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the Interdecadal Pacific Oscillation (IPO)
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The onset of a La Nifa event in 2020, with a major contribution from the huge amounts of smoke
produced by the disastrous 2019-2020 Australian bushfires, resulted in that event persisting over the
next several years with significant impacts worldwide. Here, we attempt to understand the processes
and mechanisms related to the wildfire smoke that could have sustained this multi-year high-impact
event by analyzing initialized Earth system predictions with E3SMv2 and CESM2 with and without the
effects of the Australian bushfire smoke. We hypothesize that Bjerknes feedback sustains the La Nifia
conditions through an intensified anomalous Walker Circulation that connects strengthened
precipitation and ascent in the western Pacific with anomalous subsidence, an invigorated South
Pacific High, stronger Trades, and cooler SSTs across the tropical Pacific. Some ensemble members
transition to El Nifio after 2 years, driven by the development of a positive North Pacific Meridional
Mode (NPMM) near Hawaii. Coupled processes in the off-equatorial western Pacific Ocean indicate a

connection to the negative phase of the Interdecadal Pacific Oscillation with implications for
understanding and predicting interannual and decadal Earth system fluctuations.

The triple-dip La Nifia of the early 2020s had profound climate impacts
across many regions across the globe, including excessive flooding in
Australia' and severe drought over the western U.S.*’. Consequently, there
have been efforts to understand the mechanisms involved with the onset and
duration of the event’. There could also be connections between interannual
and decadal timescales in the tropical Pacific. ENSO events on the inter-
annual timescale could contribute to transitions of the Interdecadal Pacific
Oscillation (IPO), a dominant mode of decadal timescale variability with
ENSO-like SST anomaly patterns in the tropical Pacific. Such under-
standing is essential to improving predictability and consequent societal
resilience to such high-impact events.

Indications of an onset of a La Nifia event were predicted with 1-8
months lead times’, but the intensity and duration of the multi-year La Nifia
event were poorly predicted®, and consequently, the event was deemed
somewhat unusual. Though multi-year La Nifa events are not
unprecedented™”’, such events are somewhat rare and are sometimes®, but
not always’, preceded by a strong El Nifio that preconditions warm water
volume through the discharge oscillator mechanism. But the 2020 onset of
the triple-dip La Nifia was not preceded by a strong El Nifio event'’.
Additionally, the roughly 40-year tendency for tropical Pacific SSTs to
become more La Nifia-like*"' from positive IPO conditions in the 1980s and

early 1990s to negative IPO after about 2000"* makes the Pacific more
susceptible to multi-year La Nifia events"’. Forcing of the Pacific through the
atmospheric Walker Circulation connection to the Indian and Atlantic
Oceans has also been postulated as playing a role'*'*"”.

Evidence has been presented from models and observations that a
chain of coupled processes connected to the Australian wildfire smoke likely
contributed to the onset and intensity of the La Nifia event in 2020%'°. This
evidence has shown that the wildfire smoke was advected across the Pacific
to brighten clouds off the west coast of South America and reduce incoming
solar radiation at the surface to lower SSTs there. Those cooler SSTs dried
the boundary layer, and the reduced moist static energy at low levels was
advected by the southeast Trade Winds into the equatorial eastern Pacific,
where SSTs cooled, the ITCZ shifted northward, and coupled feedbacks
amplified the cooling, with the end product being a La Nifia event*'. While
those model simulations predicted a La Nifa-like state, the wildfire smoke
intensified and lengthened the simulated event (ref. 6, their Fig. 2a).

Though the effects of the smoke had long dissipated as the La Nifia
event reached the end of its first year, the negative SST anomalies in the
eastern equatorial Pacific strengthened and spread across the Pacific,
reaching the western equatorial Pacific. While 2-year La Nifa events are not

uncommon’, this La Nifia event then continued into a third year".

"National Center for Atmospheric Research, Boulder, CO, USA. 2CIRES and NOAA Physical Sciences Laboratory, University of Colorado, Boulder, CO, USA. *ARC

Centre of Excellence for Climate Extremes, Monash University, Melbourne, VIC, Australia.

e-mail: meehl@ucar.edu

npj Climate and Atmospheric Science | (2025)8:319


http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-025-01204-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-025-01204-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-025-01204-8&domain=pdf
mailto:meehl@ucar.edu
www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01204-8

Article

Thus, the question we address here is: what were the effects of Aus-
tralian wildfire smoke on the subsequent multi-year time evolution of the
tropical Pacific system? Our intention is not to simulate the multi-year La
Nifa per se, but to perform an initialized hindcast sensitivity experiment.
This is an important distinction that we need to emphasize. Therefore, the
timing of our year designations is tied to the timing of the sensitivity
experiment with an initialization on August 1, 2019, just prior to the start of
the wildfires. Our “lead year 1” from August 2019 to July 2020 is the first full
year that the wildfire smoke could affect the hindcast sensitivity experiment
outcome. Therefore, we intend to elucidate the processes that sustained the
La Nifia event with connections to the Australian wildfire smoke that can be
studied in an Earth system predictability context.

Here we perform two sets of retrospective 3-year initialized Earth
system predictions (hindcasts) with two Earth system models, CESM2 and
E3SMv2, to explore structural uncertainties in the climate response’ (see
“Methods”). Both models have comparable resolution of about 100 km, but
have different atmosphere and ocean model components that are likely
related in part to the ENSO amplitude in CESM2 being about twice that in
E3SMv2. Both sets are initialized in August 2019, and integrated for three
model years to July 2022. Each has 30 ensemble members with the “smoke”
ensembles using observed biomass emissions over Australia and climato-
logical emissions elsewhere, and the “no-smoke” ensembles using clima-
tological emissions globally. Results here are shown for annual averages,
August to July, computed as differences “smoke minus no-smoke” to see
what effects the wildfire smoke had on the prediction. CESM2 and E3SMv2
both include aerosol schemes whereby cloud condensation nuclei (CCN)
and cloud albedo can be affected by smoke aerosols such that the presence of
smoke aerosols generally makes clouds brighter*'. The no-smoke simula-
tions are from the standard Seasonal-to-Multi-year Large Ensemble
(SMYLE) initialized hindcasts with CESM2 and E3SMv2 and use a clima-
tology of biomass burning emissions'’. The observed Australian bushfire
smoke emissions from the Global Fire Emissions Database (GFED) are
included in the “smoke” hindcasts and use monthly-mean observed bio-
mass burning emissions.

The response of cloud albedo and net solar radiation at the surface to
the wildfire smoke in the two models (Fig. S1) confirms previous results’ in
that the effect of the smoke is to increase cloud albedo in the eastern sub-
tropical Pacific and reduce net solar radiation at the surface there as a
consequence. The magnitude of the response in CESM2 in the key cloud
area of equator to 30°S, 80°W to 110°W° shows an increase in cloud albedo
in CESM2 (about +-0.04), roughly twice that in E3SMv2 (about 4-0.02) (Fig.
Sla, b). Meanwhile, those increases in cloud albedo from the cloud-aerosol
response to the wildfire smoke advected across the subtropical Pacific from
Australia result in a decrease of net solar radiation at the surface of
—20 Wm ™ in CESM2 and roughly —10 Wm ™ in E3SMv2 (Fig. Slc, d).
This decrease would contribute to a greater decrease of SSTs in CESM2
compared to E3SMv2, and contribute to the different magnitude of the SST
response in the two models’. This stronger cloud feedback response in
CESM2 is consistent with the finding that CESM2 has one of the strongest
responses of low cloud-SST feedback of all the CMIP6 models".

Our hindcast “lead years” run from August 1 to July 31, while canonical
“La Nifia years” typically run from April to March’. Thus, the observed
triple-dip La Nifia event reached the La Nifia SST anomaly threshold in the
northern summer of 2020°, so our model sensitivity experiment lead year 1
captures conditions leading up to the onset of the event, while our lead years
2 and 3 simulate processes that sustained the La Nifia past the first year.
Other studies describing multi-year La Nifia events”” use different year
designations, ranging from calendar years’ to canonical La Nifia years from
April to March’. Later, we will describe extensions to the initial model
sensitivity experiments to address the end of the observed triple-dip La Nifia
event in early 2023 after our lead year 3 ended. Finally, since these are model
sensitivity experiments, our anomalies are computed as “smoke minus no-
smoke,” which can differ from anomalies computed for observations using a
time period of interest minus a climatology. Consequently, the magnitudes
of anomalies from the model sensitivity experiments and observations are

qualitatively comparable, but the patterns of the anomalies are more indi-
cative of the processes we are describing compared to the pattern of observed
anomalies.

Results

Tropical Pacific cooling in the lead years 2 and 3 in the models
After the initial cooling response of SST's in the equatorial eastern Pacific in
lead year 1 in both models (Fig. 1a, b, August 2019-July 2020), negative SST
anomalies spread across the Pacific in lead year 2 with significant anomalies
of about —0.6 °C (Fig. 1c, d, August 2020-July 2021) as documented pre-
viously for CESM2° and seen here for E3SMv2 as well. The anomalies in the
latter have the same pattern, but about half the amplitude of those in
CESM2. There are indications of negative North and South Pacific Mer-
idional Modes (NPMM; SPMM)** in lead year 2 in both models, with
characteristically negative SST anomalies arcing from the deep tropics to the
northeast and southeast into the subtropical eastern Pacific. This is con-
sistent with previous results that have pointed to negative NPMM and
SPMM that likely helped prolong the observed triple-dip La Nifia event’**™>".
The results here suggest further that such anomalies may have been partially
influenced by the Australian fires.

Long after the effects of the wildfire smoke dissipated in March of 2020,
the ensemble average negative SST anomalies across the equatorial Pacific
are sustained in lead year 3 with statistically significant anomalies
approaching —0.8 °C in CESM2 (Fig. le, August 2021-July 2022) with a
similar pattern in E3SMv2 but, again, about half the amplitude as in CESM2.
Notably, areas of SST cooling are still present in the SPMM region in the
southeast Pacific subtropics, most strongly in CESM2, with smaller negative
anomalies in those regions in E3SMv2. As will be discussed later, these are
the indications of a positive NPMM forming in lead year 3 in the CESM2
ensemble (Fig. 1e) but not in the E3SMv2 (Fig. 1f). Additionally, ensemble
mean positive SST anomalies become established over the Maritime Con-
tinent, particularly in lead year 3 in both models (Fig. le, f) as seen in
observations in typical La Nifa events and during the triple-dip La Nifa in
the early 2020s’.

As could be expected from these SST anomalies, there are corre-
sponding negative precipitation anomalies extending across the equatorial
Pacific, with statistically significant values in CESM2 of nearly —1.0 mm
day ' near and west of the Dateline in year 3 with positive precipitation
anomalies over the Maritime Continent of about +0.6 mm day ' (Fig. 2a)
with similar-signed anomalies of smaller magnitude in E3SMv2 (Fig. 2b).
Yellow and light blue circles in Figs. 2a and 3b highlight positive and
negative precipitation anomalies, respectively, in comparable positions to
those in observations’. As these SST and precipitation anomalies are sus-
tained in lead year 3, sea level pressure (SLP) increases over the cooler water
in the eastern tropical and subtropical Pacific with largest positive statisti-
cally significant values in lead year 3 up to about +0.7 hPa in CESM2 (Fig.
2¢) with similar but lower amplitude anomalies in E3SMv2 (Fig. 2d).
Meanwhile there are large statistically significant decreases of SLP over the
warmer water near the Maritime Continent and southwestern tropical
Pacific with values approaching —1 hPa in CESM2 (Fig. 2c) with, once
again, similar sign but smaller amplitude anomalies in E3SMv2 (Fig. 2d).

The role of Bjerknes feedback

To turn to the question of why the initial La Nifia conditions in the lead year
1 model sensitivity experiments were sustained out to lead year 3 in both
models in the 30-year ensemble means, a major coupled feedback is the well-
known Bjerknes feedback™ which spreads and maintains the negative SST
anomalies across the equatorial Pacific. For instance, stronger surface winds
produce increased latent heat flux and increased upwelling of cooler water.
Those negative SST anomalies are disproportionate in the central and
eastern Pacific Ocean and result in an increased zonal SST gradient with
positive SLP anomalies in the east that increase the meridional surface
pressure gradient, which then strengthens the surface winds further, and so
on. Observational evidence from the 2020-2023 La Nifia showed that strong
easterly surface wind anomalies associated with a strengthened zonal SST
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(a) Year 1: vAug-2019 to Jul- 2020

Fig. 1 | Surface temperature responses from the initialized hindcasts. 30-member
ensemble means, smoke minus no-smoke, for CESM2 (left column) and E3SMv2
(right column), for August to July annual means for lead year 1 (a, b), lead year 2
(¢, d), and lead year 3 (e, f) (°C). Lead year 1, 2, and 3 forecasts are initialized at the
same time, August 2019, and here we look at the prediction after 1, 2, and 3 years
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magnitude than about £0.4 °C are significant at the 10% level from a two-sided ¢-test.

Note that the magnitude of these anomalies is only qualitatively comparable to the
anomalies from observations since the observations are anomalies from a clima-

for the same time period.

(ensemble mean differences of smoke minus no-smoke runs). Anomalies greater in

tology, while the model anomalies are differences between two initialized hindcasts

Fig. 2 | Lead year 3 responses. 30-member ensemble
mean annual means from August 2021-July 2022,
smoke minus no-smoke, for CESM2 (left column)
and E3SMv2 (right column) for precipitation

(a, b, anomalies greater in magnitude than about
+0.6 mm day ' are significant at the 10% level from a
two-sided t-test); sea level pressure (SLP,

¢, d, anomalies greater in magnitude than about
+0.2 hPa are significant at the 10% level) with sur-
face wind arrows superimposed; and 200 hPa velo-
city potential (CHI, e, f, anomalies greater in
magnitude than about 0.3 x 10°m*s ™" are sig-
nificant at the 10% level). Note that the magnitude of
the anomalies in (a, b) is only qualitatively com-
parable to the anomalies from observations (e.g.,
McPhaden®) since the observations are anomalies
from a climatology, while the model anomalies are
differences between two initialized hindcasts for the
same time period.
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CESM2 (blue) and E3SMv2 (red) Smoke-Control (Year 3)
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Fig. 3 | Bjerknes feedback and Nifio3.4 SSTs. a Bjerknes feedback (y-axis) plotted as
a function of surface wind stress gradient across the equatorial Pacific (x-axis) as
defined in the text for each of the 30 ensemble members, smoke minus no-smoke;
blue dots are CESM2, red dots E3SMv2; b half-degree bins of La Nifa (negative
values) and El Nifio (positive values) ensemble members in (a) defined as Nifio3.4
greater than +0.5 °C for El Nino/La Nifa, respectively, blue bars CESM2, red bars
E3SMv2; The number of CESM2 members is greater than the number of E3SMv2
members because more of the latter distribution falls between —0.5 and 0.5.

gradient across the tropical Pacific helped maintain the event out to 3 years,
though causality is difficult to establish from observations™.

To quantify the intensity of this feedback” in the model hindcast
experiments, the zonal SST gradient is defined as the difference of the SST
anomaly for a western Pacific region (5°S-5°N and 110°E-150°E) that
includes the Maritime Continent, minus an eastern Pacific region (5°N-5°S
and 180°-110°W). The surface wind anomalies that power the Bjerknes
feedback are quantified by a wind index consisting of the zonal (u com-
ponent) surface wind stress anomalies averaged spatially across the equa-
torial Pacific basin (160°E-130°W; 5°S-5°N). A Bjerknes feedback that
produces negative tropical Pacific SST anomalies has larger positive values
for the west minus east SST difference (warm SSTs over the Maritime
Continent, cooler SST's over the Nifo3.4 region), and larger negative values
for the wind stress index, indicating anomalous easterlies.

As the La Nifia continues in lead year 3 in the model simulations, there
is an ensemble mean SST difference in CESM2 of +0.4 + 0.2 °C (ranges are
given as + one standard deviation of the difference of sample means) and a
same sign but lower value in E3SMv2 of 0.1 +0.1°C (Fig. le, f). The
ensemble mean wind stress index values for CESM2 and E3SMv2 are both

negative, —0.3+02Nm™ and —0.1£0.1 Nm™, respectively. The SLP
gradient across the Pacific that maintains the Bjerknes feedback is shown for
year 3 in both models with statistically significant positive values greater
than +0.2 hPa in the tropical eastern Pacific, and significant negative values
less than —0.2 hPa over the Maritime Continent in the west (Fig. 2¢, d).
Thus, a strong Bjerknes feedback is still at work in the lead year 3 in both
models in the response to the fires (i.e., their ensemble means). It feeds off
the warmer SSTs in the west (Fig. e, f), consequent stronger precipitation
over the Maritime Continent (yellow circles in Fig. 2a, b), and lower SLP
(blue shading over the Maritime Continent in Fig. 2¢, d) with higher SLP
over the tropical Pacific (red shading in Fig. 2¢, d).

The agent that connects the western Pacific/Maritime Continent
region with the tropical eastern Pacific, thus driving the Bjerknes feedback in
both models, which contributes to maintaining the cooler tropical Pacific
SSTs into lead year 3, is the large-scale zonal atmospheric Walker
Circulation®. The enhanced precipitation (yellow circles in Fig. 2a, b) over
the warmer SSTs in the Maritime Continent region (Fig. le, f) produces
greater vertical motion and upper-level outflow, shown by significant
negative values of 200hPa velocity potential there greater than
—0.5 x 10°m* s™" in both models (Fig. 2e, f). This connects to greater upper-
level convergence over the tropical eastern Pacific (positive values of that
magnitude in both models in Fig. 2e, f). The resulting anomalous descent
then contributes to local positive SLP anomalies (Fig. 2¢, d).

These changes of upper-level velocity potential, indicative of an
intensification of the anomalous Walker Circulation between the western
and eastern Pacific, contribute to the SLP anomalies (stronger ascent in the
west associated with lower SLP, stronger descent in the east with higher
SLP). Those SLP anomalies, in turn, drive the Bjerknes feedback with
stronger surface easterlies that fuel stronger upwelling of cooler water, thus
strengthening the negative SST anomalies over the equatorial Pacific”, and
so on. Therefore, the Bjerknes feedback involves a set of coupled processes
that is able to maintain cooler SST's across the tropical Pacific into lead
year 3. This suggests that there could be a connection to longer-timescale
decadal variability processes in the tropical Pacific.

Coupled processes linked to a multi-year negative IPO
There was an observed positive multi-year trend in off-equatorial ocean heat
content in the western Pacific Ocean after the transition from positive to
negative IPO around the year 2000 that indicated a buildup in ocean heat
content that continued to about 2014 (Fig. S2). Previous evidence suggested
that such a buildup of ocean heat content was necessary for a transition from
negative to positive IPO triggered by an El Nifio event to discharge that off-
equatorial heat content’. In fact, evidence from observations indicated that
such a transition had possibly occurred after the 2015-2016 El Nio
event’’ ™, and a model initialized in 2013 for predictions over the 2015-2019
period showed a transition to positive IPO in that time period' >, Therefore,
the drop in off-equatorial ocean heat content coincident with that El Nifio
event (Fig. S2) was consistent with the possible apparent start of an IPO
transition from negative to positive with consequent predictability on the
decadal timescale. But then there was an unexpected rise of off-equatorial
ocean heat content that continued beyond 2020 (Fig. S2) and was coincident
with the onset of a multi-year La Nifia event in 2020'*". However, the
problem with attempting to assess decadal timescale transitions from
interannual timescale data is that it is difficult to determine if a decadal
transition has occurred until at least a few years after the fact. Therefore, Fig.
S2 can only be interpreted as suggestive of decadal timescale conditions.
Given that caveat, there is a set of coupled feedbacks that could connect
the multi-year La Nifia to the IPO. These are a consequence of the La Nifa-
like conditions that survive into lead year 3 and involve processes in the
western tropical Pacific that have been shown to be associated with the
sustained negative phase of the IPO'* and are typical of cold decadal epochs
in the tropical Pacific*. Key elements of maintaining the multi-year time-
scale of the IPO are coupled processes that contribute to the buildup of off-
equatorial western Pacific Ocean heat content*". Negative SST anomalies
and consequent negative precipitation anomalies in the western equatorial
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Pacific produce negative convective heating anomalies that drive a Gill-type
response in the atmosphere with anomalous surface highs to the north and
south”. Consequently, there are positive wind stress anomalies near 25°N
and 25°S in model composites from a long control run and in a specified
convective heating anomaly experiment that produce Ekman pumping near
15°N-20°N and 15°S-20°S, and this produces increases in ocean heat
content in those regions”. There is a similar response in lead year 3 in both
CESM2 (Fig. S3a) and E3SMv2 (Fig. S3b) to the negative SST anomalies in
the western equatorial Pacific (Fig. le, f) and consequent negative pre-
cipitation anomalies there (Fig. 2a, b, blue circles). These are also seen in the
observed SST and precipitation anomalies (McPhaden®). There is a Gill-type
response with anomalous surface highs to the north and south, and positive
(westerly) surface wind stress anomalies near 15°-20°N and S (Fig. S3a, b).
This wind stress forcing produces Ekman pumping near 15°N and 15°S*
with a consequent significant increase in ocean heat content near 10°N and
10°S of more than +0.2 x 10” Joules in those locations (Fig. S4a, b). These
changes in off-equatorial ocean heat content amount to an increase of 173%
and 325% from year 2 to year 3 in the north and south off-equatorial western
Pacific areas, respectively, defined in Fig. S2 for CESM2, and increases of
60% and 123% in those areas in E3SMv2. Comparable increases are also seen
in observations for this time period (Fig. S4c). The larger response south of
the equator is related to a more coherent pattern of wind stress forcing as
part of the anomalous high south of the equator compared to the north.
Thus, as the La Nifa event continues, these long-lived coupled feedbacks in
the western Pacific begin to resemble the negative phase of the IPO, with
those coupled feedbacks on the longer decadal timescale that could con-
tribute to the long-lasting La Nifia event”.
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Fig. 4 | Surface temperature response for sustained versus curtailed multi-year La
Niiia. Five strongest 3-year sustained La Nifa surface temperature anomalies (°C)
from Fig. 3a (left column), and curtailed 2-year La Nifa surface temperature
anomalies from Fig. 3a (right column); a, b: lead year 2 CESM2; ¢, d: lead year 3
CESM2; e, f: lead year 2 E3SMv2; g, h: lead year 3 E3SMv2. Black ellipses in the first

Why does La Nina continue in lead year 3 in some ensemble
members and not others?
If the Bjerknes feedback is the dominant mechanism for maintaining the
multi-year La Nifia in these two models with possible connections to the IPO,
it would be useful to better quantify this feedback across the spread of 30
ensemble members for each model. Figure 3a is a scatter plot of Bjerknes
feedback, defined earlier, as a function of Nifi03.4 SSTs for DJF in year 3 for all
30 ensemble members for both models, shown as the difference between the
smoke and no-smoke simulations. As expected, there is a strong positive
correlation between Bjerknes feedback and Nifio3.4 SSTs (correlation of
0.97 £0.02 for CESM2 and 0.71 +0.14 for E3SMv2, both at the 95% sig-
nificance level). The stronger connection in CESM2 compared to E3SMv2
likely has contributions to the larger ENSO amplitude in CESM2, as noted
earlier. Interestingly, in some ensemble members in both models, there is a
shift toward El Nifio in year 3 (as opposed to weaker La Nifa) in Fig. 3a and
illustrated in the histogram in Fig. 3b. Thus, the ensemble mean surface
temperature responses in Fig. 1 reflect the shift toward 3-year La Nifia in Fig.
3b among ensemble members with a large spread. For La Nifa or El Nifo,
defined as Nifi03.4 SSTs greater in magnitude than +0.5°C, in CESM2 in year
3, there are 14 La Nifla ensemble members vs 4 El Nifio ensemble members,
and for E3SMv2, there are 8 La Nifia vs 4 El Nifio ensemble members. This
indicates that there are 2-year La Nifia events that transition to El Nifio in lead
year 3, though there are many more ensemble members with 3-year events
that stay as La Nifa in lead year 3 with a strong positive Bjerknes feedback.
To examine these processes in more detail, we compile composites for
the 5 strongest vs 5 weakest Nifio3.4 anomalies (defined from Fig. 3a) for
each model for a set of fields. The left column in Fig. 4 shows the “sustained”
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and third rows highlight anomalies associated with the NPMM in year 2, which
affect the evolution of the equatorial Pacific anomalies during year 3 (white ellipses
in rows 2 and 4). White hatching indicates significance at the 10% level from a two-
sided ¢-test.
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Fig. 5 | Conditions for sustained versus curtailed multi-year La Nifa. Five
strongest 3-year sustained La Nifia conditions from Fig. 3a (left column), and cur-
tailed 2-year La Nifa conditions from Fig. 3a (right column); a, b: year 2 CESM2
precipitation (mm day ); ¢, d: year 2 E3SMv2 precipitation anomalies (mm day );
e, f: year 2 CESM2 200 hPa velocity potential (CHI, 10° m*s'); g, h: year 2 E3SMv2
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200 hPa velocity potential (CHL, 10° m*s™'). White hatching indicates significance at
the 10% level from a two-tailed ¢-test. The 200 hPa velocity potential response in the
sustained members of CESM2 is stronger than that in E3SMv2 due to the stronger
changes in precipitation (a) in CESM2 compared to E3SM in (c).

3-year La Nifa events, and the right column the “curtailed” La Nifia 2-year
events for each field.

Surface temperature anomalies for year 3 in the curtailed composite
(i.e, in ensemble members that do not sustain a 3-year La Nina) show,
consistent with Fig. 3, that these cases do not just correspond to a weaker La
Nifa in year 3, but a transition to El Nifio that shuts off the La Nifia event
after lead year 2 (white ovals in Fig. 4d, h compared to Fig. 4c, g). To look for
clues as to what sets the stage in year 2 for either a transition to El Nifio or
sustained La Nifia, there is a band of positive SST anomalies near Hawaii and
out past the Dateline from about 10°N to 20°N in yr 2 in the curtailed La
Nina composite (Fig. 4b, f, black ovals) compared to negative SST anomalies
in that region for sustained La Nifia in both models (Fig. 4a, e, black ovals).
This is manifested as a narrowing of the northern side of the negative SST
anomaly pattern in the tropical eastern Pacific in lead year 2 (Fig. 4, black
ovals). These positive SST anomalies in the curtailed composites arcing
down from the northeast Pacific (Fig. 4b, f) resemble the positive pattern of
the NPMM noted earlier, which is thought to be stochastically generated,
though evidence presented here suggests in this instance it may be partially
forced by the smoke. In any case, it has been shown to contribute to El Nifio
transitions as noted earlier’ . Additionally, such a positive NPMM SST
anomaly pattern has been shown to play a role in shutting off multi-year La
Nifia events in a hybrid coupled model™.

Over those positive SST anomalies near Hawaii and the Dateline from
about 10°N-20°N in lead year 2 (Fig. 4b, f), there are positive precipitation
anomalies in the curtailed composite (Fig. 5b, d, white ovals) but not in the
sustained composite (Fig. 5a, ¢, white ovals). Meanwhile, there is a relative

reduction of positive precipitation anomalies over the northern Maritime
Continent in the lead year 2 curtailed composite (Fig. 5b, d, yellow circles)
compared to the larger positive precipitation anomalies there in the lead year
2 sustained composite (Fig. 5a, c). Over the southern Maritime Continent
and northern Australia, there are positive precipitation anomalies in lead
year 2 in both the sustained composites (Fig. 5a, ¢, green circles) and the
curtailed composites (Fig. 5b, d, green circles). Thus, in the sustained
composites in both models, positive precipitation anomalies cover the entire
Maritime Continent and northern Australia, while in the curtailed com-
posites, only the southern part of the Maritime continent and northern
Australia have large positive precipitation anomalies (Fig. 5).

Over the positive precipitation anomalies near Hawaii and the Dateline
(15°N in lead year 2 for curtailed, Fig. 5b, d), there are negative 200 hPa
velocity potential (CHI) anomalies (white ovals, Fig. 5f, h), indicating
anomalous upper-level outflow above the stronger precipitation. This can be
compared to positive CHI anomalies indicating relatively stronger upper-
level convergence over that region in the sustained ensemble (Fig. 5e, g,
white ovals) associated with neutral or slightly negative precipitation
anomalies there (white ovals, Fig. 5a, c¢). There are weaker negative or
positive CHI anomalies over the northern Maritime Continent for the
curtailed ensembles (Fig. 5f, h, yellow ovals), indicating a relative increase in
upper-level convergence compared to the sustained ensembles, and sup-
pression of upward vertical motion associated with relative reductions of
precipitation there (yellow ovals, Fig. 5b, d). Positive precipitation anomalies
over the southern Maritime Continent and northern Australia are present in
both models for the sustained and curtailed composites (Fig. 5a-d, green
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Fig. 6 | Atmospheric circulation response for sustained versus curtailed multi-
year La Nina. Five strongest 3-year sustained La Nifia conditions from Fig. 3a (left
column), and curtailed 2-year La Nifia conditions from Fig. 3a (right column); a, b:
year 2 CESM2 sea level pressure anomalies (hPa), and 850 hPa wind anomaly
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vectors; , d: year 2 E3SMv2 precipitation anomalies (mm day ) and 850 hPa wind
anomaly vectors. White hatching indicates significance at the 10% level from a two-
tailed ¢-test.

ovals). Those positive precipitation anomalies have corresponding negative
or less positive CHI anomalies in the models in both the sustained and
curtailed composites (Fig. 5e-h, green ovals), indicating enhanced vertical
motion and upper-level outflow. This hemispheric asymmetry is an
important aspect of why the curtailed composites transition to El Nifio in
lead year 3 and the sustained composites continue to a 3-year La Nifa, as will
be discussed below.

SLP anomalies for the curtailed ensembles for both models show
negative anomalies in the areas near 15°N between the Dateline and Hawaii
(“L” in white ovals, Fig. 6b, d) associated with the positive SST (Fig. 4b, f) and
precipitation anomalies (Fig. 5b, d), and negative CHI anomalies there (Fig.
5f, h). Both the sustained and curtailed ensembles show ongoing negative
SLP anomalies near northern Australia (“L” in green ovals, Fig. 6a-d)
associated with positive SLP anomalies in the tropical southeast Pacific
(denoted by white “H”). However, there are larger amplitude negative SLP
anomalies in the curtailed ensembles over northern Australia (“L” in green
ovals, Fig. 6b, d) as compared to the negative SLP anomalies to the north.
This produces an anomalous meridional SLP gradient between the Mar-
itime Continent and northern Australia with associated 850hPa westerly
wind anomalies in the far western equatorial Pacific (Fig. 6b, d, highlighted
by dark arrow). These westerly anomaly winds produce downwelling Kelvin
waves that contribute to a previously well-documented’ deepening of the
thermocline in the eastern equatorial Pacific and a transition to positive SST
anomalies in year 3 in the curtailed ensembles (Fig. 4d, h, white ovals).
Meanwhile, in the sustained composites, there are positive SLP anomalies
over the areas near 15°N between the Dateline and Hawaii in both models
(“H” in white ovals, Fig. 6a, ¢) and an ongoing zonal SLP gradient between
northern Australia and the central tropical Pacific south of the equator that
combine to produce anomalous easterlies across the entire Pacific (dark
arrows in Fig. 6a, c). These strong anomalous easterlies maintain a strong
Bjerknes feedback (Fig. 3) and sustain the La Nifa-like SST anomalies into
the third year (Fig. 4c, g).

Therefore, the key difference between the curtailed and sustained
composites, which starts a chain of coupled interactions that produces a
transition to El Nifo in lead year 3 in the curtailed composites and a
continuing La Nifia in lead year 3 in the sustained composites, is the positive
NPMM SST anomaly pattern, that could be stochastically forced or have
some contribution from the smoke forcing, which is established in the
curtailed composites in lead year 2 near 15°N between the Dateline and
Hawaii (Fig. 4b, f). These positive SST anomalies in the northern tropical
Pacific then produce increased precipitation, lower SLP, and increased

upper-level outflow. The consequent anomalous Walker Circulation con-
nects these anomalies with enhanced upper-level convergence over the
northern Maritime Continent, a relative reduction of precipitation, and
reduced magnitude negative SLP anomalies there. The anomalous negative
SLP anomalies north of the equator in the central tropical Pacific combine
with the ongoing anomalous Walker Circulation connecting the central
tropical Pacific south of the equator to northern Australia, where there are
stronger precipitation and negative SLP anomalies. The anomalous mer-
idional SLP gradient in the far western equatorial Pacific then produces
anomalous westerly component 850 hPa winds that contribute to down-
welling Kelvin waves and the previously well-documented transition to El
Nifio conditions in lead year 3. Thus, the sign of the Bjerknes feedback
reverses to positive in lead year 3 in the curtailed composites, while it
remains negative in the sustained composites (Fig. 3; note that the ensemble
members with the largest cooling (or warming) of Nifio3.4 SSTs in Fig. 3a
are represented in Fig. 3b).

The 30-member ensemble-mean off-equatorial western Pacific ocean
heat content noted in Fig. $4 to characterize the negative phase of the IPO is
reflected in changes for the sustained and curtailed ensemble means as well.
As could be expected, the sustained ensemble mean, with an even greater
negative IPO signature, shows an increase from lead year 2 to lead year 3 of
118% and 125% for the north and south areas, respectively, for CESM2, and
increases of +433% and +184% for E3SMv2. Also, as could be expected,
there are mostly reductions in lead year 3 in the curtailed 2-year La Nifa
events that transition to El Nifio, with decreases of —546% and —85% in the
north and south areas, respectively, in CESM2, and a decrease of —247% in
the north area but an increase of +-280% in the south area in E3SMv2, the
latter mainly due to increases near 5°N associated with the El Nifio onset.

Comparison to the observed early 2020s triple-dip La Nina

The observed early 2020s triple-dip La Nifa lasted until roughly March
2023’. Since our lead year 3 hindcast covers the period August 2021 through
July 2022, it misses the final 8 months of the observed event from August
2022 through March 2023. The question arises, what do the two models
simulate for those months?

Time series of Nino3.4 SSTs for the observed SST anomalies are
compared to smoke-minus-no smoke hindcast SST differences from the
two models (Fig. 7). The timeline demarcations on the x-axis note the
durations of our lead year designations from August to July, as well as the
more canonical ENSO year designations from April to March’. To enable a
direct comparison to the duration of the observed triple-dip La Niia, we
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Fig. 7 | Nif03.4 time series. Monthly mean anomalies starting in August 2019 for
observations (black line), CESM2 ensemble mean (blue line), and E3SMv2 ensemble
mean (red line). Typical standard deviations for both models are roughly +1 °C.

Model hindcast years (e.g., lead year 1, etc.) are noted to start in August 2019 (black

X axis tic marks for middle of the month;
error bars +/- one SD ~1C
arrows) through lead year 3, and the extension from August 2022 through March

2023 is noted. For reference, canonical ENSO years (e.g., La Nifa year 1) are noted to
start in March 2020 (blue arrows) for the 3 years of the triple-dip La Nifa.

extended the hindcasts to run from August 1, 2022 through March 2023.
While E3SMv2 continues with negative values for the duration of the
observed triple-dip event through March 2023, CESM2 transitions to El
Nifo in about April 2022 (Fig. 7), coinciding with the canonical timing of
many observed La Nifia events that transition to El Nifio”. Figure S5 shows
geographical plots of surface temperature differences from the two models
for all lead years in the hindcasts with surface wind vector anomalies
superimposed. These include the SST anomalies shown in Fig. 1, but add
two additional panels for SST anomaly values averaged for the extension
period from August 2022 through March 2023. As noted previously, the
magnitude of the Nino3.4 SST difference values for E3SMv2 is about half
that of the CESM2.

A contributing factor to the transition to El Nifo that occurs in
CESM2, which does not occur in E3SMv2, can be traced to lead year 3,
where CESM2 shows the emergence of a positive NPMM pattern while
E3SMv2 maintains the negative NPMM (noted in Fig. le, f, and also shown
in Fig. S5e, f). As discussed above, transitions out of La Nifa in the curtailed
composites in both models (Fig. 4a—c, f) show the appearance of a positive
NPMM in lead year 2, which then contributes to a transition to El Nifio in
lead year 3 in those composites with a positive NPMM. In the CESM2
extension beyond August 2022, the full ensemble shows positive NPMM in
lead year 3 (Figs. 1e and S5e) that contributes to a transition to El Nifo in the
extension period (Fig. S5g). The ongoing negative NPMM in E3SMv2
(Figs. 1f and S5f) maintains the La Nifa conditions through March 2023
(Fig. S5h) for comparable reasons to those documented in Figs. 5 and 6.

Discussion

The coupled feedbacks that maintain the La Nifa conditions out to 3 years
in the model ensemble mean simulations, which measure the climate system
response to the Australian wildfire smoke, are summarized in Fig. 8. Recall
that the only aspect of these initialized hindcasts that changes in the smoke
simulations is the inclusion of observed Australian wildfire smoke emis-
sions. These are compared to the standard no-smoke hindcasts that use a
climatology of emissions. The processes associated with the initial response
to the forcing from the Australian wildfire smoke that helped to initiate the
La Nifia event in 2020 are documented in detail*'® and reviewed here in Fig.

8, top. Australian wildfire smoke crosses the Pacific (labeled “1” in Fig. 8 top,
and referred to here as [1]) and brightens the clouds off the coast of South
America [2] by providing larger numbers of CCN that produce smaller
cloud droplets and brighter, longer-lived clouds. These clouds reduce the
incoming solar at the surface to cool the SSTs, driving cold anomalies that
then propagate northward [3]. Those cooler SSTs in the eastern Pacific
initiate coupled Bjerknes feedbacks that begin to spread the negative SST
anomalies westward [4].

Then, a positive Bjerknes feedback maintains the La Nifa conditions
out to 3 years in the ensemble mean after the smoke anomalies have dis-
sipated (Fig. 8, lower left). The strengthened Bjerknes feedback is char-
acterized by stronger surface easterlies with stronger upwelling, which
spreads the negative SST anomalies to the western equatorial Pacific. This is
associated with a warming of SSTs and increased precipitation over the
Maritime Continent [5] as seen in prior La Nifia events. The upward vertical
motion associated with stronger convection increases upper-level outflow,
with a corresponding strengthening of upper-level convergence to the east
and descent over the subtropical high region of the eastern Pacific, thus
representing a stronger anomalous Walker Circulation [6]. The stronger
descent from this intensified anomalous Walker Circulation contributes to a
stronger South Pacific high and increased southeast trade winds [7]. Once
begun, these coupled feedbacks can maintain the La Nifa/negative IPO state
until something happens to cause a transition. In the observations and
previously analyzed model simulations, that is often an El Nifio event, and
this is the case here for the 2-year events.

Analysis of the strongest sustained La Nifia ensemble members,
compared to the strongest ensemble members that do not sustain a 3-year
La Nifia, shows the latter transitions to El Nifo after lead year 2 in both
models (Fig. 8, lower right). This is a result of positive NPMM SST
anomalies in the northern tropical Pacific in those ensemble members that
could be stochastically generated or partially forced by the smoke, which
weakens the anomalous Walker Circulation north of the equator, while the
Walker circulation remains strong south of the equator. This hemispheric
asymmetry in the far western Pacific contributes to westerly surface wind
anomalies in the equatorial western Pacific, and a transition to El Nifo in
those ensemble members in lead year 3. However, there is a preponderance
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Fig. 8 | Coupled interactions for multi-year La Nifa triggered by Australian
wildfire smoke in 2019-2020. Top: year 1 onset; (1) wildfire smoke crosses the Pacific
where it reaches the eastern Pacific, (2) brightens clouds there that (3) reflect more solar
radiation to cool SST's that propagate into the equatorial eastern Pacific where (4)
Bjerknes feedbacks spread the negative SST anomalies westward (background SST
anomalies from Fig. 1); Bottom left: in years 2 and 3, Bjerknes feedbacks spread negative
SST anomalies across the Pacific and contribute to (5) increasing SSTs and precipitation
over the Maritime Continent and northern Australia. The consequent enhanced vertical
motion there then produces stronger upper-level outflow, (6) a stronger anomalous
Walker Circulation with enhanced upper-level convergence over the eastern subtropical
Pacific, and (7) a stronger subtropical high and stronger trade winds to maintain cool
SSTs. Coupled feedbacks associated with the negative phase of the IPO in the western
tropical Pacific result from (8) negative precipitation and convective heating anomalies
over the anomalously cool water, (9) a Gill-type response with anomalous highs (yellow
ovals) to the north and south, easterly wind stress anomalies in the near equatorial
western Pacific, and westerly wind stress anomalies near 25°N and 25°S (blue arrows);

Year 2: Curtailed La Nifia in year 2
and transition to El Nifio in year 3

nsit‘lve VS
and precip

these wind stress anomalies result in anomalous Ekman pumping near 15°-20°N and
15°-20°S which increases off-equatorial western Pacific ocean heat content character-
istic of extended negative IPO-type conditions (background SST anomalies from

Fig. 4a); Bottom right: For 2-year La Nifia events that transition to El Nifio in year 3, a
positive NPMM north of the equator in the tropical Pacific produces positive pre-
cipitation and negative SLP anomalies (red oval), anomalous upper-level outflow with
upper-level convergence over the Maritime Continent to the west (red ribbon arrow)
with relatively higher surface pressure there (solid blue oval). Meanwhile, positive
anomalies of surface temperature and precipitation and negative surface pressure
anomalies over Australia (solid red oval) sustain the anomalous Walker Circulation to
the east (blue ribbon arrow) with stronger descent and an anomalously strong South
Pacific High (blue oval) with stronger trades in the equatorial eastern Pacific. The larger
negative SLP anomalies over Australia set up an anomalous meridional SLP gradient
that contributes to anomalous westerly surface winds in the far western equatorial
Pacific (black arrow) that leads to a transition to El Nifo in the third year (background
SST anomalies from Fig. 4b).

of ensemble members in both models that show ongoing La Nifia conditions
in lead year 3 with a strong anomalous Bjerknes feedback that sustains the
pattern.

A second set of coupled feedbacks in the western tropical Pacific (Fig. 8,
lower left), with implications for the IPO, results from [8] negative pre-
cipitation anomalies over the anomalously cool water, and negative con-
vective heating anomalies there. This produces [9] a Gill-type response with
anomalous highs (yellow ovals) to the north and south, with easterly wind
stress anomalies in the near equatorial western Pacific, and westerly wind
stress anomalies near 25°N and 25°S (blue arrows). These wind stress
anomalies result in Ekman pumping near 15°N-20°N and 15°5-20°S that
increases off-equatorial western Pacific Ocean heat content. These
anomalies are associated with extended negative IPO-type conditions and
set the stage for a subsequent IPO transition".

To better compare with the duration of the observed triple-dip La Nifa,
extensions are run with both models from August 2022 through March
2023. The appearance of a positive NPMM in lead year 3 in CESM2 leads to
a transition to El Nifio in the extension period (as in Fig. 8, right), while an
ongoing negative NPMM in lead year 3 in E3SMv2 maintains the La Nifia-
like conditions through March 2023 (as in Fig. 8, lower left).

An interesting feature of this two-model analysis is that while both
models portray the same set of coupled feedbacks and processes with
similar-signed anomalies and comparable patterns, the magnitudes of the
signals in E3SMv2 are about half those in CESM2. The exact reason for this

aspect of the results is beyond the scope of the present paper. But it could be
related to coupled responses that are stronger in CESM2, whereby, for
example, ENSO amplitude in CESM2 is about twice as large as observed™
and twice as large as in E3SMv2”". Additionally, the relevant cloud-aerosol
processes related to the smoke forcing in CESM2 are about twice the
magnitude as in E3SMv2 (Fig. S1). In any case, we have presented evidence
that the coupled processes triggered by the Australian wildfire smoke pro-
duce a prolonged multi-year La Nifia-like set of anomalies in both E3SMv2
and CESM2.

Methods

CESM2 and E3SMv2

We focus on two models, E3SMv2 and CESM2, to illustrate in more detail
how differences in the model responses to Australian wildfire smoke can
affect coupled processes involved with a multi-year La Nifa in those two
models. Such “two model analyses” present advantages to understanding
processes and thus have a rich history in the literature™. A single model
analysis has no larger interpretability context because the results are from
only one model’s representation of the system. A multi-model ensemble
analysis like CMIP can describe phenomena from a larger number of
models, but a lack of knowledge of the details of all the models can only
provide information on the “what” and little on the “why.” A two-model
analysis takes advantage of familiarity with the processes in the two models
to provide more well-informed insights into the relative magnitudes of the
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responses and the relevant physical mechanisms””. The atmospheric
models in CESM2 and E3SMv2 have a nominal 1° latitude-longitude
resolution’®!. CESM2 has a version of the Morrison Gettelman (MG1)
microphysics scheme updated to MG2 in CESM2 that predicts precipitating
hydrometeors. The model aerosol scheme includes an aging process for
black carbon and has 4 modes (MAM4). The atmospheric model in E3SMv2
has a dynamical core that includes semi-Lagrangian tracer transport. Clouds
Unified By Binormals, a high-order turbulence closure scheme, is used for
subgrid turbulent mixing and cloud macrophysics in E3SMv2 and CESM2.
Smoke and its interactions with clouds and radiation are represented in both
CESM2 and E3SMv2. Smoke particles include both the scattering effects of
organic matter and the absorbing effects of black carbon'.

The case study sensitivity experiment hindcasts

The reference hindcasts for our experiments, termed “no smoke” here, are
from the SMYLE experiments'® with CESM2 and E3SMv2 with prescribed
SSP3-7.0 climatological fire emissions. For both models, the full suite of
SMYLE experiments consists of 2-year-long hindcast simulations that span
the period from 1970 to 2019, with seasonal initializations within each year.
However, for the Australian wildfire case study, we use the initial time of
August 2019 for both sets of hindcasts (around the time when the wildfires
started), and then the hindcasts are run for 3 years with a 30-member
ensemble for each, with 30 ensemble member extensions from August 2022
through March 2023. The SMYLE experiments with both models are
initialized with data from the Japanese 55-year reanalysis interpolated onto
the CESM2 and E3SMv2 atmospheric grids. The land initial conditions
come from a TRENDY-forced land simulation. The ocean and sea ice initial
conditions are based on the forced ocean-sea ice simulations, constructed in
line with the protocol for version 2 of the Ocean Model Intercomparison
Project. SMYLE simulations are forced by smoothed biomass burning
emissions, characterized by a mean climatological cycle of the satellite era,
which are substituted for the default biomass burning emissions.

For the sensitivity experiment that includes the Australian smoke
aerosols, the observed bushfire smoke emissions from GFED are included
and termed the “smoke” hindcasts. Results here are shown for annual
averages, August to July, computed as differences “smoke minus no-smoke”
to see what effect the smoke had on the predictions. CESM2 and E3SMv2
both include aerosol schemes whereby CCN and cloud albedo can be
affected by smoke aerosols such that the presence of smoke aerosols gen-
erally makes clouds brighter®'.

Drift of initialized hindcasts is a feature of such experiments and is
typically removed using some drift correction method™. Drift is also present
in the “no-smoke” and “smoke” hindcasts. However, ensemble differencing
of the “smoke” and “no-smoke” experiments run in parallel over the same
time period implicitly removes the drift.

Statistical significance is calculated from a two-sided ¢-test.

Data availability

E3SMv2 model code and tools may be accessed on the GitHub repository at
https://github.com/E3SM-Project/E3SM. A maintenance branch (maint-
2.0; https://github.com/E3SM-Project/E3SM/tree/maint-2.0) has been
specifically created to reproduce E3SMv2 simulations. Complete native
model output is accessible directly on NERSC at https://portal.nersc.gov/
archive/home/projects/e3sm/www/WaterCycle/E3SMv2/LR. A subset of
the data reformatted following CMIP conventions is available through the
DOE Earth System Grid Federation (ESGF) at https://esgf-node.llnl.gov/
projects/e3sm. The CESM2 datasets used in this study are available from the
Earth System Grid Federation (ESGF) at esgf-node llnl.gov/search/cmip6,
or from the NCAR Digital Asset Services Hub (DASH) at data.ucar.edu, or
from the links provided from the CESM website at www.cesm.ucar.edu. The
Global Fire Emissions Database (GFED) smoke aerosol data are available
from: https://www.globalfiredata.org/data.html. The ERA-5 data” are
available  from:  https://www.ecmwf.int/en/forecasts/dataset/ecmwf-
reanalysis-v5. ERSSTv5 data are available from: https://SLP.noaa.gov/
data/gridded/data.noaa.ersst.v5.html. HADISST data are available from:

https://www.metoffice.gov.uk/hadobs/hadisst/. MERRA2 data from 1980-
2015 (Doi:10.5065/D62R3QFS). GPCP rainfall data* are from https://www.
esrl.noaa.gov/psd/data/gridded/data.gpcp.html.
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