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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   The CO2 emission due to groundwater storage change in China is estimated to be 2.1±2.3 Mt/yr in 2003–2015.

■   Groundwater storage change exceeds 15% emission sources listed in China Carbon Emission Accounts and Datasets.

■   China’s groundwater overdraft control will lead to a total reduction of 5.3 Mt CO2 by 2025.
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Recent studies show that groundwater depletion is an unreported source of
atmospheric  CO2 through  bicarbonate  reactions  in  the  groundwater
released from aquifer. However, the depletion can be mitigated or offset by
recharge,  and  thus  the  contrasting  roles  of  depletion  and  recharge  on
carbon cycle remain unclear at  a national  scale.  Here,  we extend previous
studies  to  use  the  satellite–derived  groundwater  storage  change  (GWSC)
and substantial in situ measurements of the bicarbonate ion concentration
(BIC), for the first time evaluation of GWSC–induced CO2 emission/seques-
tration  in  China.  Results  show  that  the  GWSC  represents  as  a  significant
source of atmospheric CO2 in China, with a net CO2 emission rate of 2.1±2.3
Mt/yr,  which  is  larger  than  15%  of  the  emission  sources  listed  in  China
Carbon Emission  Accounts  and  Datasets.  Besides,  emission  and  seques-
tration  induced  by  groundwater  storage  (GWS)  decrease  and  increase  is
also significant, with a rate of 3.9±1.1 Mt/yr and 1.8±1.2 Mt/yr, respectively.
Notably,  we  also  find  that  China’s  stricter  groundwater  measures  can
contribute a  total  reduction of  5.3  Mt CO2 emission in  the major  overdraft
areas  by  2025.  Despite  of  notable  uncertainties,  this  study  highlights  the
unneglectable  contributions  of  GWSC  to  atmospheric  CO2 emission  and
sequestration at a national to global scale.
 

INTRODUCTION
Groundwater  is  a  crucial  component  of  terrestrial  water  cycle1 and  is

closely  related  to  the  physical  exchange  and  chemical  transformation  of
carbon between rivers and the atmosphere, exhibiting significant spatial and
temporal  dynamics.2,3 The  complex  interactions  between  different  earth
spheres  and  the  relationships  between  carbon  cycling  and  biogeochemical
processes highlights the need of an improved understanding of groundwater
contributions to the carbon cycling.4–6 Current carbon cycling studies related
to hydrology primarily focus on surface water bodies such as oceans, rivers,
wetlands,  and  reservoirs,  while  less  investigations  are  made  for
groundwater.7–11 Previous studies  mainly  focus on three  kinds of  processes
related to groundwater carbon cycling: dissolved CO2 degassing and seques-
tration,12,13 rock–water  reactions  absorbing  atmospheric  CO2,14,15 and  CO2

emissions from energy consumption for agriculture irrigation.16–18

Besides,  groundwater–related  carbon  cycle  is  also  associated  with  the
bicarbonate  reactions.19 This  reactions  can  be  forward  or  back.  Forward
reactions  involve  atmospheric  CO2 deposition  and  rock  weathering,  where
CO2 is absorbed through groundwater recharge. In contrast, when groundwa-
ter is released to the atmosphere, the exposed groundwater will  reequlibrate
in  a  back  reaction  and  the  CO2 will  be  released  to  atmosphere  with  other
minerals to form carbonate and silicate rocks. In the North China Plain (NCP),
excessive groundwater overdraft  has led to drastic GWS decrease since the
1990s.20 Estimates suggest that the total CO2 emissions induced by ground-
water  depletion in  the  NCP may is  about  0.5  Mt/yr.21,22 In  the  United States,
Wood and Hyndman et al. (2017) estimated atmospheric CO2 emissions from
GWS depletion of the US to be 1.7 Mt/yr.23 A following study by Mishra et al.
(2018) demonstrated a total CO2 emission of 0.72 Mt/yr from the areas with
long–term  GWS  depletion.24 Although  the  estimates  are  much  smaller  in
comparison to some major sources, they remain noticeable, e.g., it is equal to
or greater than approximately one third of the 23 major sources in the US.

However,  in  the  studies  by  Wood  &  Hyndman  (2017)  and  Mishra  et  al.
(2018),23,24 only  groundwater  depletion  is  considered for  the  emission.  Since
CO2 sequestration happens  when  dissolved  inorganic  carbon  (DIC)  down-

wards into groundwater through recharge,25 the exclusive use of  groundwa-
ter depletion in above studies fail to revealing contrasting roles of groundwa-
ter storage change (GWSC) in carbon cycle,  and thus limits the understand-
ing of groundwater’s contribution to carbon neutrality.26 A recent study shows
that groundwater depletion is widespread but not universal. According to their
statistics, there  are  nearly  30%  of  the  selected  global  aquifers  were  experi-
encing  reversed  declining  or  continuous  rising  in  groundwater  levels.27 In
China,  although the NCP has been identified as one of  the area with  severe
groundwater  depletion,20,28,29 a  recent  study  shows  that  increasing  GWS  are
observed in  7 of  the 18 major  aquifers in  China.30 The contrasting trends of
GWSC highlights  the potential  conflicts  of  GWSC in  carbon source and sink
over a larger region.

Whether  the  GWSC  can  be  regarded  as  a  carbon  source  or  sink  at  a
regional scale, depends on the combined effects of GWSC and concentration
of  bicarbonate ions (BIC).  Due to limited data on spatially  distributed GWSC
and BIC, the GWSC at a national scale has been little investigated to demon-
strate  whether  it  is  a  carbon  source  or  sink.  Although  the  Gravity  Recovery
and  Climate  Experiment  (GRACE)  satellites  have  been  increasingly  used  to
quantify  regional  GWSC,31,32 the  uncertainties  remain  noticeable.30,33 Besides,
adequate in situ measurements of BIC are also helpful for reliable BIC, which
may lead to significant impact on estimated CO2 emission.24

This  study,  for  the  first  time,  extends  previous  studies  to  evaluate
GWSC–induced  CO2 emission  and  sequestration  in  China,  by  using  GWSC
derived  from ensemble  GRACE estimates  from 3,456 combinations  and the
BIC measured at 10,163 in situ monitoring wells. The major motivation of this
study is to explore the contributions of GWSC to atmospheric CO2 emission
and  sequestration  in  China,  especially  focusing  on  whether  it  is  a  carbon
source  or  sink  considering  both  GWS  increase  and  decrease.  We  will  first
introduce  the  principles  of  GWSC–induced  atmospheric  CO2 emission  and
sequestration,  and  the  methods  for  estimation.  Then,  we  will  discuss  the
results related to GWSC–induced CO2 emission and sequestration, as well as
its implications for national and global carbon neutrality. 

MATERIALS AND METHODS 

Principles  of  GWSC–induced atmospheric  CO2 emission and sequestra-
tion

Figure  1 illustrates the reactions of  the inorganic  carbon cycle  in  ground-
water. Groundwater  recharge from precipitation is  in  equilibrium with atmo-
spheric  CO2. The recharging groundwater  increases GWS and rapidly  equili-
brates  to  the  higher  concentration  forming  hydrogen  and  bicarbonate
ions.23,34 Thus, the forward reactions associated with GWS increase results in
the removal of atmospheric CO2, as represented by Equations (1), (2), and (3).
In contrast,  when groundwater is released to the atmosphere due to natural
or  anthropogenic  discharge,  the  exposed  groundwater  will  reequlibrate  with
the  atmospheric  pressure  and  the  CO2 will  be  released  to  atmosphere  with
other  minerals  to  form  carbonate  and  silicate  rocks.23,35 The  back  reactions
are  represented  with  Equation  (4).  The  detailed  reactions  are  described  as
following.

The  atmospheric  CO2 enters  the  subsurface  through  groundwater
recharge,  and the dissolved CO2 in  groundwater forms carbonic acid (Equa-
tion (1)):

CO2+H2O→ H2CO3. (1)
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However,  the  carbonic  acid  is  unstable  and  decomposes  into  hydrogen
ions and bicarbonate (Equation (2)):

H2CO3 → H++HCO–
3 . (2)

In the aquifer, the abundant presence of calcite reacts with hydrogen ions
to generate bicarbonate (Equation (3)):

CaCO3+H
+ → HCO–

3+Ca
2+ (3)

Due  to  natural  discharge  or  anthropogenic  pumping  of  groundwater,  the
pressure of the exposed groundwater decreases and the reaction reverses to
balance the atmospheric pressure (Equation (4)):

Ca2++2HCO–
3 → CaCO3 ↓ +CO2 ↑ +H2O (4)

Therefore,  the  GWSC–induced  atmospheric  CO2 emission  (sequestration)
can be expressed with Equation (5):

m(CO2) = 1/2×GWSC×S×c(CO2) (5)

Where,  m(CO2)  represents  the  amount  of  CO2 emission (sequestration); S
represents  the  area  corresponding  to  GWSC;  c(CO2) represents  the  equiva-
lent  concentration  of  CO2 in  groundwater.  Referring  to  previous  studies  by
Wood and Hyndman et al.  (2017) and Mishra et al.  (2018),23,24 we conserva-
tively  estimate  that  half  of  the  bicarbonate  entering  the  atmosphere  is
converted  into  CO2.  The  emission  and  sequestration  refers  to  negative  and
positive GWSC, respectively. 

Ensemble estimation of GWSC using GRACE data
To solve GWSC, we used three GRACE Tellus Level–3 products and three

Mascon solutions provided by the Center for Space Research (CSR), German
Research Centre for Geosciences (GFZ), and Jet Propulsion Laboratory (JPL)
to derive monthly terrestrial water storage change data. Non–GWSC compo-
nents of  water  storage  (including  surface  water  storage,  soil  moisture  stor-
age, snow water equivalent, and canopy water storage) were obtained using
two  global  hydrological  models  (PCR–GLOBWB  2  and  WGHM),  three  land
surface  models  (CLSM–F2.5,  NOAH–3.6,  and  VIC  4.1.2  from  GLDAS–2.1),
and the ERA5–land reanalysis product. The data were collected monthly from
January 2003 to 2015 and resampled to a uniform spatial resolution of 1° ×
1° to match GRACE data. Additionally, we used the degree–day model glacier
dataset36 and  the  global  glacier  mass  loss  dataset  from  the  early  21st
century37 to estimate monthly–scale glacier water equivalent change in China
from 2003 to 2015, with the spatial resolution resampled to 1°×1°. The GWSC
is calculated with Equation (6):

GWSC=TWSC–SWSC–SMSC–SWEC–CWSC–GWEC (6)

where, TWSC  represents  terrestrial  water  storage  change;  SWSC  repre-
sents surface water storage change; SMSC represents soil moisture storage
change;  SWEC represents  snow water  equivalent  change;  CWSC represents

canopy water storage change; and GWEC repre-
sents glacier water equivalent change.

All  the  non–GWSC compartments  in  Equa-
tion (6) were converted to monthly anomalies by
subtracting the 2003–2015 mean from the orig-
inal  time  series,  to  be  consistent  with  GRACE
GWSC.  The GWSC in  this  study is  same as the
widely  used  groundwater  storage  anomaly
(GWSA).  We  prefer  to  use  GWSC  instead  of
GWSA as it is the change of GWS contributes to
CO2 emission and sequestration. Thus, the posi-
tive value of  GWSC means that  it  is  larger  than
the  2003–2015 mean.  That  is  to  say,  the  posi-
tive GWSC does not definitely mean an increas-

ing  trend of  GWS,  it  can  also  be  decreasing  if  the  deceasing  rate  is  smaller
than the 2003–2015 mean. It should be noted that Hainan and Taiwan were
excluded from the analysis to avoid notable leakage errors from the ocean in
GRACE data.

There  will  be  a  total  of  3,456  GWSC  solutions  considering  the  different
sources  of  the  GRACE  and  non–GWSC  datasets.  The  use  of  different
datasets  in  estimating  GWSC  can  better  reflect  its  uncertainties.  The
Bayesian  Model  Average  (BMA)  method  is  then  used  to  integrate  different
solutions for a robust GWSC estimation.38 The BMA has been widely used in
GRACE–era.39,40 It  uses  the  prior  knowledge  to  integrate  multiple  different
models  by  assigning  weights,  and  then  merge  them  to  get  a  new  GWSC,
which not only reflects the common characteristics of the solutions, but also
synthesizes  the  advantages  of  different  solutions.  It  thus  provides  relative
reliable probability distribution of all the results.

The  GWSC  estimated  by  using  CSR  mascon,  WGHM,  and  the  average  of
two  glacier  dataset  is  selected  as  the  reference  model  in  BMA.  The  CSR
mascon  and  WGHM  are  selected  as  they  have  been  widely  used  and  well
demonstrated in  previous studies,  while  the  two glacier  dataset  is  averaged
to  account  for  their  different  ways  in  estimating  glacier  mass  change  (i.e.,
modeling and remote sensing). The periods of 2003–2011 and 2012–2015 is
used  for  BMA  calibration  and  merging,  respectively.  The  weight  ratios  of
GWSC ensembles are adjusted at  each grid cell  in the study area.  The opti-
mal  GWSC solution is  obtained by multi–source merging of  all  GWSC solu-
tions from 2003 to 2015 based on the weight ratios. For more details, please
refer to Li et al. (2023).33
 

Estimation  of  carbon  storage  changes  due  to  groundwater  storage
change

The  hydrochemical  characteristics  of  groundwater  in  China  mainly
comprise  heavy  bicarbonate  water  and  a  mixture  of  heavy  bicarbonate
sulfate chloride water,  accounting for  87% of  the total  area.  Bicarbonate ion
water constitutes  approximately  half  of  the  national  area.  Detailed  informa-
tion on the hydrochemical types of groundwater in China can be found on the
official website of the Geological Cloud (https://geocloud.cgs.gov.cn/). In this
study, we used BIC data from 10,163 wells monitored throughout the year in
2019 as part of the National Groundwater Monitoring Project,  where various
groundwater quality indicators were measured once a year. Using the Inverse
Distance  Weighting  (IDW)  interpolation  method,  we  interpolated  all  data
points  to  a  spatial  resolution  of  1°  ×  1°  to  match  the  spatial  resolution  of
annual GWSC trend. Subsequently, we obtained the 1° gridded CO2 emission
(sequestration)  induced by  GWSC in  China  from 2003 to  2015 according to
Equation (5). 

Uncertainty analysis
We  considered  the  uncertainties  introduced  by  different  models  and

conducted an uncertainty analysis of the GWSC and CO2 emission (seques-
tration) induced by GWSC using the standard deviation (STD) based on BMA
merging.  That  is  to  say,  we calculated the  standard deviation of  GWSC and

G
eo

science

 

Figure 1.  Schematic diagram  illustrating  the  reac-
tion  mechanisms  between  GWSC  and  inorganic
carbon cycling in groundwater.
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CO2 emission (sequestration) induced by GWSC at the grid scale and aggre-
gated it to province scale. The standard deviation was used to represent the
uncertainty.  Additionally,  during  the  comparison  with  the  measured  water
level  in  wells,  we  first  obtained  the  monthly  time  series  of  BMA–merged
GWSC and then calculated the standard deviation month by month to repre-
sent the uncertainty of its monthly time series. 

RESULTS AND DISCUSSIONS 

Validation of GRACE GWSC using well observations
Since  reliable  aquifer  storage  coefficients  are  generally  not  available,  we

compare the GRACE–derived GWSC with in  situ  groundwater  level  changes
for  validation  purpose  (Figure  2).  Considering  the  data  quality  of  in  situ
measurements,  we  only  select  the  wells  that  evenly  distributed  within  a
region and have little missing records (Type I), while the other wells that have

notable  missing  records  (Type  II)  and  poorly  distributions  (Type  III)  are  not
used  for  validation.  Thus,  we  only  compare  them  in  the  six  selected
sub–regions,  i.e.,  I–Jilin  and  Liaoning,  II–Beijing,  Tianjin,  and  Hebei,
III–Ningxia, IV–Shandong and Henan, V–Hunan, and VI–Jiangxi. To address
the  impact  of  spatial  coverage  limitations  on  the  GWSC  validation,  we
constructed  Thiessen  Polygons  (Figure  S1)  based  on  the  distribution  of  the
wells  and  used  the  area–weighted  results  to  be  compared  with  the
long–term GWSC time series.

The  results  show  good  correlations  between  the  GRACE–GWSC  and  the
measured groundwater level data in the six regions (I–VI). The highest corre-
lation  coefficient  is  0.9  in  region  II,  while  the  correlation  coefficients  for  the
remaining regions range from 0.51 to 0.77. The better performance in region
II  ascribes  to  the  sufficient  wells  and  good  temporal  coverage  of  the  data.
Despite  that  the  data  limitations  of  in  situ  measurements  may  degrade  the

 

Figure 2.  Comparison of GRACE–derived GWSC and well–observed groundwater level data in six typical regions of China Six regions are numbered as I–VI, which correspond
to Jilin and Liaoning, Beijing, Tianjin and Hebei, Ningxia, Shandong and Henan, Hunan, Jiangxi respectively.

REPORT

4  　　　The Innovation Geoscience 2(4): 100094, December 10, 2024 www.the-innovation.org/geoscience

https://www.the-innovation.org/geoscience
https://www.the-innovation.org/geoscience
https://www.the-innovation.org/geoscience


comparison performance, our estimates are in consistent with previous stud-
ies  in  other  regions.  For  example,  the  decreasing  trend  in  region  I  (–5.27  ±
2.56  mm/yr)  is  similar  to  the  findings  of  Zhong  et  al.  (2018)  (–6.76  ±
3.2  mm/yr),41 the  decreasing  trend  in  region  IV  (–6.21  ±  6.34  mm/yr)  is
comparable to that of Su et al., (2020) (–11.4 ± 8.9 mm/yr),42 and the increas-
ing  trends  in  regions  V  and  VI  are  consistent  with  that  by  Yin  et  al.  (2021)
(1.55 mm/yr).43 The other regions with little or without in situ monitoring data
also show comparable estimates with previous studies (e.g., Yin et al., 2021;
Yi et al., 2016; Zhao et al., 2023).43–45

The  hotspots  of  severe  GWS  decrease  in  the  northwest,  southwest,  and
North China account for half of the total GWS decrease in China (Figure 3B).
The  GWS  decrease  in  the  northwest  and  North  China  is  mainly  driven  by
human  activities.45 The  GWS  decrease  in  the  southeastern  Qinghai–Tibet
Plateau probably  ascribes  to  decreased  precipitation,  but  further  investiga-
tions  are  still  need.46–48 Additionally,  the  GWS  increase  in  central  China  is
attributed  to  climate  change  with  increasing  precipitation49 and
human–induced alterations in the hydrological cycle, where intensive surface
water irrigation  has  contributed  to  increased  land  water  storage,  subse-
quently replenishing groundwater levels in the central and southeastern parts
of the Yangtze River basin.50
 

CO2 emission and sequestration induced by GWSC in China
Figure  3A shows that  the  BIC  in  groundwater  is  higher  in  North  and  East

China  in  comparison  to  the  western  and  southern  regions.  This  variation  is
attributed  to  the  geological  conditions  of  the  aquifers  and  the  degree  of
dissolution  and  reaction  of  atmospheric  CO2 after  entering  groundwater.51

The average groundwater BIC in China is  320 mg/L.  Tianjin has the highest
BIC  (557.5  mg/L)  among  the  focused  provinces,  while  Tibet  is  the  lowest
(134.2  mg/L).  The  BIC  in  other  provinces  ranges  between  136.8  and  473.1
mg/L.  Northern  China  is  predominantly  composed  of  sandy  soil,  providing
better conditions for ion exchange in groundwater, whereas southern regions
are dominated by clay soil,  resulting in weaker ion exchange capacity.52 The
western regions, influenced by complex groundwater chemical types and low
precipitation,53,54 have  relative  lower  BIC  in  groundwater  with  an  average  of
157 mg/L.

Figure  3B  shows  the  overall  GWSC  trend  of  China  is –1.93  ±  4.5  mm/yr
during  2003–2015,  while  the  GWS  decrease  and  increase  is –3.55  ±  1.98
mm/yr and 1.62 ± 2.16 mm/yr, averaged over the areas with increasing and
decreasing GWSC trend, respectively.  The net CO2 emission associated with
the overall depletion trend is 2.1 ± 2.3 Mt/yr (Figure 3C). While the CO2 emis-
sion and sequestration associated with the decreasing and increasing GWSC

G
eo

science

 

Figure 3.  Distribution  of  groundwater  BIC,  annual  GWSC  trend,  and  the  total  CO2 emission (A)  Spatial  distribution  of  groundwater  BIC  in  China  collected  by  the  National
Groundwater Monitoring Project. The gridded BIC data are derived from 10,163 in situ observations after IDW interpolation. (B) Spatial distribution of 2003–2015 annual GWSC
trend estimated GRACE–based BMA merging. (C) Spatial distribution of total CO2 emission (or sequestration) calculated by the combination of BIC and annual GWSC trend data
in China. (D) Three bar charts (from left to right) show the BIC, annual GWSC trend, and the total CO2 emission (sequestration), respectively, in 30 major provinces of China.
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trend  is  3.9  ±  1.1  Mt/yr  and –1.8  ±  1.2  Mt/yr,  respectively.  The
GWSC–induced carbon source areas are mainly found in the northern, north-
western,  and  southeastern  Qinghai–Tibet  Plateau  of  China.  While  the
GWSC–induced  carbon  sink  areas  are  mainly  found  in  the  central–western
and southern regions.

Province  scale  statistics  show  that  there  are  18(12)  provinces  represent
carbon  source  (sink)  area  regarding  the  negative  (positive)  GWSC  trend
(Figure 3D). Inner Mongolia has the largest total CO2 emission from 2003 to
2015  (7634.2 ±  694.2  ×  10³  t),  while  the  emissions  in  other  carbon  source
provinces range from 10.7 ± 426 × 10³ t in Fujian to 5883.0 ± 1352.7 × 10³ t in
Tibet. However, it should be noted that the larger emissions in Inner Mongo-
lia, Xinjiang, and Tibet mainly ascribes to its larger size in area, rather than the
larger  GWSC trend.  In  contrast,  despite  of  smaller  size  in  area,  provinces  in
North China (including Shanxi,  Beijing,  Tianjin,  Hebei,  Henan,  and Shandong)
exhibit  more  significant  GWS  depletion  and  thus  also  result  in  notable  CO2

emissions.  Similarly,  the  total  CO2 sequestration  during  2003–2015  varies
among provinces  in  response  to  the  area  and  GWSC  trend,  with  the  maxi-
mum  sequestration  (–2426.0 ±  650.3  ×  10³  t)  in  Sichuan  and  minimum
sequestration  in  Hubei  (–231.2  ± 1914.6 ×  10³  t).  The  higher  uncertainty  in
Jiangsu, Qinghai, and Hubei ascribes to larger deviations in GWSC estimates
due to surface water storage change.

Since  the  GWSC  represents  a  seasonal  cycle,  we  further  estimated  the
associated  CO2 emission  and  sequestration  in  seasonal  variations
(Figure  S2).  It  shows  that  summer  season  represents  carbon  sink  due  to
GWS increase, leading to a sequestration of 10.2 Mt CO2 from May to August.
In  contrast,  other  months  represent  carbon  source  due  to  GWS  decrease,

leading  to  an  emission  of  11.7  Mt  CO2.  The  more  notable  emission  and
sequestration  due  to  GWSC  at  seasonal  scale  highlights  the  significant
contributions of GWSC to carbon storage changes within the year. 

The implications for carbon neutrality
We compared the CO2 emissions induced by GWSC with other major emis-

sion sources in China listed in the Carbon Emissions Accounts and Dataset
(CEADs) in 2015.55 Based on the emission inventory of 47 sectors (Figure 4A),
there  are  significant  differences  in  annual  CO2 emissions  across  various
sectors in China, ranging from nearly 0 Mt of Logging and Transport of Wood
and  Bamboo  to 3842 Mt  of  the  Production  and  Supply  of  Electric  Power,
Steam,  and  Hot  Water.  It  shows  that  the  annual  CO2 emissions  (3.9  ±  1.1
Mt/yr) due to GWS decrease is larger than 25% of the emissions from all 47
sectors  in  China.  The  net  GWSC  (i.e.,  considering  both  GWS  decrease  and
increase) remains a notable source of emissions (2.1±2.3 Mt/yr) that is larger
than 15% of the all 47 sectors. These comparisons highlight the significance
of atmospheric CO2 emissions resulting from GWSC.

Since  emission  is  largely  regulated  by  the  GWSC,  we  investigated  how
stricter groundwater measures can affect the GWSC–induced CO2 emission.
According  to  the ‘14th  Five–Year  Plan’ for  Groundwater  Overexploitation  in
Key  Areas  (http://www.mwr.gov.cn/),  there  will  be  a  total  reduction  of  4.6
billion  m3 in  groundwater  abstraction  in  the  10  key  overdraft  regions
(161,000  km2) by  2025.  These  areas  account  for  56%  of  the  national  over-
draft  area  and  nearly  70%  of  China’s  total  groundwater  overdraft.  Given  an
average BIC of 320 mg/L, this reduction in groundwater abstraction can lead
to a decrease of 5.3 Mt of CO2 emission.  This amount is comparable to the

 

Figure 4.  China’s GWSC–induced CO2 emission (A) Schematic diagram showing the ranking of China’s GWSC–induced CO2 emission (unit: Mt) among 47 CO2 emission sectors
in 2015. The numbers in parentheses represent the CO2 emission from relevant sectors. (B) Comparison of the GWSC–induced CO2 emission (sequestration) in China with that in
United States and India. Note that in China the carbon source represents the annual CO2 emission induced by the decrease of GWS, while the carbon sink represents the annual
CO2 sequestration induced by the increase of GWS. The net emission represents the annual net CO2 emission induced by overall GWSC considering both increase and decrease.
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planned  emission  reductions  of  other  sectors  as  reported  by  CEADs56 from
2005–2019, which includes reductions of 5.2 Mt, 5.2 Mt, 5.5 Mt, and 5.3 Mt in
the  Chemical  Fiber,  Smelting  and  Pressing  of  Ferrous  Metals,  Smelting  and
Pressing of Nonferrous Metals, and Metal Products sectors, respectively. The
notable reduction of CO2 emission induced by groundwater overdraft control
in  comparison  with  other  solutions,  highlights  the  significance  of  stricter
groundwater measures in carbon neutrality in China.

In  comparison  with  previous  studies  (Figure  4B),  the  GWSC–induced  net
CO2 emission in  China (2.1  ±  2.3  Mt/yr)  is  larger  than that  in  US (1.7  Mt/yr)
and India (0.72 Mt/yr). A major reason for the difference ascribes to the larger
BIC (320 mg/L) derived from 10,163 in situ monitoring wells collected in our
study, which is much larger than the national averaged one (190 mg/L) in US.
However,  it  should  be  noted  that  the  CO2 emission  (3.9  ±  1.1  Mt/yr)  due  to
GWS  decrease  will  be  much  larger  than  that  reported  in  the  US  and  India.
This  probably  ascribes  to  the  different  data  source  of  GWSC  used  in  our
study (i.e., GRACE–based) in comparison with that in the US (model–based)
and India (in situ–based).

We further made a global  investigation regarding the GWSC contributions
to  carbon  neutrality.  According  to  the  global  groundwater  depletion  rate  of
100–200 Gt/yr,57–59 an  emission  of  GWSC–induced CO2 at  global  scale  can
be estimated to be 11.5–23 Mt/yr given an average BIC of 320 mg/L based
on  our  data.  This  estimates  is  larger  than  previously  reported  one  (8–17
Mt/yr), which was calculated based on an average BIC (190 mg/L) of the US.
Critically, previous study generally focused on the degassing in groundwater,
and  found  that  global  groundwater  abstraction  can  lead  to  an  emission  of
0.01–0.03 Pg C/yr  (or  37–110 Mt  CO2/yr).13 Our  estimates indicate  that  the
total (i.e.,  degassing pluses reaction) global CO2 emissions from groundwa-
ter can be one quarter larger than previously reported one that only focuses
on degassing.

Additionally, it is noteworthy that this study reveals the contrasting roles of
GWSC  in  carbon  emission  and  sequestration.  Given  a  global  groundwater
recharge  rate  (12,000–17,000 km3/yr),60 we  estimated  that  the  CO2 seques-
tration due to GWSC–induced reactions is 1.4–2.0 Gt/yr, which is compara-
ble to but slightly larger than previous estimates (0.73 Gt/yr) considering the
global  flux  of  DIC  downward  into  groundwater.  The  difference  mainly
ascribes to that the in situ measured BIC is used in our study while the esti-
mated DIC is used in previous study. Despite of large uncertainties in global
estimates,  this  study  highlights  that  groundwater  represents  a  significant
contribution to global CO2 emission and sequestration. 

Limitations of this study
In this study, we estimated the CO2 emission and sequestration due to the

reactions associated with GWSC in China. However, the carbon cycle related
to  groundwater  is  much  more  complicated  than  we  discussed  above.  For
example,  we did not consider about the degassing in groundwater,61 as well
as  the  energy  consumption  related  with  groundwater  pumping.62 Besides,
dissolved organic  carbon also plays an important  role  in  the carbon cycle.63

The exclusive considering of these processes may greatly limit our estimates
to be much insignificant while referring to emissions caused by GWSC. Thus,
it should be noted that this study is not to provide an estimates of total CO2

emissions due  to  degassing,  reaction,  energy  consumption,  organic  materi-
als, and other processes related to groundwater.

Besides, notable uncertainties may exist in our estimates due to the bias in
GWSC and BIC data. The GRACE–estimated GWSC can be greatly impacted
by  the  errors  in  satellite  measurements  and  non–GWS  data.30,33 The  in  situ
measured BIC from 10,163 monitoring wells also remains uncertain due to its
limited  sampling  in  space  and  time.  The  relative  short  study  period
(2003–2015)  also  limits  our  understanding  for  a  longer  time  span.  Notably,
the  assumption  of  half  of  bicarbonate  in  groundwater  all  participate  in  the
reaction  may  overestimate  the  emissions  as  parts  of  irrigated  groundwater
can reenter into aquifers through infiltration. 

CONCLUSIONS
This study estimated the CO2 emission and sequestration due to reactions

related with GWSC in China by using the GWSC derived from GRACE and BIC
from  10,163  monitoring  wells.  In  contrast  to  previous  studies,  it  quantifies
both the CO2 emission and sequestration induced by GWSC and thus reveals

the  contrasting  roles  of  GWSC in  affecting  atmospheric  CO2 dynamics.  The
major findings result from this study include:

(1) GWSC in China represents a source of atmospheric CO2 with an emis-
sion rate of 2.1 ± 2.3 Mt/yr during 2003–2015, which is larger than 15% of the
emission types listed in the CEADs.

(2) The net emission consists of a source of 3.9 ± 1.1 Mt/yr and a sink of
1.8 ± 1.2 Mt/yr CO2 due to GWS decrease and increase, respectively.

(3)  A  preliminary  estimation  based  on  literature  and  data  collected  from
this study shows that the CO2 emission from global groundwater depletion is
11.5–23 Mt/yr, while China’s groundwater overdraft control will lead to a total
reduction of 5.3 Mt CO2 by 2025.
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