Response to Reviewer #1

The reviewer's comments are highlighted in blue italic fonts, while the authors' responses are
presented in black regular fonts. Modified texts of the manuscript are presented in black italic fonts.

The manuscript presents an interesting study of the water balance of the Baltic Sea. The authors are
continuing their previous work defining the dynamic topography of the Baltic Sea and using the
gathered information to draw some conclusions on the dynamics of the basin. The study seems to be
done rigorously and there are no evident problems with it. The biggest drawback is the logic of the
text, as it is organized in somewhat confusing manner, some more explanation below.

We appreciate your valuable comments and the time you dedicated to reviewing our manuscript. In
the following, we address each of your comments and improve the manuscript in the revised version.

The introduction is somewhat hard to follow. The general explanation of Baltic Sea characteristics,
previous studies and authors’ own previous results are not explained in a very logical order. The
“traditional” logic to an introduction is “general description — what has been done before — what
has been missed — what are our solutions to the problem”.

Thanks for this remark. In the introduction, we discuss “what we have done in our previous work”
(that is a part of our solution), “what has been missed and our solution”, “general description of the
current study and what has been done before”, and “the paper structure”. We reorganize and modify

the introduction text of L40 to L79 to make it more logical, as follows:

“In our previous study, we demonstrated that utilizing a geoid surface (i.e., an equipotential surface
of the earth) as a reference surface for various sea level sources allows us to determine accurate sea
level variation (Jahanmard et al., 2022 and 2023a). The sea level variation with respect to the geoid
surface is referred to as ocean dynamic topography (DT). Referencing sea level to a stable reference
surface provides opportunities for further studies, such as developing data-driven sea level
forecasting (Rajabi-Kiasari et al., 2023) or quantifying the components of the Baltic Sea water
budget, which will be discussed in this study.

Previously, determination of accurate DT for both coastal and offshore areas has been limited due to
access of an accurate high-resolution geoid model. The Baltic Sea countries, however, have
developed the NKG 2016 geoid model, whereas presently the geoid-based Baltic Sea Chart Datum
BSCD2000 vertical datum (Liebsch et al., 2023) is being implemented in the Baltic Sea countries.
Adopting the geoid model is suitable to transfer all the sea level datasets to the same zero level that
is long-term mean sea level marked at Normaal Amsterdams Peil (NAP), allowing thus seamless sea
level data (e.g. Hydrodynamic Model, tide gauge, and satellite altimetry) integration from coast and
offshore.

Ideally, the sea level component in hydrodynamic models (HDM) can be employed for assessing the
water budget. However, HDMs are limited by modelling errors and a vertical reference bias that
constitutes altogether as an overall bias which varies both spatially and temporally. This often
prevents the link with other sea level data sources (in-situ and satellite data). In the Baltic Sea,
different methods such as interpolation and deep learning were employed to examine the bias
(Jahanmard et al., 2021; 2022; 2023a). In this study, we use the corrected HDM from Jahanmard et
al. (2023a) along with the original model. In the corrected HDM, low-frequency errors relative to
observations were reduced, resulting in an improvement in the model's RMSE from an average of 7



cm to 4 cm. Additionally, the vertical reference bias between the model and observations was removed
by 18.1 cm. In the following, we demonstrate that the corrections made to the original HDM preserve
its general dynamics while improving overall performance. This is summarized in Section 2.1,
followed by the validation of the geostrophic currents in the corrected models. The use of DT enables
the calculation of dynamic water volume relative to a physically meaningful reference surface, which
is later used in the calculations of the water budget variations and barotropic flows in the following
sections.

Regional variations in sea level and coastline dynamics within the Baltic Sea provide a valuable
framework for investigating climate variability, extreme events, and processes with global
significance, supported by extensive historical and instrumental records (Harff et al., 2017; Weisse
et al., 2021). Sea level variability in the Baltic Sea can be categorized into processes that alter the
total Baltic water volume and that redistribute water within the Baltic Sea (Samuelsson and
Stigebrandt, 1996). Timescales of about half a month or longer predominantly influence changes in
the total water volume of the Baltic Sea. Conversely, shorter-term processes, constrained by the
limited transport capacity across the Danish Straits, primarily result in the redistribution of water
within the basin (Johansson, 2014; Soomere et al., 2015; Weisse et al., 2021). The long-term
variability of the Baltic Sea water budget is influenced by basin-averaged mean sea level rise—
primarily driven by the influx of mass from the adjacent North Sea as an external signal, with minor
contributions from basin-internal water mass redistribution due to local baroclinicity (Grdwe et al.,
2019)—and by crustal deformation in the Baltic region caused by postglacial uplift (Richter et al.,
2012). The multitude of processes contributing to sea level variations in the Baltic Sea complicates
the interpretation of its dynamics (Weisse et al., 2021). Hence, this study aims to quantify the Baltic
Sea water budget by adopting a common stable reference surface for sea level modeling and
observations, which enables accurate determination of sea level dynamics.

Therefore, utilization of DT allows us to: (i) examine the dynamic water volume distribution and its
seasonal and sub-basin variations, (ii) quantify barotropic inflow and outflow through the Danish
Strait; and (iii) estimate river runoff by using the Baltic Sea water balance computation (Omstedt et
al. 2004; Reckermann et al., 2011).”
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Also in the following chapters the text jumps between what will be done in the current study and what
has been done before, sometimes not really explaining the previous results (e.g. RefBias). There are
hints to coming results, general explanations and even discussion on the results in the methods part.
Chapter 3 should be renamed to results and discussion, as there is not separate discussion chapter
in the manuscript. Some of the figures are a bit too busy, e.g. Figure 2 (see below) as well as time
series plots showing different basins and happenings (e.g. Figures 5, 8, 9).

Thanks for your comments and we understand that it may appear a bit confusing. Our logic for
Section 2 (Methods) was that we thought it would first be useful to summarize important aspects of
the research we have done before and presented an additional validation in Section 2.1, as this was
important to understand the overall methodology employed in the present study. The term of
“RefBias” is now corrected and replaced by reference bias (please refer to the following comments).
This is then followed by the remaining sections (section 2.2, 2.3, and 2.4) that all describe the
methodology employed in the present study. So, in summary what is explained in the method section
(more explicitly in Section 2.1) is a brief continuation of our previous work and its link to the current
study, which is not a part of the current study result. Since the current paper is presented as an
application of the geoid-referenced sea level determination, section 2.1 is essential as background
knowledge to understand the methodology explained in sections 2.2, 2.3, and 2.4.

Thank you for your suggestion. Chapter 3 is renamed to “Results and Discussion”. We will improve
Figure 2 (please refer to the following comments). For time series plots, we group different basins
and happenings together to visually observe their relative variations and events; and also avoid
inserting several figures, which could make the manuscript lengthier. We could not identify any
specific aspects for improvement in Figure 8 and 9 (nevertheless, any further suggestions in this
regard are very welcome). Figure 5a is modified as follows, by removing the boxes and highlighting
them on time axis.
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The methods used in the manuscript as well as the results and conclusions drawn from them seem to
be rigorous and show no problems. With reorganizing the text and clarifying some details the
manuscript should be publishable, although with my expertise I am not comfortable to assess the
importance of the results from oceanographical aspect.

Thanks for your constructive comments and feedback. We address them as explained above and in
the following detailed comments.



Some detailed comments:

Line 30-32, p. 1-2 “(iii) limited vertical mixing, as convection, mechanical mixing, entrainment, and
advection are known to occur for tidal amplitudes are more or less small.” what does this latter part
mean? What “are known”?

Thanks for your remark. We correct the text as follows for clarity:

"(iii) limited vertical mixing, as processes such as convection, mechanical mixing, entrainment, and
advection are known to be limited when tidal amplitudes are relatively small.”

Line 62, p. 3 “They” at the beginning of the line. Does this refer to HDMs? Or sea level component,
or what?

It refers to HDMs. We replace the word “They” with “HDMs .

Line 120, p. 5 “a constant geopotential Was its implicit vertical” ? Typo?
Thanks for your remark. Yes, there should be a space after “W”:

“a constant geopotential W as its implicit vertical”

Line 122, reference to RefBias is a bit confusing. The RefBias is not used later in the text, why do you
want to introduce this term at all?

Thanks for this remark. This term had been used in initial versions of the paper, but it was removed
in iterations. We modify L122 as follows:

“which was quantified by reference bias”

Line 153-154, p. 6, Eq. (1) the u and v are not explained. They are the geostrophic current’s two
components, right?

True. These two terms represent the geostrophic components in x and y directions. Text is updated
as follows:

“Surface geostrophic current (ug and vy in the x and y directions, respectively), which represents
the balance between pressure gradients and the Coriolis force, can be deduced from the following
determination:”

Line 160, p. 6. The chapter starting with “in this study” is a bit out-of-place, and the whole thing is
a bit of a mess, own results, others’work, what?

Thanks for your remark. This chapter (L160 to L182) discusses Figure 2 and compares the calculated surface

geostrophic circulation from the corrected HDM with other studies. The text is modified and condensed as
follows for clarity:

“Figure 2 shows seasonal surface geostrophic currents computed from the corrected HDM. For this
calculation, we use 7-point stencils (Arbic et al., 2012). A similar computation with the original HDM shows



the same geostrophic pattern. This pattern agrees well with the Baltic circulation computed from other studies
(Déos et al., 2004, Soomere and Quak, 2013; Placke et al., 2018, Hinrichsen et al., 2018; Barzandeh et al.,
2024). As observed in Figure 2, a cyclonic circulation exists in the Baltic Proper (Jedrasik and Kowalewski,
2019; Liblik et al., 2022), intensifying during the autumn and winter months. Furthermore, there is a cyclonic
circulation in the Bothnian Sea that also strengthens in the autumn and winter months. In the Gulf of Finland,
a persistent westward current is along the Finish coast and a narrow eastward current along the Estonian
coast (Alenius et al., 1998, Soomere et al., 2011).

Therefore, this figure shows that the HDM correction not only improves the accuracy of the simulated sea
surface, in comparison with satellite altimetry and tide gauge data (presented in Jahanmard et al., 2023a),
but also preserved the underlying surface geostrophic circulation patterns over the Baltic Sea.”

Figure 2 is very hard to decipher with inset without borders, with “seasonal” = winter, spring,
summer, autumn?, too many things, blue and red colours?

Thanks for your comment. We agree that this figure is too decorated with various things. Therefore,
we remove the figure and replace it with only seasonal geostrophic currents computed from the
corrected HDM. The same computations with the original HDM show the same seasonal pattern,
which is what we wanted to express here. To avoid repeating figures, we only present the figure of
the corrected HDM. Accordingly, the text is also modified as presented in the previous comment.
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Figure 2: Seasonal surface geostrophic currents for the period of 2017.0 to 2021.5.



Line 215, p. 9, should probably be in the discussion?

This sentence is related to Figure 3 and provides a sense of the values represented in this figure. Since
this figure was used to express the problem of this study, we prefer to keep it in the Method section.

Lines 257-260, p. 11, The first two sentences seem to explain the same thing, but not the same thing.
It is a bit confusing, please check.

Thanks for pointing this out. The sentences are modified as follows:

“The saline water exchange between the Baltic Sea and the North Sea typically occurs somewhere
between the Kattegat and the Danish Straits, which varies depending on the prevailing baroclinic
and barotropic forcing conditions.”

Line 427, p. 18, CTD?

Thanks, it is corrected by adding “CTD (conductivity, temperature, and depth)” to that line.

Line 542, p. 23 “...were identified ... that identified...” Not very good language.
Thanks. This sentence is modified as follows:

“In our study, we identified sensitive areas, including the Gulf of Finland, the Gulf of Riga, and the
southern Baltic Sea. These findings align with those reported in other studies (..”

Line 546, p. 23 “replenishment” should this be a verb: replenishes?

Thanks for your observations. It is corrected to “replenishes”



