
Reviewer 2: 
General 

This paper provides a technical note on application of causal inference to the effects of 
solar radiation and water temperature on dissolved gaseous mercury (DGM). This 
research is really interesting, instrumental, and insightful. 

This research showcases a wonderful collaboration between experimental scientists 
and causal inference scholars. 

What a Wonderful World is this interdisciplinary field. 

This paper is expected to embrace a wide range of readers, including those who know or 
have a good commend of causal inference already and also those who are lay people, 
well-trained in experimental sciences, yet knowing little about causal inference and how 
to use and apply it in their experimental science areas. The present reviewer is among 
the latter group. Hence, this review will focus on two aspects: (1) experimental and (2) 
how to help and guide the latter group of readers to follow, understand, and learn how to 
use causal inference by means of the case study provided by this paper. Some readers, 
if not many, may share the same or similar feedback as presented in this review.  

- We thank the reviewer for the kind words about our paper. Indeed, one of the 
aims of the paper was to demonstrate successful collaboration between two 
different research disciplines; something the research community needs more of. 
The paper is hopefully useful to a wide range of readers and aims to inform, 
demonstrate and inspire future research collaborations between research fields.   

 

Specific  

1. Paper title 

The paper title uses the word “on dissolved gaseous mercury”. Perhaps, this term in the 
context of this research is kind of vague and could be more specific, say, on levels of 
DGM, or generation process and mechanism of DGM, or speciation of Hg, etc. So it’s a 
bit unclear what is exactly the effect (effect of solar radiation on what exactly, DGM 
level, dynamics, production?), since DGM itself is only a particular species of aquatic 
Hg. 

- We are thankful for the nice suggestions to make the title more informative and 
clearer. We suggest a change of the title to “Technical note: A framework for 
casual inference applied to solar radiation and temperature effects on measured 
levels of gaseous elemental mercury in seawater.” The title in the paper has been 
changed accordingly, see below: 

 



 

2. Experimental 

Regarding the in-situ field measurement of DGM, a number of questions arise: 

First, the citation for this method seems to use a less relevant paper (by Andersson ME 
et al., 2008b; see L140 in the present paper). I checked on this and found the relevant 
references probably would be: 

• A description of an automatic continuous equilibrium system for measurement 
of dissolved gaseous mercury. By Andersson, Gardfeldt, and Wangberg, Anal. 
Bioanal. Chem. 391, 2277-2282, 2008a 

• Seasonal and spatial evasion of mercury from the western Mediterranean Sea by 
Nerentorp Mastromonaco, Gardfeldt, and Wangberg, 2017 (L896-897 in the 
present paper). 

- We agree with the reviewer that the two suggested references fit better to L140 
than the previous added reference. The suggested Ref#1 has now replaced the 
previous reference on L140 in the revised paper. Also, another reference has 
been added: “Gårdfeldt et al., 2002.: "Comparison of procedures for 
measurements of dissolved gaseous mercury in seawater performed on a 
Mediterranean cruise." Analytical and Bioanalytical chemistry 374.6 (2002): 1002-
1008.”, which further describes how the equations used to calculate DGM, using 
the same continuous system as used in this study, were derived and verified.  
 

- Section 2.1 #154-155: 

 

Second, with limited time available, I consulted Ref. #2 above and had some findings as 
detailed below. 

Ref. #2 shows that the researchers also used another manual method, i.e., purge-and-
trap method, instead of the in-situ auto-method, to determine the DGM. For this manual 
method, first, the Hg(0) in a water sample of a certain volume is completely purged out 
of the water sample using zero air (or pure Ar or N2) and then collected on a Hg trap to 
analyze the total Hg(0) purged out of the water sample. By measuring the volume of the 
water sample and the total Hg(0) purged from the water sample and collected on the Hg 
trap, the DGM can thus be calculated to be DGM = (total Hg(0) purged)/(volume of water 
sample). This method gives a clear determination of the DGM for the water sample 
without confusion or misunderstanding. 

- We thank the reviewer for opening this interesting discussion. We believe that it is 
indeed true that the discrete manual purge and trap method earlier has been the 
most common method for analysing DGM in water samples. The reviewer is right, 
when using the manual method, the approach is to completely purge the sample.  
DGM is then calculated by dividing the amount of purged Hg by the sample 



volume. We do agree with the reviewer that this method is more straight-forward 
and leaves less confusion regarding the experimental performance. However, 
discrete sampling would not have been an appropriate method to use for our 
study. The number of data points needs to be large for the statistical significance 
of our model, and a high time resolution of Hg analyses is crucial to match fast 
changes in solar radiation. Using a manual method would require an immense 
workload and would result in an insufficient time resolution that is needed for this 
study.  

Moreover, Ref. #2 also mentioned that they compared the DGM results from the auto-
method and the manual method and found “a good correlation” between the two 
method results. This means that the DGM calculated using Eq. 1 and the DGM obtained 
by the manual method differ, although correlated, that is, one may not replace the other, 
but one can be obtained from another using the correlation. 

- We agree with the reviewer that Ref#2 (also Ref #1and Gårdfeldt et al., 2002) 
compared DGM results from the automated- and manual methods with good 
correlations. Although this is a nice discussion point, it was not part of our paper 
to compare manual and automated methods to measure DGM in surface water.  

However, Ref. #2 does not mention or indicate if they used the correlation (or calibration) 
to get the DGM corresponding to the actual DGM (calibrated by the manual method), or 
they simply took the DGM results calculated using the equation of DGM = Ca(1/H + 
ra/rw) (L141 Eq. 1 in the present paper).  This missing detail is a highly important 
technical detail, which is connected to the credibility of this auto-method, and 
subsequent causal inference operations and outcomes. 

- We understand the reviewer’s concern regarding the confusion. As mentioned 
before, a rigorous comparison between the automated and manual sampling was 
performed in Ref#1. To our knowledge, Ref#2 compared the two methods at five 
measurement points, showing some agreement between the methods. The 
comparison was performed to check and compare the two methods, not to 
calibrate them against each other. Ref #2 used equation 1 to calculate DGM 
concentrations in their paper, an equation that has been used to calculate DGM 
in many other papers, without the necessity to re-calculate the values using 
calibration against the manual method.  

I’d think the correlation (equation) should be reported and used to get the real DGM as 
calibrated using the correlation, rather than just using the DGM results directly from the 
calculations using Eq. 1, for the reasons given below. By the way, it’s understandable 
there is a need to have an in-situ auto method to continuously measure DGM in the field. 

But, it remains unclear for the present paper under review, all the DGM results used for 
the causal inference are those directly from the calculation using Eq. 1, or those after 
processing using the correlation between the auto and manual methods (calibration of 
the auto-method by the manual method). This important technical detail needs to be 
clarified.   



- We agree with the reviewer that the automated method would benefit from being 
compared to other field methods to measure and calculate DGM concentrations 
in seawater (although, to our knowledge, not many other methods exist yet). 
However, in our study, the calculated DGM concentrations were not used in the 
causal model. For the model we used measured (not calculated) Hg 
concentrations (CMW) for comparing with solar radiation and temperature.  
The reason for this choice was because Henry’s law constant, which is used in 
equation 1 to calculate DGM, is temperature dependent (see equation 2) and 
therefore, calculated DGM cannot be used in the causal model when comparing 
DGM to temperature since it would cause an uncontrollable feedback loop. 
Although we believe equation 1 to be correct for calculating DGM, we only used 
this equation to calculate DGM values used for demonstration and comparison in 
Table 3 and Figure 6.   
We are sorry for the confusion. Throughout the text we have now tried to be 
clearer that we are studying measured gaseous elemental Hg (CMW) rather than 
DGM. In Section 2.1 we also added an explanation why we made this choice, see 
below: 
  
Section 2.1 #159-163: 

 

The auto-method appears not quite straightforward in conjunction with Eq. 1. By the 
auto-method, a given water volume is first pumped into the inner cylinder. Then (or 
simultaneously) zero air is used to purge the Hg(0) in the given water to the headspace of 
the inner cylinder. Then the air concentration of Hg(0) in that headspace is measured by 
Lumex (or Tekran 2537A). By the way, the efficiency of the purging is not mentioned or 
discussed in this paper. The efficiency of purging is certainly critical for the manual 
method. Incomplete purging of the DGM can cause under-estimation of real DGM level. 

<y curious why Eq. 1 is used to calculate the real DGM of the sea water, instead of using 
the same approach as the manual method to get the total Hg purged out of the water left 
in the cylinder headspace and then the DGM thus determined. It is also highly curious 
why the DGM is the Hg(0) concentration in the water of the cylinder supposedly at 
equilibrium with the Hg(0) purged out of the same water then present in the headspace 
measured by Lumex. Intuitively, this is quite confusing and not revealing. The key point 
here is why the equilibrium of Hg(0) distribution between air and water gets involved in 
the DGM determination? In any context, it is the real DGM of interest, not the equilibrium 
DGM.   

It is very hard to see and understand how this so-calculated equilibrium Hg(0) 
concentration can represent the real DGM in the water sample. First of all, the real DGM 
should be the one at the equilibrium with the ambient air Hg(0) above the sea, rather 
than with the Hg(0) purged out of the water sample in the cylinder headspace, unless 



coincidentally, the Hg(0) in the ambient air has the same concentration as the purged 
Hg(0) in the headspace. It is very hard to see the materialization of such a coincidence, 
consistently occurring all the time. Or was this coincidence confirmed experimentally? 

Using the Henry’s law method to get DGM only gives the Hg(0) concentration in the water 
at the equilibrium, while as known, water is commonly saturated or often over-saturated 
with Hg(0), i.e., DGM at equilibrium < or << DGM-real. 

- We understand that this confusion remained, but we hope that we now have 
explained our choice of using equation 1 to calculate DGM concentrations used 
for demonstration and comparison with other studies.  In manual sampling, 
Henry’s law is not needed, as it is needed in Equation 1 when using the 
automated method. Henry’s law constant, that shows how much a gas dissolves 
in water at equilibrium, is used in equation 1 to compensate for the choice of 
measuring equilibrium concentrations rather than purging the total amount of Hg 
in the sample, as in manual methods. This approach of measuring equilibrium 
concentrations is also used for measuring other gases in water, such as CO2, 
using similar methods and equations, using Henry’s law constant for CO2 in 
seawater. Hence, the theory behind this method is not original but well studied. 
See for example “Wanninkof, R. and K. Thoning (1993) Measurement of fugacity of 
CO2 in surface water using continuous and discrete sampling methods. Mar. 
Chem. 44: 189- 204”. 

Table 3 and Fig. 6f all show quite low levels of DGM, as compared to many studies that 
reported higher DGM levels for various waters. This suspected underestimation of the 
DGM might be due to that the calculated DGM is only for the equilibrium condition as 
calculated using Henry’s law. 

The unclarity and confusion regarding the meaning and credibility of the DGM calculated 
using Eq. 1 need to be resolved in the first place before readers go further to see any 
causal inference using the DGM results. 

- We thank the reviewer for demonstrating that a comparison with literature is 
missing in our paper. The calculated DGM concentrations (that are in this paper 
only presented for comparison and not used in the analysis) showed an average 
concentration of 14 (5-28) pg/L. For comparison, surface DGM was measured 
using an in situ purging system in mars/April 2015, also at the Swedish west coast 
at Råö/Rörvik station, about 160 km south of Kristineberg. Here, the average DGM 
concentration was 13 pg/L, which is in good agreement with our results 
(Nerentorp Mastromonaco PhD thesis, 2016). A literature review has now been 
added in section 5.1, see below:  

  



- Section 5.1: #537-545: 

 

3. Causal inference general 

Before and during reading this paper for a while, I always thought this causal inference 
model or operation can determine if two factors given are actually indeed causally 
related, instead of simply correlated. In other words, the expectation was that by 
running the causal inference (going through the entire framework and running the causal 
inference operations or models), it can be determined if one factor is causally related to 
another, followed further by the effect size.  

But, the more I read through, the more I thought or realized (maybe I’m still wrong or 
doesn’t get it) that actually, it seems that to begin the causal inference, one needs to 
assume, in the first place, the two factors are indeed causally related, and then running 
the causal inference through the framework would provide more knowledge about the 
relationship between the two factors, like the effect size, this percentage for this factor, 
or that percentage for that factor, etc. 

- We thank the reviewer for giving this insightful comment about the lacking 
information regarding how to interpret and understand how the causal model 
works. It is indeed true that for the model to work you need to first have an idea 
how and if two factors are related. That’s why it is important to draw your DAGs 
correct before running the model and interpret the results. That is what we 
describe in the paper to be prior scientific knowledge. We have improved the 
description of what causal models can do and what they cannot do throughout 
the manuscript. 
 

- Section 3: #239-240 and 245-249: 

 
 



- New Section 6.1 #680-695: 

  

- Section 6.3 #731-737: 

 

So, top front, it would be very helpful to provide a general description of the causal 
inference, it’s goal, logic assumption and framework, approach, what the causal 
inference is and can or could do, what we can or could expect the causal inference to 
offer, and moreover, what the causal inference cannot offer or do. This general 
introduction is much needed. Or, readers, like me, would be struggling in the confusion 
about if the causal inference can settle the case to determine the causality, or instead, 
only can provide more inference about the relationship between two or more factors and 
the effect size of each factor, beyond simple correlation analysis.   

So, if the causal inference cannot determine if two or more given factors are indeed 
causally related, and which is the cause of which (or otherwise), then this nature of the 
causal inference needs to be stated/indicated clearly in the very beginning. This would 
help and benefit many readers, like me, who, inference-via-scientific-experiments 
oriented, probably first time encounter a detailed case like the one provided by this 
paper. For example, a lot has been known about how solar radiation can causally induce 
and enhance DGM generation via photochemical reactions by means of well-controlled 
manipulative experiments (with only one factor tested in variation and other factors fixed 
to logically satisfy both necessity and sufficiency requirements for causal-effect 
relationship determination).  



- We are very grateful for this concrete suggestion to improve the paper. We have 
added clarifications to the Introduction (Section 1) and to the outline of the 
proposed framework in Section 3. In particular, we highlight that our suggested 
framework does not establish causality from observational data alone. Instead, 
causal inference means, in this context, estimating direct and indirect effect sizes 
conditional on explicitly stated causal assumptions encoded as graphical causal 
models following the methodology outlined by Pearl et al. (2016). We hope that 
the additional information helps set the reader’s expectation early and to clarify 
how the proposed framework goes beyond usual correlation analysis while 
remaining conditional on the correctness and completeness of prior scientific 
knowledge. For example, we knew before writing this paper that solar radiation 
can induce DGM generation by photochemical processes. We also knew that 
temperature affect DGM in some way, but what we did not know was how it was 
all connected. Is it rather that solar radiation affects the measured mercury 
concentration (CMW ) indirectly by temperature increase alone? This we early 
realized by running the model that this is not true. Then arose the question, how 
much of the CMW generation is affected by only solar radiation and only 
temperature? In this model we could “turn off/lock” the effect of one factor to see 
how much the other factor affected CMW and vice versa. With the help of the 
model we could apply lab experiments on real measured data in the field. And 
this is the strength of this framework.  
 

- Section 1 #44-52: 

 

 
- Section 3 #195-202: 

 

 



 

III. Comments and thoughts 

Line 62 (L62), “Hg…water-to-air evaporation”, evaporation refers to the escape of 
molecules of the liquid from liquid phase of that particular molecule to gas phase (e.g., 
pure water evaporation), but here, there is no liquid Hg involved, only dissolved gaseous 
Hg or Hg atoms as the solute in water (the solvent), the liquid is water. So rigorously, Hg 
evasion or emission, not evaporation, is more appropriate or accurate. 

- We thank the reviewer for noting this mistake and suggesting improvements. We 
have changed the word “evaporation” to “evasion” instead in the paper. See for 
example #70-71: 

 

By the way, as mentioned before, three issues are involved here: DGM generation, DGM 
emission or evasion, and DGM concentrations or levels. The title and the paper use 
“…causal inference applied to solar radiation and temperature effects on DGM. Then, 
exactly, which factor we are looking at? The DGM generation or emission, or 
concentration, which are the factors under consideration or treatment with the causal 
inference? This is unclear, another potential confusion point. 

- We are grateful that the reviewer pointed out this confusion point. We have taken 
the suggestion (stated in the beginning of this review) from the reviewer to change 
the title of the paper to make it clearer. The title is now “Technical note: A 
framework for casual inference applied to solar radiation and temperature effects 
on measured levels of gaseous elemental mercury in seawater.”  We have also 
replaced “DGM” with gaseous elemental mercury (CMW), where appropriate in 
the text. Examples of changes in the paper are presented below:  
 

- Abstract #10 and #12: 

 

- Introduction #54-55: 

 

L103-107, the campaign was 2019-2020, but the data used for this study was from 2024 
April 1 to April 25. This is another potential confusion point. Which data were used? If 
the latter, why mentioning the 2019-2020 campaign? 

- We thank the reviewer for noticing this error that simply was a typing mistake. The 
real period for the measurement period is “2020-04-01 to 2020-04-25”. This has 
been changed accordingly in the paper, see below: 



 
 

- Section 2 #115: 

 

L140-148, all parameters or quantities should be given together with their individual 
units, if any. 

- The reviewer is right, and we are grateful for pointing this out. We have added 
units for the factors presented in the equations, accordingly, see below:  
 

- Section 2.1 #157 and #159: 

 

 

Here, it may be helpful to mention the DGM, Solar, and T data are given or summarized 
in Table 3 and Fig. 6. At any rate, the data used for this study need to be presented 
clearly top front, rather than later. We need to know in the first place clearly what are the 
measurement data used for this study. This data can help readers to see or inspect, 
now, before the causal inference, the potential causal relationship, intuitively, or based 
on previous research experiences, independent of the causal inference. 

- We thank the reviewer for pointing this out. Although we decided not to present 
any measurement results in the method part, we now added information in 
section 2 about where the data is presented so it will be easier for the reader to 
find it, see examples below: 
 

- Section 2 #116-117: 

 

Fig. 6e has no legend, but it has two parameters, which is for which? 

- We thank the reviewer for this suggestion. We added a legend to Figure 6(e).  

 



L141, from subsequent info, we know ra/rw < 1, this means for Eq. 1, DGM roughly = 
Ca/H, if so, why leave the item of ra/rw in the equation. This needs to be discussed. 
When the whole equation is needed, when the approximate, simplified one may be 
relevant in use. By the way, if the simplified equation is used, then the question 
regarding the meaning of the so calculated DGM arises, as discussed previously. 

- We agree with the reviewer that it’s true that when rw is much bigger than ra, this 
term in the equation is small (in our case in average the factor would be 1.5/2.8 = 
0.5). The reason why we feel it necessary to present the two factors in equation 1 
is because we in our model discuss the influence of the water flow on measured 
CMW. The reviewer is again right with the point that the meaning of the calculated 
DGM is pointless for our study since we use CMW in the causal model. However, 
we think that many readers would find it interesting to compare calculated DGM 
concentrations in this study with other studies, since CMW is not a factor 
commonly reported.  

Table 3 and Fig. 6 show the DGM levels are quite low, as mentioned before. This is 
curious. 

- The reviewer is again pointing out a good point that no literature comparison was 
presented in the paper. Although the reviewer finds the DGM concentration rather 
low, we do believe that the calculated DGM concentrations are in good 
agreement with other studies. A comparison with literature has been added to 
section 5.1, see below. 
 

- Section 5.1 #537-545: 

 

L169, it is unclear which step in the framework will determine if the two or more factors 
are causally related, if the causal inference can determine that? 

- We thank the reviewer for this question. Causal inference itself cannot determine 
if two or more factors are causally related from observational data alone. It is 
necessary to define a priori causal assumptions in the form of causal models as 
suggested in our framework. However, it is possible to check if the a priori causal 
assumptions encoded in the causal model “fits” to the observed data. If two 
factors are causally not(!) related, they are also independent (except in very very 
very rare circumstances in which two opposing causal effects exactly cancel 
each other out). As the causal model provides (automatically) a set of 
independence criteria between variables, these criteria can be checked against 



the observed data. If they match, the model is said to be “faithful (see Spirtes et 
al., 2000) to the data. We clarify this concept now explicitly in Section 3: 
 

- Section 3 #244-249: 

 

 

L180-185, it appears that the causal arrow is what we assign or assume before the 
causal inference, rather than an outcome of the causal inference. This is, among others, 
what confuses me.    

- We thank the reviewer for this bringing up this point. The reviewer is right in that 
causal arrows in the proposed framework are specified a priori and are not an 
outcome of the causal inference itself because it is not possible to directly 
estimate the direction of cause-and-effect from data alone (a computer cannot 
distinguish associations from causations). In the proposed framework, the a 
priori causal models provide a qualitative specification of assumed cause-effect 
directions based on domain knowledge and experimental evidence. Causal 
inference, as suggested in our framework, then provides the quantitative effect 
sizes conditional on this assumed causal structure, and it evaluates, via the 
earlier discussed independence criteria, whether the observational data are 
consistent with the qualitative causal model. We have clarified this distinction 
now in Section 3 of the manuscript: 
 

- Section 3 #219-220 and #222-224: 

 

 

From time to time, this becomes unclear: the casual inference is for solar and Ca or for 
solar and DGM? 

- The reviewer is right, and we thank the reviewer for pointing out this issue since 
this was causing confusion in our paper. We have now added information about 
our choice to use CMW instead of DGM in our model and have changed the text 
throughout the paper to be clear that we used and studied CMW, not DGM, in the 
model, see text below: 



 
- Section 2.1 #159-163: 

 

L250-251, regarding the nature of the effect, direct or indirect, again it seems that we 
need to pre-assign or assume it like the causal arrow, rather than an outcome of the 
causal inference. 

- We thank the reviewer for raising this point about the nature of direct and indirect 
effect and the role of causal models. We agree that the classification of effects as 
direct or indirect is not discovered automatically by the causal inference itself, 
but is rather defined a priori by the assumed causal model. In our proposed 
framework, the DAG specifies in a transparent way which causal paths are 
assumed to exist, and thereby also if an effect acts directly or indirectly on an 
outcome. Then, our with such an a priori assumed causal model, our frameworks 
allows to estimate the magnitude of the corresponding direct and indirect effects, 
conditional on the assumed causal model.  
To clarify this potential ambiguity, we have added a clarification in Section 4.1: 
 

- Section 4.1 #304-306: 

 

L306-308, how were the simulated data generated? From the data of Table 3 and Fig. 6, 
or from running the causal inference model? This is unclear. What software used to 
generate the simulated data? 

A general comment, by the way, throughout this paper, it is always unclear if the causal 
inference was run or conducted by what software or causal inference model(s), any 
commercial software? If so, unless it is copyright or patent protected and thus cannot 
be disclosed, we need to know the brands or names of all the software and models used 
in this study, and which is used in which step to do what. This important info is missing 
and needs to disclosed in the early beginning as given by a list (like for experimental 
work, a list of chemicals and equipment used), like in a methodology section for the 
causal inference.  

Furthermore, each time when a specific causal inference operation along the way going 
through the framework, we’d like to know what specific software or model(s) was used 
for this specific step or task or operation, with relevant references provided for more 
technical details. 



- We thank the reviewer for this important comment regarding the transparency 
about the used software and code. We have clarified in the manuscript that the 
simulated data were generated by forward-sampling from generative models that 
represent the assumed causal models. The simulations were used only to verify 
that the statistical models can recover known parameters and were not used as a 
substitute for inference from observational data later in the paper. We have 
clarified this in Section 4.4., including a statement listing the software packages 
used for creating the simulated data.  
In addition, based on the reviewer’s recommendation, we have added a 
dedicated paragraph at the beginning of Section 4 that lists the software and 
modelling tools used throughout the causal inference workflow. We emphasise 
also that the full software implementation, including simulation code, model 
specifications, diagnostics, and creation of the visualisations, are publicly 
accessible in the replication package which hopefully supports full 
reproducibility of our results.  
 

- New paragraph in Section 4 #289-294: 

 
- Section 4.4 #371-375: 

 

L390, how to verify? 

- We thank the reviewer for this question. In Step 6, we added more details about 
the verification process, including when we considered verification to be 
successful.  
 

- Section 4.6 #460-463: 

 



L498-499, total effect = direct effect + indirect effect, this is valid only for the cases 
where both effects are positive or negative, i.e., same direction. If one is positive and the 
other is negative, that total effect sum is not valid, or what is the meaning of that sum? 
For example, solar effect on T, two effects, one effect is that solar can enhance DGM 
generation, leading more DGM in water, while on the other hand, the other effect is that 
solar can increase water T, which in turn can lead to higher Henry’s coefficient, and thus 
less DGM at the higher T, e.g., at Tw = 1 C, DGM at equilibrium = 7.2 pg/L, at 25 C, DGM = 
3.8 pg/L. So, the two effects of solar radiation are opposite in direction. Then, how can 
these two opposite effects be additive in the causal inference? Or how the causal 
inference handles the opposite effects? Or the direction of the effect does not matter, 
since the cause inference tells if the effect is operative or not and in what extent? 

- We thank the reviewer for raising this important conceptual point. The total effect 
is the sum of direct and indirect effects. If some factors are negative and some 
positive, some of the effect would cancel each other out. The total effect would 
then be the sum that is left. This definition holds regardless of the sign of the 
individual causal paths. We have clarified this in Section 5.2.  
We agree that calculated DGM is indeed negatively influenced by seawater 
temperature, as evident when studying Equation 1 and 2. However, we further 
clarify that the causal model in this study is specified at the level of measured 
mercury concentration CMW , rather than an isolated subprocess such as 
equilibrium partitioning governed by Henry’s law. Empirically, the inferred effect 
of seawater temperature on CMW  is positive in the observational data, indicating 
that temperature-related processes in this measurement context dominate the 
sub-mechanisms described by Henry’s law. We have clarified this aswell in the 
manuscript under Section 5.2.  
 

- Section 5.2 #581-582: 

 

#591-595: 

 

L582-583, What can the causal inference tell about the factors and their relationships 
that we still don’t know, as from this particular study regarding DGM? In other words, 
what are new from the causal inference that has not been achieved by scientific 
experiments and field measurements? 

- We thank the reviewer for this important question. We have added a subsection 
in the Discussion outlining the novelty and contribution of causal inference within 



mercury emissions from oceans in particular and environmental research in 
general. We clarify in this subsection that the novelty of causal inference does not 
lie in identifying new physical mechanisms but in quantifying and decomposing 
the effect of already hypothesised, or in lab experiments discovered, physical 
drivers but using only observational and intervention-free data. The insight our 
proposed framework provide go beyond correlation analyses and complement 
therefore experimental studies by providing effect size estimates that are valid 
under explicitly, and transparently, stated causal assumptions. The new 
subsection also contain a discussion on the limitation 
 

- New Section 6.1 #680-695: 
 

 

 

L588-589, pump speed or water flow rate rw, L119 mentions that rw varied between 0 
and 40 L/min. Then, first, if rw = 0, rA/rw is meaningless mathematically; if rw = 40, then 
rA/rw is 1/5/40 = 0.0375, very small, and so this item can be ignored, then DGMcal = 
Cmw/H. So this pump speed variation largely limits the accuracy of this auto-method. 
By the way, it remains hard to grasp or understand why DGM-real can be obtained by 
Cmw(1/H + rA/rw), how equilibrium gets there and why rA and rw got involved. The first 



item in Eq. 1 is about equilibrium and the second one is about the dynamics of the 
sampling flow, and then why DGM involves both equilibrium and dynamics? 

- We thank the reviewer for discussing this issue further. The second term in 
equation 1 is present due to the design of the system where the contact time 
between water and air is crucial to determine if the system is in steady state or 
not. This is important when calculating the efficiency of the system of how much 
mercury can be extracted from the system. The flow rates of air and water do 
affect the calculated DGM, as the reviewer also has noted with the above 
comment. Since equation 1 to calculate DGM only is used for demonstration in 
our study (and not used in the causal study), we advise the reviewer and the 
reader to further explore the derivation of the equation where it is originally 
explained in Andersson et al. 2008a.  

The pump speed involves measurement operational error or artifact, and so it is not a 
real physical effect for DGM like solar and/or Tw. Pump speed is not a direct effect, nor 
an indirect effect; it just has operational errors. One is about aquatic mechanisms and 
processes involving DGM generation kinetics and equilibrium and the other is about 
DGM measurement and measurement errors. Mixing the two in the causal inference is 
confusing. 

- We thank the reviewer for raising the importance of differentiating between real 
physical processes of mercury emissions and measurement-related artefacts. 
We agree that pump speed does not represent a physical process. To address 
this concern, we modified the terminology throughout the entire manuscript to 
consistently refer to pump speed as instrument-intrinsic factor. The causal 
analysis remains focused on disentangling the effect of environmental 
processes, such as solar radiation and sea surface temperature. However, the 
statistical models recognise the disturbing influence a varying pump speed.  

32% effect for solar radiation is due to indirect effect of water temperature. But, as 
mentioned before, the effects of solar and T on DGM are opposite. This result of 32% 
effect size seems to show that T has a positive effect just like solar radiation, higher 
solar higher DGM, but higher T, lower DGM based on equilibrium. 

By the way, in many cases as shown by many field studies, the water T varied quite less 
during a day (as compared to solar radiation), only to a small extend as a result of very 
high specific heat of pure water (due to the Hydrogen bonding of the highly polar water 
molecules).  But, 32% is almost 1/3, which means the effect of T is almost very strong. 

On the other hand, T can not only change Henry’s constant and the Hg air/water 
distribution equilibrium (constant), but also can change the kinetic rate constants (and 
rates) of photochemical and/or thermal reduction of Hg(II) to Hg(0). This is another effect 
of water T. Then this effect is positive, enhancing DGM generation, like solar radiation. 
Thus, T has two opposite effects: positive to enhance the kinetics, and negative to 
increase H, then decrease DGM at equilibrium. 

- It is a very interesting point raised by the reviewer and we thank the reviewer for 
this nice discussion point. We agree that calculated DGM is negatively correlated 



with temperature, via the calculation of Henry’s law coefficient, see equations 1 
and 2. However, in our study, we removed this issue when choosing to instead 
study the measured Hg concentration (CMW). Our findings in this study were that 
our measured CMW showed a positive correlation to measured seawater 
temperature where an increase of 1K would lead to an increase in CMW of 0.156 
pg/l (see Table 4). Our study also showed that the fraction of this temperature 
effect, that was associated with the indirect effect of solar radiation affecting the 
temperature, was 32%, which can be observed when looking at the standardised 
values of model m4 in Table 4: 0.186 (indirect effect of Sol mediated by sea 
surface temperature) versus 0.429 (the total effect of Ts) =  32%. This interestingly 
shows that the temperature effect on CMW can be explained by the indirect 
effect on solar radiation to only 32%. Other effects of temperature on CMW could 
be, as the reviewer mentioned, for example changing kinetic rates of abiotic, 
biotic and thermal reduction processes.  

Last but not the least, it would be helpful to provide a short glossary of the terms as an 
appendix, especially those involving causal inference. 

- We thank the reviewer for this suggestion. We have added a short glossary in 
appendix.  
 
New Appendix I #976-994: 
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