Response to Reviewer 2 Comments (RC2):

Overview and general comments:

The manuscript “New approach for the determination of N, fixation rates by coupling a
membrane equilibrator to a mass spectrometer on voluntary observing ships” describes (i) the
design and performance of a GE-MIMS instrument for dissolved gas analysis in surface
waters, and (ii) the scientific interpretation of the gas data in terms of the N, biogeochemistry.
The novelty of the work is not well presented. Much of the manuscript is concerned with
replicating in-depth descriptions of previously published work, sometimes without providing
credit to these publications. In particular, much of the recent work that developed the GE-
MIMS technique is not cited and discussed in the manuscript (for example Patent EP 4 109
092 Al [1] and other references listed in the detailed comments and at the end of this
document). Previously published work should be discussed adequately, and new work done
by the authors must be presented to build or expand on these previous work. This will help the
authors present the true novelty and relevance of their work (i.e., how they implemented
routine analysis of dissolved N,, O, and Ar in the Baltic Sea with the aim to reduce the
uncertainties of previous methods to study the biogeochemical N, turnover). It should also be
mentioned that their experimental work will not only be relevant for the Baltic Sea or for use
on “voluntary” ships, and I’d suggest discussing their developments for applications in other
oceanic systems, lakes, groundwaters, etc. | recommend to shorten the manuscript (a lot). |
don’t see the value of the in-depth (and excessive?) mathematical-theoretical treatise of the
assumed gas exchange dynamics in the membrane equilibrator. It seems this treatise is based
on inapplicable assumptions, and the modeled equilibration times are inconsistent with the
experimental observations. The experimental tests provide all the necessary data without any
dependence on the modeling exercise. Also, as the focus of the manuscript lies on the
analytical techniques for dissolved gas analysis, the discussion of the theoretical concepts to
disentangle the N, fixation from other processes in the Baltic Sea surface water (Chapter 4)
seems out of place. This chapter could be removed and presented elsewhere. Overall, I can’t
recommend publication of the manuscript in its current form. The detailed comments below
will hopefully prove useful for the authors to revise and improve the manuscript.

Reply: We sincerely appreciate the thoughtful feedback of the reviewer on our
manuscript. The comments have provided valuable insights, and we are committed to
addressing them thoroughly to improve our manuscript. As suggested, we will expand
the existing discussion of earlier GE-MIMS work where appropriate and add further
references of scientific publications. We will emphasize the novelty of our work and
make it clear that our main goal (besides the pure analytical description) is to present an
approach with which N, fixation can be monitored in higher temporal and spatial
resolution (e.g. during long term observations on voluntary observing ships (VOS) in the
Baltic Sea). This will include a clearer description of how our approach aims to reduce
uncertainties in the determination of N; fixation rates.

Regarding the length of the manuscript, we agree that the mathematical modeling may
be excessive and will re-organize the corresponding parts of the manuscript by moving
some of the mathematical derivations into the Appendix or to the Supplement.

We will also reassess Chapter 4 to reduce its length and to highlight the novelty of our
work.



Details and specific comments:

Title

| feel the title could be improved to better describe the scope of the manuscript:

» The method is targeted at the analysis of dissolved N,, O, and Ar in (surface) waters, but
this aspect is missing in the title

* Coupling a membrane equilibrator to a mass spectrometer allows dissolved gas analysis, but
no direct quantification of N, fixation rates.

* The techniques described in the manuscript are by no means limited to use on (voluntary)
ships

Reply: The reviewer is right that the title was too unclear. The new title has been
adapted and now reads “Technical note: Testing a new approach for the determination
of N fixation rates by coupling a membrane equilibrator to a mass spectrometer for
long term observations”. From this title it is now clear that the focus is on the
determination of N, fixation rates. It is true that we can also determine O, and Ar
concentrations with this method. However, the focus of the new approach explained in
this paper is the determination of N, deficits in surface water and the N, fixation rates
that can be derived from them. That is actually the novelty about the present
manuscript. We hope that the rework has succeeded in highlighting this better.

1. Introduction

The authors claim (on line 74ff) that their manuscript “introduces the GE-MIMS technique as
an extension to MIMS”. This is a rather puzzling statement given the extensive previous work
that relies on the gas/water equilibrium in a membrane equilibrator. Some of this work is
referenced in the manuscript (Cassar et al. 2009, Méchler et al. 2012, Manning et al. 2016).
The methods presented in the Cassar and Manning papers allow analysis of the ratios of the
partial pressures (or concentrations) of different gas species dissolved in the water. The
Machler 2012 work (who introduced the GE-MIMS term) was a first attempt at a semi-
quantitative analysis of the absolute partial pressures (or concentrations), which relied on an
empirical correction of the analytical data. The GE-MIMS technique was further developed as
described in references [4, 5] and Patent EP 4 109 092 Al. This and other potentially relevant
works [3,7,9] that established the GE-MIMS technique have been ignored in the manuscript.

Reply: We believe that there has been a misunderstanding, which may have been caused
by the imprecise title. Our intention is not to claim that we were the first to use the GE-
MIMS technique for determining gas concentrations in water. We acknowledged this by
citing relevant studies in the introduction. To avoid further confusion, we will revise the
introduction and incorporate the suggested scientific references to clearly acknowledge
prior developments in the field.

Line 67

The dynamic steady state in a conventional MIMS is controlled by many more factors than
just the dissolved gas concentrations and the MS pumping rate. The water flow rate, the
geometry of the membrane system, water salinity, temperature, aging of the membrane
material and its gas permeation properties, etc. play a crucial role.



Reply: The text will be modified: A steady state in the membrane gas room is generated
by the balance between the MS pumping rate (outflow) and the diffusion of the dissolved
gas across the membrane (inflow).

Line 77

Pressure can approach zero (in a vacuum system), but I don’t understand how pressure can be
negative (“beyond vacuum”).

Reply: The reviewer is right that the sentence is misleading. It now reads: “The latter is
maintained by the removal of only minor amounts of gas from the gas space of the

membrane.”

2.1 Membrane equilibrator

Figure 1

The gas inlet from the calibration gas tank does not seem to have a pressure controller.
However, the gas pressure at the gas inlet to the MS capillary must be known accurately and
precisely to allow reliable calibration of the MS data. How did they achieve this without
knowing the pressure of the calibration gas?

Reply: The reviewer has misunderstood the calibration of the MS which is not (!) based
on the relationship between the partial pressure of a gas and the respective MS ion
current. Therefore, we will describe our calibration procedure in more detail in the
revised manuscript:

To eliminate smaller temperature or pressure fluctuations within the MS, we use an
internal standard (Ar) to determine calibration factors. These are obtained from the
ratio Ix/lar (ratio of the currents for gas X and Ar) divided by the ratio nx/nar (ratio
between the molar amounts of X and Ar in the calibration gas). Calibration factors are
hence given by: Fcax = (Ix/lar)/(nx/nNar) Where nx/nar are the ratios of the corresponding
mole fraction in the calibration gas. From this calibration procedure it follows that
elemental ratios X/Ar (N2/Ar, O/Ar and N2/O;) are the primary outcome of our MS
measurements.

The elemental ratios yield mole fractions for N, O, and Ar in the headspace of the
membrane equilibrator with respect to the sum of N, O, and Ar (“incomplete” or
“partial” mole fractions) (calculations are presented in Appendix A). To obtain the
partial pressures for N, O, and Ar, the “incomplete” mole fractions must be multiplied
with the sum of the pressures of the three gases which is given by the total pressure in
the head space minus the sum of pressures of other gases. The latter is mainly given by
the water vapor and is calculated from water vapor saturation in the gas room of the
membrane equilibrator at the temperature and salinity of the water. The effect of other
trace gases is ignored due to the minor contributions to the total pressure, e.g. the mean
surface water pCO; is about 400 patm and thus adds only 0.04 % to the total pressure.
The total pressure in the headspace is recorded by a high precision pressure
gauge (Fig. 1).

Nevertheless, we acknowledge that the ionization process within the MS is inherently
pressure-dependent, leading to variations in the ionization ratios of gases under
different pressure conditions. To mitigate this, the electron and ion densities in the ion
formation region were effectively reduced by adjusting the emission current in the ion
source. This adjustment minimizes space charge effects and improves linearity in ion



yield and fragmentation across different pressure levels. In fact we will mention in the
manuscript that we observed at pressures 200 mbar above the calibration point
(atmospheric pressure) the molar fraction of N, changes relatively by 0.4 %. However, a
total equilibrium pressure (total gas tension) of surface seawater of more than 200 mbar
above atmospheric pressure, e.g. by biological or temperature effects, can be excluded.

Appendix A, line 117/118

Using a pressure sensor to determine the total gas pressure and to quantify the partial
pressures of the different gas species in the membrane equilibrator has been previously
described in patent EP 4 109 092 A1, which should be referenced here.

Reply: As mentioned earlier, we use a different calibration method and a different
method to calculate the partial pressures of the analyzed gases compared to the
approach described in Patent EP 4 109 092 Al. In our setup, a pressure sensor is used to
calculate partial pressures from the (“incomplete”) mole fractions of gases in the
mixture. This approach is standard practice in equilibrator-based systems (e.g., Schmale
et al., 2019; Schneider et al., 2014; Gulzow et al., 2011) and is grounded in well-
established physical-chemical principles, which are widely understood and do not
require specific referencing.

Line 107
Which filter? Filter for what, where?

Reply: The term “filter cartridge” was a mistake in wording and will be corrected to
“membrane equilibrator”.

Line 112

How “negligible” is the gas removal? This is a crucial control for the accuracy of the
analytical results and calls for a quantitative argument.

Reply: The explanation in Appendix B will be modified by using a realistic estimate of
the transfer constant, k,, that was derived from the measured equilibration time. On this
basis a pressure reduction by 0.8 % was obtained by the continuous removal of gas from
the gas room of the equilibrator. This is a minor effect and applies to the calibration and
measurements as well.

Line 114 and 115

Why would a clogged capillary pose a risk for the MS? I’d rather argue that the clogging
protects the MS from accidents with too much water.

Reply: The reviewer is right, the text is misleading and now reads:

“In addition to the Liqui-Cell membrane, we tested a membrane equilibrator from
PermSelect (PermSelect 1m?), in which the gas exchange between the water and gas
phase is mediated by dense hollow silicon fibres (polydimethylsiloxane, PDMS). Since
the gas exchange does not take place across pores, clogging of pores by particles that
may hamper the gas flux, is avoided by these membranes. However, our tests with the



PermSelect membrane showed that the membrane is unsuitable for our application
because, for some reason, water accumulates on the gas side, which could be sucked in
through the gas inlet of the MS and thus block the inlet.

Line 116 and 117

Is this a confusion between accuracy and precision?

Reply: The term “accurate” will be removed.

Line 121

Pressure can approach zero (in a vacuum system), but I don’t understand how pressure can be
negative (“beyond vacuum”).

Reply: The reviewer is right that the sentence is misleading. It now reads: “This is to
prevent gravity from creating a suction effect that reduces the total pressure on the gas
side of the membrane and disturbs the gas phase equilibrium.”

Line 121 and 122

Why would the depressurization in the outflow tubing have an effect on the gas/water
equilibrium in the membrane module? Please explain.

Reply: See previous Reply. We need an accurate determination of the gas pressure
within the membrane module to calculate concentrations. A suction effect at the water
outlet can interfere with this pressure measurement, as we have observed in our tests.

2.2 Mass spectrometry

Line 128

How important is gas leakage across the walls of the fused silica capillary (transfer of gases
from ambient air into the low-pressure internal gas flow of the capillary)?

Reply: Fused silica capillaries are designed to have very low permeability to larger gas
molecules/atoms like N2, O, Ar, and any potential leakage would be minimal compared
to the gas flow within the capillary itself. We have not observed significant deviations in
our measurements that would indicate a gas leakage and contamination by ambient air
into the system.

Line 128
Internal or external diameter?

Reply: We will add “internal” to ensure clarity and accuracy in the description.



Line 139/140
The Faraday cup and SEM are likely used not only for detection, but rather for quantification.

Reply: We will change the sentence to “...ultimately detected and quantified using a
Faraday Cup.”

Line 140-142

One might expect a better signal/noise ratio from the SEM, in contrast to the observation
reported here. Why is this? Please elaborate.

Reply: The reasons can be manifold, with one possible factor being a greater sensitivity
to temperature (Hoffmann et al., 2005; Khan et al., 2018). However, determining the
reasons and their specific influence is not the focus of our manuscript. Rather, we refer
here to the measurements carried out in the laboratory and their results.

Line 143/144

Quantification of the partial pressures must be based on the peak heights in the mass
spectrum. To determine the peak heights, the baseline values therefore need to be subtracted
from the peak-top values measured at the indicated m/z positions. Were the baseline values
measured? At which m/z values?

Reply: Baseline correction was performed using values at m/z = 3. In our laboratory
tests, we measured the baseline weekly over a longer period of time and could not detect
any significant differences in the signal. However, the stability of the baseline may also
depend on the location of the device (e.g. on the VOS) - in this case, we recommend
conducting additional tests to take the conditions into account.

Line 143ff

Quantification of the partial pressures cannot be done accurately from the peak heights
because their dependence on the total gas pressure at the capillary inlet follows a complicated,
non-linear function [6]. With the exception of the special case where the total gas pressures of
the sample gas and the calibration gas are identical, the peak-height comparison as described
here will therefore not yield accurate results.

Reply: See explanation of our calibration procedure in our reply to the reviewer’s
comment on Figure 1.

Line 145

Why use the same measurement time for all species? Compared to N, and O,, the much lower
abundance of Ar results in a much smaller Ar peak intensity. It therefore seems advisable to
use considerably longer measurement times for Ar to optimize the signal/noise ratio.

Reply: The reviewer raises a valid point, and this is certainly something that could be
considered in future measurements. However, based on our current setup and as
described in the manuscript, we were able to achieve sufficient accuracy and precision
for all gases, including Ar, using the same measurement time.



Line 146

Why not use ambient air as a reference gas for routine calibration? The intermediate step of
using a dedicated gas mixture that is cross-calibrated to air seems like an unnecessary step
that complicates the analytical setup and potentially introduces additional uncertainty to the
data calibration.

Reply: The reviewer makes a good point. However, on VOS, the composition of ambient
air can vary significantly due to factors such as proximity to the engine room and other
sources of contamination especially with regard to the O, content. To avoid potential
influences, we chose a cross-calibrated gas mixture for our setup. Nonetheless, we
appreciate the suggestion and will clarify in the manuscript that for other deployments
with access to stable atmospheric air, the latter can certainly be used for calibration, as
demonstrated in studies like Cassar et al. (2009), Méchler et al. (2012), and Manning et
al. (2016).

Line 150-154

Why 60 repetitions for averaging? Why a 6 h long test period? The usual approach is to
optimize the signal/noise ratio while minimizing the effect of drift. This is commonly done
using an Allan plot. Is this what the authors did? Please explain.

Reply: The decision to use a 6-hour test period was based on the need to observe
potential effects such as temperature variations over a sufficiently long time span.
Within this period, no significant drift was observed over one hour, as shown in Figure
2. An Allan plot would indeed better illustrate the stability and drift behavior. We
appreciate this suggestion and will include this statistical approach in the revised
manuscript.

Appendix A, line 445

| am not convinced that the CO interference on m/z = 28 is negligible for the N,
quantification, especially since CO; levels in the water may be elevated. Please quantify the
potential effect of the CO interference for N, quantification.

Reply: Based on the manuscript of Burlacot et al. (2020), approximately 9.81% of the
primary CO; signal at m/z = 44 is fragmented into the CO ion at m/z = 28. Assuming
atmospheric CO, concentration, this would correspond to around 40 ppm of CO, which
could potentially interfere with N, quantification, given that N, constitutes 78% of air.
However, this level of interference can be considered negligible, as also confirmed by our
observations. Additionally, CO, concentrations in the surface waters of the Baltic Sea
are significantly undersaturated during periods of N, fixation (due to biological
production, see Schneider et al. 2007), which would further reduce any potential
interference. The references mentioned by the reviewer (Machler et al., 2012;
Brennwald et al., 2016) also did not report significant interference of N, at m/z = 28 due
to CO; at their study conditions. Nevertheless, we acknowledge that this could be a
concern in other study areas with very high CO, concentrations.



3.1 Accuracy and Precision

Line 168/169

Estimating the water vapor pressure by assuming saturation in the GE-MIMS equilibrator has
been described in patent EP 4 109 092 A1, which should be referenced here.

Reply: This is an obvious assumption and has also been used in many studies concerning
the determination of partial pressures of gases by the use of equilibrators (e.g.
Schneider et al., 2007; Gulzow et al., 2011; Schmale et al., 2019). It does not need to be
referenced.

Line 173-180

Using Henry’s Law to convert the partial pressures to dissolved gas concentrations has been
described in previous GE-MIMS work, which should be referenced here (see previous
comments).

Reply: This is common practice in all approaches to derive gas concentrations from a
gas phase at equilibrium with a dissolved gas. It is based on basic physical-chemical
knowledge and does not need to be referenced.

Lines 182-188

Air-equilibrated water (AEW) is a good reference to assess the analytical performance, but
fabrication of AEW is notoriously difficult. I would recommend comparison and validation of
their GE-MIMS system with other (validated and established) methods for dissolved-gas
quantification.

Reply: Through our experimental setup, we ensured the production of air-equilibrated
water, as indicated by the stability of the measurement values shown in Figure 2. We
have evaluated the system as described, and based on our observations, we consider
additional evaluations unnecessary at this stage.

Lines 192/193

The RSD is normalized relative to the concentration value. A lower concentration value
should therefore not result in a lower RSD.

Reply: We agree with the reviewer. This can also be clearly seen in Table 2.
Line 200, Tab. 2

Is the precision reported as the absolute standard deviation (aSD, as indicated in the Table
caption) or as the 2-fold of the aSD (as indicated in the text)?

Reply: We will revise the table caption to explicitly state that the reported precision is
based on the 2-fold absolute standard deviation.



Lines 205-208

I don’t understand. What are these numbers? Where do they come from?

Reply: We understand that this section is unclear, and we will clarify in the revised
manuscript by indicating in parentheses that these numbers are derived from the

measured accuracy for the referenced biogeochemical concentration changes.

3.2.1 Theory of equilibration Kkinetics

I am not convinced that this section adds much value to the manuscript. On the one hand, it
assumes that the water is stagnant inside the membrane module (it is not), and it assumes that
the membrane provides the bottleneck for the gas transfer between the water and the gas
phase. However, the resistance of the membrane material to the gas transfer is marginal (the
authors can convince themselves about this by blowing into the water inlet of a dry module
while blocking the water outlet, and observe how the air easily escapes through the membrane
material into the gas headspace). In contrast, the main bottleneck for the transfer of gas
species between the water and the gas headspace is expected to result from the gas exchange
mechanisms at the gas/water interface (see for example [8]). The main outcome of section
3.2.1 is that the partial-pressure equilibration follows an exponential function, which comes to
no surprise given the assumption of a first-order exchange kinetic, and which does not warrant
any mathematical derivation. A second result is equation (27), which provides a formula to
calculate the equilibration time. However, this equation relies on incorrect model assumptions
(stagnant water, membrane as bottleneck for gas/water transfer) and therefore does not
provide much insight.

Reply: We agree with the reviewers comment, that the crucial step for the exchange of
gases across the membrane is not the diffusion of the gas along the pores of the
membrane. It is rather the transfer of the gas across the water/gas interface that
controls the flux. The latter depends on many variables and information for the
LiquiCel membranes are not available. We have therefore moved the derivation of the
equlibration time for stagnant water (no water flow) in the equilibrator, including the
use of the gas-gas permeability derived from the Gurley seconds, to the Appendix. The
value of this Appendix section lies in its attempt to provide a clear and accessible
explanation for the reader - who may not necessarily be an expert in the field - about
how equilibrium is established within a membrane equilibrator and the factors that
influence this process. We aim to illustrate the underlying principles of gas transfer and
equilibration dynamics, which can enhance the reader's understanding of the system.

In view of the geometric dimension of the water and gas layers within the equilibrator
(thicknesses of 140 um and 70 um, respectively), it seems likely that equilibration
between the two phases is established during the residence of the water in the
equilibrator. At a water flow rates of 1 L/min - 2 L/min the residence time ranges
between 7 s and 14 s. For this case that equilibrium is generated during each water
renewal, we have derived a mathematical formulation for the dependency of the
equilibration time on the water flow rate. This derivation, given in the main text is
considered as a first approximation for the theoretical determination of the
equilibration time.



Line 233

What is the “solubility constant $”? Could this be rewritten to use the Bunsen coefficient £
introduced before?

Reply: We will consistently use the solubility constant s given as [mol - L™ - atm™].
Equation (12)

The equilibration time z must be a function of the transfer rate k,, which, however, is not
shown in equation (12). Please explain.

Reply: The transfer rate k, is indeed included in Equation (12).
Equations (13) and (14)

This use of the dpg, notation is rather awkward. By convention, the ¢ symbol is used as pairs
in fractions to denote partial derivatives. They are not meaningful as isolated elements as used
here. The 0 symbols should be replaced by proper differentials (dpgw). This may apply to
most other equations, too.

Reply: We agree with the reviewer and will make the necessary adjustments in the
revised manuscript.

Line 281

The internal diameter of the X50 membrane fibers used in the 3M/Membrana membrane
module is 240 um [2]. Therefore, the water volume will be smaller than the gas volume by
orders of magnitude, not just by a factor of 2.

Reply: For our model, we refer to the manufacturer's data sheet (data sheet: 3M
Liquicel MM-1.7x8.75 Series Membrane Contactor, 2021), which specifies a water
volume (lumen side) of 70 mL and a gas volume (shell side) of 140 mL. This indicates
that the water volume is indeed smaller than the gas volume by a factor of 2. We will
reference the datasheet in the revised manuscript.

Lines 285-286

This seems like a trivial finding since the removal of gas from a finite, stagnant volume of
water will result in a lower dissolved-gas concentration, and hence in a lower partial pressure
at equilibrium. In reality, there’s a continuous flow of water through the membrane module,
which means there’s a (virtually) infinite amount of water available for equilibration with the
gas headspace. Again, this shows that the model concept and equations are based on
inappropriate assumptions.

Reply: We acknowledge the reviewer’s concerns regarding the model assumptions (see
reply above). The purpose of using a model that examines gas exchange with stagnant
water was to provide a simplified representation for understanding the fundamental
principles of gas dynamics. This approach was intended to help readers, especially those
less familiar with the topic, grasp the essential mechanisms at play. We have moved this
model to the appendix to clarify its role and significance in our overall analysis.



3.2.2 Measurement of ¢

This section provides robust information on the time needed to attain gas/water equilibrium in
the membrane module, and provides a useful basis to estimate the spatial resolution of the
dissolved-gas data recorded on a moving ship. The measured equilibration times t are
approximately 50 % higher than those calculated from the model 5 in Sec. 3.2.1, which
supports my impression that the model is inaccurate and seems inappropriate to optimize the
operation of the GE-MIMS method for the dissolved gas monitoring described in the
manuscript. To this end, the experimentally determined ¢ values are more suitable, and the
model could be removed from the manuscript entirely.

Reply: While we acknowledge that the experimentally determined z values are more
suitable for precise monitoring, we think that it is an established scientific practice to
compare experimental results with the outcome of theoretical consideration even if the
latter are based on simplified assumptions. Compared with the measurements, our
model results yielded the same order of magnitude for v of the three gases. Still,
significant discrepancies exist between the measured and modeled 7 values which can be
attributed to the simplified assumptions inherent in the model. A critical point in the
model is for example the assumption that no continuous water flow exists, but that
discrete water parcels are transported through the water side of the equilibrator.

Lines 324-333

This experimental setup certainly works, but I don’t understand why the dissolved gas
concentrations in the water were maintained at a fixed value and the disequilibrium was
imposed by changing the partial pressures in the headspace. This approach is backwards to
how the GE-MIMS concept works: variations in the aqueous concentrations result in a change
of the partial pressures in the headspace. It would seem natural to design the test such that the
aqueous concentrations are variable and the response of the partial pressures is monitored to
determine the GE-MIMS equilibration time (see for example [3]). Why did the authors choose
the “backwards” approach?

Reply: We do not understand why our method is a “backward approach”. It is exactly
the same procedure that is also used in the GE-MIMS method. At a given partial
pressure on the gas side, a partial pressure difference is generated by a water flow with
a different partial pressure. The equilibration process is then recorded by the change of
the partial pressure in the gas phase. A similar “backward” concept was described in [3]
where the gas side was filled with pure helium and the equilibration was followed by the
diffusion of a gas dissolve in a flow of water into the He gas phase characterized by the
flow of water and the gases dissolved in it.

Lines 340

I don’t see the need for 29 equations simply to state that the partial pressures evolve
exponentially towards their equilibrium value. This seems like a trivial result of the assumed
first-order gas-exchange kinetic.

Reply: As mentioned above, we have moved the first part of the equations to the
appendix. In addition, we believe that the 29 equations describe more than just the
exponential evolution of partial pressures within the membrane equilibrator. Our aim in
submitting the paper to Biogeosciences was to reach readers who may be less familiar



with the theoretical background. By providing more comprehensive derivations and
explanations, we hope to give the reader a better insight into the subject.

Fig. 4

The right panel seems unnecessary, as it shows the same data as the one on the left. I'd
suggest to show only the left panel and add the fitted exponential curve.

Reply: The two panels do not show the same data, although they are based on the same
data set. The right panel presents only a selected segment from the left panel, focusing
on a specific part of the experiment rather than the entire duration. The reviewer’s
suggestion may reduce clarity, so for better visualization and understanding, we prefer
to keep both figures as they currently are.

Lines 349-351

The ratios of the measured and modeled t values are 4.8/4.3 = 1.1 (N2), 3.2/2.2 = 1.5 (O2),
and 3.0/2.0 = 1.5 (Ar). In other words, the true (measured) values are up to 50 % higher than
those estimated from the model. I don’t see how this large discrepancy can be explained by
non-ideality of the gas or “impurities” of the membrane. As mentioned before, there are more
fundamental flaws in model assumptions.

Reply: We refer to the comments above regarding the simplified model, which will be
described more detailed in the revised version.

Lines 357-360

The membrane module used in this work is rather large and therefore exhibits long
equilibration times of 12-20 min. Why did the authors not use much smaller membrane
modules that would allow equilibration within about 3 min [4], which would in turn also
provide approximately 5x better spatial resolution in their dissolved-gas monitoring?

Reply: The larger gas volume was intentionally chosen to ensure that the equilibrium is
not disturbed, as explained in our response to the reviewer’s comment on line 112. We
also clarify this in our manuscript in lines 111-112. Furthermore, the equilibration time
is not as critical for the intended field studies, since a reasonable data evaluation
requires regional averaging.

4 Evaluation of concentration data

| feel this chapter is not well integrated in the scope of the otherwise well-structured
manuscript. Similar to Sec. 3.2.1 it also provides excessive (and seemingly unnecessary)
mathematical derivations that seem unnecessary for the purpose of this manuscript. Also,
while I am not an expert on N, geochemistry in surface waters, | would be surprised if these
concepts and equations have not been presented and discussed in the existing literature.

Reply: We agree that the equations in section 4.1 have already been discussed and
presented in other works, which we have referenced. We will remove this part and focus
solely on the new approach we developed for determining N, fixation rates in section 4.2.
The main goal of this manuscript is to introduce a new method for determining N,
fixation rates using GE-MIMS, based on concentration series obtained through long-



term observations, preferably on a VOS as a measurement platform. This naturally
involves not only the presentation of the measurement system but also how to process
the acquired data to ultimately obtain the N, fixation rates. Therefore, we believe that
this topic must be included into our manuscript.

Lines 366-369

I don’t agree. The physico-chemical properties of N2 are different to those of O2 and Ar, as
demonstrated, for example, by the measurements in Sec. 3.2.2. These differences do result in
fractionation of N2/Ar relative to O2/Ar.

Reply: As we have mentioned above section 4.1 will be deleted in the revised manuscript.
Section 4.2

The Schmidt-Number method provides a rough estimate of the gas exchange of the mixed
layer with the atmosphere. However, if the Schmidt-Number model is really necessary here, |
feel this discussion needs to be expanded with a quantitative assessment of the inherent
uncertainties.

Reply: We do not understand, what the reviewer means by Schmidt Number method or
model. The Schmidt number, Sc, does not refer to any “estimate of the gas exchange”. It
is simply the dimensionless ratio between the kinematic viscosity and the diffusivity of
the considered gas. It is related to the gas exchange transfer velocity k by: k ~ Sc¢™ and
used to convert k which in chemical oceanography is usually referring to a standard
Schmidt number of Sc = 660 (CO, at 25 °C in seawater at salinity of 35), Kgg, to any
other gas and temperature (e.g., Weber et al. (2018) and many others). For the exponent
X, a value of 1/2 is generally used at wind speeds above 3 m/s, but may increase at lower
wind speeds (2/3).

In our case we use the change in the Ar concentration that must be driven by gas
exchange to derive the N; gas exchange (implicitly we are determining k). This implies
the use of the ratio Sc(N)/Sc(Ar) which at a given temperature and salinity (viscosity) is
given by the ratio of the corresponding diffusivities.

Lines 418-420

As | understand it, the Schmidt-Number model breaks down at low wind speed, as gas
exchange rates do not tend to zero without wind. This statement therefore warrants a more
quantitative argument based on observed data.

Reply: We refer to the reply above.

Lines 424-425

This has been demonstrated with a GE-MIMS instrument in previous work [9].

Reply: But Weber et al. used an entirely different approach to quantify the gas
exchange.



5. Conclusion

This chapter will need to be reworked to reflect to focus and new findings of a reworked
manuscript.]

Reply: We will rework the conclusions accordingly, including suggestions from the other
reviewers.
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