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1. Introduction
Forests modulate land-atmosphere energy and water exchanges and influence local surface and air temperatures 
that both affect and are an effect of stomatal regulation and vegetation water stress (Novick et  al.,  2016; Yi 

Abstract Plant canopy temperature (Tc) is partly regulated by evaporation and transpiration from the 
canopy surface and can be used to infer changes in stomatal regulation and vegetation water stress. In this study, 
we used a thermal Unmanned Aircraft Systems in conjunction with eddy covariance, sap flow, and spectral 
reflectance data to assess the diurnal characteristics of Tc and water stress status over a semiarid mixed conifer 
forest in Arizona, USA. Diurnal Tc dynamics were closely related to tree sap flow and changes in spectral 
reflectance associated with stomatal regulation. Consistent with previously reported deviations, we found that 
on average Tc was 1.8°C lower than the above canopy air temperature (Ta). However, the relationship between 
Tc and Ta varied significantly according to tree density and tree height classes, with taller and denser trees 
exhibiting relatively low |Tc-Ta| (2.4 and 2.1°C cooler canopies, respectively) compared to shorter and less-
dense tree stands (1.7 and 1.5°C cooler canopies, respectively). We used these data to evaluate space-borne 
diurnal measurements of Tc and water stress from the ECOsystem Spaceborne Thermal Radiometer Experiment 
on Space Station (ECOSTRESS) mission. We found that ECOSTRESS observations of Tc accurately tracked 
seasonal shifts in diurnal surface temperatures and vegetation water stress, and that site-level observations 
of heterogeneity in forest composition and structure could be applied to separate the processes of canopy 
transpiration and soil evaporation within the ECOSTRESS footprint. This study demonstrates how proximal 
and satellite remote sensing approaches can be combined to reveal the diurnal and seasonally dynamic nature of 
Tc and water stress.

Plain Language Summary Plant canopy temperature (Tc) is partly regulated via canopy 
evaporation and transpiration, similar to how the process of sweating works to cool the human body. In 
semiarid forests such as those of the southwest United States, the sensitivity of canopy water stress to changing 
environmental conditions may differ based on tree density and height. However, these links are not well 
understood due to the coarseness of currently available satellite-based estimates of Tc and the challenges 
associated with field-based measurements of Tc in relatively inaccessible tall tree stands. As a result, we took 
advantage of recent advancements in thermal Unmanned Aircraft Systems and the recent NASA ECOsystem 
Spaceborne Thermal Radiometer Experiment on Space Station satellite mission to quantify Tc and inferred 
canopy water stress from previously inaccessible tall trees throughout the day. We found that Tc differed 
significantly among different tree density and height classes. In particular, Tc was higher in low density and 
short tree stands. Our measurements even demonstrated a strong water use signal from the trees during the 
winter due to the mild climate of the site in southern Arizona, USA. These results demonstrate the capability of 
linked site measurements and satellite observations to monitor tree water use over semiarid mixed conifer forest 
vegetation.
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Radiometer Experiment on Space 
Station captured key aspects of diurnal 
canopy temperature dynamics and 
were consistent with site-level data
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et al., 2020). In the semiarid western USA, mountain forests have adapted to tolerate exceptionally high incoming 
solar radiation and frequent periods of water stress and are a dominant driver of regional carbon sequestration 
(Cayan et al., 2010; Javadian et al., 2020; Knowles, Scott, Biederman, et al., 2020; Scott & Biederman, 2019). 
Recent work has focused on understanding these processes to assess the sensitivity of surface temperature 
change, toward a more comprehensive understanding of the climate mitigation potential of semiarid forests (Y. 
Li et al., 2016; Yuan et al., 2017). At the individual tree scale, canopy temperature (Tc), which is the surface 
temperature of an individual tree, is determined by the surface energy balance, and can be used to infer changes 
in vegetation water stress status (Monteith & Unsworth, 2013). Energy partitioning between latent and sensible 
heat flux is controlled by environmental and physiological factors including air temperature, humidity, wind 
speed, water availability, and stomatal regulation (i.e., transpiration; Baldocchi, 1994; Jones, 2004). Additionally, 
factors related to ecosystem composition (e.g., tree density) and structure (e.g., vegetation height) can modulate 
energy partitioning and land-atmosphere water exchange (Meng et  al.,  2014). Given that changes in canopy 
structure take place over relatively long time scales (weeks to months), the sensitivity of Tc is largely dependent 
on shorter-term changes in environmental conditions and associated plant water regulation (hours to days; Mahan 
& Upchurch, 1988; Yi et al., 2020). However, scientific understanding of diurnal canopy temperature dynamics 
and its relationship with plant water stress remains limited in part due to the difficulty of obtaining high spatio-
temporal resolution observations.

The southwestern USA is an ideal setting to investigate the influence of environmental drivers on the canopy 
water stress of drought-affected forests (Seager et al., 2007; Udall & Overpeck, 2017), and to evaluate the abil-
ity of remote sensing methods to track these relationships (Biederman et  al., 2017; Smith et  al.,  2019; Yang 
et al., 2020). A principal reason for this is the large diurnal changes in air temperature that are characteristic of 
the region, with differences between day and night often exceeding 30°C (Biederman et al., 2017; Dannenberg 
et al., 2020; Smith et al., 2019). To thrive in these conditions, plants have adapted to balance carbon uptake and 
water loss (i.e., transpiration) through stomata (Fisher, 2014; Fisher et al., 2017). Collectively, diurnal variations 
of canopy temperature are mainly controlled by physiological (e.g., stomatal conductance) and environmen-
tal (e.g., solar radiation, air temperature, soil moisture, vapor pressure deficit (VPD)) factors (Li et al., 2021; 
Paul-Limoges et al., 2018; X. Zhang et al., 2020). When water is available, high rates of transpiration can result 
in canopy temperature far below air temperature (Snakin et al., 2001). In contrast, when water is limited, stomata 
close and canopy temperatures can far exceed air temperature (Jackson et al., 1981). As a result, canopy tempera-
ture can be used to infer changes in stomatal regulation and canopy water stress (Pinter et al., 1990).

Satellite observations compliment limitations in spatial representation and global coverage of site-based meas-
urements and can produce spatially continuous estimates from regional to global scales based on different ap-
proaches (Li et al., 2021). Diurnal surface temperature changes from space are made possible by the ECOsystem 
Spaceborne Thermal Radiometer Experiment on Space Station (ECOSTRESS) mission due to its capability of 
capturing images at different times of day, which makes it the first satellite capable of detecting sub-daily vegeta-
tion water stress at field-scales, launched in 2018 (Fisher et al., 2020). ECOSTRESS provides an unprecedented 
yet largely unexplored opportunity for examining the variations of vegetation water stress over the course of a day 
at large spatial scales. However, ECOSTRESS and other satellite thermal missions (e.g., Landsat and MODIS) 
lack the spatial and thermal resolution required for many canopy-level applications. Thermal sensors placed on 
UAS represent an opportunity to fill this gap that provides a lower-cost approach to meet the critical requirements 
of spatial, spectral, and temporal resolutions (Berni et al., 2009). Although thermal UAS platforms have been 
used to assess vegetation water stress (Jin et al., 2021; Zhang et al., 2019), studies integrating satellite and UAS 
thermal data to assess diurnal vegetation water stress are currently lacking.

Many types of ancillary measurements can be paired with thermal data to assess different aspects of vegetation 
functioning. Among them, the eddy covariance (EC) technique provides temporally (half-hourly/hourly) contin-
uous estimates of meteorological variables that enable the detection of diurnal changes in water exchange, which 
can be used to infer changes in stomatal regulation and plant water stress (Baldocchi et al., 2001). At the individ-
ual tree scale, sap flow sensors measure transpiration as the ascent of sap within xylem tissue (Fisher et al., 2007). 
Considering that transpiration is sensitive to plant water stress and that this relationship is mediated by stomatal 
opening, sap flow can be used as an indicator of plant water status (Giménez et al., 2013). From a remote sensing 
standpoint, the tower-based Photochemical Reflectance Index (PRI) is derived from narrow-band spectroradiom-
etry and has been increasingly applied to indicate photosynthetic efficiency (Garbulsky et al., 2011). However, 
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EC, sap flow, and PRI sensors are sparsely distributed globally (Xiao et al., 2010). Accordingly, the current study 
addresses a prevailing knowledge gap by pairing eddy covariance, sap flow, and PRI measurements with spatially 
explicit thermal observations to better understand ecosystem water flux and sensitivity to water limitation.

There have been few studies to investigate canopy water stress at the individual tree level, and most are based on 
thermal infrared cameras that are not able to cover a large area. Furthermore, most studies have been conducted 
at a daily/seasonal scale that precludes analysis of diurnal canopy water stress. Here, we combine thermal UAS, 
eddy covariance, sap flow, PRI, and ECOSTRESS satellite measurements to assess diurnal vegetation water 
stress over a semiarid mixed conifer ‘sky island’ forest in southern Arizona, USA. The principal objectives of 
this study were to: (a) assess diurnal canopy temperature variation as a function of tree density and height, (b) 
relate the diurnal PRI and tree sap flow with canopy temperature, and (c) determine if ECOSTRESS accurately 
captures diurnal water stress dynamics. We specifically hypothesize that tree density and tree height will repre-
sent significant contributing factors to changes in Tc. Furthermore, we hypothesize that Tc-Ta relationships will 
correlate with sap flow and diurnal latent heat flux dynamics and will thus serve as an improved proxy of stomatal 
conductance and canopy water stress.

2. Data and Methods
Below, we describe the research site and key measurement techniques utilized in this study to assess diurnal to 
seasonal changes in ecohydrologic sensitivity. An illustration of the site and the different measurement techniques 
that were integrated is shown in Figure 1.

2.1. Eddy Covariance Flux Tower Site

The study site was a montane mixed conifer forest in the Coronado National Forest on Mt. Bigelow, northeast of 
Tucson, Arizona, USA. This site is located at 2573 m elevation in an area of significant topographical complex-
ity. The climate is semiarid with a mean annual temperature of 9.4°C and mean annual precipitation of 614 mm 
(Dwivedi et al., 2020; Knowles, Scott, Minor, & Barron-Gafford, 2020; Yang et al., 2020), approximately 50% of 
which falls during the North American Monsoon in late summer (Adams & Comrie, 1997). The site is dominated 
by mature second-growth Douglas-fir (Pseudotsuga menziesii), ponderosa pine (Pinus ponderosa), and south-
western white pine (Pinus strobiformis), with little understory vegetation. The forest exhibits a bimodal seasonal 
pattern of primary production, with an initial spring peak following snowmelt, a dry pre-monsoon midseason 
depression (May–June), and a secondary productivity peak during the wet monsoon (July–Sept), with primary 
production remaining active through fall and winter (Knowles, Scott, Minor, & Barron-Gafford, 2020).

A 30-m tall eddy covariance (EC) tower (AmeriFlux site code US-MtB) has been in continuous operation at the 
site since 2009 (Knowles, Scott, Minor, & Barron-Gafford, 2020). The US-MtB tower provided 30-min mean 
latent heat flux (LE), sensible heat flux (H), net ecosystem exchange of carbon dioxide (NEE), incoming solar 
radiation (Rg), photosynthetic photon flux density (PPFD), friction velocity (Ustar), air temperature (Ta), relative 
humidity (RH), and VPD data that were used in the current analysis. The NEE was further partitioned into its con-
stituent fluxes of gross primary productivity (GPP) and ecosystem respiration (Reco) using the nighttime method 
in the REddyProc environment (Reichstein et al., 2005; Wutzler et al., 2018). The REddyProc algorithm was 
also used to infill small gaps in the tower data and to generate a potential top-of-atmosphere radiation (PotRad) 
variable for the purposes of timestamp alignment. Before this process, the turbulent flux data were filtered for 
periods of friction velocity (Ustar) <0.4 m s−1 to account for periods of potentially insufficient turbulent mixing 
(Knowles, Scott, Biederman, et al., 2020). To integrate EC tower, UAS, and satellite observations, we focused on 
two periods: (a) 7-day average micrometeorological variables centered on the UAS flight day (Figure S1 in Sup-
porting Information S1; see Section 2.2); and (b) key seasonal periods (Figure S2 in Supporting Information S1).

2.2. Unmanned Aircraft Systems (UAS)

Optical and thermal UAS imagery was acquired using a DJI Mavic 2 Enterprise Dual on November 14, 2020 
(Figure S3 in Supporting Information S1). To collect the same image footprint during the flight, we designed au-
tonomous flight planning using the DJI Pilot application (Figure S4 in Supporting Information S1). A total of four 
flights were performed and repeated at 1.5-hr intervals between 10:30 and 15:00 MST using a double-grid flight 
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plan to maximize forward and side overlap among single images. A 30-m Shuttle Radar Topography Mission 
(SRTM) Digital Elevation Model was used to maintain an altitude of 60-m above ground level during flight (Farr 
et al., 2007). Since the study area was characterized by topographical complexity, this function allowed for image 
captures with the same Ground Sample Distance (GSD) throughout the flight. The total area of the mission was 
approximately 22,500 m2 (150-m x 150-m; Figure 1b), and the total travel distance was approximately 1.5-km 
per mission (Figure S4 in Supporting Information S1). The DJI Mavic 2 Enterprise Dual carries both optical and 
thermal sensors; the optical sensor detects visible light and the thermal sensor converts surface temperature into 
Digital Number (DN) values. Each sensor has a different field of view, however, so their GSD is different at the 
same altitude (Figure S5 in Supporting Information S1). At the 60 m altitude level, the GSD was approximately 
0.5-cm for the optical sensor and 3.4-cm for the thermal sensor.

Figure 1. (a) Illustration of the instruments that were used in the current study including thermal Unmanned Aircraft 
Systems (UAS), eddy covariance flux tower, tree sap flow sensors, Photochemical Reflectance Index (PRI), and ECOsystem 
Spaceborne Thermal Radiometer Experiment on Space Station (ECOSTRESS) satellite data. (b) Arrangement of the various 
instruments within the footprint of the UAS (red) and ECOSTRESS (blue) data.
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Structure from motion (SfM) is a photogrammetric range imaging technique for estimating three-dimensional 
structures from two-dimensional image sequences that may be coupled with local motion signals (Ullman & 
Brenner, 1979). Raw digital images were taken by the optical and thermal cameras attached to the UAS with a 
gimbal. The optical images were then mosaicked based on tie-point extraction and image matching algorithms 
(Bay et al., 2008; Lowe, 1999) and then transformed into an optical dense point cloud using methods embedded 
in the software package Agisoft Photoscan v.1.5.2. Since the thermal images have a lower spatial resolution, the 
total number of points in the dense cloud (18 million points) is lower than the optical point cloud (24 million 
points). After the SfM process using the Agisoft Photoscan software, orthomosaicked thermal images were con-
verted from digital numbers to temperature units (°C) using Minimum-Maximum linear contrast stretch (Al-amri 
et al., 2010; Lee, 2012) based on the target temperature range (−5–15°C) that was set with the UAS controller 
unit. Both images were georeferenced based on onboard GPS flight information, and the total Root Mean Square 
Error (RMSE) error was found to be less than 1-m. Soil temperatures were excluded from the UAS thermal meas-
urements using RGB image classification into canopy and soil. Point cloud data were then used to reconstruct the 
study area, and additional models were used to extract tree height, tree density, and canopy cover using the lidR 
package in R (Roussel et al., 2018). Previous research has verified that the SfM technique out-performs standard 
Lidar approaches for our study ecosystem type (Jin et al., 2020; Michael et al., 2019). The 3D RGB views of the 
UAS flights and a comparison between SfM-based and Lidar optical point cloud data are shown in Figure S6 in 
Supporting Information S1.

As a proxy of ambient dryness imposed on the canopy, VPD at the canopy surface (VPDc) was calculated using 
Tc (Yi et al., 2020):

� ��� = ��sat − ��air , where (1)

��sat =
610.7.10

7.5 ��
237.3+��

1000
, and (2)

��air =
610.7.10

7.5 ��
237.3+��

1000
.RH
100

 (3)

where 𝐴𝐴 𝐴𝐴𝐴𝐴sat is the saturated vapor pressure of the air, 𝐴𝐴 𝐴𝐴𝐴𝐴air is the actual vapor pressure of the air, 𝐴𝐴 RH is relative 
humidity, 𝐴𝐴 𝐴𝐴𝑐𝑐 is the canopy temperature measured by the thermal UAS and 𝐴𝐴 𝐴𝐴𝑎𝑎 is the air temperature at 31-m height. 
The 𝐴𝐴 𝐴𝐴𝑎𝑎 and 𝐴𝐴 RH were measured by the flux tower (Yi et al., 2020).

2.3. Tree Sap Flow and the Photochemical Reflectance Index (PRI)

Sap flow was measured on the north and south sides of two Mexican white pines, one Ponderosa pine and one 
Douglas-Fir individual using the thermal dissipation probe method (Granier, 1987; Yang et al., 2020). Data were 
logged at 30 min resolution using an upper heated probe and lower reference probe (TDP-30, Dynamax Inc., 
Houston, TX) implanted in the sapwood of the tree approximately 40-mm apart. Sap flow velocity (cm hr−1) was 
calculated according to:

𝑉𝑉𝑠𝑠 = 0.0119𝐾𝐾
1.231

× 3600 (4)

where K is calculated according to:

𝐾𝐾 =
dTM − dT

dT
 (5)

and 𝐴𝐴 dT and 𝐴𝐴 dTM represent the temperature difference (°C) between the two probes, and the maximum tempera-
ture difference between 24:00 and 7:00, respectively.

PRI was measured using autonomous Spectral Reflectance Sensors (METER Group, Inc., Pullman, WA) mount-
ed at 24-m above ground level on the US-MtB tower (Yang et al., 2020). The PRI sensors use photodiodes with 
narrow band-pass filters centered at the 532- and 570-nm wavelengths with 10-nm full width half maximum 
bandwidths. A hemispherical upward-looking sensor and a field stop downward-looking sensor measured incom-
ing and upwelling radiation (W m−2 sr−1 nm−1), respectively (Yang et al., 2020). We only used data where solar 
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zenith angle minus sensor angle (20°) were less than 40° based on Mõttus et al. (2015) and Yang et al. (2020) who 
found that geometry effects on canopy PRI were small for angles within this range. PRI was calculated at 10 min 
intervals according to Equation 6:

PRI =
𝜌𝜌532 − 𝜌𝜌570

𝜌𝜌532 + 𝜌𝜌570
 (6)

where 𝐴𝐴 𝐴𝐴532 is the spectral reflectance value at a center wavelength of 532-nm and 𝐴𝐴 𝐴𝐴570 is the spectral reflectance 
value at a center wavelength of 570-nm. The field of view (FOV) was restricted to 36° by downward-looking 
sensor interference filters. The sensor was mounted at 24-m height on the MtB EC tower, roughly 12-m above 
the top of the canopy, and tilted off-nadir at an angle of 20° that resulted in a FOV of approximately 50-m2 (Yang 
et al., 2020). The PRI sensor faced west and therefore measured eastern facing needles. Within the sensor FOV 
were full or partial canopies of five trees (three P. ponderosa and two P. strobiformis, no understory vegetation), 
four of which were equipped with sap flow sensors (Yang et al., 2020). After checking the quality of sap flow 
data, four sensors on two trees were selected for sap flow analysis (Figure 1).

2.4. ECOSTRESS

Data from ECOSTRESS provide unique spatial and temporal resolution for scientific and other applications with 
a primary focus on plant water use and stress (e.g., evapotranspiration, water use efficiency; Fisher et al., 2020). 
Located onboard the International Space Station (ISS) with a non-sun-synchronous orbit, ECOSTRESS provides 
sampling at 70-m spatial resolution every 1–5 days and can capture diurnal cycle variabilities. Evapotranspiration 
(ET) is one of the primary science output variables of the ECOSTRESS mission. ET is a Level-3 (L-3) product 
constructed from a combination of the ECOSTRESS Level-2 (L-2) Land Surface Temperature (LST) and an-
cillary data products (Anderson et al., 2021). The instrument includes a Thermal Infrared (TIR) multispectral 
scanner with five spectral bands in the TIR between 8 and 12.5-μm. The five bands have a Noise Equivalent Tem-
perature (NEΔT) of <0.3°K at 300°K and all bands have a swath width of 402-km (53°; Hook & Hulley, 2019). 
ECOSTRESS uses the Temperature Emissivity Separation (TES) algorithm to separate LST and emissivity from 
the total radiance (Gillespie et al., 1998).

For this study, low-quality flag ECOSTRESS LST data were removed, and the best quality LST data of a 2*2 Pix-
el (140-m x 140-m) ECOSTRESS box over the US-MtB EC site were averaged (Figure 1b). For a given location, 
ECOSTRESS is capable of capturing LST/ET data at a variable overpass time once every 3–5 days. As a result, to 
plot ECOSTRESS LST as sampled throughout the day, we collated LST/ET data over the course of a time interval 
(e.g., 2–4 months) and then binned these data into time intervals (e.g., 3 hr). The LST data were then averaged in 
seasonal 3-hr intervals to determine diurnal ECOSTRESS LST changes by season.

3. Results
3.1. UAS-Based Site Characterization

The flux tower study site was characterized by high heterogeneity in elevation, slope, aspect, tree density, and 
tree height. To account for the effects of these factors on canopy temperature dynamics, we divided the study 
area into four quadrants (Figure 2). Overall, there was approximately a 33-m variation in elevation over the site 
where Zone 2 and Zone 3 were highest and lowest, respectively (Figure 2b); Zones 1 and 2 had the highest and 
the lowest slopes (Figure 2c). With respect to aspect, the main aspect of Zones 2 and 4 was toward the southeast, 
Zones 1 and 3 were oriented toward the West, and the EC tower was located between these two main aspects 
(Figure 2d). There were 787 total trees distributed throughout the site: tree density was greatest in Zone 1 (209 
trees) and least in Zone 4 (164 trees; Figure 2e). The maximum average tree height of 17.3 m occurred in Zone 3 
and the minimum average tree height of 12.9 m occurred in Zone 1 (Figure 2f).

3.2. UAS-Based Diurnal Canopy Temperature Dynamics

We measured land surface temperature variations between −5 and 15°C over the course of the day during our di-
urnal flight campaign on November 14, 2020 (Figure 3). Negative values mainly corresponded to a small amount 
of early season snow cover that persisted in Zone 1. Changes in the direction of light are clearly shown in the 
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images, and high land surface temperatures mainly coincided with patches of sunlit soil. During the UAS flights, 
the average air temperature at 31 m height was 7.2°C, the average relative humidity was 35% and the average 
VPD was 0.66 kPa.

Mean diurnal patterns of Tc reached a maximum around 12:00 (Figures 4a and 4b). The diurnal variation of Tc 
was higher in Zone 4 (lower tree density/shorter trees) than in Zones 1 and 3 (higher tree density/taller trees). In 
the morning, the air temperature was higher than the canopy temperature in all classes/zones. At noontime, max-
imum Tc occurred across all classes, but was highest in low density (Figure 4c) and short tree stands (Figure 4e). 
At 13:30, Ta reached a maximum while Tc decreased in the majority of tree classes. Among classes, lower density 
trees (Figure 4c) and short trees (Figure 4e) heated faster in the morning. Generally, the diurnal variability of 
low density and shorter tree stands was notably higher than high density and taller trees stands. The correlation 

Figure 2. (a) RGB view, (b) elevation, (c) slope, (d) aspect, (e) tree density where Low ≤ 92 trees/ac, Mid = 92–143 trees/
ac, and High = 143–181 trees/ac, and (f) tree height where Tall ≥20 m, Mid: 10–20 m and Short ≤10 m based on Unmanned 
Aircraft Systems flights over the study area.
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coefficient between individual tree height and Tc at 10:30, 12:00, 13:30, and 15:00 was 0.21, −0.42, −0.37, and 
0.28 respectively that indicates a negative relationship between tree height and Tc at noontime.

Mean diurnal VPDc patterns closely followed the corresponding Tc, where VPDc was lower than VPDa in the 
morning and started to exceed VPDa around midday (Figures 4b, 4d, and 4f). Similar to Tc, VPDc decreased in 
the afternoon even when VPDa was increasing. Differences between VPDc and VPDa were sensitive to whether 
Tc or Ta was used to estimate the saturation vapor pressure. However, VPDa also changed with relative humidity 
(RH), considering that the actual vapor pressure of the air is a function of both Ta and RH. Although we measured 
Ta and RH near canopy height, these values can be lower than Ta and RH at the leaf surface due to differences in 
turbulent mixing that can combine to result in reduced VPDc (Yi et al., 2020). We assumed these micro-meteor-
ological influences to be negligible but recognize that they could bias our results.

3.3. Canopy Temperature and Ecohydrologic Variability of the Ecosystem

Deviations between Ta and Tc tracked diurnal tree sap flow and PRI dynamics and reached a minimum when sap 
flow was near minimum and PRI was most negative at approximately 12:00 (Figures 5a and 5b). Similarly, the 
deviation between Ta and Tc reached a maximum during peak sap flow and when PRI was least negative, which 
occurred at approximately 15:00. Latent heat flux was maintained near maximum between 9:00 and 14:00 when 
sap flow was relatively low, which indicated greater physical evaporation in the morning and greater transpiration 
in the afternoon as a fraction of the total latent heat flux.

In accord with the UAS Tc observations, ECOSTRESS LST observations were highly consistent with both tree 
sap flow and PRI. The deviation between Ta and ECOSTRESS LST reached a minimum when sap flow was 
near minimum and PRI was most negative, which occurred at approximately 12:00. Similarly, the deviation 
between Ta and ECOSTRESS LST reached a maximum value during peak sap flow and when PRI was least 
negative, which occurred at approximately 15:00. ECOSTRESS LST data were more variable than UAS canopy 
temperature observations likely due to the fact that ECOSTRESS LST represents the average of soil and canopy 

Figure 3. Unmanned Aircraft Systems (UAS) thermal images on November 14, 2020 at (a) 10:30, (b) 12:00, (c) 13:30, and 
(d) 15:00 MST over the US-MtB eddy covariance site (Spatial Resolution: 10 cm/px).
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temperature. Notably, peak sap flow occurred roughly 1 hr after peak latent heat flux for the full winter period 
(Figure 5a); whereas peak sap flow occurred 6 hr after peak latent heat flux on the flight day (Figure 5c).

3.4. Seasonal Patterns of ECOSTRESS LST and the Ecohydrologic Variability of the Ecosystem

We observed the highest and lowest deviations between Ta and ECOSTRESS LST during the pre-monsoon and 
winter seasons, respectively (Figure 6a). Averaging across all seasons, ECOSTRESS LST as an index of Tc was 
1.2°C lower than Ta, which was comparable to the UAS Ta-Tc difference of 1.8°C. Changes in latent heat flux 
were very consistent with deviations between Ta and ECOSTRESS LST (Figure 6b). For all seasons, between 
12:00 and 15:00, Ta — ECOSTRESS LST decreased as a function of both increased Ta and decreased ECOS-
TRESS LST over this period (Figure 6a; Figure S9 in Supporting Information S1). Again, for all seasons, peak 
latent heat flux occurred at 14:00 (Figure 6b) and peak sap flow occurred at 15:00; thus, peak sap flow consist-
ently occurred approximately 1 hr after the peak in ecosystem latent heat flux (Figures 6b and 6c). Both variables 
peaked at midday when Tc was relatively depressed by the associated latent heat flux, as opposed to sap flow 
that peaked at 15:00 in all seasons due to the time-dependent redistribution of water within the trees (Figure 6c).

Additionally, the regional analysis of ECOSTRESS LST on November 28, 2020, in a larger area centered by the 
flux tower (Figure S10 in Supporting Information S1) indicated that ECOSTRESS LST was 1.1°C cooler than 

Figure 4. Diurnal variation of (a) canopy temperature and (b) vapor pressure deficit (VPD) among the four different zones, (c) canopy temperature and (d) VPD as 
a function of tree density, and (e) canopy temperature and (f) VPD as a function of tree height using Unmanned Aircraft Systems thermal and flux tower data. Bars 
denote one standard deviation.
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the developed/open space class (Figure S11a in Supporting Information S1). 
ECOSTRESS LST was also 5.3°C cooler in low elevation areas than in high 
elevation areas due largely to higher slopes that were less sensitive to incom-
ing radiation in the low elevation areas (Figures S11b and S11c in Supporting 
Information S1).

4. Discussion
4.1. Spatiotemporal Variability in Canopy Temperature Is Regulated 
by Structural Traits

The relationship between Tc and Ta varied profoundly among tree density 
and height classes, with taller and denser tree stands exhibiting relatively low 
|Tc–Ta| (2.4°C and 2.1°C cooler canopies, respectively) compared to short-
er and lower density stands (1.7°C and 1.5°C cooler canopies, respective-
ly). Considering the entire study area, Tc was 1.8°C lower than Ta, which is 
comparable to previously reported deviations between Tc and Ta (1°C–2°C; 
Alkama & Cescatti, 2016; Bright et al., 2017; Yi et al., 2020). This result 
corresponds to evaporative cooling that arises from conversion of sensible 
heat to latent heat through a combination of water loss from leaves during 
transpiration and water loss from soil surfaces by evaporation (Hamada & 
Ohta, 2010; Tan et al., 2018).

In the morning (10:30–12:00), the air temperature was higher than the can-
opy temperature in all classes and zones due to lower water stress, less in-
coming radiation, and lower photosynthetic activity. At noontime, maximum 
Tc occurred across all classes, but was highest in low density (Figure 4c) and 
short tree stands (Figure 4e). These results demonstrate that canopy structure 
has a significant impact on evaporative cooling.

4.2. Diurnal Variability in Canopy Temperature Tracked the 
Ecohydrologic Sensitivity of the Ecosystem

UAS results showed that deviations between Ta and Tc captured diurnal tree 
sap flow and PRI dynamics (Figures 5a and 5b). At 12:00, the deviation be-
tween Ta and Tc reached a minimum, tree sap flow was near a minimum, and 
PRI was at its most negative. Together, these findings suggest acute water 
and light stress in addition to low transpiration rates (closed stomata), which 
explains the relatively high canopy temperature (low evaporative cooling) 
and low rates of sap flow at this time. Moreover, the co-occurring negative 
PRI measurement indicates that light energy was being diverted to energy 
dissipation pathways (non-photochemical quenching), and photosynthesis 
was relatively low at this time due to low CO2 uptake (closed stomata).

By 15:00, the deviation between Ta and Tc reached a maximum value, sap 
flow peaked, and PRI was at its least negative. Together, these findings 
suggest a shift toward relatively high rates of transpiration (open stomata), 
which explains the decline in canopy temperature in spite of rising air tem-
perature and maximum sap flow (open stomata). Moreover, the co-occurring 
maximum PRI values indicate that a relatively large fraction of light energy 
was allocated to photochemistry and that photosynthesis was relatively high 

(open stomata). These findings are consistent with previous studies in croplands that have made connections 
between seasonal PRI and ecohydrologic factors (Magney et al., 2016; Yi et al., 2020; Zarco-Tejada et al., 2013). 
In particular, our findings support a previous study at this site where PRI was found to track seasonal sap flow 
dynamics (Yang et al., 2020). Here, we extend these lines of inquiry by demonstrating that canopy temperature 

Figure 5. (a) Mean tree sap flow, Photochemical Reflectance Index 
(PRI), and latent heat flux (LE) at US-MtB on November 14, 2020. (b) Air 
temperature (Ta), thermal Unmanned Aircraft Systems canopy temperature 
(Tc), and air temperature minus canopy temperature (Ta-Tc) at US-MtB on 
November 14, 2020. (c) Mean tree sap flow, mean PRI, and mean latent heat 
flux (LE) at US-MtB from November 1, 2020 to February 28, 2020. (d) Mean 
air temperature (Ta), ECOsystem Spaceborne Thermal Radiometer Experiment 
on Space Station (ECOSTRESS) Land Surface Temperature (LST), and 
air temperature minus ECOSTRESS Land Surface Temperature (Ta-
(ECOSTRESS LST)) from November 1, 2020 to February 28, 2020. Shaded 
areas denote one standard deviation.
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represents an independent proxy with which to represent physiological water stress at the diurnal scale (Rossini 
et al., 2013).

Similar to UAS canopy temperature data, diurnal ECOSTRESS LST was highly correlated with both diurnal PRI 
and tree sap flow dynamics, which indicates that ECOSTRESS LST accurately captured canopy dynamics at our 
relatively high vegetation density site (Figures 5c and 5d). Importantly, this indicates that ECOSTRESS LST 
observations could offer critical insight into diurnal-to-seasonal changes in stomatal regulation and ecosystem 
transpiration with implications for partitioning latent heat flux into its component parts. However, the role of 
ecosystem structure in mediating canopy temperature and rates of evaporation and transpiration was not apparent 
at 70-m spatial resolution (Figure 3). That the ECOSTRESS LST data were more variable than the UAS canopy 
temperature observations was likely due to ECOSTRESS LST representing the average of community composi-
tions/arrangements with different percentages of soil and canopy cover. As a result, our study demonstrates the 
importance of high spatial resolution UAS observations of canopy temperature (10-cm) and ecosystem structural 

Figure 6. The diurnal average (a) air temperature (Ta) minus ECOsystem Spaceborne Thermal Radiometer Experiment on Space Station land surface temperature, (b) 
latent heat flux, (c) and tree sap flow as a function of season at US-MtB, between July 2018 and February 2021. Bars denote one standard deviation.
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traits (individual tree centroids) to better understand diurnal LST dynamics, in order to more accurately partition 
site-level soil evaporation and canopy transpiration. Many approaches to partition evaporation and transpiration 
rely on the notion that plant canopy conductance and ecosystem water use efficiency exhibit optimal responses 
to atmospheric VPD (Scott & Biederman, 2017; Stoy et al., 2019). Another critical assumption for most parti-
tioning approaches is that evapotranspiration (ET) can be approximated as transpiration during ideal transpiring 
conditions, which has been challenged by observational studies (Li et al., 2019; Perez-Priego et al., 2017; Stoy 
et al., 2019). Stoy et al. (2019) demonstrate that transpiration can exceed 95% of ET from certain ecosystems, but 
other ecosystems do not appear to reach this value, which suggests that this assumption may be ecosystem-de-
pendent with implications for partitioning. Our thermal imaging has made it possible to make radiometric surface 
temperature observations at increasingly fine spatial and temporal resolutions (Jones, 2004; Stoy et al., 2019; 
Talsma et al., 2018), such that evaporation and transpiration can be measured individually from the surfaces from 
which they arise. This partitioning is especially important in spatially heterogeneous dryland ecosystems (Smith 
et al., 2019).

The latent heat flux (measured by the eddy covariance tower) remained near maximum between 9:00 and 14:00 
and did not track diurnal tree sap flow dynamics during the UAS flight (Figure 5a). This finding reinforces that 
high rates of evaporation (not transpiration) were driving increased latent heat flux in the morning. Considering 
the entire winter period, peak sap flow lagged peak latent heat flux by only approximately 1 hr. Given the general 
phase agreement between transpiration and total evapotranspiration during the winter, the disconnect between la-
tent heat flux and sap flow on the UAS flight day was likely a legacy of a precipitation event that occurred 5 days 
prior. Previous studies have found that lags between sap flow and LE can result from non-steady state conditions 
and time-dependent redistribution of water within the trees (Granier et al., 1996). Taken together, these results 
demonstrate that spatial thermal data including thermal UAS and ECOSTRESS are able to capture differences 
between evaporation and transpiration that are consistent with direct tree sap flow measurements.

4.3. ECOSTRESS Observations Captured the Diurnal Ecohydrologic Sensitivity of the Ecosystem

ECOSTRESS observations captured aspects of the seasonal change in diurnal latent heat flux and sap flow 
dynamics. Across seasons, between 12:00 and 15:00, Ta - ECOSTRESS LST decreased as a result of both an 
increase in Ta and a decrease in ECOSTRESS LST over this period (Figure 6a; Figure S9 in Supporting Infro-
mation S1). Observed decoupling between air temperature and LST was indicative of an increase in evaporative 
cooling over this time period, most likely due to an increase in transpiration. In support of this hypothesis, we 
also observed a peak in sap flow occurring at 15:00 across multiple pre-monsoon periods (Figure 6a). Sap flow 
consistently peaked 1 hr after the peak in latent heat flux, likely due to the time-dependent redistribution of water 
within the trees (Fisher et al., 2007). These results support a growing body of research showing that ECOSTRESS 
LST data can be used to inform transpiration dynamics Xiao et al. (2021).

The current study was limited to pre-monsoon periods due to the relatively long revisit frequency of the ECOS-
TRESS instrument and the significant increase in cloud cover during the monsoon season (Fisher et al., 2020; Liu 
et al., 2021). These limitations indicate the benefit of a next generation, high spatiotemporal resolution thermal 
sensor capable of tracking diurnal surface temperature dynamics. To address this, NASA's planned mission for 
Surface Biology and Geology (SBG) is expected to include 5 thermal infrared bands with spectral ranges of 
8–12 μm and 3–5 μm, 40–60 m spatial resolution, 1–7 days revisit time, and global coverage (Cawse-Nicholson 
et al., 2021). The planned Hydrosat constellation may also be capable of breaking through current barriers to 
provide field-scale TIR and VNIR data multiple times per day (Kevin & Scott, 2021). Although geostationary 
satellites such as GOES-R series have high frequent diurnal sampling, coarse spatial resolution (e.g., 2 km for 
TIR bands) produces mixed pixels containing plant species or individuals with different diurnal cycles (Xiao 
et al., 2021). As a result, future efforts that fuse SBG, ECOSTRESS, Hydrosat, and/or GOES toward a diurnal 
LST product at high spatial and temporal resolution have the potential to significantly improve current under-
standing of vegetation ecohydrologic function and water stress dynamics across global ecosystems (Anderson 
et al., 2011, 2021; Smith et al., 2019).
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5. Conclusions
In this study, we used a thermal UAS over a semiarid mixed conifer forest site in conjunction with eddy covari-
ance, tree sap flow, PRI, and ECOSTRESS satellite imagery data to assess diurnal vegetation water stress. The 
relationship between Tc and Ta varied significantly according to tree density and tree height classes, with taller 
and denser tree stands exhibiting relatively low |Tc–Ta| (2.4 and 2.1°C cooler canopies, respectively) compared 
to shorter and lower density stands (1.7 and 1.5°C cooler canopies, respectively). Considering the entire study 
area and all flights, Tc was 1.8°C lower than Ta, which was comparable to previously reported deviations between 
Tc and Ta of 1–2°C. Both UAS canopy temperature and ECOSTRESS LST-based measurements captured sap 
flow and PRI dynamics, and indicated significant photosynthetic activity and evaporative cooling throughout the 
winter. In contrast to eddy covariance measurements that do not provide direct partitioning of evaporation and 
transpiration, spatial thermal data including from UAS- and space-borne platforms (ECOSTRESS) reflected this 
partitioning and were consistent with sap flow. This study contributes to a better understanding of how vegetation 
functional traits, types, and composition combine to influence vegetation water stress, toward improved estimates 
of ecosystem function over space and time.

Data Availability Statement
The data sets used in the current study are available in the Zenodo data repository (https://doi.org/10.5281/
zenodo.5021376).
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