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This study investigates the potential of using Normalized Difference Vegetation Index (NDVI) and Enhanced
Vegetation Index (EVI) to estimate root zone soil moisture at native in-situ measured sites, and at distant
sites under the same climatic setting. We obtained in-situ data from Soil Climate Analysis Network (SCAN)
sites near the Texas-New Mexico border area, and NDVI and EVI products from the Moderate Resolution
Imaging Spectroradiometer (MODIS) sensor on board the Terra satellite. Results show that soil moisture
values of the same depth are highly correlated (r=0.53 to 0.85) among sites as far as 150 km apart, and that
NDVI and EVI are highly correlated at the same site (r=0.87 to 0.91). Correlation based on raw time series of
NDVI and soil moisture is in general higher than that based on deseasonalized time series at every depth. The
correlation reaches maximum value when vegetation index (VI) lags soil moisture by 5 to 10 days. NDVI
shows a slightly higher correlation with soil moisture than EVI does by using the deseasonalized time series
of NDVI and soil moisture. It is found that deseasonalized time series of NDVI and soil moisture are correlated
at native sites (r=0.33 to 0.77), but not at sites where soil moisture is very low. Regression analysis was
conducted using deseasonalized time series soil moisture and deseasonalized time series NDVI with a 5-day
time lag. Regression models developed at one site and applied to a similar distant site can estimate soil
moistures, accounting for 50–88% of the variation in observed soil moistures.
.
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1. Introduction

Soil moisture is the quantity of water contained in soil on a
volumetric or gravimetric basis. At the surface, soil moisture is a critical
factor in the interaction with the atmosphere. Beneath the surface, root
zone soil moisture controls surface vegetation health conditions and
coverage, especially in arid and semi-arid areas, where water is one of
themain controlling/limiting factors for vegetation growth (Magagi and
Kerr, 2001). The root zone is the region of the soil penetrated by
vegetation roots, and varies with climate, soil, and vegetation
characteristics (Guswa, 2008). About 95% of shrub roots are located in
the upper half-meter (0.5 m) in a semi-arid environment inWest Africa
(Kizito et al., 2006). Themajority of roots of blue grama and black grama
grasses are concentrated from 5 to 10 cm deep in the grasslands of the
Central Great Plains (Vinton and Burke, 1997). Next to our study sites,
Kurc and Small (2007) report that the majority of grass roots are near
the surface and that the majority of shrub roots are concentrated
between 20 and 40 cm, although roots can be present at soil depths up
to 1 m in both grassland and shrubland in their study area in central
New Mexico. Plant roots directly or indirectly affect many hydrologic
components and processes, including soil moisture, ground water,
evaporation, transpiration and opening surface-connected hydraulic
pathways for rainfall penetration (England, 1975).

Root zone soil moisture links surface phenology and subsurface
water storage in vegetated regions and strongly influences surface
water balance and energy partitioning due to evapotranspiration (Song
et al., 2000). The phenological patterns in vegetation in a semi-arid
ecosystem in Mexico are correlated with soil moisture (Pavon and
Briones, 2001). The distribution of desert grasses is controlled by soil
(type and water content) heterogeneity in central New Mexico
(Buxbaum and Vanderbilt, 2007). Within one ecosystem, vegetation
self-adjusts its spatial density to match the local climate condition and
water availability (Wu et al., 1985; Walker et al., 1989; Miina and
Pukkala, 2002). Temporal deviation of soil moisture causes a change in
vegetation characteristics (either by leaf condition, or by surface
coverage). This temporal vegetation change associated with vegetation
status and fractional vegetation cover could be captured by optical
remote sensing measurements in that vegetation has different
reflectances in the near-infrared band and the visible band. Vegetation
indices, such as theNormalized Difference Vegetation Index (NDVI) and
the Enhanced Vegetation Index (EVI), were derived to reflect the
spectral signature of vegetation status and have been widely applied in
all kinds of studies (Rouse et al., 1974; Huete et al., 1997; Miura et al.,
2001; Huete et al., 2002, Wang et al., 2007).
nt sites using MODIS NDVI and EVI in a semi-arid
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Previous studies have found links between NDVI and surface
moisture (Farrar et al., 1994), NDVI and water deficit and rainfall (Liu
and Kogan, 1996), NDVI and root zone soil moisture (Adegoke and
Carleton, 2002), and NDVI and crop water use (Hunsaker et al., 2009).
Wang et al. (2007) investigated the potential of using the MODIS-
derived NDVI to estimate root zone soil moisture and found a
consistent and significant correlation (r=0.46–0.55) between desea-
sonalized NDVI and root zone soil moisture at two semi-arid sites and
one humid site. They suggested that NDVI derived from space-borne
optical sensors may provide a good proxy for root zone soil moisture
mapping at large scale.

Various approaches have been developed to estimate soil moisture:
from ground-based gravimetric sampling (e.g., Wilson et al., 2003),
time-domain reflectometry (e.g., Topp et al., 1980; Roth et al., 1990), to
air/space-borne remote sensing techniques (e.g., Engman and Chauhan,
1995; Dubois et al., 1995; Schmugge et al., 2002; Narayan et al., 2004).
Most air/space-borne remote sensing techniques usemicrowave signals
that are sensitive to soil water content, but could only penetrate the top
few centimeters (Jackson et al., 1996, Schmugge et al., 2002) and could
not retrieve the entire root zone soil moisture. In this study, we take the
benefits of root zone soil moisture's impacts on vegetation, and use the
optical remote sensing measurements (NDVI/EVI) of vegetation
variation to estimate the root zone soil moisture variation.

Specifically, we investigate the feasibility of usingMODIS NDVI and
EVI and the in-situ measured seasonal soil moisture to estimate root
zone soil moisture at increasingly distant sites under the same
climatic setting with similar soil and vegetation type. We first
investigate the correlation of NDVI/EVI and soil moisture at each
site. Based on their correlation, we develop regression models at five
depths at two native sites (hereafter, the “native” site refers to the site
where the regression model is developed using the NDVI/EVI and soil
moisture at that site). Finally, we apply the regression models to
distant (neighboring) sites to estimate root zone soil moisture for
validating the regression models.

2. Study area and data

2.1. Study area

The study area, a semi-arid region covering the Texas–New Mexico
border, is primarily grass/herbaceous cover interspersed by shrubby
rangeland (Soil Climate Analysis Network, SCAN, 2009). The specific
study sites are the Soil Climate Analysis Network (Schaefer et al., 2007)
sites namedReeseCenter (RC), Levelland (LL), Lehman(LM), Crossroads
(CR), andWillowWells (WW), from east towest (Fig. 1a). The five sites
have grass/herbaceous primary cover, with grassland–rangeland sec-
ondary cover on the four eastern sites and shrubby rangeland secondary
cover on the western site (Table 1). The three central sites (LL, LM, and
CR)haveAmarillofinesandy loamsoil type,with similar soil texture and
available water capacity (Table 1, Fig. 1b). The pixel containing the LL
site includes a roadway, airport runway, and cultivated cropland. The
percentage of sand generally increases from east to west and the
available water capacity generally decreases from east to west. Intersite
distance ranges from 32 to 47 km, with a total east–west (RC-WW)
distance of about 148 km. The five sites are ideal for investigating the
potential to estimate root zone soil moisture using a VI at the same
climatic setting and with similar vegetation and soil types.

2.2. NDVI and EVI

The NDVI was proposed by Rouse et al. (1974) based on
differences in pigment absorption features in the red (∼0.660 µm)
and near-infrared (∼0.860 µm) regions of the electromagnetic
Fig. 1. a. Land cover in the SCAN sites region. The inset map shows the study area location in
2001. b. Soil types in the SCAN sites region. Soil type regions in the map are STATSGO for c
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spectrum (Eq. (1)). The EVI is a modified index combining blue, red,
and near-infrared bands from the MODIS sensor (Eq. (2)) to minimize
atmospheric and canopy background effects on NDVI (Huete et al.,
1997; Miura et al., 2001; Huete et al., 2002). EVI is an ‘optimized’
index designed to enhance the vegetation signal with improved
sensitivity in high biomass regions, and improve vegetation monitor-
ing through a de-coupling of the canopy background signal and a
reduction in atmospheric influences (Huete et al., 2002; Matsushita et
al., 2007).

NDVI =
ρNIR − ρRed
ρNIR + ρRed

ð1Þ

EVI = G
ρNIR − ρRed

ρNIR + C1ρRed − C2ρBlue + L
ð2Þ

where ρ are atmospherically-corrected or partially atmosphere
corrected (Rayleigh and ozone absorption) surface reflectances, L is
the canopy background adjustment that addresses non-linear,
differential NIR and red radiant transfer through a canopy, and C1,
C2 are the coefficients of the aerosol resistance term, which use the
blue band to correct for aerosol influences in the red band. The
coefficients adopted in the MODIS-EVI algorithm are: L=1, C1=6,
C2=7.5, and G (gain factor)=2.5 (Terrestrial Biophysics and Remote
Sensing Lab, TBRS, 2008).

While the NDVI is chlorophyll sensitive, the EVI is more responsive
to canopy structural variations, including leaf area index (LAI), canopy
type, plant physiognomy, and canopy architecture. EVI is nearly
always lower than NDVI to provide sensitivity throughout the valid
NDVI/EVI range (0 to 1.0) (Terrestrial Biophysics and Remote Sensing
Lab, TBRS, 2008). The two VIs complement each other in global
vegetation studies and improve upon the detection of vegetation
changes and extraction of canopy biophysical parameters (Terrestrial
Biophysics and Remote Sensing Lab, TBRS, 2008). Semi-arid environ-
ments have lower biomass than humid environments (Sowell, 2001),
and NDVI was reported to bemore sensitive to vegetation in semi-arid
regions (Didan et al., 2004), suggesting that NDVI may be a better
estimator of root zone soil moisture in semi-arid environments. Senay
et al. (2007) chose NDVI for this reason in their study on irrigated
agriculture in an otherwise dry land environment in Afghanistan.
BEN-Ze'Ev et al. (2006) reported an NDVI-EVI correlation (R2) of 0.86
in the absence of smoke in a desert environment. Fensholt et al.
(2006) reported an NDVI-EVI correlation (R2) of 0.96 between Terra
MODIS NDVI and EVI in the semi-arid northern part of Senegal, using
MOD09 series data with 250 m resolution.

In a short time frame (hours), the VI may decrease due to sudden
soil moisture increase (rainfall), since increasing top-layer soil
moisture would result in a larger decrease of near-infrared reflectance
compared to the red reflectance of vegetation (Jensen, 2007).
However, in a longer time frame (such as 16 days in this study), it is
expected that VI increases as soil moisture increases over the growing
season (Wang et al., 2003).

3. Methodology

3.1. Data quality control

Global MODIS NDVI and EVI are designed to provide consistent
spatial and temporal comparisons of vegetation conditions. The
MOD13Q1 series data are 16-day composites at 250-m spatial
resolution and are provided as a gridded level-3 product and include
both NDVI and EVI products. The VI algorithms are described in detail
at the Terrestrial Biophysics and Remote Sensing Lab (Terrestrial
the southwestern United States. Land cover data: USGS National Land Cover database
larity, but analysis was based on SSURGO soil type for precision.

moisture at distant sites using MODIS NDVI and EVI in a semi-arid
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Table 1
Geoenvironmental characteristics of SCAN sites. Soil texture and available water capacity are the mean of reported values. (Natural Resources Conservation Service (2008), soil
texture and available water capacity: SSURGO (2008)).

Study sites Location Vegetation Soil texture Soil texture (%) Available
water
capacity
(cm3

water/
cm3 soil)

General description

Clay Silt Sand

Reese Center (RC) 33.62°N 102.03°W Grass/herbaceous cover, grassland rangeland Clay loam 23.7 22.1 54.2 0.08–0.19 pH 7.9 slope 0.5 well drained
Levelland (LL) 33.55°N 102.37°W Grass/herbaceous cover, grassland rangeland Fine sandy loam 20.9 18.9 60.3 0.10–0.17 pH 8.0 slope 0.5 well drained
Lehman (LM) 33.62°N 102.73°W Grass/herbaceous cover, grassland rangeland Fine sandy loam 20.8 20.6 58.6 0.10–0.18 pH 8.0 slope 0.5 well drained
Crossroads (CR) 33.53°N 103.23°W Grass/herbaceous cover, grassland rangeland Fine sandy loam 18.8 12.2 69.0 0.10–0.18 pH 8.1 slope 0.5 well drained
Willow Wells (WW) 33.53°N 103.62°W Grass/herbaceous cover, shrubby rangeland Loamy fine sand 13.0 8.8 78.2 0.05–0.17 pH 7.9 slope 1.5 well drained

Note: pH and soil texture % are the average of reported soil samples.
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Biophysics and Remote Sensing Lab, TBRS, 2008). MODIS tile h09v05
fromMarch 2005 (the beginning date of SCAN data at the study sites)
through December 2008, downloaded from the Oak Ridge National
Laboratory Distributed Active Archive Center (Oak Ridge National
Laboratory Distributed Active Archive Center, ORNL DAAC, 2009), are
used in this study.

Soil moisture values used in this study are point-scale data from
the Soil Climate Analysis Network (SCAN, accessed December 2008)
sites. Volumetric soil water content (referred to as soil moisture
Fig. 2. Seasonal (left column) and raw (right column) time series of soil moisture, NDVI, and
have no unit. The X-axis is labeled as month, but is actually the 16-day mean. The LM 100

Please cite this article as: Schnur, M.T., et al., Estimating root zone soil
region of southwestern USA, Ecological Informatics (2010), doi:10.1016
hereafter) was measured hourly at 5 cm, 10 cm, 20 cm, 50 cm, and
100 cm depths using a Stevens Hydra Probe II (Stevens Water
Monitoring Systems Inc., 2008) at the SCAN sites. The hourly soil
moisture was processed to match the 16-day MODIS data, i.e. the 16-
day average is the average of the current day and the following
15 days. This produces eighty seven 16-day observations at each site
and depth.

All of the soil moisture data sets have missing values. The LM
100 cm depth has 53.3% missing values, from 30 August 2006 through
EVI for 2005–2008 and for 2006 at the 5 sites, respectively. Soil moisture, NDVI, and EVI
cm depth was not analyzed due to excessive missing values.

moisture at distant sites using MODIS NDVI and EVI in a semi-arid
/j.ecoinf.2010.05.001
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the end of the time series. Mertler and Vannatta (2001) recommend
deleting any quantitative variable withmore than 15%missing values,
and thus the 100 cm soil depth variable at the LM site are removed
from the analysis. MODIS NDVI and EVI QA data for the 16-day period
beginning 17 January 2007 indicated clouds, and the VI values are
interpolated for this time period.

3.2. Seasonality and time series

The seasonal component of time series variables can be identified
using a simplemoving average: a 47-pointmoving average for the daily
soilmoisture and a 3-pointmoving average for the 16-dayNDVI and EVI
(Wang et al., 2007). The deseasonalized time series is then produced by
subtracting the seasonal time series from the raw time series.

3.3. Statistical analysis and model validation

Pearson Product Moment correlation coefficients (r) are calculated
between NDVI/EVI and soil moisture at a native site, for five depths,
during the growing season (April to September) for both raw and
deseasonalized time series (excepting LM at 100 cm, which was
removed due to missing values). Wang et al. (2007) report that r
between NDVI and soil moisture peaks when NDVI has 0–5 day time
lag overmeasured soil moisture in a semi-arid climate. This study uses
0 to 30 day time lags between VIs and soil moisture time series to
identify the best possible VIs' time lag associated with maximum
correlation between VI and soil moisture. For example, in a 5-day time
lag, the NDVI of the 8th day (which is actually a composite from the
8th to the 23rd day of the month) is paired with soil moisture of the
3rd day, which is constructed from averaging daily soil moisture from
the 3rd to the 18th day.

Regression analysis is a statistical method for studying the
relationship between a single dependent variable and one or more
independent variables and for estimating the dependent variable using
independent variable(s) (Allison, 1999). Soilmoistureat the samedepth
at different sites across the study area are highly correlated, therefore
we use a simple linear regression model (Meyers et al., 2006; Allison,
1999). Our hypothesis is that the soil moisture-NDVI regression model
Please cite this article as: Schnur, M.T., et al., Estimating root zone soil
region of southwestern USA, Ecological Informatics (2010), doi:10.1016
developed at one site can be used to estimate root zone soil moisture
using the NDVI at a distant site, provided that the two sites have similar
soil type, vegetation, and climate regime.

We tested this hypothesis by developing a regression model using
deseasonalized NDVI with a 5-day time lag as the independent
variable and deseasonalized soil moisture as the dependent variable
at two native sites (LL and LM) within the growing season from April
to September. Regression models are developed for each depth at the
two native sites and then applied to distant sites by substituting the
deseasonalized NDVI from the distant site, to estimate the deseaso-
nalized soil moisture of each depth at the distant site. The estimated
value at each depth is then added into the seasonal soil moisture of
the same depth at the distant site to obtain the estimated soil
moisture of the same depth at the distant site. The estimated soil
moisture values are then validated with the observed soil moisture of
the same depth at the same distant site.

The model validation considers three factors within a similar semi-
arid climate setting: distance, vegetation type, and soil type that may
affect application of the regressionmodels. First,we consider the impact
of distanceon the regressionmodel. The LLmodel is developedusing the
deseasonalized soilmoisture andNDVI at the LL site, and then applied to
the LM and CR sites, which have similar soil type (Fig. 1b and Table 1)
and vegetation type (Fig. 1a and Table 1), but different distances (35 km
to LM and 80 km to CR). Second, the ideal case, the LM model is
developed using the deseasonalized soil moisture and NDVI at LM, and
thenapplied to LLandCR,whichhave similardistance(35 and47 km) to
LM, and similar soil type (Fig. 1b and Table 1) and vegetation type
(Fig. 1a and Table 1). Third, the LMmodel is applied at bothRC andWW,
which have similar (65 and 82 km) distance to LM, but have different
soil type than LM. WW has a different vegetation type than LM, but RC
has similar vegetation type to LM.

4. Results

4.1. Soil moisture and VI variation

The seasonal and raw time series of soil moisture, NDVI and EVI for
2005–2008 and for 2006 are shown in Fig. 2. The VI values have the
moisture at distant sites using MODIS NDVI and EVI in a semi-arid
/j.ecoinf.2010.05.001
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largest seasonal changes and are usually bimodal, with a seasonal
increase in April–May (spring) and the second (usually the largest)
increase in August–October (fall). The NDVI values are usually larger
than the EVI values by 0.1 or more. NDVI and EVI are highly correlated
with r ranging from 0.87 to 0.91 (pb0.001) for the five sites (not
shown). For the seasonal time series (left panel of Fig. 2), soil moisture
values at each depth are very similar with small variation monthly or
seasonally, while the soil moisture values at different depths have
large variation, except for the CR site where soil moistures are around
Fig. 3. VI-soil moisture correlation coefficient vs. time lag of NDVI for raw (left column) and d
season (April–September). The Z–R line indicates the threshold of statistical significance. T
absolute difference between estimated soil moisture and observed soil moisture.

Please cite this article as: Schnur, M.T., et al., Estimating root zone soil
region of southwestern USA, Ecological Informatics (2010), doi:10.1016
0.05 with minimal variation. For the raw time series (right panel of
Fig. 2), the monthly variation of soil moisture is much larger than the
seasonal time series especially in the rainy season from August to
October.

The vertical variation of seasonal soil moisture at RC and LL sites
(Fig. 2a, c) have a similar pattern, which first increases with soil depth
(to 20 cm for RC and 10 cm for LL), then decreases with soil depth
(withminimum value at depth of 50 cm for RC and 20 or 50 cm for LL)
and finally increases again with soil depth. At LM (Fig. 2e), soil
eseasonalized (right column), at the LL, LM, and CR sites for 5 depths, during the growing
he LM 100 cm depth was not analyzed due to excessive missing values. MAD is mean

moisture at distant sites using MODIS NDVI and EVI in a semi-arid
/j.ecoinf.2010.05.001
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Table 2
Maximum correlation value (r) and time lag (days) for correlation between
deseasonalized NDVI and EVI with soil moisture. The threshold of statistical significance
for r is 0.31. The LM 100 cm depth was not analyzed due to excessive missing values.

RC LL LM CR WW

r Time
lag

r Time
lag

r Time
lag

r Time
lag

r Time
lag

NDVI 5 cm 0.58 10 0.59 5 0.73 10 0.39 10 0.19 20
10 cm 0.56 10 0.63 5 0.74 10 0.36 10 0.16 0
20 cm 0.55 10 0.39 0 0.77 10 0.33 10 0.22 20
50 cm 0.50 10 0.56 5 0.75 5 0.31 5 0.19 20
100 cm 0.45 5 0.23 0 0.29 0 0.26 20

EVI 5 cm 0.33 20 0.61 20 0.58 25 0.43 5 0.38 10
10 cm 0.35 20 0.61 20 0.65 25 0.52 5 0.35 10
20 cm 0.36 20 0.43 20 0.69 25 0.57 5 0.45 15
50 cm 0.41 20 0.49 20 0.43 20 0.56 0 0.44 15
100 cm 0.33 20 0.33 10 0.37 0 0.41 15

Table 3
Coefficient of determination (r2) and MADs between estimated and observed soil
moisture for the regression models developed at the LL and LM sites and applied to
distant sites, at 5, 10, 20, and 50 cm. Regression estimates were derived from
deseasonalized time series of NDVI and soil moisture, with a 5-day time lag of NDVI.
MAD is mean absolute difference between estimated soil moisture and observed soil
moisture.

Native
sites

Distant sites Soil depth (cm)

Name Distance (km) Statistic 5 10 20 50

LL LM 35 r2 0.76 0.79 0.72 0.86
MAD 0.02 0.02 0.02 0.02

CR 80 r2 0.55 0.58 0.67 0.66
MAD 0.02 0.02 0.01 0.02

LM LL 35 r2 0.66 0.74 0.66 0.71
MAD 0.03 0.02 0.03 0.02

CR 47 r2 0.50 0.53 0.52 0.55
MAD 0.02 0.02 0.02 0.02

RC 65 r2 0.72 0.85 0.86 0.77
MAD 0.02 0.02 0.02 0.01

WW 82 r2 0.62 0.76 0.85 0.88
MAD 0.02 0.02 0.01 0.02
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moisture increases from 0.04 at the top layer to 0.20 at 50 cm depth.
CR is the driest site among the five sites, and its soil moisture (Fig. 2g)
has a vertical variation pattern similar to LM, but with much less
variation in magnitude than LM. The soil moisture at the WW site
(Fig. 2i) has similar low values from 5 cm to 20 cm, and then increases
with soil depth from 20 cm through 100 cm. Overall, the seasonal
patterns are similar at the eastern three sites (RC, LL, and LM), while
soil moisture is lower at the western sites (CR and WW).

The raw time series of soil moisture values in 2006 are lower than
the seasonal average, meaning that 2006was drier than the three year
average. The 5 cm and 10 cm soil moistures tend to show greater
variation throughout the year than the 20 cm, 50 cm, and 100 cm soil
moistures. At the RC site (Fig. 2b), 5 cm and 10 cm soil moisture varies
more than the seasonal pattern, while the 20 cm, 50 cm, and 100 cm
soil moisture varies similar to the seasonal pattern. At the LL site
(Fig. 2d), 5 cm and 10 cm soil moisture varies more than 20 cm,
50 cm, and 100 cm in the spring peak, while all 5 depths increase in
August. At the LM site (Fig. 2e), the 5 cm to 50 cm depths show an
increase in soil moisture in spring, and peaks in August and again in
October, so this site has a trimodal pattern in 2006. Soil moisture data
at the 100 cm depth at the LM site is missing after August 2006, and
thus not shown in the figure. Soil moisture at the CR site (Fig. 2g) in
2006 shows increases in the spring at 5 cm to 20 cm, and at all depths
in the fall, with increases in August and October at 5 cm to 50 cm
depths. At the WW site (Fig. 2i), there is a slight spring increase and
other increases in August and October.

Correlation analysis of soil moisture values at the same depth at
the two sites closest together (RC and LL, 32 km) and the two sites
farthest apart (RC and WW, 148 km) reveal that same depth soil
moistures are strongly correlated. For instance, the soil moisture r
values at the same depth were 0.52 to 0.89 between RC and LL, and
0.58 to 0.68 between RC andWW (not shown). Correlation analysis of
soil moisture values at the same depth at the LL to CR sites (80 km
apart) with similar soil type show that the r values are 0.62 to 0.84
(not shown). This result is encouraging and supports the hypothesis
that VIs should reliably estimate soil moisture at distant sites up to
∼100 km examined with similar soil type, vegetation, and climate
regime.

4.2. Soil moisture-VI correlation at native sites

The growing season for the study area is from April to September,
when VIs have the highest correlation with soil moisture. Therefore,
forty one 16-day observations for the period of May–September in
each year from 2005 to 2008 are used for the analysis. Fig. 3 shows the
correlation examples between (raw and deseasonalized) NDVI and
soil moisture at LL, LM and CR sites, which have the same soil type,
Amarillo (s7164) (Fig. 1b). Generally, the deseasonalized soil
moisture (except at 100 cm) and NDVI demonstrate consistent and
significant correlations with maximum value at a 5 (LL and LM) to 10-
day (CR) time lag for NDVI. The raw soil moisture and NDVI do not
show significant correlation at the LL site, have similar correlation
with the deseasonalized time series at the LM site, and have higher
correlation values than the deseasonalized time series at the CR site.
This indicates that only the deseasonalized NDVI could reflect the
response of vegetation to the soil moisture variation and thus could be
used as a proxy to estimate the root zone soil moisture variation
(Wang et al. 2007).

Table 2 shows maximum correlation value (r) and time lag in days
for correlation between deseasonalized NDVI and EVI with soil
moisture. Since semi-arid regions typically do not have high biomass,
NDVI should not saturate and the two VIs should perform equally
well, as the strong correlation between the two VIs (r=0.87–0.91)
suggest. However, when the VIs are correlated with soil moisture, EVI
has a maximum correlation with soil moisture with a longer time lag
than NDVI at RC, LL, and LM, and with a somewhat shorter time lag at
Please cite this article as: Schnur, M.T., et al., Estimating root zone soil
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CR and WW. EVI has a lower maximum correlation than NDVI at RC
and LM, a similar maximum correlation at LL, and a higher maximum
correlation at CR and WW. Since the study area is not a high biomass
region, EVI is not necessary, and appears to give inconsistent results
when correlated with soil moisture compared to NDVI (Table 2).
Therefore, deseasonalized NDVI is used for the regression model to
estimate root zone soil moisture at distant sites.

4.3. Soil moisture estimation and validation

Table 3 summarizes regression model validation statistics for the
LL and LM models applied to distant sites. Scatter plots for estimated
vs. observed soil moisture at 10 cm soil depth (root zone, the best
results) for the two regression models are shown in Figs. 4 and 5.
When distance between native site and distant site is a factor, but soil
and vegetation are similar (LL model applied to LM and CR, Fig. 4a, b),
the r2 values between estimated and in-situmeasured soil moisture at
different depths vary from 0.72 to 0.86 at LM, and vary from 0.55 to
0.67 at CR (Table 3) with longer distances and smaller correlation. The
mean absolute difference (MAD) between estimated soil moisture
and in-situ soil moisture is 0.02 for all depths at LM and varies from
0.01 to 0.02 at CR (Table 3).

When distance, soil type, and vegetation are similar between
native site and distant site (LMmodel applied to LL and CR, Fig. 5a, b),
the r2 values between estimated and in-situmeasured soil moisture at
different depths vary from 0.66 to 0.74 at LL, and vary from 0.50 to
0.55 at CR (Table 3), which shows slightly different land cover than LL
moisture at distant sites using MODIS NDVI and EVI in a semi-arid
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Fig. 4. Estimated vs. observed soil moisture for the regressionmodel developed at the LL
site and applied to the LM (a) and CR (b) sites, at 10 cm. Regression estimates were
derived from deseasonalized time series of NDVI and soil moisture, with a 5-day time
lag of NDVI. MAD is mean absolute difference between estimated soil moisture and
observed soil moisture.
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and LM (Fig. 1a). The estimated soil moisture using the LL model has
higher r2 values than the LMmodel at CR (Table 3). Themean absolute
difference (MAD) between estimated soil moisture and in-situ soil
moisture at different depths varies from 0.02 to 0.03 at LL and 0.02 for
all depths at CR (Table 3).

When distance and vegetation are similar but soil type is different
(LM model applied to RC, Fig. 5c), or when distance is similar but soil
type and vegetation are different (LM model applied to WW, Fig. 5d)
the r2 values between estimated and in-site measured soil moisture at
different depths vary from 0.72 to 0.86 at RC and vary from 0.62 to
0.88 at WW (Table 3). The mean absolute difference (MAD) between
estimated soil moisture and in-situ soil moisture at different depths
varies from 0.01 to 0.02 at both RC and WW (Table 3).

5. Discussion

5.1. Raw and deseasonalized time series

Both raw and deseasonalized time series have been used in
previous studies and both can give good results. Wang et al. (2007)
used raw and deseasonalized data and obtained results consistent
Please cite this article as: Schnur, M.T., et al., Estimating root zone soil
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with Kendall and Ord (1990), reporting that at the semi-arid Adams
Ranch and Walnut Gulch SCAN sites, the Pearson's r between the raw
time series of soil moisture and NDVI has larger values than the
deseasonalized time series, while at the humid Prairie View SCAN site
in east Texas, the Pearson's r between the raw time series of soil
moisture and NDVI had lower values than the deseasonalized time
series. We also find that deseasonalized NDVI has consistent and
significant correlation with deseasonalized soil moisture, while the
raw NDVI and soil moisture may have lower r values (LL) or larger r
values (CR and LM) due to their different or similar seasonality. Since
NDVI has a similar seasonal pattern with soil moisture at CR and LM,
removing the seasonal component lowers the r value between the VI
and soil moisture (Wang et al., 2007). In contrast, at LL, removing the
different seasonal patterns of soil moisture and NDVI improve their r
values, which represents the real response of vegetation (VIs) to the
soil moisture change and reveals the physical mechanism to use our
regression model to estimate the root zone soil moisture variation
using NDVI. The LL 20 cm time series regression model had a much
lower r value (0.34) that is not explained by available data, but still
estimated soil moisture at LM and CR. The LL site behaved differently
from the other sites, as previously noted. When NDVI was weakly
correlated or not correlated with soil moisture, as occurs at the CR and
WW sites, respectively, the regression model estimated soil moisture
variation using deseasonalized NDVI has larger uncertainties and may
not represent the realistic soil moisture variation. In this case, a
conservative alternative is to use the seasonal soil moisture to fill the
final estimated soil moisture.

At the CR site, with relatively low soil moisture, deseasonalized
NDVI has a weak correlation with 5, 10, 20, and 50 cm soil moisture
with 10 days time lag. There is no significant correlation between
deseasonalized NDVI and soil moisture at the WW site, suggesting
that at sites with low soil moisture, the deseasonalized VIs are not
effective at estimating root zone soil moisture. This study shows
greater variation of correlations in deseasonalized time series at five
sites (Table 2, Fig. 3).

Deseasonalized NDVI was correlated with soil moisture at up to
100 cm depth at RC and LM, and up to 50 cm at LL in this study,
suggesting that the root zone extends at least to 50 cm at these sites.
Root density profiles developed by Kurc and Small (2007) indicate
that “roots are present to soil depths of 1 m in both the grassland and
shrubland” in central New Mexico, near this study site, “with a
majority of grass roots near the surface and a majority of shrub roots
between 20 and 40 cm”. This suggests that deseasonalized NDVI is
estimating root zone soil moisture used by grasses near the surface
and by shrubs at depths of 20 to 100 cm.

5.2. NDVI vs. EVI

Soil moisture is one of the major controlling factors for vegetation
growth in semi-arid climates, and NDVI and EVI are closely tied to soil
moisture, therefore NDVI and EVI will change closely with soil
moisture. This study used Terra MODIS NDVI and EVI, enabling
comparison of the two indexes in a semi-arid climate. Previous studies
have used NDVI and EVI in semi-arid climates (Laneve and
Castronuovo, 2005; Fensholt and Sandholt, 2005; Kawamura et al.,
2005; Huete et al., 2002), but none have compared the two indices for
sensitivity to root zone soil moisture. The raw NDVI and EVI time
series are highly correlated at the 5 sites (r=0.87 to 0.91), suggesting
that the VI-soil moisture correlations would be very similar. However,
this was not the case, as EVI has inconsistent maximum correlations
with soil moisture (Table 2). EVI was developed to improve sensitivity
in high biomass regions, where NDVI tended to saturate (Terrestrial
Biophysics and Remote Sensing Lab, TBRS, 2008). Since semi-arid
regions typically do not have high biomass, NDVI is sufficient for the
semi-arid study area. Therefore, in our regression model, only the
NDVI-soil moisture regression model is examined.
moisture at distant sites using MODIS NDVI and EVI in a semi-arid
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Fig. 5. Estimated vs. observed soil moisture for the regression models developed at the LM site and applied to the LL (a), CR (b), RC (c), and WW (d) sites, at 10 cm. Regression
estimates were derived from deseasonalized time series of NDVI and soil moisture, with a 5-day time lag of NDVI. MAD is mean absolute difference between estimated soil moisture
and observed soil moisture.
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5.3. Estimating soil moisture at distant sites

The two regression models produce consistent results when
applied to distant sites and validated against observed soil moisture
(LM: r2=0.55–0.86; LL: r2=0.50–0.88). This suggests that deseaso-
nalized NDVI could serve as a proxy to estimate the root zone soil
moisture variation in the examined areas. Distance appears at first to
decrease the estimation capability as the LL model applied to CR has a
lower coefficient of determination (r2=0.55–0.66) than LL applied to
LM (r2=0.72–0.86). However, the LMmodel applied to CR (r2=0.50–
0.55) was also lower than LM applied to LL (r2=0.66–0.74) when
distance is similar, suggesting that distance is not a determining factor
in this study area. Both models applied to CR produce lower r2 values
than when applied to the other distant sites, suggesting that there are
some other factors at the CR site not observed from the soil moisture
and vegetation maps (Fig. 1a, b) affecting the soil moisture estimate.

When the LM model is applied to RC with different soils, the soil
moisture estimate compared to observed soil moisture was higher
(r2=0.72–0.86) than LM applied to WW with different soil and
vegetation (r2=0.62–0.88), suggesting that vegetation type is more
important than soil type in estimating soil moisture.

The estimates compared to observed soil moisture are consistently
higher at the 10 cm–50 cm depth than at 5 cm at all sites (Table 3),
Please cite this article as: Schnur, M.T., et al., Estimating root zone soil
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suggesting that the root zone is concentrated in the10 cm–50 cmdepth,
supporting the root zone range reported by Kurc and Small (2007).

Overall in this study, a regression model developed at a native site
and applied to a distant site with similar soil type and vegetation
accounts for 50–86% of the variation in observed soil moisture. When
a regression model developed at a native site and applied to distant
sites with either different soil type and similar vegetation (e.g., LM to
RC), or different soil type and different vegetation (e.g., LM to WW),
but still in the semi-arid climate, the model accounts for 62–88% of
variation in the observed soil moisture, at distances up to about
100 km.

The vegetation type reported by SCAN is similar at the three center
sites (CR, LM and LL), but a detailed analysis of the vegetation type at
each site is needed to determine the specific NDVI-soil moisture
relationship. A multivariate regression model using soil type, soil
texture, vegetation type, along with other climatic variables such as
precipitation, soil temperature, etc. may improve the model and
better explain the variation among the three sites.

Our results suggest that regression models derived from deseaso-
nalized time series can be applied to distant sites in a semi-arid region
to estimate root zone soil moisture within the growing season, given
known soil type, vegetation, and climate regime. This increases the
potential for regression models to produce root zone soil moisture
moisture at distant sites using MODIS NDVI and EVI in a semi-arid
/j.ecoinf.2010.05.001
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maps, as suggested by Wang et al. (2007). This method assumes that
soil types and vegetation types are known. If soil and vegetation types
are not available, one needs to obtain them before any empirical
equations can be used for estimating soil moisture.

6. Conclusions

This study examined the characteristics of soil moisture at five
SCAN sites on the Texas–New Mexico border using time series data
from March 2005 to June 2008.

Results of regressionmodels developed at native sitesfind thatMODIS
deseasonalized NDVI can be used to estimate root zone soil moisture at
distant sites up to 100 km examined with similar soil and vegetation
characteristics at the 10-50 cm depth. More research is needed into the
VI-soil moisture relationship at distant sites in arid, semi-arid, and humid
regions using the 8-day VI products, detailed soil and vegetation
characteristics, and a longer time series to improve the estimation.
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