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Department of Earth and Environmental Sciences, Univergiof lllinois at Chicago, Chicago, IL, United States

The primary productivity of adjacent terrestrial and mare ecosystems can display
synchronous responses to climate variability. Previous wi has shown that this behavior
emerges along the California coast where internal modes oflimate variability, such as
El Ni@ Southern Oscillation (ENSO) and the Paci c Decadal Osailion (PDO), alter jet
stream dynamics that in uence marine ecosystems through chnges in upwelling and
terrestrial ecosystems through changes in precipitationThis study assesses whether
marine-terrestrial synchrony is a widespread phenomenonaioss the North Paci c by

utilizing satellite-derived Solar-Induced FluorescencéSIF) and chlorophyll- as proxies

for land and sea productivity, respectively. The results giw that terrestrial and marine
ecosystems are consistently synchronized across 1000's okms of the North Pacic

coastline. This synchrony emerges because both marine andetrestrial ecosystems
respond to climate modes with a similar north-south dipole pttern that is mirrored across
the coastal interface. The strength of synchrony is modulad by the relative states of
the PDO and ENSO because the terrestrial north-south dipolés strongly controlled
by the PDO while the marine pattern follows ENSO. The conse@nce is marine and
terrestrial productivity anomalies that are opposite onerother along adjacent regions of
the coastline. If ENSO and the PDO have shared low-frequenasariance, then synchrony
would be the dominant state despite local topographic and tophic diversity along
the coastlines. This result suggests that climate proxy st&s that include biologically
sensitive marine and terrestrial proxies would have a seléee sensitivity to modes such
as PDO that drive synchrony. Lastly, the coupling of land andea productivity may have
the effect of generating ampli ed regional responses of thecarbon budget to climate

variability by simultaneously enhancing the terrestriahd marine carbon sinks.

Keywords: climate, ecohydrology, carbon cycle, remote sensi ng, uorescence

1. INTRODUCTION

Climate variability drives synchronous responses in edesys over large spatial domains. This
e ect has been well-illustrated through the tree ring netwdrm the western US that shows
spatially coherent interannual and decadal variations eetgrowth Cook et al., 2007; Fang
et al., 2018 The ecological response to climate variability may alsmdstie” both terrestrial
and aquatic systems and generate synchronous responsess atw coastal interface. This
is, in fact, an assumption embedded in multi-proxy climateamstructions that incorporate
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biologically-sensitive proxies from land, lake and maripgtems  2016. As in the case of northwestern Australi®rg et al.,
(e.g.,Abram et al., 201§ It is dicult to assess the strength 2016, the periods of strongest synchrony were correlated with
and/or persistence of the terrestrial-aquatic synchrongause large ENSO events.
records such as tree rings or sediment cores are not contisuo  The aforementioned work on this topic has primarily
across the land-sea interface and because both age umtgrtaiconsidered synchrony in terms of coincident changes in
and/or di erences in the timescale of proxy response functionsndividual aquatic and terrestrial species (e.g., blue aatook
may obscure the presence or absence of coupled behavior. Agh). The results have thus emphasized this phenomenon in
explicit assessment of this phenomenon was doneshyette  terms of its ecological impacts, namely that changes in breedi
and Rabeni (1995who found signi cant correlation between success or mortality events could produce cascading trophic
the annual growth rings of trees and stream sh in the OzarkchangesKlack et al., 20)8The work presented here builds from
region of the US. The species share a common response ttte concepts of these previous studies but seeks to assess the
summer rainfall, which a ected water availability for theetss  generality of terrestrial-marine synchrony by utilizingtestite-
and nutrient availability for the shOng et al. (2016gxtended derived indicators of primary productivity or changes in biess.
this type of analysis to the regional scale by analyzing th&hrough the use of satellite indices, the analysis is able to
common responses of corals, trees and sh across NW Australi@onsider the spatial extent of synchrony over an area of $000'
using overlapping growth chronologies from this collectioh o of km and test whether synchrony manifests at the scale of
both marine and terrestrial taxa. The authors found a commorgrid-averaged primary productivity as opposed to the response
response of all species to EIQ¥i (ENSO) through its e ect on of individual species. The work is intended to expand upon
regional rainfall and SSTs. In another example from thisgegi the known ecological implications of terrestrial and aqoati
Ruthrof et al. (2018)found that in response to a signi cant synchrony by considering whether coherence between teiaks
2011 heat wave in western Australia, there was ecologicahd aquatic productivity might also in uence interannual or
collapse that straddled the coastal land and sea ecosystedecadal variability in the global carbon budgete( Quéré
leading to both widespread tree morality and coral bleachinget al., 201 The motivation for this analysis is that there
As illustrated by these studies in western Australia, tteeéase is signi cant interannual and decadal variability in the bkd
in the frequency of heat waves and potential for increasedarbon budget associated with climatic-driven variatioms i
variance in ENSO with global warming has the capacity tdhe terrestrial Poulter et al., 2014; Ahlstrom et al., 2015
drive greater degrees of synchrongasenzweig et al., 2008; and oceanic Eddebbar et al., 20} €arbon sinks, which can
Hoegh-Guldberg and Bruno, 20)L0 in uence the rate that CQ accumulates in the atmosphere
The North Paci ¢ serves as an interesting domain to considemn spite of the dominant trend associated with anthropogenic
the mechanisms and pervasiveness of aquatic and terrestr&hissions Ballantyne et al., 20)2Understanding the temporal
synchrony. It is a region that experiences high amplitudevariability of these surface carbon sink terms is criticat f
climate variability at a variety of timescales associatéth w the development of robust carbon cycle modelar{dschuetzer
ENSO, the Pacic Decadal Oscillation (PDO) and the Arcticet al., 2016; Li et al., 20)Laf terrestrial and aquatic carbon
Oscillation (AO) (Cayan et al., 1999; Smith and Sardeshmukhgycles are tightly coupled, this could exacerbate the e ects of
2000; Mantua and Hare, 2002; Newman et al., 2003; Wiselimate modes on variability of the global carbon budget. &a t
2019, all of which have documented e ects on both marineother hand, if productivity between land and sea is decoupled
(Karl et al.,, 1995; Mantua et al., 1997; Fisher et al., 2016r asynchronous, it could have the e ect of bu ering the role
Lindegren et al., 20)&nd terrestrial ecosystemBipndi et al., of ocean-atmosphere climate modes (such as ENSO) on the
2001; Trouet and Taylor, 2010; McCabe et al., J0Back carbon budget.
et al. (2014)and Black et al. (2018undertook a series of Besides potential impacts of land-ocean coupling on the
studies that focused on common responses between the téatest global carbon budget, synchrony is also a critical aspect of
ecosystems in California and the marine systems in the adjac the climate signal stored in multi-proxy climate reconstrocis
coastal upwelling zone. Marine primary productivity along thethat incorporate biotic proxies from terrestrial, lacustriaad
coast is strongly tied to wind-driven upwellinglgcox et al., marine systems (e.gAhmed et al., 2013 If certain modes
2015; Garcia-Reyes et al., 201tvhich is aected by the of climate variability have synchronous e ects across the
wintertime high pressure patterns in the North Pacic. It is aquatic and terrestrial interface, then these modes would be
these same pressure patterns that in uence winter precipitatiostrongly represented in the proxy record. For example, the
and growing season soil moisture, which limit terrestrialaforementioned study byuyette and Rabeni (199%jom the
primary productivity and tree growth. Consequently, coharen Ozarks showed that summer rainfall in uenced both sh and
between terrestrial and aquatic ecosystems arises thrtiugh tree growth whereas the trees were inuenced by summer
ubiquitous e ects of these atmospheric circulation patterngemperatures and the sh by winter temperatures. From this
on regional climate (e.g., rainfall, snowpack, wind elds andexample, it is possible to envision how a simple proxy stack
temperature). By utilizing a combination of blue oak treegin using these two records would accentuate the rainfall signal
chronologies, otolith growth-increment chronologies,seds of ~ while losing the speci ¢ information on temperature seasdgal
sea-bird egg laying dates and breeding success, the studieswithin the individual records. Aspects of this problem have
Black et al. were able to identify synchronous behavior tietheen discussed in the context of comparisons between lake
to a common wintertime atmospheric blocking patteriVise, and tree ring records bysteinman et al. (2014yvho noted
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discrepancies between these proxies may be the result ofethe tresolution of the data was 40 80 km until 2013 when the
rings' sensitivity to summer moisture and the lakes' sevitjt  resolution was improved to 40 40 km. The SIF retrievals
to winter moisture. There has already been signi cant work o used in this study are from the 734 to 758 nm window (i.e.,
the issue of proxy seasonality and how it can be addressethwiththe 740 nm peak). In this study, the Version 27 Level 3 data
multi-proxy syntheses (e.gh\bram et al., 2016and the analyses is used, which is a gridded product (0.5 0.5 grid) that
presented here takes a general look at this issue by quangtifyi has undergone some cloud lItering and bias correctidwi(ier
the response of regional land and marine productivity to Northet al., 201)i We use data that covers January 2007 to December
Paci c climate modes. 2017, yielding 11 complete annual cycles. Further details of
The study utilizes three types of analyses applied to satellithis dataset and how it was processed can be found in the
retrievals of solar-induced uorescence and chlorophylko  following publicationsiYang et al. (2015and Joiner et al. (2013,
illustrate synchrony between marine and terrestrial estmsys 2014) This satellite product has already been applied toward
in the North Paci c. In the rst part of the paper, an EOF analysis analysis of spatial and temporal variability in terrestrialnpairy
is applied to both the terrestrial, marine and a joint terréatr productivity in the western US forest®¢rkelhammer et al.,
and marine matrix to identify the dominant spatiotemporal 2017, northern high latitude tundral(uus et al., 20J)and high-
modes of variability and their respective drivers (i.e.tisec latitude boreal forestsieong et al., 20)@nd is therefore suitable
Spatio-Temporal Patterns of Productivity amdgures 1, 3-6).  for analysis of productivity within the domain of this studyoN
In the second part of the paper, specic years are discusseatiditional corrections or changes in projection/resolutivere
(2015, 2012 and 2009), which highlight the signature andone to the data which is available from the Goddard Aura
potential climate mechanisms that drive synchronous bedravi Validation Center (https://avdc.gsfc.nasa.gov/pub/dztd|lite/
(i.e., Section Case Studies of 2009, 2012, and 201bigmees § MetOp/GOME_F/). We note that as opposed to other satellite
7) and the paper concludes with a regression analysis betweeérdices of vegetation (such as NDVI), SIF is a retrieval cita+
adjacent coastal and marine indices of productivity to speally  process (uorescence emission) and is therefore a more direc
assess the spatial signature of terrestrial-aquatic spnghr proxy for primary productivity.
(Section Spatial Analysis of Synchrony from Regression Argly

andFigure 8). 2.2.2. Chlorophyll-
The analysis of marine productivity was undertaken using
2. MATERIALS AND METHODS satellite retrievals of ocean chlorophyll from the MODerate-
resolution Imaging Spectroradiometer (MODIS), which ies on
2.1. Spatial Domain the National Aeronautics and Space Administration (NASA)

This study focuses on a domain bounded betweena8@ 65N  Earth Observing System (EOS). Data from the Aqua platform
latitude and 180 to—110 W longitude. This area was chosen were used that has an early afternoon overpass. MODIS retrieves
to encompass the eastern half of the North Paci ¢ Basin antbandwidths from the following 7 channels: 620—670 (red),-841
western North America. As opposed to previous work done ir876 (near infrared 1), 459-479 (blue), 545-565 (greeny0%,2
this region and elsewher&(yette and Rabeni, 1995; Black et al. 1,250 (near infrared 2), 1,628-1,652 (short-wave infrdneahd
2014; Ruthrof et al., 20),.8he intent was to select a large region2,105-2,155 nm (short-wave infrared 2). Surface chlordphyl
associated with diverse marine and terrestrial ecoregimassess ~ concentrations in the units of mg n? are derived from

the maximum scale at which synchronous behavior might ben algorithm utilizing the green, blue and red bands that has
expected. The northern boundary of the domain was de ned bypeen optimized through comparison with direct observations
the interface between the Pacic and Arctic oceans. While thof chlorophyll (Hu et al., 201p. The analysis presented here
western boundary is somewhat arbitrary, the vast majoritthe  is based on the Level 3 monthly product that is gridded onto
chlorophyll variance occurs along the coastal margin andsthua 4 km global grid over the period 2003-2017. This product
the results were not sensitive to the western boundary @hoicand its predecessors have a long legacy for studies on analysi
(Messié and Chavez, 20Q1The terrestrial domain includes xeric and modeling of marine ecosystem productivity. The satellite
regions in the southwestern US, hydric sites along the cbastehlorophyll retrievals provide a robust proxy for phytoplankton
ranges and arctic sites in Alaska. The consequence of imgud biomass (e.gDore et al., 2008 which, in turn, has made them
such a large terrestrial domain is that a single dominanttiingg ~ useful as inputs to models for marine primary productivigitt
factor for productivity such as summer rainfall or radiation et al., 1991; Behrenfeld et al., 2n0@/e note that, unlike SIF,

was not present. the chlorophyll data is an indicator of biomass concentratio
as opposed to primary productivity, which is a ux. Because of

2.2. Satellite and Reanalysis Datasets di erences in photoe ciency, the chlorophyll retrievals caoh

2.2.1. Solar-Induced Fluorescence be taken as a linear and quantitative indicator of primary

Solar-Induced Fluorescence (SIF) is emitted as a byproduct productivity. Nonetheless, we treat chlorophyll as a proxy for
photosynthesis with two predominant peaks centered near 68arimary productivity (and refer to it as “marine productivity”
and 740 nm. A number of satellite platforms are now capabléereafter), which is an assumption that is not always valid an
of retrieving SIF and this study uses data from the Globabne that limits the direct applicability of these results todiar
Ozone Monitoring Experiment 2 (GOME-2), which is own on understanding the spatial structure of marine productivityda
the MetOp-A satellite {oiner et al., 20)3 The native spatial itsin uence on the strength of the carbon sink.
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FIGURE 1 | Diagram showing work ow of analyses and the respective guresproduced through these analyses.

2.2.3. Supporting Climate Data conditions months later. Thus, there is ecological sengjtio

For analysis of climate conditions during specic years,adat conditions over a longer seasonal window. While future work
from NASAs modern-era retrospective analysis for researchbould bene t from exploring seasonal dynamics in the drivefs
and applications (MERRA) was useBi¢necker et al., 20).1 synchrony, for simplicity we hereafter discuss variabbigged on
This is a reanalysis product that assimilates meteorologiatd annual averaging.

and satellite retrievals to yield a global gridded estimate . )

the climate state on a global 0.fatitude  0.66 longitude 2.3. Empirical Orthogonal Function

grid. Comparisons of this reanalysis product and others ,(e.gAnaIysis

NCEP and ERA Interim) can be found ifRRienecker et al. An Empirical Orthogonal Function (EOF) analysis was
(2011) For this study, we utilize monthly resolved sea leveperformed on monthly SIF and chlorophyll data from the
pressure (Pa), 10 m U and V wind speeds (m)sand 2 m  domain bounded by 30and 65N latitude and —180to —110
surface temperatures (K). In addition to the Reanalysis data, t W longitude. Both data were treated by subtracting the ménth
spatiotemporal patterns in productivity were compared againstlimatological value at each grid cell to generate timesenfe
the following climate modes: the Pacic Decadal Oscillationmonthly anomalies for each grid celBjprnsson and Venegas,
(PDO) (Mantua et al., 1997; Mantua and Hare, 2ROENSO 1997 (Figure 1). For the individual analysis of the SIF and
(speci cally, the Oceanic Md Index index) Ropelewski and chlorophyll data, the data were not normalized by variance,
Halpert, 1986; Cayan et al., 1999; McCabe et al.,)286d  which resulted in highly productive coastal regions having a
the Paci ¢ North American pattern (PNA)Trouet and Taylor, larger weight on the analysigvigssié and Chavez, 2011n
2010. While this is not an exhaustive list of climate modes,order to generate a composite SIF/chlorophyll map, each of
these were the modes that produced the strongest correlatichese datasets were normalized (as a spatial z-score) to produc
with the leading principal components of the di erent satellite a continuous land-sea productivity map. EOFs were then
products. Monthly timeseries for each of these datasets wet®mputed for the region, yielding a spatial pattern (i.e., arFEO
accessed from National Ocean and Atmospheric Administratio and a principal component (PC) time series that captured the
and all data were reported in normalized units. It is importanttemporal variability of each EOF mode. We consider only thé rs
to note that for PDO and ENSO, the strongest expression afvo EOFs for each analysis, which in all cases explaisoPo

the modes appears during the winter months. However, wef the variance. A calendar-year average for each of the R8s w
found the strongest correlation between the climate modethen computed for comparison with the climate mode data. We
and the satellite ecosystem indicators to emerge using theote that the direction of the loading patterns is arbitramhich
annual averages of the climate modes. We thus report angecomes important when comparing the patterns that emerge
discuss the climate modes in terms of their annual averageom the individual EOF analysesigures 3 4) with the joint
which has the e ect of bu ering their interannual variability EOF analysisRigure 5).

by occasionally averaging periods that may include traorsdti

from positive to negative states. There are multiple reasond.4. Terrestrial-Aquatic Regression

why the correlations with productivity are stronger usingeth Ana|ysis

annual averages including that peak productivity occursmiyiri  To consider the spatial signature of terrestrial-aquaticsyony,
spring and summer but may inherent legacy of the previous linear regression analysis was performed between adjacent
winter's conditions. In other words, spring wind elds might chlorophyll and SIF timeseries along each Or&gion of the

in uence real time upwelling whereas wintertime anomalies incoastline. This was done by selecting all chlorophyll and 8tF g
tropical Paci ¢ SST might in uence higher latitude thermow  cells within 300 km of each coastal grid cell and computing an
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interannual average timeseries for the land and $8gufe 1).  coast of British Columbia and southern Alaska. The dipole is
The choice of 300 km is arbitrary but the analysis was largelgentered around a latitude of 50 N. The PC of this EOF
insensitive to thresholds ranging from 200 to 500 km. Theshows limited interannual variability and is highly come&td
respective 300 km averaged land and sea timeseries wegre= 0.90) with annually-averaged PD®i@ure 3B). The e ect
regressed against one another and a Pearson's correlatioh the PDO in generating a north-south dipole in tree ring
coe cient calculated. Synchrony was de ned by coastal gédls  widths in the western US has been identi ed elsewhere (e.g.,
where the correlation coe cient was positive and the 0.1. MacDonald and Case, 20pand the analysis presented here
provides a spatially continuous depiction of this pattern of
variability. The second EOF is also characterized by a north-

3. RESULTS south dipole with an opposite sign that has a positive loading
. . isolated in California and into Baja and a negative loadimat is

3.1. Regional Patterns of Productivity and di use across latitudes north of 40 N (Figure 30). The PC of

Seasonality this EOF is associated with higher frequency variabilitgt atost

To provide context for the subsequent analyses, the regionatrongly correlates with the PNA (r=0.52)gathers et al., 1991
patterns of chlorophyll and SIF seasonality and amplitude wer@~igure 3D). When taken together, these two EOFs illustrate how
assessed over the entire domdahingure 2). Figure 2Ashows the  terrestrial productivity along the west coast is predomiilaty
presence of high chlorophyll concentrations across the ebasta dipole that displays both low frequency variability assodiate
regions and throughout the Arctic. At this scale, the complexwith the oceanic mode of the PDO (EOF 1) and higher frequency
pattern in the timing of peak productivity can be clearly observe variability associated with the atmospheric mode of the PNA
(Figure 2B). The boundary between the southern and northern(EOF 2). The dipole largely re ects modulations between a more
part of the Northeastern Paci ¢ Basin is delineated by the INort meridional or zonal wintertime westerly storm track suchath
Pacic Current and observable by dierences in chlorophyll storms can retain a zonal trajectory and strike the Califacoast
seasonality such that the southern region has a peak in Januagr follow a meridional pattern due to high pressure blocking
and the northern region has a peak in Septembéri(burtetal.,  cellsthat results in precipitation delivered preferentiadiritish
1999. This current partially isolates the northern part of the Columbia and AlaskaSalathé, 2006

basin a ected by the Alaska and Kamchatka Currefftigire 2). The EOF analysis of chlorophyll is also characterized by two
The chlorophyll peak in the intermediate zone between themort dominant modes of variability that similarly explain 33 and
and south parts of the basin is poorly de ned and is quite25% of the variance. With both modes, the dominant loading
dynamic between years. The coastal regions of Alaska and tbenters occur along the coastlines where the majority dwae
Paci ¢ Northwest display a consistent chlorophyll maximum in occurs. The rst of the EOF patterns is characterized by angjro
May (Di Lorenzo et al., 2008; Garcia-Reyes et al., P@itfile  dipole with negative loadings along the central and southern
the timing of peak chlorophyll for the southern coastal region California coastline and south of the Aleutian Islands. This
are not spatially coherent. In terms of terrestrial produitliy =~ mode is associated with positive anomalies that span the coast
SIF is maximum along the coastal mountains of the west coasff northern California, Oregon, British Columbia and thrgh

of the US and across a region of high productivity in theto southern AlaskaKigure 4A). The PC of this EOF strongly
plains of Canada that is an extension of the highly productiveorrelates with ENSOr (= 0.85) Figure 4B). The in uence of
agricultural regions of the midwestern USliton et al., 201).  ENSO on coastal chlorophyll is through the combined e ects of
Unlike chlorophyll, the terrestrial ecosystems are domiddiga changes in the tropical Paci ¢ thermocline that migrate pokeds
wide homogenous region where peak productivity occurs in Junand changes in coastal winds associated with the estaldishm
and July. The exceptions can be found in the domain in uencedand strength of atmospheric blocking cells in the North Paci ¢
by the North American Monsoon, that experiences its peak ifJacox et al., 20).5The second EOF of chlorophyll is associated
productivity in August, and in parts of théasin and Range with a widespread but di use negative loading along the entire
region where peak productivity occurs in Marchi( George etal., coastline with isolated positive loading anomalies along the
2010; McCabe et al., 201These results are summarized by theNorthern California and Oregon coastlines and Vancouverridla
histogram shown irFigure 2C which illustrates the narrow and (Figure 40). This mode is associated with more low frequency
distinct distributions between the timing of peak productivfor  variance and correlates most strongly with the PDIO=(0.69)
terrestrial and coastal marine systems. In the North Padihe  (Figure 4D) (Chhak and Di Lorenzo, 2007

o0 set between the peak in terrestrial (July) and coastal marin By combining the normalized maps of SIF and chlorophyll,

(May) productivity is, on average, 2 months. a third EOF analysis was done to speci cally assess whether
. the basin-wide mode of productivity generates coherentilogd

3.2. Spatio-Temporal Patterns of between adjacent coastal and terrestrial regions. The EGF

Productivity of this eld explains 33% of the variancéigure 5A) and is

The EOF analysis of SIF identies two dominant modesassociated with a strong dipole pattern centered atO N.

of variability that explain 34% and 24% of the varianceWhile the EOFs of individual SIF and chlorophyll elds implied
(Figures 3A,Q. The rst of these modes is characterized bythere would be shared spatial variance associated with the
a strong dipole with a negative loading that runs along mosPDO, this analysis provides explicit evidence of variabilitgtt

of the west coast of the US and positive loadings along this seamless across the marine and terrestrial interface ove
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FIGURE 2 | (A) Map showing the average of each year's maximum value for Saldnduced Fluorescence (SIF) (greens) and chlorophyll{purples).(B) Map showing
the average month that each grid cell reaches its peak in SIF @nchlorophyll- (as inA). The SIF data spans 2007-2017 and the chlorophyll- data spans
2003-2017. Each dataset was gridded to a common 0.5 spatial resolution Figure 1). (C) Distribution of the month of peak SIF and chlorophyll based othe data in
(B). The coastal chlorophyll data includes all grid cells contaed within the dotted white line shown in(B) (as inFigure 8).

broad regions of the coastline from California to southernwith the mirrored dipole EOF is strongly correlated with
Alaska. The aquatic-terrestrial synchrony exists becafitke the PDO ¢ = 0.89) figure 5B). The evidence for strong
presence of a “mirrored dipole” such that both the marinesynchrony in California is consistent with previous results
and terrestrial systems display dipoles with similar spatiafrom Black et al. (2018put has been expanded here across
extents and loadings in the same direction. The PC assaciata larger domain. Only a single EOF is shown for the joint
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marine/terrestrial eld because all subsequent modes hmaitidd

explanatory power.

3.3. Case Studies of 2009, 2012 and 2015

characterized by signi cant negative anomalies in produitti
along the California coastline and positive anomalies across
much of coastal British Columbia and southern Alaska. The
dipole pattern in both terrestrial and marine productivity thus

To complement the EOF analyses, a specic assessment gbduce widespread synchrony. Itis noted, however, thatient
the absolute chlorophyll and SIF anomalies during selectedorth into Alaska the synchrony breaks down such that the
years was conducted. The rst of these years, 2015, wasrrestrial ecosystems were associated with positive amesnal

chosen as one where SlFigure 3), chlorophyll (Figure 4)

and the ocean with negative anomalies. In contrast to 20052 2

and the joint SIF/chlorophyll Kigure5 EOF analyses all was a year that was associated with a negative loading inGhe P
indicated a strong north-south dipole pattern. The pattern ofscore of the joint SIF/Chlorophyll EOFF{gure 5). Indeed, unlike

SIF and chlorophyll anomalies during 201Bigure 6A), were

45°

30°
150" W 120" W

Annually Averaged 1st PC of SIF/Chlor. and PDO
(r=0.89 and p=2.3e-4)

w
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FIGURE 5 | (A) The rst EOF of the merged normalized SIF and chlorophyll
maps for the region of interest. The units are dimensionledsadings with an
explained variance of 33%. The dark contour (dotted and comuous) are used
to highlight particular areas of synchrony and asynchronyespectively.(B) The
rst annually-averaged PC vector associated with the EOF shon in above
panel. The PC timeseries is plotted alongside the annuallgveraged PDO
index ¢ = 0.89).

2015, 2012 was not associated with a chlorophyll dipole but
rather a widespread negative loading across the coastiome fr
California through to southern Alaska. This pattern was &yg
mirrored on land with relatively low SIF values across tgioa.

Like 2015, 2012 was thus also associated with synchronous
behavior but with a pattern distinct from the familiar dipoleh&

last year considered was 2009, which was chosen as a cigrast
example, where the rst PC of chlorophyll indicated a strongly
positive anomaly whereas the rst PC of SIF indicated a weak
or inverted anomaly pattern. Indeed, 2009 was associated with
strongly opposing anomalies between productivity in the land
and sea across much of the California coastline and nortdwar
to southern Alaska Kigure 6B). The conditions during 2009
represent the only year in the timeseries with signi cantly
asynchronous behavior.

To explain the distinct pattern between years, we begin
with an analysis of the annually averaged climate modes for
these years. 2015 was associated with both strong ENSO and
PDO anomalies, with the former driving the dipole pattern in
chlorophyll and the latter the dipole pattern in SIFigher et al.,
2015; Lindegren et al., 201@Figures 3 4). In contrast, 2009
was associated with a negative PDO and positive ENSO, such
that the terrestrial dipole was inverted relative to 2015 amel t
chlorophyll dipole remained the same. The e ect was strong
terrestrial-marine asynchrony during this year. The compan
between these years suggests that when ENSO and PDO are in
phase, synchrony emerges and when the two are out of phase
asynchrony emerges. However, the year of 2012 challenges th
simple depiction as this year had similar annual averagesditr b
ENSO and the PDO as 2009 yet also exhibited synchrony. It is
likely that the di erence between 2009 and 2012 emerged ls&cau
of subseasonal variations in ENSO and the PDO. Speci cally, i
2009 ENSO began negative but transitioned to a positive state.

Chlorophyll and SIF

g Mg

150° W 120" W 150" W

Chlorophyll and SIF anomalies during 2012
= |

FIGURE 6 | Maps showing the annually-averaged anomalies in SIF and chiaphyll during the 2015(A), 2012 (B), and 2009 (C) calendar years.
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FIGURE 7 | (A) The difference in SLP and 10 m wind elds for DJF between 2015 ath 2009. Units for SLP are Pa and the wind vectors are plotted vii reference to 6
ms 1 vector shown in the top left.(B) The 2 m air temperature and 10 m wind elds for AMJ between 2015 ad 2009. Units for temperature are K and the wind
vectors are plotted with reference to 6 m s 1 vector shown in the top left. All data were extracted from theERRA reanalysis databaseRienecker et al., 201.

In contrast, 2012 ENSO and PDO were persistently out of phasehe results show that along 40% of the coastline there is
throughout the year. a statistically signi cant interannual correlation betere SIF

To further explore the mechanisms associated with synchrongnd chlorophyll. The correlation is strongest at the Souther
(2015) or asynchrony (2009), a comparison between the aimatCalifornia Bight, along the Oregon and Vancouver Island
conditions of these two contrasting years was conductedtoastlines and along the southern Alaskan co&sgure 8A).
During the winter, 2015 had a signi cantly stronger and While there are a few regions of the coast where the coroeglati
southerly displaced Aleutian Low relative to 2009. This led tis negative (i.e., asynchrony), the principal pattern is one of
enhanced southerly winds during the winter monthg/ice, synchrony. This shows that in spite of the complexities of
2019 (Figure 7A). The wintertime atmospheric conditions may the spatiotemporal aspects of synchrony, as described in the
have preconditioned growing season productivity anomalieprevious analyses, coastal regions broadly exhibit terabstr
through changes in snowpack and soil moisture. Speci callymarine synchrony. Alongside the correlation map, is a separat
this atmospheric pattern would have lead to storm tracksnalysis showing the lag between when terrestrial and ajuati
focused along the British Columbian coastline and southerrcosystems experience their respective peaks in productivity
Alaska Ropelewski and Halpert, 1986; McCabe et al., 004(Figure 8B. A comparison between these maps shows that
It is also notable that 2015 was associated with anomaloussynchrony, or lack thereof, is not tied in any systematic way
warm (cool) conditions in the spring and early summer in thelocal di erences between terrestrial and marine seasgnaitis
northern (southern) regions of the domain along with anoma&o can be explained by the fact that the processes driving annual
northerly winds across the coastlines north of Californtar(th  variations in productivity, whether it be marine or terreist,
and Sardeshmukh, 20p(Figure 7B). These patterns would have persist for multiple months.
contributed to an earlier onset of spring in the north and the
positive anomalies in SIFMcCabe et al., 20)2The coastal 4. DISCUSSION
wind eld anomalies along the British Columbian and souther
Alaskan coastlines would also have lead to increased upgelliThe analyses presented here were designed to test whether
or reduced downwelling and contributed to the observed pesit synchrony between terrestrial and marine ecosystems is a
chlorophyll anomalies. The comparison between 2009 and 20kgndamental characteristic of the North Paci c. Previousri
reveals e ects during both winter and summer months andajong the California coastline established the presence of
highlights why the use of annual averages for the climateesod regional-scale coherence that manifested at the scale ofespe
produced the strongest correlations with the EOF patterns. (Black et al., 2098 This previous work hypothesized that

. . the mechanism linking ecosystems across the coastal ineerfa

3.4. Spatial Analysis of Synchrony From was atmospheric circulation anomalies that simultaneously
Regression Analysis in uenced upwelling through altered wind elds and rainfall
Figure 8 shows the correlation coe cient between adjacentthrough variations in the storm track. However, across 1900
marine and terrestrial domains along the entire coastlineof km of coastline the large scale coupling associated with
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FIGURE 8 | (A) Map showing the correlation coef cient between adjacent ( 300 km as contained by the dotted lines) swaths of land (SIF) @nsea (chlorophyll).
Points are only plotted where the p-value of the correlatiors <0.1. (B) The lag between when adjacent land and sea regions reach thepeak in productivity with units
of month. The scale of regions used in the calculation are idgical to those used in(A). The calculation of when the peak in productivity occurredsias shown

in Figure 2.

atmospheric modes could be strengthened or weakened througilombined EOF analysis showed strong evidence that the PDO
myriad secondary mechanisms operating at the local scase'h can generate a mirrored dipole pattern with coherent teriabtr
could include the inuence of SSTs on the development ofind marine anomalies that span 1000's of km of the North Paci ¢
marine fog, the e ect of SSTs on convective storm developmertoastline Figure 5. That said, regions of isolated asynchrony
and atmospheric humidity and changes in runo that in uence associated with this dominant mode of variability were prese
marine productivity through nutrient availabilityersson et al., along the Washington coastline and o the Aleutian Islands.
2005; Warrick et al., 2005; Johnstone and Dawson, 2010rhe isolated areas of asynchrony highlight where local e
In considering the diverse ways that marine and terrestriahcting on either the marine or terrestrial systems may disrupt
ecosystems could become coupled through climate variftiit the joint sensitivity of terrestrial and marine ecosysteros t
is feasible that the synchrony previously observed at themedy ocean-atmosphere variability. When considering this resigibg
scale may only emerge under a speci ¢ set of conditions. with the regression analysis presentedHigure 8 it can be

As illustrated by the EOF analyses of SIF and chlorophyltoncluded that synchrony is a widespread phenomenon along
(Figures 3 4), productivity is characterized in both the marine the eastern margin of the North Pacic. This is apparently
and terrestrial ecosystems by north-south dipole modes thahe case even when distinct ENSO and PDO states prevail as
correlate strongly with known ocean-atmosphere indicgarg illustrated by synchrony during 2012 and 2015 despite di eesnc
and Mantua, 2000; Di Lorenzo et al., 200&ENSO is the in ENSO and PDO states. One potential factor considered here
dominant driver for the chlorophyll variability with strong to explain the spatial pattern of synchrony was the seasonal
localized and opposing loading centers that re ect the responsphasing between adjacent terrestrial and marine systemsadt w
of upwelling to wind and thermocline anomalie&drl et al., presumeda priori that in areas where the seasonal cycles of
1995; Jacox et al., 2015; Garcia-Reyes et al.). Burprisingly, land and sea productivity were in phase, there would be greater
the EOF analysis of SIF did not indicate any strong impact ofynchrony. However, there was limited evidence to suggest
ENSO on the dominant spatiotemporal patterns in terrestrialthis was the casd-i{gure 8), implying that synchrony does not
ecosystems (ayan et al.,, 1999; McCabe et al., 2012 generally emerge in this region from the immediate responses
may be that because the e ects of ENSO are strongest o specic synoptic events such as a heatwave or ood states
the semi-arid water-limited regions in the southwestern US(Ruthrof et al., 2018 Instead, the results suggest that synchrony
the apparent e ect of ENSO was minimized by includingre ects more slowly evolving responses to preceding wintesti
northern latitudes in the analysis. Instead, the resultevgdd atmospheric circulation patterns and springtime temperatures
that terrestrial productivity was predominately driven byMer  The consequence is that even in areas where the terrestdal a
frequency (multi-annual) variability, which is in phase it aquatic ecosystems lag one another by 3—4 months, there may
the PDO (MacDonald and Case, 2005; Fang et al., J0TRe  still be interannual coherence.
dominant inuence of PDO on the spatiotemporal pattern  The examples of 2009 and 2015 highlight how ENSO and
re ects not only precipitation changes associated with thiPDO modes can modulate the strength of synchrony. Although
oceanic mode of variability but also through its e ects onfsige  the analysis is based on only a short timeseries, the results
temperatures in coastal British Columbia and southern Adasksuggest that simultaneously positive ENSO and PDO modes
(Steinman et al., 20)4 drive synchrony (2015) while positive ENSO and negative

Despite the fact that the leading terrestrial and marine EOFBDO lead to asynchrony (2009). The analysis relied on annual
were correlated with di erent ocean-atmospheric modes, theaverages of these two modes, which is in contrast to previous
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studies that tended to focus on wintertime values when theseix of carbon is tightly controlled by physical processes, vahic
patterns manifest most strongly. Future studies would béne may be more important to air-sea exchange of carbon than
from exploring in more detail how speci c seasonal patternsprimary productivity (Eddebbar et al., 201.7To fully assess
might strengthen or disrupt synchrony. Nonetheless, to thewvhether terrestrial and marine synchrony in uences regbn
extent that PDO and ENSO can become phase locked faarbon budgets, a more holistic approach is needed that corsside
multiple years (or longer) Newman et al., 2003 synchrony both the physical aspects of air-sea exchange of carbon and how
would be the dominant pattern over longer time periods.terrestrial respiration is also responding to climate vadigb{Li
This is relevant in considering proxy records where it can best al., 2016; Liu et al., 200l Ultimately, whether terrestrial and
expected that the correlation between proxies for land and seaarine synchrony play an important role in interannual carbon
productivity (such as tree growth and'®C of foraminifera) budgets will depend on whether the behavior observed here in
would predominantly re ect variations in the PDO or a the North Paci c is common elsewhere. Future studies on this
similar mode of variability. The exact physical mechanisntopic might nd additionally strong examples of synchrony in
that drives synchrony during positive PDO and ENSO cannotegions such as southern South America and the high Arctic
be ascertained without further modeling but the analysis ofvhere the seasonality of terrestrial and aquatic produstiare
climate conditions during opposing years suggests it emergés phase with one another (not shown). The data are available t
from a combination of: (1) a strong Aleutian Low that drives test this and as new satellite platforms generate data withehig
anomalous wintertime southerly winds, (2) a dipole in springspatial resolution and accuracy, a better understandinghef t
temperature anomalies over land that impact growing seasoimportance of these linkages will be possible.
length and (3) anomalous northerly coastal wind elds that
in uence coastal upwelling or downwelling. A longer timeissr 5. CONCLUSIONS
that includes additional examples of joint ENSO and PDO
anomalies, including ones with speci ¢ seasonal manifestat  This study set out to test whether the productivity of terrest
would help to further shed light on the dynamics that underli and marine ecosystems in the North Paci ¢ display synchronous
the synchrony. responses to climate variability. Previous work had adeeHss

The broader motivation in quantifying synchrony was topic in the context of trophic dynamics but we consider here
to assess whether coupling between terrestrial and maringhether this synchrony may enhance the response of regional
productivity would amplify the sensitivity of the global carb  carbon cycle dynamics to climate variability. The resultsvsh
cycle to interannual climate variability. Existing dataggest that over 1,000's of km of the North Paci ¢ coastline, theseai
that the strength of the ocean and terrestrial carbon sink&ommon temporal response between the productivity of adjacent
are important sources of interannual variability of the camb terrestrial and marine ecosystems. While there are exceptions
budget @allantyne et al., 20)2 Despite the extensive work to this behavior, the results suggest that the e ects of ocean
done on this topic, few studies have addressed whether trmosphere variability on wind elds, rainfall and temperegu
terrestrial and marine carbon sinks become synchronized imave a tendency to produce common or synchronous responses
response to ocean-atmosphere climate modes. The results fraaoross the coastal interface. The synchrony appears most
this study show that the terrestrial and marine carbon sinkronounced in response to the Paci ¢ Decadal Oscillation (PDO)
in the western US are highly responsive to climate variabilitythough this is apparently modulated by the state of ENSO, such
which is consistent with previous assessments on the rokenoits  that if ENSO and the PDO oppose one another so too does the
arid and mid-latitude ecosystems on interannual variapibf  strength of coupling between terrestrial and marine produityi
the global carbon cyclePpulter et al., 2014; Ahlstrom et al., The results ultimately suggest there is not likely to be aisignt
2015; Berkelhammer et al., 201 However, both terrestrial region-wide response of the carbon cycle to this synchrony
and aquatic systems respond to interannual modes with Because the modes of variability are predominated by opposing
north-south dipole such that the total regional carbon sinknorth-south anomalies such that there are rarely examples of
(i.e., integrated anomalies across the domain) is notylikel basin-scale productivity anomalies as in 2012. Howeverethe
show signi cant interannual changes. However, there will bemay be local regions such as the California coastline where t
latitudinal shifts in where primary productivity is higheshé synchrony is strong enough to in uence the regional carbimks
also locations such as the California and British ColumbiarFuture studies using Earth System Models that include both the
coasts that are associated with locally enhanced (or dghed) terrestrial and marine carbon cycles could be used to explore
carbon sinks that result from the mirrored terrestrial andthe dynamics that give rise to the regions of highly synclos
marine dipole. behavior particularly in the context of canonical ENSO andd®D

An important caveat to this study is that while chlorophyll climate variability.
and SIF provide indicators of changes in productivity, they do
not provide constraints on the net ecosystem exchange obcarb AUTHOR CONTRIBUTIONS
(i.e., respiration-photosynthesis). This is speci cally @sue
with chlorophyll, which is an indicator of biomass conceritba  MB designed the research, performed all the analyses and wrote
but not directly for primary productivity. Further, the maré  the paper.
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