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Abstract. Marine dinitrogen (N2) fixation (NF) is a critical nitrogen source supporting ocean productivity, yet its global
quantification remains challenging because vertically resolved measurements are logistically demanding. To address this, we
developed an empirical model to predict depth-integrated NF (INF, wmol N m2 d™!) within the euphotic zone directly from
surface NF (SNF, pmol N m 3 d ') measurements. Using 690 measured NF profiles from the global open ocean, we established
a robust relationship: logiolNF = 1.85 + 0.84 x logioSNF (R* = 0.82, RMSE = 0.31). The model performed well globally,
particularly for typical profiles in which NF decreased monotonically with depth. It tended to underestimate logioINF for
profiles with substantial subsurface NF maxima, especially in the subtropical South Pacific (bias = —0.20), where such maxima
were likely sustained by deeper iron supply, and in the northwestern Pacific (bias = —0.33), where the maxima were likely
driven by photoinhibition of surface unicellular diazotrophs. Overestimation of logi10oINF occurred in the eastern Atlantic (bias
=+0.24), likely reflecting steep depth declines in NF driven by rapid decreases in light and iron availability. A small subset of
profiles had uniformly low NF rates throughout the euphotic zone, associated with low iron and/or phosphorus concentrations.
When applied to historical surface measurements lacking corresponding INF observations, model-derived INF estimates were
statistically consistent with available INF measurements, supporting its preliminary application. Our model enables more
efficient global surveys of N fixation, thereby improving our ability to map this critical process and refine understanding of

ocean nutrient cycles.

1 Introduction

Marine dinitrogen (N2) fixation (NF), primarily mediated by prokaryotic diazotrophs, contributes nearly half of the
bioavailable nitrogen input to the ocean (Gruber, 2008) and plays an important role in supporting carbon sequestration (Karl
et al., 2012). Reliable assessments of marine NF are essential for understanding marine ecosystems and global biogeochemical

cycles. However, substantial uncertainties still exist in current estimates of global marine NF, ranging from less than 100 Tg
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N yr ! to over 200 Tg N yr !, largely due to limited spatiotemporal coverage of in situ measurements (Zhang et al., 2020; Shao
etal., 2023).

NF rates are typically measured using 'SNa tracer methods or the acetylene reduction assay. The N, tracer methods
involve incubating seawater samples with >N gas and measuring the '’N/!"*N ratio of particulate nitrogen before and after
incubation to determine NF rates (Capone and Montoya, 2001; Montoya et al., 1996). The acetylene reduction assay estimates
NF rates by converting measurements of acetylene reduction (Capone, 1993), although significant uncertainties are associated
with the conversion factor (Mulholland et al., 2006; Wilson et al., 2012). Given the significant diel variations in NF rates
among diazotrophic groups, a 24-hour incubation period is recommended for these methods (White et al., 2020). Such time-
consuming and labor-intensive methods impose significant logistical constraints on NF assessments.

Additionally, estimating NF in the upper ocean, where it predominantly occurs, requires integrating NF measurements
across multiple depths (usually 3 to 7), typically from the surface to reference depths such as the deep chlorophyll maximum
(DCM) (e.g., Hallstrom et al., 2022), the base of the euphotic zone (often 1 % of surface irradiance) (e.g., Bonnet et al., 2009),
or a fixed depth below the euphotic zone (e.g., Goebel et al., 2010). Such vertical profiling further increases the logistical
challenges of NF assessments.

Previous studies have identified relationships between surface NF (SNF) and depth-integrated NF (INF) rates in limited
ocean regions (GroBkopf et al., 2012; Yu et al., 2024; Tang et al., 2019). The recent release of a comprehensive global marine
NF database (Shao et al., 2023) now enables possible analysis of this relationship from basin to global scales, as well as
identification of the factors that govern it.

The vertical distribution pattern of NF, which shapes the SNF-INF relationship, varies in the global ocean. NF typically
decreases with depth due to the light dependence of cyanobacterial diazotrophs (Luo et al., 2014; Zehr and Capone, 2020).
The atmospheric deposition of iron (Fe), a critical nutrient for NF enzymes, may also enhance surface NF (Moore et al., 2009;
Fonseca-Batista et al., 2017). Additionally, upwelled waters with low phosphate-to-nitrate ratios may provide a nutrient
environment that further suppresses subsurface NF (Singh et al., 2017; Hallstrem et al., 2022). Meanwhile, other vertical
patterns of NF have been observed. For instance, NF can remain relatively constant throughout the euphotic zone (e.g.,
Shiozaki et al., 2018; Sato et al., 2022), suggesting well-mixed resource dynamics for diazotrophs. Subsurface NF maxima
have also been reported (e.g., Shiozaki et al., 2014; Selden et al., 2019). It has been proposed that these subsurface NF maxima
may be driven by factors such as photoinhibition near the surface (Shen et al., 2024a; Shen et al., 2024b), enriched subsurface
phosphate concentrations (Voss et al., 2004), and mesoscale eddies that vertically transport diazotrophs (Hoerstmann et al.,
2024). Temperature may also contribute to vertical NF patterns by affecting diazotrophic community structure (Moisander et
al., 2010; Tang et al., 2020). Despite these insights, the factors controlling NF vertical distribution remain poorly understood.

In this study, we develop an empirical model to derive INF from SNF using historical measurements spanning diverse
open ocean regimes. We also evaluate environmental controls on this relationship, particularly those governing vertical NF
distribution patterns, to characterize its regional variability and operational constraints. Our model provides a tool for more

efficient large-scale assessments of marine NF.
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2 Methods
2.1 Empirical model for surface and depth-integrated N: fixation

In this study, we used in situ historical NF measurements compiled in the Global Oceanic Diazotroph Database version
2 (GODDv2) (Shao et al., 2023). Vertical NF profiles were selected using the following quality-control procedures. First, we
retained only measurements that employed the *N» assimilation-based methods with a 24-hour incubation to control for
potential biases introduced by methodological differences and the diel cycles of diazotrophs (White et al., 2020). Second, our
analysis was confined to the open ocean to preclude the complexities associated with coastal dynamics and shallow sampling
depths. We operationally define the open ocean as areas where the bathymetry exceeds 250 m. Third, even though some
measurements extended into deeper, dark ocean layers, we focused on the upper 250 m to ensure consistency across vertical
profiles. Vertical profiles were included to evaluate INF if they contained measurements at three or more depths within the
upper 250 m, assuming that scientists extended their measurements to depths with measurable NF activity. This assumption
was later validated in our analysis. Finally, to analyze the relationship between SNF and INF, each selected profile was required
to have at least one measurement within the upper 10 m to represent SNF (Fig. 1a). For profiles with multiple measurements
in the upper 10 m, the mean NF in this layer was used as SNF.

After applying these criteria, 690 vertical NF profiles, comprising 3483 volumetric measurements, were selected. Two
hundred eight volumetric NF measurements below detection limits were assigned a conservative value of 0.001 pmol N m
d’!, as typical laboratory detection limits range from 0.01 to 1 pmol N m™>d™! (Tanita et al., 2021; White et al., 2020). We
analyzed the model sensitivity by testing to use 0, 0.01, and 0.1 pmol N m™d™! for NF rates below detection limits. Notably,
there were no profiles in which all NF measurements fell below the detection limit. For each profile, we calculated INF using
trapezoidal integration of NF from the surface to the deepest measurement not exceeding 250 m depth (Fig. 1b).

Both SNF and INF rates were approximately log-normally distributed. Thereby, linear regressions were applied to log-

transformed SNF and INF to derive their relationship.
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Figure 1. Global distribution of marine N, fixation observations. (a) Surface N, fixation (SNF) and (b) depth-integrated N, fixation (INF)
rates were from GODDV2 and were quality-filtered. Red triangles denote excluded profiles where shallow sampling depths may cause

90 potentially underestimated INF observations (see details in Sect. 3.1).
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2.2 Environmental controls on the SNF-INF relationship

To explore potential environmental controls on vertical NF distribution patterns, we compared environmental parameter
profiles (Table A1) with NF observations. Nitrate and phosphate concentrations were obtained from the World Ocean Atlas
(WOA) 2023 (Garcia et al., 2024) (https://www.ncei.noaa.gov/products/world-ocean-atlas, last access: 19 September 2026).
Where corresponding WOA data were unavailable, nearby values within 2° of the sampling location were averaged. Excess
phosphate (P*) was calculated using the Redfield ratio (P* = [phosphate] — [nitrate]/16). Dissolved iron (Fe) concentrations
were the outputs of the Community Earth System Model (CESM) (Kay et al., 2021). Mixed layer depth (MLD) was used to
characterize upper-ocean mixing and was downloaded from Ifremer (https://cerweb.ifremer.fr/mld, last access: 19 September
2026) using a density threshold criterion of 0.03 kg m~ (De Boyer Montégut et al., 2004). Given their log-normal distributions,
the concentrations of nitrate, phosphate, dissolved Fe and mixed layer depth were log-transformed. Monthly temperature
profiles were obtained from the Met Office Hadley Centre EN4 gridded ocean analyses (EN.4.2.2, bias corrections .g10) (Good
et al., 2013; Gouretski and Reseghetti, 2010) (https://www.metoffice.gov.uk/hadobs/end/, last access: 19 September 2026).

Surface photosynthetically active radiation (PAR) was sourced from 8-day MODIS-Aqua composites
(https://oceandata.sci.gsfc.nasa.gov/13/, last access: 19 September 2026). Vertical PAR profiles were generated by calculating
the exponential attenuation of light with depth, with the attenuation coefficients of 490-nm light and PAR being estimated
subsequently from 8-day composite MODIS-Aqua chlorophyll-a data using the method of Morel et al. (2007). The euphotic
zone depth was determined as the depth where PAR reached 1 % of its surface value (Lee et al., 2007).

To explore the impact of mesoscale eddies on NF vertical distribution, we extracted the satellite-merged daily sea level
anomaly (SLA) from Copernicus Marine Environment Monitoring Service (CMEMS) (Copernicus, 2018). Sampling points
located inside closed SLA contours were identified as either cyclonic-eddy (negative SLA) or anticyclonic-eddy (positive SLA)
samples.

To determine whether environmental factors could improve the predictive performance of the SNF-INF model, we
experimentally incorporated surface environmental conditions, MLD and the euphotic zone depth (Table Al) as additional
predictors for INF. We employed stepwise multiple linear regression (MLR) (Draper and Smith, 1998) to iteratively select
significant predictors in ascending order of their p values, retaining only those with p value < 0.05. We also utilized a
generalized additive model (GAM) in R with the “mgcv” package to capture possible nonlinear relationships between
environmental factors and INF (Wood, 2017). Smoothing parameters in the GAM were estimated using the restricted
maximum likelihood (REML) method, with the basis function number (k) set to 9 for each predictor (Wood et al., 2016). A
double-penalization approach was applied for variable selection in the GAM, shrinking weak smooth terms towards zero

(Marra and Wood, 2011).
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2.3 Regional performance of the SNF-INF relationship

To identify regions of potential systematic biases using our model, we applied Getis-Ord Gi* analysis to detect spatial

clusters of strong positive or negative model residuals (Getis and Ord, 1992; Ord and Getis, 1995):

n =\vn
Yj=1 Wi jXj= XX j=q Wij

* —
Gi - n 2 n ’
o [P W~ i)

n-—1

€y

where n is the number of observations, x; is the residual at location j, X and S are the global mean and standard deviation of

;- were first set to 1 for

the residuals, and w; ; represents the spatial weight between locations i and j. Spatial weights w;

locations within a threshold distance and 0 otherwise, and were then normalized so that the sum of weights for each location
equals 1 (Getis and Ord, 1992; Ord and Getis, 1995). The optimal threshold distance was determined to reflect the scale at
which similar residuals are strongly clustered (Fig. A1): Global Moran’s I z-scores were assessed across incremental threshold
distances from 100 km to 2000 km, and all tested distances showed statistically significant spatial clustering (p < 0.05). The
first significant peak in Global Moran’s I z-scores occurred at 1000 km, which was selected to reflect the dominant local
clustering scale (Memisoglu Baykal, 2025).

For each local G/, the p value was evaluated using a Monte Carlo simulation with 1000 permutations (Rubinstein and
Kroese, 2016), in which the residuals were randomly reassigned to build an empirical null distribution for significance testing.
A high positive or negative G; with p < 0.05 indicates a statistically significant hot spot or cold spot, respectively, meaning
that a residual of high positive or negative value is surrounded by other high positive or negative residuals. The identified
significant hot and cold spot points were then used to delineate regions of systematic overestimation and underestimation by
constructing a-shape polygons, with the a parameter set to produce the convex hull (Edelsbrunner et al., 1983).

The Getis-Ord Gi” analysis, including G; statistics, corresponding p values, and Global Moran’s I z-scores, was conducted

using the R package “spdep” (Bivand and Wong, 2018).

2.4 Preliminary application of the empirical model

To demonstrate a preliminary application of our model, we predicted INF from historical SNF measurements without
paired INF observations and evaluated these predictions against direct INF observations. The dataset included 938 quality-
controlled INF measurements (note that some were excluded from the SNF-INF model calibration due to a lack of concomitant
SNF data), plus 560 INF predictions derived from those SNF measurements without paired INF observations. Among these,
248 were directly reported INF measurements without corresponding profile data, of which 64 fell below the detection limit.

We assigned a value of 0.1 pmol N m2d™! to these data points (calculated as 100 meters multiplied by the assumed below-

6
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detection NF rate of 0.001 umol N m > d!). Additionally, 46 SNF measurements were below the detection limit, for which we

also predicted INF values of 0.1 pmol N m2d!. All INF rates were logio-transformed prior to analysis.

3 Results
3.1 Surface to depth-integrated N: fixation model

This study analyzed 690 NF profiles distributed across the tropical and subtropical regions in the Pacific, Atlantic, and
Indian Oceans and the Mediterranean Sea (Figs. 1a, b). Each profile typically contained measurements at 3—7 depths above
250 m, with some profiles containing measurements at up to 12 depths (Fig. A2). SNF rates ranged from below detection
limitations (assigned 1073 pmol N m3 d!; see Methods) to 10* umol N m3d™! and INF ranged from 107! to 10° umol N m2
d™!, both exhibiting approximately log-normal distributions (Fig. A3).

A linear regression of logio-transformed INF (umol N m2d™) to logio-transformed SNF (umol N m d™!) yielded the
following relationship (Fig. 2a):

Log,oINF = 1.81 + 0.84 x log;,SNF (R?=0.81, RMSE = 0.32), 2)
where RMSE denotes the root-mean-squared error. This relationship can be expressed as a power function:
INF = 64 x SNF&4, 3

The power coefficient of 0.84 (< 1) indicates that the ratio of INF to SNF decreases as SNF increases. This implies that
favorable conditions enhance NF rates disproportionally more in surface waters than in deeper layers.

To evaluate potential methodological biases, we conducted separate regression analyses for NF measurements derived
from the >N bubble and dissolution protocols (Mohr et al., 2010; GroBkopf et al., 2012). The resulting regressions were nearly
identical (Fig. A4), indicating that the SNF-INF relationship is not significantly influenced by the measurement protocol. We
therefore pooled all Na-based NF measurements for subsequent analyses.

Our empirical regression model (Eq. 2) tended to overestimate INF in profiles where the deepest sample was collected at
<50 m (Fig. 2b). We interpret this not as model failure, but as a limitation of the observational data: INF rates derived from
such shallow observational profiles are likely lower than true values by omitting significant NF activity in deeper layers.
Consequently, even when the model correctly predicts true INF, its estimates will appear elevated relative to the shallow-

profile values. To mitigate this bias, we excluded all profiles with maximum sampling depths < 50 m. We made an exception
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for two profiles where the deepest NF is less than 1 % of SNF (Singh et al., 2017), suggesting negligible NF beneath. This
further quality control step removed 86 SNF-INF data pairs (remaining n = 604) (Fig. 2a). The updated regression equation

was:
Log;,INF = 1.85 + 0.84 x log,,SNF (R = 0.82, RMSE = 0.31). 4)

This adjustment slightly improved the model performance and, more importantly, avoided systematic biases related to
sampling depths. The RMSE of 0.31 on a logio scale corresponds to an uncertainty factor of 2.0. Sensitivity analysis showed
that using different values (0, 0.001, 0.01, and 0.1 umol N m 3 d™!) for below-detection NF rates had a negligible impact on
the model performance (Table A2; Fig. AS).
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Figure 2. Relationship between observed SNF and INF rates. (a) Regression between log;o-transformed INF and SNF measurements. The

black dashed regression includes all data points, while the blue solid regression line was for the data after a quality control (QC) procedure

that excludes potentially underestimated INF observations (red triangles) from profiles with shallow maximum sampling depths (< 50 m).
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There have been 938 historical INF measurements distributed in the global open oceans (Fig. 3). The inclusion of 560
INF predictions derived from SNF measurements (using Eq. 4) substantially improved spatial coverage, particularly in the
Pacific and Southern Oceans (Fig. 3a). Additionally, the quantile—quantile plot indicated good agreement between INF
measurements and predictions (Fig. 3b). The proportions of values below detection limits were also comparable in the two
datasets (6.9 % and 8.2 % for INF measurements and predictions, respectively). These results suggest that INF predictions are
broadly consistent with direct measurements, demonstrating the value of our empirical model in leveraging existing SNF

measurements to improve the spatial coverage of INF.

10
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3.2 Vertical patterns of N2 fixation profiles

In the upper 200 m, where the majority of NF measurements were concentrated, the mean NF exhibited an exponential
decrease with depth (Fig. 4a). The NF profiles were categorized into three types with distinct vertical patterns: (1) vertically
uniform, characterized by minimal variation in NF with depth (ratio of maximal to minimal NF < 2); (2) monotonic decrease,
where NF generally declined with depth and there was no distinct subsurface maximum (SNF exceeded 90 % of the maximal
NF); and (3) subsurface maximum, featuring a distinct subsurface peak in NF. This classification yielded 44 vertically uniform
profiles, 330 monotonically decreasing profiles, and 230 profiles with subsurface maxima (Fig. 4a).

When applied to each profile type, the model (Eq. 4, derived from all quality-controlled profiles) performed robustly. It
yielded R? values of 0.89, 0.85, and 0.75 for the vertically uniform, monotonically decreasing, and subsurface-maximum
profiles, respectively (Fig. 4b). The corresponding RMSE values were 0.25, 0.28, and 0.36, with biases of —0.12, 0.16, and
—0.21. For most profiles, predicted values agreed with observations to within an order of magnitude (Fig. 4b). The only
exceptions were five profiles with subsurface maxima, where INF values were underestimated by more than one order of
magnitude (Fig. 4b) due to pronounced subsurface NF maxima (Fig. A6). Specifically, we found a strong negative correlation
(r=-0.75, p <0.01) between the ratio of subsurface maximal NF to SNF and the model residuals (predicted minus observed
INF; Eq. 4), indicating that the magnitude of INF underestimation increased with the intensity of subsurface NF maxima (Fig.

A6). The potential mechanisms underlying these deviations are explored in Sect. 4.1.

12
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Figure 4. Types of vertical N, fixation profiles and model performance. (a) Mean vertical profiles for each type (colored lines) and the
overall mean profiles (black line). Shaded areas represent one standard error. To better represent the general characteristics of NF profiles,
two profiles with exceptionally high rates [23-28 umol N m 3 d™! from Hoerstmann et al. (2024); 54-568 pmol N m>d ! from Selden et al.
(2021)] were excluded from averaging. (b) Model residuals (predicted minus observed values) by profile type when applying the regression
model (Eq. 4). The white dots and gray lines in the violin plots indicate medians and the ranges of 25th to 75th percentiles, respectively.
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4 Discussion
4.1 Model applicability across N: fixation profile types

The robust performance of our empirical model across the global open oceans, despite variations in vertical NF
distributions and NF levels, warrants detailed examination.

Overall, the mean profiles of both the monotonically decreasing and subsurface-maximum types closely aligned with the
mean profile of all data (Fig. 4a). Specifically, most subsurface NF maxima occurred at shallow depths (< 50 m; Fig. A7) and
typically showed only moderate elevation above SNF rates (Fig. 4a). Therefore, most INF underestimations for subsurface-
maximum profiles were generally minor, except for five profiles in which the subsurface maxima were pronounced (Fig. 4b;
Fig. A6).

While vertically uniform profiles differ significantly from other types (Fig. 4a), our model still performed acceptably. To
better understand this, we evaluate the magnitude of residuals when applying our model to vertically uniform profiles. Given
a SNF rate, we derive an ideal NF profile whose depth-integrated value matches the predicted INF (using Eq. 4; equivalent
form: INF = 71 SNF®3%). By assuming the ideal NF profile decreases exponentially with depth z:

NF(z) = SNF - e~%%, (5)

where a is the exponential coefficient, the integration of this profile equals the predicted INF:

aZmax

INF = [“™*SNF . ¢=%% dz = SNF - -5 = 71 SNF084, (6)
0 a

where z,,, is the maximum sampling depth. By further setting z,,,, = 200 m, a can be calculated at the given SNF, and the
ideal NF profiles (i.e., Eq. 6) can be derived. The results reveal that lower SNF rates lead to slower exponential decay of NF
over depth, making integrated values approach those of vertically uniform profiles (Fig. 5a). Consequently, the generally lower
SNF rates in vertically uniform profiles than the other two types (Fig. 5b) partially mitigated the INF underestimations using
our empirical model. It is worth noting that, although NF rates in vertically uniform profiles are relatively low (Fig. 4a), they
were all above detection limits.

These insights demonstrate how the model inherently compensates for variations in vertical NF distributions, explaining

its broad applicability.

14
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Our regression model exhibited predictable biases based on profile types, overestimating INF in monotonically decreasing
profiles (logio-scale bias = 0.16) while underestimating it in both vertically uniform and subsurface-maximum profiles (logio-
scale bias = —0.12 and —0.21, respectively) (Fig. 4b). These systematic errors highlight the need to evaluate here whether
environmental factors can predict the occurrence of these distinct profile types.

Profiles with monotonically decreasing NF had the highest dissolved Fe, DIP, and P* concentrations; hence, their vertical
patterns are likely governed by the attenuation of irradiance and/or temperature with depth (Fig. 6). Vertically uniform profiles
exhibited low NF rates throughout the euphotic zone, likely constrained by the lowest concentrations of dissolved Fe, DIP,
and P* (Fig. 6). MLD did not differ significantly among the three profile types (one-way ANOVA, p = 0.84; Fig. AS8),
suggesting that vertical mixing did not drive the uniform NF distribution.

The key feature of subsurface-maximum profiles—suppressed surface NF—can be attributed to two regional mechanisms.
The first, and likely dominant, mechanism is limited Fe supplies from atmospheric deposition. Increases in Fe concentration
with depth in a majority of subsurface-maximum profiles (n = 137) indicate that deep water is the primary Fe source (Fig. 6a;
Fig. A9). The remaining subsurface-maximum profiles (n = 93), in which Fe does not increase with depth, may involve
photoinhibition (Fig. A9). This mechanism is evident in regions where unicellular diazotrophs often dominate surface waters,
such as the northwestern Pacific (Shen et al., 2024a; Jiang et al., 2025; Wen et al., 2022), northeastern Atlantic (Subramaniam
et al., 2013; Benavides and Voss, 2015) and eastern Indian Ocean off Australia (Sato et al., 2022). This supports previous
findings that light inhibition, rather than Fe scarcity, limits the surface activity of unicellular diazotrophs (Shen et al., 2024a;
Shen et al., 2024b). These analyses reveal regional differences in the mechanisms that reduce surface NF. Additionally,
temperature did not differ clearly among the three profile types, suggesting a limited role in distinguishing NF vertical patterns
(Fig. 6e). Overall, the factors controlling the magnitude of subsurface NF maxima remain unclear.

Our findings are based on environmental conditions with limited temporal resolution, reflecting the current sparsity of
observations. To test the influence of transient dynamics, we analyzed profile occurrence against daily satellite SLA data. This
analysis showed no significant link between profile types and specific mesoscale eddy fields (cyclonic, anticyclonic, or outside
eddies; y test, p = 0.37; Table A3). Unraveling these complex mechanisms will require future studies designed for coordinated

sampling of NF rates, diazotroph abundances, and vertical environmental profiles.
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4.2 Regional model performance

Our empirical model demonstrated robust global performance, with residuals distributed randomly across most of the
ocean (Fig. 7). However, the Getis-Ord Gi" analysis identified three regions with significant spatial clustering of residuals,
indicating systematic biases: overestimation in the tropical Atlantic upwelling region and underestimation in the northwestern
Pacific and the South Pacific subtropical gyre (SPSG) (Fig. A10). The SPSG was defined using the criterion of annual mean

surface chlorophyll-a concentrations < 0.1 mg m > (Dai et al., 2023).
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Figure 7. Regional model biases and associated NF profile types. The INF residuals (predicted minus observed values) of the regression
model (Eq. 4) are shown in (a) the global ocean and (b) analyzed for three regions with systematic regional biases [solid outlines in panel

(a)] and for the remaining regions. (¢) Proportions of the three NF profile types across these regions.
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In the tropical Atlantic upwelling region, the model consistently overestimated INF rates by a factor of approximately 1.7
(logio-scale bias: +0.24; Figs. 7a, b). This bias is linked to the prevalence of monotonically decreasing NF profiles in this
region (72 % of profiles), with NF declining rapidly with depth, which diverges from the global average (Figs. 7c and 8a; Fig.
A11). We attribute this sharp vertical gradient to a combination of factors that promote surface NF while limiting subsurface
activity. While abundant Saharan dust supplies Fe that sustains elevated surface NF, primarily by Trichodesmium (Moore et
al., 2009; Schlosser et al., 2014), this Fe is rapidly scavenged in the subsurface, creating a steep vertical gradient that is
consistent with observed subsurface Fe minima in this region (Fig. 8b) (Conway and John, 2014; Fitzsimmons et al., 2015).
Concurrently, the same dust deposition may enhance light attenuation (Fig. 8c) by both direct mineral scattering (Ohde, 2016)
and indirectly by stimulating phytoplankton blooms (Dansie et al., 2022), which increase the biomass of light-scattering
particles in the water column.

Conversely, the model systematically underestimated INF rates by factors of approximately 2.1 and 1.6 in the
northwestern Pacific and the SPSG (logio-scale bias: —0.33 and —0.20, respectively; Figs. 7a, b). In these regions, NF declines
more gradually with depth, and subsurface maxima are common (51 % and 65 % of profiles, respectively) (Figs. 7c and 8a;
Fig. A11). In the northwestern Pacific, the model’s underestimation is driven by subsurface NF maxima (Fig. 8a), which, as
discussed above, we ascribe to the photoinhibition of unicellular diazotrophs (Shen et al., 2024a; Shen et al., 2024b). In the
SPSG, atmospheric Fe deposition is among the lowest reported for the open ocean (Wagener et al., 2008), and surface dissolved
Fe concentrations are generally below 0.2 nM (Tanita et al., 2021), potentially constraining surface NF (Fig. 8a). Meanwhile,
substantial NF rates (often close to 1 pmol N m > d™!) frequently persist near or even below the base of the euphotic zone in
the SPSG (Fig. A12). This deepwater NF activity appears to be supported by deep Fe sources (Fig. 8b), including shallow
hydrothermal inputs observed in the west (Guieu et al., 2018; Bonnet et al., 2023) and benthic sources and westward plumes
from the Peruvian slope in the east (Kittu et al., 2023; Resing et al., 2015).

Collectively, these three regions aligned with the distinct areas where particular NF profile types prevailed, exemplifying

how the global mechanisms discussed above operate at more localized scales.
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Figure 8. Regional profile comparisons of NF, Fe concentrations, and PAR. Mean profiles of (a) NF rates, (b) dissolved Fe concentrations,

and (c) PAR in three regions (marked by solid outlines in Fig. 7a) and for all profiles. NF, Fe, and PAR are normalized to the maximum

level in each profile before their means and errors are calculated. Shaded areas represent one standard error.
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For these three regions, we revised the INF predictions by simply subtracting the corresponding biases, which improved
the fit to the observed INF rates and reduced RMSE from 0.35 to 0.25, 0.47 to 0.34, and 0.43 to 0.39, respectively (Fig. A13).
This indicates that the bias-corrected predictions are practically useful (Alexander et al., 2015). Whether to apply these bias
corrections, however, is left to the discretion of the users, as the sample sizes are relatively small (n = 50, 45, and 51 in the
three regions, respectively).

Finally, to assess whether environmental variables could enhance model performance, we conducted stepwise MLR and
GAM incorporating more potential predictors, including surface environmental conditions, MLD, and euphotic zone (EZ)
depth (Table Al). The MLR model retained only the EZ depth as an additional predictor and had better performance (Table
A4):

Log,oINF = 1.43 + 0.87 x log,,SNF + 0.0047 x EZ (R? = 0.85, RMSE = 0.28). (7)

Similarly, the GAM identified EZ depth as a highly significant smooth term (p <2 x 107'¢), with weaker statistical support
for logio Fe and temperature (both p = 0.04) (R? = 0.85, RMSE = 0.28; Fig. A14). The similar performance between the linear
MLR model and the non-linear GAM supports the sufficiency of using MLR in our application.

Given the additional EZ measurements required, the usage of the updated MLR model (Eq. 7) is also at the users’
discretion. Nevertheless, including the EZ depth reduced the model’s underestimations, particularly in the SPSG and
northwestern Pacific (Table A4). This improvement is attributed to the deeper EZ in these regions: The positive coefficient for
EZ in the model (Eq. 7) indicates that greater light penetration in these oligotrophic waters sustains substantial NF at deeper

layers.

5 Summary and future directions

Our study establishes a robust empirical model to derive depth-integrated N2 fixation rates within the euphotic zone from
surface N2 fixation, providing a practical tool for global ocean assessment. While previous regional studies have examined this
relationship, our global-scale analysis benefits from substantially expanded datasets, stricter quality-control criteria, and
comparable or superior model performance despite broader geographical applicability. The model significantly reduces
sampling effort while maintaining accuracy across most open ocean regions. However, the model should be applied with
caution, or be corrected with regional biases (see above), in regions with (1) unique nutrient supply dynamics and/or light
regimes (the tropical Atlantic upwelling region and the South Pacific subtropical gyre), and (2) photoinhibition of surface N
fixation when unicellular diazotrophs dominate (the northwestern Pacific).

Incorporating the model-derived depth-integrated N» fixation improved the spatial coverage of N: fixation rates,

suggesting its applicability for large-scale or time-series observations, where traditional profile-based methods remain
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logistically constrained. Nevertheless, the spatial coverage is still sparse. Seasonal variability in N> fixation profiles also
remains poorly constrained due to uneven temporal sampling. Future efforts should prioritize obtaining in situ measurements
of N> fixation rates, diazotroph abundances, and environmental factors, especially in underrepresented regions, such as the
Southern Ocean, subtropical and subpolar North Atlantic, the equatorial Pacific, and the western Indian Ocean (Fig. 3a). These
new measurements can contribute to refining model parameterization and better elucidate the complex mechanisms controlling
the vertical distributions of N2 fixation.

The utility of our empirical model can be further enhanced by ongoing developments of high-frequency shipboard
underway N fixation measurements. For instance, a method based on acetylene reduction assays has already been developed
and applied to continuous in situ surface N2 fixation measurements during a research cruise across the North Atlantic (Cassar
et al., 2018; Tang et al., 2020). Similar approaches using more reliable '*N» uptake techniques may also become available in
the future (Zehr and Capone, 2024), further expanding the potential for efficient and widespread surface and depth-integrated

Nz fixation assessments and improving our understanding of the biogeochemical role of N2 fixation.
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Figure A10. Regions with systematic biases identified by Getis-Ord Gi* analysis. Dashed outlines indicate regions of significant

overestimation or underestimation (p < 0.05), and areas without significant clustering are shown in gray.
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Figure A14. Partial effects of SNF and environmental predictors on INF estimated by a generalized additive model (GAM). Smooth
functions (solid lines) and their 95 % confidence intervals (dashed lines) are shown for each predictor. Circles represent partial residuals,
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430 Table Al. Data sources of environmental parameters.

o Spatial Temporal
Data description Symbol Source . .
resolution resolution
Monthly
Dissolved iron (nM) Fe CESM 1°
climatology
Monthly
Nitrate (uUM) DIN World Ocean Atlas 2023 1° )
climatology
Monthly
Phosphate (uM) DIP World Ocean Atlas 2023 1° )
climatology
. Monthly
Excess phosphate (uM) P DIP -DIN/ 16 1°
climatology
Monthly
Mixed layer depth (m) MLD Ifremer 1° )
climatology
Temperature (°C) T EN4 1° Monthly
Surface photosynthetically active radiation
PAR MODIS-Aqua 0.083° 8 days
(Wm™?)
Euphotic zone depth (m) EZ 1 % surface PAR depth 0.083° 8 days
Sea level anomaly (m) SLA CMEMS 0.25° Daily
Table A2. Sensitivity analysis results for alternative assignments of NF rates below detection limits.
Assigned < LOD value ) )
Regression after quality control R RMSE
(umol Nm™3d™)
0 Log,oINF = 1.85 + 0.84 X log;,SNF 0.82 0.31
0.001 Log,oINF = 1.85 + 0.84 X log;,SNF 0.82 0.31
0.01 Log,oINF = 1.86 + 0.83 X log;,SNF 0.82 0.30
0.1 Log,oINF = 1.88 + 0.79 X log;,SNF 0.82 0.29
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435 Table A3. Number of NF observational profiles inside and outside mesoscale eddies.

Cyclonic eddies Anticyclonic eddies Outside eddies
Well-mixed profiles 10 6 28
Monotonic decreasing profiles 57 57 198
Subsurface-maximum profiles 33 50 165

Table A4. Comparison of model performance by using the SNF alone (Eq. 4) and both SNF and EZ (Eq. 7) as predictors. The

comparisons are conducted for different NF profile types and specific oceanic regions.

Predictor: SNF Predictor: SNF and EZ
RMSE bias RMSE bias
Vertically uniform profiles 0.25 -0.12 0.20 —0.08
Monotonic increasing profiles 0.28 0.16 0.25 0.15
Subsurface-maximum profiles 0.36 —-0.21 0.33 -0.19
Tropical Atlantic upwelling region 0.35 0.24 0.30 0.15
Northwestern Pacific 0.47 —0.33 0.37 —0.18
South Pacific subtropical gyre 0.43 -0.20 0.38 —-0.06

440 Data availability

The datasets generated in this study, based on the Global Oceanic Diazotroph Database (version 2) (Shao et al., 2023),
include: (1) 690 vertical profiles of N2 fixation and corresponding environmental factors used for model development; (2) 560
INF predictions derived by applying our empirical model to historical SNF measurements. These datasets are available at the
Figshare repository via https:/figshare.com/s/5e9ebbal7fcc614194af, with the Creative Commons Attribution 4.0
445 International License (CC BY 4.0). Environmental data used in this study are publicly available, including surface PAR
(https://oceandata.sci.gsfc.nasa.gov/13/), dissolved Fe concentrations (Kay et al., 2021), World Oceans Atlas 2023 data (Garcia
et al., 2024) (https://www.ncei.noaa.gov/products/world-ocean-atlas), MLD (De Boyer Montégut et al., 2004)
(https://cerweb.ifremer.fr/mld), temperature (Good et al., 2013) (https://www.metoffice.gov.uk/hadobs/end/) and SLA data
(Copernicus, 2018).
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