
Procedia Environmental Sciences 13 (2012) 2031 – 2044

1878-0296 © 2011 Published by Elsevier B.V. Selection and/or peer-review under responsibility of School of Environment, Beijing Normal University.
doi:10.1016/j.proenv.2012.01.194

Available online at www.sciencedirect.com

 

 

Procedia 
Environmental 

Sciences 
Procedia Environmental Sciences  8 (2011) 2057–2070 

www.elsevier.com/locate/procedia 
 

 

The 18th Biennial Conference of International Society for Ecological Modelling 

Assessment on water use efficiency under climate change and 
heterogeneous carbon dioxide in China terrestrial ecosystems  

Z. Zhanga, H. Jiangab*, J.X. Liuc, G.M. Zhoub, S.R. Liud, X.Y. Zhanga 
aInternational Institute for Earth System Science, Nanjing University, Hankou Road 22, Nanjing 210093, China 

bState Key Laboratory of Subtropical Forest Science & Zhejiang Provincial Key Laboratory of Carbon Cycling in Forest 
Ecosystems and Carbon Sequestration, Zhejiang Agriculture and Forestry University, Hangzhou, 311300, Zhejiang, China 

cStinger Ghaffarian Technologies (SGT, Inc.), contractor to the U.S. Geological Survey (USGS) Earth Resources Observation and 
Science (EROS) Center, 47914 252nd St., Sioux Falls, SD 57198. Work performed under USGS contract G10PC00044. 

dInstitute of Forest Ecology and Environment, Chinese Academy of Forestry, Beijing 100091, China. 
 

Abstract 

Assessing the effects of climate change on water use efficiency (WUE) is critical for policymaking and adaptation. 
The influences of heterogeneous distribution of atmospheric carbon dioxide (CO2) concentration on WUE have not 
considered in China. In this study, we used a spatial-temporal distribution of CO2 constructed from remote sensing 
data and ground-based observations, to quantify the heterogeneity of CO2 concentrations. Based on the initial 
conditions, the spatial patterns of WUE in history and future were estimated using the Integrated Biosphere Simulator 
(IBIS). Results showed that the geographical distributions of the averaged WUE have significant difference under the 
heterogeneous surface CO2 fertilization condition during 1951-2006. Partial correlation analysis indicated that the 
cold temperate zones are strong associated with the spatial heterogeneity of CO2, suggesting the special relationship 
of carbon-water cycle coupling with the interannual variations of CO2. WUE showed high negative correlations with 
temperature in subtropical zones and positive correlations in Tibet Plateau. The correlation between WUE and 
precipitation exhibits high positive in wet temperate zones, where the cropland is mainly located. Our estimates of 
WUE and its covariation with major climate variables can improve understanding of carbon-water cycle coupling 
under climate change. 
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1. Introduction 

China is a country significantly diverse in ecosystem types and climate zones: from coastal ecosystem 
to desert ecosystem and from tropical to cold temperate. Moreover, due to the rapid economic 
development, the distribution patterns of CO2 concentration have been influenced by anthropogenic Green 
House Gas (GHG) emission and thus have great effect on the carbon and water cycles of terrestrial 
ecosystems in China. However, it is unclear how and to what extent the climate change and spatial-
temporal heterogeneity of CO2 have affected the carbon and water cycles.  

Water Use Efficiency (WUE), a key measurement for the carbon and water cycle coupling function of 
terrestrial ecosystems, is used to describe the trade-off between water loss and carbon sequestration in the 
process of plant photosynthesis carbon assimilation [1]. WUE can enhance our ability to predict how 
climate change may affect the carbon and water budgets [2]. On the other hand, Atmospheric carbon 
dioxide (CO2) concentration increase and its fertilization effects are topics of serious concern in global 
climate change research [3]. It is essential to predict how WUE of different plants would respond to the 
environmental and increasing atmospheric CO2 levels [4].  

Numerous experimental studies performed to date revealed that CO2 enhancement not only increase 
plant biomass, but also positively affect WUE and nitrogen use efficiency [5-7]. However, these 
controlled experiments (i.e. open-top chamber (OTC), free air carbon dioxide enrichment (FACE)) 
quantify the responses of plants species to CO2 enrichment in the small scale, and there is no study on 
spatial-temporal heterogeneity of CO2 enrichment due to inadequate measurement techniques.  

Beginning in the early 2000s, large-area CO2 monitoring developed with remote sensing technology. 
The Scanning Imaging Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY) of 
ENVISAT [8] and the Greenhouse Gases Observing Satellite (GOSAT) [9], provide spatial and temporal 
heterogeneity measures of CO2 that represent dry air average column value of atmospheric CO2. Ground-
based stations that continually measure the land surface CO2 concentration of different ecosystems also 
provide temporal variations globally [10]. For filling the gap between ground and remote sensing data and 
evaluation historical and future CO2 patterns, a sine wave and linear coupled model was established to 
reconstruct the spatial distributions of historical and future CO2 concentration. 

Although the eddy covariance technique, as a widely used measurement technique, is a powerful tool 
to evaluate WUE at ecosystem level [11-13], it could not forecast future situation and is difficult to 
evaluate WUE at larger level.  To avoid these limitations, an integrated biogeochemical model, the 
Integrated Biosphere Simulator (IBIS), was coupled with spatial distributions of historical and future CO2 
concentration to study the temporal-spatial dynamic of WUE at large scale. The IBIS model includes a 
land-process module and a plant physiological module, and is adapted to extrapolate current knowledge to 
a larger scale both in space and time [14,15].  

In this study, WUE was calculated as the ratio of net primary productivity (NPP) to evaportranspiration 
(ET), a definition widely adopted to estimate the WUE at regional level [16,17]. A well-evaluated 
integrated ecosystem model (IBIS) and constructed historical-future data of surface CO2 concentration 
were used to simulate the spatial and temporal changes of WUE under climate change. Our objectives 
were to assess: (1) the spatial patterns of WUE under spatial heterogeneity of CO2 enrichment; (2) the 
impacts of climate change factors (temperature, precipitation, rising atmospheric concentration) on spatial 
distributions of WUE; (3) future trend of WUE under IPCC climate change scenarios.   

2. Materials and methods 

2.1. Model Description 
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The IBIS model is designed as an integrated, physically consistent modeling framework which 
includes land surface processes, canopy physiology, vegetation phenology long-term vegetation dynamics, 
and carbon cycling. Detailed IBIS model descriptions are available in [18] and [14]. However, this 
original model does contain a complete nitrogen (N) cycle. A modified version of IBIS was developed to 
overcome this limitation [19]. 

The canopy physiology module included photosynthesis and stomatal conductance, which were based 
on a canopy photosynthesis mechanism model and a semi-mechanistic model of stomatal conductance 
[20]. The NPP calculation differed from each other in different plant functional types:  

 
dtRANPP ag  )()1(                                                                                                          (1) 

where Ag was gross canopy photosynthesis, Ra was the rate of gross plant respiration. 
For C3 plants: 
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where JE was the light limited rate of photosynthesis, Jc was the Rubisco limited rate of photosynthesis. 
For C4 plants: 
 

),,min( CEIg JJJA                                                                                                                    (3) 

where pE QJ 4  was the intrinsic quantum efficiency for CO2 uptake in C4 plant (mol CO2 Ein-1), 
and Jc, Jl was the CO2 limited rate of photosynthesis at low-CO2 concentrations.   

The hydrological module is constructed based on a land-surface-transfer scheme (LSX) [21,22]. This 
module applied two canopy layers, three snow layers, and six soil layers to construct land surface 
physically. The total amount of evaportranspiration from the land surface is calculated as the sum of three 
water vapor fluxes: canopy transpiration, evaporation of water intercepted by vegetation canopies, 
evaporation from the soil surface. Evaporation rates are calculated using standard mass transfer equations 
relating the temperature of the surface, vapor pressure deficit, and conductance [23]. 

2.2. Study area and data 

 In this study, climate zones, categorized into 11 major regions by using basic meteorological 
principles (temperature and moisture), were used to analysis the different responses of WUE under 
different climate and geographical conditions in China (Fig. 1). IBIS simulation in China was performed 
at 0.085-degree (~ 10-km) resolution. Fundamental data of simulation were collected from Zhu et al., 
2010. In addition, Vegetation cover fractions, initial biomass carbon, initial soil carbon, soil texture, 
topography, and monthly climate data were interpolated to ensure consistency. Vegetation cover fractions 
were calculated from the 300-m resolution GLC map. Initial biomass was derived from Olson’s World 
Ecosystem database [24]. Initial soil information was obtained from the IGBP global database [25]. 
Atmospheric nitrogen deposition data were acquired from the Earth Science Information Partner (ESIP) 
database of the EOS-WEBSTER, which covers the early 1990s. The CGCM3 future climate data (IPCC 
SRES A2 and B1 scenarios) were obtained from the Canadian Centre for Climate Modeling and Analysis 
(CCCma) (http://www.ec.gc.ca/ccmac-cccma). 

The trend of CO2 increase was consistent with historical observation and future IPCC scenarios. The 
historical period (1901 to 2008) was derived from ESRL, while the future trends were based on ISAM 
model [26]. The two scenarios represent different CO2 emission level. The CO2 concentrations will 
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increase to 850 ppm under the A2 scenario and 540 ppm under the B1 scenario. All the CO2 concentration 
data were fitted by a double exponential curve so that the fitted parameters can be used in double and 
exponential model.  

 

 Fig. 1 Vegetation type map and the geographical delineation of climate zones in China: 1) Marginal Tropical (MT); 2) Southern 
Subtropical (SS); 3) Middle Subtropical (MS); 4) Northern Subtropical (NS); 5) WetWarm Temperate (WWT); 6) DryWarm 
Temperate (DWT); 7) WetMiddle Temperate (WMT); 8) DryMiddle Temperate (DMT); 9) Cold Temperate (CT); 10) Plateau 
Temperate (PT); 11) Plateau Frigid (PF). 

2.3. Spatial-temporal patterns of atmospheric CO2 concentration 

In situ measurements of atmospheric CO2 concentration are obtained at GAW field stations worldwide. 
The spatial-temporal heterogeneity of atmospheric CO2 concentration has been detected from these 
ground-based CO2 measurement networks [27]. Since 2000s, Monitoring atmospheric CO2 concentration 
using satellite became a reliable technology for representing the spatial and temporal variability of CO2 
globally [28]. However, The CO2 column observation of remote sensing cannot represent surface CO2 
concentration. Therefore, a set of linear regression equations between the SCIAMACHY CO2 column and 
the GAW-observed surface CO2 was developed for major vegetation types to estimate the spatially 
heterogeneous land surface CO2 concentrations worldwide. The square regression coefficients were 
significant, indicating the linear model results were reliable (Appendix A1).  

Land surface CO2 concentration is influenced by vegetation uptake, fossil fuel emissions, ocean uptake, 
wildfire and other land cover and land use disturbances, and CO2 transportation [29]. Hence the CO2 
concentration has a periodic variation due to plant phenological variations. From analysis of GAW 
monthly results, a combined double exponential function and a sine wave function were developed to 
represent the temporal pattern of increasing and periodic CO2 trend: 
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 where Yt is the land surface CO2 concentration; Xt is monthly time, starting from January 1991. The 
first term represents the overall long-term CO2 trends. A, B, and C are the regression parameters 
(Appendix A1) for the double exponential CO2 trend line. The second term describes the annual periodic 
feature of CO2 with the parameters E, F, G, and H representing wavelength, period, phase adjustment, and 
the residue of estimated surface CO2 and observed value, respectively. The E, F, G, and H parameters are 
specific to different vegetation types (Appendix A2). 

2.4. Simulation setup and model validation  

Six model simulations were performed: (1) A2 with heterogeneous CO2 increase, (2) A2 with uniform 
CO2 increase, (3) B1 with heterogeneous CO2 increase, (4) B1 with uniform CO2 increase, (5) A2 with no 
CO2 increase, and (6) B1 with no CO2 increase. 

Simulation (1) and (3), with CO2 enrichment and spatial variability, denoted as CO2-E, are to be 
compared with the simulations of CO2 enrichment but no spatial variability (2) and (4), denoted as CO2-B, 
in order to quantify the potential impacts of spatially heterogenic distribution of CO2 on C sequestration. 
Simulation (5) and (6), denoted as CO2-N, are mainly used to quantify the impacts of CO2 increase on C 
sequestration with simulation (2) and (4). By comparing the six model simulations, the effects of CO2 
fertilization and heterogeneous CO2 enrichment can be quantified (Table 1). 

Table 1. Conditions of each simulation experiment 

No. Scenarios& Climate 
data 

CO2 concentration (2050) CO2 concentration 
(2099) 

CO2 increase type 

1 A2 & CO2-E A2 532 (ISAMS) 856 (ISAMS) Spatial- variations, monthly 

2 A2&CO2-B A2 532 (ISAMS) 856 (ISAMS) Non Spatial- variations, yearly 

3 B1 & CO2-E B1 488 (ISAMS) 549 (ISAMS) Spatial- variations, monthly 

4 B1& CO2-B B1 488 (ISAMS) 549 (ISAMS) Non Spatial- variations, yearly 

5 A2&CO2-N A2 305ppm(1901 level) 305ppm No increase 

6 B1&CO2-N B1 305ppm(1901 level) 305ppm No increase 

 
  
Model simulations were from 1901 to 2099. The spin-up period was from simulated 1901 to 1950 

(using 1951–2000 average climate condition). This period allowed the ecosystem carbon pool and 
vegetation structures to reach a relative equilibrium. Simulation results from 1951 to 2099 were analyzed. 

IBIS has been widely applied at different scales and in different regions for carbon and hydrological 
cycling investigation [15,18]. In China, the evaluation of IBIS model on water cycling was performed 
[30]. For carbon cycling process, net primary production and biomass were validated with forestry 
inventory data [31]. The IBIS simulated total carbon sequestration and exchange of China were compared 
with literature report data (my MS). The validation showed reasonable agreement. 

2.5. WUE calculation  

Based on different scales and approaches, WUE has different meanings because of the different 
complexity of physical and physiological processes involved. Some new methods such as eddy 
covariance technique were applied to calculate WUE using the ratio of GPP to ET [32]. At ecosystem 
level, the ratio of above-ground net primary productivity (ANPP) to precipitation was used to replace ET 
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to calculate precipitation use efficiency [33]. NPP/ET was also a major definitions used in many studies 
[16]. In this study, the NPP-based WUE was used to address the objective since NPP reflect annual net 
carbon fixation and plant biomass.  

3. Results 

3.1. The spatial-temporal pattern of CO2 concentration 

For the spatial pattern of CO2 concentration, simulated CO2 concentration in northwestern China is 
always lower than in eastern and southern China (Fig.2b).The CO2 concentration of northeastern China is 
also lower than average level. The average difference is about ±20ppm. The extreme difference between 
some locations can be as big as ±30 ppm. The high CO2 concentration regions are mainly located at 
southeast and central of China. The monthly variations of each climate zones showed different pattern 
both in annual average value and inter-annual magnitude (Fig.2a).The DWT zone had the lowest mean 
yearly value of CO2 concentration, while the NS, MS zones has about 4 ppm higher than other regions. 
The CT zone, which was mainly covered by boreal forest, has the highest magnitude in China. This 
indicated that the inter-annual variations of CO2 in CT zone was more sensitive to periodic change. 

 



2037Z. Zhang et al. / Procedia Environmental Sciences 13 (2012) 2031 – 2044 Z. Zhang et al./ Procedia Environmental Sciences 8 (2011) 2057–2070 2063 

 

 

Fig.2 Modeled spatial anomaly of surface CO2 concentration in China using satellite data and ground-based observation (my MS). a, 
Anomaly of mean CO2 concentration across different climate zones in China. Dotted line represents the inter-annual magnitude of 
mean CO2 concentration in each climate zones. The vertical bars show the mean deviation of CO2 differences respect to the annual 
global average level. b, Spatial pattern of monthly CO2 concentration anomaly in China. 

 

3.2. Spatial patterns of WUE under different CO2 enrichment condition 

The spatial pattern of yearly averaged WUE from 1951 to 2000 is shown in Fig.3a. The highest WUE 
was in the southeast of China with 0.8-1.0 g C/kg H2O, while the lowest value was found in the 
northwestern China, which was covered by bare area. In most areas of Qinghai-Tibet Plateau, WUE was 
about 0.3-0.5 g C/kg H2O. Due to the geographical differences and surface climate conditions, WUE had 
a significant spatial diversity in the regions of China. 

Under CO2 enrichment effect with spatial heterogeneous conditions, WUE has considerable 
differences comparing to the CO2 uniform pattern (Fig.3b), albeit of little amounts in some regions. In 
southeastern China, WUE was 0.02 g C/kg H2O higher than the reference CO2-B simulation. This 
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indicates that the CO2 spatial heterogeneity produced a constantly higher WUE than former estimated on 
the large regional scale. There was also an increase in WUE in the northeast and central of China, which 
was ranged from 0.01-0.15 g C/kg H2O. Besides the positive effect of CO2 spatial heterogeneity on WUE, 
the slightly negative effect was present in some southern area of Qinghai-Tibet Plateau. In northwestern 
China covered with sparse vegetation, there was little differences on WUE. In overall, heterogeneous CO2 
enrichment has a significant effect on WUE, and the magnitude of this enhancement effect depend in part 
on CO2 concentration pattern as well as vegetation cover types. 

Comparing the geographical distribution of WUE for the period of 1951 to 2000 between the CO2-E 
simulation to the CO2-N simulation, the map showed CO2 enrichment effects on WUE in China (Fig.3c). 
In southeastern and northeastern China, where was mainly covered by temperate and boreal forest, CO2 
enrichment has positive effect on WUE with a range from 0.07 to 0.1 g C/kg H2O. Similar increasing 
pattern was found in Qinghai-Tibet Plateau, where was covered with plateau meadow. CO2 enrichment 
has no obvious effect on WUE in the northwestern China, because desert and bare areas were dominated 
in these regions. This indicated that the CO2 enhancement effect on WUE was to a large extent attributed 
to the land vegetation cover. 

 

 

Fig.3 Spatial distribution of mean annual WUE (a), heterogeneous CO2 effect on WUE (b) and CO2 enrichment effect on WUE (c) 
across the terrestrial ecosystems of China from 1951-2000. Heterogeneous CO2 effect on WUE was calculated using the subtraction 
between CO2-E simulation subtract CO2-B simulation, CO2 enrichment effect on WUE was represented as the subtraction between 
CO2-E simulation and CO2-N simulation. 

 

3.3. Influences of climate change on WUE 

To consider the effects of temperature, precipitation and rising CO2 concentration on WUE, A further 
partial correlation in the spatial pattern between WUE and these climate change factors was introduced 
(Fig. 4).  

Strong negative correlations were shown (< -0.6) between the annual WUE and mean annual 
temperature in southern China, where was mainly categorized into MT, SS, MS. Among climate zones PT 
and PF, significant positive correlations were found between the annual WUE and temperature, and 
slightly positive correlations were shown in the west areas of DMT. In other climate zone, there was no 
significant correlation between the annual WUE and temperature. 

For the relationship between annual WUE and precipitation, the spatial pattern of partial correlation 
coefficient appeared different from that of temperature. Precipitation has a significant positive effect on 



2039Z. Zhang et al. / Procedia Environmental Sciences 13 (2012) 2031 – 2044 Z. Zhang et al./ Procedia Environmental Sciences 8 (2011) 2057–2070 2065 

 

the ecosystems in the climate zones NT, WWT, where vegetation is mainly cropland. There was an 
opposite pattern in PT, PF and some areas of DMT, indicating that precipitation has a significant negative 
correlation with WUE. This result could be probably associated with the large sparse vegetation covered 
in these regions, because ET in these regions would be overestimated when precipitation increased. WUE 
had no significant correlation with rising CO2 concentration in most areas of China (Fig.4c), but it did in 
some important climate zones such as CT SS and MS. High correlations between WUE and CO2 
concentration were found in these regions.  

 

Fig.4 Partial correlation in the spatial domain between WUE and temperature, precipitation, or CO2 concentration. Shown are 
significant correlations (p<0.01) of which the correlation coefficient is higher/lower than ±0.2. 

4. Discussion & Conclusion 

4.1. Importance of CO2 Enrichment on WUE 

Many studies have proved that rising atmospheric CO2 concentration did increase WUE over the last 
century, whatever the research techniques applied (e.g. FLUXNET, field experiments, model) 
[5,16,33,34]. In the view of plant physiology, this enhancement is performed through a decrease in 
stomatal conductance and an increase in photosynthesis rate [35]. These influences will propose as the 
trade-off between the amount of carbon assimilated and the amount of water transpired [36]. Although 
CO2 is a rapid-mixing gas in atmosphere, the spatial heterogeneity of land surface CO2 concentration are 
exist due to the even severe anthropogenic emission and will be more significant in future. The spatial 
and temporal heterogeneity of CO2 provided by satellite observation will consequently have an influence 
on carbon and water cycles of terrestrial ecosystems of China. As the IBIS model results indicated, the 
mean WUE in China under spatial-temporal heterogeneity of CO2 is higher than that of uniform CO2 
pattern. Considering the different productivity abilities and geographies conditions among different 
ecosystem, we found that there is an underestimation of WUE in subtropical regions and an 
overestimation of WUE in tropical regions. Meanwhile, the WUE in boreal forest and cold temperate 
zones is sensitive to the rising and inner-variation of CO2 concentration. 

4.2. Impact of Climate change coupled CO2 enrichment 

Table 2. Percentage of area for which WUE is climatically dominated, indicated by a partial correlation coefficient higher than 0.2 
(or 0.5 in brackets). Historical climate grids (temperature and precipitation) and CO2 spatial-temporal grids were used to perform a 
partial correlation between the WUE and climate variables. Then, the fractional area with significant (p < 0.01) partial correlation 
higher than 0.2 (0.5) was calculated. (T, P represents temperature and precipitation respectively) 
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Climate Zone T dominated P dominated CO2 dominated 
Marginal Tropical 86(36) 77(33) 35(1) 
Southern Subtropical 93(49) 67(23) 64(6) 
Middle Subtropical 84(29) 65(22) 43(5) 
Northern Tropical 62(5) 82(62) 15(1) 
Wet Warm Temperate 25(3) 88(67) 9(1) 
Dry Warm Temperate 19(0) 73(25) 15(0) 
Wet Middle Temperate 4(0) 50(22) 35(0) 
Dry Middle Temperate 24(0) 83(51) 14(1) 
Cold Temperate 6(0) 0(0) 97(0) 
Plateau Temperate 53(8) 48(14) 36(0) 
Plateau Frigid 57(2) 37(9) 38(0) 

 
Under the impact of climate change and rising CO2 concentration, the globally WUE has been totally 

affected [37]. However, the present researches are focus on at ecosystem level or lower level. For the 
spatial variations of WUE and its spatial responses to climate change, there are few researches deal with 
climate change and spatially heterogeneous CO2. Actually, it is important to evaluate the controlling 
factors of climate change on WUE under a more reality of world. Understanding the spatial pattern of 
WUE and its environmental control mechanisms is of great significance for assessing the ecosystem 
carbon budget and for evaluating the water carrying capacity of ecosystems and its variation under 
changing climate. The three environmental factors dominated a wide range of China (Table 2). Although 
they may not represent all controlling valuables in climate change, this study provides valuable 
information for investigating the effects of climate change on terrestrial ecosystems WUE of China. 

As temperature decreased when latitude and elevation increased, the WUE has significant relationship 
with precipitation. Most areas of the region which was dominated by precipitation were covered by 
cropland. Climate change with increasing precipitation may optimize the water resource condition, which 
would increase the yield of the plants. Meanwhile, it seemed that CO2 concentration has great effects in 
boreal forest and cold temperate zones. On the other hand, with rising CO2 concentration, increasing 
WUE will enhance the resistance to drought in these regions. By combining recent research on 
atmospheric CO2 in high latitude regions with our model results, we believe that it is essential to further 
study the inner relationship between annual WUE and seasonal variations of CO2 concentration in boreal 
forest and cold temperate zones, especially under the more ever extreme climate events nowadays. 
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Appendix A.  spatial-temporal pattern of CO2 concentration 

A.1. Vegetation types in IBIS and their parameters of sine function calculated from GAW sites 

By applying the sine function to the categorized GAW stations (by vegetation type), our results 
showed most of the r2 values to be above 0.9, indicating the sine function is suitable for representing the 
CO2 periodic dynamics. 

Table Vegetation types in IBIS and their parameters of sine function calculated from GAW sites. 
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Vegetation type E F G H GAW Sites 

tropical evergreen forest 2.496 12.81 -1.364 2.804 DMV, BKT 

tropical deciduous forest 2.879 11.99 0.513 1.384 KUM,KEY 

temperate evergreen broadleaf forest 3.605 11.78 2.082 2.433 LLN,SSL 

temperate evergreen conifer forest 4.452 11.96 -1.677 2.362 ESP,HAT 

temperate deciduous forest 8.285 11.99 2.477 2.916 NGL,HPB 

boreal evergreen forest 6.914 12.02 2.866 2.367 CDL,ETL 

savanna 2.103 12.98 1.727 1.239 DIG,KPS 

grassland 4.175 11.99 -3.111 1.322 MKN,CFA 

dense shrubland 3.791 11.98 2.543 1.608 SGP,YON 

open shrubland 3.798 12.01 0.108 1.853 MID 

tundra 4.166 12.00 -1.818 1.585 WLG,ISK,UUM 

desert 0.761 12.02 -2.533 1.084 NWR,WIS 

polar desert 6.265 11.99 -0.074 1.869 ASK 

 

A.2. Linear regression parameters for calculating surface CO2 for different vegetation types. 

Table Linear regression parameters for calculating surface CO2 for different vegetation types. 

Vegetation type A B r2 Sig. 

tropical evergreen forest 0.715 110.18 0.4128 0.024 

tropical deciduous forest 0.424 219.56 0.2671 0.085 

temperate evergreen broadleaf forest 0.922 44.35 0.4971 0.010 

temperate evergreen conifer forest 0.540 182.38 0.2431 0.310 

temperate deciduous forest 1.009 12.58 0.5892 0.004 

boreal evergreen forest 0.579 166.83 0.5552 0.005 

boreal deciduous forest 0.856 65.55 0.7025 0.001 

savanna 0.360 242.96 0.2713 0.123 

grassland 0.774 93.90 0.6368 0.002 

dense shrubland 0.926 35.33 0.8744 0.000 

open shrubland 1.520 -182.97 0.8897 0.000 

tundra 0.296 269.28 0.5050 0.021 

desert -0.397 523.03 0.6490 0.002 

polar desert 0.880 53.42 0.8022 0.000 

 
 

 


