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The direct biophysical effects of fine-scale tree cover changes on
temperature are not well understood. Here, we show how land surface
temperature responds to subgrid gross tree cover changes. We find

thatin many forests, the biophysical cooling induced by enhanced
evapotranspiration due to tree cover gain is greater in magnitude than

the warming from tree cover loss. Therefore, the goal of no biophysical
warming effects from tree cover changes could be achieved by regaining a
fraction of previously lost tree cover areas. This percentage differs between
different forest biomes, ranging from 75% in tropical to 83% in temperate
forests. Neglecting this asymmetric temperature effect of fine-scale tree
cover change ignores the fact that biophysical feedbacks continue to cause
surface temperature changes even under net-zero tree cover changes. Thus,
itisnecessary to account for gross, rather than net, tree cover changes when
quantifying the biophysical effects of forests.

Forests store 45% of terrestrial carbon and remove from the atmosphere
alarge amount of carbon dioxide released by human activities to miti-
gate global warming'?. This process leads to a global biogeochemical
cooling effect by reducing the radiative forcing of carbon dioxide’. In
addition, forests influence the land-atmosphere exchange of energy
and water*”® and exert direct biophysical effects on global surface

temperatures through radiative processes (albedo)'® and non-radiative
processes (latent and sensible heat fluxes)" . Forests also have indi-
rect biophysical feedbacks on climate through atmospheric coupling,
for example, atmospheric circulation, cloud formation and precipi-
tation®'. During the twenty-first century, there have been dramatic
changes (land cover conversions and tree cover changes in forests
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Fig.1| Global tree cover changes and their direct biophysical effects on daily

meanLST. a, Net fractional change in tree cover (f,.,) over 0.05° disturbed grid

cells that remained forests from 2000 to 2012. b, The biophysical effects of

tree cover gains and losses on daily mean land surface temperature (ALST) in

disturbed forests. ¢, Sensitivity (Sg,,) of the daily mean ALST,, to gross tree cover

15 0 15
Zonal mean t s.e.

gain (). d, Sensitivity (S,,;) of the daily mean ALST to gross tree cover loss
(fioss)- The dots in a-d are spaced at 2° for both latitude and longitude. e-h, Zonal
mean values of changes in tree cover fractions (e), ALST. (f), S, () and S, (h)
averaged into 2° latitude bins, respectively. Shading represents1s.e.

remaining forests) in global forests"'¢, affecting their biogeochemical
trace gas exchanges" and biophysical processes™>7 ",
Attheglobalscale, studies on the biogeochemical™*** and biophys-
ical temperature effects”* of forests have mainly focused on land cover
change such as afforestation and deforestation. The biogeochemical
effectis quantified by calculating the carbon difference between forest
and neighbouring non-forest grid cells, which is then converted to a
globaltemperature change. The biophysical effect is quantified by inter-
preting spatial differences in temperature, mainly satellite-based land
surface temperature (LST)?". These approaches rely on space-for-time
analogies where spatial gradients in carbon storage or LST between
forest and neighbouring non-forest are used as proxies for estimating
temporal changes of biogeochemical or biophysical effects’”.
However, fine-scale tree cover changes (gains and losses) have
occurred in forests remaining forests worldwide®, mainly due to

natural disturbance, forest management practices and other changesin
canopy density’*”. While such tree cover gains and losses in established
forestsare notaland cover conversion, they canstillimpact the global
carbon balance?®?”’. High-resolution satellite carbon data have been
used to assess such biogeochemicalimplications induced by fine-scale
tree cover changes based on the space-for-time analogy method"**%,
Nevertheless, challenges remain for quantifying the direct biophysi-
cal LST effects induced by fine-scale tree cover changes>'*°7¢, This
research question s crucial because, currently, LST can only be moni-
tored globally from satellites with frequent revisitsat 1 kmresolution,
whereas changes in tree cover can be assessed at afiner scale of 30 m.
Others developed atime-series analysis method to estimate LST change
caused by direct biophysical effects of 30 m resolution net tree cover
changes using satellite-based data>”. This approach was, however,
only applied to net changes in tree cover**° and did not investigate
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Fig.2| Asymmetric biophysical effects of tree cover gain and loss on LST.
a-i, The biophysical effects of various fractions of tree cover gain (f,,;,) and

loss (fi,ss) on daytime (a—c), night time (d-f) and daily mean (g-i) land surface
temperature (ALST,.). a,d,g, tropical; b,e h, temperate; ¢,f,i, boreal. Each cell in
the bubble matrix shows the mean ALST observed for a given combination of
Jeain@nd fios Within 0.05° grid cells from 2000 to 2012 reported on the x and y axes
inthe 0.02 bin, respectively. Red denotes a warming effect (ALST,. > 0.02 °C),
blue denotes cooling (ALST¢ < -0.02 °C) and grey represents LST neutrality
(ALST; = 0.0+ 0.02 °C) induced by direct biophysical effects of tree cover gains
and losses. The size of the dot indicates the degree of 1 s.e. The black dashed 1:1
lines represent equal fractions of tree cover gain and 10ss (f,i, =fis,)- The black

solid curves, named LST-neutral curves, are fitted by quadratic models based

on the scatter between f,,;, and fi,; for grid cells with ALST;.= 0.0 + 0.02 °C
(Methods), thereby separating the biophysical cooling and warming effects on
LST. Shading represents the 95% confidence interval assessed by bootstrapping
across each grid cell (n=500). The significance (Pvalue) of all fitted curves is
<0.001.j-1, The average ALST; (means + 2 s.e.) in disturbed forest grid cells
withequivalent f,;, and fio (f.ec = 0 £ 0.02) for tropical (j, n = 266), temperate

(k, n=296) and boreal (I, n = 151) zones, respectively. The asterisks indicate
probabilities statistically different from zero (two-sided Student’s ¢-test): *P< 0.1;
**P<0.05;**P<0.01.

the distinct biophysical effects caused by gross tree cover gain and
loss within LST grid cells.

To address this knowledge gap, we first selected forest grid cells
thathad undergone fine-scale gross tree cover changes while not chang-
ing land cover (hereafter referred to as subgrid tree cover gain and
loss with respect to the coarser-scale LST observations), based on the
Moderate Resolution Imaging Spectroradiometer (MODIS) land cover
product®®?* and 30 m resolution tree cover maps from Global Forest
Watch (GFW)®. We then used the 0.05° resolution MOD11C3 v.061LST
product®*to calculate the LST anomaly between 2000 and 2012 for each
forest grid cell. Finally, the LST anomaly of neighbouring undisturbed
grid cells caused by climate variability alone (ALST,,) was removed from
the signals of disturbed grid cells to quantify the direct biophysical
effects on LST (ALST;,) caused by subgrid fractional tree cover gains
(fzain) and losses (fi,s;) from 2000 to 2012, following the methodology
of ref. 5and adapted with more stringent criteria (Methods).

Net tree cover loss may show a cooling effect

We found that some disturbed forests that experienced anet tree cover
loss were still associated with a biophysical cooling effect (Fig. 1a,b).
This occurred especially in tropical and temperate forest grid cells
that experienced large fractions of gross tree cover gain, such asin
the eastern United States (f,, = —0.01 £ 0.004, f,.;, = 0.13 + 0.003, daily
mean ALST;.=-0.05+ 0.002 °C), eastern Congo (f,.. = —0.05+ 0.003,
frain=0.06 + 0.002, daily mean ALST; =-0.03 + 0.009 °C) and

subtropical southern China (f,,, = -0.02 + 0.003, f,,;, = 0.06 + 0.003,
daily mean ALST; =-0.04 + 0.006 °C) (Fig. 1a,b,e,f). This result
is different from previous findings where deforestation was sys-
tematically associated with a biophysical warming>***?*, This phe-
nomenon occurred because, for the same value of f,,, the sign
and magnitude of ALST,. depended largely on the absolute values
of f..in (Supplementary Fig. 1). Therefore, we quantified the sen-
sitivity of ALST,. to a unit of gross tree cover gain (S,,,) and loss
(S10ss) (Methods). For the global average, S,,;, (—0.81+0.024 °C)
(Fig. 1c) was greater in absolute value than S, (0.66 + 0.021°C)
(Fig.1d). The difference in magnitude between S,;, and S, was typi-
cally remarkable in temperate and tropical zones, for instance, in the
eastern United States (S, = ~0.76 £ 0.037 °C; 5,5, = 0.59 £ 0.027 °C),
eastern Congo (S, = —0.80 £ 0.091°C; S, = 0.53 £ 0.095 °C) and sub-
tropical southern China (S, = -0.98 + 0.098 °C; S, = 0.70 + 0.102 °C)
(Fig.1c,d,g,h).

Asymmetric ALST, of tree cover gain and loss

Thevariationsin ALST in disturbed forest grid cells with all combina-
tions of f,;, and fs, are depicted in Fig. 2. In tropical and temperate
forests, daytime ALST. was more negative (cooling) with increasing
Jain@nd more positive (warming) withincreasing fi,.; (Fig. 2a,b). Night
time ALST,. generally responded in the opposite manner (Fig. 2d,e)
but with asmaller absolute value than daytime ALST,.. Consequently,
intropical and temperate forests, the daily mean ALST,. (Fig. 2g,h) was
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Fig. 3 | Ratio of fractional tree cover gain to loss for LST neutrality. a, Theratio
(p) of fractional tree cover gain to loss (means + s.e.) with daily mean

ALST=0.0 + 0.02 °C for the tropical (light green), temperate (light blue) and
boreal (light brown) climate regions, respectively. The inset histogramsina
represent p values (means + s.e.) in the tropical (n =2,048), temperate (n =2,496)

and boreal (n=4,002) climate zones, respectively. The asterisks indicate
probabilities statistically different from1:1 (two-sided Student’s t-test): *P< 0.1,
**P<0.05,***P<0.01.b, The zonal mean p values for each 5° latitude bins
(medians +s.e).

dominated by the daytime ALST, signal. In boreal forests, however,
the daily mean ALST,, (Fig. 2i) largely depended on night time ALST,.
(Fig. 2f), which had a greater magnitude than daytime ALST (Fig. 2¢).
The daily mean ALST,. in this biome was more positive (warming) with
increasing f,,;; and more negative (cooling) withincreasingfio (Fig. 2i).

Interestingly, resultsindicate that the warming and cooling on LST
induced by direct biophysical effects of tree cover changes were not
symmetrically distributed along the 1:1diagonal line defining fy,in = fioss
(Fig. 2). Therelationship between ,,;, and . for disturbed forest grid
cellsthatresultinnet-zerochangein LST (ALST; = 0 + 0.02 °C, hereafter
referred to as LST neutrality) can be approximated using a quadratic
function, fg,i, = 4(fiss) (Methods), illustrated by the black solid curves
in Fig. 2 (here referred to as the LST-neutral curves). In tropical and
temperate forests, this quadratic function laid below the 1:1 diagonal
line, indicating a negative asymmetry off,,;, onbiophysical LST neutral-
ity (Fig. 2a,b,d,e,g,h). Consequently, the grid cells with f;, =fio.s Were
associated with a daytime cooling effect (tropical -0.58 + 0.009 °C;
temperate —0.33 £ 0.004 °C) and a small night time warming effect
(tropical 0.07 £ 0.005 °C; temperate 0.05 + 0.002 °C), leading to an
overall cooling effect on the daily mean LST (tropical —0.25 + 0.007 °C;
temperate —0.14 + 0.003 °C) (Fig. 2j,k). Conversely, in boreal forests,
the g function was above the 1:1 line, implying a positive asymme-
try of f,.., on biophysical LST neutrality (Fig. 2¢,f,i). Grid cells with

Jeain=Jioss Showed awarming effect on daytime LST (0.07 + 0.002 °C) and

astronger cooling effect on night time LST (-0.11+ 0.002 °C), result-
ing in aslight cooling effect on the daily mean LST (-0.02 + 0.002 °C)
(Fig. 21). Additionally, these asymmetric responses of ALST; with
respect to fy,, Versus f,,, were still robust to the choice of another
time period (2003-2012,2006-2012 and 2009-2012), for larger LST
grid-cell sizes (0.1°instead of 0.05°) and under different thresholds of
final tree cover for estimating f,;, in disturbed forests (Supplementary
Figs.2-6 and Methods).

To quantify the asymmetry influences of f,.,;, versus f,,;on LST, we
calculated the ratio of f,;, to fis, hereafter referredtoas p, indisturbed
grid cells with biophysical LST neutrality (daily mean
ALST=0.0+0.02°C). Around the globe, p showed a distinctive lati-
tudinal gradient (Fig. 3 and Supplementary Fig. 7). In tropical forests,
p had the smallest values, that is, <1.0 (average p = 0.75 + 0.025)
(Fig. 3a), suggesting that lower gains in tree cover than losses can
achieve LST neutrality for this biome. Within tropical forest regions,
p was smaller in tropical Africa than in tropical South America and
tropical Asia. In temperate forests, the value of p was larger than that
of tropical forests (average p = 0.83 + 0.051) (Fig. 3a) and increased
with latitude (Fig. 3b). In boreal forests, p mostly varied between 1.0

and 2.0 (average p =1.51+0.224) and was the highest in Siberia
(Fig.3a).Inthis biome, ifonly the direct biophysical effect was consid-
ered, theratio of f,,;, to fi,, would be smaller than pto achieve anegative
LST anomaly.

Mechanisms of the asymmetrical effects on LST
The asymmetric responses of ALST, with respect to f,;, and fi,,; can
be explained by the asymmetric influences of tree cover gain versus
loss onthe surface energy balance’*°** (Fig. 4a-land Supplementary
Fig. 8), which were diagnosed using satellite observations of albedo,
shortwave downwelling radiation (SW) and latent heat (LE) turbulent
fluxes (Methods).

In the tropical and temperate forests, the neutral curves for
changesinthe surface energy fluxes were all below the 1:1diagonal line
inthe (i, fioss) SPaces (Fig. 4a,b,d,e,g,h,j k). Disturbed tropical forests
With fg.in = fioss Showed lower values of reflected SW (albedo multiplied
by incoming SW) (ASW =-0.9 + 0.2 W m™) (Fig. 4m), higher values of LE
(ALE=5.1+ 0.4 Wm™) (Fig.4n) and smallincreases in sensible heat and
ground heat fluxes (A(H + G) = 0.2 + 0.1 W m™) (Fig. 40) compared with
undisturbed forests. Overall, these processes caused a net decrease
in surface energy budget (ALW =-4.4 + 0.2 W m) (Fig. 4p), which
explained the cooling signal shown in Fig. 2. In temperate forests, the
grid cells with f;, = fi,s sShowed a moderate cooling effect, indicated
by a moderate reduction in SW reflection (ASW =-0.5+0.1Wm™)
(Fig. 4m), amoderate increasein LE (ALE=2.0+ 0.2 W m™) and Hand
G fluxes (A(H + G) = 0.4 + 0.1 W m™) (Fig. 40). In these two biomes, the
stronger increase inevapotranspiration (ET) associated with tree cover
gain compared to the decrease from tree cover loss was the main cause
of the negative asymmetry of f,,;,, on ALST;. in the disturbed forests,
where tree cover losses were mainly induced by commodity-driven
deforestation, shifting agriculture and forestry*° (inset histograms
inFig.4a,b,d,e,g h,j,k; Supplementary Figs. 9-14). This isbecause the
youngtrees associated with tree cover gainare usually shorter and have
higher leaf water potential and a consequent larger ET than the previ-
ous tree cover” . In contrast, the changes in reflected SW induced
by albedo differences were negligible between newly grown young
trees and previously lost older trees*>*’, These processes eventually
led to a negative asymmetric influence of tree cover gain versus loss
on ALST,. (Fig. 2). By matching GFW data® with planting years from a
global map of plantations® (Methods), we show that the LST-neutral
curves for plantations older than 6 years were slightly more distant
fromthe1:1diagonal lines than those of younger plantations (Fig. 5a,b),
indicating that tree age is one vital factor influencing the asymmetry of

Jeain VETSUS fioi 0N ALST,.. Aspace-for-time analysis over alonger period
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Fig. 4 | Asymmetric influences of tree cover gain and loss on surface energy
balance. a-1, Bubble matrix plots of ASW (a-c), ALE (d-f), A(H + G) (g-i) and
ALW (j-1) against various f,,;, and fi,s in tropical (a,d,g,j), temperate (b,e,h k)
and boreal (c,f,i,l) zones, respectively. The A symbol stands for the difference
between disturbed and undisturbed forests. Each cell in the bubble matrix
shows the mean value of each energy flux component for a given combination
Of fioss aNd f,i, in 0.05° pixels on the xand y axes in the 0.02 bin, respectively. Red
indicates a positive value, blue indicates a negative value and grey indicates a
value of zero. The size of the dot indicates the degree of 1 s.e. The black dashed 1:1
diagonal lines represent equal values of tree cover gain and 10ss (fy,i, = fioss)- The
neutral curves are fitted by quadratic models based on the scatters between f,;,
andfi,,, similar to the LST-neutral curvesin Fig. 2. Shading represents the 95%

I
08 100
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confidence interval assessed by bootstrapping across each pixel (n =500). The
significance (Pvalue) of all fitted curves is <0.001. m-p, The average anomaly

of each component (ASW (m), ALE (n), A(H + G) (0) and ALW (p)) (means t s.e.)
inthe surface energy balance induced by tree cover changes with equivalent
Jaain@Nd fioss (free = 0 £ 0.02) for tropical (n = 266), temperate (n = 296) and boreal
(n=151) zones, respectively. Further details for forest grid cells disturbed by
different drivers are graphed asinset histogramsina-1.C,S,F and W denote
commodity-driven deforestation, shifting agriculture, forestry and wildfire,
respectively. The asterisks indicate probabilities statistically different from zero
(two-sided Student’s ¢-test): *P < 0.1, **P < 0.05, ***P < 0.01. More details are shown
inSupplementary Figs.12-14.

indicated that direct biophysical cooling of plantations on LST dimin-
ished as planted trees became older than approximately 28 years in
tropical regions and 32 yearsin temperate regions (Fig. 5c). This result
implies that influences of tree age on asymmetric patterns of ALST,
may become weaker when trees exhibit lower growth rates™ (Methods).

In boreal forests, the situation is different. The neutral curves
in the (f,in, fioss) SPaces were above the 1:1 diagonal line for ASW and
A(H+ G) and below the 1:1diagonal line for ALE (Fig. 4c,f,i). Disturbed
grid cells in which f,,;, = fi,,s Were associated with a large increase in
reflected SW (ASW =1.8 + 0.3 W m™) (Fig. 4m), a small increase in

LE (ALE=0.5+0.2 W m™) (Fig. 4n) and a strong decrease in Hand G
(A(H+G)=-1.3+0.2W m™) (Fig. 40). These processes resulted in a
minor decrease in the surface energy budget (ALW =-1.0 + 0.1W m™)
(Fig. 41,p) and thus a negligible biophysical cooling effect (Fig. 2).
Therefore, the change in SW was the main cause for the asymmetric
changesinthesurface energy balance caused by tree cover gain versus
loss, whereas tree age-induced ET changes played a less important
role. The stronger contribution of SW changes in boreal forests was
mainly attributed to the lower forest albedo during snow-covered
periods®**>* typically 20% to 50% less than in snow-covered open areas.
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(n=500).The Pvaluesina,b are probabilities statistically different between the
two planting age groups (one-sided f-test). ¢, Variations in the daily mean ALST,,
(means +s.e) along with tree age (bin times: 1 year) in planted forests. Tree age
influences ALST;. in planted forests with different tree covers (50% < f,,i, < 70%
Versus fy,i, > 70%), as shown in Supplementary Fig. 17.

Inaddition, the dominant coniferous forests in the boreal region were
typically darker (lower albedo)® than broadleaved trees prevailing
elsewhere®¢, Forestry and wildfire were the two dominant causes
of tree cover losses in disturbed boreal forests (inset histogram in
Fig.4c,fil;Supplementary Figs. 9-14). However, standing dead trees
atrecently burntsites only partially masked winter snow cover and led
to aweaker albedo increase than from timber harvest”*, which caused
astrongincreaseinthe reflected SW for forestry compared to wildfire
(Fig. 4c and Supplementary Fig. 12). Therefore, forestry-induced net
changesin SW seem to be the main driver of the asymmetric response
of ALST.inboreal forests where i, = fioss- This finding is consistent with
previous studies™***>” that showed that albedo-induced net change in
SW was the major cause of the change in direct biophysical effects on
LST over boreal forests.

To assess the uncertainties of satellite-based retrievals of the
surface energy balance, in addition to the MODIS ET dataset*® used
above, we tested two alternative datasets: the 0.05° resolution ET
data products from Global Land Surface Satellite (GLASS)** and
Penman-Monteith-Leuning (PML_v2) ET®. These two different ET
datasets (Supplementary Fig. 18) showed marginally small differ-
ences compared with those derived from MODIS ET (Supplementary
Fig. 8d-f), confirming the robustness of the explanations for the
observed asymmetry patterns of ALST,.

Uncertainties from tree cover change data

Previous studies indicate that potential uncertainties exist in some
regions (suchas Canada, Chinaand Brazil) inthe GFW tree cover data® **.
Here, we used tree cover maps from individual countries or regions
including Canada®, the United States®’, eastern Europe®, northern
Europe®®, China® and tropical moist forests’ (Supplementary Table 2
and Supplementary Fig.19), which were calibrated or validated using
national forest cover statistics or field inventory data” (Supplemen-
tary Fig. 20), as a means to provide an alternative data source for tree
cover gainand loss”.

In temperate forests, as in the United States, both f,,;, and fi
agreed well with those from the National Land Cover Database (NLCD)®®
(Supplementary Fig. 21) and the p difference (Ap) for the LST-neutral
curves between NLCD and GFW tree cover data was approximately
equal to zero. However, an underestimation of tree cover gains often
occurred inregions with large afforestation programs such as China*.
Thus, the negative asymmetry of f,,;, on LST neutrality in China from
GFW datawas weakened (Ap = 0.07 + 0.019) but the LST-neutral curves
fromregional datawere still below the 1:1diagonal line (Supplementary
Fig.22). Intropical moist forests, the lower performance of GFW tree

cover datamainly stemmed froman overestimation of tree cover com-
pared with an underestimationindry tropical forests”> ., Our analyses
showed that 68% of disturbed pixelsin GFW tree cover datahad alower
value of f,,.;, 10% smaller than the regional data from the Joint Research
Centre’®. The negative asymmetry of f,;, on LST neutrality for this
biome was to some extent underestimated in GFW tree cover data
(Ap=-0.07 £0.008) (Supplementary Fig. 23).

Thessituations differ in boreal forests. In eastern Europe, f,, and
fioss Of GFW tree cover data were almost equally underestimated com-
pared with more accurate regional data from the Global Land Analysis
and Discovery Laboratory® and the asymmetry patterns of ALST,,
changed marginally (Ap=0.03 £ 0.001) (Supplementary Fig.24). How-
ever, in countries such as Norway, Finland and Sweden with alow sun
angle and often cloudy weather’® and where much of the
non-clear-cutting harvest activities took place in small and irregular
areas’’, GFW tree cover data probably had a lower f, ., compared with
regional data from the Copernicus Land Monitoring Service’”® (Sup-
plementary Fig.25a-c).Incontrast, in theboreal region of Canadawith
widespread low-density tree communities® and wildfire losses in less
productive forests that require long recovery times®, GFW tree cover
dataprobably underestimatedf,,,,compared with datafrom the National
Terrestrial Ecosystem Monitoring System® (Supplementary Fig. 26a—c).
Resultsindicated aweaker positive asymmetry of f,;,,onLST neutrality
in northern Europe (Ap =—-0.12 + 0.010) but a stronger one in Canada
(Ap=0.07 £ 0.023) (d-iin Supplementary Figs. 25 and 26).

Discussion

The most challenging aspect for quantifying the direct biophysical
effects of forests lies in effectively removing the influences from cli-
mate variability>*°. Others® selected forest grid cells that experienced
net-zero changesinforest cover and attributed their LST anomalies to
climate variability. However, we highlighted an asymmetric effect of
tree cover gain versus loss on LST so that forest grid cells with net-zero
changeintree cover may lead to either a negative or positive LST anom-
aly, highly depending onthe background climate and tree biophysical
properties. Therefore, an optimal reference should be selected from
undisturbed forests with no gross tree cover gain and loss.

Second, satellite- and ground-based estimations of the direct bio-
physical effects of forests have showninconsistenciesinboth signand
magnitude™***2, It hasbeen argued that satellite-based LST (skin tem-
perature)>'>***%2js more sensitive to aerodynamic resistance>*>** asso-
ciated with forest cover changes than the ground-based, near-surface
airtemperature”>**%*#*_Our finding can provide an alternative explana-
tion. Satellite-based LST usually samples aland pixel which represents
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the mixed biophysical LST effects of subgrid gross tree cover gains and
losses. In contrast, tower studies have a smaller footprint and sample
small forest stands**>%¢, This mismatch in spatial scales was mostly
neglected in previous studies, which simplified that the temperature
differences between paired sites were explained solely by net differ-
ences in forest cover®.

Finally, while many satellite tree cover data are regionally vali-
dated, a comprehensive validation using field inventory tree cover
data remains challenging®®*. One important discrepancy between
satellite-based and field inventory tree cover data is probably driven
by forest management activities which resultin changesin tree cover
butnotinland cover”. Itis also important to recognize that the direct
biophysical temperature effect analysed in this study is different from
the full climate impacts, involving both indirect biophysical®” and bio-
geochemical effects® which could either dampen or amplify surface
temperature change®*°.

In conclusion, we provide a global estimate of direct biophysical
effects of gross tree cover gain and loss at fine resolution and demon-
strate an asymmetric effect of tree cover gain versuslosson LST. We also
quantify anaverage ratio of tree cover gain to loss toachieve anet direct
biophysical cooling, which could be considered for climate-smart for-
est management. Our findings may have far-reaching implications for
biodiversity, functional traits and ecosystem functioning, as they are
strongly driven by local temperatures.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Calculating the fraction of tree cover change

Asaninitial step, we overlaid the 30 m high-resolution global tree cover
change maps from GFW" onto 0.05° resolution MODIS MCD12C1land
cover images™® and selected the grid cells that were defined as ‘forest-
lands’in the MODIS land cover images. We then calculated the fractions
of tree cover gain (f,,,) and tree cover loss (f,,s;) for each 0.05° forest
grid cell from 2000 to 2012.

GFW mapsrecorded three types of pixel—tree cover gain, loss and
both"—with tree cover fraction information for 30 mresolution pixels
in2000. We estimatedf,,;, and fi,.s for the 0.05° forest grid cells in 2012
by taking 2000 as the benchmark year. Overall, three cases were con-
sidered. (1) In a 0.05° resolution forest grid cell k, for pixel i labelled
only ‘forestloss’in GFW 30 mresolution maps, the tree cover decreased
fromthe fraction ( ££°™) in 2000 to zero by 2012; thisis a direct estimate
of fi,.s Using GFW tree cover data. (2) For pixeljlabelled only ‘forest gain’,
we assumed that the tree cover would increase to the average values
(fer,°™ of neighbouring well-grown forests (surrounding 9 x 9 pixels)
with tree cover fractions >50%. To verify this assumption, we compared
the tree cover fraction® of a forest planted from 1982 to 2000 to the
tree cover fractions of well-grown forests (9 x 9 pixels) surrounding
that planted forest. The results show that the fractions were strongly
and linearly correlated along the 1:1 diagonal line (all R? values >0.98;
Supplementary Fig. 27). (3) For pixel z with both tree cover gains and
losses, we assumed that the tree cover would initially decrease from
thefraction ( £°™)in 2000 to zero, as did the pixels labelled only ‘forest
loss’. Then, we assumed that the tree cover fractions would increase to
the average fraction (f.¢,*°™) of surrounding well-grown forests in 2012,
similar to pixels labelled only ‘forest gain’. Thus, the average fraction
of tree cover losses (fi,s; %) and gains (i, %) for forest grid cell k
was calculated using equations (1) and (2), respectively:

5= [ S+ S L0000

0.05x 0.05

z 0.00025 x 0.00025
gam k= [Z (/3 ﬁom) + Z:( refz)] 0.05 x 0.05 @

wheref"an and f2% denote the fractions of tree cover gains and tree
cover Iosses fortheO 05° forestgrid cell k, respectively. Parameter £
represents the tree cover fraction of the 30 m (-0.00025°) resolutlon
gridiwithinthe 0.05° forestgrid kin 2000. Parameter f,.°" represents
the average tree cover fraction of surrounding 9 x 9 30 m resolution
pixels with tree cover fractions >50% around the target pixel in 2000.
Variables iandjdenote the number of 30 mresolution pixels labelled
as only forest gains and losses, respectively. Variable z denotes the
number of 30 m resolution pixels that experienced both forest gains
and losses. The conversion coefficient 2222332 js the ratio of the
spatial resolution in GFW tree cover ma'ps to that of the MODIS
MCDI12C1land cover maps.

Estimating ALST;. caused by tree cover change
We used the 0.05° resolution MOD11C3 v.061 daytime and night time
LST products™® (referring to the skin temperature of land surfaces®’**?)
to represent the daytime and night time LST, respectively, and calcu-
lated the daily mean LST by averaging the MODIS daytime and night
time LST. Asthe temperature anomaly (ALST,,,,)) between two yearsin
agiven disturbed forest grid cell was the combined effect induced by
bothtree cover change and climate variability’, we used the time-series
analysis methodology developed by ref. 5 (equation (3)) to disentangle
the direct biophysical effect of tree fractional gain and loss (ALST,)
from that due to climate variability (ALST,,).

In the method of ref. 5, forest grid cells with f,..= 0 + 0.02 were
defined as reference undisturbed forests for estimating ALST,,.

In our methods, more stringent criteria were used to constrain the
disturbed and undisturbed grid cells. We classified a forest grid cell as
‘disturbed’ if it experienced >2% of subgrid change in tree cover gain
(faain > 0.02) or loss (fi,. > 0.02) based on 30 m resolution tree cover
maps from GFW" from 2000 to 2012. Correspondingly, we classified
aforest grid cell as ‘undisturbed’ if it experienced <2% of gross tree
cover change (f,, < 0.02 and fi,; < 0.02) and showed a stable normal-
ized difference vegetationindex (ANDVI =0 + 0.02). Overall, 34.7% of
all the 0.05° forest grid cells were classified as disturbed forests, with
10.3%located intropical regions, 6.8% in temperate regions and 17.6%
in boreal regions (Fig. 1a). Approximately 57.4% of these disturbed
forest grid cells, mainly in tropical (20° N-20° S) and boreal regions
(Canadaand easternRussia), experienced anet tree cover loss defined
bY fret =faain ~fioss < ~0.02. Conversely, only 19.1% of the disturbed forests
experienced net gains (.. > 0.02), with these forests located mostly in
Europe, western Russia and southern Brazil. The remaining 23.5% of the
disturbed forests showed no net change in tree cover (f,..= 0 + 0.02).

Foracertaindisturbed forest grid cell, its reference grid cells were
detected from neighbouring undisturbed forests located within a dis-
tance of 50 km (ref. 5), as grid cells within 50 km were assumed to share
the most similar climate background®*. We then took the temperature
anomalies of reference undisturbed grid cells between 2000 and 2012
asthoseinduced by climate variability without the interference of tree
cover changes (ALST; = 0 and ALST,,,; = ALST,,). To limit the influence
caused by distance, all ALST,, values within 50 km of the disturbed for-
est grid cells were averaged using the inverse distance as a weighting
factor,asshowninequation (4) (ref.5).Inaddition, only those disturbed
grid cellswithmore than five reference undisturbed grid cells withina
50 km distance’ were included in the analysis.

ALST. = ALST ora — ALST¢y 3)
n ALST,
k=1
ALSTy = — % @)
k=1g,

where ALST,,, (°C) signifies the overall LST change in disturbed forest
grid cells; ALST¢, (°C) denotes the LST change in disturbed forest grid
cells caused by tree cover gains and losses; ALST,, (°C) is the LST change
induced by climate variability; ALST, (°C) denotes the LST changes
in reference undisturbed forest grid cells (k) and d, is the distance
between the disturbed and undisturbed forest grid cells (k) in km.

We further quantified the sensitivity of ALST to the fraction of
tree cover gain (f,;,) and tree cover loss (fi,;) with a linear regression
model as follows:

ALSch = Sgain ngain + Sloss ><ﬁoss (5)

where S, (°C) and S, (°C) express the sensitivities of ALST;. to f,, and
fiosss respectively. Here, grid cells were analysed using a moving window
of 6 x 6°, shifted by 2° at each step, as shownin Fig. 1c,d.

Detecting the asymmetric patterns of ALST,,
Bubble matrix plots were used to show asymmetric responses of ALSTy,
with respect tof,, versus fi,. Asshownin Supplementary Fig. 28, in the
bubble matrix, the colour of each cell represents the average value of
ALST; observed foragiven combination of f,,;, and fi,,; within the 0.05°
grid cell. Red denotes awarming effect (ALST;. > 0.02 °C), blueindicates
cooling (ALST. <-0.02 °C) and grey represents a net-zero temperature
change (ALST;.= 0.0 + 0.02 °C) between 2000 and 2012. The xand y
axes representing thefi,i andf,.;,, respectively, were plotted schemati-
callyinthe 0.2binin Supplementary Fig. 28 and the 0.02 bin in Fig. 2.
The LST-neutral curve was defined as the boundary between dots
with negative ALST, (cooling) and dots with positive ALST,. (warming)
in the (fzin floss) SPace. To simulate the LST-neutral curve, we selected
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the dots with ALST;. =0 + 0.02 °Cin the bubble matrix plots (Fig. 2). We
then examined multiple linear and nonlinear (for example, quadratic,
cubicand general additive models) regressions to fit the relationships
betweenf,,, and fi,;;and used the Akaike information criterion to select
the optimal model®. Finally, a quadratic function was chosen as the
best model to regress the nonlinear relationship between f,;, and fi.;
where ALST;. = 0+ 0.02 °C: f,,i, = g(fioss), as depicted by the black solid
curvesin Fig. 2.

Assessing changes in surface energy balance

Net solar radiation received on the ground is converted into sensible
heat flux (H), latent heat flux (LE) and ground heat flux (G). The function
of the surface energy balance is expressed as follows":

SW, —SW; +LW, —LW; =LE+H+G (6)

where SW, and SW, denote the downwelling shortwave radiative flux
incidenting on the ground (total solar radiation) and reflected solar
shortwave radiation from the surface (reflected shortwave radiation),
respectively. Values LW, and LW, denote the longwave radiation from
the atmosphere (atmospheric downward radiation) and longwave
radiation emitted fromthe surface to the atmosphere (surface emitted
radiation), respectively. LEis the latent heat flux referring to the trans-
fer of heat due to the transitional phase of water in the atmosphere.
Variable His the sensible heat flux referring to the heat transfer between
the ground and air caused by the turbulent movement of the surface
layer. Variable G is the ground heat flux representing the quantity of
energy transfer between the surface and deep soil.

Herein, we used the method of ref. 13 to assess the potentialimpact
of tree cover changes on the surface energy balance, which assumed
that the tree cover change at 30 m resolution is not strong enough to
induce cloud feedback and the assigned net-zero change in SW, and
LW, (ASW, = 0 and ALW, = 0) (ref. 92). The change in residual fluxes,
composed of bothHand G, can be estimated by equation (7). Steps for
the derivation of equation (7) are shown in the Supplementary
Methods.

A(H + G);, = —ASW; —ALW, ¢ — ALEg, @)

where Arefers to the changes in the components of the surface energy
balance; the subscript fc represents changesin energy fluxes induced
by tree cover changes; ALE;, was calculated by removing the average
ALE of reference undisturbed grid cells from that of corresponding
disturbed forest grid cells.

The changes in the reflected shortwave radiation (ASW, ¢.) in
response to tree cover changes can be expressed as the product of
changes in albedo (Aalbedo) and shortwave downwelling radiative
fluxes (SW,), shown in equation (8).

ASW, . = Aalbedo x SW, (6]

The changes in LW, . (referred to as ALW; ) in response to tree
cover change can be physically derived using equation (9) (ref. 23):

ALW, . = €ALST, 40LST’ ©

where gisbroadband emissivity and arepresents the Stefan-Boltzmann
constant (0=5.67 x10 W (m2K™)). MOD11C3 products® provide
emissivity estimates, where € can be calculated using an empirical
equation”: € = 0.2122¢,9 + 0.3859¢;, + 0.4029¢5,. Values €5, €5, and e,
represent the estimated emissivity in MODIS bands 29 (8,400~
8,700 nm), 31(10,780-11,280 nm) and 32 (11,770-12,270 nm).

The datasources of the componentsin surface energy balance are
showninSupplementary Table 1. The LE data for calculating ALE were
derived from the MOD16A3GF v.061 products™. The albedo and Sw,

datafor calculating ASW;, ¢ were obtained from MCD43C3 v.061 prod-
ucts at a 0.05° resolution and from GLASS DSR (v.60) data at a 0.05°
resolution®, respectively. The daytime and night time LST data were
derived from the MOD11C3 v.061LST products®®, while the daily mean
ALST;. for estimating ALW, (. was calculated as the average of the day-
time and night time ALST,.. The A(H + G);. component was calculated
from ASW; ¢, ALW, (. and ALE; based on equation (7).

Uncertainty analysis

To assess potential uncertainties caused by scale transformation® that
mightbeinduced by matching 30 mresolution tree cover changes” with
the 0.05° resolution MODIS land cover and LST data*, we produced
additional bubble matrix plots of ALST;, at 0.1° resolution (Supple-
mentary Fig. 6) to compare with those at 0.05° resolution (Fig. 2). If
the LST-neutral curves at the 0.1° and 0.05° resolutions varied signifi-
cantly (P<0.001), the asymmetric patterns of ALST; were treated as
strongly scale-dependent transformation or otherwise were consid-
ered scale-independent or rarely scale-dependent. To assess potential
uncertainties fromour assumptions onf,,,in GFW tree cover data, we
additionally plotted the asymmetric patterns of ALST,. against f,,;, ver-
susfi. under different scenarios for pixels with tree cover gain, whose
final tree coversin 2012 were assumed to be 50% (minimum), 75% (mod-
erate) and 100% (maximum), respectively (Supplementary Figs. 3-5).

On GFW maps, the pixels of tree cover loss were recorded sepa-
rately in each year from 2000 to 2012, while the pixels of tree cover
gainwere only given for the whole period without planting year infor-
mation®. To allocate the fractions of tree cover gains to each year
from2000t02012, we overlaid the GFW tree cover change map ontoa
30 mresolution global dataset of tree plantations®’. We subsequently
assigned the information on planting years to corresponding 30 m
resolution pixels labelled as tree cover gain on GFW maps. Consider-
ing the inconsistency in coverage between GFW tree cover maps and
the tree plantation maps®, only the 0.05° resolution grid cells, with
>80% of total 30 mresolution pixels being assigned with planting year
information, wereincluded inthe analysis. After allocating the fractions
of tree cover gain yearly, we examined the asymmetric responses of
ALST;.and corresponding neutral curves for various combinations of
Jeain@nd fis in the different time periods (2003-2012, 2006-2012 and
2009-2012) (Supplementary Fig. 2).

Next, by matching tree age information®® with GFW tree cover
maps, we quantified the influences of tree age on the asymmetric
patterns of ALST;. and corresponding LST-neutral curves for pixels at
0.05°resolution with different tree planting ages (ages <6 years versus
6 years < ages <12 years) (Supplementary Figs. 15 and 16). Addition-
ally, we further used the space-for-time method over a longer period
to quantify the impact of tree age on ALST, (Fig. 5). By matching the
global tree plantation data of ref. 50 with the MODIS LST time-series,
we estimated the ALST, by using the LST of forest grid cells minus
the LST of reference non-forest grid cells within a 50 km radius of the
forest grid cell’. Only the 0.05° resolution forest grid cells with >80%
of their subgrid 30 m resolution forest pixels assigned with informa-
tion of planting trees based on the ref. 50 map were included in the
analysis. To eliminate the influences of tree cover, forest grid cells
with 50% < f,,in < 70% (Supplementary Fig.17a,c,e) andf;, > 70% (Sup-
plementary Fig.17b,d,f)) were analysed separately.

Others*’ classified five main drivers of tree cover loss in global for-
ests (10 kmresolution): commodity-driven deforestation (permanent
conversion from forestland to non-forest land), forestry (large-scale
forestry operations within forests), shifting agriculture (conversion
fromforest to agriculture lands), wildfire (burning of forest vegetation)
and urbanization (conversion from forest to urban areas). To investi-
gate the underlying mechanism, we graphed the bubble matrix plots
of ALST. and changes in energy fluxes against f,,;, and fi., for disturbed
forest grid cells with different drivers of tree cover loss, respectively
(Supplementary Figs. 9-14).
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Finally, we used five regional forest cover datasets in Canada®,
the United States®, eastern Europe®, northern Europe®®, China® and
the whole tropical region” (Supplementary Table 2) to test potential
uncertainties from tree cover change data. For regional tree cover
data, we classified the 30 m resolution pixels of f,;, and fi,; as follows:
(1) forest pixels converted from other land cover types are recognized
astype of ‘forest gain’; (2) non-forest pixels converted from forests are
detected astype of forestloss’; (3) pixels having ever undergone both
processes (1) and (2) are recognized as type of ‘forest gain and loss’.
Then, we compared f,,;, and fi,. in GFW tree cover data with those of
the regional tree cover datasets, calibrated by national forest cover
statistics or field forest inventory data (Supplementary Fig. 20), at 0.05°
resolution and tested the asymmetric patterns of ALST;.in response to
Jeain VErsus fio (Supplementary Figs. 21-26).

Data availability

TheLST, land cover, evapotranspiration, albedo, forest age and energy
flux data used for the analyses in this study are available online as fol-
lows: 30 m resolution GFW maps of twenty-first century forest cover
change https://glad.earthengine.app/view/global-forest-change;
MOD11C3 LST product https://Ipdaac.usgs.gov/products/
modllc3v061/; MCD12C1 Land Cover dataset https://Ipdaac.usgs.
gov/products/mcd12clv061/; MCD43C3 Albedo product https://
Ipdaac.usgs.gov/products/mcd43c3v061/; MOD16A2GF ET and LE
product https://Ipdaac.usgs.gov/products/modl6a2v061/; GLASS
Shortwave Radiation product http://www.glass.umd.edu/Download.
html; MOD13C2 NDVI product https://Ipdaac.usgs.gov/products/
mod13c2v061/; drivers of global forest loss https://www.science.org/
doi/abs/10.1126/science.aau3445; GLASS ET product http://www.glass.
umd.edu/Download.html; PML_V2ET product https://data.tpdc.ac.cn/
zh-hans/data/48c16a8d-d307-4973-abab-972e9449627c/; the latest
digital Koppen-Geiger world map http://koeppen-geiger.vu-wien.
ac.at/present.htm; global map of planting years https://figshare.
com/articles/dataset/A_global_map_of_planting_years_of planta-
tions/19070084/1; forest cover change data of Canada https://open-
data.nfis.org/mapserver/nfis-change_eng.html; forest cover change
data of northern Europe https://land.copernicus.eu/pan-european/
high-resolution-layers/forests/tree-cover-density/change-maps; for-
est cover change data of eastern Europe https://glad.geog.umd.edu/
dataset/eastern-europe-forset-cover-dynamics-1985-2012/; forest
cover change data of the United States https://www.mrlc.gov/data; and
forest cover change data of the whole tropical region https://forobs.
jrc.ec.europa.eu/TMF/.

Code availability
The code used for this analysis is available in a Zenodo repository at
https://doi.org/10.5281/zenod0.8088598 (ref. 95).
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