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Strong tidal currents in and around the narrow straits of the Lesser Sunda Islands, Indonesia, affect ocean sea surface
temperatures (SST) via non-linear tide-induced mixing. A fortnightly spring—neap cycle in tidal currents can induce

a similar cycle in SST, which has been observed to occur in and south of Lombok Strait. Here we report on an atmos-
pheric response to the fortnightly SST cycle which is detected in relative humidity and air temperature measurements
at Bali. The fortnightly cycles in both the ocean SST and the Bali atmospheric data have a strong seasonal cycle, with

Introduction

Oceanic tidal mixing occurs in many shallow seas and
near-coastal zones. In some places, the mixing can
induce an oscillation in sea surface temperature (SST) at
the near-fortnightly spring—neap period (e.g., Paden et al.
1991; Bisagni and Sano 1993; Souza and Pineda 2001).
The mixing is accomplished by (usually) semidiurnal tidal
currents which, on average, tend to lower near-surface
temperatures during times of spring tides when the cur-
rents are strongest and mixing most intense.

Recently Iwasaki et al. (2015) reported that fortnightly
oscillations in SST can induce a detectable local atmos-
pheric response, an atmospheric “tide” In the Seto Inland
Sea, the body of water separating the three Japanese
islands of Honsht, Shikoku, and Kyuashu, these authors
noticed a significant difference in SST between periods
of spring tides versus neap tides, with the signal most
evident during summertime when ocean stratification is
most pronounced. This SST fortnightly oscillation was
found to induce similar oscillations in the surrounding
lower atmosphere, notably in surface air temperature and
surface wind speed. Here we show that a (smaller) SST
spring—neap tidal mixing signal in Lombok Strait of the
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and indicate if changes were made.

Lesser Sunda Islands of Indonesia also has a local atmos-
pheric response which is detectable in meteorological
data from the island of Bali.

The physical connection between Lombok oceanic
SST and the Bali atmospheric measurements is conjec-
tural but reasonable. The largest fortnightly SST signals
in the southern Indonesia seas (see Fig. 1) occur in and
around Lombok Strait and the shallower and narrower
Alas Strait, and also around Sumba Strait farther to the
east. The phases of the ocean and atmospheric signals, as
shown below, are mutually consistent and also consist-
ent with the phases of the spring—neap cycle in Lombok
Strait, where spring tides lag the peak tidal potential by
about two days. In addition, a strong seasonal modula-
tion finds all signals most pronounced during the south-
east monsoon season, a time when prevailing winds
move from Lombok Strait onshore to Bali.

Reflecting the non-linear nature of ocean mixing,
the actual frequency of interest here occurs at the dif-
ference of the frequencies of the two major semidiur-
nal tidal constituents, Sy and My, i.e., at the frequency
30.0000°/h—28.9841°/h, or 1.0159°/h (period 14.765
days). This is also the frequency of the long-period tidal
constituent MSf (Pugh and Woodworth 2014). In rare
locations where a spring—neap cycle is caused by the
major diurnal constituents O; and Kj, the frequency
shifts to 1.098° /h (period 13.66 days), which is also the
frequency of the long-period constituent Mf. We will
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Fig. 1 SST tidal fortnightly variations in the Indonesian seas (Ray and Susanto 2016). a Amplitudes (in millikelvin) with largest values (in red)
delineating regions of significant spring—neap tidal mixing. These regions are mostly confined within narrow straits and channels or at sills, such as
the southern entrance to the Sulu Sea. b Zoom view focusing on Lombok Strait between islands Bali and Lombok, within the Lesser Sunda Island
chain. ¢ Zoom view of estimated tidal phase lags (in degrees) relative to time of lunar syzygy
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use MSf as a convenient label for the spring—neap sig-
nal, but it is important to realize that MSf tidal currents
themselves have nothing to do with the SST signal at
this period. MSf tidal currents are far too weak to affect
ocean stratification [(see also the discussion by Griffin
and LeBlond (1990)]. It is the change in semidiurnal
currents over a fortnight that is affecting SST.

Following Iwasaki et al. (2015), we may call the
atmosphere’s response to the SST an atmospheric tide,
although it obviously does not conform to conventional
planetary-scale tides that are forced by the gravitational
or radiational potentials. It is more akin to non-migrat-
ing components of solar tides forced at the boundary
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layer (Li and Smith 2010), but with lower frequencies
that reflect its ultimately non-linear origin.

Oceanic SST signal

The fortnightly SST signal in this region was reported
earlier by us (Ray and Susanto 2016). Figure 1a shows MSf
amplitudes (in millikelvin) across the Indonesian seas,
which were estimated by fitting 14.77-day sinusoids to a
13-year (2002—2014) time series of daily satellite-derived
SST (simultaneous estimates of the seasonal cycle and a
few other tidal frequencies were also included). We used
the daily SST fields produced by Chin et al. (2013, 2017)
for that analysis. Those SST data are based on both infra-
red and microwave measurements collected by a large
number of satellites; the Chin et al. data have a relatively
high spatial resolution as well as a relatively long time
series length, both of which appear necessary to ade-
quately extract the small, localized MSf signals. As Fig. 1a
indicates, there is a diffuse noise background of about 30
mK across most of the region, and atop this background
sit some large signals (in red) exceeding 100 mK, mostly
confined to narrow straits and channels where tidal cur-
rents are known to be most intense (e.g., Hatayama et al.
1996; Ray et al. 2005; Ding et al. 2012). The interpretation
is that these currents, which are especially intense dur-
ing spring tides once a fortnight, lead to enhanced mixing
which leads to a cooler SST with a relatively short delay
of one to a few days (Ray and Susanto 2016).

Panels (b, c) of Fig. 1 zoom into the region of the Lesser
Sunda Islands, showing a clearer view of the MSf ampli-
tudes and also the phase lags. The amplitudes reach a
maximum of approximately 160 mK just south of Lom-
bok Strait. This signal is smaller than the spring—neap
differences observed by Iwasaki et al. (2015) in Japan, but
the signal is robust and well above background noise lev-
els, a fact evident from examination of an SST time series
spectrum; see Fig. 3. Nugroho et al. (2018) have been able
to reproduce a fortnightly SST signal very similar to that
of Fig. 1b with a high-resolution 3-D numerical ocean
circulation model.

To compute the phase lags of Fig. 1¢c, we needed to con-
nect the SST measurement times to the times of peak
spring-tide forcing, which occurs at times of full or new
moon. A straightforward way to accomplish this is to
follow standard tidal conventions by expressing the SST
oscillations in form

SST =Hcos(BO(t) — G) (1)
for amplitude H and phase lag G. For the MSf constitu-
ent, the argument O (t) = 2s(t) — 2h(¢) where s, & are the
mean longitudes of the moon and sun, respectively, reck-
oned from the vernal equinox. The argument ©® (¢) equals
zero at times of lunar syzygy, i.e., at either new moon
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(s = h) or full moon (s = & + 180°). The mean longitudes
can be evaluated from linear expressions in time (Pugh
and Woodworth 2014; Egbert and Ray 2017):

s =218.32+481267.88 T (2)

h = 280.47 + 36000.77 T 3)
in degrees, where T is time in Julian centuries (36,525
days) since noon, January 1, 2000. Note that in most
ocean-tide calculations, Eq. (1) is augmented with addi-
tional amplitude and phase modulations, usually denoted
ft), u(t), which account for the 18.6-y precession of the
lunar orbit plane (Pugh and Woodworth 2014). In prin-
ciple, we should do similarly by employing the standard
modulations for My (not the linear MSf), but since the
amplitude modulation of My is only 4%, we ignore that
small complication here.

Meteorological response at Bali

Variability of oceanic SST, including mesoscale variabil-
ity (eddies, fronts, etc.), are known sources of variability
in the overlying atmosphere (Small et al. 2008). Reported
examples include responses in wind speed (e.g., Hayes
et al. 1989; Chelton et al. 2001), air temperature, and
atmospheric pressure (e.g., Lindzen and Nigam 1987).
These air-sea interactions span typical periods of mes-
oscale variability from weekly to monthly (e.g., Hayes
et al. 1989). To our knowledge, there are fewer reported
cases at the small spatial scales, the high frequencies
(fortnightly), and the small amplitudes (100 mK) of Fig. 1.
But as Iwasaki et al. (2015) has previously discovered
for the region surrounding the Seto Inland Sea, we have
found an atmospheric response to SST fortnightly oscil-
lations in the meteorological data at Bali, the island west
of Lombok Strait.

The Bali meteorological data used here were col-
lected at Ngurah Rai Airport, 8.75°S, 115.17°E, and
are in the form of daily means covering the period June
1973 through August 2016. There are a few single-point
(1-day) gaps in the time series, which we have filled by
linear interpolation. There are isolated outliers in some
variables, which we have detected by a threshold analy-
sis of fourth-differences; these isolated outliers have been
replaced by linear interpolation across their neighboring
points.

Calculation of time series spectra provides perhaps
the most convincing evidence for a true fortnightly—
and hence tidal—signal in the meteorological data. Such
spectra are shown for Bali air temperature and relative
humidity in Fig. 2. Small MSf tidal peaks can be seen sit-
ting above the general background. The humidity peak is
clear; the air temperature is somewhat less convincing,
or at least less dominating over other general (non-tidal)
variability, which is of course strong in this 14-day band
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humidity peak has a small shoulder, indicating some
interannual variability, again not surprising. We have also
examined other data collected at Bali, including air pres-
sure and wind speed. Wind speed does have small peaks
at the expected frequencies, but they are not especially
convincing because of other nearby peaks and high back-
ground noise. For the other meteorological spectra, we
have found no other tidal signals above background.
From each of the time series used to compute the spec-
tra of Fig. 3, we have estimated mean tidal coefficients by
least squares for the three frequencies in the fortnightly
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Fig. 2 Spectra of air temperature and relative humidity at Bali.
Labels denote frequencies as follows: Sa (@annual), Ssa (semiannual),
MSf (14.77-day spring—neap cycle). Error bars, following Percival and
Walden (1993, p. 300), give the 95% confidence interval for any peak
relative to the background noise level

owing to typical frequencies of synoptic weather systems.
The statistical significance of the peaks can be assessed
by comparing the 95% confidence interval, following Per-
cival and Walden (1993) and drawn as an error bar in the
figure, with the height of each peak above its surrounding
background level. The humidity peak is thus more robust
than the temperature peak.

Zoom views of the spectra in the near-fortnightly band
are shown in Fig. 3, along with a similar spectrum of SST
for a point south of Lombok Strait, at 9°S, 115.5°E, which
is a location near the peak amplitudes shown in Fig. 1b.
Interestingly, all three spectra of Fig. 3 show seasonal
sidelines at frequencies £1 cpy away from the central
MSf frequency. This is not surprising in light of known
seasonal dependencies in ocean stratification as well as
monsoonal wind patterns in the region. In fact, in air
temperature, one of the sidelines is slightly larger than
the central line, and the other sideline is not so much a
line but rather a broader ‘hump’ of energy smeared out
across a band of frequencies, indicating additional intra-
annual modulations (which we ignore). The central

R 102, i L
§- 1 cpy | Lombok
3, i SST
3 i
2 1074 I | -
> ‘
B
c
[0}
o
T 1004 3
°
(9]
Q.
n MSf
10" T T } T T T
0.060 0.065 0.070 0.075 0.080
102 I }\ I } I I
<) 11 cpy | 1 opyi Bali
S — !
& I ; ; Temperature
&) ‘ ‘
= 101, | L
2
B
C
[}
©
[
8 1004 3
&
MSf
0.060 0.065 0.070 0.075 0.080
! I L ! !
2 1o 1 |
N§- 10 "1cpy!1cpy! Bali
L = -
& I : ! Humidity
<4 i i
(9]
e
2
B 102 -
Q
©
s
g
% MSf
n :
101 T T : T T T
0.060 0.065 0.070 0.075 0.080
Frequency (cpd)
Fig. 3 Zoom views near the fortnightly tidal band for spectra of (top)
SST at a location south of Lombok Strait near the MSf maximum,
(middle) air temperature at the Bali meteorological station, (bottom)
relative humidity at Bali. A central MSf peak is apparent in all three
spectra, as are 1-cpy sidelines. The SST spectrum, being based on a
shorter time series, has coarser frequency resolution than the Bali
meteorological data. Error bars give 95% confidence interval for any
peak relative to background noise level
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band: MSf and the two 1-cpy sidelines. No standard
nomenclature exists for the two sidelines, so we here refer
to them as MSfa and MSfb. Results are given in Table 1.
In the table, the ‘argument’ column refers to ©(t). Tabu-
lated standard errors (1o) are based on energy levels of
the residual spectra in a neighborhood surrounding the
estimated tides. In agreement with the spectral diagrams,
the MSfa air temperature amplitude is slightly larger than
the MSf amplitude. The MSfa SST amplitude does not
exceed the 2o significance level, but all other amplitudes
in the table do.

The estimates for tidal SST in Table 1 are for only a
single location. The atmosphere, of course, will respond
to potentially a wide area. We have therefore recom-
puted the SST values over a region in and around Lom-
bok Strait, taking all locations with amplitudes exceeding
100 mK. The mean phase for these locations turns out to
be 320°, which is close to the value listed in Table 1. The
standard deviation is 7°.

From the phases of the harmonics shown in Table 1,
we can work out the relative phases of oceanic forcings
and atmospheric responses. It is useful to begin, however,
with the two semidiurnal constituents which form the
ultimate spring—neap forcing of the SST oscillations.

The tide in this area is most accurately known at Benoa
Harbor, near the southern tip of Bali, where a permanent
tide gauge sits. The harbor has an entrance into Lombok
Strait. From hourly data collected at Benoa during 2006—
2017, we estimated a suite of tidal harmonic constants;
values for some major constituents are listed in Table 2.
Although the diurnal constituents are moderately large,
the spring—neap cycle here is defined by the two domi-
nant constituents in the semidiurnal band, My and S,.
Their phases differ by 55°, which implies (Pugh and
Woodworth 2014) an “age” of the tide at this port of 54
h. This is the amount by which the observed peak spring
tides lag the maximum spring—tide forcing. The value is
in good agreement with that computed from a numerical
tide model of the region (Ray and Susanto 2016, Fig. 4).

It is, of course, tidal currents that are responsible for
mixing and the subsequent changes in SST. We there-
fore examined tidal current velocities from the FES2014
global barotropic model, an update to that described by

Table 1 Amplitudes H and phase lags G of tidal components
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Lyard et al. (2006). Within the narrowest part of Lombok
Strait, the model gives a spring—neap cycle in (M plus
Sy) velocity magnitudes that peak roughly 65 h after lunar
syzygy, or roughly the same “age” as obtained from the
Benoa elevation time series. These model current speeds
are drawn in Fig. 4 (lower panel) for a generic spring—
neap cycle, and the 65-h (or 2.7 day) delay between time
of lunar syzygy and time of peak currents is clear.

Also shown in Fig. 4 are the phases for the ocean SST
and the Bali temperature and humidity. Since ocean
mixing lowers the ocean surface temperature, the figure
shows the phase of minimum SST and Bali air tempera-
ture (the phases of Table 1 correspond to temperature
maxima). On average there is a suggestion of a small lag
between the ocean and atmospheric variables and the
maximum tidal currents. A lag is not unexpected for SST;
a precise estimate of it can potentially give useful insight
into ocean diffusivity properties (e.g., Garrett 1979). A lag
between minimum SST and minimum air temperature,
however, is not expected, and although uncertainties are
large, Fig. 4 on its face suggests that Bali humidity leads
SST, which must be rejected on physical grounds. It is
possible that phase uncertainties have been underesti-
mated. Alternatively, it is possible that the Bali meteorol-
ogy is responding to SST over a smaller region than the
large red patch shown in Fig. 1b. In particular, if Bali is
responding to SST closer to the island coastline, then we
should adopt an SST phase of around 80° (corresponding
to a temperature maximum of around 260°, as shown in
Fig. 1c). This would place the SST phase consistently in
line with the Bali meteorological phases. The question
requires further investigation, and we can suggest at least
two approaches to explore: (1) examine MSf phases from
other meteorological stations in the region and deter-
mine if they are all regionally consistent or if they appear
susceptible to local SST anomalies; (2) conduct experi-
ments with a numerical atmospheric model forced by a
varying SST, similar to that conducted by Iwasaki et al.
(2015) for the Seto Inland Sea region. Each approach
would be a useful exercise.

Regardless of the SST forcing, the Bali meteorologi-
cal data at the fortnightly period of Table 1 and Fig. 4
show that air temperature and relative humidity are

Tide Argument Frequency (°/h) SST at (9°S,115.5°E) Bali air temp. Bali rel. humidity

H G H G H G
MSfa 25-3h 0.97483 49425 183+ 30 80+ 19 17114 0.36+0.10 351+ 17
MSf 2s-2h 1.01590 143 £ 25 322+10 66 + 19 290+ 16 049+£0.10 99+ 12
MSfo 2s-h 1.05696 80+ 25 90+18 62+ 19 54418 042 +£0.10 231+ 14

Amplitude units: mK for temperatures, percent for relative humidity. Phase lag units: degrees
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(updated Lyard et al. 2006), which are drawn out explicitly in the lower panel

Table 2 Amplitudes and Greenwich phase lags of major
ocean tides at Benoa Harbor

Tide Amplitude (mm) Phase
Sa 150 330°
Ssa 61 167°
Oy 162 156°
Py 73 173°
Ky 253 177°
Ny 114 28°
My 642 53¢

) 367 108°
Ko 102 106°

anti-correlated. The phase differences show air tem-
perature and humidity for all three harmonics of
Table 1 are almost perfectly out of phase: 180° + 22°,
191° £20°, 177° £23°. In a study of synoptic-scale

covariations of surface air temperature and relative
humidity over the global ocean, Pfahl and Niedermann
(2011) found that the two variables are negatively cor-
related in tropical latitudes and positively correlated in
mid-latitudes. Our results for tidal oscillations at the
fortnightly period are thus consistent with their syn-
optic data. Pfahl and Niedermann argue the negative
correlation in the tropics is related to convective pre-
cipitation, as precipitation is associated with decreases
in temperature but increases in relative humidity. In
our case, we found no evidence of enhanced fortnightly
energy in Bali precipitation.

Seasonality

As the spectra presented above make clear, there are
strong seasonal dependencies on all variables of inter-
est. This section examines in more detail the seasonal-
ity of the three primary variables of Table 1.
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For any of the listed variables of Table 1, the time
dependence can be written out explicitly in terms of the
three tabulated constituents as

y(t) = H, cos(wyt — G,) + H cos(wt — G)
+ Hj cos(wpt — Gp), (4)
where subscripts a refer to the MSfa harmonic and b to
the MSfb harmonic, and where

W, =0 — Ao, wp =0+ Aw

with Aw =1 cpy. Connection to the moon’s phases is
made by setting wt = ©(¢). By employing simple trigono-
metric addition formulas, y(f) can be rewritten in terms
of a single sinusoid with seasonally varying amplitude

and phase:

¥®) = H(®) cos (0(t) - G) 5)

= X(t) cosO(t) + Y (¢) sin O(2), (6)
where

X =HcosG

+ H, cos Awt cos G, — H, sin Awt sin G,

+ Hj, cos Awt cos Gy, + Hy, sin Awt sin Gy, @)
7

Y =HsinG
+ H, sin Awt cos G, + H, cos Awt sin G,.
— Hp sin Awt cos Gy, + Hp cos Awt sin Gy,

(8)
The seasonal variations of the three variables of Table 1
are shown explicitly in Fig. 5. In each panel, the dotted
line delineates the seasonal envelope as defined by the
amplitude H. The fortnightly oscillations themselves
are evaluated directly from (4). (The phases of the fort-
nightly variations within the seasonal envelopes depend
on O (¢)—i.e., on the phases of the moon—and the figure
as drawn uses actual phases for year 2010.)

All variables in Fig. 5 are seen to peak during the boreal
summer. Boreal summer is the season of the south-
east monsoon, with pronounced effects on the regional
oceanography and climate (e.g., Gordon 2005). The
southeasterly winds are accompanied by upwelling and
cooler SST, and the Lombok Strait transport, one of the
main channels of the Indonesian Throughflow, strength-
ens, amounting to approximately one-quarter of the
entire throughflow in contrast to other seasons when it
amounts to far less and is more variable (Sprintall et al.
2009). Tidal mixing, and hence the fortnightly SST oscil-
lations, depends on the generation and dissipation of
tidal internal waves, and work by Matthews et al. (2011)
explores how these vary with season. Based on analysis
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of radar imagery, they find that the southeast monsoon
season is characterized by relatively large numbers of
irregular (as opposed to arc-like) packets of solitons
propagating southwards out of Lombok Strait. In other
seasons, more regular arc-like packets are seen traveling
both northwards and southwards from the strait.

Once fortnightly SST signals are set up, which as Fig. 1
shows are most apparent off the southeast coast of Bali,
the southeast monsoonal winds are in exactly the right
direction to affect Bali meteorological measurements. We
therefore must expect strongest atmospheric response
during this season, no matter the physical mechanisms at
work within the ocean interior.

Figure 5, however, also shows slightly strengthened
MSf atmospheric signals during boreal winter, although
it is not clear how significant these are. The signal is
clearer in air temperature. We estimate the winter tem-
perature standard errors are roughly 30 mK, which is
nearly half the observed wintertime amplitudes. Recall
too that the air temperature spectrum (Fig. 3) showed
the least convincing MSf peaks relative to background.
If real, however, an explanation is needed for the insig-
nificant wintertime SST amplitudes in Fig. 5. At least two
possibilities suggest themselves: (1) The SST time series
of Fig. 5 is based on the harmonic constants at only one
location (9°S, 115.5°E), and there may be other loca-
tions in the surrounding ocean where a wintertime signal
is larger. (2) It is possible that the satellite SST data we
employ—notably the infrared measurements that pro-
vide the high spatial resolutions needed for this work—
have been systematically corrupted by cloud cover, which
is prevalent during the boreal winter. We are currently
investigating other satellite SST products, including some
which do not interpolate across times of data gaps.

Conclusions

Ocean tidal mixing in the Indonesian seas is a known
important mechanism for modifying water properties of
the Indonesian Throughflow (Koch-Larrouy et al. 2010;
Sprintall et al. 2014). The mixing appears mostly local-
ized to a number of narrow straits and channels, includ-
ing Lombok Strait. Within and around Lombok Strait,
mixing has been shown to generate a clear fortnightly
signal in the sea surface temperature (Ray and Susanto
2016). As shown here, these oceanic SST signals can gen-
erate a small, but detectable, signature in meteorological
observations on Bali, a peculiar kind of atmospheric tide
with fortnightly periodicity. The signals are most appar-
ent during boreal summer.

Jochum and Potemra (2008), using a coupled climate
model, have previously shown how enhanced ocean mix-
ing in the Indonesian seas modifies tropical precipita-
tion and convection patterns in the region. The air—sea
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interaction reported here is on a much faster time scale,
at the fortnightly (14.77 day) period of the lunisolar
spring—neap cycle. The signals detected in SST and in
surface air temperature and humidity are very small, as
shown in Fig. 5; they are easily overlooked and can surely
be neglected in most discussions of Indonesia’s climate.
Nonetheless, even very small tidal signals can act as use-
ful probes because of their recognizable frequency signa-
tures. Follow-up study may better reveal the connections
between regional tidal currents and local meteorology,
including why the MSf humidity signals are so much
more pronounced than the temperature signals (Fig. 3),
why they are 180° out of phase (cf. Pfahl and Niedermann
2011), and how the signals change over time.
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