Journal of

Meteorological
Research

Biophysical Impacts of Deforestation in Different Forest Types on Seasonal Warming in Northern Midlatitudes
Yazhu CUI, Wenjian HUA, Liming ZHOU, Shuyu LIU, Hongwei CHEN, Haishan CHEN

Citation: Cui, Y. Z., W. J. Hua, L. M. Zhou, et al., 2026: Biophysical impacts of deforestation in different forest types on seasonal
warming in northern midlatitudes. J. Meteor. Res., 40(5), 1687-1703, doi: https://doi.org/10.1007/s13351-026-5355-7

View online: http://jmr.cmsjournal.net/article/doi/10.1007/s13351-026-5355-7

Related articles that may interest you

Analysis of Pressure Forcings for the Vertical Turbulent Fluxes in the Convective Boundary Layer at Gray Zone Resolutions

Journal of Meteorological Research. 2023, 37(6), 841 https://doi.org/10.1007/s13351-023-3033-6

Overview of the Centennial Progress in Research on the Arctic—Midlatitude Connection

Journal of Meteorological Research. 2025, 39(3), 625 https://doi.org/10.1007/s13351-025-4906-7

Relationship between the Stratospheric Arctic Vortex and Surface Air Temperature in the Midlatitudes of the Northern Hemisphere
Journal of Meteorological Research. 2024, 38(1), 39  https://doi.org/10.1007/s13351-024-3072-7

Meteorological Tower Observed CO, Flux and Footprint in the Forest of Xiaoxing’ an Mountains, Northeast China

Journal of Meteorological Research. 2023, 37(1), 126 https://doi.org/10.1007/s13351-023-2080-3

Impacts of Extreme Droughts on Ecosystem Water Use Efficiency Diverge between Forest and Grassland

Journal of Meteorological Research. 2023, 37(5), 710 https://doi.org/10.1007/s13351-023-3022-9

Impact of Spatial Inhomogeneity in Atmospheric CO, Concentration on Surface Air Temperature Variations

Journal of Meteorological Research. 2024, 38(5), 969 https://doi.org/10.1007/s13351-024-4025—x


https://jmr.cmsjournal.net
http://jmr.cmsjournal.net/article/doi/10.1007/s13351-026-5355-7
http://jmr.cmsjournal.net/article/doi/10.1007/s13351-026-5355-7
http://jmr.cmsjournal.net/article/shaid/22566941af864cd4a30a776df685a2cbb849c9d32199a3623bcc135bcd77d412
https://doi.org/10.1007/s13351-023-3033-6
http://jmr.cmsjournal.net/article/shaid/419d5d4c5afe1e55f5fe6af8c251a94ad82c1c5e7e4e131aaf386625e5428c46
http://jmr.cmsjournal.net/article/shaid/419d5d4c5afe1e55f5fe6af8c251a94ad82c1c5e7e4e131aaf386625e5428c46
https://doi.org/10.1007/s13351-025-4906-7
http://jmr.cmsjournal.net/article/shaid/6ac170c15a7aebcbe72f79212e635a7fe621309b0f79e373a81dfc67130f2af1
https://doi.org/10.1007/s13351-024-3072-7
http://jmr.cmsjournal.net/article/shaid/1f415a710b687f776aea5ed5824d2448c7a598470be3c3f39f0bf5174d12e6e5
http://jmr.cmsjournal.net/article/shaid/1f415a710b687f776aea5ed5824d2448c7a598470be3c3f39f0bf5174d12e6e5
http://jmr.cmsjournal.net/article/shaid/1f415a710b687f776aea5ed5824d2448c7a598470be3c3f39f0bf5174d12e6e5
https://doi.org/10.1007/s13351-023-2080-3
http://jmr.cmsjournal.net/article/shaid/116312a68b6b64366b73c93e344b5090b5ca7fb3b9cf27bd13308bb5bb07e4a4
https://doi.org/10.1007/s13351-023-3022-9
http://jmr.cmsjournal.net/article/shaid/41cae27d1d74ebb0e342a51349b76cf1d229babcbaa743e98eeccae8c3aca5f8
http://jmr.cmsjournal.net/article/shaid/41cae27d1d74ebb0e342a51349b76cf1d229babcbaa743e98eeccae8c3aca5f8
http://jmr.cmsjournal.net/article/shaid/41cae27d1d74ebb0e342a51349b76cf1d229babcbaa743e98eeccae8c3aca5f8
https://doi.org/10.1007/s13351-024-4025-x

VOLUME 40

JOURNAL OF METEOROLOGICAL RESEARCH

Biophysical Impacts of Deforestation in Different Forest Types on Seasonal
Warming in Northern Midlatitudes

Yazhu CUI (££ WE.2K)"2, Wenjian HUA (43¢ 81)"", Liming ZHOU (J&%28)?, Shuyu LIU (XI%kH)!,

3 Department of Atmospheric and Environmental Sciences, State University of New York at Albany, Albany, NY 12222, USA

Hongwei CHEN (%41 #:)!, and Haishan CHEN ([44F 111)!

1 State Key Laboratory of Climate System Prediction and Risk Management/Key Laboratory of Meteorological Disaster,
Ministry of Education/ Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters,
Nanjing University of Information Science & Technology, Nanjing 210044, China
2 Xuzhou Meteorological Bureau of Jiangsu Province, Xuzhou 221000, China

(Received 21 December 2025; revised 30 January 2026; accepted 10 February 2026)

ABSTRACT

The biophysical effects of forests on climate and climate change have been extensively studied by using climate
models and satellite data at the global scale. However, the climatic effects of forests vary with specific forest types
and locations, and the sign and magnitude of temperature responses resulting from biophysical impacts of temperate
forests remain uncertain. In this study, we utilized site-based flux tower observations from the FLUXNET2015 and
AmeriFlux datasets in North America and Europe, as well as a decomposed temperature metric, to investigate how
distinct forest types influence seasonal changes in surface temperature (7). The results indicate that deciduous
broadleaf forest (DBF) generally exhibits higher albedo than evergreen needleleaf forest (ENF) except in winter,
while ENF is characterized by greater surface roughness and Bowen ratio. Although the larger albedo difference con-
tributes more to 7, reduction at ENF sites than that at DBF sites, the dominant drivers of 7, changes are associated
with surface turbulent fluxes, and these mechanisms vary with forest types and seasons. Specifically, deforestation at
ENF sites leads to a consistent warming effect throughout the year due to reduced sensible heat flux. In contrast, at
DBF sites, the warming effect from decreased sensible heat is partially offset by increased latent heat flux in winter
and spring, whereas the warming effect of reduced latent heat flux becomes more pronounced in other seasons. These
findings suggest that surface turbulent fluxes are the primary biophysical drivers of local 7, changes, and different
forest types play a critical role in modulating seasonal energy exchange processes and temperature responses in the
northern midlatitudes. Overall, our study provides insights on the mechanisms of how different temperate forest types
influence seasonal 7, changes.
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1. Introduction

Afforestation, reforestation, tree restoration, or the
prevention of deforestation is recognized as a key
strategy for mitigating climate change through enhan-
cing carbon capture and storage (Canadell and Raupach,
2008; Girardin et al., 2021; Anderegg et al., 2025).
However, the cooling effects due to forests’ biogeochem-
ical influences can be either enhanced or offset by bio-

physical effects of forests (Bala et al., 2007; Bonan,
2008; Windisch et al., 2021; Alkama et al., 2022; Zhu et
al., 2023). For example, changes in forest cover modify
land surface properties (e.g., surface albedo, roughness,
and evaporative efficiency) and alter exchanges of mo-
mentum, energy, and water with the atmosphere, thereby
influencing regional and global climate (Piclke et al.,
2011; Runyan et al., 2012; Hua et al., 2014; Mahmood et
al., 2014; Perugini et al., 2017). The biophysical effects
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of forests are complex and exhibit strong latitudinal de-
pendence and seasonality (Ellison et al., 2017; Forzieri et
al., 2017; Pongratz et al., 2021). A comprehensive under-
standing of the biophysical impacts of forests on regional
and global climate is therefore of significant environ-
mental importance and is crucial for future land manage-
ment policy.

Many studies have used observational data (Lee et al.,
2011; Zhang et al., 2014; Li et al., 2015; Alkama and
Cescatti, 2016; Ge et al., 2019; Li et al., 2023) and re-
gional or global climate models (Davin and de Noblet-
Ducoudré, 2010; de Noblet-Ducoudré et al., 2012; Ku-
mar et al., 2013; Hua et al., 2015; Boysen et al., 2020;
Liu et al., 2023; Chen et al., 2026) to examine the bio-
physical impacts of forests on climate. In general, boreal
deforestation is associated with a decrease in temperat-
ure due to the enhanced albedo effect, while tropical de-
forestation tends to increase temperature because of re-
duced evapotranspiration (e.g., Li et al., 2015). Although
there exist seasonal differences, particularly in northern
regions with extensive snow cover in winter (Anderson
etal., 2011; Hua and Chen, 2013; Bright et al., 2017), the
mechanisms of deforestation affecting the tropical and
boreal climate through biophysical processes have been
well recognized (Pongratz et al., 2021). However, the
biophysical effects of temperate/midlatitude deforesta-
tion remain ambiguous due to competing biophysical for-
cings from albedo, roughness, and evapotranspiration
(Bonan, 2008; Lawrence et al., 2022). In addition, tem-
perate lands have a variety of forest types, leading to
complex forest—climate interactions (Schwaab et al.,
2020; Su et al., 2021).

It should be noted that different types of forest loss or
gain may have distinct impacts on regional climate (e.g.,
Duveiller et al., 2018a; Li et al., 2025). For example, de-
forestation from deciduous broadleaf forests to grass-
lands caused a 0.17°C increase in global-mean surface
temperature, while deforestation from evergreen needle-
leaf forests to grasslands led to a 0.37°C increase (Du-
veiller et al., 2018a). The physiological characteristics of
different forest types may also affect water or energy ex-
change between the land and the atmosphere. The sens-
ible heat flux of evergreen needleleaf forests is higher
all year round when compared to open lands, while the
heat flux of deciduous broadleaf forests is only higher in
winter (Zhao and Jackson, 2014; Chen et al., 2018). It is
worth mentioning that climate responses in temperate
forests are moderate compared with those in tropical and
boreal forests (Li et al., 2015; Alkama and Cescatti,
2016), and the role of evaporative forcing is unclear
(Bonan, 2008; Pongratz et al., 2021). A thorough assess-
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ment of the biophysical impacts of different forest types
on the temperate climate is thus necessary.

Furthermore, previous studies often compared forests
with grasslands to infer the climatic effects of deforesta-
tion. However, in the real world, human-induced forest
cover changes may include different forest types conver-
ted to distinct open lands (e.g., grassland, pasture, and
cropland) for various purposes, including residential, ag-
ricultural, commercial, industrial activities, as well as in-
frastructure and transportation. Population growth may
cause agricultural expansion and intensification (i.e.,
converting forests to croplands) to fulfil growing de-
mands for food and other commodities (Potapov et al.,
2022). Further investigation of differences between vari-
ous forests (i.e., needleleaf and broadleaf forests) and
distinct open lands (i.e., grassland and cropland) is thus
needed. This will help quantify the influence of different
biophysical processes and provide complementary in-
formation on the climatic effects of temperate forests.

Given the moderate and highly uncertain climatic ef-
fects of different forest cover changes in densely popu-
lated temperate regions, this study aims to investigate the
biophysical impacts of different forest types on land sur-
face properties and surface temperature in the northern
midlatitudes and to further explore the possible biophys-
ical mechanisms. Since the large discrepancies and un-
certainties in modeling the climatic impacts of temperate
forests (de Noblet-Ducoudré et al., 2012; Boysen et al.,
2020; Liu et al., 2023), we use flux towers to examine
the seasonal effects of different forest types on surface
temperature in the midlatitudes, which can accurately re-
cord the exchange of water and energy between the at-
mosphere and land surface at the ecosystem scale. To
further support our analysis, we also use the satellite re-
mote sensing data (Duveiller et al., 2018b). Section 2 de-
scribes the observational data and methods. The main
results are presented in Section 3, followed by the discus-
sion in Section 4. Section 5 concludes with a summary of
the findings.

2. Data and methods

2.1 Observational data

In this study, we use site-based observational datasets
from FLUXNET2015 (Pastorello et al., 2020) and
AmeriFlux (Baldocchi et al., 2001). The FLUXNET2015
data are available at https://fluxnet.org/data/fluxnet2015-
dataset. The AmeriFlux data are available at https://amer
iflux.lbl.gov.

The flux tower data are reported at half-hourly to
hourly intervals to provide continuous measurements of
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energy fluxes (detailed in Table S1 in the electronic sup-
plemental materials), and the vegetation types in these
datasets are all based on the International Geosphere—
Biosphere Programme (IGBP) classification (Baldocchi
et al.,, 2001). To examine the seasonal influences of
forest cover changes, flux tower sites are selected based
on having at least 1 year of available data. Moreover, the
analysis variables include wind speed, friction velocity,
radiative fluxes (i.e., incoming and outgoing shortwave
and longwave radiation), and turbulent fluxes (i.e., sens-
ible heat, latent heat, and ground heat fluxes).

A dataset mapping the biophysical effects of vegeta-
tion cover change (Duveiller et al., 2018b) is also used. It
is obtained from https://jeodpp.jrc.ec.europa.eu/ftp/jrc-
opendata/ECOCLIM/Biophysical-effects-vgt-change/
v2.0. This dataset is based on the space-for-time method
(discussed below) and multiple satellite observations
(Duveiller et al., 2018b, 2021a), which provide potential
biophysical effects of vegetation cover change (e.g., what
is transitioning from and what is transitioning to). The
data are provided at monthly time steps at a horizontal
resolution of 1° x 1°. The vegetation cover definition in
this dataset is also based on the IGBP scheme, enabling
comparison with site-based flux tower data.

2.2 Analysis methods

2.2.1 The space-for-time method

We apply a space-for-time method to obtain all avail-
able samples to compare the open lands with forests
across the midlatitudes. This approach has been widely
used in the observation-based studies (Lee et al., 2011;
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Peng et al., 2014; Zhang et al., 2014; Li et al., 2015;
Schultz et al., 2017). This method assumes that all selec-
ted open lands and forests are close in distance and share
similar background atmospheric conditions. Based on
this searching strategy, 19 sites are used, and 13 pairs are
available for our analysis (Fig. 1 and Table S1). For each
pair, one flux tower is located over open land (e.g., grass-
lands, open shrublands, or croplands) and the other is
located over forest (e.g., deciduous broadleaf forests or
evergreen needleleaf forests). For simplicity, we used
OSH, GRA, and CRO to represent open shrublands,
grasslands, and croplands, while DBF and ENF to repres-
ent deciduous broadleaf forests and evergreen needleleaf
forests, respectively. The mean horizontal distance
between the paired sites is 14.1 km, and the mean eleva-
tion difference is 65.4 m. The paired sites share similar
atmospheric conditions due to their short horizontal dis-
tance, so the differences between open lands and forests
can be attributed to contrasting land cover types. We cal-
culate the mean differences in surface temperature and
other climate variables between open land and nearby
forest (i.e., open land minus forest) to represent the influ-
ence of temperate deforestation.

The biophysical impact of temperate deforestation is
quantified as the surface temperature (7,) difference
between open land and forest as follows:

(1

As T, cannot be measured directly at flux towers, the
observed surface temperature (7ps) can be calculated
based on the outgoing longwave radiation (R;,) follow-

ATs,obs = 1L s,openland — Ts,forcst-

(b) Europe
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Fig. 1. Locations and land cover types of selected sites in (a) North America and (b) Europe. The land cover type of each site is based on the re-
ported land cover from FLUXNET2015 data. OSH, GRA, and CRO represent open shrublands, grasslands, and croplands, while DBF and ENF
represent deciduous broadleaf forest and evergreen needleleaf forest, respectively. The colored dot represents the location and name of each site

respectively.
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ing the Stefan—Boltzmann law (Luyssaert et al., 2014;
Zhang et al., 2020). Energy conservation requires that at
the site-level, the incoming energy flux equals the sum of
the outgoing energy flux and the energy stored in the bio-
mass. The outgoing longwave radiation is emitted by the
surface and is given by the Stefan—Boltzmann law, which
depends on the radiometric T, the Stefan—Boltzmann
constant, and emissivity.

Rio = AceT?

s,0bs?

2

where 4 is the view factor assumed to be equal to 1, o is
the Stefan—Boltzmann constant, and ¢ is the surface
emissivity. Since there is no direct measurement of the
emissivity coefficient of the vegetation, ¢ is approxima-
ted by an empirical relationship with surface albedo (a),
expressed as ¢ = —0.16a + 0.99 (Juang et al., 2007).
2.2.2  Separation of the biophysical effects

Commonly used methods for studying the biophysical
feedbacks of land use and land cover change (LULCC) in
observations and climate models include the intrinsic
biophysical mechanism (IBPM) method and the decom-
posed temperature metric (DTM) (Chen and Dirmeyer,
2016). In general, the IBPM method separates the bio-
physical processes that affect T changes into albedo, sur-
face roughness, and the Bowen ratio (Lee et al., 2011).
Although the formula is relatively simple, it has com-
plex adjustment coefficients (Lee et al., 2011; Luyssaert
et al., 2014; Liu et al., 2023) that need to be calculated
and are also not completely linear itself. On the other
hand, although the DTM method involves many vari-
ables, it illustrates the relative contributions of the indi-
vidual components of the surface energy balance to the
T, perturbation determined with the surface outgoing
longwave radiation. To understand the biophysical mech-
anisms behind the different behaviors of seasonal T
changes due to temperate deforestation, we thus used a
more thorough DTM based on the surface energy bal-
ance (Luyssaert et al., 2014; Chen and Dirmeyer, 2016).

First, the net radiation (R,) can be written as the
sum of incoming and outgoing shortwave and longwave
radiations:

Ry = Rgi — Ryo + Rji — Ryo, (3)

where Rg; is the incoming shortwave radiation and Rj; is
the incoming longwave radiation, Ry, is the outgoing
shortwave radiation and R), is the outgoing longwave ra-
diation. R, can be expressed as a function of Ry and «a
(i.e., R, = aR). Here, R, can also be expressed in terms
of the ecosystem energy fluxes, so that Eq. (3) can be re-
arranged to:
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where H is the sensible heat flux, LE is the latent heat
flux, G is the ground heat flux, and [/ is the residual flux
that is necessary for full energy balance closure at most
flux sites (Foken, 2008). At those sites where ground
heat flux is unavailable, G is set to zero (Zhang et
al., 2020).

Combining Egs. (2) and (4) gives:

(1-a)Rsi+Ri—Ro=H+LE+G+1,

(1-—a)Rs+Rji—0oeTd =H+LE+G +1. (5)

Then, the full derivative of AT can be estimated by

using the first-order Taylor series approximation in Eq.
(5) as:

1
AT a1 = — [-RsiAa + (1 —a@) AR + ARy — AH
4oeT;

—ALE-AG - Al -0 T?Ag]. (6)

Here, AT, denotes the calculated temperature
change across space (e.g., from one tower to the next),
reflecting contributions from different components of the
energy balance. For simplicity, the contributions of within
-site differences in R and R)}; are combined into a single
term (i.e., the incoming radiation), that is, AR; =
(1-a) ARy +ARy;. Thus, Eq. (6) becomes:

1
AT ca1 = — [-RiAa + AR; — AH — ALE - AG
doeT.

S

—Al-0T?As]. (7

According to Eq. (7), the effects of deforestation on T
can be attributed to changes in the components of the en-
ergy balance, including albedo, incoming radiation, sens-
ible heat flux, latent heat flux, ground heat flux, residual
imbalance, and surface emissivity. This decomposition
method illustrates the relative contributions of the indi-
vidual components of the surface energy balance to the
T, perturbation, determined from surface outgoing long-
wave radiation. To quantify the relative contribution of
each component to 7, changes, the biophysical processes
that affect 7, changes are classified into albedo, turbu-
lent flux, incoming radiation, and surface emissivity, and
we then calculate the proportion of each component to
the sum of 7§ changes.

Note that deforestation alters the land surface proper-
ties (e.g., albedo, surface roughness, and Bowen ratio).
The Bowen ratio is the ratio of sensible to latent heat
fluxes. We calculate the aerodynamic resistance (r,) ac-
cording to the bulk aerodynamic conductance (g,) of the
vegetation itself (Monteith and Unsworth, 1990), that is,
¥, = 1/g,, where u is the wind speed (m s™') and u* is the
friction velocity (m s™') as expressed in Eq. (8):
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To calculate the albedo, aerodynamic resistance, and
Bowen ratio, the daytime records during 1000—1500 local
time are used (Chen and Dirmeyer, 2016; Novick and
Katul, 2020; Zhang et al., 2020). Therefore, we take the
half-hourly data and the following criteria into account.
For data processing, any day without a complete diurnal
cycle (i.e., 48 half-hourly or 24-hourly values) for estim-
ating the required variables is not used for analysis, and
the data are filtered to exclude days with rainfall events
(precipitation > 0 mm) (Rigden and Salvucci, 2015;
Zhang et al., 2020). We finally aggregate the half-hourly
data to the hourly and daily scales for analysis. At the
daily scale, we only accept AT, and AT, records
with the same sign (Luyssaert et al., 2014). In addition,
when calculating seasonal averages (e.g., aerodynamic
resistance and Bowen ratio), only 25%—75% of all valid
data for that season are selected to remove the influence
of outliers (Lin et al., 2022).

Since we have selected only 19 sites for our analysis
in the northern midlatitudes based on our search strategy
(Fig. 1), the site-based observational data may not be a
representative sample of temperate deforestation. To en-
sure the robustness of the results, we also examine the
satellite remote sensing data (Duveiller et al., 2018b).
Satellite remote sensing data provide 7 changes associ-
ated with the conversion of different vegetation types
(Duveiller et al., 2021a). To ensure the consistency of ve-
getation types between the gridded dataset and site-based
observations, the fixed gridded data after the change of a
certain vegetation cover type is selected according to the
paired sites (e.g., when the paired sites include ENF and

() (b)
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GRA, the satellite dataset selects the 7, changes after the
transition from ENF to GRA). Then, we use the station
location as the center, and the grid cell with the latitude
and longitude closest to the station is selected for com-
parative analysis. Since the gridded dataset only provides
monthly mean daytime and nighttime 7, the monthly
mean 7y is calculated as the average of the mean daytime
and nighttime values.

3. Results

3.1 Seasonal effects of temperate deforestation

In general, deforestation leads to an increase in sur-
face albedo (Fig. 2a). The solar radiation is relatively
weak during boreal winter due to the Earth’s revolution,
and the land surface in northern mid- to high-latitudes is
mainly covered by snow. Thus, deforestation-induced al-
bedo change is enhanced by the snow albedo masking ef-
fect during boreal winter (Anderson et al., 2011). The
surface albedo significantly increases in winter by about
0.16 due to deforestation, followed by spring, summer,
and autumn (Fig. 2a). In addition to albedo changes, de-
forestation also influences the surface roughness. In gen-
eral, the aerodynamic resistance for forests is about 25
s m ' in all seasons. However, for open lands, it is smal-
ler in summer than in other seasons but still higher than
that for forests. As a result, deforestation decreases surface
roughness and increases aecrodynamic resistance (Fig. 2b).
The decline in surface roughness is accompanied by a
weakening of the surface’s ability to transport turbulent
energy into the atmosphere. The Bowen ratio also has
distinct seasonal differences between forests and open
lands (Fig. 2c). The largest Bowen ratio of forests is in
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winter, which is close to 3.78, followed by spring, au-
tumn, and summer, while the Bowen ratio of open lands
is smaller in all seasons. It is worth noting that the mag-
nitudes of Bowen ratio are quantitatively similar in sum-
mer for forests and open lands, which may lead to mod-
erate temperature changes resulting from deforestation-
induced evapotranspiration effects (Li et al., 2015; Al-
kama and Cescatti, 2016; Duveiller et al., 2018a).

Deforestation-induced changes in surface properties
could further influence seasonal variations in 7. Figure 3
shows the seasonal variations in AT, between open lands
and forests (i.e., open land minus forest). In general, de-
forestation increases T, and the average annual increase
is approximately 1.16°C. In addition, 7§ increases signi-
ficantly in summer, with an average increase of 1.65°C.
It is worth noting that satellite-based studies show
summer warming and moderate winter cooling due to de-
forestation (Li et al., 2015; Alkama and Cescatti, 2016;
Duveiller et al., 2018a). However, our site-based results
show that the sign of T in response to deforestation in
winter differs from that reported in previous studies.

We also examined the T changes in response to defor-
estation based on satellite remote sensing observations
(Duveiller et al., 2018b; Fig. 4). The deforestation repres-
ents the changes from forests to open lands (Fig. 4 and
Fig. S1). Findings show that deforestation could result in
a spatially differentiated temperature response, with de-
creases observed in eastern Europe and increases in west-
ern Europe. These results suggest that T changes vary in

2.0 H

AT, (°C)

0.5

T T
DJF MAM JIA
Season

Fig. 3. Scasonal effects of deforestation on A7, (°C). The boxplots
show the variations in AT, among selected flux tower sites, with the
solid red line for the median, the box for the 25th—75th percentile
range, and the whiskers for the 10th-90th percentile range. The mean
AT is shown by a horizontal dashed blue line.
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the sign and magnitudes during winter (Li et al., 2015;
Alkama and Cescatti, 2016), which implies that the im-
pacts of deforestation may depend on different vegeta-
tion types or species composition (e.g., broad-leaved or
needle-leaved tree species; Schwaab et al., 2020).

3.2 Influences of different forest cover types

Land surface properties or climatic effects may vary
among different forest types (Fig. 5). For example, the
albedo of ENF is lower than that of DBF except in winter
(Fig. 5a). The Bowen ratio of ENF is higher than that of
DBF (Fig. 5c). Previous studies have indicated that
broadleaf forests generally have higher albedo and tran-
spiration than coniferous forests (Zhang et al., 2021; Lin
et al., 2022), which is consistent with our results. It is
noted that the albedo of ENF is larger than that of DBF
in winter. We infer that the differences may result from
the locations of site pairs where ENF sites are farther to
the north, which have stronger snow masking effects
(Fig. 1).

For open lands (i.e., GRA and CRO), the differences
in land surface properties depend on vegetation types and
seasons. In winter, GRA has a larger surface albedo relat-
ive to CRO. However, in other seasons, there is no signi-
ficant difference between the GRA and CRO, which is
close to 0.2 (Fig. 5a). The aerodynamic resistance of
GRA and CRO is higher than 55 s m™! in all seasons, and
the GRA is higher than the CRO in winter and autumn
(Fig. 5b). In addition, the Bowen ratio of CRO is much
higher than that of GRA in summer and the differences
reverse in winter (Fig. 5¢). The substantial difference in
summer may be associated with enhancement of latent
heat relative to sensible heat fluxes by increased evapora-
tion with high temperature over grasslands (Teuling et
al., 2010). The above results imply that the differences in
land surface properties (e.g., different forest types con-
vert to different open lands) may lead to distinct T
changes (Fig. 5d).

Previous studies mainly focused on the 7, changes
between forests and grasslands and used several site pairs
to infer that deforestation increases T, (e.g., Lee et al.,
2011; Zhang et al., 2020). However, we show that there
also exist seasonal differences in 7, between different
forest types and grasslands. For example, the T, change
from ENF to GRA is much larger than that from DBF to
GRA in all seasons, and the largest difference is about
1°C in summer (Fig. 5d). Moreover, it is worth noting
that the 7, changes associated with conversions from
forests (i.e., ENF or DBF) to CRO exhibit similar re-
sponses to forests-to-GRA transitions in winter and
spring, but show opposite effects in the other seasons.
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Fig. 4. Seasonal effects of deforestation (from forests to grasslands or croplands) on 7§ (shaded, °C) for (a) DJF, (b) MAM, (c) JJA, and (d)
SON based on satellite-based data. As the daily mean surface temperature is not available (Duveiller et al., 2018b), we use the average of day-
time (around 1330 local time) and nighttime (around 0130 local time) temperature to estimate the changes of daily mean 7, due to vegetation

cover changes (Hua et al., 2023).

The change from DBF to CRO can be 2°C higher than
that from ENF to CRO, especially in summer. Schwaab
et al. (2020) pointed out that broadleaved tree species
locally reduce T, in summer compared to needle-leaved
species in Europe, which is related to the background
temperature, such as in the Mediterranean regions where
some DBF sites that we selected in this study (Fig. 1).
For instance, when the background temperature is relat-
ively high, forests tend to be dominated by high evapo-
transpiration, which is also significantly accompanied by
high T, changes due to deforestation. In addition, given
land management differences like cropping systems,
those may explain the differences in 7 change due to de-
forestation from ENF or DBF to CRO. CRO is defined as
lands covered with temporary crops, followed by harvest
and a bare-soil period (e.g., single- and multiple-crop-
ping systems) in the FLUXNET data. Thus, there are dif-

ferences in surface evapotranspiration across regions and
at different crop coverage periods, which may affect the
changes in T} after deforestation across regions.

To further validate this finding, we also examined the
T, change from temperate forests (ENF and DBF) to
open lands (GRA and CRO) in the satellite data (Figs. 6,
7). In general, temperate deforestation could lead to mod-
erate warming in boreal winter at the site pairs where
they are located (Fig. 6). It is worth noting that different
temperate deforestations also show moderate cooling in
northern regions. Previous studies have shown that the
cooling effects are mainly driven by the albedo, which in
turn is strongly influenced by snow during winter (Li et
al., 2015; Alkama and Cescatti, 2016). In contrast, tem-
perate deforestations show warming in summer (Fig. 7).
Although the site-based and satellite data do not per-
fectly correspond in some midlatitude regions, the two
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datasets show consistent results that the 7 changes of the
site-based data and the satellite data are consistent at the
gridded points that correspond to the site pairs (Figs. 6a, c,
and Figs. 7a, c¢), except for the DBF sites near the Medi-
terranean, where the gridded data are missing, and the
pairs indicate a significantly higher 7, increase in summer.

Overall, our results show that different forest types
exhibit distinct seasonal changes in 7. It is thus sig-
nificant to determine which biophysical mechanisms
drive 7, changes and why they vary across seasons and
forest types.

3.3 Auribution of T, responses to deforestation across
different forest types

To investigate the possible mechanisms for temperate
deforestation-driven T, changes, the DTM method is
used to separate different biophysical effects. Before ex-
amining individual biophysical factors, we need to know
whether the decomposed temperature metric can realist-
ically capture changes in 7,. At the seasonal scale, the
calculated and observed AT follow the 1 : 1 line in all

seasons, with high correlation coefficients (# > 0.9; Fig. 8).
Therefore, the DTM method can be used to investigate
the biophysical effects of deforestation (Luyssaert et al.,
2014; Chen and Dirmeyer, 2016).

We focus on the biophysical processes of temperate
deforestation that affect the T,. In general, the increase of
albedo reduces T, due to decreased absorbed solar radi-
ation in all seasons (Fig. 9). Moreover, due to the albedo
differences between ENF and DBF (Fig. 5a), the contri-
butions of albedo on reducing T at ENF sites are higher
than at DBF sites in spring, summer and autumn (Fig. 9).
However, differences in turbulent flux changes arising
from the distinct properties of the two forest types (i.e.,
surface roughness and Bowen ratio) lead to different T
responses between the two forest types (Fig. 9).

In winter, replacing ENF with GRA (Fig. 9a) leads to
a decrease in sensible heat flux, which in turn increases
T,, whereas the effect of latent heat flux on 7 is weak.
This could result in a 3.1°C increase in total. In contrast,
when converting DBF to GRA, the warming effect
caused by the decrease of sensible heat flux is mostly
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offset by the cooling effect caused by the increase of lat- When ENF is replaced by GRA in summer (Fig. 9c), the
ent heat flux, which only results in a 2.0°C increase. decrease of sensible heat flux significantly increases T,
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by 7°C. While converting DBF to GRA, the increase of effect of the increase in incoming radiation.

sensible heat flux causes a cooling effect, and the de- During MAM (Fig. 9b), the biophysical processes are
crease of latent heat flux results in a mild warming effect. similar to those in DJF for the two forest types. When
This evidently results in a net decrease of —1.5°C. converting ENF to GRA during SON (Fig. 9d), the de-
However, the effect of cooling is offset by the warming creases of sensible heat flux and latent heat flux result in
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2.5°C and 1.1°C increases, respectively. However, de-
creasing the latent heat flux increases T, and the effect of
sensible heat flux on 7} is weak when DBF is replaced by
GRA. In addition, incoming radiation effects are relat-
ively important at DBF sites, and the influence of ground
heat flux on 7} is weak at the seasonal scale compared to
other components.

We also analyze the situations when different forest
types are converted to CRO. The results show that the
biophysical processes influencing 7, are similar to that
from forests to GRA (Fig. 10). However, in summer and
autumn (Figs. 10c, d), the increase of T, from DBF to
CRO was significantly higher than that from ENF to
CRO, and the difference was mainly due to the increase
of T, caused by the rapid decrease of latent heat flux after
deforestation. Zhao and Jackson (2014) also reported that
sensible heat flux increased when DBF was replaced
with CRO, whereas latent heat flux decreased. For con-
versions from ENF, sensible heat flux showed a greater
reduction than latent heat flux.
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Our results show that the combined effects of albedo
and turbulent heat flux on local 7, change exceed 50% by
quantifying the contributions of wvarious biophysical
factors (Fig. 11). Among these, turbulent heat flux is the
dominant biophysical factor affecting 7. However, there
are significant differences in the contributions of differ-
ent biophysical factors to 7 across different forest types.
When ENF is converted to GRA (Fig. 11a), the contribu-
tion of albedo to 7 across seasons ranges from 24% to
30%, while the contribution of turbulent heat flux ranges
from 32% to 46%. In contrast, when DBF is replaced by
GRA, there exist seasonal variations in the relative con-
tributions of albedo and turbulent heat flux on T
changes. In spring and summer, the contribution of tur-
bulent heat flux is higher, reaching up to about 66%,
whereas in autumn and winter, the contributions of al-
bedo and turbulent heat flux are approximately equal
(Fig. 11b). Furthermore, even when forests are conver-
ted to CRO, the relative contribution of turbulent heat
flux on 7, change in different forest regions is consist-
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Fig. 10. As in Fig. 9, but for the cropland—forest surface temperature differences. The bars without and with hatching represent the results from

ENF to CRO and those from DBF to CRO, respectively.
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ently stronger than that of albedo (Fig. 11).
4. Discussion

This study examined the mechanisms underlying T,
responses across different forest types in the midlatit-
udes. However, there are some uncertainties in attribut-
ing the forest cover changes in observations. First, the se-
lected site pairs are inevitably influenced by the uneven
spatial and temporal distribution of flux towers. Al-
though the number and spatial distribution of the selec-
ted sites cannot fully represent conditions across the mid-
latitudes, they nevertheless provide a useful basis for
studying temperate deforestation. To ensure the robust-
ness of the results, we also examined the satellite remote
sensing data. The results were qualitatively similar to the
selected site-based flux tower observations.

Second, measurement errors and instrumental uncer-
tainties may also affect the results. For example, estim-
ates of outgoing longwave radiation depend on the in-
stallation height of the radiative sensor. At forest sites,
radiometers are installed above the canopy, such that the
measured outgoing longwave radiation primarily origin-
ates from the canopy surface rather than from the ground
(Pastorello et al., 2020). Because sensor installation

heights vary across sites, the observed T (7;qs) Te-
trieved from outgoing longwave radiation may therefore
contain substantial uncertainties (Su et al., 2019; Zhang
et al., 2020). Accordingly, our T results should be inter-
preted with this caveat in mind. In addition, the residual
term required to close the surface energy balance (Foken,
2008) can be non-negligible and may contribute substan-
tially to 7 variability at certain sites. In several sites,
ground heat flux was set to zero. Nevertheless, those do
not change our conclusions but influence the accuracy in
determining what mechanism mainly affects 7, at the
seasonal scale (Zhang et al., 2020).

Third, the atmospheric background may not be the
same due to the distance between the pairs. Although we
exclude the effect of precipitation during data processing,
we cannot completely exclude the effect of clouds, which
block incoming radiation and reflect longwave radiation,
which may also be possible indirect climate feedbacks
due to deforestation (Duveiller et al., 2021b). Further-
more, extreme events (e.g., heatwaves) are likely to occur
in summer, which may have a significant impact on sur-
face flux and temperature changes (Teuling et al., 2010).

The biophysical mechanisms of deforestation are de-
composed into components such as albedo, sensible heat,
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and latent heat fluxes using a temperature decomposition
method based on the surface energy balance (Luyssaert
et al., 2014; Vanden Broucke et al., 2015). This method
can be used to quantify the relative importance of sur-
face fluxes in T changes, but it does have some limita-
tions. (1) The nonlinear processes among the terms were
ignored when the formula was used for calculation
(Luyssaert et al., 2014; Liu et al., 2023). For example, as
albedo changes, the amount of net radiation absorbed by
the surface also changes, leading to a redistribution of
surface fluxes (Winckler et al., 2019). Therefore, the
DTM method may lead to the underestimation of the
contribution from sensible and latent heat fluxes. (2) Pre-
vious observation-based and model simulations used a
similar approach, classifying the biophysical mechan-
isms into effects of radiative forcing, aerodynamic resist-
ance, and Bowen ratio (Lee et al.,, 2011; Wang et al.,
2017; Burakowski et al., 2018; Liu et al., 2023). This
method assumes that the effects of each component are
independent and points out that the decrease in surface
roughness is the main biophysical mechanism driving the
increase in local T, due to deforestation. From an energy
balance perspective, the relative contributions of surface
roughness and evapotranspiration cannot be directly dis-
tinguished. However, the decrease in surface roughness
means that the coupling of land and atmosphere is
weakened, and the transport capacity of surface flux to
the atmosphere is also weakened (Liao et al., 2018).

Based on the energy balance equation, the important
role of surface roughness on 7 can be indirectly reflec-
ted from the reduction of surface flux. Moreover, in the
midlatitudes, the sensible heat flux decreased most signi-
ficantly at ENF sites, while the latent heat flux decreased
most significantly at DBF sites due to deforestation, re-
flecting the capacity of forest type itself to redistribute
surface energy (Zhao and Jackson, 2014). Overall, previ-
ous studies often simply attributed the reduction of H to a
decrease in surface roughness when using the DTM
method (Chen and Dirmeyer, 2016). However, the inter-
actions between different terms are complex. Therefore,
multiple temperature decomposition methods can be ad-
opted for comparative discussion in future research, and
the formula with temperature decomposition can be fur-
ther split or modified to identify possible correlations
among different components (Duveiller et al., 2021b).

In addition to observation-based studies, global or re-
gional climate models have also been widely used to ex-
amine the impacts of deforestation (e.g., Hua et al.,
2023). Some modeling studies show that 7 decreased in
winter due to snow masking forest effects and increased
in summer in the midlatitudes (Perugini et al., 2017,
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Chen and Dirmeyer, 2020). However, our results used
observational site pairs and found that deforestation
makes the 7, of most site pairs increase in the midlatit-
udes. In such cases, similar remote effects from advec-
tion and atmospheric circulation between neighboring re-
gions are likely removed by observation-based methods.
In contrast, the total (local plus non-local) effects were
typically considered in coupled models, where non-local
effects (e.g., atmospheric feedbacks or heterogeneous
land—atmosphere interactions) always have a strong in-
fluence on T, in models (Winckler et al., 2019; Hua et al.,
2023; Liu et al., 2023), which generally resulted in a de-
creased T, in the midlatitudes (Perugini et al., 2017,
Lawrence et al., 2022). Thus, the non-local effects of de-
forestation across different forest types on T in different
seasons and regions warrant further research.

5. Conclusions

Using site-based flux tower data and the DTM me-
thod, we investigated the biophysical impacts of differ-
ent forest types on seasonal warming in boreal midlatit-
udes. We compared two different forest types (i.e., ENF
and DBF) with open lands (i.e., GRA and CRO) and
found that the albedo of DBF is higher than that of ENF
except in winter, and the surface roughness and Bowen
ratio of ENF are higher than those of DBF.

We then used the DTM method to quantify the relat-
ive importance of surface energy balance in determining
the 7, changes. In general, 7 changes at ENF sites are
greater than at DBF sites. Although the contributions of
increased albedo to reducing 7, from deforestation are
higher at ENF sites than at DBF sites, the dominant
mechanisms of deforestation on 7, depend on the
changes in turbulent flux and vary across forest types.
When deforestation occurs at ENF sites, the decrease of
sensible heat flux has a warming effect in all seasons,
while at DBF sites, the warming effect of the decrease of
sensible heat flux is offset by the cooling effect of the in-
crease of latent heat flux in winter and spring, but the op-
posite is true in summer and autumn.

Furthermore, we found that the contribution of turbu-
lent heat flux to 7, at ENF sites is approximately 42%,
slightly higher than that of albedo (about 30%). For DBF
sites, the contribution of turbulent heat flux is about 43%,
which is much higher than that of albedo (about 15%). In
addition, other factors influencing 7, change are attribut-
able to the combination of incoming radiation, residuals,
and surface emissivity.

Our results are consistent with previous studies (Du-
veiller et al., 2018a; Zhang et al., 2020). However, our
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results further highlight that different forest types exhibit
distinct biophysical responses to deforestation, leading to
significant seasonal variations in 7,. These differences
highlight the critical role of forest type in modulating
land—atmosphere energy exchanges and underscore its
importance in shaping forest—climate interactions. It
should be noted that the site-based flux tower data are
limited in the midlatitudes except in North America and
Europe; further efforts to explore biophysical impacts of
different forest types using satellite data or modelling ap-
proaches are needed. Nevertheless, our results provide
insight into the mechanisms associated with seasonal 7
changes driven by forest cover changes.

Electronic supplementary material. Supplementary
material is available in the online version of this article at
https://doi.org/10.1007/s13351-026-5355-7 and is access-
ible for authorized users.
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