HadEX3 pro-
vides coverage. Then, we use Taylor diagram to compare the
teleconnection patterns derived from the reanalysis datasets
with that from the HadEX3 (Fig. S1 in the online supplemental
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material). Based on this evaluation, we select ERAS as the ref-
erence dataset for model evaluation as it performed the best
among reanalyses with higher spatial correlation and lower
biases for the teleconnection patterns.

Monthly zonal wind stress from ERAS for the period 1979-2013
is also used to calculate the metric of the ocean—atmosphere
Bjerknes feedback (SST-Taux_feedback) as the reference for
model evaluation.

All data from the selected reanalysis and the CanESMS,
CESM2, and ACCESS-ESM-5 large-ensemble simulations
are interpolated onto a 1° latitude X 1° longitude grid prior to
index calculation, comparison, and model evaluation.

¢. ENSO-driven extreme precipitation variation

A concept we use extensively in this paper is that of ENSO-
driven extreme precipitation variation, which refers to the dif-
ference in extreme precipitation that occurs between El Nifio
and La Nifia conditions in historical (1950-99) and future
(2050-99) periods. Here we use the framework similar to that
introduced by Power and Delage (2018) in their examination
of forced changes in ENSO-driven seasonal average precipita-
tion variation. We also use the concepts of El Nifio—driven devi-
ation and La Nifia—driven deviation to refer to the differences
in extreme precipitation during El Nifio or La Nifia phases and
neutral phase.

To quantify changes in ENSO-driven extreme precipitation
variation of different intensities in the future warmer climate
with large ensembles, we compare percentiles of model simu-
lated NDJFMA Rx1day values during different ENSO phases
in historical (1950-99) and future (2050-99) periods.

In historical period, to consider the rarity of extreme precipi-
tation, we first estimate the 50th, 95th, and 98th percentiles of
historical period NDJFMA Rxlday during model simulated
El Nifio, neutral, and La Nifia years as empirical estimates of
the magnitude of model simulated 2-, 20-, and 50-yr extreme
NDJFMA Rxlday events under those different ENSO condi-
tions. These estimated return levels are denoted Ej,, (El Nifio),
N (neutral), and L, (La Nifa), respectively, where subscript /
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refers to the historical period and x refers to the return period
(2, 20, or 50 years). The effect of El Nifio and La Nifia on ex-
treme precipitation relative to neutral conditions is estimated
as El Nifno-driven deviation (8E,, = Ep, — Np.) and
La Nina-driven deviation (6L, = Ly, — Ny), respectively.
Also, we use V;,, = 8E,, — 6Ly, = En. — Ly, (ie., the
difference between extreme precipitation in El Nifio and
La Nifia years) as a measure of ENSO-driven extreme pre-
cipitation variation.

Analogous return levels (Ef,, Nz, and L¢,) and diagnostics
are calculated from the future period, which is designated by
the subscript f. Changes in these statistics between historical and
future periods, which are calculated as ASE, = SEg, — 6K,
ASL, = 8L, — 8Ly, and AV, = V;, — V), , are used to see if
El Nifio—, La Nifia—, and ENSO-driven variation of extreme pre-
cipitation in the future climate state will change relative to the
historical period. The choice of the length of the historical and fu-
ture periods represents a trade-off. As the period for calculating
ENSO statistics lengthens, the influence of internal variability
tapers off making it easier to evaluate the effect of greenhouse-
induced warming. On the other hand, nonstationarity will more
strongly affect the representativeness of percentile estimates dur-
ing long periods of transient response to external forcing than
during shorter periods. To the extent that the responses to
forcing over the analysis periods are roughly linear, differences
between relatively long historical and future periods can be
considered as being representative of the change between the
midpoints of these periods. Since the questions of interest per-
tain to extremes, which are inherently noisy, we have priori-
tized the reduction of the influence of internal variability that
is afforded by using relatively long 50-yr historical and future
periods.

d. Probability analysis

A benefit of using a large ensemble is that more confident
return period estimates can be made for large events. The
combination of relatively long analysis periods together with
the availability of many ensemble members means that for a
model with 50-ensemble members, a sample of 2500 annual
index values are available for each analysis period (2000 in
the case of the ACCESS-ESM-5 large ensemble, which has
40 rather than 50 members). These large samples provide suffi-
cient realizations in each of the different ENSO phases to esti-
mate the probability of the occurrence of high-impact extreme
precipitation event under those conditions with confidence,
both under historical and future climate states.

We perform three kinds of comparisons to characterize the
changing risks of extreme precipitation conditional on differ-
ent ENSO phases and how those risks may change in the fu-
ture. First, we consider the effects of ENSO and future
warming on extreme precipitation events that are defined
based on historical neutral phase conditions, considering 2-,
20-, and 50-yr events. For the historical period, we estimate
the probability of neutral phase events of magnitude N, , dur-
ing historical El Nifio and La Nifia phases, and this probability
is then divided by the corresponding nominal neutral phase
probability of 0.5, 0.05, or 0.02, respectively. These “risk
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ratios” provide estimates of the relative risk of occurrence of
Ny events during different ENSO phases under historical
forcing conditions.

Second, we also ask if the impact of ENSO in the future rel-
ative to future neutral conditions is different from its impact
in the historical climate relative to historical neutral condi-
tions as simulated by the climate models. To do so, we use fu-
ture neutral phases as the reference period and Ny, as the
reference event values, and then again estimate risk ratios un-
der future El Nifio and La Nifia phases.

Third, we calculate risk ratio for future El Nifio, neutral,
and La Nifa by using historical El Nifio (Ej, ), neutral (N;,_),
and La Nifia (L) year events as the reference event values,
respectively. This allows us to obtain risk ratios for future
events that are directly comparable with historical period
events to see if the frequencies of extreme precipitation under
different ENSO phases change relative to their historical fre-
quencies with warming.

e. Moist budget decomposition of changes in ENSO-
driven extreme precipitation variation

To understand the effects of thermodynamic and dynamic
changes on changes in ENSO-driven extreme precipitation
variation, we apply the moisture budget decomposition sug-
gested in Huang and Xie (2015) to partition the ENSO-driven
variability of extreme precipitation in the large-ensemble sim-
ulations into dynamic and thermodynamic contributions.
Here we consider changes in surface specific humidity (g) to
be of thermodynamic origin and consider the changes in
ENSO-driven vertical motion variation as indicated by 500-hPa
vertical velocity (w) as the dynamic component. First, we ex-
tracted daily w and g values corresponding to the time and loca-
tion of occurrence of DJF Rx1day events. Second, similar to the
calculation steps in section 2c, we estimate the 50th, 95th, and
98th percentiles of these extracted w and g values during model
simulated El Nifio, neutral, and La Nifia years as empirical esti-
mates of moisture and circulation conditions for the 2-, 20-, and
50-yr extreme NDJFMA Rxlday events under El Nifio, neutral
and La Nifia conditions as well as during historical and future
periods; then we calculate the corresponding éwy, , 8gy, x, AWy,
and Adq, [where x refers to the length of the return period
(2, 20, or 50 years) as in section 2c] as the measure of ENSO-
driven surface specific humidity and vertical motion variation as
well as their changes in future period relative to the historical
period. Thus, the change in the ENSO-driven extreme precipi-
tation variation (AV,) can be decomposed as follows:

AV, ~ —(Aq, X ow,  +q, X Adw,  + Aw_X &q,
+w, X Adq, ). 1)

In this expression, g, and w, are, respectively, the uncondi-
tional specific humidity and 500-hPa vertical velocity mean
states, that is, all data samples are used to estimate the 50th,
95th, and 98th percentiles of these extracted w and g values.
As mentioned above, éwj,, and 8g;, are their historical
ENSO-driven variations, and g is the acceleration due to grav-
ity. This decomposition partitions AV into three components:
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a thermodynamic component —Aq, X 6wy, that it is due to
changes in background moisture field, a dynamic component
—gx X 6wy, due to change in the ENSO-driven vertical motion
variation, and a covariation term —(Aw, X 8¢, + wy X Adqpx)
that is negligible relative to the other two terms. We estimated
the 50th, 95th, and 98th percentiles of these values during model
simulated El Nifio, neutral, and La Nifia years as empirical esti-
mates of circulation conditions for the 2-, 20-, and 50-yr extreme
DJF Rxlday events under El Nifio, neutral and La Nifa
conditions. We calculate this decomposition for three differ-
ent return periods (2, 20, and 50 years) at each individual
grid box. The grid box values are summarized at the re-
gional scale for each region of interest by averaging across
grid boxes in the region.

f- Bootstrapping approach

We quantify uncertainty ranges of the projected changes in
ENSO-driven precipitation variation, risk ratio, and moisture
and circulation changes by using a bootstrapping approach.
For example, in the case of the changes in ENSO-driven ex-
treme precipitation variation, we proceed by 1) randomly
sampling with replacement El Nifio (or La Nifia) events from
the set of historical/future El Nifio (or La Nifia) years, always
retaining the same number of historical/future El Nifio (or La
Nifia) years; 2) estimating the magnitude of model simulated
2-, 20-, and 50-yr extreme Rx1day events from the new sample,
and calculating the difference between historical and future
ENSO-driven extreme precipitation variation of different inten-
sities; 3) repeating the first two steps 1000 times, and 4) finally
estimating the 2.5th and 97.5th percentiles of the difference be-
tween historical and future ENSO-driven extreme precipitation
variation for each return period from the 1000 bootstrap esti-
mates to obtain an estimated 95% uncertainty range, which is
used to determine if the changes in ENSO-driven extreme
precipitation variation are significantly different from zero
at the 5% significance level. The uncertainties of the risk
ratios for probability analysis as well as moisture and circu-
lation changes for the moist budget decomposition are esti-
mated similarly.

3. Model selection

Figure 1 shows results evaluating the simulation of ENSO
pattern, ENSO amplitude, seasonality, and cycle length using
1950-2013 as the evaluation period. Figure 1 shows that
CESM2 performs better than other two models in reproduc-
ing the observed spatial structure of SSTA in the equatorial
Pacific with higher correlation with observations and having
the closer standard deviation as the observed (Figs. 1b,e). As ob-
served, maximum SSTA values occur in the Nifio-3.4 region in
CESM2, while they are found too far east in CanESMS5 and
ACCESS-ESM1-5 (Figs. 1c,d). CESM2 substantially overesti-
mates ENSO amplitude as indicated by Nifio-3.4 SSTA (Fig. 1f).
In contrast, ACCESS-ESM-5 and CanESMS5 marginally under-
estimate ENSO amplitude (Fig. 1f). All models show weaker
seasonality than observed, indicating that ENSO may occur too
frequently during spring in the models. CESM2 performs some-
what better than the other two models in this regard (Fig. 1g).
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All models simulate ENSO events less frequently than observed.
The mean time between El Nifio events in CESM2 is marginally
closer to observed than the other models. The large ensembles
demonstrate that the natural variation in the length of the
ENSO cycle is large in the models (Fig. 1h), suggesting that the
observed value may also have been strongly affected by internal
variability.

Figure 2 displays an evaluation of the simulation of SST-
Taux_feedback and Rxlday_tc, but using 1979-2013 as the
evaluation period, which is dictated by the period during
which the reference reanalysis dataset is judged to be of high-
est quality and the 2014 end of the historical simulations in
models. All models substantially underestimate the observed
SST-to-Taux coupling strength. CESM2 performs slightly bet-
ter than the other models, with about 55% of the observed
SST-to-Taux coupling strength. For all three models, the
difference between the observed and simulated coupling
strengths would appear to be substantially larger than can be
explained by internal variability, at least as simulated by the
models. CESM2 again performs slightly better than the other
models in Rx1day_tc, with a pattern correlation between the
ERAS and CESM2 teleconnection patterns of about 0.85
(versus ~0.7 for other models), and the spatial variance of the
CESM2 pattern is about 75% of that in ERAS (versus ~80%
for CanESMS5 and 50% for ACCESS-ESM-5). CESM2 can
basically capture the spatial pattern of climatology and stan-
dard deviation of NDJFMA Rxlday during the 1979-2013
with 0.89 and 0.83 spatial correlation coefficients, respectively
(Fig. S2).

Based on this brief evaluation of ENSO simulation perfor-
mance, we selected CESM2 for further analysis. We made
this choice because it performs better than other models in
most ENSO metrics, even though it simulates substantially
stronger than observed ENSO amplitude, and because it pro-
vides daily resolution data for all variables used in the mois-
ture budget decomposition. In addition, to investigate the
global spatial patterns of changes in ENSO related precipita-
tion extremes, we also consider regional difference in the re-
sponse to forcing and their physical mechanisms according to
the moisture budget decomposition. We selected regions from
the Tturbide et al. (2020) reference land regions, which were
used by IPCC ARG because they were felt to better represent
regional climate features. We first identified regions for which
there is a statistically significant correlation (p < 0.05) be-
tween the time series of the regional average NDJFMA
Rxlday values and the ENSO index during the period
1979-2013 based on the ERAS. We then selected regions in
which more than 45 members of the CEMS2 large ensemble
correctly capture observed signals, and spatial patterns of the
model and ERAS are significantly correlated (Fig. 3). In the
end, 11 regions were selected for analysis (Fig. 3), including
eastern North America (ENA), northern Central America
(NCA), southeastern South America (SESA), Southeast Asia
(SEA), western central Asia (WCA), southern Australia
(SAU), central Africa (CA), northern East Africa (NEAF),
southern East Africa (SEAF), equatorial Pacific Ocean
(EPO), and South Pacific Ocean (SPO).
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FIG. 1. Comparison of four ENSO metrics between the observational data and the three large-ensemble simulations based on the period
1950-2013. (a)-(d) The spatial patterns of sea surface temperature anomalies (SSTA) associated with ENSO index in the equatorial
Pacific for the reference and the models (CESM2, ACCESS-ESM1-5, and CanESMS), respectively. (e) Taylor diagram comparing spatial
patterns of SSTA associated with ENSO index from models with that from the references (ERSSTv5 for SSTA, ERAS for Rxlday).
(f)-(h) Evaluation results for ENSO amplitude, ENSO seasonality, and ENSO cycle, respectively. We pool data from all members to
obtain the best estimate of the corresponding model. In (f)-(h), the blue, red, and magenta dots are best estimates for ACCESS-ESM1-5,
CanESMS, and CESM2, respectively; The gray dots indicate metrics calculated from individual ensemble members, the black numbers
indicate the relative differences [100 X (model — observation)/observation] between the observation and the best estimates of model

simulations.

4. Projected changes in ENSO related
precipitation extremes

a. Future spatial structure of extreme precipitation under
different ENSO phases

Figure 4 shows the global spatial patterns of El Nifio—driven de-
viation, La Nifa—driven deviation, and ENSO-driven variation of
20-yr NDJFMA maximum precipitation events in historical
(1950-99) and future (2050-99) periods as well as their differences
(ASE5y, ASLyy, AVy) in the CESM2 large ensemble. Similar re-
sults for the 2- and 50-yr events are shown in supplemental
(Figs. S3 and S4). In the future warmer climate state, the spatial
patterns of El Nifio—driven deviation, La Nifa—driven deviation,
and ENSO-driven extreme precipitation variation will remain
broadly similar with historical climates over most regions with a
few exceptions for all intensities of extreme precipitation (2-, 20-,
and 50-yr events) considered (Fig. 4, Figs. S3 and S4). For instance,
the amplitudes of 20-yr NDJFMA precipitation events tend to be
larger in El Nifio years relative to that in neutral years over the
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central and eastern Pacific Ocean, southeastern South America,
Central Asia, the Arabian Peninsula, and northeastern Africa
(Fig. 3d). This can be also seen in Figs. S5 and S6, which compare
the estimated likelihood of an extreme precipitation event that is
at least as large as historical or future neutral state 20- or 50-yr re-
turn values (i.e., events that recur once every 20 or 50 historical or
future neutral years on average) conditional on the occurrence of
El Nifio and La Nifia events. Compared with the neutral state, the
risk ratio is larger than unity during El Nifio years, meaning that
extreme neutral year precipitation events are more likely to occur
during El Niflo years in these regions. In contrast, in the western
Pacific Ocean, the Canadian prairies, northeastern South America,
and Australia, extremes tend to be more intense and occur more
frequently under La Nifia conditions (Figs. S5 and S6).

The spatial patterns of the response of 2- and 50-yr extreme
precipitation events to ENSO are broadly similar to those seen
in 20-yr events in most affected areas, while the magnitudes of
El Nifio—driven deviation, La Nifa—driven deviation, and ENSO-
driven extreme precipitation variation and the risk ratio for more
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FI1G. 2. Comparison of the spatial patterns of ENSO and DJF Rxl1day teleconnection relationships and evaluation
results for SST-Taux_feedback for the period 1979-2013 based on ERAS and three CMIP6 global models providing
large-ensemble simulations. (a)-(d) ENSO-driven extreme precipitation variation patterns in ERAS, CESM2,
ACCESS-ESM1-5, and CanESM5, respectively. (e¢) Taylor diagram comparing Rx1day_tc spatial patterns from mod-
els with that from ERAS. (f) Evaluation results for SST-Taux_feedback based on the period 1979-2013, in which

calculation processes are as in Figs. 1f and 1g.

extreme events are larger than those for less extreme events
(Figs. S4-S6), indicating that the sensitivity to ENSO depends on
the rarity of the extreme precipitation event. Consistent with find-
ings reported previously concerning the response of precipitation
extremes to external forcing in CMIP6 models (e.g., Li et al
2021), ENSO responses in rarer events also tend to be larger.

b. Future strength of ENSO-driven precipitation extremes
and its variation

The variance of the ENSO index does not increase in the future
warmer climate, although there is a modest increase in the number
of El Nifio and La Nifa events (Fig. S7). Nevertheless, results
show two main changes in ENSO related precipitation extremes.
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First, El Niflo- and La Nifa—driven extreme precipitation devia-
tions are projected to strengthen over most regions along with the
corresponding ENSO-driven extreme precipitation variation
(Figs. 4g-i). For example, positive El Nifio-driven deviations and
negative La Nifa—driven deviations in 20-yr events are projected
to increase in most locations over the equatorial Pacific Ocean,
eastern North America, southeastern South America, western cen-
tral Asia, and northern East Africa, which results in an increase in
the ENSO-driven extreme precipitation variation (Fig. 4i). There-
fore, the difference of extreme precipitation between El Nifio and
La Nifia will increase with warming in these regions.

On the other hand, extreme precipitation under all ENSO
phases will intensify in the future in most areas, which is a
consequence of the warming-induced increase in tropospheric
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F1G. 3. (a) Correlation coefficient between the ENSO index and NDJFMA Rxlday during
1979-2014 period based on the ERAS and (b) regional teleconnection over 11 selected regions
and the performance of CESM2. Blue bars and gray dots indicate correlation coefficients be-
tween the time series of the regional average Rxlday and the ENSO index during the period
1979-2013 based on the ERAS and each member of CESM2, respectively; orange bars indicate
the spatial correlation coefficient of Rx1day_tc over each region. Dots in (a) indicate locations
where the correlation relationship between the ENSO index and DJF Rxlday is statistically

significant at the 10% level.

water vapor content. Compared to the historical period, the
likelihood of extreme precipitation experienced under histori-
cal neutral, El Nifio, and La Niflo conditions is projected to
increase in the future conditions in most regions. For instance,
events with the intensity of historical El Nifio 20-yr events are
projected to occur more than 3.0 times as often in future El
Niflo years in most land areas (i.e., with risk ratios greater
than 3.0 for 20-yr events; Fig. 5b). Similar results can be found
in future neutral and La Nifia phases relative to historical neu-
tral and La Nifia phases, respectively. Moreover, the spatial
patterns of change in ENSO-driven extreme precipitation
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variation and risk ratios for 50-yr events are similar to those
of 20-yr events in most affected regions, with greater intensifi-
cation for rarer events (Figs. 5d—f).

It should be noted that there are exceptions in the southern
subtropical regions around Mexico, where reductions in mean in-
tensity of precipitation extremes in El Nifio— and La Nifia—driven
deviations as well as the ENSO-driven extreme precipitation vari-
ability are projected.

Overall, changes in ENSO-driven NDJFMA extreme precipi-
tation variation and the risk of the occurrence of extreme pre-
cipitation events in the future climate depend on locations. In
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FIG. 4. Spatial patterns of El Nifio-driven deviation, La Nifla—driven deviation, and ENSO-driven variability of 20-yr NDJFMA maxi-
mum precipitation events in historical (His; 1950-99) and future (Fut; 2050-99) periods as well as their differences in the CESM2 large en-
semble: (a),(d),(g) El Nifio—driven deviation 8E), 5y, 6Ey», and ASEx, respectively; (b),(e),(h) La Nifia—driven deviation 8Ly, 59, 8L,
and A8L,, respectively; and (c),(f),(i) for ENSO-driven extreme precipitation variation V},0, V20, and AV>, respectively. Hatching in
(¢), (f), and (i) indicates changes that are significantly different from zero at the 5% level.

most regions, such as the equatorial Pacific Ocean, eastern
North America, southeastern South America, western central
Asia, and northern East Africa, there would be an intensifica-
tion of extreme precipitation in all ENSO phases, and the dif-
ference in extreme precipitation corresponding to El Nifio and
that to La Nifa will increase with warming, resulting in “more
extreme and more variable hydroclimate extremes.” However,
somewhat different behavior is seen in Central North America.
The disparity of extreme precipitation between El Nifio and La
Niiia in future is projected to decrease (Fig. 5¢).

5. The role of thermodynamic and dynamical component

ENSO-driven extreme precipitation variation will be af-
fected by changes in both the background moisture field and
ENSO circulation in the future warmer climate. From the sta-
tistical perspective, if the projected change in extreme precipi-
tation corresponds to simply scaling by a constant, then the
change in ENSO-driven variation would be equal to the mean
change in extreme precipitation unconditional on ENSO
(Rind et al. 1989; Pendergrass et al. 2017). Also, if the precipi-
tation rate depends linearly on near-surface moisture and
moisture increase with no corresponding change in circula-
tion, then we would expect that the change in extreme
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precipitation variation would equal the rate of moistening, on
the order of 6%—7% °C~' of warming (Pendergrass et al.
2017).

Figure 6a shows regional averages of percentage changes
per degree Celsius of warming in future ENSO-driven ex-
treme precipitation variation relative to the period 1950-99 at
the eleven selected regions. Similar to changes in extreme pre-
cipitation (Li et al. 2019; Pfahl et al. 2017), relative changes in
ENSO-driven extreme precipitation variation with global
warming show strong regional difference in response to global
warming. Figures 6¢c and 6d shows regional averages of the
contribution of thermodynamic and dynamic components, in
which each component is also normalized by the historical
ENSO-driven extreme precipitation variation and expressed
in percent per degree Celsius global mean temperature change.
The thermodynamic component contributes to a relatively uni-
form increase in extreme precipitation across most regions as
well as all precipitation events. The thermodynamic effect inten-
sifies ENSO-driven extreme precipitation variation by about
4%-9% °C ™" across most regions and precipitation events with
narrow uncertainty ranges (Fig. 6¢), which is close to the change
that might be expected from the Clausius—Clapeyron (CC) rela-
tionship. This is supported by Fig. S8, which shows that in-
creases in specific humidity in the ENSO-neutral state and the
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FIG. 5. Relative frequency changes (expressed as risk ratio) of extreme precipitation event that is at least as large as (a)—(c) 20- or
(d)—(f) 50-yr return values during historical periods under future ENSO conditions. Frequency changes of extreme precipitation event for
(a),(d) future neutral years with N, as the reference value; (b),(e) future El Nifio years with historical El Nifio (Ej,) as the reference
value; and (c),(f) future La Nifia with historical La Nifia (L, ) as the reference value. Hatching in (d)—(f) indicates values of risk ratio that

are significantly different from unity at the 5% level.

unconditional state are spatially homogeneous for all intensities
of extreme precipitation considered. These results illustrate that
the thermodynamic response to greenhouse gas forcing ampli-
fies the ENSO-driven extreme precipitation variation in most
regions, by increasing total precipitable water.

Nevertheless, the thermodynamic component alone (Fig. 6¢)
does a poor job of describing the total change in the ENSO-
driven extreme precipitation variation (Figs. 6a,b). The dynamic
component produces strong regional difference in the response
to forcing (Fig. 6d). It intensifies precipitation in some regions
while reduces precipitation in other regions. As a result, the
moisture-driven intensification is amplified or reduced. In the
ENA, SESA, WCA, SAU, EPO, and SPO, the dynamic ampli-
fies the thermodynamic-induced intensification of ENSO-driven
extreme precipitation variation for all extreme precipitation in-
tensities, with total component scaling higher than the thermo-
dynamic component scaling (Fig. 6b). However, the dynamic
component cancels out the influence of the mean-state moisture
increases in the SEA and NCA. The total component scaling is
smaller than the thermodynamic component scaling for all ex-
treme precipitation intensities in NCA and for 2- and 50-yr
events in SEA (Fig. 6b). Moreover, uncertainty ranges of dy-
namic component are larger than thermodynamic component.

Figure 7 shows the spatial patterns of the thermodynamic
and dynamic contributions to changes in ENSO-driven ex-
treme precipitation variation in units of mm day ! to allow di-
rect comparison with Fig. 4. The sum of the thermodynamic
and dynamic components (Figs. 7a,d,g) accurately describes
the global spatial patterns of changes in ENSO-driven ex-
treme precipitation variation (Fig. 4i, Figs. S3i and S4i), with
spatial correlation coefficients of 0.93, 0.97, and 0.96 for 2-,
20-, and 50-yr events, respectively. Therefore, the moisture
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budget decomposition which has been used previously to
explain changes in ENSO-induced tropical Pacific mean rain-
fall variation (Huang and Xie 2015) can also be applied to
ENSO-induced extreme precipitation variation outside the
tropical strip. These spatial patterns confirm the above finding
that the thermodynamic component alone would lead to a
spatially homogeneous fractional increase in ENSO-driven
extreme precipitation variation with percentage changes in re-
sponse to global warming that are close to CC relation in most
locations. Nevertheless, the final spatial patterns of change in
ENSO-driven extreme precipitation variation (Fig. 4i) are
strongly associated with the dynamic component with a strong
similarity between the spatial patterns of historical ENSO-
driven extreme precipitation variation (Fig. 4c, Figs. S3c and
S4c) and the dynamic component (Figs. 7c.f,i).

Extreme weather often results from ENSO-induced anoma-
lous atmospheric circulation. It has been suggested that with
global warming, changes in background SSTs and ENSO re-
lated SST patterns may shift atmospheric convection in the
tropical Pacific, influence the Walker circulation and alter at-
mospheric circulation teleconnections, resulting in dynami-
cally induced changes in the intensity of extreme precipitation
under future ENSO conditions (Hu et al. 2021; Huang and
Xie 2015) in many regions. At the same time, positive feed-
back due to the latent heating release as moisture condenses
can induce stronger large-scale ascent and further enhance ex-
treme precipitation (Nie et al. 2018; Tandon et al. 2018). Both
factors affect vertical velocities that correspond to the occurrence
of extreme precipitation events. Figure 8 therefore shows the
ENSO related circulation variation as indicated by 500-hPa verti-
cal velocity that corresponds to the occurrence of extreme pre-
cipitation in historical and future periods. In the historical
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FIG. 6. (a) Changes in future ENSO-driven extreme precipitation variation relative to the period 1950-99. (b) Total
component scaling, (c) thermodynamic component scaling, and (d) dynamic component scaling for changes in future
ENSO-driven extreme precipitation variation averaged in different regions. Each term is normalized by the historical
ENSO-driven extreme precipitation variation and expressed relative to global mean temperatures change in % °C !,
Results are presented for extreme precipitation with different intensities, including 2-yr (blue), 20-yr (green), and
50-yr (red) events. The red error bars indicate the 95% uncertainty range estimated by the bootstrapping approach.

period, compared to neutral years, ascending motion in El Nifio
years enhances moisture convergence in tropical ocean areas,
southern North America, west and central Asia, and southeast-
ern South America, which corresponds to the positive El Nifio
deviation shown in Fig. 4. Correspondingly, descending motion
suppresses convergence, resulting in less precipitation, such as in
Australia (Figs. 7 and 4). Thus, the patterns of historical ENSO
circulation variation correspond strongly to the spatial patterns
of historical ENSO-driven extreme precipitation variation for all
intensities of extreme precipitation considered.

In the future state, both El Nifio and La Nifio driven devia-
tion of 500-hPa vertical velocity intensifies over most locations
in the ENA, SESA, WCA, EPO, and SPO. This indicates
stronger rising motion in future El Nifio years and reduced
rising motion in future La Nifia years, and corresponds to in-
creased ENSO-driven extreme precipitation variation in these
regions (Figs. 8g,h). The opposite occurs in SAU, with stron-
ger rising motion in La Nifia years and reduced rising motion
in El Nifio years, again corresponding to increased ENSO-
driven extreme precipitation variation (Fig. 8). Furthermore,
the dynamic influence on extreme precipitation increases with
rarity of those events in some regions, contribution of dynamic
components in 20- and 50-yr events are larger than that in
2-yr events. There are regions, however, such as SEA and
NCA, where dynamic influences suppress the influence of the
mean-state moisture increases and may even result in
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reduction in extreme precipitation. These are evidently re-
gions where large-scale ENSO related circulation changes
that increase local descending motions dominate any change
in vertical velocity from local latent heat release. Overall,
changes in ENSO circulation exhibit complex spatial varia-
tion and are strongly associated with the frequency and inten-
sity of extreme precipitations under different ENSO
conditions in the warmer climate state.

6. Discussion

Results based on CESM2 large-ensemble simulations pro-
ject that extreme precipitation during the boral cold season
will generally increase across all ENSO phases in a warmer
climate state. Moreover, the influence of ENSO on extreme
precipitation variation will strengthen further over most re-
gions that are strongly affected by ENSO. These result in
“more extreme and more variable hydroclimate extremes.”
Our results for wettest events are largely consistent with pre-
vious studies for mean precipitation, which project increases
in November—April or DJF average precipitation throughout
the ENSO cycle as well as intensification of ENSO-driven pre-
cipitation variation in the tropical Pacific (Power et al. 2013;
Chung and Power 2016) and some land regions, such as eastern
North America, western central Asia, southeastern South
America, and southern Australia (Sun et al. 2020; Power and
Delage 2018) in CMIP3 and CMIP5 coupled models.
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FIG. 7. Physically based diagnostics of thermodynamic and dynamic contributions to changes in ENSO-driven extreme precipitation
variation with different intensity levels. Panels show the (a),(d),(g) diagnosed total, (b),(e),(h) thermodynamic, and (c),(f),(i) dynamic
components for (a)-(c) 2-, (d)—(f) 20-, and (g)-(i) 50-yr events. Hatching indicates changes that are significantly different from zero at the

5% level.

Some caveats do remain. A potential limitation is that our
analysis is primarily based on CESM2. We use this model be-
cause it performs better than other models in reproducing ob-
served ENSO characteristics and its teleconnections with
extreme precipitation, but this does not necessarily guarantee
the robustness of its projections under future emissions sce-
narios. While less skillful, we therefore also analyzed the
CanESMS5 and ACCESS-ESM-5 Large Ensemble simulation
to evaluate the robustness of our findings to model uncertain-
ties (Figs. S9-S12). Overall, the CanESMS large ensemble
shows some similarity to CESM2 in the direction of changes
in El Nifio— and La Nifia—driven deviations, and in ENSO-driven
variation of DJF maximum precipitation events, both globally
and in some regions, such as some locations over the ENA,
WCA, SAU, and EPO (Fig. $9). In these regions, CanESMS5 also
shows increases in ENSO-driven extreme precipitation and the
likelihood of extreme precipitation under future ENSO phases,
with increases in neutral state extreme precipitation and strength-
ening of the El Nifio- and La Nifia-driven deviations (Fig. S9).
The ACCESS-ESM-5 Large Ensemble, which is the least skillful
of the three models in reproducing observed teleconnection rela-
tionships with extreme precipitation and the SST-to-Taux cou-
pling, deviates substantially from CESM2 and CanESMS5 in its
projections of changes in El Nifio- and La Nifia—driven deviation,
and ENSO-driven variation of DJF maximum precipitation
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events (Fig. S10). In common with CESM2 and CanEMS, it
does shows increases in the mean state of extreme precipita-
tion and increases in the likelihood of extreme precipitation
under future ENSO phases (Fig. S11). Confidence in its pro-
jections is necessarily lower, however, given its lower level of
historical skill.

Second, we only use the SST anomaly over the Nifio-3.4 re-
gion to identify ENSO conditions in both historical and future
periods to assess changes in extreme precipitation as well as
related changes in circulation and moisture. As noted previ-
ously, the overall pattern of SST warming, and the spatial
structure of ENSO-related SST variations can affect how the
tropical overturning circulations and teleconnection patterns
change with warming, which in turn may result in changes in
ENSO-driven extreme precipitation variation. Further study
will be required to quantify the effect of large-scale circulation
change and separate it from the local feedbacks associated with
latent heat release and the reduced rising motion that results.

Third, we focus on the wettest 1-day event during the bo-
real cold season and its changes in variability related to
ENSO. The CESM2 offers advances in the surface boundary
layer representation for the ocean as well as for cloud micro-
physics relative to the previous version of the model, CESM1-
LE. Nevertheless, CESM2 (and also other CMIP6 models)
have fundamental limitations on how well they can simulate
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FIG. 8. Spatial patterns of (a)—(c) El Nifo—driven deviation, (d)—(f) La Nifia—driven deviation, and (g)—(i) ENSO-driven variation of
500-hPa vertical velocity (w) in historical (1950-99) and future (2050-99) periods as well as their differences in the CESM2 large ensemble,
all for 20-yr events. Vertical velocity is expressed using pressure as the vertical coordinate. Hatching in (c), (f), and (i) indicates changes

that are significantly different from zero at the 5% level.

such extreme events and large-scale teleconnections, in part
because they are not able to explicitly represent the vertical
transport of energy and water due to atmospheric convection,
internal cloud processes, and orographic drag (Hohenegger
et al. 2023; Rodgers et al. 2021). However, robust changes in
the extreme precipitation and seasonal average precipitation
response in coupled models with large-ensemble simulations
highlight the usefulness of GCMs in studying how precipita-
tion patterns may change in the future.

7. Conclusions

The evidence that ENSO can alter the intensity and likeli-
hood of damaging extreme precipitation events is clear. Here,
we show how these relationships may change in the future
under continued greenhouse gas forcing using a model, the new-
generation CESM2, which simulates ENSO well under recent,
historical, climate forcing conditions. We estimate projected
changes in the intensity and probability of extreme precipitation
conditional on different ENSO phases and quantify projected
changes in ENSO-driven extreme precipitation variation,
which measures the difference between the intensity of ex-
treme precipitation under El Nifio and La Nifia conditions.
We also explored the mechanisms that drive changes in
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extreme precipitation via their decomposition into thermody-
namic and dynamic components and considered how the im-
pacts of external forcing manifest themselves regionally. We
minimized the uncertainty that arises from unforced internal
variability by basing our analysis on a large 50-member initial
conditions ensemble.

We found that future warming will intensify the extreme
precipitation in all of the regions we considered across all
ENSO phases and that differences in the intensity of extreme
precipitation under El Nifio and La Nifia conditions will in-
crease substantially in the future. These changes are the result
of a combination of thermodynamic and dynamic responses
to external forcing. In most regions, the thermodynamic com-
ponent alone would result in a relatively uniform intensifica-
tion of ENSO-driven extreme precipitation variation due to
increased total precipitable water caused by surface warming,
following the Clausius—Clapeyron relationship. Consistent
with this, in most regions, it is projected that there will be an
intensification of extreme precipitation in all ENSO phases in
future, and that unprecedented extreme events beyond those
experienced historically may occur.

The future magnitude of extreme precipitation and its de-
pendence on ENSO phase are heavily influenced by spatially
complex dynamical changes as indicated by the dynamical
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component of our decomposition. These dynamical changes
result from both local feedback processes, whereby enhanced
precipitation corresponds to increased latent heat release, and
thus increased upward motion and moisture convergence, and
large-scale ENSO-related circulation changes. In some regions,
the dynamical component amplifies the thermodynamic-induced
changes, while in others, it offsets them or even result in reduction
in extreme precipitation variation.

Dynamical influence is projected to intensify ENSO-driven
extreme precipitation variations strongly in some regions, re-
sulting in “more extreme and more variable hydroclimate ex-
tremes.” In particular, the dynamic component complements
the thermodynamic component in the tropical Pacific Ocean
and midlatitude regions, such as southeastern South America,
western central Asia, and southern Australia. Unprecedented
extreme precipitation would occur in southeastern South America,
western central Asia, and the equatorial Pacific Ocean during
future El Nifio years, as well as in southern Australia during
future La Nifia years, as results of the combined influences of
the increased total precipitable water and the stronger reduced
rising motions. In addition, the influence of the dynamic com-
ponent was found to depend on the rarity of extreme events in
some regions, with a more important role as precipitation in-
tensity increases. In contrast to the regions mentioned above,
ENSO-driven extreme precipitation variations are projected
to weaken in northern Central America and Southeast Asia
since stronger reduced rising motion in these regions cancels
out the influence of the mean-state moisture increases.
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