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A B S T R A C T   

The Amundsen Sea is the most rapidly melting part of the West Antarctic Ice Sheet, due to increased heat 
transport by Circumpolar Deep Water (CDW). Tracing CDW and resulting glacial meltwater is important since 
glacial meltwater may change the water mass properties, leading to the change of the biogeochemical cycles. In 
this study, in order to investigate the potential for using the humic-like component of fluorescent dissolved 
organic matter (FDOM) as a tracer for CDW and glacial meltwater in the Amundsen Sea, a hydrographic survey 
was conducted during the austral summer of 2018 aboard the Korean icebreaker IBR/V Araon. The meteoric 
water and CDW fractions calculated using the humic-like component (fmw_humic and fcdw_humic) were compared to 
those using oxygen isotope (δ18O) (fmw) and optimum multiparameter analysis (OMP) (fcdw_OMP), respectively. 
The fluorescence intensity of the humic-like component varied from 0.007 to 0.021, with higher values in the 
deeper layer and lower intensities in the surface waters. The range of fcdw_humic (0.5–1.0) was narrower than that 
of fcdw_OMP (0.1–1.0), indicating that the fcdw_humic values were overestimated due to the remained humic-like C1. 
To minimize the effect of the remained humic-like C1 on the calculation of CDW fraction, we used newly derived 
empirical equations (i.e., fcdw_OMP = 105.17 × C1–1.14 for transect 1 and fcdw_OMP = 126.04 × C1–1.41 for 
transect 2). The CDW fraction calculated using the empirical equations (fcdw_humic_empirical) was in good agree-
ment with the fcdw_OMP. We also found a significant positive relationship between fmw and fmw_humic, indicating 
that a reasonable method can be applied with a high percentage of explained variance and that fmw can be largely 
explained by fmw_humic. Our results show that the humic-like component can be a useful tracer for identifying 
CDW and glacial meltwater in the Amundsen Sea.   

1. Introduction 

The ice sheet around West Antarctica has undergone widespread 
losses in recent decades (Rignot et al., 2008; Pritchard et al., 2012) that 
increased from 53 ± 29 Gt/yr during the 1990s to 159 ± 26 Gt/yr during 
the 2010s (Shepherd et al., 2018). The Amundsen Sea, located in West 
Antarctica, is the most rapidly melting part of the West Antarctic Ice 
Sheet (Rignot et al., 2008; Pritchard et al., 2012). The main driver of 
melting in the Amundsen Sea is thought to be Circumpolar Deep Water 
(CDW) that originates from the Antarctic Circumpolar Current (ACC). 
The intrusion of warm, salty CDW into the Amundsen Sea through the 
Dotson Trough induces melting through latent heat transfer to the 

floating ice shelves, resulting in accelerated glacial melting in this region 
(Jenkins et al., 2010; Jacobs et al., 2011). As the CDW reaches the 
glacier and ice shelves, the warm CDW melts the ice and forms a 
modified CDW (mCDW) (Jenkins et al., 2010; Jacobs et al., 2012; Miles 
et al., 2016). The resulting mCDW dilution by glacial meltwater initiates 
a circulation pattern whereby fresher and cooler mCDW flows up the 
underside of the floating ice sheets and returns to the open sea higher in 
the water column (Alderkamp et al., 2015). 

The Amundsen Sea Polynya (ASP) is the most productive polynya 
among the 37 identified coastal polynya systems in the Antarctic (Arrigo 
and van Dijken, 2003) due to the supply of iron provided by the melting 
sea ice and/or glaciers (Gerringa et al., 2012; Alderkamp et al., 2015). In 
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addition, glacial meltwater can affect ocean circulation and stratifica-
tion because it is less dense than the underlying water (Jourdain et al., 
2017; Silvano et al., 2018). Thus, an increase in glacial meltwater input 
to the ASP has the potential to alter the biogeochemical and physical 
properties of the Amundsen Sea. Therefore, it is crucial to trace this 
glacial meltwater produced by the inflow of CDW. 

Considerable effort has been devoted to tracing glacial meltwater in 
the Amundsen Sea using chemical tracers such as stable oxygen isotopic 
ratios (δ18O) (Randall-Goodwin et al., 2015) and noble gases (e.g., he-
lium and neon) (Kim et al., 2016; Biddle et al., 2019). Randall-Goodwin 
et al. (2015) demonstrated that the fraction of meteoric water, including 
precipitation and glacial meltwater, exhibited maximum values of 2–3% 
and that the glacial meltwater fraction, determined separately from the 
meteoric water, had maximum values of 1–2%, with the highest value 
(2.1%) located at the Dotson Ice Shelf outflow. Kim et al. (2016) re-
ported that the calculated glacial meltwater fraction in the Amundsen 
Sea using noble gases ranged from 0.3–2.0%, which is similar to the 
findings of Randall-Goodwin et al. (2015). However, analyses of δ18O 
and noble gases are expensive and labor intensive. Additionally, esti-
mating the meltwater fraction using noble gases has limitations related 
to gas loss in the upper layer (< 200 m) via air–sea gas exchange (Kim 
et al., 2016). 

Fluorescent dissolved organic matter (FDOM), which is a fraction of 
dissolved organic matter (DOM), absorbs and re-emits light as fluores-
cence (Mopper et al., 1996; Stedmon and Nelson, 2015). Excitation and 
emission fluorescence spectra can provide useful information regarding 
the origin and composition of the DOM. Typically, FDOM is character-
ized by two major types: amino acid-like compounds and humic-like 
compounds (Coble, 2007). Because the humic-like compounds are 
resistant to biological degradation (Thurman, 1985; Ishii and Boyer, 
2012; Mendoza et al., 2017) and vulnerable to photochemical degra-
dation by sunlight (Chen and Bada, 1992; Yamashita et al., 2010; Chari 
et al., 2013; Logvinova et al., 2015; Kida et al., 2019), it has a long 
residence time (centuries to millennia) in the water column, except for 
in the surface layer (Yamashita and Tanoue, 2008). In addition, previous 
studies have reported that the humic-like component exhibit conserva-
tive mixing behavior in estuarine (Zhu et al., 2018), coastal (Yamashita 
et al., 2008, 2011; Zhu et al., 2018), and oceanic systems (Osburn and 
Stedmon, 2011; Tanaka et al., 2016; Kim et al., 2019; Jung et al., 2021). 
These results indicate that the conservative behavior of the humic-like 

component of FDOM can be used as a tracer to identify water masses 
(Gonçalves-Araujo et al., 2016). Furthermore, unlike analyses of δ18O 
and noble gases in seawater samples, a key advantage of FDOM analysis 
is that it can be analyzed with a high-sensitivity, despite small sample 
quantities. 

Recently, Kim et al. (2019) reported that FDOM is a reliable tracer for 
identifying water masses in the deep Indian Ocean. Furthermore, Gon-
çalves-Araujo et al. (2016) used FDOM to trace freshwater in Arctic 
surface waters. Although these previous studies provide evidence that 
FDOM can be a useful tracer for identifying water masses or freshwater 
discharge, little is known about the ability of the humic-like component 
to act as a tracer for CDW and glacial meltwater in the Antarctic Ocean. 
In this study, we report on the distributions of FDOM, sea ice melt, and 
glacial meltwater calculated using δ18O, coupled with hydrographic 
properties in the Amundsen Sea. The objective of this study is to examine 
the possibility of using FDOM as a tracer of CDW and glacial meltwater 
in the Amundsen Sea. 

2. Materials and methods 

2.1. Hydrographic survey 

A hydrographic survey was conducted in the Amundsen Sea during 
the ANA08B cruise (January 18– February 2, 2018) aboard the Korean 
icebreaker IBR/V Araon (Fig. 1). The cruise track covered the oceanic 
area (OA), the marginal sea ice zone (MSIZ), the ASP, the Dotson ice 
shelf (DIS), and the Getz ice shelf (GIS). In order to survey the spatial 
distributions of CDW and glacial meltwater, the sampling stations were 
divided into two transects: transect 1 across the oceanic area (OA), the 
marginal sea ice zone (MSIZ), the Amundsen Sea polynya (ASP), and the 
Dotson ice shelf (DIS), which is a known pathway of CDW intrusion (Ha 
et al., 2014); and transect 2 in front of the western Getz ice shelf (GIS). 

Seawater sampling was conducted at 19 stations using twenty-four 
10 L Niskin bottles attached to a rosette sampler. Vertical profiles of 
salinity, temperature, and dissolved oxygen were obtained from the 
conductivity-temperature-depth (CTD) sensors (SeaBird Electronics, 
SBE 911 plus, USA). During the cruise, the oxygen sensor data were 
independently calibrated against discrete samples collected for dis-
solved oxygen titrations using the Winkler titration method (Carpenter, 
1965). The mixed layer depth (MLD) was defined as the shallowest 

Fig. 1. (a) The location of the study area in Antarctica. (b) hydrographic survey locations in the Amundsen Sea. The locations of the sampling stations are 
superimposed onto the mean sea ice concentrations derived from Advanced Microwave Scanning Radiometer for EOS (AMSR-E) using the ARTIST Sea Ice (ASI) 
algorithm from January 18 to February 2, 2018 in the Amundsen Sea during the ANA08B cruise. Geographic locations are divided into the oceanic area (OA, yellow 
diamond), marginal sea ice zone (MSIZ, green triangles), Amundsen Sea polynya (ASP, blue squares), and ice shelf (red circles) based on the mean sea ice con-
centrations and distributions. Transect 1 cuts across the OA, MSIZ, ASP, and Dotson ice shelf (DIS), and transect 2 is in front of the western Getz ice shelf (GIS), which 
are enclosed by the red and yellow lines, respectively. (c) enlarged view of the sampling stations in front of the GIS. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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depth at which the density exceeded 0.02 kg m− 3 relative to surface 
density (Cisewski et al., 2008; Alderkamp et al., 2012). The euphotic 
zone depth (EZD) was estimated as the depth at which 1% of the surface 
photosynthetic available radiation (PAR) remains (Kirk, 1994). 

Seawater samples for inorganic nutrients were drawn from the Nis-
kin bottles into 50 mL conical tubes and immediately stored in a 
refrigerator at 4 ◦C prior to chemical analysis. Seawater samples for 
particulate organic carbon (POC) measurements were collected directly 
from the Niskin bottle into a pre-rinsed amber polyethylene bottle. 
Known volumes (500 mL to 1 L) of seawater were filtered onto pre- 
combusted (at 550 ◦C for 6 h) Whatman GF/F filters (47 mm diam-
eter) using a filtering system under a gentle vacuum at <0.1 MPa. The 
GF/F filters were stored at − 80 ◦C until the analyses were conducted in 
the onshore laboratory. Seawater samples for dissolved organic carbon 
(DOC), FDOM, and δ18O analyses were drawn from the Niskin bottles 
using gravity filtration through inline pre-combusted (at 550 ◦C for 6 h) 
Whatman GF/F filters (47 mm diameter) and kept in acid-washed (0.1 M 
HCl) polycarbonate 47 mm filter holders (PP-47, ADVANTEC). The filter 
holders were connected directly to the Niskin bottle spigots. The filtrates 
were collected in acid-washed glass bottles and divided into pre- 
combusted (at 550 ◦C for 6 h) 20 ml glass ampoules and pre-washed 
glass vials using a sterilized serological pipette. The glass ampoules for 
DOC and FDOM measurements were sealed with a torch, flash-frozen, 
and stored at − 24 ◦C until the onshore analyses were conducted. For 
the δ18O samples, the glass vials were sealed with parafilm in order to 
prevent the entry of air and stored at 4 ◦C until the onshore analyses 
were conducted. 

It is worth noting that the ideal method for measurement of FDOM is 
to analyze without freezing. However, given the remoteness of sampling 
area, delays between sampling and analysis of more than 2 months were 
inevitable. Previous studies investigated the impact of freezing on FDOM 
in aquatic environments (Castillo and Coble, 2000; Spencer et al., 2007; 
Fellman et al., 2008; Rochelle-Newall et al., 2014); however, the results 
of these studies are somewhat contradictory: Some indicated that the 
freezing/thawing optical samples result in fading of fluorescence in 
freshwater environments, because dissolved organic matter could not be 
redissolved during freezing/thawing process (Spencer et al., 2007; 
Fellman et al., 2008). On the other hand, others demonstrated no sta-
tistically significant difference between fresh (non-frozen) and frozen 
samples in coastal and marine environments (Castillo and Coble, 2000; 
Rochelle-Newall et al., 2014). Rochelle-Newall et al. (2014), who 
compared samples prior to freezing with samples frozen for 6 months, 
reported that there is some scatter along the 1:1 line (intercept = 0.38, 
slope = 0.997, r2 = 0.91, p < 0.001). Furthermore, loss of fluorescence 
from freezing especially occurs when samples contain a high CDOM 
concentration (Coble and Nelson, 2009). However, the absorbance 
values of all samples in this study were below 0.3 cm− 1 at 254 nm. 
Therefore, the loss of fluorescence from freezing is likely negligible. 

2.2. Measurements 

2.2.1. Inorganic nutrients 
Inorganic nutrients, including nitrite + nitrate (NO2 + NO3), phos-

phate (PO4), ammonium (NH4), and silicic acid (Si(OH)4), were 
measured during the cruise using a four-channel Auto-Analyzer 
(QuAAtro, Seal Analytical, Germany), according to the Joint Global 
Ocean Flux Study (JGOFS) protocols described by Gordon et al. (1993). 
The precisions for the NO2 + NO3, PO4, NH4, and Si(OH)4 measurements 
were ± 0.14, ± 0.02, ± 0.18, and ± 0.28 μmol kg− 1, respectively. 

2.2.2. Particulate organic carbon 
Before POC analyses, the filter samples were freeze-dried, then 

exposed to hydrochloric acid (HCl) fumes for 24 h in a desiccator to 
remove inorganic carbon from the samples. Measurements were con-
ducted with a CHN elemental analyzer (vario Macro cube, Elementar, 
Germany). Acetanilide was used as a standard. The precision of these 

measurements was ±4% (Jung et al., 2020). 

2.2.3. Fluorescent dissolved organic matter 
Fluorescence excitation-emission matrices (EEMs) of each sample 

were obtained using a fluorescence spectrophotometer (F-7000, Hitachi) 
with a 1 cm quartz cuvette. The excitation (Ex) spectra were scanned 
from 250 to 500 nm at 5 nm intervals, while the emission (Em) spectra 
were scanned from 280 to 550 nm at 1 nm intervals. The fluorescence 
intensity of Milli-Q water was measured daily and used as a blank for 
quality control. The EEMs of each sample were calibrated by subtracting 
the EEM of the Milli-Q water and were normalized to Raman Units (R. 
U.) by integrating the Raman bands from 380 to 420 nm at a 350 nm 
excitation (Stedmon et al., 2003). If the absorbance value of a sample is 
higher than 0.3 cm− 1 at 254 nm, the sample needs to be diluted with 
Milli-Q water (Burdige et al., 2004) to remove an inner filter effect. In 
this study, the inner filter effect was neglected because the absorbance 
values of all samples measured using a spectrophotometer (Lambda 365, 
PerkinElmer) were below 0.3 cm− 1. The obtained EEMs were modeled 
using parallel factor analysis (PARAFAC) in MATLAB (Mathworks, USA) 
with the DOMFluor toolbox (Stedmon and Bro, 2008). The number of 
components was determined based on the split-half validation (Chen 
et al., 2019). The best PARAFAC model was obtained with three com-
ponents, having 96.2% of explained variance. 

2.2.4. Dissolved organic carbon 
DOC analysis was conducted with high-temperature combustion 

using a TOC analyzer (TOC-L, Shimadzu). On a daily basis, Milli-Q water 
blanks and consensus reference material (CRM, 42–45 μM C, deep 
Florida Strait water obtained from the University of Miami) were 
measured every sixth analysis for quality assurance and quality control 
(QA/QC). Based on repeated measurements (at least three measure-
ments per sample), analytical errors were within 5% for DOC (Chen 
et al., 2018; Jung et al., 2021). 

2.2.5. Stable oxygen isotope ratios 
Samples for δ18O analysis were shaken automatically for ~8 h in an 

18 ◦C water bath to equilibrate with CO2 (Nakayama et al., 2014). δ18O 
analyses were conducted using a mass spectrometer (Finnigan DELTA 
plus, Germany) coupled with an equilibrium device at the Institute of 
Low Temperature Science, Hokkaido University, Japan. δ18O was 
determined with respect to the Vienna-Standard Mean Ocean Water (V- 
SMOW) standard. The δ18O was obtained as follows: 

δ18O =
[( 18O

/16Osample
/18O

/16OV− SMOW
)
–1

]
× 1000 (1) 

The accuracy of the analysis was estimated to be 0.02‰ based on 
duplicate measurements (Nakamura et al., 2014). 

2.2.6. Stable oxygen isotope for quantifying freshwater sources 
δ18O and salinity were used to determine the fractions of sea ice 

meltwater, meteoric water, and seawater, following the approach 
developed by (Östlund and Hut, 1984). Assuming that the water in the 
study area is a mixture of sea ice meltwater (fsim), meteoric water (fmw), 
and seawater (fsw), the fractions of each of these water masses were 
calculated using the following mass balance equations: 

fsim + fmw + fsw = 1
fsim⋅Ssim + fmw⋅Smw + fsw⋅Ssw = Sobs

fsim⋅δ18Osim + fmw⋅δ18Omw + fsw⋅δ18Osw = δ18Oobs

(2)  

where f and S refer to the fraction and salinity, respectively. δ18Oobs and 
Sobs are the observed values from each seawater sample. Sea ice for-
mation, which injects brine into the underlying seawater, will be rep-
resented by a negative fsim (Meredith et al., 2008). The δ18O and S values 
for the three end-member water masses used in the calculations are 
summarized in Table 1. For further details on the selection of the three 
end-members applicable to the Amundsen Sea region, refer to Randall- 
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Goodwin et al. (2015). 

2.2.7. Optimum multiparameter analysis for quantifying water mass 
fraction 

As shown in Eq. (2), the δ18O method is based on the assumption that 
water masses in the Amundsen Sea are composed of sea ice meltwater, 
meteoric water, and seawater, including AASW, WW, and CDW. To 
quantify the CDW fraction, the end-members of δ18O and S values for 
each water mass are necessary. However, due to the lack of the δ18O end- 
members for AASW and WW, we could not calculate the CDW fraction 
by using Eq. (2). Therefore, additional analysis is required, and we chose 
the optimum multiparameter (OMP) analysis previously applied to 
identifying the distribution and mixing of water masses in diverse re-
gions of the ocean (Tomczak and Large, 1989; Poole and Tomczak, 1999; 
Budillon et al., 2003, 2010; Pardo et al., 2012; Frants et al., 2013; Biddle 
et al., 2017). 

OMP analysis starts with the definitions of water masses and water 
types. As described in detail in Tomczak and Large (1989), water mass is 
physical entity of finite volume, and water type is defined as points in 
parameter space. Briefly, OMP analysis is based on the assumption that 
all water masses are a mixture of the water types. The fractions of water 
types were derived using the following equation: 

G⋅x − d = r⎛

⎜
⎜
⎝

Smw
θmw

DOmw
1

Sww
θww

DOww
1

Scdw
θcdw

DOcdw
1

⎞

⎟
⎟
⎠∙

⎛

⎝
fmw
fww
fcdw

⎞

⎠ −

⎛

⎜
⎜
⎝

Sobs
θobs

DOobs
1

⎞

⎟
⎟
⎠ =

⎛

⎜
⎜
⎝

rS
rθ

rDO
rmass

⎞

⎟
⎟
⎠ (3)  

where G is a matrix with the parameter values for the source water types 
(SWT), x is a vector of relative contributions for water types, d is a vector 
of the observed values, and r is the residual value. OMP analysis has two 
following assumptions: (a) the water masses are a mixture of the water 
types, and (b) the sum of all contributions should be 100%. The fractions 
of the water types were calculated using the least squares method for 
minimizing the residual. A nonnegativity constraint is also applied, as 
fractions of water types must have positive values. 

OMP analysis requires the parameter values (typically potential 
temperature (θ), S, and dissolved oxygen (DO) concentration) of each 
SWT. In this study, we used values reported by Biddle et al. (2017). 
AASW is excluded from the OMP analysis due to the difficulty of end- 
member selection, so OMP analysis is only applied below 75 m (Bid-
dle et al., 2017). 

3. Results and discussion 

3.1. Fluorescent dissolved organic matter components 

Three components were identified by the PARAFAC model (Fig. 2) 
and compared with those in the OpenFluor database (Table. S1) (Mur-
phy et al., 2013). Component 1 (C1) has an excitation maximum below 
250 nm with a broad emission spectrum, similar to a terrestrial humic- 
like fluorophore (Coble, 1996; Stedmon et al., 2003; Dubnick et al., 
2010; Osburn and Stedmon, 2011). Component 2 (C2, Ex/Em = 275/ 
340 nm) is similar to a tryptophan-like fluorophore (Coble, 1996; 
Dubnick et al., 2010; Stedmon et al., 2011; Chen et al., 2018). Compo-
nent 3 (C3, Ex/Em ≤ 250(300)/359 nm) spectra represent sea ice related 
protein-like fluorophores (Chen et al., 2018). Because DOC is known as a 

Table. 1 
End-member properties used for the water masses in the Amundsen Sea.   

Salinity δ18O 
(‰) 

Reference 

aCircumpolar Deep Water 
(CDW) 

34.73 − 0.070 This study 

Meteoric Water (MW) 0 − 25 Randall-Goodwin et al. 
(2015) Sea Ice Meltwater (SIM) 7 2.1  

a We used a salinity of 34.73 and a δ18O of − 0.070‰ as the end-members for 
CDW, which were measured in the deep layer in the oceanic area (OA) where 
pure CDW is located. 

Fig. 2. EEM contour plots of (a–c) the three different fluorescent components C1–C3 identified by PARAFAC in the seawater samples collected from the Amundsen 
Sea, with the excitation (brown lines) and emission (blue lines) spectra of three components (d–f). The solid and dashed lines denote two random halves of the 
complete dataset. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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reliable proxy for DOM (Thurman, 1985; Jiang et al., 2018), DOC con-
centrations were compared with C1 fluorescence intensities to evaluate 
the data quality and contamination of FDOM (Fig. S1). DOC concen-
trations ranged from 36 to 49 μM C (mean: 42 ± 2 μM C) in the upper 
100 m and 37 to 45 μM C (mean: 40 ± 2 μM C) in the deeper layer (i.e., 
below ~100 m). Despite the massive phytoplankton blooms in the 
Amundsen Sea during the austral summer (Arrigo and van Dijken, 2003; 
Park et al., 2017), the DOC concentrations in the upper 100 m were 
somewhat lower than those (46 ± 3 and 55 ± 5 μM C) observed in the 
Ross Sea (Carlson et al., 2000), suggesting a low surface accumulation of 
DOC in the Amundsen Sea due to the nonlimiting macronutrients in the 
Antarctic waters and bio-labile and photo-labile nature of freshly pro-
duced DOC (Chen et al., 2019). The DOC concentrations in the deeper 
layer were comparable to the results by Fang et al. (2020), who reported 
that the DOC concentrations in the deeper layer (i.e., below ~100 m) of 
the Amundsen Sea ranged between 39 and 50 μM C, with an average of 
43 ± 3 μM C, suggesting that the DOC cycling in the Amundsen Sea is 
dynamic (Fang et al., 2020). However, the deep DOC concentrations 
near the seafloor (i.e., below ~400 m) observed in both this study (40 ±
1.9 μM C) and Fang et al. (2020) (42 ± 2 μM C) were similar to those 
(41.8 ± 0.8 μM C) observed in the Ross Sea (Carlson et al., 2000). A 
detailed description of the rapid cycling of DOC in the Amundsen Sea is 
provided by Fang et al. (2020). Briefly, deep DOC supplied to the surface 
layer via CDW intrusion and mixing with the overlying water is 
consumed by microbial and/or photochemical degradation along with 
fresh DOC produced by primary production (Shen and Benner, 2018). 
The DOC is redistributed vertically by water mixing due to brine rejec-
tion during sea ice formation in winter, implying that the DOC reservoir 
has a relatively short turnover time on the order of years (Fang et al., 
2020). The results mentioned above suggest that our results for DOC 
concentration reflect the characteristics of DOC in the Amundsen Sea. In 
addition, C1 fluorescence intensities in the surface were generally lower 

than the values in the deeper layers, which is consistent with previous 
studies (Chen and Bada, 1992; Determann et al., 1996; Stedmon and 
Markager, 2005a; Yamashita et al., 2007). These results indicated that 
no FDOM contamination had occurred. Although the three components 
were identified in the seawater samples; in this study, we used only C1 to 
demonstrate the potential for the humic-like component of FDOM to act 
as a tracer of CDW and glacial meltwater in the Amundsen Sea. 

3.2. Spatial distributions of freshwater fractions and the humic-like 
component 

The spatial distributions of sea surface temperature (SST) and 
salinity (SSS), water fractions (fmw and fsim), and the humic-like 
component C1 in the surface layer are shown in Fig. 3. The SST and 
SSS ranged from − 1.6 to − 0.6 ◦C and 33.0 to 34.0, respectively (Fig. 3a 
and b). The highest SSS values were observed in front of the ice shelves, 
but the SSTs exhibited slightly lower values (~ − 1.0 ◦C) compared to 
other regions (i.e., OA, MSIZ, and ASP). Alderkamp et al. (2015) re-
ported that the meltwater-laden mCDW has a SSS of <34.0 and a SST 
between − 1.1 and − 0.5 ◦C near the coast of the Amundsen Sea, which 
are similar to the SSS and SST values observed in front of the ice shelves 
in this study, suggesting the upwelling of meltwater-laden mCDW (Miles 
et al., 2016). The SST and SSS gradually decreased from the DIS toward 
the OA along transect 1 due to the influences of meteoric water and sea 
ice meltwater. 

The fmw varied from 0.020 to 0.027, with higher values observed in 
the ASP and DIS (Fig. 3c), indicating that CDW-generated glacial melt-
water is delivered from the DIS to the ASP region by a geostrophically- 
driven outflow (Jenkins et al., 2010; Jacobs et al., 2011). In addition, the 
values of fmw in the DIS were higher than those in the western GIS. The 
differences in fmw values among the ice shelf regions presumably reflect 
regional differences in the magnitude and duration of sub-glacial 

Fig. 3. Spatial distributions of sea surface (a) temperature (◦C), (b) salinity, (c) meteoric water (fmw), (d) sea ice meltwater (fsim) fractions, (e) the humic-like 
component (R.U.), and (f) geographic sampling locations in the Amundsen Sea. 
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melting due to CDW intrusion (Miles et al., 2016). In contrast, lower 
values of fsim were observed in the ASP, DIS, and GIS, but fsim gradually 
increased from the ASP toward the OA (range: − 0.007–0.037), indi-
cating sea ice melt due to increased solar heat during the summer in the 
MSIZ, spreading toward the OA (Fig. 3d). 

The fluorescence intensity of C1 in the OA was 0.007 R.U. and 
gradually increased toward the DIS, varying between 0.008 and 0.013 R. 
U. (Fig. 3e). The mean fluorescence intensity of humic-like component 
in the global ocean surface layer (0–100 m) was about 0.007 R.U. (range: 
0.004–0.011), and high fluorescence intensities (> 0.011 R.U.) were 
observed upwelling areas and areas receiving considerable amounts of 
terrestrial organic matter from surrounding continents (Jørgensen et al., 
2011). Compared to the fluorescence intensity of the humic-like 
component in the global ocean surface layer, the high values of C1 (>
0.011 R.U.) were observed in front of the DIS, suggesting that the 
fluorescence intensity of C1 is associated with the CDW. Previous studies 
have reported that the fluorescence intensity of C1 gradually increased 
with depth (Chen and Bada, 1992; Determann et al., 1996; Stedmon and 
Markager, 2005a; Yamashita et al., 2007). Jørgensen et al. (2011) re-
ported that the lowest fluorescence intensity of humic-like component 
(0.007 R.U.) was found in the surface layer and gradually increased by 
0.012 R.U. at about 1000 m depth. Therefore, the high values of C1 
fluorescence intensity in front of the ice shelves (> 0.011 R.U.) suggest 
that the humic-like C1 in the surface layer was derived from upwelling 
mCDW. However, the fluorescence intensity of C1 lower than the mean 
fluorescence intensity of the global ocean surface layer was observed in 
the surface layer in the OA and MSIZ, suggesting that the fluorescence 
intensity of C1 was photodegraded due to the exposure of the surface 
water to sunlight (Vecchio and Blough, 2002) and/or diluted by sea ice 
meltwater (Makarewicz et al., 2018). 

3.3. Vertical distributions of freshwater fractions 

Vertical transects of potential temperature (θ), salinity (S), and 
freshwater fractions (fmw and fsim) along a transect extending south-
eastward from the OA to the DIS (i.e., transect 1, Fig. 1) are shown in 

Fig. 4. As described in more detail by other studies (Yager et al., 2012, 
2016; Randall-Goodwin et al., 2015; Sherrell et al., 2015; Miles et al., 
2016), the distributions of S and θ show that the Amundsen Sea con-
tained four major water masses: Antarctic Surface Water (AASW, 
defined as S < 34.1 and − 1.7 ◦C < θ < 0 ◦C), Winter Water (WW, 
defined as S ≈ 34.0 and θ ≈ − 1.7 ◦C), mCDW (defined as S > 34.5 and θ 
≈ 0.5 ◦C), and CDW (defined as S ≈ 34.7 and θ > 1.5 ◦C). In the OA, the 
layer between 300 and 800 m was occupied by pure CDW. The warm, 
salty tongue of CDW extended toward the DIS, becoming much colder 
and fresher by mixing with WW. At stations in the MSIZ (i.e., stations 50, 
51, and 52) and ASP (i.e., stations 45, 48, and 49), mCDW was observed 
at depths below ~500 m from the shelf slope break to the coastal region 
along the Dotson Trough, leading to basal melting and thinning of the 
ice shelves (Rignot et al., 2013; Dutrieux et al., 2014; Randall-Goodwin 
et al., 2015). Above the mCDW layer, WW, reflecting convective mixing 
driven by brine rejection during sea ice formation during the winter, was 
observed extending from the AASW layer down to 400 m in depth. The 
AASW was variably warmer and fresher than the WW, because AASW is 
essentially WW modified to varying degrees by solar radiation and 
seasonal sea ice melt during the summer (Randall-Goodwin et al., 2015), 
and ranged in thickness from ~2 to 100 m. 

The vertical section of fmw exhibited vertical and regional variability 
along transect 1 (Fig. 4c). The fmw varied from 0 to 0.028 along transect 
1, with the highest values of fmw (> 0.025) found in the layer between 
300 m and the surface in front of the DIS, suggesting the upwelling of 
glacial meltwater at the DIS. In comparison, relatively lower fmw values 
(0.017–0.024) were observed throughout the WW layer, indicating a 
redistribution of glacial meltwater and contributions from the CDW 
induced basal ice shelf meltwater (Randall-Goodwin et al., 2015). 
However, in the OA and the near bottom layer, the lowest fmw values 
were observed, indicating CDW intrusion into the DIS and little mixing 
with the overlying WW along the trough. The fmw values obtained in this 
study are in reasonable agreement with the ranges obtained by Randall- 
Goodwin et al. (2015), who reported that the highest meteoric water 
fractions were at the DIS outflow (2.1%) and large values in the WW 
layer (1.0–1.5%). 

Fig. 4. Vertical distributions of (a) potential temperature (◦C), (b) salinity, (c) meteoric water (fmw), and (d) sea ice meltwater (fsim) fractions obtained along transect 
1 across the oceanic area (OA), marginal sea ice zone (MSIZ), Amundsen Sea polynya (ASP), and Dotson ice shelf (DIS). The station numbers are shown at the top of 
each figure. The upper panels in (a) and (b) show the sampling locations. 
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In the surface layer of the MSIZ and OA, positive fsim values were 
observed, indicating net sea ice melt in these regions (Fig. 4d). However, 
the fsim values were mostly negative throughout the water column in the 
ASP and DIS due to sea ice formation that injects brine into the under-
lying seawater. This indicates little contribution of sea ice meltwater to 
the freshwater budget below the surface layer in the Amundsen Sea 
during the austral summer. 

In comparison, three water masses (i.e., AASW, WW, and mCDW) 
were identified in the western GIS (i.e., transect 2, Figs. 1 and 5). The 
vertical transects of θ, S, and freshwater fractions exhibited similar 
vertical distributions as those along transect 1, excluding OA (Fig. 5). 
The fmw varied from 0 to 0.025 along transect 2, with higher values 
(0.019–0.025) in the upper 400 m (Fig. 5c). However, the fmw values in 
the upper 400 m in the western GIS were somewhat lower than those in 
the DIS (0.021–0.028). Previous studies have reported that DIS basal 
meltwater is a major contributor to the freshwater budget of the ASP 
region (Randall-Goodwin et al., 2015; Miles et al., 2016; Jenkins et al., 
2018). Furthermore, Nakayama et al. (2014) showed that modeled basal 
meltwater from the Amundsen Sea flows westward, with 36% reaching 
the Ross Sea, suggesting that some portion of fmw in the western GIS 
could be derived from the Amundsen Sea. However, because of the 
difficulty in distinguishing how much of the glacial meltwater originated 
from the DIS or was generated locally in the western GIS, we cannot 
further determine the source strength for the meteoric water in the 
western GIS. Nevertheless, given that transect 1 is a known pathway of 
CDW intrusion (Ha et al., 2014), the relatively lower fmw values in the 
western GIS are likely due to regional differences in the magnitude and 
duration of sub-glacial melting caused by CDW intrusion. 

3.4. Vertical distributions and characteristics of the humic-like component 

Vertical distributions of C1 fluorescence intensities along transects 1 
and 2 are shown in Fig. 6a and b, respectively. Along transect 1, the 
fluorescence intensity of C1 varied from 0.007 to 0.021 R.U. (Fig. 6a), 
with higher values in the deeper layer and lower intensities in the sur-
face water. In the OA, a C1 fluorescence intensity higher than 0.02 R.U. 
was identified in the layer occupied by pure CDW (Fig. 4a and b). 

Overall, higher values of C1 fluorescence intensity were observed along 
the pathway of CDW intrusions. The C1 fluorescence intensities along 
transect 2 exhibited similar vertical distributions to those observed 
along transect 1 excluding OA, varying from 0.011 to 0.019 (Fig. 6b). 

The preponderance of studies of the humic-like component have 
reported a negative relationship with salinity, and thus humic-like 
component has a conservative behavior for mixing of water masses 
(Yamashita et al., 2008, 2011; Osburn and Stedmon, 2011; Ishii and 
Boyer, 2012; Tanaka et al., 2016; Zhu et al., 2018; Kim et al., 2019; Jung 
et al., 2021), suggesting that the humic-like component could be suitable 
as a tracer of water masses mixing (Gonçalves-Araujo et al., 2016). 
However, the production of the terrestrial humic-like component was 
observed during bacterial incubation experiments (Stedmon and Mark-
ager, 2005b; Shimotori et al., 2012), and the fluorescence intensity of 
the terrestrial humic-like component was correlated with AOU in the 
deep ocean (Yamashita et al., 2010), suggesting that the part of terres-
trial humic-like component can be produced in situ. Here, we investi-
gated the relationships between C1 fluorescence intensity and 
remineralization-related variables (i.e., apparent oxygen utilization 
(AOU), inorganic nutrients, and POC) (Fig. S2) to understand the 
characteristics of the humic-like component C1 in the Amundsen Sea. It 
is worth mentioning that, in the surface water, FDOM is mainly photo-
degraded by sunlight, whereas oxygen, nutrients, and POC are 
controlled by photosynthetic processes (Yamashita et al., 2007). Log-
vinova et al. (2015) reported significant losses (48–63%) in the fluo-
rescence intensities of humic-like components by photodegradation in 
surface water samples collected in the ice-free western Arctic Ocean 
during 72 h solar exposure experiments, which were supported by both 
field and laboratory studies (Chen and Bada, 1992; Yamashita et al., 
2007; Jørgensen et al., 2011). In our study region, the mean MLD and 
EZD were 27 ± 16 m and 35 ± 16 m in transect 1, and 23 ± 19 m and 20 
± 16 m in transect 2, respectively (Figs. 6a and b), suggesting that air- 
sea oxygen gas exchange and photodegradation of humic-like compo-
nent C1 by sunlight are negligible in the water column below 50 m. 
Thus, we decided to use the dataset below 50 m to more clearly un-
derstand the relationships between the humic-like component C1 and 
remineralization-related variables. As shown in Fig. S2, the fluorescence 

Fig. 5. Vertical distributions of (a) potential temperature (◦C), (b) salinity, (c) meteoric water (fmw), and (d) sea ice meltwater (fsim) fractions obtained along transect 
2 in front of the western Getz ice shelf (GIS). The station numbers are shown at the top of each figure. The upper panels in (a) and (b) show the sampling locations. 
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intensity of C1 observed in transect 1 was positively correlated with 
AOU at depths greater than 50 m (r = 0.93, p < 0.001), Si(OH)4 (r =
0.87, p < 0.001), NO2 + NO3 (r = 0.54, p < 0.05), and PO4 (r = 0.65, p <
0.001), whereas it exhibited a negative relationship with POC (r =
− 0.46, p < 0.05). The fluorescence intensity of C1 observed in transect 2 
also exhibited positive relationships with AOU below 50 m (r = 0.95, p 
< 0.001), Si(OH)4 (r = 0.88, p < 0.001), NO2 + NO3 (r = 0.56, p < 0.05), 
and PO4 (r = 0.69, p < 0.001), but was negatively correlated with POC (r 
= − 0.52, p < 0.05). Among inorganic nutrients, Si(OH)4 showed the 
most significant relationship with C1 fluorescence intensity. However, 
the main mechanism responsible for producing Si(OH)4 in the water 
column (i.e., silica dissolution) is different from those for the other 
inorganic nutrients (i.e., remineralization) (Nelson et al., 1995; Cap-
pellen et al., 2002). Silica dissolution is controlled by marine bacteria 
(Bidle and Azam, 1999) as well as other factors, including temperature, 
zooplankton grazing, and diatom aggregation (Nelson et al., 1995), 
suggesting that the marine bacterial activity can exert a critical role in 
silicon regeneration. Given that the humic-like component can be pro-
duced by microbial oxidation and degradation of organic matter, as 
mentioned above, the significant relationship between the humic-like 
component and Si(OH)4 is likely due to bacteria-mediated silicon 
regeneration (Bidle and Azam, 1999). Arıśtegui et al. (2002) reported 
that ~90% of the oxygen consumption in the deep ocean is due to 
particle remineralization. Thus, the negative relationship between C1 
and POC and its positive relationships with AOU and inorganic nutrients 
suggest that the humic-like component C1 can be partially derived from 

the remineralization of sinking particulate organic matter and bacterial 
respiration (Yamashita et al., 2007). 

Although part of the humic-like component C1 can be derived from 
in situ, a positive linear relationship between the C1 fluorescence in-
tensity and salinity was observed along transect 1 (r = 0.89, p < 0.001) 
and transect 2 (r = 0.93, p < 0.001) (Fig. S3), indicating the conservative 
behavior of C1 during the water masses mixing. In addition, the humic- 
like component has a long residence time (centuries to millennia) (Chen 
and Bada, 1992; Yamashita and Tanoue, 2008; Catalá et al., 2015), 
while the turnover time of meltwater-laden CDW waters in the western 
Amundsen Sea was estimated to be within decades (Kim et al., 2018). 
Furthermore, the humic-like C1 is resistant to internal processes of 
degradation (i.e., it is biologically unavailable, Ishii and Boyer, 2012), 
revealing conservative mixing behavior as aquatic systems transition 
from fresh to saline conditions. Thus, the humic-like component C1 can 
be used to trace the CDW, because the humic-like component C1 dis-
plays the conservative behavior on the time scale of physical mixing. 

3.5. Humic-like component as a tracer of CDW 

As mentioned above, pure CDW (defined as S ≈ 34.7 and θ > 1.5 ◦C) 
was observed in the layer between 300 and 800 m in the OA (Fig. 4a and 
b), where the C1 fluorescence intensity is 0.021 R.U. We therefore as-
sume that 0.021 R.U. of C1 fluorescence intensity represents the C1 
value for pure CDW. To assess the potential of the humic-like component 
C1 to act as a tracer of CDW in the Amundsen Sea, we used the following 

Fig. 6. Vertical distributions of (a and b) fluorescence intensity of the humic-like component (R.U.), (c and d) the Circumpolar Deep Water (CDW) fraction calculated 
using the humic-like component (fcdw_humic), and (e and f) the CDW fraction calculated using optimum multiparameter (OMP) (fcdw_OMP) along transects 1 and 2, 
respectively. The station numbers are shown at the top of each figure. The upper panels in (a) and (b) show the sampling locations. The white solid and dotted lines in 
(a) and (b) indicate the euphotic zone depth (EZD) and mixed layer depth (MLD), respectively. 
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equation to evaluate the fraction of CDW calculated using the humic-like 
component C1: 

fcdw humic =
FI

0.021
(4)  

where fcdw_humic and FI refer to the fraction of CDW calculated using the 
humic-like component C1 and the observed C1 fluorescence intensity (R. 
U.), respectively. The fcdw_humic values (i.e., calculated using Eq. (4)) 
along transects 1 and 2 are shown in Fig. 6c and d, respectively. The 
fcdw_humic along transects 1 and 2 varied from 0.32 to 0.98 and 0.55 to 
0.92, respectively, with higher values in the deeper layer and lower 
values in the shallower layer. 

To evaluate the degree of overestimation or underestimation of 
fcdw_humic, the fractions of CDW were calculated using OMP (fcdw_OMP) 
along transects 1 and 2 and shown in Fig. 6e and f. In this study, we 
assumed that the calculation of CDW fraction using OMP provides a 
reliable estimate, which is used as a ground truth for the fcdw_humic. The 
vertical distributions of fcdw_OMP in transects 1 and 2 were similar to 
those of fcdw_humic. The fcdw_OMP varied from 0.12 to 1.00 along transect 1, 
with the highest values (> 0.998) in the OA at depths below 300 m. The 
higher fcdw_OMP values (0.7–0.9) extended toward the DIS along the 
trough. In comparison, lower fcdw_OMP values (0.2–0.4) were observed in 
the layer between 75 and 300 m except for OA, indicating mixing with 
the overlying WW and/or meteoric water, extending toward the DIS. 
The fcdw_OMP varied from 0.17 to 1.00 along transect 2, with higher 
values (> 0.8) at depths below 500 m. 

The humic-like component C1 exhibited significant positive re-
lationships with fcdw_OMP along transect 1 (r = 0.94, p < 0.001) and 
transect 2 (r = 0.97, p < 0.001) (Fig. 7a). However, the intercepts were 
− 1.14 for transect 1 and − 1.41 for transect 2 (Fig. 7a), indicating that 
about 0.011 R.U. of the humic-like component C1 fluorescence intensity 
remains when fcdw_OMP value is zero. Biddle et al. (2017) reported that 
the use of specific end-member values could identify the “fresh” water 
masses, rather than “older” or cumulative water masses, because the 
values of θ, S, and DO vary by each season of observations. Thus, the 
offsets between humic-like component C1 fluorescence intensities and 
fcdw_OMP values are likely due to the remained C1 that intruded into the 
Amundsen Sea during the other seasons. Nevertheless, the high corre-
lations between C1 fluorescence intensities and fcdw_OMP in transects 1 
and 2 suggest the possibility that C1 can be used as a tracer for CDW. 

In addition, statistically significant positive correlations were found 
between fcdw_humic and fcdw_OMP along transect 1 (r = 0.94, p < 0.001) 
and transect 2 (r = 0.97, p < 0.001) (Fig. 7b). However, the differences 
between fcdw_humic and fcdw_OMP were significant in the seawater samples 
collected in the upper 500 m, although similar fcdw_humic and fcdw_OMP 
values were observed in deep waters (> 500 m). The range of fcdw_humic 
(0.5–1.0) was narrower than that of fcdw_OMP (0.1–1.0), indicating that 
the fcdw_humic values in the upper 500 m were overestimated due to the 
remained humic-like C1. To overcome this limitation, based on the 
assumption that fcdw_OMP values are reliable, we used newly derived 
empirical equations (i.e., fcdw_OMP = 105.17 × C1–1.14 for transect 1 and 
fcdw_OMP = 126.04 × C1–1.41 for transect 2) (Fig. 7a) instead of Eq. (4) to 
estimate the fraction of CDW using the humic-like component. The 
fractions of CDW using these empirical equations (fcdw_humic_empirical) 
were compared with the fcdw_OMP, and the differences between two 
methods in transects 1 and 2 were 17 ± 12% and 17 ± 14%, respectively. 
Despite the differences between fcdw_OMP and fcdw_humic_empirical, signifi-
cant positive relationships were observed between fcdw_OMP and fcdw_hu-

mic_empirical along transect 1 (r = 0.94, p < 0.001) and transect 2 (r =
0.97, p < 0.001). In addition, the slopes and intercepts of regression line 
fcdw_humic_empirical on fcdw_OMP are close to one and zero in transects 1 and 
2, respectively, suggesting that humic-like component C1 could be used 
to trace the CDW and quantify the fraction of CDW. Our results therefore 
demonstrate that the humic-like component can be used as a reliable 
tracer of CDW below 75 m and above the bottom layer in the Amundsen 

Fig. 7. Relationships of the Circumpolar Deep Water (CDW) fraction calculated 
using optimum multiparameter (fcdw_OMP) with (a) humic-like component (R. 
U.) for transect 1 (blue circles) and transect 2 (brown triangles), (b) the CDW 
fraction calculated using the Eq. (4) (fcdw_humic) as described in more detail in 
Section 3.5, and (c) the CDW fraction calculated using observation equations in 
Fig. 7(a) (y = 105.17 x – 1.14 for transect 1 and y = 126.04 x – 1.41 for transect 
2) (fcdw_humic_empirical). The colour bars in (b) and (c) show the sampling depth. 
The linear regression functions, correlation coefficients (r), p-values (p), and the 
numbers of samples (n) for transects 1 and 2 are also shown. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Sea. 

3.6. Humic-like component as a tracer of glacial meltwater in the 
Amundsen Sea 

As described in Section 3.5, we investigated the potential for the 
humic-like component to act as a tracer for CDW. In this section, we 
further investigate whether the humic-like component can be used as a 
tracer for glacial meltwater in the Amundsen Sea. The overall distribu-
tions of the humic-like component C1 and δ18O can be understood in the 
context of water mass mixing, as illustrated by temperature-salinity di-
agrams. As shown in Fig. 8, the temperature-salinity diagram with colors 
indicating the humic-like component intensity is quite similar to that of 
δ18O. The highest values of C1 fluorescence intensity and δ18O were 
observed in the CDW. These values gradually decreased along the 
CDW–WW mixing line. Between the CDW and WW end-members, the 
influence of subsurface glacial meltwater is observed (i.e., data points 
shift slightly from the CDW–WW mixing line toward the mixing line 
between CDW and meteoric water) (Randall-Goodwin et al., 2015). The 
values of C1 fluorescence intensity and δ18O further decreased, bending 
from the CDW–WW mixing line toward the CDW–meteoric water mixing 
line due to the influence of meteoric water (i.e., dilution of C1 fluores-
cence intensity and lower δ18O values in meteoric water). The similar 
distributions of the humic-like component and δ18O make it possible to 
also use the humic-like component as a tracer of glacial meltwater in the 
Amundsen Sea. 

As mentioned above, δ18O is a useful tracer for meteoric water in the 
Amundsen Sea (Randall-Goodwin et al., 2015; Biddle et al., 2019). In 
general, meteoric water includes precipitation (snow and rain) and 
glacial meltwater. According to Bromwich et al. (2004), the mean 
annual precipitation for 1985–1999 in the Amundsen Sea was ~300 
mm/year. In comparison, Rignot et al. (2013) reported that meltwater 
production in the DIS and GIS was 7.8 ± 0.6 and 4.3 ± 0.4 m/year, 
respectively, suggesting that the contribution of local precipitation to 
meteoric water is negligible in the Amundsen Sea. Therefore, we 
investigated the relationship between C1 fluorescence intensity and fmw 
to examine the potential for the humic-like component to act as a tracer 
for glacial meltwater by assuming that fmw in the Amundsen Sea rep-
resents the glacial meltwater fraction. Here we chose the dataset ob-
tained below 50 m and above the bottom layer due to the limitations of 
the humic-like component related to photodegradation (see Section 
3.4). We also excluded the dataset from the OA (i.e., station 53) where 
the influence of glacial meltwater was negligible (Fig. 4d). Statistically 

significant inverse relationships were observed between fmw and C1 
fluorescence intensity along transect 1 (fmw = − 2.30 × fluorescence 
intensity of the humic-like component +0.05, r = − 0.88, p < 0.001) and 
transect 2 (fmw = − 3.44 × fluorescence intensity of the humic-like 
component +0.07, r = − 0.95, p < 0.001) (Fig. 9a). Based on these re-
lationships, we estimated the meteoric water fraction using the humic- 
like component (fmw_humic) (Fig. 9b). Overall, the differences between 
fmw and fmw_humic in transects 1 and 2 were 28 ± 48% and 30 ± 94%, 
respectively, when fmw was used as a ground truth. The large differences 
between fmw and fmw_humic were observed in the bottom layer where 
CDW or mCDW dominates. The fmw_humic of the bottom layer tended to 
be overestimated, likely due to a mixture of mCDW and meltwater-laden 
mCDW. If the dataset from the bottom layers of transects 1 and 2 are 
excluded, the differences between fmw and fmw_humic decrease to 13 ±
11% and 12 ± 14%, respectively. Despite the differences between fmw 
and fmw_humic, significant positive relationships were observed between 
fmw and fmw_humic in transects 1 (r = 0.88, p < 0.001) and 2 (r = 0.95, p <
0.001). In addition, the slopes and intercepts of the relationships in 
transects 1 and 2 are close to one and zero, respectively, indicating that a 
reasonable method was applied with a high percentage of explained 
variance and that fmw can be largely explained by fmw_humic. Conse-
quently, our results show that the humic-like component can be used as 
a tracer for glacial meltwater in the Amundsen Sea. 

4. Conclusions 

We herein demonstrated the potential for the humic-like component 
to trace CDW and glacial meltwater in the Amundsen Sea. During the 
cruise, the fluorescence intensity of the humic-like component varied 
from 0.007 to 0.021 R.U., with higher values in the deeper layer and 
lower intensities in the surface waters due to photodegradation by 
sunlight and dilution by sea ice meltwater. The highest fluorescence 
intensity of the humic-like component was observed in the deep layer of 
the OA that is occupied by pure CDW, reflecting the dominance of the 
humic-like component in CDW. In addition, the relationships between 
the fluorescence intensity of the humic-like component and 
remineralization-related variables suggest that the humic-like compo-
nent is derived from the remineralization of sinking particulate organic 
matter and bacterial respiration. 

The conservative behavior of the humic-like component was 
observed throughout the study region, with fluorescence intensities 
decreasing as salinity decreased. This characteristic allowed us to trace 
CDW. Our results for the comparison between fcdw_OMP and 

Fig. 8. Potential temperature-salinity (T-S) diagram of the Amundsen Sea. Colour bars in (a) and (b) show the fluorescence intensity of the humic-like component (R. 
U.) and the δ18O values (‰), respectively. The black squares in (a) and (b) indicate the pure Circumpolar Deep Water (CDW) end-member observed at a depth of 700 
m in the OA (station. 53). The white squares in (a) and (b) show the winter water (WW) end-member identified by Randall-Goodwin et al. (2015). The black short- 
dashed line indicates the mixing line between meteoric water and CDW (MW–CDW mixing line). The black long-dashed line indicates the mixing line between winter 
water and CDW (WW–CDW mixing line). 

M.H. Jeon et al.                                                                                                                                                                                                                                 



Marine Chemistry 235 (2021) 104008

11

fcdw_humic_empirical show that the humic-like component C1 can be used to 
quantify the fraction of CDW as well as to trace the pathway of CDW. In 
addition, significant inverse relationships between fmw and fluorescence 
intensity of the humic-like component suggest that the humic-like 
component can be used as a tracer of glacial meltwater as well, 
although there were regional differences in the inverse relationships due 
to regional differences in the magnitude and duration of sub-glacial 
melting caused by CDW intrusion. 

Finally, the characteristics of the humic-like component in this study 
show that when other chemical tracers, such as δ18O and noble gases, 
are not available, the humic-like component can be a useful tracer for 
identifying CDW and glacial meltwater in the Amundsen Sea. Although 
our dataset is not sufficiently complete to understand the distributions of 
CDW and glacial meltwater throughout the region, the results from this 
study are valuable for filling the data gap for the Amundsen Sea and can 
be useful for validating models of glacial meltwater and CDW distribu-
tions. In addition, our results provide additional insight into the hy-
drographic surveys focused on monitoring CDW circulation and glacial 
meltwater distribution in the Amundsen Sea. Because ice shelves and 
glaciers in the Amundsen Sea have been shrinking at a remarkable rate 
(Rignot et al., 2008), further studies are required to more clearly un-
derstand glacial meltwater and its impact on ocean circulation. Future 
studies should focus on the long-term monitoring of CDW and glacial 
meltwater in the Amundsen Sea. 
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