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A B S T R A C T   

The increase in large-scale land cover change (LCC) in recent decades, particularly in response to climate-driven 
disturbances, has potential to impact local and regional changes in climate due to modification of carbon sources 
and sinks, albedo, surface roughness and energy fluxes. Using observational data, we predict the impact of two of 
the most extensive LCCs occurring in the Southwestern US: drought-induced tree mortality and shrub 
encroachment into grasslands, on surface temperature. We developed a new energy balance method that extracts 
the biophysical responses to environmental conditions, to predict how structural changes in albedo, surface 
roughness and canopy conductance following LCC will alter surface temperature. This method allows us not only 
to explain the observed differences in surface temperature between two non-adjacent study sites with different 
environmental conditions, but also to separate the contribution of biophysical and non-biophysical properties to 
surface temperature. Our results suggest that changes in biophysical properties due to shrub encroachment and 
tree mortality in the Southwestern US (independent of changes in other environmental properties) can poten-
tially lead to an increase in midday surface temperature (11AM to 2PM) of 1 to 2 degrees Celsius, comparable to 
changes in surface temperature following deforestation. Although the average surface temperature increase in 
response to both shrub encroachment and tree mortality is similar, the biophysical properties driving the tem-
perature change are different in each scenario. Change in aerodynamic conductance following tree mortality is 
the largest contributor to heating, while reduced albedo and canopy conductance drive the increase in surface 
temperature following shrub encroachment. We also show how this increase in daytime surface temperature 
could be further intensified with future climate, especially with the expected reduction in soil water availability 
in the Southwest.   

1. Introduction 

Extensive land cover changes (LCC) are one of the main drivers 
leading to climate change, as they modify terrestrial carbon sinks and 
sources, and therefore global atmospheric gas composition (Li et al., 
2013; Zhao and Jackson, 2014; Devaraju et al., 2015; Winckler et al., 
2016). However, LCC can also influence local and regional climate 
through changes in biophysical characteristics such albedo, surface 
roughness, and ecosystem transpiration rate (Bonan, 2008; Pielke et al., 
2011), that directly impact surface temperature (Juang et al., 2007; Lee 
et al., 2011; Baldocchi and Ma, 2013; Luyssaert et al., 2014; Zhang et al., 
2014; Zhao and Jackson, 2014; Vanden Broucke et al., 2015). The 
relationship between land cover change and surface temperature has 
been most extensively studied in response to both deforestation and 
afforestation, due to the relevance of these LCCs for climate mitigation 

(Bonan, 2008; Bathiany et al., 2010; Davin and de Noblet-Ducoudré, 
2010; Li et al., 2013; Mahmood et al., 2014; Devaraju et al., 2015). 
However, an increase in other large-scale LCCs in recent decades, 
particularly those driven by changes in climate and/or management 
(Matthews et al., 2004; Levis, 2010; Baldocchi and Ma, 2013; Williams 
et al., 2013; Anderegg et al., 2015) highlights the need to examine the 
potential impact the changes in biophysical properties driven by these 
LCCs may also have on land surface temperature. 

The Southwestern US, in particular, has been experiencing large- 
scale shifts in land cover in recent decades, many of them driven by a 
combination of extreme droughts starting at the turn of the century with 
anomalously high air temperatures (Seager et al. 2007; Williams et al. 
2013). Fire and insect outbreaks combined have caused high levels of 
mortality and driving large structural changes in more than 14% of 
Southwest forest areas since the beginning of the century (Williams 
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et al., 2010; Shaw et al., 2005; Breshears et al., 2009; Van Mantgem 
et al., 2009; Clifford et al., 2011; Swetnam and Betancourt, 1998; Raffa 
et al., 2008; Romme et al., 2009; Westerling and Swetnam, 2003; 
Westerling et al., 2006;). In other areas in the Southwest, shrubs and 
other woody species have been invading semi-arid grasslands at an 
unparalleled rate over the past few decades driven by changes in 
elevated CO2, grazing and fire suppression (Buffington and Herbel, 
1965; Van Auken, 2009; D’Odorico et al., 2010; He et al., 2010; Petrie 
et al., 2015; Biederman et al., 2017). More than 50 million ha that were 
previously semiarid Southwestern grasslands are now covered by woody 
shrubs (Van Auken, 2000). Both of these shifts in land cover, from 
grassland to shrubland, and from intact forest to a disturbed one 
following tree mortality, are associated with large changes in structure, 
and therefore, the biophysical properties of these biomes. The large 
extent of these land cover changes in the Southwestern US in recent 
decades, and the predicted increase in drought and air temperature in 
the coming decades (Seager et al. 2007; Cayan et al., 2010; Williams 
et al. 2013; Cook et al., 2015), increases the importance of quantifying 
the potential impact of these LCCs on surface temperature, and under-
standing the underlying processes that are driving this change. 

Surface energy balance methods are often used to explore the po-
tential effects of LCC on surface temperature and quantify the contri-
bution of perturbations in the biophysical characteristics to these 
temperature changes (Juang et al., 2007; Lee et al., 2011; Rigden and Li, 
2017). This is commonly done by measuring all components required for 
calculating energy balance at two nearby sites with similar external 
forcings, such as air temperature, incoming radiation, and precipitation 
(Chen and Dirmeyer, 2016). Previous studies typically use two nearby 
sites for this comparison - an undisturbed site and a manipu-
lated/cleared site (Luyssaert et al., 2014; Vanden Broucke et al., 2015; 
Chen and Dirmeyer, 2016; Burakowski et al., 2018; Devaraju et al., 
2018; Liao et al., 2018), therefore satisfying conservation of environ-
mental factors. However, no two sites have the exact same environ-
mental conditions. Several studies have addressed this discrepancy by 
including the site to site differences in non-biophysical variables, such as 
air temperature and ground heat flux (Chen and Dirmeyer, 2016; Liao 
et al., 2018), but this approach does not allow us to predict changes in 
surface temperature under anything other than the observed conditions. 
The ability to quantify the contribution of LCC induced structural 
change, independent of environmental factors, is important to predict 
changes in surface temperature in response to both LCC and future 
climate change. 

Here we developed a new methodology to predict changes in surface 
temperature following LCC that are driven only by perturbations in 
biophysical characteristics. The novelty of this method is that it allows 
us to use two sites that are not necessarily adjacent or experience similar 
environmental conditions. We used data mining from existing eddy 
covariance sites with continuous, long-term land-atmosphere energy 
flux data that structurally represent end members of LCC scenarios. In 
each site, we extracted the biophysical responses of albedo, canopy 
conductance and aerodynamic conductance to measured environmental 
conditions. We then used these data to simulate pre-LCC and post-LCC 
time series to evaluate the change in surface temperature when bio-
physical properties are altered, but environmental factors are conserved. 

With this new approach, we predict the potential surface tempera-
ture change driven by two specific types of extensive LCCs common in 
the Southwestern US in recent decades: 1) piñon mortality in piñon- 
juniper (PJ) woodlands, and 2) creosote encroachment into desert 
grasslands. PJ woodlands cover 40 million hectares across the western 
US (Romme et al., 2009). Mortality of piñon pine in PJ woodlands has 
recently increased in the Southwestern US, driven by a combination of 
extreme droughts starting at the turn of the century with anomalously 
high air temperatures and increased outbreaks of Piñon ips bark beetle. 
Recent studies have highlighted the impact of piñon mortality on both 
the structure (e.g. stand density, height, species composition, leaf area, 
bare ground) (Shaw et al., 2005; Breshears et al., 2009; Clifford et al., 

2011; Brewer et al., 2017) and function (gross primary productivity, 
sensitivity to drought, partitioning of ET) of PJ woodlands (Warnock 
et al., 2016; Morillas et al., 2017; Krofcheck et al. 2014; Huang et al. 
2020). Creosote (Larrea tridentata) is one of the most dominant native 
shrub species in the Southwestern US, and has been expanding at the 
northern boundary of the Chihuahuan Desert, encroaching into previ-
ously C4-dominated grassland, driving changes in dominant plant 
functional type, vegetation structural parameters (e.g. height, leaf area, 
leaf color), and bare ground (Báez and Collins, 2008; D’Odorico et al., 
2010; He et al., 2010, 2015; Caracciolo et al. 2016). More than 19 
million hectares of grassland have been invaded by creosote in the last 
century (Van Auken, 2000). 

We divided the impacts of piñon mortality on surface temperature 
into two scenarios, the short-term outcome where dead piñon snags are 
still standing, and the potential long-term scenario assuming complete 
transition from piñon-juniper woodland to juniper savanna (no regen-
eration of piñon), with no woody understory. Assuming conservation of 
environmental forcings, and changes only in biophysical properties, we 
hypothesized the largest impact on surface temperature following piñon 
mortality in the short term will be reduced evapotranspiration, which 
should lead to a small increase in daytime surface temperature. We 
assumed that albedo and aerodynamic resistance would not be suffi-
ciently different enough in the short-term to modify surface tempera-
ture. In the long term, we predicted that complete transition to juniper 
savanna, assuming no significant change in understory, will result in a 
larger increase in daytime land surface temperature, on par with what 
has been observed following deforestation in warm temperate areas 
(Bonan, 2008; Bathiany et al., 2010; Davin and de Noblet-Ducoudré, 
2010; Li et al., 2013; Mahmood et al., 2014; Devaraju et al., 2015). 
Although albedo would likely increase in this scenario, we predicted this 
should be counteracted by reduced transpiration and aerodynamic 
resistance. For our second LCC scenario, shrub encroachment, although 
we know daytime surface temperature does not differ between existing 
grass and creosote sites (He et al. 2010), we do not know the specific 
roles that structural differences vs environmental conditions play in 
explaining this result from observational data alone. Our method will 
allow us to predict the change in surface temperature expected with 
shrub encroachment due only to changes in biophysical properties. We 
expect that darker colored shrubs replacing lighter colored grasses will 
decrease albedo and heat the surface. However, we also expected the 
increase in evapotranspiration often associated with shrub encroach-
ment (Scott et al., 2006; Wang et al., 2018b), to cool and counterbalance 
the heating from decreased albedo. For both LCC’s, we also imposed 
additional changes in non-biophysical properties, including soil water 
content, ground heat flux and air temperature to further investigate the 
roles these parameters may play in explaining differences between 
observed and predicted changes in surface temperature. This highlights 
the ability of our new approach to explore the sensitivity of the different 
ecosystems to additional changes in non-biophysical characteristics 
following LCC. 

2. Study sites and experimental design 

We mined data from in five flux tower sites in the New Mexico 
Elevation Gradient network to construct the end points in our LCC 
scenarios to quantify the predicted changes in daytime surface temper-
ature due to changes in biophysical characteristics associated with piñon 
mortality and creosote encroachment. Four of these sites have been 
AmeriFlux cores sites since 2013 and have been continuously measuring 
carbon, water and energy fluxes since 2007. These include US-Seg: 
desert grassland, US-Ses: creosote shrubland, US-Wjs: juniper savanna 
and US-Mpj: piñon-juniper woodland. The additional site we used is a 
piñon-juniper woodland (US-Mpg), where all of the piñon were girdled 
in 2009 as part of a manipulation experiment to quantify the conse-
quences of piñon mortality on PJ-woodland carbon, water and energy 
fluxes (Krofcheck et al., 2014; Morillas et al., 2017; Huang et al. 2020). 
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Site images are shown in Fig. 1. 
The grass (US-Seg) and creosote shrub (US-Ses) sites are located 

within the Sevilleta National Wildlife Refuge in central New Mexico. The 
Sevilleta covers an extensive ≈130 km2, nearly flat, desert area bounded 
on the east by the Los Piños Mountains and on the west by the Rio 
Grande river. The grass site is nearly monospecific, dominated by C4 
black grama (Bouteloua eripoda), that cover about 60% of the surface 
(D’Odorico et al., 2010; Anderson-Teixera et al. 2011; Petrie et al.2014). 
The shrub site is located about 5 km away from the grassland site, and is 
dominated by C3 creosote (Larrea tridentata) (D’Odorico et al.; 2010 
Anderson-Teixera et al. 2013; Petrie et al.2014). The PJ (US-Mpj) and 
juniper savanna (US-Wjs) sites are located 45 and 80 km to the east of 
the Sevilleta National Wildlife Refuge, respectively. The PJ site is 
dominated by two co-dominant coniferous tree species, Pinus edulis and 
Juniperus monosperma. The juniper savanna site consists of open 
J. monosperma tree canopy with an understory of black grama. We also 
used a PJ site (US-Mpg), separated approximately by 2.4 km from 
US-Mpj, where piñon girdling manipulation was implemented. The 
girdling was applied in September 2009 to all large piñon trees (≈ 1630 
trees > 7 cm diameter at breast height), resulting in complete needle loss 
in less than 1 year, reducing total leaf area of piñon per unit ground area 
from 0.41 to 0.14 m2 m−2 (i.e., 67% reduction). The dead piñon boles 
stayed standing through the entire measurement period. Additional site 
characteristics are provided in Table 1. 

We used the US-Mpj site to represent the Pre-LCC system for piñon- 
mortality, before any mortality has occurred. We used the piñon girdled 
site (US-Mpg), to represent the expected change in ecosystem structure 
in the decade following piñon mortality. As discussed above, the piñon 
trees in US-Mpg were girdled in 2009, and at least 80% of the piñon 
snags are still standing in 2020. We used the US-Wjs site to represent the 
structural changes we would expect from complete transition from 
piñon-juniper woodland to juniper savanna, with no significant piñon 
regeneration or change in understory. We mined data from the grass 
(US-Seg) and shrub (US-Ses) to reconstruct the biophysical response to 
shrub encroachment into grasslands. 

Meteorological and continuous land-surface carbon, water and en-
ergy flux measurements were collected in the grass, shrub, PJ and ju-
niper savanna sites for 11 years, from January 2007 to end of December 
2017 and are available as part of the AmeriFlux network (http:// 
ameriflux.lbl.gov, site codes US-Seg, US-Ses, US-Mpj and US-Wjs 

respectively). These data were recorded at a frequency of 10 Hz, and 
stored as 30-minute averages of 4 component radiation (CNR1 or CNR4, 
Kipp and Zonen, Delft, Netherlands), air temperature and relative hu-
midity (HMP45C, Vaisala, Helsinki, Finland). Latent and sensible heat 
fluxes were derived from eddy covariance measurements at 10 Hz, using 
a 3-axis sonic anemometer (CSAT3, Campbell Scientific, Logan, UT, 
USA) and an open path infrared gas analyzer (Li-7500, LiCor Bio-
sciences; Lincoln, NE, USA). Post-processing of the tower high-frequency 
data included filtering, despiking, and coordinate rotation. Half hourly 
fluxes were calculated and the Webb-Pearman-Leuning correction for 
open-path instruments (Webb et al., 1980) was applied. The wind ve-
locity measurements were used to calculate wind speed and friction 
velocity. Additionally, ECHO probes (TE 5cm, Decagon Devices, Pull-
man, WA, 27 per site) were used for the measurements of soil volumetric 
water content (SWC). In this work, we chose to focus on midday surface 
temperature, therefore the data were filtered to include times from 
11AM to 2PM. 

3. New energy balance approach to estimate changes in surface 
temperature following LCC 

3.1. Previous approaches 

Earlier studies use the surface energy budget equation to express the 
surface temperature, Ts (Juang et al., 2007; Lee et al., 2011). They then 
attribute the change in Ts due to LCC (∆Ts) to changes in biophysical 
properties (χ), using a Taylor series expansion: 

ΔTs =
∑

i

∂Ts

∂χi

Δχi (1) 

The choice of which biophysical properties are used in Eq. 1 depends 
mostly on the choice of parameterization for the latent and sensible heat 
fluxes (LE and H respectively) in the energy budget equation. The two 
most popular approaches (Juang et al., 2007; Lee et al., 2011) consider 
changes in albedo 

(

∂Ts
∂α

Δα

)

, but parameterize H and LE differently. Lee 

et al. (2011) consider changes in the aerodynamic resistance 
(

∂Ts
∂ra Δra

)

and in the Bowen ratio 
(

∂Ts
∂β

Δβ

)

, with β defined as the ratio of sensible to 

Fig. 1. Images of the study sites – (a) US-Seg: desert grassland, (b) US-Ses: creosote shrubland, (c) US-Mpj: piñon-juniper woodland, (d) US-Mpg: girdle-manipulated 
piñon-juniper woodland, and (e) US-Wjs: juniper savanna. 
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latent heat fluxes. Juang et al. (2007), on the other hand, lump the two 
effects into one parameter (η), which they call the bulk aerodynamic 
conductance. 

When comparing two nearby sites, the contribution of changes in 
biophysical properties can be calculated directly from measurements. α 

at each site can be calculated from shortwave radiation, and ra, β or η 

from H and LE. Even when there are other differences at two study sites, 
such as in air temperature (∆Ta) or in ground heat flux (∆Gs), their 
contribution to ∆Ts can be quantified by including additional terms 
(

∂Ts
∂Ta ΔTa and ∂Ts

∂Gs ΔGs
)

in Eq. 1 (Liao et al., 2018). However, in that case, 
this approach cannot predict ∆Ts if there are only changes in the bio-
physical properties, since changes in non-biophysical properties (e.g. 
∆Ta or ∆Gs) will disturb the energy balance of the system, thereby 
affecting the surface temperature. 

3.2. New approach for estimating ∆Ts 

We suggest a new approach to isolate the impact of changes in bio-
physical properties on surface temperature, when the two study sites 
also differ in non-biophysical properties. In this approach we reconstruct 
the response of the biophysical properties to environmental controls 
from the measured data. Therefore, rather than assuming that H and LE 
are related through β or η, which both have a complicated and unpre-
dictable response to soil water content (SWC) or vapor pressure deficit 
(D), we parameterize H and LE separately. We chose the following 
parameterization: 
H = gacp(Ts −Ta) (2)  

LE = gTLVD / pa (3)  

where ga = 1/ra and gT = 1/(ra+rc). ga and gT are the aerodynamic and 
total canopy conductance, and ra and rc are the aerodynamic and canopy 
resistances. This approach is similar to the one used in Rigden and Li 
(2017). Since rc>>ra during midday, we chose to simplify the parame-
terization of LE, using gT ≈ gc, where gc = 1/rc is the canopy conductance. 
cp is the specific heat of air, LV is the latent heat of vaporization, and pa is 
the atmospheric pressure at the measurement height (Table 1). Ac-
cording to our parametrization, the biophysical properties we consider 
in this work are gc, ga and α. 

To estimate the change in Ts, we first capture the biological response 
of the canopy conductance to both vapor pressure deficit and soil water 
content. The response of gc was determined for each site, by fitting the 
half-hourly data to gc = gref −mlogD (m is the slope between gc and logD, 
and gref is gc at D=1kPa), after binning the data into four equally sized 
SWC categories (0 to 25, 25 to 50, 50 to 75, and 75 to 100 percentiles of 
the data). Figure S1 in Supplementary Material shows the data and the 
fitted lines for gc at the sites studied here). Next, the response of ga is 
linked to the horizontal wind speed (U) and the momentum and heat 
roughness lengths (zm and zh). The roughness lengths are related to 
phenology, and thereby determined on a monthly basis. We evaluated 
12 monthly values for zm by regressing U = u* k−1 log((z−d) /zm) to 
match the mean horizontal wind speed U, using all the half-hourly data 

from each specific month from the original sites, during our time record. 
u* is the friction velocity, k is the von-Karman constant, z is the sensor 
height (Table 1), and d is the vegetation displacement height (d = 0.7h, h 
is the canopy height specified in Table 1). Similarly, 12 monthly values 
for zh were obtained by regressing Ts − Ta = H(kρcpu*)−1log((z−d) /zh)
to match the mean surface temperature Ts (ρ is the air density). These 
roughness lengths describe a representative year and are presented in 
Fig. S1. We also calculated albedo on a monthly scale from each site’s 
incoming and outgoing shortwave radiation (Sin and Sout) measurements 
(Fig. 2). 

With the response of gc to D and SWC, and the monthly scale zm, zh 
and α, we generate half-hourly time-series data for two new simulated 
sites, referred to as Sitepre and Sitepost, indicating pre-conversion and 
post-conversion respectively. The half-hourly midday data for Ta, Sin, Lin, 
D, U100 and SWC from the original site, that represents pre-conversion 
vegetation cover, were used for both Sitepre and Sitepost. U100 is the 
mean wind speed at a height of 100 meters, calculated using the loga-
rithmic profile high above the canopy. We assumed U100 did not change 
after conversion, as opposed to U at the sensor height or u*. Then, the 
time series of gc is calculated on a half-hourly basis, from the logarithmic 
fits (gc = gref −mlogD) of both original sites, using the identical D and 
SWC of Sitepre and Sitepost. Next, ga is calculated for both sites on a half- 
hourly basis by re-evaluating u* from U100 = u*k−1log((100−d) /zm)
and then ga = kρu*/log((z − d) /zh), using U100 from Sitepre and Sitepost 
(identical), and monthly zm and zh calculated from both original sites. 
Note that the value of the displacement height d is also updated to 
represent change in canopy height after conversion. 

Finally, to ensure an energy balance at the simulated sites is 
conserved, Gs for Sitepre is calculated according to the surface energy 
budget equation, using the observed Ts (from Lout) with the above 
parameterization of H and LE Eqs. 2 and (3): 
Sin + Lin − αSin

⏟̅⏞⏞̅⏟

Sout

− εsσT4
s

⏟̅̅ ⏞⏞̅̅ ⏟

Lout

= gacp(Ts − Ta)
⏟̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅⏟

H

+ gcLV D/pa
⏟̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅ ⏟

LE

+ Gs (4) 

This Gs is then carried on to Sitepost, assuming conservation of ground 
heat flux. 

Finally, Eq. 4 is used again to back-calculate Ts for Sitepost. The 
estimated ∆Ts due to LCC is the difference between Ts at the simulated 
Sitepre and Sitepost, and is different from the observed ∆Ts at the two 
original study sites. 

Note, that here Gs and SWC are considered as non-biophysical 
properties and are treated as environmental drivers. In practice, LCC’s 
have a complex inter-related feedback between the fraction of radiation 
that arrives to the surface, and ground heat capacity and water content. 
Here, we explore the impact of additional changes in ground heat flux, 
soil water content, as well as air temperature on changes in surface 
temperature following LCC, by imposing an incremental increase of 5, 
10 and 20 percent in Gs or SWC, or increasing air temperature by 1, 2 
and 3◦C in Sitepost compared to Sitepre. Such sensitivity analysis allows 
us to explore potential changes in theses co-dependent variables without 
extensively increasing the model complexity. We further discuss our 
modeling approach limitations and suggestions for future improvements 

Table 1 
Site elevation, height of the eddy covariance system (sensor height), average height of the canopy, atmospheric pressure at sensor height, mean annual precipitation 
during the experiment, latitude and longitude for each of the five study sites.     

grass shrub PJ PJ girdle juniper savanna    
(US-Seg) (US-Ses) (US-Mpj) (US-Mpg) (US-Wjs) 

site elevation A [m] 1596 1604 2196 2160 1931 
sensor height z [m] 3.2 3.2 8.2 7.6 10.4 
canopy height h [m] 0.25 0.8 4.0 4.0 3.0 
air pressure pa [kPa] 83.4 83.3 77.5 77.5 80.0 
mean annual temperature MAT [◦C] 17.7 17.7 14.8 14.8 15.2 
latitude   34.3623 34.3349 34.4385 34.4468 34.4254 
longitude   -106.7020 -106.7442 -106.2377 -106.2135 -105.8615  
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in Sect. 5.4. 

3.3. Attributing ∆Ts to perturbations in biophysical properties 

After estimating ∆Ts, we attribute this change in surface temperature 
to the changes in α, ga and gc, following the same approach as in previous 
energy balance methods. We first linearize the energy balance equation 
(Eq. 4), using Lout = εsσT4a + 4εsσT3a (Ts − Ta), with εs representing sur-
face emissivity, and σ the Stefan Boltzmann constant. We use a constant 
value for εs (= 0.97), due to the minor role of changes in emissivity on 
surface temperature (Lee et al., 2011; Rigden et al., 2017). We then 
reorganize Eq. 4, to express Ts − Ta as: 

Ts − Ta =
λ0

1 + f

(
R*

n − LE − Gs

)

R*
n = Sin(1 − α) + Lin − εsσT4

a

LE = gcLV

D

pa

f = λ0gacp

λ0 =
1

4εsσT3
a

(5) 

Finally, we use a Taylor series expansion to find the contributions of 
the perturbation in the biophysical properties to ∆Ts: 

ΔTs =
∂Ts

∂α
Δα +

∂Ts

∂ga

Δga +
∂Ts

∂gc

Δgc + (first order terms)

∂2
Ts

∂α∂ga

ΔαΔga +
∂2

Ts

∂ga∂gc

ΔgaΔgc + (interaction terms)

1

2

∂2
Ts

∂g2
a

(Δga)
2 +

1

3!

∂3
Ts

∂g3
a

(Δga)
3 + …(higher order terms of Δga)

(6) 

Equation 6 is similar to Eq. 1 above, but includes not only the first- 
order terms in the expansion. Rigden and Li (2017) have shown that 
assuming independency between the biophysical properties might lead 

to errors. Here, we include in the expansion of ∆Ts also interaction terms, 
as well as higher-order contributions, rather than using only first-order 
contributions. Note that, according to the formulation of Eq. 5, the third 
interaction term (∆α∆gc) and the higher-order terms of ∆gc are zero, and 
are therefore not included in Eq. 6. For additional information and a full 
decomposition of ∆Ts see the Supplementary material. 

4. Results 

We first present the predicted impact of changes in biophysical 
properties following LCC on surface temperature, and discuss the indi-
vidual contributions of perturbations in ga, gc and α to ∆Ts to this tem-
perature change. Since we also have the surface temperatures measured 
at our study sites (from long-wave outgoing radiation), we compare the 
observed ∆Ts with the predicted one, and explain the difference between 
the two by exploring the sensitivity of the predicted ∆Ts to changes in 
non-biophysical environmental factors. 

4.1. Predicted impact of piñon mortality on Ts 

In the short term, our results suggest piñon mortality only slightly 
impacts all three investigated biophysical variables (albedo, ga and gc, 
see Fig. 2a,d,g). Both before and in the decade after piñon mortality, 
albedo is relatively constant throughout the year, with a value of 0.114 
± 0.005. Only a small decrease in albedo (≈ 0.02 decrease) occurred in 
our model in the coldest winter months (December, January and 
February). Our results also suggest piñon mortality in the decade 
following mortality, does not impact calculated gc (from response 
curves, Fig. S1). Aerodynamic conductance ga decreased slightly, start-
ing in September until February. With these mortality-induced pertur-
bations only in the biophysical variables, piñon mortality is predicted to 
increase daytime surface temperature by 0.55 ± 0.3◦C throughout the 
entire year (Fig. 3a), with ∆ga identified as the main contributor to this 
increase in the decade following mortality. 

In the long term, our results suggest if tree cover at PJ is reduced to 
density levels observed in the juniper savanna site, albedo would in-
crease by 30% on average, with values of 0.114±0.005 and 

Fig. 2. Monthly average values of the biophysical properties that are affected by LCC: (a,b,c) albedo, (d,e,f) aerodynamic conductance, and (g,h,i) canopy 
conductance. The data shows a representative year based on 10 years of half hourly values for the simulated Sitepre and Sitepost for the three LCC cases studied: (a,d,g) 
PJ to PJ girdle, (b,e,h) PJ to juniper savanna, and (c,f,i) grass to shrub. 
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0.147±0.006 for before and after this LCC respectively (Fig. 2b). Com-
plete removal of piñon trees decreases ga for the majority of the year, 
except for an increase during the coldest months (November to January) 
(Fig. 2e). This LCC should also decrease gc throughout the year (Fig. 2h), 
leading to an overall decrease in evaporative cooling in the juniper 
savanna compared to PJ (see change in LE following the LCC in Fig. S2). 
Our approach predicts that these changes in the biophysical variables 
alone could lead to an increase of about 2 degrees Celsius in daytime 
surface temperature during the growing season, from May to September 
(Fig. 3b). The main contributor to this increase is ∆ga, followed by ∆gc. 
The increase in Ts due to reduction in turbulent efficiency for heat 
transfer (lower ga) and reduced evaporative cooling (lower gc), was high 
enough to compensate for the cooling effect of change in albedo. In the 
transition months (February to April and October), the temperature 
increase due to ∆ga and ∆gc was balanced by the contribution of ∆α, 
resulting in a much smaller ∆Ts < 0.7. In the winter coldest months 
(November to January) Ts decreased by 0.5 to 0.8 degrees, primarily due 
to the contribution of ∆ga which is negative during these months 
(Fig. 3e). 

4.2. Impact of shrub encroachment on Ts 

Our results suggest that if shrubs were added to our grass site, albedo 
would decrease (opposite of what was observed for the PJ to juniper 
savanna LCC) (Fig. 2c) and gc would decrease throughout the entire year, 
similar to the long-term impacts of piñon mortality. However, the 
change in ga is one-order of magnitude lower, predicting a much smaller 
effect of conversion from grass to shrub on the turbulence near the 
ground (Fig. 2i). As a result, Ts is predicted to increase from 0.4 to 1.8 
degrees during the entire year (Fig. 3c). The predicted increase in day-
time surface temperature is attributed to both albedo and ∆gc, inter-
changeably (Fig. 3f). Our simulation suggests that during the winter, 

albedo is responsible for the increase, while ∆gc is the main contributor 
during the growing season. In this case, the only cooling agent following 
this LCC is ∆ga, and only during the winter months. However, the cooling 
impact of ∆ga is too small to counteract the heating effect of the other 
biophysical properties. 

4.3. Interaction and high-order terms 

For the PJ to juniper savanna LCC scenario we found that the 
contribution of the interaction terms (∆α∆ga and ∆gc∆ga) to surface 
temperature, while smaller than the contribution of the first order terms 
(∆α, ∆ga, and ∆gc), is not negligible (Fig. 3e). Moreover, the second order 
contribution of ∆ga was in the same order of magnitude as the contri-
bution of ∆gc (Fig. S3). These can be explained by the large perturbations 
in ga in this study case. 

For the PJ to PJ girdle and grass to shrub LCC scenarios, both the 
interaction terms (Fig. 3e,f) and the high-order terms (Fig. S3) had a 
negligible contribution to ∆Ts, due to the smaller perturbations in ga. For 
these cases, ∆Ts calculated from Lout can be reconstructed using only the 
sum of the three first order terms in Eq. (6), while for PJ to juniper 
savanna LCC additional high order terms are required (Fig. S4). 

4.4. Explaining the difference between observed and predicted ∆Ts using 
sensitivity analysis 

The predicted change in daytime surface temperature due to changes 
in α, ga and gc is different from the observed daytime ∆Ts at the original 
study sites (Fig. 4). Given this discrepancy, we also used our approach to 
investigate to what degree this discrepancy can be explained by differ-
ences in non-biophysical properties between the original study-site 
pairs, such as soil water content, ground heat flux and air tempera-
ture. For each LCC conversion we explored how sensitive daytime 

Fig. 3. (a,b,c) Monthly averaged changes in daytime surface temperature following changes in biophysical properties (albedo, aerodynamic conductance and canopy 
conductance). (d,e,f) The contribution of each of the components in equation (6) to ∆Ts. The contribution of ∆ga term here includes also the contribution of higher 
order terms (the contribution of the (∆ga)2 to (∆ga)5 terms). The contribution of each of the individual ∆ga terms is shown in Supplementary Fig. S3. 
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surface temperature is to potential changes in SWC, Gs and Ta following 
LCC conversion, in addition to changes in α, ga and gc. 

Daytime surface temperatures following all LCC scenarios were 
similarly sensitive to changes in SWC. An increase in SWC following 
both piñon mortality and creosote encroachment in our simulation, 
increased transpiration (through gc) and therefore reduced daytime ∆Ts. 
A 20% increase in SWC could decrease Ts by approximately 0.5◦C, and a 
20% decrease in SWC could increase Ts by approximately 0.5◦C (Fig. 4). 
A potential increase in ground heat flux following LCC would have a 
cooling effect. The grass to shrub LCC was much more sensitive to 
changes in Gs. An increase of 10% in Gs could reduce ∆Ts by ≈ 0.4◦C 
following piñon mortality, but more than 1◦C for shrub encroachment, 
thus potentially reversing the impact of the grass to shrub LCC on surface 
temperature from heating to cooling (Fig. 4). However, a change in Gs 
following grass to shrub LCC is less likely to be large, given that the 
difference in Gs at the original study sites (US-Seg and US-Ses) is less 
than 3% for the majority of the time (Fig. S5). An increase in Ta after 
conversion should lead to a direct increase in Ts in a ratio of 0.85:1, 
meaning 1 degree increase in Ta should lead to ≈ 0.85 degree increase in 
Ts. 

Using the above sensitivity analysis for changes in non-biophysical 
properties, we can explain the differences between the observed and 
predicted ∆Ts. The observed difference between the US-Mpj and US-Wjs 
sites is 2◦C higher than the predicted impact of piñon removal. We 
attribute this difference to a 3◦C higher Ta in US-Wjs compared to US- 
Mpj (Fig. S5). In contrast, the observed difference between US-Mpj and 
US-Mpg is much more similar to the predicted short-term increase in 
temperature as a result of piñon mortality, since Ta in both sites is similar 
(Fig.S5). The slightly higher ∆Ts (0.7◦C) in US-Mpg could be explained 
by lower SWC. For shrub encroachment, the observed difference in 
daytime surface temperature between US-Seg and US-Ses was close to 
zero, while the predicted ∆Ts was ≈ 1◦C. This difference is unrelated to 
Ta which is relatively similar in both these study sites. It can be 
explained by a combination of differences in Gs and especially SWC, 
which is about 20% higher in US-Ses (Fig.S5). We additionally tested the 
sensitivity of ∆Ts to a scenario where Ta is increased for both before and 
after LCC, simulating the impact of LCC under conditions of elevated air 
temperature. For all LCC scenarios, elevated Ta had a negligible impact 
on ∆Ts, with a change of less than 0.1◦C. 

5. Discussion 

5.1. Ts increases due to biophysical changes following both shrub 
encroachment and piñon mortality 

Our approach predicted that the changes in biophysical properties in 
the LLC scenarios we examined should be sufficient to increase daytime 
Ts. The predicted increase averages around ∆Ts = 1◦C for all cases. In the 
short-term, considering only changes in biophysical properties and 
conserving all other environmental factors, our results indicate that 
piñon mortality (with dead snags standing) could lead to a mild increase 
in daytime surface temperature, agreeing with our hypothesis. For the 
decade following piñon mortality, the predicted average daytime sur-
face temperature increase was 0.55◦C compared to an undisturbed site, 
with similar heating around that value throughout the entire year. The 
potential long-term scenario of complete transition to juniper savanna, 
had a larger impact on Ts. Even though not all vegetation was removed 
in this scenario (as in deforestation), removing all piñon trees created a 
sparser canopy with higher surface temperature, that could reach to a 
maximum of about 2 degrees during the summer months. This increase 
is comparable to the increase in surface temperature that was found in 
studies that examined the impact of deforestation on surface tempera-
ture in temperate and tropical biomes. For example, comparing a 
hardwood forest and a pine plantation to a nearby open field, Juang 
et al. (2007) observed a difference in daytime surface temperatures 
averaged at 0.9 and 1.2 degrees respectively. Chen and Dirmeyer (2016) 
measured an increase of 2 degrees during daytime in AmeriFlux paired 
sites due to deforestation, and in Liao et al. (2018) daytime surface 
temperatures increased in 2-4 degrees in summer and 1-4 degrees in 
winter following deforestation. Additionally, Lee et al. (2011) observed 
an increase of 2 degrees in 24-hr averaged surface temperature due to 
deforestation in the tropics, and in Wang et al. (2018a) open land Ts was 
about 1 degree hotter than a sparse plantation in Mongolia desert during 
daytime in winter and spring. 

Our approach predicted that shrub encroachment should increase Ts 
by 0.96±0.4◦C throughout the entire year, contradicting our hypothesis. 
Although the observed difference between grass and shrub sites (US-Seg 
and US-Ses) in daytime surface temperature fits our hypothesis, with 
close to zero ∆Ts, this is explained by differences in soil water content at 
the study sites (US-Seg and US-Ses) rather than structural changes. 

Fig. 4. The sensitivity of ∆Ts to changes in non-biophysical properties (Gs, SWC, and Ta) in addition to changes in biophysical properties (albedo, aerodynamic 
conductance and canopy conductance). In each panel, from left to right: obs is a yearly change in daytime temperatures as observed (from longwave outgoing 
radiation) between the two original measured datasets; pred stands for ∆Ts due to changes in albedo, aerodynamic conductance and canopy conductance only; the Gs 
and SWC show the effect of an additional increase or decrease of 5, 10, 15 and 20 percent in those properties, marked with a plus and minus signs respectively; the Ta 
bar shows the effect of increasing air temperature in 1,2 and 3◦C in Sitepost compared to Sitepre. 
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5.2. The role of LCC-driven perturbations in biophysical properties on 
increasing Ts 

The impact of changes in the biophysical properties on surface 
temperature is summarized in the schematic diagram represented in 
Fig. 5. Even though all LCC scenarios we investigated increased surface 
temperature, the biophysical properties that contributed to these in-
creases were unique to each LCC scenario. The contrasting contribution 
of albedo following shrub encroachment vs piñon mortality is especially 
interesting. The increase in albedo associated with PJ to juniper savanna 
conversion cooled the surface, similar to what has been observed in 
deforestation studies (Juang et al., 2007; Chen and Dirmeyer, 2016; 
Liao et al., 2018). However, the decrease in albedo heated the surface in 
the grassland to shrubland conversion, similar to what has been 
observed in boreal forest restoration studies (Bonan 2008; Jackson et al. 
2008). The increase in temperature despite the increase in albedo, 
highlights the importance of including non-radiative processes to model 
the impact of land cover change on climate (Davin et al., 2007; Bonan 
2008; Jackson et al. 2008). 

The change in aerodynamic conductance was the largest contributor 
to heating when PJ is converted to juniper savanna. This heating was 
much larger than the predicted cooling effect of albedo. It was previ-
ously shown that replacing a forest with grass can decrease the aero-
dynamic conductance, such that it is the main contributor to surface 
heating in deforestation studies (Juang et al., 2007; Chen and Dirmeyer, 
2016; Rigden and Li, 2017; Liao et al., 2018). Here, reducing the tree 
cover density has a similar effect, increasing surface temperature up to 3 
degrees. Following shrub encroachment, the predicted changes in 
aerodynamic resistance should cool the system. However, heating due to 
reduced albedo following creosote encroachment surpassed the cooling 
due to increased aerodynamic conductance. Reduced evapotranspira-
tion also contributed to heating, contradicting previous observations in 
Arizona associated with shrub encroachment (Scott et al., 2006). This 
suggests that the ecohydrological implications of woody plant 
encroachment can vary significantly depending on aridity level, water 
use efficiency of dominant species, percentage of vegetation cover vs 
bare ground, and potential access to groundwater (Huxman et al., 2005). 
In our study case, the change in canopy conductance following shrub 
encroachment without changes in environmental conditions, led to a 
decrease in latent heat flux which heated the surface, especially during 
the growing season. 

5.3. Future implications of LCC in the Southwest US and uncertainties 

We found that changes in biophysical characteristics associated with 
shrub encroachment and coniferous mortality events that are occurring 
over large areas in the Southwestern US could potentially lead to a 
warming of the surface comparable to the observed impacts following 
deforestation in many different biomes (Bonan, 2008; Jackson et al., 
2008). However, the impact of LCCs on the hydrological system is 
harder to predict, leaving the future of water availability and changes in 
external atmospheric factors uncertain. According to our sensitivity 
analysis, if changes in climate and/or these LCCs also reduce water 
availability, surface temperatures could increase even more. Addition-
ally, we found that surface temperature following both LCC’s is sensitive 
to changes in ground heat flux, particularly following shrub encroach-
ment. Our direct observations suggest that future increases in ground 
heat flux following piñon mortality will reduce the predicted surface 
warming. However, given the potential link between soil moisture and 
ground heat flux (Liebethal et al., 2005; Wang and Bou-Zeid, 2012), this 
decrease in surface temperature could be compensated by an increase 
due to drier soil conditions. Although surface temperature following 
shrub encroachment is very sensitive to changes in ground heat flux, our 
direct measurements suggest that shrub encroachment does not signif-
icantly alter midday ground heat flux. Overall, a continued increase in 
both shrub encroachment and piñon mortality could increase daytime 
temperatures in the Southwest US by at least 1 degree, due to bio-
physical changes alone. 

We focused here only on the changes in biophysical components that 
impact radiative changes and evapotranspiration. Such changes can 
immediately impact the surface temperature locally at the short time-
scale. However, LCC can also modify carbon sequestration, which can 
potentially impact air temperature at larger spatial and temporal scales 
(Naudts et al., 2016; Luyssaert et al., 2018). Previous observations 
showed that the carbon sequestration strength at shrubland (US-Ses) is 
larger than at grassland (US_Seg), and larger in PJ (US-Mpj) compared to 
juniper savanna (US-Wjs) and the girdled site (US-Mpg) (Ander-
son-Teixeira et al., 2011; Petrie et al., 2015; Krofcheck et al., 2016). 
These differences in carbon sequestration could lead to cooling of the 
atmosphere following shrub encroachment, but warming following 
piñon mortality. However, future studies are required to understand 
how the increase or decrease in atmospheric CO2 concentrations will 
interact with the radiative and non-radiative changes following LCC to 

Fig. 5. Schematic representation of the LCCs scenarios studied in this work. The chronosequence is marked with solid arrows, while the LCC biophysical modeling is 
marked with dashed arrows directing from Sitepre to Sitepost. Also shown are the predicted impacts of changes in biophysical properties on daytime surface 
temperature. 
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impact air temperature. Our sensitivity analysis showed that elevated air 
temperature post-LCC compared to pre-LCC translated directly to an 
increase in surface temperature. However, the change in surface tem-
perature was not impacted if air temperature is elevated both before and 
after the vegetation shift. 

5.4. Modeling approach limitations and potential future improvements 

We treated ground heat flux (Gs) as an environmental driver, in the 
same category as air temperature and incoming radiation. However, Gs 
can also vary with LCC. For simplicity, we explored the sensitivity of 
changes in surface temperature to changes in Gs by imposing incre-
mental changes in the post-LCC site compared to the pre- LCC site (Sect. 
3.2). Different approaches can be used to parameterize Gs as a function 
of other variables. It was previously suggested to link Gs with net radi-
ation, total incoming radiation, or as a fraction of H+LE (Purdy et al., 
2016). Gs can be also linked to surface temperature and SWC (Wang and 
Bras, 1999; Wang and Bou-Zeid, 2012; Hsieh et al., 2009). However, this 
approach requires direct coupling with water balance and largely in-
creases the model complexity. Future studies exploring such addition of 
different parameterizations for Gs to our modeling approach could 
provide additional information associated with the change in surface 
temperature following LCC. 

Our decision to simplify the formulation of LE reduces the 
complexity of the Taylor expansion to estimate to contribution of 
changes in biophysical properties to changes in surface temperature. 
While this approach is appropriate during midday, where most of the 
time differences between gc calculated from LE=gcLvD/pa and LE=ga gc/ 
(ga+gc) LvD/pa are minor, this is not the case when exploring changes in 
Ts during other times of the day, especially at nighttime. Additionally, 
the inclusion of stability corrections could increase the accuracy of this 
approach, especially during stable conditions during the night. 

Finally, differences between aerodynamic surface temperature and 
radiometric surface temperature have been discussed previously in the 
literature (Stewart et al., 1994; Chehbouni et al., 1996). Differentiating 
between the surface temperature that is calculated from Lout, and the 
surface temperature that is used to model H (Eq. 2) requires additional 
modeling, and could be improved upon in future studies. 

6. Conclusions 

We show that shrub encroachment and conifer mortality that are 
both occurring in the Southwestern US can potentially lead to an in-
crease in daytime surface temperature that is comparable to the effects 
of deforestation. The difference in measured daytime surface tempera-
ture at two sites can also reflect differences that are not directly related 
to the land cover, such as air temperature, soil heat flux and soil mois-
ture. The novelty of our new methodology is that it can be used to 
predict how surface temperature will change due to perturbations in 
biophysical properties only, relying on functional responses of the sys-
tem to environmental factors. The primary conclusion of our analysis is 
that extensive shrub encroachment and piñon mortality in the South-
west US could potentially lead to an increase of 1 to 2 degrees Celsius in 
daytime surface temperature. This increase in daytime surface temper-
ature could be intensified with reduced soil water availability or 
increased air temperature following these land cover changes. 
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