Response to Reviewer #2

We sincerely thank the reviewer for the careful evaluation of our manuscript and for
the constructive and insightful comments. We greatly appreciate the reviewer’s
recognition of the scientific value of the Jingwei-Nutrients data product, the
motivation of using a multi-task learning framework for joint nutrient reconstruction,
and the importance of comprehensive validation for a global four-dimensional
biogeochemical product. The comments raised by the reviewer are particularly
valuable because they point to several key aspects that determine the reliability and
usability of the data product, including the independence of external validation
datasets, the physical consistency of reconstructed nutrient ratios, the quality control
of BGC-Argo nitrate observations, and the need for more direct comparisons with

existing nutrient products.

In response to these comments, we have carefully revised the manuscript and

conducted a series of additional analyses and experiments. First, we clarified the

validation-data withholding strategy and explicitly stated that the GO-SHIP cruise

sections and the HOT/KERFIX station observations used for independent validation

were excluded from the training dataset before model development. Second, to more

directly evaluate the biogeochemical consistency of the reconstruction, we added new

analyses of nutrient stoichiometric ratios. Third, in response to the concern about

BGC-Argo nitrate quality control, we recollected and used adjusted BGC-Argo nitrate

profiles with calibration information, reconstructed the training dataset, and reran

the full set of model training, validation, and product-generation experiments. Fourth,

to better position Jingwei-Nutrients relative to currently available data products, we

selected several existing shori-term_or regional nutrient products for additional

comparison_and provided quantitative evaluations and discussion of their similarities

and differences.

These revisions and additional experiments have substantially improved the
methodological transparency, physical interpretability, and external comparability of
the manuscript. We believe that the revised version more clearly demonstrates the
independence of our validation framework, the reliability of the reconstructed nutrient
fields, and the added value of Jingwei-Nutrients as a long-term global nutrient data

product. Our detailed point-by-point responses are provided below.



Comments 1 and 2.

Table 1 shows that CCHDO data contribute 69,355 nitrate, 98,652 phosphate, and
73,165 silicate profiles to the training dataset. I think that the GO-SHIP cruises used
for independent spatial validation in Section 3.4 (P16N 2015, P16S 2014, PO6E 2017)
are disseminated through CCHDO. So, it looks like these cruise data were included in
the training set. If it is the case, the spatial validation in Figs. 13, 14 and 15 is not
independent. The authors must clarify whether these specific cruises were withheld
from training, and if not, please provide alternative independent spatial validation

(e.g., GEOTRACES sections or GO-SHIP lines not present in CCHDO).

Both HOT and KERFIX are long-running time-series stations whose data are archived
in WOD, which contributes the majority of training observations. The authors do not
state whether profiles from these two stations were explicitly withheld from training.
If HOT data (running from the late 1980s to the present) were included in WOD
training profiles, the apparent high R? values at HOT (>0.994 for all three nutrients)
may partly reflect data memorisation rather than generalisation. Please clarify whether
HOT and KERFIX were excluded from training and, if not, recompute station-level

metrics using withheld data only.

Response:

We thank the reviewer for raising this important concern. We fully agree that the
independence of external validation datasets is essential for demonstrating the
generalization capability of the reconstruction model. We would like to clarify that
the GO-SHIP cruise sections and the HOT/KERFIX station observations used for
validation were excluded from the training dataset before model training.
Specifically, all observations from the GO-SHIP P16N (2015), P16S (2014), and
PO6E (2017) cruises, as well as all nutrient observations from the HOT and KERFIX
time-series stations, were removed from the training dataset. Because these records
may be distributed through public archives such as CCHDO and WOD, we identified

them using cruise identifiers, station information, and spatiotemporal coordinates



during data harmonization and deduplication. Any duplicate or overlapping records
associated with these validation datasets were also excluded from the training samples.
Therefore, the validation results reported for these stations and cruise sections are
based on withheld observations rather than on samples used during model
development. The withheld observations were used only as independent references for
the station and cruise-section validations. We will revise the relevant descriptions in

the manuscript to make this withholding procedure clearer.
Manuscript revision:

We also recognize that the original manuscript did not describe this withholding
procedure clearly enough. Although we used the term “independent validation” in the
manuscript, the validation-specific data exclusion strategy was not stated explicitly,
which may have led to the misunderstanding that the validation records were included
in the training dataset because Table 1 summarizes the quality-controlled multi-source
archive. To avoid this ambiguity, we will revise the relevant descriptions in the
Methods and Results sections to clearly state that the HOT, KERFIX, PI6N, P16S,
and POGE observations were withheld before model training and used only for
independent validation. We will also clarify that Table 1 summarizes the
quality-controlled observational archive before validation-specific withholding,
whereas the actual training subset excludes the station and cruise observations used

for external validation.

Comment 3. The primary motivation for the MTL approach is that jointly learning
the three nutrients encourages physically consistent elemental ratios. However, the
paper contains no direct evaluation of whether the reconstructed N:P or N:Si ratios are
consistent, and whether they are more consistent in the MTL product than in the STL
baseline. Given that this is the central scientific claim, the authors should compute
and map Redfield ratios for example N:P across depth levels and regions and compare

them with observations.
Response:

We thank the reviewer for this important suggestion. We agree that evaluating each
nutrient separately using R* and RMSE is not sufficient to directly demonstrate

whether the reconstructed product preserves the coupled biogeochemical relationships



among nutrients. To address this comment, we added a new stoichiometric-ratio
evaluation experiment, in which the N:P ratios derived from the MTL
reconstruction were compared with those from the corresponding STL

reconstruction under the same spatial grid, temporal coverage, and depth range.

We used the recent study by Liu et al. (2025), “Global-scale shifts in marine
ecological stoichiometry over the past 50 years”, published in Nature Geoscience, as
the reference for ocean nutrient stoichiometry. Based on this study, we calculated the
N:P ratios of the MTL and STL reconstructions across different ocean basins and
depth layers, and compared them with the reported reference ratios. The detailed
results are summarized in Response Table 1. Response Table 1. Comparison of
reconstructed N ratios from the MTL and STL products across different ocean basins
and depth layers. The reference N ratios are taken from Liu et al. (2025). Bold values
indicate the reconstruction result with the smaller deviation from the reference
ratio for each basin and depth layer. A dash indicates that the corresponding

reference value was not available in Liu et al. (2025).



Response Table R1. Comparison of reconstructed N ratios from the MTL and STL products
across different ocean basins and depth layers.The reference N ratios are taken from Liu et al.
(2025). Bold values indicate the reconstruction result with the smaller deviation from the reference
ratio for each basin and depth layer. A dash indicates that the corresponding reference value was

not available in Liu et al. (2025).

Depth (m) Basin MTL N:P STL N:P Reference N:P
Global 9.43 16.00 12.60
Pacific 8.09 14.22 12.00
Atlantic 11.78 27.27 14.50
0-200
Indian 8.78 10.36 13.40
Southern Ocean 14.41 14.20 —
Arctic Ocean 9.01 9.22 9.66
Global 14.29 16.19 14.20
Pacific 13.92 14.25 13.90
Atlantic 15.62 21.50 15.30
200-1000
Indian 13.70 16.11 14.00
Southern Ocean 14.43 14.06 —
Arctic Ocean 14.31 13.92 14.50
Global 14.37 15.05 —
Pacific 14.18 14.19 —
Atlantic 15.08 18.04 —
10002000 Indian 14.04 14.28 —
Southern Ocean 14.43 14.10 —
Arctic Ocean 14.55 14.01 —

The results show that the MTL reconstruction provides a more consistent
nitrate—phosphate stoichiometric relationship than the STL reconstruction in most
basin-depth comparisons. This improvement is especially clear in the 200-1000 m
layer, where the MTL-derived N ratios are very close to the reference values in the
global ocean, Pacific Ocean, Atlantic Ocean, Indian Ocean, and Arctic Ocean. For
example, in the Atlantic Ocean at 200—1000 m, the reference N ratio is 15.30, while
the MTL reconstruction gives 15.62, compared with 21.50 from the STL

reconstruction. In the upper 0200 m layer, the advantage of MTL is less uniform,



likely because surface nutrient ratios are more strongly affected by regional biological

uptake, seasonal variability, and nutrient limitation. Nevertheless, MTL substantially

reduces the unrealistic high N ratio produced by STL in the Atlantic surface layer.
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Response Fig. R1. Comparison of N:P ratios derived from the MTL and STL reconstructions with

the reference ratios from Liu et al. (2025) in the upper ocean layer of 0-200 m. Grey bars indicate

the STL reconstruction, blue bars indicate the MTL reconstruction, and dashed horizontal lines

indicate the reference N ratios. Values are shown for major ocean basins where reference ratios

are available.
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Response Fig. R2. Comparison of N:P ratios derived from the MTL and STL reconstructions with

the reference ratios from Liu et al. (2025) in the intermediate ocean layer of 200-1000 m. Grey



bars indicate the STL reconstruction, blue bars indicate the MTL reconstruction, and dashed
horizontal lines indicate the reference N ratios. Values are shown for major ocean basins where

reference ratios are available.

These results provide direct evidence that the benefit of the MTL framework is not
limited to improving the prediction accuracy of individual nutrients. By jointly
learning nitrate and phosphate within a shared representation space, the MTL model
also better preserves their coupled stoichiometric relationship, especially below the
surface layer where nutrient fields are more strongly controlled by water-mass
structure and remineralization processes. Therefore, the added analysis supports the
role of multi-task learning in improving the biogeochemical consistency of the

Jingwei-Nutrients reconstruction.

Comment 4. BGC-Argo contributes 1,367,531 nitrate measurements. BGC-Argo
nitrate is measured by ISUS/SUNA sensors that require careful calibration and are
known to drift, particularly in deep-water deployments. The QC section (2.4) applies
generic boundary and statistical checks but does not mention float-specific calibration
procedures (e.g., cross-referencing with GLODAP climatological values at depth, as
recommended by the BGC-Argo QC manual). How was BGC-Argo nitrate
specifically validated, and were adjusted (DOXY corrected) profiles used?

Response:

We thank the reviewer for this important and valuable suggestion. We agree that
BGC-Argo nitrate observations require specific calibration treatment, because nitrate
measurements from ISUS/SUNA sensors may be affected by sensor drift and
calibration uncertainty, especially during long-term float deployments. We found that
officially adjusted BGC-Argo nitrate profiles with calibration information are
available. Therefore, following the reviewer’s suggestion, we replaced the original
BGC-Argo nitrate records in our previous workflow with these adjusted profiles.
Based on this updated observational archive, we reconstructed the training dataset
and reran the full model training, validation, global reconstruction, and uncertainty

estimation experiments.

The BGC-Argo nitrate data provide an important complement to the three ship-based

data sources, especially in regions where historical bottle observations are sparse. As



shown in Response Fig. R3, the ship-based observations from WOD, CCHDO, and
GLODAPv2 are mainly distributed along cruise tracks and are relatively dense in
historically well-sampled regions, whereas the BGC-Argo profiles provide additional
open-ocean nitrate observations, with a particularly important contribution in the
Southern Ocean. These profiles provide valuable high-latitude nitrate constraints
under open-ocean hydrographic conditions, helping the model better learn nitrate
variability in regions that are difficult to fully sample using ship-based cruises alone,
and this improved nitrate constraint can further benefit the reconstruction of

phosphate and silicate through the shared representation in the MTL framework.
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Response Fig. R3. Spatial distribution of nitrate observations from ship-based datasets and
BGC-Argo profiles. The upper panel shows nitrate observations from WOD, CCHDO, and
GLODAPv2 2022, and the lower panel shows nitrate observations from BGC-Argo profiles.
Compared with the ship-based observations, which are mainly distributed along cruise tracks,
BGC-Argo provides additional open-ocean coverage, particularly in the high-latitude Southern

Hemisphere.

We then examined how replacing the original BGC-Argo nitrate records with the
adjusted BGC-Argo nitrate profiles affects reconstruction uncertainty. As shown in
Response Fig. R4, the adjusted-BGC-Argo-based reconstruction shows lower spatial
ensemble uncertainty than the reconstruction based on the original BGC-Argo nitrate
records. Because both experiments include BGC-Argo data, this reduction should not
be interpreted as the effect of adding new spatial coverage. Instead, it reflects the
benefit of using adjusted nitrate profiles with improved calibration consistency. After
adjustment, the BGC-Argo nitrate observations are more consistent with the other
quality-controlled data sources, reducing calibration-related discrepancies in the
merged training dataset. This provides more reliable nitrate constraints for model
training, especially under high-latitude open-ocean conditions where ship-based
observations are sparse and the model relies more strongly on learned
hydrographic-biogeochemical relationships. With more reliable nitrate constraints in
these data-sparse regimes, the model can learn more stable nitrate variability patterns
and reduce reconstruction uncertainty in high-latitude regions. Although the
adjustment is applied directly to nitrate, uncertainty reductions are also observed for
phosphate and silicate. This is reasonable because, in the MTL framework, nitrate,
phosphate, and silicate share a common representation space; therefore, improving the
reliability of one data-rich task can also help stabilize the shared features used by the
other nutrient tasks. Consequently, the reconstructed fields show lower spatial

uncertainty for all three nutrients after using the adjusted BGC-Argo nitrate profiles.
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Response Fig. R4. Comparison of spatial uncertainty distributions before and after using the
adjusted BGC-Argo nitrate profiles. The first row shows the averaged standard deviation of the
reconstructed nitrate, phosphate, and silicate fields after using the adjusted BGC-Argo nitrate data.
The second row shows the corresponding uncertainty distributions using the unadjusted
BGC-Argo nitrate data. The third row shows the difference between the two experiments,
calculated as the uncertainty with adjusted BGC-Argo data minus that without adjusted
BGC-Argo data. Negative values indicate reduced reconstruction uncertainty after using the
adjusted BGC-Argo nitrate profiles. “w/o adjustment” denotes the reconstruction based on the
original BGC-Argo nitrate records, and “w/ adjustment” denotes the reconstruction based on

adjusted BGC-Argo nitrate profiles.

In addition to the spatial uncertainty analysis, we further examined the temporal
evolution of ensemble uncertainty. As shown in Response Fig. RS, the reconstruction
based on adjusted BGC-Argo nitrate profiles shows lower global mean uncertainty
throughout the reconstruction period for all three nutrients. This further supports that
the adjusted BGC-Argo nitrate profiles provide more stable observational constraints
for model training. The uncertainty reduction is observed not only for nitrate, but also
for phosphate and silicate, which is consistent with the cross-nutrient information

sharing in the MTL framework.
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Response Fig. R5. Temporal evolution of global mean ensemble uncertainty before and after
using the adjusted BGC-Argo nitrate profiles. The blue lines indicate the reconstruction based on
the original BGC-Argo nitrate records, and the red lines indicate the reconstruction based on the
adjusted BGC-Argo nitrate profiles. Results are shown for phosphate, nitrate, and silicate from
1965 to 2023. “w/o adjustment” denotes the reconstruction based on the original BGC-Argo
nitrate records, and “w/ adjustment” denotes the reconstruction based on adjusted BGC-Argo

nitrate profiles.

We further evaluated the reconstruction performance using the same independent
test set before and after replacing the original BGC-Argo nitrate records with the
adjusted BGC-Argo nitrate profiles. As summarized in Response Table R2, the
reconstruction based on adjusted BGC-Argo nitrate data shows improved
performance for all three nutrients. For nitrate, R? increases from 0.9803 to 0.9911,
while RMSE decreases from 2.2138 to 1.2951 umol kg™, corresponding to a 41.5%
reduction in RMSE. For phosphate, R? increases from 0.9610 to 0.9691, and RMSE
decreases from 0.2324 to 0.1627 umol kg™', corresponding to a 30.0% reduction. For
silicate, R? increases from 0.9834 to 0.9902, and RMSE decreases from 6.3485 to

4.1085 pmol kg™, corresponding to a 35.3% reduction. These improvements indicate



that the float-specific adjustment of BGC-Argo nitrate has a measurable positive
effect on the downstream reconstruction, supporting our decision to use the adjusted

BGC-Argo nitrate profiles in the revised Jingwei-Nutrients product.

Response Table R2. Comparison of MTL reconstruction performance before and after using the
adjusted BGC-Argo nitrate profiles. Both experiments were evaluated using the same independent
test set. “w/o adjustment” denotes the reconstruction based on the original BGC-Argo nitrate
records, and “w/ adjustment” denotes the reconstruction based on adjusted BGC-Argo nitrate

profiles. RMSE values are reported in pmol kg™.

w/o w/o w/ w/
. . . . . . RMSE
Nutrient  adjustment adjustment adjustment adjustment R?increase )
reduction
R? RMSE R? RMSE
_ 0.9187,
Nitrate 0.9803 2.2138 0.9911 1.2951 +0.0108
41.5%
0.0697,
Phosphate 0.9610 0.2324 0.9691 0.1627 +0.0081
30.0%
. 2.2400,
Silicate 0.9834 6.3485 0.9902 4.1085 +0.0068
35.3%

Overall, using adjusted BGC-Argo nitrate profiles improves the consistency between
BGC-Argo and the other quality-controlled observational sources, thereby reducing
calibration-related discrepancies in the training dataset. This improvement is reflected
in lower spatial and temporal ensemble uncertainty and better reconstruction

performance on the same independent test set. Based on these results, we adopted the

adjusted-BGC-Argo-based reconstruction as the revised Jingwei-Nutrients product

and updated all corresponding figures, tables, validation statistics, uncertainty

analyses, and data products in the manuscript. The updated results are provided at

the end of this response.




Comment 5. I can’t find this reference: Broullon, D., Pérez, F. F., Velo, A., Hoppema,
M., Olafsson, J., and Rios, A. F.: A global monthly climatology of macronutrients in
the surface ocean, Earth Syst. Sci. Data, 13, 2593-2612,
https://doi.org/10.5194/essd-13-2593-2021, 2021. A comparison with relevant
products is expected. At minimum, provide surface R?, RMSE, and bias, and discuss

where Jingwei-Nutrients improves and where it does not.
Response:

We thank the reviewer for pointing this out. We apologize for the incorrect reference
citation in the original manuscript, and we have carefully checked and corrected the

relevant reference.

We agree with the reviewer that comparison with existing nutrient products is

important for evaluating the characteristics and added value of Jingwei-Nutrients.

After further investigation, we found that directly comparable global four-dimensional
nutrient products that simultaneously cover nitrate, phosphate, and silicate over a
multi-decadal period remain very limited. Nevertheless, we identified several existing
products that are suitable for partial comparison in terms of variables, spatial domain,
depth coverage, or temporal coverage. In particular, we added comparisons with two
available nutrient products: (1) the North Pacific surface nutrient product
associated with Yasunaka et al. (2021), “Nutrient and dissolved inorganic carbon
variability in the North Pacific”, which provides monthly surface nitrate, phosphate,
and silicate concentrations in the North Pacific from January 1961 to December
2012, covering 10°N—60°N and 120°E-90°W; and (2) the three-dimensional nitrate
reconstruction  product  associated with Yu et al (2025), “A
continual-learning-based multilayer perceptron for improved reconstruction of
three-dimensional nitrate concentrations”, which provides monthly nitrate
concentrations over the pan-European coastal region from 2010 to 2023, covering

the upper 2000 m.

(1) Comparison with the North Pacific surface product of Yasunaka2021

We first compared Jingwei with the North Pacific surface nutrient product of
Yasunaka et al. (2021). This product provides monthly surface nitrate, phosphate, and
silicate concentrations in the North Pacific, allowing a direct comparison with Jingwei

over their overlapping surface domain and temporal period. Since Yasunaka2021 was



generated using an interpolation-based mapping approach, whereas Jingwei was
reconstructed using a Transformer-based multi-task learning framework, the
agreement between the two products provides a useful cross-method check of the

reconstructed surface nutrient variability and spatial structures.

Response Fig. R6 shows the monthly surface concentration time series of nitrate,
phosphate, and silicate averaged over the overlapping North Pacific domain. Jingwei
and Yasunaka2021 show highly consistent temporal variations for all three nutrients.
The two products capture similar seasonal-to-interannual variability and comparable
long-term fluctuations. The agreement is also supported by the quantitative metrics,
with R? values of 0.91, 0.91, and 0.88 for nitrate, phosphate, and silicate, respectively.
This strong consistency suggests that Jingwei can reliably reproduce surface nutrient
variability in the North Pacific, and the agreement between the two independently
generated products provides mutual support for the robustness of the reconstructed

surface signals.
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Response Fig. R6. Comparison of monthly surface nutrient concentration time series between
Jingwei and Yasunaka2021 over the overlapping North Pacific domain. Results are shown for

nitrate, phosphate, and silicate. The corresponding R? and RMSE values are shown in each panel.

We further compared the spatial distributions of surface nitrate, phosphate, and

silicate between Jingwei and Yasunaka2021 for selected months. As shown in



Response Figs. R7-R10, the two products exhibit similar large-scale surface nutrient
patterns in the North Pacific. Both products reproduce the major meridional nutrient
gradients, including higher nutrient concentrations in the northern North Pacific and
lower concentrations in the subtropical region. Although local differences exist,
especially near sharp frontal zones and marginal regions, the overall spatial structures
are highly consistent. These results further demonstrate that Jingwei and
Yasunaka2021, despite being developed using different reconstruction approaches,
produce consistent large-scale surface nutrient structures in the North Pacific,
providing a useful cross-method verification of the Jingwei reconstruction.

Yasunaka2021 vs Jingwei Surface Nutrient Product, 1988-03, depth=0m
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Response Fig. R7. Spatial comparison of surface nitrate, phosphate, and silicate between Jingwei
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and Yasunaka2021 in March 1988. The first column shows Jingwei, the second column shows
Yasunaka2021, and the third column shows their difference, calculated as Yasunaka2021 minus

Jingwei.



Yasunaka2021 vs Jingwei Surface Nutrient Product, 1997-05, depth=0m
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Response Fig. R8. Spatial comparison of surface nitrate, phosphate, and silicate between Jingwei
and Yasunaka2021 in May 1997. The first column shows Jingwei, the second column shows

Yasunaka2021, and the third column shows their difference, calculated as Yasunaka2021 minus

Jingwei.
Yasunaka2021 vs Jingwei Surface Nutrient Product, 2005-03, depth=0m
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Response Fig. R9. Spatial comparison of surface nitrate, phosphate, and silicate between Jingwei

and Yasunaka2021 in March 2005. The first column shows Jingwei, the second column shows



Yasunaka2021, and the third column shows their difference, calculated as Yasunaka2021 minus

Jingwei.
Yasunaka2021 vs Jingwei Surface Nutrient Product, 2013-02, depth=0m
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Response Fig. R10. Spatial comparison of surface nitrate, phosphate, and silicate between
Jingwei and Yasunaka2021 in February 2013. The first column shows Jingwei, the second column
shows Yasunaka2021, and the third column shows their difference, calculated as Yasunaka2021

minus Jingwei.

We also compared the seasonal anomaly cycles of surface nitrate, phosphate, and
silicate between Jingwei and Yasunaka2021. As shown in Response Fig. R11, the two
products show highly consistent seasonal phases and amplitudes for all three nutrients.
Both products reproduce positive anomalies in late winter to spring and negative
anomalies in summer to autumn, reflecting the dominant seasonal nutrient cycle in the
North Pacific surface ocean. The close agreement in seasonal anomalies further
indicates that Jingwei is not only consistent with Yasunaka2021 in long-term temporal
variability and spatial distribution, but also reproduces the main seasonal evolution of
surface nutrients in the overlapping region. This provides an additional cross-method

verification of the Jingwei reconstruction in the North Pacific surface ocean.



Surface Nutrient Seasonal Anomaly: Jingwei vs Yasunaka2021
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Response Fig. R11. Comparison of surface nutrient seasonal anomalies between Jingwei and
Yasunaka2021 over the overlapping North Pacific domain. Results are shown for nitrate,
phosphate, and silicate. The seasonal anomalies were calculated from the monthly climatological

cycle after removing the annual mean.

Overall, the comparison with Yasunaka2021 shows strong consistency between
Jingwei and an independently developed interpolation-based surface product in the
North Pacific. This agreement provides a useful cross-method verification of the
Jingwei reconstruction in the overlapping surface domain. However, Yasunaka2021 is
a regional surface product, and its interpolation-based framework is more suitable for
regions with relatively dense observational constraints. In comparison, Jingwei
reconstructs nitrate, phosphate, and silicate over the global ocean from the surface to

2000 m depth. Therefore, while Jingwei maintains strong consistency with

Yasunaka2021 in the North Pacific surface ocean, it further extends nutrient

reconstruction to a global four-dimensional product that is more suitable for

broad-scale biogeochemical analyses.




(2) Comparison with the pan-European nitrate product of Yu2025

We next compared Jingwei with the four-dimensional nitrate reconstruction product
of Yu et al. (2025). Yu2025 provides monthly nitrate concentrations over the
pan-European coastal region from 2010 to 2023, covering the upper 2000 m.
Therefore, we extracted Jingwei nitrate over the same spatial domain, temporal period,
and representative depth levels for comparison. Since Yu2025 and Jingwei were
developed using different reconstruction strategies, their comparison provides an

additional cross-product assessment of nitrate variability in the overlapping domain.

Response Fig. R12 compares the nitrate concentration anomalies from Jingwei and
Yu2025 at four representative depths: 5, 100, 1050, and 2000 m. Overall, the two
products show consistent temporal variability across these depth levels. The
agreement is particularly strong in the deeper layers, with R? values of 0.95 at both
1050 and 2000 m. In the upper ocean, both products capture the dominant seasonal
variability, although local differences in amplitude and short-term fluctuations are
visible, especially at 100 m. These differences may reflect the stronger influence of
regional biological processes, vertical mixing, and product-specific reconstruction
strategies in the upper ocean. Nevertheless, the overall consistency indicates that
Jingwei captures nitrate temporal variability comparable to an independently

developed regional 3D nitrate product.
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Response Fig. R12. Comparison of nitrate concentration anomalies between Jingwei and Yu2025
over the pan-European coastal region at representative depths of 5, 100, 1050, and 2000 m. The
blue lines indicate Yu2025, and the orange lines indicate Jingwei. The corresponding R? and

RMSE values between the two products are shown in each panel.

We also compared the spatial nitrate distributions at the same representative depth
levels. As shown in Response Fig. R13, Jingwei and Yu2025 exhibit broadly
consistent spatial patterns from the near-surface layer to 2000 m. Both products
reproduce the relatively high nitrate concentrations in the northeastern Atlantic and
lower nitrate concentrations in the Mediterranean region. The spatial agreement
remains strong across depths, with high spatial R? values in the selected layers. Some
regional differences are still observed, especially near coastal margins, semi-enclosed
seas, and regions with sharp gradients. These differences are expected because
regional nitrate reconstruction is sensitive to the treatment of boundary conditions,

sparse observations, and the use of different auxiliary information.
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Response Fig. R13. Spatial comparison of nitrate concentrations between Jingwei and Yu2025
over the pan-European coastal region at 5, 100, 1050, and 2000 m. For each depth, the first
column shows Jingwei, the second column shows Yu2025, and the third column shows their

difference, calculated as Yu2025 minus Jingwei.

To further assess the vertical consistency, we compared the regional mean nitrate
vertical profiles from Jingwei, Yu2025, and WOA23. As shown in Response Fig. R14,
Jingwei and Yu2025 both reproduce the major vertical structure of nitrate
concentrations, including low concentrations in the surface layer and increasing
concentrations with depth. The two products also show similar agreement with the
WOAZ23 climatological profile. This result suggests that Jingwei is consistent with
existing regional nitrate reconstructions in representing the large-scale vertical nitrate
structure. The small differences among the products should not be interpreted as a
simple error relative to a single reference, but rather as product-dependent differences
arising from different data sources, reconstruction strategies, and regional constraints.
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Response Fig. R14. Comparison of regional mean nitrate vertical profiles among Jingwei,
Yu2025, and WOA23 over the pan-European coastal region. The left panel shows the nitrate

vertical profiles from 0 to 2000 m, and the right panel shows the corresponding differences

relative to WOA23.

We further compared the seasonal nitrate cycles at selected upper-ocean and
intermediate depths. As shown in Response Fig. R15, Jingwei and Yu2025 show
highly consistent seasonal phases at 0 and 50 m, with high nitrate concentrations in

winter—spring and low concentrations in summer—autumn. This agreement indicates



that the two products reproduce similar seasonal nitrate variability in the upper ocean.
At 150 and 500 m, the seasonal signal becomes weaker and the differences among
Jingwei, Yu2025, and WOA23 become more apparent. Nevertheless, Jingwei and
Yu2025 remain broadly comparable in magnitude and seasonal range, especially
considering that these deeper layers are less directly constrained by seasonal surface
processes. The comparison with WOA23 provides an additional climatological
reference, showing that Jingwei preserves the main vertical and seasonal structure of
nitrate while maintaining consistency with an independently developed regional
nitrate product. Overall, the seasonal-cycle comparison further supports the reliability
of Jingwei in representing nitrate variability across different depth layers in the

overlapping European seas.
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Response Fig. R15. Comparison of nitrate seasonal cycles among Jingwei, Yu2025, and WOA23
over the pan-European coastal region at 0, 50, 150, and 500 m. The seasonal cycles were

calculated from monthly climatological nitrate concentrations over the overlapping domain.

Overall, the comparison with Yu2025 provides another useful cross-product



verification of Jingwei in a regional four-dimensional setting. Jingwei and Yu2025
show consistent nitrate temporal variability, spatial distributions, vertical structures,
and seasonal cycles in their overlapping domain. At the same time, the two products
have different design goals and data foundations. Yu2025 focuses on nitrate
reconstruction over the pan-European coastal region and uses a continual-learning
strategy that incorporates information from CMEMS simulated nitrate fields. Because
the CMEMS biogeochemical hindcast is a numerical-model product without data
assimilation, model-dependent biases may be introduced into downstream
reconstructions. In contrast, Jingwei is designed as a global four-dimensional
reconstruction of nitrate, phosphate, and silicate based on quality-controlled

multi-source observations and a multi-task learning framework. Therefore, while the

agreement with Yu2025 supports the reliability of Jingwei in the overlapping

European seas, Jingwei further extends the reconstruction to the global ocean and

to three major macronutrients, making it more suitable for global-scale

biogeochemical analyses.

Comments 1. Please make the model code (training scripts, architecture, inference

pipeline) publicly available (e.g., GitHub with a Zenodo DOI) and cite the repository.

Response:

We thank the reviewer for this suggestion. We agree that open access to the model
code is important for improving the transparency, reproducibility, and reusability of
the Jingwei-Nutrients product. We have organized the relevant code, including the
model architecture, training scripts, data preprocessing workflow, inference pipeline,
and post-processing scripts, and made them publicly available through a GitHub

repository. We will also cite this repository in the revised manuscript.

The code repository is available at: https://github.com/jingwei-sjtu/Jingwei-Nutrients

Comments 2. Section 5 (Data availability) is brief. Can you adapt it to include
technical description about the data product: variable names, units, fill values,

coordinate, depth..., and the structure of the ensemble uncertainty files? Please add a



Data Format subsection or expand Section 5.

Response:

We thank the reviewer for this helpful suggestion. We agree that the original Data
availability section was too brief and did not provide sufficient technical information
for users to directly understand and use the data product. We have expanded Section 5
by adding a new Data Format subsection, including the file format, variable names,
units, fill values, coordinate dimensions, depth levels, time encoding, data-variable
dimension order, compression information, metadata, and the structure of the

ensemble uncertainty files.
Manuscript revision:
We added the following description to Section 5:

“The Jingwei-Nutrients product is provided as a CF-1.8-compliant NetCDF4/HDF'5
file, named Jingwei Nutrients 1965 2023 0-2000m.nc. The file contains monthly
global reconstructed fields from January 1965 to December 2023. All nutrient
variables are stored with dimensions (time, depth, lat, lon). The time dimension
contains 708 monthly time steps, the depth dimension contains 67 standard levels
from 0 to 2000 m, the latitude coordinate ranges from 82.5°S to 89.5°N, and the
longitude coordinate ranges from 179.5°W to 179.5°E. The three main variables are
nitrate, phosphate, and silicate, with units of umol kg™'. Missing or invalid ocean
values are stored as NaN. The corresponding ensemble uncertainty files use the same
coordinates, dimensions, depth levels, and missing-value convention as the main
product. These files provide ensemble-based uncertainty estimates for nitrate,
phosphate, and silicate, expressed as the standard deviation among ensemble

’

members, with the same units as the reconstructed nutrient concentrations.’

Comments 3. The WOD23 dataset is cited as Garcia et al. (2026). [ can’ t find it in

the list of references, I recommend a full revisions of reference list.

Response:
We thank the reviewer for pointing this out. We have carefully checked the reference
list and corrected the citation related to WOD23. In addition, we conducted a full

revision of the reference list to ensure that all cited datasets, data products, and



methodological references are correctly included and consistently formatted in the

revised manuscript.
Manuscript revision:
We added the missing reference for the WOD23 dataset to the reference list:

Garcia, H., Boyer, T., Levitus, S., Reagan, J., Mishonov, A., Jiang, L.-Q., Wang, Z.,
Paver, C., Nyadjro, E., Cross, S., Bouchard, C., Hogan, P., Baranova, O., and
Locarnini, R.: World Ocean Database 2023: A Foundational Data Resource for and by
the Global Ocean and Coastal Communities, Scientific Data, 13, 613,
https://doi.org/10.1038/s41597-026-06957-2, 2026.

Comments 4. The R? for surface phosphate at KERFIX is 0.758, attributed to
iron-driven N:P decoupling. Given that the Southern Ocean is both undersampled and
biogeochemically important, users would benefit from a regional uncertainty map or
bias analysis for the Southern Ocean surface layer, beyond the depth-averaged

uncertainty shown in Fig. 16.

Response:

We thank the reviewer for this helpful suggestion. We agree that the Southern Ocean
is a particularly important region for nutrient reconstruction because of its sparse
observational coverage, strong biogeochemical gradients, and complex nutrient
limitation processes. To provide users with a clearer regional assessment, we added
two additional Southern Ocean analyses: an ensemble uncertainty map for nitrate,
phosphate, and silicate south of 30°S, and a surface comparison between Jingwei and

WOAZ23 for the same three nutrients.

As shown in Response Fig. R16, the Southern Ocean uncertainty map provides a
more focused view of the regional reconstruction uncertainty than the global
depth-averaged figure. The uncertainty is spatially heterogeneous, with relatively
larger values near strong frontal zones and regions close to the Antarctic margin,
especially for nitrate and silicate. This pattern is consistent with the sparse

observations and strong physical-biogeochemical gradients in the Southern Ocean.



Southern Ocean New Ensemble Uncertainty (0-2000 m, south of 30°S)
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Response Fig. R16. Regional ensemble uncertainty of Jingwei-Nutrients in the Southern Ocean
south of 30°S. The panels show the vertically averaged ensemble standard deviation from 0 to

2000 m for nitrate, phosphate, and silicate. Units are pmol kg™'.

We further added a surface nutrient comparison with WOA23 to evaluate the regional
spatial structure of Jingwei in the Southern Ocean surface layer. As shown in
Response Fig. R17, Jingwei reproduces the broad circumpolar nutrient distribution
and the large-scale gradients shown by WOAZ23 for nitrate, phosphate, and silicate.
Local differences remain, particularly around frontal regions and near the Antarctic
coastal zone, where strong mesoscale variability, seasonal biological uptake, iron
limitation, and sparse observations can all contribute to regional discrepancies. These
additional analyses provide useful context for the relatively lower surface phosphate
R? at KERFIX and help users better interpret the uncertainty and potential bias of

Jingwei in the Southern Ocean surface layer.



Southern Ocean Nutrient Bias at Om (south of 30°S)
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Response Fig. R17. Surface nutrient comparison between Jingwei and WOA23 in the Southern
Ocean south of 30°S. The first row shows Jingwei surface concentrations, the second row shows
WOAZ23 surface climatological concentrations, and the third row shows their difference,
calculated as Jingwei minus WOA23. Results are shown for nitrate, phosphate, and silicate. Units

are pmol kg™

Minor language and typographical issues

Comments:
® Line 75: “they lost temporal variance” should read “they lose temporal variance”.

® Line 105: “four-dimensional” is hyphenated here but not at line 19; please be
consistent, and change to data product not a dataset. Data products are generally

derived from datasets;

® Line 383: “anomalies are generally low” consider “anomalies are generally small”



(concentrations, not anomalies, can be low).

® Figure captions for Figs. 13—15 do not align with the order of discussion in the

text (Fig. 13 caption references P16N, but P16S is discussed first).

Response:

We thank the reviewer for carefully pointing out these language and typographical

issues. We have accepted all of these suggestions and revised the corresponding

expressions in the manuscript. Specifically, we changed “they lost temporal variance”

to “they lose temporal variance”, standardized the use of ‘“four-dimensional”

throughout the manuscript, and replaced “dataset” with “data product” where

appropriate. We also revised “anomalies are generally low” to “anomalies are

generally small” to improve the accuracy of the expression. In addition, we adjusted

the order and captions of the GO-SHIP section figures to ensure that Figs. 13—15 are

consistent with the order of discussion in the text.

Updated Results Based on Adjusted BGC-Argo Nitrate Profiles

Following the reviewer’s suggestion, we recompiled the observational dataset using

adjusted BGC-Argo nitrate profiles, retrained the model, reran all validation and

reconstruction experiments, and updated the corresponding statistics, figures, tables,

and uncertainty analyses. The updated results are provided below.

Table 1. Summary of nutrients and hydrographic data compiled from four major databases after

quality control.

WOD CCHDO GLODAPV2 BGC-Argo Total
T/S 5,735,819 0 0 0 5,735,819
Nitrate 1,738,637 69,355 609,016 1,808,366 4.225.374
Phosphate 2,902,300 98,652 577,388 0 3,578,340
Silicate 2,252,702 73,165 606,131 0 2,931,998
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Figure 1. Spatial and temporal distribution of the nutrients data after quality control.
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Figure 3. Density scatter plots comparing the Jingwei-Nutrients reconstructed concentrations against in situ
observations for nitrate, phosphate, and silicate. The plots aggregate all matched test samples from the strict
time-based K-fold cross-validation over the entire study period (1965-2023). Colors indicate the density of data

points, and the dashed line represents the 1:1 ideal agreement.



Table 3. Statistical evaluation metrics (R%and RMSE) of the chronological K-fold cross-validation. The results

highlight the decadal performance evolution and compare the predictive accuracy of the MTL architecture against

independent STL models for nitrate, phosphate, and silicate reconstructions. The unit for all RMSE values is

pumol kg™
Multi-Task Learning Single-Task Learning

Fold N (R¥RMSE) P (R*/RMSE) Si (R/RMSE) N (R¥/RMSE) P (R¥/RMSE) Si (R/RMSE)
1965-1975 | 0.9847 1.8306 09476 0.1986 0.9794 6.1854 | 0.9618 3.1264 0.8967 0.4177 0.9605 9.1755
1976-1985 | 0.9865 1.5452 09430 0.2094 0.9834 4.7658 | 0.9651 2.6278 0.8908 0.4080 0.9672  8.8442
1986-1995 | 0.9889 13298 09618 0.1688 0.9881 4.1327 | 0.9694 2.2483 0.9146 0.3368 0.9753  7.7289
1996-2005 | 0.9937 1.1494 09831 0.1501 0.9958 3.5784 | 0.9781 1.9364 0.9415 0.2586 0.9883 5.8910
2006-2015 | 0.9955 0.9883 09863 0.1327 0.9968 3.1057 | 0.9813 1.5911 0.9455 0.2394 0.9900 5.3172
2016-2023 | 0.9974  0.9273 09928 0.1166 0.9977 2.8830 | 0.9847 1.2788 0.9537 0.1845 0.9915 4.8716

Avg 0.9911  1.2951 09691 0.1627 0.9902 4.1085 | 0.9734 2.1348 0.9238 03075 0.9788  6.9714
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Figure 4. Spatial comparison of the climatological mean distributions of nitrate, phosphate, and silicate at the sea

surface (0 m). The left column displays the Jingwei-Nutrients reconstruction, the middle column shows the

WOAZ23 standard reference, and the right column presents the absolute difference (Jingwei minus WOA23). The

surface fields highlight the model's precise capture of nutrient-depleted subtropical gyres and nutrient-rich

outcropping zones.
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Figure 5. The Global climatological distributions of nitrate, phosphate, and silicate at the intermediate layer (500

m). The column and row layout is identical to Fig. 4.
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Figure 6. Global climatological distributions of nitrate, phosphate, and silicate at the deep layer (2000 m). The

column and row layout is identical to Fig. 4.
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Figure 7. Vertical distribution of climatological mean nutrients along the 25°W meridional section in the Atlantic
Ocean.The left column presents the Jingwei-Nutrients reconstruction, the middle column displays the WOA23
standard reference, and the right column shows the absolute difference (Jingwei minus WOA23). Rows from top
to bottom correspond to nitrate, phosphate, and silicate, respectively. Units for all concentrations and differences
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Figure 8. Vertical distribution of climatological mean nutrients along the 90°E meridional section in the Indian
Ocean. The panel layout and represented variables are identical to those in Figure 7. Units for all concentrations

and differences are ymol kgt
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Figure 9. Seasonal cycles of nutrient anomalies across different hemispheres and depth layers. Solid lines indicate
the Jingwei-Nutrients reconstruction, and dashed lines represent the WOA23 reference. The top row shows the
Northern Hemisphere, and the bottom row shows the Southern Hemisphere, encompassing nitrate, phosphate, and

silicate (from left to right) at 0, 50, 300, and 800 m depths. Units are pmol kg_l.
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Figure 10. Multi-scale temporal and vertical validation at the Hawaii Ocean Time-series (HOT) station in the
North Pacific. (A) Geographical location of the HOT station. (B—D) Climatological vertical profiles comparing in
situ observations (black solid lines) and Jingwei-Nutrients predictions (red dashed lines) for nitrate, phosphate, and
silicate. (E-G) Density scatter plots evaluating the overall predictive accuracy, with R> and RMSE metrics

embedded. The bottom panels display the interannual time series of nutrient concentrations evaluated at the 300 m

depth layer, demonstrating the model's capability to maintain stable, long-term baselines.
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Figure 11. Multi-scale temporal and vertical validation at the KERFIX station in the Southern Ocean. The panel
layout is identical to Fig. 10. This figure highlights the model's performance in a highly dynamic, high-latitude
regime. The interannual time series (bottom panels) are evaluated at the surface layer (0 m) to explicitly track the

massive seasonal amplitudes driven by deep convective winter mixing and summer biological drawdowns.
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Figure 12. Map of the selected U.S. GO-SHIP cruise trajectories used for independent spatial validation. The solid
lines indicate the continuous high-resolution shipboard measurement sections: the P16N (2015) and P16S (2014)

meridional cruises in the Pacific Ocean, and the PO6E (2017) zonal cruise in the South Pacific.
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Figure 13. Spatial validation of nutrients along the P16N meridional section in the North Pacific. Columns from
left to right display the in situ discrete shipboard measurements, the objectively interpolated observational field,
the coincident cross-section extracted from the Jingwei-Nutrients product, and the absolute difference (Jingwei

minus Observation). Rows from top to bottom correspond to nitrate, phosphate, and silicate, respectively.
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Figure 14. Spatial validation of nutrients along the P16S meridional section in the South Pacific and Southern

Ocean. The panel layout and represented variables are identical to those in Fig. 13.
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Figure 15. Spatial validation of nutrients along the PO6E zonal section in the South Pacific.The panel layout and

represented variables are identical to those in Fig. 13.
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Figure 16. Spatiotemporal uncertainty analysis of the Jingwei-Nutrients reconstruction based on the ensemble
standard deviation across the 6-fold cross-validation models. The top row displays the spatial distribution of the
depth-averaged standard deviation for nitrate, phosphate, and silicate. The bottom row presents the temporal
evolution of the global mean standard deviation from 1965 to 2023. Light red lines represent the raw monthly

uncertainty, while the thick red lines indicate the 12-month rolling mean.



