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Significance

 Vegetation plays a pivotal role in 
regulating Earth’s climate through 
biophysical processes, yet its 
intraseasonal impacts on land 
surface temperature (LST) remain 
poorly understood. This study 
reveals that vegetation foliage 
exerts a dominant surface 
cooling effect during 
phenological transitions in 
mid- to high-latitude forests, with 
amplified cooling under climate 
warming in many regions. These 
findings provide insights into 
vegetation–climate interactions, 
emphasizing the critical role of 
phenology in temperature 
regulation. By quantifying the 
cooling effects of vegetation at 
an unprecedented intraseasonal 
scale, the results highlight the 
potential of vegetation 
management strategies, such as 
afforestation and seasonal 
planning, to mitigate climate 
warming and enhance ecosystem 
resilience, offering actionable 
guidance for sustainable climate 
adaptation.
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Vegetation phenology, i.e., seasonal biological events such as leaf-out and leaf-fall, 
regulates local climate through biophysical processes like evapotranspiration (ET) and 
albedo. However, the net surface temperature impact of these processes—whether ET 
cooling or albedo-induced warming predominates—and how the dominance changes 
across phenological transitions and regions remains poorly understood. Here, we 
investigated the effects of vegetation foliage on daytime land surface temperature 
(LST) following six phenological transitions, spanning from the start of season to end 
of season, in deciduous and mixed forests across the mid- to high-latitude Northern 
Hemisphere during 2013–2021 using multiple satellite products and ground observa-
tions. We quantified vegetation effect as the difference between observed LST and LST 
estimates from the Annual Temperature Cycle (ATC) model, representing a no-foliage 
scenario. We found that vegetation-induced cooling consistently outweighs warming 
following all phenological transitions except for the end of the season. Cooling inten-
sity increased with vegetation greenness, ranging from 1.0 ± 0.5 °C (mean ± 0.15 
SD) in 59% of forests after the start of the season (SOS) to 6.1 ± 0.8 °C in 89% of 
forests following the onset of maturity, before declining toward the end of the sea-
son. Over half of the regions experiencing cooling showed intensification of surface 
cooling with climate warming, suggesting an amplified vegetation-mediated cooling 
under future climate change. The findings provide a more precise understanding of 
the role of vegetation in modulating climate at the intraseasonal scale, highlighting 
the importance of integrating phenological impacts into climate adaptation strategies 
and Earth system modeling.

vegetation phenology | climate feedback | evapotranspiration | albedo

 Vegetation phenology, a highly sensitive biological indicator to climate change, provides 
crucial biophysical feedback to the climate system by altering energy and water exchange 
between the land surface and atmosphere ( 1   – 3 ). Climate warming has lengthened the 
growing season, causing earlier leaf emergence and mostly later senescence in recent 
decades ( 4       – 8 ). These phenological changes impact the seasonality of surface temperature 
mainly through two competing biophysical processes that affect the energy balance: 
changes in solar radiation absorption due to altered albedo and variations in energy 
distribution caused by the modified evapotranspiration (ET) ( 9     – 12 ). Phenology-induced 
changes in surface temperature seasonality have critical implications on ecosystem pro-
cesses and feedback mechanisms, especially under a changing climate ( 13     – 16 ). However, 
the direction and magnitude of vegetation impact on climate and how it evolves across 
phenological transitions throughout the growing season are largely unclear, leading to 
uncertainties in predicting vegetation–climate interactions under climate change ( 17 ,  18 ).

 The net thermal impacts of vegetation are influenced by biophysical processes that vary 
spatially and seasonally ( 11 ). Spatially, in cold boreal regions with winter snow cover, earlier 
spring greening drastically reduces albedo, leading to more shortwave radiation absorption 
and potentially warming, although with large spatial variation ( 19 ). Conversely, tropical 
regions experience a net cooling effect from increased ET after green-up, which offsets the 
warming from reduced albedo ( 20   – 22 ). With increasing latitude, the climatic feedback of 
spring greening may shift from net cooling to warming ( 21 ,  23 ), suggesting a dependency 
on broader geographic and climatic variations. In temperate regions, however, the net effect 
of vegetation on surface temperatures remains controversial ( 14 ,  24 ,  25 ) due to competing 
albedo and ET effects ( 26 ,  27 ) as well as overriding effects of large-scale atmospheric circu-
lations ( 28 ,  29 ) and soil moisture variability ( 30 ). This controversy is further compounded 
by the limitations of in situ measurements or uncertainties in coupled land–atmosphere 
models, leaving it unclear whether the large-scale thermal impacts of vegetation observed 
through direct measurements align with previous findings ( 7 ).D
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 Seasonally, the temperature effect may shift from albedo-induced 
warming in spring and autumn to ET cooling in summer with 
phenological transitions ( 26 ,  31 ). This shift occurs because the 
spring leaf-out and autumn leaf-fall processes reduce albedo, 
increasing the absorption of solar radiation and subsequent warm-
ing ( 21 ,  32 ,  33 ). However, the phenological variability following 
leaf emergence can reduce maximum surface temperatures ( 30 , 
 34 ,  35 ). Therefore, in summer, high solar radiation and consider-
able canopy greenness significantly enhance ET, which generates 
a strong cooling effect that offsets the warming observed in other 
seasons ( 36 ) as long as there are no drought constraints ( 34 ). The 
timing of these temperature shifts is likely to vary annually due 
to interannual variations in phenological transitions, which can 
differ by several days, but this variation remains poorly understood 
( 34 ,  37 ). Furthermore, the extent of these impacts across pheno-
logical transitions—such as leaf out, active growth, senescence, 
and dormancy—and their variability under different climate con-
ditions are not fully investigated ( 18 ,  38   – 40 ). This lack of under-
standing of vegetation effects across phenological transitions could 
lead to challenges in accurately predicting the influence of vege-
tation on regional and global temperature patterns at the intra-
seasonal scale ( 41 ,  42 ).

 Here, we quantify the impact of vegetation on land surface 
temperature (LST) across six phenological transitions in deciduous 
and mixed forests over the mid- and high-latitudes across the 
Northern Hemisphere (30 to 70°N) from 2013 to 2021. The 
objectives are to 1) identify the immediate vegetation impact on 
LST after each phenological transition, 2) quantify the cumulative 
vegetation effect on LST throughout the growing season across 
climate types, and 3) examine the magnitude of changes in LST 
over time in response to climate warming across background cli-
mates. We analyze global patterns using daytime LST data from 

the Moderate Resolution Imaging Spectroradiometer (MODIS) 
and phenological indices from the Visible Infrared Imaging 
Radiometer Suite (VIIRS) Global Land Surface Phenology Product 
(GLSP). We also validate the results using LST observations from 
17 deciduous and mixed forest sites from AmeriFlux, integrated 
with ground phenological data from the PhenoCam Network in 
the United States. To isolate the vegetation effect on LST, we first 
estimated the reference daily temperature time series—represent-
ing the scenario without the impact of vegetation phenology 
dynamic—by fitting a sinusoidal Annual Temperature Cycle 
(ATC) model to nongrowing season LST (i.e., LSTATC ; see 
﻿Materials and Methods ). We then compared this daily LSTATC  with 
actual observed LST (LSTObs ) during the growing season, which 
includes the vegetation effects. The differences between these two 
LST time series across phenological transitions were treated as 
vegetation effects on LST: negative for cooling and positive for 
warming. We examined the vegetation effect across six phenolog-
ical transitions from VIIRS product: Start of Season (SOS), 
Mid-Greenup Phase (MGP), Greenness Maximum Onset (GMO), 
Greenness Decrease Onset (GDO), Mid-Senescence Phase (MSP), 
and End of Growing Season (EOS), along with two events from 
PhenoCam Network: green-up onset and dormancy. We tested 
two competing hypotheses: 1) vegetation exerts a dominant warm-
ing effect across phenological transitions, primarily driven by 
reduced albedo and consequently enhanced radiation absorption 
during the growing season, and 2) vegetation exerts a dominant 
cooling effect across phenological transitions, driven by ET 
( Fig. 1 ). We further hypothesized that in regions with sufficient 
water supply, where cooling effects dominate, cooling intensifies 
from SOS to GMO and then diminishes toward EOS. Conversely, 
in regions dominated by warming effects, warming decreases from 
SOS to GMO and increases again as EOS approaches.         

Fig. 1.   Two competing hypotheses 
regarding the vegetation effect on land 
surface temperature (LST) across six 
phenological transitions. (A) Warming 
effect across phenological transitions. 
(B) Cooling effect across phenological 
transitions. LSTATC: estimated reference 
LST derived from the Standard Annual 
Temperature Cycle (ATC) model, repre-
senting the scenario without vegetation 
effects. LSTObs: daily observed LST from 
MODIS or AmeriFlux, which includes the 
vegetation effects. (C and D) The differ-
ence between LSTATC and LSTObs (nega-
tive ΔLST represents vegetation cooling 
effect). The shaded areas highlight the 
cumulative ΔLST during the growing 
season. Vertical dashed lines represent 
the six phenological transitions: the 
start of the season (SOS), mid-greenup 
phase (MGP), greenness maximum onset 
(GMO), greenness decrease onset (GDO), 
mid-senescence phase (MSP), and the 
end of the growing season (EOS).D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 V

A
N

D
E

R
B

IL
T

 U
N

IV
E

R
SI

T
Y

 o
n 

Se
pt

em
be

r 
8,

 2
02

5 
fr

om
 I

P 
ad

dr
es

s 
12

9.
59

.9
5.

11
5.



PNAS  2025  Vol. 122  No. 37 e2501844122� https://doi.org/10.1073/pnas.2501844122 3 of 12

Results

Prevalent Immediate Cooling Effect After Phenological Trans­
itions. We assessed the intraseasonal changes in vegetation impact 
on LST over the 5 d following each phenological transition (Fig. 2; 
Materials and Methods). The global satellite results revealed a marked 
immediate cooling effect following all phenological transitions 
except for EOS, with the magnitude of the effects intensifying from 
the start to the middle of the growing season and then gradually 
declining toward the end. Northern Asian forests maintained a 
robust year-round cooling effect across all phenological transitions, 
while mid- and high-latitude forests in Europe and North America 
showed discernible seasonal variations. Following SOS, 59% of the 
study area exhibited a cooling effect, while 41% showed a warming 
effect, with a mean cooling of −0.99 ± 0.54 °C (mean ± 0.15 SD; 
Fig. 2A). Regions showing a warming effect included the west coast 
and northern North America, including Canada’s northern forests, 
as well as parts of Northern and Eastern Europe and Central Asia. 
In contrast, as vegetation greening progressed from MGP to GMO, 
cooling intensified across the Northern Hemisphere, particularly in 
southeastern North America, Southern Europe, Eastern Asia, and 

regions near 30°N, peaking at GMO with −6.06 ± 0.78 °C observed 
in 89% of forests. This substantial cooling gradually declined, from a 
high net cooling effect of −5.44 ± 0.78 °C observed in 87% of forests 
at GDO to a moderate cooling of −2.63 ± 0.48 °C at MSP. After 
the EOS, a moderate warming effect (−0.17 ± 0.36 °C, Median: 
0.06 °C) was noted across 51% of mid- and high-latitude forests 
(Fig. 2F).

 We observed similar patterns on both sides of the growing season 
based on ground measurements. Among the 17 AmeriFlux sites, 
10 (59%) sites showed a warming effect on LST following green-up, 
with a temperature increase of 0.45 ± 0.32 °C on average 
(SI Appendix, Fig. S1 ). Similarly, 7 sites (41%) showed a warming 
effect following green dormancy, with a temperature increase of 
−0.37 ± 0.27 °C. We also compared near-surface air temperature 
(Ta) and LST from AmeriFlux, as well as their vegetation-induced 
changes (ΔTa and ΔLST), and found a strong positive correlation 
(SI Appendix, Fig. S12 ). This demonstrated that LST reliably cap-
tured broader patterns in Ta, and the vegetation impact on LST 
reflected similar trends in Ta. During the growing season, the cool-
ing effect of vegetation (both ΔTa and ΔLST) increases after 

Fig. 2.   Prevalent vegetation cooling effect following phenological transitions across the Northern Hemisphere from 2013 to 2021 based on satellite and ground 
measurements. (A–F) Spatial distribution of the 5-d mean LST difference (ΔLST) between LSTATC and LSTObs from MODIS following each phenological transition. The 
inserted figures show ΔLST histograms, with the red dotted line and texts indicating the median values. (G) Percentages of study areas with positive and negative 
ΔLST after phenological transitions. The red curve represents the variation in the proportion of forests exhibiting a cooling effect following VIIRS-derived phenological 
transitions: the SOS, MGP, GMO, GDO, MSP, and EOS. The two groups of rightmost bars represent AmeriFlux site-level ΔLST and ΔTa (between ATC-estimated Ta 
and observed Ta) following PhenoCam green-up and dormancy, respectively. Negative ΔLST (ΔTa) represents the vegetation cooling effect.D
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green-up, peaks with maximum ET, and declines toward dor-
mancy—aligning with seasonal ET dynamics at AmeriFlux sites 
(SI Appendix, Fig. S13A﻿ ). Elevated ET consistently leads to greater 
cooling (more negative ΔLST) across five sequential phenological 
stages spanning from green-up to dormancy (−0.71 °C per 1 mm/d; 
﻿SI Appendix, Fig. S13B﻿ ), providing direct evidence on the direct 
biophysical mechanism through which vegetation regulates surface 
energy balance via evaporative cooling. These findings supported 
the hypothesis that pronounced increasing ET-driven cooling pre-
dominantly counteracts the warming effects throughout the grow-
ing season, particularly during peak greenness. In contrast, warming 
effects tend to dominate at the beginning and EOS.

 The magnitude of cooling (ΔLST) from the MGP to MSP 
slightly increased from 2013 to 2021 across the Northern 
Hemisphere, indicating a stronger ET-induced cooling effect over 
the years ( Fig. 3 B –E  ). Conversely, the magnitude of warming at 
EOS also intensified over the years (positive slopes of ΔLST), 
suggesting a moderate warming trend at the EOS ( Fig. 3F  ). 
Notably, in 2015, 2016, and 2021—years marked by extreme heat 
in North America—the cooling impact of vegetation reached 
unprecedented levels, with ΔLST post-GDO of −8.24 to 
−10.94 °C—an effect not observed as pronounced in Eurasia 
( Fig. 3D   and SI Appendix, Fig. S4 ). This indicates a heightened 
response of vegetation to extreme temperature events.          

Cumulative Vegetation Impact on Temperature Across Climate 
Types. To investigate the accumulated effect of vegetation 
growth on LST during the growing season and its variation 
across climate types, we quantified the sum of ΔLST between 
every two phenological transitions and for the entire growing 
season. During the entire growing season, the total cumulative 
cooling effect was on average −753 ± 112 °C d based on MODIS 
observations and −622 ± 99 °C d based on AmeriFlux data, 
with significant geographical variability (Fig.  4 A and D). A 
pronounced cooling effect was observed in 88% of the study 
areas, including southeastern North America, Southern Europe, 
and Eastern Asia (Fig. 4C). Similarly, cumulative cooling impacts 

were observed at 14 sites (82%) based on ground measurements 
(SI  Appendix, Fig.  S1). Conversely, forests in the western 
coastal regions of North America, along with certain areas in 
Northern and Eastern Europe and Central Asia, exhibited a 
cumulative warming effect (12% of the study areas) (Fig. 4C). 
This cumulative cooling effect indicates the ET-cooling effect 
within the growing season outweighed the warming at the start 
and EOS, resulting in a prevailing net cooling effect over the 
entire growing period.

 The cumulative vegetation impacts on LST varied largely with 
background climates. Across temperature-based Köppen–Geiger 
climate classifications (hot, warm, cool summers, and extremely 
continental conditions), in both warm temperate and cold regions, 
the cumulative cooling effect was most pronounced in hot summer 
climates, followed by extremely continental conditions, and was the 
least under cool summer climates ( Fig. 4 E –K  ). Specifically, in cold 
climates, vegetation in hot summer (DXa) exhibited the most sig-
nificant cumulative cooling effect throughout the growing season, 
averaging −1,867 ± 93 °C d, followed by that in extremely conti-
nental conditions (DXd, −1268 ± 33 °C d) ( Fig. 4  and SI Appendix, 
Table S5 ). Forests in cold regions with warm summers (DXb) and 
cool summers (DXc) showed the least cooling effects, only ~46 and 
20% of those observed in DXa, respectively. In warm temperate 
climates, vegetation exhibited a substantial cumulative cooling effect 
in hot summer climates (CXa: −1737 ± 125 °C d) and warm sum-
mer climates (CXb: −829 ± 124 °C d), but a cumulative warming 
effect in cool summer climates (CXc: 352 ± 55 °C d). Seasonally, 
more than half of the accumulated cooling effect across the Northern 
Hemisphere occurred during the GMO-GDO period (−437 ± 61 °C 
d), indicating the strongest ET-induced cooling during peak green-
ness (SI Appendix, Table S5 ). The accumulated cooling in this 
GMO-GDO period was most pronounced in hot summer climates 
(CXa: −986 ± 66 °C d, DXa: −1,113 ± 49 °C d), while relatively 
modest warming (144 ± 26 °C d) was observed, particularly in 
temperate climates regions with a cool summer climate type (<1% 
of study areas). Across Ameriflux sites, the cooling effect varied in a 
similar pattern across climate types. In humid conditions, a notable 

Fig. 3.   Annual variation of LST difference (ΔLST) between LSTATC and LSTObs from MODIS following each phenological transition across the Northern Hemisphere, 
North America, and Eurasia from 2013 to 2021. (A–F) represent the 5-d mean ΔLST following the phenological transitions SOS, MGP, GMO, GDO, MSP, and EOS, 
respectively. Error bars indicate the region-wide spatial variation (± 0.15 of the SD). Regression lines and corresponding coefficients of determination for the 
Northern Hemisphere are reported as black dashed lines and annotated in the figures.D
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strengthening of the cooling effect on LST was observed particularly 
with warmer conditions (−1005 ± 103 °C d in CXa versus −283 ± 
65 °C d in DXb), with a similar pattern observed for Ta ( Fig. 4  and 
﻿SI Appendix, Tables S8 and S9 ). Across wetness conditions (fully 
humid, summer dry, and winter dry climate types): The cumulative 
cooling impact was greatest in winter dry environments (CwX, 
DwX), followed by fully humid conditions (CfX, DfX), and was 
the least in summer dry conditions (CsX, DsX) in both warm tem-
perate and cold regions (SI Appendix, Fig. S5 and  Table S6 ).

 The cumulative vegetation impacts on LST also varied with 
forest types from both satellite and in situ observations (SI Appendix, 
Fig. S6 ). Deciduous broadleaf forests showed consistently strong 
effects across climates, with the greatest cooling in CXa (−1987 ± 
94 °C d) and strongest warming in CXc (549 ± 49 °C d) during 
the growing season. Mixed forests exhibited the weakest effects 
(−1500 ± 67 °C d in DXa; 241 ± 53 °C d in CXc), followed by 
deciduous needleleaf forests. Overall, both deciduous and mixed 
forests induced pronounced cooling in hot summer climates (DXa, 
CXa), but warming in cool summer conditions (CXc). Needleleaf 
forests showed variable cooling with the strongest effect in Dxd 
climates (−1278 ± 29 °C d).  

Temperature Sensitivity Across Background Climates. To 
understand the changes in vegetation impact on LST under future 
climate change, we examined the sensitivity of vegetation-induced 
ΔLST to background climate, characterized by average annual 
temperatures, using pixel-level linear regression. The regression 
slope was used to quantify the temperature sensitivity (DT). 
Positive DT, indicating an increase in warming or a reduction in 
cooling with rising temperatures, was observed in northwestern 
and eastern North America and across inland Eurasia (Fig. 5). 
Conversely, negative DT, indicating stronger cooling or weakened 
warming with rising temperatures, was notably observed in 
southeastern North America, Southern Europe, and Eastern and 
Western Asia, particularly around 30°N.

 We categorized the vegetation effect on LST (ΔLST) and its 
temperature sensitivity (DT ) into four categories: W-P (warming 
effect that intensifies with rising temperatures), W-N (warming 
effect that weakens with rising temperatures), C-P (cooling effect 
that weakens with warming), and C-N (cooling effect that intensi-
fies with warming) ( Fig. 6 ). Overall, C-N proportions exceeded 
C-P, while W-P and W-N were similar but much lower, indicating 
that regions where cooling intensified with rising temperatures were 

Fig. 4.   Cumulative vegetation effects on LST throughout the entire growing season across climate types in the Northern Hemisphere from 2013 to 2021 based 
on satellite and ground measurements. (A and B) represent the average cumulative ΔLST (between ATC-estimated LST and observed LST) and ΔTa (between ATC 
fitted Ta and observed Ta) from green-up to dormancy at AmeriFlux sites across two Köppen–Geiger climate types classified by temperature: warm temperate 
climates with hot summers (CXa) and cold climates with warm summers (DXb), respectively. (C) Spatial distribution of the cumulative ΔLST between LSTATC and 
MODIS LSTObs across the Northern Hemisphere. (D) Average cumulative ΔLST between LSTATC and MODIS LSTObs across phenological transitions. (E–G) Similar to 
c but for each Köppen–Geiger climate type. (D-F) represents warm temperate climates with hot (CXa), warm (CXb), and cool summers (CXc). (H–K) represents cold 
climates with hot (DXa), warm (DXb), cool summers (DXc), and extremely continental conditions (DXd). Negative cumulative ΔLST (ΔTa) represents the cooling 
effect. The error bars represent the spatially averaged ± 0.15 of the SD.
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more extensive than those where cooling weakened or warming 
strengthened with rising temperatures. Our in situ analysis across 
AmeriFlux sites further revealed that warmer years were associated 
with higher growing-season ET (P  < 0.05, SI Appendix, Fig. S13C﻿ ), 
highlighting vegetation’s amplified cooling capacity under hotter 
conditions. This pattern aligns with our satellite-based findings and 
supports previous studies showing that warming increases ET ( 43 ). 
The proportions of these four categories evolved throughout the 
growing season. After SOS, positive and negative DT  overlapped 
equally with regions of cooling effect, resulting in 30% of C-N 
primarily in southeastern North America, Southern Europe, Eastern 
Asia, and near the 30°N latitude, and 30% of C-P, mainly in central 
Europe and Northern Asia. From SOS to GMO, the proportions 
of both C-N and C-P increased, with C-N rising more significantly 
(to 52% at GMO). As vegetation senescence progressed, the pro-
portions of C-N and C-P declined, with C-N eventually surpassing 
C-P after EOS. In contrast, W-N accounted for 23% at SOS, pre-
dominantly in the northern forests of North America and Western 
and Eastern Europe, while W-P accounted for 17%, mainly in 
southeastern North America and Eastern Europe. As vegetation 
greenness increased, the proportions of both W-P and W-N rapidly 
declined, reaching their lowest at GMO (W-P: 5%; W-N: 4%). 
During senescence, both slightly increased, ending with similar 
proportions at EOS (W-P: 27%; W-N: 26%).           

Discussion

 The prevalent net cooling effect from SOS to MSP, and a net 
warming effect at EOS transitions across the Northern Hemisphere, 

reported in this study, highlight the substantial dynamic shifts in 
vegetation regulation on surface temperature across phenological 
transitions. Although the relationship between LST and Ta can be 
influenced by turbulent coupling, canopy structure, and surface 
energy balance ( 44       – 48 ), our results show that LST reliably captures 
broader spatial and seasonal patterns in Ta. This suggests that 
vegetation-driven changes observed in LST can serve as a reliable 
proxy for air temperature dynamics, which is critical for assessing 
land–atmosphere interaction. The rapid increase in foliage cover 
induces both radiative (surface albedo) and nonradiative (ET) 
biophysical alterations, resulting in shifts in solar radiation absorp-
tion and the partitioning of energy between sensible and latent 
heat ( 6 ,  49 ,  50 ). The competition of these two factors governs the 
seasonal dynamic of the vegetation impact on LST across regions 
( 18 ). Forests dissipate sensible heat more efficiently than open 
landscapes due to the transition from bare ground to tall vegetation 
( 25 ,  51 ), however, the impact of leaf-on and -off on surface rough-
ness in deciduous forests is minimal ( 50 ,  52 ). Before the start of 
the growing season, snow-covered soils and bare branches with 
their higher albedo reflect more solar radiation compared to veg-
etation and wet soils, which have lower albedo ( 53 ,  54 ), especially 
at high latitudes in early spring ( 55 ,  56 ). Subsequently, the unfold-
ing of leaves results in a strongly decreased albedo, thereby leading 
to a warming effect ( 54 ,  57 ). The substantial greening expansion 
increases ET, enhancing surface evaporative cooling and surpassing 
the albedo-related warming earlier in the growing season, resulting 
in net cooling after MGP. This net cooling effect peaks during the 
leaf-peaking season (GMO to GDO). As canopy density increased 
during this phase, albedo rose from low spring values to seasonal 

Fig. 5.   Temperature sensitivity (DT) across the Northern Hemisphere from 2013 to 2021. (A–F) Spatial distribution of DT following the phenological transitions SOS, 
MGP, GMO, GDO, MSP, and EOS. The lower-left figure shows the histogram of DT after each phenological transition. DT represents the sensitivity of vegetation-
induced ΔLST to background climate conditions, characterized by average annual temperatures. Positive DT indicates stronger warming or weakened cooling 
with rising temperatures. Negative DT indicates stronger cooling or weakened warming with rising temperatures.
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peaks as the foliage expanded in deciduous forests ( 33 ), resulting 
in a slightly strengthened cooling. During leaf senescence and 
shedding, canopy gaps widened and darker optical properties of 
stems were exposed, enhancing light penetration and reducing 
foliage interception ( 58 ). Specifically, although albedo increased 
slightly in the early fall before decreasing as leaves turned bright 
yellow or brown, leaf reflectance and transmittance in the visible 
wavelengths increased as a result of the rapid destruction of chlo-
rophyll ( 33 ,  59 ). The subsequent decline in photosynthetic capac-
ity and water content further reduced albedo ( 58 ,  60 ), accompanied 
by diminished ET-driven cooling, leading to a return to moderate 
warming. Our findings align with previous findings on intrasea-
sonal trends of vegetation effects ( 18 ,  21 ,  23 ,  36 ), providing more 
detailed evidence across phenological transitions.

 Following the SOS, vegetation exhibits distinct warming (40%) 
and cooling (60%) effects, revealing two typical patterns of how 
vegetation-induced ΔLST responds to interannual temperature var-
iation across phenological transitions ( Fig. 6 ). In high-latitude regions 
(e.g., Central Europe, Eastern Europe, and Northwestern Asia), veg-
etation initially causes post-SOS warming, with varying sensitivity 
(W-N, W-P). This warming is partly attributed to concurrent snow-
melt, which strongly decreases land surface albedo and thus causes 

warming. As greening intensifies, ET-driven cooling dominates ( 32 , 
 37 ), gradually replacing much of the warming. About half of the 
regions directly shift from warming post-SOS to consistent 
cooling-negative (C-N) after GMO, while 31% transition to C-P, 
likely due to constrained ET cooling under dry conditions ( 9 ,  61 ) or 
intensifying drought events. In contrast, in mid-latitude regions with 
hot summers and fully humid conditions, such as Southeastern North 
America and Northern Asia, rising temperatures and rapid greening 
enhance ET-induced cooling, starting with C-P during SOS. As foli-
age density increases, 34% of C-P transition to C-N post-MGP, 
excluding unchanged pixels (59%), marking the largest shift. Similarly, 
27% of unchanged C-P transition to C-N post-GMO, suggesting 
that enhanced cooling potential (negative DT ) by vegetation may lead 
to increased soil water loss as temperatures rise ( 62 ,  63 ), resulting in 
significant cooling. However, during peak season, C-P proportions 
increase, indicating that converted ET-induced cooling potential may 
be limited due to increased water deficits driven by ET losses ( 64 ), 
more frequent drought events, and the advanced SOS ( 65   – 67 ). 
Moreover, the positive effect of vegetation greenness on ET may be 
attributed to the delayed phenology ( 68 ) (SI Appendix, Table S3 ). 
This trend, with amplified cooling during peak season, highlights the 
complex ecosystem responses to climate warming ( Fig. 7 ).        

Fig. 6.   Temperature sensitivity of the vegetation impact on LST across the Northern Hemisphere from 2013 to 2021. (A–F) Spatial distributions of the vegetation 
effect on LST and its temperature sensitivity for the six phenological transitions SOS, MGP, GMO, GDO, MSP, and EOS. Cooling-Negative (C-N) means a vegetation 
cooling effect that intensifies with rising temperatures. (G) Percentages of the vegetation effect on LST and its temperature sensitivity for the six phenological 
transitions across the Northern Hemisphere.
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 We found compelling evidence that warmer conditions ampli-
fied the magnitude of vegetation-driven cooling effects. For 
instance, during the extremely warm years of 2015–2016 and 
2021, significant cooling effects were observed in the United 
States, where most regions were characterized by C-N ( Fig. 3  and 
﻿SI Appendix, Figs. S4 and S10 ). This was probably due to vegeta-
tion greening and an extended growing season, which are expected 
to prolong the period of vegetation-driven cooling ( 6 ,  69 ). In 
addition, the magnitude of the cooling effect (ΔLST) increased 
from 2013 to 2021, indicating an amplified cooling effect as the 
climate warms. Seasonally, the cooling effect of vegetation also 
peaks during the period of maximum greenness, from GMO to 
GDO, coinciding with peak summer temperatures.

 The magnitude of cumulative vegetation impacts on LST under-
scores the critical influence of background climates. In regions like 
Southeastern North America, characterized by hot, fully humid 
summers (CXa) ( 70 ), stronger cooling accumulation during the 
growing season is observed compared to high-latitude areas with 
warm, dry summers (Cxb), despite both being C-N. This suggests 
that humidity is essential for enhancing ET-cooling, particularly 
in warm temperate climates where photosynthetic activity is height-
ened ( 61 ,  71 ,  72 ) (SI Appendix, Fig. S7B﻿ ). Conversely, cool, humid 
climates (CXc), like those in western coastal regions of Canada and 
parts of Scotland, Norway, and Sweden, exhibit cumulative warm-
ing. This is probably attributed to reduced vegetative activity from 
lower temperatures and shorter growing seasons ( 73 ). Darkened 
leaves can reduce transmittance as the canopy develops, which 
results in a decrease in albedo absorbing excess solar radiation ( 18 , 
 41 ,  60 ,  74 ), leading to intense warming as well. It is consistent 
with previous findings that albedo-induced warming surpasses 
ET-cooling in specific humid regions ( 59 ), where increased cloud 
cover reduces outgoing longwave radiation ( 50 ). However, the 
positive DT  in CXc during peak greenness suggests that increased 
ET-driven cooling with rising temperatures can partially counteract 
the warming effect. Similarly, cumulative cooling in cold climate 
regions reflects similar patterns, with greater cooling in areas with 
higher summer background temperatures. This is supported by the 
findings that DXa regions exhibit the most cumulative cooling, 
followed by DXb and DXc ( Fig. 4 H –J  ). Dry winters, followed by 
summer rainfall and abundant sunlight, significantly boost 

photosynthesis and transpiration ( 75 ), driving seasonal vegetation 
spurts ( 38 ) and contributing to substantial ET-induced cooling in 
DXd regions with continental characteristics in high-latitude areas 
( Fig. 4K  ). Under CXa and CXb with humid conditions, the 
stronger cooling in DXa and DXb likely results from greater albedo 
increases in northern deciduous forests at higher mid-summer solar 
elevations ( 33 ), along with restricted ET in relative humidity cli-
mates. However, in cold climate regions with dry summer condi-
tions, enhanced ET can exacerbate soil water loss under dry 
conditions ( 62 ,  76 ), which can increase vapor pressure deficits and 
further exacerbate soil moisture deficits ( 77   – 79 ) over subsequent 
phenological stages. Along with the dominant radiative forcing 
( 80 ,  81 ), the water deficit may amplify warming sensitivity and 
reduce cooling impact at the start of the growing season. The 
expansion of foliage cover subsequently mitigates negative temper-
ature sensitivity probably by enhancing soil water transfer and 
latent heat release ( 82 ), though this effect weakens after senescence 
(SI Appendix, Figs. S7C  and S8C ). The findings on the varying 
vegetation phenological transitions’ impact on LST across climate 
backgrounds are particularly critical for implementing effective 
vegetation management strategies under increasingly frequent and 
severe extreme droughts ( 83 ,  84 ).

 Vegetation-induced cooling varied across forest types due to dif-
ferences in physiological and structural traits (SI Appendix, Fig. S6 ). 
Deciduous broadleaf forests, containing more anisohydric species 
that maintain transpiration under higher VPD, exhibited the strong-
est cooling, supported by dense canopies and high stomatal con-
ductance sustaining transpiration and reducing radiation absorption 
( 38 ,  85 ,  86 ). Needleleaf forests, including more isohydric species 
with conservative water use, cooled less effectively due to lower 
albedo, greater roughness, and early stomatal closure under high 
VPD ( 63 ,  87   – 89 ). Composed of species with divergent water-use 
strategies, mixed forests showed asynchronous VPD-temperature 
responses and higher canopy transmittance, weakening transpiration- 
driven cooling ( 63 ,  90 ). Under cooler mesic conditions experiencing 
drier years (e.g., Cxc), reduced stomatal conductance in response to 
water stress—particularly in broadleaf species—further suppressed 
ET and amplified warming ( 86 ,  91 ,  92 ). While structurally resilient 
( 93 ), mixed forests may benefit from increased broadleaf dominance 
to improve climate buffering ( 87 ), though their heat and drought 
sensitivity calls for careful management. As VPD and climate 
extremes intensify, species-specific mechanisms must be understood 
to guide forest-based climate strategies.

 As climate change and extreme events affect the timing of leaf 
onset and senescence ( 84 ), examining vegetation’s impact on LST 
across phenological transitions provides essential insights for 
improving the accuracy of climate models in capturing the bio-
physical impact across these shifts. Our findings highlight the inad-
equacy of traditional aggregate analyses in capturing transient but 
significant phenological impacts on LST ( 28 ,  31 ). Future research 
should prioritize high temporal resolution studies that can effec-
tively capture the thermal dynamics associated with early or delayed 
leaf-out and prolonged growing seasons. It is also critical to inves-
tigate the roles of other climatic drivers, such as photoperiod, 
humidity, and chilling intensity, as well as biotic factors, in shaping 
vegetation’s temperature effects. These studies can provide new 
insights into how vegetation moderates surface energy balance dur-
ing critical phenological stages, such as the shoulder seasons when 
vegetation dynamics rapidly change ( 28 ,  94 ). Addressing these 
questions will also enhance our ability to design climate adaptation 
strategies, such as optimizing land management practices or deploy-
ing nature-based solutions to mitigate climate extremes.

 Our study applied the ATC model to isolate the impact of veg-
etation on LST, based on the assumption that temporal LST 

Fig. 7.   The effects of vegetation foliage on LST across phenological transitions 
under cloud-free conditions. The orange and blue dashed lines represent LST 
derived from the Standard ATC model, representing two possible scenarios 
without foliage. The green solid line represents the MODIS-observed LST, 
a scenario with the vegetation foliage effects. The blue upward arrow and 
the orange downward arrow represent the cooling and warming effects of 
vegetation foliage, respectively. The thickness and size of the arrows for 
evapotranspiration (ET) and albedo represent the magnitude of their effects 
driven by phenological transitions. The six phenological transitions are the 
SOS, MGP, GMO, GDO, MSP, and EOS.
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variations are largely driven by solar radiation flux ( 95   – 97 ). The 
resulting LSTATC  reflects the annual LST without foliage cover, 
providing a baseline for comparison with the actual scenario of 
vegetation impact. We acknowledge, however, that the actual 
annual surface temperature cycle is more complex, influenced by 
short-term factors such as weather fluctuations, snow/ice cover, 
and vegetation or soil conditions. In snow-covered regions, the 
model assumes a static surface and accounts for snow-related albedo 
year-round when simulating no-foliage scenarios, potentially caus-
ing a slight overestimation of warming or underestimation of cool-
ing during the growing season. Nevertheless, these limitations do 
not alter the observed early season transition from warming to 
cooling, nor the sensitivity analysis of daytime LST impacts under 
climate warming. In addition, vegetation–cloud feedback may 
indirectly link phenology to surface energy balance, e.g., enhanced 
ET following leaf-out can contribute to increased cloud formation 
( 29 ,  98 ), which in turn may reduce incoming shortwave radiation 
and moderate surface warming. However, our comparison between 
LST and ΔLST derived from cloud-free and full time series obser-
vations suggests that cloud presence does not substantially alter the 
detected vegetation-induced temperature signals, supporting the 
robustness of our conclusions (SI Appendix, Fig. S14 ). Future work 
should integrate phenological dynamics with cloud processes and 
land–atmosphere interactions to quantify vegetation impacts on 
LST and Ta across diverse environmental conditions.

 In summary, our analysis revealed a dominant vegetation surface 
cooling effect across various phenological transitions during the 
growing season. By quantifying both the immediate and cumulative 
effects across phenological transitions, we highlight the significant 
role of phenological transitions in modulating vegetation foliage 
impacts on climate, which are influenced by background climate 
and interannual temperature variations. Our findings demonstrate 
that vegetation impact on temperature exhibits divergent trends in 
different regions under future climate change, emphasizing the need 
to incorporate phenological dynamics into climate models to 
improve predictions. These insights can guide climate change adap-
tation strategies, including the design of nature-based solutions such 
as afforestation, reforestation, and seasonal vegetation management 
to enhance cooling effects and mitigate warming impacts. Overall, 
our study provides a comprehensive, global perspective on the veg-
etation–climate feedback at the intraseasonal scale, enhancing our 
understanding of the biophysical processes that drive dynamic cli-
mate impact following phenological transitions.  

Materials and Methods

Datasets.
Climate type dataset. To investigate the impact of phenological transitions in 
different background climates, we used the Köppen–Geiger climate classification 
(99, 100). The latest historical maps (1986–2010, https://koeppen-geiger.vu-
wien.ac.at/present.htm) are based on high-resolution (101), observation-based 
classification consisting of 5 major climates (equatorial, arid, warm temperate, 
cold/boreal, and polar) and 31 subclasses. These classifications are determined 
by threshold values and seasonality of monthly air temperature and precipitation 
(102). To better examine the individual impacts of temperature and precipitation, 
the Köppen–Geiger climate types were further reclassified and combined based 
on temperature and precipitation to analyze the dominant factor in temperate and 
cold regions. The original climate types were reclassified into seven temperature-
based types and six precipitation-based climate types. The temperature-based 
types include warm temperate with hot (CXa), warm (CXb), and cool summers 
(CXc); cold climate with hot (DXa), warm (DXb), cool summers (DXc), and extremely 
continental conditions (DXd), combined by the third character of the Köppen–
Geiger climate classification. The precipitation-based climate types include warm 
temperate with fully humid (CfX), summer dry (CsX), and winter dry conditions 

(CwX); and cold climate with fully humid (DfX), summer dry (DsX), and winter dry 
conditions (DwX). We analyzed the cumulative impact of vegetation on LST and 
the temperature sensitivity for each climate type to examine the effects across 
phenological transitions and the trends as temperatures change.
VIIRS vegetation phenology product. We obtained phenological transition 
observations at a 500-meter resolution from the VIIRS Global Land Surface 
Phenology Product (GLSP) for the period of 2013–2021 (https://lpdaac.usgs.
gov/products/vnp22q2v001/). VIIRS phenology product uses a Hybrid Piecewise 
Logistic Model (HPLM) to track the phenological transition dates by the two-band 
enhanced vegetation index (EVI2) (103). It defines the onset time of greenness 
when the EVI2 value increases during the growing season. The HPLM then fits 
the smoothed EVI2 trajectory by identifying transitions between green-up and 
senescence based on slope changes. This approach does not rely on predefined 
thresholds, ensuring accuracy and consistency in phenological assessments. Six 
key phenological transition events, including the SOS, MGP, the greenness max-
imum onset (GMO), the GDO, MSP, and the end of the growing season (EOS), are 
precisely identified through the maximum curvature change rate derived from 
the HPLM since 2013 (103–105). These phenological proxies are used to mark 
significant shifts in the phenological cycle, as detailed in SI Appendix, Table S2. 
The evaluation of VIIRS phenological data with four datasets spanning different 
scales suggests its precise characterization of phenological dynamics and changes 
(106). The study focused on regions with a single summer-peaked growing sea-
son per year. Phenological transitions were expressed as day of year (DOY), and 
only pixels with correctly sequenced, complete annual transitions were retained.
MODIS LST product. We used daily LST at 1 km resolution from the MODIS Aqua 
dataset (MYD11A1 Version 6.1, https://lpdaac.usgs.gov/products/myd11a1v061/) 
for 2013–2021 to characterize the effect of phenology dynamics. This dataset, 
retrieved using a generalized split-window algorithm for thermal bands 31 and 
32 (11 and 12 μm), has undergone extensive validation (107, 108). It provides 
consistent and highly accurate LST estimates since 2003, enabling a better under-
standing of the relationship between LST and vegetation change while consid-
ering factors such as solar radiation and meteorological conditions. The Aqua 
dataset has two observations every day at 13:30 during the day and 03:30 at 
night, which are close to the highest and lowest temperatures in the diurnal cycle, 
respectively. We investigated the daytime LST as vegetation-induced biophysical 
processes primarily occur during daytime and have a greater impact on surface 
temperature, compared to during nighttime (8, 55), helping to investigate the 
maximum extent of vegetation impact. To minimize cloud contamination, we 
filtered the MODIS LST data using QA flags, excluding observations with cloud 
cover (Bits 0 to 1) or average uncertainty > 3 K. This ensured that all analyses—
especially those across phenological transitions—were performed using consistent 
observations with minimal atmospheric interference, strengthening the reliability 
of our phenology-induced temperature impact.
MODIS Land cover product. The annual MODIS Land Cover Type Product 
(MCD12Q1 Version 6.1, 500 m spatial resolution) was utilized to identify decid-
uous and mixed forest pixels across the Northern Hemisphere (https://lpdaac.
usgs.gov/products/mcd12q1v061/). This dataset offers a global land cover map 
from 2001 to the present with annual updates (109, 110). The dataset encom-
passes five legacy classification schemes, including the International Geosphere-
Biosphere Programme (IGBP), University of Maryland (UMD), Leaf Area Index 
(LAI), BIOME-Biogeochemical Cycles (BGC), and Plant Functional Types (PFT). 
Based on the IGBP classification scheme, which divides the global land surface 
into 16 ecosystem types, we selected three forest types with distinct seasonal 
vegetation phenology for our analysis: deciduous broadleaf forests (DBF), decid-
uous needleleaf forests (DNF), and mixed forests (MF) (SI Appendix, Table S1).
AmeriFlux data. To enhance the evaluation of vegetation effects analysis at the 
site level, we used LST, near-surface air temperature (Ta), and ET from AmeriFlux 
Network (https://ameriflux.lbl.gov/). The AmeriFlux network as a core compo-
nent of the global FLUXNET eddy covariance network, monitors ecosystem CO2, 
water, and energy fluxes across diverse ecosystems at scales varying from local 
to global (111–113). The individual field sites of AmeriFlux are organized around 
eddy covariance flux towers (114, 115). By utilizing standardized eddy covar-
iance instruments and data processing protocols, it provides high-resolution, 
noninvasive measurements of ecosystem fluxes. Since its inception, AmeriFlux 
flux towers have become integral to networks including the National Ecological 
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Observation Network (NEON), which uses a centralized, top–down approach to 
instrumentation and measurements (113, 116).

We used a radiative-based approach based on outgoing longwave radiation 
to derive half-hourly data LST from 17 AmeriFlux sites (including 11 NEON sites) 
characterized by deciduous broadleaf forests and mixed forest vegetation types 
are used in this analysis for the period 2013–2021 (SI Appendix, Fig. S1). The 
distribution of these sites aligns well with the typical climate types (CXa, DXb) 
considered in this study, suggesting that the site-level analysis is effectively 
representative. At each site, 13:30 at local time outgoing longwave radiation 
observations are utilized to obtain accurate LST observations, ensuring consistency 
and comparability with MODIS LST data. The equation used accounts for potential 
interferences to ensure accurate and reliable temperature data as follows:

Lveg =
1

�veg

(Ltotal − (1 − �veg) ⋅ �sky ⋅ Lsky)),

where Lveg represents the radiance of vegetation (converted to temperature for 
final analysis using the Stefan–Boltzmann law), �veg is the emissivity of vegetation 
(assumed to be 0.97), Ltotal is the outgoing longwave radiance measured by the 
sensor, �sky is the emissivity of the sky (assumed to be 1), the Lsky is the incoming 
longwave radiance of the sky (117).

Time-consistent tower-based latent heat flux (LE) and Ta data at half-hour steps 
were used to assess the temporal dynamics of ET, Ta, and LST, evaluating surface-
atmosphere thermal coupling across phenological transitions. Specifically, ET was 
estimated from eddy covariance measurements of LE (118), which were transformed 
using the latent heat of vaporization (λ = 2.45 MJ kg−1) to convert into water flux 
(mm d−1), assuming all latent energy is used for water vaporization (114, 119).

To further assess the robustness of vegetation-driven temperature signals in 
response to cloud presence, we conducted an additional analysis using AmeriFlux 
LST observations and MODIS-derived daily cloud conditions at the corresponding 
flux tower sites (2013–2021). Clear-sky days were identified with the same cloud-
filtering criteria as above. Surface temperatures and vegetation-induced changes 
after phenological transitions were compared between two datasets smoothed by 
5-d moving averages: one restricted to cloud-free days and the other including 
all daily observations.
PhenoCam data. To validate the critical role of vegetation phenology in affecting 
surface temperature, we utilized the ground phenological transition data from 
the PhenoCam Network (https://phenocam.sr.unh.edu) at the 17 AmeriFlux 
sites. PhenoCam Network (120) provides valuable information and imagery that 
can be used to characterize and monitor canopy conditions to track vegetation 
phenology by employing near-surface remote sensing (121, 122). PhenoCam 
digital camera imagery captured every 30 min from dawn to dusk, providing 
high-temporal-resolution measures of phenology (123, 124). For each archived 
image, a time series characterizes vegetation color, including “canopy greenness” 
with annual cycles of vegetation dynamic activity. A smoothing spline selected 
using the Akaike Information Criterion (AIC) is applied to the canopy greenness 
index to identify the baseline (minima) before the “greenness rising” phase or 
after the “greenness falling” phase, and the peak (maxima) between the “rising” 
and “falling” phases (123, 125). The dates when 10%, 25%, and 50% of the ampli-
tude (maxima–minima) are reached in each phase are then determined (120). 
Given the significance of phenological transitions as well as the correspondence 
to VIIRS-derived phenological transitions, two key phenological transition dates 
were selected for the analysis: the onset of “greenness rising” (10%) correspond-
ing to green-up onset, and the end of “greenness falling” (10%) corresponding 
to dormancy transition. Then the transition dates were converted to the day of 
the year (DOY) format and applied to filter and interpolate LST time series from 
AmeriFlux to capture the vegetation phenological transition effect at the site level.
Data processing. To address the differences in spatial resolution and projection 
among remote sensing datasets, we reprojected all datasets to the EPSG:4326 coor-
dinate system and resampled them to a resolution of 30 km. For each grid point 
masked with the three selected forest types, the median values of LST and the day 
of year (DOY) vegetation phenological transitions were calculated each year on the 
GEE platform. This approach was implemented to minimize deviations and ensure 
consistent dataset alignment across all years. After downloading the remote sensing 
data from GEE and the site-level observations from AmeriFlux and PhenoCam, addi-
tional preprocessing steps were performed in R v4.3.1, including image mosaicking, 
pixel matching, data analysis, background climate types matching and visualization.

ATC model description. We used the ATC model to estimate the reference daily 
surface temperature by isolating the effect of vegetation phenological dynamics. 
The ATC model, originally developed for the Northern Hemisphere, offers an alter-
native approach for generating a continuous temperature series over a year (97, 
126). The ATC model exhibits deterministic variation similar to solar irradiation 
and can predict daily data by using a single sinusoidal function for temporal 
interpolation of LST observations, as follows:

T
(

d
)

= T0 + A ⋅ sin

(

2�d

365
+�

)

,

where d is the day of the temperature cycle relative to the spring equinox, and 
T0, A, and θ denote the annual mean LST, the amplitude of the ATC, and the corre-
sponding phase shift relative to the spring equinox, respectively. The robustness 
of the ATC model has been extensively validated globally (97, 126, 127). Due 
to these advantages, it has been widely used in various applications, including 
spatiotemporally interpolations (128–130), global LST trend analysis (131), and 
quantifying seasonal or interannual fluctuations in surface temperature (96, 132). 
The ATC model better captures annual and subseasonal LST dynamics, providing a 
more detailed analysis of temporal fluctuations in phenological effects on LST com-
pared to the space-for-time substitution approach in previous studies (9, 18, 133).
Model fitting. To isolate and quantify vegetation-induced impacts on LST across 
phenological transitions, we implemented a two-step iteration of ATC model 
fitting for each vegetated pixel annually across the Northern Hemisphere.

In the first iteration, we used 5-day moving averages of MODIS and AmeriFlux 
observed LST (LSTObs) for the full year to estimate the phase shift (θ)—defined as the 
timing of peak annual LST. This parameter is mainly determined by solar zenith 
angle and therefore using full-year data increases the robustness of this estimate. 
However, fitting the ATC model with year-round LST represents actual tempera-
ture with vegetation phenology influence (127, 134). To exclude the influence of 
vegetation-induced fluctuations, we conducted a second fitting to obtain hypothet-
ical temperature of bare-ground-like condition without foliage interference, driven 
solely by the climatic background and without short-term fluctuations. Specifically, 
we refitted the ATC model using LSTObs during the nongrowing season (i.e., period 
outside of the range marked by SOS or green-up onset and EOS or dormancy each 
pixel for each year) to capture both spatial and interannual variability in baseline 
LST conditions (no-foliage scenario). By reoptimizing Tâ‚€ and A under radiatively 
consistent conditions with θ held constant, the model yields an annual baseline 
estimated temperature (LSTATC) that represents a hypothetical seasonal tempera-
ture cycle without foliage biophysical processes at vegetated pixels. The deviation 
between LSTATC and observed LST (LSTObs) during the growing season thereby reflects 
the magnitude and direction of vegetation-induced temperature effects.

To quantify the impact of vegetation phenology dynamics on LST, ΔLST was 
derived as the difference between the MODIS and AmeriFlux observed LST 
(LSTObs) and the ATC-estimated LST (LSTATC) across the growing seasons. For both 
given series of observed LST values, the ATC nonlinear fitting for each pixel was 
estimated with the Levenberg–Marquardt algorithm (135, 136), combining the 
advantages of gradient descent and Newton’s method to minimize the sum of 
squared residuals iteratively. A lower LSTATC than LSTObs indicates a net albedo-
driven warming across phenological transitions, whereas a higher LSTATC suggests 
net cooling from vegetation-induced ET (Fig. 1).

To investigate the impact resulting from vegetation dynamics on LST following 
each phenological transition in response to changes in the climate background, 
we calculated the sensitivity of phenological impact (ΔLST) on background tem-
peratures using a linear regression model ( SI Appendix, Materials).

Data, Materials, and Software Availability. All codes used to analyze data and 
generate figures have been deposited in GitHub (https://github.com/YizhuoLi-
research/phenology-effects-on-LST) (137). All study data are included in the 
article and/or SI Appendix.
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