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Substantial increase of organic carbon
storage in Chinese lakes

Dong Liu1,2, Kun Shi 1,3 , Peng Chen 4, Nuoxiao Yan1, Lishan Ran 5,
Tiit Kutser 6, Andrew N. Tyler 2, Evangelos Spyrakos2, R. Iestyn Woolway 7,
Yunlin Zhang 1,3 & Hongtao Duan 1

Previous studies typically assumed a constant total organic carbon (OC) sto-
rage in the lake water column, neglecting its significant variability within a
changing world. Based on extensive field data and satellite monitoring tech-
niques, we demonstrate considerable spatiotemporal variability in OC con-
centration and storage for 24,366 Chinese lakes during 1984–2023. Here we
show that dissolved OC concentration is high in northwest saline lakes and
particulate OC concentration is high in southeast eutrophic lakes. Along with
increasing OC concentration and water volume, dissolved and particulate OC
storage increase by 44.6% and 33.5%, respectively. Intensified human activities,
water input, and wind disturbance are the key drivers for increasing OC sto-
rage. Moreover, higher OC storage further leads to an 11.0% increase in
nationwide OC burial and a decrease in carbon emissions from 71.1% of
northwest lakes. Similar changes are occurring globally, which suggests that
lakes are playing an increasingly important role in carbon sequestration.

Lakes serve as recipients, regulators, reactors, and storages in the global
carbon cycle1,2. Globally, inland waters receive 2.9–5.1 TgCyr−1 from ter-
restrial ecosystems1,3; lakes and reservoirs bury 0.06–0.25MtCyr−1 into
the sediment4; and lakes and reservoirs emit 0.06–0.84TgCyr−1 of CO2

to the atmosphere5, and export 0.8–1.1 TgCyr−1 to the oceans2. The
remaining carbon is partly preserved in lake waters by either organic or
inorganic forms6,7. Total organic carbon (OC) storage is defined as the
product of lake OC concentration and water volume8. Lake OC storage
affects several processes, including phytoplankton photosynthesis by
absorbing sunlight6,9, dissolvedoxygen consumption10,11, and lake carbon
burial and outgassing4,5. Despite its importance, research on large-scale
changes in lake OC storage is limited. Previous studies primarily focused
on OC production and mineralization12,13, spatiotemporal changes in OC
concentration and composition14,15, and/or carbon balance estimation by
assuming a constant OC storage1–3. However, the amount of OC stored in

lakes varies due to, for example, phytoplankton growth, water volume,
and sewage discharge8,16,17.

In recent decades, lakes around theworld have changedunder the
pressures of climate warming and intensifying human activities18. Algal
blooms inmany lakes are now occurringmore frequently, with 8.8% of
lakes worldwide experiencing an increase in bloom risk between the
1980s and 2010s19,20. Water volumes in 79.4% of global lakes has also
increased since 2003, and one of the five hotspots of such change is
China’s Tibetan Plateau21–23. Along with the changes in algal biomass,
satellite-based monitoring of eutrophic Lake Taihu, China, has sug-
gested that both dissolved (DOC) and particulate OC (POC) con-
centrations have fluctuated significantly in recent decades17,24. LakeOC
storage is expected to vary greatly, as the changes inOC concentration
and/or water volume. However, there is little research on the spatio-
temporal variations of OC storage in various lakes. A study focusing on
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changes in OC storage across a wider range of lakes can provide
valuable insights into the global carbon cycle.

China encompasses 24,366 lakes that are larger than 0.01 km2,
and distributed across five limnetic zones characterized by diverse
topographies and climatic conditions25,26: the Inner Mongolia-Xinjiang
Lake zone (IMXL), the Tibetan Plateau Lake zone (TPL), the Yunnan-
Guizhou Plateau Lake zone (YGPL), the Northeast Plain and Mountain
Lake zone (NPML), and the EasternPlain Lake zone (EPL). Across China,
climatic conditions and human activities are clearly different on both
sides of the Hu-line (Supplementary Fig. 3). Compared to the north-
west IXMLandTPL zones of theHu-line, the three southeast lake zones
had higher precipitation and more human activities25. Moreover, in
recent decades, climatic warming has led to the expansion of lakes in
the TPL23, and intensifying human activities have caused universal lake
eutrophication in the EPL25. Therefore, China is an ideal region to
explore the spatiotemporal changes in lake OC storage in a
changing world.

In thiswork, basedon extensive field data and satellitemonitoring
techniques, we derive DOC and POC concentrations from Landsat
satellite data, calculate DOC and POC storage by multiplying water
volumes, and reveal significant changes in OC concentrations and
substantial increases in OC storage across China’s 24,366 lakes during
1984–2023 (see “Methods”).

Results and discussion
Spatiotemporal differences in OC concentration
Across the studied lakes with an area > 0.01 km2 from the HydroLAKES
dataset i.e., that could be observed using Landsat satellite data
(N = 24,366), DOC concentrations followed a spatial pattern of high in
the northwest and low in the southeast and showed general increasing
trends indifferent lakes during 1984–2023. AcrossChina,meanDOC in

the northwest IMXL and TPL zones (25.71 ± 24.72mgL−1) was 2.5 times
that in the southeast YGPL and EPL zones (10.29 ± 7.27mg L−1) (Fig. 1a).
DOC accumulated along with salinity in the northwest arid/semi-arid
lakes. Conversely, strong precipitation diluted DOC concentrations in
lakes of southeast China. For the in-situ data, there was a significant
positive relationship between the logarithmic DOC concentration and
conductivity, with Pearson’s r =0.56 (N = 1636, p <0.01, Supplemen-
tary Fig. 6a). Moreover, algal proliferation also contributed to high
DOC concentrations in freshwater lakes (<2000 μs cm−1), as suggested
by a positive correlation between the logarithmic in-situ DOC and
chlorophyll-a (Chl-a) concentrations (r =0.23, N = 3624, p < 0.0001).
Along with intensifying human activities (Supplementary Fig. 7h),
11,055of the 15,303 freshwater lakes (i.e., 72.2%) in the southeastNPML
and EPL zones showed increased DOC concentrations during
1984–2023 (Fig. 1b). However, 48.7%of lakes in the northwestTPL zone
showed decreased DOC concentrations, which may be due to
increasing precipitation (Supplementary Fig. 7f). Overall, mean DOC
concentration in China’s lakes increased from 14.79 ± 12.49mgL−1 in
1984 to 18.14 ± 21.75mgL−1 in 2023,with an increasing trend in 65.4%of
lake area.

In contrast to DOC, POC concentrations had a spatial pattern of
low in the northwest and high in the southeast and demonstrated clear
increasing trends in different lakes during 1984–2023 across China.
Mean POC concentration was only 0.83 ±0.19mgL−1 in the northwest
TPL zone, but as high as 4.85 ± 0.65mgL−1 and 2.87 ± 1.08mg L−1 in the
southeast NPML and EPL zones, respectively (Fig. 1c). For the IMXL and
YGPL zones across theHu-line, lake POCconcentrationwas also high in
the southeast regions. High POC concentrationwasmainly due to algal
proliferation. Total suspended matter (TSM) including algae accoun-
ted for only 14.1% of the spatial variations in POC concentration, indi-
cated by the linear relationship between the logarithmic in-situ TSM

Fig. 1 | Spatiotemporal variations in OC concentrations. Spatial patterns of 1.0°
grid-based (a) climatologically mean DOC concentration, (b) annual DOC change
rate, (c) climatologicallymean POC concentration, and (d) annual POCchange rate.

The satellite-derived annual mean DOC and POC concentrations of 24,366 lakes
during 1984–2023 were used to calculate these 1.0° grid-based results. Source data
are provided as a Source Data file.
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and POC concentrations (N = 2026, R2 = 0.14, p < 0.0001). However,
Chl-a alone could explain 71.0% (N = 2088, Supplementary Fig. 6b).
Therefore, as population density generally grew in China (Supple-
mentary Fig. 7h), 16,007 lakes whose area in total accounted for 80.6%
showed increasing POCconcentrations during 1984–2023 (Fig. 1d). For
the northwest IMXL and TPL zones with low POC concentrations,
93.2% of lake area showed increasing trends. However, for the south-
east NPML and EPL zones with high POC concentrations, 59.3% of lake
area followed a downward trend, which we anticipate is due to water
pollution control since 200027. Namely, human activities have been
reducing the spatial differences in POC concentration.

Substantial increase in OC storage
Lake DOC was mainly stored in the TPL zone, and the increase in lake
DOC storage during 1984–2023 also mainly occurred in the TPL zone.
Combining the derived DOC concentration and water volume data
from the HydroLAKES dataset in 2015 (Supplementary Table 1), we
estimated that Chinese lakes collectively contained 39.43 TgC ofDOC.
83.2% of this total was stored in the TPL zone, the western endorheic
regions of which were particularly notable for their high DOC

concentrations (Figs. 1a, 2a). Lakes with lowDOC concentrations in the
EPL zone stored only 6.5% of DOC but 24.6% of water. Overall, lake-
based DOC stock in China was dependent on water storage. The
logarithmic DOC stock was linearly correlated with the logarithmic
water volume, with R2 = 0.81 and p <0.01 (Supplementary Fig. 6c). Due
to increasing DOC concentrations (Fig. 1b) and water volume23, there
was a substantial increase in lake DOC storage during 1984–2023. Of
the 1125 lakes with time-series data of water volume, 63.7% experi-
enced an increase in DOC storage (Fig. 2b, Supplementary Fig. 8);
moreover, 92.0% of this total increase occurred in the TPL zone with a
considerable increase in water volume23. According to the average
growth rate of 96,295 t C yr−1 for the 1125 lakes, we estimated that
~13.05 TgC of DOC was newly reserved in the 24,366 Chinese lakes
during 1984–2023, an increase of 44.6%. In turn, we suggest that Chi-
nese lakes acted as carbon sinks through storing more DOC.

In contrast to DOC storage, lake POC was concentrated in large
quantities in lakes of the southeast with high POC concentrations. In
2015, the total POC storage was 2.14 TgC, with 55.2% in the southeast
EPL and NPML zones which stored only 29.3% of water (Fig. 2c).
However, whilst lakes in the TPL zone stored 55.3% of water, their POC

Fig. 2 | Spatiotemporal variations in OC storage. a 1.0° grid-based DOC stock for
24,366 lakes in 2015; (b) lake-based changes for 1125 lakes during 1984–2023; (c)
1.0° grid-based POC stock for 24,366 lakes in 2015; and (d) lake-based changes for

1125 lakes during 1984–2023. The changes of DOC storage mean the linearly fitted
slope between DOC storage and year during 1984–2023. Source data are provided
as a Source Data file.

Article https://doi.org/10.1038/s41467-024-52387-2

Nature Communications |         (2024) 15:8049 3

www.nature.com/naturecommunications


reserve was only 25.6%. Lake-based POC storage was generally deter-
mined by water volume, as suggested by the positive correlation
between the logarithmic POC storage and water volume (R2 = 0.87,
Supplementary Fig. 6d). Therefore, similar to DOC, POC storage in
Chinese lakes was also elevated due to increasingwater volume during
1984–2023. Of the 1125 lakes with time-series of water volume, 71.7%
experienced increasing trends of POC storage (Supplementary Fig. 9);
as many as 94.3% and 88.9% of lakes in the TPL and YGPL zones fol-
lowed an upward trend during 1984–2023. Moreover, although 28.1%
of lakes had decreasing POC storage, the decline trends were com-
paratively weak (Fig. 2d). Based on the average growth rate of
4033 t C yr−1 for the 1125 lakes, we estimated a total increase of 33.5% in
POC storage for all 24,366 Chinese lakes during 1984–2023. Therefore,
Chinese lakes also acted as carbon sinks by reserving more POC.

Drivers of change in Lake OC
Lake OC concentration is influenced by both anthropogenic and nat-
ural factors1,3. By applying the Random Forest analyses, we quantified
the relative contributions of different factors to the spatiotemporal
variations in OC concentration (Supplementary Note 4). Our results
suggested that human activities contributed 50.2% to the spatial
changes in DOC concentration and climate factors contributed 75.9%
to the spatial changes in POC concentration. Furthermore, human
activities, water input, and wind speed commonly had the largest
contributions and were identified as the main drivers of the annual
changes in OC concentration during 1984–2023 (Fig. 3).

Intensifying human activities elevated lake POC concentrations.
Across China, 70.7% of lakes had an increasing population density

within their basins during 1984–2023 (Supplementary Fig. 7h); popu-
lation density was identified as the main factor for POC changes in
72.3% of lakes and had an average contribution of 33.1% (Fig. 3b).
Human-induced eutrophication would increase lake phytoplankton,
which itself is an important source of autochthonous POC (Supple-
mentary Fig. 6b). For eutrophic lakes in the EPL zone, algal prolifera-
tion determines the quantity and composition of POC, and linear
relationships between POC and Chl-a are commonly reported16,28.
Moreover, Hou et al.19 reported that 88.9% of freshwater lakes in China
showed increasing algal bloom frequencies during the 1980s–2010s.
Meanwhile, half of the saline lakes in the remote TPL zone also
experienced Chl-a increases due to increased riverine nutrient input29.

We suggest that increasing water input diluted lake DOC con-
centrations in the northwest IMXL and TPL zones. For the 7716 lakes
situated in these two zones, increased precipitation and/or decreased
evaporation occurred in 95.4% of them (Supplementary Fig. 7); and
water input-related factors (precipitation, runoff, and evaporation)
had a mean contribution of 37.3% for DOC concentration changes
during 1984–2023 (Fig. 3a). Due to increasing water input associated
with glacial ablation and/or climatic humidification, area expansion
and salinity reduction are widespread for lakes in the IMXL and TPL
zones23,30. Saline lakes are usually tail-end waters and terrigenous
refractory DOC accumulates along with water evaporation12,31. In con-
trast, glacial meltwater and rainwater commonly have low DOC con-
centrations (around 1.0mgL−1 or lower)32,33 and could dilute lake DOC
in saline lakes. For lakes, Bositeng and Qinghai in the IMXL and TPL
zones, decreased OC concentrations along with lake expansion have
been reported34,35.

Fig. 3 | Influences of different factors on DOC and POC variations. The main
driving factors for the annual changes of (a) DOC and (b) POC concentrations
during 1984–2023. The main driving factors indicate those which have the largest
contributions. The figures show the main factors with the largest mean

contributions for lakes in the 1.0° grids. c The driving processes of themain factors
for the changes in DOC and POC. DOC Conc. DOC concentration. POC Conc. POC
concentration. Source data are provided as a Source Data file.
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Strengthened wind mixing increased lake DOC concentrations in
the southeastNPML, EPL, andYGPL zones during 1984–2023. For these
three zones, wind speed increased for 58.0% of lakes (Supplementary
Fig. 7g) and was the main factor influencing DOC changes in 70.6% of
lakes (Fig. 3a). Wind disturbance likely increased lake DOC con-
centrations by promoting sediment DOC release, whichwas attributed
to two favorable conditions. First, lakes in these zones are usually
shallow with a mean water depth of 4.4m26 and are commonly char-
acterized by strong sediment resuspension36. Second, high algal pro-
liferation in these zones elevates the OC content of the sediment19,37,
which further leads to high DOC release from the pore water of sedi-
ment or from the photoproduction of OC in suspended sediment. For
example, the suspended sediment of the eutrophic Lake Taihu had a
DOC photoproduction of 0.29–0.83mgL−1 38.

For a specific lake, the changes of OC concentration had impor-
tant effects on OC storage, especially for DOC storage. For the 1125
lakes with time-series data of water volume (Supplementary Figs. 8, 9),
changes in DOC concentration accounted for an average of 68.2% of
the annual variations in DOC storage. In comparison, changes in POC
concentration explained anaverageof 38.4%of the annual variations in
POC storage. Note that the effect of OC concentration on OC storage
greatly differed across lakes.

Implications for carbon deposition and emission
AsOC storage increased from 1984 to 2023, lakes played a positive role
in contributing to China’s goal of achieving carbon neutrality by 2060.
Moreover, the amount of OC stored in lakes is expected to increase
further. For the northwest TPL zone, lake water volume is expected to
increase over the next 40 years39. For the southeast lakes, algal blooms
are likely to increase due to climate warming20. In addition, the

changes in OC concentration also have an essential influence on POC
deposition to sediment and CO2 emission to the atmosphere.

The burial of OC in lakes is an important method of carbon
sequestration. Globally, lakes and reservoirs have a total OC burial rate
of 150TgC yr−1, which is positively correlated with water column-
stored OC4. Across China, the OC accumulation rates (OCAR) of lakes
with higher POC concentrations in the southeast were generally higher
than those of lakes with lower POC concentrations in the northwest,
with mean values of 22 ± 19.87 g Cm−2 yr−1 and 7.78 ± 7.77 g Cm−2 yr−1,
respectively (Figs. 1c, 4a). For different lakes, OCAR after the 1950swas
exponentially related to the climatological mean POC concentration
during 1984–2023, with R2 = 0.35 and p <0.01 (Fig. 4b). Based on the
fitting formula and satellite-derived annual mean POC concentration,
we estimated that total OC burial in Chinese lakes increased from
1.01 TgC yr−1 in the 1980s to 1.13 Tg C yr−1 in the 2020s,with an increase
of 11.0%. Therefore, increased lake POC concentration facilitated OC
deposition to sediment during 1984–2023.

OC mineralization through microbial decomposition and photo-
chemical oxidation acts as an essential CO2 source

12,40. Globally, lakes
with high OC concentrations tend to also have high CO2 emissions5,41.
However, high POC concentrations also indicate high levels of pho-
tosynthesis, which consumes lake CO2

1. This study showed that in-situ
CO2 concentration was positively correlated with the ratio of DOC to
POC (Fig. 4c, d). Consequently, we found that changes in both DOC
and POC concentrations led to varying effects on lake CO2 emissions
from 1984 to 2023. For the southeast YGPL and EPL zones, 67.2% of
lakes might have elevated CO2 concentrations due to increased DOC
(Fig. 1b). In contrast, for the northwest IMXL and TPL zones, 71.1% of
lakes likely experienced a decrease in CO2 concentration. This decline
was primarily due to the reduction in DOC concentration caused by

Fig. 4 | Implications of increasing DOC and POC concentrations. aOCARdata of
115 Chinese lakes and (b) their positive relation to POC concentrations. cMean CO2

concentrations of 149 lakes and (d) their positive correlation with DOC/POC ratios.

Error bars indicate Standard deviation. OCAR: OC accumulation rate. Pop. in 2015:
1 km grid-based population density (person km−2). Source data are provided as a
Source Data file.
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lake expansion. Additionally, decreased water conductivity and
increased nutrient input further enhanced CO2 absorption through
algal proliferation in these northwest zones29.

Based on these findings, substantial changes may have also
occurred in the global lake carbon cycle. Firstly, increases in lake OC
storage are likely prevalent worldwide. Satellite monitoring globally
indicated that 80% of lakes experienced surface area expansion during
2003–201821. Moreover, increasing algal bloom frequency was detec-
ted in 62%of freshwater lakes during the 1980s–2010s19. Secondly, due
to algal proliferation, elevated POC concentrations should increase
POC deposition in sediments. For example, eutrophic lowland lakes in
Europe exhibitedOCAR values in excess of 50 gCm−2 yr−1 over the past
century42. Thirdly, lake CO2 emissions are expected to vary with water
eutrophication and/or expansion. Eutrophication has been observed
to decrease lake CO2 emissions in the Midwestern U.S.43 while expan-
ded lakes in boreal western Canada have shifted from CO2 sources to
sinks44. These changes introduce significant uncertainties in estimating
CO2 emissions from global lakes using different datasets5. Therefore,
urgent efforts are needed to monitor carbon storage in the water
column, CO2 emission to the atmosphere, and carbon burial in the
sediment using global revisit satellite data.

Methods
Data acquisition
This study used in-situ data sampled during 2004–2023 (Dataset I in
Supplementary Table 1, Supplementary Fig. 3). The in-situ data contain
DOC, dissolved inorganic carbon (DIC), POC, Chl-a, TSM, pH, tem-
perature, and conductivity values for 4,201 stations of 348 lakes.
During field sampling, pH, temperature, and conductivity were
recorded using a YSI Multi-parameter Sonde; lake water was filtrated
through Whatman GF/F filters (0.7μm pore size) to obtain DOC, DIC,
POC, Chl-a, and TSM samples45,46. Then, in the lab, DOC, DIC, and POC
concentrations were determined through the high-temperature com-
bustion method46; TSM concentration was determined via gravimetry
after drying; and Chl-a concentration was measured by the spectro-
photometer technique45.

This study also obtained publicly available data (Datasets II-X in
Supplementary Table 1). Among them, daily surface reflectance of
Landsat-5/7/8/9 satellites during 1984–2023was accessed via theGoogle
Earth Engine (GEE) platform; daily water storage during 1984–2023 was
sourced from the GloLakes dataset47; lake polygon/area/depth and river
network/basin in 2015 were obtained from the HydroSHEDS dataset26;
moreover, from the European Centre for Medium-Range Weather
Forecasts (ECMWF), we obtainedmonthly averaged basin property data
during 1984–2023, including population density, digital elevationmodel
(DEM), evaporation, leaf area index of high vegetation (LAI_HighVeg),
leaf area index of low vegetation (LAI_LowVeg), runoff, air temperature
at 2m height (Temp2m), precipitation, and wind speed. In addition, we
also acquired OCAR data after the 1950s for 115 lakes in China through
meta-analysis.

Remote retrieval of DOC concentration and storage
Lake DOC concentration is related to basin properties48, shows spatial
variations within a single lake17, and tends to be higher in saline lakes
compared to freshwater ones49. Based on these insights, this study
developed an algorithm to estimate DOC concentration from Landsat
reflectance data. First, a multilayer back propagation neural network
(MBPNN) with three hidden layers was trained to simulate lake-based
annual mean DOC concentration using nine basin properties (Sup-
plementary Fig. 4a). Second, using the simulated DOC, the matched
Landsat reflectance at four visible and near-infrared bands (Supple-
mentary Note 1), longitude, and latitude, two Random Forest models
were built to retrieve DOC concentrations in freshwater and saline
lakes, respectively, which were identified through a weighted decision
treemethod (Supplementary Note 2). The hyperparameters of the two

Random Forests (Supplementary Note 2) were determined through
the grid-search and K-fold cross-validation methods.

The parameterized models showed mean absolute percent dif-
ference (MAPD) values of 17.5% and 15.15% for the 30% testing data
from freshwater and saline lakes, respectively (Supplementary
Fig. 4b, c). The parameterizedmodelswere then applied to derive daily
DOC concentrations from Landsat data, which had been processed to
remove clouds and other non-water pixels using the pixel quality
attributes provided by GEE. The developed models satisfactorily cap-
tured DOC concentrations from time-series Landsat data, with high
values for saline/eutrophic lakes and low values for estuarine waters
(Supplementary Fig. 10). Furthermore, annual mean DOC concentra-
tions for 24,366 lakes during 1984–2023 were calculated using the
satellite-derived daily DOC concentrations. Finally, DOC storage for
24,366 lakes in 2015 was calculated by multiplying annual mean DOC
concentrations bywater stocks from theHydroLAKESdataset26; annual
DOC storage for 1125 lakes during 1984–2023 was calculated by mul-
tiplying annual mean DOC concentrations by water stocks from the
GloLakes dataset47.

Remote retrieval of POC concentration and storage
Several algorithms were proposed to remotely derive POC con-
centrations in inland/coastal waters, and Chinese lakes in the south-
west Tibet Plateau usually have low POC concentrations50,51. Based on
the existing progress, this study developed a two-step algorithm to
retrieve POC concentration from Landsat reflectance data (Supple-
mentary Fig. 5a). First, four empirical equations (Eq. (1)) were con-
structed to roughly estimate POC concentration using the DEM,
longitude, red band reflectance (Rred), and normalized difference
carbon index51.

ln POCð Þ= � 0:0005× DEM½ �+ 1:13,R2 =0:39

ln POCð Þ=0:05× Longitude½ � � 4:18,R2 =0:42

ln POCð Þ=0:51× ln Rred

� �
+3:06,R2 =0:31

ln POCð Þ= 1:72 × NDCI½ �+0:68,R2 = 0:32

NDCI½ � = ðRred +RblueÞ=ðRred � RblueÞ

ð1Þ

where Rblue denotes the blue band reflectance. Second, a Random
Forest model was trained to precisely retrieve POC concentration
using the roughly estimated results (Eq. (1)), longitude, latitude, DEM,
and the matched Landsat reflectance (Supplementary Note 1, Supple-
mentary Table 2).

The parameterized model obtained MAPD values of 16.7% and
16.5% for the training and testing data, respectively (Supplementary
Fig. 5b, c). When they were applied to time-series Landsat data, the
developedmodels obtained reasonable POC concentrations, with high
values for eutrophic/turbid lakes and estuarinewaters (Supplementary
Fig. 10). Then, similar to the DOC retrieval, the parameterized models
were applied toobtain daily POCconcentrations and annualmeanPOC
concentrations for 24,366 lakes during 1984–2023, calculate POC
storage for 24,366 lakes in 2015, and calculate annual POC storage for
1125 lakes during 1984–2023.

Lake CO2 concentration calculation
Using the in-situ pH, temperature, and DIC data (Dataset I in Supple-
mentaryTable 1), this study calculatedCO2 concentration basedon the
carbonate equilibrium method52. The method is commonly adopted
when there is no in-situ CO2

53. The method is shown as Eq. (2):

CO2

� �
= DIC½ �= K1

H+� � +
K1 ×K2

H+� �2 + 1

 !

H+� �
= 10�pH

ð2Þ
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where [CO2] is the CO2 concentration (μmol L−1); [H+] indicates the H+

concentration (mol L−1); [DIC] denotes the DIC concentration
(μmol L−1); K1 and K2 are the ionization fractions, which are calculated
using water temperature (Tw) via Eq. (3).

log10K1 =a1 +b1Tw + c1=Tw +d1log10Tw + e1=ðTwÞ2

log10K2 =a2 + b2Tw + c2=Tw +d2log10Tw + e2=ðTwÞ2
ð3Þ

where a1, a2, b1, b2, c1, c2, d1, d2, e1, and e2 are constants52.

Statistical analyses
This study matched Landsat reflectance for the measured DOC and
POC concentrations (Supplementary Note 1), developed a weighted
decision tree method to identify freshwater and saline lake types
(Supplementary Note 2), delineated lake basin boundaries for 24,366
lakes (Supplementary Note 3), and calculated relative contributions of
different factors to variations in DOC and POC concentrations through
the nonlinear Random Forest analyses (Supplementary Note 4).
Moreover, we did regression analyses to determine the relationships
between two variables and the changing trend of one variable along
with time, with a significance level p <0.05 (two-tailed test) being
significant.

Data availability
All the used time-series Landsat-5/7/8/9 reflectance datasets are available
at https://developers.google.com/earth-engine/datasets/catalog/landsat.
The GloLakes dataset of lake water volume is available at https://doi.org/
10.25914/K8ZF-6G46. The HydroLAKES, HydroRIVERS, and Hydro-
BASINS datasets used in this study are available at https://www.
hydrosheds.org/products. The population density data are available at
https://www.resdc.cn/DOI/DOI.aspx?DOIID=32. The DEM data are avail-
able at https://lpdaac.usgs.gov/products/srtmgl1v003/. The lake basin
property data are available at https://cds.climate.copernicus.eu/cdsapp#
!/dataset/reanalysis-era5-land-monthly-means?tab=overview. The DOC
and POC data generated in this study have been deposited in the Fig-
share repository under accession code https://doi.org/10.6084/m9.
figshare.2648896654. Source data are provided with this paper.

Code availability
Source codes for POC retrieval fromLandsat data are available at https://
code.earthengine.google.com/fb14d077d79b91cf116d17cade3f5730.
Sourcecodes forDOCretrieval fromLandsatdata are available athttps://
code.earthengine.google.com/a1eedef98d1f1a0780fe6afd97b34efb and
from Zenodo at https://doi.org/10.5281/zenodo.1323401955. Other
source codes used in this study are also publicly available from Zenodo
at https://doi.org/10.5281/zenodo.1323401955.
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