Dear Editors,

Thank you for your excellent work on our manuscript. We’d like to thank the reviewers
for their comments and positive appraisal. Based on their comments, we have changed the
manuscript. Please find below a point-to-point response marked in blue, with changes in the
text cited in green. The page numbers and line numbers in this document refer to the revised

version of the manuscript without using the revision mode in the Microsoft Word.

Response to comments by Reviewer #1

(1) -OVERVIEW: -This is my second review of this paper, which analyzes the seasonal
variation of tidal constituents in the Bohai Sea, using data from a mooring as well as tide gauge
data from Dalian. Additionally, the study includes some modelling work to help explain the
observed seasonality. I believe that this work is important and interesting, as the non-
astronomical seasonality of tides is an important topic. This effect has been examined in many
locations, but to my knowledge, no other studies have looked specifically at the Bohai Sea, so
this work is a welcome addition to the body of knowledge. This is especially true for this region
of China, where there is not much publicly available tide gauge data to utilize. Furthermore, I
think that the authors have done a good job of explaining the past efforts of previous studies,
discussed well the possible mechanisms behind the observed seasonality, and have also
performed some well-designed modelling experiments to back up their observations. Finally,
this version is much improved from the first submission, and the majority of my initial concerns
have been adequately covered, so I am very pleased with the current form of the paper, and
believe it should be an important submission to help guide future investigations of tidal
seasonality. My recommendation for this paper is for acceptance, though I do have a small
number of (mostly technical) comments and thoughts that I would like to see addressed first.
Reply:

Thanks a lot for the positive assessment of the manuscript. Your constructive comments in
the first review gave us many suggestions to further improve the old manuscript, thank you

again.



(2) -In the abstract, you talk about the location of your mooring observations, which you give
as “E2”. However, at this stage of the paper, the reader does not know what “E2” means, since
you have not yet told us that this is the name given to your mooring location; this is described
later. Therefore, in the abstract, you should instead just mention the approximate geographical
location of the mooring observations, which should be something like “the western Bohai Sea”,
or something similar. “E2” is just a shorthand indicator to tell us about a real location, so be
clear about this in the abstract, and after you describe the exact location of “E2”, then you can
rely on using the shorthand.

Reply:

Thank you for your constructive comment. According to your suggestion, we have added
the description of the mooring station when the “E2” firstly appeared, as shown in following
‘Changes’.

Changes:

P1L11-P1L14: In this study, seasonal variations of four principal tidal constituents, Ma, S,
K1, and Oy, in the Bohai Sea, China, were studied by applying the enhanced harmonic analysis
method to two time series: one-year sea level observations at a mooring station (named E2)

located in the western Bohai Sea and 17-year sea level observations at Dalian.

(3) -I think that is good that you compare both the mooring data, which is a short record of
about a year from 2013-2014, and the tide gauge data from Dalian/Laohutan from 1980-1997.
As 1 have also tried working with the tide gauge data from Mainland China, and understand
that there is not much recent publicly available data, the “historical” tide gauge records that all
end in the 1997 are the only resources available to employ. However, I think that you should
include some caveats in your discussion about the fact that these two sets of data come from
different time eras, and that there might be a limit to have comparable the two data sets might
be. In particular, there has been some previous suggestions that some major shifts in climate
and sea level behavior occurred around 1998, roughly coinciding with the 1997-1998 El Nino

event, and this “shift” may have changed many of the physical oceanic properties of the Western



Pacific, especially things like sea level rates and upper-ocean warming, which both tended to
increase quite a bit in the post-1998 era. I still think that your present comparison is valid, I am
just saying that some mention about the time difference should be included.

Reply:

Thank you for your constructive comments. As you said, the publicly available sea level
observations in the Bohai Sea are only at Dalian and there are indeed no other publicly available
observations. The 1997-1998 El Nino is one of the strongest in the twentieth century (Chavez
et al., 1999), which will indeed affect the physical oceanic properties. According to your
suggestions, we have added the discussion about the time difference in Section 5, as shown in
the following ‘Changes’.

Changes:

POL31-P10L2: It is noted that the duration of sea level observations at E2 is from 2013 to
2014 and that for Dalian is from 1980 to 1997, which are from different eras and may defy
comparison because the 1997-1998 El Nino is one of the strongest in the twentieth century
(Chavez et al., 1999) and changes many of the physical oceanic properties (Nezlin and

Mcwilliams, 2003; Shang et al., 2005; Liu et al., 2010).

(4) -Please give a little more description about the combination of data from the Dalian and
Laohutan data sets; saying they “shared position” does not seem to make sense, as these are
two separate locations. Do you mean to say that the gauge was “relocated”, but the two locations
are “close enough” to consider them to be combineable? UHSLC gives some history of the
gauges and history in the metadata links of their data archives, and you should also be able to
find some helpful information about each gauge from the PSMSL data overviews. For example,
is there any reasons given as to why the gauges were moved, and did anyone validate their
connections?
Reply:

Thank you for your constructive suggestions. We are sorry that the description of the

combination of data from Dalian and Laohutan was insufficient in the old manuscript.



As shown in the information of hourly UHSLC Tide Gauge Data ("Research Quality")

(http://uhslc.soest.hawaii.edu/thredds/uhslc_quality _hourly.html), the longitude, latitude and

duration of the sea level observations at Dalian are 38.933°N, 121.667°E and 1975-1990,
respectively, while those for Laohutan are 38.867°N, 121.683°E and 1991-1997, respectively.
Furthermore, Feng et al. (2015) pointed out: “The nearby Dalian and Laohutan stations have
data for the periods 1975-1990 and 1991-1997, respectively. However, at Dalian the tide gauge
was relocated twice, once at the end of 1976, and once in 1979. After 1979, it shared the same
position as Laohutan. Thus, the data for the periods 1980—-1990 at Dalian and 1991-1997 at
Laohutan were combined.”. Therefore, the Dalian station was relocated in 1979 and these two
locations are close enough to consider them to be combinable. According to your suggestions,
we have added the detailed descriptions of the data combination, following Feng et al. (2015).
Changes:

P2L.30-P3L2: As indicated in Feng et al. (2015), the nearby Dalian and Laohutan stations
have data for the period 1975-1990 and 1991-1997, respectively; in addition, the Dalian station
was relocated in 1976, and again in 1979, after which Dalian station shared the same position
as Laohutan. Therefore, following Feng et al. (2015), the tidal gauge station data at Dalian used
in this study were comprised of data from Dalian from 1980-1990 and that from Laohutan from

1991-1997, as shown in Figure 2b.

(5) -In Section 4, where you discuss possible mechanisms, you might consider adding monsoon-
related mechanisms as another possibility. Wind forcing changes, such as Ekman forcing and
changes in geostrophic in forcing was shown to be possibly important by Devlin et al, 2018 in
explaining the seasonality of the tides in SE Asia. Others might have found similar conclusions.
Reply:

Thank you for your constructive suggestion. According to your suggestion, we have added
the monsoon to be the possible mechanisms in the revised manuscript, as shown in the following
‘Changes’.

In addition, we have found an important review paper (Talke and Jay, 2020, Annual


http://uhslc.soest.hawaii.edu/thredds/uhslc_quality_hourly.html

Review of Marine Science), in which the role of natural and anthropogenic factors in changing
tides is reviewed. This review paper is first posted online on September 3, 2019 and the
expected final online publication data is January 3, 2020. It has been added in the revised
manuscript. As you have mentioned that you have also tried working with the tide gauge data,
we want to share this review paper with you.

Changes:

P7L4-P7L8: Other mechanisms, including long-term changes in the tidal potential
(Molinas and Yang, 1986), monsoon (Devlin et al., 2018), interactions with other physical
phenomena (Huess and Andersen, 2001; Pan et al., 2018a), changes in the internal tide with
corresponding small changes in its surface expression (Ray and Mitchum, 1997; Colosi and
Munk, 2006), as well as a number of technical reasons, may also change the M2 amplitude on
various time scales. The above reasons have been presented or discussed in Woodworth (2010),

Miiller (2012), Miiller et al. (2014), Tazkia et al. (2017), and Talke and Jay (2020).

(6) -A quick comment about section structure. Section 3 is labelled “Results”, but Section 4.2
is also labelled “Results”, which is a bit confusing. I think that maybe the latter instance refers
to “Modelling Results”, so this might be a better title for this section.
Reply:

Thank you for your constructive suggestion. According to your suggestion, we have
modified it in the revised manuscript, as shown in the following ‘Changes’.
Changes:

P8L6: 4.2 Modelling Results

(7) -A final comment is just about the English grammar. This version is markedly improved
from the first version, however, there are a small number of relatively minor grammar issues.
It is probably OK as-is, but my gentle recommendation is that the author could do well by
giving the grammar one more scan, and perhaps ask the help of a native English speaker or

editing service to give it a close look. Cleaning up some of the minor issues with the grammar



would improve this good paper even more.
Reply:

Thank you for pointing this out. We are sorry that the old manuscript polished by the
language editor was still not good. When we modified this manuscript, Zheng Guo, who was

an editor in an English journal of oceanography, was invited to further polish our manuscript.
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Response to comments by Reviewer #2

(1) This revised manuscript has eliminated the major problems contained in the original one,
and thus can be published after minor revision given below.
Reply:

Thanks a lot for the constructive comments and the positive assessment of the manuscript.
According to your comments, we have modified the manuscript. The details are shown in the
replies of the following comments.

(2) Page 2, lines 24-25: Change “Hourly sea-level data at the Dalian tidal gauge station were
obtained from the University of Hawaii Sea Level Center and used. After 1979, Dalian shared
position with Laohutan (Feng et al., 2015)” to “Hourly sea-level data at the Dalian tidal gauge
station used in this study were obtained from the University of Hawaii Sea Level Center. After
1979, the Dalian station is located at Laohutan (Feng et al., 2015)”.

Reply:

Thank you for pointing this out. In the revised manuscript, we have changed the
corresponding sentence and rewritten this paragraph, as shown in the following ‘Changes’.
Changes:

P2L.29-P3L2: Hourly sea level data at the Dalian tidal gauge station used in this study
were obtained from the University of Hawaii Sea Level Center. As indicated in Feng et al.
(2015), the nearby Dalian and Laohutan stations have data for the period 1975-1990 and 1991-
1997, respectively; in addition, the Dalian station was relocated in 1976, and again in 1979,
after which Dalian station shared the same position as Laohutan. Therefore, following Feng et
al. (2015), the tidal gauge station data at Dalian used in this study were comprised of data from

Dalian from 1980-1990 and that from Laohutan from 1991-1997, as shown in Figure 2b

(3) Page 4, line 7: Change “oscillations” to “fluctuations”.
Reply:
Thank you for pointing this out. In the revised manuscript, we have changed it, as shown

in PALI11.



(4) Page 4, line 23: Delete “and near those estimated using CHA”, because the parameters
derived from CHA do not have temporal variation, see Figure 4.
Reply:

Thank you for your suggestion. We want to say that the averaged values of the harmonic
parameters estimated using SHA and EHA are near to that estimated using CHA, which shows
that the estimated results using SHA and EHA are reasonable. Therefore, we did not delete it
and modified the sentence, as shown in the following ‘Changes’.

Changes:

P4L.26-P4L.29: As shown in Figure 4, the estimated harmonic parameters obtained with
SHA and EHA, including the temporally varying amplitudes and phase lags, were nearly equal
and the averaged values were near to that estimated using CHA, indicating that the temporal
variations in the harmonic parameters of the principal tidal constituents at E2 can be reasonably

estimated using both SHA and EHA.

(5) Page 5, lines 20-23: Change “The estimated harmonic parameters using both the SHA and
EHA were near to those obtained using CHA, showing that the estimated results were
reasonable. In addition, the estimated harmonic parameters obtained using EHA were much
closer to those obtained using SHA for data from Dalian than those from E2” to “The averaged
harmonic parameters estimated using both the SHA and EHA were close to those obtained using
CHA, showing that the estimated results were reasonable. In addition, the estimated harmonic
parameters obtained using EHA were much closer to those obtained using SHA for data at
Dalian than those at E2”.

Reply:
Thank you for pointing it out. According to your suggestion, we have changed the

corresponding sentence in the revised manuscript, as shown in PSL22-P5L25.



(6) Page 7, lines 17-18: Change “The simulation area was the Bohai Sea as shown in Figure 1b”
to “The simulation area of the Bohai Sea is shown in Figure 1b”.
Reply:

Thank you for pointing it out. According to your suggestion, we have changed the

corresponding sentence in the revised manuscript, as shown in P7L18-P7L19.

(7) Page 12, line 11: Change “Weiwen” to “Wenzheng”; change “Zhonzhu” to “Zongyong”.
Reply:

Thank you for pointing this out. We are sorry that the author names in this literature were
wrong, because we managed the literatures using ENDNOTE and there were errors in the
downloaded ENDNOTE file of this literature. In the revised manuscript, we have modified this

literature, as shown in P121.24.

(8) Page 12, line 45: Replace “Accepted, 2018 with exact volume and page numbers, because
this paper should have already been printed.
Reply:

Thank you for pointing this out. We are sorry that we did not update this literature in the
old manuscript. According to this comment, we have modified this literature in the revised

manuscript, as shown in P13L16.

(9) Page 14, Tables 1 and 2: Change all “phase” to “phase lag”, because in the literatures on
ocean tides, “phase lag” is convectional used instead of “phase”.
Reply:

Thank you for pointing these out. We are sorry that we did not modify them in the Tables
1 and 2 in the old manuscript. According to this comment, we have modified them in the revised

manuscript.



Response to comments by Reviewer #3

(1) I wonder why the authors use only E2 and Dalian data in this paper. In the Bahai Sea, there
are other tide gauges such as QinghuangDao and Tanggu. It would be more convincing by
analyzing ALL available data sets for exploring seasonal variability. In addition, I am not sure
the SSH data at a cross-over point of satellite altimeter tracks in the central Bohai Sea is long
enough for the seasonal study. At present, E2 and Dalian data are studied, but they have different
lengths and qualities. Why not conduct a COMPLETE investigation using all these data sets?
Reply:

Thanks a lot for the constructive comments of our paper. Although there are many tidal
gauge stations in the Bohai Sea, the publicly available sea level observations are scarce. We can
only obtain the hourly sea level observations with research quality at Dalian from University of
Hawaii Sea Level Center (UHSLC). Because of the data privacy policy on the sea level
observations at tide gauge stations, the authors, who have published papers using the data at the
other tidal gauge stations in the Bohai Sea, cannot share the data with us. We are sorry that we
do not have ways to obtain the hourly sea level observations at other tidal gauge stations in the
Bohai Sea.

As only the regularly sampled observations can be analyzed by the current version of
enhanced harmonic analysis used in this study, the SSH data at a cross-over point of satellite
altimeter tracks is not considered. In addition, as indicated by Muller et al. (2014), estimating
the seasonal cycle from satellite altimetry data is possible, but limited to a few regions where
the signal is large enough to exceed the background noise level. As mentioned in Shum et al.
(1997) and Fang et al. (2004), the harmonic parameters derived from TOPEX/Poseidon along-
track altimetry in the shallow area (e.g., the Bohai Sea) are not as accurate as in deep oceans,
so if the SSH data in TOPEX/Poseidon can be used to study the seasonal variations of tides in
the Bohai Sea is still a problem and beyond the scope of this paper. Thank you for your
suggestions again. We will try to investigate the seasonality of tides in the China Seas using
satellite data in the future.

Although the hourly sea level observations at E2 and Dalian have different lengths and



qualities, the seasonality of the principal tidal constituents at E2 and Dalian can be analyzed.
We agree that there might be a limit to compare the estimated results. As suggested by Reviewer
#1, we have added the discussion about the time difference in Section 5.

As described above, we have used all the available hourly sea level observations (within
our reach) to investigate the seasonal variations in the principle tidal constituents in the Bohai
Bay. The limitation of time difference of the observations used in this study is discussed in the
Section 5 (Discussions), as shown in the following ‘Changes’

Changes:

P9L31-P10L6: It is noted that the duration of sea level observations at E2 is from 2013 to
2014 and that for Dalian is from 1980 to 1997, which are from different eras and may defy
comparison because the 1997-1998 El Nino is one of the strongest in the twentieth century
(Chavez et al., 1999) and changes many of the physical oceanic properties (Nezlin and
Mcwilliams, 2003; Shang et al., 2005; Liu et al., 2010). In addition, the duration of hourly sea
level observations at E2 used in this study is only one year, which is also a limitation. Although
the different time eras and the rare event might slightly skew seasonal pattern of tides, the
seasonal variations of the principal tidal constituents M, So, K; and O; obtained using EHA are
the same as those using traditional SHA, indicating that the results are not unreasonable and

can reflect the seasonal variations of tides in the analysis period.

(2) I found the four numerical experiments are problematic. Look at Figure 9, one cannot draw
any solid conclusions about the effect of stratification and vertical viscosity coefficient. The
numerical and observed results do not agree with each other in most cases. Thus, the authors'
results, as described in section 4.2, are suggestive but not conclusive. The authors better design
experiments that may lead to "conclusive" results.
Reply:

Thank you for your constructive comments.

It is true that the simulated and observed results do not agree with each other in most cases,

as many other factors influencing the simulated results are not considered in the numerical



experiments. For example, the spatially and temporally varying ocean circulation, the sea ice
appeared in winter in the Bohai Sea, the spatially varying bottom drag coefficient, the accurate
water depth and other factors are not included in the numerical models. Muller et al (2014) used
an ocean circulation and tide model with some advanced parameterization schemes and model
settings to investigate the seasonal variation of the M» tide globally. In their study, for the East
China and Yellow Seas, only in the western Yellow Sea the simulated results at tidal gauge
stations were consistent with the observed seasonality of the M» tide, whose maxima in summer
months were about 0.02-0.04 m, while the seasonality between Taiwan and China and also at
tidal gauge stations along the South Korean coast were not well captured in the simulated
seasonal cycle. Therefore, it is not realistic to make the simulated results be very close to the
observed values for every tide at both E2 and Dalian.

As described in the manuscript, the numerical experiments were used to test the influence
of seasonally varying possible factors on the seasonal variability of the principal tidal
constituents. Therefore, the variation trends of the simulated harmonic parameters of the
principal constituents are used to test the possible mechanisms. The simulated M> amplitude at
E2 in winter is almost equal to the observed value in winter, in addition, the simulated M>
amplitude at E2 in Exp3 is also nearly equal to the observed value in summer, indicating that
the numerical model has certain ability to simulate the tides in the Bohai Sea. From the changes
between the simulated results in summer (Exp2, Exp3 and Exp4) and those in winter, it is
obvious that the seasonal variation trends of the tides in the observations are captured by the
Exp3, except K1 phase lag. Therefore, seasonal variation in the vertical eddy viscosity is the
most important mechanism influencing the seasonal variability of principal tidal constituents at
E2. At Dalian, the simulated harmonic parameters of the principal constituents in the numerical
experiments are not consistent with the observed values, but the differences between the
simulated results in winter and those in summer with changing stratification and vertical eddy
viscosity have the same trends with the observed differences in much more cases than other
experiments, so the seasonal variations of the principal tidal constituents at Dalian are possibly

determined by the seasonality of stratification and vertical eddy viscosity



We have tried our best to design and run much more numerical experiments, including
increasing the simulation area, using water depth from other sources, and so on, but the
simulated results were not better than those shown in the manuscript to further explain the
seasonal variations of the tides in the Bohai Sea. Although the conclusions from the numerical
results are suggestive, it can help us to understand the mechanisms of the observed seasonality
of the tides in the Bohai Sea to some extent. As you said, the "conclusive" results are the best,
which is also our aim of struggle. As you mentioned in the comments, we will try to investigate
the seasonality of tides in the China Seas using satellite data and further improve the numerical

model in the future.

(3) The citations are confusing. The authors do cite a lot of papers on this topic. But they just
CITE them, not really digest them. For example, some results about seasonal variability are
based on modeling work, with which the authors better be alert (e.g. Muller et al. 2014). Another
example, P7 L76, this sentence, citing 4 papers, means nothing without details. Another
example, P6 L30 says that seasonal ice coverage is a significant reason; while P7 L11 says that
Zhang et al (2019) has rejected this effect.

Reply:

Thank you for your constructive comments.

It is indeed that the seasonal variations of the M tide estimated in Muller et al. (2014) and
some other papers are based on modeling work, but we should notice that traditionally their
models are firstly evaluated. In addition, the modeling results are analyzed on a large spatial
scale, which is difficult to realize using the sea level observations, as the tidal gauge stations
are just in the coastal ocean and the estimation of seasonal cycle from satellite altimetry data is
limited to a few regions. Therefore, the modeling results of the seasonal variations in the tides
are referred. Of course, we have firstly evaluated the results and conclusions based on our
knowledge.

In P7L7 of the old manuscript, we want to say that the mentioned possible mechanisms in

this part are also summarized in those four literatures in other ways. We think that we should



cite them and help the readers to easily find the other papers in which the seasonal variations
of the tides and the corresponding possible mechanisms are investigated and discussed.

In P6L30 of the old manuscript, we want to say that the seasonally varying ice coverage
is possible main mechanisms of the seasonal variations in tides. It should be noted that this
main mechanism is found in the Arctic (St-Laurent et al., 2008; Georgas, 2012; Muller et al,
2014). As the Bohai Sea also freezes in some areas, this possible mechanism is listed in the
manuscript. However, when we modified the manuscript based on the reviewers’ comments in
first review, we found the studies of Zhang et al. (2019). Zhang et al. (2019) found that the
damping effect of sea ice on the astronomical tides could be almost negligible in the Bohai Sea.
As we know, the physical phenomenon and mechanism have the corresponding precondition
and spatial-temporal limitation, so the disagreement between the conclusion in Arctic and that

in Bohai Sea is not surprising.

(4) Throughout the paper, the tide names M2, S2, O1 and K1 are in italic font. They should be
in normal font as M {sub{2}} and S{sub{2}}.
Reply:

Thank you for pointing these out. We are sorry that the expression of the tidal names was
wrong in the old manuscript. The normal font (e.g., M2) was used in some literatures (e.g., St-
Laurent et al., 2008; Devlin et al., 2018) and the italic font (e.g., M>) was also used in some
literatures (e.g., Muller et al., 2014; Talke and Jay, 2020), so we have been confused. Thank
you for telling us the right expression. According to your suggestion, we have modified them
in the text, Table 1, Table 2, Figure 3, Figure 5 and Figure 9 in the revised manuscript. Please

see the details in the revised manuscript.



(5) The writing is still not good. Your "language editor" can make sure your English grammar
is correct. But he/she cannot guarantee that your writing is accurate, concise and conniving. It
is beyond their capability.
Reply:

Thank you for your constructive comment. We are sorry that the manuscript polished by
the language editor was still not good. When we modified this manuscript, Zheng Guo, who
was an editor in an English journal of oceanography, was invited to further polish our

manuscript.

(6) Please give us the longitude and latitude of E2.
Reply:

Thank you for your comment. E2 is located at 38.65°N, 118.28°E. According to your
suggestion, we have added the longitude and latitude of E2 in the revised manuscript, as shown
in the following ‘Changes’.

Changes:

P2L.25-P2L.27: From 0000 UTC 1 November 2013 to 0000 UTC 1 November 2014, total

sea levels were observed hourly using a moored pressure gauge accurate to within 5 cm (Lv et

al., 2019), at E2 station (38.65°N, 118.28°E) in the Bohai Bay, China (Figure 1).

(7) Some "scientific facts" better be in present tense, not past tense.
Reply:

Thank you for pointing these out. We are sorry that the improper tense was used in the old
manuscript. According to your suggestion, we have modified them in the revised manuscript,
and some examples are shown in the following ‘Changes’.

Changes:

PIL11-P1L21: The seasonal variation of tides plays a significant role in water level

changes in coastal regions. In this study, seasonal variations of four principal tidal constituents,

M, S», Ki, and Oy, in the Bohai Sea, China, were studied by applying the enhanced harmonic



analysis method to two time series: one-year sea level observations at a mooring station (named
E2) located in the western Bohai Sea and 17-year sea level observations at Dalian. At E2, the
M> amplitude and phase lag have annual frequencies, with large values in summer and small
values in winter, while the frequencies of Sz and K; amplitudes are also nearly annual. In
contrast, the O; amplitude increases constantly from winter to autumn. The maxima of phase
lags appear twice in one year for Sz, Ki and O, taking place near winter and summer. The
seasonal variation trends estimated by the enhanced harmonic analysis at Dalian are different
from those at E2, except for the M» phase lag. The M» and S> amplitudes show semi-annual and
annual cycles, respectively, which are relatively significant at Dalian. The results of numerical
experiments indicate that the seasonality of vertical eddy viscosity induces seasonal variations
of the principal tidal constituents at E2, while the variations at Dalian are possibly caused by

the seasonality of stratification and vertical eddy viscosity.

(8) P1 L14, "S2 and K1 tidal amplitudes" where 'tidal' can be omitted. Many such cases in this
paper.
Reply:

Thank you for pointing these out. According to your suggestions, we have deleted ‘tidal’

in the revised manuscript.

(9) In Introduction, Section 1, please start with the history and basic conclusions of the tide in
the Bohai Sea, and lead to your motivating questions for this study.
Reply:

Thank you for your constructive comment. According to your suggestions, we have tried
to describe the basic knowledge of the tides in the Bohai Sea and the motivation of this study
in the revised manuscript, as shown in the following ‘Changes’.

Changes:
P1L23-P1L28: Tidal motion is one of the major dynamical processes in the Bohai Sea and

has been widely studied (Fang et al., 2004). Although there is no primary seasonal cycle in the



moon’s orbit, a significant seasonal variation in the principal lunar tidal constituent has been
observed and is dominant in coastal and polar regions (Miiller et al., 2014). The seasonal
variations of several semidiurnal tides are also found to be significant in the Bohai Sea (Fang
et al., 1986), but the corresponding comprehensive investigations are sparse, which results in

that the seasonal variation characteristics and mechanisms need to be further studied.

(10) Since the major topic is the seasonality of tides in the Bohai Sea, please downscale the
"Methods" part. Now your comparisons of CHA, TTIDE, UTIDE, EHA are overweighted. You
authors have published 2 papers on this topic in 2018.

Reply:

Thank you for your comment. As you can see, the comparisons in Section 5 (Discussions)
were added when we modified the manuscript according to the comments of Reviewer #1 in
the first review.

The enhanced harmonic analysis (EHA) is developed in Jin et al. (2018) and Pan et al.
(2018), but the EHA 1is further improved in this study to estimate the seasonal variations in the
tides. The EHA is a novel method and firstly used to investigate the seasonality of the tides, so
in our opinion, it is necessary to compare it with the other methods that are developed based on
T _TIDE and have been widely used. Therefore, although the comparisons may be overweighted,

we think it is not necessary to delete them in the manuscript.

(11) P9 L8, Do Fang and Wang (1986) have any other data sets or results that you can cite and
compare here?
Reply:

Thank you for your constructive comments. Although Fang and Wang (1986) investigated
the seasonality of the tides in the Bohai Sea using the sea level observations at Yingkou,
Huludao, Qinhuangdao, Tanggu, Longkou, Dalian and Yantai, the sea level observations are not
publicly available and we cannot obtain them. As the sea level observations used in Fang and

Wang (1986) are located in many areas of the Bohai Sea, the simulated seasonal variation trends



in the three bays of the Bohai Sea in our studies are compared with analyzed results in Fang
and Wang (1986). In addition, Fang and Wang (1986) indicated that the O; amplitude in summer
was larger than that in winter in the Bohai Sea, which were similar to those concluded in this
study and has been mentioned in P10L21 of the revised manuscript. So, the main results of the
seasonal variations of the tides in the Bohai Sea in Fang and Wang (1986) have been cited and

compared in this manuscript.

(12) P10 L23, well-mixed.
Reply:

Thank you for pointing this out. We have modified it in the revised manuscript.

(13) P10 L29, "sea-level" throughout the paper, such a hyphen is not necessary.
Reply:
Thank you for pointing these out. We have changed all of the “sea-level” to “sea level” in

the revised manuscript.

(14) P11 L22, why does Shenzhen support a research in the Bohai Sea?
Reply:

Thank you for your comment. In fact, the scientific research projects can not only support
the investigations in the special areas of the ocean near special city. Our Shenzhen project
supports us to do the basic research in physical oceanography, mainly in the study of storm
surge and tides. Based on the support of Shenzhen project, we have improved EHA and tried to
investigate the seasonal variations in the tides. As we have the sea level observations in the

Bohai Sea, the improved EHA is applied in the Bohai Sea and this paper is written.



(15) Figure 2a, is the drop around 2013-12-1 caused by a winter storm? say it.
Reply:

Thank you for your constructive comment.

According to your comment, we download the 10 m wind in the NCEP Climate Forecast
System Version 2 (CFSv2) Selected Hourly Time-Series Products

(https://rda.ucar.edu/datasets/ds094.1/index.html#!description), as we do not have the in-situ

wind observations. As shown in Figure R3-1, the 10 m wind speeds at E2 are indeed large in
some cases, especially at 1200 UTC 6 November 2013 and 2100 UTC 26 November 2013. In
addition, the wind speeds in most of the Bohai Sea at those times are larger than 15 m/s, which
results in the sea level drops in November 2013. As this part is not the main content of the
manuscript, the Figure R3-1 is not added into the revised manuscript. However, we have added
the description of the sea level drops in November 2013 into the revised manuscript, as shown

in the following ‘Changes’.
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Figure R3-1. Time series of the 10 m wind speed (blue line) and sea level (red line) at E2, and
the spatial distributions of 10 m wind speed (colors) and wind direction (white arrows) at the
correspond time.
Changes:

P2L.28: The obvious sea level drops in November 2013 at E2 are mainly caused by the

winter storms.


https://rda.ucar.edu/datasets/ds094.1/index.html#!description

(16) Figure 3 and 5, can you plot two spectra, one for summer and one for winter? That is, can
you see seasonal difference in spectra?
Reply:

Thank you for your constructive comment.

According to your suggestions, we have drawn the power spectral densities of the sea level
observations in summer (June 2014 to August 2014) and winter (December 2013 to February
2014) at E2 (Figure R3-2) and Dalian (Figure R3-3). It is noted that the definitions of summer
and winter are the same as those in the manuscript. As shown in Figure R3-2, the power spectral
densities of Ki, M2 and S, in winter are smaller than those in summer, respectively, which is
the same as the seasonal difference obtained using EHA in the revised manuscript (Table 1). As
shown in Figure R3-3, the power spectral densities of K; and M» in winter are smaller than
those in summer, while the power spectral density of S» in winter is larger than that in summer,
which are the same as the seasonal difference obtained using EHA in the revised manuscript
(Table 2). The seasonal difference obtained from power spectral density of Oy is different from
that obtained using EHA at E2, which may be because the power spectral density of O; at E2
has obvious red shift and blue shift in summer and winter, respectively. It is noted that in the
frequency bands near K (M2), the power spectral densities in both summer and winter have red
(blue) shift, so the seasonal differences are the same as those obtained using EHA.

As the seasonal differences of tides obtained using harmonic analysis and power spectral
analysis are almost the same and we want to show the effectiveness of EHA in estimating the
seasonal variations in tides in the Bohai Sea, the results of the power spectral analysis are not

shown in the revised manuscript.
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Figure R3-3. Similar to Figure R3-2, but for those at Dalian.

(17) Figure 5b, the O1 peak is below the 5% level (dashed line). Does it mean Ol is insignificant?

Reply:
Thank you for your constructive comment.

As the O peak is blow the 5% level, the O; is indeed not significant at Dalian. As the



significant Py at Dalian is unresolved from K in monthly analysis when the SHA 1is used in this
study, so the seasonal variations in O tide is also investigated at Dalian to keep similar content

with that at E2.

(18) Figure 6, why do you plot “multi-yearly values” and thus have large uncertainties (long
vertical bars)? Can you simply divide the whole data set into 4 seasonal subsets and harmonic
analysis on each of them? Like Figure 8b.

Reply:

Thank you for your comment.

Because the sea level observations at Dalian are from 1980 to 1997, the observations are
analyzed year by year and each one-year sea level observations are analyzed using EHA with
the similar settings used at E2. When the sea level observations are analyzed, the temporally
varying harmonic parameters of the principal tidal constituents and temporally varying mean
sea level are estimated together. At Dalian, the averaged values of the estimated temporally
varying harmonic parameters in every year are shown in Figure 6 and the corresponding
averaged value of the mean sea level are shown in Figure 8b (red line). We guess that you may
think the red line in Figure 8b is the temporally varying harmonic parameters. In fact, the
estimated mean sea level (red line) in Figure 8b is obtained together with those in Figure 6 (red

lines).

(19) Figure 10, Is your eastern boundary tide input stationary or seasonal variable? Because the
Yellow Sea tide has a seasonality (some references you cited), will it affect your boundary
condition?
Reply:

Thank you for your constructive comment.

The eastern open boundary conditions are set to the temporally varying sea levels caused
by the four principal tidal constituents M>, Sz, K1 and O1, which are predicted using the constant

harmonic parameters extracted from the TPXO model (Egbert and Erofeeva, 2002). So, the



eastern boundary tide input is stationary. As you said, the Yellow Sea tides have a seasonality,
but the seasonally varying open boundary conditions cannot be set, as we do not have the sea
level observations near the eastern open boundary of the Bohai Sea. If you mean that we should
increase the simulation area to include the Yellow Sea, the same questions if we should further
increase the area to include East China Sea or the Western Pacific will appear. Therefore, the
eastern open boundary conditions are directly set to the predicted values using the constant
harmonic parameters of the principal tidal constituents in this study, while the seasonally
varying profiles of the initial temperature and salinity (Figure 7 in the manuscript) are used to

represent different seasons.
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Abstract. The seasonal variation of tides plays a significant role in water level changes in coastal regions. In this study,
seasonal variations of four principal tidal constituents, inclucing Mz, Sz, Ki, and Os, in the Bohai Sea, China, were studied by

applying the enhanced harmonic analysis method to two time series: analysing-one-year sea -level observations at E2-a mooring

BETHR: ik (130 +hSCEL CRIE), (130) deehE),
AE A5 FhE

BETHR: 7wk

BB THA: Fik ER

station (named E2) located in the western Bohai Sea and 17-year sea -level observations at Dalian-with-an-erhanced-harmonic
analysis. At E2, the M, tidal-amplitude and phase lag haved annual frequencies, with large values in summer and small values

in winter, while the frequencies of S, and K; tidal-amplitudes are also nearly annual. In contrast, the O; tidal-amplitude

increasese constantly from winter to autumn. The maxima of phase lags appeared twice in one year for S,, Ki and Oy, taking
place near winter and summer. The seasonal variation trends estimated by the enhanced harmonic analysis at Dalian are
different from those at E2, except for the M2 phase lag. The M and S tidal-amplitudes show varied-semi-annualty and annualty

cycles, respectively, which and-were-are relatively significant at Dalian. The results of numerical experiments indicate that the
seasonality of vertical eddy viscosity inducesé seasonal variations of the principal tidal constituents at E2, while the variations
at Dalian were-are possibly caused by due-te-the seasonality of stratification and vertical eddy viscosity.

1 Introduction

Tidal motion is one of the major dynamical processes in the Bohai Sea and has been widely studied (Fang et al., 2004).

Although there is no primary seasonal cycle in the moon’s orbit, a significant seasonal variation in the principal lunar tidal
constituent has been observed (Fang-and-Wang,-1986)-and is dominant in coastal and polar regions (MUler et al., 2014). The

seasonal variations of several semidiurnal tides are also found to be significant in the Bohai Sea (Fang et al., 1986), but the

corresponding _comprehensive investigations are sparse, which results in that the seasonal variation characteristics and

mechanisms need to be further studied.

ta-partiewtartThe seasonal variation in the major tidal constituent Mz has received considerable attention (Gréwe et al.,
2014).
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Corkan (1934) inferred a seasonal modulation of the Mg tide by analysing several sea level records near the British coast.
Foreman et al. (1995) observed a seasonal cycle of the M, amplitude at Victoria, which is on the southern tip of Vancouver
Island off Canada's Pacific coast. Kang et al. (1995) revealed the seasonal variability of the M. harmonic constants in the
seas adjacent to Korea. Huess and Andersen (2001) found a seasonal variation in the M. constituent in the northwest European
shelf. Kang et al. (2002) investigated the seasonal variability of the M tide in the Yellow and East China Seas. Georgas (2012)
observed seasonal episodes of significant tidal damping and modulation in the Hudson River estuary. Mdler et al. (2014)

of Bengal.

A AR

AR AR

+ Ak AR

© A AR

TR AR

(N W D W W

in the seas of Southeast Asia.

studied the global seasonal cycle of the M. tide and found significant seasonal variations in several coastal areas, including the [ BETHR: 7k EbiR
North Sea, East China Sea and Yellow Sea, Sea of Okhotsk and regions of the Banda, Timor, and Arafura Seas north of
Australia. Tazkia et al. (2017) found that the M, amplitude changed markedly between winter and summer in the northern Bay [ BETHEA: 7 bR
Most previous studies primarily focus on the seasonal variation in the M, amplitude without considering ['&ET*&E&: Ak A
the seasonality of other tidal constituents and their phase lags (Gréwe et al., 2014). However, several studies have
investigated the seasonality of multiple constituents. For example, Fang and Wang (1986) studied the seasonal
variations of M2, N2, O1 and Mg in the Bohai Sea by introducing astro-meteorological constituents; Devlin et al. (2018) found [ BETHR: 7 EbiR
that the diurnal (K; and 01) and semidiurnal (M, and S,) amplitudes and phase lags exhibited strong seasonal variability Eziiii A AR
L AR AR
In this study, sea_level observations at one mooring station (E2) and one tidal gauge station (Dalian) in the Bohai Sea [?&Eﬂ%ﬁ: %14&: Wt)i@
(RETHR: 0 Fat
were used to investigate the seasonal variability of the principal tidal constituents My, S, Ki and O: with the enhanced (RETHR: 7k s
harmonic analysis (EHA). The rest of the paper is organised as follows. In Section 2, the sea level observations in the Bohai [&ET%K: TR AR
Sea are reported and the analysis methods are described. In Section 3, the seasonal variability of the principal tidal constituents (BBTHR: ik Fidt
is estimated by analysing observations. The mechanisms underlying the seasonal variability are discussed by using numerical U‘QET%% fﬂx: Wmﬁ
experiments in Section 4. Further discussions and conclusions occupy Sections 5 and 6, respectively. % ziizi ;Zi jét:z
(BETHER: S 05

2 Observations and methods
2.1 Observations

From 0000 UTC 1 November 2013 to 0000 UTC 1 November 2014, total sea levels were observed hourly using a moored
pressure gauge accurate to within 5 cm (Lv et al., 2019), at E2 station (38.65N, 118.28E) in the Bohai Bay, China (Figure

1). The time series of the total sea levels at E2 is shown in Figure 2a, demonstrating the continuous coverage of the observations.

The obvious sea level drops in November 2013 at E2 are mainly caused by the winter storms.

Hourly sea_level data at the Dalian tidal gauge station used in this study were obtained from the University of Hawaii
Sea Level Center. As indicated in Feng et al. (2015), the nearby Dalian and Laohutan stations have data for the period
1975-1990 and 1991-1997, respectively; in addition, the Dalian station was relocated in 1976, and again in 1979, after which

Dalian  station shared the same position as Laohutan. Therefore, following Feng et al. (2015)

2
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the tidal gauge station data at Dalian used in this study were comprised of data from Dalian from 1980-1990 and that from

Laohutan from 1991-1997, as shown in Figure 2b.

2.2 Classical harmonic analysis

A sea level is composed of components from different sources (Godin, 1972; Foreman, 1977; Fang et al., 1986; Pawlowicz
etal., 2002; Foreman et al., 2009):

£0=¢, +ki{ 1 (A, cos[Y, () + U, ()~ g, ]} + RV

=¢, +i{fl (©A cos[V, (1) +u, (1)~ g, ]} +R(O + . w

Z{f,(t)AJ cos|V, (t)+uj(t)—gJ]+i f. (DA, cos[Vn(t)+u"(t)—gn]}

j=1
where £ (t) is the total sea level; ¢, is the mean sea level; A and g are the amplitude and phase lag (UTC time, the same

below), respectively; f and u are the nodal corrections to amplitude and phase lag, respectively; V is the astronomical argument;
R is the nontidal component; K is the number of tidal constituents; Nnr is the number of non-reference constituents; Nr is the
number of reference constituents; and N, is the number of constituents to be inferred from the j™ reference constituent.

The mean sea level, amplitude and phase lag of each constituent can be solved by analyzing a time series of sea_level
observations at a specific point using classical harmonic analysis (CHA). With different assumptions and conditions, CHA can
be performed using the T_TIDE (Pawlowicz et al., 2002), U_TIDE (Codiga, 2011) or Institute of Ocean Sciences Tidal
Package (Foreman et al., 2009). In this study, T_TIDE, in which the astronomical argument varies linearly and the nodal
correction is performed after least squares fit, is used to realize CHA.

2.3 Segmented harmonic analysis

Following Foreman et al. (1995), Kang et al. (1995), MUler et al. (2014) and Devlin et al. (2018), sea level observations
are divided into monthly segments by calendar month and CHA with nodal and inference corrections is applied to each monthly
segment to obtain the discrete tidal harmonic parameters (i.e., amplitude and phase lag). Then the discrete amplitude and phase
lag for each month are interpolated using cubic spline interpolation to obtain the temporally varying amplitudes
and phase lags. This methodology is termed segmented harmonic analysis (SHA). Following Kang et al. (1995),
ne monthly segment is analyzed only when the duration of the observations is longer than

26 days.

2.4 Enhanced harmonic analysis

By combining CHA with independent point scheme and cubic spline interpolation, Jin et al. (2018) developed EHA to
directly obtain temporally varying mean sea level and tidal harmonic parameters. In contrast, the harmonic parameters are

3



assumed to be constant in CHA and SHA. A MATLAB toolkit, S_TIDE, was released to realize EHA by Pan et al. (2018b).
In this study, nodal and astronomical argument corrections are embedded into the least square fit, following Foreman et al.
(2009); in addition, the harmonic parameters of the minor tidal constituents are assumed to be constant and calculated together
with the temporally varying harmonic parameters of the principal tidal constituents to resolve more constituents and retain
computational stability. The sea level in EHA is as follows:

CO=¢, (1) + {fi(t)A(t)cos[Vi(t)Jrui(t)fgi(t)]}JrZJ:{fj(t)Ajcos[Vj(t)Jruj(t)fgj]} )

I

i=1 j=1

where | is the number of principal tidal constituents with temporally varying harmonic parameters; J is the number of minor

tidal constituents with constant harmonic parameters; and the mean sea level and nontidal component are included in ¢ (t).
Similar to Jin et al. (2018) and Pan et al. (2018b), the independent point scheme and cubic spline interpolation are used

to jointly solve the temporally varying and constant harmonic parameters, which are not shown here for brevity. As

mentioned in Pan et al. (2018b), the temporally varying harmonic parameters obtained using EHA with different numbers of

independent points represent fluctuations on different time scales. In this study, six independent points are used to

obtain the seasonal variability of the principal tidal constituents.

3 Results

One-year sea_level observations at E2 were analyzed using CHA with the automated constituent selection algorithm

were selected as the principal tidal constituents to be investigated in this study.

3.1 Seasonal variability at E2

As shown in Figure 3, the significant constituent near Ki was P1, which was unable to be resolved when analysing one-

© A AR

AR AEBUR
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TR AR

month observations (Fang and Wang, 1986), while that for S, was K in the semidiurnal frequency band. Therefore, when the

AR AR

monthly analysis was performed in SHA, the automated constituent selection algorithm in T_TIDE was used to determine the
analysed constituents; in addition, the unresolved constituents P1 and K> were inferred from Ki and Sy, respectively, with the

: A AR

: Ak AR

AR AEBUR

inference parameters taken from a yearly harmonic analysis of the one-year sea level observations at E2 (Kang et al., 1995;
Foreman et al., 2009). When EHA was used to directly analyse the sea level observations at E2, the harmonic parameters of

My, Ki, S2, O1, P1 and Kz were estimated together, among which the harmonic parameters of My, Ki, S, and O; were

AR AR

© A AR

* A AR

assumed to be temporally varying and those of P1 and K2 were assumed to be constant.

AR AR

As shown in Figure 4, the estimated harmonic parameters obtained with SHA and EHA, including the temporally varying

amplitudes and phase lags, were nearly equal and the averaged values were near to that estimated using CHA, indicating

that the temporal variations in the harmonic parameters of the principal tidal constituents at E2 can be reasonably estimated
using both SHA and EHA. Based on Wei and Wang (2012) and Zhang et al. (2017), spring, summer, autumn and winter were
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defined as March to May, June to August, September to November and December to February of the following year,
respectively. The temporally varying harmonic parameters of the principal tidal constituents showed seasonal variations
(Figure 4). For M, the seasonal variations were significant: both amplitude and phase lag reached maximum in
summer and minimum in winter, as in MduUler et al. (2014). The seasonality of the S, amplitude was not
significant, but the estimated results using EHA increased significantly in summer. The temporal variation of the Ki amplitude
spanned one year, with maxima and minima in summer and winter, respectively. In stark contrast, the O; amplitude
increased from winter to autumn. The phase lags of the S, Ki and 0O: components showed semi-annual cycles:

+ Ak AR

© A AR

TR AR

© A AR

larger in  summer and winter and smaller in spring and winter, respectively. Among the four
principal tidal constituents, only the M amplitude had the similar variation trend as the phase lag.

The seasonally averaged amplitudes and phase lags of the principal tidal constituents are listed in Table 1. The variation
trends of the averaged harmonic parameters of these constituents were the same as those in Figure 4.
Compared to the annual averages, the seasonal mean M, amplitude increased by 6.90 cm (approximately 9.33%) in the summer

and decreased by 6.68 cm (approximately 9.03%) in the winter, close to the estimated values in Foreman et al. (1995) (6%),
Huess and Andersen (2001) (6%) and Mdler et al. (2014) (5%-10%). For S, (K1), the seasonally averaged amplitudes

< Ak JER

TR AR

: Ak AR
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+ Ak AR

decreased by 4.71% (7.72%) in the winter and increased by 7.93% (5.91%) in the summer, indicating a nearly annual
cycle as shown in Figure 4. The seasonal mean O; amplitude in the summer increased by 3.45 cm compared to that in the

winter. The M. phase lag in winter was smaller than its annual average, and all the other three principal tidal

constituents shared a different pattern: values in both winter and summer were larger than the corresponding

annual average.

3.2 Seasonal variability at Dalian

The multiyear data at Dalian shown in Figure 2b were analysed year by year. In each year, one-year sea level observations
were analysed using CHA, SHA and EHA with similar settings to E2. As shown in Figure
5, P1 and K were the significant constituents unresolved in the monthly analysis, just like at E2. Therefore, P1 and K, were

: Ak AR

* Ak AR

* Ak AR

AR AR

inferred from Ky and S, in SHA and taken as minor constituents with constant harmonic parameters in EHA. The estimated

: Ak AR

AR AR

harmonic parameters from various years were then averaged (Fang and Wang, 1986) and are shown in Figure 6. The averaged
harmonic parameters_estimated using both the SHA and EHA were near to those obtained using CHA, showing
that the estimated results were reasonable. In addition, the estimated harmonic parameters obtained using EHA were much
closer to those obtained using SHA for data at Dalian than those at E2.

The variation trends of the harmonic parameters estimated using EHA at Dalian were different from those at E2, except

for the M2 phase lag (Figure 6). The M. amplitude at Dalian showed a semi-annual cycle, with large values in summer

© A AR
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and winter and small values in spring and autumn, respectively. The S, amplitude had significant annual cycle, with

was nearly constant from winter to spring and increased during the summer. The O1 amplitude reached the minimum in the
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winter and summer while increasing slightly in the spring and autumn. The estimated S; phase lag reached the maximum in
the spring with small variation. The Ki and O: phase lags had the same trend, increasing in the winter and summer

while decreasing in the spring and early autumn.

The averaged amplitudes and phase lags of the principal tidal constituents at Dalian, as listed in Table 2, showed a seasonal
variation that was generally smaller than that at E2. All of the seasonal changes of the principal tidal constituents were less
than 1.80 cm, which is the case only for S, amplitude at E2. In addition, all of the seasonal

changes of the phase lags were less than 2.20< while the S, and K phase lags at E2 changed by at least 5.00 <in the summer

and winter, respectively. The relative change of the M. amplitude at Dalian was less than 1%, which was significantly

less than that at E2. The relative changes of all phase lags were less than 1% except for the M tide which
was larger than 2% in both summer and winter compared to the annual averages and larger than those at E2. An increase in
the Sz amplitude of 5.34% occurred in the winter, larger than its decrease in the winter at E2.

In summary, the harmonic parameters of the principal tidal constituents at E2 and Dalian varied seasonally_but with
different patterns. The amplitude of the

principal tidal constituent M. at E2 showed an annual cycle, while that at Dalian had a semi-annual cycle. The

M phase lags at E2 and Dalian had the similar variation trend, with lager values in summer and small values in winter. The

S» amplitude in winter at E2 was less than that in summer, which was opposite to that at Dalian. The K; amplitude at E2 had

an annual frequency, with large values in summer and small values in winter, while the O; amplitude increased steadily. In

contrast, the variations of the Ki and O1 amplitudes at Dalian were small. The maxima of the Sz, Ki and O phase lags at E2

appeared twice a year, like those of K3 and O; and different from that of S, at Dalian.

4 Mechanisms for the seasonal variability

Several previous studies have investigated the seasonal variability of the M. amplitude. Three main mechanisms have
been proposed:

1) Seasonal variations of the mean sea level. Corkan (1934) related the seasonal modulation of the M. tide near the British
coast to seasonal variations of sea level and atmospheric pressure. Tazkia et al. (2017) pointed out that the seasonal variability
of the sea level generated by many processes can induce a seasonal variation of the M, tide, as tidal wave propagation was
controlled by water depth on the first order.

2) Seasonally varying stratification. Foreman et al. (1995) presumed that the seasonal variability of the M, amplitude at
Victoria, Canada was induced by the changes in stratification due to seasonal variability in estuarine flow. Kang et al. (2002)
used a two-layer numerical model to investigate the baroclinic response of the tide and tidal currents in the Yellow and East
China Seas, and found that seasonal stratification had several noticeable effects on the tides, including varying degrees of
current shear, frictional dissipation, and barotropic energy flux. Mller (2012) indicated that in shallow seas, seasonal

variations in stratification were a major factor for the observed seasonal modulation in tides. MUler et al. (2014) pointed out
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that the seasonal changes in stratification on the continental shelf affected the vertical profile of the eddy viscosity to further
cause the seasonal variability of the M tide.

3) Seasonally varying ice coverage. St-Laurent et al. (2008) proposed that the significant seasonal variations of the M.
surface elevation in all regions of the Hudson Bay system were essentially caused by under-ice friction. Georgas (2012) pointed
out that the seasonal episodes of significant tidal damping (reductions in tidal amplitudes by as much as 50%) observed in the
Hudson River estuary were primarily caused by the under-ice friction as well. MUler et al. (2014) found that the frictional
effect between the sea ice and ocean surface layer led to the seasonal variability of the M tide.

Other mechanisms, including long-term changes in the tidal potential (Molinas and Yang, 1986), monsoon (Devlin et al.,
2018), interactions with other physical phenomena (Huess and Andersen, 2001; Pan et al., 2018a), changes in the internal tide
with corresponding small changes in its surface expression (Ray and Mitchum, 1997; Colosi and Munk, 2006), as well as a
number of technical reasons, may also change the M. amplitude on various time scales. The above reasons
have been presented or discussed in Woodworth (2010), Mdler (2012), MUler et al. (2014), Tazkia et al. (2017), and
Talke and Jay (2020).

4.1 Design of numerical experiments

The Bohai Sea in north China freezes to varying degrees every winter for approximately 3-4 months (Su and Wang,
2012). According to the back-effect connection of the coastal shelf and open ocean via resonance mechanisms (Arbic et al.,
2009; Arbic and Garrett, 2010), sea ice may be important to the seasonality of principal tidal constituents. However, Zhang et

al. (2019) performed numerical experiments with a three-dimensional ice-ocean coupled model and found that the damping

effect of sea ice on the astronomical tides was almost negligible in the Bohai Sea
Therefore, ice coverage was not considered in this study. Several numerical
experiments (Expl-Exp4) were carried out to simulate the four principal tidal constituents in the Bohai Sea under different
conditions using MITgecm (Marshall et al., 1997), testing the influence of seasonal variations of mean sea level and stratification
on the seasonal variability of the principal tidal constituents.
Identical model settings used in all of the numerical experiments were described as follows. The simulation area
of the Bohai Sea is shown in Figure 1b. The horizontal resolution was 2'x2' and there were 16 layers in the vertical

direction with thicknesses ranging from 2-5 m. The four principal tidal constituents Mz, Sz, K1, and O; were implemented as

tidal forcing at the east open boundary, whose data were predicted using the constant harmonic parameters extracted from the
TPXO model (Egbert and Erofeeva, 2002). Sea surface boundary conditions were not considered. The horizontal eddy
viscosity coefficient was set to 1.0x<10° m%s, and the quadratic bottom drag coefficient was set to 1.3x10-% (Wang et al., 2014).
The integral time step was 60 s and the total simulation time was 60 d. The results of the final 30 d were used to calculate the
harmonic parameters using CHA.

Details of the model settings for numerical experiments Expl-Exp4 are listed in Table 3. In Exp1, the simulation started
from 0000 UTC 1 January 2014, while the simulation started from 0000 UTC 1 July 2014 in Exp2-Exp4. In Exp1, horizontally
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homogeneous profiles of the initial temperature and salinity (Figure 7) were extracted from the HYCOM global analysis results
in winter, while those in summer were used in Exp2—Exp4. The vertical eddy viscosity coefficient was specified directly and
no turbulence closure schemes were used. In Expl, the vertical eddy viscosity coefficient was set to 2.0<10° m?/s through a
trial and error procedure. According to MUler et al. (2014), the eddy viscosity in summer was reduced by orders of magnitude
compared to well-mixed conditions in winter, as the stratification stabilized the water column. Therefore, the vertical eddy
viscosity coefficient was decreased by one-half in Exp3 to test the influence of the vertical eddy viscosity caused by the
stratification. As shown in Figure 8, monthly means of the low-pass sea levels, filtered using a cosine-Lanczos filter with a
high frequency cut-off of 0.8 cpd, were nearly equal to the estimated mean sea level using SHA. They exhibited the same
variation trend as those obtained using EHA, with large values in summer and small values in winter. Given the difference
between the averaged mean sea level in summer and that in winter, Exp4 included 0.2-m increase of water depth to test the

influence of mean sea level.

4.2 Modelling Results

The simulated harmonic parameters of the four principal tidal constituents in the numerical experiments and those
obtained from observations at E2 and Dalian are shown in Figure 9. The simulated harmonic parameters were a little far from
the observed results, except the M2 amplitude at E2 simulated in Exp1 and that simulated in Exp2, possibly because the constant

bottom drag coefficient was used (Wang et al., 2014) and the ocean circulation and other important factors were not considered.

However, the differences between the simulated results in the different numerical experiments can be used to display
the influence of potential factors on the seasonal variability of the principal tidal constituents.

The observed amplitudes at E2 in summer were larger than those in winter for all four principal tidal constituents, as
shown in Figure 9. However, the simulated amplitudes in Exp2 were nearly equal to those in Expl. In contrast, both the

decreased vertical eddy viscosity coefficient in Exp3 and the increased mean sea level in Exp4 increased the amplitudes for

all principal tidal constituents. The increases of the observed M, and S, amplitudes at E2 from winter to summer were 13.58

cmand 2.62 cm, respectively, while those were 13.34 cm (2.08 cm) and 2.75 cm (0.56 cm) for simulated results in Exp3 (Exp4)

(BBTHA:

T AR
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R AR
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(
compared to those in Expl. In addition, the increases of the observed Ki and O; amplitudes were also captured better by the [&ET#&&.“: Ak AR
simulated results in Exp3 than those in Exp 4, as shown in Figure 9. Therefore, the seasonally varying amplitudes of all (BETHR: ik it
principal tidal constituents were primarily caused by the seasonal variation of vertical eddy viscosity. For Mp, Sp and [&ET#&?&: o
Oy tides, the variation trend of simulated phase lags between Exp3 and Expl shared the [&ET#&ﬁ; TR
same  pattern  with  the  observed  variations  between  summer and  winter, indicating _the [ﬁﬁﬂﬁi: T4
effects of the seasonally varying vertical eddy viscosity
. In contrast, Exp2 with the changes in [ BETHRR: sk R
stratification and Exp4 with changes in _mean sea level only reproduced the variation trend of the S [ﬁﬁ?#&iﬁ: TR AR
and O; phase lags, respectively. The aforementioned results demonstrated that seasonal variation in the vertical eddy viscosity [ BETHR: 7 R

was the most important mechanism influencing the seasonal variability of principal tidal constituents at E2.
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The observed S, amplitude at Dalian_was larger in winter than in summer. The simulated result in Exp2 (summer) showed

a decrease from Expl (winter) while those in Exp3 and Exp4 were larger than that in Expl, indicating the seasonality of

stratification as a possible reason. However, the simulated seasonal variation between Exp2 and Expl was too weak, which

was less than 1 cm, possibly because the simple horizontally homogeneous temperature and salinity profiles could not reflect

reality. The water depth is large in the eastern part of Bohai Sea (Figure 1b), so the stratification and ocean circulation were
noteworthy and had significant effects on the tides. The increases of the M, and O; amplitudes were only captured by Exp3
with changes in the vertical eddy viscosity coefficient and Exp2 with changes in stratification, respectively. The variation
trends of the Mz and S, phase lags were not reproduced well in any experiments, among which Exp2 performed the best, while

those of Ky and O; were best captured by Exp3, where the simulated results were smaller than those in Expl. On the whole,
the seasonal variations of the principal tidal constituents at Dalian were possibly determined by the seasonality of stratification
and vertical eddy viscosity.

The variations of the simulated amplitudes from winter (Expl) to summer (Exp3) in the entire Bohai Sea are shown in
Figure 10. The spatial distribution of the variations in M2 amplitude had a strong positive correlation (R=0.98) with that
in the Sz amplitude, similar to that for the diurnal tides (R=0.98). Furthermore, the distributions were possibly related to
tidal wave propagation as their patterns were similar to the co-phase lines, as shown in Figure 10. For the semi-diurnal tides

M and S, the simulated amplitudes in summer were larger than those in winter in Bohai Bay, Laizhou Bay, and Liaodong

Bay, which was the same as that obtained by analysing the sea level data at several tidal gauge stations in the Bohai Sea in

Fang and Wang (1986) and that simulated by numerical model in Kang et al. (2002), while the simulated results in summer

were smaller than those in winter in the middle of the Bohai Sea. The spatial distribution of the absolute differences between
the simulated amplitudes in summer were larger than those in winter in Bohai Bay, Laizhou Bay, Liaodong Bay and the middle
areas, while smaller in the northeast part of the Bohai Strait.

5 Discussions

In this study, the EHA developed in Jin et al. (2018) and Pan et al. (2018b) was further improved in order to resolve more
tidal constituents by adding the minor constituents whose harmonic parameters were assumed to be constant and calculated
together with the temporally varying harmonic parameters of the principal tidal constituents. The nodal and
astronomical argument corrections were embedded into the least square fit to eliminate the influences of nodal cycle and
linearly varying astronomical argument. In fact, there have been multiple improvements to T_TIDE in the past decades, such
as R_T_TIDE (Leffler and Jay, 2009), versatile tidal analysis (Foreman et al., 2009), U_TIDE (Codiga, 2011) and NS_TIDE
(Matte et al., 2013). In R_T_TIDE, versatile tidal analysis and U_TIDE, the harmonic parameters (i.e., amplitude and phase
lag) are assumed to be constant. However, harmonic parameters are not

constant and have multiscale temporal variations, as shown in researches such as Corkan (1934), Kang et al. (1995), MUler et
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al. (2014), Devlin et al. (2018), and Talke and Jay (2020). Neglecting seasonal variation of tides will introduce significant error
in sea level prediction (Fang and Wang, 1986). EHA assumes the harmonic parameters of the principal tidal constituents are

temporally varying and incorporate their calculation into the least squares fit, which is an important improvement to T_TIDE.

In NS_TIDE, the harmonic parameters are also assumed to be temporally varying. However, the harmonic parameters are
taken as functions of river flow and greater diurnal tidal range at the reference station. Therefore NS_TIDE can only be applied
to river tides, while EHA can be applied in analyzing any time series. On the whole, EHA used in this study is indeed superior
to other methods.

It is noted that the duration of sea level observations at E2 is from 2013 to 2014 and that for Dalian is from 1980 to 1997,

which are from different eras and may defy comparison because the 1997-1998 El Nino is one of the strongest in the twentieth

century (Chavez et al., 1999) and changes many of the physical oceanic properties (Nezlin and Mcwilliams, 2003; Shang et

al., 2005; Liu et al., 2010). In addition, the duration of hourly sea_level observations at E2 used in this study is only one

year, which is also a limitation. Although the different time eras and the rare event might slightly skew seasonal pattern of

tides, the seasonal variations of the principal tidal constituents Mz, Sz, Ki and O obtained using EHA are the same as

those using traditional SHA, indicating that the results are not unreasonable and can reflect the seasonal variations of tides

in the analysis period. The strong seasonal variation _trends of the principal tidal constituents can be captured by the results of

numerical experiments. The multi-annually averaged results at Dalian also showed the seasonal variations of the principal tidal
constituents, but the results of numerical experiments were not in good accordance with the observed results, which may be
because horizontally homogeneous profiles of the initial temperature and salinity were used and the temporally varying
ocean circulation was not considered.

The seasonality of the principal tidal constituents has been investigated widely. As shown in MUler et al. (2014), there
were significant seasonal variations in M, tide in several coastal regions and the maximum annual tide was in July (+1
month) in most of the ocean. However, the spatial and temporal inhomogeneities also existed and the summer amplitudes
of M. tide were less than those in winter in several areas, as shown in Kang et al. (1995), MUler et al. (2014), Devlin et al.
(2018) and Figure 10 in this study. In general, the M. tidal amplitude in summer was larger than that in winter in many areas,
such as the Bohai Sea (Fang and Wang, 1986), the North Sea (Huess and Andersen, 2001; Gré&we et al., 2014; MUler
et al., 2014), most of the Ganges-Brahmaputra-Meghna delta (Tazkia et al., 2017), the seas of Southeast Asian (Devlin et al.,
2018), Liverpool (Corkan, 1934), Victoria (Foreman et al., 1995), the western part of the Yellow and East China Seas (Kang
et al., 2002), the Hudson Bay and Foxe Basin (St - Laurent et al., 2008), which was the same as that obtained by
analysing the observations at E2 and Dalian in this study. Devlin et al. (2018) found that the diurnal and semidiurnal tidal
amplitudes and phases exhibited a high degree of seasonality in the seas of Southeast Asia, and Fang and Wang (1986)
indicated that the O; amplitude in summer was also larger than that in winter in the Bohai Sea, which were similar to
those concluded in this study. The seasonality of the principal tidal constituents obtained in the study was mainly similar to

those in previous studies, but the novel EHA was firstly used to estimate the seasonal variations of the principal tidal
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constituents and the numerical experiments using three-dimensional MITgcm were performed to explore the physical
mechanisms.

The seasonal variations of stratification and vertical eddy viscosity and their influences on the tidal amplitudes may be as
follows. In winter, the strong northwest Asia monsoon develops a vertically well-mixed condition (Yanagi et al., 2001;
Jeon et al., 2014). The vertically well-mixed condition will not stabilize the tidal currents and lose more energy,

leading to smaller tidal amplitudes. As the surface heating rate and freshwater discharge increase_in summer, the mixing is
insufficient to homogenize the input potential energy and cause stratified conditions (Huang et al., 1999; van Haren,
2000). Hence the reduced vertical eddy viscosity will increase the tidal amplitudes. However, the S, amplitude
at Dalian was larger in winter and smaller in summer, which is inconsistent with the other principal tidal constituents and

should be further investigated in future studies.

6 Conclusions

In this study, based on one-year sea_level observations at E2 and 17-year sea_level observations in the Bohai Sea, the
seasonal variability of the principal tidal constituents was investigated using different methods. In analysis of sea
level observations at E2 and Dalian, the seasonal variations of all principal tidal constituents obtained using
EHA were nearly equal to those obtained using SHA (Figures 4 and 6), indicating that the seasonal variations were not related

to the applied methods. At both E2 and Dalian, the principal tidal constituents My, Sz, K1 and O exhibited seasonal variations

(RBTHA:

T ARUR

* Ak AR

TR AR

(Figures 4 and 6). The M. amplitude at E2 had an annual_cycle, while that at Dalian showed a was semi-annual cycle.
The M phase lags at E2 and Dalian had the similar variation trend, with large values in summer and small values in winter.
had an annual cycle, with large values in summer and small values in winter, while the O; amplitude increased steadily.
On the contrary, the variations of the Ki and O; amplitudes at Dalian were small. The maxima of the Sz, K1 and O phase lags

at E2 appeared twice, which was the same as those of K and O: and different from that of S, at Dalian.
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Through several numerical experiments, the mechanisms of the seasonal variability of the principal tidal constituents

were investigated. Although the simulated harmonic parameters of four principal tidal constituents were not consistent well

with the observations in most cases, the differences between the simulated results in summer and winter indicated that the

seasonal variations of the principal tidal constituents at E2 were caused by the seasonality of the vertical eddy viscosity, while
the seasonal variations at Dalian were mainly induced by the seasonality of stratification and vertical eddy viscosity

Therefore, taking into consideration of temporally

varying harmonic parameters, the synchronous simulation of circulation and tides and a reasonable parameterization scheme

to convert the variations in stratification to those in vertical eddy viscosity were essential for precise simulation of the tides.
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Data availability

The HYCOM global analysis data is available at http://hycom.org. New version of S_TIDE package can be downloaded from
https://www.researchgate.net/project/Adaptation-of-tidal-harmonic-analysis-to-nonstationary-tides. The hourly sea level

observations at Dalian are available at https://uhslc.soest.hawaii.edu/datainfo/. The hourly sea level observations at E2 used in

this work are available from the authors upon request (xginglv@ouc.edu.cn).
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Table 1. Averaged amplitudes (cm) and phase_lag (<) of the principal tidal constituents obtained using EHA at E2

Constituents Parameter Annual Winter Spring Summer Autumn
Amplitude 73.97 67.29 71.56 80.87 76.04

M Phase lag 210.03 209.11 209.42 212.04 209.52
Amplitude 20.81 19.83 18.87 22.46 22.06

& Phase lag 273.74 276.69 272.81 279.67 265.80
Amplitude 30.30 27.96 29.99 32.09 31.13
£ Phase lag 30.57 31.31 30.39 33.55 27.01
Amplitude 24.43 21.92 24.13 25.37 26.27

= Phase lag 34591 351.35 340.62 348.00 343.79

Table 2. Averaged amplitudes (cm) and phase lag (<) of the principal tidal constituents obtained using EHA at Dalian

Constituents Parameter Annual Winter Spring Summer Autumn
Amplitude 97.32 97.53 96.79 97.96 97.00
M Phase lag 54.25 52.93 53.43 55.34 55.28
Amplitude 30.89 3254 30.91 29.1 31.02
2 Phase lag 100.12 99.45 102.47 101.08 97.44
Amplitude 25.32 25.02 24.78 26.18 253

K Phase lag 240.94 242.44 239.91 239.31 242.15
Amplitude 17.91 17.41 18.05 17.88 18.29

& Phase lag 210.29 212.4 208.54 209.62 210.65

Table 3. Model settings for the numerical experiments

A2 Depth
No. Season
(m?/s) (m)
Expl Winter 2.0x10°3 Original
Exp2  Summer 2.010°° Original
Exp3  Summer 1.010°3 Original
Exp4  Summer 2.0x10°° Original+0.2

2 Vertical eddy viscosity coefficient.
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Figure 1. (a) General location of the Bohai Sea (rectangle with dashed lines); and (b) locations of the observation stations
(red stars), E2 and Dalian, in the Bohai Sea, and bathymetry of the Bohai Sea (colours).
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Figure 2. Time series of the observed sea level at (a) E2 and (b) Dalian.
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Figure 4. Time series of the temporally varying tidal amplitudes of principal tidal constituents (a) Mz, (b) S, (c) K1 and
(d) O1 at E2 estimated with CHA (black dashed lines), SHA (blue lines) and EHA (red lines). (e-h) Similar to (a-d), but
for the estimated temporally varying tidal phase lags. Blue vertical bars and pink shading indicate the corresponding
95% confidence intervals.
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Figure 5. Similar to Figure 3, but for those at Dalian.
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Figure 9. (a) Averaged M2 amplitude in winter (blue circle) and summer (red circle) by analysing observations at

E2 using EHA, and those obtained by analysing the simulated results in Exp1 (blue asterisk), Exp2 (red triangle), Exp3

(red asterisk) and Exp4 (red square). (b-d) Similar to (a), but for Sz, K1 and O at E2, respectively. (e-h) Similar to (a-

5 d), but for the phase lags at E2. (i-p) Similar to (a-h), but for those at Dalian.
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