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Unveiling ongoing biogeochemical dynamics
of CDOM from surface to deep ocean

Shansheng Mo1,2, Zhongli Liu1,2, Yuanhao Hao1,2, Norbert Hertkorn 3,4,
Hanzhe Wang1, Chenyang Zhang 1, Gregory Korshin 5, Jinren Ni 1 &
Mingquan Yan 1,2,6

Understanding the dynamics of marine dissolved organic carbon (DOC) is
essential for predicting its role in carbon cycling and its response to climate
change. Here, we unveil molecular transformations of marine chromophoric
dissolved organic matter (CDOM) across the global ocean using Ultraviolet-
visible spectroscopy. Significant variability in CDOM composition within the
epi- and mesopelagic layers ( < 1000m) correlates with physicochemical
parameters, driven by irradiation, primary production, biological activity,
transport, and riverine inputs. In the bathypelagic layer (1000–5000m), up to
18.2% of highly conjugated molecules transform into low-molecular-weight
CDOM, despite stable DOC concentrations. This dynamic process sustains
biomass production and respiration in deep ocean, contributing a carbon flux
of 3–24 Pg C yr−1—up to an order of magnitude more than the fast-sinking
particulate organic carbon flux. Our findings offer insights into the molecular
transformation of deep-ocean DOM and underscore the need to reassess the
bathypelagic DOC pool’s role in the global carbon cycle.

The world’s oceans fix ~53 Pg C yr−1 of atmospheric CO2 annually
through photosynthesis in the sunlit layer1. A significant portion of this
carbon is rapidly respired bymarinemicroheterotrophs or oxidized via
photochemical processes, recycling back to CO2 within the upper
ocean. Only a small fraction (~1.5 PgC yr−1) escapesmineralization and is
transported into the bathypelagic layer (>1000m)2,3. In view of dis-
solved organic carbon (DOC) account for more than 90% organic
carbon4, extensive research has focused on the DOC cycle within the
epipelagic and mesopelagic layers to unveil its contributions to the
marine carbon cycle. DOC in the bathypelagic layer has often been
presumed to be refractory and enough to be transported by ocean
currents over thousands of years, inferred from apparent homogeneity
and uniformDOC concentrations5. Consequently, the DOC cycle within
the bathypelagic layer remains largely unaccounted for in current
oceanic carbon cycling models3,6,7.

Despite the significant attenuation of particulate organic carbon
(POC), which is produced in the euphotic layer and progressively
remineralized as it sinks through the epipelagic and mesopelagic
layers, leading to minimal POC availability in the deep ocean, high
and relatively uniform bacterial and archaeal abundances have been
observed throughout water columns in pelagic ecosystems, includ-
ing the deep ocean. This raises the mystery of what fuels the abun-
dant biomass production and respiration of bacteria and archaea in
the deep ocean3,7–9. Earlier studies hinted at the potential for an
overlooked DOC cycle in the deep ocean because the deep-ocean
DOC pool contains significant amounts of bomb radiocarbon (14C)
produced by nuclear weapons testing, equal to dissolved inorganic
carbon levels. These high radiocarbon levels imply a turnover of only
a few years or less for much of this surface-accumulated material,
indicating that deep ocean DOC is a mixture of chemically distinct
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forms of carbon with varying radiocarbon ages (semi-labile and
refractory fractions)5,10,11. Given that the bathypelagic layer holds
around 72% of marine DOC, amounting to as much as 477 Pg C5, any
evidence of DOC dynamics in this layer is crucial for reassessing the
global carbon cycle and predicting the ocean’s response to increas-
ing atmospheric CO2 and climate change.

Sincemost fractions of DOC are chromophoric (colored dissolved
organic matter, CDOM), ultraviolet-visible (UV-Vis) absorption spec-
troscopy provides a sensitive and cost-effective method for analyzing
the molecular characteristics of CDOM, and can also act as a proxy for
certain DOC properties12,13. However, marine CDOM spectra generally
feature a nearly exponential decline in absorbance from ultraviolet to
visible wavelengths, reflecting its nature as a complex mixture of
organic molecules. Despite extensive use, UV-Vis spectral analyses
have not fully elucidated the specific mechanisms of optical signals
and intrinsic properties of CDOM due to limitations in defining exact
molecular structures, with relationships between spectral parameters
and CDOM properties largely empirical and region-specific14–20.

In order to gain insight into and quantify the molecular informa-
tion conveyed by CDOM spectra, we developed a comprehensive
spectral parameter profile across the Pacific, Indian, and Atlantic
Oceans. This approach provides a detailed view of the vertical and
spatial distribution patterns of marine CDOM from the surface to the
deep ocean. Our findings offer perspectives on the gradients in CDOM
driven by distinct water mass origins, chemical properties, and varia-
bility in organic matter composition. These gradients in CDOM
breakdown are not merely chemical phenomena—they would pro-
foundly impact the biological realm and biogeochemical dynamics,
including the cycling of carbon, nitrogen, sulfur, and other elements in
the dark ocean. Based on these insights, we propose the stepped
microbe-DOM loop (SMDL)model to predictCDOM turnover time and
flux in the deep ocean. This understanding is crucial for accurately
assessing the ocean’s role in the global biogeochemical cycle, parti-
cularly regarding carbon storage, cycling, and broader implications for
climate change.

Results and discussions
Parametrization of CDOM spectra in oceans
Marine CDOM UV-Vis spectra are typically characterized by three
Gaussian bands (A1, A2, and A3) located approximately at 203, 258, and
327 nm, respectively13,21, along with two additional bands (B1 and B2) at
around 305 and 410 nm, which are specific to deep-ocean and terres-
trial CDOM, respectively (see Methods). To provide a comprehensive
spectral profile for CDOM, six UV-Vis spectral parameters—ag(275),
ag(380), B1’, B2’, S275-295, and S380-443—were introduced. The vertical
distribution patterns of these parameters in the central Pacific Ocean
(150°W) are shown in Fig. 1.

ag(275) reflects the intensity of Band A2, primarily associated with
aromatic compounds (AC) such as benzene derivatives and hetero-
cyclic structures (e.g., pyrroles and pyridines), as well as compounds
with more extended conjugated structures21. ag(275) values are higher
at high latitudes (>40°N) and lower in the Southern Hemisphere
mesopelagic zone (20°S–60°S) and subtropical surface waters22.
ag(380) represents the intensity of Band A3, linked to aromatic com-
pounds with a styrene-like core (ACSC) characterized by C=C bonds
conjugated to benzene rings, such as caffeic acid, rosmarinic acid, and
more extended aromatic structures like naphthalene21. ag(380) values
peak in themeso- and bathypelagic layers of the SouthernHemisphere
and are lower in the epipelagic and subtropical mesopelagic zones.
S275-295 and S380-443 represent the spectral slopes that capture the root
mean square (RMS) width of Bands A2 and A3, respectively, indicating
heterogeneity within these bands21. S275-295 is steeper in the sunlit
surface waters of subtropical SouthernHemisphere regions22, whereas
S380-443 remains relatively uniform, except in the upper Northern
Hemisphere layers.

B1’ reflects the intensity of Band B1, associated with CHO com-
pounds rich in C=C, C=O, and COO− functional groups, typically
formed through DOM oxidation and ring opening in deep-ocean
environments23–26. B1’ values rise sharply near the lower mesopelagic
boundary, with high values in the meso- and bathypelagic layers,
especially in the Northern Hemisphere. B2’ corresponds to molecules
represented by Band B2, which exhibit more extensive conjugated
structures than ACSC, resulting in a lower energy gap between the
molecular orbitals involved in electron transitions, leading to red-
shifted absorption27. B2’ values are higher in the upper Northern
Hemisphere layers.

The vertical distribution patterns of these spectral parameters in
the eastern Indian Ocean (Fig. S2) and central Atlantic Ocean (Fig. S3)
generally resemble those in the Pacific. However, the Atlantic shows
greater heterogeneity. These distributions reveal distinct depth-
related DOM characteristics across ocean basins, providing insights
into the molecular composition, transformation, and age of DOM
within the water column.

Global pattern of CDOM dynamics
The distributions of spectral parameters strongly correlate with phy-
sicochemical parameters on a global scale (Figs. S1–S3). In the central
Pacific and eastern Indian Oceans, eight distinct spectroscopic pro-
vinces (SPs) can be identified, while ten SPs are found in the central
Atlantic Ocean (see Methods). These SPs align closely with classical
biogeochemical provinces (BPs) in the Pacific and Indian Oceans but
exhibit more divergence in the Atlantic (Fig. 2).

In the central Pacific Ocean, the epipelagic zone (<200m) is pri-
marily composed of SP2, SP5, and SP7. These regions generally exhibit
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Fig. 1 | The distribution of spectral parameters in the central Pacific Ocean. a ag(275) (m−1). b ag(380) (m−1). c B1’ (m−1). d B2’ (m−1). e S275-295 (nm−1). f S380-443 (nm−1).
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low nutrient levels of N, P, and others, which limits biological activity
and production, as indicated by low B1’ values (Fig. 1). SP5 and SP7,
located in tropical and subtropical areas, experience year-round solar
radiation, and photobleaching converts ACSC-like into AC-like com-
pounds characterized by higher S275–295 values and lower ag(380)
values22. Both SP7 and BP7 exhibit characteristics of an ocean desert,
primarily due to the nutrient-poor conditions of the Pacific Subtropical
Gyre. High B2’ values in the NorthernHemisphere are due to terrestrial
CDOM input. In the epipelagic layer, substantial variability in mole-
cular composition and DOC (Fig. S4) is primarily driven by light
exposure, primary production, lateral transport, and riverine inputs.

The mesopelagic zone (200–1000m) in the Pacific Ocean mainly
comprises three SPs: SP3, SP4, and SP6. These regions receive limited
solar radiation, slowing the conversion from ACSC-like to AC-like
compounds, and reducing S275-295 values (Fig. 1 and Fig. S1). High
concentrations of inorganic nutrients (e.g., N and P) in this zone pro-
mote microbial activity and enhance DOC mineralization and CDOM
transformation (Fig. S4), increasing in B1’ values (Fig. 1)28,29. SP3, loca-
ted near Antarctica, is influenced bySubantarcticModeWater (SAMW)
andAntarctic IntermediateWater (AAIW),with lowag(275) andag(380)
values and high S275–295 values (Fig. 1). SP4, spanning latitudes from 0°
to 50°N, exhibits a crescent-shaped distribution and aligns geo-
graphically with BP4. Here, strong biological activity leads to oxygen
depletion and high values of B1’, ag(275), and ag(380), indicating the
fragmentation of marine snow and the production of high-aromatic-
content CDOM. SP6 acts as a transitional zone between SP2 and SP4,
with intermediate values across all spectral parameters.

DOC concentration in the mesopelagic zone follows the Martin
Curve with varying attenuation coefficients (k) (Fig. S5a)30. The mole-
cular dynamics of CDOM in this zone are largely influenced by DOC

attenuation and associated microbial activity. B1’ correlates positively
with k, whereas S275-295 correlates negatively (Fig. S5b). Higher B1’
values indicate regions with more intense microbial activity, as sup-
portedby a strong linear relationshipbetweenB1’ and apparent oxygen
utilization (AOU) across the threeoceans (Fig. S6). Lower S275-295 values
in these regions suggest a greater in situ production of AC-like com-
pounds by microbial activity.

Thebathypelagic zone (>1000m)comprises twoSPs: SP1 andSP8.
Both are influenced by the lower circumpolar deepwater (LCDW) from
Antarctica, resulting in similar physicochemical properties across
these regions (Fig. 1 and Fig. S1). The bathypelagic layer holds a high
concentration of nutrients, which promotes microbial activity, parti-
cularly in the upper layers (1000–3000m), where B1’ values peak.
Influx from SP4, driven by a salinity gradient, contributes to elevated
ag(275) and ag(380) values in SP8. Overall, ag(275), ag(380), and B1’
values are slightly higher in the Northern Hemisphere than in the
Southern Hemisphere, leading to the division of the deep ocean into
two SPs. While physicochemical parameters in the bathypelagic zone
show little regional variability, the SPs still reveal important
distinctions.

In the Indian Ocean, the CDOM dynamics are similar to those in
the Pacific, with the epipelagic layer dominated by SP6, SP7, and SP8.
SP6, near the Asian continental shelf, shows high ag(275) and ag(380)
values due to terrestrial input (Fig. S2). SP7 and SP8, located at tropical
and subtropical regions, received intense sunlight, resulting in higher
S275-295 and lower ag(380). SP8, positioned in the subtropical gyre,
experienced low nutrient concentrations, which limit biological
activity, leading to lower S380–443. In the mesopelagic layer, both SP4
and SP5 were influenced by SAMW and AAIW from the Southern
Ocean, resulting in lower ag(275) and ag(380) values. But SP5 exhibits
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Fig. 2 | The distributions of spectroscopic provinces and biogeochemical provinces across the three oceans. a–c Spectroscopic provinces. d–f Biogeochemical
provinces. a, d The central Pacific Ocean. b, e The eastern Indian Ocean. c, f The central Atlantic Ocean.
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higher nutrient concentrations, leading to higher B1’ values. In the
bathypelagic zone, SP1, SP2, and SP3 all showed lower values of S275-295
and higher B1’ values. SP1 is also characterized by high ag(275) and
ag(380) values due to the input from SP5.

The dynamics of CDOM in the central Atlantic Ocean share simi-
larities with those in the Pacific and Indian Oceans. In the upper ocean,
sunlight irradiation leads to higher values of S275–295 and lower values
of ag(275) and ag(380) (Fig. S3). In the deep ocean, higher nutrient
concentrations result in higher B1’ values. The presence of the Atlantic
Meridional Overturning Circulation (AMOC) promotes efficient ver-
tical mixing, leading to fragmented and overlapping distribu-
tions of SPs.

CDOM dynamics in the bathypelagic layer
In the bathypelagic layer, spectral parameters only show subtle varia-
tions on a global scale (Figs. 1, S2, and S3), which is consistent with the
apparent homogeneity suggested by relatively uniform DOC con-
centrations. However, closer examination reveals that CDOM in these
ancient waters is still subject to ongoing biochemical processes (Fig.
S7). In the Pacific and Indian Oceans, there is minimal change in DOC
(<1.3%), typically with gradients less than 0.4% per kilometer from
1000 to 5000m. However, significant and consistent changes in
ag(380)/DOC are observed at rates of 18.2 and 13.1%, respectively, with
average gradients of ~3.9 and ~2.0% per kilometer from 1000 to
5000m; except for two key regions: the bottom of the mesopelagic
layer in the Southern Hemisphere (20°S–60°S) and near the seafloor
(Fig. 3). In the Southern Hemisphere mesopelagic layer, DOC trans-
ported by Antarctic currents undergoes microbial degradation
resulting in negative gradients of DOC and positive gradients of
ag(380)/DOC. At the seafloor level, resuspension and intense biologi-
cal activity significantly impact both DOC concentration and compo-
sition. The uniform gradients of ag(380)/DOC indicate a gradual
conversion process from ACSC-like compounds to AC-like and low-
molecular-weight (LMW) compounds with depth. This is further

supported by the gradients of S380-443 (Fig. S8). The positive values of
d(S380–443)/d(depth) below 1000m reflect a reduction in Band A3

width due to the continuous consumption of ACSC-like compounds. It
is noteworthy that the relatively small and inconsistent changes in
d(ag(275)/DOC)/d(depth) (Fig. 3) and d(S275–295)/d(depth) (Fig. S8)
suggest more complex transformations in A2-related substances,
especially in the Indian and Atlantic Oceans. Additionally, the gradient
of B1’/DOC shows a clear positive trend in the upper deep ocean (Fig.
S8), indicating that nutrient-rich environments support biological
activity and the production of B1-represented substances. However,
these substances degrade rapidly at intermediate depths, with d(B1’/
DOC)/d(depth) turning negative at depths greater than 2,000 meters.
A rapid decrease in d(B2’/DOC)/d(depth) in upper layers suggests that
larger conjugated structures break down quickly in B2-represented
substances.

The Atlantic exhibits significantly different trends of DOC and
spectral parameter gradients, likely due to the influence of the strong
AMOC. Theobserved gradients in the Pacific and IndianOceans cannot
be explainedby density diffusion, which is several orders ofmagnitude
weaker (data not shown).

Deep ocean molecular transformations
Wepropose that the gradient patterns of spectral parameters andDOC
in the deep ocean are primarily governed by the stepped microbe-
DOM loop (SMDL), as illustrated in Fig. 4. In the upper deep ocean,
bacteria and archaea consume high-molecular-weight (HMW) macro-
molecules to build biomass and release LMW extracellular substances
such as polysaccharides, proteins, lipids, and DNA, resulting in an
obvious decrease the intensity of Bands A3 (ag(380)/DOC) and a slight
increase/decrease intensity of Bands A2 (ag(275)/DOC), which change
consistently with depth (Fig. 3). This transformation extends further,
likely leading to even smaller molecules, such as sugars and proteins.
Extracellular polymeric substances (EPS) and viral lysis of these
microorganisms compensate for someDOC consumption, resulting in
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little change in overall DOC concentrations, while DOM is in a state of
constant molecular flux; meanwhile, suspended and slow-sinking
particles (<40md−1) form through the aggregation of microbes, det-
ritus, fecal pellets, and other organic particles7,31. As slow-sinking par-
ticles transport deeper, they continue to fuel microbial activity7,32,33.
During the SMDL, high-energy macromolecules are consumed, pro-
ducing LMW33,34. This process plays a critical role in shaping deep-
ocean DOM distribution and sustaining microbial life across various
depths. The balance of nutrient limitation, cell detachment, mortality,
and sinking rates maintains the ecological food web in the deep
ocean3,7–9.

Historically, deep-ocean DOM was considered recalcitrant, per-
sisting for millennia due to its molecular properties35,36. However,
significant amounts of bomb radiocarbon found in the deep-ocean
DOC pool suggest that deep-ocean DOC is a mixture of chemically
distinct carbon fractions of varying ages5,10,11. Recent studies suggest
that DOM recalcitrance is not an intrinsic property of individual
molecules, but rather emerges as a bulk property at the ecosystem
level35,37,38. The debate surrounding deep-ocean DOM dynamics is
complicated by the uniformity of DOC concentrations and the lack of
apparent compositional distinction5. This study demonstrates a clear
distinction of deep marine DOM at a molecular level. Notably, the
vertical gradients of UV-Vis spectral parameters reveal clear trends
from HMW to LMW compounds in the deep ocean (Fig. 3).

The breakdown of macromolecules via SMDL is not just a che-
mical phenomenon—theymayprofoundly impact the biological realm.
One major enigma is the energy source for the huge biomass pro-
duction and respiration of bacteria and archaea in the deep ocean,
where marine snow from the euphotic zone has mostly attenuated in
the epi- and mesopelagic layers3,7–9. The stepwise degradation of
macromolecules in DOM can provide a steady energy source for

microbial communities, supporting a relatively uniformdistribution of
microbial biomass with depth7,9.

This process aligns with globally consistent relationships
observed between biomass across the epi-, meso-, and bathypelagic
layers and net primary production (NPP) and consistent vertical gra-
dient of ag(380)/DOC (Fig. 3), underscoring the critical link between
surfaceproductivity anddeep-oceanenergy availability32. For instance,
bathypelagic biomass increases significantly, from approximately
200mgC m−2 d−1 in oligotrophic regions to about 800mgC m−2 d−1 in
mesotrophic regions32.

The structure of DOM molecules—and the associated energy
release—affects microbial trophic levels at various depths39,40.
Observed shifts in prokaryotic communities and increased archaeal
abundance with depth underscore the link between DOM and micro-
bial trophic dynamics7,9,41. Concurrently, rising 15N isotopic signatures
in microbes and POC with depth indicate accumulation of nitrogen in
DOM cycling41–43.

The mortality and aggregation of microbes in the deep ocean
generate significant amounts of slow-sinking and non-sinking
particles44,45. Observations indicate that slow-sinking POC concentra-
tions are one or two orders of magnitude higher than those of fast-
sinking particles in the mesopelagic layer, with evenmore non-sinking
POC present46,47. This suggests that most slow-sinking particles are
produced in situ, rather than from fragmentation of fast-sinking
particles7. Data from the Southern Ocean further support this
hypothesis, showing that the contribution of slow-sinking POC to total
flux increases with depth48. A strong correlation between microbial
respiration and suspended POC highlights the essential role of buoy-
ant particles in sustaining metabolic activity in the dark ocean7,49.

According to reported velocities of slow-sinking particles
(3–22.2md−1)46,47 and spectral parameter gradients (Fig. 3), the

POC

Fast-sinking
particle

Disagg

Sediment

5000m

No-sinking particles

Slow-sinking particles

No-sinking 
particles

Cellular
detritus

EPS
Agg

CO2
Mixotrophy

Viruses

Agg

Disagg

Agg

Agg

DOM-MMW

Microbes

Uptake
DOM-HMW

DOM-LMW

Agg

D
O

M
energy

decreases

1000m

Agg

Microbes

Fig. 4 | Chromophoric dissolved organicmatter (CDOM) dynamics is driven by
stepped microbe-DOM loop (SMDL). In the upper deep ocean, bacteria and
archaea consume macromolecules to build biomass. Suspended and slow-sinking
particles form through the aggregation of microbes, detritus, fecal pellets, and
other organic particles. As slow-sinking particles transport organic material to
greater depths, they continue to fuel microbial activity. During the SMDL, high-

energy macromolecules are consumed, producing low-molecular-weight extra-
cellular substances. In this figure, POC stands for particulate organic carbon, LMW
for low-molecular-weight, MMW for medium-molecular-weight, HMW for high-
molecular-weight, agg for aggregation, disagg for disaggregation, and EPS for
extracellular polymeric substances.

Article https://doi.org/10.1038/s41467-025-60510-0

Nature Communications |         (2025) 16:5202 5

www.nature.com/naturecommunications


turnover time of ag(380)-represented substances ranges from 3 to 30
years (see Methods). Specifically, the turnover times in the Pacific and
Indian Oceans are 3–20 and 4–30 years, respectively, and are 14–102
years in the Atlantic Ocean. The turnover time of ag(275)-represented
substances spans from 67 to 495 years in the Pacific Ocean. These ages
may be overestimated because SMDL can consume and produce
simultaneously both HMW and LMW molecules, especially LMW,
which complicates accurate turnover calculations for ag(275)-repre-
sented substances in the Indian and Atlantic Oceans (Fig. 3).

The SMDL would significantly enhance vertical carbon flux to the
deep ocean. According to the downward flux of organic carbon via
slow-sinking particles measured in epi- and mesopelagic layers, ran-
ging from 23 to 186mgC m−2 d-146,47, the SMDL could potentially
transport 3–24.5 Pg C yr−1 to the deep ocean, up to an order of mag-
nitude greater than gravitational flux of POC from surface production,
estimated at 1.5 Pg C yr−13. This calculation does not account for POC
fragmentation or fast-sinking particles generated within the SMDL.

The SMDL’sfluxpotentially reconciles the gapbetween the supply
of sinking POC and the organic carbon demand in deep-ocean
microbial communities3,7,31,50. With microbial respiration in the bath-
ypelagic zone estimated at 1.3–1.6 Pg C yr−1, and upper bounds
reaching 18.0–20.4 Pg C yr−1, passive POC sinking alone is insufficient
for sustaining bathypelagic microbial populations3,32. Even at its high-
est flux estimates, POC could only support half of the observed
respiration3. Dark ocean chemolithoautotrophy, fueled by reduced
compounds like ammonia, sulfide, hydrogen, and iron, supports some
biomass8, but itsmagnitude cannot be of the sameorder ofmagnitude
as heterotrophic biomass production7,8,51,52. Our findings highlight
DOC’s critical role as a substrate source within the SMDL, contributing
significantly to the carbon budgets in the deep ocean3,53,54.

In conclusion, this study profiles CDOM distributions across the
global ocean using UV-Vis spectral parameters, underscoring the
essential role of microbial DOC cycling in the oceanic carbon cycle in
the deep ocean. In the absence of photosynthesis, alternative energy
sources such as POC from upper ocean layers and in situ chemo-
synthesis alone cannot fully support the extensive deep-ocean
microbial communities. Instead, microbial degradation of DOC pro-
vides a consistent energy source, enhancing the stability and diversity
of these populations andmaintaining a balanced nutrient cycle despite
the lack of fresh organic inputs. This process shapes the ecosystems of
the deep ocean.

Traditional oceanic carbon cyclingmodels have primarily focused
on surface processes like photosynthesis, terrestrial inputs, and phy-
sicalmixing.Ourfindings reveal thatdeep-oceanDOCundergoesmore
rapid and dynamic cycling than previously recognized, driven by the
SMDL. This process extends into upper ocean layers where large
populations of bacteria and archaea exist, yet it remains largely
unaccounted for in current models3,6,7. Incorporating DOC recycling
into global carbon cycle models is crucial for accurately representing
the ocean’s capacity for carbon turnover and sequestration, thereby
refining predictions of carbon fluxes and climate feedback
mechanisms.

Methods
Data source
Data were collected from the Climate Variability and Predictability
(CLIVAR) program along the P16 (2005–2006), I8/I9 (2007), and A16
(2005)–A20/A22 (2003) lines (locations detailed in Fig. S9). DOC
records were sourced from the Hansell/Carlson DOC datasets, acces-
sible at [http://yyy.rsmas.miami.edu/groups/biogeochem/Data.html].
UV-Vis spectral data were provided by Norman B. Nelson. Physico-
chemical parameters, including temperature, salinity, oxygen, nitrate,
phosphate, and silicate, were retrieved from the Global Ocean Data
Analysis Project (GLODAP) database at [https://glodap.info/]. To align
the spectral data with physicochemical parameters, records from

CLIVAR lines were matched based on the following criteria: spatial
proximity within ±5 km, sampling timewithin ±1 h, and a relative depth
difference not exceeding 5%.

UV-Vis spectra processing methods
The deconvolution of CDOM absorbance spectra (Fig. S10) was per-
formed according to our previous study21 with the Curve Fitting Tool
inMATLAB 2016b. Initially, we used only three bands to fit the CDOM
spectra. Because the fitting process has multiple solutions, we
restricted themaximumamplitude location of Bands A1, A2, and A3 to
6.0-6.3 eV (196.8–206.6 nm), 4.5–4.8 eV (258.3–275.6 nm), and
3.6–3.8 eV (326.3–344.4 nm), respectively. Because the spectral data
on CLIVAR lines concern wavelengths >275 nm, in which the relative
intensities of Band A1 were typically low (below 20% for most cases),
extracting relevant information about Band A1 solely from the spec-
tral data >275 nm was challenging and prone to errors. Therefore,
based on statistical analysis, we postulated that the maximum posi-
tion of Band A1 was at 6.2 eV (200.0 nm), with a root mean square
width of 0.75 eV. Additionally, it was assumed that the amplitude of
Band A1 was fivefold higher than that of ag(275) due to the well-
established observation that ag(200) is typically five times larger
than ag(275) in most spectra records. This approximation was then
implemented in the further numerical fitting, and in most cases,
R2 > 0.99 is obtained13,21.

For the wavelength ranges 295–330 nm and 400–420 nm,
deviations between measured spectra and the three Gaussian-band
model (Bands A1–A3) were modeled with two additional Gaussian
bands, B1 and B2. The amplitude maxima positions of Band B1 and B2

were set as 4.00–4.10 eV (302.4–310.0 nm) and 2.95–3.10 eV
(400.0–420.0 nm), respectively. Absorption coefficients were com-
puted using Eq. (1)

agðλÞ= 2:303
AðλÞ
l

ð1Þ

where ag(λ) (m−1) is the Napierian absorption coefficient of CDOM at
wavelength λ, A(λ) (dimensionless) is the absorbance at wavelength λ,
and l is the path length of the spectrophotometric cell.

The spectral slope Sλ1�λ2
was determined using Eq. (2).

Sλ1�λ2
= � lnagðλ1Þ � lnagðλ2Þ

λ1 � λ2
ð2Þ

UV-Vis absorption spectra of CDOM are fairly well represented by
three to five Gaussian distribution bands21 when analyzed against
photon energy (eV), computed using by Eq. (3), with resultant spectra
modeled by Eq. (4).

EðeV Þ= 1240
λðnmÞ ð3Þ

AðEÞ=
X
i

Aoi exp � E � Eoiffiffiffiffiffiffiffiffiffi
2Wi

p
 !2

2
4

3
5 ð4Þ

where Eoi (eV) is the band center, Aoi is the amplitude, and Wi is the
RMS width.

To simplify, the intensity of Band B1 band B2 was computed using
Eqs. (5)-(6).

B1’=agð305Þ � agð305Þ ð5Þ

B2’=agð410Þ � ag’ð410Þ ð6Þ
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where ag’(305) and ag’(410) represent the absorption coefficients at
305 and 410 nm in the exponentially declining spectra within the
ranges 295–330 nm and 380–443 nm, respectively, as determined by
Eqs. (7) and (8).

lnag’ð305Þ � lnagð295Þ
305� 295

=
lnagð330Þ � lnagð295Þ

330� 295
ð7Þ

lnag’ð410Þ � lnagð380Þ
410� 380

=
lnagð443Þ � lnagð380Þ

443� 380
ð8Þ

The DOC–normalized differential spectra (DAS) were computed
using Eq. (9).

DAS=
agðλÞi
DOCi

� agðλÞref
DOCref

ð9Þ

where ag(λ)i represents the absorption of the selected CDOM sample,
DOCi denotes the DOC of the selected sample, ag(λ)ref signifies the
absorption of the reference sample, and DOCref indicates the DOC of
the reference sample.

Identificationof spectroscopic andbiogeochemical provinces of
marine CDOM
Biogeochemical provinces were defined based on physicochemical
parameters—temperature, salinity, dissolved oxygen, nitrate, phos-
phate, and silicate—as described in the literature55. Given the lack of
particulate organic carbon flux and spatial variation in the deep sea,
this factor was excluded from our analysis.

For classifying UV-Vis-derived spectroscopic provinces of marine
CDOM, we organized the spectral parameters (ag(275), ag(380), S275-
295, S380-443, B1’, and B2’) as a matrix, with each parameter standardized
using Eq. (10).

Xstd =
X � �X

σ
ð10Þ

where �X is the average, and σ is the standard deviation.
We divided the normalized data into several clusters using the

k-means method56. Relevant calculations were run to retrieve between
2 and 50 clusters using the Euclidian distance approach. The times of
repetitionwere set as 999. The ratio of the intra-classmeandistance to
inter-class mean distance was computed by Eq. (11).

D =

1
k

Pk
i = 1

P
xij2Gi

d2ðxij ,uiÞ

2
kðk�1Þ

Pk
i = 1

Pi�1

j = 1
d2ðui,ujÞ

ð11Þ

where ui represents the central coordinates of class i, and d represents
Euclidean distance. The elbow point in the relationship between the D
and k functions represents the optimal value of k. All the work was
done by MATLAB 2016b using custom scripts.

The computation of the DOC attenuation coefficient
DOC concentrations in the mesopelagic layer decreased vertically
following theMartin Curve (Eq. (12)) in each spectroscopic province of
the Pacific and Indian Oceans30.

DOCz =DOCz0

z
z0

� ��k

ð12Þ

where z is the selected depth, z0 is the referenced depth, DOCz is the
DOC at depth z, DOCz0

is the DOC at depth z0, and k is referred as
coefficient of attenuation.

The estimation of CDOM turnover time
Thedistances (h) atwhich theparameter values (P) ofag(275)/DOCand
ag(380)/DOC decrease to zero were estimated using the average P at a
depth of 1000m (P1000) and the average gradient of d(P)/d(depth)
between 1000 and 5000m, as described in Eq. (13). The velocity of
slow-sinking particles (v) was set to 3–22.2md−1, based on values
reported in the literature46,47. The turnover time (t) of CDOMwas then
computed using Eq. (14).

h= P1000=
dðPÞ

dðdepthÞ ð13Þ

t =
h
v

ð14Þ

Data availability
All data are available within the article, or available from the corre-
sponding authors on request.

Code availability
All code-related methods described in this paper are provided within
the article. For access to the code for data processing, please contact
the corresponding author.
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