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• Rising vegetation activity dominates the
climbing water use efficiency in the
Asian permafrost region from 1900 to
2100.

• Large spatial heterogeneities in water
and carbon fluxes were observed in the
study domain.

• The CMIP6models projected substantial
increases in GPP and NPP while slight
increase in evapotranspiration during
2010-2100.
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Permafrost play an important role in regulating global climate system.We analyzed the gross primary productiv-
ity (GPP), net primary productivity (NPP), and evapotranspiration (ET) derived fromMODIS and three earth sys-
temmodels participated in the CoupledModel Inter-comparison Project Phase 6 (CMIP6) in the Asian permafrost
region. The water use efficiency (WUE) was further computed. The simulated GPP, NPP, and ET show slightly in-
creasing trends during historical period (1900–2014) and strong increasing trends in projection period
(2015–2100), and projected impacts of climate change on all variables are greater under high-emission scenarios
than low-emission scenarios. Further analysis revealed higher increases in GPP and NPP than that of ET, indicat-
ing that vegetation carbon sequestration governs the growingWUE under historical and projected periods in this
region. The GPP, NPP and ET showed higher changing rates inwestern, central and southeast areas of this region,
andWUE (WUEGPP, andWUENPP) shows the similar spatial pattern. Compared to MODIS-derived GPP, NPP, and
ET during 2000–2014, Earth system models yield the best estimates for NPP, while slight underestimations for
GPP and ET, and thus slight overestimations for WUEGPP and WUENPP. This study highlights the predominant
role of vegetation activity in regulating regional WUE in Asian permafrost region under future climate change.
Vegetation domination of the growing water use efficiency implies that the permafrost regionmay continue act-
ing efficiently in sequestrating atmospheric carbon in terms of water consumption throughout the 21st century.
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(LLNL) node (https://esgf-node.llnl.gov/
projects/cmip6). MODIS datasets are available
from the Numerical Terrdynamic Simulation
Group (NTSG) of University of Montana (www.
ntsg.umt.edu/project/modis).
1. Introduction

Permafrost, a globally significant carbon pool, has been found to be
vulnerable and sensitive to the recent changes in global climate system,
owing to its unique physical and biological characteristics (McGuire
et al., 2009). Over the past few decades, investigation into the perma-
frost carbon dynamics has made significant progress. Studies found
that vegetation activities (Jin et al., 2017; White et al., 1999) and grow-
ing season length (Zhu et al., 2016) can be altered by climate change
alongwith thawing permafrost (Schuur et al., 2008). Climate change di-
rectly or indirectly alter surface energy balance and soil hydraulic and
thermal properties and moisture regimes in the permafrost region
(Bring et al., 2016; Hinzman et al., 2005), which further strongly affect
the vegetation carbon sequestration (Jung et al., 2010). Although sub-
stantial progress has beenmade, there are large uncertainties in the un-
derstanding of the carbon cycling in permafrost region. For example, the
instability of carbon sink could occur as a result of a climate-caused veg-
etation shift between boreal forests and tundra (Euskirchen et al.,
2009). Hence, understanding the carbon dynamics in response to cli-
mate change is crucial to our predictability of the permafrost-climate
feedback.

Gross primary production (GPP) and net primary production
(NPP) represent the primary inputs of carbon to the terrestrial sys-
tems, and evapotranspiration (ET) is a major component of the
water cycle, as the sum of soil evaporation, vegetation transpiration,
and canopy evaporation of intercepted precipitation. Furthermore,
water use efficiency (WUE), defined as vegetation carbon seques-
tration per unit of water loss, has been frequently utilized as an im-
portant indicator quantifying the coupling between water and
carbon cycles (Cheng et al., 2017; Song et al., 2013; Tian et al.,
2010). It is crucial to understand how permafrost responds to the
projected climate change, by identifying long-term pattern and
the dominant factors of WUE. The positive impacts of climate
warming and elevated CO2 on carbon sequestration (Xia et al.,
2017) and ET (Brutsaert, 2006; Yan et al., 2013; Zeng et al., 2012;
Zhang et al., 2015) have been widely reported in the northern per-
mafrost regions. The neutral impact of elevated CO2 on vegetation
carbon sequestration is also reported in permafrost regions
(Korner et al., 1997; Oberbauer et al., 1986). For the ET in the per-
mafrost regions, studies found declining trends (Peterson et al.,
1995; Jung et al., 2010), or no trend (Badgley et al., 2015; Zhang
et al., 2016) due to soil moisture limitation (Jung et al., 2010) and
shifting vegetation physiology (Badgley et al., 2015; Cheng et al.,
2017; Zhang et al., 2016). In summary, vegetation carbon sequestra-
tion and evapotranspiration in the permafrost regions have been in-
tensively studied, yet how do WUE respond to climate change in the
permafrost regions remain unclear.

The permafrost area in Asia accounts formore than half of theNorth-
ern Hemisphere's total permafrost area. No general conclusions on the
carbon and water cycling in the northern hemisphere permafrost area
have been drawn, as it is challenging to have a comprehensive under-
standing of carbon and water cycling in this region (Romanovsky
et al., 2010). Asian permafrost region has long been studied
(Shiklomanov, 2005). For example, studies have mentioned the histor-
ical and projected trends of carbon gain or ET by the classification of
tundra and boreal forest biomes in nearby area or part of the region
(Chen et al., 2017; Jung et al., 2010; Propastin and Kappas, 2012; Zeng
et al., 2012; Zhang et al., 2014b), based on integrated observation and
satellite data or model simulations. However, none of them has focused
on the long-term spatiotemporal patterns of carbon sequestration and
water flux.

Recently, Shared Socioeconomic Pathways (SSPs) have been re-
leased for climate change research and assessment with the Coupled
Model Intercomparison Project Phase 6 (CMIP6) experiments (Eyring
et al., 2016). The SSPs represent state-of-the-art prototypical pathways
for global environmental change during the 21st century, with SSP1
Sustainability, SSP2 Middle of the road, SSP3 Regional rivalry, SSP4 In-
equality, and SSP5 Fossil fueled development (Eyring et al., 2016). Dif-
ferent emission scenarios are considered to better represent the future
climate projections (Eyring et al., 2016). The new scenarios in CMIP6
are based on amatrix that uses the SSPs and forcing levels of the Repre-
sentative Concentration Pathways (RCP) as axes (Eyring et al., 2016).
Several SSP scenarios for which the equivalent concentration pathway
as CMIP5 RCPs are available within the CMIP6 simulations. As such,
SSP126, SSP245, SSP460 and SSP585 were consistent with RCP2.6,
RCP4.5, RCP6.0, and RCP8.5, respectively (O'Neill et al., 2016).

In this study, we used the simulated CMIP6 outputs of vegetation
carbon gain (GPP and NPP), water loss (ET), and WUE (WUEGPP and
WUENPP) to investigate their trends over the Asian permafrost region
during the period of 1900 to 2100. Specifically, we focus on three key
questions: (1) how do vegetation carbon gain, water loss and WUE
change over 1900–2100? (2)What are the different responses of all var-
iables among different climate scenarios? (3) What are the dominating
variables contributing to the changing WUE? The outputs of earth sys-
temmodels participated in CMIP6were validated by comparing against
theMODIS-derived GPP, NPP and ET during 2000–2014 before the long-
term analyses.

2. Materials and methods

2.1. Study area

The study area embraces continuous permafrost region in the Asian
continent (45°N ~ 85°N, 60°E ~ 170°W; Fig. 1). The data set was derived
from the circumpolar permafrost and ground ice data of the National
Snow and Ice Data Center (Brown et al., 2002). The area spans large
areas of Russia, Mongolia, and some parts of China and Kazakhstan, to-
tally covering 12million km2, approximately 53% of the total permafrost
area in northern hemisphere.

Global atmospheric reanalysis II data of the National Centers for En-
vironmental Prediction (NCEP-2) showed a mean annual air tempera-
ture of −5.55 °C and mean annual precipitation of 575.7 mm between
2000 and 2014 in this area. Over the same period, average minimum
air temperature was as low as−44.87 °C, and average maximum tem-
perature was 26.40 °C. This area has long cold winters and short
summers.

According to the Moderate Resolution Imaging Spectroradiometer
(MODIS) land cover data from 2010 (Friedl et al., 2010), which is
based on the classification scheme proposed by the International
Geosphere-Biosphere Programme (IGBP), the predominant land cover
type in this area is open shrublands (53.2%), followed by mixed forest
(12.4%), deciduous needleleaf forest (10.4%), grassland (9.4%), woody
savannas (5.97%) and permanentwetlands (2.4%), etc. Open shrublands
mostly distribute in the northern part, forests in the central, and grass-
land and steppe are mainly in the southern part of the study region.
Based on the reanalysis of the version 1.2 of Harmonized World Soil
Data (HSWD) (Wieder et al., 2014), the average soil texture of the sur-
face soil is 51.4% sand, 31.3% silt and 14.3% clay. The bulk density is
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Fig. 1. Location map of the study area (blue-filled). This especially area is covered with continuous permafrost, whose distribution was derived from the circumpolar permafrost and
ground ice data of the National Snow and Ice Data Center (Brown et al., 2002).
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approximately 1.28 g.cm−3 and the soil organic carbon is 7.77 kg C.m2,
soil pH is about 5.65, and gravel content is 7.8%.
2.2. Data source

2.2.1. ESM outputs
Three Earth System Models (ESMs) participating in the sixth phase

of the CMIP were used to analyze spatiotemporal patterns of GPP,
NPP, ET and WUE during 1900–2100. The three ESMs are CNRM-
ESM2–1 (Séférian, 2018), CanESM5 (Swart et al., 2019) and IPSL-
CM6A-LR (Boucher et al., 2018). They were chosen because only these
models produced GPP, NPP and ET variables under all four special cli-
mate scenarios (Table S1). Specifically, the land in CNRM-ESM2–1 is
represented by the Soil-Biosphere-Atmosphere (ISBA) scheme; the
land component of CanESM5 consists of the Canadian Land Surface
Scheme (CLASS) and the Canadian Terrestrial Ecosystem Model
(CTEM); IPSL-CM6A-LR is based on the Organising Carbon and Hydrol-
ogy In Dynamic Ecosystems (ORCHIDEE) landmodel. All models partic-
ipating in CMIP6 used the same standard input forcing dataset for each
experiment. Further descriptions of these models and run configura-
tions are available on the ES-DOC (https://es-doc.org/cmip6/) and
PCMDI (https://pcmdi.llnl.gov/CMIP6/Guide/modelers.html) interfaces.

Given that somemodels had simulationswith different initial condi-
tions hereby generating single-model multi-member ensembles for the
historical and future simulations, we only processed the results from the
first ensemble (r1i1p1f1, r for realization, i for initialization, p for phys-
ics, and f for forcing) for each model to avoid biases among ESMs
(Table S1). The historical simulation covers 1900–2014 and the future
simulations cover 2015–2100. These monthly output variables were
downloaded via ESGF portals at LLNL node (https://esgf-node.llnl.gov/
search/cmip6) and then resampled to 0.25° × 0.25° using the first-
order conservative remapping scheme.
2.2.2. Satellite-derived data
A long-term time series (2000–2014) of GPP, and ET data from

30-arc-sec spatial resolution MODIS products were used as the ob-
servation data to validate the model simulation results. The annual
GPP and NPP products MOD17A3 were calculated by summing all
46 8-day GPP values from MOD17A2 NPP (Running et al., 2004;
Zhao et al., 2005), which was developed based on a light-use effi-
ciency model (Heinsch et al., 2003). The ET product MOD16A3 was
calculated by using the improved ET algorithm based on the
Penman-Monteith equation (Mu et al., 2011). All MODIS datasets
were obtained from the Numerical Terrdynamic Simulation Group
(NTSG) at University of Montana (www.ntsg.umt.edu/project/
modis) and then resampled to a spatial resolution of 0.25° × 0.25°
for comparison purpose.
2.3. Data analysis

In this study, two definitions ofWUE for both CMIP6 andMODIS data
were used to quantify the carbon uptake per unit of water lost: (1) GPP-
based water use efficiency (WUEGPP) is the ratio of GPP to ET; (2) NPP-
based water use efficiency (WUENPP) is the ratio of NPP to ET. WUE for
each individual grid cell was calculated as annual GPP or NPP in the
grid cell divided by annual ET, as WUEGPP or WUENPP. The area-
weightedmean of variables (GPP, NPP and ET andWUE) were reported
to represent thewhole study domain. Tomeasure the strength of future
climate scenario effect, the linear changing trends over historical period
(1900–2014) andprojected simulation period (2015–2100)were quan-
tified by the ordinary least square estimation, using a regline_stats func-
tion with NCL (NCAR Command Language, version 6.5.0, https://www.
ncl.ucar.edu/).The Pearson correlation coefficientwas calculated to ana-
lyze the sensitivity ofWUE toGPP, NPP and ET byusing a escorc function
with the NCL.
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3. Results

3.1. Spatiotemporal pattern of GPP and NPP

CMIP6 simulations produced similar long-term trends for annual
GPP and NPP, with slightly increasing trends during historical period
(1900–2014) and strong increasing trends in projected period
(2015–2100) (Fig. 2). On average, the annual GPP of 1900–2014 was
340.24 g C m−2 year−1 in the study area, along with its increasing
trend at 1.08 g C m−2 year−2 (P b 0.05) during this period. Annual
NPP was averaged at 201.81 g C m−2 year−1, with a weak increasing
trend at 0.58 g Cm−2. year−2 (P b 0.05) over thewhole historical period.
High-emission scenario lead to higher changing rates of both GPP and
NPP (Fig. 2). During the projected period of 2015 to 2100, the increasing
rates of GPP are 1.12 g C m−2. year−2, 3.37 g C m−2. year−2, 4.07 g C
m−2. year−2, and 7.33 g C m−2. year−2 (P b 0.05) under SSP126,
SSP245, SSP460 and SSP585, respectively. The increasing rates in NPP
are 0.53 g C m−2. year−2, 1.71 g C m−2. year−2, 2.05 g C m−2. year−2,
and 3.58 g C m−2. year−2 (P b 0.05) under SSP126, SSP245, SSP460
and SSP585, respectively. The projected annual GPP and NPP under
SSP585 increase to as high as 1043.44 g C m−2 year−1 and 551.24 g C
m−2 year−1 in the 2090–2099 respectively, compared to the much
lower magnitudes of 577.25 g C m−2 year−1 and 325.83 g C
m−2 year−1 under SSP126 for annual GPP and NPP, respectively. In con-
trast with other projection experiments, both annual GPP and annual
NPP cease increasing and even start to decline at the second half of
the 21st century under SSP126 scenario. Meanwhile, themodel outputs
under SSP585 have higher uncertainties of GPP and NPP (Fig. 2) than
the SSP126 scenario.

There are large spatial heterogeneities in both GPP and NPP for his-
torical and future simulations (Fig. 3 and Fig. 4). The higher increases
in GPP and NPP occur in thewestern and southeast of the study domain
(mostly in China) (25% of the study area), and these areas also have the
large variations among different scenarios. In central and eastern parts
of the study domain (30% of the study area), both GPP and NPP show
Fig. 2. Time series of annual GPP and NPP from 1900 to 2100. Dot indicates MODIS-derived d
different CMIP6 experiments (Historical, SSP126, SSP245, SSP460 or SSP585) for each variabl
model ensemble mean, and the corresponding shaded envelope represents the standard de
range) at the right side of the figure show the differences during the last 10 years among all th
relatively moderate variations under historical and future scenarios.
By contrast, the GPP and NPP have the smallest variations among sce-
narios in most northern and southwest parts of the study domain
(15% of the study area). Furthermore, substantial variations in GPP
and NPP are observed under high-emission scenario. Under the
SSP126 scenario, the high increases in GPP and NPP (720 g C m−2.
year−1 for GPP and 360 g C m−2. year−1 for NPP) occur in N23.9% or
37.3% of the study area during 2090s, compared to 26.1% or 42.4% in
the 2050s, respectively, while the magnitudes of increase for GPP and
NPP under SSP585 are from 52.2% to 82.6% and 64.6% to 86.6%, respec-
tively, of the entire region.
3.2. Spatiotemporal pattern of ET

Large variations were observed for ET across the study domain dur-
ing 1900–2100. CMIP6 yields a mean annual ET of 304.77 mm. year−1

over the historical period, while larger values in the future for all
projected experiments, with 349.76 mm. year−1, 352.61 mm. year−1,
356.61 mm. year−1, and 368.78 mm. year−1 under SSP126, SSP245,
SSP460 and SSP585, respectively (Fig. 5). Overall, it is observed that his-
torical ET has a slight increase (0.12 mm. year−2, P b 0.05), but a rapid
increase after 2000s (1.80 mm. year−2, P b 0.05). The increasing trends
in annual ET during four projected experiments are larger than that in
the historical period, and the larger increase occurred under high-
emission scenario, with 0.17 mm. year−2, 0.42 mm. year−2, 0.49 mm.
year−2, and 0.86 mm. year−2 (P b 0.05) under SSP126, SSP245, SSP460
and SSP585, respectively. But the increasing trends in ET under all sce-
narios diminish in the second half of the 21th century, especially
under lower scenarios, and that under the lowest scenario (SSP126)
even decrease in the end (−0.09 mm. year−2, P b 0.05). Meanwhile,
the SDs in ET at the last 10 simulation years are 10.57 mm. year−1,
10.90 mm. year−1, 14.81 mm. year−1, and 33.61 mm. year−1 under
SSP126, SSP245, SSP460 and SSP585, respectively, implying the high un-
certainty under high-emission scenario.
ata, while solid line indicates data from ESMs simulations. Different line colors indicate
e (GPP or NPP). The solid line under each CMIP6 experiment represents the three-ESM-
viation. Box and whiskers (mean, one standard deviation, and minimum to maximum
ree ESMs simulations.



Fig. 3. Gridded CMIP6 ensemblemean GPP in Asian permafrost region under the historical experiment (A, B), and four scenarioMIP experiments: SSP126 (C, D), SSP245 (E, F), SSP460 (G,
H) or SSP585 (I, J). Shown are the decades of 1900s, 2000s, 2050s, and 2090s as historical periods (A, 1900–1909; B, 2000–2009) and future periods (C, E, G, I, 2050–2059; D, F, H,
J,2090–2099).CMIP6 ensemble mean GPP at each grid cell is computed for each year and then time averaged all 10 years.
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Spatial trends of ET for the decades of 1900s, 2000s, 2050s and 2090s
show substantial heterogenicity in the study area (Fig. 6), although
there is a slight difference among scenarios. All simulations present
higher ET (N360 mm. year−1) in the southern areas and lower ET (b
360 mm. year−1) in the northern areas. The CMIP6 simulations yield
higher terrestrial water loss in the southern areas than that with histor-
ical experiment, but slight increase occurs in the areas of north 70oN and
southwest corner. There is no large spatial difference between low-
emission and moderate scenarios, but large difference from the
SSP585 scenario. Moreover, no large spatial differences are found
among specific periods (1900s and 2000s are for historical simulation,
2050s and 2090s are for projected simulations) of each independent ex-
periment except the SSP585 scenario. Under the SSP585 scenario, the
high increase in ET (N460 mm. year−1) will be in N17.1% and 28.5% of
the study area during 2050s and 2090s, respectively, while that level
of increases for historical simulation and other scenarios keep approxi-
mately 13.5% of the study area during their corresponding periods.
3.3. Spatiotemporal pattern of WUE

Over the study period of 1900 to 2100, both annual WUEGPP and
WUENPP show increasing trends (Fig. 7), and their increases are lower
over the historical period than during projection period regardless of
climate change scenario. The average historical annual WUEGPP is
1.12 g C m−2. mm−1, comparing to WUENPP of 0.67 g C m−2. mm−1.
The historical increasing trends of WUEGPP and WUENPP are 0.0030 g C
m−2. mm−1. year−1 and 0.0016 g C m−2. mm−1. year−1, respectively.
The projected increasing rates of annual WUEGPP under SSP126,
SSP245, SSP460 and SSP585 are 0.0025 g C m−2. mm−1. year−1,
0.0075 g C m−2. mm−1. year−1, 0.009 g C m−2. mm−1. year−1 and
0.0153 g C m−2. mm−1. year−1, respectively, while the increasing
rates in annual WUENPP under those scenarios correspond to 0.0011 g
C m−2. mm−1. year−1, 0.0037 g C m−2. mm−1. year−1, 0.0044 g C
m−2. mm−1. year−1 and 0.007 g C m−2. mm−1. year−1, respectively.
But there are no significant increasing trends and even the trends



Fig. 4. Gridded CMIP6 ensemble mean NPP in Asian permafrost region under the historical experiment (A, B), and four scenarioMIP experiments: SSP126 (C, D), SSP245 (E, F), SSP460 (G,
H) or SSP585 (I, J). Shownare twodifferent 10-year periods for both historical periods (A, 1900–1909; B, 2000–2009) and future periods (C, E, G, I, 2050–2059; D, F, H, J,2090–2099).CMIP6
ensemble mean NPP at each grid cell is computed for each year and then time averaged all 10 years.
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start to decline in 2050 for SSP126, corresponding to the trends of GPP
and NPP.

Different spatial patterns between historical and projected periods
for both simulated WUEGPP and WUENPP are found (Fig. 8 and Fig. 9).
During the historical period, bothWUEGPP andWUENPP show slight var-
iations in the study area. Above-average WUEGPP (N1.12 g C m−2.
mm−1) is observed in western, southeast and central areas (3.81% of
the study area) in the 1900s and then extend to northern area in the
2000s (72.9% of the study area). WUENPP shows a similar spatial distri-
bution with WUEGPP from 1900s to 2000s; however, high WUEGPP and
WUENPP are observed across large area under severer scenarios. For ex-
ample, under SSP585 areaswithWUEGPP of above 2 g Cm−2. mm−1 and
WUENPP of above 0.8 g C m−2. mm−1 occupy nearly 49.6% and 87.1% of
the total area in 2050s, respectively, while those in 2090s are 85.9% and
94.0%, respectively. Both WUEGPP and WUENPP show large spatial vari-
abilities under all scenarios. They show large increases in western and
northern parts, but the WUE values are small in southwest and eastern
parts of the study area. In central and southeast areas, the WUE shows
moderate increases.

3.4. Comparison between CMIP6 and MODIS

The CMIP6-simulated GPP, NPP, ET, WUEGPP and WUENPP were
evaluated with the MODIS-based data over the period 2000–2014.
The temporal behavior of NPP for ESMs is consistent with MODIS
data (Fig. 2). However, CMIP6 results showed underestimations for
GPP and ET over 2000 to 2014 (Fig. 2 and Fig. 5), by −24.79 g C
m−2. year−1 and − 12.88 mm. year−1, respectively. Those differ-
ences subsequently resulted in overestimates of WUEGPP and
WUENPP in CMIP6 (Fig. 7). The mean differences for annual WUEGPP
and WUENPP between CMIP6 simulations and MODIS data over
2000–2014 are 0.05 g C m−2. mm−1 and 0.04 g C m−2. mm−1, re-
spectively. Both CMIP6 and MODIS data from 2000 to 2014 show
long-term increasing trends with positive slopes of the trendline
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for all variables (except ET), although not obviously significant with
MODIS data by P N .05. The increasing rates of CMIP6 results are
larger than that with MODIS data. For example, CMIP6 simulations
show an increasing rate of 2.73 g C m-2 year−2 in NPP, compared to
that of 0.62 g C m-2 year−2 with MODIS. For ET, CMIP6 shows that
the decadal change of ET is marked by an increasing trend
(1.80 mm. year−2), while a decreasing trend is presented with
MODIS data (−0.12 mm. year−2). Although these differences existed
between CMIP6 and MODIS, both are consistent in terms of magni-
tudes (Figs. 2, 5, 7).

The spatial patterns from CMIP6 and MODIS agree reasonably
well in the study area, although substantial differences in some
areas (Fig. 10). Specifically, for GPP and NPP, good agreements
are presented in most areas, even though CMIP6 showed slight
overestimations in northern (42% of the study area) and slight un-
derestimations in southern (51.7% of the study area) of the study
domain. Compared to MODIS ET data, there is a good agreement
for ET in northern area with CMIP6 simulations, while CMIP6 in
most central and eastern areas (62.7% of the study area) have
weaker ET and the simulations in some southern areas (29.7% of
the study area) have a higher ET. There are significant spatial dif-
ferences in WUEGPP and WUENPP simulations (Fig. 10 D, E), which
could also be implied from spatial heterogenic differences in GPP,
NPP and ET between CMIP6 and MODIS. The good agreement for
WUEGPP occurs in the central area, and that for WUENPP is observed
in northern areas. But CMIP6 simulate higher WUEGPP in northern
areas (32.7% of the study area) and lower WUEGPP in majority of
southern areas (59.2% of the study area). In contrast, there is only
weaker WUENPP observed in CMIP6, whose large underestimations
are found in most central and southern areas (95.2% of the study
area). Overall, CMIP6-deried GPP and NPP are consistent with
MODIS results for a majority of central areas, and CMIP6-derived
ET estimation has good agreement in northern areas, while the
simulations in central area and northern area have more reliability
for WUEGPP and WUENPP.
4. Discussion

4.1. Comparisons with previous studies

TheCMIP6-based regional GPP, NPP, ET,WUEGPP andWUENPP for the
Asian permafrost region are comparable with previous estimations
based on remote sensing, ESMs and integrated multi-source data
(Table 1). A mean annual GPP, NPP and ET values from 1900 to 2014
of 340.24 g Cm−2, 201.81 g Cm−2 and 304.77mm, respectively, are es-
timated in this study. These estimates are lower than the global mean
value estimated by other researchers (Table 1), but still fall within rea-
sonable range reported for the Asian region (Chen et al., 2017; Zhang
et al., 2014a). WUENPP andWUEGPP also fall in the ranges in other stud-
ies (Song et al., 2013; Chen et al., 2017; Guo et al., 2019), but much
lower than the global estimates. The results that less carbon gain,
water loss and water use efficiency in the Asian permafrost region
than those in other regions are mainly attributed to temperature and
solar radiation limitations to vegetations activity at high latitudes (Sun
et al., 2016). Tang et al. (2014) found a distinct latitudinal trend in
WUE of terrestrial ecosystems that WUE declines toward northern
higher latitudes beyond 51°N, and they also highlighted the biological
adaptations of WUE to climatic change.

In this study, the positive trend of carbon gain (GPP and NPP) are in
line with many previous reports (Chen et al., 2017; Forkel et al., 2016;
Zhu et al., 2016), in which high northern latitude regions experienced
a continuous increasing terrestrial carbon sequestration caused by
warming and extended growing season. The increasing trends of annual
ET over historical and scenario periods are consistent with some earlier
global studies (Brutsaert, 2006; Yan et al., 2013; Zeng et al., 2012; Zhang
et al., 2015), and the general upward trends in WUEGPP and WUENPP
agree with the previous global studies by Chen et al. (2017) and Liu
et al. (2020). But the increasing trends of carbon loss, ET and WUE are
lower than other regions, mainly due to the different sensitivities of car-
bon loss, ET andWUE to climate and CO2 changes. Evidences for the pos-
itive impact of climate warming on vegetation growth and NPP have



Fig. 6. Gridded CMIP6 ensemble mean ET in Asian permafrost region under the historical experiment (A, B), and four scenarioMIP experiments: SSP126 (C, D), SSP245 (E, F), SSP460 (G,
H) or SSP585 (I, J). Shownare twodifferent 10-year periods for both historical periods (A, 1900–1909; B, 2000–2009) and future periods (C, E, G, I, 2050–2059; D, F, H, J,2090–2099).CMIP6
ensemble mean ET at each grid cell is computed for each year and then time averaged all 10 years.
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been widely reported in permafrost regions (Xia et al., 2017). However,
the impact of elevated CO2 on NPP in northern permafrost regions is
found to be positive (Grulke et al., 1990) or neutral (Korner et al.,
1997; Oberbauer et al., 1986). And it is well known that vegetation pro-
duction is more limited by nitrogen availability in tundra and boreal
ecosystems than in temperate and tropical ecosystems (Koven et al.,
2015; Luo et al., 2004; Reich et al., 2006).

However, there are still some discrepancies with a few studies that
reported declining ET and WUE (Jung et al., 2010; Peterson et al.,
1995) and others that found no trends (Badgley et al., 2015; Zhang
et al., 2016). The discrepancies possibly stem from the uncertainties in
our knowledge of how ET could vary with climate changing (Badgley
et al., 2015), which further determines the changing trend in WUE.
More specifically, ET decreases in some regions since latent heat fluxes
are limited bymoisture supply (Jung et al., 2010). In addition, terrestrial
ET could be limited via plant regulation of stomatal closure (Rigden and
Salvucci, 2017) and thewater content of plant (Choat et al., 2018; Zhang
et al., 2020), while several recent studies suggested elevated
atmospheric CO2 may stimulate plant growth, thereby enhancing ET
as larger leaf area (Zeng et al., 2012; Zhang et al., 2015; Zhang et al.,
2016). Hence, our results of increasing ETmay indicate that the increase
of ET caused by the radiative effect and the vegetation greening may be
larger than the ET reduction by vegetation physiological effect in the
Asian permafrost region.

4.2. Vegetation activity drives WUE

As a critical linkage of terrestrial carbon and water cycles, WUE
quantifies the tradeoff between carbon gain and water loss. In the
Asian permafrost region, GPP and NPP show significant increases, asso-
ciated with the small increase in ET. Consequently, WUE show the con-
tinuous increase over the historical and future periods,which suggests a
shift is occurring in the terrestrial water economics of carbon uptake as
climate changing in this study area. The disproportionate change in car-
bon gain and water loss indicates that vegetation activity drives the
water use efficiency in the Asian permafrost region. The stronger
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relationships between carbon gain andWUE than between ET andWUE
further confirm that the response ofWUE to climate changewasmainly
determined by the vegetation carbon acclimation, rather than thewater
loss (Fig. 11). Generally, bothWUEGPP andWUENPP have high Pearson's
correlation coefficients with GPP and NPP in large areas of the Asian
over the historical and future periods, respectively. Above 92% of the
study domain under all scenarios shows more positive Pearson's corre-
lation coefficients between theWUE and carbon gain than that between
WUE and water loss. As expected, the domination of vegetation activity
in contribution to WUE is getting stronger under high climate change
scenarios, although the Pearson's correlation coefficients between
WUE and carbon gain under the lowest scenarios (SSP126) is lower
than historical period (Fig. 11).

At the global scale, terrestrial carbon uptake as the largest contribu-
tor to the increasing trends in WUE was also suggested in many previ-
ous studies. For example, Cheng et al. (2017) found mean annual
global ET increased little during 1982–2011 at about 2%, while global
GPP increased significantly at about 17%. Huang et al. (2015) reported
the increase in WUE is due to the stimulated GPP but no change in ET
under future warming. At the regional scale, Liu et al. (2020) also sug-
gested the increase inWUE from 1982 to 2011 in the boreal Eurasia re-
gion mainly contributed toward the increase in GPP using multi-model
ensemble data. There are probably twomain reasons for the rising dom-
ination of vegetation activity to the enhancement of WUE in the study.
First, air temperature had a high increase trend (0.02 °C. year−1,
P b 0.05) over 1900 to 2014 (Fig. S1). Vegetation carbon accumulation
is more sensitive to climate change than ET (Forkel et al., 2016; Jin
et al., 2017; White et al., 1999), mainly due to the stronger direct im-
pacts of CO2 fertilization and warming and stronger indirect impacts
of the length of a growing season on photosynthesis in the northern
high latitudes (Forkel et al., 2016; Zhu et al., 2016). The second possible
mechanism is the warming-induced soil moisture supply limitation in
this study area (Fig. S2), which could cause the lower increase in ET
(Jung et al., 2010; Liu et al., 2020), and the important role in stomatal
regulation could reduce water loss by stomata closure at high vapor
pressure deficit under warming (Rigden and Salvucci, 2017), especially
in the water-limitation area in southwestern parts of our study domain.

4.3. CUE explains WUE variations

The pattern of NPP/GPP ratio, or carbon use efficiency (CUE), ex-
plains the differences in trends between GPP and NPP, WUEGPP and
WUENPP well in this study area. The results showed annual NPP in-
creased by 0.58 g C m−2. year−1 in the study area over 1900–2014,
which ismuch lower than annual GPP at 1.08 g Cm−2. year−1. Likewise,
annual GPP-based WUE (0.0030 g C m−2. mm−1. year−1) also show
more significantly increasing trend than NPP-based WUE (0.0016 g C
m−2. mm−1. year−1) over the sameperiod. The CUE reflects the fraction
of assimilated carbon allocated to autotrophic respiration and repre-
sents how efficient an ecosystem is for investing assimilated carbon
for growth (Waring et al., 1998), and is essential for advancing our
knowledge of global terrestrial carbon cycling and its response to ongo-
ing climate change (Xia et al., 2017; Zhang et al., 2014b). GPP has high
increasing trend during 1900–2014, whereas the increase in NPP is
weak, leading to a decreasing CUE in this study area (Fig. S3). Hence, cli-
mate change occurred in the Asian permafrost region is suppressing the
partition of plant assimilated carbon into growth. Zhang et al., 2014b
found the global CUE exhibited a spatial pattern closely associated
with climate, and the areaswith decreasing CUEwere primarily located
in central Asia and high latitude zones in west Asia, with simultaneous
increasing temperatures and decreasing precipitation. In contrast, an-
nual precipitation in our study area presents a slightly increasing
trend (0.42 mm. year−1, P b 0.05) over 1900 to 2014 (Fig. S2), although
the annual air temperature is rising (Fig. S1). In addition, the mean his-
torical CUE in this study area is near 0.6, which is higher than Amazo-
nian forest of 0.36 (Rowland et al., 2014) and temperate forest of 0.5
(Waring et al., 1998).

The high NPP/GPP ratio estimates in this study area agree with
many previous studies. For example, Ise et al. (2010) also reported
the CUE was highest in boreal forests (0.54–0.57) and lowest in



Fig. 8. Gridded CMIP6 ensemblemeanWUEGPP in Asian permafrost region under the historical experiment (A, B), and four scenarioMIP experiments: SSP126 (C, D), SSP245 (E, F), SSP460
(G, H) or SSP585 (I, J). Shown are two different 10-year periods for both historical periods (A, 1900–1909; B, 2000–2009) and future periods (C, E, G, I, 2050–2059; D, F, H, J,2090–2099).
CMIP6 ensemble mean WUEGPP at each grid cell is computed for each year and then time averaged all 10 years.

10 F. Yuan et al. / Science of the Total Environment 736 (2020) 139587
tropical forests (0.43–0.44) with ecosystem model estimates. Bloom
et al. (2016) reported the highest CUE of 0.49–0.50 in global high-
latitude (N55° N/S) areas, based on model and satellite-based data.
With MODIS-derived NPP and GPP data over 2000 to 2009, Zhang
et al., 2014b also found the high CUE in a large part of Eurasia. The
high CUE in this study suggests that the vegetation in the Asian per-
mafrost region is much efficient at investing carbon. However, high
uncertainty related to estimated carbon gain and CUE should not
be ignored, and Xia et al. (2017) argued an overestimation of as
high as 54% CUE from many terrestrial ecosystem models existed in
the northern permafrost regions as compared to observations,
mainly due to the divergent simulations of maintenance and growth
respiration among models.

4.4. Implication

The Asian permafrost region is a key component of global perma-
frost, embracing approximately 53% of the Northern Hemisphere's
total permafrost area. It is likely that this large soil carbon storage
will be transferred to the atmosphere under climate change, with
an accelerating rate (Schuur et al., 2008). However, one important
offset to permafrost carbon losses is an increase in carbon uptake
from the atmosphere by plant photosynthesis (Chapin III et al.,
2011), since warmer temperatures and elevated CO2 stimulate pho-
tosynthetic rates (Jin et al., 2017; White et al., 1999), and lengthen
the growing season (Forkel et al., 2016; Zhu et al., 2016). In our
study, the increasing trends of GPP and NPP suggest the soil carbon
losses in the Asian permafrost region will likely be cancelled out by
the rising vegetation carbon sequestration, with the shift in vegeta-
tion water economics of carbon uptake. In addition, it should also
be noted that the different algorithms for computing GPP and ET be-
tween ESMs and MODIS imply that there are still uncertainties in the
ESM structures or parameter values, especially for the model results
of GPP and ET. This may lead to underestimations of regional and
global GPP and ET, when CMIP6 is applied to the assessments of car-
bon sequestration and water loss.



Fig. 9. Gridded CMIP6 ensemblemeanWUENPP in Asian permafrost region under the historical experiment (A, B), and four scenarioMIP experiments: SSP126 (C, D), SSP245 (E, F), SSP460
(G, H) or SSP585 (I, J). Shown are two different 10-year periods for both historical periods (A, 1900–1909; B, 2000–2009) and future periods (C, E, G, I, 2050–2059; D, F, H, J,2090–2099).
CMIP6 ensemble mean WUENPP at each grid cell is computed for each year and then time averaged all 10 years.
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4.5. Future work

This study found that the rising vegetation activity dominates the
growing WUE for the Asian permafrost region during 1900–2100; a
few improvements are identified for our future work. Firstly, factors
such as CO2 concentrations, air temperature and precipitation may
also play important roles in the regional carbon sequestration and
water loss. For example, previous studies attributed the decreasing ET
in semiarid areas to increasing atmospheric demand (Yang et al.,
2019). In fact, a small fraction of the land in study area is dominated
by semiarid climate,whichmight haveweakened the rising ET observed
across the study region. Less is known for the semi-arid region and its
mechanisms in this study. Secondly, plant functional types, nitrogen
availability, soil physical and chemical properties and impact of land-
use change are very important to the permafrost regions (Schuur
et al., 2015). Hence, it is critical to further investigate the relative effects
of multiple influential factors on the carbon and water cycle in this
study area, including climatic controls and the direct effect of biotic
factors.

Thirdly, despite the model evaluation generally showed that the
CMIP6 had reasonable representations of NPP for this study area,
by the cross validation for CMIP6 model outputs with MODIS-
derived data, current understanding about the long-term change in
carbon and water cycle under future climate change is still very lim-
ited and depends largely on earth system models. The sources of un-
certainty in the models, such as complex parameterization and the
inaccuracy of input data, should be further addressed. Moreover, fur-
ther improvement of model evaluation data quality should not be ig-
nored. For example, the MODIS products are largely influenced by
the performance of the algorithm, which are dependent on the accu-
racy of land cover, LAI, and meteorological data (Gebremichael and
Barros, 2006; Guan et al., 2018; Sjostrom et al., 2013; Zhao et al.,
2006; Zhao et al., 2005). Methane is another important carbon cy-
cling process in the permafrost region and it becomes more and



Fig. 10.GriddedGPP (A), NPP (B), ET (C),WUEGPP (D) andWUENPP (E) differences inAsian permafrost region betweenCMIP6 simulations andMODIS data during 2000–2014. All variables
were averaged for 15 years. CMIP6 simulations were three ESMs ensemble mean.
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more important as climate warms (Knoblauch et al., 2018; Xu et al.,
2015; Wang et al., 2019); improvements in land surface models
(Xu et al., 2016) and manipulative experiments (Lupascu et al.,
2012) should provide more reliable estimate and projection for car-
bon cycling in the permafrost region.
5. Conclusions

This study reported the spatiotemporal variations in GPP, NPP, ET,
and WUE for the Asian permafrost region based on the CMIP6 simula-
tions of 1900–2100. The simulated GPP, NPP, ET, WUEGPP, and WUENPP



Table 1
Synthesis of global and regional mean annual GPP, NPP, ET, and WUE and their trends based on MODIS data and ESMs simulations.

Location Method Period GPP (g C m−2.
yr−1)

NPP (g C
m−2. yr−1)

ET (mm.
yr−1)

WUEGPP
(g
C m−2.
mm−1)

WUENPP
(g
C m−2.
mm−1)

GPP
Changing
Trend (g C
m−2.
yr−2)

NPP
Changing
Trend (g C
m−2.
yr−2)

ET
Changing
Trend
(mm.
yr−2)

WUEGPP
Changing
Trend (g C
m−2.
mm−1. yr−1)

WUENPP
Changing
Trend (g C
m−2.
mm−1. yr−1)

References

Globe MODIS 2000–2014 1.7 Huang et al. (2017)
Globe MODIS 2000–2013 1.71 −0.0045 Tang et al. (2014)
Globe MODIS 2000–2013 860.41–901.13 511.66–530.2 1.66–1.75 0.0025 Xue et al. (2015)
Globe Ground-based

+MODIS
1982–2011 2.1 −4.4- 27.2 −0.0066 -

0.0513
Cheng et al. (2017)

Globe Modeled data 2000–2009 549.25 Pan et al. (2015)
Globe Integrated Data⁎ 1989-1995 580 Mueller et al. (2011)
Globe Integrated Data 1998–2008 0 Jung et al. (2010)
Globe Integrated Data 1982–2009 558–650 1.1 Zeng et al. (2012)
Globe Modeled data 1981-2012 0.54 Zhang et al. (2016)
Globe Modeled data 1982–2011 0.45 Yan et al. (2013)

Globe MODIS 2000–2012 448.97 520.05 0.868 Xia et al. (2015)
Globe MODIS 2000–2010 1.8 Sun et al. (2016)
Globe Modeled data 2000–2010 2 Sun et al. (2016)
Northern permafrost
region

Modeled data 1960–2009 380–800 198–434 Xia et al. (2017)

Boreal MODIS 2000–2010 1.6 Sun et al. (2016)
Boreal Modeled data 2000–2010 2.2 Sun et al. (2016)
Eurasia Integrated Data 2000–2009 470 Rawlins et al. (2015)
Europe MODIS 2000–2012 ` 1.130 Xia et al. (2015)
Asia MODIS 2000–2012 0.739 Xia et al. (2015)
Northern China Modeled data 2000–2005 153.26 Xing et al. (2010)
Mongolia Modeled data 2000–2005 125.33 Xing et al. (2010)
Inner Mongolia Modeled data 1982–2009 about 210 Li et al. (2012)
Eurasian Steppe Modeled data 1999–2008 39.16–212.3 175.65–335.7 0.22–0.88 Chen et al. (2017)
East Asian Modeled data 1982–2006 243 1.53–1.83 Zhang et al., 2014a
Eastern Kazakhstan Modeled data 2004 168 Propastin and Kappas

(2012)
Europe Integrated Data 1982–2008 −0.009 Jung et al. (2010)
Europe Integrated Data 1982–2009 0.96 Zeng et al. (2012)
Asia Integrated Data 1982–2008 0.183 Jung et al. (2010)
Asia Integrated Data 1982–2009 0.87 Zeng et al. (2012))
Asia MODIS 2000-2014 450.99 254.46 332.98 1.29 0.74 0.8 0.62 −0.12 0.0038 0.0026 This Study
Asia CMIP6 2000–2014 426.2 248.14 320.1 1.33 0.78 5.12 2.72 1.8 0.0083 0.0041 This Study
Asia CMIP6 1900–2014 323.33 192.35 300.95 1.08 0.65 0.8 0.45 0.14 0.0021 0.0011 This Study

⁎ Integrated Data means the data were obtained from a combination of observations and simulations.

13
F.Yuan

etal./Science
ofthe

TotalEnvironm
ent736

(2020)
139587



Fig. 11. Spatial map of Pearson's correlation coefficients between GPP, ET and WUEGPP, and between NPP, ET and WUENPP in Asian permafrost region over 1900–2100 under different CMIP6 experiments: Historical (1900–2014, A1-B4), SSP126
(2015–2100, B1- B4), SSP245 (2015–2100, C1-C4), SSP460 (2015–2100, D1-D4) and SSP585 (2015–2100, E1-E4). The analysis was derived from time averages for each experiment period among three ESMs.
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show slight increasing trends during historical period (1900–2014) and
strong increasing trends in projection period (2015–2100), and
projected impacts of climate change on all variables are greater under
high-emission scenarios. There are larger increases in GPP, NPP and ET
in western, central and southeast areas of this region, same spatial pat-
terns were observed for WUE (WUEGPP and WUENPP). Additionally,
comparing to MODIS-derived GPP, NPP, ET, and WUE during
2000–2014, the ESMs participated in CMIP6 yields the consistent results
for NPP, while slightly underestimates GPP and ET, thus slightly overes-
timates WUEGPP and WUENPP.

The finding that vegetation activity dominates the growing WUE in
the Asian permafrost region implies the efficiency of permafrost region
in tradingwater for carbon in the changing environment. Given that the
hydrology is a key control on permafrost carbon cycling, the WUE pat-
terns across space and time reported in this study provide valuable in-
formation for projecting permafrost dynamic under the changing
climate.
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