
1.  Introduction
Silicate carbon sink (SCS) is the net carbon sink that affects the global carbon cycle over a period of millions 
of years or more (Tao et al., 2011). On the geological time scale, there is a negative feedback mechanism 
which includes rock weathering, increased CO2 concentrations, and subsequent environmental changes 
(Maher & Chamberlain, 2014). Rising CO2 concentrations leads to periods of global warming, which in turn 
promote rock weathering, absorbing more CO2 (Liu et al., 2008, 2011; Xie et al., 2012).
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As shown in Equation 1, after the silicate rock is weathered, the primary minerals are decomposed in the 
river. Then the HCO3

− produced by the weathering of silicate rocks is deposited as calcite or dolomite in 
the ocean. Therefore, the atmospheric CO2 concentration and global temperature tend to decrease, exerting 
a long-term control on the global atmospheric CO2 concentration (Berner et al., 1983; Bolin, 1980; Garrels 
et al., 1975; Kempe & Degens, 1985; Lenton & Britton, 2006; Walker et al., 1981; Wallmann, 2001). There is 
no doubt that SCS represents an important part of the global carbon cycle (Caldeira, 1995).

Because of its importance in global carbon cycling, many scientists have carried out research on SCS and 
made progress toward understanding the related mechanisms. In recent years, two approaches have been 
taken for exploring SCS: hydrochemical method and simulation modeling. The benefit of studying rivers 
through the hydrochemical method is that rivers contain most of the dissolved elements of weathered rocks 
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around the world as they pass through the continental crust and encounter different climatic regions (Gail-
lardet et al., 1999; Liu & Han, 2020; Veizer & Mackenzie, 2003). After rock weathering, the absorbed CO2 is 
converted into soluble ions, such as HCO3

−, Mg2+, and Ca2+, which enter the river and are transported to the 
ocean. Therefore, analysis of the relevant ion element contents in a river can be used to quantify the value 
of CO2 uptake in its watershed. Gaillardet (1999) calculated the contribution of rainfall, lithology, and at-
mosphere to rock weathering using the hydrochemical compilation data of 60 major rivers worldwide, and 
then extended the total amount of carbon in the basin to a global scale based on an inversion model. The re-
sulting estimated worldwide SCS was 0.104 Gt/yr (Gaillardet, 1999). The simulation modeling method has 
been gradually improved by the development of computer technology in recent decades. Suchet et al. (2003) 
divided global continental rocks into six types: sand and sandstone, shale, shield rock, acid volcanic rock, 
basalt, and carbonate rock. They then derived the empirical coefficient digital layer for each rock and com-
bined these data with the constructed GEM-CO2 model to simulate the global SCS, with a value of 0.155 Gt/
yr. Based on previous research, Hartmann (2009) further constructed the “multiplicity of lithology model” 
and divided continental rocks into 15 categories. This study simulated the consumption of CO2 by Japanese 
islands and then converted these data to a global scale through the nonlinear model. It was found that the 
annual atmospheric CO2 consumption by the global continental silicate weathering ranged from 0.133 to 
0.169 Gt/yr (Hartmann, 2009).

From the results of various studies, it has been observed that the global silicate rock weathering carbon 
sink flux (SCSF) highly correlates with the rate of silicate weathering (Dessert et al., 2001). In addition, 
rock weathering carbon sink reflects the complex response of multiple factors, such as runoff (RF) and 
temperature (T), through the dynamic changes in water chemistry (Berner & Kothavala, 2001; Gislason 
et al., 2009; Kump et al., 2000; White & Blum, 1995; Zhang, Jiang et al., 2006) and RF is also affected by 
temperature changes (Gu, 2020). Therefore, carbon sink estimates that ignore temperature in high-tem-
perature regions may not be accurate representations of the actual situation (Goddéris et al., 2013). Now, 
there remain large differences and uncertainties in the global SCS (Liao & Zhu, 2010; Moon et al., 2014). To 
improve the estimates, climate impact factors need to be integrated into global silicate rock calculations. It 
is worth noting that there is a strong coupling relationship between the chemical weathering and physical 
erosion of silicate rocks. Although this relationship is important, their internal mechanism and focus are 
different. Moreover, current chemical models cannot fully reflect the physical processes of erosion and 
hydrology because it is difficult to accurately identify the effects of physical erosion on large-scale spaces. 
In conclusion, the magnitude and distribution of SCS also urgently require spatial conversions to produce 
an accurate output at a spatial resolution of 0.5° and minimize the uncertainty caused by not considering 
physical erosion (Pu, 2015).

Therefore, this paper quantitatively evaluates the spatial distribution and magnitude of global SCS from 
1996 to 2017 at a 0.25° pixel scale while considering the climate impact factors. The aim of this study is to 
(1) quantify the magnitude of SCS at a global scale, (2) explore the evolution of SCS at a multi-year scale 
and quantify the contribution of climate factors to its changes, (3) reveal the average carbon sink levels and 
changes of various countries from 1996 to 2017, and (4) analyze the magnitude and distribution of global 
SCS under the RCP 4.5 and RCP8.5 greenhouse gas emission scenarios for 2041–2060 as well as clarify 
the impact of different climate conditions on the SCS. This study is of great importance for improving 
the carbon cycle model and evaluating SCS, thus providing theoretical support for global environmental 
governance.

2.  Materials and Methods
2.1.  Overview

The workflow of the data processing and analysis conducted in this study is shown in Figure 1. First, we 
used two models to calculate the global silicate rock weathering carbon sink flux.

(SCSF) based on the processed climate data and lithologic data and their SCSFs compared. Subsequently, 
the SCSF was spatially analyzed to identify the changes from 1996 to 2017. Then, partial derivative method 
was used to quantify the contribution of temperature and runoff to these changes. Finally, R was used to 
link these spatial results to specific regions.
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2.2.  Data Sources

First, global-scale meteorological data was derived from global products simulated by the NOAH 
(0.25 × 0.25) land-surface process model in the Global Land Data Assimilation System (GLDAS) provided 
by NASA (Beaudoing & Rodell, 2019; Rodell et al., 2004). According to the precipitation data, monthly scale 
data were synthesized from these data and converted into monthly rainfall and monthly snowfall based on 
the number of days in each month, and then the two data were added to the precipitation data in 1996 and 
2017. Then, global lithological data were used to fully illustrate the spatial distribution and temporal and 
spatial evolution of weathered carbon sink in global silicate rocks (Suchet et al., 2003; Hartmann & Moos-
dorf, 2012; Gong, 2021), including VB, SS, MT and PA (Basic Volcanic Rocks, Siliciclastic Sediments Rocks, 
Metamorphic Rocks and Acid Plutonic Rocks). Based on global national vector boundaries (https://gadm.
org/), basin boundaries (https://grdc.com.au/), and Köppen climate zone classification data (Finlayson & 
Mcmahon, 2007), these results were linked to specific regions by R. Finally, the climate data from 2041 to 
2050 were taken from the CMIP5 archive (Coupled Model Intercomparison Project Phase 5) based on the 
RCP8.5 (Riahi et al., 2007) and medium emission scenario RCP4.5 (Clarke, 2007; Smith & Wigley, 2006; 
Wise et al., 2009).

2.3.  Celine Model

The Celine model (Dessert et al., 2003) selectively used the known river chemistry data of basalt provinces 
during the rainy and dry seasons in order to estimate the carbon sink flux of basalt weathering. These data 
were derived from monthly or quarterly sampling for at least 3 years. It focused on studies in areas with 
large temperature differences in order to observe the effects of runoff. This analysis reveals the correlation 
between the average atmospheric CO2 consumption rate, cation weathering rate and silicate weathering 
rate, and runoff during the sampling period. Therefore, when the runoff was constant, the temperature 
increased as the observed CO2 absorption rate increased. This analysis suggests that even under different 
concentration conditions temperature and precipitation have a major impact on basalt weathering rate and 
related CO2 consumption (Dessert et al., 2001; Louvat, 1998; White & Blum, 1995). The formula is derived 
as follows:
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Figure 1.  Data and workflow (CSF: carbon sink flux; ET: evaporation; P: precipitation; VB, SS, MT and PA: Basic 
Volcanic Rocks, Siliciclastic Sediments Rocks, Metamorphic Rocks and Acid Plutonic Rocks; SCSF: silicate rock 
weathering carbon sink flux).

https://gadm.org/
https://gadm.org/
https://grdc.com.au/
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   2 6
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where fCO2 is the basalt absorption rate of CO2, Rf, and T represent the runoff (mm) and atmospheric tem-
perature (°C), respectively. In this paper, we assume runoff is equal to precipitation minus evaporation.

Based on the lithology map (Hartmann & Moosdorf, 2012; Suchet et al., 2003), the model calculated that ba-
salt accounts for 8.4% of the global surface area of silicate rock, so the following formula was used to obtain 
the ratio of global SCS to the basalt carbon sink:




 
2

2

0.084
0.916 0.084

CO

CO

f B
F B� (2)

where FCO2 is the global carbon flux of silicate rocks, and B is calculated B = fbas/fsil as (the chemical weather-
ing rate of basalt to the weathering rate of other silicate rocks). According to Dessert et al. (2001), the weath-
ering rate of volcanic rocks is 10 times that of granite and gneiss, and thus the value of B was assigned as 10.

2.4.  GEM-CO2 Model

The Global Erosion Model of CO2 Flux (GEM-CO2) model is a method for estimating the latitudinal dis-
tribution of carbon consumed by global chemical weathering using lithology and continental basin maps 
(Suchet et al., 2003). The model takes runoff as the main influencing factor of global chemical weathering 
and obtains the relationship between different lithological weathering rates and runoff, thereby establish-
ing a simple model based on empirical coefficients. By extracting the empirical coefficients of silicate rock 
types, including basic volcanic rocks (VB), siliciclastic sediment rocks(SS), metamorphic rocks(MT), and 
acid plutonic rocks(PA), the model can be used to estimate the global SCSF:

 2 a QCOF� (3)

where Q represents the runoff (mm) and a is the empirical coefficient of silicate rock types.

2.5.  Trend Analysis

In this study, we analyzed the spatial evolution trend of global SCSF from 1996 to 2017 based on the unitary 
regression trend analysis method. The calculated slope reflects the trend of the evolution of carbon sink. A 
slope greater than 0 indicates that the pixel as a whole showed an upward trend during the study period, 
and otherwise it showed a downward trend. When the slope is equal to zero, the SCS does not change. 
The magnitude of the slope reflects the magnitude of the increase or decrease of SCSF in the pixel (Zhang 
et al., 2014). The larger the magnitude of the absolute value of the slope, the greater the change. The calcu-
lation formula is as follows:
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where θ is the evolution trend, i is the current year, n is the study period, and CSFi is the weathered carbon 
sink flux in the i-th year.

2.6.  Partial Derivatives for Quantifying the Contribution of Temperature and Runoff Induced 
SCSF Changes

Roderick (2007) used partial derivatives to evaluate the influence of different factors on the changes of a 
certain phenomenon. This method has been further expanded and widely used in various fields (Liu & 
Sun, 2016; Wu et al., 2020; You et al., 2013) . From previous studies, we know that in addition to lithology, 
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SCSF changes mainly depend on RF and T (Dunne, 1978; Guy & Schott, 1989; Meybeck, 1986; Suchet & 
Probst, 1993; Velbel, 1993; White & Blum, 1995). Therefore, we used Equation 2 to explore the contribution 
of RF and T to SCSF changes.

         
         

    
....RF T a b n

RF T a b n

dSCSF SCSF X SCSF X SCSF X SCSF X SCSF X
dt X dt X dt X dt X dt X dt� (5)

As shown in formula 5, 
SCSF

dt
 represents the trend in which SCSF changes. XRF and XT represents the 

change from RF and T to SCSF, and Xa to Xn represent the change of other factors to SCSF. 

 RF

Y
X

, 



 T

Y
X

 are 

the partial derivative of the change of SCSF with each factor. Roderick (2007) further explained that each 
partial derivative can be regarded as their second-order partial correlation coefficient under the elimination 
of the influence of other variables (Equation 6).
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For ease of understanding, Equation 7 can be viewed as:

   
       

 _ _ _ _
RF T

CON CON CON CON
RF T

dSCSF SCSF X SCSF XRF T R R
dt X dt X dt� (7)

where _CONRF  is the contribution of RF to SCSF, _ CONT  is the contribution of T to SCSF, and _CONR  is the 
contribution of residual factor to SCSF.

2.7.  The Analysis of Uncertainty

In the study, several uncertainties needed to be analyzed and quantified. There are two aspects of the uncer-
tainty in our study: (1) The uncertainty of the data: although we used publicly-available data, it is large-scale 
remote sensing data and we cannot guarantee that every pixel point is consistent with reality. Chen (2008) 
used three models to evaluate the uncertainty of the global precipitation and surface temperature data and 
found that the uncertainty for both was less than 1%. Mu (2011) used six methods to calculate the uncer-
tainty of the evapotranspiration data and determined that the uncertainty was 24.35%. (2) The uncertainty 
of the method: the proportional relationship between basalt and silicate carbon sink has an elastic range of 
31%–48% (Dessert et al., 2003), which is an uncertainty of 17%. Thus, we estimated that the uncertainty of 
our study is 29.71% using the uncertainty model (Landschutzer et al., 2014).

 


  2

1

n

i
i

� (8)

However, the uncertainty does not represent that of the results of this research for each pixel. We think that 
this value is the accumulation of the uncertainty (i.e., the maximum uncertainty), and it can be expressed 
as x ± y.

3.  Results
3.1.  Spatial Distribution Pattern of SCS

3.1.1.  Global SCSF Distribution Pattern

The meteorological data for the study period are presented in Figure 2 Regional differences in global evap-
otranspiration were also apparent (Figure 2a), and the spatial changes were basically consistent with the 
spatial changes in precipitation. However, the global evaporation was more clearly affected by the distribu-
tion of sea and land, and the evaporation gradually decreased from the coast to inland. Global precipitation 
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ranged from 0 to 6,421 mm from 1996 to 2017 (Figure 2b), revealing a decreasing spatial trend from the 
equator to the North and South Poles. The largest precipitation amount was located in the northern part 
of the South American continent and the coast of Southeast Asia, whereas the African continent near the 
equator was the largest precipitation region (1,536.07–2,467.79 mm) in the world.

The global average temperature ranged from −25.89°C to 33.34°C (Figure 2c). The spatial distribution trend 
was highest in the south and lowest in the north. The annual temperature in most regions was above 0°C, 
accounting for 65.77% of the global area. Areas with an average annual temperature below 0°C were mainly 
located in northern Eurasia and the Arctic region, among which Greenland's annual minimum temperature 
fell below −20°C. Areas above 21°C were mainly distributed near the equator, such as northern Australia 
and Southeast Asia. Affected by the combined effects of precipitation and evaporation, the spatial distribu-
tion of runoff (Figure 2d) decreased toward the poles from the equator and decreased inland from the coast. 
Therefore, high runoff values (1,527–5,621 mm) were mainly concentrated in the coastal areas near the 
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Figure 2.  Global distribution of (a) annual average evaporation, (b) annual average precipitation, (c) annual average temperature, (d) annual average 
discharge, (e) annual average soil water, and (f) silicate rock. (VB, SS, MT, and PA mean basic volcanic rocks, siliciclastic sediment rocks, metamorphic rocks, 
and acid plutonic rocks, respectively (Gong, 2021; Hartmann & Moosdorf, 2012; Suchet et al., 2003)).
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equator, coinciding with global high-temperature areas which created fa-
vorable conditions for weathering. The global average soil moisture con-
tent was between 0 and 0.47 mm3/mm3 (Figure 2e), and each meteorolog-
ical factor correlated with the global soil moisture relative humidity. The 
soil water content peaked along the coast of Greenland (0.37–0.47 mm3/
mm3). The areas covered by snow and ice throughout the year were char-
acterized by low temperature, low precipitation, and low evaporation.

Based on the global lithological data (Hartmann & Moosdorf,  2012), a 
global SCSF distribution map (Figure  2f) was drawn and concreted to 
different lithology. Silicate rocks were divided into four types of lithology 
(VB, MT, PA, and SS), which occupy an area of about 61.652 million km2, 
accounting for 41% of the global land area. Calculation with Equation 2 
estimated the average annual global SCSF over the 1996–2017 period to 
be 1.67 t/km2/yr, and the distribution characteristics and magnitude of 

the carbon sink of different rock types were analyzed in more detail based on the difference of different 
lithological distributions (Table 1). The annual SCSF of MT, PA, VB, and SS were 1.98, 1.61, 1.35, and 1.54 t/
km2/yr, respectively.

There was huge spatial heterogeneity in global SCSF (Figure 3a). The highest value (36.43 t/km2/yr) was 
located on the Central American Caribbean coast (0°–10°N), but 57.11% of the global SCSF were less than 
0.6 t/km2/yr, which was only about a third of the average. Because the global land area was mainly con-
centrated in the Northern Hemisphere, the global SCSF mainly occurred in the Northern Hemisphere. The 
global SCSF high-value region was also located in the Northern Hemisphere, which is about 21 times the 
global average flux. This high value was contributed by MT. In areas with extremely high SCSF, the annual 
runoff was between 1,527 and 5,621 mm. The natural climate was characterized by high precipitation, high 
evaporation, high temperature, and high soil water content, which resulted in intensive regional weather-
ing. The central and southern parts of the African continent also had a relatively high SCSF, and the flux 
(>1.5 t/km2/yr) was higher than the global SCSF. These regions were the major contributors to the global 
CO2 consumption of rock weathering.

The global distribution of SCSF was generally concentrated in specific regions based on hydrological condi-
tions and air temperature. However, their impacts on SCSF varied among different geographical locations 
(Figure 3b). The Central American and Southeast Asian islands had the highest SCSF in the world, being 
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MT PA SS VB TOTAL

Area (×104 km2) 1,924.25 950 2,705.5 578.5 6,165.25

SCSF (t/km2/yr) 1.98 1.61 1.54 1.35 1.67

SCS (Tg/yr) 47.1 19.12 51.51 9.82 127.11

Abbreviations: VB, SS, MT, and PA mean Basic Volcanic Rocks, 
Siliciclastic Sediment Rocks, Metamorphic Rocks, and Acid Plutonic 
Rocks, respectively.
Note. “Area” represents the Area occupied by various lithological SCSF.

Table 1 
Statistics of Various Lithological Silicate Rock Weathering Carbon Sink 
Flux (SCSF)

Figure 3.  Spatial distribution (a) and latitudinal variation (b) of average annual silicate rock weathering carbon sink flux (SCSF) during 1996–2017.
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strongly influenced by high temperature and runoff. This distribution pattern was consistent with the car-
bon sink flux of carbonate rocks (Bai & Dent, 2009; Li et al., 2016, 2018; Zeng et al., 2017). In the central part 
of the continent, the high-SCSF areas of the African continent and Australia (>3.0 t/km2/yr) were distribut-
ed in areas with high temperature and relatively small runoff, indicating that the impact of temperature was 
greater than that of runoff. In the middle and high latitudes, although the temperature was low, there was 
strong precipitation and evaporation in the coastal areas leading to high soil water contents. Subsequently, 
SCSF was also >3.0 t/km2/yr, indicating that hydrological conditions have a major impact. At high latitudes, 
although the soil water content was high, the runoff and temperature were low, leading to low SCSF.

3.1.2.  Proportion of Silicate Rock Area and CO2 Consumption in Major River Basins

Table S2 shows the SCSF across the major watersheds worldwide. Because of the zonal influence, the SCSF 
varied considerably among different watersheds. The top five basins with annual average SCSF were Sepik, 
Orinoco, Magdalena, Amazon, and Essequibo. Sepik is the main river in northwestern Papua New Guinea, 
whereas the other four basins are located in South America. Sepik has a tropical rainforest climate, with 
an average annual temperature of about 21°C–32°C and an average annual rainfall of about 2,500 mm. 
Although its watershed area is only 1.5 × 103 km2, the carbon sink magnitude was as high as 21.59 t/km2/
yr, which differed from the second-ranked Orinoco by 5.73 t/km2/yr. The magnitude of SCS in each region 
during the study period varies widely. For example, Sepik had almost 10 times the global average SCSF; 
however, the annual average SCS for Sepik was only 0.40 Tg/yr because of the small watershed area. The 
annual SCSF (2.6 kg/km2/yr) of the Back River located in northern North America was the lowest in the 90 
catchments. Moreover, the area of silicate rocks is relatively small, so the total amount is negligible.

Although the SCSF in the Amazon basin was not the highest, the SCS ranked first in the major basins of the 
world (21.80 Tg/yr), because of the high area of silicate rocks (220 × 104 km2). The top five basins in terms 
of annual average SCS were Amazon, Zaire (4.46 Tg/yr), Orinoco (3.57 Tg/yr), Parana (2.58 Tg/yr), and Ni-
ger (2.06 Tg/yr). The distribution area of silicate rocks in the Amazon, Zaire, Parana, and Niger watersheds 
were all greater than 1 million km2. Although Parana's annual flux was only 3.02 t/km2/yr, its annual aver-
age SCS was large because of the large area of silicate rock. The five catchments with the smallest SCS were 
Olenek, Northern Dvina, Hayes, Back, and Thelon. These rivers are located at high latitude and not only 
had small fluxes but also small rock distribution areas (total of all rivers: 43.5 × 104 km2). The Mississippi 
River, which is the important river of the United States, has an area of about 166 × 104 km2 but is located at 
high latitudes where the temperature is relatively low, resulting in a SCSF of only 0.43 t/km2/yr. It's SCS is 
also at a lower level (0.47 Tg/yr).

3.1.3.  SCSF in Different Climatic Zones

The changes in temperature and precipitation indicators were relatively consistent within the same climatic 
zone, and they are known to be distributed zonally and are closely related to global climate change (B. Li 
et al., 2016). Therefore, it is important to analyze the global SCSF distribution based on climatic zone. Anal-
ysis of of silicate rocks in 28 global climate zones revealed that the SCSF and SCS varied significantly among 
climate zones (Figure 4). The tropical rain forest climate had the greatest CO2 consumption (12.39 t/km2/
yr), which was about 69.03% higher than the tropical monsoon climate, and its SCS accounted for 69.21% 
of the global total. The potential of SCS in tropical regions was considerable (C. J. Li et al., 2019) under this.

Climatic zone type (characterized by high temperatures throughout the year and long dry seasons), the 
minimum SCSF also reached 4.24 t/km2/yr (Am). Second, the SCSF in the warm temperate zone was rela-
tively high, with an average of about 2.56 t/km2/yr. The SCSF in the warm zone decreased in the order Cwa 
(3.12 t/km2/yr), Cwb (2.75 t/km2/yr), Cfa (2.32 t/km2/yr), and Cfb (2.06 t/km2/yr). These climatic zone 
types (Cwa, Cwb, Cfa, and Cfb) were characterized by high temperatures in summer, and as the latitude 
increased, their precipitation decreased gradually.

The weathering activity was uneven in the arid zone, but the overall SCS level was low (Arthur et al., 1998) 
and the SCSF was below 1.5 t/km2/yr. In the arid steppe climate, further refinement of climatic character-
istics showed differences in the value of SCSF. Under the same conditions, the hot and dry climate had an 
SCSF of 1.26 t/km2/yr, which was much larger than the cold and dry climate (0.12 t/km2/yr).
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In the cold temperate zone and the polar climate zone, the SCSF was low, and its SCS accounted for the 
smallest value (0.45%) worldwide. The SCSF fluctuated between 0.04 t/km2/yr and 0.61 t/km2/yr. Relatively, 
the regions of active silicate rock weathering were mainly concentrated in cold temperate zones with high 
solar radiation in summer, such as Dwd (0.61 t/km2/yr) and Dfa (0.29 t/km2/yr). The extreme climate zone 
of inactive silicate rock weathering was mainly distributed in the middle- and high-latitude regions where 
the coldest month's temperature was below 0°C. In the polar ice cap climate zone in particular, the CO2 
consumption was below 0.05 t/km2/yr.
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Figure 4.  Silicate rock weathering carbon sink flux (SCSF) (b) and silicate rock carbon (SCS) (c) globally based on the 
Köppen climate classification (a). ((Af) tropical rainforest climate; (Am) tropical monsoon climate; (Aw) tropical dry 
and wet season climate; (Bwh and Bwk) desert climate; (Bsh and Bsk) semi-arid climate; (Cfa and Cwa) subtropical 
humid climate; (Cfb, Cwb, Cwc, and Cfc) maritime climate; (Csa and Csb) Mediterranean climate; (Dsa Dfa, Dwa, Dsb, 
Dfb, and Dwb) continental humid climate; (Dfc, Dwc, Dfd, Dwd, Dsc, and Dsd) subpolar climate; (ET and EF) polar 
climate).
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The magnitude and distribution of SCSF was analyzed from the level of latitudeas the climate zone decreas-
es from low to high latitudes in the sea and land locations. It was also analyzed from the decreasing levels 
from coastal to inlandlocations.

3.2.  Past and Future Scenario Simulation of Global SCSF

3.2.1.  Trend Analysis of SCSF From 1996 to 2017

During the study period, most of the CO2 consumption worldwide maintained a constant state and the 
local SCSF increased only slightly. When segregated by acreage (Figure 5a), the proportions of significant 
decrease (<−0.5 t/km2/yr), slight decrease (−0.5 to −0.1 t/km2/yr), no change (−0.1 to 0.1 t/km2/yr), slight 
increase (0.1–0.5 t/km2/yr), and significant increase (>0.5 t/km2/yr) in SCSF were 1.85%, 13.61%, 82.47%, 
1.44%, and 0.63%, respectively. The growth areas were mainly concentrated near the western coast of the 
South Pacific, inland of South Asia, the Indonesian islands of Southeast Asia, northern South America, 
northeast Africa, and the central west coast. The areas of reduction in SCSF were mainly concentrated in 
the north west coast of South America. Regardless of the magnitude of the SCSF increase or decrease, trop-
ical regions close to the equator were the regions with the largest interannual variability, ranging from 2.857 
to −1.288 t/km2/yr (Figure S1b). And regions with increased and decreased SCSF were often intertwined 
and geographically adjacent. Figure S1a clearly shows that the areas of largest increase and the largest SCSF 
decrease worldwide were also mainly concentrated in the tropics. These were Puerto Rico and French Gui-
ana, respectively (Figure 5a). It is worth noting that SCSF in the polar zone did not show obvious changes, 
but most of its area was still dominated by growth. It accounted for 80% of the entire polar zone. Contrary to 
the polar zone and the cold temperate zone, although the SCSF in other climatic zones has a larger magni-
tude and change range, the decline area accounted for a larger proportion, up to 75% (Figure S1).

Temperature and runoff control chemical weathering and dissolution of silicate rocks (H. Li, et al., 2019) 
and are the key factors of CO2 absorption, so the global SCSF was also related to sudden changes of these fac-
tors in 2016 and 2017. The global temperature change (Figure 5b) maintained a gradual increase from 2015 
to 2017, and the global average temperature increased by 0.24°C over these three years. Global warming has 
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Figure 5.  The evolutionary trend of silicate rock weathering carbon sink flux (SCSF) (a) and annual variation of 
temperature (b), runoff (c), and SCSF (d).
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accelerated water cycling and promoted global climate change (Singh, 2017). Coupled with the effects of 
the El Niño phenomenon, these changes have exacerbated changes in global precipitation, leading to a con-
siderable increase in precipitation in some regions (WMO Statement, 2016; WMO Statement, 2017). Global 
runoff (Figure 5c) has increased rapidly since 2016. From 2015 to 2017, the global average annual runoff 
increased by about 128 mm, of which Africa's annual runoff increased by 125 mm on average. The highest 
flow rate increased from 5,977 to 24,712 mm. From 2016 to 2017, the global SCSF has increased significantly 
under the influences of high temperature and humidity.

The estimation of SCSF (Figure 5d) showed that from 1996 to 2017 the global annual average SCSF fluctu-
ated and its trend was down. However, since 2016 the global SCSF has suddenly increased sharply, reaching 
2.18 t/km2/yr in 2017, and representing a 78.69% increase compared with 2015. The highest value before 
2017 was 1.94 t/km2/yr in 1999 and the minimum value (1.22 t/km2/yr) was in 2015. During this period, the 
average annual reduction was about 0.045 t/km2/yr.

3.2.2.  Time Evolution Characteristics of SCS in Different Countries

The SCSF can be used to distinguish between global and national carbon sink functions. We used multi-year 
mean SCS to analyze the spatio-temporal variation of SCS from 1996 to 2017.

A global time scale analysis was performed on the calculation results of the carbon aggregates, where each 
arc corresponds to a country reflecting the proportion of the country's SCS (the longer the arc length, the 
greater the contribution). Each radian corresponding to the time series represents the global SCS during this 
period. Similarly, the longer the arc length, the greater the total SCS. The connection between the country 
and time indicates SCS in the area connected during the time period. The wider the connection, the larger 
the total amount of carbon in that place. Therefore, by analyzing the time series of SCS in detail, the fluctu-
ation of global C consumption on a long-term scale and the extent of carbon sink contribution in different 
regions in the same period are further intuitively clarified. Based on the global time scale analysis, the global 
SCS showed significant fluctuations over the study period (Figure 6). Except for 2002 and 2016, the total SCS 
fluctuated slightly each year. The rate of change of global silicate carbon accumulation showed the trend of 
the change from less to more. The first three years and the last two years of the study represented the main 
the growth periods, whereas the middle years hovered around the troughs. In 2002, the total SCS rapidly de-
creased from 142.42 to 121.09 Tg/yr, a decrease of 15% from the previous year. In 2016, the total SCS soared 
from 96.97 to 157.09 Tg/yr, representing a 62% increase from the previous year. The global total reached its 
highest value (157.09 Tg/yr) and its lowest value (96.97 Tg/yr) in 2016–2017 and 2014–2015, respectively. 
Analysis of the changes in the total SCS within countries reveals that Brazil, Colombia, and India had the 
largest contribution to carbon sink in the world. The three regions with relatively small contributions were 
Zambia, Mexico, and Russia; the SCS in the other countries was very small, so this paper did not discuss 
them. The change in SCS from 1996 to 2017 in most countries was consistent with global fluctuations, the 
most typical of which was Zambia. The line width between the country and each year fluctuated with the 
increase and decrease of the radian length of the year, which indicates that the dynamic trend of the carbon 
sink wave in Zambia was consistent with the global SCS situation. A few countries showed fluctuations that 
were less consistent with the overall trend. For example, the carbon aggregates of Brazil, Nigeria, Australia, 
and Madagascar roughly corresponded to global trends, but the maximum values were not in 2016–2017, 
appearing instead in 2000–2001, 2006–2007, and 1996–1997. Although the SCS for these countries did show 
an increase in 2016–2017, this increase was relatively low.

3.2.3.  SCSF Trends in the Future Scenarios

The Celine model was used to extend the magnitude and spatial distribution of global SCSF to 2041–2060 
(Figure 7). Under the RCP8.5 scenario, the global SCSF was estimated as 2.08 t/km2/yr, which will absorb 
about 158 Tg/yr of CO2. The SCSF and SCS under the RCP4.5 scenario were estimated as 2.44 t/km2/yr and 
170 Tg/yr, respectively. These findings suggest that when CO2 is emitted at high levels (RCP8.5), SCSF will 
increase by 24.55% compared with past levels.

Under two different scenarios of greenhouse gas emissions, the estimated overall distribution of annual 
average SCSF from 2041 to 2060 was similar to that of the past. However, compared with 1996–2017, the 
SCSF high-value areas are expected to further expand in the future. Areas with SCSF greater than 5 t/km2/
yr were found to mainly spread toward the Southern Hemisphere; in particular, the high-SCSF areas of 
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Australia were predicted to expand from the coast to the inland. South America's SCS capabilities were 
further enhanced in the future predictions, with average annual SCSFs of 5.14 t/km2/yr (1996–2017), 7.13 t/
km2/yr (RCP4.5), and 5.79 t/km2/yr (RCP8.5). In North America, the coastal SCSF also changed from less 
than 1 t/km2/yr for 1996–2017 to more than 1 t/km2/yr in the future.

Under the RCP4.5 scenario, the growth of global SCSF was predicted to be concentrated in South America, 
and the SCSF in most areas was predicted to increase toward a trend >5 t/km2/yr. In contrast, the increase 
at RCP8.5 showed an increase in SCSF in Australia; however, the magnitude of the increase will be less than 
the former. And because the future temperature rise will further reduce Asia's runoff (Miao, 2020), near 
30°N in Asia, the carbon sink of RCP4.5, which is less warm, will be higher than that of RCP8.5.
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Figure 6.  Time evolution map of silicate rocks carbon sink (Tg/yr) from 1996 to 2017.
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4.  Discussion
4.1.  Comparison With Other Research Results

In order to further illustrate the reliability of the calculated results, we compare the calculated results with 
the relevant studies in Table 2. Gaillardet (1999) collected hydrochemical data for 60 major rivers world-
wide. After removing atmospheric subsidence input, he calculated the contribution of silicate rock weath-
ering to the dissolved solids of the river, thereby inferring the global surface rock weathering rate and CO2 
consumption. It was estimated that about 0.104 Gt C is absorbed by the chemical weathering of silicate 
rocks. The calculated values in this paper were considerably higher than these estimates, which may be 
due to the uncertainty in the distribution area of silicate rocks. Except for the silicate minerals formed in 
meteorites and moonstones, silicate minerals have almost all diagenesis and mineralization processes in 
common, regardless of whether they are endogenous, epigenetic, or metamorphic rocks in the crust. For 
this reason, it is difficult to accurately quantify the exact area of silicate rocks. In addition, the magnitude of 
global carbon sink is a value that changes continuously with climate, rather than being a constant value. In 
the period of 1996–2017, the global runoff may be slightly larger, so the calculated value is higher than the 
value of Gaillardet. So we believe that the method can still be extended to a global scope. Suchet et al. (2003) 
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Figure 7.  Global SCFS distribution from 2041 to 2060 under the RCP4.5 (a) and RCP8.5 (b) scenarios.
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established the GEM-CO2 model, and divided the global surface rocks into carbonate rocks, sandstones, 
shales, acid volcanic rocks, basalts, and ground shields. Based on the layer overlay operation of the model, 
0.155 Gt/yr CO2 consumption of silicate rocks in the global scale was calculated.

According to Suchet's assumption (Suchet et al., 2003), SS, VA, VB, VA, and MT are completely silicate rocks 
with an area of approximately 116.71 × 106 km2. Based on this result, he was deduced that the SCSF ob-
tained in this study was approximately 1.32 t/km2/yr. Because we did not include some igneous rock areas 
and tectonic activity areas in the current study, so our SCSF value was slightly lower than the calculation 
results of this model, and the SCS value of this study was also slightly higher than the results of our study. 
Berner (2006) designed a “global carbon cycle model” using huge computer calculations and estimated the 
global silicate rock carbon accumulation amount to be 72–138 Tg/yr. Our research results in this paper are 
within this range, suggesting that our analysis and research on global silicate carbon sink are reasonable. 
Hilley and Porder (2008) used a model to correlate the flux of a single element with erosion rate, reaction 
kinetics, weather zone thickness, and dust flux, thereby predicting that silicate weathering would consume 
150–330 Tg/yr of CO2. Hartmann et al. (2009) extrapolated the chemical weathering CO2 absorption from 
the Japanese archipelago dominated by silicate rock types to a global scale based on the multiplicity of 
lithology model framework. The SCSF globally was 133–167 Tg/yr, which is very similar to the results of 
the current study. Moon et  al.  (2014) used the bootstrap program and inversion model to derive a new 
global silicate rock estimate and explain its uncertainty in global rivers. The global CO2 absorption in this 
paper was estimated to be 69–119 Tg/yr. The SCS value was similar. Moon (2014) suggested that multiple 
factors intertwined lead to a certain degree of underestimation of his results because of the uncertainties of 
climate, flow, and chemical composition in the watershed. The above research results are all similar to the 
results of our paper. The main reason is that in addition to the uncertainty of the distribution area of silicate 
rocks, these studies also include the dynamic changes of carbon sink because carbon sink does not have 
a constant value and is directly related to the local climatic and hydrological conditions. In particular, any 
rainfall and runoff can induce carbon cycle fluxes (Pu, 2017). Therefore, the inconsistency of research time 
is also an important factor that causes the little difference in results.

These research data indicate that the research results of this paper are reliable. The model is reasonable and 
reliable when applied to a global scale, and it is sufficiently accurate to quantify the global magnitude and 
spatial patterns of SCS.

4.2.  Comparison With the GEM-CO2 Method

The model takes runoff as the main influencing factor of global chemical weathering and obtains the re-
lationship between different lithological weathering rates and runoff, thereby establishing a simple model 
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Data Model
SCSF (t/km2/

yr) SCS (Tg/yr) Source

Data for the world's 60 largest rivers Inversion model 1.28 104 Gaillardet et al. (1999)

Global lithology data GEM-CO2 model 1.32 155 Suchet et al. (2003)

New isotopic data for carbon and sulfur Global carbon cycle model 1.69 (72 ± 36)–138 Berner (2006)

Spatial geomorphology and climate data Global geological carbon cycle model – 150–330 Hilley & 
Porder. (2008)

Japanese lithology data and sampling site hydrochemical data Multiplicity of lithology model – 133–167 Hartmann 
et al. (2009)

GEMS/Water and HYBAM data Inversion model – 69–119 Moon et al. (2014)

Global runoff and temperature data Celine model 1.67 127 This study

Note. “GEMS/WATER and HYBAM” Represent the United Nations Environmental Program Global Environmental Monitoring System Water Program and the 
Environmental Research Observatory (ORE) HYBAM (Geodynamical, Hydrological, and Biogeochemical Control of Erosion/Alteration and Material Transport 
in the Amazon Basin), Respectively.

Table 2 
Comparison of Weathering Carbon Sink of Silicate Rocks Among Different Research Methods
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based on empirical coefficients. By extracting the empirical coefficients of silicate rock types (PA, VB, SS, 
and MT), the data can be used to estimate the global SCSF. However, the GEM-CO2 model only considers 
the impact of runoff on the weathering rate and thus ignores the comprehensive impact of the environmen-
tal background such as temperature, which is closely related to the weathering rate. Moreover, the accuracy 
of the lithological experience coefficient needs to be improved. There are different degrees of underestima-
tion at the meta-scale. The Celine method in this paper comprehensively considers the global pixel scale 
evaporation, climate, and surface silicate rock outcrop area, with the purpose of estimating the SCSF more 
accurately at the pixel scale and clarifying the importance of silicate rock weathering as a geological time-
scale net carbon sink within the global carbon cycle.

Table S3 shows the results of this study and the GEM-CO2 model estimated value for major countries or 
zones, based on the area of silicate rock from high to low. The SCS and SCSF obtained by GEM-CO2 were 
generally similar to the results of this method. The global SCSF using the GEM-CO2 model and the Celine 
model obtained were 1.76 and 1.67 t/km2/yr, respectively, and the SCS were 128 and 127 Tg/yr, respectively, 
indicating that the results from GEM-CO2 method were slightly higher than those from the Celine method. 
This may be due to the influence of the climate factors added to the Celine method in this paper. Gaillardet 
et al. (1999) suggested that the combined effects of runoff and climate can be used to explain the chemical 
weathering of modern silicate rocks worldwide. Therefore, it is important to include climate factors as a 
calculation indicator to estimate global SCSF.

Further analysis of the calculation results for different countries and zones under the two models (Table S3) 
shows that when the annual average temperature of the country (zone) is greater than 25°C, the global 
SCSF under the two models were very different, and the findings from the Celine model were larger than 
the GEM-CO2 data. For example, Benin in West Africa had a difference of 38% among the two studies; the 
SCSF of the Celine method was 2.69 t/km2/yr, whereas the SCSF obtained by GEM-CO2 was 1.19 t/km2/yr. 
Although Benin's annual average runoff was only 260.08 mm, the average annual temperature was as high 
as 27.37°C. Table S3 shows that the average annual runoff of these countries(zones) with large differences 
ranges from several hundred millimeters to more than one thousand millimeters; however, their tempera-
tures remained above 25°C. This shows that the weathering rate of silicate rocks was affected more by tem-
perature at annual average temperatures above 22°C and exceeded the effects of runoff and lithology on the 
SCS. A comparison between Thailand and Taiwan's estimates supports this view. Thailand's average annual 
runoff was 406.01 mm lower than Taiwan, but the SCSF of Thailand calculated by using the Celine model 
(6.48 t/km2/yr) was slightly higher than that of Taiwan (6.25 t/km2/yr), probably because its annual average 
temperature was 6.21°C higher than that of Taiwan. The average annual SCSF of the countries and zone 
were basically the same. In contrast, the calculation results of GEM-CO2 showed that the SCSF in Thailand 
(4.25 t/km2/yr) was much lower than that of Taiwan (8.67 t/km2/yr). Therefore, in regions with high aver-
age annual temperatures, the GEM-CO2 model will seriously underestimate the SCSF, suggesting that this 
model is unsuitable for this type of environmental area. However, when the average annual temperature is 
around 10–20°C, the estimated results obtained by the two models were similar. For example, for Zimbabwe 
located in southeast Africa, the calculation results of the Celine model and GEM-CO2 were 0.97 and 0.94 t/
km2/yr respectively, and the difference between them is only 0.03 t/km2/yr. The average annual tempera-
ture of this region, with a tropical grassland climate, was 20.87°C and the annual runoff was 127.16 mm. 
In this climate, temperature was no longer the main factor affecting the weathering rate of rocks, but the 
contribution of runoff to the carbon consumption of rock weathering became dominant. Therefore, under 
these environmental conditions, the results of the method and the GEM-CO2 model can be generalized to 
the pixel scale. The SCSF for Russia was inconsistent. The difference between the results of the two models 
becomes considerable in regions and countries where the average annual temperature was below 10°C. 
Contrary to the high-temperature environments, under these low-temperature conditions, the calculated 
values from the Celine model were lower than those of GEM-CO2, and the calculation result in our paper 
represents a low estimate. The most typical example is Greenland, which has a cold climate. The calculation 
results of the two models were 0.094 and 0.394 t/km2/yr, respectively. Greenland has low temperature and 
low humidity (−17.95°C, 15.66 mm), suggesting an environment with weak weathering. Therefore, the im-
pact of climate on the degree of carbon sink was very low, mainly because of the lithology of the rock itself. 
Although the difference between the two was 78%, the SCSF was extremely slow in a low-temperature and 
low-humidity environment. The difference between the results of the two methods is negligible compared 
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with the global SCSF. Therefore, the Celine model presented in this paper is also suitable for prediction of 
SCSF in the cold zone. It is worth noting that the SCSF calculated by the two methods was similar in coun-
tries where the average annual temperature was around 23°C and the runoff was very low (< 30 mm). For 
example, the SCSF calculated by the Celine model for Iraq was 0.306 t/km2/yr, whereas the value for GEM-
CO2 was 0.298 t/km2/yr. The difference between the two was only 0.008 t/km2/yr.

4.3.  Contributions of RF and T to SCSF Change

The contributions of RF and T to the changes in the SCSF were quite different (Figure 5). The contribution 
of RF to the changes in the SCSF was mainly negative (3,149.50 km2), while that of T was mainly positive 
(2,731.25 km2). However, the contribution area and magnitude of T were smaller than those of RF. To our 
surprise, the maximum contribution of RF was a positive contribution (3.20 t/km2/yr), and the maximum 
contribution of T was also a positive contribution.

Contribution (240 kg/km2/yr). As is shown in Figure 8, in the tropical regions of South America and Asia, 
RF and T both played a positive role in the decrease in the SCSF. It should be noted that the opposite was 
true in tropical Africa. Although RF still had a negative effect, T had a greater positive contribution, and 
to some extent it alleviated the decrease in the SCSF. In the polar zone and cool temperature zone, due 
to the cold climate, the temperature change during the study period remained relatively constant (Duan 
et al., 2017; Walsh et al., 2011). Therefore, T did not have an effect on the changes in the SCSF (Figure S2c). 
As far as RF is concerned, in most of the areas in the polar and cool temperature zones, RF had a positive 
contribution. In the arid region, T had a greater positive effect on the changes in the SCSF, but the contribu-
tion of RF set off part of the positive contribution of T.

As can be seen, RF is the most important factor that influences the changes in the SCSF, and to a certain 
extent, an increase in T can slow down the decrease in the SCSF.

5.  Contributions and Shortcomings
5.1.  Contributions

In this study, we produced spatial and temporal evolution maps of SCS worldwide, made future spatial pre-
dictions, and accurately quantified the magnitude of SCSF at a global scale. The spatial distribution rules 
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Figure 8.  Contribution of runoff (a) and temperature (b) to the spatial variation of silicate rock weathering carbon 
sink flux (SCSF).
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of SCSF under different regional division types and the evolution rules of multi-year scales were clarified. 
These findings quantify the average SCS levels and changes in countries from 1996 to 2017. The magnitude 
and distribution of global SCS in the future (2041–2060) were simulated and predicted, and the impact of 
different climate conditions on carbon sink was illustrated under the RCP4.5 and RCP8.5 scenarios.

5.2.  Shortcomings and Limitations

The assumptions in this paper have certain limitations because of the difficulty of obtaining the actual runoff 
at the pixel scale. Moreover, the areas with a negative runoff depth were ignored, and it was assumed that no 
weathering of silicate rock takes place. This approach was taken to reduce the deviation of the runoff depth 
(RF  =  P-ET) derived from calculations from actual results. However, this deviation cannot be complete-
ly eliminated, so uncertainty remains about the estimation results, which needs to be improved in future 
research.

In addition, it should be noted that other environmental factors will also affect the weathering carbon sink 
of rocks. This article only considers some of these factors, and thus the results obtained in this article are 
not comprehensive. In the future, relevant factors should be fully considered, such as the effect of human 
activities and soil CO2 concentration on SCS and disturbance in the carbon cycle (Jiang, 2018). Moreover, 
the combination of various factors (e.g., land use and the external effects of interactions between source 
acids) on the intensity of weathering of rocks should be further explored (Zhang, Xie, et al.,2006).

Finally, the area of silicate rocks is extensive. In order to more accurately quantify the magnitude and distri-
bution of carbon sink in global silicate rocks, it is necessary to further unify the distribution area of silicate 
rocks and the types of rocks that make up the research results. References have been enhanced.

6.  Conclusions
In this study, we used the Celine model to quantify the global spatio-temporal pattern of SCS in the differ-
ent spatial scales during 2001–2015 and in the future based on high-precision hydrometeorological data 
(1996–2017) and CMIP5 data (2041–2060). The conclusions are as follows:

�(1)	� The area of silicate rocks in the world is large (6,165.25 × 104 km2), accounting for about 41.38% 
of the global land area. The SCS was estimated as 127.11 Tg/yr, and the SCSF of silicate rocks was 
1.67 t/km2/yr. The annual SCSF for MT, PA, VB, and SS rocks were 1.98, 1.61, 1.35, and 1.54 t/km2/
yr, respectively.

�(2)	� Global SCSF showed huge spatial heterogeneity, for example, 7% of the area of Brazilian silicate rocks 
contributes to nearly a quarter of the global SCS (24.41%). The highest value (36.43 t/km2/yr) was locat-
ed in the Central American Caribbean Sea coast (0°–10°N), but 57.11% of the global regional SCSF was 
less than 0.6 t/km2/yr, only about a third of the average.

�(3)	� The contributions of RF and T to the changes in the SCSF were quite different. The contribution of RF 
to the changes in the SCSF was mainly negative (3,149.50 km2), while that of T was mainly positive 
(2,731.25 km2). However, the contribution area and magnitude of T were smaller than those of RF. As 
can be seen, RF is the most important factor that influences the changes in the SCSF, and to a certain 
extent, an increase in T can slow down the decrease in the SCSF.

�(4)	� Global SCS shows a downward trend. However, the future prediction (2041–2060) suggested an active 
response of SCS to the global warming trend and its carbon sink capacity was suggested to continue 
to rise. Moreover, under severe CO2 emissions (RCP8.5), the global SCSF was predicted to increase by 
23.8%, with the growth area concentrated in South America and Australia.

Data Availability Statement
Accesses to all the data sets are as follows: the Global-scale meteorological data set can be downloaded from 
https://disc.gsfc.nasa.gov/datasets/GLDAS_NOAH025_M_2.1/summary?keywords=GLDAS%20Noah%20
Land%20Surface%20Model%20L4%20monthly website. The CMIP5 archive can be downloaded from http://
www.pik-potsdam.de/∼mmalte/rcps/index . The global basins boundaries and national vector boundaries 
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are available online (https://grdc.com.au/ and https://gadm.org). The global lithological data and Köp-
pen climate zone classification data for this research are included in this paper (and its supplementary 
information files): [Hartmann, J., & Moosdorf, N. (2012). The new global lithological map database GLiM: 
A representation of rock properties at the Earth surface. Geochemistry Geophysics Geosystems, 13(12). 
https://doi.org/10.1594/PANGAEA.788537 Finlayson, B.L., & Mcmahon, T.A. (2007). Updated world map 
of the Köppen-Geiger climate classification. Hydrology and Earth System Sciences, 11(3):259–263. https://
doi.org/10.5194/hess-11-1633-2007]. These data sets are available from the data producer upon reasonable 
request.
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