Appendix A

Sea Level Calculations at Horns Rev

Observations from the off-shore tide gauge at Horns Rev (55°34.519” N; 07°26.140" E) have been
obtained for the two periods:

1. period:  August 26. 1997 - December 4. 1997
2. period:  December 4. 1997 - April 29. 1998

At the instrument inspection and data collection at 4/12 1997 a new instrument was re-mounted
at a slightly different position resulting in an off-set of approximately 0.5 m in the water depth,
and the two data periods have been analyzed separately.

The instrument measures at the sea bed the total pressure caused by the weight of the overlaying
water column plus the atmospheric pressure. By assuming hydrostatic pressure the relation
between the observed bottom pressure and the sea level variations is given by:

Pobs. = Pwater T Patm. = _pw(57 T7 P) 9z + Patm.

where z = —(H +n) is the negative water depth consisting of the height of the water column H at
Mean Sea Level (MSL), and n the actual deviation from MSL. The bottom pressure instrument
measures the temperature T [°C], the conductivity [1072 ohm~lem™!] and the pressure [psi].
The conversion from the pressure unit psi (=lb/in?) to the SI pressure unit Pa is:

1 psi = 6.894757 10° Pa. .
The total height of the water column, z is calculated by:

Pa
6804757 10° 5% (Pobs. = Patm )psi

pu(T,5,p) g

where g is the acceleration of gravity in m/s?, p and p,s,, the total pressure and the atmospheric
pressure, respectively, both measured in psi, and p, (T, S, p) the density of the water [kg/m?]
depending of the water temperature 7' [C?], salinity S [Practical Salinity Units (PSU)] and
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pressure p [hPa]. The density of the water p,, is calculated as (UNESCO, 1981):

P = 999.842594 4 6.793952 1072 T — 9.095290 10~ T2
+ 1.001685 10™* T — 1.120083 107° T* 4 6.536332 1072 T°
+ S [0.824493 — 4.0899 107> T 4+ 7.6438 107° T% — 8.2467 10~" T2 + 5.3875 1072 T* ]
4+ S5 [=5.72466 107 4+ 1.0227 10™* T — 1.6546 107¢ 17
+ 5% 4.8314 1074,

In general the density of the water also depends on the pressure, but at 20 m depth the pressure
only effects the density with less than 0.1 %, and the pressure dependency in the water density
has been neglected.

The water temperature measured at the sea bed at approximately 22 m is used as representing
the temperature in the whole water column. The conductivity sensor at the instrument failed
during both data periods, and a constant value for the salinity of 34 PSU have been used for the
sea level calculations. These uncertainties in the water salinity and temperature have introduced
errors in the calculations of the sea level. An estimate of the size of the error can be obtained
from statistical data from the Vyl light vessels that until 1970 did operate at the position (55°25
N, 6°34” E) approximately 20 km SSE of the location of the instrument at Horns Rev. The light
vessel data show an annual variation in the salinity of approximately 3 PSU at the surface in
the interval 31.0-34.0 PSU and at 20 m water depth a variation in the interval of 32.0-34.0 PSU
(Sparre, 1984b). The temperature data show a depth variation of approximately 2 °C between
surface and 20 m (Sparre, 1984a). The errors in the water depth calculation caused by these
temperature and salinity variations may therefore be estimated to be of the order of a few cm.

The Influence from the Atmospheric Pressure

For calculation of the sea level the atmospheric pressure has been removed from the observations.
The nearest observations of the atmospheric pressure are obtained from the meteorological
station at Blavands Huk (55°33" N; 08°05” E) operated by DMI. This synop station is located at
the Danish North Sea coast 18 m above the sea surface and 42 km east of the off-shore instrument
at Horns Rev. The atmospheric pressure observations are available at a sampling rate of 3 hours,
and a cubic spline interpolation has been used to interpolate to hourly values. These atmospheric
pressure observations have been used to remove the influence from the atmospheric load in
the sea level calculations. The distance between the off-shore station at Horns Rev and the
meteorological synop station may introduce an error in the calculated sea level. The magnitude
of this error is highly dependent on the weather situation. A worst case pressure difference
between the two stations is 5 hPa which may introduce an error in the sea level calculation of
approximately 5 cm. For more calm weather situations the sea level error will be of the order
of 1 em. To estimate the influence from the distance between the off-shore observations and the
coastal atmospheric observations, model simulated values for the atmospheric surface pressure
from the Hlgh Resolution Limited Area Model (HIRLAM) have been included. A scatter plot
of the Horns Rev water depth time series calculated with the atmospheric pressure from the
observations from Blavands Huk and the model simulated values is shown in Figure A.1. No
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Figure A.1: Scatter plot between Horns Rev water depth calculations, where the atmospheric
pressure has been removed with observations from the synop station at Blavands Huk (BVH)
and HIRLAM simulated values, respectively.

influence on the sea level calculations is found by using the HIRLAM data instead of the coastal
observations for removal of the atmospheric load. A third water depth time series have been
calculated by assuming a constant atmospheric pressure of 1013 hPa. This time series have
been constructed to test the influence to the atmospheric pressure variations on the sea level
and the ocean tides. The standard deviations for the calculated sea level time series are shown in
Table A.1 for the three different time series with and without the atmospheric pressure variations
removed. A larger variation in the sea level is seen for the time series where the atmospheric
pressure variations have been removed.

Scatter plots of the calculated total water depth at Horns Rev for the three different atmospheric
pressure calculations are seen in Figures A.2 and A.3 for the two data periods as function of sea
levels from the coastal tide gauge station at IEsbjerg 65 km I of Horns Rev. A linear correlation
coeflicient has been estimated to be in the interval r=0.88-0.91, with the lowest correlation for
the Horns Rev data where the atmospheric pressure variations have not been removed. The
inclination of the linear fit shows the shoaling effect on a factor of approximately 2 in the sea
level variations from Horns Rev towards the coast.

Dat od: St. dev. St. dev. St. dev.
ata perod: (Patm.=1013 hPa) (patm.=obs.) (patm.=model)

1 35.1 cm 38.1 cm 38.0 cm

38.5 cm 42.5 cm 42.5 cm

Table A.1: The standard deviations for the sea level time series calculated without the atmo-
spheric pressure variations removed (pgi,. = 0) and with the atmospheric pressure variations
removed by using observations and model simulations.
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Sea level residuals from Horns Rev for the two time series calculated with constant and observed
atmospheric pressure are shown in Figure A.4 together with the corresponding residuals from
the Esbjerg tide gauge station. A larger correlation between the residuals at Horns Rev and
Esbjerg is seen for the Horns Rev data where the atmospheric pressure variations have been
removed from the observed sea level variability.

An estimation of the IB effect (see Section 5.2.1) for the Horns Rev data is shown in Figure A.5 as
function of the atmospheric pressure observations from Blavands Huk. The IB effect is estimated
for the Horns Rev data set calculated with the atmospheric pressure contribution represented as
the constant values of 1013 hPa, and with the observations obtained from the synop station at
Blavands Huk, respectively. A significant different residual pattern is observed for the two data
periods, and for the two calculated sea level records, with the IB effect estimated in the range
from no effect to —1.3 cm/hPa. For the Horns Rev sea level residuals where the atmospheric
pressure variability has been removed, the IB effects are estimated to be —0.6 cm/hPa and
—1.3 em/hPa for the two data sampling periods, respectively.
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Figure A.2: Scatter plot between Horns Rev water depths and corresponding sea level data from
Esbjerg. Shown for data period 1.
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Figure A.3: As Fig. A.2 but for data period 2.
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Figure A.4: Scatter plot of Horns Rev residuals calculated with atmospheric pressure observations
from the synop station at Blavands Huk (BVH) as function of residuals from the coastal tide
gauge station at Esbjerg.
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Figure A.5: Scatter plot of Horns Rev residuals plotted as function of the atmospheric pressure
observations from Blavands Huk. The sea level residuals are plotted for data period 1 at top,
and data period 2 at bottom.



Appendix B

The M Modulation Wave

A linear combination of the harmonics for the M; constituent and its two neighbouring con-
stituents M Ay and M By gives (the nodal corrections are ignored):

h(t) = Ay, e wnry t=gn, +Var,) + Anra, ewnayt—gma, +Vara,) + A, e wn By t—9mB, ¥V B, )

— wnnpt—9my+Var,) {AMQ + Apnra, e —Awttgnn, —gnay +Vra, =V, )
+ Ays e (Awnrpy t—wiry 490, =905, +Var s, — Vi)
2
where A, w, ¢ and V are the amplitude, frequency, phase lag and the astronomical argument,

respectively, for each of the three constituents, and Aw = wp;, — wapra, = wvuB, — wir,. Taking
the real part of the expression gives

h(t) = cos(wn,t — gm, + Var,) X
{AMQ + Anra, cos(—Awt + gar, — gma, + Vara, — Var)

+ AumB, cos(Awt + gum, — gmB, + Vs, — VMQ)}
—sin(wart — gar, + Var,) X

{ A a, sin(—Awt + gar, — gma, + Vara, — Var)

+ Aump,sin(Awt + gm, — 9mB, + Vs, — VMQ)}

= {AM2 + S(t)} x cos(war,t — gm, + V) — R(t) X sin(war,t — gar, + Vag,)
where S() is given by

S(t) = Apra, cos(=Awt — (grra, — 9a,) + Vara, — Var)
+ AmB, cos(Awt — (gmB, — 9m,) + Vb, — V) »
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and R(t) by

R(t) = Apa, sin(=Awt — (grra, — 9a,) + Vara, — Var)
+ App, sin(Awt — (gmB, — 9nm,) + Vb, — V) -

The linear combination of the My, M Ay and M By harmonics is seen to result in a M, carrier
wave with a modulation in the amplitude at a period of T & 1 year, plus a small term at the
M; frequency but with the phase lag shifted 90°. The modulation wave S(¢) has been used
in Chapter 4 to investigate the annual modulation of the M; constituent. The sine term is
considered as a small perturbation term to the annual modulation of the My wave due to the
90° phase shift, and has not been included in the investigations.



Appendix C

Vector Root-Sum-Square

The total error of the difference between two vectors is given by the length of the vector difference
integrated over one period:

1 N

1 rT . . 1/2
RSSvector = [ _Z T/O H ATG €Z(Wt_gTG) - AZD €Z(Wt_g2D) H2 dt}

— { WZ; %/OT( (ATG cos(wt — gr) — Asp cos(wt — gap) )2
+ (ATG sin(wt — grg) — Azp sin(wt — g2p) )2) dt }1/2

1 1 (7T
= [ ﬁ Z T/O ( A%G + A%D — 2ArGgAp COS(Wt - ng) COS(wt — gzD)
1

‘ ‘ 1/2
— 2A7GAsp sin(wt — gra) sin(wt — g2p) ) dt }

1 1 [T
= { N > T/o (A%q + Alp — ArgAap [COS(_QTG + g2p) + cos(2wt — g1 — 92D)}

1/2
— ArcAsp [cos(—gra + 92p) — cos(2wt — g — g2p)] ) dt }

1 &1 T ) 1/2
= {WZ T/o (A7 + Asp — 2ArgAsp cos(gra — 92p) ) dt}

1N 1/2
_ [WZ ( Are + ASp — 2ArgAsp cos(gra — g2p) ) }
1/2

= {%% %{ (ATG cos(g9rG) — A2p COS(QQD))2 + (ATG sin(g9ra) — A2p Sin(gzD))2 } }

where the sum 7 is made over the total set of data, V.



Appendix D

The Modulation Wave from the
NEAC 2D-model T runs

The modulation wave calculated from the NEAC 2D-model T runs are shown below for the years
1992-1997, for the model grid points corresponding to the location of the tide gauge stations
around the North Sea. The amplitude of the modulation wave are shown in absolute values
[cm] and relative to the My amplitude. Also shown is the phase lag for the My maximum with
0° corresponding to January 1 and 360° to December 31. These tables are to be compared with
Table 4.7 for the T4S runs.
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1992 My [em] | S(t) [em] | S(t) [%] | S(t) [°]
Wick 117.2 0.2 0.2 180.5
Leith 190.2 0.4 0.2 177.6
North Shields 163.6 0.4 0.2 176.8
Lowestoft 69.3 0.2 0.3 173.8
Sheerness 189.1 0.5 0.3 167.7
Esbjerg 65.1 0.3 0.5 164.8
Hvide Sande 26.8 0.2 0.7 169.5
Hanstholm 11.2 0.2 1.8 169.1
Hirtshals 13.2 0.3 2.3 169.0
1993 My [em] | S(t) [em] | S(t) [%] | S(t) [°]
Wick 117.0 0.5 0.4 172.8
Leith 189.7 0.9 0.5 174.2
North Shields 163.1 0.8 0.5 174.3
Lowestoft 69.1 0.4 0.6 179.2
Sheerness 187.7 1.5 0.8 174.7
Esbjerg 64.6 0.5 0.8 175.7
Hvide Sande 26.7 0.2 0.7 181.3
Hanstholm 11.2 0.1 0.9 195.8
Hirtshals 13.2 0.1 0.8 196.6
1994 My [em] | S(t) [em] | S(t) [%] | S(t) [°]
Wick 116.9 0.5 0.4 182.7
Leith 189.5 0.9 0.5 184.6
North Shields 162.9 0.7 0.4 185.3
Lowestoft 69.1 0.3 0.4 189.2
Sheerness 187.0 1.4 0.7 192.1
Esbjerg 64.2 0.5 0.8 196.5
Hvide Sande 26.5 0.1 0.4 202.7
Hanstholm 11.1 0.1 0.9 238.8
Hirtshals 13.0 0.1 0.8 238.7
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1995 My [em] | S(t) [em] | S(t) [%] | S(t) [°]
Wick 117.3 0.8 0.7 351.3
Leith 190.3 1.3 0.7 350.3
North Shields 163.5 1.1 0.7 349.5
Lowestoft 69.4 0.5 0.7 351.2
Sheerness 187.3 0.8 0.4 328.8
Esbjerg 64.2 0.3 0.5 323.6
Hvide Sande 26.5 0.2 0.8 342.8
Hanstholm 11.0 0.1 0.9 338.4
Hirtshals 12.9 0.0 0.0 327.4
1996 My [em] | S(t) [em] | S(t) [%] | S(t) [°]
Wick 116.7 0.3 0.3 180.8
Leith 189.3 0.5 0.3 179.5
North Shields 162.6 0.5 0.3 179.5
Lowestoft 68.9 0.3 0.4 173.7
Sheerness 186.2 0.4 0.2 178.7
Esbjerg 63.7 0.2 0.3 170.9
Hvide Sande 26.3 0.2 0.8 169.6
Hanstholm 10.8 0.2 1.9 166.1
Hirtshals 12.6 0.2 1.6 165.9
1997 My [em] | S(t) [em] | S(t) [%] | S(t) [°]
Wick 116.6 0.5 0.4 170.1
Leith 189.0 0.9 0.5 171.0
North Shields 162.4 0.8 0.5 170.8
Lowestoft 68.8 0.4 0.6 174.4
Sheerness 185.5 1.4 0.8 169.4
Esbjerg 63.5 0.4 0.6 166.3
Hvide Sande 26.3 0.1 0.4 167.1
Hanstholm 10.8 0.1 0.9 170.5
Hirtshals 12.7 0.1 0.8 172.7




Appendix E

Plots of the NEAC 2D-model
Modulation Wave

On the following pages are shown the modulation wave, S(t) calculated from the 2D barotropic
numerical model (described in Section 4.5.1). The amplitude for the modulation wave is given
in cm and the time in the year for this maximum is given in degrees and plotted for the years
1992-1997 for runs forced with tides only (T runs) and forced with both tides and atmospheric
forcing fields (T4S runs).
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Seasonal Variation in the Main Tidal Constituent from Altimetry

V. Huess

Danish Meteorological Institute, Copenhagen, Denmark

O. B. Andersen

National Survey and Cadastre, Copenhagen, Denmark

Abstract

The existence of seasonal variations in the main tidal constituents has been known for a long
time from coastal tide gauges. In this paper we extend the amount of observations from the
relatively limited number of coastal tide gauge observations to also include the large amount of
offshore information that have become available from altimetry. These observations are
compared with results from a hydrodynamical model applied for the north-west European shelf.
The model clearly identifies the seasonal variation in the M, constituent as a shallow water effect
with a large part of the variation explained as a barotropic signal having high dependency on the
meteorological field over the area.



Introduction

Seasonal variation in the main tidal constituents
have been known for a long time. In 1934 R. H.
Corkan investigated tide gauge data from the station
in Liverpool, U.K., and observed less tidal range in
the winter period than predicted, and higher tidal
range in the summer period than predicted [Corkan,
1934]. To account for this observed annual pertur-
bation, Corkan included two small semi-diurnal con-
stituents, MA, and MBs, that loses and gains ap-
proximately 1° in the phase lag per day on M, re-
spectively. Cartwright, [1968] identified two causes
to the existence of the MAs and MBs constituents,
and defined an annual modulation in M, caused by
a pure gravitational effect (the anomalistic year with
the period T=365.2596 days), and a seasonal mod-
ulation caused by the solar inclination (the tropical
year with the period T=365.2422 days). The an-
nual contribution to the constituents MAs; and MB»
are calculated from the gravity potential correspond-
ing to 0.345% and 0.305% of the My amplitude, re-
spectively [Cartwright and Taylor, 1971]. The dis-
tribution and cause of the observed MA, and MB,
amplitudes on several percent of the My wave, have
previously been investigated from coastal tide gauge
data mainly located around the British Isles [Baker
and Alcock, 1983; Pugh and Vaussie, 1976; Pugh and
Vassie, 1994]. New information about shallow wa-
ter tides have recently been obtained from altimetry
data in the north-west European shelf region [An-
dersen, 1999]. We extend the previous investigations
of the seasonal modulation of the M, constituent to
include the large amount of offshore sea level obser-
vations from altimetry (see Figure 1). This combined
offshore and onshore data set is compared with results
from a hydrodynamical model, with the objective to
investigate the main factors responsible for the sea-
sonal variation in M.

Seasonal Variation in the M,
Constituent

A linear combination of the three harmonics Mg,
MAj5 and MB; can be shown to give a main contribu-
tion that can be interpreted as a My carrier wave plus
a modulation wave with a modulation in the M, am-
plitude at a period of 1" = Al—w ~ 1 year (Woodworth
et al. [1991])

h(t) ~ [Hag, + S(1)] @rat=9r:+Vass)

where the modulation wave S(t) is given by

i 0
S(t) = Hppa, el(-AWt—gra, 90, —280.197)

+ Hus, ei(Awt—gMB2+gM2+280.l9°):
where H is the amplitude, w the frequency, g the phase
lag, and V the astronomical argument for the three
constituents. Nodal corrections are ignored. The sea-
sonal variation in the My constituent is calculated by
the modulation wave S(t). Note, that a separation
of the annual and the seasonal contributions accord-
ing to Cartwrights definitions is not possible due to
the very small seperation in the frequency band, and
the name seasonal variation will be used throughout
this paper to designate the total variation, where this
term then includes the annual contribution.

Altimeter Data

Five years of TOPEX/POSEIDON altimetry (184
cycles) were used to provide offshore observations of
the sea level height variations. Data were provided
by the NASA Pathfinder Data. The altimetric ob-
servations were processed using the set of provided
standard geophysical, media and instrumental correc-
tions. A special version without tidal correction were
provided. Subsequently data within 2° by 3° latitude
by longitude bins were analysed for the tidal signal
using a harmonic analysis for the largest four con-
stituents. Information about the time of observation
within the year were taken into account by selecting
data in a 3 month data window, shifted by 10 days
through the year computing ocean tide parameters
for each 10 days shift. The choice of a 3 month data
window was chosen to ensure an adequate number
of observations within each time shift. Plate 1 shows
the maximum deviation from the mean My amplitude
(top), and the corresponding phase in the year for this
maximum (bottom), with 0° at January 1lst. The
T/P data identify an annual signal in the My ampli-
tude in the south eastern part of the North Sea rang-
ing up to 5.0 cm in July. This corresponds to devia-
tions of up to 8% of the My amplitude, and indicates
a strong seasonal variation in this region. Harmonic
analysis of five years of tide gauge data from Esbjerg
and Cuxhaven is shown in Figure 2 (for location see
Figure 1). Calculations of the seasonal variation S(t)
for Esbjerg and Cuxhaven for the investigated years
gives maximum deviations in May of 2.3 cm and 7.8
cm corresponding to 3% and 6% of the My amplitude,
respectively. This corresponds relatively well with the
altimetric results in Plate 1.




Model Data

Five years of model simulations (1992-1996) from
the 35 km barotropic and non linear shallow water
hydrodynamical model developed by R. A. Flather,
Proudman Oceanographic Laboratory (POL), U.K.
[Flather, 1976] were used to investigate the causing
factors of the seasonal variation in M,. To investigate
the effect from the interaction with the meteorologi-
cal field, data from model runs forced with tides only
and model runs forced with both tides and meteo-
rological fields were analyzed. The tidal forcing con-
sists of a tidal wave generated by 26 tidal constituents
(MA; and MB; are not included in the forcing) at the
open boundaries. The meteorological forcing consists
of reanalyzed fields from the Norwegian Meteorologi-
cal Institute [Reistad and Iden, 1998]. The seasonal
modulation wave S(t) simulated by the model for one
year (1992) is shown in Plate 2. Maximum amplitude
and corresponding phase lag for S(t) are shown. The
maximum deviation for 1992 is a little more than 2
cm. For 1994 a maximum of more than 3 cm is found
in German Bight. The seasonal variation is in the
tidal run caused by a non linear combination between
the tidal frequencies, but the model does not resolve
which constituents interact to give the effect. By com-
paring the two model runs, the seasonal variation can
be identified as a shallow water effect with a signifi-
cant dependence on the meteorological forcing.

Model Results and Validation

The strong signal in the south eastern part of the
North Sea, having a maximum M, deviation in the
boreal summer period is observed from both altimetry
and the hydrodynamical model. The different spatial
shape of the model and the T/P derived signal may
be explained by the poor spatial resolution of the T/P
data (processed in 2° by 3° bins). This is also the
explanation for the missing seasonal modulation in
the T/P observations along the British east coast.
Results from the five years model simulations have
been validated by 12 tide gauges along the North Sea
coast (Wick, Leith, North Shields, Lowestoft, Sheer-
ness, Roscoff, Cherbourg, Oostende, Esbjerg, Tors-
minde, Hanstholm and Hirtshals). The model forced
with both tides and meteorological fields captures on
average 60% of the My seasonal variation at these tide
gauges. Without the meteorological forcing, 40% of
the variation was explained by the non linear tidal
interaction in the model. This identifies a strong de-
pendence to both the tidal interaction and the tidal-

3

meteorological interaction. Furthermore the model
captures the large inter annual variations observed
over the period 1992-1996 from the tide gauges.

Conclusion

The current accuracy of the T/P altimeters en-
able observations of annual deviations in the main
constituent Ms.  This new knowledge about the
spatial behaviour of the signal in the North Sea
was compared with output from a hydrodynamical
model. The barotropic model confirmed that the sea-
sonal variation is a shallow water phenomena, which
was previously indicated from investigations based on
coastal tide gauge data alone. The non linear interac-
tion between the tides and the surges is seen to be an
important factor for the seasonal variation. Despite
the relatively poor spatial resolution of the model, the
main part of the seasonal variation is still seen as a
barotropic phenomenon. Future investigations with a
model on a finer grid would include more of the very
near coastal shoaling effects, and give a more precise
estimate of the magnitude of the barotropic effects,
and indicate the possible existence of baroclinic ef-
fects of the seasonal variation in Ms.
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Figure F.1: Figure 1: Ground tracks for the T /P altimeters.
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