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Climate policy has thus far focused sofely on carbon stocks and sequestration to
avaiuate the potential of forests to mitigata global warming. These factors are used o
assess the impacts of different drivers of deforestation and forest degradation as wefl as
alternative farest marfiagement. However, when forest cover, structure and composition
change, shifts in-biophysical processes the water and energy balanhces) may enhanae or
dimifiish the climate effects of carbon released from forest aboveground Biomass, The
ret ‘climate impact of carbon sffects and biophysical effects determines outcomes for
forest and agricultural species as well as the humans who depend on themm: Evatugting
the net impact is complicated by the disparate spatio-temporal scales at which they
operaie. Here'we review the biophysical mechahisms by which forests influence climate
and synthesize recent work on the biophysical climate forcing of forests across latitudes.
We then comibine published data.on the biophysical effects of deforestation on climate
by latitude with a new. analysis of the climate impact of the €Oz in forest aboveground
biormass by latitude to quentitatively assess how these processes combine to shape

local and dlobal climate. We find that tropical deforestation leads to strong net global

warming as a resulf of both COs and biophysical effects. From the tropics to a point
batween 30°N and 40°N, blophysical. cooling by standing forests ts*both local and
global, adding 1o tte global cooling effect of CO2 sequestered by forests. In tha mid-

latitudes up to 50°N, deforestation leads to modest pet global warming as warming
from released forest carbon outweighs a small opposing biophysical cooiing. Beyond
Be°N large scale deforestation Ieads o a net global cooling due to the dominarice of

biophysical processes (particulafly increased: albedd) over warming from COp released;
Locally at all afitudes, forest biophysical impacts far outweigh CQy éffects, prometing
local elimate stability by reducing extrerrie temperatures in all seasons and times of day:
The importance of forests forboth glotal dlimate change mitigation and local adaptation
by human and non-human species is not adequately captured by ctrrent carbon-geniric_
metrics, Particularly in the context of future climate warming.

Keywords: forest, hiophysical étfects, temperature, climate policy, deforestation/afforestation
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deforestation and all emitted CO3 would Have had an sffect in
a given band, but the point of the analysis was to isolate the
temperatyre change caused by forests in a given latitude, We
determined the latitadinal sensitivity to warmmg 0. respogse.
to added CO, from a re-analysis of global 2 m temperature
data {CERA-20C) obtained from the European Centre for
Medium-Range Weather https://www.ecmwEint/en/forecasts/
dataset_s__fre_analysls ~datasets/tera-20c. We comipared average
temperatures {rom 1901 to 1918 and 20061-2G10, by latitude on
land only (inadequate land only data for 50-605 and 80-90N;
for those; we do not report a logally felt CO, effect). Then we-
divided the temperature change for each latitude band by the
change in-global temperdtureover the same period. Weé scaled
the effect ‘of CO, emitted by a given. 10° latitude band by this
sensitivity to represent the influence of non-linear responses
such as-polar amplification {see Supplementary Information 1
and Supplementary Table 2).

RESULTS

Biophysical Effects of Deforestation on
Local Climate: A Broader Context

Our analysis is the first to compare regional scale biophysical and
CO3 impacls from regional scale defarestatmn buit the literatare
is replete with data on local biophysical impacts. The results
for local ‘biophysical effects {(100s of m to 100s of km) agree
with our results at the regional scale (below). Figures 2, 3.
$yrithesize local biophysically-driven temperature résponses to
deforestation, .as indicated by forest/no-forest comparisons -or
forest change gvér time, from the scientific liferature, Satellite
and flux tower data indicate that surface temperatures in tropical.
forests are significantly lower than in cleared areas nearby: Onan
annual basis, local surface. ceolmg of 0.2-2.4°C hagbeen observed
{mean 0.96°C; Figure 2 and: Supplementary Ini'nrmatwn 2} In
the temperate zone, satellite studies of land surface temperatuze
(which is more sensitive than the temperature of the. air at

2 m) have shown biophysical cocling from forest cover, or.

b;ophyswal warmmg from deforestation {0.02-1. 4°C, mean of
0.4°C; -see Figure 2 and Supplementary Information 2). Both
in sity and satellite data generally indicate an average ananal
coolingof utider 1°C from bereal deforestation (Figure 2) Across
latitadinal zones, warming from deforestation is generally greater
during the.day, and during the dry (hot) season {Figure 3).

COg-Induced Warming Versus
Biophysical Effects on Regional (Local)
Temperature From Deforestation by 10>
Latitude Band

As expected, the regionally felt effect of regionally (10° band)
produced CO; is very small compared to any individual
biophysical effect or the sum of all non-CO; effects (Fxgure ESR
These resultsindicate that the net impact of all non-CO;, effécts is
negligible between 20 and 30N, Beyond 30N the local biophysical
response to- deforestation is cooling. In the broader literature,

this latitude of net zero biophysical effect on local temperature
1s generally between 30'and 40N (Figure 1).

Biophysical Effects on Global
Temperature From Deforestation. by 10°

Latitude Band

For most latitudinal bands, the strongest biophysical effect of
deforestation is cooling from albedo ‘changes, In the tropics,

howevet, the warming effect of lost roughness is -comparable
to or greater than the albedo effect {(Figure 5A). Adding’
the- warming, from lost evapotranspiration, the net biophysical
effect from tropn:al deforestation is global warming, as much
as 0.1°C contributed each by latitudes 0°~10°$ and 0°-10°N.

The net biophysical effect of intact tropical forest, therefore,

is global cooling; slightly more <ooling if BVOCs are also

considered (s¢¢ Figure 5B). Roughness effects are generally
greater than evapotranspiration effects across latitudes providing
a strong counterbalance 1o dlbedo effects (Davin and de Noblet-

Ducoudrd, 2018 Burakawskd of al, 2018; Winckler et ., 2019,
Figuire 5A). Albedo. alimost balances the combined effect of
roughiness, evapstranspiration, BVOC and non:linear effects
between 20 and 30°N resuiting in close-to zero net biophysical
effect on global temperdture {Figure 5B}, From 30-40°N and
northwazd, albedo: dominates; and the net b1ophy51cal effect of
deforestafion is-cooling.

COs-Induced Warming Versus

Biophysical Effects on Global

Temperature From Deforestation by 10°
Latitude Band

From.30°8 ta 30°N, the biophysical effect of deforesting a giver
10° latitudinal band is about half as great and in the same
direction as the COy effect: global warming, Biophysical warming
is-around 60% as great as warming from released CO, in the
outer tropics (20°8-10°S.and- 10°N-20°N) and about 35% as
great in the heart of the tropics (10°S-10°N}. Biophysical cooling

due to deforestation. from 30°N to 40°N offsets about 40% of

the watming associated with catbon loss from. deforestation;
from 40°N to 50°N biophysical effects offset 85% of CO; effects-
(Fignre 5B). Above 50°N, biophysical global cooling is 3-6 times

as gredt as COy induced global warming. The net impact of .

deforestation (effects of CO3, biophysicil processes and BVOG
combined) is warming at all latitudes up to 50N {Figare 5C).
Thus, from 503 to 50N, 2n area that encompasses approximately
65% of ginbal forests (FAG, 3020), deforestation resuits in global
warming (Figure 5C). '

DISCUSSION

All Forests Provide Local Climate

Benefits Through Blophyswai Effects
Ignoring biophysical effects. on local climate means castiig
aside a powérful inducement to promote global climate
zoals and advance forest conservation: local sg:lf-ln_t_erest_ The
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FIGURE 2 H Loca! avarageannual temperature change In fesponse-fo defhrestation {Black symibols) or afforestation fgreen symbais} s tetermined By comparing
neaghnorlng forasted:and open land {space for tme eppraach) or. measuring forest chanieover fmeiri the Tropics. térnparate and bomial zones, By (A} in situ or {B}
sateflite based land surface températuie measurements 10 m, triangles) or air temperature measursmants {2 m, circles). See Supplementary Information 2 for data
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biogeochemical effect of forests tends to domiinate the biophysical

effect at the'global scale because physical effects:in one region
cancancel outeffects in another. Nevertheless, biopliysical effects
are very important, and can be very large; at the local scale (e.g.,
Anderson-Telsgira st al, 20137 Byight st al., 2015; Tian st al., 2017
Figures 2-4). The role:of forests in. maintaining critical habitat
for biodiversity is well known, but new sesearch on eitinction
confirms the role -of forests. in maintaining ‘critical climates
to support bludwermty Chaniges in maxinijun tempéerature are
driving extingtion, not chafiges in average temperatire (Romda-
Palacios and wWiens, 2020). Deforestation is associated. with- an

(Vigel et al., 2017; Stoy, 2018). Historical deforestation explains

~1/3-of the present day increase ity the intensiW’ of the hottest

ddys of the year at a given location (L.ejetne et ab., 2018). It has
also iricreased the frequency and intensity of hot dry sumimers
two to four fold (Findeli =t al., 2017). Local increases in extreme
temperitures due to forest loss are of comparable magnjtuds

c¢hanges cavsed by U.5°w ot global warming (Senevisatre ai‘_,

20118). Forests provide local cooling during the hottest tiineg of

the yeéar anywhere on the planet, improving the resilience of
cities, agriculture, and conservation areas, Forests are ctitical for

e SN
adapt_g to a warmer:world.

‘ncrease in the mhaximum daily temperaturé throughout il the

Forests dlso_minimize risks-due fo drought. associated ‘with

year in the tropics dnd dufingthe summer in higher Jatitudes— heat extremes. Deep roots, high water use. efficiency, and high

(Lee et al, 2011y Zhang et al. 2014). Of course deforestation
also increases average daytime: teinperatures in boreal, mid-
Tatitude and tropical forests (Figure 3). The biophysical effects

of forests also moderate local and regional terdperature extremes

such. that gﬁt_rggﬂy hot da ays, are significantly_more comuion
following deforestation even in the mid- and hlgh lat;tudes

e
surface roughness allow trees to continue transpiring durmg
drought conditions and thus to -dissipate heat ‘and -convey:
mioisture to the atmosphere. In addition. 1o this direct coolinig,
forest ET can influence cloud formation (Siey, 2078), enhancing.
albedd and potentlaﬂy promoting rainfall. The praductmn
of BVOCs and organic aerosols by forests accelerates with

naig ek Dional Shangs | e et

Article TEEI 18

Mahh T03E |




Trg Linspen Bfents of Daborsstation

-B0-90N
70-80N
50-70N
SergON
40:50N
3040N
20300
10208,
0-20N
— 0108
i0-205.
20-305
40-d05
40-508
SO608.
BOFOS

70-805

BO-305

432101

,,,Ewﬁwunﬂﬂﬂﬂ

L Joloy)
O Biophysical

# Non-linear effect

& Evapotranspiration effect
Fo: 3 Ro_u'gh nass effect

@ Albedo effect

a1 {ocally felt CO2 effect

-4 “2

biophysical effects from loea!l COs affects.

FIGURE 4 Effsct of complete deforestation or local annual fermuerature by gimate factor, aieraged acrdss the land surfdcs within a 10° Jattudinal band, Gomplste
deforestation was implementéd globslly and analyzed by 10° fatitudinalbands [Dav and de fuchis-Dusoudrs, 2070, The CO» effect was determined fram iotal
aboveground biomassin-each 107 Band after Willlr a1 1, 2020 and staled by CERA-dérivag sensthvity by latitude. Inset.disinguishes. the sum of alf local

20-90N
70-80N
G0-70N
50-50N
40-50N
30-40N
20-30N
10-20N
0-10N

0-105

10-205
20-308
30-40S
40-50%
50-60S
60-70S
70-805S

80908

0
A Local Temperature {average K within 10° latitude)

2

increasing temperatures; enhancing direct or indirect (cloud
formation) albedo effects, This negative feedback on. temperature
has been observed to counter anomalous. heat events in the.
mid-latitndes (Paasonen et al, 2013).

Some Forests Provide Global Climate.
Benefits Through Biophysical Effects
Disregarding the biophysical effects of specific forests on global
dithate theans under-sélling some forest actions and over-gelling
others. The: response to local forest change is not eqitivalent for
similar sized areas in different latitudes. According to Arora and
Montenggro {2811} warming reditctoris per uniit reforested area

are three times greater in the tropics than in the boreal and
northern temperate zone due'to a faster carben sequestration rate

‘miagnified by vear-rodnd. biophysical co‘uling;"’l‘h__us, considering

biophysical effects significantly erihances both- the local and
global clirnate benefits of land-based mitigation projects in the

tropics (see Figutes 4, 5).

Constraints on Forest Climate Benefits

in the Fulire

Climate change is likely to. alter the biophysical effect of forests
in a variety. of ways. Deforestation in 4 future {(warmer} glimate
could warm the tropical surface 25% meoie than deforestation
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in & present-day climate due t¢ stronger decreases in turbulent
heat” fluxes (Wurckler st al, 26(7%). In a warmer climate,

rediced snow cover i the temperate and boreal regions: will
fead to & smaller albedo: effect and-thizs less biophysical cooling
with high latitude: déforestation. In addition to snow cover’

change, future rainfall regifes will affsct the response of climate
to changes: in forest cover (Pitman et b, 2011} 25 rainfall
limits the supply of moisture aviilable for’ evapurahve coolmg
Increases in water use efficiency due to incteasing atmospheric
€Oy may reduce evapofranspiration (Keenan et al. 2013,
potentially reducing the local cooling effect of forests and
alterinig ammospheric moistare content and .d}man;;cs at local
to global scales, Puture BVOC production mdy increase due to
warming ‘and simultaneously decline due to CQ, suppression

{Lathiers ot al, 20195 Unger, 2014 Hantson at al, 2017}, The

physmloglcal and ecological respoiises -of forests to. warting,
rising atmosphenc COzand changing precipitation contribute to

uncertainty in the biophysical effe¢t of fisture forests on climate:

Forest persistence is essentis] for maintaining the global
beniefits of carbon removals-from the amosphere and. the local
and global benefits of the. physical processes. describéd -above;
Changing disturbance -reginies. may limit forést growth. and
regrowth in many parts of the world. Dynamic¢ global végetation
models carrently: show an increasing tere estrial.carbon sink inthe
future, This sink is thought tobe due to the effécts of fertilizition
by rising atmospheric GO, and N deposition on plant growth
as well as the effects of climate change lengthéning the. growmg
season in ndrthern temperate and boreal aréas (La Ouérd ot 2,
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2018): Free-air carbon dioxide enrichment (FACE) experiments
oftén show increases in biomass accemulation under high COy
but results are highly variable due to nutfient limitations and
climatic factors (Feng et al., 2015; Paschalis o1 al, 2017; Terser
et al, 2018). Climate change effects on the frequency and
intensity of pest outbreaks are poorly studied, but are likely
to be significant, particlazly at the matgins of host ranges.

Warmer springs and winters are already increasing insect-related,

tree mortality in boreal forests through increased stress on the
tree hosts and direct effécts on insect populations (\ nlney and
Fleming, | 2000; Price vt al, 2013).

Clifnate ‘also- affects fire regimes. In the tropics, fire regimes
often follow El Nifio cycles {varr der Werf et al, 2017). As,
‘temperatures increase, however, fire and ramfa]l are decoupled.

a5 the flarnmability of forests increases even in normal rainfafl
yeais {Fernandes-ct al,, 2017 Brandoe et al; 201Y). Fire frequency

is also iocreasing in. some temperate and hores) forests, with

a discernable climate ¢hange signal (Abatzoglou and Wiliams,
20186). Modeling exercises indicate: that this trend is gxpected to
continge with increasing damage to. forests as temperatures rise
and fire intensity inicreases (De Grootet al., 2013).

In addition fo changes induced by warming, continued
deforestation could sevérely stress remaining forests by warming
and dmna acaland. reglonal climates (Lawrdnce and Vandecar,
2005 Costa 2f ab, 2019 Gt er al, 2021) In the troplcs,
a tipping point may occur, potentially resulting in a shift to
shotier, . more savannah-fike Vegetatlon and altering the impact
of vast, previously forested areas on global climate {Nobre
gt al, 2018; Brando et ak, 2019). Some of these processes
are included in-climate’ modéls and some are not. The gaps
leavé ¢onsiderable uncertainty. Nevertheless, a combination of
observations; models, and tlieory gives us a solid undergtanding
of the biophysical effects of forests an climate at local, regional
and global scales. We can use that knowledge to plan forest-based
climate mitigation and adaptation.

Mitigation Potential of Forests: Byond

the Carbon/Bnophysncal Divide
If instead of fotising on the contrast between biophysical

and biochernical impacts of forests and forést loss. we focus:

on the potential of forests to cool the: planet through both
pathways, another picture emerges, By our conservative estimate,
through the combined effects on CO;, BYVOC, roughness and
evapotranspiration, forests up to 50°N provide a net global
cobling that is enough to. off§et warming associated with their low

atbedo, Given the most realistic pathways of forest change.in the

future {not complete deforestation 6fa 10° latitudinal band, oran
entiré biome), global climate stabilization benefits likely extend
beyond 50°N. For the 29% of the global land surface that lies
béyond 50°N, forests may warm the planet; but only as inferred
from assessing the effects of complete zonal deforestation with
all the associated, and powerful, fand-ocean feedbacks spawned
by largescale forest ¢hange inn the boreal zone. Forests above
50°N, like forests everywhere, provide essentlsl 1ocal climate
stabilization benehits by red;c_]ﬁ'a__s_wtace temperatures dunng

the warm sedson ds well 4s perfods of extreme heat or drought.
tridéed, they also reduce exfreme Told.

Creating a’ fair and effective _global aréna for market-based
solutions to'climate change réqiiires attention foafl the ways that
farests affect climatg, ihc’ludiﬁg‘f the biophysical effects. Future
mietrics of forest climaté impacts should consider the effecis of
deforestation: beyond €Q;. Only recently have modelers begun to.
include BVOC. Doing so ieans that the albedo of intact forests
{or the atmospherée above.them) is higher due to the cre_at_l_qn.
of SOA and subsequent cloud formation, Mddeled deforestation
thus results inless of a change ia albedo, reducing thebiophysical
cooling effect. Similarly, accounting for the ozone and methane
effects of BVOC ‘reduices the biogeochemical wérmaing from
deforestation (Scott =t al, 2018). In addition, especially in the
trapics, deforestation reduces ‘the strength of the soil €H, sink
{Dutane aid Verchot, 2007). While a smiall change rélative to the
atmospheric pool of CH; (the second mostimportant greenhouse
gas), theloss of this sink is equivalent to approximately 13% of the
carrentrate of increase in dtmogpheric CHy (Sannois é al,, 2016},
We already have: the data (Fignre 5) to.begin ::onceptuahzmg
measures to coarsely $cale GO, impacts of forest chiange by
fatitude. Finer resolution of latitude, background climate (currént
and ﬁ.lture) and forest type would improve any such new,
qu_al_uymg metric _fo__r the climate mitigation value of forests,

The rote of forests in addressing climate change extends
beyond the traditional concept of €O, initigation which. neglects
the Iocal climate regulation services they provide. The. biophysica}
effccts . of forest cover can contribute. sighificantly to solving
lqgg._l__ﬂzlptatmn challenges, such as extreme heat and.flooding..

at any latitude, ‘The- carbon benefits of forests at any latitude:
coptribute. meaningfully. to sfobal climate mitigation. In the.
tropics, however; where forest carbon stocks and sequestration
rates are highest, the biophysical effects of forests amplify
the carbon benefits; thus underscoring the critical importance
of protectlng, expanding, and improving the managenient. of
tropical forests, Perfiaps it is time to think more broadly 4bout
what constitutes global clithate mitigation. i climate mitigation
means limiting-globel warming, thei clearly the biophysical
eifects of deforestation ‘must: be considered in addition to_its
effects on atmaspheric CO,. We miy further consider whether
_mitigation i§ to0 narrow a scope for considering the climate
benefits - provided by forests, Climate policy often séparates
mitigation fram adaptation, but the benefits of forests cleatly
extendinto both realms.
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