ADVANCING
EARTHAND
t‘\\,\l SPACE SCIENCE

Geophysical Research Letters

RESEARCH LETTER
10.1029/2019GL084861

Key Points:

« Sensitivity of surface temperature
to land use and land cover
change-induced biophysical change
is scale dependent

« Atmospheric feedbacks can
either enhance or hinder surface
temperature response to biophysical
changes

« One-dimensional conceptualization
of land-atmosphere interaction is
intrinsically linked to certain scales

Supporting Information:
« Supporting Information S1

Correspondence to:
D. Li,
lidan@bu.edu

Citation:

Li, D., & Wang, L. (2019). Sensitivity
of surface temperature to land use
and land cover change-induced
biophysical changes: The scale issue.
Geophysical Research Letters, 46.
https://doi.org/10.1029/2019GL084861

Received 7 AUG 2019
Accepted 22 AUG 2019
Accepted article online 27 AUG 2019

©2019. American Geophysical Union.
All Rights Reserved.
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Abstract while the signs of the sensitivities of surface temperature (T,) to land use and land cover
change-induced biophysical changes are relatively well understood, their exact magnitude and how their
magnitude depends on the scale characterizing the size of the change remain elusive. In this study, we
compare the sensitivities of surface temperature to changes in surface albedo and surface water availability
from three analytical/semianalytical models, which are designed for small (<1 km), intermediate (from ~1
to ~10 km), and large (>10-20 km) scales. Results suggest that the sensitivities of surface temperature to
biophysical changes are scale dependent due to atmospheric feedbacks. Our results demonstrate that it

is important to consider the scale and the associated atmospheric feedbacks when quantifying the
sensitivities of surface temperature to biophysical changes.

1. Introduction

Land use and land cover change (LULCC) has a direct impact on the surface temperature (T,) through
altering land surface biophysical properties and thus land-atmosphere exchanges of mass, momentum, and
energy. Such impacts are often called the biophysical effects of LULCC (see recent reviews by Pielke et al.,
2011 and Mahmood et al., 2014). Given the highly regionalized nature of LULCC, in certain areas the bio-
physical effects of LULCC can be stronger than the global impact of increasing greenhouse gas emissions
in terms of magnitude (Boisier et al., 2012; Davin & de Noblet-Ducoudré, 2010; de Noblet-Ducoudré et al.,
2012; Feddema et al., 2005; Lawrence et al., 2016; Pitman et al., 2009). As a result, it is important to under-
stand and quantify these biophysical effects (Alkama & Cescatti, 2016; Bright et al., 2017; Forzieri et al.,
2017), which also forms the basis for developing land-based climate mitigation policies (Bonan, 2008; Bright
et al., 2015; Naudts et al., 2016; Pielke et al., 2002).

The overarching question to be addressed can be summarized as how much the surface temperature would
change when the land surface biophysical factors, including surface albedo, aerodynamic features, as well
as conditions that regulate water exchanges between the land and the atmosphere such as soil moisture and
vegetation characteristics, are perturbed by a finite amount (4). The signs of changes in surface temperature
in response to biophysical perturbations are relatively well understood (e.g., an increase in surface albedo
tends to cause a decrease in surface temperature). However, whether and how such changes in surface
temperature depend on the horizontal scale characterizing changes in biophysical factors remain elusive.
Addressing the scale dependence of surface temperature sensitivity to biophysical perturbation frames the
scope of this study.

While complex models such as weather, climate, and earth system models have been extensively used
to simulate the biophysical (and also biogeochemical) effects of LULCC (Boisier et al., 2012; Davin & de
Noblet-Ducoudré, 2010; de Noblet-Ducoudré et al., 2012), simple models that can quantify the sensitivities
of surface temperature to changes in individual biophysical factors are still needed for at least two reasons.
First, improving our physical understanding of the coupled land-atmosphere system and how it is altered
by different types of perturbations continues to be an important goal of our research, which requires sim-
ple models that capture the essential physics but are not obscured by the complexity of equations. Second,
simple models can be used as diagnostic tools to analyze simulation results from complex models. In par-
ticular, simple models have unique values in helping disentangle the interactions and feedbacks encoded in
complex models. With this in mind, we will focus on simple models in this study.
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Figure 1. A schematic of different conceptualization of land-atmosphere coupling over heterogenous terrain. These
different conceptualization apply to landscapes of different characteristic heterogeneity scales (not to scale). Panels (a)
and (b) are one-dimensional models, and (c) considers horizontal advection across the transition. Here Ty refers to the
surface temperature, H is the sensible heat flux, 8, and g, are the atmospheric potential temperature and specific
humidity, respectively, and I is the lapse rate of potential temperature above the convective boundary layer (CBL). The

subscripts “r” and “p” refer to the reference patch and the perturbed patch, respectively. TRM = Two-Resistance

Mechanism; ADE = advection-diffusion equation.

Recently, there have been many studies employing simple models to quantify or interpret the sensitivities
of surface temperature to LULCC-induced biophysical changes (Baldocchi & Ma, 2013; Boisier et al., 2012;
Cronin, 2013; Juang, Katul, et al., 2007; Lee et al., 2011; Luyssaert et al., 2014; Rigden & Li, 2017). Nearly all
of these models can find their roots in earlier work on local land-atmosphere interaction and coupling (see
recent reviews by Betts, 2009 and Santanello et al., 2018). A common assumption in local land-atmosphere
interaction studies is that the land surface is horizontally homogenous or uniform and thus land-atmosphere
coupling is strictly a vertical problem. Simple models used to quantify and interpret the sensitivities of
surface temperature to LULCC-induced biophysical changes often implicitly inherit this assumption. The
outcome of this assumption is that changes in surface temperature are scale independent if the biophysical
changes are spatially uniform.

This “one-dimensionality” assumption (Holgate et al., 2019) can be problematic particularly when the
LULCC effects are derived from the differences between two neighboring land patches with contrasting land
cover (e.g., forest vs. deforested open land, urban vs. rural, see Figure 1), a common approach used in the
LULCC literature (Baldocchi & Ma, 2013; Chen & Dirmeyer, 2016; Duveiller et al., 2018; Lee et al., 2011; Li,
Zhao, et al., 2015; Liao et al., 2018). The contrast between two patches, even when the two patches them-
selves are spatially uniform, inevitably creates surface heterogeneity in the horizontal direction, which can
potentially lead to the breakdown of the one-dimensionality assumption (Stull, 1988).

Whether the one-dimensionality assumption breaks down or not hinges on the horizontal scale charac-
terizing the surface heterogeneity (hereafter called the heterogeneity scale) (Brutsaert, 1998; Mahrt, 2000).
One can imagine that if the heterogeneity scale is sufficiently large (say orders of magnitude larger than the
atmospheric boundary layer or the ABL height), the one-dimensionality assumption is probably a reason-
able assumption for the whole land-ABL column. Under such conditions, a one-dimensional boundary layer
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model coupled with a surface energy balance model may be appropriate for studying the surface tempera-
ture difference between two adjacent patches (Baldocchi & Ma, 2013; Cronin, 2013). Such a model, however,
is inappropriate when the heterogeneity scale becomes comparable to or smaller than the ABL height. This
simple thought experiment illustrates that the validity of one-dimensional models is intrinsically linked to
a range of heterogeneity scales.

The scale issue is not a new topic in hydrology and boundary layer research (Avissar & Schmidt, 1998;
Baidya Roy & Avissar, 2000; Brutsaert, 1998; Gentine et al., 2012; Mahrt, 2000; Raupach & Finnigan, 1995;
Taylor et al., 2013), and its importance in the LULCC research is also widely recognized (Baidya Roy &
Avissar, 2002; D'Almeida et al., 2007, Khanna et al., 2017; Lawrence & Vandecar, 2015). However, the role
of heterogeneity scale in controlling the sensitivity of surface temperature to LULCC-induced biophysical
changes has not been studied systematically. The objective of this paper is to fill this research gap using
three analytical/semianalytical models that are designed for three different scale ranges. The scenario to
be considered in this paper is that part of an infinitely large and uniform reference patch is perturbed by
altering certain biophysical factors such as surface albedo, which creates a perturbed patch of limited size x.
In this case x can be also interpreted as the distance from the transition between the reference patch and the
perturbed patch (see Figure 1c). The perturbations are assumed to be spatially uniform and hence the scale
dependence is solely a result of advective effects in the atmosphere. For simplicity we treat this problem as
either one-dimensional or two-dimensional, with three-dimensional considerations left for future research,
and we only consider daytime conditions. In addition, we treat biophysical properties as external parameters
to the models and thus ignore atmospheric feedbacks on biophysical properties (Raupach, 1998). However,
we do consider atmospheric feedbacks on the surface energy budget.

2. Theory

Figure 1 shows a schematic of different conceptualization of land-atmosphere interaction over two contrast-
ing patches (i.e., a reference patch and a perturbed patch). Specifically, Figures 1a and 1b represent the two
major types of one-dimensional models. In Figure 1a, the reference and perturbed patches are assumed to
share the same atmospheric conditions. That is, there exists a blending height above which the atmospheric
properties become uniform due to the integrating power of turbulence (Brutsaert, 1998; Mahrt, 2000;
Raupach & Finnigan, 1995). In Figure 1b, the whole boundary layer is assumed to be in equilibrium with
the underlying patch.

Different from Figures 1a and 1b, Figure 1c shows that an internal boundary layer and an internal equilib-
rium layer develop due to the abrupt change in the surface characteristics. Their heights scale roughly as
0.1x and 0.01x under neutrally stratified conditions, respectively, where x is the distance from the transition
between the reference and perturbed patches (Brutsaert, 1998). Above the internal boundary layer, the atmo-
sphere is only affected by the reference patch, while within the internal equilibrium layer the atmosphere
is only affected by the perturbed patch. Between the internal equilibrium layer and internal boundary layer,
the atmosphere is affected by both the reference and perturbed patches. It is clear that this conceptualiza-
tion goes beyond the traditional, one-dimensional paradigm, and explicitly takes horizontal advection into
consideration.

In the following, three different models designed based on these three different conceptualization are dis-
cussed. We will primarily discuss the scales under which each model is applicable. Other details including
model formulations are presented in the supporting information.

2.1. Surface Energy Balance Equation-Based Models

As just mentioned, models building on the conceptualization of Figure 1a assume that the reference and the
perturbed patches share the same atmospheric conditions. In essence, this assumes that the LULCC-induced
biophysical changes only affect the surface temperature but not atmospheric properties. This requires the
internal boundary layer generated by the perturbed patch to be below z where the atmospheric conditions
are assumed to be unchanged (e.g., imposed as the external forcing). Given that the internal boundary layer
develops roughly as 0.1x under neutral conditions (Brutsaert, 1998), the size of the perturbed patch x has to
be smaller than 10z. Note that the unstable stratification does not significantly alter the scaling of internal
boundary layer with x (Brutsaert, 1998).
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Another way to estimate the constraint on the size of the perturbed patch is to use the empirical relation
between the blending height (z,) and the heterogeneity scale (x), which can be expressed asz, = C(u, / U)p X,
where u. is the friction velocity, U is the wind speed at z;, and C is a nondimensional coefficient usually
taken as unity (Mahrt, 2000). The value of p varies among studies but is often between 1 and 2 (Mahrt, 2000).
Withp = 1and u./U = 0.1, g, = 0.1x. Hence z > z, again requires x < 10z. Typically, values for z range
from 2 (e.g., atmospheric conditions measured by weather stations) to 20 m (e.g., atmospheric conditions
measured by flux towers), which correspond to x < 20-200 m.

In this case, the sensitivities of surface temperature to any biophysical perturbations can be deduced from
solving the surface energy balance equation. A notable example is the so-called Two-Resistance Mechanism
(TRM) method proposed by Rigden and Li (2017), which solves the surface energy balance equation by
introducing two resistances (aerodynamic and surface resistances) for parameterizing turbulent heat fluxes,
neglecting the surface temperature dependence of ground heat flux, and linearizing the outgoing longwave
radiation and the saturated specific humidity terms at the atmospheric temperature. The outcome is an ana-
lytical solution for the surface temperature from which changes in surface temperature (47T,) due to changes
in various biophysical factors, including albedo (4a), surface resistance (4r,), and aerodynamic resistance
(4r,) can be derived. Here 4 indicates the difference between the reference patch and the perturbed patch.

In this study, we make one important modification to the TRM method, namely, we replace the surface resis-
tance (r,) by the surface water availability (#), defined as the ratio of surface specific humidity to its saturated
counterpart, which thus can be interpreted as the relative humidity at the surface. The surface water avail-
ability defined here is similar to the evapotranspiration efficiency or moisture availability parameters used in
other studies (Bateni & Entekhabi, 2012; Davin & de Noblet-Ducoudré, 2010). This modification is to ensure
a consistent comparison between the TRM model and the other models, especially the advection-diffusion
equation (ADE) model which uses #. The exact formulations for the modified TRM method can be found
in the supporting information.

2.2. CBL Models

The second type of one-dimensional models, on the other hand, assumes that the whole boundary layer is in
equilibrium with the underlying surface patch (see Figure 1b). This requires that the surface patch is large
enough so that the whole boundary layer is within the internal equilibrium layer. A rough estimate based
on the growth of the internal equilibrium layer (~0.01x) suggests that the patch size x needs to be at least
on the order of 100k, where h is the boundary layer height. Given that h ~ 1 — 2 km, the patch size needs to
be at least on the order of 100 — 200 km. The effect of buoyancy may reduce this requirement by enhancing
turbulent mixing in the boundary layer. For example, under convective conditions, the length scale required
for the boundary layer (hereafter convective boundary layer or CBL) to be in equilibrium with the perturbed
patch can be estimated as x ~ U(h/w.), where w. is the Deardorff convective velocity scale (Deardorff, 1970).
Given that U ~ 10 m/s and w. ~ 1 m/s, x ~ 10 — 20 km. Throughout the paper, we will use x ~ 10 — 20 km
as the criterion.

In this case, any biophysical perturbations at the surface will be “felt” by the whole boundary layer. It is
thus important to treat the coupled land-boundary layer column as the system of interest. To model such
a system, a CBL model (Betts, 1973; Carson, 1973; Tennekes, 1973) coupled with a surface energy balance
model is often employed (Betts, 2000; Brubaker & Entekhabi, 1996; 1995; De Bruin, 1983; Ek & Mabhrt,
1994; Entekhabi & Brubaker, 1995; Ek & Holtslag, 2004; Gentine et al., 2016; 2013; Jacobs & De Bruin, 1992;
Juang, Katul, Porporato et al., 2007; Juang, Porporato, et al., 2007; Huntingford & Monteith, 1998; Manoli
et al., 2016; McColl et al., 2019; McNaughton & Spriggs, 1986; Raupach, 2000; Siqueira et al., 2009; Yin
et al., 2015). A review of applications of such coupled CBL and surface energy balance models can be found
in Vila-Guerau De Arellano et al. (2015). This coupled CBL-surface energy balance model will be simply
referred to as the CBL model hereafter, which, in the LULCC context, can be used either in a time-dependent
fashion (Baldocchi & Ma, 2013) or to explore the equilibrium behaviors (Cronin, 2013).

In this study, we use the time-dependent CBL model described in Porporato (2009) coupled with the sur-
face energy balance equation, which is solved in a similar way as in the TRM model. This facilitates a direct
comparison between the CBL model and the TRM model. The key difference between the TRM and CBL
models is that the air temperature and specific humidity in the CBL model respond to biophysical pertur-
bations following CBL dynamics, but not in the TRM model. Details of the CBL model are presented in the
supporting information.
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2.3. ADE-Based Models

It is now clear that models corresponding to Figure 1a should apply to heterogeneity scales that are smaller
than 1 km, while models corresponding to Figure 1b should apply to heterogeneity scales that are larger than
10-20 km. When the heterogeneity scale is in the intermediate range (from ~1 to ~10 km), the assumptions
of the previously mentioned models are no longer satisfied. The two neighboring patches are neither under
the influence of the same atmospheric conditions nor are in equilibrium with their respective boundary
layer columns. In this case (see Figure 1c), the connection between the reference and perturbed patches
through horizontal advection needs to be explicitly taken into account.

In this study, a model based on simultaneously solving the ADEs for temperature and water vapor with their
boundary conditions constrained by the surface energy balance equation is utilized (Li & Bou-Zeid, 2013).
Hereafter this model will be called the ADE model. To ensure a consistent comparison between the ADE
model and the other two models, the effect of surface water availability on latent heat flux in the surface
energy balance equation is considered in a similar way as in the TRM model. In addition, we also improve
the original ADE model presented in Li and Bou-Zeid (2013) to consider the longwave radiation feedbacks
since the longwave radiation feedbacks are considered in the TRM model. Considering longwave radia-
tion feedbacks means that the outgoing longwave radiation is treated as a function of surface temperature
when solving the surface energy balance equation, which is also called the radiatively coupled situation in
Raupach (2001). This is in contrast to the classic Penman-Monteith equation where the outgoing longwave
radiation is not treated as a function of surface temperature (see discussions in Raupach, 2001). The details
of the ADE model, including the improvement compared to the model presented in Li and Bou-Zeid (2013),
can be found in the supporting information.

Although the effect of surface water availability on latent heat flux and longwave radiation feedbacks are
considered in the ADE model as in the TRM and CBL models, the comparison between the ADE model
and the other two models remains complicated due to the fact that aerodynamic resistance does not explic-
itly show up in the ADE model formulations. Instead, the ADE model considers the aerodynamic effects
through complex parameterizations of mean wind and turbulent transport. Moreover, the ADE model does
not consider changes in the mean wind or turbulent transport when the atmosphere flows from the refer-
ence patch to the perturbed patch. As a result, in this study we assume that the reference and perturbed
patches have the same aerodynamic resistance in the TRM model and CBL model, and use this aerodynamic
resistance to determine the parameters used in the parameterizations of mean wind and turbulent transport
in the ADE model.

Given that the ADE model works in the intermediate range of heterogeneity scales, we expect that the ADE
model behaves more like the CBL model as x increases but more like the TRM model as x decreases. In other
words, the differences between large x and small x in the ADE model should resemble “qualitatively” the
differences between the CBL and TRM model results. Such resemblance is only qualitative, not quantitative,
because the ADE model uses complex parameterizations of mean wind and turbulent transport while the
TRM and CBL models use the aerodynamic resistance concept. However, this does not mean that the ADE
model results themselves cannot be compared quantitatively.

3. Results

Figure 2 gives an example of how the surface temperature changes as the surface albedo value changes from
0.2 (reference patch, x < 0) to 0.3 (perturbed patch, x > 0; left panels) and as the surface water availability
value changes from 0.5 (reference patch, x < 0) to 0.4 (perturbed patch, x > 0; right panels), which mimics
the contrast between a forest land (reference patch) and an open grassland (perturbed patch) as forests
tend to have lower surface albedo and higher surface water availability values. Compared to the top panels,
the bottom panels use logarithmic scales for x axes to emphasize the horizontal variations of AT over the
perturbed patch.

A few interesting features stand out in Figure 2. First, the surface temperature over the perturbed patch
decreases (increases) in all three models as « increases (as # decreases), as expected. However, the magni-
tude of AT, differs among models. For example, compared to the TRM model, the CBL model generates a
larger AT, with the same Aa (considering the magnitude of AT;), but a smaller AT, with the same Ap. Sec-
ond, while both TRM and CBL models produce uniform increases in T, over the perturbed patch due to their
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Figure 2. An example of how the surface temperature is altered as the surface albedo value changes from 0.2
(reference patch, x < 0) to 0.3 (perturbed patch, x > 0; left panels) and as the surface water availability value changes
from 0.5 (reference patch, x < 0) to 0.4 (perturbed patch, x > 0; right panels). Compared to the top panels, the bottom
panels use logarithmic scales for x axes and to emphasize the horizontal variations of AT over the perturbed patch.
Note the difference in the y axes. TRM = Two-Resistance Mechanism; CBL = convective boundary layer; ADE =
advection-diffusion equation.

one-dimensional nature, the ADE model generates nonuniform decreases or increases in T over the per-
turbed patch (x > 0). Interestingly, the AT, in the ADE model increases with increasing x when « increases
(again considering the magnitude of AT), but decreases with increasing x when f decreases. This demon-
strates that the differences between large x and small x in the ADE model indeed resemble qualitatively the
differences between the CBL and TRM models, which is consistent with the expected asymptotical behav-
iors of the ADE model. Lastly, changes in a do not create discontinuity in the surface temperature field in
the ADE model. However, changes in f produce discontinuity at the transition between the reference patch
and the perturbed patch (i.e., at x = 0).

Figure 3 further presents the sensitivity of AT,/ T, to Aa/a and Af/p. We normalize the sensitivities so that
the sensitivities to changes in @ and f# can be compared. It is clear that compared to changes in a, the same
fractional change in f yields a fractional change in T that is an order of magnitude larger (note the difference
in the y axes). This implies that surface temperature is much more sensitive to changes in the partition of
available energy into sensible and latent heat fluxes (controlled by f) than changes in the available energy
itself (controlled by «). This finding is consistent with previous studies (Li & Bou-Zeid, 2013; Li, Sun, et al.,
2015; Philip, 1959; Rider & Philip, 1960, Rider et al., 1963).

When the three models are intercompared, Figure 3 shows that the CBL model produces larger AT, than
the TRM model with the same fractional change in « but smaller AT, with the same fractional change in
p. The differences between large x and small x in the ADE model are again consistent with the differences
between the CBL model and the TRM model. These findings are in agreement with those from Figure 2.
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Figure 3. The sensitivities of surface temperature (T;) to changes in surface albedo (left) and surface water availability (right). The changes in surface
temperature, albedo, and water availability are normalized by their values over the reference patch, respectively. Note the difference in the y axes. TRM =
Two-Resistance Mechanism; CBL = convective boundary layer; ADE = advection-diffusion equation.

4. Discussions

First, we explain why the CBL model generates a larger AT, with the same Aa, but a smaller AT, with the
same Ap than the TRM model, which is summarized in Figure 4. The direct effect of increasing surface
albedo («) is that the net radiation decreases, which likely leads to decreases of sensible heat flux, latent heat
flux, and outgoing longwave radiation. As such, the surface temperature will also decrease as it is directly
related to the outgoing longwave radiation. Under such conditions, the atmospheric temperature is likely to
also decrease, which would cause the sensible heat flux to increase if such feedbacks were considered. This
would further cause the outgoing longwave radiation to decrease in order to balance the increase of sensible
heat flux due to atmospheric feedbacks. As such, the CBL model, which does consider such feedbacks, yields
a larger outgoing longwave radiation decrease and hence a larger surface temperature decrease for the same
increase in surface albedo.

(a) Atmospheric feedbacks
associated with increasing a

(b) Atmospheric feedbacks
associated with decreasing 8

LE decreases &

\\more entrainment

H decreases &
. less entrainment

7
»

Figure 4. Atmospheric feedbacks associated with (a) increasing surface albedo («) and (b) decreasing surface water
availability (8). Arrows with lines are direct effects and arrows with dashed lines are indirect effects from atmospheric
feedbacks. The red arrows are positive effects and the blue arrows are negative effects.
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On the other hand, the direct effect of reducing surface water availability (f) is that the latent heat flux
decreases. To balance such a direct effect, the outgoing longwave radiation will likely increase and hence
the surface temperature will also increase. The sensible heat flux is also likely to increase. Under such con-
ditions, the atmospheric humidity most likely would decrease (due to both the decrease of latent heat flux
from the direct effect and the enhanced entrainment of dry air from the increase of surface sensible heat
flux), which would cause the latent heat flux to increase if such feedbacks were considered. This would
further cause the outgoing longwave radiation to decrease in order to balance the increase of latent heat
flux due to atmospheric feedbacks, thereby hindering the direct effect. As a result, the CBL model yields a
smaller surface temperature sensitivity to A than the TRM model.

The differences between the CBL model and the TRM model are modulated by the initial boundary layer
height and the integration time used in the CBL model. Figure S1 (top) shows that as the initial boundary
layer height increases, the CBL model results become closer to the TRM model results. This is consistent
with the asymptotic behavior of the CBL model. Namely, if the initial boundary layer height was sufficiently
large, the CBL model would behave very similar to the TRM model because the atmospheric temperature
and specific humidity would respond very little to changes in surface biophysical factors (note that the initial
atmospheric conditions used in the CBL model are identical to those in the TRM model). The integration
time is a unique input to the CBL model. The TRM model (and also the ADE model) are time independent
and thus are only applicable to steady-state scenarios, in which case the time dependence has to come from
the forcing conditions such as the incoming shortwave radiation. The CBL model is however by design
time dependent even when the forcing conditions are time independent. As such, we need to specify an
integration time period for the CBL model. Figure S1 (bottom) shows that changing the integration time
does not change the CBL model behavior qualitatively. A further departure from the TRM results is observed
as the integration time of the CBL model increases.

Second, we examine the behavior of the ADE model, especially the x dependence of AT and the discontinu-
ity of T, at x = 0. In the ADE model, the difference in the surface temperature between the perturbed patch
and the reference patch can be expressed as

ATy =T, = Ty, = (1 = fapp)(=AP)T] + fape(-Aa)T;. 1)

where T} and T, are two temperature scaling factors which principally characterize the sensitivity of surface
temperature to Af and Aa, respectively, and

fape ~ 0.01x'/° @)

is the x dependence factor. Here the subscripts p and r indicate the perturbed and reference patches,
respectively.

With equations (1) and (2), it is now clear why the magnitude of AT in the ADE model increases with
increasing x when the surface albedo value changes, but decreases with increasing x when the surface water
availability value changes. The sensitivities of surface temperature to changes in « and g are dependent on x
in an opposite way through f, . Specifically, as x increases, f, o increases. Hence, the sensitivity to changes
in « increases but the sensitivity to changes in § decreases. It is also clear why AT in the ADE model shows
discontinuity at x = 0 when f changes. At x = 0, AT, = (-Af)T; when only f changes, which remains
nonzero. On the other hand, AT, = 0 at x = 0 when only « changes.

Lastly, the ADE formulations explain why T is much more sensitive to changes in g than those in a. Since
fapk scales with 0.01x'/%, the scales of practical interest to us (x < 10° m) yield f, ; values smaller than or on
the order of 0.01. Hence, although T is often an order of magnitude larger than T7, the sensitivity of surface
temperature to changes in f is at least an order of magnitude larger than the counterpart to changes in «
(see Figure 3). Given that the surface temperature is so sensitive to changes in f, the scale dependence of the
sensitivity of surface temperature to changes in # becomes less important than its counterpart to changes in
a, which is consistent with the results shown in Figure 3.

5. Conclusions and Implications

In this study, we address the scale dependence of the sensitivities of surface temperature to changes in
surface albedo and surface water availability induced by LULCC. Results indicate that the sensitivities of
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surface temperature to changes in surface albedo and surface water availability are scale dependent but in
an opposite way. The sensitivity of surface temperature to changes in surface albedo increases with x, while
the sensitivity of surface temperature to changes in surface water availability decreases with increasing x,
where x is the distance from the transition between the reference and perturbed patches (or the size of the
perturbed patch). Such scale dependence can be understood from the perspective of atmospheric feedbacks,
which tend to enhance the direct effect of changing surface albedo but hinder the direct effect of changing
surface water availability.

All models suggest that the surface temperature is much more sensitive to changes in the partition of avail-
able energy into sensible and latent heat fluxes (controlled by f) than changes in available energy itself
(controlled by a). Since the surface temperature is so sensitive to changes in f, its scale dependence becomes
less critical. For example, one can see from Figure 2 that when f# changes from 0.5 to 0.4, changes in T, range
from 2.8 K (for x = 1073 m) to 2.6 K (for x = 10° m). Namely, an eighth-order increase of x only changes
the sensitivity by less than 10%. On the other hand, it is exactly the relatively small sensitivity of surface
temperature to changes in a that makes its scale dependence important to consider.

Our study has a few implications that are important to appreciate. First, our results demonstrate that even
when the perturbed patch has uniform biophysical parameters, its surface temperature is not uniform due
to advective effects, making the surface temperature change scale dependent. This conclusion is impos-
sible to reach without going beyond the one-dimensional paradigm of land-atmosphere interaction. This
suggests that when quantifying the biophysical impacts of LULCC (especially using paired observations), it
is important to report the scale of the perturbed patch and discuss the potential influence of atmospheric
feedbacks. In the meantime, we should stress that nonuniform changes in biophysical parameters over the
perturbed patch, which are not considered in this study, will also contribute to the scale dependence of
surface temperature change.

Second, the parameterization of subgrid-scale surface heterogeneity effects in numerical models has been
studied for more than three decades now but continues to be one of the most challenging issues facing the
land and atmospheric modeling communities (Bou-Zeid et al., 2004; 2007; Brutsaert, 1998; Chen & Avissar,
1994a; 1994b; Dalu et al., 1996; Li & Avissar, 1994; Mahrt, 1996; 1987; 2000; Maronga & Raasch, 2013; Miller
& Stoll, 2013; Patton et al., 2005; Pielke & Uliasz, 1993; Pielke et al., 1997; Stoll & Porté-Agel, 2009; Zeng
& Pielke, 1995a; 1995b; Zhou et al., 2019). Currently, many land surface models use the so-called mosaic
or tiling approach to parameterize the subgrid-scale surface heterogeneity effects on land-atmosphere
exchanges (Avissar & Pielke, 1989; Giorgi & Avissar, 1997; Koster & Suarez, 1992; Li et al., 2013), which in
essence is based on the conceptualization shown in Figure 1a. As such, this approach sets a strong constraint
on the sizes of subgrid patches (i.e., x <~10z where z is the height of the lowest atmospheric grid). Given that
the height of the lowest atmospheric grid is typically 10-50 m, the sizes of subgrid patches need to be smaller
than 100-500 m, which can be easily violated in mesoscale and global models. Our study demonstrates that
the mosaic or tiling approach, by removing feedbacks due to atmospheric inhomogeneity, tends to under-
estimate the subgrid-scale surface temperature variability (e.g., the surface temperature difference between
two patches like urban vs. rural) caused by surface albedo differences, but overestimate the subgrid-scale
surface temperature variability caused by surface water availability differences. This calls for proper param-
eterizations of atmospheric feedbacks when using the mosaic or tiling approach in mesoscale and global
models.

Third, although this paper is primarily a theoretical study, the results can still shed some insights into
answering practical questions. For example, remote sensing studies have found that the difference between
urban and rural surface temperatures strongly increases as x increases, where x is the distance from the
edge of the city, until it reaches the center of the city (Zhou et al., 2015; 2017). Based on the ADE model
results, this cannot be simply attributed to the imperviousness of the city as the reduction of f would cause
the opposite behavior. Hence, changes in surface albedo and other biophysical factors (such as aerodynamic
features) over the urban terrain, which might also be nonuniform, must contribute to the observed behavior.

Lastly, in addition to neglecting changes in aerodynamic resistance, the current study does not consider the
atmospheric feedbacks on biophysical factors such as the surface water availability, which can be of great
importance and remains a hotly debated topic (Guillod et al., 2015; Hohenegger & Stevens, 2018; Tuttle
& Salvucci, 2016). These feedbacks are not considered in this study because they will greatly complicate
the calculation. Future studies considering these feedbacks and also changes in aerodynamic resistance
through, for example, numerical simulations are recommended.

LI AND WANG

SCALE ISSUE 9



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2019GL084861

Acknowledgments

This material is based upon work
supported by the U.S. Army Research
Office under Grant W911NF-18-1-0360
and the U.S. National Science
Foundation under Grant AGS-1853354.
‘We thank Weilin Liao at Sun Yat-sen
University for producing an earlier
version of Figure 1. We also thank the
two reviewers for their constructive
comments and suggestions. No data
were used in this study.

References

Alkama, R., & Cescatti, A. (2016). Biophysical climate impacts of recent changes in global forest cover. Science, 351(6273), 600-604.

Avissar, R., & Pielke, R. A. (1989). A parameterization of heterogeneous land surfaces for atmospheric numerical models and its impact
on regional meteorology. Monthly Weather Review, 117(10), 2113-2136.

Avissar, R., & Schmidt, T. (1998). An evaluation of the scale at which ground-surface heat flux patchiness affects the convective boundary
layer using large-eddy simulations. Journal of the Atmospheric Sciences, 55(16), 2666-2689.

Baidya Roy, S., & Avissar, R. (2000). Scales of response of the convective boundary layer to land-surface heterogeneity. Geophysical Research
Letters, 27, 533-536. https://doi.org/10.1029/1999g1010971

Baidya Roy, S., & Avissar, R. (2002). Impact of land use/land cover change on regional hydrometeorology in Amazonia. Journal of
Geophysical Research, 107(D20), 8037. https://doi.org/10.1029/2000jd000266

Baldocchi, D., & Ma, S. (2013). How will land use affect air temperature in the surface boundary layer? Lessons learned from a comparative
study on the energy balance of an oak savanna and annual grassland in California, USA. Tellus B: Chemical and Physical Meteorology,
65(1), 19994.

Bateni, S., & Entekhabi, D. (2012). Relative efficiency of land surface energy balance components. Water Resources Research, 48, W04510.
https://doi.org/10.1029/2011WR011357

Betts, A. (1973). Non-precipitating cumulus convection and its parameterization. Quarterly Journal of the Royal Meteorological Society,
99(419), 178-196.

Betts, A. K. (2000). Idealized model for equilibrium boundary layer over land. Journal of Hydrometeorology, 1(6), 507-523.

Betts, A. K. (2009). Land-surface-atmosphere coupling in observations and models. Journal of Advances in Modeling Earth Systems, 1, 18.
https://doi.org/10.3894/james.2009.1.4

Boisier, J., de Noblet-Ducoudré, N., Pitman, A., Cruz, F., Delire, C., van den Hurk, B,, et al. (2012). Attributing the biogeophysical impacts
of land-use induced land-cover changes on surface climate to specific causes. Results from the first lucid set of simulations. Journal of
Geophysical Research, 117, D12116. https://doi.org/10.1029/2011JD017106, 2012

Bonan, G. B. (2008). Forests and climate change: Forcings, feedbacks, and the climate benefits of forests. Science, 320(5882), 1444-1449.

Bou-Zeid, E., Meneveau, C., & Parlange, M. B. (2004). Large-eddy simulation of neutral atmospheric boundary layer flow over
heterogeneous surfaces: Blending height and effective surface roughness. Water Resources Research, 40, W02505. https://doi.org/10.
1029/2003wr002475

Bou-Zeid, E., Parlange, M. B., & Meneveau, C. (2007). On the parameterization of surface roughness at regional scales. Journal of the
atmospheric sciences, 64(1), 216-227.

Bright, R. M., Davin, E., O'Halloran, T., Pongratz, J., Zhao, K., & Cescatti, A. (2017). Local temperature response to land cover and
management change driven by non-radiative processes. Nature Climate Change, 7(4), 296.

Bright, R. M., Zhao, K., Jackson, R. B., & Cherubini, F. (2015). Quantifying surface albedo and other direct biogeophysical climate forcings
of forestry activities. Global Change Biology, 21(9), 3246-3266.

Brubaker, K. L., & Entekhabi, D. (1995). An analytic approach to modeling land-atmosphere interaction: 1. Construct and equilibrium
behavior. Water Resources Research, 31, 619-632.

Brubaker, K. L., & Entekhabi, D. (1996). Analysis of feedback mechanisms in land-atmosphere interaction. Water Resources Research, 32,
1343-1357.

Brutsaert, W. (1998). Land-surface water vapor and sensible heat flux: Spatial variability, homogeneity, and measurement scales. Water
Resources Research, 34, 2433-2442.

Carson, D. (1973). The development of a dry inversion-capped convectively unstable boundary layer. Quarterly Journal of the Royal
Meteorological Society, 99(421), 450-467.

Chen, F., & Avissar, R. (1994a). The impact of land-surface wetness heterogeneity on mesoscale heat fluxes. Journal of Applied Meteorology,
33(11), 1323-1340.

Chen, F., & Avissar, R. (1994b). Impact of land-surface moisture variability on local shallow convective cumulus and precipitation in
large-scale models. Journal of Applied Meteorology, 33(12), 1382-1401.

Chen, L., & Dirmeyer, P. A. (2016). Adapting observationally based metrics of biogeophysical feedbacks from land cover/land use change
to climate modeling. Environmental Research Letters, 11(3), 034002.

Cronin, T. W. (2013). A sensitivity theory for the equilibrium boundary layer over land. Journal of Advances in Modeling Earth Systems, 5,
764-784. https://doi.org/10.1002/jame.20048

D'Almeida, C., Vérosmarty, C. J., Hurtt, G. C., Marengo, J. A., Dingman, S. L., & Keim, B. D. (2007). The effects of deforestation on the
hydrological cycle in Amazonia: A review on scale and resolution. International Journal of Climatology, 27(5), 633-647.

Dalu, G., Pielke, R., Baldi, M., & Zeng, X. (1996). Heat and momentum fluxes induced by thermal inhomogeneities with and without
large-scale flow. Journal of the Atmospheric Sciences, 53(22), 3286-3302.

Davin, E. L., & de Noblet-Ducoudré, N. (2010). Climatic impact of global-scale deforestation: Radiative versus nonradiative processes.
Journal of Climate, 23(1), 97-112.

De Bruin, H. (1983). A model for the Priestley-Taylor parameter a. Journal of Climate and Applied Meteorology, 22(4), 572-578.

de Noblet-Ducoudré, N., Boisier, J.-P., Pitman, A., Bonan, G., Brovkin, V., Cruz, F., et al. (2012). Determining robust impacts of
land-use-induced land cover changes on surface climate over North America and Eurasia: Results from the first set of lucid experiments.
Journal of Climate, 25(9), 3261-3281.

Deardorff, J. W. (1970). Convective velocity and temperature scales for the unstable planetary boundary layer and for Rayleigh convection.
Journal of the Atmospheric Sciences, 27(8), 1211-1213.

Duveiller, G., Hooker, J., & Cescatti, A. (2018). The mark of vegetation change on Earth's surface energy balance. Nature Communications,
9(1), 679.

Ek, M., & Holtslag, A. (2004). Influence of soil moisture on boundary layer cloud development. Journal of Hydrometeorology, 5(1), 86-99.

Ek, M., & Mahrt, L. (1994). Daytime evolution of relative humidity at the boundary layer top. Monthly Weather Review, 122(12), 2709-2721.

Entekhabi, D., & Brubaker, K. L. (1995). An analytic approach to modeling land-atmosphere interaction: 2. Stochastic formulation. Water
Resources Research, 31, 633-643.

Feddema, J. J., Oleson, K. W., Bonan, G. B., Mearns, L. O., Buja, L. E., Meehl, G. A., & Washington, W. M. (2005). The importance of
land-cover change in simulating future climates. Science, 310(5754), 1674-1678.

Forzieri, G., Alkama, R., Miralles, D. G., & Cescatti, A. (2017). Satellites reveal contrasting responses of regional climate to the widespread
greening of earth. Science, 356(6343), 1180-1184.

LI AND WANG

SCALE ISSUE 10


https://doi.org/10.1029/1999gl010971
https://doi.org/10.1029/2000jd000266
https://doi.org/10.1029/2011WR011357
https://doi.org/10.3894/james.2009.1.4
https://doi.org/10.1029/2011JD017106
https://doi.org/10.1029/2003wr002475
https://doi.org/10.1029/2003wr002475
https://doi.org/10.1002/jame.20048

~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2019GL084861

Gentine, P,, Chhang, A., Rigden, A., & Salvucci, G. (2016). Evaporation estimates using weather station data and boundary layer theory.
Geophysical Research Letters, 43, 11,661-11,670. https://doi.org/10.1002/2016gl070819

Gentine, P., Holtslag, A. A., D'Andrea, F., & Ek, M. (2013). Surface and atmospheric controls on the onset of moist convection over land.
Journal of Hydrometeorology, 14(5), 1443-1462.

Gentine, P., Troy, T. ., Lintner, B. R., & Findell, K. L. (2012). Scaling in surface hydrology: Progress and challenges. Journal of Contemporary
Water Research and Education, 147(1), 28-40.

Giorgi, F., & Avissar, R. (1997). Representation of heterogeneity effects in earth system modeling: Experience from land surface modeling.
Reviews of Geophysics, 35, 413-437.

Guillod, B. P., Orlowsky, B., Miralles, D. G., Teuling, A. J., & Seneviratne, S. I. (2015). Reconciling spatial and temporal soil moisture effects
on afternoon rainfall. Nature Communications, 6, 6443.

Hohenegger, C., & Stevens, B. (2018). The role of the permanent wilting point in controlling the spatial distribution of precipitation.
Proceedings of the National Academy of Sciences, 115(22), 5692-5697.

Holgate, C., Van Dijk, A., Evans, J., & Pitman, A. (2019). The importance of the one-dimensional assumption in soil moisture-rainfall depth
correlation at varying spatial scales. Journal of Geophysical Research: Atmospheres, 124,2964-2975. https://doi.org/10.1029/2018jd029762

Huntingford, C., & Monteith, J. (1998). The behaviour of a mixed-layer model of the convective boundary layer coupled to a big leaf model
of surface energy partitioning. Boundary-Layer Meteorology, 88(1), 87-101.

Jacobs, C., & De Bruin, H. (1992). The sensitivity of regional transpiration to land-surface characteristics: Significance of feedback. Journal
of Climate, 5(7), 683-698.

Juang, J.-Y., Katul, G. G., Porporato, A., Stoy, P. C., Siqueira, M. S., Detto, M., et al. (2007). Eco-hydrological controls on summertime
convective rainfall triggers. Global Change Biology, 13(4), 887-896.

Juang, J.-Y., Katul, G., Siqueira, M., Stoy, P., & Novick, K. (2007). Separating the effects of albedo from eco-physiological changes on surface
temperature along a successional chronosequence in the southeastern United States. Geophysical Research Letters, 34, 1L21408. https://
doi.org/10.1029/2007gl031296

Juang, J.-Y., Porporato, A., Stoy, P. C., Siqueira, M. S., Oishi, A. C., Detto, M., et al. (2007). Hydrologic and atmospheric controls on initiation
of convective precipitation events. Water Resources Research, 43, W03421. https://doi.org/10.1029/2006 WR004954

Khanna, J., Medvigy, D., Fueglistaler, S., & Walko, R. (2017). Regional dry-season climate changes due to three decades of Amazonian
deforestation. Nature Climate Change, 7(3), 200.

Koster, R. D., & Suarez, M. J. (1992). A comparative analysis of two land surface heterogeneity representations. Journal of Climate, 5(12),
1379-1390.

Lawrence, D. M., Hurtt, G. C., Arneth, A., Brovkin, V., Calvin, K. V., Jones, A. D., et al. (2016). The Land Use Model Intercomparison Project
(LUMIP) contribution to CMIP6: Rationale and experimental design. Geoscientific Model Development, 9(9), 2973-2998.

Lawrence, D., & Vandecar, K. (2015). Effects of tropical deforestation on climate and agriculture. Nature Climate Change, 5(1), 27.

Lee, X., Goulden, M. L., Hollinger, D. Y., Barr, A., Black, T. A., Bohrer, G., et al. (2011). Observed increase in local cooling effect of
deforestation at higher latitudes. Nature, 479(7373), 384.

Li, B., & Avissar, R. (1994). The impact of spatial variability of land-surface characteristics on land-surface heat fluxes. Journal of Climate,
7(4), 527-537.

Li, D., & Bou-Zeid, E. (2013). Synergistic interactions between urban heat islands and heat waves: The impact in cities is larger than the
sum of its parts. Journal of Applied Meteorology and Climatology, 52(9), 2051-2064.

Li, D., Bou-Zeid, E., Barlage, M., Chen, F., & Smith, J. A. (2013). Development and evaluation of a mosaic approach in the WRF-Noah
framework. Journal of Geophysical Research: Atmospheres, 118, 11-918. https://doi.org/10.1002/2013jd020657

Li, D., Sun, T., Liu, M., Yang, L., Wang, L., & Gao, Z. (2015). Contrasting responses of urban and rural surface energy budgets to heat waves
explain synergies between urban heat islands and heat waves. Environmental Research Letters, 10(5), 054009.

Li, Y., Zhao, M., Motesharrei, S., Mu, Q., Kalnay, E., & Li, S. (2015). Local cooling and warming effects of forests based on satellite
observations. Nature communications, 6, 6603.

Liao, W.,, Rigden, A. J., & Li, D. (2018). Attribution of local temperature response to deforestation. Journal of Geophysical Research:
Biogeosciences, 123, 1572-1587. https://doi.org/10.1029/2018jg004401

Luyssaert, S., Jammet, M., Stoy, P. C., Estel, S., Pongratz, J., Ceschia, E., et al. (2014). Land management and land-cover change have
impacts of similar magnitude on surface temperature. Nature Climate Change, 4(5), 389.

Mahmood, R., Pielke, R. A., Hubbard, K. G., Niyogi, D., Dirmeyer, P. A., McAlpine, C., et al. (2014). Land cover changes and their
biogeophysical effects on climate. International Journal of Climatology, 34(4), 929-953.

Mahrt, L. (1987). Grid-averaged surface fluxes. Monthly Weather Review, 115(8), 1550-1560.

Mabhrt, L. (1996). The bulk aerodynamic formulation over heterogeneous surfaces. Boundary-Layer Meteorology, 78, 87-119.

Mabhrt, L. (2000). Surface heterogeneity and vertical structure of the boundary layer. Boundary-Layer Meteorology, 96(1-2), 33-62.

Manoli, G., Domec, J.-C., Novick, K., Oishi, A. C., Noormets, A., Marani, M., & Katul, G. (2016). Soil-plant-atmosphere conditions
regulating convective cloud formation above southeastern US pine plantations. Global Change Biology, 22(6), 2238-2254.

Maronga, B., & Raasch, S. (2013). Large-eddy simulations of surface heterogeneity effects on the convective boundary layer during the
LITFASS-2003 experiment. Boundary-Layer Meteorology, 146(1), 17-44.

McColl, K. A., Salvucci, G. D., & Gentine, P. (2019). Surface flux equilibrium theory explains an empirical estimate of water-limited daily
evapotranspiration. Journal of Advances in Modeling Earth Systems, 11, 2036-2049. https://doi.org/10.1029/2019ms001685

McNaughton, K., & Spriggs, T. (1986). A mixed-layer model for regional evaporation. Boundary-Layer Meteorology, 34(3), 243-262.

Miller, N. E., & Stoll, R. (2013). Surface heterogeneity effects on regional-scale fluxes in the stable boundary layer: Aerodynamic roughness
length transitions. Boundary-layer meteorology, 149(2), 277-301.

Naudts, K., Chen, Y., McGrath, M. J., Ryder, J., Valade, A., Otto, J., & Luyssaert, S. (2016). Europe's forest management did not mitigate
climate warming. Science, 351(6273), 597-600.

Patton, E. G., Sullivan, P. P., & Moeng, C.-H. (2005). The influence of idealized heterogeneity on wet and dry planetary boundary layers
coupled to the land surface. Journal of the Atmospheric Sciences, 62(7), 2078-2097.

Philip, J. (1959). The theory of local advection: 1. Journal of Meteorology, 16(5), 535-547.

Pielke, R. A., Marland, G., Betts, R. A., Chase, T. N., Eastman, J. L., Niles, J. O., et al. (2002). The influence of land-use change and landscape
dynamics on the climate system: Relevance to climate-change policy beyond the radiative effect of greenhouse gases, Philosophical
Transactions of the Royal Society of London A: Mathematical. Physical and Engineering Sciences, 360(1797), 1705-1719.

Pielke, R. A., Pitman, A., Niyogi, D., Mahmood, R., McAlpine, C., Hossain, F., et al. (2011). Land use/land cover changes and climate:
Modeling analysis and observational evidence. Wiley Interdisciplinary Reviews: Climate Change, 2(6), 828-850.

Pielke, R. A., & Uliasz, M. (1993). Influence of landscape variability on atmospheric dispersion. Air & Waste, 43(7), 989-994.

LI AND WANG

SCALE ISSUE 11


https://doi.org/10.1002/2016gl070819
https://doi.org/10.1029/2018jd029762
https://doi.org/10.1029/2007gl031296
https://doi.org/10.1029/2007gl031296
https://doi.org/10.1029/2006WR004954
https://doi.org/10.1002/2013jd020657
https://doi.org/10.1029/2018jg004401
https://doi.org/10.1029/2019ms001685

~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2019GL084861

Pielke, R. A., Zeng, X., Lee, T. J., & Dalu, G. A. (1997). Mesoscale fluxes over heterogeneous flat landscapes for use in larger scale models.
Journal of Hydrology, 190(3-4), 317-336.

Pitman, A. J., de Noblet-Ducoudré, N., Cruz, F., Davin, E. L., Bonan, G., Brovkin, V., et al. (2009). Uncertainties in climate responses to
past land cover change: First results from the LUCID intercomparison study. Geophysical Research Letters, 36, L14814. https://doi.org/
10.1029/2009GL039076

Porporato, A. (2009). Atmospheric boundary-layer dynamics with constant Bowen ratio. Boundary-Layer Meteorology, 132(2), 227-240.

Raupach, M. (1998). Influences of local feedbacks on land-air exchanges of energy and carbon. Global Change Biology, 4(5), 477-494.

Raupach, M. (2000). Equilibrium evaporation and the convective boundary layer. Boundary-Layer Meteorology, 96(1-2), 107-142.

Raupach, M. (2001). Combination theory and equilibrium evaporation. Quarterly Journal of the Royal Meteorological Society, 127(574),
1149-1181.

Raupach, M., & Finnigan, J. (1995). Scale issues in boundary-layer meteorology: Surface energy balances in heterogeneous terrain.
Hydrological Processes, 9(5-6), 589-612.

Rider, N., & Philip, J. (1960). Advection and evaporation. Association International of Hydrological Science, 53(42), 1-42.

Rider, N., Philip, J., & Bradley, E. (1963). The horizontal transport of heat and moisture—A micrometeorological study. Quarterly Journal
of the Royal Meteorological Society, 89(382), 507-531.

Rigden, A. J., & Li, D. (2017). Attribution of surface temperature anomalies induced by land use and land cover changes. Geophysical
Research Letters, 44, 6814-6822. https://doi.org/10.1002/2017gl073811

Santanello, J. A., Dirmeyer, P. A., Ferguson, C. R,, Findell, K. L., Tawfik, A. B., Berg, A,, et al. (2018). Land-atmosphere interactions: The
LoCo perspective. Bulletin of the American Meteorological Society, 99(6), 1253-1272.

Siqueira, M., Katul, G., & Porporato, A. (2009). Soil moisture feedbacks on convection triggers: The role of soil-plant hydrodynamics.
Journal of Hydrometeorology, 10(1), 96-112.

Stoll, R., & Porté-Agel, F. (2009). Surface heterogeneity effects on regional-scale fluxes in stable boundary layers: Surface temperature
transitions. Journal of the Atmospheric Sciences, 66(2), 412-431.

Stull, R. (1988). An introduction to boundary layer meteorology. Dordrecht: Kluwer Academic Publishers.

Taylor, C. M., Birch, C. E., Parker, D. J., Dixon, N., Guichard, F., Nikulin, G., & Lister, G. M. (2013). Modeling soil moisture-precipitation
feedback in the Sahel: Importance of spatial scale versus convective parameterization. Geophysical Research Letters, 40, 6213-6218.
https://doi.org/10.1002/2013GL058511

Tennekes, H. (1973). A model for the dynamics of the inversion above a convective boundary layer. Journal of the Atmospheric Sciences,
30(4), 558-567.

Tuttle, S., & Salvucci, G. (2016). Empirical evidence of contrasting soil moisture-precipitation feedbacks across the United States. Science,
352(6287), 825-828.

Vila-Guerau De Arellano, J., Van Heerwaarden, C. C., Van Stratum, B. J., & Van Den Dries, K. (2015). Atmospheric boundary layer:
Integrating air chemistry and land interactions. New York: Cambridge University Press.

Yin, J., Albertson, J. D., Rigby, J. R., & Porporato, A. (2015). Land and atmospheric controls on initiation and intensity of moist convection:
CAPE dynamics and LCL crossings. Water Resources Research, 51, 8476-8493. https://doi.org/10.1002/2015wr017286

Zeng, X., & Pielke, R. A. (1995a). Landscape-induced atmospheric flow and its parameterization in large-scale numerical models. Journal
of Climate, 8(5), 1156-1177.

Zeng, X., & Pielke, R. A. (1995b). Further study on the predictability of landscape-induced atmospheric flow. Journal of the Atmospheric
Sciences, 52(10), 1680-1698.

Zhou, Y., Li, D., & Li, X. (2019). The effects of surface heterogeneity scale on the flux imbalance under free convection. Journal of Geophysical
Research: Atmospheres, 124,(15), 8424-8448. https://doi.org/10.1029/2018jd029550

Zhou, B., Rybski, D., & Kropp, J. P. (2017). The role of city size and urban form in the surface urban heat island. Scientific Reports, 7(1), 4791.

Zhou, D., Zhao, S., Zhang, L., Sun, G., & Liu, Y. (2015). The footprint of urban heat island effect in china. Scientific Reports, 5, 11160.

LI AND WANG

SCALE ISSUE 12


https://doi.org/10.1029/2009GL039076
https://doi.org/10.1029/2009GL039076
https://doi.org/10.1002/2017gl073811
https://doi.org/10.1002/2013GL058511
https://doi.org/10.1002/2015wr017286
https://doi.org/10.1029/2018jd029550

	Abstract


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


