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Permafrost degradation triggered by climate warming can disturb alpine ecosystem
stability and further influence net primary productivity (NPP). Known as the “water
tower of China”, the Three-River Headwaters Region (TRHR) on the eastern Qinghai-
Tibet plateau (QTP), is characterized by a fragile alpine meadow ecosystem underlain by
large areas of unstable permafrost and has been subject to rapid climate change in recent
decades. Despite some site-specific studies, the spatial and temporal changes in NPP in
the different frozen ground zones across the TRHR associated with climate change remain
poorly understood. In this study, a physically explicit Noah land surface model with multi-
parameterization options (Noah-MP) was employed to simulate NPP changes on the
TRHR during 1989-2018. The simulation was performed with a spatial resolution of 0.1°
and a temporal resolution of 3h, and validated at two sites with meteorological and flux
observations. The results show that the average NPP was estimated to be 299.7 g Cm—2
yr ' in the seasonally frozen ground (SFG) zone and 198.5g Cm™2 yr~' in the permafrost
zone. NPP in the TRHR increased at a rate of 1.09g Cm™ yr~2 during 1989-2018,
increasing in 1989-2003 and then decreasing in subsequent years. The NPP in permafrost
area increased at a rate of 1.43 g C m~2 yr~2 during 1989-2018, which is much higher than
the rate of change in NPP in the SFG area (0.67 g C m™2 yr?). Permafrost degradation has
complicated ecosystem implications. In areas where permafrost degradation has
occurred, both increasing and decreasing changes in NPP have been observed.

Keywords: net primary productivity (NPP), NOAH-MP, permafrost, seasonally frozen ground, three-river headwaters
region

INTRODUCTION

On the Qinghai-Tibetan Plateau (QTP), carbon cycles occur in a unique way owing to the special
geographical features and ecological environment (Lin et al., 2019). From an ecological perspective,
the ecosystems of the QTP are extremely vulnerable, and climate changes could pose a great
challenge to them (Chen et al., 2014). Climatic warming has been observed across the world and on
the QTP during recent decades (Liu and Chen, 2000; Zhao et al., 2004; Trenberth et al., 2013). As a
critical ecological barrier for regional sustainable development in China, the Three-River Headwaters

Frontiers in Earth Science | www.frontiersin.org 1

February 2022 | Volume 10 | Article 838558


http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.838558&domain=pdf&date_stamp=2022-02-14
https://www.frontiersin.org/articles/10.3389/feart.2022.838558/full
https://www.frontiersin.org/articles/10.3389/feart.2022.838558/full
https://www.frontiersin.org/articles/10.3389/feart.2022.838558/full
https://www.frontiersin.org/articles/10.3389/feart.2022.838558/full
https://www.frontiersin.org/articles/10.3389/feart.2022.838558/full
http://creativecommons.org/licenses/by/4.0/
mailto:nanzt@njnu.edu.cn
https://doi.org/10.3389/feart.2022.838558
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.838558

Hu et al.

Region (TRHR) is one of the most fragile and sensitive terrestrial
ecosystems on the QTP (Tong et al., 2014; Mao et al., 2015; Jiang
and Zhang, 2016a). At some monitoring sites, ecosystem
degradation has been observed in the TRHR in recent years
(Guo et al,, 2015).

Net primary productivity (NPP) refers to the amount of net
organic matter that plants take up from the atmosphere through
photosynthesis, and it plays an important role in regulating the
carbon cycle of ecosystems (Melillo et al, 1993). Dynamic
changes in NPP can be used to assess the Earth’s ability to
sustain life and the sustainability of the ecosystem to maintain
development in the face of climate change (Zhao and Running,
2010). The TRHR is known as the “Water Tower of China”, and
the accurate estimation of NPP change in the TRHR is very
important and has always been a hot topic in terrestrial carbon
cycle and climate change research on the QTP (Zhao et al., 2013;
Jiang and Zhang, 2015; Liang et al., 2016). Most existing studies of
NPP changes, especially those related to frozen ground, are
generally restricted to the site scale. However, there are few
monitoring sites, making it difficult to gain complete insights
into NPP changes across the region.

Frozen ground is an integral part of the plateau cryosphere and
helps preserve a stable microclimate and ecosystem balance by
supplying soil moisture and nutrients for vegetation growth. A
significant portion of unstable permafrost underlies the TRHR,
which is highly sensitive to climate change. Global warming has
triggered permafrost degradation over the past several decades,
not only in the circum-Arctic (Osterkamp, 2005; Smith et al,
2005) but also in the TRHR (Wu and Zhang, 2008). It has already
been demonstrated that permafrost degradation disturbs alpine
ecosystem stability through repeated freezing and thawing and
further influences NPP accumulation (Qin and Ding, 2010;
Schuur and Abbott, 2011; Burke et al, 2013). Previous
modeling studies on NPP changes have primarily been
conducted using semiempirical, analytical, or ecological models
(Zhang et al., 2016; Lin et al., 2017) and different datasets, and
reported widely ranging mean annual NPP values (e.g., Wang
et al., 2009; Guo et al,, 2013). Unfortunately, these models are
generally unable to describe the physical processes occurring in
frozen ground, so they lack the ability to represent the effects of
frozen ground on changes in NPP in terms of sustaining
vegetation growth.

Physically explicit numerical models such as the land surface
model (LSM) are theoretically superior to empirical models in
their ability to describe physical processes within the soil
(Abramowitz et al,, 2008). At present, most LSMs focus only
on the energy and water balance on the surface without
considering the carbon cycle (Chen and Dudhia, 2001; Ek
et al, 2003). In addition, many LSMs do not simulate
vegetation dynamically, but rely on prescribed vegetation
indices (Ruddell et al., 2015). This limits the ability of these
LSMs to monitor NPP changes and their responses to permafrost
changes. Therefore, a general-purpose LSM that incorporates not
only water and energy transport processes, but also carbon
cycling and dynamic vegetation is usually required to better
represent the physiological mechanisms of vegetation and the
interplay between vegetation and frozen ground. Recently, the

NPP Dynamic in Frozen Ground

Noah LSM has been extended into a multiphysics simulation
platform (Noah-MP) that includes a dynamic vegetation
component (Niu et al., 2011). This model has the potential to
facilitate the simulation of carbon assimilation processes and
permafrost dynamics. Thus, it provides a solid foundation for this
study to simulate NPP changes with full interaction with
permafrost dynamics over the TRHR.

This study aims to: 1) investigate the spatiotemporal
characteristics of NPP over the entire TRHR during
1989-2018; 2) identify the responses of NPP to climate change
in different frozen ground zones in the TRHR; and 3) strengthen
the understanding of NPP responses to permafrost degradation in
the region. This work has the potential to provide a scientific
reference for restoring, conserving and developing the local
ecological changing climate in a
sustainable way.

environment in a

MATERIALS AND METHODS

Study Area and Data
The TRHR is bounded by longitude 89°24’-102°27'E and latitude
31°39'-36°10'N (Figure 1), with an area of approximately 3.95 x
10° km?. The altitude gradually decreases from the northwest to
the southeast, averaging 4,000 m above sea level (a.s.l.). As the
source area of the Yellow River, Yangtze River, and Lancang
River, the TRHR delivers approximately 40 billion m’ of water
downstream every year (Feng et al., 2017). The main land cover
types are grassland, desert, wetland, shrub, and forest, with alpine
steppe and alpine meadow being the main grassland types (Liu
et al,, 2014). The TRHR has a typical high-altitude continental
climate, with temperature and precipitation exhibiting
considerable spatial variations across the TRHR. The mean
annual air temperature over the TRHR ranges from —5.6 to
—-3.8°C and decreases from southeast to northwest (Yi et al,
2012). Annual precipitation generally falls from the southeast
(772mm) to the northwest (262mm) and is primarily
concentrated between June and September due to the
influence of the warm and humid air currents emanating from
the southern Bay of Bengal (Shi et al., 2017). The ecosystem in the
TRHR is fragile and vulnerable, with low resilience to disturbance
(Jiang and Zhang, 2016b). Permafrost is widespread in the upper
reaches of the Yangtze River, while in the eastern part permafrost
is sporadic and the seasonally frozen ground (SFG) is found at
low elevations (Zou et al., 2017). Two flux sites are located in the
north and southeast to the THRH: the Damxung flux site (DX;
30.49°N, 91.06°E, 4,286 m a.s.l; covered by alpine meadow;
Figure 1) and the Haibei flux site (HB; 37.06°N, 101.32°E,
3,205 m a.s.]; covered by alpine shrub-meadow; Figure 1).
Vegetation types on the TRHR were extracted from the
Vegetation Atlas of China at 1:1 million scale (Hou, 2001). A
QTP soil dataset with a resolution of 1 km were used, covering the
entire TRHR with 18 soil layers (Wu and Nan, 2016). The gridded
Chinese Meteorological Forcing Dataset (CMFD) (0.1° in space
and 3 h in time) (He et al., 2020) were used to drive the model. It
includes seven meteorological elements such as 2m air
temperature, 10 m wind speed, air pressure, specific humidity,
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FIGURE 1 | Topography of the Three-River Headwaters Region (TRHR) (A), its location on the Qinghai-Tibet Plateau (B), and the distribution of land cover within

this region (C). DX: the Damxung flux site; HB: the Haibei flux site.

precipitation rate, downward shortwave radiation, and longwave
radiation.

Model and Setting

The Noah-MP model is a new-generation land surface model
based on Noah LSM, extends the physical processes and
introduces the latest developments in related parameterization
schemes (Niu et al.,, 2011). In this model, the states of terrestrial
energy, water, carbon, and associated flux exchanges between the
land surface and the atmosphere are described in detail. Surface
temperatures are calculated through an iterative solution of the
surface energy balance including solar radiation, longwave
radiation, sensible heat, latent heat, and ground heat fluxes.
The “semitile” method is employed to address the
heterogeneity of the surface. Based on the Clapp-Hornberber
water retention relationship, Noah-MP solves the one-
dimensional Richards equation to determine vertical soil
moisture distribution (Clapp and Hornberger, 1978).
Noah-MP describes the photosynthesis of C3 and C4 plants by
a biochemical model (Collatz et al., 1991; Collatz et al., 1992).
Specifically, the gross photosynthesis rate is determined by the
minimum of three limiting factors: Rubisco limitation, light
limitation and transport of photosynthate for C3 plants and
PEP-carboxylase limitation for C4 plants. A short-term
vegetation phenology model is coupled to Noah-MP, allowing
the model to describe carbon assimilation (Dickinson et al,
1998). The carbon budgets are described for various plant
parts, such as leaves, wood, and roots, as well as carbon pools
(fast and slow). The assimilation of carbon through
photosynthesis, the allocation of the assimilated carbon to
various biological carbon pools (leaf, stem, wood, root, and

soil), and the respiration from each pool are included in the
model. The rate of change in leaf carbon mass, Cieq s (g m™?), over
the time, t, is computed from:

aClea f
ot

where Fj,, is the fraction of the assimilated carbon allocated to
leaf; A represents the total carbon assimilation rate of the leaves
that receive both Sun and shade; S.4 represents the mortality due
to cold and drought stresses; Tieas represents the rate of leaf
turnover caused by senescence, herbivory, or mechanical factors.
Rieay represents the rate of both leaf maintenance and growth
respiration. The rest of the vegetation is calculated similar to leaf
carbon mass. NPP and other carbon fluxes can be derived by
calculating the allocation of assimilated carbon in various parts of
the vegetation (e.g., leaf, stem, wood and root) and the amount of
carbon consumed by each component.

Noah-MP offers a framework for providing multiple
options for interpreting and parameterizing a given process
(Table 1). Two to four different parameterization schemes are
available for twelve physical subprocesses of the model. Each
subprocess parameterization scheme can be combined within
the model depending on the user’s needs to perform
simulation research. The Noah-MP LSM with improved
simulation capability for permafrost over the QTP was
employed in this study. The physical options used in this
study were basically similar to Li et al. (2020) as presented
in Table 1. The strength of Noah-MP in simulating thermal
and hydrological processes occurring with frozen ground on
the QTP was well demonstrated in Li et al. (2020), where more
details were also described.

=Flequ_(Scd+Tleaf+Rleuf) Clmf (1)
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TABLE 1 | Optional Noah-MP parameterization schemes used in this study.

Physical component Option used
Vegetation model Dynamic
Canopy stomatal resistance Ball-Berry
Runoff and groundwater SIMGM

Soil moisture factor for stomatal resistance Noah
Radiation transfer gap = F(3D, cosz)

Rainfall and snowfall Jordan91
Snow surface albedo CLASS
Supercooled liquid water Koren99
Frozen soil permeability Koren99
Surface layer drag coefficient M-O

Lower boundary of soil temperature Noah
Snow/soil temperature time scheme Semi-implicit

The model was then forced for the period of January 1989 to
December 2018, using the CMFD. Prior to the start of the model
run, a 30-year spin-up using the repeat forcing in 1989 was
conducted to mitigate the effects of the initial values. The total
simulation depth was set to 8 m. The lower temperature boundary
was set at 16 m using the annual mean air temperature at 2 m
(Niu et al., 2011). The model resolution is 3 h in time and 0.1°
in space.

Permafrost was determined from the simulation results
following the definition of permafrost, the soil with
temperatures below 0°C for more than two consecutive years
(Muller, 1943). More specifically, a grid cell was classified as
permafrost if the maximum soil temperature of any soil layers was
below or equal to 0°C for two consecutive years. The remainder of
grid cells was classified as SFG only if the minimum soil
temperature of any layer was equal to or below 0°C for the
same period. When calculating the areas, the simulation maps
were projected into Albers’ equal-area projection system and the
lakes were excluded from the processing.

Model Calibration and Validation

Restricted by data availability, two monitoring sites (Damxung
and Haibei) from the China Flux Network nearby the TRHR with
typical alpine vegetation types were selected for model calibration
and validation in this study (Figure 1). Two nearby flux
monitoring sites, i.e., the Golog site covered by alpine shrub
meadow and the Maqu site covered by marsh meadow, were not
used because no open-access data are currently available.
According to previous studies on the sensitivity of Noah-MP
parameters (e.g., Arsenault et al., 2018), we selected two most
sensitive parameters related to the vegetation dynamics, i.e., max
carboxylation rate and optimal growth temperature of vegetation.
We followed an error and trial procedure to calibrate the
parameters so that the simulated gross primary product (GPP)
data best fit the observed GPP data at the two sites by referring to
existing studies (Chen et al,, 2021; Yang et al, 2021). At the
Damxung site, simulation results were validated against the
observed time series (2004-2006) of soil temperature and soil
moisture content, and of GPP (2004-2005). At the Haibei site, the
soil temperature and soil moisture records from 2004-2006 and
GPP from 2003-2005 were used for validation. Metrics such as

NPP Dynamic in Frozen Ground

Description

LAl and shade fraction calculated from dynamic simulation of carbon uptake and partitioning
The stomatal resistance for sunlit and shaded leaves related to their photosynthesis rates
TOPMODEL-based runoff with simple groundwater

A schema based on soil moisture

Two-stream with a 3D canopy structure

A one-dimensional temperature model for a snow cover

Considering overall snow age

A variant of standard

Use of only liquid water content to compute hydraulic properties

Accounting for the zero-displacement height, with the same roughness lengths

Non-zero heat flux from bottom

Flux top boundary condition

the widely-used Nash-Sutcliffe efficiency coefficient (NSE) and
Pearson’s correlation coefficient (R) were used to quantify the
agreement.

Trend Analysis

Theil-Sen trend analysis is a robust statistical trend analysis
method widely used to identify both the trends and
magnitudes of hydrometeorological variables (Sen, 1968). We
computed the change rate (CR) of NPP and climatic factors using
Sen’s slope following Eq. 2:

X, - X
CR = Median<1—k>, i>k (2)

where X ; and X are the value of the variable of interest at time j
and k (j > k), respectively. A positive CR indicates an upward
trend of the variable, and the higher the CR value, the more
pronounced the trend. Conversely, a negative CR indicates a
downward trend, and the lower the CR value, the more
pronounced the decline. The spatial distribution of statistical
significance of NPP trends was mapped and evaluated using two-
tailed significance test of the Mann-Kendall (M-K) test.
The M-K test statistic S is computed as follows:

S=Y > san(x; - x:) 3)

where 7 is the number of data points, x; and x; are the NPP values
at the time i and j (j > i), respectively, and sgn() is a symbolic
function. In cases where the sample size n > 10, the standard
normal test statistic (Zg) of the M-K test is given by:

S-1
\/Var(S) , ifS>O
Z = 0 ,ifS$=0 4)
S+1 »ifS$<0

\Var (S)

The null hypothesis, Hy, is rejected when [Z] > Z,,, where a is
pre-assigned significance level (o« = 0.9) and Z,;, is the a/2
quantiles of the standard normal deviation. Positive values of
Zs indicate an increasing trend, while negative Zg
decreasing trend.
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FIGURE 2 | Simulated and observed soil temperatures at different depths at Damxung [DX, (A-D)] and Haibei [HB, (E-H)] sites. NSE: Nash-Sutcliffe efficiency

RESULTS AND DISCUSSION
Model Validation at Two Flux Sites

Figure 2 shows the time series of simulated and observed daily
mean soil temperature for differernt soil layers at the Damxung
and Haibei sites. The simulated (red lines in Figure 2) and
observed (dark green lines) soil temperature were in good
agreement at both sites. The NSE and R values for soil
temperature were above 0.88 and 0.81, respetively, for all
depths at two sites. Soil temperature exhibted strong
seasonality in these layers, and the amplitude of soil

temperature variation decreased with soil depth, as expected.
In spite of some discrepancies between simulation and
observation, the Noah-MP LSM performed well overall and
can capture well the temporal variation of observations at
different depths at the two sites.

There was also a good agreement between the simulated (red
lines in Figure 3) and measured (dark green lines) unfrozen water
content. Since no measurements of unfrozen water content were
made in deep layers, the comparison was limited to the upper
layers. The NSE values for unfrozen water content ranged from
0.80 to 0.83 in all layers at both sites, and the R values exceeded
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0.8 in all layers. The unfrozen water content cyclically fluctuated
with the seasons. During the transition periods from the frozen to
the thawed state, the simulated unfrozen water content changes
rapidly in response to the phase change. At the Haibei site, there
was a slight overestimation during the cold seasons (December to
March). This could be caused by insufficient consideration of the
ice process in the model. Overall, the Noah-MP LSM captured
well the dynamics of soil mositure at different depths at the
two sites.

The comparisons between the simulations and the
corresponding observations in terms of GPP are shown in
Figure 4. The simulated (orange lines in Figure 4) and
observed (dark green lines) GPP agreed well at both sites, as
indicated by favorable values in NSE (0.79 at Damxung and 0.82
at Haibei) and R (0.75 at Damxung and 0.78 at Haibe). Some
discrepancies between the simulation and observation can be
observed at the Damxung site. For example, the GPP observations
recorded a short-term spike in June 2004, while the GPP
simulations showed a trend toward a gradual increase during
the same period. According to our knowledge, the growing season
at the Damxung site usually occurred in the warm months from
May to September each year and vegetation growth generally
peaked amidst the growing season (Shen et al., 2015). Since that
flux observations are directly measured by the eddy correlation
method based on the micrometeorology theory, some error
maybe be present in the observations. Despite some
discrepancies, the favorable NSE and R scores for both sites
are suggestive that the Noah-MP LSM is capable of tracking daily
GPP changes over time.

Spatiotemporal Patterns of NPP Over the

TRHR

Figure 5A displays NPP distribution averaged over the period
1989 to 2018. The regionally averaged NPP during this study
period was 237.86 g Cm > yr ' and ranged from 0 to 750 g C m >
yr'. The NPP decreased gradually from the southeast to the
northwest, which is largely consistent with the temperature and
precipitation distributions in the TRHR (Figures 5B,C). Similar
results have been reported in previous research in the same region
based on remote sensing data and the Carnegie-Ames-Stanford
model (Zhang et al., 2016).

Large snow mountains and deserts stretch over the Yangtze
River headwaters area, and rivers and lakes are scattered
throughout the region, which is characterized by a dry and
cold climate with less than 300 mm in annual precipitation
and a mean air temperature below —5°C. The average annual
NPP in the Yangtze River headwaters area was relatively low,
mostly ranging from 0-80 g C m™” yr~', and only in the southeast
parts of its headwaters area, where meadows are widespread,
reached 200 g C m™2 yr'. In contrast, NPP values in the Lancang
River headwaters area and the southeastern parts of the Yellow
River headwaters area were much higher due to the favorable
climate, abundant rainfall, and diverse vegetation types, and most
of them exceeded 300 g Cm™ yr™".

The simulation showed highly variable growth of NPP in the
TRHR during the study period (Figure 6A), increasing from
about 210 g Cm 2 yr ' in 1989 t0 269 g Cm 2 yr ' in 2018 with a
total growth of 59 g C m™> yr™'. A significant increase in NPP was
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FIGURE 4 | Simulated and observed gross primary product (GPP) values at Damxung (A) and Haibei (B) sites.

observed during the study period with an estimated rate of change
of 1.09g Cm™ yr 2 in response to increasing air temperature
(0.06°C yr ') and precipitation (4.08 mm yr ).

As shown in Figure 6A, the interannual variation in NPP
across the region from 1981 to 2018 exhibited obvious inter-
phase changes. NPP increased rapidly in the first 15 years
(1989-2003), but decreased significantly in the next 15 years
after 2004. The TRHR has experienced increases in
temperature and precipitation over the past 30 years,
reflecting a “warming and wetting” trend from 1989 to
2003 (Figures 6B,C), with an annual increase in air
temperature and precipitation of 0.08°C per year and
5.73 mm per year, respectively. Increased precipitation and
temperature provide water and energy availability for
vegetation growth and survival. The green-up period of
vegetation was advanced and the wilting period was
delayed, which facilitated the accumulation of NPP. Over
the period of 2004-2018, a steady increase in temperature
and a concomitant decrease in precipitation were observed in
the TRHR, at rates of change of 0.03°C yr ' and -4.01 mm
yr~', respectively. Due to the continued decline in

precipitation, plants do not receive enough water, which
has adversely affected their photosynthesis and
accumulation of NPP.

A number of previous studies have also reported the mean
annual NPP in the TRHR based on different methods and data.
Han et al. (2018) estimated mean annual NPP in the TRHR based
on a statistical model to be 283.97 g Cm™ yr' from 1988 to
2012, which is slightly higher than our estimate (247.26 g C m™>
yrfl) for 1989-2012. Guo et al. (2013) even reported an extremely
high estimate for 1960-2011 in the same region using a climate
productivity model (Thornthwaite Memorial model), which is
570.35g Cgm™ yr . In contrast, Wang et al. (2009) reported a
mean annual NPP (143.17g Cm™> yr') for the period of
1988-2004 using an ecological model fed with satellite-based
GPP data, which is much lower than our estimate (231.72 gCm™>
yr ! for 1989-2004). Our simulation reveals an increase-then-
decrease trend of NPP in the TRHR, as also found in Zhang et al.
(2016). However, their study gave an overall increasing rate of
1.31 g C m~2 yr? using the process-based CASA model driven by
remote sensing and climate data, which was a little higher than
our result (1.09 g C m 2 yr2). The reasons for these discrepancies
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could be multifaceted, including the special treatment of freeze-
thaw dynamics in Noah-MP that is not present in other methods.

Changes of Net Primary Productivity in

Different Frozen Ground Zones

The simulation indicates a considerable reduction in permafrost
extent in the TRHR during the study period, declining from about
296 x 10°km” in 1989 to about 221 x 10°km” in 2018 with a
reduced total area of 75 x 10’km’. The trend of decreasing

permafrost area was clearly observed throughout the period,
with a change rate estimated at 2.87 x 10° km” yr™', in parallel
to the increasing in air temperature (0.06°C yr™'). Most of the
thawed permafrost was converted to SFG, leading to an increase
in SFG areas in the TRHR. The rate of change in SFG area was
estimated to be 2.17 x 10°km” per year, which is slightly lower
than the rate at which permafrost disappeared.

Spatially, permafrost has degraded extensively in the TRHR. In the
central portion of the Yangtze River headwaters area and south of the
Yellow River headwaters area, permafrost declined sharply during
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1989-2018 (Figure 7A). Permafrost also disappeared during the
period in the central portion of the Lancang River headwaters. Those
areas where permafrost disappeared consistently show the highest
increase in air temperature, resulting in attenuated thickness of
permafrost and disappearance of some of those that were already
thermally unstable. The loss of permafrost in the TRHR occurred
mostly in areas along major rivers.

Based on the distribution of frozen ground (Figure 7A) obtained
from the simulation, we estimated the inter-annual variability of NPP
by stratified frozen ground type, i.e., for the permafrost zone and the
SFG zone, respectively. Thawed permafrost areas were specifically
identified by contrasting the occurrence of permafrost in 2018 to that

in 1989. The mean annual NPP in the SFG zone was estimated as
299.7 g Cm™2 yr', significantly higher than in the permafrost zone
(1985g Cm > yr '). We found that the mean annual NPP in both
the permafrost zone and the SFG zone showed substantially
increasing trends during the study period in relation to climate
changes (Figures 6B,C). Unlike the magnitude of the mean
annual NPP, the rate of change in NPP in the permafrost zone
was estimated to be 1.43 g Cm ™ yr %, which is significantly greater
than the rate of change of NPP in the SFG zone (0.67 g C m > yr ). A
consistently remarkable reduction in NPP was observed in both the
permafrost and SFG zones in 2006, echoing the largest fall in
precipitation that year (Figure 6C).
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The spatial patterns of NPP change rate in the permafrost zone
and SFG zone were different, as shown in Figures 7B,C. In the
permafrost zone, NPP decreased primarily in the southern and
central TRHR and increased in the extensive northwestern TRHR.
The highest growth in NPP in the permafrost zone was observed in
the northwest parts of the Yellow River headwaters area and west of
the Yangtze River headwaters area. The growth of NPP occurred
primarily in regions that permafrost extensively distributes, while
NPP decreased in the areas that permafrost sporadically distributes.
In the SFG zone, the NPP decreased in the majority of the Lancang
River headwaters area and the southern parts of the Yellow River
headwaters area, while it mainly increased in the northeast of the
Yellow River headwaters area. The sharpest decreases in NPP in the
SFG area occurred in the northeast portion of the Lancang River
headwaters area. In the regions where permafrost degraded to SFG,
both increases and decreases in NPP were observed. Figures 7D,E
shows the significance of changes in NPP in the permafrost zone and
SFG zone based on the M-K trend test. It indicates that the rates of
change greater than 2 g C m > yr > and most negative rates of change
are significant regardless of frozen ground zone, except for rates of
change with modest increases (0-2g Cm™ yr?), which are
insignificant.

Implications for NPP Responses to
Permafrost Degradation

Permafrost forms and exists in a low temperature climate. These
climate conditions are mainly characterized by long, cold winters and
short, relatively dry, cool summer. Plant communities in the alpine
permafrost region are dominated by alpine vegetation types that
includes meadow, steppe, cold desert and subnival cushion plant.
Biomass in permafrost regions is low due to the combined influence
of rigid climatic conditions, and NPP accumulation is also impaired.
In the SFG zone, climate conditions are relatively better, there is
relatively abundant precipitation and moderate temperatures, and
vegetation is more diverse and abundant compared to the permafrost
zone. The biomass in the SFG zone is relatively high, and NPP can
increase more quickly. Therefore, the mean value of NPP in the SFG
zone is much higher than that in the permafrost zone. This is
consistent with the result of our simulation.

However, contrary to our general understanding, the simulation
shows that the rate of change in NPP in the present permafrost zone
is significantly greater than that in the SFG zone. Li et al. (2022)
calculated the temporal and spatial changes of NPP on the QTP using
the random forest and the Biome-BGC model and also found that the
NPP change rate in permafrost regions was higher than non-
permafrost regions, confirming the same finding from our
simulation. Since permafrost is very sensitive to climate change, a
small change in air temperature may result in considerable heat
disturbance in the ground. A rapid response of permafrost to climate
change has contributed to rapid growth of NPP in the permafrost
zone. Once the magnitude of climate change exceeds the threshold
that permafrost can withstand, permafrost will degrade. Permafrost
degradation can lead to changes in vegetation distribution as well as
ecosystem productivity.

Permafrost degradation exerts complicated impacts on
ecosystems. In areas where permafrost degradation has occurred,

NPP Dynamic in Frozen Ground

both increasing and decreasing changes in NPP have been observed
(Figures 7A,D). It is generally understood that permafrost
degradation causes the conversion of permafrost to SFG, ie., the
conversion from lower NPP to higher NPP. An increase in NPP was
observed in central parts of the Yangtze River headwaters area where
permafrost has degraded (Figure 7C). Climate warming directly
affects permafrost by increasing soil temperature. The increased
ground temperature creates better thermal conditions for
vegetation growth. The growth of plant root is no longer
restricted by the low temperature of permafrost, which promotes
the decomposition of organic matter and prolongs the growing
season of plants, which in turn increases the productivity of the
ecosystem (Euskirchen et al., 2006; Chen et al., 2012).

However, in many cases, the direction of NPP changes due to
permafrost degradation is the opposite (Figure 7D). For example,
in the southern parts of the Yellow River headwaters area, NPP
showed a decreasing trend in the areas where permafrost
degradation occurred (corresponding to the thawed permafrost
areas in Figure 7A). During the degradation, seasonal melt depth
increases and ground ice begins to melt. Soil moisture in the root
zone is no longer retained by the frozen soil, but instead
percolates and migrates downwards, ultimately leading to a
drop in both the soil moisture conditions and ground water
levels. Plant growth is inhibited by this reduced water availability,
leading to stunted roots and subsequently reduced ecosystem
productivity (Torre Jorgenson et al., 2013; Streletskiy et al., 2015).

In contrast to the Arctic and Antarctic regions, strong interactions
exist between the atmosphere, cryosphere, hydrosphere, and
biosphere in the TRHR (Bibi et al, 2018). Given limited
knowledge of biosphere’s response to climate change, further
modeling studies and long-term field observations are required to
understand phenological dynamics and response to climate change.
Although the Noah-MP model includes the basic carbon cycle
processes, biological community succession and human activities
are not included in the model. The simulation results were only a
manifestation of the fundamental changes in the natural cycle.
Further research needs to incorporate a range of external
processes into the model to more realistically simulate NPP
changes in this region.

CONCLUSION

Changes in NPP in the TRHR during 1989-2018, stratified by
frozen ground type, were simulated using the Noah-MP LSM
operating at a spatial resolution of 0.1° and a temporal resolution
of 3 h. Results were validated against available meteorological and
flux observations at two nearby sites. The following conclusions
can be drawn:

1) The validation demonstrated that Noah-MP is able to effectively
simulate the spatiotemporal variations of NPP in the TRHR. There
was good agreement between the simulation and observations at
two sites, with NSE and R values above 0.80 for both soil
temperature and soil moisture and above 0.75 for GPP.

2) During 1989-2018, NPP in the TRHR increased at a rate of
1.09 g Cm™2 yr 2. NPP increased rapidly in the first 15 years
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(1989-2003), but decreased significantly in the next 15 years
after 2004.

3) The mean annual NPP averaged in the SFG zone (299.7 g
C m™yr ') was much higher than that in the permafrost zone
(198.5g Cm 2 yr') during 1989-2018, but it was estimated
that NPP in the permafrost area increase at a rate of 1.43 g
C m™ yr?, which was much higher than the rate of change in
NPP in the SFG zone (0.67g Cm™> yr?). In areas where
permafrost degradation has occurred, both increasing and
decreasing changes in NPP have been observed.

Although modeling and validation efforts have been made, long-
term in-situ monitoring and comprehensive field investigations in the
TRHR are still required to validate the simulation results. This study
lays the foundation for further research on NPP response to
permafrost changes and its feedback in the future.
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