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Abstract A time series of organic carbon export from Gulf of Maine (GoM) watersheds was compared to a
time series of biological, chemical, bio-optical, and hydrographic properties, measured across the GoM between
Yarmouth, NS, Canada, and Portland, ME, U.S. Optical proxies were used to quantify the dissolved organic
carbon (DOC) and particulate organic carbon in the GoM. The Load Estimator regression model applied to river
discharge data demonstrated that riverine DOC export (and its decadal variance) has increased over the last
80 years. Several extraordinarily wet years (2006-2010) resulted in a massive pulse of chromophoric dissolved
organic matter (CDOM; proxy for DOC) into the western GoM along with unidentified optically scattering
material (<0.2 um diameter). A survey of DOC in the GoM and Scotian Shelf showed the strong influence of the
Gulf of Saint Lawrence on the DOC that enters the GoM. A deep plume of CDOM-rich water was observed near
the coast of Maine which decreased in concentration eastward. The Forel-Ule color scale was derived and
compared to the same measurements made in 1912-1913 by Henry Bigelow. Results show that the GoM has
yellowed in the last century, particularly in the region of the extension of the Eastern Maine Coastal Current.
Time lags between DOC discharge and its appearance in the GoM increased with distance from the river
mouths. Algae were also a significant source of DOC but not CDOM. Gulf-wide algal primary production has
decreased. Increases in precipitation and DOC discharge to the GoM are predicted over the next century.

1. Introduction: Global Fluxes of Dissolved Organic Carbon and Chromophoric
Dissolved Organic Matter From Land to Sea

The flux of carbon from land to sea is a critical part of the global carbon cycle that has been studied for dec-
ades [Boysen-Jensen, 1914; Waksman, 1933]. Terrestrially dissolved organic carbon in rivers can be optically
active and influence the color of seawater, particularly near coasts [Andrew et al., 2013; Blough et al., 1993;
Bricaud et al., 1981]. Referred to as “chromophoric dissolved organic matter” (CDOM), this material originates
primarily from aromatic molecules produced by vascular plants [Bricaud et al., 1981; Hedges et al., 19971. Forel
[1890] and Ule [1892] devised a color comparator scale (henceforth referred to as the Forel-Ule (FU) color
scale) for describing the variability in the reflectance spectrum associated with the transitions from ocean
to CDOM-laden river waters. Observations of the sea using these color scales offers perhaps the longest
record of ocean color available [Wernand and Van Der Woerd, 2010].

The estimated 0.4 Gt of terrestrial, allocthonous organic carbon supplied by rivers to the ocean annually
[Hedges et al, 1997] represents ~1% of the annual terrestrial carbon production [Siegenthaler and
Sarmiento, 1993]. The relationship of dissolved organic carbon (DOC) concentration in rivers to its constituent
CDOM absorption coefficient is well known [Del Vecchio and Blough, 2004; Vodacek et al., 19971. However, as
one moves into the open ocean, relationships break down [Siegel et al., 2002], likely related to the fact that
rivers are no longer the primary source of DOC (and microflora become the primary source), plus CDOM
photooxidation lowers the CDOM absorbance signal:noise for use as a DOC proxy [Andrew et al., 2013;
DeGrandpre et al., 1996]. Satellite algorithms to predict CDOM absorption from satellite-based ocean color
have been derived previously, and they show the apparent photooxidation of CDOM away from the
Delaware River, midway out from the continental shelf to the continental slope region [Mannino et al.,
2008]. It is important to note that phytoplankton excrete 10-85% of their fixed carbon as labile DOC
[Carlson et al., 1998; Mague et al., 1980]; thus, they can potentially represent a major source of DOC in waters
not affected by rivers.
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The spectral slope of CDOM and its variability has been described in many studies [Bricaud et al., 1981; Green
and Blough, 1994; Mannino et al., 2008; Roesler and Perry, 1989; Stedmon and Markager, 2001]. In coastal
waters, knowledge of the CDOM absorption per unit DOC (aka carbon-specific absorptive cross section of
CDOM or specific UV absorbance; m? (g DOC)™") and measurements of the blue absorption of filtered sea
water can allow the optical estimation of DOC concentrations. Further, because blue-absorbing CDOM can
be observed from space, it should be possible to estimate surface DOC using information on absorption at
the blue end of the spectrum and especially when using the spectral slope of this absorption [Fichot and
Benner, 2012].

The Gulf of Maine (GoM) is an excellent system to study the influences of terrestrial sources of organic matter
on marine waters and to address the use of space-based measurements to understand the distribution and
fate of this material in the ocean. In addition, to open ocean waters, organic matter in the GoM is strongly
influenced by the discharge of rivers in Maine and Maritime provinces of Canada that transport large
quantities of CDOM-rich dissolved organic matter (DOM). Waters from the St. Lawrence River, the second lar-
gest river in North America, also deliver considerable CDOM-rich DOC into the Gulf of St. Lawrence, the
waters of which can mix with the Labrador Current and be carried along the Scotian Shelf into the GoM
[Smith et al., 2001].

There is evidence that patterns of DOC discharge into the sea are changing with changes in the hydrological
cycle. Climate change has been associated with an intensification of the hydrological cycle during the 20th
century, showing increased evaporation and precipitation [Huntington, 2006]. Greater variance in the hydro-
logical cycle is predicted in the 21st century [Seager et al., 2012]. Increases in evaporation, precipitation, and
runoff have also been observed over the northeastern U.S. [Hayhoe et al., 2007; Huntington and Billmire, 2014]
and the St Lawrence River [Walter et al., 2004]. Such increases have been hypothesized to change the
mobilization of carbon from the terrestrial realm and transport it to the sea [Tranvik and Jansson, 2002].
The variance of precipitation at some stations in the Gulf of Maine (GoM) watershed has increased over
the last century, and large amounts of CDOM have been carried into the gulf as a result [Balch et al., 2012].
Similarly, Sun et al. [2012] found increasing variance in precipitation over the GoM watershed for the period
1940 to 2009.

There is a strong need to quantify the actual amount of organic matter moved to the GoM during these heavy
precipitation events. From a measurement standpoint, optical proxies will be the best way to do this, where
CDOM fluorescence will provide information on DOC concentration and particle backscattering can provide
information on particulate organic carbon (POC) concentration. In this paper, we summarize 15 years of data
from a coastal ocean time series across the GoM, on the distribution of dissolved and particulate organic car-
bon. We then relate this to an annual budget of river-produced, allochthonous organic carbon and
phytoplankton-produced, autochthonous organic carbon in the GoM. Finally, using climate forecasting
approaches, we predict future changes in CDOM and DOC in the GoM associated with river discharge.

2, Site Description
2.1. Gulf of Maine

The Gulf of Maine (GoM) is a productive continental shelf sea off the NE coast of the U.S. with a maximum
water depth of ~300 m. The combined area of the Gulf of Maine and Georges Bank is about 132,700 km?. It
receives surface inflows of Scotian Shelf water (SS), some of which originates from the St. Lawrence
Estuary. Deep intrusions of North Atlantic slope water enter the gulf through the Northeast Channel over a
230 m deep sill. Pulses of seawater periodically flow in through the Northeast Channel, over time scales of
days to weeks, containing both warm North Atlantic slope water and cold Labrador slope water, with average
transport of ~262(+58) x 10°m3s™" [Ramp et al., 1985]. These inflows carry ~82% of the annual nitrogen
influx into the gulf [Townsend, 1998].

2.2. Gulf of Maine Watershed

The GoM watershed covers an area of about 179,000 km? that includes 25 major river basins and 11 minor
coastal drainage areas [Thompson, 2010]. The total discharge into the GoM is estimated to be
~3000m>s~" [Meade and Emery, 1971]. Fourteen watersheds contribute about half of the freshwater influx.
The St. John River is the largest river flowing into the GoM, draining an area of about 55,000 km?, and has an
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average daily discharge of ~990 m®s™" at its mouth. The Penobscot River, ME, is the second largest river in
New England, draining a 20,109 km? watershed with an average discharge of ~341m>s~, peaking in
March-April with a second peak in November-December. DOC is the dominant form of carbon discharged
in all the watersheds. These watersheds consist of forest land (~89%) [Griffith and Alerich, 1996], lakes,
swamps and ponds > 0.4 ha (5%), and agriculture (4%). About a quarter of the land area in Maine is palustrine
wetland, and 40% of this is scrub/shrub or emergent vegetation, while the remaining 60% is forested. Ninety
percent of the organic carbon transported via Maine and Canadian Maritime rivers is in the form of DOC
[Wetzel, 1975], at typical concentrations of 4 to 15mgCL™". Regardless of river discharge rate, riverine
DOC concentrations are lowest in winter and spring, greater in summer, and greatest in fall (during high flow
periods) (see also Cronan et al. [1999] and Huntington and Aiken [2013]). The CDOM supplied by these 25
watersheds can dominate the blue absorption in the GoM such that it far outweighs the absorption of
phytoplankton in coastal waters, particularly at salinities <30 [Balch et al., 2012; Balch et al., 2004; Yentsch
and Phinney, 1997].

2.3. Gulf of St. Lawrence Watershed

Another watershed with major impact on the coastal waters of NE North America and the Gulf of Maine is the
St. Lawrence River. This 3058 km long river begins above Lake Ontario and drains the Great Lakes with a total
watershed area of 1,030,000 km?, has average discharge rates of 413 km>yr~' (13,096 m®s™") [Pocklington
and Tan, 1987], and ultimately drains into the Gulf of Saint Lawrence (GoSL), arguably the largest estuary
in the world. DOC concentrations in the St. Lawrence River are 2.5-5mg CL ™" ([Pocklington and Tan, 1987]
USGS data from Cornwall, Ontario), half the concentrations found in the Penobscot River (see above), possibly
due to a much larger fraction of the watershed being in agriculture and large lakes. The bulk DOC in the St.
Lawrence River is isotopically young, and its source is mainly recent organic matter from the watershed
[Butman et al., 2012; Helie and Hillaire-Marcel, 2006]. Downstream, several large rivers originating from the
Canadian Shield drain into the GoSL from watersheds dominated by boreal forests and peatlands with
elevated DOC concentration (>5mgCL™") [Hudon et al, 1996]. Three of those rivers (Saguenay,
Manicouagan, and Aux-Outardes) have an average daily discharge of ~3100 m*s ™", similar to the discharge
into the GoM. By contrast, the runoff per unit area for the GoM watershed is ~1.5 times greater than the GoSL
watershed and the DOC concentration is 2-2.5 times greater in the GoM watershed. Considering both the
higher DOC concentration and the higher water yield (per unit area discharge) for Maine and Canadian
Maritime rivers, the DOC inputs to the GoM are about 50% of those coming into the GoSL despite the
differences in watershed area.

Water originating in the GoSL is thought to be traceable to the GoM about 8-12 months later [Smith et al.,
2001; Sutcliffe et al,, 1976]. It has been shown using 8'80 and salinity that SS and Labrador Sea water falls
on a mixing line between the St Lawrence Estuary and the Gulf Stream, and DOC from the Gulf of St.
Lawrence may be carried around Cape Breton, along the Scotian Shelf, and arrives in the Gulf of Maine
[Smith et al., 2001]. SS flows as a seasonally variable longshore coastal current, running southwestward along
the eastern shore of Nova Scotia at 2-5cms ™" It receives some upwelling circulation (0.5cm s~ ") off Cape
Sable [Smith, 1983].

3. Methods

The domain of this study is the watersheds that empty into the Gulf of Maine (GoM) as well as the Gulf of
Maine and northward to the GoSL. We address these environments individually. A complete list of variables
and abbreviations used in this work can be found in Tables 1 and 2.

3.1. Watershed Sampling

The watersheds addressed in this study are shown in Figure 1. Gauged watersheds in the study area include
the Merrimack, Presumscot, Saco, Androscoggin, Kennebec, Sheepscot, Penobscot, Narraguagus, Dennys, St.
Croix, and St. John Rivers. The ungauged watersheds (including in Maine, New Hampshire, Massachusetts, the
lower St. John River, and areas in Nova Scotia draining to the Bay of Fundy) represent ~42% of the total water
shed. A list of the rivers, sampling locations, USGS station IDs, drainage areas, periods of record for discharge
and sampling for DOC concentration, number of samples, and rivers used for each analysis can be found in
Table S1 in the supporting information.

BALCH ET AL.

GULF OF MAINE DISSOLVED ORGANIC CARBON 270



@AG U Global Biogeochemical Cycles 10.1002/2015GB005332

Table 1. Definitions Used in This Work

Term Units Definition
dg412 m~! Absorption of <0.2 mm particles at 412 nm (or whatever wavelength is designated)
Agpat2 m~' Total absorption for dissolved (<2 mm) and particulate

(>2 mm particles) at 412 nm
(or whatever wavelength is designated)

bpps32 m Particle backscattering at 532 nm (or whatever wavelength is designated)
bga12 m Dissolved (<0.2 mm-filtered) scattering at 412 nm
bgpa12 m! Scattering of dissolved plus particulate materials at 412 nm

(or whatever wavelength is designated)
bps32 m~! Particle scattering at 532 nm (or whatever wavelength is designated)
Cga12 m~! Attenuation of dissolved (<2 mm-filtered) seawater at 412 nm

(or whatever wavelength is designated)

nLw mWem Normalized water-leaving radiance
pmf1 s
S Spectral slope of absorption between 275 and 295 nm
SUVAs54 m? (9 DOC)71 Specific UV absorption at 254 nm (or whatever wavelength is designated)

3.2. River Sampling

Continuous river discharge and discrete measurements of DOC concentration from major rivers flowing into
the GoM have been maintained by the U.S. Geological Survey (Augusta, ME), with records from some parts of
the watershed extending back over a century. Water quality data used in this study go back to 2004 for all rivers
except for the Merrimack River where data were collected from 1998 to 2000 (Table S1). Sampling was con-
ducted throughout the year and during periods of high discharge. River discharge was compiled from the
USGS National Water Information System (NWIS) online database (http://dx.doi.org/10.5066/F7P55KJN) and
New Brunswick Power Company. DOC data were assembled from the USGS National Water Information
System database (NWIS, http://dx.doi.org/10.5066/F7P55KIN).

The Load Estimator (LOADEST) regression program was used to estimate DOC export using daily river discharge
data plus paired, discrete instantaneous discharge data and DOC concentration data [Runkel et al,, 2004]. It pre-
dicts the variation in DOC concentration as a function of time of year and rate of discharge. Land surface charac-
terization data were obtained from U.S. and Canadian Geographic Information Systems data bases including the
Maine Geographic and Information System (http://megis.maine.gov/). A time series of DOC export was produced.

3.3. Chemical Analyses

Samples were immediately filtered and shipped on ice to the U.S. Geological Survey laboratories in Boulder, CO,
where measurements were made for DOC concentration, specific UV absorption [Weishaar et al., 2003], and the
spectral slope (S) of absorption in the UV between 275 and 295 nm [Green and Blough, 1994]. Detailed methods

Table 2. Abbreviations Used in This Work

Abbreviations Used in Text Full Name

AZMP Atlantic Zone Monitoring Program
CDOM Chromophoric dissolved organic matter
DOC Dissolved organic carbon

DOM Dissolved organic matter

EMCC Eastern Maine Coastal Current
EXtEMCC Extension of the Eastern Maine Coastal Current
FU Forel-Ule color comparator scale
GNATS Gulf of Maine North Atlantic Time Series
GoM Gulf of Maine

GoSL Gulf of St. Lawrence

10P Inherent optical property

JB Jordan Basin

NERACOOS Northeastern Regional Association of Coastal and Ocean Observing Systems
POC Particulate organic carbon

SS Scotian Shelf water

WB Wilkinson Basin

WMCC Western Maine Coastal Current
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Figure 1. Map of study area showing the Gulf of Maine with bathymetry, plus terrestrial watersheds draining into it where
there are DOC and runoff data to compute loads (the 11 gauged watersheds are the Merrimack, Saco, Presumpscot,
Androscoggin, Kennebec, Sheepscot, Penobscot, St. Croix, St. John, Arrostook, Narraguagus, and Dennys, all shown with
white shading) as well as watersheds that do not drain into it (lighter shade of gray). The Penobscot River watershed is
specifically outlined with a solid black line. Coastline is demarcated with a dotted line. GNATS transect across the Gulf of
Maine appears as a dashed line crossing between Portland, ME, and Yarmouth, NS. Water masses traversed during the
transect are also indicated: Western Maine Coastal Current (WMCC), Eastern Maine Coastal Current (EMCC), Extension of the
Eastern Maine Coastal Current (ExtEMCC), Jordan Basin (JB), and Scotian Shelf water (SS). Notable bathymetric features
(banks and basins) are also designated. General mean surface current flow is shown with white arrows. Positions of Gulf of
Maine NERACOOS buoys (E, F, I, and M) are shown.
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of these chemical analyses are given in the supporting information. Note that while the UV bands provide the
highest quality optical data for estimating DOC concentration (see section 4.2), the 412 nm band overlaps with
bands on ocean color sensors (e.g., Moderate Resolution Imaging Spectroradiometer (MODIS) and Sea-viewing
Wide Field-of-view Sensor). Using these data, we empirically derived the fraction of terrestrially derived DOC
exported to the GoM, thereby integrating the multitude of biological, geological, and meteorological factors
over the landscape, as well as changing export rates associated with climate change not included in models.
A retrospective analysis of riverine DOC export was performed over the period between 2002 and 2013. The
DOC flux data were extrapolated primarily using DOC field data from 2004 to 2013, however, for the
Merrimack River data were collected between 1998 and 2000 (USGS NWIS http://dx.doi.org/10.5066/F7P55KIN).

3.4. Gulf of Maine Observations

The Gulf of Maine North Atlantic Time Series (GNATS) is a transect time series that runs between Portland, ME,
and Yarmouth, NS (300 km transect; Figure 1). It was started in 1998, running on ships of opportunity such as
ferries and other small research and commercial vessels.

3.4.1. GNATS Continuous Underway and Discrete Measurements

The GNATS underway system makes a suite of hydrographic, chemical, inherent optical properties (IOPs; e.g.,
absorption, scattering, attenuation, and backscattering), and apparent optical properties (above-water spec-
tral upwelling radiance, sky radiance, and downwelling irradiance) measurements that are used to estimate
the standing stock of POC and particulate inorganic carbon (PIC) and absorption of CDOM continuously as
well as for ocean color sensor validation. A complete description of the system is described elsewhere
[Balch et al., 2012; Balch et al., 2008]. More details for the continuous measurements are found in the support-
ing information. Every ~35 km across the GoM, nine discrete surface samples were taken from the underway
sample stream. For each water sample, aliquots were subsampled for concentrations of PIC, POC, DOC, chlor-
ophyll a, microscope counts of phytoplankton, '*C-photosynthesis, and '“C-calcification rate. From 2012 to
2014, the net rate of production of DOC was measured by retaining a subsample of the filtrate from the
C incubation, further filtering it through a 0.2 um filter and measuring the quantity of '*C activity following
removal of all "*C-dissolved inorganic carbon by acidification to a pH = 3 with 1 N H,SO, [Mague et al., 1980].
What remained was the non-acid-labile "*C-DOC that passed a 0.2 um filter. This activity was quantified using
liquid scintillation counting. (See supporting information for more details on above methods.)

3.4.2. Shipboard Above-Water Chromaticity

Colorimetry was used to examine changes in water color “chromaticity” along the GNATS transect for com-
parison to historical data [Bigelow, 1924]. The chromaticity of the water was defined based on the
Commission Internationale de L'eclairage tristimulus, or color matching functions, which allow any spectral
radiometric quantity to be converted to its equivalent colorimetric coordinates based on the sensitivity of
the human eye [Mobley, 1994; Wyszecki and Stiles, 1982]. For converting radiance to the photometric quantity
(luminance), equations 2.10a-c of Mobley [1994] were used, which incorporate the maximum luminous effi-
cacy (K, the factor to convert radiometric power (watts) to photometric power (lumens)), the phototopic
luminosity function (i.e., the 1931 tristimulus functions), and the observed spectral water-leaving radiance
derived from Satlantic Surface Acquisition System (SAS) measurements, integrated over each waveband.
3.4.3. Autonomous Glider Measurements

A Slocum glider (Webb/Teledyne Research Corp.) was deployed 13 times from 2008 to 2014 along the GNATS
transect. It was equipped with a WETLabs ECO-triplet (to measure the fluorescence of chlorophyll a, CDOM
plus particle backscattering at 532 nm, by,s3,), conductivity-temperature-depth probe (to measure conduc-
tivity, temperature, and depth (pressure)), and Satlantic upwelling radiance sensor (seven wavelengths) and
downwelling irradiance sensor (seven wavelengths). The glider took, on average, 23-24 days to cross the
GoM and back. We used our shipboard optical and chemical measurements to calibrate the continuous glider
measurements for converting CDOM to [DOC], byps3; to [POC], and chlorophyll fluorescence to [chl a]. The
glider was programmed to surface each 6 h in order to upload data via iridium satellite telemetry and verify
position using GPS. Missions 2 and 8 (both eastbound and westbound sections), and 3 (westbound section
only) were incomplete due to glider malfunctions; hence, the sections were incomplete and not included
here. There were no glider deployments in 2011 due to a hiatus in the GNATS program.

3.4.4. Scotian Shelf Measurements

Water samples were taken from one Atlantic Zone Monitoring Program (AZMP) cruise, Canada from near
Cabot Strait, north of Cape Breton, around the Scotian Shelf of Nova Scotia, in October 2012, to better
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perature and precipitation were then
used as input to the Variable
Infiltration Capacity (VIC) land surface
hydrological model, to calculate future changes in hydrology. More details about the climate projections
performed here can be found elsewhere (T. Huntington et al., Climate change and dissolved organic carbon
export to the Gulf of Maine, submitted to Journal of Geophysical Research: Biogeosciences, 2015).

4. Results
4.1. Discharge of DOC From Rivers Over the Last Century

LOADEST estimates for DOC discharge rates from the 10 largest gauged watersheds emptying into the GoM,
for the period 1998-2013, are shown in Figure 2a. The total annual DOC discharge rates for these rivers varied
by about a factor of 3 over the 16 years, from 2.75 x 108 to 8 x 108kg yr~'. The results showed an increasing
trend during the period that GNATS has been run, although the least square linear fit was not significant (F
test, P> 0.05). Longer trends in DOC export can only be tested using the longer data set from the
Penobscot River, as measured at Eddington between 1930 and 2013 (Figure 2b). For the Penobscot over this

BALCH ET AL.

GULF OF MAINE DISSOLVED ORGANIC CARBON 274



@AG U Global Biogeochemical Cycles 10.1002/2015GB005332

period, DOC discharge rates varied from ~5.5x 107 to 2.0x 108kg DOCyr~". There was a significant (F test;
P < 0.005) but low correlation (r* = 0.09) relationship between DOC discharge rate per year versus time, with
a slope of 3.83x10° [+1.33 x 10°1kg DOCyr~" (=0.383 Ggyr~"). This annual increase in DOC flux, averaged
over the area of the Penobscot watershed (2.22 x 10'® m?), represents an additional increase in watershed
yield of 0.208g DOCm 2yr '

4.2. Optical Proxies of DOC Concentration Based on CDOM

Based on the entire GNATS data set, the correlation between dissolved absorption, ag, and DOC (mg C L")
improved at progressively shorter wavelengths from 412, 350, and 254 nm, with the coefficient of determina-
tion () increasing from 0.331, 0.624, and 0.670, respectively (Figures STA-C). All correlations were significant
based on the F test at P < 0.001. The standard error (SE) of the predicted DOC concentration based on the
above relationships also improved when using progressively shorter wavelengths (£0.91, +0.66, and
+0.61mg CL™", respectively). The prediction of DOC concentration was improved further using the approach
of Fichot and Benner [2011] in which both ag,s4 and the spectral slope between 275 and 295 nm were used. In
this case, the SE of the DOC estimate in the GoM was +0.45mg CL ™" (Figure S1D; r*=0.81; P < 0.001), about
half of the SE if the prediction is based just on agas.

4.3, Spatial Variability of DOC and CDOM

The space-time variability of DOC in the GNATS transect showed a pulse of surface DOC concentration in
the western third of the transect in the period 2006-2010 (Figure S2A). There also was enhanced DOC on
the eastern side of the gulf in 2005-2007. After 2010, DOC concentrations dropped to levels seen before
the 2006-2010 pulse. CDOM (dissolved absorption; dgs12) showed similar enhancement in the western side
of the GoM with highest concentrations in 2006-2010 (Figures 3a and S2B). Total absorption at 412 nm
(dissolved plus particulate; Figure S2C) showed similar spatial/temporal trends as for just dgs1,, from 2006
to 2010 but with relatively more enhancement on the eastern side. POC concentrations (Figure S2D) were
strongly enhanced in the western GoM during the early years of the program, which gave way to lower and
more evenly distributed concentrations in 2006. Particulate backscattering at 532 nm (Figure S2E) roughly
paralleled the patterns of dgps12 (Figure S2C) showing enhancement on the east and west sides of the
GoM from 2006 to 2010. Dissolved total scattering at 412 nm (estimated as the difference, cga1> — dga12;
Figure S2F) showed a different pattern from backscattering, with values across the entire GoM from 2006
to 2010 elevated ~10 times.

Average CDOM absorption, measured with the ac-9, and binned by longitude, showed clear geographic variabil-
ity across the GNATS transect, with highest absorption in the west (in near-shore waters of the Western Maine
Coastal Current) and a lesser peak at the east end of the transect (in near-shore Scotian Shelf (SS) Water)
(Figure 3). There also is a slightly enhanced double peak in absorption from 68.8 to 69.2°W longitude, the rough
position of the extension of the Eastern Maine Coastal Current (ExtEMCC), which crosses through the GNATS
transect. Lowest average CDOM absorption was observed from 66.7 to 68.2°W longitude in Jordan Basin (JB)
waters. A similar pattern was observed for the sum of CDOM and particle detritus (dgps12; Figure 3b).

Total scattering (b) of CDOM and particle detritus was estimated from the difference between attenuation (c)
and absorption (a) at 412 nm. That is, bga12 = Cg412 — Aga12 OF bpgar2 = Cpgar2 — Apgar2, Where the subscript “g”
denotes “gelbstoff” or water filtered through a 0.2 um filter and subscript “p” denotes particulate material
>0.2 um diameter. Thus, the subscript “gp” refers to total, unfiltered seawater including both dissolved
and particulate matter (Figure 4). Values of bgs1, were higher in the western gulf in the same waters where
dga12 Was enhanced. Similarly, on the eastern end, bgs,, showed a lesser but still significant increase in the SS
(Figure 4a). There was a small increase in the mean by, associated with the crossing of the EXtEMCC, in the
same location were dgs1> also increased. Scattering of combined CDOM and particulate detritus (bpga12)
increased significantly at east and west ends of the transect, but on the eastern side in SS water, byg41, values
were close to those seen in the WMCC. At the boundary between SS and JB water (66.7°W), there was a small
peak in both bgs15 and bpgas, (Figure 4). Values of bg,q, were significantly correlated to dgsq> (as shown in
Figure 3a) measured in the same geographic bins (see inset to Figure 4a).

Water samples from the Canadian Department of Fisheries and Oceans cruise (October, 2012) showed high-
est concentrations of DOC from near Cabot Strait, followed around the eastern side of Cape Breton and Nova
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Figure 3. Absorption of chromophoric dissolved organic matter and detritus across the GNATS transect. (a) Average CDOM
absorption, dga12, plotted against longitude (solid diamonds). Error bars represent one standard error about the mean. Data
binned in 0.1° longitude bins. Number of data points designated by open triangles (right Y axis). (b) Same as in Figure 3a
except the total dissolved and particulate absorption at 412 nm (agp412) plotted against longitude (solid diamonds) and
number of data points in each bin shown as open triangles.

Scotia. Lower concentrations were observed offshore than onshore. Coastal DOC concentrations decreased
as waters flowed to the southwest before entering the GoM (Figure 5a). There was a moderate, but signifi-
cant, inverse correlation between the DOC concentration and salinity. Moreover, the specific UV absorption
at 254nm (SUVA,s4; m? (g DOC)™"; see supporting information) also declined from low- to high-salinity
waters (Figure 5b).

4.4, Satellite-Derived CDOM Concentrations

MODIS Aqua data of the GoM and GoSL were used with the GIOP algorithm to estimate agsr,. We then
applied the best fit relation between ship-derived ag41, and ship-derived DOC concentrations (Figure S1A)
to derive a GoM-specific algorithm to estimate surface DOC concentrations based on satellite-derived optical
data. Using a MODIS image from fall 2005 (which followed a major precipitation event), DOC concentra-
tions were estimated in both the GoM and GoSL (Figure 6). As with the ship data from October 2012, high-
est concentrations of DOC were observed near the Cabot Straits, as well as around Prince Edward Island
and the NE coast of New Brunswick/Gaspe Peninsula, and southwest along the eastern coast of Nova
Scotia into the GoM. Concentrations again increased within the EMCC and in WMCC waters, with low-level
CDOM enhancement seen in SS waters. The EXtEMCC was visible as a tongue of elevated DOC concentra-
tion extending offshore and bifurcating with part extending into JB water and part into Wilkinson Basin
(WB) water further to the south. DOC loss from the GoM could be visualized extending south and east from
Georges Bank (Figure 6).
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Figure 4. Optical scattering of chromophoric dissolved organic matter and detritus in surface waters across the GNATS
transect. (a) Average CDOM scattering, bg412, plotted against longitude (solid diamonds). Number of data points designated
by open triangles (right Y axis). Inset shows b 41 2[ B)I%Est?d against dga12 from Figure 3a, plotted on log axes. Power fit to inset
data (bga12 [+0.088] = 1.7163[+0.272] ags: =0.787; df.=37; P < 0.001), where values in square brackets are
standard errors to fit coefficients. Error bars for panel and inset represent one standard error about the mean. (b) Same as in
Figure 4a except the total dissolved and particulate scattering at 412 nm (bpg412) plotted against longitude (solid diamonds)
and number of data points in each bin shown as open triangles. Data in panels and inset binned in 0.1° longitude bins.

4.5, Glider-Derived DOC and POC Distributions

The glider provided unique abilities to estimate vertical sections of DOC and POC along the GNATS transect.
The DOC sections (e.g., Figure 7a) were estimated from the optical proxy between CDOM fluorescence and
measured DOC (mg C L™") for GoM GNATS samples. The mean relationship was statistically significant despite
a low coefficient of correlation (DOC[+0.225] = 0.0395[+0.0158]cdom fluoresence + 1.066[+0.052]; *=0.115;
df.=48; F=6.23; P < =0.05). As expected from the satellite view (Figure 6), the DOC vertical section showed
highest levels (1.2 mg L™") in the western GoM in the WMCC and ExXtEMCC extending downward up to 100 m.
DOC concentrations decreased further to the east, also as suggested by the satellite image (Figure 6). Surface
concentrations of DOC in the top 10 m decreased to about 1.1 mg L™ at about 69°W and from 68.4 to 67.3°W.
The glider could only sample to 180 m, so there is no information on deeper DOC distributions in this study.

Vertical sections of POC concentration were estimated from the least squares power function derived from all
GNATS ship measurements for bppsss (m~") and POC concentration (ngC L™ logPOC[+0.201]=0.377
[+0.023] X log byps32;+3.208[+0.057]; ?=0.193; df.=1075; F=256; P < 0.001). A typical section shows highest
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(Figures 7c and 7d). Overall, the
results show that integrated DOC
surpassed integrated POC by about

Salinity

Figure 5. DOC concentrations measured during simultaneous GNATS and
AZMP cruises during fall 2012 in Gulf of Maine, east coast of Nova Scotia, 6 times. Moreover, there was strong
and waters north to Cabot Strait. (a) Map showing distribution of surface temporal stability in integrated
data. Regional distribution shows highest DOC concentrations leaving the DOC and POC. Integrated DOC
GoSL and trending southwestward, with concentrations decreasing into the . .
Gulf of Maine. (b) DOC concentration plotted against salinity with the color (Figure 7¢) varied onl)./ ~9% over
of the data indicating the specific UV absorption (SUVA,s4). Data show the 6years that gliders were
increasing DOC and SUVA,s4 at decreasing salinities. RMS error of the least ~ deployed across the gulf, while POC
squares linear fit is +0.1mg CL™". varied about 15% (Figure 7d).

In order to look at spatial trends of all the glider sections, the data were bin averaged to 0.1° longitude (along
track) and 10m depth bins in the vertical (Figure S3). Hydrographic results showed that on average, salinities
were lowest (32) in the west shallow WMCC waters with a freshwater lens extending eastward. Greatest salinities
(>34) were observed in deepest (180-200 m) waters in the Eastern GoM. Skate Bank separated the deep, high-
salinity water of the east gulf from the deep, western portions (Figure S3A). Average temperatures were coolest in
the deep waters of the western gulf, with warmest temperatures associated with the shallow, low-salinity lens
that extends across the gulf. The deep, high-salinity water on the eastern side of the gulf was associated with
9°C water (Figure S3B). Densities of deep GoM water approached 27.5 (sigma theta). The 26.25 density surface
sloped downward to the west across the entire transect, and, as with the salinity and temperature distributions,
Skate Bank separated the highest-density deep water in the east from the western, deep portions of the GoM
(Figure S3C). Moreover, water over Skate Bank showed the presence of 26.2 sigma theta water extending from
95 to 150 m depth. Water column stability (Brunt-Vaisala frequency; Figure S3D) was greatest in the surface,
western gulf at depths <20m (>1.4cph). The aforementioned region of isopycnal mixing over Skate Bank
was associated with low stability (0.9 cph). Waters 20-50 m above the sediments showed even lower stability
(as low as 0.6 cph). Waters within JB showed moderate stability (1.2 cph) from 160 m to the surface, and waters
on the eastern side of the transect showed Brunt-Vdiséla frequencies of 1 cph (Figure S3D).

Bio-optical variability was strong over the GNATS transect. DOC sections showed the same monotonic tongue
of water extending from the shallow western portions of the gulf eastward (Figures 7a and S3E). However, the
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average binned data also showed
elevated DOC in the benthic layer in
the western gulf, some 20m above
the seafloor. Average POC concentra-
tions (Figure S3F) showed lowest con-
centrations at middepth of the JB,
and highest concentrations 20-40 m
above the seafloor, clearly biased to
the western gulf. Waters of the
EXtEMCC over Skate Bank showed evi-
dence of elevated particle concentra-
tions up to 100m off the bottom.
DOC:POC ratios approached 7 in the

(;-138w) DOA

Figure 6. Image of regional DOC in the GoSL and GoM based on the . . .
adg_412_gsm product of MODIS Aqua (granule A2005275172500.L1A_LAG; quiescent intermediate waters over
2 October 2005). Image was taken following a massive precipitation event JB, with values as low as 3 overlying
which impacted NE North America. DOC concentration was based on the the sediments, especially on the wes-
ag41.2-.to—DOC conver.sion given (Figure S1A) (based on GN/;TS data). tern portion (Figure S3G). Average
Statistics for the relatlonshép are y[+0.908] = 0.412[+0.112]X" + 0.4733 chlorophyll fluorescence distributions
[£0.272]X + 1.140[+0.102]; r" = 0.331; d.f. =310; F=76.7; P < 0.001 (Figure STA). ) X
White arrow indicates the extension of the Eastern Maine Coastal Current sf‘!owed highest values assoaatef;{
which crosses the GNATS transect as it flows offshore. with the subsurface chlorophyll maxi-
mum at 20m, in the WMCC and JB
waters, with high values mixed to the surface in the SS waters and ExtEMCC waters. There was subtle low-level

fluorescence variability at depth, with lowest values in the JB below 140 m (Figure S3H).

4.6. Spatial and Temporal Variability in Surface Chromaticity

The average annual chromaticities calculated from GNATS radiances showed that average colors of the water
were consistent with FU values of 4-18 (pure colors of 485-575 nm), distinctly greater than those observed by
Bigelow in 1912-1913 with FU values of 4-9 (pure colors 485-555 nm; Figure 8a). Changes in the average
spectral radiance along the GNATS transect were also estimated using the SAS-derived nLw(4) values during
GNATS. The mean maximum nLw was about 510-520 nm in the region west of 68.8°W longitude (the WMCC
and ExtEMCC), while waters of the JB averaged ~492nm until the eastmost location directly adjoining
Yarmouth, NS (Figure 8b). Note that the error bars in this plot are standard errors, which are small due to
the large sampile size (also given in the figure). Thus, for much of the data, with 600-800 data points, the stan-
dard deviations will be 25-30 times larger.

The location of the GNATS data in colorimetric coordinates show that for most of the data set, the annual,
above-water, average gulf-wide spectral locus spanned from blue to yellow-green for GNATS results (FU
levels 4-18), while the results from Bigelow data along the same transect (1912-1913) spanned from FU
levels 4-9 (Figure 8a). This figure also shows the FU water types for Wernand and van der Woerd [2010],
but as with Figure S3B, the error bars are standard errors resulting from 1000 to 3000 data points; hence,
the standard deviations will extend across a far broader spectral range. Three years of the GNATS color data
(2007-2009) show colors at or near the pure white point in the chromaticity plot (where all three of the
tristimulus functions equal 1/3). These correspond to the 3years that measurements were made on the
high-speed CAT ferry (see section 5).

The normalized water-leaving radiance (nLw) spectra were examined gulf-wide between June and
September (months sampled in all years of GNATS) for each year of the time series. The average peak wave-
length of the nLw was higher on the western and eastern ends of the GNATS transects (greener colors)
(Figure 8b). Examining the above-water spectral data by time showed increasing average peak wavelengths
of the nLw from 493 to 514 nm (blue to green) between 2000 and 2006 and reduced peak wavelengths
(green to blue) from 2013 to 2014 (Figure 8c).

4.7. Temporal Variability in Inherent Optical Properties

Inherent optical properties (IOPs) were also averaged through time during GNATS. Values of ags1, gener-
ally increased from the year 2000 (when dissolved ac-9 measurements were begun) until 2009. CDOM
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Figure 7. Glider data for GNATS. (a) Example of DOC data (units in mg C L_1; based on CDOM optical proxy) for Mission 11,
westbound leg. (b) Example of POC data (units ug C L71; based on particle backscattering optical proxy) for Mission 11,
westbound. (c) Integrated DOC from 0 to 100 m, gulf-wide for glider missions (unitsingm ™ ~; based on CDOM fluorescence
to DOC optical proxy determined with parallel CDOM fluorescence and DOC samples). Note that missions 2, 3west, and 8
were incomplete and are therefore not shown. (d) Integrated POC from 0 to 100 m, gulf-wide (units in g C mfz; based on
bpp to POC optical proxy determined for entire GNATS ship data set). For both Figures 7c and 7d, Y error bars are standard
errors about the mean for all glider profiles, eastbound or westbound, respectively.

absorption dropped sharply in 2010 and then rose again in 2012, decreasing up until 2014 (Figure S4A).
The sum of CDOM and detrital dissolved absorption (dpgs12) showed a similar increasing trend from
1998 to 2009, a precipitous decline in 2010 followed by increases again from 2012 to 2014 (Figure S4B).
The time series of annual average gulf-wide scattering (defined as attenuation — absorption, ¢ —a) of
<0.2 pm micron material (bgs12) was close to zero from 2000 to 2003 before sporadically increasing and
decreasing over subsequent years (Figure S5A). CDOM plus detrital scattering at 412 nm (bgp41,) was stable
at ~0.6m™" until 2005 after which it rose to its highest value in 2009, decreased to lowest value in 2010,
and increased thereafter (Figure S5B).
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Figure 8. Chromaticity calculations based on GNATS above-water radiance data. (a) Chromaticity plot showing GNATS data
(small cloud of black dots; n=21,572), and Forel-Ule (FU) color scale (large solid dots; taken from Wernand and van der Woerd
[2010]). Xand Y refer to two of the three (tristimulus) functions for color perception in the human eye, where knowledge of any
two allows calculation of the third [Mobley, 1994]. FU measurements from Bigelow from 1912 to 1913 (n = 58; Bigelow [1924];
range =4-9; average = 6.59 £ 0.92) are shown with a “whisker plot.” See text for details of chromaticity calculations. The
saturated “white point” (where X and Y are 1/3) is shown for reference (open square). Pure colors are given around perimeter
(black triangles). The two leftmost dashed lines illustrate the range in pure color for the Bigelow 1912-1913 observations
(485-555 nm). The leftmost and rightmost dashed lines illustrate the range of pure colors representative of the GNATS
observations (485-575 nm). (b) Maximum wavelength of the reflectance spectra binned according to longitude across GNATS
transect. Numbers of observations are shown with open triangles. Error bars represent standard errors about the mean. Data
for this plot include all seasons. (c) Maximum wavelength of the reflectance spectra binned to year. Since the period of June to
September is common to all years sampled during GNATS, the means shown here are for only that period. Numbers of data
per bin are shown with open triangles. Results from the GNATS cruises aboard the CAT ferry are not included due to the
reasons discussed in the text.
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Figure 9. Plot of gulf-wide absorption between June and September plotted against river DOC discharge by 10 largest
rivers emptying into the Gulf of Maine (calculated from LOADEST; see text). Absorption shown for (a) CDOM (aga12; m71)
and (b) CDOM plus detrital absorption (agpar2; m71). Anomalously low datum from 2010 is not included in the regressions
(see also Figures S4 and S5). Standard error bars shown about each datum unless they are smaller than the symbol. Linear,
least squares fit and associated statistics are given in the figure, with standard error terms for each fit coefficient shown in
square brackets.

4.8. Relationship of CDOM and Detrital Absorption to River Discharge

The average gulf-wide CDOM absorption (dgs1,) from the GNATS was significantly related to river discharge
from the 10 largest gauged rivers at (P < 0.05; Figure 9a) with medium correlation (r*=0.43; least squares
linear fit equation shown in panel). However, it should be noted that the anomalous datum for 2010 is not
included in that regression due to lack of adequate ferry sampling that specific year. Regressing both
dissolved and detrital absorption (dgp412) against the combined river discharge from the 10 largest gauged
rivers improved the fit (but again not including the anomalously low 2010 value in the regression) (Figure 9b).

4.9. Lagged Correlations Between River Delivery of DOC and GoM Optical Properties

CDOM absorption (ags12) was also derived from MODIS Aqua data using the GIOP algorithm at four of the
NERACOOS buoys, E, F, I, and M (Figure 1). These were compared to the DOC discharge from the five largest rivers
from the Penobscot to the St. John Rivers discharging to the GoM (Penobscot, Narraguagus, Dennys, St. Croix, and
St. John Rivers, rivers most impacting the NERACOOS buoy sites due general circulation (Figure 1)). The data were
examined by comparing either weekly or monthly averaged data for both satellite-derived dgs;, and river DOC
discharge. The correlation, r, was calculated between weekly satellite-derived a441, averages and weekly DOC river
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Figure 10. Lagged correlation coefficients (r) for MODIS Aqua-derived ag41
at four NERACOOS buoy locations (buoys E, F, I, and M; positions as shown
in Figure 1) and DOC discharge estimates (from the five largest rivers,
Penobscot, Narraguagus, Dennys, St. Croix, and St. John Rivers; see text for
description). Correlations (a, ¢, e, g) for weekly binned data and (b, d, f, h)
for monthly binned data where both MODIS and river discharge data sets
were binned at the same time period. Open symbols represent significant
correlations (for alpha, two-tailed distribution of P < 0.05) based on the F
distribution for each correlation. Filled symbols represent non-statistically

significant correlations.

discharge data (Figures 10a, 10c, 10e,
and 10g). Correlations were also
examined for monthly averaged
satellite-derived dg41, and monthly
DOC discharge data (Figures 10b,
10d, 10f, and 10h). Lag correlations
were calculated from —2 to +5 weeks
or —2 to +3months, respectively.
Negative lags were included in order
to account for the possibility of
spurious correlations. The highest
correlation between river DOC export
and satellite-derived CDOM was
determined at the mouth of
Penobscot Bay (NERACOOS buoy F).
Indeed, maximum correlations were
observed between 2 and 3weeks
using the weekly data or 1month
using the monthly data (Figures 10a
and 10b). Correlations between
CDOM and river discharge at buoy E
(located near Monhegan Island,
~26km from buoy F) were lower,
and greatest correlations were
observed at O weeks or 0-1 month,
respectively (Figures 10c and 10d).
At NERACOOS buoy | (east of
Penobscot Bay, in the EMCC), there
were no significant correlations
using the weekly averages and only
a zero month lag for the monthly
data. For the NERACOOS buoy M in
JB waters, significant but low corre-
lation was observed at 1-3 weeks
and 1-2 months, respectively.

When the average DOC across the
GoM was estimated in the top optical
depth using satellite imagery and
regressed against summed DOC dis-
charge from the five largest rivers dis-
charging into the GoM (Penobscot,
Narraguagus, Dennys, St. Croix, and

St. John Rivers), overall correlations were low but significant. Greatest correlations (r* = 0.29) were observed
using a 6 month lag (Figure S6; least square linear fit equation and statistical significance given in Figure S6A;
P < 0.001). When the entire time series of DOC discharge by rivers was plotted next to the average DOC for
the GoM, derived from MODIS Aqua, there was general alignment of the peaks (Figure S7). Upon applying a
6 month moving average to both data sets, there was improved correspondence in the peaks and troughs.

4.10. Future Projections of DOC Export

The LOADEST model was applied to the Penobscot River as described in section 3. The model calculations
assumed stationarity in the factors that affect the export of DOC from rivers (such as the concentration dis-
charge relationship through time). The predicted DOC export (kg Cyr~") had the following least squares fit
when plotted against year: DOC export [+2.67 x 107] = 4.27 x 10°[+1.293 x 10°] Year — 7.506 x 10%+:2.663 x 10°]
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Figure 11. Carbon fixation rates into particulate and dissolved material in
the GoM samples along GNATS transect. (a) Average cross-gulf, surface
photosynthesis (open squares) and calcification (solid diamonds) from
GNATS time series. Data only shown for the period of June-October
(commonly sampled period for all years). Seawater samples incubated at
surface light intensities for 12 h (see supporting information for methods).
Error bars represent standard deviations. Calcification during 2010 and
2014 were below 0.01 mg C L "g] (near the limit of detection of the
method) so data are shown with crosses along the abscissa. No data were
available for 2011 due to a hiatus in the GNATS program. (b) Results of
14C-DOC measurements from GNATS made between 2012 and 2014

(all months) showing surface DOC production rate plotted against P ax
rates (both in ng C L d_1). Error bars represent standard deviations of
triplicate measurements. Dotted lines represent the ratio of DOC production:
primary production (in %). Least squares fit to the data also shown with solid
line. Statistics of regression are shown in lower right of panel. Standard errors
of fit parameters are given in square brackets. (c) Average DOC production/
total production in GNATS samples between 2012 and 2014, plotted against
chlorophyll a concentration. Error bars represent standard deviations of
triplicate measurements. Least squares fit equation shown in upper right of
panel with standard errors of parameters shown in square brackets.

(where values in square brackets repre-
sent the SE of the fit terms). The sta-
tistics for this linear regression show
a statistically significant relationship
(df.=78; r*=0.12, P<0.005). With
the given variance, the relation predicts
a substantial increase in DOC export
over the next 80 years (Figure S8).

4.11. Other Sources of DOC to the
Gulf of Maine

Dissolved organic matter is also
released from phytoplankton during
normal growth. Primary production
and calcification have both shown
strong decreases over the GNATS
program (Figure 11a); note the log
scales and that calcification fell
below the abscissa during 2010 and
2014 (signified by the crosses in
Figure 11a). During 2012-2014,
overall DOC production decreased
as a function of the measured sur-
face maximum photosynthesis
(Pmax; regression shown in the
Figure 11b; r’=0.243; P<0.001;
Figure 19b). Isopleths of the DOC
release as a fraction of the total
surface Pnax are also shown in
Figure 11b. The least squares regres-
sion line trended to an increasing frac-
tion of DOC release as the productivity
dropped. Most of the data, however,
fell between 10 and 100% of produc-
tion released as DOC. The data were
rearranged to show the ratio of DOC
production/P,.x @s an inverse power
function of chlorophyll™®® (#=0.39;
P < 0.001; Figure 11c).

5. Discussion

5.1. Gulf of Maine River DOC
Discharge Trends

The variance in interannual DOC dis-
charge as estimated from LOADEST
for the 10 largest GoM water sheds
was too large to be able to discern
whether there has been a significant
increase in discharge since the inten-
sive GNATS sampling began in 1998
(Figure 2a). However, the record-
setting rainfall in 2005 plus the
increase in CDOM observed in
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coastal Maine waters in 2005 (relative to the early years) suggested higher than normal DOC modeled dis-
charge in the latter part of the sampling program [Balch et al., 2012]. Another reason that a significant linear
trend is not evident in the LOADEST-derived DOC discharge into the GoM over time (Figure 2a) is that rainfall
levels in 2012 and 2013 were lower than those observed in 2005, 2006, 2008, 2009, and 2011 (most years
between 2006 and 2011); hence, there was not as much runoff for moving the DOC from land to sea.
Nonetheless, the variance in precipitation has increased over time during the period of the GNATS [Balch
et al., 2012], which likely led to the high variability in the DOC discharge (consistent with trends observed
by Tian et al. [2015]). Unlike the 15 year time series above, DOC export predicted by LOADEST over 84 years
in the Penobscot did show a significant 30% increase in DOC export rate (Figure 2b). Moreover, the decadal
statistics showed a linear increase in both the mean and variance of the estimated Penobscot DOC discharge.
While decadal mean DOC discharge estimated by LOADEST increased ~30%, the decadal variance in
Penobscot River DOC discharge increased 230% (Figure 2c). Tian et al. [2015] showed (using a modeling
approach) that the standard deviation in DOC flux estimated between 1979 and 2008 for watersheds of
the eastern U.S. were 167% greater than the standard deviation observed between 1901 and 1930. This is also
consistent with other previous estimates of changes in the climatology of the region. Using a 100+ year pre-
cipitation data record from three weather stations in Maine flanking the Penobscot Estuary, the variance in
measured precipitation was shown to have almost doubled [Balch et al., 2012]. Combining these results with
the current observations, it appears that factors that affect the quantity of river discharge do indeed affect the
DOC export rates into the near-shore waters [Huntington and Aiken, 2013]. That is, DOC export is limited more
by water availability than DOC production (mineralization of DOM and leaching). It is difficult in the GoM
watershed to attribute such long-term variability to change in land use/land cover (which have been minimal
in the last century in the GoM watershed), whereas the data show that precipitation and temperature have
increased significantly [Balch et al., 2012; Tian et al., 2015].

5.2. Optical Prediction of DOC From Space-Based Measurements

Prediction of DOC concentration based on blue (412 nm) absorption is not possible in the open ocean since
CDOM is uncorrelated to DOC due to photooxidation and remineralization [Siegel et al., 2005] and open
ocean DOC lacks the optically active aromatic compounds characteristic of terrestrial runoff. However, in
coastal waters this is not the case so that satellite remote sensing can help define DOC budgets from space
[Del Castillo et al., 2001; Mannino et al., 2008], especially near rivers where there is typically a strong correlation
between DOC concentration and CDOM absorption [Ferrari et al., 1996]. Our observations demonstrate that
adding information from progressively shorter wavelengths in the UV, as well as spectral slope, improves the
accuracy of GoM DOC predictions by a factor of 2 to an accuracy of £0.42mg CL™" (Figure S1), in agreement
with other recent studies [Fichot and Benner, 2011; Fichot and Benner, 2012; Fichot et al., 2008; Mannino et al.,
2014]. From a remote sensing perspective, this is encouraging for the future NASA PACE mission (Pre-Aerosol
Clouds and ocean Ecosystem) for launch in 2020 [Del Castillo et al., 2013]. PACE will be a well-calibrated and
characterized sensor with a spectral range of 350-800 nm with ~5 nm wide bands. Our results here demon-
strate that the gain in accuracy in predicting DOC from 350 nm to 254 nm is incremental, since the DOC
accuracies only improve by 7% (Figures S1B and S1C). The strongest advance for estimating DOC will be
combining UV absorption measurements with measurements of spectral slopes (Figure S1d).

5.3. Covariance of Spatiotemporal Patterns of DOC and CDOM

The relatively good covariation between our measurements of dg412, dgpa12, and DOC (Figures S1A, S2A, and
S2B) allow for the accounting of low but significant variance of DOC concentration (33%) using optical
proxies at 412 nm. The mean, gulf-wide trends in dgs1> and dgps1> demonstrate that the particulate detrital
component of this absorption may represent at most about 0.1 m ™" absorption (~15% of the total absorption
in western GoM waters) and that the three peaks in both are associated with the water masses WMCC,
EXtEMCC, and the SS (Figures 1 and 3). Upwelling associated with frontal boundaries between water masses
remain a likely source of CDOM, too, which, due to the recent surfacing, has not been photobleached. This is
probably most true at the EXXEMCC where earlier studies showed that the tip of the plume was associated
with anticyclonic vorticity, leading to doming of temperature and salinity isopleths (as well as a source of
new nitrogen to the surface) [Pettigrew et al., 1998]. The double peak in ag41> shown near 69°W (Figure 3)
is likely due to the fact that the position of the EXtEMCC is not always crossing the GNATS transect at the
same location.
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The GoM was previously classified as a primarily Case ll-dissolved water body all the time, and Case lI-particulate
about half the time [Balch et al., 2004; Yentsch and Phinney, 1997]. The dominance of CDOM absorption here
would continue to buttress that conclusion. However, we have now documented a dissolved (<0.2 um) scat-
tering component, too, and the mean distributions show a strong enhancement not just in the coastal waters
but occasionally across the GoM (Figure S2F). Earlier in our GNATS work, we showed the increasing bgs15 in
coastal waters [Balch et al., 2004] with values averaging 0 to 0.3m™ ', reaching values of 0.6 m™" in the
western gulf (Figure 4a). This is entirely consistent with the trends observed through many more years of
sampling as shown here, with lowest values in the middle of the GoM (~0.2 to 0.3m™") and average values
increasing to 1.1 m~ ' in the western gulf coastal waters (Figure 4a). The bg,1, pattern also covaried with aga1>
(Figure 4a inset) suggesting that this material was somehow associated with CDOM and/or terrestrially
derived DOC. Such particles <0.2 um might also be expected to show elevated backscattering, too, since
particles <1 um are responsible for the majority of the backscattering [Morel and Ahn, 1991; Stramski and
Kiefer, 1991].

Unfortunately, dissolved backscattering was not measured in GNATS. Previous measurements of backscatter-
ing for <0.2 um water in the equatorial Pacific Ocean showed low but measurable values [Dall'Olmo et al.,
2009]. More recently, Zhang and Gray [2015] have demonstrated strong backscattering by <0.2 um diameter
particles in coastal regions of the Gulf of Mexico and mid-Atlantic Bight which accounted for 40-80% of the
total backscattering at 532 nm but at most 5% of the total particle scattering. Our estimates of by, repre-
sented a larger fraction of the total scattering at 412 nm (>>40% of byga12; Figure 4), with spatial distributions
across the entire 300 km GNATS transect. We can only surmise that the composition of these <0.2 mm
particles is different in the GoM than in the Gulf of Mexico or Mid-Atlantic Bight as observed by Zhang and
Gray [2015]. However, it is also notable that in Zhang and Gray [2015], bgs1, Was also correlated to CDOM
absorption (dg412), similar to our observations.

Typically, the scattering of CDOM is assumed to be zero in the sea [Mobley, 1994; Vaillancourt et al., 2005]. The
nature of this material measured in GNATS is not known, although given its size (<0.2 um), it might have
been associated with microgels which self-aggregate from nanometer-sized particles into submicron and
micron-sized particles [Orellana et al., 2007]. Flocculation of particles can also occur associated with the mix-
ing of low-salinity river water with higher-salinity marine waters [Chen et al., 2005; Wolanski and Gibbs, 1995].
This might explain the largest peak of byg41, associated with the western extreme of the transect, in the
WMCC (Figure 4b), also with highest CDOM (Figure 3; representing a source of DOC). The peak in bpg41, in
the ExXtEMCC (Figures 1 and 4b), greater than bg,,,, may represent the upwelling of neutrally buoyant nephe-
loid particles that can be found deeper in the water column [Gardner and Sullivan, 1981; Pak et al., 1980;
Spinrad et al,, 1983]. There is clear evidence of this upwelling in the glider sections of POC (based on by,
Figure 7b) where the normally 30-50 m thick nepheloid layers appear to be mixed to the surface at the posi-
tion of the Skate Bank and the ExtEMCC with its associated upwelling.

5.4. Interpretation of Results From the Laurentian Channel and East Scotian Shelf

Ship-based DOC measurements from the NE Atlantic, off Nova Scotia, show a tongue of elevated DOC water
emanating from the Gulf of St. Lawrence at the Cabot Strait and trending with the low-salinity GoSL water
along the coast of Nova Scotia. To the extent that we saw low-salinity, elevated CDOM water at the eastern
end of the GNATS transect (Figures 3 and S2C), this evidence points to a GoSL source, especially when com-
bined with ship measurements (Figure 5a) and remote sensing imagery (Figure 6). Generally, the surface
DOC concentration in the region follows a quasi-conservative mixing line from salinities of 35.5 to 29 (a
drop of 18%) (Figure 5b), suggesting one primary source. However, over this salinity range, SUVA,s,4
dropped 55% from 1.8 to 0.8 suggesting that the initial CDOM was of terrestrial origin but that the compo-
sition changed nonconservatively. This would be expected since CDOM in surface waters could have been
photooxidized enroute to the Gulf of Maine as well as vertically mixed [Opsahl and Benner, 1998]. Earlier
work of Smith et al. [2001] suggested that it took about a year for GoSL water to travel to the GoM; hence,
photooxidation remains a distinct fate for surface CDOM. The satellite view of the CDOM distribution
(Figure 6) agreed with this interpretation with the influx of low CDOM/DOC oceanic water along the north-
west portions of GoSL and discharge through Cabot Strait, along the coast of Cape Breton. The GoM
showed general enhancement of DOC along the northwest portions, presumably due to increased river
input. Indeed, the satellite view of DOC in the ExtEMCC agreed with the previously described position of
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the current derived from Advanced Very High Resolution Radiometer, showing filaments extending into
both WB and JB [Pettigrew et al., 1998] (see arrow in Figure 6).

5.5. Vertical Section Data Along the GNATS Transect

The glider data provided insight into the sources of CDOM and particles into the gulf. Temperature and sali-
nity sections show the origins of warm, salty North Atlantic slope water entering through the Northeast
Channel [Ramp et al., 1985]. The resulting density distribution shows the 26.25 sigma theta isopycnal sloping
downward toward the west, indicating the southward baroclinic flow of the ExXEMCC and WMCC (Figure 7c).
The average density distribution actually shows evidence of strong mixing over Skate Bank (at about 68.8°-69.2°
W longitude along the GNATS transect), with low stratification (Figures S3C and S3D). A tongue of DOC
confined to the western GoM showed that mean concentrations were highest in the westmost surface waters
and strongly suggests the predominant riverine source of the optically active CDOM. Moreover, the relatively
low values of DOC in surface waters (Figure S3E) may have been an artifact of basing the DOC estimate on
CDOM fluorescence with changing excitation/emission properties or changes due to photobleaching in
surface waters. The stability in both DOC and POC integrals (Figures 7c and 7d) was probably due to the fact
that the DOC contributed by rivers was still a relatively small fraction of the total DOC in the GoM system,
where inflowing DOC concentrations through the Northeast Channel were 1.1 mgCL™", while the rivers
are supplying DOC as a point source at the surface near the coast. Moreover, the deeper nepheloid POC
(assumed to be mostly nonliving) dominated variability of the integrated total suspended POC to
100 m (Figure 7b).

The vertical POC estimates defined by the gliders (based on the byps3, proxy measurements) shows little
relation to the DOC distribution, suggesting that river-borne particulate matter is probably not a dominant
source of particulate matter to the GoM. This may appear contradictory to our previous observation that
gulf-wide average POC is directly related to river discharge; that is, as river discharge increases, so does
the gulf-wide average POC concentration. However, that correlation accounted for only 50% of the variance
[see Balch et al., 2012, Table 1]. Other factors are contributing POC to the gulf (e.g., aggregation and flocculation).
Particle backscattering (hence POC) shows the strongest source function over the sediments, with striking
upward mixing and seeding of benthic particles into surface and chlorophyll maximum waters (e.g., Figure 7b;
see also Pilskaln et al. [2014]). Despite the apparent injection of benthic particles upward in the water column,
DOC remains the predominant organic carbon fraction across the GoM, even in nepheloid-rich bottom waters
(Figure S3G). Interannual variability of the massive DOC pool is only about 5%, due to the small river discharge
relative to the large integrated DOC pool in the GoM (Table 3).

5.6. The Timing of DOC Injections Into the Gulf of Maine

The time lag between the LOADEST DOC discharge estimates and the appearance of the DOC (based on the
CDOM proxy measurements of dg41> from MODIS Aqua) at the various NERACOOS buoy sites was always
higher for data binned on the monthly time scale than weekly binned data. This is probably due to variance
associated with other high-frequency processes that might affect the displacement of the CDOM (and DOC)
as it moves away from the coast (e.g., fortnightly tidal cycles and wind mixing) which are averaged out at the
monthly time scales. Moreover, the time lags for maximum correlation (between LOADEST-predicted DOC
discharge and MODIS-derived satellite DOC estimates) were shorter for the coastal buoy sites (0-1 month)
than the offshore buoy M site (1-2 months), which would be expected given the longer distance from the
river mouths to the central gulf as well as the directions of advection of river water past the various buoys.
Indeed, the 6 month binning time scale for peak correlation of LOADEST-predicted DOC river export with
average surface GoM DOC (determined by satellite) would be expected since there are two major flushes
of river DOC into the gulf each year, the spring freshet dominated by snowmelt and a smaller fall freshet,
separated by approximately ~6 months [Hodgkins and Dudley, 2005]. The 6 month time period is shorter
than the 1year time scale for the turnover time of the gulf's waters [Ramp et al., 1985] presumably due
to loss of CDOM from surface waters (via photooxidation or physical subduction and deep mixing). After
buoyant CDOM-rich river water gets mixed seaward in the spring, the next time period to mix it deep into
the water column would be the following fall during the breakdown of the seasonal pycnocline. Climate
and hydrologic projections for this region [Hayhoe et al., 2007; Thibeault and Seth, 2014] suggest a strong
likelihood of increasing precipitation and runoff that is consistent with the increases in precipitation and
runoff observed since the early twentieth century [Huntington and Billmire, 2014]. This is also consistent
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Table 3. Fluxes and Standing Stocks of DOC and POC in the Gulf of Maine and Resulting Constraints on Its Turnover®

Carbon Discharge/Production (kg Cyr”) Assumptions
River DOC discharge (10 largest rivers) 450%10% Stationarity of LOADEST model
River DOC discharge scaled to all watersheds 7.67 %108 DOC discharge scaled to GoM watershed by multiplying by the ratio

Integrated net phytoplankton production of POC over GoM 397x10"

Phytoplankton DOC production

Standing stocks
Gulf of Maine DOC

Gulf of Maine POC

Constraints

of the area represented by the 10 rivers at their gauging locations
(179,008/104,475) or 1.713 (see Table S1)

Average annual net PP =40 mg m 3d " 30m euphotic zone;
area of GoM =90,700 km?
1.19x10'"° 30% loss of PP as DOC
(kg Q)
1.50x 10" Glider average DOC=110g m~ 2 over average depth of GoM =150 m;
area of GoM = 90,700 km*>
2.58x10° Glider average POC=19g m~2 over average depth of GoM =150 m;

area of GoM =90,700 km?

Miscellaneous Units

Percent total DOC supplied by GoM watershed 6.1% Based on above LOADEST estimates of river DOC discharge
and measurements of DOC production extrapolated over GoM

Physical turnover time of GoM water 11 £2 months Ramp et al. [1985]

Steady state turnover time of water column DOC 1.18 years Sources balance sinks

Steady state turnover time of water column POC 23.8 days Sources balance sinks

Ratio of phytoplankton DOC production/River DOC discharge 15 Based on above LOADEST estimates of river DOC discharge

and measurements of DOC production extrapolated over GoM

®River DOC discharge, given as average of values for years 1998-2013 (Figure 2a), derived from LOADEST. Values assume stationarity of the values.
Phytoplankton net POC production rate is the average based on GNATS measurements, applied over the top 30 m of the water column and over the area of
the Gulf of Maine. Phytoplankton DOC production is based on measured 14C-derived DOC production and primary production (Figure 11b) applied over GoM.
Standing stocks of DOC and POC are based on glider-based estimates (using optical proxies; Figure 7). Constraint for the DOC supplied by the GoM watershed
as well as the ratio of phytoplankton DOC production/River discharge is based on the total DOC exported from rivers and the measured phytoplankton DOC
production extrapolated to the area of the Gulf of Maine, applied over the top 30 m depth. Turnover values of DOC and POC assume a steady state of each
(such that sources balance sinks). PP, primary production.

with the roughly 30% increase in DOC that is being predicted by LOADEST and the HadCM3 general circulation
model (GCM) over the next 80 years (Figure S8). However, the major assumption of stationarity in the factors
affecting the LOADEST prediction must still be validated (T. Huntington et al., submitted manuscript, 2015).

5.7. A Century of Ocean Color in the Gulf of Maine

Wernand and van der Woerd [2010] have shown that the longest available record of ocean color comes from
measurements against the FU color comparator scale observations (going back to 1890). Certainly, the Forel
color data of Bigelow [1924] compared to the calculated chromaticity estimates made here (based on nLw),
suggest a general “yellowing” of the GoM waters along the GNATS line over the last century. It should be
noted that partial variability in chromaticity seen along the GNATS transect could be accounted for by long-
itude (water color further west was generally more yellow-green, in waters with reduced salinities (Figures 8b
and S3A), reduced density (Figure S3C), and increased CDOM (Figure 3a)). The horizontal distribution of
Bigelow's [1924] chromaticity data (not shown) and ours (Figure 8b) illustrate westward yellowing along
the GNATS transect (see also Yentsch and Phinney [1997]). The temporal trends in the gulf-wide, maximum
nLw wavelength observed over the duration of GNATS suggest high variance and a “yellowing” from 2000
to 2006. Data from 2007 to 2009 were not included in Figures 8b and 8c since they correspond to the years
GNATS sampled from the high-speed CAT ferry, for which the chromaticity data were close to the white point
on the chromaticity plot (not shown). The radiometers were aimed outside of the narrow bow wake of the
CAT ferry, so they would not have viewed light scattering from bubbles in the ship’s wake. Instead, there often
were more marine aerosols and sea spray in the air around this fast-moving vessel that may have “whitened”
the above-water reflectance measurements. Regardless, the ag41, and dpg412 data from these years showed
more CDOM and detritus in the waters from 2007 to 2009 (Figure S4A).

Over the century time scale between Bigelow’s work and our own, the observed yellowing based on the
chromaticity plots, the positive correlation between GNATS averaged annual CDOM measurements, and river
DOC discharge data (Figure 9), combined with LOADEST and GCM model predictions for higher DOC river
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fluxes (Figure S8), all point to future yellowing of the GoM from CDOM, primarily associated with an increased
intensity of the hydrological cycle, and more river discharge. While this prediction comes from only one GCM
(instead of an ensemble average of multiple models), increasing precipitation and runoff over the northeast
region has been forecast by others. Hayhoe et al. [2007] made a similar prediction based on several models.
Thibeault and Seth [2014, Figure 6g] projected increasing precipitation over the region using 23 Coupled
Model Intercomparison Project Phase 5 (CMIP5) coupled models, albeit this was done at coarse resolution
and not small spatial scales. Nonetheless, there is consistency in projections of increasing precipitation with
the CMIP5 39-model ensemble [Collins et al., 2013, Figure 12.22, p. 1078]. Collins et al.[2013] point out that the
consensus on 21st century rainfall projections in climate models is more widespread than previously thought
[Power et al., 2012]. In Power et al. [2012], the northeast U.S. is in a region where consensus is higher (except
summer precipitation in June, July, and August). Indeed, the most uncertainty in rainfall projections is in the
tropics and subtropics. Such an increase in CDOM runoff could have an impact on reduced GoM water trans-
parency at the blue wavelengths, with ramifications to further potential decreases in phytoplankton photo-
synthesis and productivity [Balch et al., 2012].

5.8. Factoring in DOC Production by Phytoplankton

In the above analysis, we have focused on the export of DOC by rivers; however, DOC production by resident
microflora cannot be ignored in this analysis. While our new results show a dramatic loss of productivity and
calcification in the Gulf of Maine during GNATS after 2006 (Figure 11a), the results still demonstrate a typical
loss of DOC from phytoplankton equivalent to 10-100% of the carbon fixed (Figure 11b) and that relative
DOC production showed an inverse trend with chlorophyll concentration (Figure 11c). We would suggest
that this is due to increases in the surface:volume ratio of the phytoplankton at progressively smaller cells.
Dussart [1965] originally defined the operational size classes of the plankton. His three smallest size classes
were divided into picoplankton (0.2-2.0 um), nanoplankton (2.0-20 um), and microplankton (20-150 pm).
Based on our Flowcam observations (not presented here), nanoplankton dominate at the lowest chlorophyll
levels. These extremes can be crudely approximated at the highest chlorophyll concentration; assuming
20 um diameter, spherical, phytoplankton cells, the surface-to-volume ratio would be 0.30 um™". For particles
dominated by 2 pm diameter nanoplankton, the surface-to-volume ratio would be 3.0 um™"', 10 times larger.
The DOC production/total production ratio that we observed in GNATS also increased about 1 order of magni-
tude, from high to low chlorophyll concentrations, close to the same magnitude we would expect based on an
order of magnitude decrease in particle size and associated increase in surface-to-volume ratio (Figure 11c).

Assuming that an average of 30% of algal productivity is lost from phytoplankton, with an average euphotic
zone primary production of 40 ugCL™"d™" over the top 30 m, then the gulf-wide, annual, phytoplankton
DOC production would be ~1.19x 10'° kgCyr~', 15 times larger than the annual DOC discharge for the 10
largest rivers entering the GoM, scaled to the entire GoM watershed (Table S1). However, the CDOM/DOC dis-
tribution in the GoM reflects the most refractory, large molecular weight, colored, humic inputs from rivers
(Figure S3) with an allochthonous source near the west side of the GNATS transect (and lesser GoSL influence
on the eastern side in SS water). Algal-produced DOC is more labile, lower molecular weight, less aromatic
[Kirchman et al., 1991], and less colored than terrestrially derived DOC. However, it is autochthonous, with
a broader spatial distribution due to its broader source function. Thus, the CDOM-based DOC concentration
clearly shows the westward bias in the GoM. If the CDOM-derived DOC concentration were considered steady
state, and it was assumed that sources balanced sinks, the turnover of the DOC would be 1.2 years (Table 3),
which slightly exceeds the physical turnover time of the GoM water of 11+ 2 months [Ramp et al., 1985].
Thus, DOC is being flushed out of the GoM about as fast as it accumulates. POC turnover, on the other hand
(based on the same steady state assumptions), would have a turnover time of 24 days; thus, this POC is being
recycled within the GoM system before such material can be exported (this would include all sources of
production ranging from algal production to flocculation as well as losses due to sinking).

5.9. Concluding Remarks

On average, DOC and POC export by global rivers are about 55% and 45%, respectively, of the total organic
carbon fluxes [Ludwig and Probst, 1996]. Wetzel [1975] reported that a ratio of ~9:1 DOC:POC is transported in
Maine and Maritime rivers, and this is supported by Roesler et al. [2006]. Our data suggest DOC:POC ratios of 7
in the eastern side of the GoM (of course, the high concentrations of DOC in seawater also will elevate this
ratio). Increased salinities in the gulf will slow flocculation/sinking, too, thus keeping DOC concentrations
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high. Our study shows that there is a submicron fraction of optically scattering material (flocculant material?)
as well which appeared to be exported from the river continuum across the GoM during the extreme preci-
pitation years from 2006 to 2010, along with the highly blue-absorbing CDOM (Figure S2). This was in agree-
ment with Bauer et al. [2013], who described the disproportionate effect of individual events for moving
terrestrial carbon to the sea, such as that observed by Yoon and Raymond [2012] where a single tropical storm
exported 40% of the annual river DOC budget to the sea.

Wernand and van der Woerd [2010] suggested that FU color comparator measurements will provide us the
longest record for understanding changes in the color of the ocean over century time scales. Indeed, there
is a relatively large data base of such measurements which should be assessed to look at larger spatial-scale
color changes than seen in the Gulf of Maine. We concur with this assessment as the best way to move
forward with modern radiometric measurements in conjunction with the reintroduction of parallel FU
measurements. Only then will we be able to statistically assess and compare changes in ocean color at the
century time scale associated with land-to-sea carbon export.
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