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Abstract As a critical region sensitive to global warming, the ecosystem dynamics of the Tibetan Plateau are regulated by the
interaction between the westerlies and monsoon circulation systems. Utilizing remote sensing observations, this study quantifies
the relative contributions of three climatic zones (monsoon, transition, and westerlies) to the evolution of gross primary
productivity (GPP) and identifies their respective climatic drivers. Results reveal that while the monsoon zone dominates the
plateau-wide GPP for the mean state (86.07%), long-term trend (69.84%), and interannual variability (81.80%), its relative
contributions to GPP changes (i.e., long-term trends and interannual variability) are proportionally lower than to the mean state.
Conversely, both the transition and westerlies zones exhibit proportionally higher contributions to GPP changes relative to their
mean-state contributions. Temperature is the primary driver of the long-term GPP increase across the Tibetan Plateau and its
subregions, though with a weaker contribution rate (57.26%) in the transition zone compared with the monsoon (77.88%) and
westerlies zones (71.35%). The interannual variability of GPP across both the entire plateau and its subregions is also dominated
by temperature, yet process-based ecosystem models fail to replicate this dominant temperature control. Our study elucidates
complex GPP-climate interactions under the westerlies-monsoon synergy, highlighting the imperative to improve model para-
meterization for accurately capturing interannual variability in alpine ecosystem dynamics.
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1. Introduction

Terrestrial ecosystems serve as a critical carbon sink, miti-
gating rising atmospheric CO2 through the balance between
gross primary production (GPP) and carbon release pro-
cesses (e.g., ecosystem respiration and wildfires). Over the
past decade, terrestrial carbon sequestration has offset ~29%
of anthropogenic carbon emissions annually (Friedlingstein
et al., 2022). As the foundation of the ecosystem carbon
cycle, GPP governs initial matter and energy inputs into

ecosystems. Even minor changes in GPP can significantly
alter carbon budgets (Yao et al., 2018) and trigger climate
feedbacks (Baldocchi et al., 2018). Consequently, accurately
assessing spatiotemporal dynamics of GPP and its driving
factors is crucial for informing climate change mitigation
strategies (Li et al., 2021).
The Tibetan Plateau (TP), known as the “Roof of the

World”, is the highest and most extensive highland in the
world. The climate system is governed by the westerlies and
Asian monsoon system, making it highly sensitive to global
climate change (Yao et al., 2012). The synergistic effects of
the westerlies and monsoon shape the unique ecological
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patterns of the TP through modulation of regional thermo-
dynamic and dynamic conditions. Based on the spatial het-
erogeneity of atmospheric circulation systems, Yao et al.
(2013) roughly divided the TP into three typical climatic
subregions along 30°N and 35°N: the westerlies, the mon-
soon, and the transition zones. The westerlies zone, primarily
regulated by the mid-latitude westerlies, features cold, arid
desert ecosystems with spatially uniform low GPP. In con-
trast, the monsoon zone receives abundant precipitation from
both South Asian (Maussion et al., 2014) and East Asian
monsoons (Zhang et al., 2017), sustaining dense vegetation
that dominates plateau-wide GPP. The transition zone ex-
hibits complex bioclimatic characteristics due to interactions
of these circulation systems. Notably, beyond the mean state,
GPP dynamics encompass two critical temporal dimensions:
long-term trend and interannual variability (IAV). Long-term
trends reflect the integrated effects of all forcings over ex-
tended periods, while interannual variability primarily
characterizes year-to-year variations driven by climate
fluctuations (Yao et al., 2018). However, regional contribu-
tions of these climatic zones to the long-term trends and
interannual variability of plateau-wide GPP remain un-
quantified, hindering the advancement theoretical frame-
work for the carbon cycle in high-altitude ecosystems.
The TP has experienced accelerated warming in recent

decades, with trends exceeding the global mean (You et al.,
2021). Concurrently, precipitation patterns across TP have
shown pronounced regional differences (Li et al., 2021; Liu
et al., 2021). As primary regulators of TP GPP, temperature
and precipitation modulate physiological and biogeochem-
ical processes (Yao et al., 2018; Wu et al., 2021; Shi et al.,
2023). Rapid warming generally enhances GPP through
extended growing seasons (Zhang H et al., 2018) and en-
hanced vegetation greening (Luo et al., 2020; Wang et al.,
2021), yet may induce stress in warm-humid regions through
such as increased vapor pressure deficit (VPD) (Piao et al.,
2019; Chen et al., 2020). Similarly, while precipitation al-
leviates drought, it can suppress growth through reduced
solar radiation and intensified soil erosion (Liu et al., 2018).
It is therefore imperative to assess differences in tempera-
ture-precipitation controls on long-term trends and inter-
annual variability of GPP in the TP. Crucially, under the
unique westerly-monsoon synergy shaping distinct climatic
zones, whether dominant climatic drivers of GPP diverge
across these subregions remains unclear.
To address these issues, this study aims to: (1) quantify the

relative regional contributions of the monsoon, transition,
and westerlies zones to Tibetan Plateau-wide (TP-wide) GPP
long-term trend and IAV; (2) identify the dominant climatic
drivers of GPP trends and IAV across the TP; (3) compare
differences in the primary drivers of GPP changes among
distinct climatic subregions. Achieving these objectives will
clarify climatic controls of TP GPP across temporal scales

under westerlies and monsoon synergy, providing a scientific
basis for ecological management and sustainable develop-
ment goal (SDG) achievement.

2. Data and methods

2.1 Study area and climatic zones

The TP boundary follows Zhang Y L et al. (2021),
determined by geomorphological and geological evolution
criteria. The TP spans 25°59′30″N–40°01′00″N and
67°40′37″E–104°40′57″E, extending across multiple coun-
tries/regions including China. Climatic zones were deli-
neated according to Huang et al. (2023): regions north of the
northernmost limit of interannual fluctuation of 300 mm
annual precipitation isoline were classified as the westerlies
zone; regions south of the southernmost limit were desig-
nated the monsoon zone; and the transition zone was defined
as the belt between these limits.

2.2 Data

The GLASS (global land surface satellite) GPP product is
derived from a revised eddy covariance-light use efficiency
(EC-LUE) model, which integrates the effects of atmo-
spheric CO2 concentration, direct and diffuse radiation, and
VPD on GPP (Zheng et al., 2020). Generally, the GLASS
product could effectively capture the spatial, seasonal, and
interannual variations of GPP and has been widely applied to
evaluate GPP dynamics across multiple spatiotemporal
scales (Liang et al., 2023). To assess the robustness of our
findings, we additionally employed an alternative GIMMS
(global inventory modeling and mapping studies) GPP pro-
duct. This dataset is based on an optimized LUE model that
integrates flux tower observations, GIMMS3g canopy pho-
tosynthetically active radiation (PAR), and meteorological
data (Madani et al., 2017).
To evaluate terrestrial ecosystem models’ capability in

reproducing regional contributions and dominant climatic
drivers of long-term trend and IAVof GPP across the TP, we
utilized gridded GPP estimates from 16 dynamic global ve-
getation models (DGVMs) participating in the TRENDY-
v11 (trends in net land atmosphere carbon exchange) project.
These models include: CABLE-POP, CLASSIC, CLM5.0,
IBIS, ISAM, ISBA-CTRIP, JSBACH, JULES, LPJwsl,
LPX-Bern, OCN, ORCHIDEE, SDGVM, VISIT, VISIT-
NIES, and YIBs. Each DGVM performed four simulation
experiments (S0, S1, S2, S3). The simulation S3, which was
forced by time-varying atmospheric CO2 concentration, ni-
trogen deposition, climate change, and land use/cover (Zhu
et al., 2016), was selected for subsequent analyses in this
study.
Temperature and precipitation data were obtained from the
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CRU JRAv2.5 dataset, which combines reanalysis data from
Japanese Meteorological Agency with adjustment to align
with the CRU TS 4.08 data as possible (Harris et al., 2020).
To facilitate cross-dataset analysis, all datasets were re-
gridded to a uniform 0.1°×0.1° resolution. Annual data were
derived for the period 1982–2018.

2.3 Methods

2.3.1 Regional contribution
Contributions of the monsoon, transition, and westerlies
zones to TP-wide mean-state GPP are defined as the ratio of
the multi-year mean GPP within each subregion to mean
GPP across the entire TP. Long-term trend of GPP were
estimated via univariate linear regression using least-
squares. Contribution of each subregion to TP-wide GPP
trend is expressed as the ratio of its subregional GPP trend to
the TP-wide GPP trend. Relative contribution to GPP IAV
were quantified following Ahlström et al. (2015):

f
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where xjt is the GPP anomaly for subregion j at time t (re-
lative to its long-term trend), Xt is the TP-wide GPP anomaly

at time t, calculated as x
j jt, Xt is the absolute magnitude

of the TP-wide GPP anomaly, serving as the weighting
factor, and f j denotes the relative contribution of subregion j
to TP-wide GPP IAV. Subregion with higher positive value
of f j indicates stronger contributions to TP-wide IAV.

2.3.2 Climate attribution
Contribution of climate factor (temperature or precipitation)
to the GPP trend was calculated as the product of the ob-
served trend in each variable and its corresponding regres-
sion coefficient derived from the multiple linear regression
model (eq. (2)):

GPP b Tas b Pre b= × + × + , (2)1 2 0

where Tas is the annual mean temperature, Pre is the annual
precipitation, b1 and b 2 are the regression coefficients esti-
mated via least-squares regression, representing the sensi-
tivity of GPP to temperature and precipitation, respectively.
Uncertainty in contribution estimates of each climatic vari-
able was quantified using the 95% confidence interval of its
respective regression coefficient.
To examine the relative importance of temperature and

precipitation in driving GPP IAV, we employed a percentile-
based approach (Liu et al., 2020), which isolates the in-
dividual effects of climatic drivers by leveraging their re-
lative decoupling within specific bins. Prior to analysis, all
variables were linearly detrended and standardized via

z-score transformation (i.e., mean-centered and scaled by
their standard deviations), ensuring dimensionless compar-
ability across grid cells or subregions. We sort temperature
and precipitation into 10 bins (0%–10%, 10%–20%, ...,
90%–100%) according to the thresholds at the 10th, 20th, ...,
90th percentiles. Within each precipitation bin (i=1, 2, …,
10), temperature was further resorted. The effect of tem-
perature on GPP (ΔGPP(Tas|Pre)) was then quantified as the
difference in GPP between the highest and lowest tempera-
ture bin in each precipitation bin as follows (eq. (3)):

GPP Tas Pre I GPP GPP( | ) = 1 , (3)
i

I

=1
i n i n, ,i i, max , min

where I is the number of precipitation bins, i denotes the
specific precipitation bin, ni,max and ni,min are the maximum
and minimum temperature bin numbers at precipitation bin i,
respectively, and GPPi n, i ,max

and GPPi n, i ,min
are the average

GPP for the highest and lowest temperature bin within pre-
cipitation bin i. Similarly, the effect of precipitation on GPP
(ΔGPP(Pre|Tas)) was computed as the GPP difference be-
tween the highest and lowest precipitation bin within each
temperature bin (eq. (4))

GPP Pre Tas J GPP GPP( | ) = 1 , (4)
i

J

j n j n
=1
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where J is the number of temperature bin, j denotes the
specific temperature bin, and GPPj n, j,max

and GPPj n, j,min
are

the average GPP for the highest and lowest precipitation bin
in temperature bin j. Only bins containing at least 10 data
points were included in the analysis to ensure robustness.

3. Results

3.1 Regional contributions to long-term trend and in-
terannual variability of GPP across the Tibetan Plateau

Based on the GLASS dataset, the mean annual GPP across
the TP was 1012.91 Tg C a−1 from 1982 to 2018. Spatially,
GPP exhibited pronounced heterogeneity, characterized by a
distinct southeast-to-northwest decreasing gradient (Figure
1a). The southeastern monsoon zone, benefiting from fa-
vorable hydrothermal conditions, displayed the highest GPP
values (>1400 g C m−2). Notably, another high-GPP region
occurred along the southwestern frontier (Appendix Figure
S1), where forest cover prevails. Conversely, the westerlies
zone in the northern TP, dominated by alpine desert, showed
the lowest GPP (<150 g C m−2). When partitioning TP-wide
GPP among the subregions, we found that the monsoon zone
contributed the largest proportion of annual GPP (86.07%,
871.85 Tg C a−1) during 1982–2018, followed by the tran-
sition zone (10.04%, 101.71 Tg C a−1), while the westerlies zone
accounted for the smallest proportion (3.89%, 39.35 Tg C a−1)
(Figure 2).
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Annual GPP across the TP increased significantly at 7.32
Tg C a−2 (p<0.01) during the study period (Figure 1b). Al-
though the monsoon zone dominated the positive TP-wide
trend (69.84%, 5.11 Tg C a−2), its relative contribution was
16.23% lower than its proportion to the mean-state GPP. In
contrast, both the transition (22.88%) and the westerlies zone
(7.28%) exhibited increased contributions to the GPP trend
relative to their mean-state proportions (Figure 2).
Using eq. (1), we quantified each subregional contribution

to TP-wide GPP IAV. Unlike standard deviation—which
measures absolute variability of GPP within subregions—
this metric assesses the relative importance of each sub-
region in governing the IAV of the TP-wide GPP. Results
indicate that the monsoon zone dominated TP-wide GPP IAV
(81.80%), followed by the transition zone (14.17%) and
westerlies zone (4.03%) (Figure 2). Notably, both transition
and westerlies zones contributed more to TP-wide GPP IAV
relative to mean-state GPP, with increases of 4.13% and
0.14%, respectively.

3.2 Relative contribution of temperature and pre-
cipitation on long-term GPP trends across the Tibetan
Plateau and its subregions

During 1982–2018, the annual mean temperature over the TP

exhibited a significant increasing trend, with warming rates
exceeding 0.2°C (10 a)−1 across most areas. Precipitation
increased overall, with the strongest increase occurring in the
transition zone; however, parts of the monsoon and wester-
lies zones showed decreasing trends (Appendix Figure S2).
The relative contributions of temperature and precipitation to
GPP trends were determined by their respective GPP sensi-
tivities and temporal trends. At the grid scale, temperature
dominated GPP trends in >90% of areas. Although its con-
tribution was relatively lower in the transition zone than in
other subregions, it remained the dominant driver there
(Figure 3a). Regionally, the significant TP-wide GPP in-
crease was primarily driven by rising annual mean tem-
perature, accounting for 80.29%±15.77% of the trend
(Figure 3b). In the monsoon zone, temperature contributed
77.88%±15.93% to the GPP trend (5.11 Tg C a−2). Tem-
perature dominates GPP trends here because summer max-
imum temperatures remain below the 13°C optimum for
vegetation productivity (Huang et al., 2019), making it the
primary constraint on long-term growth. Similarly, tem-
perature dominated GPP increases in the transition (57.26%
±19.24%) and westerlies zone (71.35%±22.73%). Pre-
cipitation played a negligible role in the monsoon zone
(~0%) but had greater importance in the transition (9.53%
±12.75%) and westerlies zones (6.70%±13.74%), reflecting
stronger moisture limitation in these arid regions.

3.3 Relative importance of temperature and pre-
cipitation on interannual variability of GPP across the
Tibetan Plateau and its subregions

We analyzed the relative importance of temperature and
precipitation in driving GPP IAV using a percentile-based
binning approach. Within fixed precipitation bins, higher
temperatures enhance GPP across the TP, whereas GPP
showed negligible responsiveness to increasing precipitation
within fixed temperature bins (Figure 4b). Consistently, the
temperature effect (ΔGPP(Tas|Pre)) averaged 0.46 standard
deviation (SD), significantly exceeding the precipitation ef-
fect (ΔGPP(Pre|Tas)=0.01 SD) (Figure 4c), establishing

Figure 1 Spatial pattern and interannual trends of GPP across the Tibetan Plateau during 1982–2018. (a) Spatial distribution of multi-year mean GPP. Blue
lines delineate boundaries of climatic subregions defined by the 300 mm annual precipitation isoline. (b) Time series of annual total GPP for the entire
Tibetan Plateau, and the monsoon, transition, and westerlies zones.

Figure 2 Relative contributions of the monsoon, transition, and wester-
lies zones to the mean state, long-term trend, and interannual variability
(IAV) of plateau-wide GPP.
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temperature as the dominant TP-wide driver.
In the monsoon zone, GPP increased with temperature

within fixed precipitation bins (Figure 5a), with
ΔGPP(Tas|Pre) averaging 0.63 SD (Figure 5c). Conversely,
precipitation exerted minimal influence on GPP
(ΔGPP(Pre|Tas)=−0.03 SD; Figure 5b). Given this re-
gion’s dominant contribution (81.80%) to TP-wide GPP IAV
(Figure 2), its temperature-driven variability explains the
observed plateau-wide thermal control. Notably, precipita-
tion suppressed GPP IAV at high temperature quantiles
(90th–100th percentiles; Figure 5b), likely due to radiation
limitation on photosynthesis under increased precipitation
(Xiong et al., 2021).
In the transition zone, GPP responded positively to both

drivers (Figure 6a, 6b), but temperature dominance persisted

(ΔGPP(Tas|Pre)=0.30 SD vs. ΔGPP(Pre|Tas)=0.13 SD;
Figure 6c). However, precipitation’s relative importance was
amplified compared with the monsoon zone, despite re-
maining secondary to temperature. This shift reflects con-
strained water availability in these drier conditions, resulting
in greater vegetation sensitivity to moisture variations.
For the westerlies zone, GPP generally increased with

rising temperature within precipitation bins (mean
ΔGPP(Tas|Pre)=0.30 SD; Figure 7a, 7c), indicating thermal
dominance due to physiological constraints imposed by
high-altitude cooling. Conversely, precipitation exerted
weak overall effects, even with GPP declining beyond the
80th percentile (Figure 7b). This suppression may be at-
tributed to the prevalence of alpine desert (Appendix Figure
S1), where the shallow-rooted Ceratoides compacta dom-

Figure 3 Relative contributions of temperature to the long-term GPP trend at (a) grid and (b) subregional scales. Stippled areas in (a) denote grids where
temperature is the dominant driver of GPP trends. Error bars in (b) indicate 90% confidence intervals.

Figure 4 Relative importance of temperature and precipitation to GPP interannual variability across the entire Tibetan Plateau. (a) GPP response to
temperature variability binned by precipitation percentiles. (b) GPP response to precipitation variability binned by temperature percentiles. (c) Distributions
of ΔGPP(Tas|Pre) and ΔGPP(Pre|Tas). Asterisks (*) denote the corresponding mean values across all bins.
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inates (Zhao et al., 2017). When precipitation exceeds a
certain threshold, excessive moisture can exacerbate soil
anoxia, amplify erosion-driven nutrient loss, and reduce soil
organic matter, collectively limiting photosynthesis and de-
pressing GPP (Peng et al., 2024).

4. Discussion and conclusions

Quantitative assessment based on the GLASS dataset de-
monstrates that the monsoon zone contributed 86.07%,
69.84%, and 81.80% to the mean-state, long-term trend, and

Figure 5 Relative importance of temperature and precipitation to GPP interannual variability in the monsoon zone. (a) GPP response to temperature
variability binned by precipitation percentiles. (b) GPP response to precipitation variability binned by temperature percentiles. (c) Distributions of ΔGPP(Tas|Pre)
and ΔGPP(Pre|Tas). Asterisks (*) denote the corresponding mean values across all bins.

Figure 6 Relative importance of temperature and precipitation to GPP interannual variability in the transition zone. (a) GPP response to temperature
variability binned by precipitation percentiles. (b) GPP response to precipitation variability binned by temperature percentiles. (c) Distributions of ΔGPP(Tas|Pre)
and ΔGPP(Pre|Tas). Asterisks (*) denote the corresponding mean values across all bins.
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IAV of the TP-wide GPP, respectively. Corresponding con-
tributions from the transition zone were 10.04%, 22.88%,
and 14.17%, while the westerlies zone accounted for 3.89%,
7.28%, and 4.03% (Figure 2). Although the monsoon zone
dominated TP-wide GPP dynamics across temporal scales,
its proportional contributions to long-term trends and IAV
were lower than to the mean state, highlighting non-negli-
gible roles of the transition and westerlies zones in temporal
GPP evolution of TP. To evaluate the robustness of these
findings, we performed a comparative analysis using the
GIMMS dataset (1982–2016). Results revealed consistent
spatial divergence patterns across datasets: both the transi-
tion and westerlies zones exhibited larger contributions to the
long-term trend and IAV than to the mean-state, whereas the
monsoon zone showed reduced proportions (Appendix Fig-
ure S3). Multi-model ensemble mean from TRENDY was
further validated these conclusions (Figure 8). However,
inter-model discrepancies existed due to differences in
model structures and parameterization schemes. For ex-
ample, IBIS, JULES, and ORCHIDEE simulated higher
monsoon zone contributions to the GPP trend than to the
mean state. JSBACH indicated a greater monsoon zone
contribution to GPP IAV compared to the mean state, but
lower contributions to the long-term trend.
Long-term vegetation dynamics under climate change in-

volve complex processes, particularly for sensitive and fra-
gile ecosystems such as the TP. Based on the GLASS dataset,
significant GPP increase across the monsoon, transition, and
westerlies zones during 1982–2018 were predominantly

driven by temperature, accounting for 77.88%±15.93%,
57.26%±19.24%, and 71.35%±22.73% of these trends, re-
spectively. The findings were further corroborated by ana-
lyses using GIMMS (Appendix Figure S4) and TRENDY
(Figure 9) datasets. Notably, studies utilizing vegetation in-
dices (e.g., greenness) as response variables identified annual
precipitation as the primary driver of vegetation changes
(Chang et al., 2023). This apparent contradiction likely re-
sults from the decoupling GPP dynamics from greenness
indices (e.g., LAI) across the TP, modulated by spatial het-
erogeneity in water availability, vegetation structure, and
canopy density (An et al., 2024).
This study demonstrates that temperature dominates TP-

wide GPP IAV, consistent with documented heightened
temperature sensitivity of plateau vegetation photosynthesis
(Zeng and Yang, 2008; Zhang Q et al., 2018; Zhang X et al.,
2021). When focusing on subregions, temperature controls
GPP IAV in the monsoon zone where widespread rainfall—
transported by summer monsoon moisture from the Bay of
Bengal and Arabian Sea—effectively eliminates water
stress. In these energy-limited ecosystems, moderate warm-
ing enhances Rubisco activity and extends the growing
season, while concomitant increased light availability further
promotes photosynthetic efficiency, jointly boosting GPP.
Precipitation exerted minimal influence on GPP IAV in the
monsoon zone. Eddy covariance-based studies corroborate
the absence of a significant precipitation-GPP relationship in
alpine meadows (Guo et al., 2015). Notably, even a slight
negative contribution of precipitation to GPP IAV can be

Figure 7 Relative importance of temperature and precipitation to GPP interannual variability in the westerlies zone. (a) GPP response to temperature
variability binned by precipitation percentiles. (b) GPP response to precipitation variability binned by temperature percentiles. (c) Distributions of ΔGPP(Tas|Pre)
and ΔGPP(Pre|Tas). Asterisks (*) denote the corresponding mean values across all bins.
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found in the higher temperature bins. This suppression is
likely attributable to radiation limitation under cloudy con-
ditions and impaired soil oxygen diffusion associated with
increased precipitation. In the transition and westerlies zone,
temperature persists as the primary driver of GPP IAV,
contrasting with some studies emphasizing precipitation
dominance in semi-arid/arid climate zones (Hu et al., 2023).
Although precipitation’s relative contribution increased in
the transition zone relative to the monsoon, it did not surpass
thermal dominance. In the westerlies region, chronically low
temperatures (Zeng and Yang, 2008) impose fundamental

physiological constraints on vegetation growth. Critically,
GIMMS-based analysis confirms pervasive temperature
control of GPP IAVacross all subregions (Appendix Figures
S5–S8).
In contrast to satellite-derived observations, the TRENDY

multi-model ensemble mean indicates precipitation-domi-
nated GPP IAV across all subregions (Figure 10), with the
strongest precipitation control observed in the transition
zone. The failure of process-based terrestrial ecosystem
models to reproduce observed climate-GPP IAV relation-
ships may stem from the following limitations: First, current
models inadequately represent permafrost-vegetation cou-
pling mechanisms. Approximately 41%–64% of the TP is
underlain by permafrost (Peng et al., 2023), where freeze-
thaw cycles exert complex trade-offs on vegetation dy-
namics. Initial degradation may enhance vegetation pro-
ductivity by improving soil moisture and nutrient availability
(Shi et al., 2023), whereas sustained degradation disrupts soil
hydrology, accelerating drainage and evaporation that de-
siccate surface soils and trigger degradation of shallow-
rooted vegetation (Wang and Liu, 2022; Zhu et al., 2022).
Nevertheless, the absence of explicit representations of ve-
getation responses to permafrost dynamics in the ecosystem
models severely limits their applicability for simulating the
TP carbon cycle (McGuire et al., 2018). Second, the lack of
plateau-specific parameter values undermines model per-
formance. Ecosystem models require spatially calibrated
parameters to capture ecological heterogeneity, yet extreme
conditions on the TP restrict the availability of ground va-
lidation data—primarily from low-elevation sites—which
impairs model upscaling to high-altitude zones and in-
troduces systematic biases (Ma et al., 2018). For instance,
vegetation adapts to low CO2 partial pressure at high ele-
vations through increased Vcmax (Fan et al., 2011). Simi-
larly, parameters in empirical stomatal models (e.g., Ball-
Berry) exhibit elevation-dependent variations due to their
tight coupling with temperature and moisture deficit (Körner
et al., 1986; Lin et al., 2015). Particularly on the TP, spatial

Figure 8 TRENDY-based relative contributions of climatic subregions
(the monsoon, transition, and westerlies zones) to plateau-wide GPP
characteristics based on TRENDY-v11 models: (left) mean state, (middle)
long-term trend, (right) interannual variability. Boxes show 5th–95th per-
centiles of 16 models. Black dots represent multi-model ensemble means.

Figure 9 TRENDY-based relative contributions of temperature and pre-
cipitation to the long-term GPP trend across the entire Tibetan Plateau and
the monsoon, transition, and westerlies zones. Boxes show 90% confidence
intervals. Black dots indicate multi-model ensemble means.

Figure 10 Distributions of ΔGPP(Tas|Pre) and ΔGPP(Pre|Tas) across the entire Tibetan Plateau, and the monsoon, westerlies, and transition zones derived
from multi-model ensemble means of TRENDY. Asterisks (*) denote the corresponding mean values across all bins.
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heterogeneity persists in parameters even within the same
vegetation type (Ma et al., 2025). Furthermore, models in-
corporating carbon-nitrogen interactions and atmospheric
nitrogen deposition generally exhibit improved performance.
Although most terrestrial ecosystem models in the TRENDY
project include these mechanisms (Friedlingstein et al.,
2022), inadequate representation of processes—particularly
the regulation of nitrogen limitation strength on carbon up-
take—constitutes a source of simulation bias (Zaehle et al.,
2014).
This study focused on the impacts of two typical climatic

factors, temperature and precipitation, on vegetation pro-
ductivity across the TP. It should be noted that the regulatory
effects of other factors on GPP—such as CO2 (Luo et al.,
2020), radiation (Wei et al., 2022), nitrogen deposition (Chen
et al., 2022), and human activities (Xiong et al., 2021)—were
not considered in the current research scope. Furthermore,
our analysis centered on annual-scale meteorological vari-
ables to identify the dominant drivers of GPP IAV. However,
emerging evidence suggests that interannual fluctuations in
vegetation GPP may correlate more strongly with meteor-
ological changes during specific periods. That is, seasonal
variations in climatic drivers are more important for GPP
IAV than variations in annual climate conditions, potentially
serving as more significant determinants (Baldocchi et al.,
2018). Therefore, future studies urgently need to integrate
climatic factors at higher temporal resolutions and in-
corporate a broader range of environmental variables to ad-
vance our mechanistic understanding of carbon cycle
processes within the TP ecosystem.
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