
Summary of major revisions 1 

We sincerely appreciate this opportunity to revise our manuscript and we are truly 2 

grateful to the Editor and the two reviewers for their valuable comments and thoughtful 3 

suggestions on our manuscript (ID: essd-2025-272). We have carefully considered all 4 

these comments and made point-by-point responses.  5 

In response, we added a disclaimer in Section 3.5.2 cautioning users about 6 

interpreting the BrTHF results in data-sparse high-latitude regions and discussed the 7 

application scope of β and the rationale for constraining the extreme values of β to 8 

ensure model stability and accuracy in Sections 3.5.1 and 3.5.4, respectively.  9 

We also added analyses of model sensitivity and uncertainty, including the impact 10 

of Bowen ratio constraints (Table S9), sensitivity to input parameters (Table S10), 11 

differences between daily- and high-frequency-derived flux observations in model 12 

evaluation (Table S11), and effects of parameterization differences on model accuracy 13 

(Table S12), all presented in Section 3.5.3. In addition, we corrected errors and clarified 14 

ambiguous statements throughout the manuscript.  15 

To improve readability, the original discussion (Section 3.5 in the previous 16 

manuscript) was reorganized into four subsections (3.5.1 Advantages, 3.5.2 17 

Generalizability, 3.5.3 Sensitivity and Uncertainty, and 3.5.4 Limitations and 18 

Recommendations), and content on the OHF product was moved to Section 3.1.2. 19 

The responses are marked in blue color and the revisions in red color, and we hope 20 

our revised manuscript could satisfy the reviewers. 21 

  22 



Responses to the Comments and Suggestions 23 

Editor 24 

Public justification (visible to the public if the article is accepted and published): 25 

The authors have submitted a revision that partially addressed the concerns highlighted 26 

by the reviewers. However, there are still some concerns remaining with respect to the 27 

approach. 28 

Specifically: 29 

- sensitivity of the model to input parameters and the effect of the models apparent 30 

limitation in predicted Bowen ratios > an exploration of the sensitivity here is merited 31 

- the model's ability to capture dynamics in high latitude regions, which are potentially 32 

driven by ocean and atmospheric dynamics that are different from dynamics for the 33 

buoys in the training dataset > this should be discussed more clearly. 34 

- a concern that daily aggregation of fluxes in the comparison introduces a bias in the 35 

presented results. 36 

These and other comments from reviewer 1 should be addressed before publication. 37 

Re: We thank the Editor for the careful assessment of the revised manuscript and for 38 

clearly summarizing the remaining key concerns. In response, we have conducted 39 

additional analyses and revised the manuscript to address all three points raised, 40 

including the sensitivity of BrTHF to input parameters and Bowen ratio limitation, the 41 

model’s applicability and limitations in high-latitude regions, and the potential bias 42 

introduced by daily temporal aggregation in comparisons. 43 

In addition, all comments and suggestions from reviewer 1 have been carefully 44 

considered and addressed in the revised manuscript, with corresponding revisions 45 

clearly indicated. We believe that these revisions improve the clarity and robustness of 46 

the study and adequately address the remaining concerns regarding the proposed 47 

approach. 48 

 49 
 50 



Reviewer #1 51 

Suggestions for revision or reasons for rejection 52 

(visible to the public if the article is accepted and published) 53 

I appreciate the significant effort put forth by the authors in revision which has 54 

improved the manuscript. However, I still have several concerns. Please see my 55 

comments below. 56 

1) My first comment is in regard to whether the product can be trusted in regions far 57 

away from buoy observations. I appreciate that the authors have adopted my suggestion 58 

to perform targeted cross-validation of an isolated buoy location, and determine that the 59 

performance is similar to other products for remote locations. This addition is most 60 

welcome, and demonstrates that the NN exhibits some degree of generalizability that 61 

was not shown in the original version. While this is a step in the right direction, I think 62 

(and the authors acknowledge) that spatial limitations of the training data still likely 63 

influence the results. Because of this, I question whether BrTHF is an improvement 64 

over existing products on a global scale. At minimum I think a stronger disclaimer is 65 

needed considering that the authors present this as a global product. 66 

Re: Thank you for your comment. We agree that the spatial limitations of the training 67 

data remain an important factor influencing model performance, particularly in regions 68 

far from buoy observations. While the targeted cross-validation experiments provide 69 

encouraging evidence that BrTHF can generalize to selected remote locations, we fully 70 

acknowledge that this does not constitute comprehensive validation across all poorly 71 

observed ocean regions. To address this concern, we have further strengthened the 72 

disclaimer in the second paragraph of Section 3.5.2 in the revised manuscript as follows: 73 

“Consequently, the BrTHF product should be viewed as being primarily optimized 74 

within the geographical coverage of existing buoy networks. In remote regions far from 75 

the observation-rich regions, such as the high-latitude Southern Ocean, the lack of 76 

direct ground-truth constraints may result in certain uncertainties. Users should 77 

therefore exercise caution when interpreting the global-scale performance, particularly 78 

in data-sparse basins where spatial sampling limitations are most pronounced.” 79 



2) I think there needs to be a dedicated discussion in the text on why it is important to 80 

represent the Bowen ratio accurately. That is, what specific applications would this be 81 

useful for? For example, are there deficiencies in previous studies utilizing other 82 

products that would be resolved if the Bowen ratio was more accurately modeled (e.g., 83 

without the extreme outliers that exist in alternate products)? In terms of demonstrating 84 

that this is a useful dataset, I think this is essential to discuss. From the tables and as 85 

noted by the other reviewer, the quantitative improvement of individual SHF and LHF 86 

terms is incremental compared to other products and probably not useful on its own. 87 

The main “improvement” is in the Bowen ratio, yet I’m not sure I understand exactly 88 

why this improvement would be useful. 89 

Re: Thank you for your comment. We agree that the importance of accurately 90 

representing β and its applications merits further discussion. The key applications and 91 

significance of β are summarized as follows: 92 

1) Ensuring physical consistency in energy partitioning. According to the surface 93 

energy balance framework, β is the fundamental indicator of how available energy 94 

(Rn − G) is partitioned between SHF and LHF. The improvement in β can therefore 95 

lead to more physically sound and accurate estimates of SHF and LHF (Yang et al., 96 

2025). 97 

2) Serving as a "physical fingerprint" of climate variability. The β anomaly can act as 98 

a diagnostic tool for large-scale climate modes. For instance, β has been shown to 99 

be highly correlated with the ENSO index with a predictable 12-month lag (Jo, 100 

2002). Accurate representation of β can thus capture predictive signals of climate 101 

variability that may be obscured when considering individual flux components 102 

alone. 103 

3) Constraining global precipitation sensitivity. The intensification of the global 104 

hydrological cycle is constrained by the surface energy budget, and the sensitivity 105 

of precipitation to warming depends critically on β. Accurately representing β is 106 

therefore essential for reducing uncertainties in projecting the hydrological 107 

response to global warming (Wang et al., 2021). 108 

Corresponding clarifications have been added to the first paragraph of Section 3.5.1 of 109 



the revised manuscript. 110 

“The primary advantage of the BrTHF model lies in its accurate estimation of β, which 111 

shows the most pronounced improvement among all flux components. As a key 112 

indicator of surface energy partitioning, β is widely used within the surface energy 113 

balance framework to ensure physically consistent and reliable estimates of SHF and 114 

LHF (Yang et al., 2025). In addition, β serves as an effective diagnostic variable in the 115 

studies of large-scale climate variability (e.g., ENSO) (Jo, 2002) and in investigations 116 

of how surface energy constraints regulate the hydrological cycle (e.g., precipitation) 117 

(Wang et al., 2021). With its enhanced representation of β, the BrTHF product is 118 

expected to provide more reliable support for such applications.” 119 

 120 

3) There are still some features of the predicted values that need further explanation. I 121 

agree that extreme values of Bowen ratio are eliminated in BrTHF (though this needs 122 

some more justification on why those are a problem- the authors state they result from 123 

measurement error, but I don’t understand how that can be the case for model-derived 124 

products). My concern is the lack of representation of the dynamic range of Bowen 125 

ratios. The authors state that this is a slight underestimate, while from Fig 5 it seems 126 

like a large underestimate. Related, Fig 6 seems to show that for small Bowen ratios, 127 

the other products yield a more realistic range of values than BrTHF (if I’m interpreting 128 

that figure correctly). So essentially, it seems like BrTHF is eliminating one problem 129 

(extreme outliers) at the expense of creating another (too small of a dynamic range). 130 

The second problem seems to also be by intention (L213)- i.e., intentionally training on 131 

a narrower range – I don’t understand how this is reasonable to do. These aspects need 132 

to be clearly discussed, and there needs to be an explanation on whether this trade-off 133 

is actually an improvement for potential future applications using the dataset. 134 

Re: Thank you for your comment. We agree that the treatment of extreme values of β 135 

and the resulting reduction in dynamic range require clearer justification, and that the 136 

implications of this trade-off for potential applications need to be explicitly discussed. 137 

Below we clarify our rationale. 138 

Regarding the origin of extreme values of β, we acknowledge that they may arise from 139 



two different sources: (1) physically plausible but rare extreme conditions in the real 140 

world, and (2) numerically unstable or poorly constrained estimates associated with 141 

uncertainties in model-derived fluxes and input variables. In particular, because β is 142 

defined as the ratio of SHF to LHF, small absolute errors in either flux, especially when 143 

LHF approaches zero, can be strongly amplified, leading to spuriously large or small β 144 

even when the underlying flux estimates are reasonable. In practice, it is therefore 145 

difficult to reliably distinguish physically meaningful extremes from numerically 146 

unstable outliers. 147 

As shown in Figure S1, such extreme values of β occupy only a very small fraction of 148 

the global distribution. To ensure robust model training and stable performance under 149 

the vast majority of conditions (approximately the 1-99% of the β distribution), we 150 

restricted the training range using a conservative β constraint (-5 to 5). This choice 151 

inevitably compresses the standard deviation and dynamic range of the predicted β, but 152 

it substantially improves model stability and accuracy for the dominant range of global 153 

ocean conditions, as shown in Figures 5 and 6. 154 

We have now explicitly discussed this trade-off in the revised manuscript and clarified 155 

that this choice represents a balance between suppressing unrealistic outliers and 156 

preserving meaningful variability. Importantly, we view this strategy as an interim 157 

solution rather than a final one. With future improvements in the quality and 158 

spatiotemporal representativeness of observational datasets, the physically plausible 159 

extreme tails of the β distribution could be better constrained and incorporated into 160 

model training, allowing the dynamic range of β to be expanded. Corresponding caveats 161 

and future expectations have been added to the first paragraph of Section 3.5.4 in the 162 

revised manuscript. 163 

“First, extreme values of β may arise either from physically plausible but rare ocean 164 

conditions or from numerical instability or poorly constrained estimates associated with 165 

uncertainties in model-derived fluxes and input variables. In practice, these two sources 166 

are difficult to distinguish. To ensure robust model training and stable performance 167 

across the vast majority of β conditions (approximately the 1-99% of the β distribution), 168 

we applied a conservative β constraint (-5 to 5) during training. This compresses the 169 



standard deviation and constrains the extreme tails of the predicted β, but substantially 170 

improves model stability and accuracy for the majority of ocean conditions. Although 171 

this choice leads to a narrower dynamic range compared to some other products, it 172 

ensures that the 1-99% of the β distribution is well-represented for most practical 173 

applications. It should be noted that this strategy represents an interim solution rather 174 

than a final one. With future improvements in the quality and spatiotemporal 175 

representativeness of observational datasets, physically plausible extremes (e.g., 0-1% 176 

and 99-100% of the β distribution) could be better constrained and incorporated into 177 

model training, allowing expansion of the dynamic range of β.” 178 

 179 

4) I still notice some errors and unclear statements in the text and think this would 180 

benefit from another close read-through. A few examples: 181 

Re: Thank you for your comment. We have carefully revised the specific issues and 182 

conducted an additional thorough read-through of the entire manuscript to improve 183 

clarity, consistency, and wording. All identified errors and unclear statements have been 184 

corrected accordingly. 185 

 186 

L72 – I don’t understand what the “key process” is? 187 

Re: Thank you for your comment. We have removed the term “key process” to avoid 188 

potential confusion, without affecting the original meaning or the clarity of the 189 

manuscript. 190 

 191 

L106 – These aren’t really separate “approaches”, just studies focusing on different 192 

variables. 193 

Re: Thank you for your comment. We have revised the “approaches” to “cases”. 194 

 195 

L211 – “measurement errors” is very vague. Also not sure it is reasonable to assume 196 

that since you are using published data, unless there’s specific information in the 197 

metadata on this 198 

Re: Thank you for your comment. We have revised the sentence in the fourth paragraph 199 



of Section 2.1 as follows: 200 

“Note that outliers of β present in the observations are likely associated with 201 

uncertainties in the model-derived estimates and input data.” 202 

 203 

L365 – Add additional justification on the metrics. Particularly, all of these will be 204 

sensitive to extreme values, and it doesn’t necessarily seem fair to remove extremes 205 

from training then evaluate in this way without some more justification. 206 

Re: Thank you for your comment. We have added justification for the metrics in the 207 

fourth paragraph of Section 2.4 in the revised manuscript as follows: 208 

“Note that RMSE and r can be sensitive to extreme values, particularly for β, which is 209 

a ratio-based variable and may exhibit unrealistically large magnitudes under near-zero 210 

flux conditions. To ensure a fair evaluation, model performance is assessed both with 211 

all samples retained and with extreme β values excluded in subsequent analyses. This 212 

dual evaluation allows us to quantify overall model performance while explicitly 213 

accounting for the influence of rare extreme cases.” 214 

 215 

L605 – The Gulf Stream, Brazil Current, and Sea of Japan are not high latitude 216 

Re: Thank you for your comment. We have revised the text to use the term 'mid- and 217 

high-latitude oceans' to accurately encompass these specific areas. 218 

 219 
 220 

Reviewer #2 221 

Suggestions for revision or reasons for rejection 222 

(visible to the public if the article is accepted and published) 223 

 224 

In accordance with journal policies, I am acting as a second reviewer on this manuscript. 225 

My review is also informed by an email sent to me from someone who was invited to 226 

serve as a reviewer, but did not have sufficient time to conduct a formal review (and 227 

thus sent me their comments in email form). 228 

 229 



- I think that the question about representativeness/ applicability of the model in high 230 

latitudes is a major issue and merits further discussion. 231 

Re: Thank you for your comment. Similar points were also raised by Reviewer 1, and 232 

we have provided corresponding responses. Specifically, regarding representativeness, 233 

please refer to our response to Comment 1 from Reviewer 1, and the related 234 

modifications are reflected in the second paragraph of Section 3.5.2 in the revised 235 

manuscript. 236 

“Consequently, the BrTHF product should be viewed as being primarily optimized 237 

within the geographical coverage of existing buoy networks. In remote regions far from 238 

the observation-rich regions, such as the high-latitude Southern Ocean, the lack of 239 

direct ground-truth constraints may result in certain uncertainties. Users should 240 

therefore exercise caution when interpreting the global-scale performance, particularly 241 

in data-sparse basins where spatial sampling limitations are most pronounced.” 242 

Regarding the discussion of applications, we have addressed this in our response to 243 

Comment 2 from Reviewer 1; the corresponding revisions are included in the first 244 

paragraph of Section 3.5.1 in the revised manuscript. 245 

“The primary advantage of the BrTHF model lies in its accurate estimation of β, which 246 

shows the most pronounced improvement among all flux components. As a key 247 

indicator of surface energy partitioning, β is widely used within the surface energy 248 

balance framework to ensure physically consistent and reliable representations of SHF 249 

and LHF estimates (Yang et al., 2025). In addition, β serves as an effective diagnostic 250 

variable in studies of large-scale climate variability (e.g., ENSO) (Jo, 2002) and in 251 

investigations of how surface energy constraints regulate the hydrological cycle (e.g., 252 

precipitation) (Wang et al., 2021). With its improved estimation of β, the BrTHF 253 

product is expected to provide more reliable support for such applications.” 254 

 255 

- I also think that the effect of the Bowen-ratio limitation on fluxes is a major question 256 

with respect to sensitivity to results. 257 

Re: Thank you for your comments. To evaluate the sensitivity of SHF and LHF 258 

estimates to the Bowen-ratio limitation, we conducted a series of sensitivity 259 



experiments in which the allowable range of β was progressively relaxed. Specifically, 260 

the constraint of β was relaxed from a highly restrictive interval of [−1, 1] to a highly 261 

permissive range of [−50, 50], with intermediate ranges of [−5, 5] (adopted in the 262 

previous manuscript), [−10, 10], and [−20, 20], while all other model configurations 263 

were kept unchanged. 264 

The results demonstrate that the BrTHF model-derived SHF and LHF exhibit weak 265 

sensitivity to the Bowen-ratio limitation. Specifically, the maximum variation of RMSE 266 

is approximately 0.17 W/m2 for SHF and 0.7 W/m2 for LHF, corresponding to less than 267 

3% of their respective mean values of RMSE. Meanwhile, the values of r remain 268 

unchanged for both SHF (0.9) and LHF (0.91). Moreover, the values of BIAS for both 269 

SHF and LHF fluctuate around zero without systematic dependence on the imposed β 270 

range. 271 

We have incorporated these results into the first paragraph of Section 3.5.3 in the 272 

revised manuscript, with the corresponding metrics summarized in Table S9. 273 

“Given the key role of the β constraint in the BrTHF model, it is also important to assess 274 

the sensitivity of the estimated SHF and LHF to the imposed β range. A series of 275 

sensitivity experiments with progressively relaxed β constraints indicate that the BrTHF 276 

model exhibits weak sensitivity to the specific choice of the β range (see Table S9). The 277 

resulting variations in RMSE are small relative to their mean values, while values of r 278 

and BIAS remain largely unchanged across different β configurations. These results 279 

suggest that the improved performance of BrTHF is not driven by a particular 280 

predefined range of β, but instead reflects the robustness of the Bowen ratio–281 

constrained machine learning framework.” 282 

Table S9. Sensitivity of BrTHF-derived SHF and LHF performance metrics to different ranges 283 

of β constraint. 284 

β 
 SHF   LHF  

BIAS 
(W/m2) 

RMSE 
(W/m2) 

r 
BIAS 

(W/m2) 
RMSE 
(W/m2) 

r 

[-1,1] -0.12 6.1 0.9 -0.36 23.97 0.91 
[-5,5] 0.09 6.05 0.9 0.14 23.67 0.91 

[-10,10] -0.17 6.11 0.9 -0.15 23.78 0.91 
[-20,20] -0.14 6.16 0.9 -0.76 24.27 0.91 



[-50,50] 0.07 6.13 0.9 0.24 24.4 0.91 

 285 

- In general, there is an issue about the sensitivity of the model to its input parameters 286 

(other than delta_T and delta_q (effectively a bulk formulation). To increase trust in the 287 

model output, some sensitivity analysis should be presented. 288 

Re: Thank you for your comments. To assess the sensitivity of the BrTHF model to its 289 

input parameters including diffQ, and diffT, we conducted a set of one-at-a-time 290 

sensitivity experiments. Specifically, each environmental input (SLP, LW, SW, SSS, 291 

ADT, CS, WS, SWH, Tp, diffQ, and diffT) was independently perturbed by ±5%, ±10%, 292 

and ±20%, while all other inputs were kept unchanged. 293 

The results (Table S10) indicate that the BrTHF model is generally insensitive to 294 

perturbations in most input parameters, with noticeable sensitivity primarily associated 295 

with WS, diffQ, and diffT. For SHF, WS and diffT show relatively larger influences: under 296 

moderate perturbations (±10%), RMSE increases from 6.05 to more than 6.17 (+1.98%) 297 

and 6.14 (+1.49%), respectively, while under extreme perturbations (±20%), RMSE 298 

increases to more than 6.15 (+1.65%) for WS and 6.56 (+8.43%) for diffT. For LHF, a 299 

similar sensitivity pattern is observed, with WS and diffQ showing the largest impacts 300 

on model performance, whereas perturbations in other inputs lead to RMSE changes 301 

typically within 1%. For β, perturbations in most inputs result in negligible changes 302 

(RMSE ranges from 0.22 to 0.23). However, under perturbations of diffQ, the RMSE of 303 

β exhibits larger variability due to extreme β estimates, reflecting the ratio-based nature 304 

of β and further highlighting the importance of imposing a reasonable β constraint. 305 

We have added this sensitivity analysis into the second paragraph of Section 3.5.3 in 306 

the revised manuscript and included the detailed results in Table S10. 307 

“Beyond the sensitivity to the imposed β range, we further examined the robustness of 308 

the BrTHF model to uncertainties in its environmental inputs, using one-at-a-time 309 

perturbation experiments (Table S10). The results indicate that the model is generally 310 

insensitive to perturbations (from ±5 to ±20%) in most auxiliary inputs, with changes 311 

in SHF and LHF RMSE typically remaining within 1%. Noticeable sensitivities are 312 

mainly associated with WS, diffQ, and diffT, which are physically expected given their 313 



direct roles in controlling air–sea turbulent heat exchanges. Even under extreme 314 

perturbations, the resulting variations in SHF and LHF remain within physically 315 

reasonable ranges, suggesting that the BrTHF model does not rely excessively on 316 

precise tuning of individual inputs. For β, most perturbations lead to minor changes; 317 

however, perturbations of diffQ can induce large variability due to the ratio-based nature 318 

of β, further highlighting the necessity of the β constraint.” 319 

 320 

Table S10. Sensitivity of the BrTHF model to different environmental inputs. RMSEs of SHF, 321 

LHE, and β under different control scenarios are evaluated against daily observations from 322 

197 buoys, with relative changes compared to the baseline scenario (SHF = 6.05 W/m2, LHE = 323 

23.67 W/m2, β = 0.22) shown in parentheses.  324 

Input 
SHF 

(W/m2) 

LHF 

(W/m2) 
β Input 

SHF 

(W/m2) 

LHF 

(W/m2) 
β 

SLP 

+5% 
6.06 

(+0.17%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 

WS 

+5% 
6.1 

(+0.83%) 

23.77 

(+0.42%) 

0.22 

(+0.0%) 

-5% 
6.05 

(+0.0%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 
-5% 

6.04 

(-0.17%) 

23.7 

(+0.13%) 

0.22 

(+0.0%) 

+10% 
6.06 

(+0.17%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 
+10% 

6.17 

(+1.98%) 

24.01 

(+1.44%) 

0.22 

(+0.0%) 

-10% 
6.05 

(+0.0%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 
-10% 

6.05 

(+0.0%) 

23.87 

(+0.84%) 

0.22 

(+0.0%) 

+20% 
6.06 

(+0.17%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 
+20% 

6.4 

(+5.79%) 

24.88 

(+5.11%) 

0.23 

(+4.55%) 

-20% 
6.06 

(+0.17%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 
-20% 

6.15 

(+1.65%) 

24.61 

(+3.97%) 

0.22 

(+0.0%) 

SW 

+5% 
6.06 

(+0.17%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 

SWH 

+5% 
6.06 

(+0.17%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 

-5% 
6.05 

(+0.0%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 
-5% 

6.06 

(+0.17%) 

23.66 

(-0.04%) 

0.22 

(+0.0%) 

+10% 
6.06 

(+0.17%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 
+10% 

6.06 

(+0.17%) 

23.68 

(+0.04%) 

0.22 

(+0.0%) 

-10% 
6.06 

(+0.17%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 
-10% 

6.06 

(+0.17%) 

23.66 

(-0.04%) 

0.22 

(+0.0%) 

+20% 
6.08 

(+0.5%) 

23.68 

(+0.04%) 

0.22 

(+0.0%) 
+20% 

6.06 

(+0.17%) 

23.71 

(+0.17%) 

0.22 

(+0.0%) 

-20% 
6.07 

(+0.33%) 

23.68 

(+0.04%) 

0.22 

(+0.0%) 
-20% 

6.07 

(+0.33%) 

23.68 

(+0.04%) 

0.22 

(+0.0%) 

LW +5% 
6.05 

(+0.0%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 
Tp +5% 

6.05 

(+0.0%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 



-5% 
6.06 

(+0.17%) 

23.66 

(-0.04%) 

0.22 

(+0.0%) 
-5% 

6.06 

(+0.17%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 

+10% 
6.05 

(+0.0%) 

23.69 

(+0.08%) 

0.22 

(+0.0%) 
+10% 

6.06 

(+0.17%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 

-10% 
6.07 

(+0.33%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 
-10% 

6.06 

(+0.17%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 

+20% 
6.06 

(+0.17%) 

23.72 

(+0.21%) 

0.22 

(+0.0%) 
+20% 

6.06 

(+0.17%) 

23.68 

(+0.04%) 

0.23 

(+4.55%) 

-20% 
6.09 

(+0.66%) 

23.69 

(+0.08%) 

0.23 

(+4.55%) 
-20% 

6.06 

(+0.17%) 

23.68 

(+0.04%) 

0.22 

(+0.0%) 

SSS 

+5% 
6.05 

(+0.0%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 

diffT 

+5% 
6.15 

(+1.65%) 

23.68 

(+0.04%) 

0.23 

(+4.55%) 

-5% 
6.06 

(+0.17%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 
-5% 

6.05 

(+0.0%) 

23.66 

(-0.04%) 

0.22 

(+0.0%) 

+10% 
6.05 

(+0.0%) 

23.68 

(+0.04%) 

0.22 

(+0.0%) 
+10% 

6.33 

(+4.63%) 

23.7 

(+0.13%) 

0.23 

(+4.55%) 

-10% 
6.06 

(+0.17%) 

23.68 

(+0.04%) 

0.22 

(+0.0%) 
-10% 

6.14 

(+1.49%) 

23.65 

(-0.08%) 

0.22 

(+0.0%) 

+20% 
6.06 

(+0.17%) 

23.72 

(+0.21%) 

0.22 

(+0.0%) 
+20% 

6.94 

(+14.71%) 

23.75 

(+0.34%) 

0.23 

(+4.55%) 

-20% 
6.08 

(+0.5%) 

23.71 

(+0.17%) 

0.22 

(+0.0%) 
-20% 

6.56 

(+8.43%) 

23.65 

(-0.08%) 

0.22 

(+0.0%) 

ADT 

+5% 
6.06 

(+0.17%) 

23.68 

(+0.04%) 

0.22 

(+0.0%) 

diffQ 

+5% 
6.07 

(+0.33%) 

23.75 

(+0.34%) 

1.84 

(+736.36%) 

-5% 
6.06 

(+0.17%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 
-5% 

6.04 

(-0.17%) 

23.77 

(+0.42%) 

0.23 

(+4.55%) 

+10% 
6.06 

(+0.17%) 

23.7 

(+0.13%) 

0.23 

(+4.55%) 
+10% 

6.1 

(+0.83%) 

24 

(+1.39%) 

0.28 

(+27.27%) 

-10% 
6.07 

(+0.33%) 

23.7 

(+0.13%) 

0.22 

(+0.0%) 
-10% 

6.04 

(-0.17%) 

24.08 

(+1.73%) 

0.23 

(+4.55%) 

+20% 
6.09 

(+0.66%) 

23.8 

(+0.55%) 

0.23 

(+4.55%) 
+20% 

6.17 

(+1.98%) 

24.93 

(+5.32%) 

2.09 

(+850.0%) 

-20% 
6.11 

(+0.99%) 

23.78 

(+0.46%) 

0.22 

(+0.0%) 
-20% 

6.05 

(+0.0%) 

25.31 

(+6.93%) 

0.23 

(+4.55%) 

CS 

+5% 
6.06 

(+0.17%) 

23.67 

(+0.0%) 

0.22 

(+0.0%) 
     

-5% 
6.05 

(+0.0%) 

23.66 

(-0.04%) 

0.22 

(+0.0%) 
     

+10% 
6.06 

(+0.17%) 

23.68 

(+0.04%) 

0.22 

(+0.0%) 
     

-10% 
6.05 

(+0.0%) 

23.66 

(-0.04%) 

0.22 

(+0.0%) 
     

+20% 
6.06 

(+0.17%) 

23.69 

(+0.08%) 

0.22 

(+0.0%) 
     



-20% 
6.05 

(+0.0%) 

23.66 

(-0.04%) 

0.22 

(+0.0%) 
     

 325 

I received the following comment: 326 

"The buoy fluxes are calculated from the meteorological variables aggregated to daily 327 

averages which will bias the output compared to native resolution due to the non-328 

linearity of the bulk formulae. There is no information as to whether the cool-skin and 329 

warm-layer adjustments are switched on or off in COARE3.5. 330 

Re: Thank you for your comments. We acknowledge that calculating air-sea turbulent 331 

heat fluxes from daily-averaged meteorological variables may introduce biases due to 332 

the nonlinearity of bulk aerodynamic formulations. In this study, daily buoy-derived 333 

air-sea turbulent heat fluxes were computed using daily-averaged meteorological inputs 334 

and the COARE3.5 model, with the cool-skin and warm-layer parameterizations 335 

switched off. This configuration follows the practice adopted by Pacific Marine 336 

Environmental Laboratory for producing daily air-sea turbulent heat flux products at 337 

TAO/TRITON, PIRATA, and RAMA buoy sites 338 

(https://www.pmel.noaa.gov/tao/drupal/flux/documentation-lw.html), which have been 339 

widely used for flux product evaluation (Bourras, 2006).  340 

To assess the potential impact of this temporal aggregation, we conducted an additional 341 

analysis by recalculating air-sea turbulent heat fluxes using the original high-frequency 342 

buoy observations. For this analysis, the cool-skin and warm-layer parameterizations 343 

were enabled only when the required forcings—including a first estimate of the full net 344 

surface heat flux and radiative components—were available, consistent with the 345 

recommendations of Cronin et al. (2006). These high-frequency flux estimates were 346 

then aggregated to daily means (hourly or sub-hourly observations exceeded 80% on a 347 

given day) and used to evaluate the performance of the flux products and the retrained 348 

BrTHF model.  349 

The comparison indicates that while absolute accuracy metrics differ between the two 350 

strategies, the relative performance among different products and models remains 351 

unchanged (BrTHF outperformed the other seven products, with RMSE of 6.07 W/m2, 352 



23.61 W/m2 and 0.21 for SHF, LHF and β, respectively). Therefore, the main 353 

conclusions regarding the comparative performance of BrTHF are not materially 354 

affected by the choice of daily-averaged versus high-frequency flux calculations. For 355 

consistency with commonly used daily buoy flux datasets, we retain the results based 356 

on daily-averaged inputs, while providing the evaluation results based on high-357 

frequency flux calculation in Table S11. Corresponding clarifications have been added 358 

to the fouth paragraph of Section 2.1 and fourth paragraph of Section 3.5.3 of the 359 

revised manuscript. 360 

“After the above mentioned data preprocessing, the daily buoy-derived air-sea turbulent 361 

heat fluxes (SHF and LHF) were then calculated using the daily oceanic and 362 

atmospheric measurements combined with the version 3.5 of Coupled Ocean-363 

Atmosphere Response Experiment (COARE3.5) model (Edson, 2013) (available at 364 

https://github.com/NOAA-PSL/COARE-algorithm) with the cool-skin and warm-layer 365 

calculation switched off. The configuration follows the practice adopted by Pacific 366 

Marine Environmental Laboratory for producing daily air-sea turbulent heat flux 367 

products (https://www.pmel.noaa.gov/tao/drupal/flux/documentation-lw.html) at 368 

Global Tropical Moored Buoy Array (TAO/TRITON, PIRATA, and RAMA).” 369 

“Finally, we examined the potential impact of temporal aggregation, as the buoy-370 

derived daily fluxes used for model training and evaluation were calculated from daily-371 

averaged meteorological variables via COARE3.5, which may introduce biases due to 372 

the nonlinearity of bulk flux formulations. By recalculating fluxes from high-frequency 373 

buoy observations and aggregating to daily means, we found that although absolute 374 

errors differ to some extent, the relative performance among different flux products and 375 

models remains unchanged, with the BrTHF model still achieving the best overall 376 

accuracy (Table S11). This confirms that our conclusions are robust to the choice of 377 

daily flux calculation strategy.” 378 

Table S11. Statistical metrics of the spatial ten-fold cross-validation of estimated daily SHF, 379 

LHF and β from the BrTHF model and seven widely used products, with and without 380 

removing estimated β (β < -5 or β > 5 in the seven widely used products) that deviates from the 381 

range of β observations collected from the 197 buoys. The observations of SHF, LHF and β 382 



were calculated from the high-frequency meteorological variables at sites. 383 

 
All Samples (462082) 

Samples (458233)  

excluding β < -5 or β > 5 

SHF LHF β SHF LHF β 

JOFURO

3 

BIAS (W/m2) 2.06 -0.61 0.04 2.01 -0.59 0.03 

RMSE (W/m2) 9.02 30.32 9.97 8.94 30.36 0.23 

r 0.87 0.86 0.0 0.86 0.85 0.28 

IFREME

R 

BIAS (W/m2) -4.49 4.74 -0.04 -4.5 4.79 -0.04 

RMSE (W/m2) 9.8 28.92 5.36 9.76 28.91 0.18 

r 0.91 0.86 0.03 0.91 0.86 0.45 

SeaFlux 

BIAS (W/m2) 0.48 -2.88 0.01 0.48 -2.87 0.01 

RMSE (W/m2) 6.92 27.56 0.87 6.88 27.62 0.18 

r 0.9 0.88 0.08 0.9 0.87 0.34 

ERA5 

BIAS (W/m2) -2.62 -10.72 -0.01 -2.69 -10.78 -0.01 

RMSE (W/m2) 7.15 28.86 2.29 7.11 28.95 0.17 

r 0.91 0.89 0.03 0.91 0.89 0.4 

MERRA2 

BIAS (W/m2) 0.01 -15.5 -0.00 -0.0 -15.6 0.01 

RMSE (W/m2) 6.53 35.9 8.02 6.5 36.02 0.17 

r 0.92 0.84 0.01 0.91 0.84 0.4 

OAFlux 

BIAS (W/m2) -0.02 3.72 0.01 -0.06 3.79 0.01 

RMSE (W/m2) 7.86 32.09 1.78 7.81 32.16 0.19 

r 0.9 0.83 0.02 0.9 0.83 0.35 

OHF 

BIAS (W/m2) 3.02 7.74 0.01 2.95 7.81 0.03 

RMSE (W/m2) 12.11 34.81 23.11 11.74 34.81 0.26 

r 0.69 0.81 0.0 0.71 0.8 0.13 

BrTHF 

BIAS (W/m2) -0.15 -0.75 0.01 -0.13 -0.65 0.0 

RMSE (W/m2) 6.07 23.61 0.21 6.02 23.62 0.15 

r 0.93 0.91 0.26 0.93 0.91 0.42 

 384 

The differences between the buoy estimates and the flux products will include a 385 

contribution from the difference in the parameterisations used in the products and 386 

COARE3.5 (see e.g. https://doi.org/10.3389/fmars.2022.1049168 and 387 

https://doi.org/10.1175/JPO-D-16-0169.1) so is not really a fair comparison. It would 388 

also have been interesting to see a comparison with a traditional implementation of the 389 

bulk formulae with the input variables use to force the neural network." > this comment 390 

should be addressed. 391 

Re: Thank you for your comments. We agree that differences between the buoy-derived 392 

fluxes and existing flux products may partly arise from discrepancies in the underlying 393 

parameterisations, which indeed makes such comparisons not strictly method-394 



consistent. To better address this concern, we conducted an additional baseline 395 

experiment using the COARE3.5 model forced by a subset of the core daily 396 

meteorological variables used in the BrTHF model (e.g., air temperature, humidity, 397 

wind speed, and sea surface temperature) with the cool-skin and warm-layer 398 

parameterizations switched off. 399 

The RMSEs reach approximately 10.3 W/m2 for SHF and 34.4 W/m2 for LHF, 400 

accompanied by systematic underestimations of about 6.5 W/m2 and 21.3 W/m2, 401 

respectively. In addition, physically unrealistic values of β emerge in the COARE3.5 402 

estimates, leading to a degradation in β accuracy (RMSE = 6.35). These results suggest 403 

that, when driven by the same set of daily-mean meteorological inputs, the BrTHF 404 

model provides more robust estimates of SHF, LHF, and β. In particular, the BrTHF 405 

model maintains relatively high estimation accuracy even under conditions where the 406 

input meteorological variables contain larger uncertainties. 407 

The corresponding analysis has been added to the third paragraph of Section 3.5.3, with 408 

detailed results presented in Table S12. 409 

“To further address potential methodological inconsistencies between buoy-derived 410 

fluxes and flux products, we conducted an additional baseline experiment. Specifically, 411 

the COARE3.5 model was forced with the same subset of daily meteorological 412 

variables used to drive the BrTHF model, thereby providing a method-consistent 413 

reference under identical forcing conditions. The results (Table S12) show that the 414 

COARE3.5-driven estimates exhibit substantially larger errors for SHF and LHF, with 415 

RMSEs of approximately 10.3 W/m2 and 34.4 W/m2, respectively, accompanied by 416 

systematic underestimations relative to buoy observations. More importantly, 417 

physically unrealistic values of the β emerge in the COARE3.5 estimates, leading to a 418 

degradation in β accuracy (RMSE = 6.35). These findings suggest that, even when 419 

driven by the same meteorological inputs, traditional bulk formulations remain highly 420 

sensitive to forcing uncertainties. In contrast, the BrTHF model demonstrates improved 421 

robustness by explicitly incorporating physical constraints within the machine-learning 422 

framework.” 423 

Table S12. Statistical metrics of the spatial ten-fold cross-validation of estimated daily SHF, 424 



LHF and β from the BrTHF model and COARE3.5 model, with and without removing 425 

estimated β (β < -5 or β > 5 in the COARE3.5 model) that deviates from the range of β 426 

observations collected from the 197 buoys. 427 

 
All Samples (463585) 

Samples (463127)  

excluding β < -5 or β > 5 

SHF LHF β SHF LHF β 

BrTHF 

BIAS (W/m2) 0.09 0.14 -0.01 0.13 0.08 0.00 

RMSE (W/m2) 6.05 23.67 0.22 6.02 23.7 0.21 

r 0.93 0.91 0.25 0.93 0.91 0.31 

COARE3.5 

BIAS (W/m2) -6.48 -21.32 -0.03 -6.49 -21.34 -0.03 

RMSE (W/m2) 10.3 34.44 6.35 10.3 34.45 0.23 

r 0.9 0.9 0.01 0.9 0.9 0.28 
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