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Variability via the Dust-Iron Fertilization
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Abstract The El Nifio-Southern Oscillation (ENSO) and Tibetan Plateau, as key drivers of Earth's climate
system, exert bidirectional controls that complicate causal attribution. Here, we integrate satellite-derived
Tibetan Plateau snow cover (TPSC) with causal inference to establish TPSC-ENSO conversion factor. Using
this factor, we estimate that TPSC anomalies contribute 24.8% (6.4%—44.1%) of September ENSO variability.
Notably, TPSC-modulated biogeochemical processes are as influential as equatorial zonal wind mechanisms,
constituting an additional ENSO driver. Reduced TPSC intensifies the Tibetan Plateau heat source, driving
ascendant easterly anomalies. This accelerates the tropical easterly jet, transporting more Saharan dust to the
tropical Pacific. Dust-iron fertilization stimulates phytoplankton accumulation across iron-limited central-
eastern Equatorial Pacific, reducing solar irradiance penetration depth, lowering upper ocean heat content by
21% (7%—29%), and promoting La Nifia development. Conversely, high TPSC favors El Nifio development.
These findings quantify TPSC's impact on ENSO variability, unveiling a biogeochemical pathway linking dust-
iron fertilization to ocean energetics.

Plain Language Summary The El Nifio-Southern Oscillation (ENSO) is a known modulator of
global climate anomalies, including variations in Tibetan Plateau snow cover (TPSC). However, whether TPSC,
acting as a hemispheric-scale climate factor, influences ENSO occurrence has remained unclear. This study
reveals how Tibetan Plateau snow cover (TPSC) affects ENSO. We show that reduced snow on the Tibetan
Plateau acts as a heat source, triggering a cascade of effects: it alters wind patterns, leading to increased transport
of Saharan dust to the iron limited Pacific Ocean. Iron from the dust fertilizes phytoplankton growth that shades
the ocean surface, reducing solar heat absorption and ultimately promoting the development of La Nifia
conditions. This identified biogeochemical pathway provides a fresh perspective on ENSO dynamics.

1. Introduction

Climate system internal variability is crucial in driving Earth's atmospheric and oceanic variations. ENSO, a
dominant ocean-atmosphere interaction driver (Scaife et al., 2024; Tziperman et al., 1994; Zhao et al., 2024), and
the Tibetan Plateau, a key land-atmosphere modulator (Huang et al., 2023; Wu et al., 2014), constitute essential
component of this variability. Both have profound impacts on global climate, ecosystems, and socio-economic
systems (Wen et al., 2020; Wu et al., 2024). Nevertheless, their complex bidirectional interactions complicate
causal attribution, hinder realistic contribution quantification (Henderson et al., 2018), and constrain under-
standing of Earth's climate mechanisms.

Modern and paleoclimate records, alongside model evidence, illustrate ENSO's influences on the Tibetan Plateau
climate systems. The associated pathways include atmospheric teleconnections (Jiang et al., 2019; Shaman &
Tziperman, 2005), Walker circulation shifts (Wang et al., 2024), and altered local circulation (Wu et al., 2024). El
Nifio enhances eastern Plateau winter snowfall and summer precipitation through atmospheric waves and
anomalous cyclones (Jiang et al., 2019), and reducing Plateau ozone via South Asian High intensification (Li
et al., 2023). Paleoclimate evidence from lake sediments, ice cores, and tree rings further indicates that positive
ENSO phases increase Plateau lake levels and precipitation (Li et al., 2022; Wu et al., 2024).

In contrast, only one terrain model experiment (Wen et al., 2020) and a surface winds study (Yu et al., 2022) have
examined the Tibetan Plateau's impact on ENSO variability. Observations and simulations reveal that reduced
Plateau heating induces eastward-propagating atmospheric waves, generating a tropical eastern Pacific low-
pressure anomaly (Yu et al., 2022). This anomaly elevates sea surface temperature (SST) in the central and
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eastern Equatorial Pacific by weakening trade winds. Thus, while ENSO's influence on the Tibetan Plateau is well
documented, mechanisms underlying the Plateau's impact on ENSO variability remain poorly understood.

Both Tibetan Plateau snow cover (TPSC) and surface sensible heat constitute important thermal drivers of global
climate variations (Li et al., 2018; C. Zhang et al., 2021). Compared to sensible heat, TPSC exhibits both cross-
seasonal impacts and predictive potential attributable to persistent memory of snow anomalies (Wu et al., 2011;
C. Zhang et al., 2023). Although hemispheric-scale atmospheric waviness mechanisms have been proposed (Wu
et al., 2011; C. Zhang et al., 2025), a well-established causal chain linking TPSC, atmospheric circulation, and
ENSO is still lacking. This absence hinders the precise quantification of TPSC's contribution to ENSO and
obscures underlying mechanisms. We therefore integrate satellite observations, model simulations, and causality
analysis to establish an impact conversion factor for TPSC-ENSO contribution quantification. Unlike prior wind-
evaporation-SST feedback mechanism (Wen et al., 2020; Yu et al., 2022, 2023), we propose a novel biogeo-
chemical mechanism to explain how TPSC influences ENSO. In the following, Section 2 describes data, model
experiments, and causality technique. The results are presented in Section 3, followed by the conclusions and
discussions in final section.

2. Data and Methods
2.1. Data

Briefly, data sets used include (see Supporting Information S1 for details): National Oceanic and Atmospheric
Administration (NOAA) satellite snow cover (1979-2021) (Robinson et al., 2012), validated against National
Snow and Ice Data Center (NSIDC) snow cover, Big Earth Data Platform snow depth, and ERAS snowfall for
Tibetan Plateau accuracy (C. Zhang & Jia, 2022; C. Zhang et al., 2023). MODIS satellite Level-3 chlorophyll-a
concentration data derived from the Global Ocean Color. Second Modern-Era Retrospective analysis for
Research and Applications (MERRA-2) dust concentrations (Global Modeling and Assimilation Office
(GMAO), 2015. ORASS ocean heat content and mixed layer depth (Zuo et al., 2018). ERAS5 (Hersbach
et al., 2020) and NCEP/DOE-R2 (Kanamitsu et al., 2002) atmospheric reanalysis. Hadley Center SST (HadISST)
(Rayner et al., 2003). Seawater dissolved iron concentration from the Mercator-Ocean NEMO-PISCES model
(Global Ocean Biogeochemistry Hindcast, 2024).

2.2. The Conversion Factor Derived From Causality Analysis

A bidirectional relationship exists between TPSC and ENSO. To verify their causality, we applied the Liang—
Kleeman information flow (LKIF) method (Liang & Kleeman, 2005). This approach is rigorously derived
from first principles and information theory, enabling quantitative causality measurement between variables
(Liang, 2016; Liang & Kleeman, 2005). Consequently, LKIF-determined causation constitutes a fundamental
physical concept. This method has been successfully applied cross disciplines including: climate-driven phyto-
plankton identification, long-term ENSO projections, CO,-global warming relationships, origins of polar sea-ice,
and von Neuman entropy in quantum systems (Li et al., 2024; Yi & Bose, 2022; C. Zhang et al., 2025). The LKIF
framework is structured as follows (Liang, 2016; Liang & Kleeman, 2005):

. xj,n+k - xj,n
=S )R 1
i kAt )]
Cyj = (x5 =X — X)) (2)
5 C11C12C2,dl - C%Z Cl,dl
T2—>1 = C2 Co —C C2 (3)
11%22 %12

where T,_, | represents the information flow from variable x, (e.g., TPSC) to x, (e.g., ENSO). C;; denotes the
covariance matrix, while %,

covariance between the differencing scheme and variable x;. At refers to their time step. Causality is determined

refers to the Euler forward differencing scheme. The term C; ;; indicates the

as: When 7, _, ; #0 and statistically significant, changes in x, increase the entropy of x,, indicating that x, has a

causal impact on x,. Conversely, 7,_,; = 0 or non-significance indicates x, has no causal impact on x;.

ZHANG ET AL.

20f 12

85UD|7 SUOWILLIOD BAIER1D el jdde 8y} Aq paueA0b 8Je 9o 1e YO ‘38N JO SN 104 AkeIq1T BUIIUO /8] I/ UO (SUORIPUOD-pUR-SWBH /WO A3 | 1M Ae1q 1 BU U0/ SdRY) SUORIPUOD PUe SWwid | 8U1 835 *[9202/60/yT] Uo ARiqiauliuo AB|Im * AiseAlun uswelx - Bueyz oeyd Aq 90202T 195202/620T 0T/I0p/wod As|imAeiq puluo sgndnbe//sdny wo.y papeojumod ‘9 ‘920 ‘L008776T



I Vedl
M\\I Geophysical Research Letters 10.1029/2025GL120206
ADVANCING EARTH
AND SPACE SCIENCES

a
16
2 N =600
2 12| BTPSC—ENSO
& “| BENSO-TPSC
s
[ =
S 0.045 nats
g20.4
S
=
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1.0
.
0.8 °
L
: H
=06 062 L
L2
&
004
5 !
3 g
0.2 1 4
Jan Mar  Apr May Jun Jul Aug Sep Oct Nov Dec
C Contensotesc = 18.2% Contrpsc_enso = 28.5% Contrpsc_enso = 19.1%
25|R?=0.20 p<0.01 + ° | R2=0.39 p<0.01 J{ 3|R?2=0.40 p<0.01
25
1.25
= 0
I
o
N -1.25 s 2 1-1.25
o
S 25 Jan| L5 . Jul 2 " Aug
Z 25 -1.25 0 1.25 -1.5 0 1.5 3 2 1 0 1 2 3
(>1<) Contrpsc_enso = 24.8% Contenso_psc = 15.9% Contenso_tpsc = 27.4%
T 3[Re= 0.44 p<0.01 . R2=0.37 p<0,01 R2=0.36 p<0.01 v
b 2
[}
£
P4
oL . Nov
2 -1 0 1 2
Standardized TPSCI (1979-2021)
Figure 1. Detecting TPSC-ENSO causal relationships via information flow framework. (a) Monthly area-weighted mean of
information flow (1979-2021) between TPSC and SST in the Nifio 3 regions. Blue/red bars: information flow from TPSC to
ENSO and the reverse flow. Error bars represent 99% confidence intervals across 600 grids within the Nifio 3 region.
Horizontal line used to select study months. (b) Monthly conversion factor for TPSC's influence on ENSO (1979-2021),
calculated as the ratio of information flow from TPSC to ENSO divided by total information flow between TPSC and ENSO.
Horizontal line: median. While dots: outliers. (c) Fitted plot shows the relationship between TPSC and Nifio 3 indices.
Contrpgc_ pnso indicates TPSC's contributions to ENSO, whereas Contgygo_, tpsc Tepresents ENSO's contributions to
TPSC. Details on the calculation of the conversion factor are provided in Figure S4 in Supporting Information S1.
This study derives the conversion factor (F) through calculation of information flow from TPSC to ENSO
(Trpsc - enso) and their reverse flow (Tinso— Tesc):
TTPS C->ENSO
F=- e 4)
TTpsc-ENso+TENSO-TPSC
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Figure 2. TPSC-atmospheric circulation causality. Information flow from TPSC to ERAS 850 hPa geopotential height in
(a) July, (b) August, and (c) September from 1979 to 2021. The circled area indicates significant information flow over the
Sahara during July—September, highlighting persistent impacts of TPSC on Saharan atmospheric circulation. (d—f) The
reverse information flow from 850 hPa geopotential height to TPSC. Dotted areas represent significant information flow at
the 95% level (two-tailed z-test).

The conversion factor £ quantifies TPSC's causal impact magnitude on ENSO (Figure 1b). Crucially, traditional
coefficients of determination (R>) fail to estimate true contributions due to lack of causality. By applying F, we
obtain the realistic TPSC's contributions to ENSO: F % R?2 (Figure 1c).

2.3. Dust-Derived Dissolved Iron Model

Due to the enhanced solubility of fine versus coarse dust aerosol, we computed dust-derived dissolved iron
separately by particle size (Mahowald et al., 2009). The dust-derived soluble iron flux model (Figure 3d) in-
tegrates contributions from both fine and coarse fractions:

_ fine . vertical fine coarse «. vertical oarse
dustr, = fie X (dusting, . X velocity)§aip, X S + dustse, x velocity [, X S) Q)

8" =12% x [1 + normalized (1/dustis. . )] ©

surface

eoarse — yep s [1 + normalized (l/dustfine )] @)

surface

where, fp, (total iron loading in dust aerosols) is set at 3.5% (Luo et al., 2008; Matsui et al., 2018). Surface mass

concentration of fine (PM < 2.5) and coarse (PM > 2.5) dust aerosols are denoted as dust™,  and dust¥

respectively. velocity}omica denotes vertical velocity at 1,000 hPa. $"™ and S°°**° indicate iron solubility for fine
and coarse dust aerosols, respectively. Global iron solubility defaults are 12% (Mahowald et al., 2018) for fine
dust and 2% (Krishnamurthy et al., 2010) for coarse dust, consistent with established ranges (Mahowald

et al., 2009; Matsui et al., 2018).
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Figure 3. TPSC-modulated Equatorial Pacific dust-iron fertilization. (a) TPSC-associated vertical wind (vectors) and
geopotential height (shading) anomalies along Sahara-Plateau (Figure S13 in Supporting Information S1), with insert showing
atmospheric cooling/heat source anomalies. Thick line area indicates that when TPSC is low, anomalous Plateau convection
propagates to the Saharan Desert. (b) GEOS column dust climatology (shading) with ERAS5 500 hPa winds (vectors). Thick
yellow arrow outline Sahara-Pacific dust transport pathways (see Figure S13b in Supporting Information S1). (c) Dust
momentum (dust concentration X 700 hPa vertical velocity) and (d) dust-derived soluble iron flux anomalies, calculating
utilizing the dust-derived iron model (see Methods). All these anomalies are calculated using linear regression onto the -TPSC
index. Black dots and purple vectors: 95% statistical significance. All panels: July data (August/September in Figure S10 in
Supporting Information S1).

2.4. Ocean Energetic Impacts From Widespread Phytoplankton Blooms

Based on the Beer—Lambert law, penetration depth (H,,) was calculated using satellite-derived chlorophyll data
(Figure 4c), as formulated bellow (Murtugudde et al., 2002):

1 1
K,(x.y) " K, +a - Chl(x,y)’

H,y(x,y) = (8)

where K, represents the solar radiation attenuation coefficient, and K,,, a, and b are constants with values of
0.0027 m™', 0.518 mg~"! m?, and 0.428, respectively (Murtugudde et al., 2002).

Changes in the mixed layer depth (H,,) regulate solar radiation distribution between mixed layer and subsurface
layer, where large-scale chlorophyll blooms significantly alter solar radiation penetration depth (H,,). Concurrent
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H,, and H, modulate oceanic energy balance. Using H,, and H,,, absorbed solar radiation (Q,,) and chlorophyll-
induced temperature change rate (Ry.,,) in the mixed layer can be calculated via (R.-H. Zhang, 2015):

Qabs (Hm’Hp) = er[l -7 exp(_Hm/Hp)] (9)

Qabs (Hmva) — er[l -7 CXP(_Hm/Hp)]

(10)
Po CpHm pOCpHm

Rlemp (Qabs> Hi) =

where Q,, refers to surface solar radiation flux. y = 0.33 represents the radiation fraction that penetrates beyond
the uppermost few centimeters of the sea surface. p, (1,025 kg m™) and C, (39901 kg™' K™ indicate the
seawater density and the specific heat capacity, respectively.

2.5. Numerical Experiments

To test the hypothesis that reduced TPSC influences atmospheric circulation via diabatic heating changes, we
conducted two sets of numerical experiments (see Supporting Information S1 for details) using Community Earth
System Model (CESM, version 1.1.1; Park et al., 2014; Lawrence et al., 2012).

Control Run: A 40-year simulation forced with 1980-2020 SST climatology and the original Tibetan Plateau heat
source.

Perturbation Run: A 20-year experiment where the July-September Plateau albedo is reduced by 0.3 (Cohen
et al., 2021), representing the diabatic heating forcing associated with TPSC reduction.

The atmospheric response is derived by differencing between the 20-year perturbation experiment and final 10-
year control outputs.

2.6. Statistical Analysis

Given the interannual nature of ENSO variability, we focus on this timescale using Gaussian-filtered high-fre-
quency signals (<8-year) across all data sets. Statistical significance is accessed via two-tailed z-test for infor-
mation flow and Student's #-test for other analysis.

3. Results
3.1. Impact Conversion Factor

To establish TPSC-circulation-ENSO causality, we employ the Liang-Kleeman information flow method, a
quantitative causal inference framework measuring information transfer between systems (Liang & Klee-
man, 2005; see Methods). Significant TPSC-ENSO information flow occurs in January, July-September,
November, and December (Figure 1a), suggesting strong causal connections during these months. To confirm the
robustness, we utilize a widely recognized causal analysis framework, PCMCI (see Methods in Supporting In-
formation S1). The PCMCI framework yields consistently strong link coefficients in these periods (Figure S1 in
Supporting Information S1), supporting the reliability of the causal connections in identical months.

The bidirectional information flow (TPSC < ENSO) is found in the boreal warm season (August-September), but
shifts to unidirectional flow (ENSO — TPSC) that dominates in January and December (Figure 1a). Thus, strong
interactions prevail in warm seasons, while ENSO controls TPSC variations in cold seasons. Notably, traditional
metrics, such as correlation coefficients, can only qualitatively describe the association between TPSC and
ENSO, but cannot quantify the absolute contribution of TPSC — ENSO (or vice versa).

We therefore derive TPSC's impact conversion factor using information flow magnitude, defined as the pro-
portion of information flow magnitude from TPSC relative to the total TPSC-ENSO information flow magnitude
(Figure 1b; see Methods). The information flow based conversion factor measures the degree of causal contri-
bution between TPSC and ENSO, with values ranging from O to 1, reflecting the extent of TPSC's influence on
ENSO. For example, a conversion factor of 0.48 in August indicates near-symmetric bidirectional influence; the
January value of 0.11 suggests a dominant ENSO's influence on TPSC.
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Based on the identified months, we assess bidirectional TPSC-ENSO contributions using impact conversion
factor. Monthly TPSC indices are constructed by standardizing area-weighted snow cover means over the ENSO
related significant domain, and applying interannual timescale filters (Figures S2 and S3 in Supporting Infor-
mation S1). Using impact conversion factor, we estimate that TPSC contributes 28.5% (July), 19.1% (August),
and 24.8% (September) of ENSO variability. In contrast, ENSO modulates TPSC variability by 18.2% (January),
15.9% (November), and 27.4% (December) (all p < 0.01; Figure 1c). Boxplot whiskers in Figure 1b represent the
full statistical range of values (e.g., TPSC contribution to ENSO: 6.4%-44.1% in September).

3.2. Link TPSC Variations to Pacific Dust-Derived Iron Fertilization

The analysis above reveals a pronounced warm-season causal linkage between TPSC and ENSO. Through lag
regression and composite analysis, we further show that a reduced July TPSC is followed by a La Nifia-like SST
pattern and a dipole structure in the height field (Figures S5-S8 in Supporting Information S1). Given that ENSO
events typically intensify in autumn and peak in winter—a self-sustaining seasonal pattern known as phase
locking—we present a composite analysis that excludes strong and moderate ENSO years to reduce this inherent
influence. The results indicate that a reduced July TPSC is followed by a La Nifia-like SST pattern in the sub-
sequent autumn (Figure S7 in Supporting Information S1). After removing moderate ENSO events, the La Nifia
signal persists (Figure S7b in Supporting Information S1). This implies that the July TPSC may influence the later
development of moderate ENSO. These results motivate us to clarify its physical impact pathways.

Surface divergent anomalies, coupled with clear-sky conditions, drive accelerated snowmelt (C. Zhang &
Jia, 2022). As such, TPSC-associated significant moisture divergence anomalies during peak snowmelt months
(July-August; Figure S8a in Supporting Information S1). This indicates atmospheric control on TPSC melting.
Conversely, elevated TPSC is linked to significant moisture source anomalies over the central-western Plateau
(=10~—25 W m™2; Figure S8b in Supporting Information S1), sustained through snowmelt and meltwater
evaporation processes (Xiao & Duan, 2016; C. Zhang & Jia, 2022). These moisture source anomalies enhance
moisture export from the Tibetan Plateau (Figure S9a in Supporting Information S1), indicating TPSC's regu-
lation of the regional hydrological dynamics during warm seasons.

Based on TPSC-regulated local moisture transport mechanisms, we examine TPSC-driven remote climatic im-
pacts. Previous studies document TPSC impacts on hemisphere-scale climate systems, including the Pacific-
North American pattern (Wu et al., 2011), and European and Arctic climate variability (Liu et al., 2022), pri-
marily via eastward-propagating wave trains along the subtropical westerly belt. In essence, the causal impacts of
Pacific circulation on TPSC (0.04-0.08 nats; Figures 2d—2f) make it hard to separate TPSC-driven impacts
through the eastward pathway. Crucially, TPSC maintains a persistent causal influence on tropical Saharan
circulation (0.03-0.07 nats; Figures 2a—2c). This identifies the westward Saharan pathway as the optimal route for
resolving TPSC-associated remote climate impacts.

To figure out TPSC-Saharan circulation linkages, we conduct two TPSC experiments using CESM (see
Methods). When TPSC decreases (i.e., negative TPSC phase), the Tibetan Plateau functions as an anomalous
atmospheric heat source (15-20 W m™%; Figure 3a insert and Figure S10a in Supporting Information S1). This
thermal forcing arises from enhanced terrain heating due to increased bare-ground exposure and moisture
intrusion following TPSC reduction (Figure S9 in Supporting Information S1). Such intensified heating creates a
robust thermal pump effect, drawing surrounding air masses into the Plateau's atmospheric column (Figure 3a).
The convective updrafts subsequently drive significant easterly anomalies along the tropical easterly jet that
penetrate the Saharan sector (Figure 3a).

Concurrently, an upper-level divergence anomaly over the Saharan Desert (Figure S11 in Supporting Informa-
tion S1) induces pronounced dust updraft anomalies (Figure 3a; Figures S12a and S13c in Supporting Infor-
mation S1). Driven by TPSC-associated easterly anomalies (Figure 3b; Figures S12d and S12e in Supporting
Information S1), an accelerated tropical easterly jet and enhanced Saharan updraft anomalies create favorable
dynamical conditions for dust mobilization (Figures S12a and S13c in Supporting Information S1). As the TPSC
forcing persists into September, the tropical easterly jet further transports increased Saharan dust to the tropical
Pacific (Figure S13 in Supporting Information S1). Therefore, TPSC reduction elevates dust concentrations in the
tropical eastern Pacific by 1.2-1.6-fold relative to enhanced TPSC conditions (Figure S12b in Supporting
Information S1).
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Figure 4. TPSC-driven Equatorial Pacific oceanic energy variations. (a) Conceptual diagram illustrates TPSC impact on the
Equatorial Pacific dust-iron fertilization, biological response, and energetic variations. September anomalies of (b) MODIS
surface chlorophyll-a concentration, (c) oceanic irradiance penetration depth, and (d) ORASS5 upper ocean heat content
(above 300 m), shown as the partial regression onto -TPSC index (deep water upwelling impacts removed). Hatched areas:
95% statistical significance. (e) Coefficient of determination (R?) between upper ocean heat content (OHC_total) in the Nifio
3 region (N = 671) and the TPSC index, with absolute contribution (OHC_abs) estimated as the product of the OHC_total
and the impact conversion factor.

Generally, the Equatorial Pacific constitutes a “high-nitrate, low-chlorophyll” (HNLC) region, primary due to
strong upwelling of nitrate-rich deep water with limited micronutrient iron availability (Browning &
Moore, 2023; Browning et al., 2023; Ustick et al., 2021; Westberry et al., 2023). Thus, dust deposition potentially
plays an important role in stimulating productivity in these HNLC areas through dust-iron fertilization (Lamy
et al., 2014; Letelier et al., 2019). Reduced TPSC increases dust loading and dust deposition anomalies in the
eastern Equatorial Pacific (Figure 3c). This elevates the dust-derived iron flux anomalies (Figure 3d) and sea
surface layer dissolved iron concentrations (Figure S14 in Supporting Information S1). Therefore, negative TPSC
anomalies promote dust-mediated iron fertilization across the Equatorial Pacific.

3.3. Biogeochemical Mechanisms Impacting ENSO Variability

Persistent dust-derived iron fertilization linked to decreased TPSC during warm seasons could impact the
enhanced phytoplankton accumulation in the central-eastern Equatorial Pacific. This is observed from September
positive satellite chlorophyll-a anomalies (5.2-7.8 X 10™® mg m™; Figure 4b). Making assumptions about the
amount of enhanced dust-iron supply, phytoplankton iron requirements, and carbon: chlorophyll ratios, further
indicate that TPSC-associated dust anomalies favor significant chlorophyll enhancement (Figure S15 in Sup-
porting Information S1).

Phytoplankton blooms contribute to ocean mixed-layer warming through solar radiation absorption by phyto-
plankton pigments (Sun et al., 2021; R.-H. Zhang, 2015). However, these blooms also reduce penetration depth of
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solar irradiance via light attenuation, cooling seawater within the upper thermocline (Kirk, 2011; Morel &
Prieur, 1997). Increased phytoplankton biomass induces mixed-layer heating that peaks seasonally in early spring
(~20°C month™") but declines markedly during summer and early autumn (~8°C month™'; Figure S16a in
Supporting Information S1). As such, September mixed layer heating associated with TPSC-driven phyto-
plankton enhancement is negligible (~0.6°C month™"; Figure S16b in Supporting Information S1).

Conversely, increased phytoplankton abundance associated with TPSC reduction results in the penetration depth
of solar irradiance deeper into the upper thermocline (Figure 4c). Such enhanced light attenuation significantly
decreases seawater energy absorption at these greater depths. This potentially contributes to prominent negative
upper-ocean (0-300 m) heat content anomalies (—2.8 ~ —4.4 X 10® ] m™?; Figure 4d). Quantitative analysis using
impact conversion factor shows that TPSC reduction contributes a 21% (7%-29%) decline in upper-ocean heat
content (Figure 4e), establishing conducive conductive to La Nifia development. Conversely, positive TPSC
anomalies exert opposing effects, favoring El Nifio occurrence.

The analysis above reveals biogeochemical mechanisms by which TPSC influences July-September ENSO
occurrence. While ENSO negatively correlates with Equatorial Pacific surface chlorophyll, the biogeochemical
processes exhibit significant phase-dependence across ENSO cycles (Lim et al., 2022; R.-H. Zhang, 2015).
During La Nifia mature/decaying phases, deep water upwelling iron sustains elevated phytoplankton biomass into
the following spring, underscoring ENSO's dominant control on phytoplankton dynamics (Lim et al., 2022).
However, the variations in chlorophyll are not synchronized with ENSO phases (Lim et al., 2022; Meehl
et al., 2021). During ENSO onset period, about 79% of Equatorial Pacific chlorophyll responses precede SST
changes by ~1.5 months (Park et al., 2018). This indicates non-upwelling iron sources gain importance when
upwelling fails to deliver adequate iron during the ENSO transitional phase. Dust-derived iron supplies 30.0%—
44.7% of eastern Equatorial Pacific iron during boreal summer (Park et al., 2018), highlighting its biogeochemical
significance.

4. Summary and Discussions

This study reveals that anomalous TPSC, via biogeochemical pathways, contributes about one-quarter of ENSO
variability, potentially modulating its development during July-September (Figure 4a). In a warming climate, the
projected decline in TPSC may intensify this mechanism, potentially raising the frequency of La Nifia events and
amplifying associated extremes—a trend consistent with recent observations (Cai et al., 2015; Wang et al., 2023;
Williams et al., 2020). Our work elucidates an important biogeochemical process in ENSO dynamics and un-
derscores its implications for improving preparedness against future climate risks.

Although equatorial zonal wind anomalies impact ENSO dynamics through thermocline feedback, upwelling, and
zonal currents (Cai et al., 2015; Wang et al., 2023), TPSC-induced phytoplankton changes also modulate upper-
ocean energy via solar penetration depth. Notably, TPSC's impact on Nifio 3 SST exhibits zonal asymmetry.
Regressed negative SST anomalies span the central-eastern Equatorial Pacific, while information flow from
TPSC to SST concentrates specifically in the eastern sector (Figure S17 in Supporting Information S1). Multi-
regression analysis (see Methods in Supporting Information S1) identifies insignificant ocean heat content cor-
relations with biogeochemical/physical processes in the western Nifio 3 region (r = 0.24, p > 0.05), contrasting
strong eastern correlation (r = 0.49, p < 0.01). Crucially, our multi-regression model indicates that solar pene-
tration depth (50.2%) and zonal wind anomalies (49.8%) contribute equally to eastern upper ocean heat content
variability, revealing their comparable dominant role in ENSO development.

In July, the TPSC exhibits a significant unidirectional information flow toward ENSO (Figure 1a), indicating its
causal role in ENSO development. By August-September, a near-equivalent bidirectional information flow
emerges (Figure la), suggesting that the developing ENSO also feeds back on TPSC variability. Composite
analysis shows that after removing strong ENSO years, the La Nifia signal weakens (Figure S7a in Supporting
Information S1), underscoring that strong ENSO events may exert an influence on the TPSC.

Uncertainties remain in this study. The information flow analysis identifies directional dependence, but it cannot
fully separate external forcing from ENSO' internal variability. Furthermore, the current model experiments,
which employ fixed SSTs, preclude a direct assessment of ENSO sensitivity. Additionally, mechanistic under-
standing of the biogeochemical pathway, particularly the climate-system impacts of dust-derived bio-essential
trace elements, phytoplankton growth dynamics, and light attenuation, requires deeper exploration.
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