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Abstract

The rapidly warming Arctic and its effects on sea ice extent, hydrology, and nutrient availability influence terrestrial and marine
carbon cycles in a number of interrelated ways. While these changes likely have shared effect on adjacent land and ocean systems,
we often study them in isolation, making it difficult to understand response patterns and trajectories in these carbon cycle
hotspots. Using almost two decades of remotely-sensed Gross Primary Productivity (GPP) in Arctic coastal margins, we test
how the magnitude and direction of change in productivity covary. We observed that coastal marine productivity is four times
that of coastal tundra productivity in the pan-Arctic. From 2003-2020, GPP in both the coastal land and ocean increased by
approximately 12%. This common trajectory seems to be a product of increasing open water conditions, increased terrestrial
water balance, and nutrient availability as driven by the regional warming. On a sectoral scale, we proposed a Coastal Synchrony
Index (CSI) to compare the rate of change of ocean productivity relative to land productivity and show that ocean productivity is
increasing faster than land in inflow margins of Barents, Bering, and Okhotsk, outflow margins of Canadian Arctic Archipelago
(CAA) and Greenland/Iceland, and in interior margin of Eurasia. Additionally, we see strong coherence between land and
ocean GPP on 4-5-year cycles illustrating that coastal synchrony observed over decadal timescales is mirrored over interannual
timescales. These cycles align with variations in open water duration, emphasizing the pivotal role of reducing shorefast ice on

terrestrial and marine productivity trajectories.
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Key Points:
e From 2003-2020, coastal land and ocean GPP increased by the same magnitude of 12%
and is displaying a Synchronized Positive Shift (SPS).
e This converging response seems to be a product of increasing open water conditions and
water and nutrient availability as driven by general warming.
e Land and ocean GPP show strong synchrony over 4-5-year cycles, illustrating that coastal

synchrony observed over decadal timescales is mirrored over interannual timescales.

Abstract

The rapidly warming Arctic and its effects on sea ice extent, hydrology, and nutrient availability
influence terrestrial and marine carbon cycles in a number of interrelated ways. While these
changes likely have shared effect on adjacent land and ocean systems, we often study them in
isolation, making it difficult to understand response patterns and trajectories in these carbon cycle

hotspots. Using almost two decades of remotely-sensed Gross Primary Productivity (GPP) in
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Acrctic coastal margins, we test how the magnitude and direction of change in productivity covary.
We observed that coastal marine productivity is four times that of coastal tundra productivity in
the pan-Arctic. From 2003-2020, GPP in both the coastal land and ocean increased by
approximately 12%. This common trajectory seems to be a product of increasing open water
conditions, increased terrestrial water balance, and nutrient availability as driven by the regional
warming. On a sectoral scale, we proposed a Coastal Synchrony Index (CSI) to compare the rate
of change of ocean productivity relative to land productivity and show that ocean productivity is
increasing faster than land in inflow margins of Barents, Bering, and Okhotsk, outflow margins of
Canadian Arctic Archipelago (CAA) and Greenland/Iceland, and in interior margin of Eurasia.
Additionally, we see strong coherence between land and ocean GPP on 4-5-year cycles illustrating
that coastal synchrony observed over decadal timescales is mirrored over interannual timescales.
These cycles align with variations in open water duration, emphasizing the pivotal role of reducing

shorefast ice on terrestrial and marine productivity trajectories.

1. Introduction

The rapid declines in Arctic sea ice extent, melting permafrost, warming, and changes in hydrology
are influencing Arctic land and ocean carbon cycles in a number of interrelated ways (Irrgang et
al., 2022; Post et al., 2013; Schuur et al., 2015; Carmack et al., 2015; Rawlins et al., 2010). While
a changing cryosphere and longer ice-free growing season would likely have a shared influence
on land and ocean productivity, we often study them in silos. Consequently, their long-term joint
behavior is generally poorly understood despite the numerous ways that coastal land and ocean
systems are affected by similar mechanisms. On the ocean side, dramatic increases in ice-free areas
have been shown to positively affect phytoplankton primary production in the open ocean (Lewis
et al., 2020). Increasing wind mixing from more frequent storms has also been ascribed to promote
the resuspension and upwelling of nutrients to the euphotic zone (Zhang et al., 2010; Tremblay et
al., 2015). At the same time, increasing surface ocean stratification due to the intensification of
freshwater flux from river runoff, ice melt, and positive precipitation minus evaporation (P-E) can
limit ocean primary productivity due to its control on the transfer of nutrients to the surface layers
(Nummelin et al. 2016; McLaughlin & Carmack, 2010, Popova et al., 2012). With a continued
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decrease in sea ice cover, a cloudier, wetter Arctic is also expected (Liu et al., 2012; Mcllhattan,
et al., 2020), which can reduce surface ocean primary production.

On the terrestrial side, observations across various spatial scales show both greening and browning
trends across the Arctic (Bhatt et al., 2010; Epstein et al., 2018). The presence of these diverging
trends reflects a combination of co-occurring processes including increases in precipitation (that
can aid water-limited systems but also lead to water-logging), higher CO2 and nutrient deposition
(fertilization), warmer temperatures (2-4 times the global average rate) (Rantanen et al., 2022;
England et al., 2021), and higher evaporative demand as well as novel biotic interactions such as
shrub encroachment and pests (Kankaanpéa, et al., 2020). These changes in tundra vegetation
have critical impacts on coastal permafrost stability, hydrologic cycles, and the exchange of
materials between land and ocean, leading to major changes in the biogeochemical cycling in both

land and ocean systems.

Limited studies have focused on understanding the large-scale variability of adjacent land and
ocean carbon cycle across the radically changing Arctic coast. As the site of major exchange of
water and other materials, strong connections between near-shore marine ecosystems and coastal
tundra productivity are expected. Additionally, most of the Arctic tundra biome is closely tied to
the adjacent marine system because about 80% of it is within 100 km of the coastline (Walker et
al., 2005; Minke et al., 2007). To provide a regional view of the heterogeneity and coherency in
coastal carbon cycle changes, we assess concurrent estimates of gross primary production (GPP),
i.e., total fixation of carbon by primary producers through photosynthesis along adjacent land and
ocean systems. Since ground-based and in-situ estimates of primary production are sparse in the
Arctic, especially along coastal areas, this study takes advantage of the inherent ability of remote
sensing datasets to provide long-term continuous observations that cross both the land and ocean
interface. Here, we present a generalized coastal trajectory classification scheme based on
observed temporal primary productivity trends in adjacent land and ocean systems. Moreover, land
and ocean GPP are also dependent on a complex collection of factors, most notably light
availability (Leu et al., 2015; Frey et al., 2011), nutrients (Tremblay et al., 2015; Fernandez-
Mendez et al., 2015), temperature (Bhatt et al., 2013), water limitations (EImendorf et al., 2012),

and the influence of large-scale teleconnections (Slagstad et al., 2011; Bhatt et al., 2010).
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Understanding the covariability of these important parameters with primary production could
elucidate the links and the nature of coherency between adjacent land and ocean, which can
contribute to understanding the way Earth System models capture complex cross-system

dynamics.

The Arctic coastal margins are also highly sensitive to the presence or absence of sea ice. We
expect a strong link between coastal sea ice and productivity since shorefast ice provides a first-
order control on the physical vulnerability of the coast to erosion and inundation (Barnhard et al.,
2014). Shorefast ice is an important buffer from wave action and temperature for considerable
portions of the year (Farquharson, et al., 2018), and thus affects the amount of energy available for
coastal primary production. With the rapidly declining sea ice extent (with 2020 sea ice minima
being the second lowest after 2012) (NSIDC, 2020) and increasing frequency and duration of warm
winter air temperature events (Graham et al., 2017), it is anticipated that such changes will have
significant ecological consequences. Assessing the simultaneous impact of decreasing coastal sea
ice on productivity across the land and ocean interface is therefore necessary not just to understand
land-ocean primary productivity trajectory and patterns, but to also help answer questions on how
the coastal margins will evolve in a new Arctic climate. To analyze this, we investigate key factors
that might be able to explain regional land-ocean GPP coherence. Ultimately, by characterizing
these important yet largely unknown connections along the Arctic coastal interface and related
feedbacks, we hope to better inform biogeochemical processes and models, especially in the face
of accelerating rates of Arctic terrestrial carbon cycling (Jeong et al., 2018) and ice-free summers
now projected in 2030 (Kim et al., 2023).

2. Data and Methods

2.1. Coastal Trajectory Assessment
Here, we analyze almost two decades of primary productivity data that are concurrently available
over land and ocean in the Arctic. We use FluxSat v2.0 GPP product (Joiner & Yoshida, 2020)

over land, which is based on a light-use efficiency model and trained using in-situ eddy covariance

measurements. FluxSat is based on the MCD43C Bidirectional Reflectance Distribution Function
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(BRDF)-Adjusted reflectance from the Moderate-resolution Imaging Spectroradiometer (MODIS)
Terra and Aqua. Apart from providing daily gridded estimates of GPP at 0.05-degree resolution,
FluxSat v2.0 has observations from March 2000 to present, providing valuable insights into trends
and changes in GPP over time. The GPP on the ocean side is estimated from three distinct data
products. The first one developed by Lewis & Arrigo (2020) (herein referred to as Lewis) was
created to account for the unique bio-optical properties of Arctic waters. The Lewis daily gridded
NPP data (with units of mg C m d%) are available at four (4) km resolution from 2003 to 2020.
Other global ocean Net Primary Productivity (NPP) estimates available are through the ocean
productivity products of the Oregon State University available at either ~9 km (1080 x 2160 global
grid) or ~18 km (2160 x 4320 global grid) spatial resolution from July 2002 to present. Data used
here include the Vertically Generalized Production Model (VGPM) (Behrenfeld & Falkowski,
1997) and the Carbon-based Productivity Model (CbPM) (Westberry et al., 2008). The Lewis NPP
data was estimated using updated chlorophyll-a concentration developed by using 501 concurrent
measurements of in situ remote sensing reflectance and chlorophyll-a, gathered from 25 distinct
cruises across the Arctic Ocean (Lewis, et al., 2020). The VGPM product utilizes a widely used
algorithm for estimating ocean NPP at regional to global scales. It is based on the relationship
between NPP and chlorophyll-a concentration in the water, and calculates NPP as a product of
chlorophyll-a, maximum daily net primary production per unit of chlorophyll in a given water
column, day length, and a volume function that accounts for the decreasing photosynthetic rates
with depth due to light penetration. Lastly, the CbPM algorithm relates NPP with phytoplankton
carbon biomass (estimated from particulate backscattering coefficients) and growth rates
(estimated from chlorophyll-to-carbon ratios). The CbPM also estimates a spectrally-resolved
attenuation of light through the euphotic zone, providing an estimate of light available for
photosynthesis. To estimate GPP from the three ocean NPP products, we use a conversion factor
based on empirical characterization of phytoplankton photosynthetic efficiency, wherein GPP was
found to be 3.3 times greater than NPP (Halsey et al., 2010).

All of the land and ocean GPP products are presented with the common unit of g C m2 d*and are
gridded on the same SSM/I (Special Sensor Microwave/lmager) polar stereographic grid with 12.5
km spatial resolution using a drop-in-the-bucket binning procedure (Kwok, 2022; Jensen, 2006)

on a monthly basis. All monthly primary productivity data from 2003 to 2020 that fall within 100
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km of a coastline across the pan-Arctic are extracted using the Distance to the Nearest Coastline
dataset of NASA (NASA OBPG & Stumpf, 2012). The choice of using a 100-km nearshore buffer
is because the global average of the width of continental shelves ranges from about 50-100 km
(Harris et al., 2014). Shelf seas are areas of extensive deposition due to their proximity to river
systems that supply sediments to the continental margins. With this spatial extent, we assume to
capture processes occurring within Arctic tidal rivers, tidal wetlands, estuaries, and continental
shelves and highlight the signals influenced by land- and marine-derived materials and energy
flow across the coastal interface (Ward et al., 2020). On land, we look at the same 100-km buffer
to ensure that we are looking at similar areas adjacent to the shoreline. This area can provide
primary production along permafrost-affected coasts upstream from estuaries. These transition
zones, affected by both terrestrial and marine influences, possess distinct characteristics. By
analyzing the 100-km strip on both sides of the coastline, we gain a comprehensive perspective of
how terrestrial factors impact marine processes and vice versa. Additionally, our examination of
GPP seasonality revealed that the selected spatial extent remains largely consistent, even when

considering thresholds between 50 and 100 km.

To address the heterogeneity (3) Ocear 3 |~ & (b) Land . T T g

across the Arctic coastlines, we ) YN i VAN

' s X
Okhotsk /| Okhotsk ;|

divided the study area into nine
(9) sectors based on ocean
basins (Comiso, 2015) and

Eurpsian

Eurasian It

e
¢ Berjig

-

analyzed them separately. ;! N ) i}
. .Earenls?“,.,/“ | Burenl “f ]
These sectors are shown in > é > Ko , = ,,ée {w
figure 1 and labeled as 4 scr:e«hnb- XS Grapdlandy AL
céland L‘ o Liceland T
Eurasian, Amerasian, Bering, L\/If 0 8\
Barents, Canadian  Arctic 2 / J ‘
by ) by N
Archipelago (CAA), 5 3T o X el
Baffin/Labrador (B/L), Figure 1. Nine Arctic coastal sectors. Color-coded areas represent the 100-km spatial
land/Iceland / extent from the coastline towards the (a) ocean and (b) land where data are collected.
Greenland/Icelan (G/1), The nice sectors are Okhotsk, Bering, Eurasian, Barents, Greenland/Iceland, BIL,

Hudson Bay, CAA, and Amerasian sectors (Comiso, 2015).
Hudson Bay, and Okhotsk. The Y ( )

color-coded shaded areas represent the 100-km spatial extent from the coastline towards the ocean



186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216

and towards land. The Eurasian sector covers the coastal regions along East Siberian, Laptev, and
Kara Seas and is characterized by diverse Arctic ecosystems, including tundra, boreal forests, and
coastal wetlands. The Eurasian sector experiences significant freshwater runoff from major Arctic
rivers including the Ob, Yenisey, and Lena (Jakobsson, 2002). The Amerasian encompasses the
coastal areas along North America and features tundra, taiga, and coastal plains. This region is
dominated by the Beaufort Sea. It is impacted by the inflow of nutrient-rich waters from the Pacific
Ocean and the large Mackenzie River (Carmack, E., et al., 2016). The Bering sector corresponds
to the coastal regions around the Bering Sea, an area rich in marine biodiversity. The mixing of
Pacific and Arctic waters in the Bering Sea creates a productive environment supporting a variety
of marine life. Barents sector includes coastal areas along the Barents Sea and off the northern
coasts of Norway and Russia. It is an important area for commercial fisheries and a site for the
mixing of warm Atlantic water with colder Arctic water. Its coastline also experiences
considerable reductions in sea ice cover from recent warming (Isaksen et al., 2022). The Canadian
Arctic Archipelago (CAA) is a sector characterized by a series of large island groups in Northern
Canada. It contains one-third of the global volume of land ice outside of Greenland and Antarctic
ice sheets (Radic’ & Hock, 2010). The Baftin/Labrador (B/L) sector includes the Baffin Bay and
Labrador Sea, both notable for their interactions between glaciers and ocean currents. These waters
are major sinks for atmospheric CO2 being a region for deep water formation and primary
production (DeGrandpre et al., 2006). The Greenland/Iceland (G/1) sector is characterized by its
massive ice sheet in Greenland and meltwater coming from it as well as the volcanic landscapes
of Iceland. Located in northeastern Canada, the Hudson Bay sector is a large inland sea connected
to the Atlantic Ocean via the Hudson Strait. It is characterized by its seasonal ice cover and high
freshwater input from large rivers. Lastly, the Okhotsk sector is off the coast of Russia's far east,
separated from the Pacific by the Kuril Islands. The sector is notable for sea ice production, which

drives ocean circulation and biogeochemical cycles (Nishioka et al., 2014).

We utilize a generalized coastal trajectory classification scheme based on observed temporal
primary productivity trends in adjacent land and ocean systems. We call a coastal region with
positive trends in both land and ocean primary productivity an area experiencing Synchronized
Positive Shift (SPS). For this classification, it is hypothesized that the same changes (e.g., warmer

temperature, more rain, increased coastal open water days, and less snow) are positively affecting
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both systems. For areas with both land and ocean primary productivity decreasing with time, we
classify them as Synchronized Negative Shift (SNS) areas. In this scenario, common changes in sea
ice cover, temperature, and water availability are negatively impacting both systems. This can
emerge from factors such as higher evaporative demand leading to water stress for land plants and
loss of habitat for primary producers in the sea ice. Areas with heavy and constant coastal erosion
can also cause land GPP to decrease as well as carry particles and colored dissolved organic matter
(cDOM) to adjacent marine systems that can cause increased turbidity, lessening ocean GPP. For
conditions where land productivity is increasing while ocean productivity is decreasing or vice
versa, it suggests a divergence in the trends. For the opposing trajectories, we have Terrestrial-
Dominant Shift (TDS) and Marine-Dominant Shift (MDS). We characterize TDS as the scenario
when land GPP increases, while ocean GPP decreases. Here, the same factors can cause opposite
effects on adjacent systems. For example, warmer temperatures and more moisture can cause
increases in land GPP. On the ocean side, however, warmer SST and increased freshwater flux
from major Arctic rivers can cause lower ocean GPP with time due to stratification-induced
nutrient limitation despite enhanced light transmission. For the MDS classification, ocean GPP
increases while land GPP decreases. This can potentially occur due to increasing frequency of
Arctic storms (Clow et al., 2011) that carry high winds and large amounts of rain that can
potentially negatively affect land GPP through water-logging. Arctic storms are also most active
in summer (Day & Hodges, 2018), which could reduce light availability and reduce GPP. On the
ocean side, increasing windiness can potentially promote vertical mixing in the ocean and erode
stratification, potentially promoting the upward delivery of new nutrients to the depleted euphotic
zone as well as instigating secondary blooms in autumn. Strong winds can also expedite the
breakup of sea ice, expanding the available open water area for photosynthesis. Lastly, we have
the No Change scenario where neither land nor ocean are changing. Here, GPP remains constant
and does not change with time. Apart from a generalized coastal trajectory classification scheme,
we further categorize the sectors as either an Interior margin (Eurasian and Amerasian), which are
coastal margins that are mostly influenced by the major Arctic rivers; Inflow margin (Bering,
Okhotsk, and Barents), which are areas that are influenced by the inflow of warm, salty waters
from the Pacific and Atlantic; and Outflow margin (CAA, B/L, G/I, and Hudson Bay), which are
mostly influenced by cold, fresh water outflows from the Arctic Ocean (Carmack et al., 2006).
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Annual and monthly aggregated time series for each sector were calculated and trends from
monthly anomalies were determined using linear regression. The slope of the regression is
considered significant for p values <0.05. Trends and total percent change for data from April to
September (ice-free, productive periods on both land and ocean) from the years 2003-2020 are
presented. On the ocean side, we only estimate GPP from open water areas or those with <15%
sea ice concentration, and thus exclude primary production under or on sea ice. The 15% threshold
is a standard definition used by the National Snow and Ice Data Center (NSIDC) to distinguish
between ice-covered and ice-free areas (NSIDC, 2021). Spatial trends and estimates of land and
ocean GPP from multi-year average in gC d* from 100 km landward and oceanward from the
coastline in the Pan-Arctic (all coastal margins found at >60°N) are also presented. The months of
peak primary productivity from the long-term dataset are also extracted to assess and compare
seasonal variability and shifts in peak productivity on adjacent land and ocean domains. To
evaluate coastal trajectory, we follow our proposed generalized classification scheme based on
observed long-term primary productivity trends.

2.2. Coastal Trajectory Mechanisms

To investigate factors that might influence the observed Arctic coastal patterns of productivity, we
assess the anomaly trends of key remotely sensed parameters that affect both land and ocean during
the same study period. These include Land Surface Temperature (LST) -from the MODIS Aqua
MYD11C3 version 6 data product (Wan et al., 2021), precipitation minus evaporation (P-E), runoff
over land, P-E over the ocean, and upwelling favorable wind days from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Reanalysis 5 (ERA5) (Mufioz-Sabater, 2019).
Upwelling favorable wind conditions were also assessed by looking at the number of days during
the study period when winds were east/northeast parallel to the shelf break, and if alongshore wind
speeds exceeded 5 m/s (Cury & Roy, 1989; Bakun, 1990). We assessed the number of open-water
(OW) days using the Bootstrap version 2 (SB2) sea ice concentration data (Comiso et al., 2017)
from the NSIDC. The duration of OW is defined here as the average number of days where the
pixels are ice-free (<15% sea ice concentration). For consistency with the land and ocean primary
productivity data sets used in this study, all temperature, P-E, OW days, and sea ice products were

also gridded in the same polar stereographic grid with 12.5 km resolution on a monthly basis.
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We focus on changes in temperature, water availability, coastal sea ice conditions, and upwelling
favorable wind days because these are key essential variables that affect both land and ocean
systems on our time scale of interest. Temperature affects the metabolic rates of photosynthesizing
organisms (both terrestrial plants and marine phytoplankton), influencing their growth rates and,
consequently, primary productivity (Clarke & Gaston, 2006). On land, water availability directly
impacts plant growth and productivity (Rodriguez-lturbe, 2000). In the ocean, freshwater inputs
from rivers or melting sea ice can affect the stratification of the water column, nutrient availability,
and light penetration, all of which can influence phytoplankton productivity (Garcia, et al., 2021;
Arrigo & van Dijken, 2004). Coastal sea ice and OW conditions affect light availability for
phytoplankton growth and influence nutrient dynamics by its seasonal melting and freezing
processes (Leu et al., 2015). These three variables are also interconnected and can influence each
other, resulting in compounded effects on coastal primary productivity (Post et al., 2009). Just like
with the coastal trajectory assessment of primary productivity, the temperature, water availability,
OW conditions as well as upwelling favorable wind days were evaluated using data from 2003-
2020 within the 100 km from the coastline to land and ocean from the pan-Arctic (>60°N) and the
nine sectors. Other variables analyzed were instantaneous nutrient export from major Arctic river
monitoring gauges. We acknowledge that in the surface ocean, primary production is limited by
the availability of key nutrients such as nitrogen, phosphorus, and iron. While this is important,
data available on a regional scale are scarce and are limited to point measurements typically around
the mouths of major Arctic rivers making the characterization of nutrient limitations challenging.
It is worth noting, however, that although we did not directly assess nutrients, we used indicators

like runoff and upwelling as proxies to infer nutrient limitation on GPP.

To compare changes in land-ocean primary productivity with changes in temperature, water
availability, and coastal OW conditions we estimate a Coastal Synchrony Index (CSI). The CSl is
defined here as the quotient of the rate of change in ocean GPP over the rate of change in land GPP
for each of the sectors. This ratio represents the rate of change of ocean productivity relative to the
rate of change of land productivity and can offer insights into how marine and terrestrial
productivity are related. If the CSI is greater than 1, it suggests ocean productivity is changing at

a faster rate than land productivity. If the ratio is less than 1, it indicates that ocean productivity is

10
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changing at a slower rate than land productivity. A ratio of 1 implies that both are changing at the
same rate. The CSI can be a valuable metric in understanding the relative dynamics of change
between land and ocean productivity, potentially revealing important ecological trends and
interactions between the two environments. We then assess the correlation of the CSI values with
changes in temperature, water availability, and coastal OW conditions in the nine sectors and in
the Pan-Arctic. This analysis is intended to reveal how changes on said parameters may be driving
changes in productivity patterns across the different geographical sectors. From the results of the
pairwise plots with regression lines, we identified the key predictors and evaluated their
contribution to the variability in CSI. We created a multiple linear regression model and to
illustrate its skill, compared the predicted with the observed CSI values.

Lastly, to investigate the interconnected dynamics of land and ocean GPP and coastal sea ice
conditions across the pan-Arctic region, we employ wavelet coherence analysis, using the
'‘WaveletComp' package in R (Rosch & Schmidbauer, 2018). The wavelet technique analyzes
periodic phenomena in time series data by decomposing a time series into time-frequency space.
It gives information about the dominant modes of variability and how the modes vary in time
(Torrence & Compo, 1998). Through wavelet coherence analysis we highlight time periods where
two time series co-move at a specific frequency, and can detect if the two series have common
cycles. Since the WaveletComp package can only process data without gaps, we use seasonally
decomposed missing value imputation for the missing data during non-productive months using
the ‘imputeTS’ package in R (Moritz & Bartz-Beielstein, 2017). This method works well for data
with both trend and seasonality. The wavelet and cross-wavelet analysis of land and ocean primary
productivity, in conjunction with pan-Arctic OW days, will assess the influence of coastal ice
conditions—a unique and significant driver of primary productivity on these adjacent ecosystems.
More information on the "WaveletComp' package can be found in its documentation and the work
of Roesch & Schmidbauer (2018).

3.  Results

In terms of the magnitude and timing of peak productivity along the Arctic coastlines, it is observed

that across the pan-Arctic, the marine grid cells had a cumulative GPP of 1.25 x 10 Pg C yr*!
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340  when using the Lewis product, whereas the land grid cells had a total of 3.06 x 10 Pg C yr. This
341 indicates that the pan-Arctic coastal marine areas are approximately four (4) times larger or have
342  300% greater GPP than land when considering data in the last two decades. In terms of timing of
343  peak productivity, the results in figure 2a show a latitudinal effect in period of peak productivity,
344 especially in the marine component, with later peaks observed in higher northern latitudes. This is
345  also seen in the plots in figure 2b where the marine component (blue) is observed to be shifting to
346 the right with increasing latitude. On land, we see a bimodal distribution with peaks in June and
347  July. The cumulative frequency distribution plots in figure 2c highlight the divergence of the
348  timing of peak primary productivity with marine component peaking later in the year. These later
349  peaks on the ocean side are more pronounced along Eurasian and the CAA coastal zones.
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Figure 2. (a) Left panel - map of pan-Arctic peak month productivity on both land and ocean; Right panel - peak month productivity in
our study area, 100 km from the coastal margins on land and ocean. (b) Histogram of peak month productivity extracted from >50°N,
>55°N, >60°N, and >65°N of the study area. (c) cumulative distribution frequency of peak month productivity from >50°N, >55°N,
>60°N, and >65°N of the study area. For both (b) and (c), the blue line corresponds to marine data, while red is for land.

350

351 In terms of seasonal climatology of coastal productivity, figure 3a shows average data during
352  spring and early summer (April-June) and summer and early autumn (July-September) in figure
353  3b for land GPP and the three marine GPP products. High primary productivity is observed along
354  the mouths of major Arctic rivers (locations are shown in the first panel with black arrows) across
355 the different marine GPP products. However, a more conservative concentration and distribution
356  are observed in the Lewis product compared to CbPM and VGPM. The relationship between the
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Figure 3. Seasonal climatology of land and ocean primary productivity in the study area. (a) spring and early summer climatology
for the months April-June from 2003-2020 for FluxSat land GPP and the three ocean productivity products: CoPM, VGPM, and
Lewis. (b) summer and early autumn climatology for the months July-September from 2003-2020 for the same land and ocean
primary productivity products. Black arrows on the first panel show the location of the mouths of major Arctic rivers, namely (1)
Yukon (2) Mackenzie, (3) Kolyma, (4) Lena, (5) Yenisey, (6) Ob, and (7) Pechora.

timing of sea ice melt and marine primary productivity is more evident in figure 3b. At the height
of summer and early autumn, sea ice completely disconnects from the shoreline exposing open
ocean areas for photosynthesis causing the distinct peaks of GPP. There is also the contribution
from the highly seasonal delivery of nutrients from rivers and coastal erosion (Terhaar et al., 2021).
The adjacent coastal tundra on -another hand, though modest, shows increasing productivity after
snowmelt in spring and early summer. Productivity values then increase towards peak values in
July and August. In terms of distribution, the Arctic coastal tundra shows changes in the spatial

distribution of vegetation across north-south climate gradients (Raynolds et al., 2019).
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Table 1. Total percent change, land and ocean GPP anomaly trends, and coastal trajectory classification in the Pan-Arctic and nine sectors
from the 18-year time series (2003-2020). Significant trends (p < 0.05) are in bold.

Land Ocean GPP (% change) Land Ocean GPP Trend
GPP GPP (9C m-2d-1yr-1) Classification
(% Trend
change) (9C m-
CbPM | VGPM Lewis | 2™ | cbPm | vePm | Lewis
Pan-Arctic 12.625 5.766 11.677 11.510 0.010 -0.004 0.065 0.018 SPS
Eurasian 24.944 -16.760 -8.959 27.152 0.015 0.024 0.237 0.027 SPS
Amerasian 38.868 -15.739 -14.226 -20.067 0.011 0.037 0.029 -0.001 TDS
CAA 18.808 3.253 19.304 22.802 0.013 -0.129 0.065 0.034 SPS
Okhotsk 7.886 3.313 31.009 19.894 0.026 -0.009 0.013 0.005 SPS
Bering 15.879 12.634 18.081 9.949 0.021 0.009 0.035 0.026 SPS
Barents 11.327 -1.435 0.315 28.396 0.009 -0.020 0.070 0.036 SPS
Greenland/lceland -7.326 22.887 -0.407 4.443 0.005 0.010 0.013 0.006 SPS
Hudson Bay 5.267 -22.154 12.672 10.266 0.002 0.007 -0.001 0.005 SPS
Baffin/Labrador 7.431 -5.885 -11.524 -11.273 -0.002 -0.002 0.009 0.003 MDS

365

366 Interms of primary productivity trajectory and magnitude of change through time, we found that
367  primary productivity over land has increased by about 13% in the pan-Arctic between 2003 and
368 2020 with 0.010 gC m™ d! added each year (Table 1) or 3,650,000 gC km y*. Ocean primary
369  productivity has also increased by a range of about 12% if using the Lewis data and VGPM, and
370 6% if using CoPM in the pan-Arctic. Rates of change are 0.018 gC m d%, 0.065 gC m? d*and -
371 0.004 gC m2 d* when using Lewis, VGPM, and CbPM respectively, although only Lewis and
372 VGPM trends are statistically significant. An overall Synchronized Positive Shift (SPS) in pan-
373  Arctic primary productivity was observed when analyzing coastal margins with the VGPM and
374  Lewis marine data and FluxSat land data. On a regional level, the Eurasian, Canadian Arctic

375 Archipelago (CAA), Okhotsk, Bering, Amerasian, and Barents sectors showed statistically

14



376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406

significant SPS patterns on both land and sea when using VGPM and Lewis trends on the ocean
component. Although statistical significance was found only on land, the Amerasian sector

demonstrated a Terrestrial Dominant Shift (TDS) when considering Lewis data.

A closer look at the rates of primary productivity on land shows that the steepest greening rates
are observed along the North Pacific inflow margins of Okhotsk (0.026 gC m2d™y?) and Bering
(0.021 gC m2dty?). This is followed by Eurasia at 0.015 gC m2d?y™. Other sectors in order of
decreasing land GPP rates are CAA at 0.013 gC m2d'y?, Amerasian at 0.011 gC m2d!y?,
Barents at 0.009 gC m2dty?, Greenland/Iceland at 0.005 gC m2d?y, and Hudson Bay at 0.002
gC m2dty? Baffin/Labrador, which is an outflow margin, is experiencing browning on land at a
rate of -0.002 gC m2d*y* although this trend is not statistically significant. In terms of percent
change, Amerasian has the highest change during the study period at about 39% increase, followed
by Eurasian at 25%, CAA at 19%, Bering at 16%, Barents, at 11%, Okhotsk at 8%, B/L at 7%,
and Hudson Bay at 5%. The G/I sector is the only sector that displays a decreasing land primary
productivity from 2003 to 2020 at -7%. On the ocean side, the CbPM monthly anomaly trends
show decreasing productivity, although values are not statistically significant. The Lewis data and
VGPM show similar increasing productivity across the pan-Arctic at 0.018 gC m2dty*and 0.065
gC m2dty? respectively. For the VGPM data, the steepest statistically significant increase is
observed along the Eurasian nearshore margins at a rate of 0.237 gC m2d-y, followed by Barents
at 0.070 gC m2dty? CAA at 0.065 gC m2dly? Bering at 0.035 gC m2d!y?, Amerasian at
0.029 gC m2dty?!and G/l at 0.013 gC m2dy? For the Lewis data, the steepest statistically
significant increase is observed along the Barents nearshore margins at a rate of 0.036 gC m2d*
y1, followed by CAA at 0.034 gC m2d'y?, Eurasian at 0.027 gC m2dy?, Bering at 0.026 gC
m2d?!y? and Okhotsk at 0.005 gC m2dy? The only coastal marine sector that is showing a

negative rate is Amerasian at -0.001 gC m2dy, though not statistically significant.

The spatial distribution of Arctic coastal trajectories is highlighted in the GPP trend maps in Figure
4. The coastal primary productivity trends in gC m2d?y* are shown for marine GPP products,
VGPM and Lewis, and land GPP product, FluxSat, with areas with greens showing increasing
productivity, and areas with maroons showing decreasing productivity with time. While there are

several local-scale “hotspots” present in the data, we focus instead on the sectoral trends and
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Figure 4. Land and Ocean GPP trends in gC m-2 d-1 y-1 from 100 km from coastline towards land and 100 km towards the ocean
from 2003-2020 using (a) VGPM and Fluxsat, and (b) Lewis and FluxSat.

regional changes. Figure 4a using VGPM shows some decreasing productivity along some major
river mouths, but also intense blooms (greens) in most sectors. Figure 4b with Lewis data
highlights the convergence, specifically, an SPS type of synchrony observed using sectoral trends.
Unlike VGPM, the Lewis trends are more positively conservative. This could be due to the

corrections made by the authors to account for the unique bio-optical conditions of Arctic waters.

To explore the potential mechanisms driving the prominent patterns of convergence across the
pan-Arctic coasts, we assess changes in temperature, hydrology, and coastal sea ice conditions.
Table 2 summarizes the monthly anomaly trends in LST (°C yr), P-E (myr?), and Runoff (myr
1) over land as well as changes in SST (°C yr?1), P-E (myr?), and OW days (dyr?) over the ocean.
Also included are the land and ocean (Lewis product) GPP trends in the pan-Arctic and the nine
sectors. Over the almost two decades of data, we observe positive trends in LST at 0.053 °C yr?,
SST at 0.018 °C yr?, and P-E over land (0.005 m yr) and ocean (0.007 m yr?). The ice-free
condition in the pan-Arctic is also increasing at 0.152 d yr. Statistically significant positive LST

trends occurred in the Eurasian, Okhotsk, and Bering sectors. The steepest positive trend for LST
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Table 2. Trajectories of land and ocean productivity in the Pan-Arctic and nine sectors, based on FluxSat and Lewis. Trends of
LST, P-E, and Runoff on land, and SST, P-E, OW Days, and Upwelling Favorable Wind Days over the ocean from 2003-2020.
Significant trends (p < 0.05) are in bold.

Land Ocean Land Ocean
GPP GPP
Trend Trend
LST P-E Runoff SST P-E ow Upwelling
(°Cyr-1) (myr-1) | (myr-1) (Cyr-1) | (myr-1) Days Wind
gC m-2d- gC m-2d- (dyr-1) (d yr-1)
1yr-1 1yr-1
Pan-Arctic 0.010 0.018 0.053 0.005 0.0003 0.018 0.007 0.152 0.0524
Eurasian 0.015 0.027 0.146 0.005 0.006 0.047 0.009 0.291 0.0289
Amerasian 0.011 -0.001 0.039 0.007 -0.007 0.013 0.006 0.114 0.0237
CAA 0.013 0.034 0.051 0.017 -0.003 0.022 0.019 0.005 -0.0005
Okhotsk 0.026 0.005 0.047 0.009 -0.003 0.035 0.012 0.042 0.0213
Bering 0.021 0.026 0.069 0.012 0.006 0.047 0.008 0.084 0.0306
Barents 0.009 0.036 0.044 0.009 0.013 0.036 0.011 0.263 0.0218
Greenland/Iceland 0.005 0.006 -0.017 0.017 0.002 0.001 0.018 0.080 -0.1133
Hudson Bay 0.002 0.005 0.0003 -0.010 -0.012 -0.001 -0.004 0.019 0.13534
Baffin/Labrador -0.002 0.003 0.005 -0.008 -0.008 -0.012 -0.005 -0.005 -0.0863

is found in the Eurasian (0.146 °C yr™), followed by Bering (0.069 °C yr?) and Okhotsk (0.047
°C yrl). For SST, statistically significant increases are observed along the Eurasian, CAA,
Okhotsk, Bering, and Barents sectors. The steepest statistically significant SST trends are observed
along Bering and Eurasian both at 0.047 °C yr!, followed by Barents (0.036 °C yr ) and Okhotsk
(0.035 °C yr). For P-E over both land and ocean, we observe increasing trends, except along
Hudson Bay and Baffin/Labrador sectors. In terms of runoff, statistically significant trends are
observed along Barents (0.013 myr?) and Hudson Bay (-0.012 myr?). For upwelling favorable
winds, a general increase in days when winds blow parallel to the coast is observed in the pan-
Arctic (0.052 d yr?). Trends in decreasing order are observed along Bering (0.031 d yr?), Eurasian
(0.029 d yr?), Amerasian (0.052 d yr?), Barents (0.022 d yr?), and Okhotsk (0.021 d yr?).
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Figure 5. Relationship of changes in Runoff (m yr-1), Open Water (OW) days (d yr-1), Upwelling favorable wind days (d yr-1)

vs Coastal Synchrony Index (CSI) based on FluxSat and Lewis data in the pan-Arctic and nine sectors. Error bars are confidence
limits on the mean based on bootstrap resampling. The bottom right figure shows observed values of CSI vs predicted values of

CSl using a multi-linear regression model including runoff, OW days, and Upwelling wind days as drivers.

Interestingly, G/I sector is experiencing decreasing upwelling favorable wind days at -0.113 d yr-
! Lastly, positive trends in OW days occurred in all regions except in the Baffin/Labrador sector.
The steepest statistically significant increase in open water conditions can be seen in the Eurasian
coastal margin (0.291 dyr?), followed by Barents (0.263 d yr), Amerasian (0.114 d yr?), Bering
(0.084 dyr?), Greenland/Iceland (0.080 d yr?), Okhotsk (0.042 dyr?), and CAA (0.005 d yr?).
Overall, we observe a general warming trend on both land and ocean, increasing water availability

through a positive P-E, and a decreasing sea ice condition across the pan-Arctic coastal margins.

When comparing the CSI with changes in other parameters, we find that changes in runoff, OW
days, and upwelling favorable wind days all have explanatory power with respect to the spatial
(i.e., basin to basin) CSI values. To compute the CSI values in these plots, we used the monthly
anomaly trends of FluxSat and Lewis products because the Lewis product was developed as an
Arctic-specific algorithm to help improve estimates of chlorophyll-a, colored dissolved organic

matter (cDOM) absorption, and particle backscattering in the Arctic Ocean (Lewis & Arrigo,
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2020). As illustrated in figure 5, increasing rates of runoff, OW days, and upwelling favorable
wind days are positively correlated with the ratio of change in ocean and land productivity. This
indicates that the coastal productivity in the ocean is responding faster than land to the increase in
OW days, upwelling wind days, and runoff. Sectors with CSI values greater than 1, namely Barents
(4.0), CAA (2.6), Hudson (2.5), Eurasian (1.8), Bering (1.2), G/I (1.2), and Okhotsk (0.19) suggest
that ocean productivity is changing at a faster rate than land productivity in these coastal areas,
while also displaying a Synchronized Positive Shift (SPS) type of coastal productivity trajectory.
Amerasian (-0.09) and B/L (-1.5) sectors have CSI values less than 1, which indicates that ocean
productivity is changing at a slower rate than land productivity in these areas. The pan-Arctic has
a CSI value of 1.8 suggesting that ocean primary productivity might be changing faster than land
and that the two systems are significantly influenced by disappearing coastal sea ice, increasing
upwelling favorable wind days, and transport of water over land. Employing a multiple linear
regression model including runoff, OW days, and upwelling favorable wind days we could explain
approximately 76% of the basin-to-basin variations in CSI.

(a) Cross-wavelet of Land GPP and Ocean GPP (b) Average Power Spectra

W Land GPP

W Ocean GPP
B COW Days

B Runcif

23] Jamod JajaADM sS04
average wavelet power

2003 2008 2012 2016 2020 )
period (years)

Figure 6. (a) Cross-wavelet transformation of land GPP and ocean GPP in the pan-Arctic using FluxSat and Lewis. White contours
represent regions where the observed patterns are statistically significant at the 2.5% level; and (b) Wavelet power spectra of land
GPP (red), ocean GPP (blue), OW days (orange), and runoff (green).

Decomposing ocean GPP and land GPP into the time-frequency space and looking at their cross-
wavelet transformation in figure 6a and b shows that the adjacent land-ocean systems share a
common dominant period of 4-5 years. This demonstrates that the synchrony we observed from
previous analysis over decadal timescales is mirrored by synchrony on higher frequency
timescales. The ocean GPP (blue) contains a persistent cycle of about 4 years, while the land GPP
(red) contains a dominant period of 3-5 years. The OW days (orange) on the other hand also show

a dominant period between 4-5 years. This shared 4-5-year period between land and ocean GPP
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appears to be synchronized with a significant 4-5-year natural oscillation of sea ice in polar areas
as also observed by Scafetta & Mazzarella (2015). It is also interesting to note that runoff (green)
seems to have a dominant period of 7 years and 2 years. These results could indicate that OW days
drive land-ocean GPP synchrony on interannual timescales, while the role of runoff is occurring

more strongly over longer timescales.

4. Discussion

Understanding large-scale changes in GPP is crucial in identifying key patterns and processes that
promote or inhibit a region’s capacity to act as a carbon sink and its vitality as an ecosystem (e.g.
declines in GPP may mark susceptibility to disturbances). On the pan-Arctic scale, sustained
transformation to a less frozen state has been shown to increase Arctic open ocean NPP by more
than 50% between 1998 and 2018 (Lewis et al., 2020). Local-scale estimates however vary
depending on sea ice conditions and changing wind patterns (Manizza et al., 2019). The current
projected change of Arctic ocean NPP also has a large range, going from a reduction of -25% to
an increase of 60% (Vancoppenole et al., 2013) making the determination of not only the amplitude
but even the sign of change uncertain. In low-stature coastal tundra environments, vegetation also
displays spatially and temporally variable patterns of greening and browning (Frost et al., 2020;
Bhatt et al., 2010; Epstein et al., 2018; Stow et al., 2004). Along the coastal regions, which are
areas that provide a disproportionate contribution to the global and regional- primary production
and carbon storage (Chen & Borges, 2009; Muller-Karger et al., 2005), changes and trajectories
of the total photosynthetic COz fixation are quite unknown due to the dearth of studies that consider
the marine and terrestrial systems simultaneously. Here we leveraged almost two decades of
remotely sensed primary production measurements targeted along the Arctic coastal margins to
understand shared spatial and temporal patterns across adjacent terrestrial and marine domains.
These are areas of some of the most biologically and geochemically active systems on Earth
(McNicol et al., 2023).

The magnitude of primary production in Arctic coastal margins reveals distinctively higher marine
productivity, surpassing that of the tundra environments by four times. Marine systems,

particularly coastal zones, are highly dynamic and can rapidly respond to environmental changes,
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such as extended periods of sunlight as well as nutrient availability following sea ice melt.
Terrestrial systems, in contrast, are often constrained by snow cover, the slow thawing of
permafrost and shorter growing seasons (Bhatt et al., 2014). Terrestrial environments in the Arctic
are also often characterized by less biodiversity and biomass, with plant communities that are
adapted to withstand harsh conditions rather than maximize growth (Post et al., 2009; Reynolds &
Tenhunen, 1996; Zimov et al., 2006; Schuur et al., 2008). On the timing, the observation that peak
productivity in coastal marine zones occurs later than in coastal land areas further north can be
attributed to the timing of ice melt, which control available light (Arrigo et al., 2008), nutrient
availability (Tremblay et al., 2015), and temperature effects (Steele, 2004). Some marine primary
producers might also require a longer period of favorable conditions to initiate their peak
productivity phase (Kahru et al., 2011). The divergence in the period of peak month productivity
between adjacent marine and terrestrial regions is most evident in the CAA and Eurasia which
could potentially be due to longer-lasting sea ice in these regions relative to other parts of the
Arctic (Serreze and Stroeve, 2015) as well as from water column stability influenced by river
runoff. On land, the bimodal distribution with peaks in June and July shows the shifting of
vegetation from early blooming species to those that flourish in the warmer, later parts of the
summer (Zhang et al., 2013). For example, dwarf shrubs and sedges peak early in the season, while
graminoids and forbs continue to photosynthesize into the late summer, leading to this bimodal
pattern. This shift can be indicative of the adaptations and phenological shifts occurring in response
to changing climatic conditions (Post et al., 2009). While marine systems may show higher primary
productivity levels as well as later and longer peak conditions compared to land, it is important to
note that the two systems are closely interconnected. Changes in one can influence the other,
particularly in a rapidly warming Arctic. Furthermore, an essential facet of the timing pertains to
its implications for observed seasonal cycles of atmospheric CO2. Regions that synchronize
terrestrial and marine productivity might experience short yet intense intervals of CO2 drawdown
(Berkelnammer, 2019). Conversely, regions with disjointed land-sea productivity peaks might
display an extended yet less pronounced CO2 drawdown. Understanding these nuances in both the
timing and magnitude of marine and terrestrial GPP is useful, especially when interpreting long-
term COzrecords from monitoring stations like in Utqiagvik (formerly known as Barrow), Alaska

and Alert, Canada.
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Assessing the potential
mechanisms behind the observed

convergence and increasing

Sea ice retreat

primary productivity over land
(13%) and ocean (12% and 6%)
from 2003 to 2020 across the
pan-Arctic coasts highlights a set
of interconnected processes
related to climatic changes. The
phenomena of Synchronized
Positive Shift (SPS) in both

terrestrial and marine o

Warmer and wetter
conditions

Upwelling favorable wind days

environments across the Arctic
coasts seem to indicate the
effects of Arctic amplification or
increased regional warming
(Serreze and Barry, 2011). This

dynamic is illustrated in figure 7

. . Figure 7. Before (top panel) and after (bottom panel) representation of the Arctic
which shows a representation of coastal margin as a response to observed warming and increased OW conditions,

before (top) and after (bottom)  UPWelling favorable wind days, and runoff.

observed warming and a corresponding increase in OW conditions, upwelling favorable wind
days, and runoff along the Arctic coasts. In recent years, high OW conditions result in a warmer,
wetter, and more maritime coastal tundra region (Bhatt et al., 2021), which along with earlier
snowmelt positively influences vegetation growth. The observed warming trends, with a positive
change in land surface temperature (LST) of 0.053 °C yr-1 and sea surface temperature (SST) of
0.018 °C yr-1, are conducive to plant growth and phytoplankton blooms, as they often respond to
temperature cues (Thomas et al., 2010; Wassmann et al., 2011). This is particularly evident in the
North Pacific inflow margins of Okhotsk and Bering, which show the steepest greening rates. The
increase in precipitation minus evaporation (P-E) over land (0.005 m yr™) and ocean (0.007 m yr-
1Y indicates greater water availability over land and freshwater in the ocean, further acting to
support productivity. Additionally, the trends towards increased runoff, like the significant
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increase along Barents (0.013 m yr-1), reflect alterations in regional hydrology that might
influence nutrient availability and thus productivity in the ocean and also seems to potentially
suggest added water to the landscape is not reducing terrestrial productivity (Peterson et al., 2006).
Nutrient availability is also regulated by the interannual variability in riverine, open, and bottom
water supply. For our study area, the influence of riverine discharge during spring and summer
and the upwelling of nutrients would dominate. Changes in upwelling favorable wind days, with
trends observed along Bering (0.031 d yr?), Eurasian (0.029 d yr?), Amerasian (0.052 d yr?),
Barents (0.022 d yr), and Okhotsk (0.021 d yr-1), may be indicative of alterations in coastal ocean
dynamics affecting productivity (Carmack and Chapman, 2003). The increase in open water days,
particularly in regions like the Eurasian coastal margin (0.291 d yrt), aligns with decreasing sea
ice conditions, facilitating more sunlight penetration and thereby boosting marine photosynthesis
(Arrigo et al., 2008). The observed increase in marine primary production can also be driven by
the continuous supply of nutrients from the Pacific Ocean through the Bering Strait (Popova et al.,
2013) and from the North Atlantic to the Barents Sea. Declines in sea ice extent can also potentially
increase internal wave energy and erode stratification. Overall, positive trends in LST, SST, P-E,
runoff, and upwelling favorable wind days across most sectors have contributed to the increase in
productivity, driven by the general warming trend, increasing water availability, and decreasing
sea ice conditions (Parkinson, 2014; Bintanja and Selten, 2014).

The observation of varying Coastal Synchrony Index (CSI) values across different Arctic sectors
and its relationship with changing environmental conditions show regional dynamics and
ecological interconnections. A sector's position on the scatter diagrams in Figure 5, when viewed
in light of the CSI, suggests the balance or imbalance between oceanic and terrestrial productivity
in response to specific climatic or oceanographic drivers. For instance, sectors with CSI values
exceeding 1 in areas like the Barents (4.0), CAA (2.6), and Hudson (2.5) show regional
heterogeneity corresponding to areas with the highest rates of change in OW days, runoff, and
upwelling favorable wind days. The Barents Sea has been experiencing a pronounced warming
trend leading to increased ice-free conditions, thus favoring marine productivity (Polyakov et al.,
2020). However, it is worth noting that LST and SST are interestingly not necessarily the direct
predictors of CSI, but rather their impact on state conditions. In the CAA, recent changes include

shifts in ocean circulation and water mass characteristics, affecting nutrient availability and ocean
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GPP (Yamamoto-Kawai et al., 2009). Meanwhile, in the Hudson Bay sector, there has been a
marked increase in freshwater runoff, potentially influencing nutrient dynamics, and contributing
to changes in ocean productivity (Déry et al., 2005). In contrast, sectors such as Amerasian and
B/L, with CSI values below 1, hint at a relatively resilient or slow-changing oceanic system,
perhaps due to their ecological, climatic, and geophysical properties that generate more buffering
mechanisms. In this study, the CSI metric not only offers a consolidated view of how terrestrial
and marine ecosystems interact and are influenced by overarching environmental changes, but it

also provides a diagnostic tool for evaluating regional ecosystem shifts.

Given that the Arctic coastal margins are uniquely and vastly sensitive to the timing and presence
or absence of sea ice, we first analyzed the coherence of land and ocean primary productivity with
each other as well as with the duration of ice-free conditions in nearshore coastal waters.
Decomposing ocean GPP and land GPP into the time-frequency space and looking at their cross-
wavelet transformation in figure 6a shows that the adjacent land-ocean systems share a common
dominant period of 4-5 years. This demonstrates that the synchrony we observed from previous
analysis over decadal timescales is mirrored by synchrony on higher frequency timescales. This is
also seen in figure 6b, which illustrates the average power, which gives an indication of the strength
of the presence of patterns between land and ocean GPP at different periods (years). The ocean
GPP (blue) contains a persistent cycle of about 4 years, while the land GPP (red) contains a
dominant period of 3-5 years. The OW days (orange) on the other hand also show a dominant
period between 4-5 years. This shared 4-5-year period between land and ocean GPP appears to be
synchronized with a significant 4-5-year natural oscillation of sea ice in polar areas as also
observed by Scafetta & Mazzarella (2015). It is also interesting to note that runoff (green) seems
to have a dominant period of 7 years and 2 years. These results could indicate that OW days drive
land-ocean GPP synchrony on interannual timescales, while the role of runoff is occurring more

strongly over longer timescales.

To assess higher frequency dynamics in coastal synchrony potentially masked by the multidecadal
trends captured in the CSI, we conducted a wavelet coherence and cross-wavelet analysis on
adjacent land and ocean GPP. The shared dominant period of 4-5 years illustrates that the coastal

synchrony observed over decadal timescales is mirrored over interannual timescales. Looking at
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the strength of the cycles of land and ocean GPP and OW days, we see a common 4-5-year period,
which could indicate that OW days drive the synchrony of land and ocean GPP over interannual
timescales. The emergence of shared 4-5-year oscillatory periods in both ocean and land GPP
directly corresponds to inherent sea ice dynamics (Scafetta & Mazzarella, 2015). The strong
synchrony on the scale of a 4-5-year cycle shared by the parameters observed here indicates that
the growing disappearance of shorefast ice not only strongly influences the convergence on
adjacent land and ocean primary productivity, but also shares common long-term periodicities with
the coastal carbon sink. Interestingly, average power spectra of runoff with a dominant period of

7 years seem to show that its role occurs more strongly over longer timescales.

This study is constrained by the concurrent availability of data over both land and ocean on the
years being compared. In addition, the authors have opted to focus on assessing sectoral patterns
of primary productivity trends in this study. We recognize the significance of additional factors
like coastal erosion, geological characteristics, river runoff, and nutrients, but consistent data for
these variables are either sparse or unavailable for the regions and times of interest and are better
studied locally in places with intensive measurement strategies. The infrequency of measurements,
both temporally and spatially, makes it challenging to accurately constrain net exchanges in coastal
ocean settings. Significant uncertainties are also associated with land-derived fluxes, emphasizing
the need to comprehend the intricacy of the nutrient budget in this region, particularly along the
land-ocean interface. There is also uncertainty associated with remotely sensed observations along
the coastal areas. To address uncertainties from the unique bio-optical properties of Arctic coastal
waters, the authors utilized primary productivity data from Lewis et al. (2020), along with the
traditional ocean primary productivity products that are currently available. The contrasting trends
in different products like VGPM, Lewis, and CbPM presented here underline the importance of
using multiple data sources to capture the dynamic and multifaceted nature of primary productivity

in the pan-Acrectic.

5. Conclusions

This study leverages nearly two decades of remote sensing data to analyze large-scale changes in

primary production in the Arctic coastal margins, revealing an interconnected picture of marine
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and terrestrial environments. The findings show that marine systems in Arctic coastal areas are
distinctively more productive than tundra environments, surpassing them by four times. Over the
study period of 2003-2020, we learned that GPP along the coastal land and ocean strip has
increased by almost the same magnitude of 12%. This indicates that the land-ocean GPP trends
along the pan-Arctic coastal margin tend to have expansive or common responses to recent rapid
climate change. When looking at the different sectors, the strength and even direction of these
trends, a phenomenon we call Synchronized Positive Shift (SPS) was observed, showing
convergence, and increasing primary productivity over land and ocean across the pan-Arctic
coasts, which seem to be a product of increased regional warming. Overall, positive trends in LST,
SST, P-E, runoff, and upwelling favorable wind days across most sectors have contributed to the
increase in productivity, driven by the general warming trend, increasing water availability, and
decreasing sea ice conditions. We observed that inflow margins like Barents, Bering, and Okhotsk,
outflow margins like CAA and Greenland/Iceland, as well as interior margins along Eurasia, are
sectors where ocean productivity is increasing faster than land productivity. Additionally, the
strong coherence on the scale of 4-5-year cycle shared by marine, terrestrial GPP and OW days
observed here indicates that the growing disappearance of shorefast ice influences the convergence
on adjacent land and ocean primary productivity. As the Arctic coastal areas continue to transition
to an ice-free, warmer, and wetter future, it is uncertain whether this SPS pattern between land and
ocean GPP along the coastal margins will continue to occur or whether thresholds will be reached
where divergence will begin to emerge. We suggest arguing that it is important to integrate the
coastal synchrony information developed here as a tool for climate model validation so we can

improve our understanding of future trajectories in the coastal Arctic and all the life that it supports.

Open Research

We use FluxSat v2.0 GPP product (Joiner & Yoshida, 2020) over land, which is based on the
MCD43C Bidirectional Reflectance Distribution Function (BRDF)-Adjusted reflectance from the
Moderate-resolution Imaging Spectroradiometer (MODIS) Terra and Aqua. The GPP product over
the ocean is estimated from the Carbon-based Productivity Model (CbPM) Net Primary
Productivity (NPP) monthly dataset, which was first described by Behrenfeld et al. (2005) and
updated by Westberry et al. (2008). The data products used here are Land Surface Temperature
(LST) -from the MODIS Aqua MYD11C3 version 6 data product (Wan et al., 2015) available
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from doi.org/10.5067/MODIS/MYD11C3.006, Sea Surface Temperature (SST) also from the
MODIS-Aqua (NASA OBPG, 2020) from doi.org/10.5067/MODSA-8D9D4. The P-E and runoff
over land, P-E over the ocean, and Wind data are from the European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis 5 (ERA5) (Mufioz-Sabater, 2019) from
doi.org/10.24381/cds.68d2bb30. For the sea ice concentration data, we used the Bootstrap version
2 (SB2) sea ice data (Comiso et al., 2017) from the National Snow and Ice Data Center (NSIDC)
acquired from doi.org/10.5067/7Q8HCCWS4I0R.
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