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Injection of oxygenated water into anoxic basins sets off a cascade of biogeochemical reactions and ecosystem shifts. The dynamic nature of these events can create spatial variability in the resulting water mass that strongly affects subsequent observations. Their irregularity can also make their prediction for experiment planning challenging. Our study focuses on Saanich Inlet, one of the most accessible and well-studied anoxic basins in the world. In the late summer and early fall, dense water can cross the sill into this fjord, in discrete events, bringing oxygen and nitrate to the deep waters of the inlet. We assess the potential strength of these renewal events using density measured at a bottom mooring on the sill. We find that the occurrence and potential strength of renewals is primarily controlled by tidal current speeds, which can be well predicted. However, the intensity of coastal upwelling, which brings dense water into the estuarine system, plays a significant secondary control, reducing predictability. We also demonstrate that renewals do not result in a homogeneous water mass filling the deep inlet. Instead, high frequency measurements from a profiling mooring in the centre of the inlet reveal that different densities intruding over the several-day renewal period create a complex layering of waters containing different proportions of new oxic and old anoxic waters. Finally, we show that not every instance of high density water observed over the sill results in flushing of the deepest waters inside the inlet. We hypothesize that each renewal improves the chance of a subsequent renewal in the same season by reducing the density contrast between waters entering and already inside the inlet. Consideration of the temporal and spatial complexity of these renewal dynamics is necessary to support studies using Saanich Inlet as a natural laboratory for exploring oxygen deficient systems.
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1 Introduction

Carefully planned field work can be thwarted by unexpected conditions at the site, a particular problem in dynamic Saanich Inlet. This glacially carved fjord with a long, shallow sill at the mouth lies in SW British Columbia, Canada (Figure 1A). Restricted deep-water circulation and high surface productivity (Takahashi et al., 1977; Timothy and Soon, 2001; Grundle et al., 2009) cause anoxia in the deep waters over most of the year (Carter, 1934; Richards, 1965). Its proximity to several major oceanographic institutions, particularly Fisheries and Oceans Canada’s Institute of Ocean Sciences right on its shore, and the installation in 2006 of a cabled observatory have made Saanich Inlet perhaps the most accessible and well-studied anoxic basin in the world. Indeed, Saanich Inlet has come to serve as a natural laboratory to investigate biogeochemical processes and ecological communities in Oxygen Deficient Zones (ODZs) (e.g. Emerson et al., 1979; Tunnicliffe, 1981; Juniper and Brinkhurst, 1986; Zaikova et al., 2010). However, this basin experiences discrete deep-water renewal events during the late summer and early fall of many years, which bring oxygen, nitrate, and other oxidized compounds to the deep-waters (Herlinveaux, 1962; Richards, 1965; Anderson and Devol, 1973), interrupting anoxia and creating much more dynamic conditions than ODZs typically experience. In 2014, we began planning the Saanich Inlet Redox Experiment, for which a team intended to sample the inlet every two weeks from oxygenated to sulfidic conditions. However, the intermittent nature of the renewal process and particularly its poorly understood interannual variability was frustrating to the planning process. This paper grew out of a desire to better predict and understand both the occurrence of large renewal events in Saanich Inlet and their impact on the resulting water mass structure. We hope it will aid others in planning their field programs in the region and serve as a basis to investigate the controls and complexity of water mass renewal in other restricted basins.




Figure 1 | (A) Map of Salish Sea region on the west coast of North America. Blue line shows idealized conception of the landward pathway seawater follows in the estuarine system. Black box shows location of next panel. (B) Map of Saanich Inlet and its connection through Satellite Channel and Swanson Channel to Haro Strait. Red stars mark the locations of the sill mooring and profiling mooring. Smaller black star marks the location of a bottom mooring in Patricia Bay. White line marks the location of the deepest part of the channel (thalweg) (C) Cross-section along the thalweg from the southern end of Saanich Inlet (α, distance 0) to Haro Strait (β). Colored lines show idealized conception of bottom water flowing over the sill during neap tidal current speeds (blue) and higher tidal currents (pink).



The mechanism of renewal events in Saanich Inlet is similar to several other fjord systems and has been studied previously. Circulation of dense waters that could flush out the deep inlet is blocked by a shallow (~70 m), rather long (~10 km) sill at the mouth of the inlet (Figure 1B). In order for a renewal event to occur, waters denser than those in the deep inlet must flow over the sill and move into or under the water mass already present. Dense water arrives at the Saanich Inlet sill via the estuarine circulation of the Salish Sea, which pulls salty, dense waters landward (Figure 1A) as the fresher surface water (dominated by Fraser River outflow) flows seaward (Waldichuk, 1957; Masson, 2002; Masson, 2006). During late spring through early fall (Bylhouwer et al., 2013), intermittent upwelling off the coast of Vancouver Island supplies especially dense water (Freeland and Denman, 1982) to this deep landward estuarine flow. Indeed, Anderson and Devol (1973) suggested that Saanich Inlet renewal events occur primarily during the late upwelling season due to this supply of denser water. The estuarine circulation of the Salish Sea is forced through narrow straits and over multiple sills (Victoria Sill, Swanson and Satellite Channels, Boundary Pass), mixing the deeper salty water with the fresher water above. Tides drag these layers of water back and forth over the sills creating even more intense mixing (Gargett, 1994; Farmer et al., 1994; Camargo et al., 2014) and reducing the density of the bottom landward flow. The 14-d spring-neap cycle in tides strongly modulates this mixing (Gargett et al., 2003), so that it is more intense under faster flowing tidal current speeds - spring tides - and less intense during slower tidal current speeds - neap tides (Figure 1C). Stucchi and Giovando (1984) show that observations of high salinity water over the Saanich Inlet sill follow periods of low tidal current speeds, demonstrating the link between neap tides and dense water flowing over the Saanich Inlet sill. Thus, for Saanich Inlet and similar systems, deep water renewal only occurs during the lowest tidal current speeds (Geyer and Cannon, 1982; Griffin and LeBlond, 1990; LeBlond et al., 1991; Masson and Cummins, 2000; Masson, 2002; Manning et al., 2010; Thomson et al., 2020).

Note that the shallow waters of Saanich Inlet experience their own unique estuarine circulation, involving a fortnightly variation in the circulation direction (see Gargett et al., 2003). The vast majority of freshwater supplied to Saanich Inlet comes from outside the inlet (Fraser River, Cowichan River). When mixing over the sill is weak (neap tides), this freshwater flows into the inlet through the mouth creating a reverse estuarine flow and near surface downwelling. In contrast, when mixing is strong (spring tides), the near-surface salinity gradient changes, normal estuarine flow is established, and upwelling supplies nutrients to the surface driving Saanich Inlet’s high productivity. Although both this circulation and the deep renewal process are driven by the spring-neap tidal cycle, the shallow circulation dominates the upper waters, well above sill depth, and has little direct impact on the renewal process we focus on in this paper.

The impact of renewal events on the resulting water mass within Saanich Inlet has been explored in low frequency shipboard observations. Dense waters flowing along the bottom of Saanich can lift less dense anoxic waters to shallower depths where they may persist for weeks to a month before being fully flushed out by the shallower circulation (Richards, 1965; Anderson and Devol, 1973). Compared to the very stratified upper water column, the new deep waters can appear relatively homogeneous in properties such as temperature, salinity, oxygen, nutrients, and dissolved N2 gas (Manning et al., 2010). After renewal events cease, the biogeochemistry of the inlet typically evolves toward more reducing conditions (oxygen and nitrate are consumed and sulfide begins to accumulate). Deep Saanich Inlet is known for its low turbulence levels (Gargett et al., 2003), but slow mixing nevertheless reduces the salinity and temperature contrast between the deep waters and the waters above over time (Manning et al., 2010).

In this paper, we clarify the importance of competing factors on the potential for renewal events and show that renewals create complex layering of water masses within Saanich Inlet and likely other similar systems. In Section 2, we present the methods used in our study. While the effect of tidal current speeds on the deep-water renewal process has been a keystone in predicting renewal events in Saanich Inlet for some time and upwelling dynamics have been previously hypothesized to have a controlling factor, in Section 3.1 we quantitatively examine the relative influence of these two factors in controlling the potential for deep-water renewal events. In Section 3.2, we use new high frequency observations to demonstrate the complexity of the water mass produced in the deep inlet by renewals. In Section 3.3, we point out how conditioning of the inlet by renewals is an important factor in allowing dense water that has moved over the sill to actually flush the deep inlet. Finally, in Section 4, we emphasize how the results of this study can be used to allow researchers studying Saanich Inlet to time their expeditions and interpret their results in terms of the complexity of water masses emplaced by renewals. These findings will also help elucidate the main controls over dense water flowing over sills and the complexity of water masses produced in other fjord systems.



2 Materials and methods


2.1 Sill mooring

We used autonomous observations collected by Ocean Networks Canada (ONC) at a bottom mooring on the Saanich Inlet sill to examine the potential for deep-water renewal. Data from 10 deployments during 2012-2020 of a bottom mooring located at 90±3 m depth at the southern terminus of the Saanich Inlet sill (at 48.688°N 123.500°W, Figure 1B) were obtained from https://www.oceannetworks.ca. Each deployment lasted 4-8 months with gaps of a few weeks to years between deployments. Data were collected every 5-15 minutes during each deployment. (See Supplementary Material Table S1 for details on each deployment). Salinity, temperature, and pressure data came from a SeaBird SBE16plus or SBE19plus V2 while oxygen data in 2016 came from an Aanderaa Optode 4175C sensor. No further calibrations were applied other than those by Ocean Networks Canada based on factory calibration. This lack of additional calibration is justified for oxygen, since we use that data only qualitatively as a measure of relative change. A 50-hour triangular filter was further applied to the potential density and to the oxygen data, primarily to remove the short-term influence of the semi-diurnal tides.

Potential renewal events were identified in each year when minima in smoothed tidal current speeds were below 1.1 m s-1 during 1 July - 30 November at Active Pass (NE of Saanich Inlet, Figure 1A). This period encompasses when renewals have been observed historically (see also Section 4). We quantified the potential strength of a renewal event as the change in potential density between a pre-event baseline and the 25-hr averaged potential density maxima during the event. The pre-event baseline was defined as the average potential density over 2-4 days prior to the associated minimum in the smoothed tidal current speed, which ensured sufficient data for a robust average while avoiding variability in the timing of the increase at the start of the renewal event. This potential renewal strength is a metric of the potential for renewal to occur based on the availability of dense water supplied over the sill, rather than of actual displacement of water within the inlet itself.



2.2 Ship-based CTD profiles

We also examined a collection of CTD casts spanning 1976 to 2019 within Saanich Inlet. These casts came from four sources: Fisheries and Oceans Canada obtained from Frank Whitney (personal communication), the Hallam Lab at the University of British Columbia obtained from Céline Michiels (personal communication) but since available from Torres-Beltrán et al. (2017), the Juniper Lab at University of Victoria obtained from Kim Juniper (personal communication), and the University of Victoria’s Ocean Science Minor program. Individual profile data were chosen within 48.55°N-48.70°N and 123.40°W-123.55°W and binned into 1-m depth intervals. Density as σθ was calculated for each profile from temperature, salinity, and pressure using the 1983 equation of state (Fofonoff and Millard, 1983).

Profiles that spanned a potential renewal event were hand-selected. Profile timing was plotted on smoothed tidal current speeds at Active Pass. Event start profiles were selected if they preceded a minimum in the smoothed tidal current speed by no more than 10 days. Event end profiles were selected if they were no more than 2 weeks after the same minimum in smoothed tidal current speed. For events where more than one profile could be considered the event end, the profile which exhibited the highest change in density was chosen. By only choosing profiles that spanned a single tidal current minimum, we excluded the possibility that the change between profiles reflected more than one event. Finally, to quantify the strength of the renewal event, the average density change below 140 m was calculated between the event end and start profiles. The 140 m depth was chosen because waters above this depth often result from the uplift of the basin’s older water mass as the new water enters.



2.3 Profiling mooring

We used autonomous observations collected by ONC from a profiling mooring in the central inlet to examine the impact of deep-water renewals on the water column properties in Saanich Inlet. The ONC Buoy Profiler System was designed to profile four times per day near the deepest part of Saanich Inlet (at 48.622°N 123.499°W, 215 m bottom depth, Figure 1B). High frequency temperature, conductivity, pressure, and oxygen data from a SeaBird SBE19plus and SBE43 were downloaded directly from the ONCSensorDataService for the Nov 2015 - Dec 2016 deployment. Temperature and oxygen were both corrected for time lags from the conductivity sensor arising from system plumbing/sensor response time, and then salinity was calculated from conductivity and temperature. Downcasts were averaged in 1 dbar pressure bins. Communication problems, a faulty depth sensor on the winch prior to 8 Sep 2016, and power outages caused some casts to be aborted, resulting in data gaps of a few hours to a week. A corroded bulkhead connector on the CTD pump caused slower response times for sensors from at least 25 Oct 2016. We also used profiling mooring oxygen data in a qualitative manner and did not apply any further calibration.



2.4 Ancillary data

We combined observations from Saanich Inlet with tidal current predictions, coastal upwelling indices, and river discharge data to interpret the dynamics. Tidal current speeds at nearby Active Pass (NE of Saanich Inlet, 48.867°N, 123.307°W, Figure 1A) were predicted with a 15-min frequency for each year separately from 1975 to 2072 using the XTide database (Flater, 2001) queried using the T-Tide MATLAB Analysis Toolbox (Pawlowicz, 2002). Active Pass is the closest current speed prediction site in the database, and is used here as a proxy for tidal currents in Satellite and Swanson Channels. The absolute values of these current speeds were smoothed with a centred 50-hr triangular filter to highlight the spring-neap cycle. Other nearby tidal predictions were also considered (see Supplementary Material Section S2). Predictions for year 2038 and later were calculated using an updated version of the tidal equilibrium arguments and node factors obtained from https://flaterco.com/xtide/files.html. We obtained daily values of the Bakun Index at 48°N, 125°W as an upwelling metric representative of the conditions off the continental shelf. For each potential renewal event, an average of the Bakun Index was taken for 30 days prior to the minimum tidal current speed associated with that event, to account for lags in transfer of dense water by coastal upwelling into the estuarine system. Daily river discharge data for the Cowichan and Fraser Rivers during 2012-2019 was obtained from Environment and Climate Change Canada.




3 Results and discussion


3.1 Tidal currents and upwelling control potential strength and timing of renewals

An increase in potential density followed most strong minima in smoothed tidal current speeds (Figure 2 shows an example for 2020). To avoid bias in the following analysis, events resulting in decreased potential density were not removed from the data. Two minima in smoothed tidal current speeds occur every month (neap tides), but one is typically stronger, i.e. reaches lower speeds, than the other. The observed density increases over the sill create the possibility for renewal of the deep inlet. Fifty-two of these potential renewal events were observed in July through November of 2012-2020 (Supplementary Figure S2). Additional events occurred during this time, but were not observed due to data gaps. Clear increases in density at the sill mooring typically began up to two days before the minimum in tidal current speeds, while maximum densities were observed 2-5 days following the minimum. The potential density observed at high frequency (every 5-15 minutes at the sill mooring, grey line in Figure 2A) showed large semi-diurnal variability (two maxima and two minima per day, see Section 3.3).




Figure 2 | Relationship between potential density at the sill mooring and tidal current speeds for the 2020 renewal season. (upper panel) Potential density observed at the sill mooring (σθ, kg m-3). Thin gray line is the 10-min frequency data. Thick black line is smoothed with a 50-hr triangular filter. Vertical dashed green lines mark the times of the maximum smoothed density. (lower panel) Predicted absolute tidal current speeds at Active Pass smoothed with a 50-hr triangular filter (see Section 2.3). (both panels) Vertical red dashed lines mark the times of the minima in smoothed tidal current speed associated with an event. Lighter red bars indicate the pre-event window for calculation of the baseline potential density.



The strength of these possible renewal events was strongly related to the minimum smoothed tidal current speed and to coastal upwelling strength (Figure 3). Note how the largest density change events (density change > 0.3 kg m-3) occur at smoothed tidal current speeds less than 0.9 m s-1, while the three events with a density change greater than 0.6 kg m-3 all occurred at smoothed tidal current speeds less than 0.8 m s-1. In this region, the tides drag stratified waters back and forth over the complex topography of the sill, mixing the different density waters together (Farmer et al., 1994; Gargett et al., 2003). Lower tidal current speeds allow for the high density of water masses at the bottom to be preserved as they flow over the long and shallow Saanich Inlet sill, because less mixing occurs with lower density shallower waters (Stucchi and Giovando, 1984; Griffin and LeBlond, 1990; LeBlond et al., 1991; Masson, 2002).




Figure 3 | The minimum in the smoothed tidal current speed vs. the potential strength of a renewal event (change in potential density (Δσθ) observed at the Saanich Inlet sill mooring). Each renewal event is coloured by the average of the Bakun Index over the 30 days prior to the minimum smoothed tidal current speed. Events in 2016 (see next section) are outlined in black.



However, tidal current speeds are not the only control. When smoothed tidal current speeds are lower than 0.9 m s-1, there are many events where the change in density is less than 0.3 kg m-3 (points in the lower left quadrant of Figure 3). These small density change despite low tidal current events occurred when the Bakun Index was near or below zero, i.e. when downwelling was dominant off the coast of Vancouver Island. The Bakun Index (Bakun, 1973) is an upwelling metric that uses observations of sea level pressure (to estimate wind stress) and latitude to estimate Ekman transport as a proxy for coastal upwelling. Positive values indicate primarily upwelling conditions off the coast and negative values indicate downwelling. While upwelling off the coast of Vancouver Island is driven by more than wind dynamics (see last paragraph in this section), the Bakun Index still functions as a good proxy for upwelling/downwelling strength. Downwelling conditions on the coast supply lower density water to the deep estuarine flow into the Salish Sea (Figure 1A), while upwelling conditions supply higher density water (Freeland and Denman, 1982; Mackas et al., 1987; Kämpf and Chapman, 2016). Our results show that the density of water supplied outside of the Saanich Inlet sill, regulated by coastal upwelling vs. downwelling, plays an additional controlling role in the potential strength of a given renewal event. If tidal current speeds are low enough to facilitate a strong density change over the sill, downwelling conditions can still suppress the magnitude of the density change.

A multiple linear regression analysis shows that both tidal current speeds and upwelling dynamics are significant controls on the potential strength of renewals but that tidal current speeds are most important. The collection of 52 possible renewal events was fit to:

	

where Δσθ is the change in density observed at the sill mooring for each event, TidalCurrent is the associated minimum in the smoothed tidal current speed, and BakunIndex is the 30-d average of the upwelling Bakun index prior to the event. A, B, and Intercept parameters were determined by minimizing the sum of the least squares between the predicted and actual Δσθ. When the independent variables of such a model are uncorrelated (as is the case for the minimum tidal current speed and the Bakun Index with an r2< 0.0001 between them), their respective normalized coefficients (A and B) represent the relative power of each variable in determining the result, potential strength of renewals in this case. To normalize the coefficients, each coefficient was multiplied by the standard deviation of its respective variable and divided by the standard deviation of the change in density. The relatively high r2 value of 0.65 for the multiple linear regression (Table 1) demonstrates that these two factors control a high proportion of the potential strength of renewals in Saanich Inlet. Both the minimum smoothed tidal current speed and the Bakun Index are important factors in determining the potential strength of a given renewal event (Table 1), but the larger magnitude normalized coefficient of -0.64 indicates that current speed is the dominant factor. The sign of the coefficient is negative, because low tidal current speeds correlate with high density changes. However, the reasonably high normalized coefficient for the Bakun Index shows that upwelling dynamics have a controlling factor on the potential strength of deep-water renewal events that shouldn’t be dismissed. We found similar results using shorter averaging periods for the Bakun Index of 14 and 7 days, suggesting that it is the overall seasonal cycle that matters most for this variable. Multiple regression analysis using other upwelling indices yielded similar results but with slightly lower coefficients (see Supplementary Material Section S4).


Table 1 | Multiple linear regression analysis results for the dependence of the potential renewal strength on the minimum smoothed tidal current speed and the Bakun Index.



In addition to the analysis of the sill mooring data, we also examined a 50-yr dataset of CTD casts from within Saanich Inlet for the impact of tides and upwelling on renewal. Nineteen renewal events were identified based on our selection procedure (Section 2.2). The strongest observed changes in density occurred for renewal events at low tidal current speeds (<0.8 m s-1) when upwelling, as indicated by a positive Bakun Index, was prevalent (Figure 4). However, the suppression of renewal events by downwelling is less clear here, possibly because the data available from individual profiles captured few events during times of downwelling. A similar multiple linear regression analysis suggested that tidal current speeds and the Bakun Index explain much less of the variance in the strength of renewal events from CTD data compared to the sill mooring analysis (Table 2). The normalized coefficients still demonstrate an important control by smoothed tidal current speeds, but no significant dependence on the Bakun Index could be detected. Several factors may explain the overall lower correlation. First, the timing of the CTD casts relative to renewals was much more variable. There was never more than a five day difference between the smoothed tidal current speed minimum and the maximum density observed at the sill mooring. However, event start profiles varied from days to hours prior to the minimum tidal current speed, while CTD profiles spanning an event were on average 11 days apart, ranging from 3 to 18 days. The geomorphology of Saanich Inlet is such that new water is introduced during a deep-water renewal event along the western edge of the basin, driven by the Coriolis force (Hamme et al., 2015). This spatial distribution leads to an east-west gradient in water mass properties within the deep-waters of Saanich Inlet, which then drives lateral mixing following deep-water renewal events. The inconsistent duration between profiles is likely to mean that some profiles capture renewal events before and some after the lateral mixing with older water. Similarly, a very short duration between profiles could mean that the full impact of the renewal event was not captured. Second, we show in Section 3.3 that when waters within deep Saanich Inlet are denser, this situation preconditions the inlet to experience stronger renewals. The multiple linear regression analysis presented here does not consider the average density of the deep water but only the density change from one profile to another.




Figure 4 | The minimum in the smoothed tidal current speed vs. the potential strength of a renewal event (change in potential density (Δσθ) below 140m observed through CTD casts in Saanich Inlet). Each renewal event is coloured by the average of the Bakun Index over the 30 days prior to the minimum smoothed tidal current speed.




Table 2 | Multiple linear regression analysis results for the dependence of the potential renewal strength on the minimum smoothed tidal current speed and the Bakun Index as observed through CTD casts in Saanich Inlet.



We considered whether river discharge into the region represented a significant third control on the potential strength of renewals, but found its inclusion did not improve predictions. The Cowichan River feeds into the northwest segment of the inlet (Figure 1B) and reaches a peak discharge of ~100 m3 s-1 in the winter season due to local rainfall (Pike et al., 2018). The Fraser River is the primary freshwater input to the Salish Sea (Figure 1A) and reaches a peak discharge near 7000 m3 s-1 in the summer due to snow melt (Griffin and LeBlond, 1990; Johannessen and McCarter, 2010). The discharge of Goldstream River at the southern part (head) of the inlet and Shawnigan Creak nearer the mouth are negligible at 5 and 8 m3 s-1, respectively (Herlinveaux, 1962; Campbell and Belcic, 2006). Freshwater input drives the estuarine circulation, which draws dense seawater landward along the bottom of the region’s straits, supplying the renewals. Although river discharge and upwelling have no direct effect on each other, upwelling conditions on the coast are somewhat correlated with discharge from both rivers, because all three have a strong seasonal cycle (r2 of 0.26 between Fraser River discharge and the Bakun Index and 0.47 between Cowichan River discharge and the Bakun Index). We performed a cross-validation analysis to show that the addition of river discharge records as additional explanatory variables did not improve predictions from the multiple linear regression (see Supplementary Material Section S5).

El Niño Southern Oscillation (ENSO) and coastal trapped waves also impact the density of waters entering the estuarine system, and may affect the potential strength of renewals in Saanich Inlet, but we could not assess the potential impact. Indeed, Masson (2002) suggested that El Niño conditions can lead to a shutdown of the deep-water renewal process in the Strait of Georgia, to the northeast of Saanich Inlet. Regional shifts in winds, Ekman transport, and associated upwelling strength occur during the warm and cool phases of ENSO (Alexander et al., 2002; Alexander and Scott, 2008); these effects should be included in the wind-based Bakun Index. However, coastal trapped waves also depress the pycnocline off the coast of British Columbia during El Nino, leading to upwelling of lower density water (Miller et al., 1997; Fiedler et al., 2013; Ray et al., 2020). Our time series from the sill mooring (2012-2020) is too short to investigate an interannual variation like ENSO, so its impact on Saanich Inlet remains unquantified. More generally, coastal trapped waves play an important role in upwelling dynamics in this region, independent of the winds and apart from their interaction with ENSO (Freeland and Denman, 1982; Frischknecht et al., 2015; Engida et al., 2016). However, a time series of the occurrence of these waves is not available for analysis.



3.2 Renewals create complex water mass layering

Summer and fall of 2016 experienced four distinct renewal events, captured in unprecedented detail by the profiling mooring in the central inlet (Figure 5). Each pulse of higher density water observed at the sill mooring began approximately a day before the lowest average smoothed tidal current speeds (beginning of pink bars/vertical lines in Figure 5) and lasted for 6-9 days. The higher density water was oxygen rich compared to bottom water over the sill either before or after the event (Figure 5C). Oxygen concentration over the sill actually experienced a maximum every 14 days, but density only showed significant increases during the weaker neaps in tidal current speed.




Figure 5 | Overview of 2016 renewal season. (A) Smoothed tidal current speeds at Active Pass (m s-1). (B) Potential density (σθ kg m-3) at the sill mooring. (C) Oxygen concentration (μmol kg-1) at the sill mooring. (B, C) Grey lines show 10-min frequency data. Black lines show 50-hr triangular filter. (D) Oxygen concentration (μmol kg-1) at the profiling mooring. (E) Potential temperature (°C) at the profiling mooring. (F) Potential density (σα kg m-1) at the profiling mooring. (A-F) Pink bars/red lines indicate the renewal event from the minimum in smoothed tidal current speed in (A) to the approximate return of the sill mooring density to the baseline in (B). (D-F) Only waters deeper than 75 m are shown.



These four renewal events in 2016 had very different effects on the deepest waters of the inlet. The profiling mooring observed no changes to water properties below 160 m during July (Supplementary Figure S3), suggesting that the July renewal did not penetrate to the bottom of the inlet. In contrast, the next three renewal events affected depths all the way to the bottom, bringing new warmer, denser, saltier, and more oxygen rich waters to these depths (Figures 5D-F). The profiling mooring executed very few profiles during the August renewal (Supplementary Figure S4), so we do not consider this event further and instead focus on the September and October renewals.

Water intruded at different densities and then mixed in several stages during the September renewal (Figure 6). New, warmer, saltier, and oxygen-rich water first intruded to a depth of ~130 m during 9-12 Sept. Data from the profiling mooring is missing 5-8 Sept, so we cannot precisely quantify the date of the first change, but the minimum in tidal current speed is near this time on 10 Sept. In the next three days (13-15 Sept), new water is observed intruding below 160 m. This new water mass appears to displace the previous water mass upward (note the shoaling partway through the September renewal of the lower temperature, low oxygen water mass and the persistence of that signal at shallower depths for a week in Figure 5). New water is not observed at 130-160 m until 16 Sept. Density over the sill returned to pre-renewal levels by 18 Sept. During 22-25 Sept, the profiling mooring then captured the relaxation of properties at 120-160 m toward pre-renewal conditions. New water enters the inlet from the north hugging the western side of the inlet, then mixes laterally with older anoxic water present on the eastern side of the inlet (Hamme et al., 2015). Here we see evidence of that mixing process, as waters become cooler and less oxygen rich at 120-160 m following the main September renewal period.




Figure 6 | Detailed profiles over the Sept 2016 renewal event. Left hand panels show T-S diagrams with potential temperature on the y-axis and salinity on the x-axis. Black contours are lines of constant potential density (σθ kg m-3, labeled in the top panel). Right hand panels show depth profiles of O2 concentration deeper than 75 m. In each panel thin grey lines show individual profiles collected by the profiling mooring during the dates shown in black text, while the thick blackline is the average of the individual profiles. Thick red line shows the average of individual lines from the panel above (during the dates shown in red text). Blue arrows highlight changes between the red and black dates. Missing dates indicate missing data.



The October renewal showed contrasting behavior (Figure 7). New water appeared first at the deepest depths (>130 m) beginning on 11 Oct, two days after the lowest tidal current speeds. The largest changes in water properties were centered at 160-180 m, but small changes were observed down to the deepest depths. By 18 Oct, changes were observed above 130 m, and the properties of water at deeper depths relaxed partly back to early October observations, again likely by lateral mixing with older waters.




Figure 7 | Same as Figure 6 but for October 2016.



The result of each renewal, and indeed the entire renewal season, was not a new homogeneous water mass filling the deep Saanich Inlet. Instead, the progressive intrusion of waters of different densities at different depths resulted in a layered injection of warmer, saltier waters carrying oxygen. The V-shaped cross-section of the inlet (Figure 1B) means that these injections of new water encounter varying volumes of old, anoxic water. Lateral mixing (Hamme et al., 2015) finally creates layers containing different proportions of new oxygenated waters and old anoxic waters present in the inlet since renewal events of the previous year, which are likely laterally homogeneous while remaining vertically distinct. We suspect that this behavior is characteristic of renewal events in Saanich Inlet generally, but the profiling mooring dataset from 2016 is the first profile data with such high temporal resolution where the phenomenon can be clearly observed.



3.3 Renewals condition the deep waters to promote subsequent renewals

The very different behavior of these 2016 renewals - July did not reach bottom, September began at shallower depths, October began at the deeper depths - suggests variability in the conditions of renewal that affect the resulting waters masses in Saanich Inlet. Of the four renewal periods, July had the highest smoothed tidal current speeds (minimum at 0.85 m s-1 compared to 0.76-0.79 m s-1 for the other three renewals). Despite higher current speeds, the maximum density observed over the sill in July was similar to that in October (though lower than both August and September) and sustained for longer than in October. Note that the lower density change in October despite the low tidal current speeds is explained by the reduction in coastal upwelling at that time (30-d mean Bakun Index of -10 for the October 2016 event vs. 13-35 for the other events that year).

We suggest that each renewal within a single season conditions the inlet to promote further renewals. In July, the density of the water column within the inlet is at its lowest value at every depth (Figure 5F). This low density means that new dense water flowing over the sill encounters and mixes with low density water within the inlet, creating a mixed water mass with lower density than if that same entering water had encountered higher density inlet water. As each subsequent renewal emplaces higher density water within the inlet, water entering at the next renewal encounters a smaller density contrast, remains at higher density as it flows into the inlet, and is more likely to reach the deepest depths. The idea that higher density water within the inlet promotes renewals may seem counter-intuitive, but the notion that water entering the inlet experiences significant mixing is supported by the higher density of inflowing water (values as high as 24.4 σθ observed at the sill mooring for brief periods in July) compared to the maximum density where changes are observed at the profiling mooring (24.05 σθ in July).

The differences between the September and October renewals, with the October renewal characterized by density changes at the bottom first, may be partially explained by this same effect, but here the density of the inflowing water appears to be an additional factor. The density of the water observed over the sill during renewal events is variable, largely in phase with the semi-diurnal tidal cycle, higher density during flood tide and lower density during ebb tide (Figure 8). This relationship between density over the sill and the semi-diurnal tides was first hypothesized by Anderson and Devol (1973) and makes sense as flood tide brings water outside the inlet toward the inlet and ebb removes lower density water from the inlet. The start of the October renewal was characterized by unusually high densities, while the density observed over the sill during the September renewal built slowly over several days. Lower density water entering at the start of the September renewal would have intruded at shallower depths than the unusually high density water entering at the start of the October renewal.




Figure 8 | Potential density (σθ kg m-3) at the sill mooring, 10-min frequency data. Upper panel shows data from one week in September 2016 while lower panels shows one week in October 2016. Each time period begins two days before the minimum in smoothed tidal current speed predicted at Active Pass. Grey bars in background mark flood tide/white marks ebb tide.






4 Conclusions and implications for prediction

Being able to predict renewal events that flush the deep waters of Saanich Inlet is important to experiment planning in this accessible, natural laboratory used to investigate processes and organisms in oxygen deficient zones (e.g., Manning et al., 2010; Bourbonnais et al., 2013; Hawley et al., 2014; Chu and Tunnicliffe, 2015; Capelle et al., 2019; Torres-Beltrán et al., 2019; Ji et al., 2020). Understanding Saanich Inlet renewal events may also help to understand such events in other fjords, especially ones marked by periodic low oxygen conditions (Levings, 1980; Newton et al., 2007). Probably due to its location separated from the coast by many kilometers of straits and sills where mixing is enhanced, renewals in Saanich Inlet may be more strongly controlled by tidal current speeds than basins where only a single sill or a short distance separates them from coastal waters. For example, Barkley Sound on the west coast of Vancouver Island appears strongly controlled by upwelling alone (Pawlowicz, 2017). Upwelling supplying dense waters has also been the primary explanation for basin renewal events in Santa Barbara Basin (Bograd et al., 2002). Effingham Inlet, near Barkley Sound, displays fortnightly variations in water intrusions but a clear link to spring-neap timing has not been identified (Thomson et al., 2017). In contrast, reduced mixing during neap tides has been shown to play an important role in the occurrence of intrusions of high density waters into the nearby Strait of Georgia and into Puget Sound, a region of the southern Salish Sea with several sills separating it from the open ocean (Geyer and Cannon, 1982; Cannon et al., 1990; Griffin and LeBlond, 1990; Lavelle et al., 1991; LeBlond et al., 1991; Masson and Cummins, 2000; Masson, 2002; Leonov and Kawase, 2009). Our study establishes the link between the strength of the neap and the likelihood of renewal, which likely characterizes these other fjords of the Salish Sea. Note that the studies mentioned above that focus on upwelling alone are based on low temporal resolution sampling (monthly or quarterly) and could miss a potential role of tidal currents that our high resolution data reveals. However, renewals of other intermittently anoxic basins, for example the deep Baltic Sea, have been firmly tied to specific wind conditions in the region (Schinke and Matthäus, 1998), demonstrating that tidal currents do not play a role everywhere.

Our analysis reveals that the density of water flowing over the Saanich Inlet sill is controlled by tidal current speeds and upwelling dynamics. Tidal current speeds have a larger role in determining the potential strength of a renewal event but unfavourable upwelling dynamics (i.e. downwelling conditions) can lead to weaker renewals. This dominance by currents suggests that, in general, the predictable tidal current speeds at Active Pass can be used to plan cruises in Saanich Inlet, and that variations in tidal current speeds should be a primary avenue for investigation of other silled basins. However, the seasonally and interannually varying upwelling dynamics off the west coast of Vancouver Island inject a factor of unpredictability. We go on to show that the actual flushing of the deep waters within the inlet is affected by previous flushing events, so that each renewal within a single season conditions the inlet to subsequent renewals by lowering the density contrast between the waters flowing over the sill and those already within the inlet. This conditioning suggests that a series of events with high density water flowing over the sill is necessary to replace a large proportion of the deep waters in the inlet.

Although tidal current speeds in the region are very predictable for many years into the future, they vary strongly both seasonally and interannually, causing renewals to typically be observed in Saanich Inlet in late summer and early fall and creating the potential for some years to experience much stronger renewals than others (e.g., Capelle et al., 2018). Bylhouwer et al. (2013) show that upwelling near the mouth of the Juan de Fuca Strait typically begins in mid-May, ends in mid-September, and fully transitions to downwelling by mid-November. The lowest tidal current speeds in the region are not typically observed until mid-July and last until mid-November (Figure 9A). Based on this timing, we conclude that the greatest possibility for full-bottom water renewals exists from mid-July to mid-October, with greater likelihood towards the end of this period given the pre-conditioning of the water column by earlier renewals. Experiments that require a well developed anoxic water column with significant sulfide concentrations should be planned for the period from winter to very early summer. Significant sulfide concentrations are typically observed by mid-January, especially farther south within the inlet (observations by the University of Victoria Ocean Science Minor program), and continue accumulating until the next renewal. Note that occasional mid-water renewal events have been observed in winter and spring, but these have not flushed the very deepest waters (e.g., Manning et al., 2010).




Figure 9 | Interannual variability in tidal current speed. (A) Predicted smoothed tidal current speeds in 2007 with strong minimums (black) and in 2014 with weak minimums (red). Grey background shows the summer/fall renewal period considered in the rest of the panels. (B) Minimum smoothed tidal current speed predicted during the renewal season in a given year. (C) Correlation between the minimum smoothed tidal current speed during the renewal season in a given year and the 2nd (blue), 3rd (cyan), and 4th (green) lowest events in the same season and year. (D) Percentage of time smoothed tidal current speed is below 0.9 m s-1 during the renewal season in a given year. Note the y-axis is reversed to show the correspondence with the panel above.



Based only on tidal current speeds, there are large differences in the potential for renewals between years, even within the late summer/early fall period (compare 2007 with several strong minima in smoothed tidal current speeds with 2014 where such strong minima are not observed, black vs. red lines in Figure 9A). The strongest minima in smoothed tidal current speed varies between 0.73 and 0.86 m s-1 among different years (Figure 9B). Moreover, years with one strong minima are likely to experience several strong minima as shown by the high correlation between the strongest minima in each year and the 2nd, 3rd, and 4th strongest minima in the same year (Figure 9C). Similarly, years with a strong minima are also likely to have a larger percentage of the renewal season at lower current speeds (Figure 9D). Experiments that rely on a strong flushing of the deep Saanich Inlet should be planned for those years that experience the strongest reductions in tidal current speeds (see Supplementary Material Figure S5 for predictions for the next 50 years) and targeted for just past the lowest tidal current speeds in August and September. Over the next decade, 2025 is an example of a year likely to experience strong renewals based on very low tidal current speeds, whereas 2032 is an example of a year that may experience no renewal at all (Supplementary Material Figure S5). Note that factors that cannot be predicted so far in advance may strongly enhance or hinder renewals, particularly upwelling strength, which may be affected not only by local winds but also by coastal trapped waves and ENSO, but also potentially river discharge. Future climate change may also impact upwelling and the estuarine circulation of the Salish Sea in ways that affect renewal strength in Saanich Inlet but are not easily predicted.

Finally, we emphasize that renewals do not result in deep Saanich Inlet being filled with a new homogeneous water mass. Several previous studies have shown that renewal events do not completely replace the previously anoxic waters in the inlet, but instead create mixtures of old and new water in varying proportions (Anderson and Devol, 1973; Lee et al., 1999; Manning et al., 2010). Here we show that renewal events result in a complex layering of water masses, with each layer containing different proportions of old and new water. This layering is caused by the variations in the density of water flowing over the sill during a renewal event and by the V-shape of the inlet with different volumes of old water encountered at each depth. Such layering of water masses with different physical and biogeochemical properties as the result of each renewal event has strong implications for ecosystem shifts and process rates in these different layers (companion paper) and is likely to characterize other systems with occasional renewal events as well.
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