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ARTICLE INFO ABSTRACT

Keywords: Forest ecosystem services such as clean water, wildlife habitat, and timber supplies are increasingly threatened
Evapotranspiration (ET) by drought and disturbances (e.g., harvesting, fires and conversion to other uses), which can have great impacts
Drought on stand development and water balance. Improved understanding of the hydrologic response of forested sys-
Disturbance

tems to drought and disturbance at spatiotemporal resolutions commensurate with these impacts is important for
effective forest management. Evapotranspiration (ET) is a key hydrologic variable in assessing forest functioning
and health, but it remains a challenge to accurately quantify ET at landscape scales with the spatial and temporal
detail required for effective decision-making. In this study, we apply a multi-sensor satellite data fusion approach
to study the response of forest ET to drought and disturbance over a 7-year period. This approach combines
Landsat and Moderate Resolution Imaging Spectroradiometer (MODIS) ET product time series retrieved using a
surface energy balance model to generate a multi-year ET datacube at 30-m resolution and daily timesteps. The
study area (~900 km?) contains natural and managed forest as well as croplands in the humid lower coastal
plains in North Carolina, USA, and the simulation period from 2006 to 2012 includes both normal and severe
drought conditions. The model results were evaluated at two AmeriFlux sites (US-NC2 and US-NC1) dominated
by a mature and a recently clearcut pine plantation, respectively, and showed good agreement with observed
fluxes, with 8-13% relative errors at monthly timesteps. Changes in water use patterns in response to drought
and disturbance as well as forest stand aging were assessed using the remotely sensed time series describing total
evapotranspiration, the transpiration (T) component of ET, and a moisture stress metric given by the actual-to-
reference ET ratio (frer). Analyses demonstrate differential response to drought by land cover type and stand
age, with larger impacts on total ET observed in young pine stands than in mature stands which have sub-
stantially deeper rooting systems. Transpiration flux shows a clear ascending trend with the growth of young
pine plantations, while stand thinning within the plantation leads to decreases in both remotely sensed leaf area
index and T, as expected. Time series maps of frzr anomalies at 30-m resolution capture signals of drought,
disturbance and the subsequent recovery after clearcut at the stand scale and may be an effective indicator for
water use change detection and monitoring in forested landscapes.
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1. Introduction factors, generally relating to human or nature-induced disturbance and
changing climate. In this context, disturbance includes forest har-

Forests provide many important ecosystem service functions, in- vesting, thinning, wind throw, fire, ice storm, landslide, flooding,
cluding wildlife habitat, timber production and watershed water reg- avalanche, insect outbreaks, and land conversion. Changes in climate,
ulation (Sun et al., 2017b). Decline in forests can be caused by many including air temperature, humidity and precipitation regime, also
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affect forest ecosystems and can serve as a modulator of disturbances.
For example, short-term drought can make forests more susceptible to
insect attack and wildfire, while prolonged drought can directly cause
tree mortality (Allen et al., 2010; Anderegg et al., 2015). To better
understand the influence of disturbance and drought on forests, nu-
merous studies have been conducted using field observations collected
under natural conditions (Anderegg et al., 2012, 2015; Baldocchi, 1997;
Clinton et al., 1997; Noormets et al., 2010; Sun et al., 2015) and under
simulated drought such as via throughfall reduction (Anderegg et al.,
2013; MacKay et al., 2012; Wullschleger and Hanson, 2006). In these
studies, the focus has generally been on observing the response of in-
dividual trees/stands over limited time periods. Given that trees with
different ages, species and underlying edaphic conditions may respond
differently to climate drivers (Esper et al., 2008; Yang et al., 2017b),
conclusions drawn from data collected for individual trees may be
modified at the forest stand or watershed level (Clark et al., 2016).

To complement in situ measurements, remote sensing data have
been adapted for forest ecosystem research, exploiting the broad cov-
erage and long-time series of measurements provided by the collective
suite of available Earth observing systems. Many studies have used
Moderate Resolution Imaging Spectroradiometer (MODIS) vegetation
index data to monitor forest condition around the world at scales of
250 m and coarser (Saleska et al., 2007; Sims et al., 2006; Verbesselt
et al., 2009). At finer scales, Landsat data at 30 m resolution have been
used to monitor forest disturbance through resulting changes in surface
reflectance (Masek et al., 2008; Wulder et al., 2008; Huang et al., 2010;
Zhu et al., 2012; Kennedy et al., 2014; Cohen et al., 2016; Wang et al.,
2016; Zhu, 2017). While these studies focused more on mapping dis-
turbance and recovery and analyzing causality agents, relatively few
studies have looked at the impact of disturbance and drought on water
and energy balance within forest landscapes, especially at spatial and
temporal scales capable of resolving variability in impacts. These bal-
ances can be effective indicators of ecosystem health and functioning
and impact on water yield (Boggs et al., 2015; Cornish and Vertessy,
2001).

Evapotranspiration (ET) is a key component of both water and en-
ergy budgets. ET links the biological and hydrological cycles, and it is a
critical variable in many physical-based eco-hydrological models (Sun
et al., 2011a, 2011b, 2016). To assess the impact of disturbance and
drought on water use in forested systems, three generalized methods of
ET estimation have typically been employed (Domec et al., 2012; Sun
et al., 2016). High temporal resolution measurements of ET have been
made worldwide using eddy covariance (Baldocchi, 1997) and sapflow
techniques (Kume et al., 2007; MacKay et al., 2012; Oishi et al., 2008).
For watershed scale ET estimates, water balance methods have been
used to calculate ET as the residual of precipitation and runoff (Vose
and Swank, 1994; Sun et al., 2010); however, the underlying assump-
tion that change in soil water storage is zero may not be appropriate for
estimating ET at daily time steps. A third approach uses hydrologic
models to estimate ET (Domec et al., 2015; Sun et al., 2011b), ac-
counting for the full watershed hydrological cycle. Recently, remote
sensing has been accepted by the forest community as a means to es-
timate stand-level ET, providing information about the spatial dy-
namics of water use at large scales (Sun et al., 2011b, 2016), which is
not possible from traditional observation methods.

One common remote sensing method for estimating ET is the sur-
face energy balance approach based on land surface temperature (LST)
retrieved from thermal infrared (TIR) imagery. LST is an effective di-
agnostic indicator of the land surface moisture status (Anderson et al.,
2011, 2012a; Karnieli et al., 2010; Sandholt et al., 2002). One challenge
of using remotely sensed LST is the limited availability of high spatio-
temporal resolution observations. MODIS provides near daily LST ob-
servations but only at 1 km spatial resolution. Landsat has higher spa-
tial resolution (60-120 m), but the revisit time is 16 days for a single
platform, and clear-sky acquisitions can be much less frequent in areas
with persistent cloud cover. To address this issue, data fusion
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techniques have been used to combine MODIS and Landsat ET time
series to generate daily ET maps at Landsat spatial resolution. ET fusion
analyses using the Spatial and Temporal Adaptive Reflectance Fusion
Model (STARFM; Gao et al., 2006) have been successfully applied over
rainfed and irrigated crops (Cammalleri et al., 2013, 2014; Sun et al.,
2017a, 2017b, 2017c; Yang et al., 2017a) and irrigated vineyards
(Semmens et al., 2016) to study variability in water use patterns over
agricultural landscapes. Yang et al. (2017b) described the first appli-
cation of this system to a forested landscape, evaluating model per-
formance at Landsat scale for a clearcut and a mature pine plantation
site in North Carolina, USA for a single growing season during 2013.

In this paper, we expand on the investigation of Yang et al. (2017b),
using a multi-year time series of 30-m daily ET data from the fusion
methodology to investigate changes and trends in water use in the
North Carolina study site over multiple growing seasons, covering the
period 2006 to 2012. This period includes two consecutive years of
severe drought — 2007 and 2008 — as well as forest thinning in 2009
(Liu et al., 2018). The Landsat 30-m resolution provided by the data
fusion system enables evaluation of ET response at the scale of land
management, facilitating investigation of coupling between land and
water use change. The objectives of this study were: (1) to evaluate the
accuracy of multi-year ET retrieval in comparison with eddy flux tower
observations in young and mature managed forest stands, respectively;
(2) to assess the drought impact on ET over different land cover types
and pine plantations with various stand ages; (3) to assess the impact of
disturbance on pine stand ET and the subsequent recovery in con-
sumptive water use.

2. Methods

The multiscale ET framework used in this study includes the re-
gional scale Atmosphere-Land Exchange Inverse (ALEXI) model based
on thermal data from geostationary satellites (4-km resolution) and an
associated disaggregation algorithm (DisALEXI) that uses higher re-
solution MODIS (1 km) and Landsat (60-120 m) thermal infrared ima-
gery to downscale ALEXI fluxes. The MODIS and Landsat retrieved ET
are subsequently fused to generate high spatiotemporal resolution ET
time series using Spatial and Temporal Adaptive Reflectance Fusion
Model (STARFM). A summary of this multiscale ET system is provided
below; additional details regarding the ET fusion process can be found
in Cammalleri et al. (2013, 2014) and other papers cited below.

2.1. ALEXI/DisALEXI

The foundation of ALEXI and DisALEXI is the two source energy
balance (TSEB) model, which was developed by Norman et al. (1995)
and further refined by Kustas and Norman (1996). The TSEB model
partitions the observed directional radiometric surface temperature and
derived energy fluxes between two nominal sources: the soil and ve-
getation components of the scene (Egs. (1) and (2))

Rn,s = Hg + LEg + Go (])
R,.=H; + LE, 2)

where the subscripts “s” and “c” represent soil and canopy energy flux
components (in W m72), R, is net radiation, H is sensible heat flux, LE is
latent heat flux and G, is soil heat flux. Directional surface radiometric
temperature (Trap(0)) partitioning is approximated using the local
fraction of vegetation cover, f(J), observed at the view angle (&) of
the thermal sensor:

Trap (@) =f@)T* + [1 - fF@D)IT* 3

where f(©)is derived from a remotely sensed leaf area index (LAI) es-
timate using Beer's Law. The diagnosed soil and canopy temperatures,
Ts and T,, are used to constrain the sensible heat fluxes H; and H, using
a series resistance formalism coupling the two sources with the in-
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canopy and above-canopy air temperature (Kustas and Norman, 1999,
2000). Canopy transpiration (LE.) is estimated with a modified
Priestley-Taylor approach with the initial assumption that the vegeta-
tion is under unstressed conditions, and soil evaporation (LE;) com-
puted as a residual to the soil energy budget. If LE; is less than zero, LE,
is down-regulated from the unstressed rate, governed by the assump-
tion that condensation onto the soil (LE; < 0) under daytime clear-sky
conditions is unlikely. Further information regarding the TSEB model is
provided by Kustas and Anderson (2009).

The regional scale ALEXI model applies the TSEB to observations of
morning LST rise acquired from geostationary platforms (Anderson
et al., 1997, 2007). Instead of using absolute instantaneous LST mea-
surements, a time-differential measurement is used to reduce impact of
biases incurred in the calibration and atmospheric correction of the LST
retrievals. ALEXI combines TSEB with a simple slab model of morning
atmospheric boundary layer (ABL) growth to obtain energy closure over
this morning time period. To produce ET estimates at higher resolution
than can be supported from geostationary data, the ALEXI fluxes can be
spatially disaggregated with the DisALEXI approach (Anderson et al.,
2004; Norman et al., 2003) using finer scale air- or spaceborne remote
sensing observations. Further information about ALEXI/DisALEXI can
be found in Anderson et al. (2005, 2008, 2010, 2012b).

2.2. Data fusion

In this study, MODIS and Landsat derived variables (LST, LAI, and
surface albedo) were used as input to DisALEXI to obtain 1-km MODIS
scale (near daily) and 30-m Landsat scale (periodic) ET retrievals. Prior
to fusion, gaps in Landsat scene coverage resulting from cloud cover or
the scan line corrector failure on Landsat 7 are filled using the gap-
filling procedure described in Yang et al. (2017b). MODIS ET maps are
gap-filled to daily coverage by temporally interpolating the ratio of
MODIS to ALEXI ET determined for clear pixels in the MODIS time
series.

Gap-filled ET retrievals from DisALEXI using MODIS and Landsat
TIR data are then fused to generate daily Landsat-scale ET time series
using STARFM (Gao et al., 2006). STARFM uses MODIS-Landsat image
pairs available on clear Landsat overpass dates to predict Landsat-scale
images on MODIS dates between Landsat overpasses. While the algo-
rithm was originally designed to fuse surface reflectance imagery (Gao
et al., 2015, 2017), STARFM has also been successfully applied to
Landsat and MODIS ET products as well (Anderson et al., 2018;
Cammalleri et al., 2013, 2014; Semmens et al., 2016; Sun et al., 2017a,
2017b, 2017c¢; Yang et al., 2017a, 2017b, 2018). In this case, the
MODIS ET time series effectively conveys information about changes in
surface moisture status and consumptive water use that occur at the
1 km scale or larger and between Landsat dates.

2.3. Fraction of reference ET time series and anomalies

In addition to looking at the dynamics of actual ET in this forested
landscape, we also investigate the behavior of a normalized ET metric,
frer - defined as the ratio between actual ET and a reference ET de-
scribing an upper limit on ET expected under well-watered conditions.
Here we use a grass reference ET calculated using the Food and
Agriculture Organization (FAO) Penman-Monteith method (Allen et al.,
1998). Normalization by reference ET reduces response to variations in
insolation and atmospheric demand, focusing the frpr metric more on
the impact of soil moisture limitations. Standardized anomalies in frpr
compared to baseline conditions computed on average over multiple
years are used to produce the Evaporative Stress Index (ESI), proposed
by Anderson et al. (2007) as a new ET-based remote sensing drought
indicator. The ESI at 4-km spatial resolution has demonstrated cap-
abilities for early warning of stress onset during flash drought
(Anderson et al., 2013, 2016; Otkin et al., 2013, 2016). While stan-
dardized anomalies in frpr can be computed for long time series (e.g.
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longer than 10years), here we look at the anomaly of frer (Afrer),
which may be more appropriate for shorter study periods where the
standard deviations cannot be reliably determined. Here, Afzgr has been
computed as:

k=n
Afeer (& Yi> 1)) = frer (@Y bJ) = & Z Jrer (Ve 1))
n iz ()]
where frer(d, yx, 1,j) is the value of frgr for day d, year yy, and i, j grid
location, and n is the number of all years in the period of record. In this
study, we examine frrr and Afger at Landsat resolution - at the patch/
plot scale where we can resolve stress behavior of fields with different
land cover types, stand ages and management strategies.

2.4. Statistical analysis

Model performance is assessed through statistical comparison of
observations collected at flux tower sites with time series of modeled ET
and other flux components extracted over the tower footprint sampling
area. Statistical metrics of performance including mean bias error
(MBE), root mean square error (RMSE), mean absolute error (MAE),
and relative error (RE) defined as the ratio of MAE and the mean ob-
served flux (0), were calculated using the observed and simulated ET
on Landsat overpass dates, and on daily and monthly timesteps using
model estimates from the fused, time-continuous ET datacube.

In addition, trends in forest recovery after disturbance were ana-
lyzed using simple linear trend methods, reporting the coefficient of
determination (R?), MAE and RMSE of the linear regression.

3. Study site and datasets
3.1. Study domain

The study area is located on the lower coastal plain of North
Carolina (Fig. 1). The climate type is classified as outer coastal plain
mixed forest province (Bailey, 1995). The long-term (1945-2014)
average annual precipitation is 1321 mm, with rainfall evenly dis-
tributed throughout the year. The long-term average annual tempera-
ture is 15.5 °C, with monthly temperature ranging from 26.6 °C in July
to 6.4 °C in January. The Parker Tract research site was established in
the early 1990s in loblolly pine (Pinus taeda) plantations that are
maintained for timber production and commercially managed by the
Weyerhaeuser Company (Domec et al., 2012; Liu et al., 2018; Noormets
et al., 2010; Sun et al., 2010). The USDA Forest Service maintains this
long-term research site to study forest hydrology and carbon flux under
conditions of intensive management. The study area includes wetlands
that were drained using parallel ditches to improve timber production
in the lower coastal plains (Domec et al., 2012). Other major land cover
types include wetland, hardwood natural forest and crop land.

The simulation period covered the years 2006-2012, and included a
multi-year drought event that impacted the study domain from the
summer of 2007 through 2008. The annual precipitation for 2007 and
2008 as measured on site was 899 mm and 822mm, respectively
(Fig. 2) - > 400 mm below the long-term average for the region. Year
2011 also had a dry growing season, although the annual precipitation
for 2011 was normal.

3.2. Flux sites

The US-NC1 flux site (35°48’N, 76°42’W) was installed in 2005 to
study carbon and water fluxes in a young loblolly pine plantation. The
70-ha study site was originally a native hardwood forest and was har-
vested via clearcut in 2002. In 2004, 2-year old loblolly pine seedlings
were planted at a 1.5-m by 6-m spacing (Sun et al., 2010). The soil in
the US-NC1 site is a dark sandy loam in the top 25 cm, sandy clay loam
at the depth of 25-69 cm, sandy loam at the depth of 60-75cm, and
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Fig. 1. Land cover types over the study area as defined by the 2006 National Land Cover Dataset (NLCD). The area within black outline is the pine plantation. The
black and red stars indicate the Ameriflux NC1 and NC2 flux tower locations, and the blue star is the location of a USGS groundwater station. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

gray sandy clay at the depth of 75-155 cm (Diggs, 2004).

The US-NC2 (35°48'N, 76°40’W) tower is in a mid-rotation planta-
tion stand with 90 ha area, which was established after clearcutting a
previous rotation of loblolly pine, replanted with 2-year old seedlings at

1.5m by 4.5m spacing in 1992. The soil type in the study area is
Belhaven series Histosol, which is mainly coarse glacial outwash sand
covered by a 50-85 cm depth organic layer (Sun et al., 2010). The stand
has been fertilized twice — at establishment, and in 2010 following a
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Fig. 2. Annual cumulative measured daily precipitation for the period from 2006 to 2012 at the NC1 flux tower site.
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thinning in late 2009. The thinning event removed trees from every
fourth row and selectively thinning from the remaining rows, which
removed approximately 50% of the basal area (Gavazzi et al., 2016; Liu
et al., 2018). The understory was composed of red maple, greenbrier
and volunteer loblolly pine.

3.3. Model input data

The main remote sensing inputs for the multiscale ET mapping
system include LST, LAI, and albedo, which are developed at regional
scale for ALEXI and at finer scale (MODIS and Landsat) for DisALEXI.
Meteorological data used for both ALEXI and DisALEXI were obtained
from the Climate Forecast System Reanalysis (CFSR) dataset from the
National Centers for Environmental Prediction (NCEP) (Saha et al.,
2010). All input data were resampled to 4-km for ALEXI, to 1-km
(MODIS) and 30-m (Landsat) for DisALEXI.

3.3.1. ALEXI

The ALEXI model has been run daily on a 4-km resolution grid over
the continental U.S. since 2001 using LST inputs obtained from the
Geostationary Operational Environmental Satellite (GOES) East and
West imager instruments. Daily LAI inputs to ALEXI data are aggregated
and temporally interpolated from the 1-km 4-day MODIS LAI
(MCD15A3) product, while albedo is derived from soil and canopy re-
flectances trained on MODIS albedo products. Further details about the
ALEXI process are provided by Anderson et al. (2007, 2012b).

3.3.2. DisALEXI-MODIS

MODIS disaggregation of the 4 km ALEXI data used instantaneous 1-
km swath LST data (MOD11_L2, (Wan et al., 2004)), which were con-
verted to geographic coordinates with the MODIS Reprojection Tool
(MRT) using associated geolocation data (MODO03). LAI data were ob-
tained from the 4-day MCD15A3 (Myneni et al., 2002) product, and
converted to geographic coordinates with MRT. Albedo inputs were
from the 8-day MCD43GF (Sun et al., 2017a, 2017b, 2017c) global
product at 1-km spatial resolution in geographic coordinates. All data
were from MODIS collection 5 and went through quality check using
the associated data quality band, retaining only data classified as
having good quality. For MODIS LST, we extracted the mandatory QA,
data quality, and cloud flags, and retained data deemed cloud free and
of good quality based on these flags. For MODIS LAI data, both Fpar-
Lai_QC and FparExtra_QC layers were used to screen out significant or
mixed clouds, internal clouds, cloud shadow, snow, dead detectors or
invalid LAI values. For MODIS albedo, the high quality full inversion
values were extracted based on the associated QA map.

3.3.3. DisALEXI-Landsat

Landsat disaggregation of the 4 km ALEXI data was performed on a
30-m resolution UTM grid associated with the Landsat Worldwide
Reference System (WRS)-2, using thermal infrared (TIR) and shortwave
surface reflectance data from Landsats 5 and 7. The TIR data were
downloaded from USGS EarthExplorer and atmospherically corrected
using MODTRAN (Cook et al., 2014), while atmospherically corrected
surface reflectance data were ordered and downloaded from USGS
ESPA. Pixels indicated as cloud and cloud shadow in the pixel quality
band were screened out. Eighty images (path 14/row 35) with less than
~75% cloud coverage were used in this study (Fig. 3). Atmospherically
corrected Landsat TIR imagery was sharpened from its native spatial
resolution (120 m for Landsat 5 and 60 m for Landsat 7) to 30 m with a
Data Mining Sharpening (DMS) method using multi-band surface re-
flectance maps (Gao et al., 2012b). Landsat-scale LAI was generated
with a regression tree approach that effectively downscales MODIS LAI
products using Landsat shortwave surface reflectance data (Gao et al.,
2012a). This MODIS-based LAI approach is used to maximize Landsat-
MODIS ET compatibility, improving the fusibility of these two image
time series.
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3.3.4. Biophysical data

A stand age map developed by Weyerhaeuser Company in 2013
provides planting information for each stand. When extracting data
from the gridded model output based on stand age, a 60-m buffer inside
the edge of each plot was applied to avoid pixels mixed with roads or
other stands. Land cover information at 30-m resolution was obtained
from the 2006 National Land Cover Dataset (NLCD) (Fry et al., 2011)
(Fig. 1), and was used in Landsat disaggregation. For MODIS dis-
aggregation, these data were aggregated to 1-km based on dominant
cover type. Land cover type is used in ALEXI/DisALEXI to set pixel-
based vegetation parameters (e.g. leaf reflectance in the visible, NIR
and TIR bands) and to define roughness parameters related to canopy
height, following Cammalleri et al. (2013). Many plots within the
Parker Tract plantation, including NC1 and NC2, are erroneously
classified as woody wetland by NLCD 2006 (see Fig. 1); however, these
stands are treated as evergreen forest in this study.

3.3.5. Micrometeorological data

Energy fluxes at both NC1 and NC2 were measured using an open-
path eddy covariance system, which includes a CSAT3 three-dimen-
sional sonic anemometer (Campbell Scientific Instrument-CSI, Logan,
UT, USA'), a CR5000 data logger (CSI), an infrared gas analyzer (IRGA,
Model LI-7500, LI-COR, Lincoln, NE, USA) and a relative humidity and
air temperature sensor (model HMP-45C; Vaisala Oyj, Helsinki, Fin-
land) (Noormets et al., 2010; Sun et al., 2010; Liu et al., 2018). Soil heat
flux was measured at NC2 with three heat flux plates (model HFT3, CSI,
Logan, UT, USA) at the depth of 2 cm. The soil heat flux plates were
placed in three contrasting microsites - one in a row of trees in relative
shade, another between rows in a mostly open environment, and one
about half-way in between. Net radiation was measured with 4-com-
ponent net radiometers (Kipp & Zonen CNR-1, Delft, Netherlands) at
each of the two towers. Precipitation was measured by two tipping
bucket type of rain gauges (TE-525, CSI; Onset Data Logging Rain
Gauge, Onset Computer Corporation, USA).

Flux observations at 30-min time steps were quality checked, as
judged by atmospheric stability and flux stationarity (Noormets et al.,
2008). The 30-min data were then gap-filled using the monthly re-
gression between observed and potential ET models created from good
quality observed data. The average closure ratio for the 30-min dataset
was 0.90 and 0.83 at NC1 and NC2, respectively, during daytime when
net radiation is larger than 0, indicating reasonable system performance
in closing the energy balance. The 30-min energy fluxes during the
daytime were summed to obtain daily energy fluxes for validation.

3.3.6. Groundwater depth data

Groundwater depth data were downloaded from USGS Groundwater
Watch for site number 354418076463601, located in the Washington
County, NC (35° 44’N, 76° 46’ W, Fig. 1) at a depth of 4.73 m. Long-
term (1986-2016) observations in this well record the lowest level
being at 2.2m below ground level, the highest level at 0.1 m with a
median level at 0.74 m. The latter is within the typical taproot depth of
loblolly pine (1 to 3m), hence the need for ditch drainage within the
pine plantation.

3.3.7. U.S. Drought Monitor Time series

U.S. Drought Monitor (USDM) time series data were exported from
the National Drought Mitigation Center website (http://www.
droughtmonitor.unl.edu/Data/Timeseries.aspx) for the 8-digit hydro-
logic unit code (HUC) area 03010205 (Albemarle). The dataset

1 The use of trade, firm, or corporation names in this article is for the in-
formation and convenience of the reader. Such use does not constitute an of-
ficial endorsement or approval by the United States Department of Agriculture
or the Agricultural Research Service of any product or service to the exclusion
of others that may be suitable.
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Fig. 3. Landsat overpass dates used for estimating daily evapotranspiration over the study site during 2006-2012.

characterizes percent area within this HUC area that is classified into 5
drought severity classes. DO means there is no drought, but is experi-
encing abnormally dry conditions that could turn into drought or is
recovering from drought. D1 indicates moderate drought, which can
cause some damage to crops and pastures. D2 indicates severe drought,
which can possibly cause losses of crop and pasture. D3 indicates ex-
treme drought with major crop and pasture losses. D4 indicates ex-
ceptional drought with exceptional and widespread crop and pasture
losses. In this study area, no D4 drought occurred over the study period.

4. Results
4.1. Evaluation of modeled ET at flux tower sites

To evaluate performance of the multiscale ET mapping system and
the underlying TSEB energy balance model, the simulated daily ET was
compared with the observations from the two flux towers, US-NC1 and
US-NC2, for the period 2006 to 2012. Observed and simulated day-
integrated energy flux components on Landsat dates are compared in
Fig. 4, showing reasonable partitioning of the surface energy budget.
The errors in modeled fluxes on Landsat dates over this 7-year period
are similar to errors cited by Yang et al. (2017b) for a single year (2013)
at flux towers US-NC2 and US-NC3 (the latter newly established in
2013). Solar radiation (Rs) and net radiation (RN) do not show sig-
nificant bias, indicating the modeled radiative forcings are reasonable.
Fig. 4 shows that daily G is very small and unbiased, and therefore is
not contributing substantially to errors in H and LE partitioning. While
the relative scatter in H is moderately large, the average Bowen ratio is
low at these sites (~0.6) and H and LE distributions fall along the one-
to-one line, demonstrating model skill in partitioning available energy
among the turbulent fluxes.

Observed and simulated daily ET from the fused Landsat-MODIS
time series are plotted in Fig. 5, with statistical metrics of model per-
formance at daily and monthly timescales provided in Table 1. Gen-
erally, there was a good agreement between the observed and simulated
daily ET at both sites. RMSE from 2006 to 2012 is approximately
1.1 mmd ™! at both sites at daily time steps and 0.5 and 0.6 mmd ™~ at
monthly time steps at NC1 and NC2 respectively, which is comparable
to errors reported by Yang et al. (2017b) for this region for 2013 alone.

Other fusion experiments have reported similar RMSE for daily ET es-
timates. For example, Cammalleri et al. reported RMSE at daily time
steps of 1.1 mm d ~ ! during the growing season for rainfed and irrigated
corn and soybean in central lowa and Nebraska, and 1.5mmd ™! for
cotton in Bushland, Texas (Cammalleri et al., 2014). Daily 30-m ET
estimates over vineyards in California exhibited an RMSE of
1.0mmd~! (Semmens et al., 2016), while Sun et al. (2017a, 2017b,
2017¢) reports a lower RMSE of 0.6 mmd ™! for irrigated corn in the
Choptank River watershed on the Eastern Shore of Maryland. Anderson
et al. (2018) obtained an RMSE of 0.9 mmd ™! on average over multiple
landcover types, including crops and wetlands, in central California.

Examining the time series behavior of modeled and measured ET in
Fig. 5, we can see the model overestimated ET during the peak growing
season in 2006 over NC1. This was partially due to the lack of available
clear-sky Landsat imagery from April to July, such that early season
fluxes were ill-constrained. The study area on the East coast of North
Carolina has a high climatological level of cloud cover, and this results
in a lower frequency of usable Landsat acquisitions and more gapfilling
in both ALEXI and DisALEXI MODIS/Landsat than in many other parts
of the United States.

4.2. Long-term trends in LAI, transpiration and cumulative ET at the flux
tower sites

Fig. 6 shows the evolution of LAI extracted from the 30-m Landsat
and 1-km MODIS DisALEXI input datasets at the NC1 and NC2 tower
sites. In this plot, Landsat LAI is sampled on clear Landsat overpass days
while MODIS LAI is interpolated to daily from the 4-day standard
product. Despite the lower temporal sampling for Landsat, the behavior
at both scales is reasonable and reflects both growth and management
in the two pine stands. At the beginning of the simulation period
(2006), the trees at NC1 and NC2 were ~4 years and ~16 years old,
respectively, as reflected by the large difference in peak Landsat-scale
LAI in that year. The Landsat-scale LAI at NC1 increased steadily
throughout the simulation period (2006-2012), but at a somewhat
slower rate in 2007 and 2008 likely due to the impact of drought. There
is no obvious impact of drought on the LAI of the more mature pines at
the NC2 site. Landsat-scale LAI at NC1 rapidly increased after 2009,
suggesting a quick recovery from the drought. The Landsat-scale LAI at
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NC2 dropped to its lowest value in 2010. This was a result of the
thinning performed in late 2009, which most notably impacted the
dormant season LAI. While Landsat-scale LAI shows variations among
different years at NC1 and NC2, MODIS LAI failed to capture the change
signals due to the relatively coarse spatial resolution. This demonstrates
the value of Landsat-scale spatial resolution for heterogeneous land
surface studies.

Canopy transpiration (T) rates estimated by the TSEB on clear

Landsat overpass dates (Fig. 7) show trends similar to those in LAI
(Fig. 6). At the beginning of the study period, T from the older pines at
NC2 exceeds that from the NC1 site, especially during the peak growing
season. The two transpiration curves converge by 2009. Drought-in-
duced reductions in T are most notable at NC1 in 2007 and 2008, but
also in 2011. The impacts of thinning in NC1 are not as apparent in the
transpiration estimates as in the cold-season LAI time series. This may
be because the overall radiation load and flux levels are low during the

o Obs (closed) & Landsat —STARFM —Precip Fig. 5. Time series plot of simulated and ob-
served 30-m daily ET at the NC1 (top, young
10 0 plantation) and NC2 (below, mid-rotation plan-
NC1 tation) site, respectively. Shown are the ob-
served fluxes (blue circles), ET retrievals on
8 50 Landsat overpass days (yellow diamonds),
- STARFM fused daily ET (red line) and pre-
: 6 100 s cipitation observed at each flux tower (blue
= 0.  bars). There is a measurement gap at the end of
£ .?.. 2011 and beginning of 2012 at NC2. (For in-
é 4 150 2«_ terpretation of the references to color in this
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version of this article.)
2 200
0 250
10 0
NC2
8 50
- o
g 6 100 g
€ S,
E B
E 4 150 g-
2 200
0 250
Jan-06 Jan-07 Jan-08 Jan-09 Jan-10 Jan-11 Jan-12

Day of year



Y. Yang, et al.

Table 1

Statistical metrics' comparing simulated and observed 30-m daily ET at the
NC1 and NC2 sites on Landsat dates and from STARFM at daily and monthly
time steps.

TOWER N O MBE RMSE MAE %RE

Landsat Retrieved ET

NC1 48 3.39 0.63 1.21 0.97 28.7
NC2 60 3.58 0.39 1.31 1.05 29.2
STARFM Daily ET

NC1 1685 2.80 0.38 1.13 0.89 31.9
NC2 1685 3.26 0.25 1.16 0.92 28.2
STARFM Monthly ET

NC1 78 1.98 0.38 0.50 0.27 13.4
NC2 69 2.61 0.45 0.62 0.20 7.7

1 N is the number of observations; 0 is mean measured flux; MBE is mean
bias error; RMSE is root mean square error; MAE is mean absolute error; RE is
relative error, given by the mean average error (MAE) divided by the observed
average ET (0).
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Fig. 6. LAI values extracted from Landsat and MODIS DisALEXI model inputs
over the NC1 and NC2 eddy flux sites.
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Fig. 7. Daily transpiration at NC1 and NC2 site, modeled on clear Landsat
dates. These clear-sky estimates have been smoothed with a 60-day moving
average to suppress noise.

cold season. However, overwinter T in NC2 is lower than in NC1 post-
thinning (2009), although the signal is small.

4.3. Variations in annual ET with stand age

Understanding seasonal water use in a forested watershed, and its
relationship with stand age, is important for planning effective man-
agement and anticipating impacts of stand management (e.g.,
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clearcutting or thinning) on watershed water yield. Fig. 8 shows sea-
sonally integrated ET computed for day of year (DOY) 50 - 330 for
stands within the Weyerhaeuser pine plantation, plotted as a function of
stand age. For pine stands planted after 1994 (less than ~18 years old),
there is a clear linear relationship between cumulative ET and stand
age, with R? of 0.61. This pattern is consistent with the trend reported
by Yang et al., 2017b, who found a linear relationship between ET and
stand age for young plantations (less than ~20 years old) using a single
year of ET data. For older stands, the water use levels off and even
reduces for very old stands. Of note in Fig. 8 is the response of very
young plantations following the drought of 2007-2008. The red box
highlights seasonal ET in 2008 and 2009 from stands planted in
2007-2009, representing the lowest rates of seasonal ET sampled and
deviating from the linear portion of the curve. This suggests that the
impacts of drought in this region were most felt by the very youngest
stands, and lingered even after the drought was relieved in 2009.

4.4. Variations in seasonal ET and moisture stress with land cover type

Yang et al. (2017b) reported on rates of ET accumulation by dif-
ferent landcover types within the study area during the 2013 growing
season. With a multi-year ET time series, we can extend this analysis
and investigate differential impacts of variable climate on water use by
landcover type. Fig. 9a shows growing season ET as a function of year
for five major land cover classes and for the NC1 and NC2 flux tower
sites. Here, “young plantation” represents stands that were planted
during 2002-2005 (~3-10 years old over the study period) and “ma-
ture plantation” represents stands that were planted during 1985-1988
(~20-30years old). For the NC1 and NC2 sites, average seasonal ET
was extracted from a 3 by 3 pixel area centered on the tower location.
Time series for the generalized landcover classes were computed from
random samples extracted from the study domain based on the NLCD
(n = 1000 for woody wetland and natural forest classes) and stand age
map (n = 100 for plantation age classes).

ET temporal dynamics in this landscape are related in part to
moisture supply from rainfall and groundwater, which are coupled in
the study site during severe drought years (Fig. 9b). The climatological
mean groundwater table depth (red line) ranges from 0.5m in the
spring to 1m in fall. In response to rainfall deficits during the study
period, the groundwater table depth in October of 2008 and in Sep-
tember of 2010 (~2m) dropped to the lowest value since 1988. The
water table returned to normal in Fall of 2011. ET dynamics, pre-
cipitation and groundwater table depth all correspond well with the
USDM time series, which reports D2/D3 drought starting from the
summer of 2007 and continuing to 2008. Another D2/D3 drought oc-
curred during 2011.

Seasonal ET time series in Fig. 9 indicate differential response to
drought and stand management events among the landcovers within
the study domain. As in the 2013 study (Yang et al., 2017b), natural
forest, woody wetland and mature plantation stands have the highest
ET rates, while cropland has the lowest. Notably, modeled crop ET did
not show significant impact on ET during drought in 2007 and 2008.
This suggests that crop ET is primarily energy limited in this region,
likely due to a combination of shallow water table and supplemental
irrigation.

Small increases in seasonal ET in 2007 for both wetland and natural
forest may be related to relatively higher evaporative demand during
the severe drought year, enhancing evaporative losses for classes with
sufficient access to water supply via shallow water table or deep rooting
systems. However, in 2008, in the second year of drought, the lowest
water table in 28 years (1988-2016) was measured at the USGS well
site, associated with a decrease in seasonal ET for both classes. Mature
plantation stands show water use behavior similar to that of natural
forest, except for a marked decrease in ET in the first year of severe
drought (2007). Domec et al. (2015) also reported a more rapid re-
sponse to drought in managed pine stands in comparison unmanaged
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areas.

forest stands which demonstrates greater resilience to moisture deficits,
at least over the short term. The young plantations (including NC1)
show flat or decreasing ET during the extended drought of 2007-2008 —
notable given the rapid annual increase in water use typical of this early
growth phase (Fig. 8). This suggests enhanced drought susceptibility in
young, shallow-rooted tree stands with sparse cover.

Management impacts on seasonal ET are apparent at flux site NC2.
While NC1 ET evolution generally follows that of young stands in the
plantation, seasonal ET at NC2 deviates strongly from that at other
mature stands in 2010. This is due to the stand-specific thinning that
occurred at NC2 at the end of 2009, with recovery of pre-thinning water
use by the following year.

4.5. Anomalies in frgr as a stress/recovery indicator

We also compared the temporal behavior of the Afggr stress metric
over the study period among the five dominant land covers, as well as
in the NC1 and NC2 stands, expressed as a cumulative growing season
sum in Fig. 10. This cumulative metric reflects not only the changes in
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Afgrer over the short term but also the seasonal trend of Afgpr.
Generally, crop, wetland, and natural forest samples show the least
interannual variability in cumulative Afggpr during the study period,
suggesting these classes were less impacted by drought. In cropland in
this region, irrigation is employed as necessary, reducing drought sen-
sitivity on average over the class. The deep rooting systems in natural
forest and high water tables in wetlands maintain ET rates at normal
levels except in 2008, the second year of an extended drought. The pine
plantation sites (excluding the recent clearcut, NC1) show a gradation
in drought sensitivity. The response of mature stands (planted
1985-1988) is similar to that of the natural forest class, while the young
plantations (planted 2002-2005) and the NC1 site (planted 2004) show
large negative deviations in cumulative Afgpr in the drought years of
2007 and 2008. The anomalies in NC2 are unique due to the thinning
event at the end of 2009, which drives the normal (baseline) curve to a
larger extent than the drought events and leads to large negative
anomalies in 2010. For all other landcover classes, high rainfall during
the 2009-2010 winter alleviated dry conditions and led to large early
season cumulative Afggr in 2010 until DO drought set in mid-year.
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Maps of frgr over the study area also provide useful information
regarding stand response to human-induced disturbance. Fig. 11 shows
maps of anomalies in annual mean frgr for 20062012 for a subset of
the full modeling domain, focusing on the Parker Tract pine plantation
and neighboring agricultural lands. Time series of anomalies extracted
over two disturbed stands highlighted in Fig. 11 are shown in Fig. 12.
The stand in the blue box (Site 1) was harvested and replanted in 2007
and frgr anomaly values show a corresponding decrease mid-year fol-
lowed by a steady recovery trend over the next several years. The stand
in the red box (Site 2) was harvested in 2007 and replanted in 2008,
showing a similar recover trend in Fig. 12, but offset from the first time
series by one year. Spatially, these recovery responses are also evident
in Fig. 11.

Extracting monthly frzr anomaly time series over all stands in the
Parker Tract that were disturbed during the study period (identified as
emerging red patches in Fig. 11), and aligning these time series on date
of disturbance, we see a consistent recovery trend using simple linear
trend methods (Fig. 13a). A similar trend is found in monthly NDVI
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tangles highlighted in Fig. 11) from 2006 to 2012. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

time series during the recovery (Fig. 13b). The NDVI observed during
the growing season (indicated in red in Fig. 13b) reached a plateau
earlier than the cold season NDVI (blue dots), which likely reflects
index saturation at high biomass levels. The slope of the linear re-
gression, which serves as a metric describing recovery timescale, is the
same from both the frrr anomaly and NDVI analyses. Since frgr and
NDVI are normalized as values from 0 to 1, this suggests that both in-
dices demonstrate similar recovery trends in biomass and water use in
this case.

5. Discussion
5.1. Drought impact on the study area

Although the study area is located in the humid lower coastal plain
of North Carolina in a region with a shallow groundwater table, the
severe drought that started in the summer of 2007 and lasted through
the end of 2008 impacted annual ET of both mature and young pine
stands within the managed Parker Tract plantation. In comparison with
longer term precipitation trends, 2006 was a relatively wet year and can
be used as a standard year to compare with drought years during the
study period. The average decrease in seasonal ET from 2006 levels,
computed for the major land cover classes, is 18 mm in 2007 and
65mm in 2008, demonstrating accumulating impacts in the second
year of drought. The average reduction in ET during the 2007-2008
drought from 2006 levels was about 8%. In comparison, Sun et al. es-
timated a 5%-10% reduction of ET within the lower coastal plain of
North Carolina during the most extreme drought events that occurred
in the period of 1962 to 2012 (Sun et al., 2015).

Transpiration (T) was estimated for Landsat overpass days and
shows notable decreases at both flux sites within the managed pine
plantation during the drought years, by approximately 27% and 11% at
NC1 and NC2, respectively with respect to long-term averages (ex-
cluding the post-thinning year at NC2). Drought-induced reductions in
forest transpiration were also reported in many earlier studies in dif-
ferent study areas (Domec et al., 2015; Limousin et al., 2009; Noormets
et al., 2010; Vose and Swank, 1994; Wullschleger and Hanson, 2006).
MacKay et al. studied the impact of induced drought in a temperate
pine plantation forest in Southern Ontario, Canada and found 27%
decrease of canopy transpiration in the drought plot at the end of the
growing season (MacKay et al., 2012).

The seasonal ET and frer analyses in Figs. 10 and 11 suggest that the
impact of drought on ET from young plantations is larger than that from
mature stands, especially for very young seedlings. This was also re-
ported by earlier studies. Research using observed sap-flow data in hill
evergreen forest in northern Thailand found significant decrease in



Y. Yang, et al.

® Values in dormant season

Remote Sensing of Environment 238 (2020) 111018

@ Values in growing season

a
)0.6
- y=0.01x - 0.21
© 0.4 R*=0.41 o0 .
g RMSE = 0.13 g . . s . LI
c MAE = 0.11 o % . o0 ®
'f 0.2 - o
o [ J
o
(=
% 0
o
g
<
>-02
=
-
s
S 0.4
[ ]
0.6
b) !
0.8
o o %
i 00
0.6
s e,
(a) ] °
= oa 800 2
i... .! .o . L g o0 %
“.o‘. 3’ . . y=0.01x +0.35
0.2 22
5 . R?=0.36
RMSE = 0.15
MAE = 0.12
0 :
0 12 24 36 48 60 72

Month after disturbance

Fig. 13. a) Anomalies of monthly average frrr from 2006 to 2012 for selected disturbed sites. The x-axis is the month after disturbance, identified as the time that the
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regressions for all points in each plot. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

water use in the smallest trees due to shallower roots (Kume et al.,
2007). Larger trees tend to actively maintain ET during drought periods
accompanied by higher levels solar radiation and VPD (Kume et al.,
2007; Nepstad et al., 2004). Bennett et al. (2015) suggest that sustained
high rates of ET under elevated evaporative demand might contribute
to the relatively higher mortality rate of larger trees observed globally
during extended droughts. In our study area, the cumulative Afgpr
analysis in Fig. 10 shows that ET from land cover classes returned to
normal in 2009 after the 2007-2008 drought. The drought was severe
but primarily affected only the growing season, which might partially
contribute to the fast recovery.

During drought years, when the groundwater table depth dropped
below climatologically average levels, ET from plots with seedlings and
young trees was more significantly impacted than in mature stands
within the pine plantation. This likely reflects the capacity of the more
developed rooting systems in these mature stands to access deeper
water pools. Relatively small decreases in forest ET during short-term
drought in this and other regions was also discussed in other studies
(Sun et al., 2010; Sun et al., 2015; Xie et al., 2014; Liu et al., 2018), and
attributed to the buffering capacity of forest soils and shallow
groundwater table.

5.2. Disturbance impacts and subsequent recovery in managed pine stands

Previous studies have documented that ecosystem ET is extremely
variable over space and time depending on both climate and ecosystem
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structure (Sun et al., 2011a). Understanding seasonal water use in a
forested watershed, and its relationship with stand age and disturbance,
is important for planning effective management and anticipating likely
effects of stand management (e.g., clearcutting or thinning) and land
use change on watershed water supply (Sun and Caldwell, 2015). Forest
thinning in late 2009 that aimed at improving stand productivity at the
NC2 site removed about half of the basal area. LAI and ET temporally
decreased due to the thinning, but recovered one year after the thin-
ning, which might be due to rapid growth of understory vegetation. The
quick recovery of understory vegetation LAI was also reported by
Gavazzi et al. (2016) and Liu et al. (2018), who studied the thinning
impact on canopy rainfall interception at the same study site.

Fig. 13 demonstrates the potential for integrating water use change
information derived from remotely sensed ET time series into studies of
land use and land cover change. For rapid onset or “flash” drought
events (Otkin et al., 2017), such as the drought that rapidly enveloped
the central U.S. in 2012, there is evidence that vegetation expresses a
thermal stress signal before changes in optical vegetation indices like
NDVI are observed (Anderson et al., 2013; Otkin et al., 2013, 2014,
2016). While the recovery trends displayed in Fig. 13 were based on
manual/visual interpretation of disturbance date, change detection
methods could be employed to automatically detect discontinuities in
water use/stress time series for large area analyses. For example, the
frer anomaly time series discussed here may be very compatible with
the approach used in the Continuous Classification and Change Detec-
tion (CCDC) algorithm (Zhu et al., 2015; Zhu and Woodcock, 2014),
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which detects significant breaks in reflectance band or vegetation index
time series from normal annual curves. Similarly, water use change due
to management practices, climate variability, insect attacks or other
causality agents, and the subsequent recovery can be detected by ana-
lyzing the frgr anomaly. A better of understanding water use changes
resulting from land cover change will inform better management de-
cision making in forested watersheds.

6. Conclusions

This study applied a multiscale data fusion ET model to estimate
daily plot-scale ET from 2006 to 2012 over a managed forested land-
scape using remotely sensed data to assess the impacts of drought and
disturbance on ET and the timescales of subsequent recovery to pre-
disturbance levels of water use. The modeled 30-m daily ET retrievals
showed good agreement with eddy covariance flux measurements made
over a young plantation and a mature plantation sites, demonstrating
the utility of the data fusion approach for producing reasonable ET
estimates over forest stands with different levels of maturity.

In addition to total ET, the ratio of actual to reference ET, frgr, and
anomalies in frpr appear to be useful in determining various levels of
drought impact severity for different land cover types, providing a
metric of resilience at the patch scale. Monthly maps of frer anomalies
can be used to quantify the rate of recovery in water usage after stand
disturbance. This study offers new insight to understanding the impacts
of drought and disturbance on the hydrological cycle for a landscape
with mixed land uses. The remote sensing methods described can pro-
vide high spatiotemporal water use information for decision making in
forest management: for monitoring impacts of management such as
thinning, harvesting, replanting etc. on stand water use characteristics.
Future studies will apply these methods to other forested landscapes
with different topographic and climatic conditions to further assess the
robustness of this approach for monitoring forest water use change.
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