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Abstract Understanding the evaporative response of ecosystems to heatwaves is critical for managing
ecosystem services and water resources, especially under a changing climate. In this study, we examine
the land‐atmosphere exchange of water and heat fluxes under heatwave and nonheatwave conditions across
five different land cover types, including grasslands, shrublands, croplands, deciduous broadleaf forests,
and evergreen needleleaf forests, using data from eddy covariance towers. Results show that net radiation
and sensible heat flux increase from nonheatwave to heatwave conditions across all five land cover types but
latent heat flux shows contrasting responses to heatwaves. An attribution analysis further demonstrates
that heatwave‐induced changes in evaporative fraction are mainly caused by changes in vapor pressure
deficit (positive contribution) and changes in surface resistance (negative contribution). The imbalance
between the positive and negative contributions varies across the five land cover types and is responsible for
their contrasting evaporative responses to heatwaves.

Plain Language Summary A heatwave is a period of extremely hot weather. Under a warming
climate, heatwaves are expected to become more frequent, stronger, and longer lasting. Heatwaves are
amongst the deadliest natural disasters. Within such contexts, key questions that need to be addressed
include how different ecosystems respond to heatwaves differently and, more importantly, what factors
control such contrasting responses. In this study, we employ an analytical attribution framework and
combine it with observational data to explore the responses of evaporative fraction, a key indicator of the
partition between sensible and latent heat fluxes, to heatwaves over five major land cover types. We quantify
the contributions of various land surface and atmospheric factors in controlling changes in the evaporative
fraction under heatwaves. Our analysis indicates that the vapor pressure deficit and surface resistance are
the dominant factors but play opposing roles, with changes in the vapor pressure deficit enhancing the
evaporative fraction but changes in the surface resistance reducing the evaporative fraction. Their relative
contributions vary across land cover types, thereby explaining the contrasting ecosystem responses to
heatwaves. By identifying the key factors controlling the ecosystem responses to heatwaves, our results
provide novel insights into how to manage ecosystem services and water resources.

1. Introduction

Heatwaves (HWs) are prolonged periods of extremely high temperature typically caused by quasi‐stationary
high pressure systems (Perkins, 2015). They are amongst the deadliest natural disasters and one of the most
important causes of weather‐related mortality (Anderson & Bell, 2009, 2011; Harlan et al., 2006; Kovats &
Hajat, 2008; Petkova et al., 2014). HWs can also cause widespread ecosystem damages and crop failures
(Ciais et al., 2005). Recent examples include the 2003 European HW, the 2010 Russian HW, and the 2015
Pakistan HW.

Observational data indicate that the frequency of HWs has increased over the past few decades (Coumou &
Rahmstorf, 2012; Peterson et al., 2013). Many investigations using global climate models find that HWs will
become more intense, more frequent, and longer lasting under a warming climate (Lau & Nath, 2012, 2014;
Meehl & Tebaldi, 2004). While HWs are typically instigated by the synoptic‐scale atmospheric circulation
patterns, land‐atmosphere feedbacks (Miralles et al., 2018; Seneviratne et al., 2010) have been shown to
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strongly influence the local‐ to regional‐scale impacts of HWs (Fischer, Seneviratne, Luthi, & Schar, 2007;
Fischer, Seneviratne, Vidale, et al., 2007; Hirschi et al., 2011; Miralles et al., 2014; Santanello et al., 2013;
Seneviratne et al., 2006).

The key process governing land‐atmosphere feedbacks is the partition of available energy into sensible
(H) and latent (LE) heat fluxes (Santanello et al., 2009, 2011, 2018). The partition of available energy into
sensible and latent heat fluxes can be characterized by the evaporative fraction (EF), which is defined as
the proportion of latent heat flux in the available energy (Gentine et al., 2007), namely,

EF ¼ LE
H þ LE

: (1)

Using eddy covariance measurements, previous studies have revealed that different land cover types behave
quite differently during HWs. For example, Teuling et al. (2010) found that during the 2003 summer
European HW grassland increases evapotranspiration initially, leading to faster soil moisture depletion
and thus a critical shift to increased sensible heating. This made grassland a major heating source in the long
run, despite that sensible heating was twice as high over forest than over grassland initially. A similar diver-
gence between forests and grasslands was also observed with eddy covariance measurements during the
springtime in 2003 over Switzerland (Wolf et al., 2014). Li et al. (2015) compared the fluxmeasurements over
an urban site and a rural site and found that in response to the increase of net radiation under HW condi-
tions, the urban site tends to have increased sensible heat flux while the rural site tends to have increased
latent heat flux.

The contrasting responses of different land cover types to HWs were also studied using models of various
complexities, including idealized convective boundary layer models coupled to land surface parameteriza-
tions (Combe et al., 2016; van Heerwaarden & Teuling, 2014), single column models (Stap et al., 2014),
and regional and global climate models (Lemordant et al., 2016; Li & Bou‐Zeid, 2013). For example, using
an idealized land surface‐convective boundary layer model, van Heerwaarden and Teuling (2014) demon-
strated that the observed divergence in the response of HW conditions between forests and grasslands is lar-
gely due to differences in stomatal response to changes in atmospheric temperature and humidity. A recent
review paper (Miralles et al., 2018) highlights that HW‐induced increases in the vapor pressure deficit, which
tend to enhance the atmospheric evaporative demand, will typically reduce stomatal conductance and tran-
spiration under conditions of surface water stress.

While these observational and modeling studies offered great insights into the responses of ecosystems to
HWs, an analytical attribution framework for quantifying observed HW‐induced changes in EF and their
controlling factors remains lacking. In this paper, we extend a recently developed attribution framework
(Rigden & Li, 2017) and apply it at eddy covariance sites in the Contiguous United States (CONUS) that span
a wide range of climates and land cover types. This attribution framework allows us to identify the key
factors causing dissimilarities in the observed evaporative responses to HWs over different land cover types.
It can be also used as a diagnostic tool for analyzing model behaviors, thereby providing a newway to under-
stand and constrain complex models.

This paper organized as follows: Section 2 introduces the eddy covariance data and the attribution frame-
work; section 3 presents the main results; section 4 discusses the implications of the findings; and
section 5 summarizes the study.

2. Data and Methodology
2.1. Observational Data

We utilize observational data collected at 61 eddy covariance sites in the AmeriFlux network (Figure 1).
These sites are spread across the CONUS and represent five major land cover types (grassland or GRA,
shrubland or SHB, cropland or CRO, evergreen needleleaf forest or ENF, and deciduous broadleaf forest
or DBF). Details about site characteristics and data periods can be found in the supporting information
(Table S1 in the supporting information). All AmeriFlux data are obtained from the BASE data product
(http://ameriflux.lbl.gov/) and are processed following Rigden and Salvucci (2015).
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2.2. Identification of HW Events

We identify HW events based on the locally measured daily maximum air temperature. A HW event is
defined as the longest period in which the daily maximum air temperature exceeds its 90th percentile (with
a 15‐day moving window) for at least 3 days. The 90th percentile is calculated based on all available data at
each site. Compared to many studies where the 95th percentile or even the 98th percentile is used (Smith
et al., 2013), a less stringent criterion (i.e., the 90th percentile) is used in our study to ensure a sufficiently
larger number of HW days and enough data under HW conditions. The number of HW days and non‐HW
days at each site can be also found in the supporting information (Table S1).

2.3. The Attribution Method

We employ an analytical method to attribute changes in EF into various atmospheric and land surface dri-
vers. This attribution method builds upon the recently proposed Two‐Resistance Mechanism (TRM)method
(Rigden & Li, 2017). The TRM model starts from the surface energy balance equation:

Rn ¼ Sin 1−αð Þ þ εLin−εσT4
s ¼ H þ LE þ G; (2)

where Rn is the net radiation; Sin and Lin are the incoming shortwave and longwave radiation, respectively; α
and ε are the albedo and emissivity, respectively; εσTs

4 is the outgoing longwave radiation (= Lout) where σ is
the Stefan‐Boltzmann constant and Ts is the land surface temperature; H and LE are the sensible and latent
heat fluxes, respectively; G is the ground heat flux. Further connecting H and LE with Ts through the aero-
dynamic resistance (ra) and surface or canopy resistance (rs) concepts (Brutsaert, 1982, 2005; Monteith &
Unsworth, 2008) gives

H ¼ ρcp
ra

Ts−Tað Þ (3)

LE ¼ ρLv
ra þ rs

q*s Tsð Þ−qa
� �

(4)

where ρ is the air density, cp is the specific heat of air at constant pressure, Lv is the latent heat of vaporiza-
tion, Ta is the air temperature, and qa is the specific humidity of air. It should be pointed out that when vege-
tation and soil coexist, rs is the single, big leaf type of surface resistance (Monteith & Unsworth, 2008).
Substituting equations (3) and (4) into equation (2) yields a nonlinear equation for Ts, with all other variables
treated as inputs. This equation is further linearized, as shown in Rigden and Li (2017), so that an analytical

Figure 1. Distribution of 61 AmeriFlux sites across Contiguous United States with different land‐cover types, including grassland (GRA, 18 sites), shrubland
(SHB, 7 sites), cropland (CRO, 11 sites), deciduous broadleaf forest (DBF, 7 sites), and evergreen needleleaf forest (ENF, 18 sites). Different markers represent
different magnitudes of changes in EF between HW and non‐HW days. For a few sites, we slightly adjust the coordinates to prevent the symbols from overlapping.
The inset highlights the three sites at Duke Forest. EF = evaporative fraction; HW = heatwave.
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expression for Ts can be obtained, which further yields analytical expressions for the sensible and latent heat
fluxes and thus the EF.

Previous applications of this TRMmethod were limited to analyzing land surface temperature or EF changes
induced only by changes in surface biophysical factors (i.e., the atmosphere conditions remain unchanged).
Under such conditions, one can use this model to attribute changes in EF to contributions from various sur-
face biophysical factors, including aerodynamic resistance, surface resistance, albedo, and ground heat flux,
as follows:

ΔEF ¼ ∂EF
∂ra

� �
Δra þ ∂EF

∂rs

� �
Δrs þ ∂EF

∂α

� �
Δαþ ∂EF

∂G

� �
ΔG (5)

where Δ indicates a change (e.g., induced by land‐use/land‐cover change such as deforestation and urbani-
zation). The partial derivatives represent the sensitivities of EF to changes in surface biophysical factors,
whose analytical formulations can be obtained from the analytical expression for EF. This is similar to the
analytical formulations for the sensitivities of land surface temperature, which can be found in Rigden
and Li (2017).

In the case of HWs, however, changes in EF are not only caused by changes in surface biophysical factors but
also changes in atmospheric conditions. To incorporate the effects of both land surface and atmospheric
changes, we build on the TRM method, such that changes in EF can be attributed to

ΔEF ¼ ∂EF
∂Ta

� �
ΔTa þ ∂EF

∂P

� �
ΔP þ ∂EF

∂Sin

� �
ΔSin þ ∂EF

∂Lin

� �
ΔLin þ ∂EF

∂VPD

� �
ΔVPDþ ∂EF

∂ra

� �
Δra

þ ∂EF
∂rs

� �
Δrs þ ∂EF

∂α

� �
Δαþ ∂EF

∂G

� �
ΔG (6)

In addition to accounting for changes in aerodynamic resistance, surface resistance, albedo, and ground heat
flux, as in the original TRMmethod in equation (5), the improved attribution framework in equation (6) also
takes into account changes in air temperature (Ta), pressure (P), incoming shortwave radiation (Sin), incom-

ing longwave radiation (Lin), and vapor pressure deficit (VPD, defined as e*s Tað Þ−ea where e*s Tað Þ is the satu-
rated water vapor pressure at Ta, and ea is the water vapor pressure). By including these extra attribution
variables, the new method provides insight into how changes in land surface conditions (such as surface
resistance) would amplify or hinder local changes in EF concomitant with effects originating from changes
in atmospheric conditions, such as changes in the air temperature. Throughout the paper, each term on the
right‐hand side of equation (6) will be called a “contribution.” Each contribution is composed of two parts:
the partial derivative (or the “sensitivity,” Table 1) and the change (Table 2).

2.4. Application of the Attribution Method to Observational Data

The application of the attribution method closely follows the studies by Liao et al. (2018) and Li et al. (2019),
in which the TRM method was applied to attribute the local surface temperature response to deforestation
and urbanization, respectively. We refer the reader to Liao et al. (2018) and Li et al. (2019) for a detailed
description of the methodology and summarize only key details below.

Table 1
Sensitivities of Evaporative Fraction to Changes in Atmospheric and Surface Factors

∂EF
∂Ta

K−1ð Þ

∂EF
∂P
Pa

−1ð Þ

∂EF
∂Sin

m2=Wð Þ

∂EF
∂Lin

m2=Wð Þ

∂EF
∂VPD
Pa

−1ð Þ

∂EF
∂ra
m=sð Þ

∂EF
∂rs
m=sð Þ

∂EF
∂α
−ð Þ

∂EF
∂G

m2=Wð Þ

GRA 7.3 × 10−3 −1.25 × 10−6 −4.28 × 10−4 −4.78 × 10−4 6.21 × 10−5 1.70 × 10−3 −5.89 × 10−4 3.62 × 10−1 5.19 × 10−4

SHB 6.2 × 10−3 −1.08 × 10−6 −4.45 × 10−4 −4.88 × 10−4 5.58 × 10−5 2.10 × 10−3 −5.07 × 10−4 3.47 × 10−1 5.25 × 10−4

CRO 8.3 × 10−3 −1.29 × 10−6 −5.11 × 10−4 −5.76 × 10−4 9.03 × 10−5 2.00 × 10−3 −9.85 × 10−4 4.64 × 10−1 6.26 × 10−4

ENF 6.1 × 10−3 −9.61 × 10−7 −5.04 × 10−4 −5.28 × 10−4 1.02 × 10−4 4.3 × 10−3 −1.00 × 10−3 4.03 × 10−1 5.56 × 10−4

DBF 7.5 × 10−3 −8.71 × 10−7 −6.79 × 10−4 −7.33 × 10−4 2.01 × 10−4 4.5 × 10−3 −1.80 × 10−3 4.89 × 10−1 7.89 × 10−4

Note. EF = evaporative fraction; VPD = vapor pressure deficit.
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First, one common issue across eddy covariance sites is that the sum of sensible and latent heat fluxes is
smaller than the difference between net radiation and ground heat flux, which is often called the surface
energy imbalance or nonclosure problem (see Foken, 2008 for a review). While addressing the causes of
the surface energy imbalance problem is beyond the scope of this study, we need to account for such imbal-
ance when we apply the attribution method to eddy covariance data. This is because the attribution method
is based on the surface energy balance equation. To do so, we denote r = Rn − H − LE − G as the residual
term arising from the use of eddy covariance observations. With this residual term, equation (6)
now becomes

ΔEF ¼ ∂EF
∂Ta

� �
ΔTa þ ∂EF

∂P

� �
ΔP þ ∂EF

∂Sin

� �
ΔSin þ ∂EF

∂Lin

� �
ΔLin þ ∂EF

∂VPD

� �
ΔVPDþ ∂EF

∂ra

� �
Δra

þ ∂EF
∂rs

� �
Δrs þ ∂EF

∂α

� �
Δαþ ∂EF

∂ Gþ rð Þ
� �

Δ Gþ rð Þ (7)

Given that many sites do not have ground heat flux measurements, we further combine the contributions of
r and G and denote the sum as res. Thus,

ΔEF ¼ ∂EF
∂Ta

� �
ΔTa þ ∂EF

∂P

� �
ΔP þ ∂EF

∂Sin

� �
ΔSin þ ∂EF

∂Lin

� �
ΔLin þ ∂EF

∂VPD

� �
ΔVPDþ ∂EF

∂ra

� �
Δra

þ ∂EF
∂rs

� �
Δrs þ ∂EF

∂α

� �
Δαþ ∂EF

∂res

� �
Δres (8)

where the contribution of res reflects the roles of ground heat flux and surface energy imbalance. We
acknowledge that at places where ground heat flux measurements do exist, we can correct the r term by par-
titioning it into H and LE, assuming that the ratio of H to LE remains the same. We find that this correction
does not affect the attribution results much because, as shall be seen later, the contribution of res is very
small, which further implies that our main conclusions will not be strongly affected by the way G and r
are handled.

Second, in order to retrieve Ts from outgoing longwave radiation measurements, we assume constant emis-
sivity values of 0.92, 0.93, 0.92, 0.95, and 0.93 for grassland, cropland, shrubland, evergreen needleleaf forest,
and deciduous broadleaf forest, respectively (Tao et al., 2013). The estimated Ts, together with the flux and
meteorological measurements, serve as inputs to estimate the aerodynamic resistance and surface resistance
using equations (3) and (4) at the half‐hourly scale.

Third, we only focus on the 6‐hr period (9:00–15:00, local standard time) during daytime when sensible heat-
ing from the surface is largest. We exclude the half‐hourly data when the inferred aerodynamic resistance,
surface resistance, or vapor pressure deficit are negative. We also exclude the half‐hourly data when any
one of the required variables in the attribution analysis is missing. Furthermore, we also exclude the data
when the latent heat flux and/or sensible heat flux are less than 20W/m2. To ensure data representativeness,
for each day, we require at least 50% of the data points in the 6‐hr period which are available. We then aver-
age the half‐hourly data in this 6‐hr period under HW and non‐HW conditions to compute the changes (Δ)
between HW and non‐HW conditions.

Lastly, the attribution method only retains the first‐order linear terms, neglecting higher‐order and cross‐
order terms in the Taylor expansion. This will inevitably introduce errors in the attribution. To reduce

Table 2
Changes in Atmospheric and Surface Factors Between HW and Non‐HW Days

ΔTa

Kð Þ
ΔP

Pað Þ
ΔSin
W=m2ð Þ

ΔLin
W=m2ð Þ

ΔVPD

Pað Þ
Δra
s=mð Þ

Δrs
s=mð Þ

Δα

−ð Þ
ΔG

W=m2ð Þ
GRA 7.26 −1.40 × 102 1.58 × 102 2.61 × 101 3.58 × 103 −3.86 1.28 × 103 −8.00 × 10−3 4.16 × 101

SHB 6.39 3.20 × 101 1.42 × 102 1.93 × 101 3.34 × 102 −1.17 × 10−1 1.42 × 103 5.20 × 10−3 3.48 × 101

CRO 7.34 −7.88 × 101 1.47 × 102 3.53 × 101 2.04 × 102 1.33 2.45 × 102 2.00 × 10−3 4.47 × 101

ENF 6.77 5.57 × 101 1.56 × 102 2.25 × 101 1.69 × 103 9.60 × 10−1 2.13 × 102 −5.80 × 10−3 2.69 × 101

DBF 6.61 5.22 × 101 1.42 × 102 3.25 × 101 1.21 × 102 −7.59 × 10−2 1.91 × 102 −7.30 × 10−3 3.95 × 101
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such errors, a weighted approach is introduced (Liao et al., 2018), which calculates the partial derivatives (or
the sensitivities) based on data at both states (i.e., the HW and non‐HW states) as X = (xnon − hw+mxhw)/
(1+m),where X is the final partial derivative in the model, m is average weight, and xhw and xnon‐hw are
the partial derivatives calculated only using data under HW and non‐HW conditions, respectively. More
details can be found in Liao et al. (2018).

3. Results
3.1. Evaporative Responses of Ecosystems to HWs Across CONUS

For all five land cover types, we find that the average net radiation (Figure 2a) is significantly higher during
HWs, implying that the ecosystems receive more radiation input during HWs. This is consistent with the fact

Figure 2. The average (a) net radiation, (b) sensible heat flux, (c) latent heat flux, (d) evaporative fraction under HW and
non‐HW days over different land cover types, and the corresponding relative (fractional) changes in net radiation (e),
sensible heat flux (f), latent heat flux (g), and evaporation fraction (h) between HW and non‐HW days. The bars are
averages over all sites that have the same land cover type. The error bars in (a–d) represent the standard deviations of the
averages, and those in (e–h) represent the standard deviations. All error bars characterize the spatial variability across
sites. The ** indicates that the averages in HW and non‐HW days are significantly different at the 95% confidence level in
paired sample t test.
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that HWs are typically associated with clear, cloudless sky (Perkins, 2015).
The partition of net radiation to sensible and latent heat is also strongly
altered by HWs. On average the sensible heat flux increases across all five
land cover types (Figure 2b), while the latent heat flux shows contrasting
responses to HWs: It decreases over shrublands, barely changes over
grasslands and deciduous broadleaf forests, but increases over croplands
and evergreen needleleaf forests (Figure 2c). This causes stronger reduc-
tions of EF at shrublands, grasslands, and deciduous broadleaf forest sites
than cropland and evergreen needleleaf forest sites (Figure 2d).

The strongest reduction of latent heat flux over shrubland ecosystems
may reflect the fact that shrublands tend to grow in more water‐limited
regions and, thus, likely have more depleted moisture reserves in the
root zone, especially compared to forests. On the other hand, the
increase of latent heat flux over cropland systems may be related to irri-
gation (Miralles et al., 2018). We caution that there are large spatial
variabilities associated with changes in EF even over the same land
cover type though (see Figures 1 and 2d), which can be caused by other
factors including species, soil types, and background climates (De
Kauwe et al., 2015; Konings et al., 2017), as well as rooting depth and

access to groundwater (Bevan et al., 2014; Thompson et al., 2011), but such factors are difficult to quantify
and left for future research. In addition, we point out that changes in LE and EF are not significant at the
95% confidence level.

3.2. Attribution of the Evaporative Response to HWs

To further investigate why different ecosystems have different evaporative responses to HWs, we employ an
attribution method by extending the TRMmodel (section 2.3). First, we evaluate changes in EF estimated by
the TRM method, finding good agreement between modeled and observed changes, as illustrated in
Figure 3. The remaining biases can be attributed to the inadequacy of the weighted approach (Liao et al.,
2018) in accounting for the neglected higher‐order and cross‐order terms in the Taylor expansion and the
measurement uncertainties when sensible and latent heat fluxes are small.

Changes in EF from non‐HW to HW days are then decomposed to contributions from five atmospheric
factors (e.g., air temperature, pressure, incoming shortwave radiation, incoming longwave radiation, and
vapor pressure deficit) and four land surface factors (e.g., aerodynamic resistance, surface resistance, surface
albedo, and residual), as shown in Figure 4. Part I of Figure 4 again indicates the good agreement between
the modeled and observed ΔEF, where the error bars again indicate strong spatial variabilities (see also
Figure 2d). When the contributions from atmospheric and land surface components are aggregated, we find
that the total atmospheric contribution ( fa) and the total land surface contribution ( fs) are always opposite.
More specifically, the total atmospheric contributions ( fa) are always positive and the total land surface
contributions ( fs) are always negative (part II of Figure 4). This suggests that under HWs, changes in the
atmospheric conditions tend to increase the EF while the land surface responses tend to constrain or limit
the EF. Although the total land surface contributions are always larger in magnitude than the total
atmospheric contributions, the five land cover types show distinct responses, leading to EF changes of
different magnitudes.

When each atmospheric factor is assessed individually (part III of Figure 4, blue bars), we find that changes
in VPD make the largest positive contribution (i.e., increases in VPD tend to increase the EF), whereas
changes in the incoming shortwave and longwave radiation consistently make negative contributions
(i.e., increases in incoming shortwave and longwave radiation tend to reduce the EF by favoring sensible
heat flux) across all land cover types. The negative contributions of incoming shortwave and longwave
radiation are largely offset by the positive contribution of air temperature, which is the second largest
positive condition (i.e., increases in air temperature tend to increase the EF). Thus, VPD is the dominant
atmospheric factor in regulating the EF response to HWs. Note that changes in pressure make
minimal contributions.

Figure 3. Comparison between the modeled and observed mean ΔEF.
EF = evaporative fraction; RMSE = root‐mean‐square error.
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Among the surface factors (part III of Figure 4, purple bars), the surface resistance makes the strongest
negative contribution (i.e., increases in the surface resistance tend to reduce the EF). This is consistent with
previous studies suggesting that plants tend to close their stomata under heat and drought stresses, thereby
increasing the surface resistance (Damour et al., 2010; Jones, 2014). Broadly, stomata close in response to
declines in soil moisture to prevent hydraulic damage such as cavitation (Tyree & Sperry, 1989), while
stomatal closure induced by high VPD prevents both excessive water loss in the root zone and hydraulic
damage (Oren et al., 1999). Additionally, reductions in near‐surface soil moisture under HW conditions would
also increase the surface resistance. The other terms, including the residual term, allmake small contributions.

The small contributions from pressure and albedo are due to the very small sensitivity of EF to pressure and
the very small change of albedo, respectively, as seen in Table 1 and Table 2. On the other hand, the large
contributions from VPD and surface resistance are caused by the significant increases in VPD and surface
resistance under HWs. The contributions from the other factors, including air temperature, aerodynamic
resistance, incoming shortwave and longwave radiation, and residual, are of the same order of magnitude.
The sensitivities of EF to changes in air temperature and aerodynamic resistance are an order of magnitude
larger than the sensitivities of EF to changes in incoming shortwave radiation, incoming longwave radiation,
and residual. However, changes in air temperature and aerodynamic resistance are an order of magnitude
smaller than their counterparts in incoming shortwave radiation, incoming longwave radiation, and resi-
dual. Hence, the contributions from air temperature, aerodynamic resistance, incoming shortwave radia-
tion, incoming longwave radiation, and residual are of the same order of magnitude.

Figure 4. Attribution of changes in evaporative fraction (ΔEF) between HW and non‐HW days at AmeriFlux sites with
different land cover types. Part I: Comparison of observed and modeled EF changes. EFo and EFm represents the
observed and modeled evaporative fraction changes from non‐HW to HW days. Part II: Comparison of the total
atmospheric (fa) and land surface (fs) contributions. Part III: Contribution from each atmospheric (blue bar) and land
surface (purple bar) factor (i.e.,(∂EF/∂xi)Δxi, where xi is a factor). Ta, P, Sin, Lin, VPD, ra, rs, α, and res represent air
temperature, pressure, incoming shortwave radiation, incoming longwave radiation, vapor pressure deficit, aerodynamic
resistance, surface resistance, albedo, and residual, respectively. EF = evaporative fraction.
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4. Discussions

As shown in Figure 4, HWs alter the EF largely through VPD and surface resistance. In this section, we dis-
cuss the opposing roles of these two factors in the context of the surface energy balance equation.

4.1. VPD

In our attribution method, VPD appears in the parameterization of latent heat flux (equation (4)) after the
linearization of the saturated specific humidity (or vapor pressure). Since VPD is dependent on air tempera-
ture and specific humidity, we further decompose the contribution of VPD into air temperature and specific
humidity components, as shown in Figure 5.

With this decomposition of VPD, we find that the contribution of air temperature to changes in EF is signifi-
cantly increased and becomes the largest positive term. This indicates that the large contribution from VPD is
mostly a result of the increased air temperature. On the other hand, the contribution of specific humidity is
mostly negative, implying that increases in specific humidity under HWs tend to reduce the EF (as expected).
While both attribution results are correct, their differences, especially the difference in terms of the contribu-
tion of air temperature, illustrate a broader but often neglected issue in such attribution analyses, that is, the
interdependence of attributing variables (Rigden & Li, 2017). Since VPD and air temperature are by definition
linked to each other, the contribution of air temperature will change, for example, when specific humidity is
used to replace VPD as an attributing variable. Nonetheless, we use VPD as an attributing variable here as it is
often used as a single variable in the literature (Brutsaert, 1982). In fact, recent studies using spectral analysis
show that treating VPD as a single variable better captures the temporal dynamics of atmospheric evaporative
demand than using a combination of air temperature and specific or relative humidity (Peng et al., 2018).

Under HW conditions, an increase of VPD would lead to an increase of atmospheric evaporative demand.
Clearly this effect alone would increase evapotranspiration and hence the EF, as the attribution results sug-
gest (Figure 4). However, evapotranspiration over a vegetated surface is also constrained by soil moisture (for

Figure 5. Similar to Figure 4 but using qa instead of VPD. EF = evaporative fraction.
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soil evaporation) and stomatal behavior (for transpiration). The role of these factors in the surface energy
balance equation is reflected in the contribution of surface resistance, which is further discussed below.

4.2. Surface Resistance

As shown in Figure 4, the surface resistance makes the largest negative contribution to HW‐induced EF
changes. Given that the surface resistance is a bulk parameter, this implies that under HWs (1) available
water for evapotranspiration (including soil moisture, intercepted water on canopy surfaces, and puddles
on the ground) is reduced, (2) plants close their stomata or the leaf area index (LAI) is reduced, or (3) a com-
bination of both. Since not all AmeriFlux sites have soil moisture measurements, here we use three neigh-
boring sites at Duke Forest (hereafter the Duke sites; see Figure 1), which sites have soil moisture
measurements at 25–30 cm under the ground and are over different land cover types (open field/GRA,
pine/ENF, and hardwoods/DBF), as a case study.

Before we proceed, it is important to examine the attribution results at these three sites, as shown in
Figures 6a–6c. It is clear that reductions in EF are the strongest at the open field (GRA) site and the smallest
at the hardwoods (DBF) site. The stronger reduction of EF at the ENF site than that at the DBF site may at
first appear to be inconsistent with the results shown in Figure 2, but we again point out that there are large

Figure 6. (a–c) Similar to Figure 4. Attribution of changes in EF between HW and non‐HW days at three Duke sites (open field/GRA, pine/ENF, and
hardwoods/DBF). (d–g) Similar to Figure 2. The average (d) soil water content (SWC), (e) incoming shortwave radiation, (f) vapor pressure deficit, and (g)
air temperature under HW and non‐HW days over the three Duke sites. The soil moisture measurement depths at open field/GRA, pine/ENF, and hardwoods/
DBF sites are 25, 30, and 25 cm, respectively. EF = evaporative fraction; HW = heatwave; VPD = vapor pressure deficit.
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spatial variabilities associated with changes in EF across sites (see Figure 1). At the Duke sites, the VPD and
surface resistance make the largest positive and negative contributions, which is in agreement with Figure 4.

Under HW conditions, soil moisture is likely to be depleted as a result of increased evapotranspiration and
the lack of rain. This is confirmed by Figure 6d. At all three Duke sites, soil moisture decreases during HWs.
Since drier soils have higher resistances to evaporation, this decline in soil moisture during HWs likely
increases the total effective surface resistance.

While soil evaporation is a purely physical process, transpiration is biologically mediated. Plants actively
respond to changes in environmental conditions by changing their stomatal aperture and, thus, changing
the effective surface resistance. One way to parameterize the stomatal resistance is the so‐called Jarvis
scheme (Jarvis, 1976; Stewart, 1988) as follows:

rs ¼ rs;min

LAI
f 1 SWCð Þf 2 Sinð Þf 3 VPDð Þf 4 Tað Þ (9)

where rs,min is the minimal stomatal resistance, LAI is the leaf are index, and fn are correction functions
accounting for the effects of soil water content (SWC), incoming shortwave radiation (Sin), VPD, and air tem-
perature (Ta). It is important to recognize that decreases in soil moisture can both increase the resistance of
soil (decreasing soil evaporation) and induce stomatal closure (decreasing transpiration), with the near‐
surface soil moisture more strongly linked to the soil resistance while the root zone soil moisture more
strongly linked to the stomatal resistance.

The functions for fn are empirical and often site dependent, but generally, the surface resistance increases as
the root zone soil moisture and incoming shortwave radiation decrease, and as the VPD increases (Jones,
2014). When the air temperature is above a certain threshold (typically 298 K but can be species dependent),
the stomatal resistance also increases as the air temperature increases. Under HW conditions, the incoming
shortwave radiation, VPD, and air temperature all increase (and the air temperature is far above 298 K),
while the soil moisture decreases (see Figures 6d–6g). As a result, changes in VPD, air temperature, and soil
moisture are all likely leading to increases in stomatal resistance, which limits transpiration and thus the EF.

4.3. The Dual Role of VPD

Our results suggest that VPD plays a dual role in controlling the evaporative responses of land ecosystems to
HWs.While an increase in VPD tends to increase the atmospheric evaporative demand, it can also lead to an
increase in surface resistance, which tends to inhibit evapotranspiration (Ficklin &Novick, 2017; Massmann
et al., 2018; Novick et al., 2016). An unanswered question in our study is exactly what role VPD plays in mod-
ulating the response of surface resistance to HWs.

More broadly, our attribution analysis does not explain which factor (e.g., VPD or soil moisture) is mostly
responsible for the response of surface resistance to HWs. Disentangling the effects of atmospheric demand
(represented by VPD) and soil moisture supply on surface resistance and thus evapotranspiration remains a
grand challenge as discussed elsewhere (Novick et al., 2016; Rigden et al., 2018). To analytically attribute
changes in surface resistance, this would require, at least, a priori knowledge of the functions in the Jarvis
formulation (equation (9)) and how these functions differ among ecosystems. However, these functions
are empirical and often vary depending on site‐specific factors. While one might be tempted to constrain
the Jarvis parameterization and the associated fn functions through a tuning exercise, a unique solution does
not necessarily exist (Bonan et al., 2014; van Heerwaarden & Teuling, 2014). Fully addressing this question is
left for future research.

5. Conclusions and Future Work

In this study, we employ an analytical attribution framework to quantify the evaporative responses of eco-
systems to HWs. The attributionmodel is applied to 61 AmeriFlux sites that span fivemajor land cover types.
It is found that the VPD and surface resistance are the most important atmospheric and land surface factors,
respectively, in controlling the changes in EF under HWs. The reductions in the EF under HWs are driven by
the contributions from surface resistance, partly offset by the contributions from VPD. The imbalance
between the positive and negative contributions varies across land ecosystems and is responsible for the
overall contrasting evaporative responses to HWs.
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A critical question remaining to be addressed is what factors regulate the bulk surface resistance response to
HWs. This requires a quantitative understanding of how the bulk surface resistance is controlled by envir-
onmental variables. Another question that needs to be further investigated is the spatial variability of
HW‐induced EF changes over the same land cover type. For example, the Duke hardwoods (DBF) site shows
smaller reductions in EF than the pine (ENF) site, although DBF sites on average show larger reductions in
EF than ENF sites across the CONUS. This might be due to variations in the local land surface (e.g., soil
properties) and climate conditions, as well as species. However, it should be stressed that despite of the large
spatial variability, the contrasting evaporative responses of ecosystems to HWs are always traced to the
opposing roles of vapor pressure deficit and surface resistance in the attribution. Lastly, we did not examine
the temporal dynamics of EF throughout HWs but it is important to acknowledge that the temporal
dynamics of EF can be very different between grasslands and forests especially under very long HWs
(Teuling et al., 2010).
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