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Vegetation browning patterns under
compound soil and atmospheric dryness in
northern permafrost ecosystems

Mousong Wu 1 , Oliver Sonnentag 2 , Mark J. Lara 3,4, Youhua Ran 5 ,
HansW.Chen 6,Wenxin Zhang7,8, PhilippeCiais 9, Bo Elberling 10, Xin Li 11,
Anping Chen 12, Songhan Wang 13, Yonghong Yi 14, Changhui Peng 15,16 &
Deliang Chen 17,18

Significant changes in vegetation greenness andbrowning havebeenobserved
across the northern permafrost zone, with important implications for eco-
system functioning and carbon uptake. While recent research has improved
our understandingof thedrivers of greening, theprocesses behindbrowning –

especially the low-stature shrubs and herbaceous vegetation, which is more
directly exposed to soil and atmospheric moisture deficits – remain less clear.
To characterize browning patterns, we integrate multiple remote sensing
datasets – including normalized difference vegetation index (NDVI), solar-
induced chlorophyll fluorescence (SIF), and foliar chlorophyll concentration
(FCC) – with gross primary productivity (GPP) simulations from CMIP6 Earth
system models (ESM). We identify significant browning trends (−0.033 to −
0.025 decade-1, from MODIS NDVI) from 2001 to 2018, affecting approxi-
mately 20 % (~600,000 km2) of the study region. Browning is primarily
modulated by compound soil and atmospheric dryness, reflected by declining
soil moisture concurrent with increasing vapor pressure deficit. We further
show that regional warming and changes in precipitation, together with
permafrost-related constraints on infiltration and storage, modulate the spa-
tial heterogeneity of compound dryness. CMIP6 projections suggest that
compound dryness is likely to persist or intensify in permafrost ecosystems,
implying continued risk of productivity loss, especially when combined with
pulse disturbances such as wildfires.

In situ and remote sensing observations have revealed widespread
vegetation ‘greening’ (i.e., increased vegetation productivity and/or
biomass) alongside ‘browning’ (i.e., decreased vegetation pro-
ductivity and/or biomass) across Arctic-boreal regions of Eurasia,
North America, and the Tibetan Plateau under recent warming1–3.
Much of this vast domain overlies permafrost (ground remaining
frozen for at least two consecutive years)4, where climate warming
and increasingly frequent, intense pulse disturbances (e.g. wildfire)

are accelerating permafrost thaw and degradation5,6. These changes
have altered soil moisture and thermal regimes and can propagate
through the soil-plant-atmosphere continuum, altering plant water
stress, energy balance, and carbon uptake7,8. Because the permafrost
region stores large carbon pools, uncertainty in how vegetation will
respond to continued warming and disturbance directly translates
into uncertainty in the net carbon balance of the permafrost zone
and the strength of permafrost-carbon feedbacks9.
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Numerous studies have examined mechanisms linking warming
to changes in vegetation productivity and biomass across permafrost
landscapes. Permafrost warming and thaw, along with earlier snow-
melt, can lengthen the growing season and enhance plant-available
energy, moisture, and nutrients, promoting photosynthesis and
growth10. However, warming can also intensify evaporative demand
and, together with reductions in late-winter snow water equivalent,
reduce water availability during the growing season, suppressing
productivity11,12. In parallel, pulse disturbances – including wildfires13,
abrupt thaw and thermokarst formation14, and extreme weather
events15– can causeabrupt losses of vegetation biomass andpersistent
shifts in ecosystem functioning. Despite these advances, direct
observational attribution of browning drivers remains limited and
spatially uneven (e.g., concentrated in a small number of sites in Alaska
and Siberia)2,16,17. Site-based evidence increasingly pointed to the joint
role of soil moisture deficits and atmospheric dryness in triggering
browning18,19, yet how these interacting stressors scale to regional
patterns across the permafrost zone remains poorly quantified.

Emerging remote sensing and in situ studies suggest that
warming-induced soil drying and atmospheric moisture demand
constrain plant growth, leading to stress, damage, ormortality that can
manifest as widespread browning20–22. Much of the existing literature
has focused on forests, emphasizing hydraulic strategies across spe-
cies, canopy-understory buffering, and management and disturbance
effects21. By contrast, the moisture-stress response of low-stature
vegetation – shrubs and herbaceous plants – remains comparatively
underexplored, despite their dominance across large fractions of the
northern permafrost zone23. Over the past two decades, hydroclimatic
variability and extremes have intensified in many high-latitude and
high-elevation regions2,19,24, potentially increasing exposure of low-
stature plants to water limitation. Their shallow rooting systems and
close coupling to near-surface microclimate make them especially
vulnerable to compound soil and atmospheric dryness,where reduced
root-zone soil moisture coincides with high vapor pressure deficit
(VPD)18,19. Physiologically, soil moisture deficits can trigger stomatal
regulation that reduces transpiration cooling and alters leaf-air
humidity gradients, while high VPD increases atmospheric demand;
together, these processes can amplify water stress and suppress car-
bon uptake22,25. Yet the extent to which compound dryness explains
observed browning patterns across northern permafrost zone – and
how its impact varies with regional climate background, permafrost
and soil properties, surface water, vegetation characteristics, and dis-
turbance history – remains unresolved.

Regional changes in vegetationproductivity canbe assessedusing
satellite indicators such as the normalized difference vegetation index
(NDVI)26, solar-induced chlorophyll fluorescence (SIF)27, and foliar
chlorophyll concentration (FCC)28. The expanding availability of long-
term, high-quality satellite observations together with climate reana-
lysis products has provided an opportunity to diagnose broad-scale
constraints on vegetation changes and to separate climatic from
environmental and disturbance influences29. Here, we quantify spatial
patterns of vegetation browning across permafrost regions in Eurasia,
North America, and the Tibetan Plateau using multiple datasets for
2001 – 2018, focusing on low-stature shrubs and herbaceous vegeta-
tion. We test the hypothesis that browning is primarily modulated by
compound soil and atmospheric dryness, and we diagnose the co-
occurrenceof soilmoisture deficits and atmospheric dryness using the
interannual correlation between mean growing-season root-zone soil
moisture (RSM) and VPD, where more negative values indicate stron-
ger concurrence of low RSM with high VPD. We further hypothesize
that the strength of this relationship is modulated by regional controls
– including climate, vegetation, soil/permafrost conditions, surface
water, and wildfires – because these factors shape both plant-
accessible water and atmospheric demand. We firstly identify brown-
ing using multiple satellite-derived datasets and benchmark patterns

against Earth system model (ESM) simulations from the Coupled
Model Intercomparison Project Phase 6 (CMIP6)30. We then evaluate
relationships between compound dryness and browning across per-
mafrost regions and assess the sensitivity of compound dryness to
potential climatic, environmental, and disturbance controls. Finally,
using CMIP6 projections under multiple shared socioeconomic path-
ways (SSPs)30, we assesshow futurechanges in compounddrynessmay
influence vegetation productivity across permafrost ecosystems.

Results
Greening and browning across northern permafrost regions
The three major permafrost regions of the Northern Hemisphere span
broad latitudinal and elevational gradients, encompass diverse cli-
matic conditions, and aredominatedby low-stature vegetation (Fig. S1;
Suppl. Text S3). We delineated these regions by geography as: the
Arctic-boreal region of Eurasia (EA), the Arctic-boreal region of North
America (NA), and theTibetan Plateau (TP) (Fig. 1a). UsingMODISNDVI
(MCD43A4), we detected a significant (P <0.05) increase in mean
growing-season NDVI (NDVIgs) across the northern permafrost zone,
consistent with widespread greening. Over 2001–2018, NDVIgs
increased by 0.021 ± 0.027 decade−1 (median ± 1 SD) in EA,
0.024 ±0.022 decade−1 in NA, and 0.014 ±0.021 decade−1 on the TP.

Despite the overall greening, browning remained a prominent
feature within areas exhibiting significant NDVIgs trends. Among grid
cells with significant NDVIgs trends, 21 % in EA, 8 % in NA, and 18 % on
the TP showed significant declines in NDVIgs (Suppl. Text S4; Fig. 1a).
These browning grid cells exhibited median (± 1 SD) NDVIgs trends of
−0.033 ± 0.025 decade−1 in EA, −0.025 ±0.012 decade−1 in NA, and
−0.033 ± 0.014 decade−1 on the TP. In terms of area, browning spanned
4.30 × 105km2 in EA, 1.81 × 105km2 in NA, and 1.34 × 104km2 on the TP.
Spatially, browning was concentrated in cold-humid zones of EA and
NA, and in warm, semi-arid zones of the TP (Figure S1).

These patterns were supported by multiple remote sensing pro-
ducts (Table S1), which yielded broadly consistent estimates of
browning among grid cells with significant trends (P < 0.05) in vege-
tation indices: 25 ± 8% (EA), 23 ± 9% (NA), and 18 ± 11% (TP) of the
permafrost zone (Fig. 1b). In contrast, CMIP6 Earth systemmodels (14
ESMs) showed substantial inter-model spread in their ability to
reproduce the observed spatial distribution of greening and browning
(Fig. S4; Table S3). While the multi-model ensemble produced
browning percentages comparable to satellite products, simulated
mean growing-season GPP (GPPgs) indicated smaller – and in some
regions statistically insignificant – browning percentages: 19 ± 15% in
EA, 17 ± 23% in NA, and 1 ± 13% on the TP for 2000–2014 (Fig. 1b;
Table S2; Suppl. Text S4). Several models simulated little to no
browningpercentages overNAand theTP, highlighting limitations and
structural differences among ESMs in representing permafrost vege-
tation responses.

Compound soil and atmospheric dryness modulates browning
The co-variability between root-zone soil moisture and vapor pressure
deficit provides a useful diagnostic of land-atmosphere hydroclimatic
interactions21,22,31. Here we quantified this co-variability as the Pearson
correlation r(RSMgs, VPDgs) as mean growing-season conditions.
Negative values indicate that years with higher atmospheric moisture
demand (higher VPDgs) tend to coincide with lower soil moisture
(lower RSMgs), consistent with compound soil and atmospheric dry-
ness. Across browning areas, r(RSMgs, VPDgs) was negative in 87–95%
of grid cells, and 41 % of grid cells showed significantly negative co-
variability (P < 0.05; r < −0.5) (Fig. 2a). Consistent with this diagnostic,
98%, 98%, and 70% of browning areas in EA, NA, and the TP, respec-
tively, experienced both decreasing RSMgs and increasing VPDgs

(Fig. 2b; Fig. S7).
We further found a significant relationship (r = −0.35, P < 0.001)

between r(NDVIgs, VPDgs) and r(NDVIgs,RSMgs) (Fig. 2c; Fig. S8),
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indicating that years inwhich vegetation greenness ismore sensitive to
atmospheric dryness also tend to be those in which it ismore sensitive
to soil moisture deficits. To reveal how compound dryness maps onto
productivity anomalies, we binned standardized anomalies of NDVIgs
by corresponding anomalies of VPDgs and RSMgs (Fig. 2d–f; Fig. S6). In
EA, NDVIgs tended to be higher under higher RSMgs while its rela-
tionship with VPDgs was weaker and spatially heterogeneous (Fig. 2d).
In NA, browning areas showed a stronger dependence of NDVIgs on
RSMgs, with consistently lower NDVIgs under lower soil moisture
regardless of VPDgs (Fig. 2e). On the TP, lower NDVIgs decreased under
the combined influence of lower RSMgs and higher VPDgs, consistent
with concurrent soil and atmospheric moisture constraints (Fig. 2f).
Although previous studies have suggested that the TP has generally
become wetter in recent dedaces32, we detected increasing VPDgs in
~70 % of browning areas and only marginally changes in RSMgs

(Fig. S7), underscoring the prominent role of atmospheric dryness in
the TP browning (Fig. S8; Suppl. Text S5).

Next, we examined how r(VPDgs, RSMgs) is linked to browning
extent across regions. The TP exhibited the most negative r(VPDgs,
RSMgs) values, indicating the strongest anti-phase co-variability
between RSMgs and VPDgs (Fig. 3a). The relationship between r(VPDgs,
RSMgs) and browning extent was region-dependent: browning extent
increased with more negative r(VPDgs, RSMgs) in NA and on the TP
(P < 0.001), whereas the relationship was reversed in EA (P < 0.001),
likely reflecting heterogeneous temperature controls and hydro-
thermal regimes across EA browning areas (Fig. S9). In CMIP6 simu-
lations, GPPgs showed broadly positive relationships with r(VPDgs,
RSMgs) across the three regions, but with substantial inter-model
spread (Fig. 3b; Fig. S11), highlighting persistent uncertainty in how
current ESMs represent vegetation responses to compound soil and
atmospheric dryness at regional scales. CMIP6 projections further
indicate a decline in r(VPDgs, RSMgs) of approximately −0.01 per dec-
ade (P <0.001) under future scenarios (Fig. S12), suggesting that the
adverse impacts of compound dryness on browning are likely to
intensify.

We then used standardized anomalies to disentangle the con-
tributions of VPDgs and RSMgs to NDVIgs by decoupling their
covariation25 (Fig. 3c, d,Methods: Statistical analysis). The contribution
of VPDgs to NDVIgs, while controlling for RSMgs (CVPD|RSM) increased
from EA and NA to the TP, with a significant difference between the TP

and NA (P < 0.05), indicating a stronger atmospheric-dryness con-
straint at high elevations than at high latitudes. In contrast, the con-
tribution of RSMgs while controlling for VPDgs (CRSM|VPD) was not
significantly different from zero in EA (P > 0.05), but was significantly
positive in NA and on the TP (P < 0.05), indicating a transition from
weak/indistinguishable soil-moisture control in EA to stronger soil-
moisture limitation in NA and the TP.

Drivers of compound soil and atmospheric dryness
We evaluated 14 candidate controls on compound soil and atmo-
spheric dryness across browning areas, and used r(VPDgs, RSMgs) as a
diagnostic indicator of the co-occurrence of low soil moisture with
high atmospheric moisture demand. Candidate variables were
grouped into five categories – climate, vegetation, soil/permafrost,
surface water (e.g., lakes and ponds), and wildfires – and their relative
importance was assessed using an explainable machine-learning
framework33 (Methods: Identifying the controls on compound dryness).
Across browning areas, climate variables were the dominant pre-
dictors,while soil/permafrost variables ranked secondoverall (Fig. S13;
Supplementary Text 6). In greening areas, soil/permafrost variables
showed higher relative importance than in browning areas (Fig. S13),
highlighting that the controls on soil-atmosphere co-variability differ
between greening and browning regimes. Among individual pre-
dictors, permafrost continuity, active-layer thickness, or permafrost
hydrothermal conditions emerged as influential factors in the TP, EA,
and NA browning areas, respectively. Vegetation-related variables
consistently contributed additional explanatory power, whereas sur-
facewater and wildfiremetrics had comparatively smaller importance,
indicating that regional climate background and soil/permafrost state
jointly shape the co-occurrence of soil moisture deficits and atmo-
spheric dryness in browning regions.

To interpret how specific variables modulate r(VPDgs, RSMgs) in
browning areas, we examined accumulated local effects (ALEs)
plots34. In EA and NA, stronger warming was associated with more
negative r(VPDgs, RSMgs) (Fig. 4a, b), implying an enhanced tendency
for low soil moisture to co-occur with high atmospheric moisture
demand. On the TP, increasing growing-season precipitation was
associated with less negative r(VPDgs, RSMgs) (Fig. 4c), consistent
with precipitation alleviating the co-occurrence of soil and atmo-
spheric dryness. Across regions, more negative r(VPDgs, RSMgs) was

Fig. 1 | Greening and browning in three northern permafrost regions. a Spatial
distribution of significant (P <0.05) mean growing season NDVI (NDVIgs) trends
fromMODIS (MCD43A4) in permafrost regionsof Eurasia (EA),NorthAmerica (NA),
and the Tibetan Plateau (TP, enlarged for clarity) in 2001–2018. The purple line
outlines the circumpolar Arctic vegetation map (CAVM) extent60. b Boxplots for
significant (P <0.05) browning percentages relative to all grid cells with significant
trends estimated through satellite remote sensing (RS) data products (dots, n = 7)

including MODIS (MCD43A4) (star) and by historical CMIP6 Earth system model
(ESM) ensemble simulations (circles, n = 14). Grey dots and circles denote outliers.
Boxes denote the 1st and 3rd quantiles, whiskers denote theminimumandmaximum
values, and horizontal lines denote the median values. Source data are provided as
a SourceData file. Basemap fromGeoPandas (http://geopandas.org)83. Boundary of
the Tibetan Plateau from National Earth System Science Data Center (http://www.
geodata.cn).
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generally linked to reduced permafrost continuity, limited active-
layer deepening (below a threshold), and more humid background
conditions, whereas less negative r(VPDgs, RSMgs) tended to occur
under shallower mean active layers (Fig. S16). Together, these pat-
terns suggest that active-layer deepening can partially alleviate near-
surface water limitations by increasing plant-accessible soil water in
some browning areas. Finally, a longer growing season was asso-
ciated with more negative r(VPDgs, RSMgs) in EA and NA (above a
threshold), but less negative r(VPDgs, RSMgs) on the TP. This contrast
may reflect differing hydroclimatic constraints: the TP exhibits a
narrower RSMgs range than EA and NA (Fig. S8), such that longer
seasons can amplify atmospheric demand without a commensurate
increase in soil water supply, weakening the interannual co-
variability between soil moisture and VPD.

Discussion
We investigated how compound soil and atmospheric dryness –

characterized by co-occurring root-zone soil moisture deficits (low
RSMgs) and elevated atmospheric moisture demand (high VPDgs) –

controls vegetation browning across the northern permafrost zone.
Using multiple remote-sensing products and simulations from CIMP6
Earth systemmodels, we revealed that browning during 2001 – 2018 is
widespread yet spatially heterogeneous, with browning areas
accounting for ~20 % of the permafrost zone. Across browning areas,
the interannual co-variability between soil moisture and atmospheric

demand, quantified as r(VPDgs, RSMgs), provided a useful diagnostic of
when soil moisture deficits tend to coincide with elevated VPD, con-
sistent with compound dryness. Our results indicate that this diag-
nostic – and the underlying hydroclimatic regime it reflected – vary
systematically across Eurasia, North America, and the Tibetan Plateau,
with important implications for the regional vulnerability of low-
stature vegetation.

To identify why compound dryness differs across regions, we
assessed the relative importance of climatic, soil/permafrost, and
vegetation controls and explored their nonlinear effects. Climatic
factors emerged as the dominant controls, with soil/permafrost and
vegetation factors providing additional, region-specific modulation.
In Eurasia, permafrost continuity was among themost influential soil-
related predictors in browning areas, consistent with the role of
continuous permafrost in limiting subsurface drainage and shaping
near-surface water availability. Areas with high permafrost continuity
(areal continuity > 90%) can act as hydrological barriers that con-
strain vertical and lateral water redistribution, potentially strength-
ening the co-occurrence of shallow soil moisture deficits with
atmospheric dryness under warming35. In contrast, on the Tibetan
Plateau, growing-season phenological constraints (e.g., length of
growing season) exerted a stronger influence than several soil-
related predictors, consistent with the plateau’s distinct permafrost
characteristics, including generally deeper active layers and lower
ground-ice content relative to Arctic lowlands16,36 (Fig. S16; Suppl.

Fig. 2 | Compound soil and atmospheric dryness and its relationship with
vegetation browning across three northern permafrost regions. a Interannual
co-variability between mean growing-season root-zone soil moisture (RSMgs) and
vapor pressure deficit (VPDgs) over browning areas, quantified as the Pearson
correlation r(VPDgs, RSMgs).More negative values indicate stronger anti-phase co-
variability, i.e., lower soil moisture co-occurring with higher atmospheric moisture
demand. Hatching denotes grid cells with significant correlations (P <0.05). The
inset shows the percentage of grid cells with significant correlations relative to all
browning grid cells. b Percentages of browning areas exhibiting different

combinations of VPDgs and RSMgs trends. c Relationships between r(NDVIgs, VPDgs)
and r(NDVIgs, RSMgs) across browning zones. Color indicates point density (darker
denotes higher density). d–f Binned means of standardized NDVIgs anomalies
(σNDVIgs) as a function of standardized anomalies of RSMgs (σRSMgs) and VPDgs

(σVPDgs) for browning areas in Eurasia (EAB), North America (NAB) and the Tibetan
Plateau (TPB). Square size indicates the magnitude of negative r(VPDgs, RSMgs),
representing the strength of compound dryness co-occurrence. Source data are
provided as a Source Data file. Basemap from GeoPandas (http://geopandas.org)83.
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Text S7). These regional contrasts in permafrost characteristics
highlight that compound dryness is not governed by a single
mechanism, but instead emerges from the interaction between
atmospheric demand, plant phenology, and permafrost-regulated
soil water supply37,38 (Fig. 5).

Although pulse disturbances such as wildfires can strongly affect
ecosystem structure and function, our analysis suggests that, over
2001–2018, wildfire-related predictors contributed less to explaining
spatial variation in compound dryness diagnostics than climate, soil/
permafrost, and vegetation factors. Only ~3.3–4.5% of 0.05° × 0.05°
grid cells within browning areas experienced wildfire events during
the study period. These burned areas exhibited slightly reduced
vegetation productivity, but the long-term effect was no significant
(Fig. S17), consistent with the idea that browning patterns at regional
scales aremore strongly shaped by hydroclimatic constraints than by
the limited fraction of burned grid cells over this period24. Never-
theless, continued warming is expected to increase wildfire fre-
quency and extent, and interactions between fire, permafrost thaw,
and post-fire recovery may intensify in coming decades39–41. Such
feedbacks could further destabilize permafrost, alter hydrological
regimes, and increase the likelihood of transitions from net carbon
sinks to net carbon sources42.

Surface water bodies were present in 6.5–61.2% of browning grid
cells, yet we did not detect a clear relationship with long-term vege-
tation productivity trends (Fig. S17). This apparent weak signal may
reflect competing mechanisms. Waterlogged or anoxic conditions can
constrain plant growth in wet landscapes37,43–45, whereas in dry areas or
during drought episodes, nearby lakes and ponds can enhance local
moisture availability and create favorable microhabitats that support
vegetation growth29,43,46,47. In permafrost regions, thaw-driven changes
in hydrological connectivity can further shift the balance between
these mechanisms by reorganizing drainage pathways and redis-
tributing water across the landscape18,29,43,48. Together, these processes
likely contribute to divergent productivity trajectories across perma-
frost ecosystems and underscore the need to represent hydrothermal
feedbacks more explicitly in both data-driven analyses and process-
based models.

We acknowledge several sources of uncertainty. Differences
between NDVI and GPP in representing vegetation productivity and
long-term trends, inter-sensor consistency, and potential sensor
degradation49. However, the use of multiple satellite products –

including SIF as a proxy for photosynthesis – provides convergent
evidence for the broad patterns reported here. Moreover, the spatial
resolution of NDVI data limits our ability to assess the local ecological

Fig. 3 | Compound soil and atmospheric dryness and its contribution to
vegetationbrowning across threenorthernpermafrost regions. aRelationships
betweenbrowning trends and interannual soil-atmosphere co-variability quantified
as the Pearson correlation r(VPDgs, RSMgs) for grid cells with significant (P <0.05)
browning trends in Eurasia (EAB), North America (NAB), and the Tibetan Plateau
(TPB). Points show the mean (dot) and standard deviation (error bar) across 100
equal-count bins. Regression lines are fitted using all grid cells within each region;
shading indicates 95% confidence intervals. The slope (sl.) is reported with sig-
nificance indicated by asterisks (P <0.001). The lower bar plot summarizes r(VPDgs,
RSMgs) for each region, with bar for mean and error bar for the standard deviation
for all grid cells.bRegression slopes relating simulatedmeangrowing-season gross

primary productivity (GPPgs) to r(VPDgs, RSMgs) from 14 CMIP6 Earth system
models (historical simulations); bar denotes the mean and error bar denotes the
inter-model standard deviation (n = 14). c Contributions of standardized VPDgs

anomalies to browning while controlling for standardized RSMgs anomalies (CVPD|

RSM) across permafrost regions. d Contributions of standardized RSMgs anomalies
to browning while controlling for standardized VPDgs anomalies (CRSM|VPD) across
permafrost regions. Boxes denote bin means, and error bars denote standard
deviations across eight bins (n = 8). Differences are labeled with P-values, *P <0.05,
**P <0.01, and ***P <0.001 or theP-value (insignificant). Sourcedata are provided as
a Source Data file.
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drivers of browning, such as vegetation mortality or changes in
species composition1. We highlight the need for more consistent,
long-term datasets to better constrain these dynamics in future
studies. A key additional uncertainty arises from model representa-
tion: many ESMs struggle to reproduce observed spatial patterns of
productivity change, particularly in regions experiencing rapid per-
mafrost degradation such as the North American Arctic-boreal zone
and the Tibetan Plateau50. These discrepancies raise concerns about
the robustness of future projections and point to missing or mis-
represented processes, including active-layer thickening, thermo-
karst development and expansion, and thaw-driven changes in
hydrological connectivity and soil-vegetation feedbacks51. Improving
model skill will require explicit representation of permafrost-specific
hydrothermal dynamics and their coupling to plant water stress and
carbon uptake52–57.

Together, our results reveal how compound soil and atmospheric
dryness modulate vegetation browning across diverse permafrost
landscapes. As warming and permafrost degradation accelerate, the
sensitivity of low-stature vegetation to compound dryness may
increase, with potential consequences for regional carbon balance and
permafrost-carbon feedbacks.

Methods
Study region
Wedefined the northern permafrost zone as the permafrost regions of
Eurasia (EA), North America (NA) and the Tibetan Plateau (TP), fol-
lowing the permafrost extent dataset of Obu et al.58. We focused on
low-stature vegetation, and therefore intersected the permafrost
extentwithplant functional types (PFTs)derived from theMODIS land-
cover product MCD12Q1 (v061). Using the International Geosphere-
Biosphere Programme (IGBP) classification59, we retained grid cells
classified as grasslands, shrublands, and savannas (tree cover < 30%) to
mask the study area. These PFTs cover the dominant low-stature
vegetation types across the circumpolar Arctic vegetation domain
(CAVM)60 and the low-tree-cover savanna regions that occur within the
permafrost zone59. We additionally included the Tibetan Plateau by
selecting these three PFTs where underlain by permafrost (Suppl.
Text S3).

Analyses were conducted at 0.05° × 0.05° spatial resolution and
focused on grid cells exhibiting significant (P < 0.05) vegetation pro-
ductivity trends, as these locations capture the most pronounced
changes over the past twodecades.We excludedwetlands identified at
0.05° × 0.05° resolutionbecausemixedwater/vegetationgrid cells and

Fig. 4 | Accumulated local effects (ALEs) of key controls on co-occurrence of
compound soil and atmospheric dryness, diagnosed by r(VPDgs, RSMgs), in
browning areas across three northern permafrost regions. Shown are ALE
curves for the three highest-ranked predictors (from the climate, soil/permafrost,
and vegetation groups) explaining the interannual co-variability between mean
growing-season root-zone soil moisture and vapor pressure deficit, quantified as
r(VPDgs, RSMgs), in browning areas of (a), Eurasia (EAB), (b), North America (NAB),
and (c), on the Tibetan Plateau (TPB). Shading denotes the 95 % confidence interval
(CI) of ALE estimates. Rug plots show the distribution of predictor values. The grey

dashed horizontal line indicates zero effect, and the x-axis spans the 2.5th – 97.5th
percentiles of each predictor. Numbers in each panel indicates predictor rank
among all candidates. TAgs mean growing season air temperature, PerCon Perma-
frost continuity classification (ISO isolated, SPO sporadic, DIS discontinuous, CON
continuous), LOS length of growing season, ALT active-layer thickness, PREgs is
mean growing-season mean precipitation; and PerTherm is hydrothermal condi-
tions of permafrost (CIH cool-humid, WH warm-humid, CIS cool-semi-arid, WS
warm-semi-arid). “trend” denotes 2001–2018 temporal trend, and “mean” denotes
2001–2018 average. Source data are provided as a Source Data file.
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water-related reflectance effects can bias optical retrievals of vegeta-
tion dynamics29,46,61.

Data
We used the MODIS normalized difference vegetation index (NDVI)
data over 30°–90° N for 2001–2018 derived from MCD43A4
(v061)26. The dataset was quality-filtered (removing cloud-affected
observations) and screened for low NDVI values (< 0.1),
then aggregated to monthly time steps and resampled to
0.05° × 0.05°. To assess robustness across sensors and retrieval
algorithms, we also used additional NDVI products (MOD13A2 v061,
MYD13A2 v06162, PKU_GIMMS63, SPOT-VGT/PROBA-V64,65), a recon-
structed long-term solar-induced florescence product (LT_SIFc)27,
and foliar chlorophyll concentration (FCC)66 to identify greening
and browning patterns across platforms and products (Supple-
mentary Data 1).

For independent site-scale evaluation, we used Landsat NDVI
time series for 59 permafrost-underlain sites compiled in previous
studies42,67,68, extracting NDVI within a 1000m buffer for 2001–2018.
We used NDVI rather than carbon fluxes because long-term (e.g.,> 15
years) flux records from eddy covariance or chamber measurements
remain sparse across permafrost regions, limiting robust trend
assessment. The Landsat-based evaluation therefore, provides an
independent estimate of vegetation productivity dynamics at local
scales.

To characterize atmospheric and soil moisture conditions, we
used vapor pressure deficit (VPD) and root-zone soil moisture (RSM).
RSM was obtained from GLDAS_v02169. VPD was derived from ERA570

using 2-m air temperature (TA) and dewpoint temperature (TD)

following ref. 71:

VPD=610:78× eð17:27× TA=ðTA+237:19ÞÞ � 610:78× eð17:27 ×TD=ðTD+237:19ÞÞ

ð1Þ

We further analyzed outputs from 14 Earth system models from the
Coupled Model Intercomparison Project Phase 6 (CMIP6) simula-
tion ensemble (Table S1), including historic simulations for
2000–2014 and future projections for 2020–2100 under the SSP1-
2.6, SSP2-4.5, and SSP5-8.5. These models provide gross primary
productivity (GPP), RSM, and variables required to compute VPD
(calculated from model air temperature and relative humidity
following ref. 72).

To investigate controls on browning and compound dryness
diagnostics, we compiled 14 ancillary gridded datasets (Suppl. Data 1).
These include growing-season climate variables from ERA5 (2m air
temperature TA, precipitation PRE, and surface net shortwave radia-
tion Rn)70 aggregated to 0.05° × 0.05° for 2001–2018. Permafrost
extent and permafrost continuity (PerCon) were defined using mean
annual ground temperatures (MAGT) at the zero annual amplitude
depth36,58. Permafrost hydrothermal class (PerTherm) was defined
using MAGT and a climate aridity index36. Active-layer thickness (ALT)
and its temporal trend were obtained from ESA CCI73 to characterize
permafrost status74. Soil texture was taken from the Harmonized
World Soil Database (HWSD v2.0)75. Length of growing season (LOS)
and its trend were estimated fromMODIS NDVI using a double-logistic
approach implemented in TIMESAT v3.376,77. Root depth was derived
fromHWSDv2.0, and land cover (LC)was taken fromMCD12Q1 (v061).
We additionally used accumulated fire burnt counts (BCount) from

Fig. 5 | Drivers of compound soil and atmospheric dryness and its link to
vegetation browning across permafrost regions in Eurasia (EAB), North
America (NAB), and the Tibetan Plateau (TPB). Acronyms are defined as: NDVI
normalized difference vegetation index), TA air temperature, VPD vapor pressure
deficit, PRE precipitation, RSM root-zone soil moisture, ALT active-layer thickness,
PerCon permafrost continuity, PerTherm permafrost hydrothermal conditions,

LOS length of growing season. Soil and atmospheric dryness diagnostic is quanti-
fied as the Pearson correlation r(VPDgs, RSMgs). For controls on compounddryness,
a positive arrow to compound dryness indicates drier soil and atmosphere will be
induced by the increased value in the variables, and vice versa for the negative
arrow. Figure and its elements are created with Adobe Illustrator 2026.
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Fire_cci v5.178 for 2001 – 2018 and annual mean water-body fraction
(WFrac) from MOD44W v6.079 for 2001–2015. All ancillary datasets
were aggregated to 0.05° × 0.05° to ensure spatial consistency across
analyses.

Compound soil and atmospheric dryness
For each grid cell, we quantified the interannual co-variability between
growing-season root-zone soil moisture and atmospheric moisture
demand as the Pearson correlation coefficient r(VPDgs, RSMgs), com-
puted from time series of mean growing-season root-zone soil moist-
ure (RSMgs; GLDAS_v2) and mean growing-season vapor pressure
deficit (VPDgs; derived from ERA5 air temperature and dew point
temperature). The correlation ranges from −1 to +1. Negative r(VPDgs,
RSMgs) indicates that years with higher atmospheric dryness (higher
VPDgs) tend to coincide with lower soil moisture (lower RSMgs), con-
sistent with the co-occurrence of soil moisture deficits and elevated
atmospheric demand (i.e., compound soil and atmospheric dryness)22.
Positive r(VPDgs, RSMgs) indicates that VPDgs and RSMgs vary in the
same direction across years (e.g., both increase), which can arise under
sustained wetting, lateral hydrological inputs, or thaw-driven changes
in hydrological connectivity, among other processes. Because the
majority (> 90%) of browning grid cells exhibited negative r(VPDgs,
RSMgs) across all three permafrost regions, our regional analyses focus
on grid cells exhibited negative r(VPDgs, RSMgs) unless stated other-
wise. We computed the same diagnostic using CMIP6 outputs for the
historical period 2000 – 2014 and for the future period 2020–2100.
For future projections, we estimated r(VPDgs, RSMgs) using a 20-year
moving window for each region under three scenarios (SSP1-2.6, SSP2-
4.5, and SSP5-8.5).

Identifying controls on compound dryness
We employed extreme gradient boosting (XGBoost) model33 to model
spatial variation in r(VPDgs, RSMgs) as a function of 14 climatic and
environmental predictors across the three northern permafrost
regions (Suppl. Data 1). Model performance was evaluated using 10-
fold cross validation repeated three times, and assessed using mean
absolute error (MAE) and the coefficient of determination (R2). To
interpret predictor effects, we used accumulated local effects (ALEs)
plots80, which quantify the average marginal influence of each pre-
dictor on model predictions and are robust to correlated features. We
applied the XGBoost plus ALEs framework separately for greening and
browning regions to compare differences in their dominant controls.
ALE curves were reported as the mean effect with 95 % confidence
intervals (CI).We further verified the impacts of excluding forests from
permafrost regions on the robustness of our conclusions (Suppl.
Text S8).

Statistical analysis
Trends in growing-season variables were assessed using the non-
parametric Mann-Kendall test with Sen’s slope estimator81. Unless
stated otherwise, trends were computed from annual growing-season
means, and statistical significance was evaluated at P <0.05. Variable
anomalies were calculated as departure from the multi-year mean for
each grid cell.

To disentangle the individual influences of atmospheric moisture
demand and soilwater supply on vegetationproductivity, we applied a
decoupling approach based on binned standardized anomalies25.
Specifically, we examined relationships betweenmean growing-season
NDVI (NDVIgs) and VPDgs or RSMgs using the binned anomaly frame-
workdescribed in Suppl. Text S1.We also derived themaximumextent
of browning to characterize the prevalence of browning within per-
mafrost regions (Supplementary Text S2).

To relate the browning to compound dryness diagnostics, we
used ordinary least squares regression to estimate the slope between
browning metrics (e.g., NDVIgs trends) and the interannual soil-

atmosphere co-variability r(VPDgs, RSMgs), reporting slope estimates
with 95 % confidence intervals and corresponding P values. All statis-
tical significance values reported in this paper were assessed using
two-sided student’s t-test. Differences among datasets were assessed
using the non-parametric Mann-Whitney U test82.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data sources used in this study are listed in Supplementary Data 1
with links. The information of permafrost sites is provided in Supple-
mentary Data 2. MODISMCD43A4 NDVI data are derived from https://
lpdaac.usgs.gov/products/mcd43a4v061/. MOD13A2 NDVI data are
derived from http://lpdaac.usgs.gov/products/mod13a2v061/.
MYD13A2 NDVI data are derived from https://lpdaac.usgs.gov/
products/myd13a2v061/. The SPOT-VGT/PROBA-V NDVI data are
available from https://dataspace.copernicus.eu/spot-vegetation;
https://earth.esa.int/eogateway/missions/proba-v. Landsat NDVI data
are derived from https://www.usgs.gov/landsat-missions/data. Pro-
cessed gridded datasets used to generate figures and tables are avail-
able on the National Cryosphere Desert Data Center (https://doi.org/
10.12072/ncdc.permafrost.db7313.2026) and National Tibetan Plateau
Data Center (https://doi.org/10.11888/Cryos.tpdc.303386). Source
data are provided with this paper.

Code availability
The analysis scripts (Python 3.9) used to process the input data, con-
duct analysis, and produce figures are available on GitHub (https://
github.com/mswu027/Permafrost-ecosystem-browning-analysis) and
archived at Zenodo (https://doi.org/10.5281/zenodo.20341418).
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