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In response to global warming, the Arctic is undergoing rapid and unprecedented changes
that alter the land-to-sea forcing in large Arctic rivers. Improving our knowledge of
terrestrial dissolved organic carbon (tDOC) flux to the coastal Arctic Ocean (AO) is thus
critical and timely as these changes strongly alter the biogeochemical cycles on AO
shelves. In this study, we merged riverine in situ tDOC concentrations with satellite ocean-
color estimates retrieved at the land-marine interface of the Mackenzie Delta to make a first
assessment of the tDOC export from its main outlets to the shelf. We combined tDOC and
river discharge data to develop a regression model that simulated tDOC concentrations
and fluxes from daily to interannual (2003–2017) time scales. We then compared the
simulated satellite-derived estimates to those simulated by themodel constrained by in situ
tDOC data only. As the satellite tDOC estimates reflect the delta effect in terms of tDOC
enrichment and removal, our results inform us of howmuch tDOC can potentially leave the
delta to reach the ocean (1.44 ± 0.14 TgC.yr−1). The chemodynamic relationships and the
model suggest contrasting patterns between Shallow Bay and the two easternmost delta
outlets, which can be explained by the variability in their geomorphological settings. At the
seasonal scale and for all outlets, the satellite-derived tDOC export departs from the
estimate based on in situ tDOC data only. During the river freshet in May, the satellite-
derived tDOC export is, on average, ~15% (Shallow Bay) to ~20% (Beluga Bay) lower than
the in situ-derived estimate. This difference was the highest (−60%) in 2005 and exceeds
30% over most of the last decade, and can be explained by qualitative and quantitative
differences between the tDOCin situ and tDOCsat datasets in a period when the freshet is
highly variable. In contrast, in summer and fall, the satellite-derived tDOC export is higher
than the in situ-derived estimate. The temporal difference between the satellite and in situ-
derived export estimates suggests that predicting seasonal tDOC concentrations and
fluxes from remote Arctic deltas to the coastal AO remains a challenge for assessing their
impact on already changing carbon fluxes.
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1 INTRODUCTION

In response to climate change, the Arctic is undergoing
unprecedented changes in both its watersheds and coastal ocean.
Since the 1970s in the Arctic, the surface air temperature has
increased by 2.7°C (Box et al., 2019) resulting into an increase of
the sea surface temperature in summer (Timmermans and Labe,
2021). These changes alter the land-to-sea forcing with important
regional and basin-wide implications for sea ice formation, ocean
stratification and heat flux, underwater light regime, nutrients
delivery, and marine ecosystems (Searcy et al., 1996; Mulligan
et al., 2010; Brown et al., 2020; Juhls et al., 2020). Arctic rivers’
discharge and permafrost are key components of this coupling.
Northern permafrost contains 1,460–1,600 Gt of organic carbon in
the form of frozen organic matter, nearly twice as much as carbon
than is currently in the atmosphere (Tarnocai et al., 2009; Schuur
et al., 2015). Most of this carbon is stored in the Arctic, where
permafrost covers 65% of Russian (Tumel, 2002) and 50% of
Canadian lands (Vincent et al., 2017). This carbon pool
represents about half the world’s soil carbon (Hugelius et al., 2014).

Riverine freshwater inputs to the Arctic Ocean (AO) are the
largest of any ocean per basin volume (Opsahl et al., 1999). TheArctic
hydrological cycle has intensified resulting in a steady increase in the
liquid flow of pan-Arctic rivers over the past 30 years (Box et al.,
2019). Because of rapid permafrost thaw, the export flux of
terrigenous dissolved organic carbon (tDOC) to the coastal AO
tends to increase (Fritz et al., 2017) and reaches rates of change as
high as 39% in the Mackenzie River system during the 1978–2012
period (Tank et al., 2016). In addition, the land-to-sea flux of
terrestrial organic carbon mobilized through coastline erosion has
nearly doubled between 1955 and 2018 (Bristol et al., 2021). Once in
the coastal AO, a fraction of this riverine and eroded tDOC pool can
be degraded and furthermineralized into inorganic carbon (Lønborg,
2020, and reference therein) that in turn likely unbalances the delicate
air-sea gas exchanges on shelves (Manizza et al., 2013; Spencer et al.,
2016; Tanski et al., 2016; Tanski et al., 2021).

In this context, there is a growing need to quantify land-to-sea
fluxes of tDOC and to investigate the coastal ecosystem response
at the seasonal scale, where the physical-biogeochemical
interactions play a role on AO shelves. Such an effort has
been considerably reinforced since the 2000s with the
PARTNERS/ArcticGRO (AGRO) pan-Arctic monitoring
program (Holmes et al., 2020; Shiklomanov et al., 2020),
which provides high-quality in situ measurements of tDOC
concentrations. Watershed models also improved considerably
to become high-value predictive tools (McGuire et al., 2016) but
still require improvements in their ability to resolve the complex
mechanistic processes behind tDOC mobilization and
transformation within Arctic watersheds (Kicklighter et al.,
2013; Liao et al., 2019). Field observations thus remain
essential to further understand the coastal ecosystem responses.

The remoteness of Arctic rivers imposes that in situ-based tDOC
fluxes are estimated up to hundreds of kilometers upstream from
their main outlets and based on only a few measurements per year
(~4 on average; Holmes et al., 2020). This strongly hampers a robust
assessment of the estimated tDOC export from the land-marine
transition to the coastal AO waters and, most importantly, precludes

any effect of the delta on concentrations (enrichment/removal) (see
Kipp et al., 2020). Using radiometric satellite data, Griffin et al.
(2018) more than doubled the number of available data during the
open water season and highlighted the strong variability of tDOC
estimates that can be observed within Arctic rivers systems. Juhls
et al. (2020) highlighted the synoptic (~ 4 days) variability of tDOC
concentrations within the Lena Delta and point out the growing
need to assess tDOC concentrations within the land-ocean interface.
The high-frequency sampling improved the yearly assessment of
tDOC export to Laptev Sea and highlighted the strong seasonality of
tDOC quality (Juhls et al., 2020).

In the present study, we investigate the value of merging in situ
tDOC concentrations with radiometric satellite tDOC estimates
retrieved within nearshore waters at the three main outlets of the
Mackenzie Delta in the assessment of the seasonal to interannual
flux of tDOC to the shelf. The paper is organized as follows. First,
we provide an overview of the Mackenzie watershed and delta.
Second, we describe the approach used to simulate tDOC
concentrations and fluxes within the Mackenzie Shelf. Then,
we compare the simulated tDOC concentrations and fluxes
with and without the inclusion of satellite tDOC concentration
estimates. Finally, we discuss the potential of coastal satellite
tDOC data in assessing the seasonal to interannual flux of tDOC
to the AO with perspectives for future developments.

2 MATERIALS AND METHODS

We estimated daily tDOC concentrations (tDOCest) and fluxes
from the Mackenzie River to the shelf (Figure 1) using the USGS
load estimator (LOADEST) model (Runkel et al., 2004). This
modeling approach was successfully applied in Arctic rivers to
simulate tDOC fluxes from sparse in situ data (Holmes et al.,
2012; Tank et al., 2016; Shrestha et al., 2019). The tDOC data
nomenclature further used in the paper and the data treatment
and procedure to simulate the daily tDOC fluxes and
concentrations are given in Figure 2.

2.1 Study Area
The Mackenzie Delta is located in the westernmost Canadian
Arctic in the southeastern Beaufort Sea (Figure 1). It is the
second largest delta in the AO (Burn and Kokelj, 2009), whose
waters spread into the most riverine of all pan-Arctic shelves with
respect to its size and residence time (Macdonald et al., 1988). The
Mackenzie River drains a 1.68million km2wide area and brings, on
average, 306 km3 of fresh water into the AO each year (Mulligan
and Perrie, 2019). Permafrost underlies 82% of this massive
watershed (Holmes et al., 2013) and the soil organic carbon
content of Mackenzie deltaic alluvium is estimated to 34–41
PgC (Tarnocai et al., 2009; Hugelius et al., 2014). Riverine
freshwater reaches the coastal ocean through a complex river
network made of channels of different sizes of which the main
ones end up into three major outlets: Shallow Bay, Beluga Bay and
Kugmallit Bay (Morley, 2012). The three coastal bays are
shallow but differ by their geology upstream and their
ocean geomorphological settings downstream on the shelf.
On the West, a flat topography and numerous lakes and
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channels surround Shallow Bay (Nill et al., 2019). The bay is
supplied by three main river channels and its plateau rapidly
ends up as a deep canyon. By contrast, Beluga Bay extends far
into the coastal ocean. The low-lying grounds of this
northernmost part of the delta are mainly inundated
tundra composed of sedge and lakes grading into marshes

(Harper, 1990; Burn and Kokelj, 2009). The easternmost part
of the delta, Kugmallit Bay, which is characterized by rolling
hills and termorkarst lakes is highly subject to environmental
changes (Nill et al., 2019). The Mackenzie River outflow into
the ocean is modulated by the presence of a persistent ice
barrier (stamukha; Carmack et al., 2004) close to the shelf,

FIGURE 1 | Polar stereographic map of (A) the Arctic Ocean bathymetry with the northeastern Beaufort Sea delimited in black and (B) the Mackenzie Delta area
with the in situ (ArcticGRO/PARTNERS, red triangle) and satellite (red squares) sampling locations overlaid. For each outlet of the Mackenzie Delta, the weights applied to
the total river discharge measured at the Tsiigehtchic station are given. An AMODIS satellite scene of tDOC concentration (28 August 2007) is overlaid.

FIGURE2 | Schematic representation of the procedure used to generate the simulated tDOC flux and concentrations with the LOADESTmodel. Numbers 1–5 refer
to the main steps fully detailed in the Materials and Methods section.
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whose break-up results into pulses of freshwater discharge
(Doxaran et al., 2015; Matsuoka et al., 2016).

2.2 The in situ and Satellite-Derived Data:
tDOC Concentration and River Discharge
We used in situ tDOC (tDOCin situ) concentrations and freshwater
discharge data (2003–2017) from the water quality dataset provided
by the Arctic Great River Observatory (ArcticGRO; Holmes et al.,
2020; Shiklomanov et al., 2020). Data encompassed the PARTNERS
(2003–2007), ArcticGRO I (2009–2012), II (2012–2016) and III
(2017–2020) campaigns. Data were sampled at the Tsiigehtchic
station (67.45°N, 133.74°W) about 200 km upstream of the
Mackenzie Delta (Figure 1). River discharge was measured daily
over the whole period (2003–2017), whereas the sampling frequency
of tDOC concentrations was year-dependent (0–7 measurements
per year).

Satellite-derived tDOC (tDOCsat) concentration estimates
were determined for the same time period as in situ data
(2003–2017) from radiometric spectral reflectance data
retrieved with a 1 km horizontal resolution at nadir by the
Moderate-Resolution Imaging Spectro-radiometer (MODIS)
aboard the Aqua satellite (AMODIS). 1,051 scenes constituted
the satellite dataset for the entire period (2003–2017). Colored
dissolved organic matter (CDOM) absorbance at 443 nm
(aCDOM(λ�443)) was derived from spectral reflectance data
using the semi-analytical algorithm of Matsuoka et al. (2013).
tDOCsat concentrations were estimated by applying satellite-
derived aCDOM(λ�443) data to an empirical relationship between
in situ tDOC concentration and aCDOM(λ�443). This relationship
(DOC � 102.532.aCDOM(443)0.448) was established using data
across different seasons and areas, allowing its application to
the whole AO (Matsuoka et al., 2017). The mean uncertainty of
the satellite estimates of DOC concentrations was 28% (Matsuoka
et al., 2017). The seasonal contribution to both in situ and
satellite-derived tDOC data used in this study is given in Figure 3.

2.3 Merging the in situ/Satellite tDOC Data
We generated one in situ/satellite merged dataset for Shallow Bay,
Beluga Bay and Kugmallit Bay. Between May and September (open
water season), we substituted the tDOCin situ concentrations by the
tDOCsat concentrations available. We then merged the satellite data
with the tDOCin situ concentrations available between October and

april to generate amerged tDOC (tDOCmerged) dataset for each outlet
(step 1, Figure 2). For each satellite scene, we subsampled tDOCsat

concentrations within a 600 km2, 306 and 441 km2 surface area for
Shallow Bay, Beluga Bay and Kugmallit Bay, respectively (Figure 1).
We calculated the median of all valid pixels only when 50% had non-
missing tDOCsat values to limit biases due to sea ice or cloud cover.
To compute the tDOCsat flux, we weighted the freshwater discharge
at the three delta outlets based on the channels contributions reported
by Morley (2012). We estimated the percentage of the total river
discharge measured at the Tsiigehtchic station that was delivered to
Shallow Bay, Beluga Bay and Kugmallit Bay to 29.8, 37.6 and 32.6%,
respectively (Morley, 2012; Blackburn et al., 2015) (Figure 1). To
account for the water transport between the Tsiigehtchic station
located 250 km upstream on the river path and the delta outlets, we
applied a +1 day offset on the river discharge data. We estimated this
value by multiplying the daily river discharge with the mean distance
between the Tsiigehtchic station and the delta outlets (250 km), the
mean width of the Mackenzie River at Tsiigehtchic (1 km) and the
water level measured by the Water Survey of Canada at Tsiigehtchic
station. We obtained four tDOCobs datasets: three based on
tDOCmerged data for each delta outlet (hereafter “Satellite”) and 1
based on tDOCin situ data only (hereafter “Reference”).

2.4 The LOADEST Modeling Approach
2.4.1 The Model Selection
We constrained the LOADEST model with time coincident
observations of tDOC concentration (tDOCobs) and freshwater
discharge (Q) data to build up a logarithmic relationship between
the tDOC load (equivalent to daily flux) and river discharge based
on the following general Equation 1:

ln(L) � a0 + a1 lnQ + a2 lnQ
2 + a3 sin(2πdtime)

+ a4 cos(2πdtime) + a5dtime + a6dtime2 (1)
where L is tDOC load (kg.day−1), Q the river discharge (m3.s−1),
dtime the decimal time (YYYYMMDD) and an(nϵ[0; 6]) the n
regression coefficients. The multicollinearity between the
explanatory variables ln Q and dtime was handled by a
centering procedure as follow:

XLOADEST � X − �X + ∑(X − �X)3
2.∑(X − �X)2 (2)

where X was either dtime or lnQ.
Based on the Akaike Information Criterion (AIC) (Akaike,

1974), the LOADEST approach allowed to select the best fitting
model through nine different combination of the terms included
in Equation (1) (Supplementary Table S1).

We chose the model by calculating a first estimate of both
ln(L) and tDOCest concentrations based on time coincident
ArcticGRO tDOCin situ and discharge data through the
automated regression model selection set in LOADEST (model
0). According to the AIC, LOADEST selected two different
models as best fitting models (models 2 and 7, Supplementary
Table S1). By referring to the Schwarz Posterior Probability
Criterion (SPPC) also computed as an AIC comparative
parameter, model 2 (Eq. (3)) was identified as the most accurate:

FIGURE 3 | Monthly distribution of available in situ (AGRO) and satellite
(AMODIS) tDOC concentrations over the 2003–2017 period. The solid
patterns refer to the “Reference” dataset, whereas the dotted and hatched
patterns refer to the “Satellite” datasets.
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ln(L) � a0 + a1 lnQ + a2 lnQ
2 (3)

Furthermore, model 2 precluded any spurious numerical
trend induced by the dtime explanatory variable present in
model 7. We thus assumed model 2 (Eq. (3)) as the best
regression model to assess daily tDOC fluxes and
concentrations entering the Mackenzie shelf.

2.4.2 Simulated Daily tDOC Concentration and Flux
We applied model 2 to all tDOCobs datasets to highlight the
effect of satellite data on the tDOC flux assessment. For each
tDOCobs dataset, we first extracted river discharge data
concomitant with available tDOCobs data from the entire
daily river discharge dataset (step 2, Figure 2). In
LOADEST, these data were then used to constrain model 2
to retrieve the regression coefficients (a0, a1 and a2) of the
model (step 3, Figure 2). Finally, we ran model 2 using the
regression coefficients thus obtained and forced it with the
entire daily river discharge data to simulate the tDOC flux at
the daily scale (step 4, Figure 2). From the simulated flux, we
calculated back the tDOCest concentrations at daily scale by
dividing the daily flux by the river discharge. We thus
obtained a “Reference” estimate of tDOC concentration
(tDOCest_ref) from model 2 ran with the regression
coefficients derived from the tDOCin situ/Q relationship
(see step 3, Figure 2). Similarly, we obtained three
“Satellite” estimates of tDOC concentration (tDOCest_sat)
derived from each outlet-specific tDOCmerged/Q
relationship (step 3, Figure 2) for Shallow Bay, Beluga Bay
and Kugmallit Bay. We give the constants obtained for each
regression model in Supplementary Table S2.

2.5 Comparison of Simulated Versus
Observed tDOC Concentrations
We used four comparison metrics to compare the tDOC
concentrations simulated by model 2 (tDOCest) based on the
in situ data (hereafter tDOCest_ref) and merged in situ/satellite
data (hereafter tDOCest_sat) with the time coincident observed
(tDOCobs) (step 5, Figure 2). We calculated the correlation
coefficient (r), the Nash-Sutcliffe model efficiency index (NSE),
the unbiased Root Mean Square Error (URMSE), and the Median
Percent Error (MPE) as follows:

r �
����������������������������
1 − ∑N

n�1( tDOCobs − tDOCest)2∑N
n�1(tDOCest − 〈tDOCest〉n)2

√
(4)

NSE � ∑N
n�1(tDOCobs − 〈tDOCobs〉n)2 −∑N

n�1(tDOCobs − tDOCest)2∑N
n�1(tDOCobs − 〈tDOCobs〉n)2

(5)

URMSE �
������������������������������������������������∑N

n�1((tDOCest − tDOCobs) − (〈tDOCest〉n − 〈tDOCobs〉n))2
N

√
(6)

MPE � Median(100.∣∣∣∣∣∣∣tDOCest − tDOCobs

tDOCobs

∣∣∣∣∣∣∣) (7)

The NSE (unitless) relates the residual variance (i.e. the
“noise”) between the tDOCest and tDOCobs values to the

variance within the tDOCobs values (i.e. the “information”)
(see Nash and Sutcliffe, 1970). A NSE value of 1 indicates that
the noise is null. A NSE value near 0 means the noise is
comparable to the observed variance suggesting that the
simulated values are as accurate as the observed mean. A
negative NSE value suggests that the mean value of
observations is a better predictor than the model. The URMSE
measures the size of the discrepancies between the simulated and
observed values. The MPE is the median of the absolute
percentage error and provides insights on the regression
model accuracy.

We also calculated the relative error between the “Reference”
and “Satellite” daily tDOC flux estimates as follows:

δαr � 100p
∑ϕSat − ϕRef

ϕRef

(8)

where ϕSat and ϕRef are the “Satellite” and “Reference” daily
tDOC flux, respectively.

3 RESULTS

3.1 Chemodynamic Q-tDOCobs
Relationships
The relationships between the tDOCobs concentrations and
associated freshwater river discharge suggested the presence of
two distinct clusters, which distinguished by the river discharge
intensity and the source of available tDOC data (Figure 4). A first
cluster corresponded to the sea-ice covered season (October to
april) characterized by a low river discharge and tDOCin situ

concentrations only. A second cluster reflected open water (May
to September) conditions with a higher river discharge and
mostly tDOCsat concentrations. We used the Spearman
correlation coefficient (r) to assess the strength of the
relationships between the coincident river discharge Q and the
tDOCobs concentrations (i.e. tDOCin situ or tDOCmerged) in the
full dataset (January to December) and the same dataset but
restricted to the open water season (May to September) (Table 1).
The tDOCobs concentrations did not follow a Normal distribution
(Shapiro test, p < 0.05), except for tDOCin situ during the open
water season (Shapiro test, p > 0.05) for which a Pearson
correlation coefficient was used. In all datasets, r was positive
when accounting for the full (0.48 < r < 0.79) and open water
(0.39 < r < 0.79) data. Compared to Q-tDOCin situ relationships,
the strength of the correlation in the merged datasets varied
amongst the delta outlets. The merging of satellite-derived and in
situ tDOC concentrations increased the Q-tDOCobs correlation in
Shallow Bay in both datasets (r = 0.79) compared to Q-tDOCin situ

(0.59 < r < 0.68). In Kugmallit Bay, rwas similar in the full dataset
(r = 0.58 versus r = 0.59) but decreased in the open water season (r
= 0.43 versus r = 0.68). In Beluga Bay, r decreased in both the full
(r = 0.48 versus r = 0.59) and open water (r = 0.43 versus r = 0.68)
datasets. This suggests that the strength of the Q-tDOCmerged

relationship was sensitive to the tDOCsat concentration retrieved
nearby each outlet of the delta, with Beluga Bay differing
markedly from the other two bays.
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3.2 Simulated tDOC Concentrations:
Merged vs. in situ Datasets
We used quantitative metrics to compare the simulated
tDOCest_ref and tDOCest_sat concentrations with the observed
tDOCin situ and tDOCmerged concentrations, respectively
(Table 2). The number of tDOCobs data increased with the
inclusion of the remotely sensed tDOCsat estimates. In Shallow
Bay, the increase reached 38% while it was 2-fold and 3-fold in
Kugmallit and Beluga Bay, respectively. The data dispersion
(URMSE) between tDOCin situ and tDOCest_ref concentrations
was 0.82 mgC L−1. When using tDOCest_sat estimates, URMSE
decreased by 39–45%. The median percent error (MPE) between
the tDOCin situ and the tDOCest_ref concentrations was 12.7%. The
MPE decreased by 2-fold (Kugmallit and Beluga bays) to 3-fold

(Shallow Bay) with the tDOCest_sat estimates. The correlation
coefficient (r) varied little among the Reference and Satellite
datasets and was relatively high (0.52–0.76), which suggested a
high goodness-of-fit. With respect to the “Reference” estimates (r
= 0.66), r increased in Shallow Bay but decreased in Beluga Bay.
The Nash-Sutcliffe model efficiency index (NSE) showed a
pattern similar to that depicted by r. The NSE between the
tDOCin situ and tDOCest_ref concentrations was 0.44 suggesting
that the regression model was a fairly good predictor of the
observed concentrations. Using tDOCest_sat, the NSE remained
positive increasing in Shallow Bay (NSE = 0.58) but decreasing in
Beluga Bay (NSE = 0.27). Overall, tDOCest_sat estimates simulated
in Beluga Bay departed the most from the observed tDOCmerged

concentrations (Table 2). These results mirrored with the lowest
Q-tDOCmerged correlation coefficients estimated in Beluga Bay
(Table 1).

3.3 Sensitivity Analysis on the
Remotely-Sensed Data Subsampling
We tested the hypothesis that the predictive ability of the
regression model applied to Beluga Bay was sensitive to the
AMODIS data subsampling conditions. We then calculated the
median of tDOCsat concentration estimates for each of the three
new conditions: 40% of valid pixels (C40), 60% of valid pixels
(C60), and a 2-fold subsampling surface area along with 50% of
valid pixels (2C50). From these conditions, we simulated three

FIGURE 4 | Q-tDOC relationships for the merged in situ-satellite dataset (tDOCmerged) on (A) Shallow Bay, (B) Beluga Bay and (C) Kugmallit Bay. Green triangles
indicate the satellite tDOC concentration estimates (AMODIS). Purple dots indicate the in situ tDOC measurements (AGRO). Note the logarithmic scales on both axes.

TABLE 1 | Correlation coefficients between the river discharge and the tDOCin situ

(“Reference” dataset) or tDOCmerged (“Satellite” datasets) concentrations for all
data and the open water season data (May-September). Bold values indicate a
Person correlation coefficient; the Spearman correlation coefficient is used
otherwise (*** p-value < 0.001).

Dataset All data Open water data

Reference 0.59*** 0.68***
Satellite—Shallow Bay 0.79*** 0.79***
Satellite—Beluga Bay 0.48*** 0.39***
Satellite—Kugmallit Bay 0.58*** 0.43***

TABLE 2 | Comparison metrics between the simulated tDOCest_ref and tDOCin situ

concentrations (“Reference”) and between the simulated tDOCest_sat and the
tDOCmerged concentrations (“Satellite”).

Metrics Reference Satellite

Shallow bay Beluga bay Kugmallit bay

N 66 91 218 136
R 0.66 0.76 0.52 0.60
NSE 0.44 0.58 0.27 0.35
URMSE 0.82 0.46 0.45 0.50
MPE 12.74 4.37 5.68 6.01

n, Number of data available; r, correlation coefficient; NSE, Nash-Sutcliffe efficient index;
URMSE, Unbiased Root Mean Square Error (mgC.L−1); MPE, median percent error.

TABLE 3 | Comparison metrics between the simulated tDOCest_sat and the
tDOCmerged concentrations (“Satellite”). in Beluga Bay according to the C50
(50% valid pixels), C40 (40% valid pixels), C60 (60% valid pixels) and 2C50 (2-fold
larger surface area +50% valid pixels) subsampling conditions.

Metrics C50 C40 C60 2C50

N 218 303 120 258
R 0.52 0.50 0.50 0.42
NSE 0.27 0.25 0.25 0.18
URMSE 0.45 0.47 0.47 0.45
MPE 5.68 5.83 5.01 5.66

n, Number of data available; r, correlation coefficient; NSE, Nash-Sutcliffe efficient index;
URMSE, Unbiased Root Mean Square Error (mgC.L−1); MPE, median percent error.
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new tDOCest_sat concentration estimates based on the three new
tDOCmerged datasets obtained according to the same method
described in Section 2. For each subsampling condition, we used
the metrics to compare with the subsampling condition of 50% of
valid pixel (C50) we previously applied (Table 3). Between the C50
and C60 conditions, the data quantity dropped by 45%. The
correlation coefficient, the NSE and the URMSE were similar,
whereas the MPE was slightly improved. Between the C50 and
C40 conditions, the data quantity increased by 39% and all
metrics showed limited variations. Overall, the amplitude of
change of the comparison metrics between C40, C50 and C60
(Table 3) was much lower than between the “Reference” and
“Satellite” estimates (Table 2, 3). By contrast, a doubling of the
sampled surface area (2C50, +18% of tDOCsat data) led to a decrease
of r and the NSE compared to C40, C50, C60 and “Reference”
estimate. However, no marked changes in the URMSE and MPE
were observed. Increasing the number of tDOCsat data by widening
the subsampled area decreased the strength of the correlation and
increased the noise between the simulated tDOCest_sat and the
observed tDOCmerged concentrations. Overall, the simulated
tDOCest_sat concentrations obtained in 2C50 departed the most
from the simulated tDOCest_ref estimates (Table 2, 3).

3.4 Annual and Seasonal Patterns of the
Simulated tDOC Flux
Over 2003–2017, we simulated the yearly flux of tDOC based on
the simulated tDOCest_ref and the tDOCest_sat concentrations
obtained for the three delta outlets. We estimated the total
“Satellite” flux by summing the flux simulated at each outlet.
The total yearly flux was 1.47 ± 0.18(min 1.15 −max 1.75) and
1.44 ± 0.14(min 1.17 −max 1.66) TgC.yr−1 for the “Reference”
and “Satellite” datasets, respectively. Both flux estimates showed
comparable interannual patterns. The relative error between the
“Satellite” and the “Reference” estimates did not exceed 5%
(Figure 5). The yearly flux increased between 2004 and 2009
(1.17–1.66 TgC.yr−1) and tended to decrease between 2010 and
2017. However, the yearly flux did not show any significant
interannual trend over the 15 years (r = −0.3, p > 0.05).

Although we reported no substantial differences between the
simulated “Reference” and “Satellite” tDOCest flux estimates at
the annual scale, both departed at the seasonal scale (Figure 6).
During the seasonal peak of river discharge in May, the “Satellite”
flux estimate was lower than the “Reference” flux estimate by 15%
(Shallow Bay) to 20% (Beluga Bay) on average. Such a difference
in the tDOC flux estimates coincides with unevenly distributed
tDOC concentrations amongst the datasets in June (Figure 7). By
contrast, between mid-July and November the “Satellite” flux
estimate was on average higher than the “Reference” flux
estimate. In November, the mean difference reached 12 and
17% in Shallow Bay and Kugmallit Bay, respectively. At the
interannual scale, the relative error on the total simulated
tDOC flux reported at the spring river freshet exhibited a high
variability (Figure 8). From 2011 to 2017, the “Satellite” flux
estimate was generally more than 30% lower than the “Reference”
flux estimate. The highest interannual difference was reached in
2005, when the “Satellite” flux estimate was ~60% lower than the
“Reference” flux estimate.

FIGURE 5 | Simulated annual tDOC flux (TgC.yr−1) estimated from the
“Reference” dataset (orange line) and the “Satellite” dataset (green line). The
dashed blue line represents the error of the “Satellite” estimate relative to the
“Reference” estimate (δαr , %).

FIGURE 6 | Error of the simulated daily tDOC flux estimated from the “Satellite” dataset relative to the “Reference” estimate (δαr , %) averaged over the 2003–2017
period for (A) Shallow Bay, (B) Beluga Bay and (C) Kugmallit Bay. The shaded area represents the mean ± SD. The black dashed line corresponds to the daily freshwater
river discharge averaged over the 2003–2017 period.
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4 DISCUSSION

4.1 A Complex Land-To-Sea Interface
The presence of a chemodynamic Q-tDOC relationship, i.e. the
higher the river discharge the higher the tDOC concentration,

reported upstream in theMackenzie River path is widely accepted
(Raymond et al., 2007; Holmes et al., 2012; Shrestha et al., 2019).
In the Peel River catchment, Shrestha et al. (2019) suggested a
significant Q-tDOC correlation (r = 0.52), which is in the range of
the values we report in this study (0.48 < r < 0.79). This result

FIGURE 7 | Temporal distribution in June (2003–2017) of the (A) tDOCin situ concentrations, and (B) tDOCsat concentrations for Shallow Bay, (C) Beluga Bay and
(D) Kugmallit Bay.

FIGURE 8 | Error of the simulated daily tDOC flux estimated from the “Satellite” dataset relative to the “Reference” estimate (δαr , %) (green line) and daily freshwater
river discharge (black dashed line).
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suggests that the positive Q-tDOC chemodynamic relationship
estimated more than 200 km upstream from the delta also applies
to the fluvial-marine interface farther downstream. Our results
show that the chemodynamic Q-tDOCmerged relationship varies
amongst the three delta outlets and is the weakest in Beluga Bay (r
= 0.48). Such a decrease in the Q-tDOCmerged relationship for
Beluga Bay suggests a less conservative behavior of the tDOC
concentrations. After the spring freshet, the river water is stored
in deltaic lakes and floods the vegetated floodplain (Normandin
et al., 2018), which can modify its chemistry before draining to
the delta channels and ultimately to the Mackenzie Shelf
(Emmerton et al., 2008a). Processes like autotrophic
production and leaching can enhance tDOC levels in river
water over a wide range of variability (15–350%) as tDOC is
transported through the delta (Emmerton et al., 2008a; Kipp et al.,
2020). In the upper part of the delta, tDOC removal through the
flocculation process (up to 45%; Kipp et al., 2020) can occur at
low salinities in the more estuarine waters and can outbalance the
delta enrichment effect. All these processes likely play a role in
explaining the distinct Q-tDOCmerged relationship we observe for
Beluga Bay. In this part of the delta, the alluvial plain is low-lying
(<2 m) and intersected by an important network of lakes and
channels. In spring, the delta is flooded with freshwater during
the freshet (Mackay, 1974). In summer and fall, it is very exposed
to the ocean influence and occasionally flooded when strong
North-Northwestern winds trigger storm surges and marine
intrusions into the delta (Mackay, 1974; Marsh and Schmidt,
1993; Manson and Solomon, 2007). Storm surges can be severe
and flood the delta with saline waters over tens of kilometers
inland from the coast leading to substantial changes in vegetation
(Pisaric et al., 2011; Kokelj et al., 2012; Lantz et al., 2015). High
surface area flooding in Beluga Bay compared to the east and west
of the upper delta area (Kuenzer et al., 2015) may lead to
differences in the mobilization and biogeochemistry of tDOC
at the fluvial-marine transition. As satellite tDOC estimates
retrieved at the fluvial-marine transition reflect the delta effect
in terms of tDOC enrichment and removal, our results inform on
how much tDOC can potentially leave the delta to reach the
coastal ocean.

The weaker Q-tDOCmerged relationship reported in Beluga Bay
(r = 0.48), and to a lesser extent in Kugmallit Bay (r = 0.58), likely
explains the difference in the model performance between the
three delta outlets. Overall, the use of tDOCsat data in the model
improves the match between the simulated (tDOCest_sat) and
observed (tDOCobs) concentrations. This is particularly true for
Shallow Bay for which the Q-tDOCmerged relationship is the
strongest (r = 0.79) even compared to the Q-tDOCin situ

relationship (r = 0.59). There is growing evidence that tDOC
concentrations and quality vary in the course of the main
channels of the Mackenzie Delta (Emmerton et al., 2008b;
Griffin et al., 2018; Kipp et al., 2020; Schwab et al., 2020). The
use of satellite tDOC retrieved in nearshore waters in the very
close vicinity of the delta outlets allows for the effect of regional
biogeochemical signatures to be considered in the estimated land-
to-sea fluxes of tDOC. The satellite tDOC concentrations are
most likely due to bio- and photo-degradation processes
(Gonçalves-Araujo et al., 2015; Matsuoka et al., 2015) that

occur upstream along the river path and that watersheds
model are not yet able to represent (Rawlins et al., 2021). Our
approach implicitly accounts for these processes without
explicitly describing them as their weight on the downstream
fate of tDOC is not yet well understood. Nevertheless, caution
should be addressed to local non-deltaic sources of tDOC to the
ocean. Offshore the delta, strong winds erode the shoreline
permafrost of the Beluga Bay Islands, which may deliver extra
carbon to the coastal waters (Lim et al., 2020). These inputs,
however, may be limited compared to those originating from the
delta (Tanski et al., 2016). Assuming a shoreline of 2,077 km for
our study area (Harper, 1990) and a tDOC flux of
1.37 kgC.m−1.yr−1 (Bristol et al., 2021), coastal erosion would
translate into a tDOC flux of ~3.10–6 TgC.yr−1 into the shelf. This
flux is several order of magnitude lower than the riverine flux
estimated between 1.04–1.76 TgC.yr−1 (Macdonald et al., 1988;
Dittmar and Kattner, 2003; Raymond et al., 2007; Holmes et al.,
2012; Le Fouest et al., 2013).

4.2 The Seasonal Shift of tDOC Flux
The mean annual flux of tDOC we estimated using satellite-
derived tDOC data (tDOCest sat � 1.44 ± 0.14 TgC) fits within
the reported range, which was estimated from different
methodologies using punctual field measurements,
climatologies and/or regression model (1.04–1.76; Macdonald
et al., 1988; Dittmar and Kattner, 2003; Raymond et al., 2007;
Holmes et al., 2012; Le Fouest et al., 2013). The use of satellite data
has no marked impact on the interannual variability but on the
seasonality of the simulated tDOC concentrations and fluxes.
From May to June, when the river freshet occurs, the tDOCest_sat

export flux represents up to ~40% of the total annual flux.
Compared to the simulated tDOC export flux estimated from
in situ data only, we report a decrease in the tDOCest_sat flux in
May at the onset of the seasonal peak of river discharge.
According to the delta outlet, this decrease reaches 15–20%,
on average, but can reach up to 60%. This decrease occurs
between winter and the beginning of the open water season,
when the data quantity and temporal distribution of tDOCin situ

and tDOCsat start to differ (April-June, Figure 3). In June, the
tDOCsat data quantity is higher (31 < n < 41) than in the tDOCin

situ dataset (n = 17). While the medians of the tDOC
concentration compare among the datasets (tDOCin situ = 5.3
mgC.L−1, 5.0 < tDOCmerged<5.4 mgC.L−1), the amplitude of
variation is lower in the tDOCmerged dataset (4.1–5.8 mgC.L−1)
than in the tDOCin situ dataset (4.2–8.1 mgC.L−1). The tDOCin situ

data quantity is mostly evenly distributed throughout June,
whereas it increases in Beluga Bay, and to a lesser extent in
Kugmallit Bay, to reach a maximum at the end of June (Figure 7).
Such differences between the tDOCin situ and tDOCsat datasets
likely constrain the constants obtained for each regression model
(Supplementary Figure S1), which in turn translate into different
tDOC flux estimates in this period of the year when the freshet
occurs (Figures 6, 7). Ocean color data are usually not available in
May due to the presence of landfast ice in the Mackenzie Delta.
Some data could be available between the landfast and pack ice
but could be unreliable due to the high snow/ice albedo. New
space sensors such as Sentinel-2/MSI or Landsat-8/OLI could
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help overcome this drawback by significantly improving the
spatial resolution of imagery (~30 m). Nevertheless, caution
should be addressed to the pixel contamination due to the
adjacency effect or sub-pixel-contamination, especially for
landfast ice problematics. For now, uncertainties related to the
lack of data during the freshet period hamper the model capacity
to simulate the land-to-sea flux of tDOC in this critical period of
the year.

The temporal shift in the seasonal distribution of the land-to-
sea flux of tDOC induced by the use of satellite tDOC data, i.e. a
decrease in May-June and an increase in July-November, may
have implications on both the physical and biogeochemical
settings of the coastal Beaufort Sea. In the Mackenzie Delta,
tDOC has a high potential for biological degradation at the
spring freshet (Gareis and Lesack, 2020; Behnke et al., 2021). A
decrease of the riverine flux in May-June would imply that a
lesser fraction of bioavailable tDOC would be delivered and
potentially processed by heterotrophic bacteria within the
marine ecosystem (Colatriano et al., 2018; Vaqué et al.,
2019). In turn, as most of the tDOC is colored (~94%;
Matsuoka et al., 2017) and then absorbs light, phytoplankton
might leverage more favorable light conditions in this period
because less tDOC would be delivered by the Mackenzie Delta to
the coastal waters. Whether such a decrease of the tDOC flux at
the spring freshet will have a substantial impact on the
heterotrophic-autotrophic balance remains to be determined.
In contrast, tDOC is rather refractory in summer, because the
biological removal is enhanced and the enrichment limited
along the river path (Holmes et al., 2008). A steady increase
of the tDOC flux between July and November as we report in
our study could then translate into a greater proportion of tDOC
that escapes remineralization and accumulates in the oceanic
waters. Because the interannual variability of this seasonal shift
is high, such biogeochemical responses might be exacerbated in
the future. This is particularly true in a context of Arctic
warming, which is expected to alter both the river discharge
seasonality and the quality of the tDOC exported (see Behnke
et al., 2021).

4.3 Future Developments
Using satellite tDOC data, we increased the size of the dataset
available during the ice-free period by more than 39%, which
is comparable to the study of Griffin et al. (2018) focused on
inland waters within the Mackenzie River. The
chemodynamic relationships and metrics we estimated for
Beluga Bay suggest that the median of the satellite-derived
tDOC concentration was sensitive to the subsampling
procedure of the remote sensing scenes. The sensitivity
analysis suggests that the model is not highly sensitive to
the number of valid pixels in satellite scenes but rather to the
size of the subsampled surface area. As a larger subsampled
area may reflect more contrasted environmental conditions, it
may alter the value of the tDOC concentration median.
Compared to the other two delta outlets, the differences
between the simulated and observed tDOC concentrations
reported for Beluga Bay could then indicate a different tDOC
dynamics within the land-to-sea interface. For all bays, the

robustness of the model to the number of data within a
subsampled area allows for some flexibility in the
methodology, because it may offset potential issues related
to cloud and/or sea ice cover. In addition, we will leverage
newer space sensors such as Sentinel-2/MSI or Landsat-8/OLI
to improve the spatial and temporal resolution (i.e. high-
resolution ocean color data are available every 3–5 days when
all available sensors are used) of radiometric records in
nearshore Arctic environments. If the pixel contamination
due to sea ice could be overcome, such remotely sensed data
would provide tDOC concentrations estimates at the
immediate vicinity of the streams’ mouth, hence limiting
the effect of tDOC degradation/enrichment occurring
upstream on the delta estimate. With respect to river
discharge, we used daily time-series measured ~100 km
upstream the delta to constrain the regression model
within the upper part of the delta at the land-ocean
transition. The forthcoming Surface Water and Ocean
Topography (SWOT) space mission that aims to measure
river water surface elevation, top width, and free-surface slope
might allow periodic estimation of freshwater discharge for
Arctic rivers wider than 50 m (Biancamaria et al., 2016;
Durand et al., 2016). As tDOC concentrations are also
related to the watershed slope (Connolly et al., 2020), these
new promising data combined with satellite tDOC retrievals
in nearshore waters might help refine the land-to-sea flux of
tDOC in the upper Mackenzie Delta.

Since the past 17 years, the ArcticGRO/PARTNERS
program led to a large and very highly valuable dataset of
water quality for the Mackenzie River. The sampling frequency
is on a monthly basis spanning from January to December with
a mean sampling frequency of about 4 days each year. In the
Arctic, the retrieval of tDOC from space is limited to the open
water season (mostly from June to September). In situ
measurements of freshwater discharge and tDOC
concentrations at the sea ice break-up and spring freshet
are hence essential to constrain a regression model as we
used in our study and to generate a realistic seasonal cycle
of tDOC concentration and flux. In a context of Arctic
warming, it is important to maintain and eventually extend
such a water quality monitoring to gain robustness in model
predictions. Besides, new datasets such as for the Mackenzie
river temperature (Tokuda et al., 2019) could further be used to
improve the regression models and then to better predict the
seasonal to interannual tDOC dynamics (see Shrestha et al.,
2019) in response to climate change.

5 CONCLUSION

This study investigated the value of merging riverine in situ
tDOC concentrations with satellite ocean-color estimates
retrieved at the three main outlets of the second largest
Arctic Delta to assess the seasonal to interannual flux of
tDOC to the coastal AO. By using satellite observations, we
show that we can substantially increase the quantity of data
available during the open water season to constrain predictive
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regression models. We also identified a spatial variability in the
tDOC concentrations and flux amongst the three main delta
outlets likely reflecting distinct biogeochemical patterns within
the land-to-sea interface. The robustness of the approach
suggests it could be applied to other Arctic deltas/estuaries
to assess the pan-Arctic flux of tDOC if reliable remotely
sensed tDOC data are available in such complex land-to-sea
interfaces (see Juhls et al., 2019). However, our results also
highlight that such predictive models would require more in
situ and satellite-derived tDOC data especially in fall-winter
and at the sea ice breakup to improve their ability to resolve the
strong seasonal variability that prevails in such critical and
remote environments. There is evidence now that the Arctic
permafrost thaw alters both quantitatively and qualitatively
the coastal waters biogeochemistry. It then motivates the need
to quantify the land-to-sea fluxes of terrestrial organic matter
at high spatial and temporal resolution to further investigate
the coastal ecosystem response at the synoptic and seasonal
time scales at which operates the physical-biogeochemical
coupling in the ocean. In addition, the fraction of terrestrial
organic matter outgassed into CO2 through marine
physicochemical and microbial processes remains very
uncertain although it might unbalance the delicate air-sea
gas exchanges. Assessing in a robust way the terrestrial
fluxes of organic matter to the coastal ocean is thus
paramount to better understand and predict how changes in
the land-sea linkages might alter the coastal carbon budget and
air-sea CO2 fluxes at regional scale in the AO.
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