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ARTICLE INFO ABSTRACT

Keywords: Study region: Mixed- and tall-grass prairies in the southern Great Plains, USA

Water Resources Study focus: Estimates of evapotranspiration (ET) are widely available from remote sensing and

Southern Great Plains commonly used for water management. However, this approach is limited by prolonged satellite
Vegetation productivity
SWAT

MODIS

revisit periods and prominent algorithm-induced bias. We compared ET estimates from MODIS
(Moderate Resolution Imaging Spectroradiometer) products and those based on the biophysically-
based Soil and Water Assessment Tool (SWAT) to measurements using the eddy covariance (EC)
technique for a subhumid, tall-grass prairie site near Stillwater, Oklahoma (OK) and a semiarid,
mixed-grass prairie site near Clinton, OK in the southern Great Plains, USA.

New hydrological insights for the region: SWAT and MODIS produced ET estimates closer to EC
measurements for the tall-grass prairie (calibration site) than for the mixed-grass prairie (vali-
dation site), with a better performance from SWAT. For the tall-grass prairie, the R? values were

relatively high and comparable (0.77 and 0.87), and the biases were relatively small (-0.40% and

5.04%) for the SWAT and MODIS comparisons to EC. SWAT performed much better than MODIS
for the mixed-grass prairie with R? values of 0.68 vs. 0.13 and bias of - 1.87% vs. - 45.71%,
respectively. The SWAT simulation also reproduced better estimates of aboveground net primary

productivity than the MODIS products. This study suggests that site-specific SWAT simulations
can produce better ET estimates than MODIS products, especially in the water-limited mixed-
grass prairie.

1. Introduction

Evapotranspiration (ET), the loss of water to the atmosphere through evaporation and transpiration, is essentially a passive
response of ecosystems to climate, soil moisture, and vegetation. Grass-dominated ecosystems, such as the prairies, represent a major
land cover type globally and provide essential ecosystem services such as clean water, forage, wildlife habitat, and drought and flood
mitigation (Diego et al., 2016; Lu et al., 2011; Norris et al., 2001; Van Auken, 2000; Weltz et al., 2011). Most grass-dominated eco-
systems are in water-limited environments where water availability is central to the ecosystem services provided. It is imperative to
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improve ET estimates to support effective water resource management and decision-making for water security and ecosystem sus-
tainability in these systems.

Studies estimating ET dynamics for grass-dominated ecosystems have used different approaches (e.g., Kurc and Small, 2007; Scott
etal., 2006a and 2006b; Yepez et al., 2005). Canopy chamber and lysimetric methods have been used for ET measurement at the plot
scale (Alfieri et al., 2009; Johnson et al., 2003; Todd et al., 2000; Kurc et al., 2004). Although relatively accurate, these methods are
unable to provide the needed data for water resources management and conservation practice implementation at larger ecosystem or
landscape scales. Currently, eddy covariance (EC) and remote sensing are two common techniques to estimate ET at the ecosystem
scale. The EC method is the most direct approach for measuring vertical water and carbon fluxes between the land surface and at-
mospheric boundary layer at the small watershed-scale (~hundred meters in radius). However, this method has been primarily used in
research to understand land use change impact on carbon and water fluxes (Brunsell et al., 2008; Fischer et al., 2012; Wagle and
Kakani, 2014) because it is still cost-prohibitive for ET estimates at broad scales applicable to water resource management.

Remote sensing, using geostationary and polar-orbiting satellite imagery, is the most efficient approach for assessing ET over large
spatial areas (Allen et al., 2011, 2007; Anderson et al., 2011; Mu et al., 2011). However, this approach is limited by time elapse
between satellite images, making ET data using remote sensing typically available only a few days per week or month. For example, the
Moderate Resolution Imaging Spectroradiometer (MODIS) sensor provides 8-day ET products generated with the algorithms of Mu
et al. (2011). In addition, the coarse spatial resolutions (500—1000 m) of satellite imagery impede ET estimation and water resource
management and research at the field or small watershed scale. Landsat imagery provides higher spatial resolution ET data (up to 30
m) utilizing algorithms such as Surface Energy Balance Algorithm for Land (SEBAL) and Mapping EvapoTranspiration at high Res-
olution and Internalized Calibration (METRIC) and has the potential to improve ET estimates for field-scale applications. But,

US-xAE site CTER site

Annual Precipitation (inches)

@® MODIS_Grid_Center B <15.000 M <65.000
[ watersheds I <25.000 M <90.000

@ Soil Miosture Stations I <35.000 M <140.000

@ EC_flux_towers I <45.000 M <200.000

Fig. 1. The study sites of CTER and US-xAE with features of MODIS grid cells and EC flux towers. The annual precipitation was based on Parameter-
elevation Regression on Independent Slopes Model (PRISM) 30-year normal precipitation climatology.
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currently, Landsat ET products are mostly available and applicable for growing seasons of the irrigated crops (Allen et al., 2011).

The mechanistic framework of using biophysical models for simulating and scaling ET has proven effective for a range of scales
from the field to the region. Bohn and Vivoni (2016) used the Variable Infiltration Capacity model, which produced the most realistic
ET patterns for agricultural and forested mountain areas in the North American Monsoon region in comparison to several remote
sensing-based products. Yang and Zhang (2016) applied the Soil and Water Assessment Tool (SWAT) to improve the ET and carbon
assimilation simulations for North American forest ecosystems based on the AmeriFlux tower network. Alemayehu et al. (2017)
modified SWAT to simulate vegetation growth in tropical ecosystems where rainfall, rather than temperature, is the dominant plant
growth controlling factor. Utilizing intensively monitored experimental watersheds, Qiao et al. (2015) parameterized SWAT to
simulate the distinct ecohydrological processes and vegetation impacts of native grasses and woody plants in the southern Great Plains
(SGP). Although comparing ET estimates from remote sensing products has been carried out for different spatial-temporal scales
worldwide (Abiodun et al., 2018; Dile et al., 2020; Khan et al., 2020; Odusanya et al., 2019), those using hydrological models for
grassland-dominated ecosystems are relatively scarce at finer scales for upland areas of the southern Great Plains (SGP).

The SGP is a relatively water-limited region. Food production and environmental sustainability face increasing pressures from
water shortage due to increasing climate variability and extensive human activities (e.g., extensive irrigation and Ogallala aquifer
depletion). Much of the SGP has been transformed into different land use and land cover types and today is composed of a high
percentage of croplands (e.g., wheat, cotton, and corn) and some urban areas (e.g., Dallas, TX, and Oklahoma City, OK). The phys-
iographic setting includes higher and drier western high plains and lower and wetter central and eastern plains (Allred et al., 2015;
Qiao et al., 2017 a and b; Engle et al., 2008).

Here, we mechanistically simulated ET for a tall-grass prairie and a mixed-grass prairie watershed using the biophysically-based
SWAT model by incorporating soil moisture, energy balance, and available biomass production. Then, we used MODIS ET products
to obtain separate ET estimates for the pixels representing the same tall-grass prairie and the mixed-grass prairie watersheds. Finally,
we compared the SWAT and MODIS estimates to the baseline EC data and discussed the potential sources of errors from SWAT and
MODIS and how climate and site-specific ecohydrological processes may have contributed to those errors. Our study is broadly
applicable. The tall-grass and mixed-grass prairie biomes are the largest grassland ecosystems in the southern Great Plains, historically
representing 246,560 km? out of 961,105 km? (Callan et al., 2016). Additionally, our study is relevant to analogous grassland systems
that occur worldwide.

2. Study sites, data, and methods
2.1. Study sites and upland watershed description

The tall-grass prairie site was located at the Cross Timbers Experimental Range (CTER) near Stillwater, Oklahoma (36.0556° N,
97.1912°W), which is managed by the Oklahoma Agricultural Experiment Station (Fig. 1). This study site was initially cultivated in the
1930 s and reverted back to grassland when cultivation ceased (Zou et al., 2022). The vegetation is dominated by tall-grass prairie
species composed of approximately 85% graminoid and 15% forb (Schmidt et al., 2021). Woody vegetation started to encroach into the
grassland in the 1970 s and formed scattered woodland patches in some areas. Woody encroachment has been mostly controlled in the
experimental watershed (Fig. 1). The main soil series in the watershed were the Stephenville-Darnell complex (64%) and the Coyle
loam (20%). The slopes of the watershed range from 0% to 5%. The average soil depth is less than 1 m underlain by sandstone
substrates (Zou et al., 2022).

The mixed-grass prairie was located at the NEON (National Ecological Observatory Network) Klemme Range Research Station (US-
XAE) nearby Clinton, Oklahoma (35.4106° N, 99.0588° W) (Fig. 1). The most prominent grasses on the study site were buffalo grass
(Bouteloua dactyloides) and purple three-awn (Arisda purpurea). The woody species included broom snakeweed (Guerrezia sarothrae)
and small stature oaks as indicated by the Terrestrial Observation System (TOS), (2018). The watershed at this site has 1-5% slopes and
its predominant soil series is Cordell silty clay loam eroded from the bedrock of shales (Soil Survey Geographic Database SSURGO
(https://data.nal.usda.gov/dataset/soil-survey-geographic-database-ssurgo).

2.2. Meteorological variables and soil moisture data

The meteorological variables were collected daily for the two sites from the Oklahoma MESONET, an environmental monitoring
network with approximately 120 stations across Oklahoma (McPherson et al., 2007). The nearest MESONET stations were 1.9 km and
1.1 km from the CTER and US-xXAE sites, respectively. Meteorological data used in the study included precipitation, daily maximum
temperature, daily minimum temperature, wind speed at 2 m above the ground, solar radiation, and relative humidity for the period of
1998 — 2021 (https://www.mesonet.org/index.php/weather/category/past_data_files). According to the data, the long-term mean
annual precipitation for the CTER site was about 890 mm with average daily maximum and minimum temperatures of 22.3 °C and
9.3 °C, respectively. The long-term mean annual precipitation for the US-XAE site was about 770 mm, with average daily maximum
and minimum temperatures of 23.1 °C and 9.3 °C, respectively.

Soil moisture measurements are very important for validating water balance simulations in SWAT. Soil moisture at the CTER site
was directly measured with ECH,O soil moisture sensors (Decagon, Pullman, WA, USA). Three soil moisture stations were distributed
at the upper, middle, and bottom locations across the study watershed. Each station had four EC-5 sensors throughout the soil profile at
depths of 5, 20, 45, and 80 cm, which were placed at the middle point of each of the four soil zones (0—10, 10-30, 30—60, and 60—
100 cm) to calculate the total soil water storage (depth, mm) in the upper 1-meter soil profile (Zou et al., 2014). Soil moisture data for
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the US-xAE site were acquired from Ameriflux (http://ameriflux.1bl.gov/) associated with EC measurements (NEON, 2021). The data
were measured at the upper and lower layers of the soil profile at the flux tower site. For both sites, soil water storage in the top 1 m was
calculated.

2.3. Eddy covariance ET measurements

At the ecosystem scale, ET estimates from EC methods are considered the most accurate and, as such, were used as baseline ET
estimates in this study. The EC system at CTER was installed in 2015 to collect carbon and water fluxes in the tall-grass prairie. These
data were processed through a series of quality assurance/quality control measures and data gap filling methods published by Sun et al.
(2019). The EC data for the US-XAE site (NEON, 202 1) were available for 2017-2021 from the AmeriFlux network (http://ameriflux.
Ibl.gov/). However, we only selected the highest quality daily data from US-XAE site which had at least 18-hours of valid measure-
ments, resulting in 204 daily points. We then grouped daily points into 8-day data starting from the first day of the year. Only groups
with at least 4 valid daily points were used to calculate 8-day points (the average of the daily points). This resulted in 31 valid 8-day
points during the period 2017-2021.

2.4. Remote sensing ET and net primary productivity

The updated remote sensing ET product MOD16A2 Version 6.1 (MOD16) (Running et al., 2017) was selected for our study. MOD16
provides an 8-day composite estimate of ET with a spatial resolution of 500 m. The MOD16 data were produced using the
Penman-Monteith equation considering the daily meteorological data together with data for fraction of photosynthetically active
radiation (FPAR), leaf area index (LAI), albedo, and land cover based on MODIS sensors onboard NASA’s Terra/Aqua satellites (Mu
etal., 2011).

Biomass data were also updated from the latest MOD17A2H version 6.1 (MOD17) Gross Primary Productivity (GPP) product which
is also a cumulative 8-day composite of values with a 500 m spatial resolution (Running et al., 2015). This product is based on the
radiation-use efficiency concept that shares information from several common bands used to calculate ET by MOD16 (Zhao et al.,
2005; Zhao and Running, 2010). We converted the GPP to total net primary productivity (NPP) according to Zhao et al. (2005).

2.5. Biophysical SWAT model

The SWAT model is a biophysical and hydrological model with capacities to simulate water, carbon, and nutrient dynamics from
areas ranging from small watersheds to larger river basins for agricultural management, land use and land cover change analysis, and
climate change impact assessment (Abbaspour etal., 2015; Arnold and Allen, 1999; Arnold etal., 2012; Qiao et al., 2014, 2015; Zhang
et al., 2007; Zou et al., 2015). The SWAT model in this study for the CTER site was initially configured and calibrated for runoff and soil
water data for upland watersheds (2—5 ha) in the subhumid area of the SGP (Qiao et al., 2015). Since our SWAT model simulation was
designed to estimate field-scale ecohydrological processes, fine resolution soil data from SSURGO and Light Detection and Ranging
(LiDAR) (1.4 m) elevation data were obtained to define the hydrological response units (HRUs), river reaches, and watershed
boundaries. The USGS National Land Cover Database (NLCD) was used to determine land cover classes in the model configuration
using raster datasets having a spatial resolution of 30 m. This SWAT model was further tested for a broader region across the climate
gradient zone of the SGP and had an acceptable performance for the semiarid and arid regions with even better performance than a
similar model calibrated with streamflow measured at the river basin scales (Zou et al., 2015). The SWAT model for the US-XAE site
was configured for this study using the same types of NLCD land use and SSURGO soil datasets mentioned above. However, the basins

Table 1
Parameters’ ranges and optimal values identified with the SPUCI global optimization algorithm.

Parameter Names Parameter Values
Lower bound Upper bound Optimal Values for CTER and US-xAE Sites

r_CN2 (Curve Number) -0.2 0.2 -0.072
v_ESCO (soil evaporation compensation factor) 0.5 1 0911
v_GW_REVAP (ground water revap coefficient) 0.02 0.1 0.078
v_CANMX (maximum canopy interception, mm) 0.27 3 0.743
r_SOL_AWC (soil available water content, mm) 0.1 0.3 0.211
r_SOL_K (soil saturation hydraulic conductivity, mm/hr) -0.6 -0.1 -0.344
r_SOL_BD (soil bulk density, g/cc) -0.3 -0.1 -0.225
v_T_OPT (plant optimal growth temperature,°C) 18 24 21.077
v_T_BASE (plant base growth temperature,’C) 8 13 10.445
v_BIO_E (energy use efficiency) 30 50 33.270
v_BLAI (maximum leaf area index) 2 4 2.859
v_GSI (maximum stomatal conductance, m/s) 0.001 0.01 0.004

r: relative change of parameter values compared to their defaults based on SSURGO. For example, if original value is 100, + 2% change means
100 + 100 * 2% = 102.
v: absolute change of parameter values in their ranges
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and HRUs were defined by USGS 30 m Digital Elevation Model (DEM) since we initially targeted a broad semiarid grassland in the SGP.
The site locations and watershed boundaries along with their climate and land cover were shown in Fig. 1.

Leveraging the SWAT model’s existing capacities for assessing runoff and soil water dynamics, we further improved the ET,
biomass, and carbon component simulations by adjusting the parameters of maximum canopy storage (CANMX), LAI, and stomatal
conductance (GSI), in addition to runoff and soil water controlling parameters. We used the Penman-Monteith equation to calculate
potential evapotranspiration (PET). Actual ET was then partitioned into plant canopy evaporation, plant transpiration, and soil
evaporation. The other series of important parameters such as radiation use efficiency (Bio E), optimal temperature (T_OPT), and base
temperature (T_BASE) for plant growth were calibrated for optimal grass growth and carbon assimilation. These are also sensitive
parameters for plant growth, biomass production, and water use in biofuel crops and trees (Trybula et al., 2015; Guo et al., 2019).

Both SWAT models for CTER and US-XAE sites were run for 1998-2016 with MESONET meteorological data. The period
1998-2005 was used as a warming-up period to sufficiently minimize the effects of initial state variables on model outputs. The model
outputs from 2016 to 2021 were used as the final dataset to compare with on-site ET measurement. EC data at the CTER site was only
available for 2016, so the entire dataset was used for model calibration. Validation was carried out with the data available at the US-
xAE site. There were 5 years of EC data (2017-2021) for the US-xAE site but with a significant number of low-quality data points. That
means we only selected the daily data point with measurements for more than 18 h each day, as described in Section 2.3. Table | shows
the parameter ranges and optimal parameter values identified with the SPUCI (shuffled complex evolution with principal component
analysis) algorithm (Chu et al., 2010), a global parameter optimization method for high dimensional and complex problems.

2.6. Evaluation metrics

R? (squared Pearson correlation coefficient) and percent bias were used to identify the ET prediction accuracies from SWAT and
MODIS compared to flux tower measurements. R? can help us see the dynamic correlation (if the two variables are closely scattered to
the 1:1 ratio line) while percent bias can tell how much overestimates/underestimates are there.

3. Results
3.1. Aridity index for the two sites

For the period 2016-2021, annual precipitation was consistently higher at the subhumid CTER site (740—1370 mm) than at the
semiarid US-XAE site (660-950 mm) (Fig. 2A). The minimum precipitation occurred in 2021 for both sites and the maximum pre-
cipitation occurred in 2019, which was an exceptionally wet year (480 mm higher than long-term annual average at the CTER site).
Potential evapotranspiration (PET) was consistently lower at the subhumid CTER site (1170—-1370 mm) than at the semiarid US-xAE
site (1500—1650 mm) during the analysis period (Fig. 2B). As a result, the aridity index (Al), the ratio of annual precipitation to annual
PET, was consistently higher at the CTER (0.6-1.2) than at the US-xAE (0.3-0.6). The AI value of 0.45 separates subhumid (above 0.45)
and semiarid (below 0.45) climate zones. During the study period, the CTER site was always in the subhumid condition, while US-xAE
was in the semi-arid condition for four of the six years.
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Fig. 2. Annual precipitation (A), potential evapotranspiration (B), and aridity index (C) for the CTER and US-xAE sites. The dark dash line rep-
resents the value 0.45, which separates subhumid (above) and semiarid (below) climate zones.
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3.2. ET estimates from three different sources

All of the three different ET sources - EC flux tower (ET Tower), SWAT simulation (ET_SWAT), and MODIS remote sensing products
(ET_MODI16) - measured or simulated higher actual evapotranspiration (ET) at the CTER site than at the US-xAE site during 2016-2021
(Fig. 3). ET _Tower and ET SWAT were originally available at half-hour and daily scales, respectively, but the comparison was made at
the 8-day temporal scale since the ET_MOD16 was only available at that temporal resolution. The maximum ET each year was above
30 mm/8-day at the CTER site, while it was mostly below 30 mm/8-day at the US-xAE site from all three sources. Compared to the
available ET_Tower data, there were relatively small biases (-0.40% and 5.04%) for the CTER site from ET_SWAT and ET_MOD16,
respectively, for 2016. However, the ET_SWAT had much less bias than the ET_MODI16 for the US-xAE site with - 1.78% versus
= 45.71% during 2016-2021. The MODIS ET product tended to overestimate ET for the subhumid area and underestimate ET for the
semiarid area throughout the study period, especially for the peak water use seasons, regardless of the relative wetness or dryness of
the year. One-way ANOVA tests showed p = 0.924 and 0.0004 for the CTER and the US-XAE site, respectively, suggesting that the three
ET sources were not significantly different for the CTER site but significantly different for the US-XAE site. Table 2 showed the specific p
values following the ANOVA test for each pair of the three ET sources, which showed no significant difference between ET-Tower and
ET-SWAT (p = 0.9954). At the same time, there was a significant difference between ET-Tower and ET-MOD16 (p = 0.0015).

The scatter plots and regression lines between ET_TOWER and the two sources of ET SWAT and ET MODI16 also showed promising
ET simulations for the CTER site with comparable R? values (0.77 and 0.87), but a much better performance of ET_SWAT than
ET_MODI16 with R? values of 0.68 and 0.13 for the US-xAE site (Fig. 4). All regression lines in the figure are statistically significant

(p < 0.05) using F-statistic test.

3.3. Soil moisture comparison between SWAT and in-situ observations

The daily soil water storage anomalies during 20162021 for the CTER and US-xAE sites were shown in Fig. 5 for both field ob-
servations and SWAT simulations. Anomalies were identified when the daily soil moisture deviated from the multiple-year average.
Exceptionally dry soils usually appeared during the summer season from June to August at both sites. In addition, the semiarid US-xAE
region also experienced prolonged dry soil conditions in 2020 and 2021 which were not prominent in the subhumid prairies of the
CTER site. The SWAT model captured the soil water dynamics better for the CTER site with R? of 0.50 for 2016, compared to the US-
XAE site with R? of 0.30 for the years 2019-2020. This could be partly ascribed to better soil moisture representation at the CTER site
than at the US-XAE site, as more stations (3 vs.1) were measured at the former than at the latter site.

3.4. NPP estimates from SWAT and MODIS products

NPP estimates during peak growth periods were lower from the SWAT simulation than from the remote sensing estimation
(MOD17) for the CTER site, while they were generally higher in SWAT simulation than the MOD17 estimation for the US-XAE site
(Fig. 6). For both sites, MOD17 had much greater NPP estimates than SWAT during the dormant period of late fall to early spring,
driving the total annual NPP from MOD17 to be substantially higher. Conversely, SWAT exhibited a significant number of dormant
days without any NPP. Overall, only weak correlations were observed between SWAT and MOD17 NPP estimates during the peak
growth periods, with R? values of 0.46 for both the CTER and US-xAE sites.

4. Discussion

Most ET estimations for the SGP focus on remote sensing approaches using statistical models linking vegetation indices with plant
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Table 2
One-way ANOVA test for the three ET estimates (ET-flux tower, ET-SWAT, and ET-MOD16) of the US-XAE site.
Group A Group B Lower Limit A-B Upper Limit P-value
ET-flux tower ET-SWAT -4.4545 0.1772 4.8090 0.9954
ET-flux tower ET-MOD16 2.3443 6.9760 11.6080 0.0015
ET-SWAT ET-MOD16 2.1670 6.7988 11.4300 0.0021
ET-SWAT ET-MOD16 2.1670 6.7988 11.4300 0.0021
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Fig. 6. Net primary productivity (NPP) (8-day) time series (2016-2021) from SWAT simulation and MOD17 for CTER (A) and US-XxAE (B) sites in
Oklahoma, USA. R? values of the linear relation between SWAT simulation and MOD17 were calculated only for growing seasons.

growth and water use (e.g., Wagle and Kakani, 2014). MODIS products in this study provided slight ET overestimation (~ 5%) for the
subhumid site but with considerable underestimation (over 40%) for the semiarid site, suggesting that the vegetation indices-based
approach has limitations in this region. Many studies have indicated that misclassification of land cover and land use greatly con-
tributes to errors in MOD16 algorithms (Ruhoff et al., 2013). This could be the case for both the semiarid and subhumid grasslands in
the SGP, where grasses, shrubs, and trees frequently coexist within a small area (i.e., less than the pixel size of 500 m), which could
cause misrepresentation of the fraction of photosynthetically active radiation (FPAR), leaf area index, leaf phenology, and albedo for
the grasslands (Fig. 1). MODIS estimates of ET and NPP are based on these biophysical parameters, making classification variability a
primary source of error.

In this study, SWAT better reflected the biophysical mechanisms driving ET for the SGP grasslands, outperforming the MODIS
products in various aspects of water and productivity dynamics. ET flux measured with EC towers usually has = 10% bias (Moorhead
etal., 2019), and the SWAT model’s bias is within/close to this range. The SWAT model also performed well in simulating the soil
water storage dynamics for the tall-grass prairie (subhumid region). The soil water storage anomalies of field observations and SWAT
simulations for the mixed-grass prairie (semiarid region) were much greater than for the tall-grass prairie (Fig. 5). A possible reason is
that only one soil moisture field observation was available and used for comparison for the mixed-grass prairie. While no empirical
intra-annual estimates of NPP were available, annual calculations of NPP based on clip plots were much closer to SWAT-based than
MOD17-based annual estimates for the subhumid grassland sites. Fig. 7 compares the SWAT-based NPP estimates from the subhumid
site from 2014 to 2016 with direct measurements of NPP based on aboveground NPP (ANPP) using clip plots (Schmidt et al., 2021).
Because the clip plot was only for aboveground production, we converted these to total NPP by assuming that ANPP is 46% of the total
(Xuetal., 2012). After doing so, the SWAT-based estimates of NPP were much closer to estimates from clip plots, while the MODIS
products overestimated NPP by almost 100%.

There were robust linear correlations between the MODIS estimates of ET and NPP (Fig. 8a), with R> mostly greater than 0.60 each
year for both sites. Compared to the SWAT estimates, NPP peaks were slightly overestimated by the MODIS product of MOD17
(Fig. 6A), which corresponded to a slightly higher ET estimation of MOD16 (Fig. 3A) for the subhumid site. The peaks of NPP were
considerably underestimated when estimated by MOD17 for the semiarid site (Fig. 6B), which corresponded to a much lower ET
estimation in the product (Fig. 3B).
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Fig. 7. Annual NPP at the subhumid CTER site from 2014 to 2016 from SWAT simulation, MOD17 (NPP), field measurement of clip plot data
(aboveground NPP). Estimates from clip plots were collected as aboveground NPP and converted to total NPP, assuming that aboveground NPP is
46% of the total (Xu et al., 2012).
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Fig. 8. The R? of linear correlations between 8-day NPP and ET in the remote sensing data of MODIS (A) and SWAT simulations (B) for CTER and
US-XAE sites.

In SWAT simulations, ET and NPP were weakly correlated with R? mostly lower than 0.30 for each year from 2016 to 2021
(Fig. 8b). At the CTER site, the ratio of transpiration and ET (T/ET) ranged from 0.84 to 0.92 during the 2016 growing season (Sun
et al., 2021). We did not have T/ET data for the US-xXAE site, but Scott et al. (2005) reported a ratio of 0.84 for the growing season in the
semiarid grasslands of Arizona and Moran et al. (2009) reported a ratio of 0.76 based on a different estimation approach using diurnal
soil temperature measurements for a longer time period (2004-2006). The high T/ET ratios should result in a strong correlation
between ET and NPP, at least during the growing season for both sites. It remains unknown why the correlation between ET and NPP
from SWAT simulation was so weak (Fig. 8b). One explanation would be that the SWAT model parameterization did not represent the
right proportion of evaporation and transpiration even though the total ET quantity was correctly simulated. Models with a large
number of parameters tend to experience non-uniqueness problems that models can be fit equally well by a multitude of parameter
vectors (Abbaspour et al., 2007; Leta et al., 2015). Here we targeted the total ET quantity and did not explicitly consider transpiration
and evaporation separately so that compensation could happen between them. SWAT uses soil water compensation factor, plant
uptake compensation factor, root density and depth, and other biophysical parameters (as mentioned in Table 1) in addition to soil
water dynamics and atmospheric conditions. Due to model structure and parameter uncertainty, it is still challenging to properly
partition ET into transpiration and evaporation in SWAT and other ecohydrological models. Another explanation would be that
transpiration may not dominate the total ET for SGP grasslands. Some studies found that evaporation may account for a greater
percentage of ET in many semiarid-subhumid settings (Huxman et al., 2005; Kurc et al., 2004). The reasoning is that direct evaporation
is only contributed by the top 20 cm of soil which accumulates most rainfall inputs in dry climates (Boulet et al., 1997; Yamanaka and
Yonetani, 1999). More efforts are needed to clarify this issue in future studies.

Soil moisture is the primary limiting factor driving ecohydrological processes in water-limited systems. The overall better per-
formance of the SWAT model may be attributed to its inclusion of soil moisture information in the simulation, while MODIS algorithms
do not include soil moisture information. More consistent and better representation of soil moisture conditions for the subhumid region
may explain why ET was better simulated for the subhumid region than for the semiarid region by the hydrological model and MODIS
remote sensing products in this study. The CTER site is located in the ecosystem transition zone with very high annual climate var-
iabilities. However, the rainfall regime in the semiarid region is characterized by even greater spatial and temporal variabilities. The
more sporadic and infrequent rainfall in the drier grasslands and the vertical distribution of soil moisture along the rooting zone is
usually quite variable, and the soil water storage term is subject to greater errors (Fig. 5), which will increase the uncertainty and errors
of estimates of ET and NPP from both hydrological models and remote sensing products.

The mechanistic framework of using biophysical models simulating ET has been proven effective from the field to regional scales
(Bohn and Vivoni, 2016; Yang and Zhang, 2016). Remote sensing ET of MODIS requires relatively less input information to cover a
rather large spatial scale. Due to its availability, many hydrological models have used remote sensing ET as their calibration inputs for
model improvement (Amatya et al., 2016; Immerzeel and Droogers, 2008; Parajuli et al., 2018; Rajib et al., 2016; Tobin and Bennett,
2017; Zhang et al., 2017). This study suggests that a more thorough evaluation of the remote sensing ET product would be beneficial
before its application since it could provide different accuracies for different climate and vegetation conditions.

5. Conclusions

Hydrological models and remote sensing are two common tools to estimate evapotranspiration at the ecosystem scale. Both SWAT
simulation and MODIS products produced relatively accurate ET estimates in the subhumid tall-grass prairie of the southern Great
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Plains (SGP). In contrast, the SWAT simulation performed better than the MODIS products for the semiarid, mixed-grass prairie, where
the MODIS products considerably underestimated ET (over 40%). Mechanistically simulated ET utilizing the biophysical SWAT model
shows higher potential to approximate the evapotranspiration and biomass growth processes than the MODIS remote sensing ap-
proaches in both subhumid and semiarid grasslands of the SGP. However, it is still not validated for partitioning evaporation and
transpiration in the SWAT model due to parameter uncertainties caused by complicated water flows in the soil-plant continuum in the
SWAT (Though E is domonating suggested by the model for the grass praries). This study provides a more accurate ET estimation
approach. It adds new insights into the upscaling of spatially distributed ET, soil water, plant biomass, and thus water resources
management in tall-grass prairie and mixed grass prairies of the southern Great Plains of the USA.
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