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Abstract. In a world of increasing coastal inundation hazards, an understanding of daily through to monthly tidal envelope
characteristics is fundamental to resilient coastal management and development practices. For decades, scientists have
described and compared daily tidal forms around the world’s coasts based on the four main tidal amplitudes. Our paper builds
on this ‘daily’ method by adjusting the constituent analysis to distinguish the different monthly types of tidal envelope
occurring in the semi-diurnal coastal waters around Aotearoa New Zealand. Analyses of tidal records from 23 stations are
used, alongside data from the FES2014 tide model database and theoretical experiments, in order to find the key characteristics
and constituent ratios of tides that can be used to classify monthly tidal envelopes. The resulting monthly tidal envelope
classification approach described (Fj;) is simple, complementary to the successful and much used daily tidal form factor (F),
and of use for coastal flooding, climate change and maritime operation management and planning applications in semi-diurnal

regimes.

1 Introduction

Successful human-coast interactions in the world’s low-lying areas are predicated upon understanding the temporal and spatial
variability of sea levels (Cartwright, 1999; D’Onoftio et al., 1999; Nicholls et al., 2007). This is particularly the case in island
nations like Aotearoa New Zealand (ANZ), where over 70% of the population reside in coastal settlements (Stephens 2015).
An understanding of tidal water level variations is fundamental to resilient inundation management and coastal development
practices in such places (Masselink et al., 2014; Olson, 2012; Pugh, 1996), as well as to accurately resolving non-tidal signals
of global interest, such as in studies of sea level change and gravimetry (Egbert et al., 1994; Stammer et al., 2014).

In terms of daily cycles, tidal form factors or form numbers (F) based on the amplitudes of the four main tidal constituents
(K1, O1, M2, S;) have been successfully used to classify tidal observations from the world’s coasts into four types of tidal
regime for nearly a century (Figure 1 a). Originally developed by van der Stok (1897), with a fourth category added by Courtier
(1938), these simple and useful form factors comprise the ratio between the combined K; and O; diurnal amplitudes versus
the combined M, and S, semi-diurnal amplitudes (Table 1). The resulting form factors classify tidal regimes into those which
roughly experience one high and one low tide per day (diurnal regimes); or two approximately equivalent high and low tides
per day (semidiurnal regimes); or two unequal high and low tides per day (mixed semidiurnal dominant or mixed diurnal
dominant regimes) (e.g. Defant 1958).

Albeit not part of their original design, some interpretation of the tidal envelope types observed at fortnightly and monthly
timescales has accompanied use of daily tidal form classifications (e.g. Pugh, 1996; Pugh & Woodworth, 2014). Whereas the
daily tidal form factor identifies the number and form (equal or mixed) of tidal height cycles typical within a lunar day (i.e. 24
hours and 48 minutes) at a particular site, a tidal envelope describes the maximum and minimum boundaries of tidal height

cycles occurring across a specified timescale at that site. The envelope timescale of interest in this paper is monthly.
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Tidal envelopes at monthly scales depend on tidal regime. In general, semi-diurnal tidal regimes often feature two spring-neap
tidal cycles per synodic (lunar) month (Table 1). These two spring-neap tidal cycles are usually of unequal magnitude, due to
the effect of the moon’s perigee and apogee, which cycle over the period of the anomalistic month. In contrast, diurnal tidal
regimes exhibit two pseudo spring-neap tides per sidereal month. For semi-diurnal regions where the N, constituent contributes
significantly to tidal ranges, tidal envelope classification should consider relationships between the Ma, S,, and N, amplitudes.
The waters around ANZ represent one such region: here the daily tidal form is consistently semi-diurnal, but large differences
occur between sites within this region in terms of their typical tidal envelope types over fortnightly to monthly timescales.

The primacy placed on the four main amplitudes used in daily tidal form calculations has influenced the constituents examined
in comparisons between global tide models and satellite altimeter data (e.g. Andersen, 1995; Stammer et al., 2014),
emphasizing the importance of daily and spring-neap constituents. Far less attention has been paid to of the importance of
other constituents in modern tidal research. More than eighty years after the development of the ever-useful daily tidal form
factors, attention to the regional distinction between different tidal envelope types within the semi-diurnal category is also
needed, and forms the motivation for this paper. In this first explicit attempt to classify monthly tidal envelope types, we
examined the waters around ANZ, a strong semi-diurnal regime with relatively weak diurnal tides (daily form factor F <0.15)
and variation in the importance of the S, and N, amplitude ratios. The result is an approach for classifying monthly tidal
envelope types that is transferable to any semi-diurnal regime. As well as providing greater understanding of the tidal regimes
of ANZ, we hope that our paper opens the door for new international interest in classifying tidal envelope variability at multiple
timescales, work which would have direct coastal and maritime management application including contributing to explanations

of the processes behind delta city coastal flooding hazards and their regional spatial variability.

2 Methodology
2.1 Study area

Aotearoa New Zealand is a long (1600 km), narrow (<400 km) country situated in the south-western Pacific Ocean and
straddling the boundary between the Indo-Australian and Pacific plates. Its three main islands, Te Ika-a-Maui or the North
Island, Te Wai Pounamu or the South Island, and Rakiura or Stewart Island, span a latitudinal gradient between about 34° and
47° South. The tidal regimes in the surrounding coastal waters are semi-diurnal, with variable diurnal inequalities, and absolute
tides that span micro through to macro tidal ranges. Classic spring-neap cycles are present in western areas of ANZ, while
eastern areas feature distinct perigean-apogean influences (Byun and Hart, 2015; Heath, 1977, 1985; LINZ, 2017b; Walters et
al., 2001).

Highly complex tidal propagation patterns occur around ANZ, including a complete semi-diurnal tide rotation: contrary to the
southern hemisphere Coriolis Effect, the tide generally circulates around this country in an anti-clockwise direction. This
occurs due to the forcing of M and N tides by two amphidromes, situated northwest and southeast of the country, producing
trapped Kelvin waves; while the S; and K, tides exhibit a single wave front generated by an amphidrome to the southeast, plus
refraction of a trapped wave around the South Island. Around Te Moana-o-Raukawa or Cook Strait, the waterway between the
two main islands, tides travelling north along the east coast run parallel to tides travelling south along the west coast. The
pronounced differences between these east/west tidal states, combined with their tidal range differences, together produce

marked differences in amplitude and strong current flows through Cook Strait (Heath, 1985; Walters et al., 2001, 2010).

2.2 Data analysis approach

Year-long sea level records were sourced from a total of 23 stations spread around ANZ (Figure 2): eighteen 1 minute-interval
records from Land Information New Zealand (LINZ, 2017a); and five 1 hour-interval records from the National Institute of

Water and Atmospheric Research (NIWA, 2017). For both the LINZ and NIWA data, years with good quality hourly data
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were selected for analysis from amongst multi-year records. The 23 tidal records were harmonically analyzed using T Tide
(Pawlowicz et al., 2002) to examine spatial variation in the main tidal constituents’ amplitudes, phase-lags, and amplitude
ratios, between regions and in comparison with their tidal potential values from Equilibrium Theory (see Table Al for raw
results). An additional set of tidal constituent amplitude data was sourced from Tables 1 and 3 of Walters et al. (2010), derived
from 33 records of between 14 and 1900 days length, from around the greater Cook Strait area between ANZ’s two main
islands, where spring-neap tides reach the strongest in the country.

We then classified the monthly tidal envelope types found around ANZ based on detailed examination of constituent ratios
produced from the tidal harmonic analysis results, as well as data from the FES2014 tide model (see Carrere et al., 2016 for a
full description of this database), and experimental plots of the different tidal envelope types generated from this constituent
data. Due to the strong semi-diurnal tidal regimes in the study area, and similar to the approach of Walters et al. (2010), we
were able to ignore sidereal (Ki, O) effects and simply consider the effects of spring-neap (M2, S») and perigean-apogean

cycles (M2, N2) in our monthly tidal envelope type characterization.

3 Results
3.1 Key tidal constituent amplitudes and amplitude ratios

In order to better understand the key constituents responsible for shaping tidal height forms around ANZ, we first mapped
variability in the amplitudes of the semi-diurnal and diurnal constituents listed in Table 1 (Figure 3) and of the ratio values of
the semi-diurnal constituent amplitudes (Figure 4). Table 2 summarizes these data, and contrasts them with those from Defant’s
(1958) Equilibrium Theory, while Table Al catalogues the detailed data results.

Tidal amplitude ratio comparisons confirmed that the waters around ANZ are dominated by the three astronomical semi-
diurnal tides: M, S; and N> (Table 2), the combination of which can generate fortnightly spring-neap tides (M and S,) and
monthly perigean-apogean tides (M> and N»). Figure 3 reinforces the relatively minor magnitudes of diurnal constituent
amplitudes (O1, K), as well as revealing the stronger west coast amplitudes of the spring-neap cycle generating constituents
(M, and S»), the relatively weak S, amplitudes overall (half that of Equilibrium Theory), and the more concentric pattern

around ANZ of the perigean-apogean cycle generating N, amplitude.

In terms of the semi-diurnal constituent amplitude ratios, Figure 4 and Table 2 show that :ﬂ values cover a broad range around
Mz

ANZ (0.04 to 0.47), with most sites exhibiting relatively smaller values (<0.27 at 22 out of 23 sites) than that of Equilibrium

Theory (0.466). In contrast, Zﬁ ratios were found to be more stable around ANZ (values ranging from 0.16 to 0.23) and similar
M3

in magnitude to Equilibrium Theory (i.e. 0.191). By grouping the constituent amplitude and amplitude ratio results (Figures 3
to 4), we were able to distinguish four distinct monthly tidal envelope regimes around ANZ (Table 2).

e Firstly, ‘spring-neap’ type tidal regimes occur where the S, tide amplitude is large compared to that of the N, (Table

2, Figure 3). In these areas there are two spring-neap tides per month with similar ranges, and negligible influence of

perigean-apogean cycles. Such a regime occurs in the Kapiti and Cook Strait area (Figure 1), where the N> and M,

amplitudes reduce by 75 to 90%, but the S, amplitude reduces by only about 30%, compared to on adjacent coasts.

e In direct contrast, there are ‘perigean-apogean’ type tidal regimes, in areas where the N, amplitude strongly
dominates over the S, (Table 2, Figure 3). In this type of tidal regime, the M, and the N tides combine to produce
strong signals over anomalistic timeframes (27.5546 days). Hence the highest tidal ranges in any given month occur
in relation to the perigee, when the moon’s orbit brings it close to Earth, rather than in line with the moon’s phase, as
is typical in spring-neap regimes. This type of regime occurs, for example, around the northern Chatham Rise near

Kaikoura, and as far north as Castle Point on the east coast of the South Island.
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The remaining coastal waters around ANZ can be separated into two tidal sub-regions, one with strong spring-neap signals

and the other with strong perigean-apogean signals, but both with overall mixed or intermediate monthly tidal envelope types

(Table 2). We distinguished these two envelope types via the combined variability of the ratios of:i and Zﬁ (i.e. of the
M, My

spring-neap cycle; and perigean-apogean cycle forming tides, respectively). By examining these ratios we take account of the

moderating influence of the M tide at both synodic and anomalistic timeframes. In brief, the :i and Zﬁ ratios vary widely
N2

M2

around ANZ, with highest values in the west, lowest values in the east, and intermediate values to the north and south (Figure

4). By comparison, Zﬂ values are relatively stable and high, except in a relatively small area of central Cook Strait, where this
Mz

ratio drops and thus spring-neap cycles predominate (see ‘spring-neap’ type regimes above). The combined variability in these
two ratios means that, except where we find ‘perigean-apogean’ or ‘spring-neap’ type monthly tidal envelope types, spring-
neap tides do occur but the overall monthly envelope shape is fundamentally altered (asymmetrically) due to the perigean-

apogean influence.

e In the first of the ‘intermediate’ monthly envelope sub-regions, tides exhibit two dominant, but unequal, spring-neap

cycles per month due to a subordinate, but still influential, perigean-apogean effect. We term this type of monthly

. . . . . s . a .
tidal envelope an ‘intermediate, predominantly spring-neap’ type regime. Here values of aﬁ are 21, with S,
N2

amplitudes reaching only around 17 to 50% those of the M, constituent (Figures 3 to 4; Table 2). Also in these areas,

as +aN
values of %

Mz

are >0.45. This type of tide occurs, for example, at the Westport and Puysegur sites.

e Inthe other ‘intermediate’ monthly envelope sub-region, tides exhibit a mainly perigean-apogean form with a weaker,
but noticeable, spring-neap signal: we term this envelope type as ‘intermediate, predominantly perigean-apogean’.
as, as,+an,

Here values ofa— sit between 0.3 and <1, while values ofa— are 0.3 to 0.4 (Figure 4, Table 2). This type of
N2 M2z

tide occurs, for example, at the Auckland and Sumner sites.
Figure 5 illustrates the four types of monthly tidal envelope found around ANZ as idealized types, two with stronger spring-
neap signals (hereafter referred to as Types 1 and 2, see Figure 5 a-b) and two with stronger fortnightly perigean-apogean

signals (hereafter Types 3 and 4, see Figure 5 c-d).

3.2 A monthly tidal envelope factor (F3;) for semi-diurnal regimes

The four types of monthly tidal envelope types found around ANZ are essentially different combinations of spring-neap and
perigean-apogean signals. Thus, in a similar manner to van der Stok’s (1897) method for calculating daily tidal form factors,
a monthly tidal envelope factor (Fj) may be calculated for semi-diurnal tidal regions, including that of ANZ, according to:

s _ AMptaN,
Fy = , 1
aM2+aSZ

which can be further expressed as:

a
1+—a]\sﬂ2 x an
Fy = —3&—, withx = =2 (la)
M Sp
1+—= as,
[le

. PSRITT! as an
for areas characterized by more stable (e.g., lower variability) values of a—z compared to a—z, or as:
M2 S2

a
1+_a1:2 as
Fy = —ay &, withy = =2 (1b)
14—2y an,
(lM2
. P an as
for areas characterized by more stable (e.g., lower variability) values of a_2 compared to a_2
Mz N2
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Fj5, takes into account the roles of the S and N tides in spring-neap and perigean-apogean cycles, while also factoring in the
strong M, tide influence in both types of cycle. Fj; may be used to classify the monthly tidal envelope types of any semi-
diurnal region (i.e. where £<0.25) based on the analysis of constituent amplitudes and ratios from local data . Below we explain
the four steps undertaken to successfully set the boundaries between different monthly tidal envelope types, thereby classifying

the region’s tides, using our ANZ case study data.

Step 1: Separating regimes dominated by spring-neap versus perigean-apogean signals

Fundamentally, in any semi-diurnal tidal regime (#<0.25) anywhere in the world where Zﬂ < 1, spring-neap cycles will be a
S2

clear feature of the tidal height records (Table 1). This applies to the waters around ANZ. Thus, we set an initial boundary

between different monthly tidal envelope types at Zﬁ =1 (Table 4). That is, regimes where Zﬁ< 1 feature stronger spring-
Sy Sy
neap cycles, while regimes with Zﬂ > ] feature stronger perigean-apogean signals. As summarized in Table 2, compared to
S2

areas that experience stronger spring-neap influences, areas of the ANZ coast with stronger perigean-apogean influences are

characterized by relatively smaller S, amplitudes (2-18 cm), with stronger N, amplitudes (10-22 cm).

Step 2: Separating regimes with consistent versus irregular and unequal spring-neap

Tidal regimes with stronger spring-neap signals (i.e. where Zﬂ <1) include places where spring-neap cycles occur as
S2

consecutive fortnightly cycles of similar magnitude (hereafter labelled Type 1 or ‘spring-neap’ type regimes), and places where
spring-neap signals dominate but with noticeable variability in the magnitudes of consecutive cycles due to subordinate

perigean-apogean influences (hereafter labelled Type 2 or ‘intermediate, spring-neap’ regimes). In ANZ the strongest spring-

neap influence occurs in the greater Cook Strait area, including at Kapiti where harmonic analysis revealed Zﬁ =0.35 (Table
S2

Al).

To set a boundary between Types | and 2 in any semi-diurnal tidal regimes around the world (and between Types 3 and 4 as
explained below), it was necessary to take account of the moderating influence of the M, amplitude compared to the
magnitudes of the S; and N, amplitudes, since the M, constituent influences monthly tidal envelopes at both synodic (spring-
neap) and anomalistic (perigean-apogean) timescales (Table 1). In order to do this, experiments were conducted to explore

two additional ratios:

i. the ratio of the ‘annual’ maximum tidal range to the subsequent tidal range (MTR); and

ii. the ratio of the ‘annual’ maximum spring tide range to the subsequent spring tide range (MSR).

We determined that the monthly tidal envelope boundary (Fj;) between spring-neap (Type 1) and intermediate, spring-neap
dominant (Type 2) regimes would occur at point where the MTR and MSR tidal range ratios exhibited the same value. 360
days of synthetic tidal range data were generated under conditions of #=0.25 (the boundary between ‘semi-diurnal”’ and ‘mixed,
mainly semi-diurnal’ type daily forms); and ay, = 3as,; ag, = ao,; and gy, = gs, = gk, = Jo, = 0° (a subset of the
assumptions employed by Courtier, 1938).When F=0.25, calculations revealed that the MTR value was 0.795. When the MSR
ratio was set to the same value (0.795), calculations revealed that the Fj, value was 0.795 (Figure Al). Based on this value, a
review of our observation records revealed that the Kapiti site, with its Fj; value of 0.79, exhibited the only completely spring-
neap dominated site amongst our ANZ records. Hence we found that the boundary between monthly tidal envelope Types 1
and 2 in ANZ would site somewhere between the tidal regimes of Kapiti and the site with the next strongest spring-neap

influence, Manukau, where Fj; = 0.93.
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Step 3: Separating regimes with ‘perigean-apogean’ and ‘intermediate, perigean-apogean dominated’ monthly tidal
envelopes

Amongst our case study sites, areas with the most extreme perigean-apogean signal typically exhibited Zﬂ values of about
My

0.04 to 0.05 (Table A1). In order to determine the boundary between ‘perigean-apogean’ and ‘intermediate, perigean-apogean

dominant’ regimes (i.e. Types 3 and 4), we conducted 31 experiments each generating 360 days of synthetic tidal ranges based

on the fixed condition of :i =0.05, but with zﬂ values ranging from 3 to 6 at intervals of 0.01 using Eq. (1a). Examining the
My S,

shapes of the resultant monthly tidal envelopes, we were able to set a boundary value between Types 3 and 4 regimes at
Fy =1.15 in NZ waters (Table 4, Figure 6).

In summary, Figure 7 illustrates the classification of monthly tidal envelope types in the waters around ANZ using Fj;. We
find the west coast is characterized by Type 2 monthly tidal envelopes, with two unequal spring-neap cycles per month. Type
1 monthly tidal envelopes, with their defined spring-neap tides, are only found in the Cook Strait area. This area’s defined
spring-neap tides were explored in detail by Walters et al. (2010) - Figure 6 includes a re-analysis of their data using the Fj;
ratios. In contrast, the central east coast shows Type 4, perigean-apogean tidal envelopes, which is unusual for semi-diurnal
regimes internationally (i.e. Figure 1c). Type 3 or intermediate, perigean-apogean dominated monthly tidal envelopes are found

in the rest of the waters surrounding ANZ.

4 Discussion and conclusion

Daily tidal water level variations are a key control on shore ecology; access to marine environments via boat and shipping
infrastructure such as ports, jetties and wharves; drainage links between the ocean and coastal hydrosystems such as lagoons
and estuaries; and the duration and frequency of opportunities to access the intertidal zone for recreation and food harvesting
purposes. Fortnightly and monthly tidal envelope variations, such as those associated with spring-neap and perigean-apogean
cycles, have similar moderating roles on human usage of intertidal and shoreline environments, and additionally these medium
term variations in tide levels are important factors in coastal inundation risks (Menéndez & Woodworth, 2010; Stephens 2015;
Stephens et al., 2014; Wood, 1978, 1986;). High perigean-spring tides, for example, interact with extreme weather events
(including low pressures, strong winds and extreme rainfall) to produce significant coastal inundation in low-lying coastal
settlements such as on deltas (Hart et al., 2015).

In a world of rising sea levels, and coastal inundation hazard cascades (Menéndez and Woodworth, 2010), having common
ways of describing different types of tidal envelope is essential for living safely and productively in coastal cities. This paper
has employed observations from ANZ, FES2014 tidal data, and theoretical experiments, to demonstrate a simple approach to
classifying different monthly tidal envelope types, applicable to semi-diurnal regions anywhere. The result is a widely
applicable monthly tidal envelope factor (Fj) for classifying semi-diurnal regimes based on the amplitudes and amplitude
ratios of three key constituents operating at synodic anomalistic timescales (M2, Sz, and N»).

At a very basic level, in any semi-diurnal tidal regime anywhere in the world where the value of Zﬂ <1, then spring-neap
S2

cycles will be clearly visible in tidal height records, either as consecutive fortnightly cycles of similar magnitude (Type 1), or

as a dominant signal with noticeable variability in the magnitudes of consecutive fortnightly cycles, due to a subordinate

perigean-apogean influence (Type 2). Conversely, in semi-diurnal areas of the world’s oceans where Zﬁ >1, then perigean-
S2

apogean cycles will be clearly visible, either as singularly evident monthly cycles (Type 4), or as a dominant influence with
subordinate spring-neap signals (Type 3). As illustrated in Sect. 3.2, quantitatively determining the actual boundaries between
monthly tidal envelope Types 1 versus 2, and Types 3 versus 4 regimes at a local scale involves analysis of observational data,

taking into account the moderating influence of the M, amplitude compared to the magnitudes of the S, and N, amplitudes.
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Figure 1b illustrates the division of the semi-diurnal areas of the world’s oceans into those where spring-neap cycles are the
main monthly tidal envelope influence versus those where the perigean-apogean signal is paramount, while Figure 1¢ illustrates
areas of the world’s oceans where spring-neap signals are minor compared to ‘perigean-apogean’ influences in the monthly
tidal envelope. The potentially predictable but relatively lower frequency tidal water level fluctuations such as those in our
perigean-apogean monthly envelope classes are an important cause and moderator of coastal inundation hazards in different
locations around the world (e.g. Wood 1978, 1986; Stephens 2015).

The simple approach to classifying monthly tidal envelope types in semi-diurnal regions demonstrated in this paper
complements the existing, commonly used way of describing daily tidal forms based on the amplitudes of the four key, diurnal
(K1, 01) and semi-diurnal (M, S) constituents (e.g. Defant 1958). We hope that our work inspires other efforts to study tidal
height variations at timescales greater than daily, work which could draw renewed attention to the fundamental role of tidal

water levels in shaping coastal environments, including in hazards such as low-frequency coastal flooding.

Data Availability

The tidal data used in this paper are available from LINZ (2017a; 2017b), NIWA (2017) and Walters et al. (2010). Details of
the FES2014 tide model database are found in Carrere et al. (2016) and via

https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/global-tide-fes.html). Appendix 1 contains the data

produced from analysis of these primary resources in this paper.

7/25



//doi.org/10.5194/0s-2019-122

https

Ocean Science

11 December 2019

arted:

(© Author(s) 2019. CC BY 4.0 License.

1Scussion st

Preprint. D

Discussions

1 OLTT-6L0 | +T0F00 | ISE0F | 1 0959 8T ceEo €6 TSEET 60T | 0SEEE | CIT-8F SEUET[[EIRAD
+ oITT 10 61T € 89T T o1l 1 ass z 8¢l 6% (1107) vosdupra
+ 911 600 61T € 08T € 671 vl §TT € 651 €0 (TT07) WHUHS[EES
+ 0911 8070 6L1 4 T T 611 01 ¥TT 4 &b1 st | (1707) puels] weyey) RN
+ ToTT Tro €57 ¥ ST ¥ L1 vl L1 £ oFT <9 (1707) esorEy
I LFTT 1070 1T 4 86T £ 8€1 vl 0T ¥ 191 9 (1107) J2ndeN
I 0ET'T 1070 LT 1 oge ¥ 81 vl 15T < or1 9 (0107) 2t095TD
I £ETT 600 SHT € €T < 601 31 <1 9 ofT 3 (1107) 390N
I £60°T 1070 I¥T € 0T £ 68 L1 Tit 6 i LL (1107) s1ewofey) Bod
I #3801 8070 i ¥ €6 £ 05 L1 16 o1 18 €L (110T) puE(s] v2215
£ 09071 LOD 9¢1 1 €1 4 9¢1 ST (574 (1] 681 €L (1107) WS
£ 0501 8070 L1 1 6FE 0 181 91 <oz I L0T 8L (1107) £eg {0103
€ £90°T 8070 [i}33 1 09g < 081 vl 11T 6 11z 0L (1107) efuEmEL
€ £90°1 10 8¢ T ass o 891 ¥1 79T 6 81 0L (1102) uaomw.ﬁﬁ

: . [10T
c 0S0°T Tro It T 33 < 8L1 1 £8T 3 90T Fas PUE[s] [nowy Yo0u FUMEIe
£ 6E0°T LOD ¥TE T 95g L 761 7T ST LT 91T TIT (1107) puepfony
£ qT0°1 900 09 ¥ 611 T 9 1z Ls 81 13 16 (1102) puers Sog
€ LI0T FI0 + € £t < 9i1 01 18T 6 80T 0g (T10T) prrefs] {01 a0 1ROg
£ 1101 o 15 T 01 H 60T o1 6LT a1 0£T 08 (010¢) 2de) quoN
T 61670 L00 T t org € cEg LT €1 61 0sg 8L (Z107) 1w10g MERKE
z 79670 <00 $HT € 0 £ #0g 7T FrE LT 61¢ 20T (T'910Z-" £ £107) noIsa[rey)
z 95670 F00 o € 261 T 18T £ e 6T 60¢ 281 (s107) Bodisay
T SE6 D <00 18T 1 LT 9 18T 0z fAss 6T L6T 601 (T107) NEFTELT
I 06470 S0°0 81 T SET T LiT 6 9¢E or 087 4 (1107) midey
- - 89°0 - - - - - - - - - - Aroay 1 wnnquInby

[ ) gy a3 g [T (LN [T [ ) iy raEp g | R ip
adi AEs a _ (pasn p10231) STUET VONELS
P N £ 9

Lroaq ] wnpaqmby mwoesy paALIap senjea o) paiedmod pue ‘puejeaz M3y PUNOIE SUONE)S 7 10] “SULIO)
adoRAuR [epn SUIAJISSE[D UI PASN JWIISAI [EWINIP-TWDS € 0] _“__M.E J032e) adofaauna fepn A[qjuom pue “(.J) SI10)IEJ WLIOY ‘SoSUE [EPI} ‘SJUE)SHOD JUOULIEY PN  J10] SAN[EA "TV qel

1 xipuaddy

246

8/25



https://doi.org/10.5194/0s-2019-122 )
Preprint. Discussion started: 11 December 2019 Ocean Science

(© Author(s) 2019. CC BY 4.0 License. Discussions

$$900y uadQ

(a) FS, = 0.7950

Tidal height (cm)

-150

-200
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Time (month)

250
S _
2001 (0) S, = 1.000

Tidal height (cm)

-100

-150

-200
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Time (month)

250
200 (€) F§y = 1.150

Tidal height (cm)

-100

-150

-200
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Time (month)

247 Figure Al. Monthly tidal forms at the boundaries of the (a) ‘spring-neap’ versus ‘intermediate, spring-neap dominant’ tidal forms; at
248 the (b) ‘intermediate, spring-neap dominant’ versus ‘intermediate, perigean-apogean dominant’ tidal forms; and at the (c)
249 ‘intermediate, perigean-apogean dominant’ versus ‘perigean-apogean’ tidal forms, produced using the conditions summarized in

250 Table Al.
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324 Table 1. Tidal constituent pairs associated with different monthly tidal envelope contributors and their intervals, including their
325 cycle types and controlling factors

) ) Interval
Constituent pairs Cycle type Control
(days)
. Moon phase, i.e. the axial alignment of Moon and Sun relative to Earth during the
Mo, Sz 14.7653 | spring-neap )
synodic month.

perigean- Relative distance between the Moon and Earth throughout the Moon’s orbit over
M2, N2 27.5546 o

apogean the anomalistic month.
Ki, O 13.6608 | tropic-equatorial | Changes in the Moon’s declination during the sidereal month.

326 Note. With monthly tidal envelope characterization, the N: is considered in addition to the constituents included in daily tidal form
327 classification (e.g. Defant 1958).
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330 Table 3. Monthly tidal envelope factor (Ffl) for classifying different monthly tidal types in Aotearoa New Zealand’s semi-diurnal
331 tidal regime

Fy Type Name Description of monthly tidal envelope
< 0.795 1 Spring-neap type Two similar magnitude spring-neap cycles.
> 0.795 and < 1.0 2 Intermediate, spring-neap dominated | Two unequal spring-neap cycles.
> 1.0 and < 1.15 3 Intermediate, perigean-apogean | A strong perigean-apogean cycle plus two weaker
dominated spring-neap cycles.
> 1.15 4 Pperigean-apogean type A distinct perigean-apogean cycle.

332
333
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334 Table 4. Typical (representative) input and boundary values for classifying monthly tidal envelope types around the Aotearoa New

335 Zealand coast

Eq. (1)
Fj boundary case - Fy Notes
Given value xory
When MSR~MTR with F=0.25, then
as, s
Type 1 vs. Type 2 P 0.47 x =036 0.8 the value of Fy;;
2
as, = 2.78 ay,
ay,
Type 2 vs. Type 3 - 0.21 y=1 1 as, = ay,
M,
as,
Type 3 vs. Type 4 = 0.05 x = 4.024 1.15 ag, = 0.249 ay,
M

336 Note. x = mandy =2
as, a

S2

N2

337 range and the ratio between the ‘annual’ maximum tidal range to the subsequent tidal range, respectively.

338

15

MSR and MTR denote the ratio between the maximum spring tide range to the subsequent spring tide
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Figure 1. (a) Global distribution of daily form factor (F) values, indicating daily tidal regime types (F<0.25: semi-diurnal; F>0.25 to
F<1.5 mixed-mainly semi-diurnal; F>1.5 to F<3: mixed-mainly diurnal; and F>3: diurnal, according to the classification of van der
Stok 1897, and Courtier 1938); (b) the world’s semi-diurnal tidal areas (F<0.25) divided into those where spring-neap (green) versus
perigean-apogean (blue) signals are the main influence on the monthly tidal envelope; and (c) semi-diurnal tidal regimes (in red)
where the S2/M: constituent amplitude ratio is <0.04 and thus spring-neap tidal signals are very weak so that perigean-apogean
signals are prominent, as derived from FES2014 tidal harmonic constants.
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354  Figure 3. Amplitude contours for the (a) Mz, (b) Sz, (¢) N2, (d) K1, and (e) O1 tides around ANZ, and (f) the resultant horizontal
355 distribution of F, daily tidal form factor values, as derived and calculated from the FES2014 tide model database at a scale of

356 1°/16x1°/16. Note that the amplitude color scales vary between plots a and e.
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358 Figure 4. Horizontal distributions of tidal constituent amplitude ratios around ANZ for: (a) :i; (b) () :ﬂ and (d) %; as
Mz Nz M

9
am, 2

359  calculated using the FES2014 tide model database at a scale of 1°/16x1°/16. Note that the amplitude color scales vary between plots
360 aandd.
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Figure 5. Idealized examples of four different monthly tidal envelopes over one year, calculated using the amplitude value ay, =

100 cm and the amplltude ratio values of: (a) =0. 46

u—_012 =0.5455, 22 = 0,22; and(d)

(a) 0.71; (b)093 (¢) 1.09; and (d) 1.17.

=0. 04,
ay.

N2

E=115, 2= 0.04; (b) 027“52_15

=0. 1818 =0.22. Note that the F3;
Mz

21

a"z

=0.18; (c)

values of these plots are:



https://doi.org/10.5194/0s-2019-122
Preprint. Discussion started: 11 December 2019
(© Author(s) 2019. CC BY 4.0 License.

Ocean Science

Discussions

1 *
E 1.8
™~ \
=z 3 i@ * N -
@© ¥\
>l / j o SN,
-7
2t % B i
’%g el _
*
1H1 = T~ 1
%‘H_ﬁ>i~fxék§<—**(l<8 % |
| | | | 1 08 — 1 | | |
005 01 015 02 025 03 035 04 045 05 055
a. /a
S ™M
367 L
368 Figure 6. Plot of the relationship between the % and :ﬁ ratios (y and x axes respectively) versus F' SM values (shown as plot contours),
Sy My
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370 stars); and Type 4 sites (pink stars), all from Table 2; and tidal data representative of the greater Cook Strait area (grey crosses)
371 from Walters et al. (2010, Tables 1 and 3).
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375 Table 3 and Figure 5 for corresponding monthly tidal envelope factor classes and envelope patterns.
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