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Amplified impacts of multi-year La Niñas
on soil moisture compared to single-year
La Niñas
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This study examines December-January-February (DJF) soil moisture responses to multi-year (MY)
and single-year (SY) La Niñas using a 2200-year CESM1 simulation, AGCM experiments, and
observational data. Four regions where MY La Niñas amplify SY La Niñas’ impacts on soil moisture
were identified: North America, Australia, the Middle East, and the Sahel. SY La Niñas typically cause
soilmoisture drying in theMiddle East andNorthAmerica andwetting inAustralia and theSahel.MYLa
Niñas enhance these effects in the second DJF due to the strengthening of precipitation anomalies or
the accumulation of precipitation-induced soil moisture anomalies, except in the Sahel where wetting
is driven in part by evapotranspiration anomalies. Soil moisture variations are linked to La Niña-
induced sea surface temperature changes in the Indian Ocean (for Australia and the Middle East) and
the Pacific Ocean (for North America). These amplified effects are largely supported by the observed
MY La Niña events from 1948 to 2022. These findings emphasize the need to integrate MY La Niñas
into regional agriculture and water resource management strategies to better anticipate and mitigate
their impacts.

El Niño-Southern Oscillation (ENSO) events typically span 1 year, starting
in the boreal spring (March-April-May; MAM), developing and intensify-
ing during the subsequent summer (June-July-August; JJA) and fall (Sep-
tember-October-November; SON), and reaching their peak intensity in
winter (December-January-February; DJF). Subsequently, they gradually
weaken and transition to the opposite phase or turn to ENSO neutral phase
in the following year. However, some ENSO events deviate from this pat-
tern, persisting without transitioning into the opposite phase in the fol-
lowing year and becoming multi-year (MY) events. These are
predominantly observed during the LaNiña phase of ENSO rather than the
El Niño phase1,2. Understanding the underlying dynamics and distinct cli-
matic impacts of MY La Niña events has attracted increasing interest and
research efforts3–7.

Studies indicated thatMYLaNiña events have diverse climate impacts
across different regions. For instance, during theDJF, they can lead to severe
droughts in the United States during their second DJF3. Prolonged La Niña
events, such as the 1855–1863 episode, can lead to severe and lasting
droughts in the western United States8. It is suggested that low-frequency
climate variability contributes to persistent dry conditions in the south-
western U.S9. Beyond North America, MY La Niñas also drive drier con-
ditions in southeastern South America, significantly reducing
precipitation10. Their global impact extends to the DJF and JJA seasons in

southernChina,where sustainedLaNiñaphases can trigger extreme rainfall
variability11. The recent triple-dip La Niña from 2020 to 2022 resulted in a
historic drought in southern China while simultaneously causing severe
flooding in Pakistan12. MY La Niña events also result in severe cold winters
over East Asia in their first year and over northwestern North America in
their second year6. Additionally, MY La Niña events cause warmer winters
over Europe and North America, while colder winters over Siberia, com-
pared to SY La Niña events13. During boreal summer, MY La Niñas can
cause warmer-than-normal summers in Japan4. TheMidwest in the United
States experiences warmer summers transitioning from El Niño compared
to those persisting from La Niña due to varying teleconnections toward
NorthAmerica14. Additionally,MYevents induce a three-season drought in
the Horn of Africa15.

The impacts ofMY La Niña events, in contrast to SY La Niñas, are not
limited to theNorthernHemisphere. Research has shown that successive La
Niña phases can significantly influence seasonal anomalies, leading to
persistent droughts in southeastern South America16. The distinct tele-
connection patterns, such as ENSO, PDO, and AMO, further complicate
precipitation variability, demonstrating that long-lasting La Niña events
require refined climate monitoring and predictive capabilities17. In Aus-
tralia, triple-dip La Niña events intensify rainfall, with local soil moisture-
rainfall feedback mechanisms likely prolonging wet conditions beyond
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direct ENSO forcing18. However, not all La Niña events result in increased
precipitation—some can trigger severe droughts, as seen in the 2011–2012
Brazilian Northeast drought, which was linked to an anomalous SST gra-
dient in the tropical Atlantic19. Zhu and Yu5 found that MY La Niñas affect
Antarctic sea ice anomalies differently from SY La Niñas, due to an Indian
Ocean memory mechanism specifically tied to MY La Niñas. Since MY La
Niña events often follow strong El Niño events, their unique pre-onset
conditions create a distinct teleconnection with the Indian Ocean, unlike
those seen with SY La Niñas. As the Indian Ocean teleconnection typically
lags behind La Niña evolution by 3–6 months20,21, the differences in sea
surface temperatures (SSTs) between MY and SY La Niñas can persist into
the later stages of La Niña events. This prolonged influence triggers distinct
atmospheric circulation responses in the SouthernHemisphere, resulting in
unique Antarctic sea ice anomaly patterns. Thus, the Indian Ocean condi-
tions act as an “Ocean memory,” enabling MY and SY La Niñas to have
differing climate impacts on Antarctic sea ice concentrations.

Soil moisture could serve as an additional memory mechanism to
distinguish the climate impacts of MY and SY La Niña events due to its
delayed response to ENSO forcing and its ability to accumulate ENSO
effects over several seasons. As a key component of the land–atmosphere
system, soil moisture can preserve hydroclimatic anomalies long after the
initial oceanic forcing has dissipated, thereby influencing subsequent cli-
mate variability through feedback on surface energy fluxes and precipita-
tion. Previous research has demonstrated that soil moisture anomalies can
extend the terrestrial climate response to ENSO beyond the atmospheric
signal alone, acting as a memorymechanism that stores and propagates the
effects of oceanic forcing22–24. For example, key regions such as the central
United States, Sahel, northern India, and southeastern South America have
been identified where soil moisture strongly couples with precipitation22. In
these regions, persistent soil moisture anomalies can influence subsequent
atmospheric conditions, enhancing seasonal predictability and illustrating
the role of soil moisture as a reservoir of past hydroclimatic anomalies.
Dirmeyer24 highlighted how persistent soil moisture anomalies modulate
land–atmosphere coupling strength, influencing the surface climate
response and potentially interacting with broader modes of variability like
ENSO. Soilmoisture variability amplifies and prolongs the temperature and
carbon cycle responses to ENSO in the eastern Amazon, highlighting soil
moisture’s key role in modulating ENSO’s influence on terrestrial
ecosystems25. Similarly, Ummenhofer26 has emphasized the connection
between oceanic conditions in the Indian and Pacific Oceans and soil
moisture variability in Southeast Australia, underscoring the link between
ocean memory and soil memory. This suggests that the ocean memory
discussed earliermay translate into soilmemory, potentially contributing to
the differentiation of MY and SY La Niña events in terms of their global
climate impacts. To better understand these processes, it is crucial to explore
how soil moisture responds differently to SY and MY ENSO events. This
study aims to identify themost significant divergent soil moisture responses
between SY and MY La Niñas across various regions and to assess the
contributions of La Niña-related sea surface temperature anomalies
(SSTAs) in the Pacific, Atlantic, and Indian Oceans to these differences.

There have been only ten MY La Niña events between 1948 and
2022, making it challenging to robustly identify the potential differences
in climate impacts between MY and SY La Niña events due to the limited
sample size. To address this, we utilize the 2200-year Pre-Industrial
simulation from NCAR’s Community Earth System Model version 1
(CESM1) in this study27. CESM1 has been shown to produce realistic
simulations of both MY and SY El Niño and La Niña events, accurately
capturing their spatial patterns, temporal evolutions, and inter-basin
interactions with the neighboring Atlantic and Indian Oceans28–30. Tro-
pical basin interactions, such as Indian Ocean warming and the Atlantic
Niño, played a crucial role in sustaining La Niña conditions, further
modulating ENSO teleconnections and impacting regional and global
climate variability31–33. Understanding these teleconnections in MY La
Niñas is essential for improving long-term climate predictions and
regional impact assessments. This makes CESM1 simulations valuable

for identifying and contrasting the climate impacts of MY and SY La
Niñas. Afterward, it is crucial to verify these model findings against
observed events.

Results
ContrastingSSTApatternsandsoilmoistureanomalies inSYand
MY La Niña events
The CESM1 Pre-Industrial simulation identified 351 La Niña events from
model year 400 to 2200, with 72% classified as MY and 28% as SY (see
“Methods” for the identification criteria). These proportions closely
resemble the 83% MY and 17% SY La Niña events observed from 1948 to
2022. In the simulated SY La Niña (Fig. 1a), negative SSTAs onset in
March0-April0-May0 (MAM0), peak in December0-January+1-February+1

(DJF0), and decline before transitioning to El Niño by June+1-July+1-
August+1 (JJA+1) of the following year. In contrast, the MY La Niña also
starts inMAM0 andpeaks inDJF0 (Fig. 1b), but persists into the second year,
gradually diminishing by June+2-July+2-August+2 (JJA+2) of the third year
and showing a weaker secondary peak in December+1-January+2-
February+2 (DJF+1) during that second year. In this study, the year leading
up to the LaNiña event is labeled as year−1, with the onset year and the two
subsequent years marked as years 0, +1, and +2, respectively.

The simulated MY and SY La Niñas exhibit three key differences in
their SSTA patterns: distinct pre-onset conditions, varying peak intensities,
and different teleconnections to the neighboring tropical Indian and North
Atlantic Oceans5,31,32. The compositeMY LaNiña is preceded by a strong El
Niño in the previous year (Fig. 1b), whereas the composite SY LaNiña lacks
this precursor (Fig. 1a), highlighting the importance of heat discharge from
the strongElNiño forMYLaNiña formation.Additionally, theMYLaNiña
reaches a stronger peak intensity than the SYLaNiña during itsfirstDJF but
exhibits a weaker intensity in its second DJF. We also find from Fig. 1 that
the CESM1 pre-industrial simulation realistically captures the typical La
Niña teleconnections to the Indian and Atlantic Oceans, including the
basin-wide cold SSTAs in the Indian Ocean—known as the Indian Ocean
Basin (IOB) mode—and cold SSTAs in the tropical North Atlantic (TNA).
Both patterns tend to peak during the boreal spring (MAM) season of the La
Niña decaying year20,21. Figure 1a, b further indicates that the MY La Niña
induces aweaker cold phase of the IOBmode andweaker SSTAs in theTNA
region during its first year compared to SY La Niña. These differences in
trans-basin teleconnection between SY and MY La Niñas stem from their
distinct pre-onset conditions. The strong preceding El Niño, which is
known to induce a warm IOB in the Indian Ocean and warm SSTAs in the
TNA region, can persist after the onset of MY La Niña, counteracting the
cold IOB and cold SSTAs that are typically induced by MY La Niña during
itsfirst DJF. As theMYLaNiña progresses into its second year, the negative
IOB and TNA conditions re-emerge. These key differences between SY and
MY La Niñas during DJFs are reflected in the changes in the Cold Tongue
Index (CTI), IOB index, and TNA index (see “Methods”) values, as shown
in Fig. 1c. These three distinct SSTA features across the tropical Pacific,
IndianOcean, andAtlanticmay contribute to varying soilmoisture patterns
between MY and SY La Niñas.

We then examine soilmoisture anomalies for the LaNiña events in the
CESM1 simulation during the DJF season (Fig. 2), focusing on the top 10
centimeters of surface soil moisture. Surface soil moisture in CESM1 is
simulated using the Community LandModel version 5.0 (CLM5.0), which
incorporates amulti-layer soil column and physically based representations
of vertical water movement and land surface processes (see “Methods” for
details). While some model biases remain—particularly in arid and semi-
arid regions—CESM1 reproduces the broad spatial patterns of DJF surface
soil moisture climatology when compared with NOAA CPC observations
(see “Methods” and Fig. 8), providing confidence in its utility for assessing
soil moisture variability during SY andMY La Niña events. Our analysis of
the CESM1 pre-industrial simulation shows that SY La Niña events gen-
erally lead to soil moisture drying in North America and the Middle East,
and soil moisture wetting in Australia, the Sahel, and South America
(Fig. 2a). Similar soil moisture patterns were found during the first and
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second-year DJFs of simulated MY La Niña events (Fig. 2b, c). To identify
where MY La Niña events produce the most significant differences in soil
moisture response compared to SY La Niña, we calculated the ratios of soil
moisture anomalies during thefirst and secondDJFs ofMYLaNiña to those
during the DJF of SY La Niña (Fig. 2e, f). Ratios greater than 1 signify an
amplification effect duringMYLaNiña events. This analysis reveals two key
features: first, simulated MY La Niña events amplify drying anomalies in
North America and the Middle East, as well as wetting anomalies in Aus-
tralia and the Sahel across both the first and second-year DJFs. The
amplification effect in South America, however, is relatively weak and dis-
appears in the second DJF (c.f. Fig. 2d–f). Second, the amplification effect
becomes stronger in the second DJF of MY La Niña in these four regions
(Fig. 2d) and covers a broader geographic area compared to thefirst DJF (cf.
Fig. 2e, f). Our findings suggest that, in the CESM1 simulation,MY LaNiña
amplifies the typical DJF soil moisture impacts of SY La Niña in four key
regions —North America, the Middle East, Australia, and the Sahel
(highlighted by black boxes in Fig. 2e, f) —with the strongest effects
occurring in the second DJF.

It is worth noting that the amplified soil moisture center in theMiddle
East extends slightly into Central-East Asia. The soil moisture wetting is
primarily confined to the southern United States during the SY La Niña.
However, during theMYLaNiñas, thewetting extends northeastward, with
the amplification of soil moisture wetting spanning from the southwest to

the northeast across North America. Therefore, we chose to generalize this
response as occurringoverNorthAmerica as awhole. In addition to the four
key regions highlighted in this study, amplification of soil moisture also
appears in parts of northern South America, including the Amazon, par-
ticularly during thefirstDJFof theMYLaNiña. In the secondDJF, however,
this wetting signal becomesmore fragmented and limited to scattered areas.
A similar pattern is seen in southernAfrica, where the amplification ismore
widespread in thefirst DJF but contracts to a smaller area in the secondDJF.
These patterns suggest that amplification effects can extend beyond the four
focus regions.However, we concentrated on these four regions because they
consistently exhibit the most robust and persistent amplification signals,
providing a clearer basis for analysis.

Factors contributing to amplified soil moisture anomalies in MY
La Niña events
Precipitation is a key factor in the mechanisms affecting soil moisture. To
investigate this, we compared the composite DJF precipitation anomalies
during simulated SY and MY La Niña events in Fig. 3a–c. Both types of La
Niñas result in increased rainfall inAustralia anddecreased rainfall inNorth
America, the Middle East, and the Sahel. The negative precipitation
anomalies cover the southern U.S. during SY La Niña events, while
extending across the entire United States duringMY La Niña events. In the
Middle East, negative precipitation anomalies during both SY and MY La

Fig. 1 | Composite SSTAs for the simulated SY and
MY La Niña events during the years 400–2200 of
the CESM1 Pre-Industrial simulation.
a Longitude–time plot of SSTAs (shaded; in °C)
along the equatorial Indo-Pacific Oceans (5°S–5°N)
and the tropical North Atlantic Ocean (5°N–25°N)
from June (−1) to December (+2) for the simulated
SY La Niña; b Same as (a) but for the simulated MY
La Niña; c Values of the composite IOB, CTI, and
TNA indices for the simulated SY La Niña during
DJF0 (black bars), and DJF0 (red bars) and DJF+1

(blue bars) of the simulated MY La Niña in the
CESM1 Pre-Industrial simulation. The latitudinal
averages are different between the Indo-Pacific
Oceans (5°S–5°N) and the tropical North Atlantic
Ocean (5°N–25°N). The reason is that SSTAs in the
Indo-Pacific region associated with ENSO and IOB
variability are typically confined near the equator. In
contrast, the TNA region influences climate pri-
marily through SSTAs located farther north. The
error bars in (c) represent one standard deviation of
the oceanic index values. Hatchings in (a) and (b)
indicate areas where the values exceed the 95%
confidence interval, determined using a two-tailed
Student’s t-test.
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Niña events even extend into Central Asia. Decreased rainfall anomalies
explain the drying soil moisture in North America and the Middle East for
both SY and MY La Niñas, while increased rainfall anomalies lead to
increased soil moisture in Australia. However, the decreased rainfall
anomalies in the Sahel do not account for the increased soil moisture found
during SY and MY La Niña events. This suggests that precipitation alone
cannot explain the soil moisture increase in this region. Additional con-
tributing factors—such as evapotranspiration, runoff, and drainage—need
to be considered in the Sahel to assess their potential roles in the wetting
signal found during La Niña events.

We next focused on the three key regions where La Niña-induced
precipitation and soil moisture anomalies align (cf. Figs. 2a–c, 3a–c): Aus-
tralia, North America, and the Middle East. The goal was to identify where
the amplification of soil moisture anomalies from SY toMY LaNiñas could
be directly attributed to a corresponding amplification of precipitation
anomalies. Analysis of the precipitation anomaly ratios betweenMYand SY
La Niñas (Fig. 3e, f) shows that amplified precipitation anomalies (i.e., ratio
greater than1) occur only inAustralia, particularly in the secondDJF. In this
region, the intensified soil moisture anomalies from SY toMY La Niña and
from the first to second DJF of MY La Niña are directly linked to increased
precipitation. However, no amplified precipitation deficits were observed in
North America or the Middle East in either DJF of MY La Niña, indicating
that precipitation alone cannot explain the intensified soil moisture drying
in these two regions during MY La Niña events.

In North America and the Middle East, one explanation for the
amplified soil moisture anomalies during MY La Niña events is that
anomalies caused by precipitation deficits in the first DJF persist into the
second, accumulating with new precipitation-induced anomalies to inten-
sify the overall impact. To explore this, we calculated the ratios of soil
moisture anomalies to precipitation anomalies for bothDJFs across the four

regions (Fig. 3d). The results show a notable increase in the Middle East,
indicating that accumulated soil moisture anomalies contributed to the
amplification. Australia also exhibits a significant increase, where both
amplified precipitation (asmentioned earlier) and accumulation effects play
a role in the intensified soil moisture during the secondDJF ofMYLaNiña.
In North America, the smaller ratio increase suggests that accumulation
contributes to the amplified soil moisture anomalies, consistent with
Okumura et al.3, who found that precipitation deficit conditions from the
first DJF persisted into the second. However, this effect is weaker than in
Australia and the Middle East. The prolonged duration of MY La Niñas
enhances their impact on soil moisture across these three regions. In con-
trast, the negative ratios in the Sahel again indicate that the amplified soil
moisture anomalies during MY La Niña are not driven by local
precipitation.

For the Sahel region, precipitation anomalies alone cannot account for
thepositive soilmoisture anomalies or their amplification fromSY toMYLa
Niña composites. Tomore rigorously investigate the processes contributing
to elevated soil moisture during these events, we conducted a surface soil
moisture budget analysis. Surface soil moisture variability is influenced by
five primary processes: precipitation, snowmelt, evapotranspiration, runoff,
and drainage23. Among these, precipitation and snowmelt act as moisture
sources, while evapotranspiration, runoff, and drainage serve as moisture
sinks. We calculated DJF anomalies for all five terms, averaged over the
Sahel region, based on composites of SY and MY La Niña events using
CESM1pre-industrial simulations.These results are summarized inTable 1.
The table shows that both source terms—precipitation and snowmelt—are
reducedduring SYandMYLaNiña events. In addition, twoof the three sink
terms—runoff and drainage—are increased. These four processes therefore
cannot account for the positive surface soil moisture anomalies during La
Niña events in the Sahel. Only the negative evapotranspiration anomalies,

Fig. 2 | Composite soil moisture anomalies and ratios of soil moisture anomalies
for SY and MY La Niñas in CESM1. Composite soil moisture anomalies for a the
DJF of the simulated single-year La Niña, b first (DJF0) and c second DJF (DJF+1) of
the simulated MY La Niña in the CESM1 simulation; e, f are the ratios of soil
moisture anomalies, calculating by the first DJF and second DJF of MY La Niña

divided by the SY LaNiña; d is the average of soilmoisture ratios in (e) and (f) in four
regions: Australia, Sahel, Middle East, and North America. Hatchings in (a–c)
indicate areas where the values exceed the 95% confidence interval determined using
a two-tailed Student’s t-test.
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which act todecreasemoisture loss fromthe land surface, are consistentwith
the increased soil moisture found in both SY and MY La Niña composites.
Moreover, the magnitude of the negative evapotranspiration anomaly
increases from −0.0059mm/day during SY La Niña to −0.0089mm/day
and −0.0061mm/day during the first and second DJFs of MY La Niña
events, respectively. This stronger reduction in evapotranspiration during
theMY La Niña helps explain why the soil moisture anomalies in the Sahel
are amplified relative to SY La Niña events. The continued increase in soil
moisture from the first DJF to the second DJF of the MY La Niña, despite a
slightly weaker reduction in evapotranspiration, is likely driven by cumu-
lative moisture retention from the first year, indicating a compounding
effect of suppressed evapotranspiration across consecutive DJF periods.

To explore the drivers of the reduced evapotranspiration over the Sahel
during SY and MY La Niña events, we examined two key atmospheric
factors: near-surface atmospheric humidity and net downward radiation.
Net radiation provides the energy required for evapotranspiration, parti-
cularly when soil moisture is available34, while atmospheric humidity
influences the vapor pressure deficit (VPD), which governs atmospheric

demand for moisture35. We calculated near-surface specific humidity,
averaged between 975 hPa and 850 hPa, over the Sahel during both SY and
MY La Niña events (not shown), and found negative anomalies in both
cases. This indicates a reduction in atmospheric humidity, which would
increase VPD and, all else equal, should enhance evapotranspiration. We
also find that net downward radiation over the Sahel is enhanced during
these events, with positive anomalies of 0.35W/m² during SY La Niña, and
0.17W/m² and 0.38W/m² during the first and secondDJFs ofMYLaNiña,
respectively. These results suggest that atmospheric conditions during La
Niña—reduced humidity and increased surface net radiation—should favor
higher, not lower, evapotranspiration rates.

The fact that CESM1 simulates reduced evapotranspiration over the
Sahel during both SY and MY La Niña events, despite these atmospheric
conditions, indicates that atmospheric drivers alone cannot explain the
response. Instead, the suppression of evapotranspiration likely stems from
processes internal to the land surface system. Potential explanations include
vegetation-mediated responses, suchas reduced leaf area or stomatal closure
under sustained water stress, changes in plant physiological behavior under

Table 1 | Average soil moisture budget in the Sahel

La Nina Soil moisture anomalies Source Sink

Precipitation snowmelt Runoff Drainage Evapotranspiration

SY 0.05 −0.095 −0.004 0.0028 0.0039 −0.0059

MY0 0.06 −0.11 −0.005 0.0013 0.0027 −0.0089

MY1 0.1 −0.11 −0.004 0.0048 0.0062 −0.0061

Fig. 3 | Composite precipitation anomalies and the ratios of soil moisture
anomalies to precipitation anomalies during SY and MY La Niñas in CESM1.
Composite precipitation anomalies during a the DJF of the simulated SY La Niña,
b first DJF (DJF0) and c second DJF (DJF+1) of the simulated MY La Niña in the
CESM1 simulation; d The ratios of soil moisture anomalies to precipitation
anomalies during first DJFs (orange bars) and second DJFs (green bars) of MY La

Niñas; e, f are the ratios of precipitation anomalies, calculating by the first DJF and
second DJF of MY La Niña divided by the SY La Niña. In (d), both soil moisture (kg
m⁻²) and precipitation (mm d⁻¹) anomalies were normalized by their respective
climatological standard deviations before taking the ratio. The ratio in (d) is
dimensionless. Hatchings in (a–c) indicate areas where the values exceed the 95%
confidence interval determined using a two-tailed Student’s t-test.
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elevated VPD, or shifts in the partitioning of surface energy that favor
sensible heat flux over latent heat36,37. Although these mechanisms are not
explicitly examined in this study, they represent plausible explanations for
the Sahel’s land surface response to La Niña events. Future research is
warranted tomore fully understand how land surface processes in the Sahel
respond to SY and MY La Niña events and contribute to regional soil
moisture anomalies.

It is important to note that our surface soil moisture budget does not
explicitly account for vertical water exchanges between soil layers. In par-
ticular, fluxes such as percolation from the topsoil to deeper layers or
capillary rise from below can significantly influence surface soil moisture.
These vertical redistributions are not represented as source or sink terms in
our analysis, which may explain the residual imbalance between the sum-
med fluxes and the diagnosed soil moisture anomalies. Future work could
improve this analysis by incorporating a full vertical moisture flux
decomposition within the landmodel to better constrain internal soil water
dynamics.

The contributions of three oceans to soil moisture anomalies
Aspreviouslymentioned,MYandSYLaNiña eventsdisplay several distinct
differences in their SSTAs within the tropical Pacific, as well as in their
teleconnections with the tropical IndianOcean and tropical North Atlantic.
In this section, our goal is to identify which of these SSTA differences are
most significant for influencing the effects of MY La Niña on soil moisture

across the four regions. To address this question, we first conducted a
multiple linear regression analysis to assess the relative contributions of
SSTAs in the tropical Pacific (represented by the CTI index), Indian (IOB
index), andAtlantic (TNA index) Oceans to DJF soil moisture variability in
the CESM1 Pre-Industrial simulation (Fig. 4a–c). In this analysis, we focus
on the anomalies associated with SST indices from three ocean basins: the
CTI, IOB, and TNA indices. These three indices represent the dominant
modes of tropical SSTvariability across the threemajor oceanbasins and are
used to examine how tropical ocean–atmosphere interactions modulate
land climate. We then reconstructed soil moisture anomalies for the four
regions—North America, the Middle East, Australia, and the Sahel—by
multiplying the average regression coefficients for each region with the
oceanic SSTA indices (Fig. 4d–g). This approach allowed us to quantify the
contributions of each ocean to soil moisture anomalies in these regions
during the simulated SY and MY La Niñas.

Themulti-regression analysis (Fig. 4a–c) shows that La Niña SSTAs in
the tropical Pacific (representedbynegativeCTI), LaNiña-inducednegative
IOB SSTAs in the Indian Ocean, and negative TNA SSTAs in the Atlantic
Ocean can all contribute to soil moisture drying in North America. How-
ever, the reconstruction analysis reveals that soil moisture anomalies in
NorthAmerica during LaNiña events in the CESM1 simulation (black bars
in Fig. 4d) are primarily driven by Pacific SSTAs (represented by the CTI)
(green bars in Fig. 4d). In contrast, contributions from La Niña-induced
SSTAs in the Indian andAtlanticOceans (represented by the IOB andTNA

Fig. 4 | The regression coefficients ofmultiple regression for three oceanic indices
and reconstructed soil moisture calculated by multiplying the three oceanic
indices. Including negative IOB (a), CTI (b), and TNA (c), regressed onto soil
moisture anomalies; d–g reconstructed soil moisture calculated by multiplying the

three oceanic indices during the DJF of SY La Niña, as well as the first and second
DJFs of MY La Niña, by the averaged regression coefficients over the four regions.
Hatchings in (a–c) indicate areas where the values exceed the 95% confidence
interval, determined using a two-tailed Student’s t-test.
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indices, respectively) are minimal. Asmentioned in the discussion of Fig. 3,
La Niña-driven precipitation anomalies account for the soil moisture
responses observed inNorthAmericaduringboth the simulatedSYandMY
LaNiña events. Previous studies have suggested that during LaNiña events,
cold SSTAs in the tropical Pacific can shift the tropospheric jet stream
northward, redirecting storm systems toward the Pacific Northwest and
resulting in decreased rainfall in the southern United States38–40. This
mechanism explains how Pacific SSTAs predominantly shape the soil
moisture responses in both the simulated SY and MY La Niña events
through jet stream displacements.

The multi-regression analysis also shows that La Niña SSTAs
associated with the CTI, IOB, and TNA indices can all contribute to soil
moisture drying in the Middle East and soil moisture wetting in Aus-
tralia (Fig. 4a–c). The reconstruction analysis further reveals that the
drying soil moisture anomalies in the Middle East and the wetting soil
moisture anomalies in Australia during the simulated SY and MY La
Niña events are primarily attributable to Pacific and Indian Ocean
SSTAs, while theAtlantic SSTAs play aminimal role (Fig. 4e, f). Previous
studies have shown that the cold SSTAs associated with La Niña in the
Pacific can enhance the Pacific Walker circulation, increasing convec-
tion and rainfall over Australia41,42. Also, La Niña-induced cold SSTAs in
the Indian Ocean can enhance westerly winds that bring warmer waters
and provide more moisture closer to Australia, thereby increasing
rainfall43. Additionally, research has highlighted the crucial role of
Indian Ocean SSTAs in enabling La Niña events to reduce precipitation
in the Middle East by inducing high-pressure systems over the East
Asian continent and promoting convergent circulation at upper levels44.
The La Niña SSTAs in the Pacific can also shift the subtropical jet stream
during DJF, leading to reduced storm activity and precipitation45,46. This
results in drier soil moisture conditions over the Middle East. However,
the Indian Ocean influences on Australia and the Middle East soil
moisture weakened significantly during the first DJF of MY La Niña due
to the diminished Indian Ocean response related to the pre-onset El
Niño condition (see Fig. 4e, f).

In the Sahel region, the reconstruction analysis indicates that the CTI
and IOB are the two primary contributors to soilmoisture variations during
the simulated SY and MY La Niña events. However, the reconstructed soil
moisture anomalies are notably smaller than the composite anomalies for
both the simulatedSYandMYLaNiña events (Fig. 4g).This suggests thatLa
Niña-related SSTAs have less influence on moisture variations in the Sahel
compared to the other three regions analyzed in this study. One possible
explanation is that soil moisture anomalies in the Sahel arise not fromdirect
atmospheric moisture forcing, but from land surface processes—such as
reduced evapotranspiration—that act in response to large-scale SST forcing.
The sensitivity of these land surface responses may be modulated by ENSO
intensity (captured by CTI) and Indian Ocean SST conditions (represented
by the IOB index), which could influence regional energy balance or
vegetationbehavior.Thesemechanismsarenot explicitly examinedherebut
offer a plausible link between oceanic SST patterns and soil moisture
responses in the Sahel, and they warrant further investigation.

We next conducted the forcedAGCMexperiments (see “Methods”) to
verify the individual contributions of SSTAs in the three oceans to soil
moisture anomalies. TheCAM5 simulations also capture the broadDJF soil
moisture climatology (see “Methods” and Fig. 8), supporting their use in
assessing SST-forced responses. The AGCM-All experiments (Fig. 5d–f)
reasonably replicate the signs of anomalous soil moisture conditions pro-
duced by the simulated SY and MY La Niña in the CESM’s 2200-year Pre-
Industrial simulation (Fig. 5a–c), including drying soil moisture anomalies
over North America and the Middle East, as well as wetting soil moisture
anomalies over Australia and the Sahel during both SY and MY La Niñas
events. In most of these regions, even the magnitudes of the soil moisture
anomalies produced by the AGCM-All experiments are close to those
produced in the CESM simulation (Fig. 5p–r). The soil moisture anomaly
patterns generated by the AGCM-All experiments in the Middle East are
most closely aligned with those of the CESM simulation. In this region, the
responses of soil moisture anomalies during the simulated SY La Niña and
the first DJF of the simulated MY La Niña are dominantly influenced by
PacificOcean SSTAs, while during the secondDJF of the simulatedMY, the

Fig. 5 | Composite soilmoisture anomalies during SY andMYLaNiñas inAGCM
experiments. For a the DJF of the simulated single-year La Niña, b first (DJF0) and
c second DJF (DJF+1) of the simulated MY La Niña in the 2200-year Pre-Industrial
simulation. (d–f), (g–i), (j–l), and (m–o) mirror (a–c) but for the AGCM-All
experiments, AGCM-IO experiments, AGCM-PO experiments, and AGCM-AO
experiments, respectively. pAveraged soil moisture anomalies (units: kg/m²) across

four key regions during SY La Niñas in the Pre-Industrial (black bars), AGCM-All
experiments (red bars), AGCM-IO experiments (green bars), AGCM-PO experi-
ments (blue bars), and AGCM-AO experiments (purple bars). (q) and (r) replicate
(p) but for the first and secondDJFs ofMYLaNiñas, respectively. Hatchings in (a–c)
indicate areas where the values exceed the 95% confidence interval, determined
using a two-tailed Student’s t-test.
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role of IndianOcean SSTAshas increased.Results from these forcedAGCM
experiments are highly consistentwith the reconstructed regression analysis
we show in Fig. 4e. The AGCM-All experiments also produce high con-
sistency in soil moisture responses with the CESM simulation over Aus-
tralia. In this region, Indian Ocean SSTAs have the greatest impact on soil
moisture anomalies during both SY and MY events. Previous studies have
also suggested that the IOD’s impact on rainfall during the DJF and MAM
seasons in southeastern and southwestern Australia can be particularly
pronounced, and that the Indian Ocean exerts a stronger influence on
lower-frequency variability such as multi-year droughts47,48. Soil moisture
anomalies produced by the AGCM-IO experiment are closest to those
produced by the AGCM-All experiment, followed by the AGCM-PO
experiment. Contribution from the Atlantic Ocean is minimal, as indicated
by the AGCM-AO experiment. The results from these forced AGCM
experiments are consistent with the reconstructed regression analysis (Fig.
4f), which shows that Pacific and Indian Ocean SSTAs contribute the most
to soil moisture variation during La Niña events. However, the relative
influences of these two oceans differ between the reconstructed regression
analysis and the forced AGCM experiments. Together, our reconstruction
analysis and forced AGCM experiments suggest that soil moisture varia-
tions in both Australia and the Middle East during La Niña events are
primarily driven by SSTAs in the Pacific and Indian Oceans.

However, over North America and Sahel, results from these forced
AGCMexperiments arenot consistentwithfindings from the reconstructed
regressionanalysis.Our reconstructionanalysis indicates that thedrying soil
moisture over North America during both the simulated SY and MY La
Niñas is primarily related to the Pacific SSTAs (see Fig. 4d). However, in the
forced AGCM experiments, the Pacific contributions revealed by the
AGCM-PO experiments are comparable to or weaker than the contribu-
tions from the Indian Ocean revealed by the AGCM-IO experiments
(Fig. 5p–r). The lesser consistency observed in North America may be

attributed to the absence of SSTA forcing from the La Niña-induced SSTAs
in the extratropicalNorthPacific in the experiments.As for the Sahel region,
the La Niña-induced wetting soil moisture effects produced by the CESM1
simulationareoverestimatedby theAGCM-All experiments (Fig. 5p–r) and
mostly dominated by the Pacific SSTAs, which are different from the
findings from the analyses we presented in composite precipitation
anomalies (c.f. Fig. 3) but is consistent with the reconstructed regression
analysis (c.f. Fig. 4). These complex and somehow contradicting results
again suggest that the La Niña impacts on Sahel soil moisture during DJF
involve processes that are more complex that other three regions and are
likely not linearly or directly related to La Niña SSTAs.

In summary, the soil moisture response demonstrates the highest
consistency in theMiddle East and is notably consistent in Australia across
both AGCM experiments and CESM. Similarly, the Sahel shows minimal
influence from SSTAs in both AGCM experiments and CESM. However,
there is a notable inconsistency in North America between AGCM
experiments and CESM, potentially stemming from the lack of SSTAs
forcing from the Northern Pacific in the AGCM experiments.

Observed amplified soil moisture anomalies during 1948–2022
Between 1948 and 2022, there were two observed SY La Niña events (1964/
1965 and 1975/1976) and ten observed MY La Niña events (1949/1951,
1954/1956, 1970/1972, 1973/1975, 1983/1985, 1988/1990, 1995/1997, 2007/
2009, 2010/2012, 2020/2022). Composite analyses of these observed events
show that SY La Niña events resulted in soil moisture anomalies char-
acterized by drying inNorthAmerica andwetting inAustralia and the Sahel
(Fig. 6a), which aligns with the results from our CESM Pre-industrial
simulation (Fig. 2a). However, unlike the simulation, the observed SY La
Niña events did not produce awetting soilmoisture condition in theMiddle
East. The observedMY La Niña composite did clearly exhibit soil moisture
drying in the Middle East (Fig. 6b, c). Observations also confirmed the

Fig. 6 | Composite soil moisture anomalies and the ratios of soil moisture
anomalies in the observation. a The DJF of the observed SY La Niña, b first DJF
(DJF0) and c second DJF (DJF+1) of the observed MY La Niña during 1948–2020.
d, e The ratios of soil moisture anomalies, calculated by the first DJF and secondDJF

of MY La Niña divided by the SY La Niña. Yellow and green contours in (e) are
negative and positive soil moisture anomalies in SY La Niña as illustrated in (a).
Hatchings in (a–c) indicate areas where the values exceed the 95% confidence
interval determined using a two-tailed Student’s t-test.
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simulation’s findings for MY La Niña events, showing wetting in Australia
and drying inNorthAmerica. However, unlike the simulation, the observed
MY La Niña events showed wetting soil moisture conditions in the Sahel
during both the first and second DJFs.

In terms of amplification effects, the observed MY La Niña events did
intensify drying soil moisture anomalies over North America and the
Middle East, while amplifyingwetting anomalies overAustralia during both
the first and second DJFs (Fig. 6d, e), consistent with the CESM results.
However, unlike theCESM, the observations shownoamplified effect in the
Sahel. Moreover, the amplification effects in the observations across these
regions appear fragmented and less pronounced compared to those in the
CESM. These discrepancies between observations and CESM simulations
could be attributed to model biases or the limited number of observed
events.

Discussion
This study investigates soilmoisture responses to SYandMYLaNiñasusing
CESM1 simulations, forced AGCM experiments, and observations. SY La
Niñas generally lead to drying in North America and the Middle East, and
wetting inAustralia and the Sahel. Similar patterns are observedduring both
the first and second DJFs of MY La Niñas, except for the Sahel. In CESM,
MY La Niñas amplify drying in North America and the Middle East, and
wetting in Australia, consistent with observations. However, discrepancies
exist in the Sahel, possibly due to model bias or limited observed events.

In the CESM Pre-Industrial simulation, the amplification of soil
moisture anomalies inAustralia is attributed to both amplified precipitation
during the secondDJF ofMYLaNiñas and accumulated soilmoisture from
the first to the second DJFs. Similarly, in North America, the amplified
drying of soil moisture during the second DJF is also due to a similar
accumulation effect of soilmoisture.An even strongeraccumulation effect is
observed in theMiddleEast, fully explaininghowthe amplifiedsoilmoisture
wetting impact can be produced in this region byMYLaNiña events. In the
Sahel, however, the amplified wetting cannot be explained by precipitation
anomalies, but is instead linked to reduced evapotranspiration, which may
reflect land surface responses to La Niña-related SST anomalies in the
Pacific and Indian Oceans.

The forced AGCM experiments further confirm suggestions from the
CESM simulation that soil moisture responses in the Middle East and
Australia are controlled by Pacific and Indian Ocean SSTAs during MY La
Niñas. The Sahel shows minimal influence from SSTAs in both AGCM
experiments andCESM.However, there is a notable inconsistency inNorth
America between AGCM experiments and CESM, potentially stemming
from the lack of SSTAs forcing from the Northern Pacific in the AGCM
experiments. Future research should focus on incorporating additional
observational data to better understand and reconcile the discrepancies
observed between models and observations.

The amplification of soil moisture anomalies during MY La Niña
events has critical implications for regional climate resilience, particularly in
agriculture and water resource management. The intensified drying in
North America and the Middle East may exacerbate existing water scarcity
and agricultural challenges, necessitating improved drought management
strategies. In contrast, increased soil moisture in Australia could heighten
the risk of flooding, posing challenges for flood preparedness and agri-
cultural stability. In the Sahel, enhanced soilmoisture during LaNiña events
—despite reduced precipitation—underscores the importance of land sur-
face processes, such as evapotranspiration responses, in shaping regional
hydroclimatic outcomes. Further investigation involving a full vertical
decomposition of soil moisture is needed to better understand the processes
governing surfacemoisture variability in the Sahel. These findings highlight
the need to integrate MY La Niña dynamics and region-specific
land–atmosphere interactions into long-term climate planning to better
anticipate and mitigate divergent impacts across vulnerable regions.

In addition to the influence of MY La Niña events, long-term climate
change plays a significant role in modulating soil moisture trends23. For
instance, in the Sahel region, observed increases in rainfall have been linked

to global warming49, suggesting that climate change contributes to soil
moisture wetting trends. Therefore, while our analysis isolates the effects of
climate variability by removing linear trends, it’s important to recognize that
climate change may amplify or mitigate these variability-driven soil
moisture anomalies. Future studies should aim to disentangle the inter-
twined effects of climate variability and long-term climate change to better
understand their combined impact on regional soil moisture dynamics.

Methods
Observational data and CESM1 simulations
We analyze the monthly anomalies of SST, soil moisture, and precipitation
from years 400–2200 of the 2200-year CESM1 Pre-Industrial Control
simulation. We use the observations and reanalysis during the period
1948–2022 to verify themodelfindings. These data include themonthly SST
data from the Hadley Center Sea Ice and Sea Surface temperature
(HadlSST)50 andmonthly soilmoisture data from theCPCSoilMoistureV2
data51. In this study, monthly anomalies are defined as the deviations from
themonthly climatology after the linear trend is removed. Themodeled and
observed monthly climatologies are calculated as the means during years
400–2200 of the CESM1 simulation and the years 1991–2020 of the
observations and reanalysis, respectively.

Identifying SY and MY La Niña events
We identified a La Niña event to occur in the CESM1 simulation or the
reanalysiswhen the 3-month running-meanof theOceanNiño index (ONI;
SSTAs averaged between 5°S‒5°N and 170‒120°W) is less than
−0.75 standard deviation at any time during November0 to January+1.
Calendar months during those years are referred to as month−1, month0,
month+1, and month+2, respectively. Following Kim and Yu30, if the
running-mean ONI during any month from November+1 to January+2 of
the selected events is less than 0 °C, the event is classified as a MY La Niña
event. Otherwise, the event is classified as a SY La Niña event. The reduced
threshold in the secondyear enables the inclusionof additionalMYevents in
the analysis, especially those that continue with lower intensity throughout
their second DJF.

Definitions of climate indices
Three indices based on SSTAs in the tropics were used in the study, which
include the IOB index in the Indian Ocean (IO), CTI in the Pacific Ocean
(PO), andTNA index in theAtlanticOcean (AO). The IOB index is defined
as the SSTAs averaged in the tropical Indian Ocean (40°–100°E,
20°S–20°N)52. The CTI is the average SSTAs between 6°N-6°S and 180-
90°W53. The TNA index is defined as the SSTAs averaged between 15°-
55°W and 5°-25°N54.

Forced atmospheric general circulation model (AGCM)
experiments
This study conducts two sets of ensemble forced experiments using
an atmospheric general circulation model (AGCM). This study uti-
lizes the Community Atmosphere Model version 5 (CAM5) from the
National Center for Atmospheric Research to conduct two groups of
five 10-member ensemble experiments. The first set incorporates
composite SSTAs from SY La Niña events, while the second set uses
composite SSTAs from MY La Niña events. Each set includes one
control experiment (AGCM-CTR), which employs climatological
SSTs to drive the model, and four forced experiments (AGCM-All,
AGCM-IO, AGCM-PO, and AGCM-AO). The AGCM-CTR experi-
ments are forced by climatological SSTs from the model’s own cli-
matology. The AGCM-All experiments are forced by the
climatological SSTs superimposed with the composite SSTAs from
the tropical Pacific (20°S–20°N, 110°E-60°W), Indian Ocean
(20°S–20°N, 30°E-110°E), and Tropical North Atlantic (0°-25°N,
0°W-60°W) (Fig. 7). The AGCM-IO, AGCM-PO, and AGCM-AO
experiments are forced by climatological SSTs superimposed with
SSTAs only from the tropical Indian Ocean, tropical Pacific Ocean,
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and tropical North Atlantic Ocean, respectively. Unlike the specific
regions used to define the TNA, IOB, and CTI indices, the AGCM
experiments apply broader SSTAs over each of the three ocean basins
to better capture the large-scale climatological influence and basin-
wide responses.

Each experiment comprises ten ensemble members and is forced
with composite SSTAs of SY and MY La Niña extracted from the
CESM1 Pre-Industrial simulation. For the SY La Niña forcing
experiments, SSTAs span from January in the developing year (Jan0)
to December in the decaying year (Dec+1), totaling 24months. For the
MY La Niña forcing experiment, SSTAs extend from January in the
first developing year (Jan0) to December in the third year (Dec+2),
covering 36 months. We calculate the difference between the
ensemble means of the AGCM control experiments and the ensemble
means of all the forcing AGCM experiments for analysis.

Statistical significance
A two-tailed Student’s t-test is used to examine the statistical significance of
composite and regression analysis results.

Soil moisture simulations in CESM1 and CAM5
Simulations of soil moisture using the CESM1 are subject to uncertainties
and deficiencies that can introduce limitations in interpreting results. Stu-
dies have shown that while CESM1 can capture seasonal soil moisture
variability, it may overestimate soil moisture in arid and semi-arid regions
like parts of thewesternUnited States and potentially theMiddle East, while
underestimating it inmore humid areas55. In the Sahel, a region with strong
land–atmosphere coupling, uncertainties in simulating precipitation pat-
terns and intensity in CESM1 due to initial conditions directly translate to
uncertainties in soil moisture56. Similarly, Australia exhibits notable
uncertainties, influenced by both model structure and initial conditions.
These uncertainties are particularly pronounced in arid regions such as
WesternAustralia57. Consequently, when interpretingCESM1 soilmoisture
simulations in these focus regions, it is crucial to acknowledge these
potential limitations.

Soil moisture in both the CESM1 and CAM5 simulations is calculated
using the Community LandModel version 5.0 (CLM5.0), which employs a
multi-layer soil columnand solves theRichards equation to simulate vertical
water movement. The model accounts for processes such as infiltration,
percolation, runoff, and root water uptake, and includes spatially variable
soil depth and a dry surface layer to improve surface evaporation
representation58. To evaluate model performance, we compared the surface
soil moisture climatology (top 10 cm) from the CESM1 pre-industrial
simulation and the control run of the AGCM experiment withNOAACPC
observations for theDJF season (1990–2020). BothCESM1 (Fig. 8b) and the
AGCM control simulation (Fig. 8c) reproduce the broad spatial patterns
observed in the climatology (Fig. 8a), although both tend to underestimate
soil moisture magnitudes, particularly over South America, South Africa,
East Asia, and the eastern United States.

Data availability
The 2200-year CESM1 Pre-Industrial Control simulation can be accessed
from the Earth System Grid (https://www.cesm.ucar.edu/projects/
community-projects/LENS/data-sets.html). The observed SIC data comes
from theMet Office Hadley Center (https://www.metoffice.gov.uk/hadobs/
hadisst/data/download.html). CPC Soil Moisture V2 data provided by the
NOAA PSL, Boulder, Colorado, USA (https://psl.noaa.gov/data/gridded/
data.cpcsoil.html). The Reanalysis II data are available from this website
(https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html).

Code availability
The underlying code for this study is not publicly available butmay bemade
available to qualified researchers on reasonable requests from the corre-
sponding author.
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