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5. Conclusions
[bookmark: bbib0025][bookmark: bbib0200]The extent and degree of SLR-driven groundwater inundation and shoaling are expected to vary from one location to another in California. Differences will be driven by proximity of the water table to the ground surface, local geology, hydrology, and anthropogenic factors, e.g., the extent of groundwater extraction or additions (Bjerklie et al., 2012, Rotzoll and Fletcher, 2013). Areas with shallow saline aquifers will be vulnerable to SLR-driven groundwater shoaling and emergence, but data are not yet available to assess the areal extent and importance of these aquifers. Coastal communities in central and southern California that do not have shallow saline aquifers are not expected to have major SLR-driven groundwater emergence issues, even in low-lying areas, primarily because heavy groundwater use will keep groundwater levels low. Saltwater intrusion has been and likely will continue to be the major coastal groundwater problem in these communities. However, SLR-driven groundwater emergence and shoaling may impact certain areas of the California coast, as suggested by the three case studies examined in this paper.
[bookmark: bbib0045]The study sites addressed here represent a diverse group of settings. Arcata is located in the North Coast HR coastal plains, which are associated with major drainage basins, have abundant groundwater and relatively flat terrain, and are primarily used for agriculture (CA DWR, 2013b). Impacts of SLR on urban communities and infrastructure in this HR are expected to be small, but emergence and shoaling of groundwater could substantially affect the total area available for agricultural use. Mitigation efforts could include groundwater pumping to reduce emergence and shoaling, with “excess” groundwater exported to areas of high water demand, such as central and southern California, or diverted through waterways to the ocean.
[bookmark: bbib0090][bookmark: bbib0085]Stinson Beach is a small, predominantly residential community that exemplifies densely developed coastal communities built along sand beaches where onsite treatment systems are used for wastewater disposal, resulting in a local, concentrated input to groundwater (de Sieyes et al., 2008, de Sieyes, 2011). Given the already severe impacts of direct SLR inundation on this site, SLR-driven groundwater inundation impacts might appear to be only a minor addition to the existing problem. However, groundwater emergence at this site may have health risks associated with it, and any groundwater emergence will accelerate flooding of the study area. Given the severity of overall inundation in the 2 m SLR case, where most of the present-day dry land in the study area is submerged, and the potential for present-day worst-case groundwater levels to be significantly higher than the “average” levels used here, additional groundwater level data would be desirable to better constrain the contribution of groundwater to SLR-driven inundation at Stinson Beach.
[bookmark: bbib0145]The area around Malibu Lagoon is representative of coastal lagoon developments in California where groundwater is a combination of native groundwater and septage from onsite treatment systems (Izbicki, 2014). In this area, groundwater emergence is expected to occur both along the coast and in low-lying inland areas, with higher elevation land separating the inundated inland area from the coastal strip. SLR-driven groundwater emergence and shoaling impacts on neighborhoods and infrastructure could be substantial, with potential health risks due to septic contributions, but existing infrastructure also may provide options for direct management of “excess’ groundwater, as suggested above for Arcata.

[bookmark: bbib0075][bookmark: bbib0130][bookmark: bbib0175][bookmark: bbib0010][bookmark: bbib0120][bookmark: bbib0220][bookmark: bbib0020][bookmark: bbib0065][bookmark: bbib0240]SLR is widely recognized as a concern in California because it could degrade coastal habitats and damage coastal infrastructure in a region that already is stressed by increasing population and expects an increasing frequency of extreme storm and wave events (Crossett et al., 2004, Heberger et al., 2009, National Research Council, 2012, Arkema et al., 2013, Hallegatte et al., 2013). Direct marine inundation likely will be the dominant mechanism of inundation in low-lying areas of the California Coast, but areas with coastal aquifers less than 4 m from the ground surface should be considered for their potential to contribute to SLR impacts via groundwater emergence and shoaling, and existing underground infrastructure such as basements, pipes, and tunnels will be increasingly vulnerable to flooding as sea level rises (Bjerklie et al., 2012). This problem will require continuing attention because coastal communities have been growing rapidly over the past century, with ∼153 million Americans (∼53% of the nation’s estimated population) living in coastal counties in 2003 (Crossett et al., 2004). Both maintenance of existing infrastructure and new development will become increasingly challenging and costly in vulnerable low-lying coastal regions (Hallegatte et al., 2013). It also is noteworthy that the above analyses address only the effects of overall increases in sea level and associated tides, and that transient events will produce more severe conditions. For instance, heavy precipitation can cause short-lived increases in groundwater elevations due both to increased groundwater flow from upslope areas and direct infiltration (Swarzenski et al., 2017), and low atmospheric pressures and large waves (both associated with storms) can result in unusually high tides, increasing direct inundation by direct sea-level rise and wave runup (Barnard et al., 2014). These types of events could increase groundwater levels in shallow, perched saline aquifers, and could cause transient increases in fresh groundwater elevations. While some of these elevation increases might be temporary, the impacts of associated groundwater emergence and shoaling could persist after groundwater levels decline (Cayan et al., 2008). Where the occurrence of these types of events is correlated in time, synergistic impacts could be especially damaging to low lying coastal communities (cf., Wahl et al., 2015). Current research efforts are improving our understanding of the vulnerability of California’s coastline to direct inundation due to SLR and to storm-related inundation (Barnard et al., 2014), but more detailed study of groundwater conditions in vulnerable areas will be needed to accurately predict the contribution of groundwater emergence and shoaling to SLR-related impacts in these sites.
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I asked Reading Assistant: How will or does SLR affect OWTS ?
Based on the article content, SLR affects OWTS (Onsite Wastewater Treatment Systems) in several significant ways:
Groundwater Elevation Impacts
SLR causes groundwater tables to rise, which directly affects OWTS performance 1. At Stinson Beach, residential wastewater treatment systems contribute approximately 7cm/month year-round to groundwater levels, creating artificially elevated water tables that discharge to the ocean through beach sand .
Exacerbated Inundation
The elevated groundwater from OWTS can worsen SLR impacts through emergence and shoaling of artificial groundwater 2. This creates a feedback loop where wastewater disposal systems contribute to the very flooding problems that threaten coastal communities.
Health and Environmental Concerns
When SLR-driven groundwater emergence occurs in areas with OWTS, it may create health implications due to potential high nitrate and bacterial concentrations associated with septic discharge 2.
Limited Mitigation Options
The article notes that mitigation options are few, with diversion of wastewater to another disposal site being the primary solution, though this would likely be very expensive 2.

