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A B S T R A C T

The well-documented energy balance dynamics within forest ecosystems are poorly implemented in studies of
the biophysical effects of forests. This results in limitations to the accurate quantification of forest cooling/
warming on local air temperature. Taking into consideration the forest air space, this study proposes a three-
layered (canopy, forest air space and soil [CAS]) land surface energy balance model to simulate air temperature
within forest spaces (Taf) and subsequently to evaluate its biophysical effects on forest cooling/warming, i.e., the
air temperature gradient (ΔTa) between the Taf and air temperature of open spaces (Tao) (ΔTa= Taf− Tao). We
test the model using field data for 23 sites across 10 cities worldwide; the model shows satisfactory performance
with the test data. High-latitude forests show greater seasonal dynamics of ΔTa, generating considerable cooling
of local air temperatures in warm seasons but minimal cooling or even warming effects during cool seasons,
while low-latitude tropical forests always exert cooling effects with less interannual variability. The interannual
dynamics of ΔTa are significantly related to the seasonality of solar geometry and canopy leaf phenology. The
differences between forest canopy temperature (Tc) and Tao, which are the two most important terms attributed
by the CAS model in impacting Taf, explain a large part of forest cooling and warming (May–July: R2= 0.35;
November–January: R2=0.51). The novel CAS model provides a feasible way to represent the energy balance
within forest ecosystems and to assess its impacts on local air temperatures globally.

1. Introduction

Global forest ecosystems can significantly influence land surface
temperatures (Cao et al., 2010; Chen et al., 2012) through their effects
on surface energy balance, i.e., so-called biophysical effects (Lee et al.,
2011; Zeng et al., 2017). Previous satellite- and model-based studies

have had a main focus on large-scale air temperature (Shashua-Bar and
Hoffman, 2002; Chang et al., 2007; Shashua-Bar et al., 2009; Cao et al.,
2010; Lee et al., 2011; Chen et al., 2012; Feyisa et al., 2014) or soil
surface temperature (Bonan, 2008; Peng et al., 2014; Zhang et al., 2014;
Li et al., 2015; Alkama and Cescatti, 2016), and very few have in-
vestigated the local air temperature within forest ecosystems.
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Currently, there has been growing interest in the impact of land cover
changes on human health via increased heat exposure (Wolff et al.,
2018). Given that the forest canopy covers> 30% of global land sur-
face (FAO, 2016), air temperature within the forest space (Taf) plays an
important role in mitigating local climate warming (Oke, 1989;
Bounoua et al., 2002; Georgi and Zafiriadis, 2006; Chang et al., 2007;
Shashua-Bar et al., 2010; Oliveira et al., 2011; Susca et al., 2011; Chen
et al., 2012); it is all the more important for maintaining local en-
vironmental health (Wolff et al., 2018) as well as ecosystem stability
(Ellison et al., 2017).

Forest cooling and warming on the local environment, i.e., the
gradients between Taf and air temperature of open space (Tao)
(ΔTa= Taf− Tao), have been extensively studied using time-series field
observations (Georgi and Zafiriadis, 2006; Potchter et al., 2006; Chang
et al., 2007; Zhang et al., 2013). However, previous studies used only a
few sites within a single region (Wong and Yu, 2005; Bowler et al.,
2010; Feyisa et al., 2014); therefore, their conclusions are likely re-
gional, and may not be applicable elsewhere (Marland et al., 2003;
Anderson et al., 2011; Li et al., 2015; Zeng et al., 2017). For an

example, the directions and magnitudes of ΔTa reported in the literature
differ greatly, ranging from −5.6 °C to +3.3 °C (Jauregui, 1991; Taha
et al., 1991; Wong and Yu, 2005; Chang et al., 2007; Potchter et al.,
2012). Additionally, multiple factors, e.g., evapotranspiration (ET) (Li
et al., 2015; Devaraju et al., 2018), aerodynamic roughness (Lee et al.,
2011; Burakowski et al., 2018; Devaraju et al., 2018), albedo (Lee et al.,
2011; Devaraju et al., 2018), surface resistance (Li et al., 2019) or
background climate (Pitman et al., 2011), were identified as dominant
contributors in the satellite- and model-based studies that address large-
scale air temperature and soil surface temperature. Whether this me-
chanism still stands in driving the cooling and warming effects of for-
ests on local air temperatures deserves further in-depth study.

The energy balance dynamics within forest ecosystems have been
well documented in previous studies (Choudhury and Monteith, 1988;
Monteith and Unsworth, 2007). However, these processes are poorly
implemented in relative studies of modeling biophysical effects of for-
ests on local air temperature. Taking into consideration the air space
inside a forest ecosystem (hereafter referred to as the forest air space),
we divided the forest land into three vertical layers: canopy, forest air

Acronyms

Taf air temperature of forest space
Tao air temperature of open space
ΔTa gradient between Taf and Tao
Ts soil surface temperature
Tc canopy surface temperature
∅n downward solar shortwave radiation
LW surface longwave radiation
LWsky downward sky longwave radiation
LWcanopy canopy longwave radiation
LWcanopy, ↓ downward canopy longwave radiation
LWsoil upward soil longwave radiation
LE total surface latent heat flux
LEsoil latent heat loss of soil layer
LEcanopy latent heat loss of canopy layer
H total surface sensible heat flux
Hsoil→af sensible heat loss of soil layer
Haf→canopy sensible heat flux between forest air space and tree canopy
Hcanopy→aosensible heat flux between canopy and open-air space
Gsoil heat storage in soil
Gtree heat storage in tree
ET evapotranspiration

c extinction coefficient
LAI leaf area index
u cosine of the zenith angle (θ) of the Sun
Γ canopy transmission of direct radiation
K von Karman's constant
δ = +

−δ Kμ
Kμ

1
1

σ Stefan–Boltzmann constant
ρa density of air
Cp specific heat capacity of air
εs proportion of soil surface emissivity
εsky proportion of sky emissivity
Ccover cloud coverage rate
r aerodynamic resistance to sensible heat transfer
rs r between soil and forest air spaces
ra, c r between forest air spaces and canopy
rc, a r between canopy and open-air spaces
∂ derivative of Taf to environment variables
C relative contributions of environment variables to Taf
VPD vapor pressure deficit
hc canopy height
U(Vz) wind speed at reference height

Fig. 1. Illustration of the three-layered CAS three-layered land surface energy balance model.
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space, and soil surface (CAS) (Fig. 1). The objectives of this study were
to: (1) develop a three-layered CAS land surface energy balance model
to simulate Taf; (2) use the CAS model to quantify forest cooling and
warming effects (i.e., using Taf minus Tao to estimate ΔTa) on the local
environment; and (3) use the CAS model to attribute relative con-
tributions of major climatic drivers to Taf based on variable sensitivity
analysis. Both the modeled Taf and derived ΔTa were validated using a
global dataset of 373 field observations collected at 23 sites in 10 cities
(Fig. 2, Supplementary dataset).

2. Methods, model development and datasets

2.1. The novel three-layered CAS land surface energy balance model

2.1.1. Model development strategies
The classic land surface energy balance model (Norman et al., 1995;

Ca et al., 1998; Monteith and Unsworth, 2007; Wu et al., 2007; Jones
and Rotenberg, 2011; Vidrih and Medved, 2013) treats the forest land
as one composite layer and does not isolate the land surface layer into
multiple layers (e.g., the canopy, forest air space and soil layers).

In this study, we divided the forest land surface into three vertical
layers: canopy, forest air space, and soil surface (left side in Fig. 1). In
contrast to the classic land surface energy balance model (Supplemen-
tary methods), which treats the forest land surface as an intact entity,
the land surface energy balances in this study are partitioned into soil
surface energy balance and canopy energy balance (right side in Fig. 1).
We initially developed the soil surface energy balance (Section 2.1.2)
and canopy energy balance (Section 2.1.3) equations, followed by the
three-layered CAS land surface energy balance equation (Section 2.1.4).
Lastly, we derived the Taf estimation model (Section 2.1.5) from the
novel CAS model.

2.1.2. Soil surface energy balance
For a soil surface underneath the canopy, the incoming heat fluxes

(left part of Eq. (1)) are mainly from three sources: the downward solar
shortwave radiation (∅n) and downward sky longwave radiation
(LWsky) penetrating through the tree canopy, and the downward canopy
longwave radiation (LWcanopy, ↓). We considered the transmission (Γ, the
exponential term in Eq. (1)) as the penetration rate of ∅n and LWsky

that reached the understory of the soil surface. Similarly, LWcanopy, ↓ is
defined as the product of canopy longwave radiation (LWcanopy) and Γ,

i.e., LWcanopy, ↓= ΓLWcanopy. Γ is the transmission of the direct radiation
through the canopy layers (He et al., 2017).

The outflow of energy fluxes from the understory soil surface occurs
mainly in three ways (right part of Eq. (1)): the latent heat loss of soil
layer (LEsoil), the sensible heat loss of soil layer (Hsoil→af), the upward
longwave radiation of soil layer (LWsoil), and the heat storage in soil
(Gsoil) (Supplementary methods). The energy balance equation of the
understory soil surface is:

∅ + + ⎛
⎝

− ⎞
⎠

= + + +→LW LW cLAI
u

LE LW H G( ) expn sky soil soil soil af soilcanopy

(1)

where LAI is the leaf area index, c is the extinction coefficient (yielding
a value of 0.5), and u is the cosine of the zenith angle (θ) of the Sun (He
et al., 2017). The exponential term −( )exp cLAI

u is the transmission Γ.
cLAI is the canopy optical thickness (He et al., 2017).

2.1.3. Canopy energy balance
The energy fluxes absorbed by the tree canopy (left part of Eq. (2))

are ∅n, Rsky, and Rsoil. The term (1− Γ) in the tree canopy part is the
interception proportion of radiation (∅n, LWsky, and LWsoil), which in-
cludes the absorption and reflection components, given as

∅ ⎡⎣
− − ⎤⎦( )1 expn

cLAI
u , ⎡⎣

− − ⎤⎦( )LW 1 expsky
cLAI

u and LWsoil

⎡⎣
− − ⎤⎦( )1 exp cLAI

u , respectively.
The energy flux loss from the tree canopy mainly goes through five

paths (right part of Eq. (2)): latent heat loss resulting from forest canopy
transpiration (LEcanopy), the sensible heat flux between forest air space
and tree canopy (Haf→canopy), the sensible heat flux between canopy and
open air space (Hcanopy→ao), LWcanopy flux, and the heat storage in tree
(Gtree).

∅ + + ⎡
⎣

− ⎛
⎝

− ⎞
⎠

⎤
⎦

= + + + +→ →

LW LW cLAI
u

LE H H LW G

( ) 1 expn sky soil

canopy af canopy canopy ao canopy tree (2)

2.1.4. The three-layered CAS land surface energy balance model
By combining the soil surface energy balance equation (Eq. (1)) and

canopy energy balance equation (Eq. (2)), we ultimately derived the
three-layered CAS land surface energy balance equation (Eq. (3)).

Fig. 2. Locations of the 23 sites collected from the published literatures. Northern high latitudes: > 23.5°N; Tropics: 23.5°S–23.5°N; Southern high
latitudes: > 23.5°S.
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∅ +

= + + + + ⎧
⎨⎩

⎛
⎝

− ⎞
⎠

+ ⎡
⎣

− ⎛
⎝

− ⎞
⎠

⎤
⎦

⎫
⎬⎭

+ +

→ → →

LW

LE H H H

LW cLAI
u

LW cLAI
u

G Gexp 1 exp

n sky

soil af af canopy canopy ao

soi soill canopy tree

(3)

where LE is the total latent heat flux of the forest land surfaces
(LE= LEcanopy+ LEsoil); Gtree≈ 0 (Allen et al., 1998), as this part of the
fluxes into the forest is much smaller than the other parts.

By partitioning the forest land surface into canopy, forest air space
and soil surface, the CAS land surface energy balance model decom-
poses the surface sensible heat flux (H) into three parts – Hsoil→af,
Haf→canopy and Hcanopy→ao and decomposes the surface longwave radia-
tion (LW) into two parts – −( )LW exp cLAI

usoil and

⎡⎣
− − ⎤⎦( )LW 1 exp cLAI

ucanopy . Compared with the classic land surface en-
ergy balance equation, the three-layered CAS land surface energy bal-
ance model is a more accurate representation of the energy flux dy-
namics occurring within forest ecosystems. The formulas to compute
the above various fluxes are introduced in the Supplementary methods.

2.1.5. The Taf retrieval model deduced from the novel CAS model
The Taf estimation model (Eq. (4)) was derived by forcing the cal-

culation functions of LWsky, LWsoil, LWcanopy, Hsoil→af, Haf→canopy,
Hcanopy→ao, and Gsoil into the CAS land surface energy balance equation.
For a detailed step-by-step deduction, please refer to the Supplementary
methods. As can be seen from Eq. (4), Taf is impacted jointly by ∅n, LE,
soil surface temperature (Ts), canopy surface temperature (Tc), and Tao
under different LAI and u.

⎜ ⎟

⎜ ⎟

⎛
⎝

− ⎞
⎠

= − ⎡
⎣

+ ⎛
⎝

− ⎞
⎠

⎤
⎦

∅ + ⎡
⎣

+ ⎛
⎝

− ⎞
⎠

⎤
⎦

+

⎛
⎝

− ⎞
⎠

+ + ⎡
⎣

+ ⎛
⎝

− ⎞
⎠

⎤
⎦

−

− ⎡
⎣

+ ⎛
⎝

− ⎞
⎠

⎤
⎦

+ −

r r
ρ C T

cLAI
u

cLAI
u

LE
ρ C

r r
T

ρ C
T cLAI

u
ε T

ρ C
r

T cLAI
u

ε ε ε C T

1 1

1
δ

1 exp 1
δ

exp
δ

1 1
r

1
δ

1 exp σ

1
δ

1 exp σ[ 0.8(1 ) ]

s a
a p af

n
a p

c a a

a p

s
s s s

a p

c a

ao sky sky sky cover ao

,c

, ,c
c

4

,

4 4

(4)

where rs, ra, c and rc, a (unit: S m−1) are the resistance to sensible heat
transfer between soil and forest air spaces, forest air spaces and canopy,
and canopy and open air spaces, respectively; ρa is the density of air
(ρa=1.25 kgm-3); Cp is the specific heat capacity of air (Cp=1004 Jkg-
1k-1); = +

−δ Kμ
Kμ

1
1 , K is von Karman's constant, producing a value of 0.41;

εs and εsky are the proportions of soil surface and sky emissivity
(εs=0.81; εsky=0.9), respectively; σ is the Stefan–Boltzmann constant
(5.67 ∗ 10−8Wm−2 K−4); and Ccover is the cloud coverage rate.

2.2. Sensitivity analysis to decompose the contributions of underlying
drivers to Taf

2.2.1. Sensitivity analysis of Taf to influencing factors
The derivative method has been widely used in climate-related

sensitivity analysis to test the impact of nonlinear independent vari-
ables on dependent variables (Paltridge, 1980; Dooge, 1992;
Friedlingstein et al., 2003; Zhou et al., 2015). Herein, we used the
derivatives of Taf to ∅n(∂∅n

), LE(∂LE), Ts(∂Ts
), Tc(∂Tc

) and Tao(∂Tao
) to

evaluate the corresponding variable sensitivity. The functions of ∂∅n
,

∂LE, ∂Ts
, ∂Tc

, and ∂Tao
are given individually as:

∂ = −
⎡⎣

+ − ⎤⎦
−

∅ ( )
( )

ρ C

1 exp

δ

cLAI
u

r r a p
1 1n

s a,c (5)

∂ =
+ −

−( )
( )

ρ C

exp
LE

cLAI
u

r r a p

1
δ

1 1
s a,c (6)

∂ =
−

−

( )
( )T

ρ C
r r

r r

δ
1 1

1 1c

a p

c a a

a

, ,c

s ,c (7)

∂ =
⎡⎣

+ − ⎤⎦
+

−( )
( )ε T

ρ C

σ 1 exp
T

s
cLAI

u s
ρ C

r

r r a p

4
δ

3

1 1

a p

s

s a

s

,c (8)

∂ = −
⎡⎣

+ − ⎤⎦
+ − +

−( )
( ) ε ε ε C T

ρ C

1 exp σ[ 0.8(1 ) ]

δ
T

cLAI
u sky sky sky cover a

ρ C
r

r r a p

4
δ

3

1 1ao

a p

c a

s a

,

,c

(9)

2.2.2. Relative contributions of the influencing factors to Taf
Zhou et al. (2015) defined the relative contribution as the rate of

individual product of each variable and its sensitivity to the sum of the
products of all variables and their corresponding sensitivity. Note that
Zhou et al.'s (2015) method was targeted at evaluating general mean
contributions of independent variables (X) to a dependent variable (Y)
(Zhou et al., 2018), which is completely different from the time-series
studies that calculated contributions of X variances to Y variances. The
former one decomposes total magnitudes of Y into X variables, while
the latter one relates the magnitude changes of Y to changes of X
variables.

In this study, we adopted Zhou et al.'s (2015) method to calculate
the general mean contributions of ∅n(C∅n

), LE(CLE), Ts(CTs
), Tc(CTc

),
and Tao(CTao

) to Taf. The sum of the products of the ∅n, LE, Ts, Tc, and
Tao variable terms and their corresponding sensitivities are given in Eq.
(10). The formulas of C∅n

, CLE, CTs
, CTc

, and CTao
are expressed in Eqs.

(11)–(15), respectively.

Table 1
Global gridded datasets of ∅n, Tao, VPD, ET, Ts, LAI, U(Vz), Ccover and hc products.

Variable Source/name Version Spatial solution Temporal solution Reference

∅n Climatic Research Unit (CRU) downward shortwave radiation – 0.5° 6-Hour Wei et al. (2014)
Tao Climatic Research Unit (CRU) open air temperature – 0.5° 6-Hour Wei et al. (2014)
VPD Climatic Research Unit (CRU) vapor pressure deficit 4.01 0.5° Monthly Harris et al. (2017)
ET Global Terrestrial Evapotranspiration Data Set (MOD16A2) – 1 km 8-Day Mu et al. (2011)
Ts MODIS Land Surface Temperature and Emissivity (MYD11C1) Collection 6 0.05° Daily Wan (2014)
LAI MCD15A3H MODIS/Terra+Aqua Leaf Area Index/FPAR (MOD15A3H) Collection 6 500m 4-Day Myneni et al. (2002)
U(Vz) ERA Interim wind speed – ~79 km 6-Hour Berrisford et al. (2011)
Ccover NOAA Climate Cloud fraction Data Record (CDR) 5.3 0.1° Daily Heidinger et al. (2014)
hc Global 1 km Forest Canopy Height – 1 km – Simard et al. (2011)
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= ∂ ∅ + ∂ + ∂ + ∂ + ∂∅ LE T T TSUM | | | | | | | | | |n LE T T s T aocn c s ao (10)

=
∂ ∅

∗∅
∅C
SUM

100%n
n

n

(11)

= ∂ ∗C LE
SUM

100%LE
LE

(12)

=
∂

∗C
T

SUM
100%T

T c
c

c

(13)

=
∂

∗C
T

SUM
100%T

T s
s

s

(14)

=
∂

∗C
T

SUM
100%T

T ao
ao

ao

(15)

2.3. Model inputs and validations

2.3.1. Model input datasets for global application
Multi-year global gridded datasets – i.e., the National Centers for

Environmental Prediction (NCEP) and Climatic Research Unit-NCEP
(CRUNCEP) ϕn products, CRUNCEP Tao products, CRUNCEP Vapor
pressure deficit (VPD) products, Moderate Resolution Imaging
Spectroradiometer (MODIS) ET products, MODIS daytime Ts products,
and MODIS LAI products (Table 1) – were averaged as input data to
force Eq. (4) to simulate global seasonal Taf and then to estimate ΔTa
using simulated Taf minus CRUNCEP Tao. Similarly, the above datasets
were also used as inputs to calculate variable sensitivity (∂∅n

, ∂LE, ∂Ts
,

∂Tc
and ∂Tao

, Eqs. (5)–(9)) and relative contributions (C∅n
, CLE, CTs

, CTc

and CTao
, Eqs. (11)–(15)), respectively.

To better match the model outputs with the field observations, we
extracted input data from the finest spatial and temporal resolutions of
raster imageries (Table 1) according to the temporal and location re-
cords of field experiments (Supplementary dataset). For global simu-
lations, we resampled the raster imageries of input data into monthly
temporal resolution with 0.5°× 0.5° spatial resolution using the bi-
linear interpolation method (Liu et al., 2017).

2.3.2. Field observations for model validation
For model validations, 373 field samples from 23 sites (Fig. 2) in 10

cities across tropical and temperate latitudes were collected from
globally published literature (see Supplementary dataset). Of the 23
sites, four are tropical evergreen forests and 19 are located at northern
high latitudes (17 deciduous and 2 evergreen forests). These data
contain the following information: author information, city, latitude,
longitude, year, month, day, and observed Taf and ΔTa.

The supplementary dataset also contains some variables extracted
from the global gridded products, such as tree canopy height (hc), wind
speed at reference height U(Vz), cloud coverage rate (Ccover), LAI, day-
time Ts, ET, ∅n and Tao. The information of the raster datasets em-
ployed is listed in Table 1. Other variables, i.e., μ, rs, ra, c, rc, a, and Tc,
are estimated. Detailed methods for estimating these parameters are
described in the Supplementary methods. The cross-validation results
between the CAS model retrieved Tc and the forward simulated Tc from
Ta, ∅n, and VPD are shown in Fig. S1. The simulated Taf was derived
using Eq. (4), and simulated ΔTa was calculated using simulated Taf
minus CRUNCEP Tao.

3. Results

3.1. Evaluations of simulated Taf and ΔTa using globally published data

In total, 373 field data records containing Taf and ΔTa (Section 2.3.2,
Supplementary dataset) were collected from the published literature to
validate the CASmodel outputs. Of the 373 samples, the lowest value of
field Taf (+5.5 °C) was observed in the winter season of Beijing located
at a northern high latitude (longitude: 116.42°E, latitude: 40.05°N) (Ji
et al., 2012); the highest Taf (+42.1 °C) was also observed in Beijing
(longitude: 116.39°E, latitude: 39.37°N), but during the hot summer
season (Liu et al., 2008). Apparently, high-latitude forests exhibit
greater seasonal variability of Taf compared with low-latitude tropical
forests. Despite the considerable variation that exists in the collected Taf
(Fig. 3a), the proposed CAS model succeeded in estimating seasonal Taf
across different climatic zones (tropical and northern/southern high
latitudes), with a root mean square error (RMSE) of 0.98 °C (R2= 0.98)
(Fig. 3c). Accounting for the potential impacts of background tem-
peratures (e.g., heat island effect) on the CAS model, we plotted the
scatter diagrams between the Tao and Taf estimation errors (Fig. S2).

Fig. 3. Field data records of Taf and ΔTa from the published literature (N=373, Supplementary dataset) for model evaluations. (a–b) Distributions of the collected Taf
and ΔTa; (c–d) Scatter plots between simulated Taf, ΔTa and field observations.
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Results show that there was no significant trend in Taf estimation errors
with Tao changes (R2=0.03), suggesting no systematic impact on the
simulation accuracy of the CAS model from background climate. The
observed ΔTa (Fig. 3b) ranged from −5.6 °C to +2.1 °C. Approximately
87.4% of the measurements revealed a cooling effect, 9.7% a warming

effect, and the remaining 2.9% showed no significant effect. A com-
parison of these results with field observations showed that the total
RMSE of the simulated ΔTa was 0.98 °C (R2=0.36) (Fig. 3d) and that
62.5% of absolute errors of the modeled ΔTa was lower than 1.0 °C.

Fig. 4. Global patterns of simulated seasonal Taf and ΔTa. (a) Simulated Taf in the May–July period; (b) Simulated Taf in the November–January period; (c) Statistics
of pixels with different Taf values at the northern high latitudes (> 23.5°N), tropics (23.5°S–23.5°N) and southern high latitudes (> 23.5°S); (d) Simulated ΔTa in the
May–July period; (e) Simulated ΔTa in the November–January period; (e) Statistics of pixels with different ΔTa values at the northern high latitudes (> 23.5°N),
tropics (23.5°S–23.5°N) and southern high latitudes (> 23.5°S).
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3.2. Global patterns of simulated Taf and ΔTa at different latitudes

The global simulated Taf in the two seasonal periods May–July and
November–January is shown in Fig. 4a and b. Among the three latitude
zones (Fig. 4c and Table 2), the forests at the northern high latitudes
had the lowest Taf during both the May–July (most frequently occurring
Taf=9.13 °C; proportions of 0 < Taf < 10 °C: 58.5%) and No-
vember–January (most frequently occurring Taf=−2.75 °C; propor-
tions of Taf < 0 °C: 66.5%) periods, followed by the forests at the
southern high latitudes (May–July: most frequently occurring
Taf=7.29 °C, proportions of 0 < Taf < 10 °C: 74.0%; No-
vember–January: most frequently occurring Taf=21.96 °C, proportions
of Taf > 20 °C: 47.5%). As is typical of tropical forests, Taf was the
highest in both the May–July (most frequently occurring
Taf=20.28 °C; proportions of 10 < Taf < 20 °C: 57.3%) and No-
vember–January (most frequently occurring Taf=29.73 °C; propor-
tions of Taf > 20 °C: 82.3%) periods.

The global estimated seasonal ΔTa, which was calculated using si-
mulated Taf minus Tao (see Fig. 4d and e), ranged from −13.5 °C to
+4.9 °C with large seasonal variation and spatial heterogeneity. The
pixel number and proportion statistics of ΔTa under different thresholds
are shown in Fig. 4f and Table 3, respectively. During the May–July
period, about 97.9% of forest-induced ΔTa was negative at global scale
(northern high latitudes: 99.3%; tropics: 97.5%; southern high lati-
tudes: 85.1%), indicating significant net cooling effects of forest eco-
systems on the local environment. The most frequently occurring ΔTa
was estimated to be −4.25 °C at the northern high latitudes, −2.22 °C
in the tropics, and −2.59 °C at the southern high latitudes. Results in-
dicate that the forests at northern high latitudes tended to generate
larger quantities of negative ΔTa than in the low-latitude tropical forests
in the May–July seasonal period. During the November–January period
(Fig. 4e), however, the forests at the northern high latitudes were more
inclined to exhibit warming effects (mostly frequently occurring at
ΔTa=+1.11 °C), while the dense-canopy forests in low-latitude tropics
continued to show cooling effects (mostly frequently occurring at
ΔTa=−0.20 °C), but at a much reduced magnitude in comparison with
the May–July period. On the contrary, forests at the southern high la-
titudes showed consistent effects as did the tropics, but at a much larger
magnitude (most frequently occurring at ΔTa=−8.37 °C) due to the
November–January warm seasons in the southern hemisphere. In gen-
eral, the average ΔTa at the northern and southern high latitudes ex-
hibited greater seasonal dynamics compared with ΔTa at the low tro-
pical latitudes.

3.3. Solar geometry and canopy phenology mediate the seasonality of Taf
and ΔTa

Theoretically, the three-layered CAS land surface energy balance
model depicts five major variables impacting Taf (i.e., ∅n, LE, Ts, Tc,
and Tao), which are jointly mediated by solar geometry (i.e., u) and
canopy phenology (i.e., LAI) (Eq. (4)). The sensitivities of Taf to ∅n, LE,
Ts, Tc and Tao are represented by the derivatives ∂∅n

, ∂LE, ∂Ts
, ∂Tc

, and
∂Tao

, respectively (Eqs. (5)–(9)), and plotted in Figs. 5 and 6. In Fig. 5a,
∂∅n

exhibited a decreasing trend as LAI increased. However, the

relationship between ∂∅n
and LAI differed greatly under different θ.

This is also reflected in Fig. 6a, where the curve is unimodal when
LAI < 1.0 (the peak values of ∂∅n

fell within the range of
70° < θ < 90°). The ∂Ts

exhibited a similar trend along with LAI and θ
as those of ∂∅n

, but the ∂Ts
values were negative (Figs. 5c and 6c). The

∂LE decreased following a logistic curve as LAI increased (Fig. 5b). ∂Tc

and ∂Tao
exhibited a slight or no response to the change in LAI (Fig. 5d

and e). The ∂LE, ∂Tc
, and ∂Tao

all exhibited an exponential relationship
with θ (Fig. 6c, d and e). Overall, ∂∅n

and ∂Tao
were always positive,

while ∂LE, ∂Ts
, and ∂Tc

were always negative. In addition, ∂∅n
, ∂LE, ∂Ts

,
∂Tc

, and ∂Tao
were more sensitive to the θ change, but less sensitive to the

LAI change when LAI > 1.0.
Fig. S3 shows the global patterns of ∂∅n

, ∂LE, ∂Ts
, ∂Tc

, and ∂Tao
. The Taf

was more positively sensitive to ∅n in the November–January seasonal
period (0.011 ± 0.01) than in the May–July seasonal period
(0.010 ± 0.008) (Fig. S3 a1 and a2), while Taf was less positively
sensitive to Tao in the November–January period (2.51 ± 0.05) than in
the May–July period (3.03 ± 0.05) (Fig. S3 e1 and e2). LE, Ts, and Tc
showed less negative sensitivity to Taf in the November–January period
(∂LE: −0.011 ± 0.0008, ∂Ts

: −0.087 ± 0.0008, ∂Tc
: −1.495 ± 0.06)

than in the May–July period (∂LE: −0.012 ± 0.0006, ∂Ts
:

−0.088 ± 0.0009, ∂Tc
: −1.961 ± 0.09) (Fig. S3 b1, b2, c1, c2, d1,

and d2). In general, the absolute values of ∂∅n
, ∂LE, ∂Ts

, ∂Tc
, and ∂Tao

were
higher at the northern and southern high latitudes than those of the low
tropical latitudes (Fig. S3), indicating a greater sensitivity of high-la-
titude Taf to the environmental changes due to a greater θ (Fig. 6). ∂∅n

,
∂LE, ∂Ts

, ∂Tc
, and ∂Tao

at higher latitudes showed greater interannual
variability than at low latitudes (Fig. S3). This could be one of the main
reasons why average ΔTa at northern/southern high latitudes has
greater seasonal dynamics than ΔTa at low tropical latitudes (Fig. 7a).

The above principle analysis suggests that the seasonality of two
non-climatic factors – solar geometry (i.e., θ) and canopy phenology
(i.e., LAI) – probably controls the seasonal variabilities of ΔTa. As shown
in Fig. 7, both θ and LAI exhibited highly consistent seasonality with
ΔTa at northern and southern high latitudes. In the May–July period,
the forests at northern high latitudes experienced the lowest θ and
highest canopy LAI (Fig. 7b and c). These tended to induce the most
notable differences in energy fluxes between forest ecosystems and
open air spaces, resulting in the highest ΔTa (Fig. 7a). Given the inverse
seasonality in the southern hemisphere, the forests at northern high
latitudes had the highest θ and lowest LAI (Fig. 7b and c), exhibiting the
lowest ΔTa between forests and open air spaces (Fig. 7a); the opposite
occurred during the November–January period for both the northern
and southern high latitudes. The low-latitude tropical forests revealed
little seasonality of θ and LAI, as well as of ΔTa (Fig. 7).

3.4. Tc and Tao are the two most important climatic factors in impacting Taf
and ΔTa

Fig. 8 shows the global patterns of C∅n
, CLE, CTs

, CTc
, and CTao

, which
follow the order of: CTao

(51.8–68.3%) > CTc
(30.70–42.60%) > CTs

(0.27–8.70%) > C∅n
(0.22–2.08%) > CLE (0.00–0.13%) (Fig. S4). CTao

and CTc
are the two most important climate factors in mediating Taf. At

the northern high latitudes, the minimum CTao
(58.23 ± 1.88%) and

Table 2
Proportions of simulated Taf located at different thresholds in the May–July and November–January periods at the northern high latitudes (> 23.5°N), tropics
(23.5°S–23.5°N) and southern high latitudes (> 23.5°S).

Range of Taf (°C) Northern high latitudes Tropics Southern high latitudes

May–Jul Nov–Jan May–Jul Nov–Jan May–Jul Nov–Jan

<0.0 8.0% 66.5% 0.2% 1.1% 2.3% 1.2%
0–10 58.5% 27.0% 5.2% 3.3% 74.0% 10.3%
10–20 29.8% 6.4% 57.3% 13.3% 23.7% 41.0%
>20 3.7% 0.2% 37.3% 82.3% 0.0% 47.5%
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Table 3
Statistics of simulated ΔTa located at different thresholds in the May–July and November–January periods at the northern high latitudes (> 23.5°N), tropics
(23.5°S–23.5°N) and southern high latitudes (> 23.5°S).

Range of ΔTa (°C) Northern high latitudes Tropics Southern high latitudes

May–Jul Nov–Jan May–Jul Nov–Jan May–Jul Nov–Jan

<−5.0 51.8% 8.5% 20.2% 21.6% 1.7% 29.8%
−5 to −2.5 43.1% 7.8% 38.9% 19.5% 32.7% 20.2%
−2.5–0.0 4.4% 22.0% 38.4% 20.6% 50.7% 30.3%
>0.0 0.7% 61.7% 2.5% 38.3% 14.9% 19.7%
Mean −5.95 −0.24 −3.52 −3.83 −1.64 −6.84
Median −5.20 0.66 −2.87 −1.74 −1.94 −5.93

Standard deviation (Std) 3.15 3.74 2.49 6.17 1.78 6.62

Fig. 5. Sensitivity of Taf to ∅n(∂∅n
), LE(∂LE), Ts(∂Ts

), Tc(∂Tc
) and Tao(∂Tao

) under different LAIs.
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maximum CTc
(40.49 ± 1.83%) occurred in the May–July period,

while the maximum CTao
(62.14 ± 1.64%) and minimum CTc

(35.97 ± 1.37%) occurred in the November–January period. The CTao

and CTc
at southern high latitudes showed inverse interannual varia-

bility compared to those at the northern high latitudes. The CTao
and CTc

of tropical forests at low latitudes showed little seasonal variability. In
addition, tropical forests, in general, had higher CTao

and lower CTc
than

those at high latitudes throughout the whole year.
The aforementioned analyses revealed that the Tc and Tao terms,

which are deconstructed from sensible heat fluxes (Hsoil→af, Haf→canopy

and Hcanopy→ao) and canopy longwave radiative heat fluxes

( ⎡⎣
− − ⎤⎦( )LW 1 expcanopy

cLAI
u ), are two dominant contributors in con-

trolling Taf. This suggests that Tc and Tao are likely to be important
climatic factors that mediate the direction and magnitude of ΔTa. To
demonstrate this, we plotted the differences between Tc and Tao (i.e.,
Tc− Tao) against corresponding ΔTa. Fig. S5 is the scatter plot between
Tc− Tao and field ΔTa from 373 published observations; Fig. 9, instead,
shows the global simulated results. It is worth noting that Tc− Tao was
well correlated with the corresponding ΔTa from both field observations
(R2= 0.51, p < 0.001, N=373) and global simulated results (May–-
July: R2= 0.35, p < 0.001, N=2843; November–January: R2= 0.51,

Fig. 6. Contributions of ∅n(C∅n
), LE(CLE), Ts(CTs

), Tc(CTc
) and Tao(CTao

) to Taf under different θ.
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p < 0.001, N=2223). Forests in the May–July period revealed higher
Tc− Tao (> 99.5% positive forest lands) and resulted in positive ΔTa
when Tc− Tao < ~10.0 °C; however, in the November–January period
87.7% of the forests exhibited negative Tc− Tao and resulted in positive
ΔTa when Tc− Tao < ~0.0 °C.

4. Discussion

There has been growing interest in the impact of forest ecosystem on
human health (Wolff et al., 2018), as forests not only impact the Earth's
climate at large scale but also play an important role in regulating the
local temperatures (Ellison et al., 2017). The loss of forest cooling
services, via deforestation, poses a health risk to tropical rural villagers
through increased heat exposure (Wolff et al., 2018; Masuda et al.,
2019; Suter et al., 2019). The results of our study confirm the claims of
the published literature we reviewed. Our findings show that regional/
global investigations based on satellite-observed land surface

temperatures (i.e., MODIS), which is measured at tree canopy, likely
overestimate the air temperature experienced by humans by consider-
able amount. The impact of this overestimation can be significant, as
forest canopies cover> 30% of the global land surface (FAO, 2016),
not to mention the hundreds of thousands of forest spaces in urban
areas (Chen et al., 2012). For example, field observations in Shenzhen's
urban park in subtropical southern China (longitude: 113.97°E, lati-
tude: 22.57°N) revealed that in hot summer weather (Tao=32.25 °C)
forests are 5.60 °C cooler than open air spaces approximately 20% of
the time (Lei et al., 2011). Clearly, the biophysical effects of forests can,
to some extent, reduce the magnitude of Taf fluctuation caused by
background climate changes. Preserving tree cover, especially in tro-
pical/subtropical landscapes, can reduce high air temperatures and
buffer some of the extremes that are otherwise likely to arise with cli-
mate change (Ellison et al., 2017). Previous satellite-based observa-
tions, land–atmosphere model simulations and field investigations have
attributed the inconsistent forest cooling/warming at temperate and
boreal latitudes to the complex role of albedo (Bonan, 2008; Zeng et al.,
2017). However, many of these studies overlooked the diverse tem-
perature variables that were considered; for example, satellite-retrieved
land surface temperatures or Ts products (Li et al., 2015), modeled near-
surface temperature (Lee et al., 2011), and field observed air tem-
perature (Chang et al., 2007). It is necessary for studies to adjust sa-
tellite-derived Ts and model-derived near-surface temperatures to more
accurately reflect real air temperature that human experiences.

Note also that our study reveals that the biophysical effects of for-
ests on air temperature and soil surface temperature can be quite dis-
parate. Numerous studies have reported that ET (Li et al., 2015),
aerodynamic roughness (Lee et al., 2011; Burakowski et al., 2018),
albedo (Lee et al., 2011), surface resistance (Li et al., 2019), or back-
ground climate (Pitman et al., 2011) are several major factors that af-
fect the forest cooling/warming on large-scale, near-surface tempera-
tures and land surface temperatures (Taha et al., 1991; Schwartz, 1996;
Pearlmutter et al., 1999; Fitzjarrald et al., 2001; Shashua-Bar and
Hoffman, 2002; Dimoudi and Nikolopoulou, 2003; Jonsson, 2004;
Bowler et al., 2010; Zhao et al., 2014). Our study suggests that the Tc
and Tao terms are probably the two dominant climatic factors influen-
cing the biophysical effects of forests on local air temperature. The solar
geometry (i.e., θ) and canopy phenology (i.e., LAI) can also influence
the energy that penetrates the forest canopy, redistributing the energy
between the canopy and understory layers (Holmes and Smith, 1977;
Jackson et al., 1981; Running et al., 1989; Maia and Loureiro, 2005; Li
et al., 2015) and, subsequently, mediating the biophysical effects of
forests on seasonal ΔTa. This is an important outcome of our analysis,
which depicts the diverse impacts of the biophysical effects of forests on
local air temperature rather than soil surface temperature.

5. Conclusions

By partitioning forest lands into three vertical layers, the CAS land
surface energy balance model successfully decomposes the sensible heat
fluxes and longwave radiations within the tree canopy, forest air space,
and soil surface layers of forest ecosystems. The improvement of energy
balance makes it possible to separate the individual biophysical effects
of forests on local air temperatures. Global applications of the novel
CAS model suggest that forests at northern and southern high latitudes
exhibit larger quantities of negative ΔTa (i.e., cooling effects) in warm
seasons and positive ΔTa (i.e., warming effects) in cool seasons com-
pared with the low-latitude forests in tropical/subtropical regions
showing less seasonal dynamics. Furthermore, contribution analysis
suggests that the differences between Tc and Tao, two dominant vari-
ables of climate to Taf, explain a large part of forest cooling/warming
(May–July: R2= 0.35; November–January: R2= 0.51), and their sea-
sonal variabilities are jointly regulated by both the seasonality of solar
geometry (i.e., θ) and canopy phenology (i.e., LAI).

In summary, this study proposes a framework to decompose the

Fig. 7. Seasonality of ΔTa, LAI and θ at the northern high latitudes (> 23.5°N),
Tropics (23.5°S–23.5°N) and southern high latitudes (> 23.5°S). (a) ΔTa; (b)
LAI; (c) θ.
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biophysical effects of forests on local air temperatures using a novel
three-layered CAS model with robust performance. It is anticipated that
the CAS model can be widely adopted for global applications. The
collected site observations are mostly located in urban areas and are
skewed towards northern high latitudes; and more in-situ data from
natural forests are needed for intensive model calibrations in the future.
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