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Abstract
Land-use/cover change (LUCC) is an important driver of environmental change, 
occurring at the same time as, and often interacting with, global climate change. 
Reforestation and deforestation have been critical aspects of LUCC over the past 
two centuries and are widely studied for their potential to perturb the global carbon 
cycle. More recently, there has been keen interest in understanding the extent to 
which reforestation affects terrestrial energy cycling and thus surface temperature 
directly by altering surface physical properties (e.g., albedo and emissivity) and land–
atmosphere energy exchange. The impacts of reforestation on land surface tem-
perature and their mechanisms are relatively well understood in tropical and boreal 
climates, but the effects of reforestation on warming and/or cooling in temperate 
zones are less certain. This study is designed to elucidate the biophysical mechanisms 
that link land cover and surface temperature in temperate ecosystems. To achieve 
this goal, we used data from six paired eddy-covariance towers over co-located for-
ests and grasslands in the temperate eastern United States, where radiation compo-
nents, latent and sensible heat fluxes, and meteorological conditions were measured. 
The results show that, at the annual time scale, the surface of the forests is 1–2°C 
cooler than grasslands, indicating a substantial cooling effect of reforestation. The 
enhanced latent and sensible heat fluxes of forests have an average cooling effect 
of −2.5°C, which offsets the net warming effect (+1.5°C) of albedo warming (+2.3°C) 
and emissivity cooling effect (−0.8°C) associated with surface properties. Additional 
daytime cooling over forests is driven by local feedbacks to incoming radiation. We 
further show that the forest cooling effect is most pronounced when land surface 
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1  | INTRODUC TION

Over the past two centuries, one of the most remarkable modes 
of global land-use/cover change (LUCC) has been the transition of 
forests to croplands (Goldewijk, 2001) and vice versa (Rudel et al., 
2005). In some areas like the eastern United States, widespread 
deforestation has later been followed by substantial reforestation 
(Hooker & Compton, 2003; Manson & Evans, 2007; Mather, 1992; 
Ramankutty, Heller, & Rhemtulla, 2010; Wear & Greis, 2012). From 
the mid-19th to early 20th centuries, harvesting for timber and 
clearing for agriculture dramatically reduced forest cover by more 
than 90% in many areas of the eastern United States (Hall, Motzkin, 
Foster, Syfert, & Burk, 2002). By 1930, widespread land clearing had 
largely abated, and forest cover increased following the abandon-
ment of marginal agricultural fields and active reforestation efforts 
(Wear & Greis, 2012). Thus, forest cover increased over the eastern 
United States for much of the 20th century.

Shifts between forests and short-statured ecosystems like grass-
lands and croplands have been widely studied for their potential to af-
fect local-to-global carbon budgets (Houghton, Hackler, & Lawrence, 
1999; Law et al., 2018). Anthropogenic and naturally caused defor-
estation is responsible for significant carbon dioxide (CO2) emissions 
to the atmosphere (van der Werf et al., 2009; Woodwell et al., 1983). 
Conversely, reforestation has been proposed as a climate mitigation 
tool to enhance the size of the terrestrial carbon sink (Bastin et al., 
2019; Law et al., 2018; Pan et al., 2011; Stoy et al., 2008) because of 
forests’ potential to remove anthropogenic CO2 (House, Prentice, & Le 
Quere, 2002). However, the persistence of current levels of forest car-
bon uptake into the future is uncertain, due to productivity limitations 
from increasing drought likelihood (Frank et al., 2015; Green et al., 
2019), pest infestation (Boyd et al., 2019), and fire (Buotte et al., 2019).

More recently, attention has turned toward understanding the 
potential for changing forest cover to affect land surface temperature 
(Ts) directly by modifying ecosystem surface and biophysical proper-
ties, and thereby the energy balance (Anderson-Teixeira et al., 2012; 
Bright et al., 2017; Burakowski et al., 2018; Huang, Zhai, Liu, & Sun, 
2018; Juang, Katul, Siqueira, Stoy, & Novick, 2007; Lee et al., 2011; 
Rigden & Li, 2017; Zhai, Liu, Liu, Zhao, & Huang, 2014). Ts is a state vari-
able reflecting land surface–atmosphere feedbacks driven by water 
and energy exchange, and it is linked to surface aerodynamic and eco-
physiological processes dependent on land cover (Bonan, 2008, 2016; 
Foley, Costa, Delire, Ramankutty, & Snyder, 2003; Pielke et al., 1998). 
For example, albedo, which is inversely related to Ts, changes as a 
function of multiple variables influenced by LUCC including snowpack 

depth, leaf area index, surface color, and canopy structure. In partic-
ular, darker, denser forests with a lower albedo absorb more solar ra-
diation, which in isolation has a warming effect when compared to 
nearby grasslands (Juang et al., 2007; Lee et al., 2011). Non-radiative 
forcings linked to biophysical processes, like sensible heat flux and 
latent heat flux (i.e., energy dissipated in the form of evapotranspi-
ration), are also key determinants of the surface energy budget and 
also impact Ts (Liu, Liu, & Baig, 2019). The greater sensible and latent 
heat fluxes, which are closely related to aerodynamic and ecophysio-
logical properties of the land cover, cool the surface (Luyssaert et al., 
2014). For example, in semi-arid environments, forests reduce aero-
dynamic resistance and increase sensible heat flux (Banerjee, De Roo, 
& Mauder, 2017; Eder, Schmidt, Damian, Traumner, & Mauder, 2015), 
thereby having the potential to cool the surface though the corre-
sponding transpiration is usually low. The roles of turbulent fluxes 
remain less understood because they are subject to varying hydro-
logic conditions and surface–atmosphere feedbacks like changes in 
atmospheric boundary layer height (Baldocchi et al., 2001; Baldocchi 
& Ma, 2013; Novick & Katul, 2020; Vick, Stoy, Tang, & Gerken, 2016). 
Nonetheless, in tropical zones, it is relatively well understood that 
forests are cooler than non-forested ecosystems as a result of the 
higher forest evaporative cooling effect (Bonan, 2008; Costa, 2005). 
In contrast, in boreal zones, forests are believed to be warmer than 
non-forested ecosystems due to the predominant warming effect of 
lower forest albedo, whereas short-statured ecosystems are often 
covered by snow with higher albedo (Bonan, 2008; Lee et al., 2011; 
Swann, Fung, Levis, Bonan, & Doney, 2010).

In temperate zones, however, results are mixed, and it is unclear pre-
cisely how LUCC impacts Ts (Lejeune, Davin, Gudmundsson, Winckler, 
& Seneviratne, 2018). Much of the relevant work in the temperate zone 
has been done at regional to global scales based on remote sensing data 
(e.g., Bright et al., 2017; Peng et al., 2014; Schultz, Lawrence, & Lee, 
2017; Wickham, Wade, & Riitters, 2013), where it is possible to draw 
inference about broad patterns in temperature, but it is challenging to 
link those dynamics to mechanistic forcings (Lee et al., 2011). Some 
studies show that deforestation over temperate zones cools the local 
environment by driving coupled climate and land surface models under 
contrasting land use scenarios (Feddema et al., 2005; Hansen et al., 
1998), while others reported the opposite (Alkama & Cescatti, 2016; 
Jackson et al., 2005; Ramankutty, Delire, & Snyder, 2006). In the eastern 
temperate United States, a coupled land–atmosphere model and tower 
observations were used to demonstrate that forest warming in winter is 
driven primarily by albedo, while summer cooling is more strongly influ-
enced by surface canopy roughness (Burakowski et al., 2018). By using 

temperature is higher, often exceeding −5°C. Our results contribute important obser-
vational evidence that reforestation in the temperate zone offers opportunities for 
local climate mitigation and adaptation.
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empirical models driven by flux tower observations, Bright et al. (2017) 
predict that non-radiative forcings dominate the temperature response 
to LUCC, and reforestation has an overall cooling effect in the tempera-
ture zone. By using MODIS Ts products (MYD11A2), Wickham et al. 
(2013) suggest that forests in temperate zones tend to cool the surface, 
though the responsible mechanisms were not identified. Schultz et al. 
(2017) identified diurnal asymmetry, with forests warming the surface 
at night and cooling during the day relative to open lands in temperate 
zones, attributed to differences in albedo, latent heat flux, and surface 
roughness. In summary, these regional-scale studies, informed largely 
by models or remote sensing data, highlight the potential for local cool-
ing by reforestation in the temperate zone, but leave the mechanisms as 
to how reforestation impacts Ts largely unclear.

More mechanistic understanding is possible at the site level, en-
abled by flux tower records that permit quasi-continuous observation 
of the exchange of water, energy, and carbon between the atmosphere 
and the land surface at ecosystem scales (Baldocchi et al., 2001). A 
few studies have used flux tower data to quantify the relative contri-
butions of different factors to the LUCC-induced Ts change. For exam-
ple, Juang et al. (2007) successfully separated the effects of surface 
albedo and ecophysiological properties on Ts in a grassland, pine for-
est, and deciduous forest co-located in the North Carolina Piedmont, 
though the analysis was limited to well-watered conditions. Lee et al. 
(2011) blended flux tower observations and meteorological station 
data from northern latitudes to deduce that deforestation in boreal 
zones has a cooling effect, due largely to the resulting increase in al-
bedo, but the same conclusion could not be made for the temperate 
zone. More recently, Burakowski et al. (2018) highlighted the import-
ant cooling effect of enhanced surface roughness in forests growing in 
North Carolina and New Hampshire. These prior studies advance our 
understanding of biophysical mechanisms determining LUCC-induced 
Ts change, but we still lack a general and mechanistic accounting of the 
overall balance between evaporative and aerodynamic cooling versus 
albedo-driven warming in temperate zones.

Even less is known about how hydro-climatic conditions influ-
ence relationships between LUCC and Ts, as this has not been a 
focus of previous site-level work (e.g., Burakowski et al., 2018; Juang 
et al., 2007; Lee et al., 2011). Drought is predicted to become more 
frequent and severe in the future (Cook, Ault, & Smerdon, 2015), 
driven substantially by large increases in atmospheric vapor pressure 
deficit (VPD; Ficklin & Novick, 2017; Zhang et al., 2019). Evidence is 
accumulating that changing soil and atmospheric moisture deficits 
are driving long-term patterns in water fluxes (Jackson et al., 2005; 
Jung et al., 2010; Novick et al., 2016; Rigden & Salvucci, 2017). Trees 
and grasses have contrasting plant water use strategies (Konings, 
Williams, & Gentine, 2017) and regulate water uptake differently 
during hydrologic stress, thereby affecting the amount of energy 
dissipated as latent heat (Bonan, 2008; Teuling et al., 2010). The im-
pact of drought on Ts is therefore important to resolve when evalu-
ating the climate mitigation potential of reforestation.

To address these knowledge gaps, we compared Ts and its mech-
anistic drivers from six paired forest and grassland flux towers that 
span a wide range of latitudes in the temperate eastern United States. 

We adopt a framework that decomposes Ts difference between for-
ests and grasslands into its individual contributing factors (Luyssaert 
et al., 2014) to study the impacts of different mechanisms and varying 
hydrologic stress conditions. The major goals are to (a) quantify tempo-
ral variation of Ts differences between forests and grasslands (ΔTs) in 
temperate zones, (b) explain the mechanisms and quantify the effects 
of aerodynamic and ecophysiological properties on ΔTs, and (c) inves-
tigate the role that hydro-climatic conditions play in contributing to 
ΔTs. We hypothesize that the temperate forests are cooler than nearby 
grasslands due to enhanced turbulence transfer of sensible and latent 
heat fluxes. We further hypothesize that forests will sustain greater la-
tent heat flux during drought when compared to grasslands, such that 
the forests will be even more cooler than grasslands during periods of 
hydrologic stress. The results of this study will expand our understand-
ing of the usefulness of reforestation as a climate mitigation strategy 
to directly affect local temperature, now and in the future when more 
extreme climate conditions are expected.

2  | MATERIAL S AND METHODS

2.1 | Site description and paired flux towers

Our study uses data from six paired forest–grassland towers span-
ning a wide range of latitudes in the temperate eastern United States 
(see Figure 1 and Table 1). The forests include deciduous, needleleaf 
evergreen, and mixed stands. The grasslands are all predominantly 

F I G U R E  1   The location of our study sites with the mean annual 
temperature (MAT) as the background. All locations support one 
grassland–forest tower pair, except Duke Forest, where a grassland 
tower is co-located with a hardwood and a pine forest stand. There 
are altogether 11 individual flux towers in this study [Colour figure 
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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C3 ecosystems managed with seasonal harvest, or as pastureland. 
Similar to other studies using a paired-site approach to investi-
gate ecosystem energy cycling (Lee et al., 2011; Luyssaert et al., 
2014), the forest and grassland towers of each pair in our study are 
0.7–27.4 km apart (see Table 1) to ensure that macro-scale climate 
conditions do not vary appreciably (Barry, 1970). The northernmost 
pair is located in New Hampshire where towers were installed over 
a mixed evergreen needleleaf and deciduous broadleaf temperate 
forest (referred to as NH-Mixed hereafter) and a co-located grass-
land (referred to as NH-Grass hereafter; Burakowski et al., 2018). In 
south-central Indiana, we use data from two AmeriFlux sites—the 
20-year-old Morgan Monroe State Forest site (IN-Broadleaf hereaf-
ter) and the Bayles Road grassland site (IN-Grass hereafter), which 
was installed in 2016. We incorporate two tower clusters located in 
North Carolina and Georgia. From western North Carolina, a decid-
uous broadleaf-forested AmeriFlux site situated within the Coweeta 
Hydrologic lab (CW-Broadleaf hereafter) is paired with a grassland 
site established in a nearby cow pasture in 2016 (referred to as 
CW-Grass hereafter) just across the state line in Georgia. In central 
North Carolina, we included the three Duke Forest AmeriFlux sites, 
where the Duke Forest-Hardwood site (DK-Broadleaf hereafter) 
and the Duke Forest-Loblolly Pine site (DK-Needleleaf hereafter) 
are paired with the Duke Forest-Open Field grassland site (DK-
Grass hereafter). Finally, the southernmost site cluster is located in 
Arkansas, where the Crossett Experimental Forest AmeriFlux site 
(AR-Needleleaf hereafter) is paired with a newly established grass-
land site in the Overflow National Wildlife Refuge (AR-Grass here-
after), also installed in 2016. Thus, there are 11 individual sites in 
this study (see Table 1 for details). An analysis of long-term mete-
orological information available from the DAYMET dataset (https://
daymet.ornl.gov/) revealed that the annual precipitation and tem-
perature of the site-specific study periods were close to the long-
term means (results not shown); or in other words, the study periods 
did not include extreme climate events. Among all the sites, only the 
New Hampshire site is consistently covered by snow in winter. For 
the 2012–2018 period, there were 34 days with snow >15.24 cm, 
47 days with snow >10.16 cm, 55 days with snow >7.62 cm, and 
71 days with snow >0 cm on average. Snow is intermittent at other 
sites. Much of our analysis is particularly focused on the grow-
ing season, defined as May–August, when leaf area is relatively 
stationary.

2.2 | Measurements of the radiation 
components and environmental variables

On each tower, the incoming and outgoing short- and long-wave 
radiation (Rsi, Rso, Rli, and Rlo, respectively) were measured using a 
four-component radiometer (CRN1 or CRN4, Kipp & Zonen, Delft, 
Netherlands). The surface albedo (i.e., α) was inferred as the ratio 
of mid-day outgoing and incoming short-wave radiation (α = Rso/Rsi), 
and the radiometric surface temperature can be inferred from Rlo 
using the Stefan–Boltzmann law as described below. Air temperature 

(Ta), relative humidity (RH), and precipitation (P) were measured at all 
towers. See Table 1 for the heights of all measurements. The instru-
mentation for NH-Mixed, NH-Grass, IN-Broadleaf, CW-Broadleaf, 
DK-Broadleaf, DK-Needleleaf, and DK-Grass towers is described in 
detail in the references given in Table 1. At the IN-Grass, CW-Grass, 
AR-Needleleaf, and AR-Grass towers, Ta and RH were monitored 
with HMP-type probes (Vaisala, Helsinki, Finland), and P with a tip-
ping bucket (TE525, Texas Electronics). Soil heat flux (G) was moni-
tored at IN, CW, and AR clusters using HFP-01 soil heat flux plates 
(Hukseflux Thermal Sensors).

2.3 | Eddy covariance measurement, flux 
processing, and quality control

On each tower, an eddy covariance (EC) system was used to meas-
ure the net ecosystem exchange of CO2, latent heat flux (LE), sensible 
heat flux (H), wind speed (u), and friction velocity (u*). Each EC system 
consisted of an infrared gas analyzer and a three-dimensional sonic 
anemometer, though instruments differ from site to site. At NH-
Mixed and NH-Grass, an enclosed-path analyzer (LI-7200, LI-COR) 
was paired with a WindMaster sonic anemometer (Gill Instruments 
Limited). At IN-Broadleaf, a closed-path analyzer (LI-7000, LI-COR) 
was paired with a CSAT3 sonic anemometer (Campbell Scientific). 
At IN-Grass, a combined open-path analyzer and sonic system was 
deployed (IRGASON, Campbell Scientific). At CW-Broadleaf and AR-
Needleleaf, an enclosed-path analyzer (EC-155, Campbell Scientific) 
was paired with an RM Young 8100 sonic anemometer (RM Young 
Company). At CW-Grass, DK-Broadleaf, DK-Needleleaf, DK-Grass, 
and AR-Grass, an open path gas analyzer LI-7500 (LI-COR) was paired 
with a CSAT3 (Campbell Scientific) sonic anemometer. While instru-
ment-related biases are a concern when comparing non-identical EC 
systems (Novick et al., 2018), measures were taken to reduce uncer-
tainty linked to experimental design. These include the application of 
an analytical spectral correction to fluxes measured with closed- and 
enclosed-path sensors (see Sulman, Roman, Scanlon, Wang, & Novick, 
2016 for details of IN-Broadleaf; Novick et al., 2013 for details of CW-
Broadleaf and AR-Needleleaf; Fratini, Ibrom, Arriga, Burba, & Papale, 
2012 for the methods used for NH-Mixed and NH-Grass) and routine 
calibration of the analyzers (approximately weekly to monthly for the 
closed- and enclosed-path systems, and seasonally for the open path 
systems). A side-by-side comparison of an LI-7500 and EC155 system 
revealed biases in the fluxes to be relatively low at CW-Broadleaf 
provided that data collected with a high wind speed angle of attack 
were removed (Novick et al., 2013). The IN-Broadleaf, CW-Broadleaf, 
and AR-Needleleaf towers have all benefitted from a direct evalua-
tion of flux integrity by hosting the AmeriFlux roving Portable Eddy 
Covariance System (Ocheltree & Loescher, 2007), with favorable 
results.

As all data shared to the AmeriFlux network, raw high- 
frequency data from our study sites were converted into half-
hourly or hourly fluxes using site-specific algorithms. These are 
described for the Duke Forest sites in Novick et al. (2015), for the 

https://daymet.ornl.gov/
https://daymet.ornl.gov/


ZHANG et Al.3388  |    

CW-Broadleaf in Oishi et al. (2018), for the NH-Mixed and NH-
Grass towers in Burakowski et al. (2018), and for IN-Broadleaf in 
Sulman, Roman, Scanlon, et al. (2016). The processing procedures 
for AR-Needleleaf are identical to those for CW-Broadleaf. For 
the three newly established IN-Grass, CW-Grass, and AR-Grass 
towers, fluxes were processed using an algorithm similar to that 
developed for open-path systems described in Novick et al. (2013), 
in which a 2D coordinate rotation was applied, raw data were de-
spiked using the algorithm of Papale et al. (2006), and the Webb–
Pearman–Leuning correction for density effects was applied 
(Webb, Pearman, & Leuning, 1980).

Finally, we applied a standard post-processing and gap-filling 
approach to all the data using the REddyProc online tool (https://
www.bgc-jena.mpg.de/REddy Proc/brew/REddy Proc.rhtml, Wutzler 
et al., 2018). The online tool filters out data collected during stable 
atmospheric conditions using u* filtering, and gap-fills missing data 
using a marginal distribution sampling approach. Finally, all measure-
ments were aggregated to the hourly time scale for the comparative 
analysis.

2.4 | Decomposing the surface temperature 
difference between forests and grasslands

In this study, the Ts difference between forests and grasslands is de-
fined as:

such that ΔTs is negative when forests are cooler than grasslands.
To understand how different components of the energy budget 

affect ΔTs, we adopt a framework that decomposes ΔTs into its mul-
tiple contributing components after Luyssaert et al. (2014) as de-
scribed below. The net radiation (Rn) can be written as the sum of the 
incoming and outgoing short- and long-wave radiation:

Here, Rso can be expressed as a function of Rsi and α as Rso = αRsi 
such that Equation (2) can be rearranged to:

Rn can also be expressed in terms of the ecosystem energy fluxes:

where I is a residual imbalance that is necessary when using EC mea-
surements in practice, which often do not achieve full energy balance 
closure (Foken, 2008). At sites where soil heat fluxes were unavailable, 
G was set to zero.

By combining Equations (3) and (4), we eliminate Rn:

The Rlo can be expressed as a function of the surface tempera-
ture (i.e., Ts) using the Stefan–Boltzmann law:(1)ΔTs = Ts,forest−Ts,grassland,

(2)Rn = Rsi−Rso+Rli−Rlo.

(3)Rn=
(

1−�
)

Rsi+Rli−Rlo.

(4)Rn = LE+H+G+ I,

(5)
(

1−�
)

Rsi+Rli−Rlo = LE+H+G+ I.

TA B L E  1   Location, data range, and climate characteristics of the 11 eddy covariance towers used in the present study

Site ID
AmeriFlux 
site ID Site name State Location Data coverage

Separation  
distance (km)

Elevation 
a.s.l. (m)

MAT 
(°C)

MAP 
(mm)

Canopy 
height (m)

Measurement 
height (m) Ecosystem type Reference Data source (DOI)

NH-Mixed — Thompson Farm New Hampshire 43°07′N, 70°57′W 6/1/2016–5/31/2017 5.7 40 8.9 1,170 35 30 Mixed evergreen 
needleleaf–deciduous 
broadleaf forest

Burakowski et al. (2018) —

NH-Grass — Kingman Farm New Hampshire 43°10′N, 70°56′W 33 8.9 1,170 0.2–1 3.6 Grassland Burakowski et al. (2018) —

IN-Broadleaf US-MMS Morgan Monroe State 
Forest

Indiana 39°19′N, 86°25′W 7/1/2017–6/30/2018 15 275 10.8 1,094 34 46 Deciduous broadleaf 
forest

Schmid et al. (2000) https://doi.org/10.17190 /
AMF/1246080

IN-Grass US-BRG Bayles Road Grassland Indiana 39°13′N, 86°32′W 180 10.8 1,094 0.2–0.5 3 Grassland This study —

CW-Broadleaf US-Cwt Coweeta Hydrologic 
Laboratory

North Carolina 35°04′N, 83°26′W 8/1/2017–7/31/2018 11.5 690 12.9 1,495 30 37 Deciduous broadleaf 
forest

Oishi et al. (2018) —

CW-Grass - Rabun Gap Grassland Georgia 34°58′N, 83°24′W 657 12.9 1,495 0.2–0.5 3 Grassland This study —

DK-Broadleaf US-Dk2 Duke Forest-hardwoods North Carolina 35°58′N, 79°08′W 1/1/2005–12/31/2008 0.8 168 14.36 1,170 25 39 Deciduous broadleaf 
forest

Novick et al. (2015) https://doi.org/10.17190 /
AMF/1246047

DK-Needleleaf US-Dk3 Duke Forest-loblolly pine North Carolina 35°58′N, 79°08′W 0.7 163 14.36 1,170 18 21 Evergreen needleleaf 
forest

Novick et al. (2015) https://doi.org/10.17190 /
AMF/1246048

DK-Grass US-Dk1 Duke Forest-open field North Carolina 35°58′N, 79°08′W  168 14.36 1,170 0.55 2.7 Grassland Novick et al. (2004) https://doi.org/10.17190 /
AMF/1246046

AR-Needleleaf US-Cst Crossett Experimental 
Forest

Arkansas 33°03′N, 91°55′W 6/1/2016–5/31/2017 27.4 50 17.4 1,410 27 37 Evergreen needleleaf 
forest

This study —

AR-Grass — Crossett Overflow 
Grassland

Arkansas 33°07′N, 91°38′W 31 17.4 1,410 0.2–1.0 3 Grassland This study —

https://www.bgc-jena.mpg.de/REddyProc/brew/REddyProc.rhtml
https://www.bgc-jena.mpg.de/REddyProc/brew/REddyProc.rhtml
https://doi.org/10.17190/AMF/1246080
https://doi.org/10.17190/AMF/1246080
https://doi.org/10.17190/AMF/1246047
https://doi.org/10.17190/AMF/1246047
https://doi.org/10.17190/AMF/1246048
https://doi.org/10.17190/AMF/1246048
https://doi.org/10.17190/AMF/1246046
https://doi.org/10.17190/AMF/1246046
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where A is the view factor assumed to be equal to 1, σ is the Stefan–
Boltzmann constant, and � is the surface emissivity. Following the 
treatment by Juang et al. (2007), � is approximated by an empirical re-
lationship with the albedo as �=−0.16�+0.99.

Combining Equations (5) and (6) gives:

From Equation (7), the full derivative of ΔTs can be estimated using 
a first-order Taylor series approximation as (Luyssaert et al., 2014):

Note that δ(•) denotes the difference of each variable between 
the forest and grassland, for example, δα = αforest − αgrassland. Here, 
for simplicity, the contributions of within-site differences in Rsi and 
Rli are combined into a single term, the incoming radiation, that is, 
�Ri=

(

1−�
)

�Rsi+�Rli so that Equation (8) becomes:

where ΔTs,cal is the calculated temperature change across space (e.g., 
from one tower to the next) reflecting contributions from different 

components of the energy balance. Hereafter, we use δTs(•) to rep-
resent the value of each contributing component to ΔTs, including 
albedo (δTs(α)), incoming radiation (δTs(Ri)), latent heat flux (δTs(LE)), 
sensible heat flux (δTs(H)), ground heat flux (δTs(G)), the residual of 
EC energy balance (δTs(I)), and emissivity (δTs(ε)). Noting that the 
subscript “cal” in Equation (9) denotes the calculated surface tem-
perature difference derived by summing the difference attributable 
to the individually measured components. In contrast, the subscript 
“obs” refers to the surface temperature difference inferred directly 
from the outgoing long-wave radiation by solving Equation (6) for 
temeprature.

This analysis was conducted at the hourly time scale after fil-
tering the data by the following criteria: (a) data were filtered to 
exclude rain events (P > 0 mm); (b) the hourly ΔTs,obs (by solving 
Equation 6) was compared with ΔTs,cal (Equation 9), and we only 
accepted records when ΔTs,obs and ΔTs,cal have the same sign and 
the difference is less than a threshold of 2°C. As illustrated in 
Figure S1, the choice of this threshold has little effect on the root 
mean square error (RMSE) of the observed and calculated annual 
ΔTs, over the range of 1.5–4°C. We selected 2°C to achieve the 
minimal RMSE while retaining a large percentage of the data. The 
ΔTs,cal was very close to the ΔTs,obs when considering data for the 
entire year, as well as records collected within and outside of the 
growing season and non-growing season, at multiple time scales 
(see Figures S2 and S3). This agreement between observed and 
estimated surface temperature difference validates the use of 
Equation (9) to understand the mechanistic basis of the ΔTs,obs. 
When calculating the albedo, only daytime records from 9:00 to 

(6)Rlo = A��T4
s,obs

,

(7)
(

1−�
)

Rsi+Rli−��T4
s
= LE+H+G+ I.

(8)
ΔTs

=
1

4��T3
s

[

−Rsi��+
(

1−�
)

�Rsi+�Rli−�LE−�H−�G−�I−�T4
s
��

]

.

(9)ΔTs,cal=
1

4��T3
s

[

−Rsi��+�Ri−�LE−�H−�G−�I−�T4
s
��

]

,

TA B L E  1   Location, data range, and climate characteristics of the 11 eddy covariance towers used in the present study

Site ID
AmeriFlux 
site ID Site name State Location Data coverage

Separation  
distance (km)

Elevation 
a.s.l. (m)

MAT 
(°C)

MAP 
(mm)

Canopy 
height (m)

Measurement 
height (m) Ecosystem type Reference Data source (DOI)

NH-Mixed — Thompson Farm New Hampshire 43°07′N, 70°57′W 6/1/2016–5/31/2017 5.7 40 8.9 1,170 35 30 Mixed evergreen 
needleleaf–deciduous 
broadleaf forest

Burakowski et al. (2018) —

NH-Grass — Kingman Farm New Hampshire 43°10′N, 70°56′W 33 8.9 1,170 0.2–1 3.6 Grassland Burakowski et al. (2018) —

IN-Broadleaf US-MMS Morgan Monroe State 
Forest

Indiana 39°19′N, 86°25′W 7/1/2017–6/30/2018 15 275 10.8 1,094 34 46 Deciduous broadleaf 
forest

Schmid et al. (2000) https://doi.org/10.17190 /
AMF/1246080

IN-Grass US-BRG Bayles Road Grassland Indiana 39°13′N, 86°32′W 180 10.8 1,094 0.2–0.5 3 Grassland This study —

CW-Broadleaf US-Cwt Coweeta Hydrologic 
Laboratory

North Carolina 35°04′N, 83°26′W 8/1/2017–7/31/2018 11.5 690 12.9 1,495 30 37 Deciduous broadleaf 
forest

Oishi et al. (2018) —

CW-Grass - Rabun Gap Grassland Georgia 34°58′N, 83°24′W 657 12.9 1,495 0.2–0.5 3 Grassland This study —

DK-Broadleaf US-Dk2 Duke Forest-hardwoods North Carolina 35°58′N, 79°08′W 1/1/2005–12/31/2008 0.8 168 14.36 1,170 25 39 Deciduous broadleaf 
forest

Novick et al. (2015) https://doi.org/10.17190 /
AMF/1246047

DK-Needleleaf US-Dk3 Duke Forest-loblolly pine North Carolina 35°58′N, 79°08′W 0.7 163 14.36 1,170 18 21 Evergreen needleleaf 
forest

Novick et al. (2015) https://doi.org/10.17190 /
AMF/1246048

DK-Grass US-Dk1 Duke Forest-open field North Carolina 35°58′N, 79°08′W  168 14.36 1,170 0.55 2.7 Grassland Novick et al. (2004) https://doi.org/10.17190 /
AMF/1246046

AR-Needleleaf US-Cst Crossett Experimental 
Forest

Arkansas 33°03′N, 91°55′W 6/1/2016–5/31/2017 27.4 50 17.4 1,410 27 37 Evergreen needleleaf 
forest

This study —

AR-Grass — Crossett Overflow 
Grassland

Arkansas 33°07′N, 91°38′W 31 17.4 1,410 0.2–1.0 3 Grassland This study —

https://doi.org/10.17190/AMF/1246080
https://doi.org/10.17190/AMF/1246080
https://doi.org/10.17190/AMF/1246047
https://doi.org/10.17190/AMF/1246047
https://doi.org/10.17190/AMF/1246048
https://doi.org/10.17190/AMF/1246048
https://doi.org/10.17190/AMF/1246046
https://doi.org/10.17190/AMF/1246046
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15:00 local time were used to derive the daily average, which was 
then used throughout the corresponding day.

2.5 | The role of aerodynamic and ecophysiological 
properties in determining the ΔTs between 
forests and grasslands

The surface-to-air temperature difference and the bulk aerodynamic 
conductance (ga) are the two key determinants of the sensible heat 
flux (H):

where ρ is the air density and Cp (=1,004.67 J kg−1 K−1) is the specific 
heat of air at constant pressure. The ga can be determined from the 
wind speed (u) and friction velocity (u*; Monteith & Unsworth, 1990) 
as follows:

Friction velocity depends on features of canopy height and 
structure and tends to be higher over rougher surfaces like forests 
(Kelliher, Leuning, & Schulze, 1993). Thus, LUCC impacts on H are 
largely linked to impacts on ga. This approach also explicitly incorpo-
rates ga into the attribution of ΔTs as recommended by Rigden and 
Li (2017).

To explore how ecophysiological properties impact the Ts dif-
ference, we investigated the dynamics of surface conductance (Gs), 
which can be determined from the measured LE fluxes by inverting 
the Penman–Monteith equation (Monteith, 1965):

where Δ is the slope of saturated water vapor pressure curve against 
air temperature, � is the psychrometric constant determined as 
PACp

/

0.622�, where PA is the air pressure and λ is the latent heat of 
vaporization. For decades, surface conductance estimated in this way 
has been viewed as a proxy for bulk canopy stomatal conductance, to 
link stomatal function, evapotranspiration, and the drivers of each (Kim 
& Verma, 1991; Li et al., 2019; Novick et al., 2016; Stoy et al., 2006; 
Sulman, Roman, Yi, et al., 2016; Wever, Flanagan, & Carlson, 2002; 
Wilson & Baldocchi, 2000; Zhang et al., 2019). Although Gs is not a per-
fect proxy for stomatal conductance, as it contains information reflect-
ing both stomatal and soil resistance to evaporation, these difficulties 
can be minimized through careful data screening – for example, by re-
moving data when the canopy is wet (Li et al., 2019; Sulman, Roman, 
Yi, et al., 2016; Zhang et al., 2019). In dense canopies like those stud-
ied here, where little radiation is available to drive soil evaporation, Gs 
tends to be dominated by canopy stomatal conductance, particularly 
when the canopy is dry (Stoy et al., 2006; Zhang et al., 2019).

2.6 | Linking ΔTs to variations in hydro-climate 
during the growing season

As a final step in our analysis, we explored how ΔTs varied as a func-
tion of VPD, which integrates information about temperature and 
hydrologic conditions. While soil moisture (Porporato, Laio, Ridolfi, 
& Rodriguez-Iturbe, 2001; van Beek, Wada, & Bierkens, 2011) and 
VPD (Lemordant, Gentine, Swann, Cook, & Scheff, 2018; Novick 
et al., 2016; Zhang et al., 2019) are both commonly used indica-
tors of hydrologic stress, in mesic ecosystems of the eastern United 
States, VPD has been shown to be the dominant driver affecting 
plant function during periods of hydrologic stress (Novick et al., 
2016). Moreover, although soil moisture and VPD tend to be de-
coupled at short time scales (hours to days), they are strongly cor-
related at time scales of weeks and longer (Novick et al., 2016; Zhou 
et al., 2019), and tower-based observations of VPD are more read-
ily available and integrate over larger land areas when compared 
to the soil moisture, which is usually measured at only a few loca-
tions in the flux tower footprint (if at all). We focused this analysis 
specifically on the response of latent and sensible heat fluxes to 
VPD, and complimented the analysis with an exploration of how 
the response of canopy surface conductance to VPD varies within 
the paired sites. Surface conductance was estimated by inverting 
the observed latent heat flux records using the Penman–Monteith 
equation (Equation 12, also see Zhang et al., 2019). To reduce the 
confounding effect of radiation, we constrained the analysis to peri-
ods when Rsi ≥ 400 W/m2, noting that results were relatively insen-
sitive to the choice of the radiation threshold provided it was above 
350 W/m2. To reduce uncertainty linked to phenological variation, 
we constrained this analysis to the growing season. The hourly ΔTs 
between forests and grasslands was then binned by VPD, using in-
crements of 0.2 kPa.

3  | RESULTS

3.1 | Forests are generally cooler than co-located 
grasslands

The surface of the forests was generally cooler (negative values) 
than the grasslands at most sites. The probability density func-
tions of the hourly ΔTs,obs between forests and grasslands reveal 
that annual mean ΔTs,obs was −1.3°C for NH, −0.0°C for IN, −1.4°C 
for CW, −1.6°C for DK-Needleleaf, −0.8°C for DK-Broadleaf, and 
−0.4°C for AR (Figure 2). At most sites, the median of ΔTs,obs was 
very close to the mean, except for IN where the mean of ΔTs,obs 
(−0.0°C) was substantially higher than the median (−0.8°C).

3.2 | The diurnal and seasonal variations in ΔTs

The mean diurnal ΔTs exhibited a unimodal pattern with a peak around 
noontime (Figure 3). Forests were cooler than grasslands during 

(10)H = �Cpga
(

Ts−Ta
)

,

(11)ga =

(

u

u∗2
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most of the daytime and were slightly warmer than grasslands dur-
ing most of the nighttime across sites (Figure 3a). Among all the indi-
vidual contributing factors, the albedo (Figure 3b) and sensible heat 
flux (Figure 3d) contributions had clear mid-day peaks, while the rest 
showed more diverse patterns. At all sites, incoming radiation tended 

to be greater in forests than grasslands in early morning hours, per-
haps reflecting the influence of fog over the shorter grassland tow-
ers. During the mid-day hours, the patterns of differences in incoming 
radiation were less consistent and varied from one site to the next, 
which could reflect site-level instrumental bias. For most of the 

F I G U R E  2   The probability density 
function (pdf) of the observed hourly 
surface temperature difference (ΔTs,obs) 
between forests and grasslands for the 
six paired sites (a–f). Dashed vertical lines 
represent ΔTs,obs of 0°C, and red and 
blue vertical lines represent the mean 
and median, respectively. AR, Arkansas; 
CW, Coweeta; DK-Broadleaf, Duke 
Forest-Hardwood; DK-Needleleaf, Duke 
Forest-Loblolly Pine; IN, Indiana; NH, New 
Hampshire [Colour figure can be viewed 
at wileyonlinelibrary.com]

(a) (b)

(c) (d)

(e) (f)

F I G U R E  3   The mean diurnal variation of the calculated radiometric surface temperature (ΔTs,cal) between forests and grasslands (a) 
and the calculated contributions from the terms of Equation (9) (b–h); negative ΔTs implies that forests and cooler than grasslands per 
our convention. Note that the variation associated with the ground heat flux was excluded due to insufficient measurements; the joint 
contribution of latent and sensible heat flux was provided in panel (f). Note that the calculated ΔTs (i.e., ΔTs,cal of panel a) by Equation (9) 
rather than the observed ΔTs is compared with its decomposed components [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)

(e) (f)

(c) (d)

(g) (h)

www.wileyonlinelibrary.com
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contributing factors, the mean diurnal trend observed during both 
the growing season (Figure S4) and other parts of the year (Figure S5) 
were similar to the annual diurnal patterns. The daytime latent heat 
flux of forests outside of the growing season was substantially lower 

than grasslands at NH, IN, CW, and DK-Broadleaf, leading to a warm-
ing effect (Figure S5d).

Seasonal variations of the monthly averaged ΔTs,obs showed di-
verse patterns across the six paired sites (Figure 4). At NH, CW, and 

F I G U R E  4   Seasonal variations of the 
observed monthly averaged temperature 
difference (ΔTs,obs) between forests 
and grasslands for the six paired sites 
(a–f). Hereafter, the vertical dashed line 
represents the month of January of the 
corresponding year, and the shaded green 
area represents the growing season (May, 
June, July, and August); the x-axis of date 
is formatted by mm/yy. AR, Arkansas; 
CW, Coweeta; DK-Broadleaf, Duke 
Forest-Hardwood; DK-Needleleaf, Duke 
Forest-Loblolly Pine; IN, Indiana; NH, New 
Hampshire [Colour figure can be viewed 
at wileyonlinelibrary.com]

(a) (b)

(c) (d)

(e) (f)

F I G U R E  5   The observed and 
calculated annual (blue bar), growing 
season (green bar), and outside of the 
growing season (grey bar) forest–grassland 
temperature difference (ΔTs,obs and ΔTs,cal) 
together with its contributing components 
described by Equation (9) for all the six 
paired sites (a–f) and the average across 
all the sites (g). Note that the error bar for 
panel (g) denotes the standard deviation 
of the six (three for G) site-averaged 
values. NA indicates sites without G 
records. AR, Arkansas; CW, Coweeta; 
DK-Broadleaf, Duke Forest-Hardwood; 
DK-Needleleaf, Duke Forest-Loblolly Pine; 
IN, Indiana; NH, New Hampshire [Colour 
figure can be viewed at wileyonlinelibrary.
com]

(a)

(c)

(d)

(f)

(g)

(b)

(e)
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DK-Needleleaf, the forests were consistently cooler than grasslands 
across the entire year (Figure 4a,c,d, respectively). At DK-Broadleaf 
and AR, forests were mostly cooler than grasslands during the 
growing season, but not during the rest of the year (Figure 4e,f). 
At IN, no clear seasonal pattern in ΔTs,obs was observed (Figure 4b).

3.3 | The annual contribution of each component to 
ΔTs between forests and grasslands

The overall cooling effect over forests of the six paired sites averaged 
about −1°C (annual ΔTs,obs of −1.0 ± 0.6°C and ΔTs,cal of −1.1 ± 0.6°C, 
Figure 5g) despite albedo differences between forests and grasslands 
that, if they operated in isolation, would consistently make all study 
forests warmer by +2.3°C on average (Figure 5g). Higher emissivity 
in forests counteracted the albedo-driven warming by −0.8°C on 
average. At most sites, higher LE and H of forests had a substantial 
cooling effect of −2.5°C on average, further offsetting the albedo-
driven warming. The contributions of albedo and emissivity differed 

somewhat across seasons, but these seasonal patterns were less stark 
when compared to the seasonal trends for the contributions from LE 
and H. Contributions of the differences in Ri were observed at all sites 
(Figure 5a–f) and tended to cool the forests by −0.8°C. Where it was 
measured (IN, CW, and AR), soil heat flux (i.e., G) had a warming con-
tribution to ΔTs during the growing season, and cooling contribution 
otherwise. The overall contribution of G for the entire year was minor 
(−0.3°C on average) for all the three paired sites with G measured.

3.4 | The role of the aerodynamic and 
ecophysiological properties in determining ΔTs 
between forests and grasslands

The surface–air temperature difference (Ts − Ta) was lower in forests 
than grasslands at almost all sites (Figure 6, first column). Furthermore, 
the surface–air temperature difference over both forests and grass-
lands had a clear seasonal pattern; specifically, it was steeper over both 
forests and grasslands during the growing season at most sites. The 

F I G U R E  6   Seasonal variations of the monthly averaged surface–air temperature difference (Ts,obs − Ta, the first column), the aerodynamic 
conductance (ga, the middle column), and the surface conductance (Gs, the right column) for both forests and grasslands across the six sites. 
Note that each row contains one site-pair. AR, Arkansas; CW, Coweeta; DK-Broadleaf, Duke Forest-Hardwood; DK-Needleleaf, Duke Forest-
Loblolly Pine; IN, Indiana; NH, New Hampshire [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

(p) (q) (r)
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lower surface–air temperature difference over forests was consistent 
with its higher ga compared with grasslands (Figure 6, middle column). 
These large differences in ga thereby drive substantially higher H over 
forests than grasslands at many sites. Differences in Gs between for-
ests and grasslands across site pairs are less pronounced (Figure 6, right 
column). At NH, DK-Needleleaf, and DK-Broadleaf, the Gs of forests 
was substantially higher than grasslands during the growing season. 
Elsewhere, Gs was relatively similar much of the time, though it tended 
to be slightly higher in forests during the growing season.

3.5 | The components of ΔTs vary with site mean 
annual temperature

Using the mean annual temperature (MAT) as a surrogate, the ΔTs 
exhibited no clear dependence on the microclimate of each site 
(Figure 7a), but the relative importance of many ΔTs components was 
influenced by site microclimate (Figure 7b–h). We found the role of 
albedo and emissivity was more pronounced at sites with lower MAT 
(Figure 7b,h). Though neither relationship was statistically significant 
at the level of p < .05, they may reflect the influence of snow, noting 
that winter snow cover is common at the NH sites and intermittent 
at the IN sites. Of the two ecophysiological mechanisms (H and LE), 
we examined for determining ΔTs, H was strongly related to MAT and 
was most important in the coldest sites (Figure 7e), but LE did not 
show any significant trend with MAT (Figure 7d). When combining 
both turbulent fluxes of latent and sensible heat, we found the joint 
cooling effect of the LE and H to the ΔTs was more pronounced at 
sites with lower MAT (Figure 7f), primarily driven by H.

3.6 | Linking ΔTs to hydro-climatic conditions 
within the growing season

In most sites (DK-Needleleaf, DK-Broadleaf, NH, and AR), the 
cooling effect over forests was more pronounced when VPD was 
high (Figure 8a,d–f). In the IN site, no significant relationship be-
tween ΔTs,obs and VPD was found (Figure 8b). In the CW site, a 

slight increase in ΔTs,obs with rising VPD was observed (Figure 8c). 
In most sites, Gs declined with the rising VPD for both forests and 
grasslands (Figure S6), implying stomatal closure under high VPD. 
However, the difference in LE between forests and grasslands in-
creased as a function of VPD in only three sites (NH, DK-Broadleaf, 
and AR, Figure 9a,e,f). In other sites, patterns were less clear, and 

F I G U R E  7   The correlation of the 
mean annual temperature (MAT) with the 
calculated annual temperature difference 
between forests and grasslands (ΔTs,cal) 
(a), as well as its components (b–h). 
Note that the result for ground heat flux 
was not presented due to the lack of 
measurements, instead, we provided the 
joint contribution of LE and H in panel 
(f); the coefficient of correlation (R) and 
significance of fitting (p) with F-test are 
provided at the top of each panel, and the 
linear fitting was shown in solid line for 
p < .05 and in dashed line for p ≥ .05

(a) (c)(b) (d)

(e) (g)(f) (h)

F I G U R E  8   The correlation of the observed temperature 
difference (ΔTs,obs) between forests and grasslands with the vapor 
pressure deficit (VPD) when incoming short-wave radiation (Rsi) 
is non-limiting (i.e., Rsi ≥ 400 W/m2) during the growing season 
(May, June, July, and August) for all the six paired sites (a–f). Note 
that the samples are binned by VPD for every 0.2 kPa, and the bar 
denotes the standard error of all available records within the bin. 
The coefficient of correlation (R) and significance of fitting (p) with 
F-tests are provided at the top of each panel. AR, Arkansas; CW, 
Coweeta; DK-Broadleaf, Duke Forest-Hardwood; DK-Needleleaf, 
Duke Forest-Loblolly Pine; IN, Indiana; NH, New Hampshire

(a) (b)

(c) (d)

(e) (f)
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influenced by differences in H between the forests and grasslands, 
which increased as a function of VPD in at least two sites (IN and 
CW, Figure 9b,c). Albedo, emissivity, and incoming radiation did 
not depend on VPD within or across sites; however, the imbalance 
term tended to decrease as VPD increased in most sites (Figure 9). 
Finally, we note that the relationships between ΔTs,obs and VPD are 
similar to the relationships between ΔTs,obs and surface temperature 
itself (Figure S7), reflecting the strong covariation between VPD and 
temperature.

4  | DISCUSSION

Previous research has established that reforestation tends to have 
a surface cooling effect in the tropical zone, driven largely by en-
hanced evapotranspiration by forests (Bonan, 2008). In contrast, 
in the boreal zone, reforestation can have a warming effect driven 
largely by lower forest albedo compared with the snow-covered 
grasslands (Lee et al., 2011; Swann et al., 2010). However, investi-
gations of how reforestation impacts surface temperature in the 
temperate zone have historically lacked generality (Lejeune et al., 
2018), though forest warming has been demonstrated in winter 

for seasonally snow-covered lands in the eastern United States 
(Burakowski et al., 2018). By using remote sensing data or coupled 
climate-land surface models, both forest cooling (Alkama & Cescatti, 
2016; Bright et al., 2017; Jackson et al., 2005; Ramankutty et al., 
2006; Wickham et al., 2013) and warming (Feddema et al., 2005; 
Hansen et al., 1998) effects ΔTs were reported.

Our study leveraged comprehensive in-situ observations in 
investigating not only when, but also why, land cover affects sur-
face temperature over a wide range of latitudes in the temperate 
zone. At the annual time scale, the surface of forests was 1–2°C 
cooler than grasslands, with substantially larger cooling ob-
served during the growing season (Figure 5), and when VPD is el-
evated (Figure 8). This conclusion is drawn by comparing not only 
direct observations of radiometric surface temperature (ΔTs,obs) 
but also by calculating the expected Ts changes considering all of 
the components of the ecosystem energy balance (ΔTs,cal). Across 
sites, the observed and calculated ΔTs agreed well (Figures S2 
and S3).

In most sites, the forest cooling effect persists throughout the 
year, but is driven by different mechanisms depending on the sea-
son. Specifically, enhanced forest evapotranspiration is a strong 
determinant of surface temperature difference during the growing 
season, whereas in the dormant season, enhanced forest sensible 
heat flux plays a stronger role (Figure 5). As expected, decreased 
albedo over forests led to warming (Figure 5); however, this warm-
ing was offset somewhat by increased forest emissivity and was not 
sufficiently large to balance cooling from other terms of the sur-
face energy balance. Our results are consistent with those reported 
in preceding work (Alkama & Cescatti, 2016; Bright et al., 2017; 
Burakowski et al., 2018; Juang et al., 2007; Wickham et al., 2013); 
however, our study is the first to link surface temperature differ-
ences to observed energy cycle pools and fluxes measured across a 
wide range of latitudes.

4.1 | The seasonal variations in the components  
of the ΔTs

At most sites, the ΔTs between forests and grasslands was more 
pronounced during the growing season and generally less pro-
nounced during winter (Figure 4). However, the seasonal vari-
ations in the contributing components were less generalizable 
across sites. The contributions of albedo (Figure S8) and emissivity 
(Figure S9) at most sites were more pronounced outside of the 
growing season. Differences in albedo between forests and grass-
lands may be relatively small during the growing season (i.e., darker 
green versus lighter green). In contrast, during winter, grasslands 
are often covered by dormant vegetation or snow, which both 
have higher albedo (Betts & Ball, 1997; Burakowski et al., 2015; 
Wang et al., 2014) than forests in winter due to canopy masking 
of snow under forest canopies and the lower albedo of evergreen 
species at some sites (i.e., CW and AR) if snow is not present on 
the tree canopy.

F I G U R E  9   The observed latent heat flux difference (ΔLE), sensible 
heat flux difference (ΔH), and the residual of energy balance (ΔI) 
between forests and grasslands under different vapor pressure deficit 
(VPD) levels when incoming short-wave radiation (Rsi) is sufficiently 
high (i.e., Rsi ≥ 400 W/m2) during the growing season (May, June, July, 
and August) for all the six paired sites (a–f). Note that the samples 
are binned by VPD for every 0.2 kPa. ΔLE is mostly positive across 
sites, while ΔH is mostly positive except for DK-Broadleaf site. AR, 
Arkansas; CW, Coweeta; DK-Broadleaf, Duke Forest-Hardwood; 
DK-Needleleaf, Duke Forest-Loblolly Pine; IN, Indiana; NH, New 
Hampshire [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)

(c) (d)

(e) (f)
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Sensible and latent heat flux contributions to ΔTs followed the 
seasonal patterns of the phenological cycle, reflecting their depen-
dence on surface vegetation and associated ecophysiological pro-
cesses (Juang et al., 2007). At almost all sites, the relatively higher LE 
from forests tended to cool the surface during the growing season, 
but not during other parts of the year (Figure S10). In contrast to LE, a 
decrease in growing season H from forests tends to warm the surface 
(Figure S11), but during other parts of the year, the higher H from 
forests cool the surface, on average. During the growing season, the 
pronounced contribution of LE to ΔTs reflects higher Gs (Figure 6, 
right column) over forests than grasslands. During the other times 
of the year, the pronounced contribution of H to ΔTs reflects larger 
differences in turbulent mixing resulting from a bigger difference in 
ga between bare trees and grasses (Figure 6, middle column).

The contribution of incoming radiation to the ΔTs varied 
across sites (Figure S12), though it was close to 0°C for most sites 
(e.g., NH, IN, CW, and AR). For DK-Needleleaf and DK-Broadleaf, 
Ri was almost consistently lower over forests, which may reflect 
a bias in the upward facing net radiation sensors or perhaps local 
effects of greater aerosol production in forests, although this 
cannot be determined using available measurements. G was not 
measured at all sites, and it had no clear seasonal impact on ΔTs 
in sites where it was measured (Figure S13). The contribution of 
the residual of the energy balance (I) does not show consistent 
patterns across sites (Figure S14), suggesting that missing energy 
flux terms can be excluded as a dominant explanation for dif-
ferences in ΔTs. This is consistent with findings that forests and 
non-forested ecosystems do not differ in energy balance closure 
on average (Stoy et al., 2013).

4.2 | The effect of reforestation on surface  
temperature under changing hydro-climatic  
conditions

In most of the paired sites, the cooling effect of forests was most 
pronounced during periods characterized by high VPD and high 
surface temperature (Figure 8; Figure S7). It should be noted that 
because VPD and air temperature are highly correlated, this result 
can also be interpreted as a greater cooling effect of forests when 
temperature is especially high.

During periods of hydrologic stress, forests tend to maintain a 
relatively higher evapotranspiration compared with grasslands (Stoy 
et al., 2006; Teuling et al., 2010; Wang, Fu, Gao, Yao, & Zhou, 2012), 
reflecting the combined effects of greater leaf area, greater reli-
ance on stored water in plant tissue (Matheny et al., 2014; Zhang, 
Manzoni, Katul, Porporato, & Yang, 2014), and greater rooting depth 
(Tanaka et al., 2004). In half of our study sites (NH, DK-Broadleaf, and 
AR), the enhanced cooling of forests during high VPD periods can 
be linked to enhanced evapotranspiration in the forests (Figure 9). 
However, in other sites, patterns are less clear and confounded by 
VPD-driven difference in sensible heat flux, and the energy imbal-
ance term. Moreover, in many sites, canopy surface conductance 

declined more rapidly within increasing VPD in the forests when 
compared to the paired grasslands (Figure S6).

Our results suggest that the surface cooling effect of reforesta-
tion in the temperate eastern United States is generally greatest 
when VPD, and temperature, are highest—consistent with other 
work suggesting that forest cover can modulate the occurrence of 
temperature extremes (LeJeune et al., 2018). Ultimately, however, 
our efforts to link the relationship between ΔTs and VPD to mech-
anistic responses to hydrologic stress are limited by the fact that 
our study period contained relatively few drought events. VPD is al-
ready rising across much of the conterminous United States (Ficklin 
& Novick, 2017; Zhang et al., 2019), driven by increases in saturated 
vapor pressure that are not matched by concurrent increases in ac-
tual vapor pressure, and a further increase in global temperature will 
further drive more frequent and severe hydrologic stress (Park et al., 
2018). Thus, further work to understand how the climate mitigation 
potential of reforestation depends on hydrologic state is clearly 
needed.

4.3 | Limitations of this study and directions for 
future research

By providing information on all the terms of the ecosystem energy 
budget, EC flux towers are a useful tool for quantifying not only if 
reforestation offers a local cooling benefit but also when and why. 
However, flux tower measurements are sensitive to a number of 
well-documented random and systematic uncertainties, including a 
pervasive lack of energy balance closure (Foken, 2008; Stoy et al., 
2013). In this study, the lack of energy balance closure amounted 
to a slight warming effect over forests (see Figure 5). Thus, while 
this particular shortcoming of EC systems does not fundamentally 
change our conclusions, it does impact the precision with which 
we can attribute the cooling potential of reforestation to specific 
mechanism. Our conclusions are also limited to some extent by the 
number of study sites considered; certainly, questions like those pur-
sued in our study would benefit from more micro-clusters of flux 
towers located in sites that experience similar macroclimate but dif-
ferent land cover. Results may also be sensitive to the model used to 
estimate ecosystem-scale emissivity (e.g., the model of Juang et al., 
2007), which is commonly used but ultimately based on relatively 
few observations. Angular effects on emissivity are negligible in 
vegetated canopies (Sobrino, Jimenez-Munoz, & Verhoef, 2005) so 
we assume that sensor placement does not impact emissivity esti-
mates. We also repeated our analysis assuming that emissivity was 
always equal to 1, and found our results did not change appreciably 
(results not shown). Nonetheless, future work exploring LUCC ef-
fects on surface temperature would benefit from new approaches 
to describe how the emissivity varies in relationship to albedo across 
the landscape and with time. Future work leveraging remotely 
sensed observations of surface temperature (e.g., from MODIS) 
would enhance the generalizability of our results across broad eco-
climatic gradients (Alkama & Cescatti, 2016) although site-level 
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micrometeorological measurements would remain necessary to de-
termine the factors that drive the Ts differences.

This particular study is exclusively focused on how refor-
estation affects surface temperature. Surface temperature is a 
critical variable for a range of ecological processes, including respi-
ration (Reichstein et al., 2003), photosynthesis (Bernacchi, Singsaas, 
Pimentel, Portis, & Long, 2001), and ontogeny (Thuiller, Lavorel, 
Araujo, Sykes, & Prentice, 2005). However, spatial and temporal 
variation in surface temperature may not necessarily be coupled to 
variation in air temperature, which is an important climate system 
variable (Winckler et al., 2019). Since H transfers heat from the sur-
face to the atmosphere, ecosystems with relatively cool surfaces 
may underlie relatively warm air (Baldocchi & Ma, 2013), and vice 
versa. These dynamics are further mediated by land-cover-driven 
changes in the height of the planetary boundary layer (Luyssaert 
et al., 2014), which is generally greater over forests, creating more 
“room” for heat energy transferred from the surface to the atmo-
sphere. These dynamics are further complicated by the fact that flux 
towers over forests typically measure fluxes within the roughness 
sublayer, where canopy structure greatly affects the near-surface 
temperature gradient (Harman & Finnigan, 2008). While outside the 
scope of this particular study, we point readers to Novick and Katul 
(2020) for a complimentary analysis of the extent to which LUCC 
modifications to surface temperature extend to differences in air 
temperature across the atmospheric mixed layer.

5  | CONCLUSION

Here, we show that the surface of temperate forests is generally cooler 
than grasslands in the temperate zone, especially during the growing 
season and periods of hydrologic stress. This result provides much 
needed observational evidence for the direct climate mitigation ben-
efits of reforestation across the temperate zone that previously had 
been limited to numerical model and remote sensing studies. In par-
ticular, this study applies in-situ field observations by using 11 flux 
towers that span a wide range of latitudes at five sites in the temper-
ate zone of the eastern United States to explain the mechanisms un-
derlying temperature differences between forests and grasslands. Our 
results showed that the surface of forests is 1–2°C cooler than grass-
lands. The albedo warming effect is pronounced across sites (+2.3°C 
on average), though offset by the emissivity cooling effect (−0.8°C on 
average). The enhanced turbulent fluxes of latent heat and sensible 
heat of forests have a combined cooling effect (−2.5°C on average) 
that further offsets the albedo warming effect. On the annual scale, 
the evaporative cooling effect is less important than expected, perhaps 
because the wet conditions in the mesic eastern United States tend 
to prevent moisture limitations to latent heat flux most of the time. 
However, our results suggest that latent heat flux-driven cooling may 
become more important in the future, when VPD is projected to be 
generally higher and more drought-like conditions could prevail (Ficklin 
& Novick, 2017). The sensible heat flux is a dominant contributor to 
the surface temperature difference between forests and grasslands, 

where the higher aerodynamic conductance of forests outweighs the 
greater surface–air temperature difference in determining the sensible 
heat flux.
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