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Understanding Regional and Seasonal Variability Is Key to Gaining a Pan-Arctic Perspective on Arctic Ocean Freshening
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The Arctic marine system is large and heterogeneous, harsh and remote, and now changing very rapidly, all of which contribute to our current inadequate understanding of its basic structures and functions. In particular, many key processes within and external to the Arctic Ocean are intrinsically linked to its freshwater system, which itself is undergoing rapid and uncertain change. The role of the freshwater system (delivery, disposition, storage, and export) in the Arctic Ocean has recently received significant attention; however, due to the fact that few studies are able to cover all regions and seasons equally, we still lack an accessible, unified pan-Arctic representation generalizing the impacts of freshwater on the upper Arctic Ocean where many biological and geochemical interactions occur. This work seeks to distill our current understanding of the Arctic freshwater system, and its impacts, into conceptual diagrams which we use as a basis to speculate on the impact of future changes. We conclude that an understanding of regional and seasonal variability is required in order to gain a pan-Arctic perspective on the physical-geochemical-biological state of the upper Arctic Ocean. As an example of regionality, enhanced stratification due to freshening will be more important in the Pacific influenced Amerasian Basin, which stores the bulk of the freshwater burden, while the Atlantic influenced Eurasian Basin will experience more consequences related to increased heating from advective sources. River influenced coastal regions will experience a mosaic of these and other biogeochemical effects, whereas glacial fjords may follow their own unique trajectories due to the loss of upwelling mechanisms at glacial fronts. As an example of seasonality, the continued modulation of the sea ice freeze-melt cycle has increased the seasonal freshwater burden in the deep basins dramatically as the system progresses toward ice-free summer conditions, but will eventually reverse, reducing the seasonal flux of freshwater by more than half in a future, perennially ice-free ocean. It is our goal that these conceptualizations, based on the current state-of-the-art, will drive hypothesis-based research to investigate the physical-biogeochemical response to a changing freshwater cycle in a future Arctic Ocean with greatly reduced ice cover.
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INTRODUCTION: THE ARCTIC OCEAN HAS TWO FRESHWATER LIDS, AND BOTH ARE CHANGING

The Arctic Ocean (AO, Figure 1) is a “beta” ocean, in that its salt-stratified halocline constrains and shapes its fundamental processes and functions related to stratification, circulation, and mixing (cf. Carmack, 2007). It is this freshwater (FW) feature that, in fact, allows an ice cover to form and persist by limiting the depth of seasonal heat exchange and mixing, and constrains the upward flux of nutrients to the euphotic zone. Together, the ice cover and halocline provide a shield (the solid and the liquid “lids”) to limit the vertical exchange of heat and wind energy with the upper AO. Under recent climate warming both lids are changing rapidly, but not in uniform, predictable, or well-understood ways. For example, an intensified hydrological cycle is anticipated to follow in a warming climate, and with sea ice decline, a greater fraction of the internal FW burden now cycles seasonally between the solid (ice) and liquid (halocline) lids, the latter of which has both a seasonal and perennial structure, as emphasized here. Further, it is now established that responses to climate change are decidedly regional, and that effects will be felt disproportionally among seasons (Polyakov et al., 2017, 2018, 2020). We focus here on these two “lids” as a central location for FW exchanges and cycling on seasonal and regional time and space scales, with particular emphasis on the upper ocean. Since we focus our discussion on the coupling between physics, geochemistry, and biology, we define the “upper” ocean as the seasonal surface mixed layer, where many of the FW-relevant interactions among these systems take place. Our aim is not to provide a review of the Arctic FW system, as this has been done recently (Carmack et al., 2015c; Haine et al., 2015; AMAP, 2017), but rather, our goal is to distill these syntheses and current state-of-the-art knowledge into a conceptualized view of the regionality and seasonality of FW in the Arctic Ocean. This is in order to make generalizations about how FW is affecting physical-geochemical-biological interactions from a pan-Arctic perspective, where possible. It also provides a starting point for hypotheses-driven research to address knowledge gaps and test future scenarios of an intensified hydrological cycle impacting an Arctic ocean with greatly reduced sea ice. Specifically we address: (1) the present role of the two FW lids and how they are already changing (section “Present State of the Regionality and Seasonality of Freshwater in the Arctic Ocean”); (2) the consequences of these changes to the physics of the upper ocean (section “Changing State of Freshwater in the Arctic Ocean”); and (3) how the changing upper ocean physics (warmer, altered stratification patterns) influences AO wide geochemical and biological functions and responses (section “Changing Upper Ocean Physics Influences Geochemistry and Biology Across the Arctic Ocean”). We dedicate the remainder of the paper to describing the regionality and seasonality of the effects of changing FW regimes on geochemical and biological systems of the upper AO (section “Regionality and Seasonality of Freshwater Sources Set the Geochemistry and Biology of the Seasonal Mixed Layer”), and project, via conceptualization, recent observations of freshening impacts on these systems into the future (section “Impacts of Continued Freshening of the Arctic Ocean on Physics, Geochemistry, and Biota”). We end by speculating as to the response of the upper AO systems to continued change to FW cycles that may ultimately lead to an ice-free AO (section “Potential Future States of the Upper Arctic Ocean Under a Changing Freshwater System”).
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FIGURE 1. Map of the arctic marine system. (A) Polar projection of the Arctic Ocean showing a simplified version of bathymetry, highlighting the deep Amerasian and Eurasian Basins (AB, EB; dark shading) and shallow shelves (light shading), along with idealized Pacific Water (PW) inputs via Bering Strait (BS), Atlantic Water (AW) inflows via the Barents Opening (BO), and major river inputs with blue, red, and white arrows, respectively. Outflows from the AO via the Davis Strait (DS) and Fram Strait (FS) gateways are illustrated with purple arrows; and (B) the highly idealized hydromorphological domains redrawn from Bluhm et al. (2015), where the RCD refers to the Riverine Coastal Domain (see Carmack et al., 2015b, c), major inflow and outflow arrows as in (A).



Present State of the Regionality and Seasonality of Freshwater in the Arctic Ocean

The AO is a mediterranean sea that is forced by, and interacts with, the polar atmosphere, the vast surrounding drainage basins, and the subarctic Atlantic and Pacific oceans to the south (Prowse et al., 2015a, b). A fundamental difference, however, exists between the two marine source waters entering the AO: flows from the Atlantic side entering through the Nordic Seas are alpha-ocean derived, and remain temperature stratified within the West Spitsbergen current as far as 80oN, while those entering through the Bering Strait are beta-ocean derived and salt stratified, drawing upper ocean waters from the North Pacific well north of the Subarctic Front. Upon entering the AO, the Atlantic water (AW) subducts below the surface and forms the base of the AO halocline, while the Pacific water (PW), itself drawn from waters above the North Pacific halocline, subducts to add additional low salinity waters to what is termed “the halocline complex,” which spans the upper ∼225 m or more of the water column, depending on location. Together this sets the background for the so-called “double estuary” circulation of the AO, with incoming subarctic waters becoming both lighter and denser during their passage through the AO (Stigebrandt, 1985; Carmack and Wassmann, 2006), and thus, becomes the first determinant of AO regionality. Variations throughout the year in FW inputs and disposition, both external (rivers, net precipitation, and Pacific inflow) and internal (the sea ice freeze-melt cycle) set conditions for physical-chemical-biological coupling and thus underscore the requirement to also consider the seasonality of the FW cycle.

The AO FW system is traditionally examined through budget considerations, with efforts to reconcile and balance FW inputs, storage, and export of various sources via net precipitation, river discharge, Pacific inflow, Arctic outflow, and sea ice export (Aagaard and Carmack, 1989; Serreze et al., 2006; Tsubouchi et al., 2012; Carmack et al., 2015c; Haine et al., 2015). Limitations should be acknowledged. For example, budgets are most often calculated as an anomaly based on a reference salinity, typically relative to a salinity of 34.8, but regional constraints in the use of a reference salinity exist (cf. Carmack et al., 2008; Bacon et al., 2015; Schauer and Losch, 2019). Still, even with the crude resolution of budget integrations, the importance of regionality of FW storage is strikingly clear (see Figure 4 of Aagaard and Carmack, 1989). Furthermore, Proshutinsky et al. (2009) documented interannual variability in FW content in the Canada Basin in relation to atmospheric forcing, and Bacon et al. (2015) used a model-based approach to examine the seasonal variability of FW fluxes and storage within the AO. They show a summer peak in storage associated with snow melt derived river inflow, and a tendency to store FW in summer and release it in winter, hypothesized to be due to changes in wind-stress curl and to variations in Ekman pumping related to seasonal changes in air-sea-ice coupling.

Estimation of exchanges with the subarctic seas are most frequently based on measurements of transport through four major “gateways” (Fram Strait, Barents Sea, Bering Strait, and Davis Strait; Figure 1A), but the importance of expanding the FW system beyond the classical gateways to the subtropics and even the tropics has recently been stressed (Carmack et al., 2015c; Prowse et al., 2015a, b). Likewise, a full understanding of the atmosphere’s role in the AO FW system requires inclusion of the transport of moisture from the Atlantic to the Pacific by the northeast trade winds, and the subsequent transport of moisture by westerly winds into the Arctic drainage basins (Carmack and McLaughlin, 2011). Shifts in storm track patterns and jet stream structure will likewise alter the delivery of FW to the AO (Prowse et al., 2015a, b). Within the AO, winds and vorticity conservation control surface ocean circulation and therefore FW transport rates and pathways (as summarized by Haine et al., 2015). Although a primary FW input into the Arctic, no significant long-term change has been observed in atmospheric moisture transport over the last three decades (1979–2016), however, warming over the Arctic has resulted in the increase in precipitation in all seasons over this period, and a shift in the seasons has been observed, with the Arctic getting drier over boreal winter, spring, and fall; but wetter over boreal summer (Oshima and Yamazaki, 2017).



Changing State of Freshwater in the Arctic Ocean

The AO receives FW from three different external sources: direct precipitation (balanced by evaporation, P-E), runoff from land (RO), primarily via rivers, and through the inflow of Pacific Ocean water via Bering Strait (PW), which account for roughly 25, 47, and 28% of the contemporary liquid FW delivery to the Arctic Ocean, respectively (cf. Serreze et al., 2006; Holland et al., 2007; Haine et al., 2015). Pan-Arctic observations have indicated that FW inputs from all three sources have increased over the last several decades (e.g., Peterson et al., 2002; Overeem and Syvitski, 2010; Vihma et al., 2016; Woodgate, 2018). While within the AO, the liquid FW content has been increasing since the mid-1990s; concomitant with a persistent decline in sea ice extent, thickness, and volume (e.g., Kwok et al., 2009; Stroeve et al., 2012b; Krishfield et al., 2014; Rabe et al., 2014; Proshutinsky et al., 2015). These additional FW inputs, combined with a decline in storage within solid sea ice, and relatively constant FW export, have resulted in an 8 % increase in the liquid FW content of the AO over the first decade of the 2000s, compared to the 20 years previous; a trajectory which is projected to continue for the foreseeable future (Haine et al., 2015).

Internally, sea ice and the halocline both act as storage reservoirs for FW (Figure 2), which, coupled with a redistribution of solid FW from multi-year sea ice into seasonal sea ice, has consequences for FW distributions under changing circulation pathways. For example, more FW is stored in the central basins than on the shelves, and more in the Amerasian Basin (AB) than Eurasian Basin (EB; Carmack, 2000). Summer sea ice melt increases the liquid FW content of the surface ocean across the pan-Arctic by moving the FW burden from the sea ice reservoir into the halocline reservoir. This seasonal redistribution between the ocean’s solid and liquid “lids,” combined with changing circulation pathways that redirect FW from the EB (saltier) to the AB (fresher), act to regionally redistribute FW across the AO without increasing the total FW content within the AO (e.g., Wang et al., 2019). As summer sea ice extent continues to diminish, the FW burden from ice melt, recycled on an annual basis, has more than doubled since the 1970s and 1980s and now exceeds that of the other (external) sources (Table 1). In the 1980s, freeze-melt (F/M) was estimated to cycle ∼ 4 × 103 km3 yr–1 of FW into and out of the seasonal mixed layer of the deep polar basins (cf. Aagaard et al., 1981), on par with other FW inputs (Table 1). Currently, F/M cycles about ∼9 × 103 km3 yr–1 over the same area, and by ∼2050, assuming an ice-free summer (<10% ice cover) and full winter freeze up of the basin, the volume of FW cycled through the sea ice F/M system will reach a maximum (∼13 × 103 km3 yr–1), more than triple that of the next largest input to the AO (Table 1). The critical distinction here is that FW from sea ice melt creates a strong shallow halocline, essentially separating the euphotic zone from the permanent halocline, while brine released by freezing drives penetrative convection and mixing to the depth of the permanent halocline (Figure 3; e.g., Rosenblum et al., submitted). This is especially important in the central AB, as the nutricline is associated with the deeper, permanent halocline (see section “Regionality and Seasonality of Freshwater Dictates the Accessibility of Nutrients and Organic Carbon”), it is effectively separated from the euphotic zone, thereby strongly limiting primary productivity associated with the spring bloom without convective mixing. In a future sea-ice free state, the AO may no longer shunt FW through the sea ice freeze-melt cycle, with potential consequences of removing this FW component altogether (see discussion in section “Potential Future States of the Upper Arctic Ocean Under a Changing Freshwater System”), and reducing the seasonal surface ocean FW flux by 60%, effectively making the future AO functionally similar to its neighboring subarctic oceans, particularly the North Pacific. This change in the annual freeze-melt cycle will likely overwhelm all other FW source changes with respect to processes controlling nutrient availability and physical-geochemical-biological coupling.
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FIGURE 2. The Arctic Ocean’s two “lids”: sea ice and the halocline. Sea ice growth in winter adds salt to the surface ocean, driving penetrative convection to form the winter mixed layer (WML). In summer, freshwater (FW) is added to the mixed layer through seasonal contributions of sea ice melt, terrestrial runoff (RO) and the balance of precipitation-evaporation (P-E), which strongly stratify the surface ocean. This stratification limits the depth of wind mixing, allowing formation of a shallow summer mixed layer (SML). Below the SML, fractions of the previous season’s processes may remain; specifically, a cool remnant winter water (RWW) immediately above the base of the WML from the previous year. In the presence of sea ice with sufficient open water, a near-surface temperature maximum (NSTM) may form immediately below the SML by solar heating, capped by the cold, low salinity surface layer. These exchanges between the surface ocean layer and the sea ice “lid” occur across the Arctic Ocean, however, the additional FW associated with Pacific water (PW) enhances surface stratification in the Amerasian Basin (AB) and contributes to the difference between the halocline “lid” within the deep AB and that of the Eurasian Basin (EB); represented conceptually in (A,B), respectively. In both the Pacific and Atlantic sectors of the Arctic Ocean, warm Atlantic-derived waters (AW) form the base of the halocline. The water column above is comprised of multiple layers that define the seasonal and permanent haloclines, constrained by the horizontal interleaving of seasonally modified FW inputs. (A) In the Pacific sector halocline, PW inputs from the Bering Sea interflow, increasing stratification, and further constraining the depth of convection. Here, the winter convection penetrates down to the base of the Pacific Summer Water (PSW) and the sub-surface temperature maximum (Tmax), which in turn lies above the Pacific Winter Water (PWW) and the sub-surface temperature minimum (Tmin). Below PW lies lower halocline water (LHW), which likely forms on Siberian shelves. (B) In the Atlantic sector, the thickness and distribution of halocline layers is highly variable across the EB, but includes a cold halocline layer (CHL) and LHW layer above the warm AW layer. Both form as a consequence of sea ice formation and winter convective mixing events; CHL mostly within the basin and LHW on mostly on shelves with subsequent drainage into the basins (after Aagaard et al., 1981; Rudels et al., 1996; Steele and Boyd, 1998; Polyakov et al., 2013; Carmack et al., 2015a; Peralta-Ferriz and Woodgate, 2015).



TABLE 1. Freshwater fluxes to the Arctic Ocean, shown in Figure 2.
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FIGURE 3. Seasonal evolution of the Arctic Ocean “lids.” Cartoon depicting an idealized, 1-D seasonal progression of upper ocean stratification through the freeze-melt sea ice cycle, illustrating the formation of the seasonal halocline and its separation from the permanent halocline complex below. The structures shown are specific to the Amerasian Basin, but analogous reasoning holds for the Eurasian Basin. Here, vertical block arrows denote net heat flux (Q) out of (winter and fall) and into (spring and summer) the upper ocean; horizontal arrows labeled RO denote spreading of the runoff plume waters and horizontal arrows labeled PW denote interflowing Pacific Water; blue isolines illustrate the seasonal cycle of salinity stratification (see text); straight, upwards-directed arrows denote compensation upwelling from the PW (see text); wiggly, downward-directed arrows denote dense, brine rejection during sea ice formation (winter and fall); ellipses with arrows denote brine-driven convection; circles with arrows denote penetrative convection and entrainment across the upper boundary of the permanent halocline due to convection and shear; W is wind, shown here as intensified during fall transition. Green highlighted areas illustrate the relative location of phytoplankton biomass in the water column, while the lower panels illustrate the mean size distribution of phytoplankton within each season, based on an extrapolation of the nanoplankton/picoplankton ratio discussed by Li et al. (2009, 2013).


Many of the exchanges and modifications of FW in the AO occur within the seasonal mixed layer (ML) of the upper ocean (Figure 2). For the purposes of this paper, we consider the ML to have two seasonal configurations, summer and winter. Here the “summer mixed layer” (SML) is a near-homogeneous layer within which low salinity water from ice melt, runoff, and net precipitation is mixed downward in summer, primarily by the winds. The “seasonal halocline” is the layer of strong salinity gradient that lies immediately below the ML. Likewise, the “winter mixed layer” (WML) is the near-homogeneous layer of water that is mixed downward in winter, primarily by brine convection and winds (Figure 2). The permanent halocline is the suite of layers of strong salinity gradient immediately below the WML, that is formed and maintained primarily by advective mechanisms. The depth of the ML is directly influenced by its liquid FW content and has consequences for the amount of heat from air-sea exchange that is trapped in the surface ocean. As stratification increases with FW input, more heat can be trapped in progressively shallower layers. This in turn strengthens the ice-albedo feedback, such that when ice is removed, incoming heat is stored as sensible heat in the water column, rather than used as latent heat to melt ice (cf. Carmack et al., 2015a). Together, these two mechanisms mean that surface waters will warm faster in summer. For example, increased stratification associated with the accumulation of FW (meteoric water and sea ice melt) in the Beaufort Gyre (Toole et al., 2010) has resulted in the storage of heat from solar radiation in the near surface temperature maximum (NSTM) that now persists through the winter (Figure 2A; Jackson et al., 2010). Similar evidence of sub-surface warming is now also observed as NSTM formation in the EB (Figure 2B; Polyakov et al., 2013); however, the presence of this layer will likely be short-lived as weakening stratification in the EB may act to increase heat and nutrient fluxes from below (e.g., Polyakov et al., 2017). This strengthening of the stability of the upper water column may give a double whammy of (1) increasing total stratification (salinity and temperature), and (2) warming of the surface ocean, both of which have consequences for geochemical processes and biological systems.



Changing Upper Ocean Physics Influences Geochemistry and Biology Across the Arctic Ocean

Observation- and model-based discussions of biological change in the Arctic Ocean have generally followed two lines of inquiry. The first involves the joint but counter opposing roles of light and nutrient availability under conditions of sea ice decline and altered salt-stratification (e.g., Ardyna et al., 2011; Table 2). Implicit in these works is often the presumption of homogeneity in the lateral, vertical and temporal distributions of photosynthesizing species, and more-or-less uniform conditions of nutrient availability. The second involves the northward invasion of subarctic species or borealization (e.g., Polyakov et al., 2020). Implicit in these works is the presumption that new species entering local food webs take on the ecological function of the species they replace, with minimal cascading effects, and that regionality plays no constraining role. Our discussions below address these issues.


TABLE 2. The potential consequences of freshening on phytoplankton.
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The seasonal dynamics of water column stability and the development and growth of primary producers in the upper AO over the freeze-melt cycle are described in a conceptual model in Figure 3. This model is based on water mass conditions found in the AB, where nutrient-rich PW interflows to form the uppermost permanent halocline and nutricline (but note that similar reasoning for the separation of the seasonal halocline/euphotic zone and permanent halocline/nutricline holds for conditions in the EB). In winter (Figure 3, left-hand panel) surface heat loss and sea ice formation releases plumes of dense salty water into the underlying water column, resulting in a negative buoyance flux. These plumes then sink and entrain ambient surface layer waters, thus mixing downwards to the depth of the permanent halocline and nutricline. The combined effect of such penetrative convection and shear-induced mixing (cf. Farmer, 1975) allows mixing across the interface and some reset of nutrients into the upper AO. In spring (Figure 3, second panel), sea ice melt re-stratifies the upper ocean, and this, combined with light availability, results in a brief spring bloom, quickly drawing down nutrients made available during winter reset. In this case, however, the positive buoyancy flux greatly impedes the depth of effective mechanical mixing by the wind, thus separating the euphotic zone from the deeper lying permanent halocline and nutricline. In summer (Figure 3, third panel), low nutrient levels in the uppermost ocean suppress new production, resulting in the formation of a subsurface chlorophyll maximum (SCM) immediately above the nutricline maintained by interflowing PW (cf. McLaughlin and Carmack, 2010) where turbulent diffusion (cf. Randelhoff et al., 2020) between the two layers brings some nutrients just above the pycnocline. Finally, in fall (Figure 3, right-hand panel), the onset of freezing again rejects dense brine into the water column, first eroding the summer halocline, and then reaching deeper until limited by the permanent halocline. As such, enhanced productivity, e.g., a fall bloom, will not occur until the summer halocline is fully eroded (Nishino et al., 2020). A key point to note is that the volume of liquid FW involved in the seasonal stratification cycle is currently increasing (with increased summer melting of sea-ice, but current refreezing in winter). But, that cycle may soon reach a maximum (under ice-free summer conditions), and then vanish altogether should the AO enter a perennial ice-free state (see discussion in section “Potential Future States of the Upper Arctic Ocean Under a Changing Freshwater System”).

Of course, increasing the total stratification of the halocline and warming the surface ocean will have consequences for geochemical processes and biological systems. The initial effects of increased stratification on primary producers has already been reported. Numerous studies indicate both a decrease in primary production and chlorophyll a biomass (Table 2; Coupel et al., 2012, 2015; Yun et al., 2016) and a shift to smaller phytoplankton (Table 2; Li et al., 2009; Tremblay et al., 2009; Ardyna et al., 2011; Fujiwara et al., 2014) in fresher, more stratified systems (mainly the Beaufort Sea, Canada Basin, and Canadian Arctic Archipelago). Warming has additional consequences. For example, warmer waters increase the metabolism of plankton communities, favoring picoplankton, or species with lower carbon biomass, over larger phytoplankton (Table 2; Tremblay et al., 2009; Coello-Camba et al., 2014a; Fujiwara et al., 2014; Neeley et al., 2018). Furthermore, due to lower activation energies, heterotrophic processes are likely to prevail with a warming surface ocean (Table 2; Vaquer-Sunyer et al., 2010; Holding et al., 2013). Increased temperatures, especially if the heat uptake is confined to shallower layers, may push surface water temperatures beyond the thermal limits of existing vertebrate taxa (Drost et al., 2016), and further stress Arctic residents by the northward migration of boreal species (see section “Potential Future States of the Upper Arctic Ocean Under a Changing Freshwater System”). Numerous examples of boreal species invasions have already been documented (e.g., Friis Møller and Nielsen, 2019; Polyakov et al., 2020) whereby traditionally more sub-Arctic species are finding comfortable living conditions in warming waters. Blooms of the North Atlantic calcifying algae Emiliania huxleyi have been observed to follow the ever-encroaching polar front (Neukermans et al., 2018) possibly advected there due to increased current velocities (Oziel et al., 2020).




REGIONALITY AND SEASONALITY OF FRESHWATER SOURCES SET THE GEOCHEMISTRY AND BIOLOGY OF THE SEASONAL MIXED LAYER

As reviewed above, FW inputs to the AO from all sources have increased over the past few decades. These FW contributions are not distributed evenly, however, resulting in both regionality and seasonality of FW inputs across the AO. Importantly, this means that future changes to FW inputs will impact different regions differently, as summarized in Figure 4A and Table 3. Referenced to a salinity of 34.8, PW contributions through Bering Strait dominate the FW composition of inputs across the Pacific inflow shelf, but upon entering the deep basins, PW contributions remain mostly restricted to the AB and the North American interior and outflow shelves, making up only a small component of what exits the AO via Fram Strait. The absence of PW in the Atlantic sector (Atlantic inflow shelf, Eurasian interior shelves, and EB) results in regionally greater relative roles for direct inputs of P-E and RO components on upper ocean properties.
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FIGURE 4. Regionality and seasonality of freshwater sources to the Arctic Ocean. (A) Regionality of freshwater sources: Conceptual representation of the regionality of freshwater sources (Annual runoff, RO, primarily from rivers; Precipitation-Evaporation, P-E; and Pacific Water, PW) to the Arctic Ocean (AO) showing the fractional contribution of each local freshwater source, with literature sources in Table 3. Note: Pacific Inflow shelves average freshwater inputs were estimated based on mean annual RO and P-E as a component of the 1 Sv of PW entering through Bering Strait annually. Pacific Interior shelf freshwater components were estimated with RO and P-E inputs scaled to an average meteoric water content of 20% for Polar Mixed Layer. Amerasian Basin freshwater components were determined by averaging estimates for the Makarov Basin and the Canada Basin. Depending on the location of the Pacific-Atlantic front, the amount of PW in the Eurasian Basin can be quite variable. Here we have separated the Nansen Basin and the Amundsen Basin to illustrate the presence-absence of PW. For the Atlantic Outflow shelves, we separate the CAA and Nares Strait outflow via Baffin Bay and Fram Strait. In all regions, Sea Ice Melt is considered a mixture of freshwater sources and would have the same fractional composition as surface waters. It should also be noted that the freshwater composition of each region is, at best, a qualitative description based on the time interval and regional coverage of the referenced study, and, in most cases, the components were determined using different geochemical tracers, data sets from different seasons, and different methods. For further insight, please see the referenced studies. Central map as in Figure 1B. (B) Seasonality of freshwater sources: Conceptual representation of the seasonality of freshwater inputs to the AO, as in (a), with literature sources as in Table 3. Pacific Water inflow climatology from 1990 to 2004 (purple shaded area; top panel). River runoff to the AO (second panel from the top), including average combined daily discharge for Eurasian rivers: Severnaya Dvina, Pechora, Ob’, Yenisey, Lena, and Kolyma for the period of January 1st to July 31st, 2015 (green shaded area); 1980–1989 average for January to July (dark blue line). Arctic precipitation climatology (third panel from the top) from 1957 to 1990. Arctic Sea Ice Extent (bottom panel) includes 1981–2010 median (dark blue line) and interdecile range (shaded area).



TABLE 3. Regionality and seasonality of freshwater sources to the Arctic Ocean and projections for the future, literature sources for Figures 4, 7.
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Freshwater enters the AO in pulses, both to the shelf seas and central basins, and seasonal cycles dictate the delivery of FW from all sources, including PW inputs (Figure 4B and Table 3; Moore et al., 2018; note the PW FW flux is highly correlated with the volume flux through Bering Strait, Woodgate, 2018). River and PW inputs peak in early summer (June), whereas direct precipitation on the AO peaks later in September. Minima in FW inflows occur in early spring (April-May) for both rivers and precipitation sources, however PW inflows reach their minima in mid-winter (January). Freshwater is further cycled through the freeze-melt of sea ice while in the AO (Figure 4B), intermittently storing and releasing about 12% of the FW reservoir over seasonal and interannual time scales (Haine et al., 2015).

Expected future changes to the seasonality of inputs (e.g., increase RO in winter, Liljedahl et al., 2017; change in PW pathways into the central AO, Alkire et al., 2019; Krumpen et al., 2019) will have consequences not only for when FW enters each region, but for where these inputs are released and stored. For example, FW incorporated into sea ice within the Canada Basin is more quickly exported (>6 year residence time) compared to the liquid FW residing in the surface ocean (<11 year residence time; Yamamoto-Kawai et al., 2009). As well, an increased flux of RO into frozen estuaries with shallow coastal bathymetry can result in the increased retention of FW behind the landfast stamukhi ice zone in winter (McClelland et al., 2012), enhancing sea ice melt once this barrier breaks up in the spring (Nghiem et al., 2014). Overall, the regionality and seasonality of FW inputs, combined with the seasonal cycle of sea ice formation-melt, generate spatial and temporal heterogeneity in FW distributions across the AO, ultimately impacting the ML biogeochemistry most relevant for primary producers. In particular, FW inputs affect access to light (section “Regionality and Seasonality of Freshwater Dictates Access to Light”), nutrient and organic carbon availability (section “Regionality and Seasonality of Freshwater Dictates the Accessibility of Nutrients and Organic Carbon”), and the inorganic carbon composition of the surface ocean (section “Regionality and Seasonality of Freshwater Dictates Inorganic Carbon Composition of the Upper Ocean”).


Regionality and Seasonality of Freshwater Dictates Access to Light

In the AO, primary producers are constantly faced with trade-offs between the limited availability of light (discussed herein) and nutrients (see section “Regionality and Seasonality of Freshwater Dictates the Accessibility of Nutrients and Organic Carbon”). Access to light in surface waters is controlled by day length (time of year, latitude), by ice cover, and by turbidity in near-shore environments. The first major consequences of the changing FW “lids” is the effect of sea ice thinning and retreat on the light environment at a given latitude. Indeed, decreasing sea ice cover increases the ocean surface area available for primary producers to harvest light, and satellite-derived estimates of primary production (PP) indicate an increase in some areas experiencing more open water (e.g., Table 2; Arrigo et al., 2008; Arrigo and van Dijken, 2015), though there are many disputes about the robustness of estimates of PP from satellite derived products and their ability to predict harvestable or “new” production (cf. Randelhoff et al., 2020). Furthermore, light availability in the ever-expanding seasonal ice zone (SIZ) can be difficult to predict due to variability in light transmittance through different ice surfaces (Frey et al., 2011). However, simply adding more light does not translate into new PP everywhere. In situ observations fail to corroborate the direct light-PP relationship in some regions, in particular in those which are fresher and more nutrient depleted (Ardyna et al., 2011; Coupel et al., 2012). Furthermore, modeling studies also show disparities in the proportionality of new production and increase in annual photosynthetically active radiation (PAR; see Slagstad et al., 2015). The consequences of sea ice retreat, however, go beyond just changes in bulk productivity, as earlier sea ice retreat has the potential to change the phenology of blooms (Ji et al., 2013) and phytoplankton species composition (Neeley et al., 2018). Phytoplankton blooms have been reported to occur up to 50 days earlier in some areas of extreme ice retreat (Table 2; Kahru et al., 2011) which can create a mismatch situation for secondary consumers with established migration and life cycle patterns whom rely on spring blooms, particularly for the annual pulse of food rich in fatty acids (Søreide et al., 2010).

The place that regionality and seasonality may have the most pronounced impact on light availability is along the contiguous Riverine Coastal Domain (RCD, Carmack et al., 2015b; Figure 4A), which experiences large regional and seasonal fluctuations in both sea ice cover and terrestrial inputs. For ease of discussion, here we consider Greenland and other glacial fjords as part of the RCD, though there are physical mechanisms that control mixing present in some fjords that are not present along the majority of coastal river inputs (see discussion in section “Regionality and Seasonality of Freshwater Dictates the Accessibility of Nutrients and Organic Carbon” below), nor are they necessarily contiguous with the broader pan-Arctic domain. Positioned at the marine and terrestrial interface, the RCD is an intermittent but contiguous, counter-clockwise propagating feature which aggregates multiple riverine inputs along a narrow (<15 km) band of the shallow (<10 m) Arctic coastal zone, thus creating a virtually continuous pathway for terrestrial inputs of sediment, nutrients, and carbon (see Carmack et al., 2015b). The regionality and seasonality of FW inputs to this zone has direct geochemical and biological consequences. River inputs peak when sea ice extent is only part way through its seasonal decline (Figure 4B). With this peak in discharge comes an increased flux of sediments into river estuaries and fjords (Holmes et al., 2002; Overeem et al., 2017), impacting organic material availability and light climate (via turbidity; Wiktor et al., 1998; Murray et al., 2015).

Regionality in drainage basin geomorphic features plays an important role in sediment delivery and dispersal by rivers. For example, rivers that drain areas of tectonism and active glaciation are associated with high annual sediment fluxes (e.g., Mackenzie river) whereas those draining lowlands tend to have low annual sediment fluxes (e.g., Yenisey, Lena, Ob’ rivers; Holmes et al., 2002). Coastal erosion is further responsible for a significant amount of sediment (and particulate organic carbon) along the coastal ocean. In regions with glacial drainage systems, both tidewater and inland glaciers also contribute sediments to the coastal ocean (Table 2; Murray et al., 2015; Overeem et al., 2017; Halbach et al., 2019), much of which contains calcium carbonate and thus can impact the alkalinity of glacial runoff (see section “Regionality and Seasonality of Freshwater Dictates Inorganic Carbon Composition of the Upper Ocean”). Light can be extremely limiting in high turbidity fjords, with photic depths <10 m (Murray et al., 2015) and extremely steep pycnoclines during the runoff season (Holding et al., 2019). Although the nutricline may be located much deeper, the phytoplankton in these situations are generally concentrated in the upper 10 m due to light limitation, making it difficult to establish an SCM (Holding et al., 2019) and hence primary productivity tends to be minimal and dominated by regenerated, rather than new, production (Randelhoff et al., 2020). Phytoplankton subject to high turbidity, however, may be highly adapted to low light conditions, and hence in the fall, when runoff ceases and turbid inputs lessen, phytoplankton move further down in the water column, close to the nutricline, and maintain minimal production despite short day length and low light levels from seasonally low sun-angle (Table 2; Holding et al., 2019).

Although an important contributor to the light climate of the RCD, much of the suspended sediment delivered by rivers, glaciers, and coastal erosion will be retained in the deltas and estuaries of the coastal shelf, with limited delivery off-shelf and into the deep basins. But there is regionality in this retention as well. For example, river-dominated delta systems can accumulate 8–10 times more material than marine-dominated estuary systems (Bring et al., 2016). Filtration of this suspended material through deltaic and estuary systems (and their inhabitants) represents a significant sink for terrestrial sediments in the nearshore region (Wassmann et al., 2004), and in some situations, these inputs have proven to be detrimental to zooplankton and benthic consumers (White and Dagg, 1989; Wlodarska-Kowalczuk and Pearson, 2004; Thrush et al., 2004; Arendt et al., 2011; Hutchison et al., 2016) although effects are generally local at the point source of sediment input. Still, transport of material out of the RCD can occur through tidal and turbidity currents, as well as through incorporation into sea ice (e.g., Nürnberg et al., 1994; Eicken et al., 2005), which can increase turbidity in the ML upon melt away from the shelf.



Regionality and Seasonality of Freshwater Dictates the Accessibility of Nutrients and Organic Carbon

Even when light is not limiting, the presence or absence of FW in the surface ocean directly impacts the penetrating depth of seasonal mixing (see section “Introduction: The Arctic Ocean Has Two Freshwater Lids, and Both Are Changing,” Figure 2), with consequences for the accessibility of nutrients to sunlit surface waters. As described above, the depth of the ML is sensitive both to the physical conditions of the ocean surface (temperature, wind) and the stratifying effect of freshening, so it varies both seasonally and regionally (Figure 5). For example, the AO ML is deeper in winter (∼25 to > 50 m) than in summer (∼5–30 m), and its average extremes are greater in the eastern AO (up to 100+m maximum in winter in the EB), than the western AO (∼30 m maximum in winter in Canada Basin; Peralta-Ferriz and Woodgate, 2015). Freshening has been shown to have contributed to ML shoaling over the last three decades, with a larger impact observed in winter than in summer, and in the AB (20–40 m) compared to the EB (10 m; Peralta-Ferriz and Woodgate, 2015; Wang et al., 2019). And these extreme differences in stratification between the AB and EB may continue to diverge into the future (Polyakov et al., 2020). As FW is removed from the ML by sea ice formation over winter, the insulating effects of the sea ice cover progressively limit heat loss to the atmosphere (Rudels et al., 1996) and reduce wind-driven mixing, whereas penetrative convection by brine rejection helps to mix and homogenize the upper water column (Figure 3). Thus as the ML fluctuates over seasonal cycles, its ability to reach the depth of the nutricline to replenish surface nutrients is not assured (Figure 3). Without the annual disintegration of the summer mixed layer through convection induced by sea ice formation and brine export, nutrients cannot be replenished in the surface ocean (e.g., Nishino et al., 2020).
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FIGURE 5. Seasonal mixed layers across the basins. Basin averaged Nitrate (NO3, μM) profiles from “summer” (June-Sept; blue lines) and “winter” (Nov-Apr; red lines) plotted along a transect through the Arctic Ocean from the Southern Beaufort Sea (SBS) to the Barents Sea (BS). Nitrate data were sourced from the Codispoti Arctic Nutrient Atlas (Codispoti et al., 2011), and have been binned over 10 m depth intervals and averaged for their respective seasons, where data were available. Purple dashed lines indicate the average depth of the seasonal mixed layer “summer minimum” (thin line) and “winter maximum” (thick line) after Peralta-Ferriz and Woodgate (2015), green vertical lines (± SD) indicate the depth integrated average NO3 in the upper 250 m from summer data.


Away from terrestrial (rivers and coastlines) and shallow shelf (remineralization) inputs, discussed below, the accessible “store” of nutrients in the AO basins resides at different depths (Figure 5). If both light and nutrients are available, primary producers will utilize all available nitrate in the ML. So it is this combination of the phytoplankton uptake of nitrate, and the physical conditions of stratification which constrains nitrate from being mixed up from below, that define the nutricline; practically, this is the depth at which inorganic nitrate begins to increase >1 μM (Codispoti et al., 2013). Primary producers reduce nitrate concentrations in the ML annually, necessitating access to nutrient stores held below the ML to fuel new PP in the subsequent year (cf. Figures 3, 5). The SCM depth is the observable result of this balance, which is created when limits are reached in the water column from below (by nutrient limitation) and above (by light limitation), or as a result of lateral advection. Although depth-integrated nitrate inventories in the upper 250 m are relatively consistent across the pan-Arctic basins (green vertical lines, Figure 5), their accessibility by primary producers is set by the upper ocean FW inventory (through stratification), resulting in a non-uniform nutricline depth across the AO (Figure 5). The nutricline itself is “leaky” due to turbulent diffusion (Randelhoff et al., 2020) but this surface FW stratification limits the extent. More nutrients diffuse into the upper water column when stratification is reduced (e.g., by brine rejection and deepening of the ML; Figure 3), but may be further deepened when ice cover is reduced under a convergent wind-field. As an example, wind-driven convergence of FW in the Beaufort Gyre resulted in the deepening of the nutricline in the Canada Basin, driving the SCM deeper in the water column over time (Table 2; McLaughlin and Carmack, 2010).

Regionality and seasonality can also play dual roles in limiting ML nutrient concentrations across the AO. While the Atlantic side gateways deliver a greater loading of nitrate (and phosphate), these loadings are partitioned through a water column ∼80–800 m deep, limiting accessibility to the euphotic zone (Torres-Valdes et al., 2013). In contrast, Pacific-sourced nitrate (and phosphate) through Bering Strait has higher concentrations and is delivered to a shallower and thinner layer ∼60–220 m deep (Tremblay et al., 2015). Pacific water inflow to the AO reaches a maximum in the summer months (June, July; Figure 4B), when phytoplankton in the Bering and Chukchi Seas are able to efficiently utilize available nitrate (Cooper et al., 1997; Brown Z. W. et al., 2015), limiting major nutrient influx to the winter season when PW inputs are lower (Figure 4B). The volume flux of PW inputs also impacts the residence time of waters on the Chukchi Sea inflow shelf, with corresponding implications for nutrient availability. Observations of reduced flushing time (∼7.5–4.5 months) associated with increased PW volume flux (1990–2015) could ultimately have far-field implications on nutrient availability and primary productivity, due to shorter bottom water residence times (e.g., reducing the time for organic matter remineralization) and faster currents (e.g., increasing turbidity with sediment resuspension, more rapid advection of plankton; Woodgate, 2018). Adjacent to the Pacific and Atlantic gateways, winter mixing in the shelf seas plays an important role in replenishing ML nutrients by tapping into mid-depth reservoirs of Pacific and Atlantic derived nutrients (SBS, BS; Figure 5), as well as bottom waters that have accumulated nutrients through remineralization in shelf sediments (Brown Z. W. et al., 2015; Granger et al., 2018). Within the deep basins, the EB maintains the highest year-round surface nitrate concentrations, likely due to the persistence of ice cover for much of the year (Randelhoff et al., 2020), whereas deep winter mixing in both the Canada and Makarov Basins is unsuccessful at replenishing surface nutrients as stratification limits penetration to the nutricline (Figure 5).

Should nutrients be replenished in the ML over winter, stabilization of the upper water column with sea ice melt aids in forming a phytoplankton bloom in the spring. This is the classic condition along the ice edge or the Marginal Ice Zone (MIZ), especially in the Barents Sea (Wassmann and Reigstad, 2011). This is also seen in the shelf seas, where upwelling at the Beaufort shelf-break can replenish ML nutrients in the fall, and nutrients not used up by late season blooms precondition the surface ocean for primary producers the following spring (Table 2). This translates directly into an increase in the abundance of secondary consumers, however, immediately off-shore, salinity stratification remains unaffected (Tremblay et al., 2011).

Similarly, it has also been suggested that delayed freezing and increased wind strength in fall may promote additional nutrient availability for PP in the shelves or over the deep basins (see Loeng et al., 2005 their Figure 9.13 for background hypothesis). Indeed, an increase in occurrence of fall blooms has been observed over the last decade (Table 2; Ardyna et al., 2014). But in more strongly stratified regions (e.g., AB) the strength of the summer halocline will likely constrain wind mixing at shallower depths until sea ice begins to form and thus delay mixing across the nutricline until light conditions inhibit a productive fall bloom (Figure 3, right-hand panel). Thus, wind mixing alone will not break the stratification of the seasonal halocline in these regions (Nishino et al., 2020). Furthermore, there are large areas of the AO where an increased occurrence of fall blooms has not been observed (e.g., Barents Sea, Baffin Bay; Ardyna et al., 2014), as they are already commonplace. In AW-influenced regions, such as the Barents Sea, weaker stratification causes ice formation to occur later, or not at all, and winter vertical mixing is driven by convective cooling forces rather than brine rejection (Loeng, 1991).

Along the RCD, seasonal inputs of terrestrial nutrients can be regionally important to satisfy deficiencies in the marine nutrient budget. Inorganic nutrient concentrations tend to be highest during winter baseflow (Holmes et al., 2012), providing a source of nutrients for PP in the RCD and shelf seas as spring advances and light-limitation is reduced (e.g., day length increases, sea ice thins, sedimentation and erosion are low; McClelland et al., 2012). But these contributions of riverine nitrogen to new PP have been shown to be small at a regional scale, and estimated to be negligible at a pan-Arctic scale (Le Fouest et al., 2013). On the other hand, slow remineralization of riverine dissolved organic nitrogen makes riverine nitrogen a potentially important source for PP later in summer, and in open ocean waters away from the RCD (Tank et al., 2012b; Le Fouest et al., 2015). Many unknowns remain about the present and future importance of terrestrial nutrient input from rivers and there is an urgent need for more research on this topic as runoff becomes and ever-increasing source of FW to the AO.

Inputs from glacial melt have also been suggested as a source of macro- and micro-nutrients (e.g., silicate, iron, nitrogen, organic matter) to the RCD (Table 2; e.g., Hood and Scott, 2008; Bhatia et al., 2013; Lawson et al., 2014; Meire et al., 2016). However, apart from iron and silicate, other macronutrients concentrations are considerably lower in glacial melt compared with marine waters, and glacial melt may thus act to dilute rather than enrich the surface ocean (Hopwood et al., 2020). Moreover, as nitrate is generally the limiting nutrient in the AO, additional fluxes of iron are unlikely to have significant positive effects on PP, even at a local fjord scale (Hopwood et al., 2020). On the other hand, tidewater glacial fjords can have locally important mechanisms of upwelling at glacial fronts (Hopwood et al., 2018), bringing nutrients up from depth to contribute to prolonged late summer blooms (Juul-Pedersen et al., 2015), which can support entire ecosystem production (Table 2; Meire et al., 2017).

As discussed above, rivers also carry terrestrially derived organic carbon into the RCD, a nutritive food source for microbial communities. Particulate sediment delivery into river estuaries and deltas peaks in spring with FW discharge and dissolved organic carbon (cf. Holmes et al., 2002, 2013). Furthermore, POC fluxes due to erosion can be highly regional and temporally variable, and may exceed riverine inputs by as much as sevenfold (cf. Lantuit et al., 2013; McClelland et al., 2016). River inputs can also bring heat, facilitating the early melt-back of ice and sea surface warming (Dean et al., 1994), potentially pre-conditioning permafrost thaw in the advance of sea ice retreat and contributing to further sediment export.

Organic carbon inputs from permafrost thaw (coastal erosion, river inputs) and glacier and ice sheet melt have been the topic of much attention recently, due to the potential for these vast, labile carbon stores to be exported to the coastal ocean (Hood et al., 2015; McClelland et al., 2016; Le Fouest et al., 2018; Wadham et al., 2019). Carbon in river runoff, eroded permafrost sediments, and glaciers has been found to be highly labile to microbial communities (Table 2; Vonk et al., 2013; Paulsen et al., 2017; Sipler et al., 2017), causing both the quantity and quality of these inputs to influence ecosystem carbon cycling, and potentially converting large areas of coastal ocean into sources, rather than sinks, of CO2 (discussed further below; Terhaar et al., 2019). However, as with inorganic nutrients, glacial and ice sheet organic carbon concentrations are orders of magnitude lower than runoff from the large Arctic Rivers and coastal erosion (Hood et al., 2015; Paulsen et al., 2017; Hopwood et al., 2018; Wadham et al., 2019). Thus, while labile, glacial runoff contributions of allochthonous carbon are likely acting to dilute dissolved organic carbon concentrations (Paulson and Robson, 2019; Hopwood et al., 2020), and enhance particulate organic carbon in glacial fjords (Paulson and Robson, 2019). Organic carbon and nutrients from the Greenland Ice Sheet are likely to have little impact offshore; rather, their influence is likely limited to within local fjords (Hopwood et al., 2020).



Regionality and Seasonality of Freshwater Dictates Inorganic Carbon Composition of the Upper Ocean

Low temperature and salinity, combined with highly productive inflow shelves, predispose the AO to be a sink for atmospheric CO2 (e.g., Bates et al., 2006; Bates and Mathis, 2009; Cai et al., 2010; MacGilchrist et al., 2014). Persistent ice cover in the central basins (e.g., Canada Basin), however, limits air-sea CO2 exchange and acts as a semi-permeable barrier (Bates et al., 2006; Miller et al., 2011), and contributes to sustained pCO2 under-saturation (e.g., Jutterström and Anderson, 2010). Satellite observations and modeling studies suggest that the increased seasonally ice-free area over the shelf seas has allowed increased PP in recent decades (e.g., Zhang et al., 2010; Arrigo and van Dijken, 2015), thus enhancing the biological carbon pump and increasing the CO2 sink across the Pacific inflow and interior shelves (Manizza et al., 2013). However, similar increases in open water area on the Atlantic inflow shelf have seen a decrease in CO2 uptake capacity with warming. These observations reveal that a reduced ice cover does not necessarily lead to an increased CO2 sink (Manizza et al., 2013), in particular in the central AO basins (Cai et al., 2010; Else et al., 2013). Along the shelf seas, the net balance of CO2 sources and sinks is maintained by terrestrial organic matter (OM) input, marine OM production and respiration, retention or export of OM off-shelf, and the net air-sea exchange (Bates and Mathis, 2009).

The coastal zone, in particular the RCD, is a major site of both inorganic carbon inputs and modification, with implications for the inorganic carbon balance both within and away from the RCD. River and glacial runoff are generally characterized by low alkalinity, carbonate, and bicarbonate ion concentrations compared to marine waters, resulting in under-saturated conditions for aragonite along mixing gradients into coastal estuaries (Chierici and Fransson, 2009; Mathis et al., 2011; Yamamoto-Kawai et al., 2013; Fransson et al., 2015). Aragonite is the major building block of carbonate shelled organisms and its saturation state (Ω-aragonite) determines the ease at which CaCO3 mineral precipitates can be formed in solution. Regionality and seasonality further modulate the generally under-statured Ω-aragonite condition of river inputs. North American rivers tend to have higher alkalinity (higher Ω-aragonite values) than Eurasian rivers (Cooper et al., 2008; Tank et al., 2012a); furthermore, Ω-aragonite values are more diluted by high flows in spring compared to later in summer, with the highest values expected under-ice in winter (Tank et al., 2012a). Seasonal temperature fluctuations, and episodic events like storm-induced upwelling, will further influence these patterns, potentially causing some areas to transition between under-saturated and saturated states over the seasonal cycle (e.g., Mathis et al., 2011, 2012). In regions with glacial drainage systems, sediment contributions from both tidewater and inland glaciers can contain large quantities of calcium carbonate, contributing to increasing the alkalinity of the mixing marine waters, increasing Ω, and reducing the partial pressure of CO2 (pCO2; e.g., Fransson et al., 2015).

Both biogeochemical (e.g., respiration, photosynthesis) and physical (e.g., temperature fluctuations, air-sea exchange) processes contribute to altering the CO2 content, and thus the CaCO3 saturation state, of coastal surface waters as they are transported into the deep AO basins. In spite of this, the impacts of the regionality of river runoff are not confined to the local RCD. Due to differences in the composition of their drainage systems, North American and Eurasian river inputs can be traced by their (total) alkalinity concentrations (e.g., Yamamoto-Kawai et al., 2009); as such, terrestrially sourced alkalinity propagates across the AO with river waters and contributes to setting the CO2 uptake capacity of the ML in the central basins far away from the RCD (e.g., Yamamoto-Kawai et al., 2009; Tremblay et al., 2015).

The seasonal cycle of sea ice formation and melt further acts to redistribute inorganic carbon across the atmosphere-ice-ocean interface (Miller et al., 2011; Rysgaard et al., 2011). This leaves the sea ice depleted in CO2 but with excess carbonate (alkalinity) going into the melt season (Rysgaard et al., 2011; Brown K. A. et al., 2015). In spite of this excess alkalinity, sea ice melt is even more diluted than river inputs, imparting a greater effect of lowering marine Ω-aragonite values upon melting (e.g., Yamamoto-Kawai et al., 2009). River runoff and sea ice melt will contribute to surface ocean freshening at different seasonal intervals, however, with rivers reaching their peak discharge along the coastal margins in spring and sea ice melt reaching a maximum in late summer (Figure 4B), extending the input of low-Ω waters to the entire open water season.

Due to the complex and sensitive interplay between the FW cycle and the inorganic carbon composition of the upper ocean, the AO has been considered as a “bellwether” for the effects of global ocean acidification on biota (e.g., Fabry et al., 2009). The impacts of ocean acidification on biota are likely to appear in the AO before other areas of the global ocean, and include the potential fertilization of primary producers via increased CO2 (e.g., Hein and Sand-Jensen, 1997) and the dissolution effect of CaCO3 shelled organisms via acidification (e.g., Feely et al., 2004). There is evidence for and against fertilization effects (Table 2; Engel et al., 2013; Holding et al., 2015; Hoppe et al., 2018). Potential fertilization by CO2 is likely temperature dependent (Holding et al., 2015) and any positive effects on heterotrophic processes (e.g., Vaqué et al., 2019) may preclude effects on autotrophic processes resulting in a net-zero effect (i.e., Hoppe et al., 2018). Community composition change will likely also be altered as some taxa are favored in a high-CO2 environment (Coello-Camba et al., 2014b; Dutkiewicz et al., 2015; Schulz et al., 2017). Evidence for dissolution effects of ocean acidification on biota have largely been experimental (Hendriks et al., 2010), and few, if any, studies have observed impacts of OA on organisms in situ. Multiple lines of evidence are necessary to attribute impacts of environmental change (O’Connor et al., 2015) and as we have already begun to observe corrosive conditions in some areas of the Arctic (e.g., Mathis et al., 2015; Zhang et al., 2020), it will be important to look for evidence of OA affecting organisms in situ as well as experimentally. The recent AMAP Assessment on Arctic Ocean Acidification (AMAP, 2018) provides an overview of some of the possible impacts of future acidification on biota, including: changes in food quality altering trophic energy transfer; decreased calcification and shell diameter of foraminifera and pteropods; and general negative responses to acidification by gastropods, bivalves, copepods, and other crustaceans, including their larval stages (see Falkenberg et al., 2018 and references therein). While no observable impact or positive impacts have been documented in cold water corals and macroalgae, only a small proportion of these studies were performed with Arctic species.




IMPACTS OF CONTINUED FRESHENING OF THE ARCTIC OCEAN ON PHYSICS, GEOCHEMISTRY, AND BIOTA

Projections from global coupled climate models indicate that the upper Arctic Ocean will continue to freshen over the twenty-first century (e.g., Kattsov et al., 2007; Vihma et al., 2016; Shu et al., 2018), with consequences for the physics, geochemistry, and biota of the upper AO. From a pan-Arctic perspective, FW storage in the upper AO is anticipated to increase proportionally with FW input, impacting regional distributions of FW across the AO. Increased FW input and residence time is predicted to result in an overall shoaling of the seasonal halocline and a diversion of FW outputs from the Canadian Arctic Archipelago (CAA) toward Fram Strait (Pemberton and Nilsson, 2015). Outflow shelves continue to be the point of exit for all FW from the AO, with export of liquid FW via Fram and Davis Straits predicted to increase by the end of the century (Shu et al., 2018).

In addition to FW, further heat input to the AO is also anticipated. From the Pacific side, increasingly earlier arrival of warmer waters entering Bering Strait has been observed over the last two decades (Woodgate, 2018; Danielson et al., 2020) and is likely to continue, while the storage of heat in the near-surface of these waters advancing from the Pacific is expected to increase (e.g., NSTM, Jackson et al., 2010). On the Atlantic side, the suppression of vertical heat flux due to increased stratification is predicted to result in the advection of a warmer Atlantic layer (Pemberton and Nilsson, 2015; Nummelin et al., 2016). Within the AO, the seasonal cycle of sea surface temperature is predicted to amplify most in regions historically covered by sea ice, moving the seasonal heat sink of the F/M cycle directly into the surface ocean and contributing to continued surface warming through the twenty-first century (Carton et al., 2015).


Regionality

These anticipated changes in FW inputs, outputs, and cycling will exert different pressures on different AO hydromorphological domains (Figure 6). For example, inflow shelves will experience more prolonged exposure to solar radiation as sea ice extent continues to retreat. This may have the effect of increasing the surface area for PP (cf. Arrigo and van Dijken, 2015) at least until surface nutrient supplies are depleted (e.g., Vancoppenolle et al., 2013; Slagstad et al., 2015). Atlantic waters are anticipated to continue to warm and the redistribution of boreal species along this warming gradient will contribute to the “borealizetion” of the Arctic along the Atlantic water flow path (Polyakov et al., 2020). Sea ice retreat from the shelves will increase wind-driven shelf-basin exchange, thus contributing to increased nutrient fluxes and increased currents. In particular, some shelf-break slopes will experience increased upwelling, bringing deep nutrients up into exposed surface waters fueling PP in the fall and storing nutrients for the following spring (e.g., Tremblay et al., 2011; Slagstad et al., 2015), though this is not necessarily ubiquitous for all shelf break slopes across the Arctic (Randelhoff and Sundfjord, 2018).
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FIGURE 6. Regional impacts of future freshwater change. Predicted future changes in freshwater inputs and warming will have differing regional impacts to the upper ocean across the hydromorphological domains as discussed in the text (section “Regionality”). For example, the interior basins are anticipated to experience increased (Amerasian Basin, AB) and decreased (Eurasian Basin, EB) stratification due to the redistribution of sea ice melt water from the EB into the AB. Central map as in Figure 1B.


Much of the future freshening of the AO will be observable in the central basins (Canada, Makarov, and Amundsen; Shu et al., 2018), and as such, the deep Arctic basins will continue to diverge, with the AB further stratifying and the EB becoming less so (Polyakov et al., 2020). Further stratification in the AB may push primary producers further from the surface away from light toward exploitable nutrients (cf. McLaughlin and Carmack, 2010), while turbulent nutrient supply may be enhanced in the EB. The continued loss of sea ice and melt water stratification in the central basins are predicted to increase the AO CO2 – sink in the short term (Bates et al., 2006; Arrigo et al., 2008). However, there is evidence that this CO2 uptake capacity is limited (Cai et al., 2010; Else et al., 2013) and may already have been reached in the CB (Zhang et al., 2020). Continued warming of the stratified mixed layer (Carton et al., 2015), dilution of alkalinity (Woosley and Millero, 2020), increased microbial remineralization of organic material (Bates and Mathis, 2009), and a reduced biological pump (Li et al., 2009) will further reduce the surface ocean’s ability to take up CO2 from the atmosphere as FW inputs increase.

As the receiving zone for the majority of riverine input to the AO, the RCD will be the first zone impacted by up to an anticipated 50% increase in river discharge to the coastal margins projected in the coming decades (Figure 6; Bring et al., 2017). Continued freshening and warming of the terrestrial system will further result in changing sedimentation patterns. As discussed above, increased discharge will likely increase within-river sediment flux proportionally, which, combined with warming of underlying permafrost in the drainage basin, is likely to result in increased suspended sediment and organic matter fluxes to the coastal AO. Facilitated by permafrost thaw, coastal erosion is further susceptible to the changing seasonality of sea ice retreat and ocean warming. An earlier sea ice retreat in the spring, closer to peak river discharge, can result in higher insolation and warming of the coastal ocean, which contributes to increased permafrost thaw (Barnhart et al., 2014), whereas expansion of the ice free period in the fall increases the impact of fall storms and enhances coastal erosion rates due to increased wave action, in particular in areas where ground-ice content is high (Overeem et al., 2011; Barnhart et al., 2014). Warming and release of carbon and coastal erosion may enhance bacterial breakdown of this allochthonous material (e.g., Vonk et al., 2013; Sipler et al., 2017), while increased turbidity from sediment inputs may affect the light environment for primary producers (e.g., Wiktor et al., 1998; Holding et al., 2019).

Glacial fjords, especially around Greenland, are expected to experience continued glacier retreat. Retreat of tidewater glaciers will reduce the occurrence of upwelling (Hopwood et al., 2018), which bring nutrients to the surface waters of fjords and can support significant late summer productivity (e.g., Juul-Pedersen et al., 2015) and large marine foodwebs (e.g., Meire et al., 2017). Without these mechanisms for mixing, fjords may switch to lower-productivity systems, which are controlled by strong stratification and light limitation from turbid inputs (e.g., Holding et al., 2019).



Seasonality

Shifting seasonality in FW inputs are also anticipated to alter the timing of FW delivery to the upper ocean (Figure 7 and Table 3). Pacific water inputs to the AO are projected to increase for at least the first half of the twenty-first century (Shu et al., 2018), and although future shifts in seasonality are not clear, increases could be anticipated in virtually all seasons if trends continue to follow mooring observations from the last 25 years (cf. 2003–2015 climatology from Woodgate, 2018 vs. 1990–2004 climatology from Woodgate et al., 2005). The importance of the Pacific-Arctic pressure head in driving the volume flux (Woodgate et al., 2010), implies that increased inflows may follow projected seasonal decreases in Arctic sea level pressure, which are lowest in Nov-Dec (Vavrus et al., 2012). Note, however, that strengthened stratification as freshening continues to increase across the AO may contribute to a decreased pressure gradient, potentially leading to reduced PW influx (e.g., Nummelin et al., 2016).
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FIGURE 7. Seasonal impacts of future freshwater change. Predicted seasonal shifts in freshwater inputs to the Arctic Ocean will alter the timing of freshwater delivery to the upper ocean, as discussed in the text (section “Seasonality”). Here, dashed lines and shaded areas indicate the predicted relative seasonal changes with respect to the present-day conceptual representations presented in Figure 4B, following literature cited in Table 3. Pacific Water inflows (purple shading, top panel) are predicted to increase at least until the mid-twenty-first century, with anticipated increases in virtually all seasons if trends continue to follow mooring observations from the last 25 years. River runoff (green shading, second panel from top) can be expected to increase overall with a seasonal shift to increased discharge in early spring and late fall. Overall precipitation (light blue shading, third panel from the top) is predicted to continue to increase in all seasons, with the largest increases in the autumn and winter months. Sea ice concentration (dark blue shading, bottom panel) is anticipated to decrease in all seasons into the future.


An increasingly intense Arctic hydrological cycle will result in increased precipitation and evaporation, which peak in late autumn and winter (when evaporation peaks; Bintanja and Selten, 2014), making the future AO warmer, wetter, and cloudier (e.g., Vavrus et al., 2012). Along with a general increase in annual precipitation by the end of the twenty-first century, the largest increases are anticipated in the fall and winter months (Oct-March; e.g., Kattsov et al., 2007; Vihma et al., 2016). Furthermore, a diminished sea ice cover permits more atmosphere-ocean exchange throughout the year, but particularly in the winter. Increased evaporation and low cloud cover create a positive feedback mechanism that contributes to further warming of the surface ocean in the shoulder seasons (Huang et al., 2019), and with more evaporation, local precipitation becomes more important (Bintanja and Selten, 2014). River discharge is also anticipated to increase (e.g., Nummelin et al., 2016), with the most pronounced increases along the coasts of central and eastern Siberia and Alaska, north of 70°N (Bring et al., 2017). Seasonality in pan-Arctic river discharge is anticipated to continue following recent trends shifting to earlier peak flows and overall increased discharge, most notably in the fall and winter (Holmes et al., 2018; Ahmed et al., 2020). For example, mean model projections for the Lena and Mackenzie rivers show the most dramatic increases in discharge in April and May, whereas peak summer flows in June-July-August are predicted to reduce only marginally, shifting the seasonal distribution considerably earlier by the end of the twenty-first century (Gelfan et al., 2017). It is important to note that these projections consider river inputs only, glacial inputs are more complicated as they consist of a combination of solid ice discharge and surface runoff (derived from surface mass balance), which is driven by atmospheric processes, ocean processes, and albedo feedbacks among other things. On the Greenland Ice Sheet, solid ice discharge is becoming less prominent as glaciers retreat and thin, while surface mass balance is becoming increasing important, making up ∼60% of total discharge in recent decades (Shepherd et al., 2020). Similar to rivers, it is likely that the glacial runoff season will continue to lengthen on either side of the peak melt discharge, as it has been increasing at a rate of 2 days per year since 1972, with a total increase of 70 days (Mernild et al., 2011). Locally this will act to maintain shallow stratification of the fjords for a larger portion of the growing season.

Sea ice volume is also predicted to continue to decrease substantially, coupled with decreased ice formation in winter and longer open water seasons, shifting and dampening the seasonal fluctuations between solid and liquid FW storage in the surface AO. Recent predictions further indicate ice-free summer conditions are possible as early as mid-century (e.g., Stroeve and Notz, 2018; SIMIP Community, 2020). As discussed above, this reduced temporal extent of sea ice cover may continue to change bloom phenology, whereby blooms may occur even earlier (e.g., Kahru et al., 2011) causing a mismatch with zooplankton predators, or further increase the incidence of fall blooms (e.g., Ardyna et al., 2014) due to enhanced wind mixing with later sea ice formation.

The shifting seasonality patterns of FW inputs will also impact the CaCO3 saturation state of seawater (Ω) in the surface AO. Projections of continued increases in atmospheric CO2 will drive further decreases in surface ocean Ω (Zhang et al., 2020). However, the ocean’s response is not straightforward, and is seasonally dependent. Increased stratification due to a reduced, or absent, F/M cycle will reduce the seasonal dilution of the surface AO, which acts to lower Ω; while increased warming in the upper ocean and enhanced primary productivity act to increase Ω (Bates and Mathis, 2009; Zhang et al., 2020). The CaCO3 saturation state of the surface ocean thus follows the seasonal cycle of FW inputs, responding in parallel to a fresher future AO. Dilution of the surface ocean from increasingly earlier river inputs will extend the seasonal contribution of low-Ω waters, potentially beginning as early as March (Figure 7). As river inputs progressively shift their seasonality to earlier spring flows, sea ice melt dilution will add further to reducing Ω and increasing stratification in summer, while delayed freeze-up will stabilize the surface ocean even later into the fall. This expanded window of the seasonal input of low-Ω waters to the surface AO may now cover 2/3rds of the year. Continued FW stratification of the surface ocean will maintain surface water interaction with the atmosphere longer, contributing to increased CO2 uptake across the air-sea interface until equilibrium is reached. Stratification will also restrict nutrient replenishment, limiting PP and weakening the CO2 sink associated with organic matter export. Both of these responses to increased stratification will contribute to lower surface ocean Ω. Increased FW stratification, however, also contributes to a warmer surface ocean, thus seasonally increasing Ω, and potentially turning the AO into a CO2 source, until fall cooling begins and Ω (and pCO2) are again lowered. In a future perennially ice-free ocean, lacking a F/M cycle, the seasonal cooling of the surface ocean in winter would further reduce Ω; however, strong mixing by late fall and winter storms could successfully bring more low-Ω PW into the surface, preconditioning for an even lower Ω-state the following spring.




POTENTIAL FUTURE STATES OF THE UPPER ARCTIC OCEAN UNDER A CHANGING FRESHWATER SYSTEM

The evolution of our understanding of the upper AO over the last several decades has established that there is no “average” Arctic Ocean, but that regionality and seasonality set the physical and geochemical constraints upon which biological communities develop. First, FW plays a primary role in the regulation of upper ocean circulation and mixing processes. Second, the impacts of FW on geochemistry are dependent on the source, location, and timing of FW inputs, and as such, the characteristics of FW typically used to define it from a physical perspective (e.g., S < 34.8) are inadequate to distinguish its biogeochemical properties and importance in setting the geochemical state of the upper ocean. Third, the effects of FW on biological systems (Table 2) can be described as a combination of the indirect physical effects (e.g., changing light environment from sea ice and/or turbid inputs, stratification-mixing, upwelling at shelf breaks and glacial fronts) and direct geochemical effects (e.g., nutrient and carbon addition-dilution from FW runoff, sediment addition, changing inorganic carbon chemistry; Table 2), which are also dependent on FW source, regionality, and seasonality. As such, the physical, geochemical, and biological processes of the upper AO are intrinsically linked to FW fluxes through the AO, across global to local scales, and are at the mercy of their complex and changing state.

We now find ourselves standing at a precipice, where the AO FW system is trending away from its previous state and changing more rapidly than parameterization-based models can predict (e.g., Stroeve et al., 2007, 2012a; Wang and Overland, 2012; Box et al., 2019). Non-linear system responses add to this uncertainty (i.e., Lenton, 2012). This begs the question, “what if a future state of the AO FW system is one that does not include the seasonal presence of sea ice?” The FW burden from ice melt that is recycled annually in the central basins has approximately doubled since the 1980s, and this FW loading will persist into mid-century as we enter an ice-free summer state (section “Changing State of Freshwater in the Arctic Ocean,” Table 1; e.g., Stroeve and Notz, 2018; SIMIP Community, 2020). A future AO, experiencing another ∼40% more sea ice melt during the summer biological growing season will continue to impact physical, geochemical, and biological systems of the upper AO, undoubtedly with magnifying consequences for stratification and warming (as described in section “Impacts of Continued Freshening of the Arctic Ocean on Physics, Geochemistry, and Biota”). Yet, the trajectory of melt water increase cannot continue unabated into the future. Continued sea ice loss, in particular in the ice-recycling stronghold of the Beaufort Gyre, has the potential to alter the balance of the atmosphere-ocean coupling that constrains liquid and solid FW storage within this surface convergent system (cf. Proshutinsky et al., 2009). It should also be noted that the atmospheric Beaufort High and oceanic Beaufort Gyre are the only coupled anticyclonic systems (with enhanced FW storage) in the Northern (beta) Ocean (Carmack et al., 2015c), and that relaxation of this coupling will alter spreading pathways within the AO and may release excess FW into the subarctic North Atlantic, thus affecting meridional overturning (Proshutinsky et al., 2015). In a future, warmer and fresher AO, seasonal processes may no longer shunt FW through the sea ice freeze-melt cycle; leaving a perennially ice free AO without this significant seasonal redistribution of FW in the upper ocean. This scenario, once thought improbable, may already be beginning along the AO fringes of inflow shelves, where unprecedented winter sea ice loss has been observed in the Bering (Stabeno and Bell, 2019) and Barents (Schlichtholz, 2019) seas, and conceivably could expand into the Nansen Basin (cf. Aagaard and Carmack, 1994). Furthermore, modeling studies warn that a seasonal ice-free state is all but assured by the end of the twenty-first century (e.g., Jahn, 2018; Stroeve and Notz, 2018; Thackeray and Hall, 2019; SIMIP Community, 2020), and that perennially ice-free scenarios could follow closely behind (e.g., Bathiany et al., 2016). Such scenarios could contribute to a set of environmental conditions not observed since the Eocene and Pliocene (Burke et al., 2018).

In this uncertain future, many questions arise as to the stability of a new paradigm and its impact on the regionality and seasonality of FW in the upper AO. Questions about regional impacts include impacts of a redistribution of carbon and nutrients within the RCD and shelf seas, for example, without the restriction of the rigid-ice zone separating landfast and pack ice, would more nutrients and carbon be permitted to spread across shelf seas in winter, fueling an earlier PP pulse in spring? Would heterotrophic processes increase as more terrestrial organic material (and more sediment export) is available to be broken down? Within the Atlantic inflow and interior shelves and EB, were “atlantification” dominates (Polyakov et al., 2020), questions may surround changing productivity in a less stratified and stronger mixing environment, for example, could new hot spots of productivity emerge if upwelling is enhanced, bringing more nutrients to the surface in some shelf regions? Within the sea ice stronghold of the Beaufort Gyre of the AB, questions surrounding the persistence of stratification would dominate, for example, would the Beaufort Gyre intensify without the damping of its sea ice lid, retaining more FW within the gyre and further stratifying (suppressing nutrients inputs to the ML)? or will it relax, releasing more FW out of the AO, and reducing overall stratification in the AB (redeeming nutrient inputs to the ML)? And ultimately, questions surrounding communication of FW between the deep basins would arise, for example, would more FW get imported into the AB from the EB without sea ice or would the lack of ice export via the transpolar drift effectively cut off this component of FW exchanges between the two basins?

While the impacts of an absent freeze-melt cycle would manifest in the physical, geochemical, and biological processes across all AO hydromorphological domains (Figure 6), seasonal impacts are particularly uncertain for geochemical and biological systems. For example, over the sunlit spring-summer, would light limitation cease as long as insolation conditions are met? Or would the persistent salt-stratifying layer be so thick that it would physically separate phytoplankton from access to light by deepening the nutricline out of the summer photic zone, rendering these basins unproductive and heterotrophic? What is the consequence of altering fall and winter convective processes associated with sea ice formation on the shelf seas, is stirring from wind mixing and cooling sufficient to penetrate into the permanent FW stratification and supply nutrients to the upper waters in the absence of brine rejection? And critically, in an perennially ice-free system, what becomes of the seasonal refugia for sea ice associated species?

Recent Arctic Ocean change has been swift and future trajectories remain uncertain. A challenge remains to reconcile the pace of change with observable system descriptors; here, recognition of identifiable mileposts is useful, as we can look back at those we have already passed to gauge where we are going. For example, in 2012, the September sea ice minimum dropped to half of the historical average (1979–1990; National Snow and Ice Data Center, 2020) exposing much of the pan-Arctic shelf to wind forcing, enhancing shelf-break upwelling, and adding an excess seasonal FW load greater than that of annual river inputs, if the ice was, on average, 1.4 m thick (e.g., Kwok and Rothrock, 2009). The relatively long observational record from the Beaufort Gyre (BG) in the Amerasian Basin shows that surface ocean geochemistry, regional FW storage, and biological community composition have also passed key mileposts. In 2007, this region was the first deep basin to reach undersaturated conditions for aragonite at the surface, a condition that has persisted since (Zhang et al., 2020). In 2008, the FW content of the BG plateaued, after increasing steadily over the previous five years, and has risen only modestly to its peak in 2016 (Krishfield et al., 2014; Proshutinsky et al., 2019). As BG FW content rose over this early period (2003–2008), the abundance of picoplankton relative to nanoplankton in the upper ocean increased (Li et al., 2009), as smaller cell size classes became favored in an increasingly stratified and nutrient-depleted surface ocean, a transition with significant consequences for the biological pump. In subsequent years (2009–2012), as the trend toward increasing stratification and decreasing nutrient flux in the BG flattened, this index of community composition dropped and instead displayed greater interannual variability (Li et al., 2013), longer time series will bear out if these observations characterize a new steady state. As with these past mileposts, we anticipate future markers to emerge, frequently without warning, and ignoring the usual boundaries of regional domains and seasonal patterns. For example, one may anticipate inflow shelves that flicker toward seasonally, then perennially ice-free states; the arrival of peak river discharge to interior shelves months or more earlier; and the complete loss of ice cover from the central Arctic basins, which would then no longer export sea ice to the North Atlantic and sites of deep water formation. Such changes have the potential to completely transform AO ecosystems in their wake (e.g., Moore et al., 2018; Huntington et al., 2020).

In summary, the Arctic Ocean presents as vast and intractably complex; with a global influence not really warranted by its relatively small volume. The pace of change of the Anthropocene adds further challenge to deep understanding, and inherent non-linearity fully guarantees that the system will confound and surprise (Holling, 1973). We struggle to incorporate interdisciplinary science, but, as put by Beer (1980), “Interdisciplinary science often consists of individual disciplinarians standing in a circle, holding hands for comfort, while the problem of interest slips through the middle.” Faced with this challenge, we have attempted here to address the intractable by providing a unifying constraint based on freshwater, by defining regional domains based on a small but distinct number of hydro-geomorphological properties, and by recognizing that as much as any place on Earth, seasonality and its baggage of phenology governs process and network interactions. Within this more holistic, systems-level framework, we assert that rigorous reductionist experiments can be proposed and carried out, that the dots on our Arctic map will be connected by roads and rivers, and that perhaps we disciplinarians will more clearly see the problems of interest.
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