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1. Introduction
Temporal fluctuations in ocean bottom pressure originate from phenomena at varying spatio-temporal 
scales over the Earth's surface driven by atmospheric and oceanic circulation, tides, tsunamis, and tecton-
ic deformation of the crust. Ocean-bottom pressure gauges (OBPs) are becoming widely used to measure 
tectonic signals, particularly those caused by tectonic deformation in some subduction zones (e.g., Davis 
et al., 2015; Fredrickson et al., 2019; Hino et al., 2014; Ito et al., 2011, 2013; Muramoto et al., 2019; Sato 
et  al.,  2017; Suzuki et  al.,  2016; Wallace et  al.,  2016). Previous studies have used OBPs to record verti-
cal seafloor deformation during episodic slow slip events (SSEs), enabling the investigation of SSE-related 
deformation characteristics near the trench axis (e.g., Davis et al., 2015; Ito et al., 2013; Wallace et al., 2016).

SSEs are common to many subduction zones (e.g., Dragert et  al.,  2001; Heki & Kataoka,  2008; Hirose 
et al., 1999; Jiang et al., 2012; Lowry et al., 2001; Nishimura et al., 2013; Ozawa, 2014; Ruiz et al., 2014; Wal-
lace & Beavan, 2010). Some SSEs occur on the offshore segments of faults, but are difficult to characterize 
using land-based global navigation satellite system (GNSS) networks, which lack resolution offshore. The 

Abstract Isolating the source of nontidal oceanographic noise in seafloor pressure data is critical 
for improving the use of these data for seafloor geodetic applications. Residuals between nearby bottom 
pressure records have typically been used to remove the nontidal components, as these are largely 
common-mode. To evaluate the similarities between pairs of observed bottom pressure records at a range 
of water depths, we calculate the standard deviations of the time series of residuals between data from all 
site pairs, installed in the Hikurangi subduction zone offshore New Zealand. We find that the magnitude 
of the standard deviation depends more on relative water depth than the distance between sites. This 
confirms the result of previous studies from Cascadia that nontidal components are more similar along 
isobaths even if the distance between sites is large. Furthermore, in order to reduce noises, the required 
depth difference between site pairs also varies with site depths.

Plain Language Summary Coherent signals of ocean bottom pressure are observed along 
common water depths within an ocean bottom pressure array offshore New Zealand. We statistically 
evaluated the similarity of the seafloor pressure collected in 2014 offshore the North Island's east coast, 
where the Pacific Plate dives or “subducts” along the Hikurangi subduction zone beneath the North 
Island. This is important for removal of noise caused by oceanographic processes, which must be done 
to detect centimeter-level vertical movement of the seafloor crust during slow slip events using seafloor 
pressure records. We measured the similarity of pairs of seafloor pressure records at a range of water 
depths. Similar to previous studies offshore the Cascadia subduction zone, our results confirm that 
seafloor pressure records from similar depths (but at large horizontal distances from each other) can be 
used effectively to reduce oceanographic noise in sea floor pressure data to reveal the seafloor crustal 
deformation.
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Key Points:
•  The similarity of the nontidal 

components of bottom pressure 
varies with relative water depth, 
rather than distance between sites

•  Bottom pressure data show that 
reference sites at similar depths 
will optimize oceanographic noise 
removal for seafloor geodetic studies

•  Oceanographic models with 
baroclinicity represent the observed 
depth dependence of the nontidal 
variations better than barotropic 
models
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advantage of OBPs is that the seafloor crustal deformation associated with transient deformation, such 
as SSEs, can be continuously recorded with a resolution of 1–3 cm (e.g., Davis et al., 2015; Fredrickson 
et al., 2019; Ito et al., 2011; Suzuki et al., 2016; Wallace et al., 2016).

The greatest challenge associated with using OBPs for seafloor geodetic investigations to detect cm-level 
vertical crustal deformation is the reduction of oceanographic noise in seafloor pressure data, which can 
be on the order of 1–2 meters for the tidal components, and tens of centimeters for nontidal components. 
Tidal components included in OBP data can be easily removed using a tidal model or a lowpass filter. To 
remove the oceanographic noise (nontidal components), two approaches are commonly used: (1) oceano-
graphic circulation modeling to estimate and remove the nontidal component (Hino et al., 2014; Muramoto 
et al., 2019; Sato et al., 2017) and (2) a reference-station method using pressure records from a reference 
station outside of the deforming zone to remove the oceanographic noise under the assumption that the 
nontidal components are common-mode over a large region (Davis et al., 2015; Fredrickson et al., 2019; Ito 
et al., 2013; Wallace et al., 2016).

The oceanographic modeling approach to reducing oceanographic noise in OBP data is undertaken by 
subtracting the seafloor pressure predicted by the ocean model from the observed pressure (e.g., Hino 
et al., 2014; Muramoto et al., 2019; Sato et al., 2017). Various modeling approaches have been developed to 
calculate nontidal oceanographic variations, including a global baroclinic ocean model using assimilated 
wind vector and heat flux (such as ECCO2; Menemenlis et al., 2008), and global barotropic ocean models 
driven by assimilated wind vectors and the sea surface pressures (such as IN12; Inazu et al., 2012) published 
by the 55-years Japanese Reanalysis Project (Harada et al., 2016; Kobayashi et al., 2015). By applying the 
barotropic model, Hino et al. (2014) suppressed oceanographic noise and detected crustal deformation (less 
than 5 cm) associated with afterslip of the largest foreshock following the 2011 Mw 9.0 Tohoku-Oki earth-
quake. At the Hikurangi subduction zone, the variance reduction using the oceanographic models (∼60%) 
was significantly less than that obtained using reference sites for noise removal (∼80%–90%) (Muramoto 
et al., 2019), suggesting that when suitable reference sites are available, the reference site approach is gen-
erally more robust.

In the reference-station method, pressure data from reference site OBPs are subtracted from all others as-
suming that the effects of oceanographic variability are largely common-mode across the network footprint 
(e.g., Ito et al., 2013; Wallace et al., 2016). Adjacent to the hypocenter of the 2011 Mw 9.0 Tohoku-Oki earth-
quake, crustal deformation of a few centimeters due to slow slip was detected as relative vertical displace-
ment, which was inferred from pressure differences among several OBP pairs before the 2011 Tohoku-Oki 
earthquake (Ito et al., 2013). At the northern Hikurangi subduction zone offshore the North Island of New 
Zealand, Wallace et al. (2016) observed 1–5 cm of vertical crustal deformation during a September/October 
2014 SSE using OBP data (which was also observed by onshore GNSS stations), and concluded that the slip 
may have reached the vicinity of the trench axis. Fredrickson et al. (2019) recently demonstrated coherence 
in bottom pressure changes observed between sites in similar water depths offshore Cascadia, leading them 
to propose a new method of placing reference sites at common isobaths to achieve larger reductions in 
oceanographic noise in OBP time series. Here, we further evaluate the efficiency of considering differences 
between bottom pressure pairs at a range of water depths using the OBP data acquired during a 2014–2015 
experiment offshore New Zealand.

2. Seafloor Pressure Data
We use data from OBPs deployed from mid-2014 to mid-2015 (Figure 1) along the east coast of the North 
Island of New Zealand. These data originate from the Hikurangi Ocean Bottom Investigation of Tremor and 
Slow Slip (HOBITSS) experiment, which deployed 24 autonomous OBPs and 15 ocean-bottom seismome-
ters (OBS) aimed at investigating offshore SSEs and their relationship to tectonic tremor and earthquakes 
along the Hikurangi trough (e.g., Todd et al., 2018; Wallace et al., 2016; Warren-Smith et al., 2019; Yarce 
et al., 2019; Yohler et al., 2019; Zal et al., 2020). The instruments in this dense array were deployed directly 
above the source region of shallow (<10 km depth) slow slip events at the north Hikurangi margin (Wallace 
et al., 2016). In this study, we use data from 15 of the OBP sites, excluding data from 5 instruments located 
on the shelf, and 4 instruments which had sensor malfunctions.
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In general, pressure recorded by an OBP described as a pressure refP  
corresponding to the water depth and a pressure deviation  Δ BP t  that 
fluctuates around the pressure refP  (Equation 1). The seafloor pressure 
fluctuation  Δ BP t  consists of a linear combination of various compo-
nents, including  Δ CP t  which is pressure change due to the vertical sea-
floor deformation,  Δ TP t  which is the pressure change due to the ocean 
tide and the Earth tides (mainly diurnal and semidiurnal tides; ∼100 hPa; 
e.g., Ray, 2013),  Δ OP t  which is the pressure change due to nontidal oce-
anic variations such as ocean currents, eddies, and sea surface pressure 
changes (Cummings & Smedstad, 2013; Inazu et al., 2012; Menemenlis 
et al., 2008; Ponte & Ray, 2002),  Δ DP t  which is the pressure change due 
to instrument drift (e.g., Kajikawa & Kobata, 2019), and  ε t  which is the 
unmodeled noise (Equation 2).

     ΔB ref BP t P P t (1)

               Δ Δ Δ Δ ΔB C T O DP t P t P t P t P t ε t (2)

3. Coherent Signals on Bottom Pressure Between 
Sites
We adopted two statistical quantities to evaluate the similarity between 
all pairs of OBP data in the HOBITSS experiment: (i) standard deviation 
(SD, Equation 3) of the residual pressure between a pair of sites and (ii) 
correlation coefficient (CC, Equation 4) between a pair of sites. Details of 

the pre-processing of the OBP time series in this study is shown in Figure S1. The SD and CC equations are 
expressed as follows:
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where i
tP  and j

tP  denote the pressure anomaly at the time t at stations i and j, respectively. iA  and jA  denote 
the average of the time series of i

tP  and j
tP , respectively. ,i j

tP  is the result of i
tP  minus j

tP . ijA  is the average of 
the time series of the residual pressure ( ,i j

tP ), and N  is the number of data in the time series. The SD and CC 
we calculated are listed in Table S1.

4. Relative Water Depth Dependence on Bottom Pressure Along an Isobath
We analyzed two time windows (185–265 days, and 285–350 days from January 1, 2014), which did not include 
the two SSE periods in September/October 2014 (Wallace et al., 2016), and late December 2014 that were ob-
served on nearby continuous GNSS data (Figure S2). We also analyzed the entire data set (185–511 days from 
January 1, 2014), which is nearly 1 year of data and therefore includes annual and semiannual nontidal compo-
nents. The OBP records before day 185 were not analyzed due to the substantial nonlinear instrument drift that 
is typical of the first month or two of OBP deployments. We show example time series from pairs of OBP sites 
from days 185–265 at similar distances apart (∼30 km) for 3 cases: (i) a large depth difference (1,674 m), (ii) an 
intermediate depth difference (579 m), and (iii) from sites at similar depth (depth difference: 114 m) (Figure 2).
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Figure 1. Map of the study area and the network map of the OBP gauges. 
Triangles and circles indicate stations for OBP and land GNSS sites, 
respectively. AUS and PAC indicate the Australian and Pacific plates, 
respectively. GNSS, global navigation satellite system; OBP, Ocean-bottom 
pressure.
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Nontidal components observed on the OBPs in the HOBITSS network show strong similarities between site 
pairs at similar water depths (e.g., within 500–1,000 m of each other). The similarity decreases with increas-
ing relative depths between the sites (see Figures 3a, S3a and S4a). In contrast, there appears to be very lit-
tle dependence of the SD on the horizontal distance between site pairs (maximum distance between sites 
∼75 km), as no significant increase in the SD as a function of the inter-site distance was observed (see Fig-
ures 3f and S4b). An R value of 0.57 was calculated for the correlation between the SD of pair-wise residual 
pressure versus the relative depth difference (Figure 3a), compared with a value of 0.17 for the correlation of 
the residual pressure versus the inter-site distance (Figure 3f). The correlation of SD and relative depth dif-
ference depended on the depths of the sites: R values were calculated for the scatter plot of the SD against the 
depth of the deeper site in each pair, with results of 0.45, 0.86, 0.86, and 0.81 for the following depth ranges of 
deeper site: less than 1,300, 1,300–2,000, 2,000–2,500 m, and more than 3,400 m, respectively. Similarly, the R 
value of −0.52 is calculated from the scatter distribution of CC as a function of relative water depth difference 
(see Figures S3a–S3e and S4c). In contrast, an R value of −0.13 is calculated as a function of inter-site distance 
(Figures S3f–S3j and S4d). The correlation of CC and relative depth difference depended on the depths of the 
sites: the R values were calculated with results of −0.52, −0.84, −0.81, and −0.75 for the following depth rang-
es of the deeper site: less than 1,300, 1,300–2,000, 2,000–2,500 m, and more than 3,400 m, respectively (Fig-
ures S3b–S3e and S3g–S3j). This, the SD and CC indicate that the similarity in nontidal components observed 
in ocean bottom pressure depends on relative water depth, but not on relative distance. An R value of 0.55 was 
calculated for the correlation between the SD of residual pressure throughout entire data set versus the relative 
depth difference (Figure S5a), compared with a value of 0.15 for the correlation of the residual pressure versus 
the inter-site distance (Figure S5f). These values are comparable with a value of 0.57 and 0.17 from shorter 
segment of the OBP (days 185–265). This suggests that the effect on the SD of annual and semiannual nontidal 
components included in ∼1 year-long OBP data record is quite small.

Although most of the site pairs in the HOBITSS network show a strong depth dependence of nontidal 
components, there are a few exceptions to this that nevertheless result in values of SD which only differ 
slightly compared to the other site pairs. These pairs include: TXBPR1-LOBS4 (depth difference: 98 m, SD: 
0.55 hPa), EBPR2-LOBS1 (depth difference: 20 m, SD: 1.12 hPa), EBPR3-EBPR2 (depth difference: 18 m, SD: 
0.79 hPa), and LOBS1-EBPR1 (depth difference: 4 m, SD: 0.65 hPa). The TXBPR1-LOBS4 pair which are lo-
cated seaward of the Hikurangi trench; two seamounts (Puke and Turanganui knolls) located between TX-
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Figure 2. An example of the OBP time series. (a) Site pairs with a large difference in depth (depth difference: 1,674 m) 
and a 28.2 km distance between sites. (b) Site pairs with an intermediate difference in depth (depth difference: 579 m) 
with a 29.1 km distance between sites. (c) Site pairs with similar depths (depth difference: 114 m) with a 29.1 km 
distance between sites. OBP, Ocean-bottom pressure.
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BPR1 and LOBS4 (Wallace, 2020) may have an influence on oceanographic variations between those sites, 
and hence the relatively high SD despite the small depth difference (and >3,400 m depth of the two sites). At 
the other pairs (EBPR3-EBPR2, EBPR2-LOBS1 and LOBS1-EBPR1), seafloor topography around the EBPR 
sites which is possibly related to a subducting seamount located beneath these sites (Barker et al., 2018) may 
lead to long-term uplift or subsidence of the seafloor ahead or behind the subducting seamount (Ding & 
Lin, 2016). This variation in topography could be among the causes of some complexity of oceanic currents, 
possibly producing these larger than expected SDs between sites with small depth differences.

The pair-wise SDs calculated from the HOBITSS data were grouped according to whether the values fall 
under a certain threshold (less than 0.5, 1.0, and 1.5 hPa), and these were found to vary widely depending 
on the depth of the deeper site of the site pairs, excluding those pairs discussed above (Figure 4). For exam-
ple, for sites in depths <1,300, 1,300–2,000, and 2,000–2,500 m, the pairs that produced SDs < 0.5 hPa had 
reference sites within 42, 211, and 580 m water depth (respectively). However, some pairs that have depth 
differences below these limits produced SDs as large as 0.5–1.12 hPa across all the above-mentioned depth 
intervals. Seen these depth ranges, reference sites within 380, 469, and 1,009 m (respectively) produced 
SDs  <  1.0  hPa, and SDs  <  1.5  hPa can be achieved with separations of 595, 885, and 1,464  m (respec-
tively) (e.g., Figures 3b–3d and 4a). Some pairs within these depth differences produced SDs as large as 
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Figure 3. The relationship between the standard deviation (SD) of the residual observed pressure in the period 
(days 185–265) and the absolute depth difference (a)–(e) and the distance (f)–(j) between two sites. Colored circles 
indicate the depth of the deeper site of each pair of sites (a)–(j). The R value indicates the correlation coefficient of 
the distribution between SD and depth difference (a) or the distances between the 2 sites (f). (b)–(e) and (g)–(j) are 
separated into four sets of site depths, using the data from (a) and (f). SD, standard deviation.
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1.03–1.28 hPa and 1.67–2.13 hPa when the depth difference limits correspond to the SD thresholds of 1.0 
and 1.5 hPa, respectively. In contrast, the SDs from the pairs with one member of the pair at greater depths 
(>3,400 m) increase more gradually, staying below 1 hPa with site pair depth differences of 2,194 m, and 
1.5 hPa for differences of 2549 m (Figures 3e and 4a). This suggests that for pairs with a deeper site (e.g., 
located at depths >3,400 m), pairs with a broader range of depths can be utilized. The pair-wise SDs from 
days 285 to 350 also depend on the depth of the deeper site for each pair, and show almost comparable SDs 
with the SDs calculated from days 185 to 265 for similar depth differences (Figure S4). For example, for 
sites in depths <1,300, 1,300–2,000, 2,000–2,500, and >3,400 m, reference sites within 467, 885, 1464, and 
2549 m water depth of other sites produce SDs < 1.0 hPa (Figure S4a). However, some pairs within these 
depth differences produced SDs as large as 1.02–1.33 hPa across all the above-mentioned depth intervals.

Viewing the results in terms of a normalized water depth range, calculated by dividing the depth range 
by the depth of deepest site (of the pair) (Figure 4b), is also a useful guide for reference site selection. For 
example, in the HOBITTS data, normalized depth differences of approximately 0.02–0.63 largely achieved 
SDs of <1 hPa (Figure 4b). For the deep site SBPR1 (2,453 m depth), SDs less than 0.5, 1.0, and 1.5 hPa are 
calculated for reference sites that are 580, 1,009 and 1,464 m shallower than SBPR1, equivalent to 0.24, 0.41, 
and 0.60 normalized depth difference (Figures 4a and 4b). For SBPR2 (2,116 m depth), SDs less than 0.5, 
1.0, and 1.5 hPa are calculated using sites that are 243, 672, and 1,127 m shallower than SBPR2, respectively 
(Figure 4a). For LOBS9 (1,457 m depth), SDs less than 0.5, 1.0, and 1.5 hPa are calculated using sites at 211, 
469, and 806 m shallower than LOBS9, respectively. Overall, in the region of the HOBITSS experiment, 
normalized depth ranges within 0.04–0.24, 0.02–0.63, and 0.16–0.72 are required when targeting SDs less 
than 0.5, 1.0, and 1.5, respectively (Figure 4b). These characteristics of the HOBITSS OBP data provide a 
useful indicator for network design strategies which aim for the detection of cm-level crustal deformation 
from SSEs, and to help guide the design of future OBP networks in New Zealand, and at similar settings.

We also evaluate the water depth dependence of nontidal components predicted by oceanographic mod-
els at the OBP sites using both baroclinic (ECCO2: Menemenlis et al., 2008) and barotropic (IN12: Inazu 
et al., 2012) models. The nontidal components from IN12 model include sea surface pressure changes. Al-
though the barotropic model provides much smaller SDs overall relative to the baroclinic model, the ECCO2 
model shows a high dependence on the relative water depth with the R value of 0.71 similar to that of 0.57 
from the observed data, suggesting that there is a high correlation between SDs and depth differences (Fig-
ures 3a and S6a). In the IN12 model, the dependence on the relative water depth is weak with an R value 
of 0.36 (Figure S6c). In contrast, we can see little correlation between SD and distances among site pairs on 
observed data (Figure 3f). Both the barotropic and baroclinic models also show a weak or no dependence of 
the SD on the distances between site pairs with the R values of 0.35 from the ECCO2 model and 0.17 from 
IN12 model, respectively (Figures S6b and S6d). These results suggest that the baroclinic model represents 
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Figure 4. (a) Comparison of the SD (blue circle: <1.5 hPa, red triangle: <1.0 hPa, and black cross: <0.5 hPa) thresholds 
for the depth difference relative to the depth of the deepest site of the pairs. (b) Comparison of the SDs for normalized 
depth difference relative to the depth of the deepest site of the pairs. Normalized depth is calculated by dividing the 
depth difference by each depth of the deepest site of the pairs. SD, standard deviation.
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the dependence on relative water depth of actual nontidal components better than the barotropic model. 
Furthermore, it hints that in terms of the depth dependence of the nontidal variations, baroclinic models 
are required if oceanographic models are to be used to correct nontidal effects in OBP data.

Taking the difference between pairs of data at similar water depths can reduce oceanographic noise in the 
pressure data to less than 1 hPa, which corresponds to 1 cm in terms of the relative vertical displacements 
(Figures 3 and 4). Previous estimates of seafloor vertical displacements use reference sites seaward of the 
trench (TXBPR1 and LOBS4; ∼3,500 m deep) and show a minimum standard deviation of 0.52 hPa at the 
deepest site SBPR1 (2,453 m deep; Wallace et al., 2016). Previously estimated standard deviations were 1.53 
and 1.41 hPa at the sites shallower than 1,000 m (TXBPR2 and LOBS8, respectively) when using a correc-
tion by a barotropic model (Muramoto et al., 2019). We estimated relative vertical displacements by fitting 
a modified step function of the form shown in Equations 7 and 8 of Muramoto et al. (2019) to the entire da-
taset after subtracting the detrended pressure from reference site (LOBS9). Relative vertical displacements 
with respect to the reference site (LOBS9) show a similar pattern to those from a previous study (Muramoto 
et al., 2019) (Figure S7a). However, estimated errors of relative vertical displacements are significantly im-
proved to 0.41–0.95 cm, by taking the difference between a site pair with a similar water depth, especially at 
the sites with depth difference of less than 469 m from LOBS9, such as LOBS10, SBPR3, TXBPR5, LOBS6, 
EBPR3, EBPR2, LOBS1 and EBPR1, as compared to a previous study (Muramoto et al., 2019; Figure S7b). 
We conclude that the accuracy of relative seafloor crustal deformation included in the OBP network of the 
HOBITSS array can be greatly improved by taking the difference between sites at similar depths.

Residuals from OBP data in Cascadia were estimated to be less than 1 hPa RMS (e.g., <1 cm) when taking the 
difference between sites at similar depths within a range which vary with depth (e.g., within 10 m for sites on 
the shallower locations (100–250 m) and within 1,000 m for those on the abyssal plain (>1,400 m)) even for 
sites spaced far apart (<326 km) (Fredrickson et al., 2019). Those results are comparable to what we observe at 
the Hikurangi subduction zone. In an OBP network with a higher density of sites, such as the HOBITSS array 
(which has a maximum inter-site distance of ∼75 km), we clearly demonstrate that the observed nontidal 
components have a similarly strong relative water depth dependence, even for the case of a much smaller site 
spacing such as ours. This reinforces the idea proposed by Fredrickson et al. (2019) that the most effective way 
of utilizing reference sites is to have these sites in similar water depths as the other sites in the areas of interest 
which are above the zones of deformation. For example, for a network which targets SSEs in a particular area 
such as HOBITSS, reference sites along-strike of the SSE region, but in similar water depths to the sites above 
the SSE area, are expected to be the most effective for the removal of oceanographic noise.

5. Conclusions
Using data from a 2014/2015 OBP experiment offshore New Zealand, we showed that the nontidal compo-
nents of seafloor pressure are similar along isobaths in the Hikurangi subduction zone. When using the full 
range of reference site pairs, we found that the standard deviation values for the residual pressure between 
the site pairs depends strongly on the difference in the depths of the site pairs (R = 0.57), confirming the 
previous suggestion of Fredrickson et al. (2019) that strong similarities in nontidal oceanographic signals 
exist between sites at comparable water depths, and that this characteristic can be used to optimize OBP 
network design for seafloor geodetic investigations. We also found that the similarities of bottom pressure 
signals have little dependence on the distances between site pairs (R = 0.17). To reduce noise levels to below 
1 hPa in water depths containing the deeper site of each pair (e.g., <1,300, 1,300–2,000, and 2,000–2,500 m), 
the water depth difference between site pairs must be <380, <469, and <1,009 m, respectively. For sites 
with the deeper site of the pair located >3,400 m deep, the oceanographic similarities are greater over larger 
depth ranges, suggesting that in these cases, reference sites within 2,194 m water depth of each other may be 
suitable for oceanographic noise removal, if targeting <1 hPa residual noise levels. If targeting even lower 
noise levels (SD < 0.5 hPa) for water depth ranges containing the deeper site of <1,300, 1,300–2,000, and 
2,000–2,500 m, the depth differences must be smaller, such as <42, <211, and <580 m, though relatively 
large SDs can be observed locally, even when depth differences are relatively small (for example, see pairs 
TXBPR1-LOBS4, EBPR2-LOBS1, EBPR1-LOBS1, EBPR3-EBPR2). These cases where SDs are larger be-
tween sites with similar water depths may be related to the influence of nearby seafloor topography on the 
local oceanographic circulation.
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The simulated nontidal component of the pressure residuals at the sites as calculated from a baroclinic 
circulation model also showed a strong dependence on depth, with a weak dependence on the distance. 
The baroclinic model can represent observed water depth dependence of nontidal variations better than 
the barotropic model. Similar to previous studies in Cascadia, our results highlight the need to consider the 
placement of reference sites when designing OBP networks with the intent of capturing cm-level transient 
deformation events, which can be achieved by installing those reference sites at water depths similar to 
other sites in the network.

Data Availability Statement
Data are available from the server managed by the authors upon request as well as on the IRIS website 
(http://ds.iris.edu/mda/8F/ [for OBP of EBPR, SBPR, TXBPR], http://ds.iris.edu/mda/YH/ [for OBP of 
LOBS], Description: Hikurangi Ocean Bottom Investigation of Tremor and Slow Slip).
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