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Abstract. Methods to accurately estimate the biophysical and biochemical properties of 
vegetation are a major research objective of remote sensing.  We assess the capability of the 
MODIS satellite sensor to measure canopy water content and evaluate its relationship to 
ecosystem exchange (NEE) for an evergreen forest canopy.  A time-series of three vegetation 
indexes were derived from MODIS data, the Normalized Difference Vegetation Index 
(NDVI), the Normalized Difference Water Index (NDWI), and the Normalized Difference 
Infrared Index (NDII), which were compared to physically based estimates of equivalent 
water thickness (EWT) from the airborne AVIRIS hyperspectral instrument over a temperate 
conifer forest in southwestern Washington.  After cross-calibration of the imagery, water 
indexes derived from MODIS showed good agreement with AVIRIS EWT, while the NDVI 
was insensitive to water content variation.  Three years of NEE data from eddy covariance 
measurements at the Wind River AmeriFlux tower were compared with the time series of 
MODIS indexes, which show seasonal water content has similar trajectory with NEE. In 
contrast, the MODIS NDVI time series did not yield a good relationship with NEE.  This 
study demonstrates the potential to use MODIS water indexes for spatial and temporal NEE 
estimation at regional and global scales in appropriate ecosystems. 

Keywords: MODIS, AVIRIS, equivalent water thickness, vegetation index, water index 
AmeriFlux, eddy covariance, net ecosystem exchange (NEE). 

1 INTRODUCTION 
Accurate spatially resolved and temporal estimates of canopy biochemistry and biophysical 
properties has become an important contributor to knowledge of plant physiological status.  
At regional to global scales these data are critical for estimating terrestrial surface fluxes and 
understanding impacts and feedbacks to climate change [1-4].  

1.1 Vegetation Indexes Used to Estimate Canopy Physiological Condition 
The first index to become widely used to estimate leaf and canopy properties was the 
Normalized Difference Vegetation Index (NDVI) [5], which relates reflectance in the red 
region of the electromagnetic spectrum, around 660 nm, and the near-infrared around 860 nm 
to vegetation condition.  NDVI has been extensively used for two decades (>1600 published 
papers) to correlate to and/or estimate a wide range of plant properties including leaf area 
index [1, 6-8] and leaf mass [7, 9-13], chlorophyll (or pigment) concentration [11, 13-15], 
absorbed (or fraction) photosynthetic radiation [6, 8, 11, 16], % cover [17-19], among others.   
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An early theoretical study by Sellers [1, 16] showed the potential for NDVI to respond to 
canopy resistance and photosynthetic capacity over a realistic range of environmental 
conditions.  This study was followed by incorporation of NDVI into a process model, the 
Simple Biosphere Model (SiB) [20] and later an improved SiB2 model [6, 21].  In particular, 
for sites with a strong seasonal phenology in leaf development, e.g. grasslands, NDVI has 
been demonstrated to be a good surrogate for LAI and FPAR in land surface models. 
Furthermore, because NDVI is correlated to canopy density or abundance, it can be used with 
land surface net radiation for modeling diurnal transpiration and photosynthesis, and produce 
estimates of regional scale CO2 fluxes [22-24].  In a recent experimental climate change 
study, Filella et al. [25] followed seasonal and annual changes in CO2 uptake in a mixed 
deciduous and evergreen Mediterranean shrubland for four years and demonstrated that 
NDVI could indirectly track temporal changes in CO2 flux. 

However, some studies show that NDVI is not always a good indicator of leaf area index 
or biomass and is not correlated with CO2 uptake.  There is little correlation between 
assimilation and NDVI in evergreen vegetation during climate periods that are adverse for 
growth.  For example, Gamon et al. [11, 13] found that photosynthetic rates in evergreen 
forest and shrub communities have little correlation to NDVI during the summer drought in 
California when stomata are closed.  Others have shown similar results under low winter 
temperatures [26, 27]. Conversely, under conditions of high productivity NDVI becomes 
saturated at high pigment concentrations and high leaf area, with saturation occurring at LAI 
of 3-4 in most ecosystems [1, 28, 29].  This saturation occurs substantially below the LAI 
typical of high productivity sites (where LAI is often >6), which are important sinks of carbon 
dioxide.  Reliance on NDVI alone may under-estimate fluxes of CO2 and water, which 
feedback into other physiological processes.  NDVI is adversely affected by dense and 
multi-layered canopies, causing a strong non-linear relationship to green LAI [30, 31].  
Moreover, NDVI is also affected by other factors such as variable soil background, canopy 
shadows, illumination, and atmospheric conditions [28, 32-36] that are common conditions in 
mature forests. A recent evaluation found that the MODIS Enhanced Vegetation Index (EVI) 
is more sensitive to canopy structure while NDVI is more sensitive to chlorophyll [33]. 
Although EVI and NDVI can both follow seasonal phenological timing, additional or revised 
remotely sensed measures of canopy properties are needed to (1) identify when NDVI may be 
wrong, (2) evaluate the temporal trajectory of canopy water indexes as an alternate 
physiological indicator in summer drought ecosystems, (3) provide constraints to modify 
vegetation indexes, and (4) more precisely estimate canopy physiological processes in 
evergreen ecosystems.  

1.2 Water Content Indexes and Physiological Status 
Canopy water content is of interest because of implications for drought stress monitoring in 
agriculture and forestry [12, 37-42].  In recent years, land surface parameterization has used 
modern theories that relate photosynthesis and evapotranspiration to provide consistent 
descriptions of water, energy, and carbon exchange between the vegetated land surface and 
the atmosphere in [43, 44]. Plant metabolism, based on the photosynthetic activities, requires 
an open pathway, stomata, for the transfer of CO2 which leads to an inevitable water vapor 
loss from the canopy. Therefore, the linkage between water and carbon is based on the 
biophysical regulation of stomata, which involves optimization to maximize carbon fixed by 
photosynthesis, yet reduce water loss [6, 21, 44]. Turgor pressure governed by leaf hydration 
regulates stomatal opening. 

Reflectance in the near-infrared and shortwave-infrared (1500-2500 nm) regions are 
largely influenced by water absorption [12, 38, 45, 46] therefore potentially providing a 
quantitative estimate of plant water content.  Gao [12] proposed the Normalized Difference 
Water Index (NDWI) using the water absorption features at 860 nm and 1240 nm to retrieve 
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vegetation liquid water, and indicated potential usage of the Moderate Resolution Imaging 
Spectrometer (MODIS) band 2 (858.5nm) and band 5 (1240nm) for deriving NDWI and 
canopy water content.  Subsequent studies support the estimation of canopy water content and 
possibly water stress monitoring using MODIS [39, 47, 48].   

The MODIS product MOD09A1 (http://modis-land.gsfc.nasa.gov/surfrad.htm) provides 
calibrated reflectance for the seven 250m and 500m spectral bands in the 400 nm to 2500 nm 
spectral region at an eight-day composited temporal resolution. This coarse scale global 
reflectance product was built to provide continuous land cover characteristics at the regional 
scale and to explore its connection to global ecosystem processes, including the exchange of 
carbon, water, and energy between land surface and the atmosphere [2, 33, 42]. In this 
product, band 2, centered at 858.5 nm, band 5 at 1240 nm, and band 6 at 1640 nm have been 
used for retrieving water content information [12, 19, 39, 47-49].  Radiative transfer models 
such as PROSPECT [50] linked to canopy models show that other biochemical constituents 
such as dry matter content (cellulose, lignin, nitrogen, etc.) along with canopy structure and 
leaf area in addition to canopy water cause large effects on MODIS reflectance [39, 47], thus, 
the utility of a water index remains uncertain.   

Although structure affects the quantitative retrieval of water content, other studies have 
demonstrated that NIR and SWIR band reflectances can produce good correlations between 
image based canopy water content and field measured water content for vegetation types 
ranging from wetlands to semiarid shrublands [38, 40, 51-53].  In the semiarid Sahelian zone 
of West Africa, Fensholt and Sanholt used the Shortwave Infrared Water Stress Index 
(SIWSI) from MODIS bands 2, 5, and 6 and showed a strong correlation to in situ surface soil 
moisture measurements [48].  The concept of this band combination was developed earlier by 
Hardisky et al. [54] for Landsat Thematic Mapper using the term Normalized Difference 
Infrared Index (NDII). A similar combination of NIR and SWIR bands was used by Xiao et 
al. [55] from SPOT-VGT, band 3 (780-890 nm) and the SWIR band (1580-1750 nm), as an 
indicator of vegetation and soil moisture, which was shown to identify distinct temporal 
growth patterns in temperate and boreal forests. This study showed NDWI had a larger 
dynamic range between vegetation types than NDVI and that NDWI was high in spring 
months (March to May) when NDVI was low, which was attributed to snow melt and cover 
differences. This water index was later derived from MODIS reflectance product band 2 and 
6 under the name Land Surface Water Index (LSWI) [19, 49, 56] and used in a satellite-based 
Vegetation Photosynthesis Model to estimate the impact of seasonal dynamics of soil 
moisture on plant photosynthesis and along with the EVI, to estimate gross primary 
production (GPP) in a temperate deciduous forest [49] and in a tropical evergreen forest [56]. 

This manuscript extends progress on retrieval of MODIS canopy water content to a high 
LAI evergreen forest that experiences seasonal soil moisture restrictions that limit 
photosynthesis and transpiration. The MODIS water content index is compared to a 
theoretically derived water content estimate from the Airborne Visible/Infrared Imaging 
Spectrometer (AVIRIS) for validation.  Then a three-year time series between the MODIS 
water indexes and eddy covariance data at the Wind River Canopy Crane Research Facility, 
Washington, USA is used to test the relationships between MODIS indexes and carbon 
dioxide, latent heat, and sensible heat fluxes. Lastly, the potential to use indexes to develop 
spatially and temporally resolved regional estimates of carbon sequestration is demonstrated.  

2 METHODS AND DATA USED 

2.1 Wind River Site Characteristics 
The Wind River Canopy Crane Research Facility (WRCCRF) is located in the T.T. Munger 
Research Natural Area of the Gifford National Forest in southwestern Washington.  The 
ancient Douglas-fir (Pseudotsuga menziesii) and western hemlock (Tsuga heterophylla) 

http://modis-land.gsfc.nasa.gov/surfrad.htm
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dominated forest (1,740 trees ha-1 with heights up to 65m) [57], and mean LAI of ~9.4 [58] is 
composed of eight conifer species of different ages (up to ~500 years old) and represents a 
high live biomass (39,800 gC m-2) [59] and structurally dense and complex mature conifer 
forest [60].  This is the oldest forest in the international FLUXNET measurement network and 
the ecosystem type is highly under-represented in terms of its environmental complexity 
within the AmeriFlux network [61].   

The region is at a transition between a temperate marine climate to the west and a drier 
continental climate to the east and is within the transient snow zone of the Cascade 
Mountains, where winter rain-on-snow and freezing-rain events are common.  Mean annual 
air temperature is 8.7˚C and mean precipitation is 2223 mm yr-1, based on 1978-1998 data 
from the Carson National Fish Hatchery, 5 km north of the canopy crane (National 
Oceanographic and Atmospheric Administration National Climate Data Center).  Only 5% of 
annual precipitation falls during the summer and drought typically lasts 60-80 days between 
June, July and August [57]. The distinct wet and dry seasons are offset in time from seasonal 
phenological events that are in this regard, unique among the climate systems of other mature 
forests studied in the AmeriFlux network.   

The WRCCRF maintains an 85-m tall construction crane within the old-growth forest 
(45°49′13.76″N and 121°57′06.88″W) that provides within canopy access for 
biometeorological, microclimatic, and ecological measurements over 2.3-ha area [62].  It is 
located approximately 1 km from the eastern edge of the old-growth forest and about 0.5 km 
from both the north and south edges of the forest. 

2.2 Biometeorological Flux Measurements 
Eddy-covariance instruments (Solent Gill HS 3-D sonic anemometer and fast-response Li-Cor 
6262 infrared gas analyzer) were mounted on the crane at a height of 70m.  Details about 
instrument methodology are described in Paw U et al. [63] and Falk [64].  Turbulent fluxes of 
carbon dioxide, latent heat, and sensible heat have been measured continuously since March 
1998 although this study only includes flux data from 1 January 2001 to 31 December 2003 to 
correspond with the MODIS data.  Flux data were processed to remove half-hourly 
measurements outside their expected ranges, to correct for low turbulent conditions and to 
gap-fill any missing data.   

The widely reported u* correction method [65, 66] was used to correct nighttime CO2 
fluxes when turbulent friction velocity (u*) was less than 0.3 m s-1 (the u*critical value).  
Nocturnal fluxes measured under low turbulent conditions must be corrected due to the 
possibility that weak turbulence signals are missed by the eddy-covariance sensors and the 
occurrence of mean vertical and horizontal advection, all of which can lead to an 
underestimation of nighttime CO2 flux by the instrumentation.   

Nighttime CO2 fluxes under low turbulence conditions were replaced using an empirically 
derived respiration model, FRE = a exp(b*Ta02), where FRE is the half-hourly CO2 (respiration) 
flux, Ta02 is the air temperature at 2m, and a and b are coefficients specific to the data period.  
The respiration model is based on measured, high turbulent nocturnal CO2 fluxes and is used 
to predict the respiratory flux based on air temperature for all nighttime half-hours when u* < 
u*critical.  This exponential relationship was found to overestimate ecosystem respiration 
fluxes under high temperatures and during times of soil moisture stress.  To correct for this, a 
respiration-attenuation function was empirically derived and triggered for use in the nighttime 
respiration model when soil moisture measurements fell below ~ 0.23 m3 m-3 [64].  This was 
typically important during the summer months when high temperatures coincided with 
seasonal drought. Any missing nighttime CO2 flux measurements were also gap-filled using 
the nighttime respiration model. 

Missing daytime CO2 fluxes were replaced using gap-filling algorithms developed by 
Reichstein et al. [67].  The gap-filling strategy considers both the relationship between fluxes 
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with meteorological data and their temporal autocorrelation and is an advanced 
implementation of the widely used Falge et al. [65] methodology.  Half-hourly CO2 flux 
measurements were also replaced if values were outside the expected range (-35 µmol < CO2 
flux < 25 µmol), if the CO2 flux variance was greater than the highest 95th percentile, during 
high precipitation events, and during times of general instrument failure. 

Gross Primary Production (GPP) is estimated on a half-hourly basis as the residual 
between net ecosystem exchange (NEE) and total ecosystem respiration (TER), where GPP = 
NEE - TER.  To estimate GPP, daytime respiration fluxes are first modeled.  This is done 
using the temperature-based respiration model, including the water stress attenuation 
function, as used to correct the nighttime CO2 fluxes (i.e., respiration fluxes) under low 
turbulent conditions.  GPP is calculated as the difference between NEE, which is measured 
with eddy covariance instrumentation and TER and is integrated over 8 days. 

2.3 Remote Sensing Data 

2.3.1 AVIRIS Data 
Airborne hyperspectral AVIRIS (Advanced Visible Infrared Imaging Spectrometer, 
http://aviris.jpl.nasa.gov) data flown at high spatial resolution were used to validate the water 
content measured by MODIS.  AVIRIS measured 224 contiguous spectral bands in the 400 to 
2500 nm spectral range with a spatial resolution of 4 m over the Wind River study site on 01 
August 2002 and on 19 July 2003. Ground control points and spectral data collection were 
measured in the field at the time of the overflights using an ASD FieldSpec (Analytical 
Spectral Devices, Boulder, CO) spectrometer and ProXRS GPS (Trimple Navagation, Inc., 
Sunnyvale, CA) for georegistration. An atmospheric correction to convert the data from 
radiance to apparent surface reflectance was performed using ACORN (ImSpec LLC, 
Analytical Imaging and Geophysics LLC, Boulder, CO), a MODTRAN-4 (Spectral Sciences, 
Inc., Burlington, MA) based radiative transfer model, which was followed by application of 
an empirical line enhancement using ASD field spectra to remove additional artifacts in the 
AVIRIS data.  To test the reflectance retrieval, the difference between atmospherically 
corrected AVIRIS spectra and ASD field measurements (not used in calibration) were found 
to be within 2.24% (SD=1.74%, RMSE=3.33%).  Empirical evaluation of the AVIRIS data 
after atmospheric correction supports the quality and spectral integrity in the 400-2500 
spectral data over the flightline region. 

Retrievals of equivalent water thickness (EWT) from AVIRIS were made following the 
method of Green et al. [68, 69] and Roberts et al. [70], using the ACORN radiative transfer 
model.  Because of a 40 nm spectral shift between the maximum wavelength for absorption 
by liquid water and water vapor, these phases of water can be simultaneously retrieved by 
fitting the measured pixel reflectance to the equivalent transmittance spectrum for a slab of 
water based on Beer-Lambert law [68-71]. 

Cross-calibration to MODIS data was performed on spatially and spectrally degraded 
AVIRIS images (to match MODIS resolutions), by selecting pixels from both AVIRIS and 
MODIS data that represented a wide range of reflectance values (e.g. a young forest pixel and 
a meadow pixel) which were used to develop an empirical regression for each spectral band.  
The mean reflectance of the 15625 AVIRIS pixels that corresponded to each MODIS pixel 
were calculated over the full extent of the AVIRIS flightline and extracted as simulated 
MODIS bands (band 1, band 2, band 5 and band 6) .   

2.3.2 MODIS Data 
Eight-day MOD09A1 MODIS composite data was obtained from NASA Goddard Space 
Flight Center for the period 2001 through 2003.  The data included the seven bands in the 400 

http://aviris.jpl.nasa.gov/
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nm to 2500 nm region measured at 500m pixel resolution, one data quality flag band that 
indicates cloud, snow, and aerosol conditions, and five other bands containing viewing 
geometry and state information.  Band 2 (858.5 nm), band 5 (1240 nm), and band 6 (1640 
nm) were used for retrieving water content information, and band 1 (645 nm) and band 2 
(858.5 nm) were used for calculating NDVI.  The data were filtered by the flagged data to 
remove cloud and snow covered pixels.  For each of the major vegetation types at Wind 
River, an average value of NDVI, NDWI, and NDII was calculated for each eight-day period. 
Because of extensive cloud and snow cover, indexes could not be calculated in December and 
January so these data were removed from the analysis.  NDWI is calculated following 
Equation 1 [12, 39] and NDII following Equation 2 [48, 54]. 
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Cumulative index values were calculated from the difference in each value between two 
adjacent time dates, which represented changes of plant physiological properties (e.g. water 
content). Then the change in the index was accumulated through the year. These cumulative 
difference indexes were then compared with cumulative fluxes to develop empirical 
relationships between MODIS indexes and fluxes. 

3 RESULTS 

3.1 Eddy Covariance  
The eight-daily fluxes for NEE (net ecosystem exchange of CO2), GPP (Gross Primary 
Production), LE (latent heat) and H (sensible heat) and the cumulative fluxes for these 
properties calculated over the three years are shown in Fig. 1.  The old-growth forest was a 
weak-to-moderate net sink for carbon during two (2001, 2002) of the three years (2001-2003) 
shown.  Carbon flux measurements of this ancient forest show remarkably high interannual 
variability.  The forest switched from being a moderate sink for carbon in 2002 (-98 gC m-2 

yr-1) to a moderate source in 2003 (+100 gC m-2 yr-1) with no apparent change in leaf mass.  
This paper follows the biometeorological notation where a negative flux indicates that the 
ecosystem was a net sink for carbon, while a positive flux shows a net loss of carbon from the 
ecosystem to the atmosphere (i.e., the forest lost more carbon through respiration than it 
assimilated). The remaining components of NEE including canopy carbon storage, horizontal 
and vertical advection, and the undetectable vertical eddy flux of CO2 are considered 
negligible based on the analysis by Paw U et al. [63] which is supported by modeling [72] 
and inventory methods [59]. Storage of carbon dioxide within the canopy is ignored because 
it is approximately zero after integrating over daily and annual time scales.  While vertical 
and horizontal advection can dominant under low turbulence conditions at night, the u* 
correction methodology replaced questionable flux measurements for the analysis period. We 
identified the time frame during which the ecosystem functions as a carbon sink each year, 
which was Julian Day (JD) 45 to JD 195 in 2001, JD 30 to JD 180 in 2002, and JD 60 to JD 
165 in 2003 (Fig. 1).  This is the period when the ratio of gross primary productivity to total 
ecosystem respiration is greater than 1 (GPP/TER >1).   
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Fig. 1.  (a) NEE, GPP, LE and H fluxes for three years (2001 through 2003) 
measured at the Wind River Canopy Crane AmeriFlux site. Dashed vertical lines 
indicate the length of the period each year that the forest was a sink for carbon. (b) 
Annual cummulative fluxes for NEE, GPP, LE, and H for three years (2001 through 
2003) at the Wind River Canopy Crane AmeriFlux site. 

 
Further analysis has shown that the sink strength in the old-growth forest ecosystem is 

very sensitive to perturbations in precipitation and temperature during the late spring and 
early summer months [64], which explains the high levels of interannual variability.  In 
contrast to most mid-latitude deciduous forests (e.g. Harvard Forest; see Ref [73]) the Wind 
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River forest, like other conifer forests of the Pacific Northwest (e.g. British Columbia, 
Canada; see Ref [74]), experience maximum net carbon sink activity (greatest negative NEE 
values) during April and May rather than summer.  Pacific Northwest conifers are adapted to 
low light and cool winter temperatures and tolerate the summer drought by partial dormancy, 
which allows high annual productivity in favorable climate years.  Annual NEE at Wind 
River is closely correlated with the water-year (July to June) precipitation.  Winter 
precipitation and melting of the snow pack provide maximum soil moisture in early spring 
when light and temperature conditions are most favorable for photosynthesis.  Any shift in the 
end of the rainy season can either extend the maximum sink activity period into the summer 
(if winter precipitation is above normal) or limit and shorten the period of net carbon uptake 
(if winter precipitation is below normal).  The impact of high precipitation was particularly 
evident in 1999 [63] when the net sink period extended late into August.  Differences in 
annual NEE for 2001, 2002, and 2003 are probably related to summer and fall respiration 
rates which are driven by a combination of temperature and soil moisture, producing 
nonlinear ecosystem responses [75]. 

3.2 Precipitation and Temperature Data 
Climate data collected at the NOAA Carson Fish Hatchery Station are shown in Fig. 2 for 
years 2001 through 2003.  The annual average temperatures for the calendar years 2001 to 
2003 were 8.72, 8.68, and 9.74˚C, respectively, with annual precipitation of 1908 mm, 1970 
mm, and 2230 mm.  These data confirm that years 2001 and 2002 were at the long-term 
temperature average for the site although 2003 was on average 1°C higher.  Precipitation 
totals are defined for water-years.  To include the entire rainy season for these three calendar 
years, precipitation is 1247, 2446, 2130, and 1857 mm, for July 2000 to July 2004, 
respectively.  The water year 2001 (for which January to July 2001 is within the MODIS 
measurement period) was a period of extreme drought (56% of normal precipitation) and was 
the lowest recorded precipitation since 1919. This was followed by two years of near normal 
precipitation, which in 2002 was 23mm (1%) above and 2003 was 92 mm (4%) below normal.  
The last six months of our measurement period, from July 2003 to January 2004 was the 
beginning period of another severe drought year which ultimately received only 83% of 
normal rainfall.  
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Fig. 2.  Weekly average temperature and cumulative precipitation at Carson Fish 
Hatchery Station for three calendar years (2001 through 2003). 
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3.3 AVIRIS and MODIS Data Comparison 
A comparison between canopy water content derived from the airborne high spatial resolution 
hyperspectral AVIRIS data was done to verify the MODIS index retrieval of canopy water 
content.  Retrievals of EWT from AVIRIS were compared to MODIS water indexes on 01 
August 2002 and 19 July 2003 to assess the effects of spatial and spectral resolution.  The 
937500 pixels in the 19 July 2003 AVIRIS image shown in Fig. 3a are equivalent to 60 
MODIS pixels or 1500 ha.  The color infrared image (Fig. 3a) shows that most of the area is 
vegetated although the patchiness illustrates the significant extent of logging and land use 
change in the area.  The actual extent of the T.T. Munger Research Natural Area is the darker 
L-shaped zone, including the adjacent section of Trout Creek, in the lower right quadrant of 
the panel. 

Visual assessment of AVIRIS reflectance spectra extracted from the imagery on 19 July 
2003 after atmospheric correction (Fig. 3b) demonstrates the quality and spectral integrity of 
the data in the 400-2500 spectral range.  Representative spectra of three forest types are 
shown for the mature old-growth forest, new growth i.e., regenerating conifer forest, and 
riparian forest (deciduous broadleaf forest species, e.g. red alder).   

Because different vegetation types have structural and physiological characteristics that 
affect their optical properties, the study site was classified into five general land cover types 
(Fig. 3c), including the three major vegetation types of the area:  mature old-growth conifer 
forest, regenerating conifer forests (young stands at the biomass accumulation/competitive 
exclusion stage; see Ref [60], and riparian forest (e.g. red alder).  For each vegetation type, 
comparisons were made between MODIS water indexes and AVIRIS EWT measured over 
the site at the coincident time. 
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Fig. 3.  (a) False color infrared image developed by AVIRIS imagery on 19 July 
2003 at Wind River, (b) Reflectance features of the three major vegetation types, old 
growth conifer, new (regenerating) growth conifer, and riparian zones. Arrows point 
from the pixels where the spectra were obtained, (c) Vegetation map at Wind River 
developed with AVIRIS imagery (3a) using the vegetation GIS data base developed 
by Gifford Pinchot National Forest. 

 

(b) 
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Equivalent water thickness (EWT) for nearly one-million pixels derived from AVIRIS 
data on 19 July 2003 is shown in Fig. 4a.  This physically based measurement has been 
demonstrated to monitor spatial and temporal variation in water content in crops [76], 
woodland savanna [70], semi-arid shrublands [40, 53, 77] and conifer forests [29].  

EWT was calculated in AVIRIS pixels coincident with the MOD09A1 image in 2002 and 
2003. For each MODIS pixel the mean value of AVIRIS EWT (n=15625) was calculated.  
Fig. 4a shows the ACORN-derived EWT AVIRIS image on 19 July 2003 and Fig. 4b shows 
the 500 m averaged AVIRIS EWT (equivalent to MODIS pixels) with the corresponding 
NDWI and NDII images calculated from MODIS MOD09A1 reflectance, in Fig. 4c and 4d, 
respectively. The ACORN-derived AVIRIS EWT image on 1 August 2002 is shown in 3e 
and averaged at 500 m pixels in Fig. 4f, and corresponding MODIS NDWI and NDII images 
in Fig. 4g to Fig. 4h.  In general it is possible to observe the same spatial patterns in AVIRIS  

 

 
(a) (b) 

 
(c) (d) 

 
(e) 

  
(f) 

  
(g) 

  
(h) 

Fig. 4. (a) EWT map developed from AVIRIS imagery on 19 July 2003 at its 
original 4m pixel resolution, (b) EWT map developed from AVIRIS imagery on 19 
July 2003 and scaled to MODIS pixels, (c) NDWI map at Wind River developed 
from MODIS reflectance bands on 19 July 2003, (d) NDII map at Wind River 
developed from MODIS reflectance bands on 19 July 2003, (e) EWT map 
developed from AVIRIS imagery on 1 August 2002 at its original 4m pixel 
resolution, (f) EWT map developed from AVIRIS imagery on 1 August 2002 and 
scaled to MODIS pixels, (g) NDWI map at Wind River developed from MODIS 
reflectance bands on 1 August 2002, (h) NDII map at Wind River developed from 
MODIS reflectance bands on 1 August 2002. 
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and MODIS data although the scaling of the reflectance data may not be equivalent (the gray 
scale ranges do not precisely match). Nonetheless, large spatial variance in EWT is apparent.  

3.4 Comparison between AVIRIS and MODIS Indexes 
Water indexes calculated from AVIRIS and MODIS data were compared in order to assess 
data agreement, using AVIRIS as the reference. After cross-calibration of MODIS to AVIRIS 
to align the radiometric measurements (accounting for view geometry differences due to 
swath position and the eight day compositing), and simulating the MODIS band-passes and 
spatial resolution in AVIRIS data, the water indexes were compared.  Fig. 5 shows the NDWI 
retrieved by MODIS and AVIRIS for each forest type for 2002 and 2003, showing that the 
regression line between MODIS NDWI and AVIRIS NDWI is close to the dashed one-to-one 
line.  Based on this agreement between the instruments, comparisons were conducted on 
AVIRIS and MODIS images for 2002 and 2003 using NDII and NDVI indexes, which 
showed results consistent with Fig. 5 (NDII had r2=0.45 to 0.85 with slopes=0.91 to 1.18, and 
NDVI had r2=0.50 to 0.80 with slopes=0.92 to 1.08).  These results demonstrate that the data 
are spectrally comparable from MODIS and AVIRIS instruments.  This result enabled a 
further assessment of the retrieval of water content from MODIS compared to AVIRIS EWT.  
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Fig. 5.  (a) Comparison of NDWI retrieved from MODIS data and cross-calibrated 
AVIRIS data on 1 August 2002.  (b) Comparison of NDWI retrieved from MODIS 
data and cross-calibrated AVIRIS data on 19 July 2003.  

3.5 Comparison between NDVI, NDWI, NDII  
Fig. 6 shows that MODIS NDVI, NDWI and NDII are linearly correlated to AVIRIS EWT, 
although with different slopes.  This correlation allows MODIS canopy water content 
variation to be tracked and quantified over the growing season.  The relationships for model-
estimated AVIRIS EWT and MODIS NDVI, NDWI, and NDII for the three forests types are 
shown in Fig. 6.  The coefficient of determination between the MODIS indexes and AVIRIS 
EWT varied from r2=0.25 to 0.78.  Consistently, NDVI had the lowest regression correlation 
with EWT (r2=0.25 to 0.35), NDWI produced a better correlation (r2=0.40 to 0.44) and NDII 
had the best agreement with EWT for all three vegetation types (r2=0.50 to 0.78).   
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Fig. 6.  Regression based on all years between (a) NDVI (b) NDWI and (c) NDII 
derived from MODIS reflectance and EWT derived from AVIRIS data for three 
major vegetation types at Wind River. 
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Fig. 7.  Time series of NDVI, NDWI, and NDII derived from MODIS data in old 
growth conifer forests and riparian zones for three years (2001 through 2003). To fit 
the index scale, NDVI values are shown minus 0.5 and NDII values minus 0.3 of 
their true value. 

 
The seasonal variation of NDVI, NDWI, and NDII was studied by deriving a time series 

of each index for each vegetation type from the three-year MODIS dataset (Fig. 7).  NDVI, 
NDWI, and NDII were first calculated with MODIS reflectance data.  The seasonal variations 
in the water indexes are similar to each other and comparable in timing and magnitude to the 
seasonal variation in precipitation. The seasonal variation of NDWI and NDII followed a 
distinctly different temporal trajectory than NDVI (Fig. 7).  The water indexes were highest in 
winter and declined in spring, and increase again in the summer.  Instead, NDVI was lowest 
in winter and spring (due to lower leaf area from needle loss and limited light interception), 
and only increases in late spring, following the annual leaf flush (late May-early June), and is 
highest in summer when leaf maturation is completed. 

Previous studies have shown that MODIS water indexes provide information on canopy 
water content status [42]. As described in previous sections, photosynthetic activities of this 
old-growth conifer forest are strongly affected by seasonal changes in precipitation and water 
availability [63].  The correlation for the exchanges of water and carbon between plants and 
the atmosphere was also described. Based on these relationships, a comparison was made 
between the CO2 flux measured at the AmeriFlux tower within the old growth conifer forest 
and the remotely sensed indexes, NDVI, NDWI, and NDII for the old growth conifer forest.  
NDVI begins its annual increase after the forest has become a carbon sink, although during 
the spring carbon sink period (Fig. 8a), and peaks significantly after the forest has become a 
source of carbon emissions. NDVI has low values when the sink strength is greatest.  
Therefore, the seasonal timing in NDVI does not correspond closely to the CO2 flux.  In 
contrast, these results show that the temporal trajectory in the water indexes do match the CO2 
flux trajectory during the period when the forest is a carbon sink, from late January to late 
May (Fig. 8b, c).  Water indexes reach their minimum values concurrent with the peak uptake 
in net ecosystem exchange (NEE). The timing of the reverse trend, which increases water 
index values, occurs as NEE switches to becoming a CO2 source.  We hypothesize that this 
relationship is due to increasing cumulative water stress in the conifer canopies as a result of 
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stomatal opening for photosynthetic CO2 uptake and concurrent loss of water from 
evapotranspiration during an environmental period of higher net radiation, higher 
temperatures, and lower precipitation. 
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Fig. 8.  Time series of MODIS (a) NDVI, (b) NDWI, and (c) NDII and NEE 
measured at Wind River Canopy Crane site. 
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Fig. 9.  (a),(b) Seasonal variation of cumulative NEE and cumulative difference 
MODIS NDVI, NDWI and NDII are shown for 2001. To fit the index scale, 
cumulative difference NDVI values are shown minus 0.15. (c) Regression for 
NDWI and NEE for 2001. Regressions for NDII and NEE for (d) 2001, (e) 2002, 
and (f) 2003. 

 
To further explore the relationships between fluxes and the time series of NDVI, NDWI, 

and NDII, the cumulative fluxes were compared to the cumulative indexes for each year.  We 
found similar seasonal variation between cumulative NEE and cumulative difference water 
indexes, using a 24-day time lag each year. The results for 2001 are shown in Fig. 9a,b. The 

(a) 

(c) 

(b) 

(d) 

(e) 
(f) 
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corresponding regressions for NDWI and NDII with NEE are shown in Fig. 9c,d.  Both 
cumulative difference NDWI and NDII had similar linear regressions to cumulative NEE for 
the three years (Table 1). The temporal change in cumulative NEE and cumulative difference 
NDVI are shown in Fig. 9a,b.  The regression correlations for cumulative difference NDVI 
with a 24-day time lag with cumulative NEE were not as good as regressions for NDWI and 
NDII for the three years (Table 1).  However, this regression was improved by plotting 
cumulative difference NDVI with cumulative NEE with no time lag (r2=0.45, 0.39, 0.21, 
respectively) although still remaining poorer than the water indexes. 

The same analysis was applied to cumulative GPP, cumulative LE flux, cumulative H 
flux, and the three indexes. The regressions with GPP, LE, and H were non-linear with all 
three indexes, being of an order 2 polynomial.  NDWI yielded a similar regression with 
cumulative GPP, a slightly poorer regression with LE and H (Table 1) for the three years. 
NDII had a similar regression correlation with cumulative GPP, LE, and a slightly poorer 
regression with H (Table 1).  NDVI, however, had a better regression with GPP, LE and H 
than with NEE for the three years (Table 1).  This counter intuitive result for the water 
indexes and LE appears to be a function of the phase differences between precipitation and 
temperature patterns and the temporal lag in the water indexes. 

Table 1. Coefficient of determination for regressions between cumulative fluxes and 
cumulative difference MODIS indexes for 2001 through 2003. (Bold fonts indicate 
p<0.005 for the regression) 

 NDVI NDWI NDII 
Year 2001 2002 2003 2001 2002 2003 2001 2002 2003 
NEE 0.24 0.12 0.04 0.76 0.55 0.40 0.81 0.57 0.74 
GPP 0.65 0.55 0.25 0.71 0.47 0.47 0.73 0.62 0.74 
LE 0.66 0.60 0.32 0.67 0.37 0.47 0.70 0.47 0.72 
H 0.60 0.60 0.39 0.51 0.48 0.22 0.54 0.68 0.48 

 
The significant regressions between MODIS NDII and NEE were utilized to demonstrate 

potential applications of this empirical model. We applied the relationship between MODIS 
NDII and NEE developed in Fig. 9d,e,f to generate a cumulative spatially resolved NEE map 
at Wind River for the months of June and November in 2001, 2002, and 2003 (Fig. 10). In 
these figures, darker values indicate a more negative value of cumulative NEE (i.e., a greater 
carbon sink).  Consistently, this simple model based on relationship to water indexes shows 
that the forest is a larger carbon sink in June (more dark pixels) than in November (more 
bright pixels) despite weather differences between years.  Internanual differences are apparent 
in June 2002 which is darker in both June and November than either year 2001 or 2003, 
which is consistent with the higher NEE in 2002 (Table 2).  Interestingly, in these three years, 
it is the old-growth forest in the bottom half of the image (see Fig. 3) that is the largest sink in 
both June and November and it is the riparian zone (upper right) that is the smallest sink for 
carbon.  Cumulative NEE and from MODIS NDII in the old-growth conifer forest are shown 
in Table 2, which shows that the cumulative NEE values derived from the MODIS NDII are 
reasonable and comparable to measured NEE, with least differences in June relative to 
November. Among the three June maps (Fig. 10a,b,c), a somewhat smaller carbon sink is 
found for June 2001 in the old-growth forest which is also consistent with measured NEE 
(Fig. 1 and Table 2) and is mainly attributable to the far below normal precipitation during the 
2000-2001 water year (Fig. 2).  The flux measurements indicate that the old-growth forest 
was a weak-to-moderate carbon sink in year 2001 (-30 gC m-2 yr-1) and 2002 (-98 gC m-2 yr-1) 
and a moderate carbon source in 2003 (+100 gC m-2 yr-1)[64] .  The MODIS NDII-based 
cumulative NEE maps for November (Fig. 10 d,e,f)  show higher NEE for November 2001 
and 2002 (more dark pixels) than the map for November 2003 (more bright pixels).  The 
MODIS-NDII-estimated cumulative NEE might enable us to investigate both the temporal 
and spatial variation of cumulative NEE for areas farther removed from the footprint of the 
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flux tower (i.e., to scale flux data to regional studies).  However, one should consider that the 
relation between MODIS indexes and NEE were developed only for this specific old growth 
forest.  Given the known differences in flux patterns between young and old growth Douglas-
fir-western hemlock forests [78, 79], we expect different relationships must be developed 
between MODIS indexes and NEE for other land cover types.  At this stage in development 
the relationships remain empirically calibrated. 

Table 2.  Comparisons between cumulative NEE derived from the Wind River 
AmeriFlux site and the MODIS NDII for June and November in 2001, 2002, and 
2003. 

 Cumulative NEE derived from 
flux tower data (gC m-2) 

Cumulative NEE derived from 
MODIS NDII (gC m-2) 

June 2001 -135 -134 
Nov. 2001 -47 -64 
June 2002 -170 -177 
Nov. 2002 -114 -102 
June 2003 -65 -53 
Nov. 2003 73 54 

 

  (a)   (b)   (c) 

  (d)   (e)   (f) 

 
 
 
 
 
 
 
 
 
 
 
 

Cumulative 
NEE (gC m-2) 

 

Fig. 10.  MODIS-NDII-estimated cumulative NEE map for Wind River site in June 
(a) 2001, (b) 2002, (c) 2003, and November (d) 2001, (e) 2002, (f) 2003. The scale 
bar indicates the range of NEE.  

4 DISCUSSION 
We calculated and compared three MODIS indexes and AVIRIS EWT. In general, the old 
growth forest has a lower mean and range in each of the four indexes (EWT, NDVI, NDWI, 
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and NDII) while the riparian zones generally had the highest mean and largest range. These 
differences are largely attributed to the low albedo of the conifer forest (7.5%) [80] and the 
higher albedo of the broadleaf vegetation [29].  This pattern is seen in the spectra shown in 
Fig. 3b, and comparison of the forest classes (Fig. 3c) with the pixel spectra in Fig. 3a which 
are darker (lower values) in the old growth forest and brighter (higher values) in the riparian 
zones.  In addition, for a given EWT, the three MODIS indexes (NDVI, NDWI, and NDII) 
are lower in the old growth than the other classes (Fig. 6). 

Moreover, the slopes between the two water indexes and EWT are generally steeper for 
NDII (Fig. 6b, c), indicating that NDWI and NDII are more sensitive to changes in EWT than 
NDVI.  NDVI has been reported to be sensitive to canopy gaps and shadows [29] and this 
perhaps accounts for the steeper NDVI slope in old growth forests than in other age class 
forests (Fig. 6a).  NDVI is not directly sensitive to water which only absorbs at wavelengths 
longer than 1000 nm.  The relationship between NDVI and water content assumes a constant 
relationship to chlorophyll concentration and in environments where NDVI tracks water 
content, it is because of the co-location of water and pigments in plant leaves and because the 
pigment index responds to variation in leaf area. 

Two reasons could explain why NDII had a better correlation coefficient to EWT than 
NDWI in all three major forest types.  The spectral region from 1550 to 1750 nm is best 
suited for leaf water content retrieval [45, 81-83].  Consistent with this, MODIS band 6 (1640 
nm) was demonstrated by radiative transfer modeling to be more sensitive to variation of leaf 
water content [39] but is also sensitive to soil moisture [19, 56, 84] while MODIS band 5 was 
minimally affected by soil moisture. As a result, NDII had a larger dynamic range than 
NDWI. However, even in dense forest stands like these it is unlikely to have a completely 
closed canopy over a 500m-by-500m pixel.  This is especially true in the regrowing forests 
that are widespread over this region [29], thus it is likely that variation in soil moisture affects 
the NDII measurement.  The band 5 water absorption feature is enhanced by the high NIR 
scattering in the leaf,  hence, the NDWI is sensitive to changes in liquid water content of 
vegetation canopies, and relatively insensitive to soil surface moisture [84]. 

We calculated a time series for the three MODIS indexes for each vegetation type. In 
summer, the riparian class had higher values in all three indexes than the old growth conifer 
forest (Fig. 7).  However, in winter, the riparian vegetation had lower NDVI and NDWI than 
the old growth conifer forests, which likely resulted from leaf senescence and winter 
dormancy in this zone, which is dominated by deciduous woody species such as bigleaf 
maple (Acer macrophyllum), vine maple (Acer circinatum), and red alder (Alnus rubra).  In 
contrast, the evergreen conifers retain leaves throughout the year, limiting winter decline in 
NDVI.  However, during the winter of 2002 - 2003, NDVI and NDWI were both higher in the 
deciduous riparian zone than in the old growth conifer forest.  The meteorological data show 
that this was an unusually warm winter (Fig. 2).  Shaw et al. [57] report average January 
monthly air temperatures of 0.1˚C while the monthly air temperature during this period was 
6.6˚C.  Therefore, leaf senescence may have been less complete than typical or winter grasses 
could have grown and developed canopies, compared to less vegetation activity in cooler 
years. 

NDVI (Fig. 8a) is at its lowest from February to April and generally increases over the 
period from March to October, before declining again.  By early October, water indexes start 
to increase with the onset of autumn precipitation, and they reach their highest values in 
winter, concurrent with the peak in annual precipitation and when evaporative demands are 
low.  Both water indexes decreased progressively from the time MODIS measurements could 
be resumed in February (when sufficient days without warning flags occurred) and reached 
lows in March.  NDWI and NDII remained at low values for the period from March to May 
(Fig. 8b,c) and then increased to intermediate values where they remained during the summer 
drought when the canopy is under higher water stress conditions.  Winner et al. [85] 
measured needle water potential in the upper canopy of old growth Douglas-fir at this site in 
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1999.  They report that midday leaf water potentials also reach seasonal lowest (stressed) 
values by March and then remain consistently low throughout the summer into September 
[85], a temporal pattern similar to the water indexes during late spring and summer months.   

As described above, the temporal trajectory in the water indexes match the CO2 flux 
trajectory for the period when the forest is a carbon sink, from late January to late May. The 
reversal of the decline in the water indexes occurs in late May, and then gradually increase 
throughout the summer, reaching a maximum after autumn rains begin (Fig. 8b,c).  This 
pattern of increasing water content during summer was unexpected since soil water content 
remains low or declines throughout this period.  However, for this part of the seasonal cycle, 
the increase in water indexes co-occurs with the increase in NDVI (r2=0.55-0.66, p<0.0003 
for NDWI; r2=0.66-0.91, p<0.0001 for NDII). The timing of this part of the seasonal pattern 
is consistent with an increase in leaf area. Douglas fir and other conifers break needle buds in 
late May (an average of 23 May (17-27 May) based on phenology data at this site, collected 
from 1997 through 2004, Ken Bible, unpublished data) and the observed increase in canopy 
water content may be due to hydration and maturation of the new needles.  Leaf maturation at 
Wind River generally coincides with terminal bud formation, typically occurring during the 
last two week of June (K. Bible, unpublished data). 

Biometeorological data collected at the crane in 1999, 2000, and 2004 show that soil 
moisture reaches maximum values in winter and starts to decline in spring.  Soil moisture 
declines dramatically by late May or early June when winter precipitation ends.  Soil moisture 
then continuously decreases through September, when it reaches a minimum.  After the onset 
of fall precipitation, soil moisture begins to increase again by October.  As a result of 
decreasing soil moisture in late spring, the forest moves from a net carbon sink to a source by 
summer and becomes a net carbon sink again early in the following calendar year (Fig. 8). 

5 CONCLUSIONS 
We demonstrate, for the first time, that water indexes can be used to monitor ecosystem 
fluxes in a high biomass western conifer forest in the Pacific Northwest.  In this study, we 
demonstrated two forms of water indexes can be retrieved from coarse-scale MODIS data that 
are comparable to equivalent water thickness derived from fine spatial resolution 
hyperspectral AVIRIS data.  The indexes exhibited different slopes depending on vegetation 
type and year, although their relative relationships remained consistent.  The NDII index 
performed better than NDWI for estimating canopy water content. Canopy water content 
decreased during the spring reaching a minimum in May. Subsequent increases in NDII and 
NDWI coincided with the seasonal increase in NDVI, following the same trajectory as NDVI 
over the summer months (r2=0.55-0.91).  This water content pattern is not consistent with soil 
moisture, which remains low during summer months, but appears to be indicative of the 
higher leaf area in summer.  NDVI was a poor indicator of canopy water content as expected 
for an index using visible and near-infrared bands without direct sensitivity to water.  NDVI 
appears to follow the phenological cycle and the timing of bud break rather than the NEE 
cycle.  It increases following bud break, reaching an annual maximum by autumn, then 
decreases until the next spring.   

We explored the correlation in temporal variation between flux data and the three indexes, 
NDWI, NDII and NDVI and found markedly similar temporal patterns between NEE and 
water indexes, especially during periods when the forests were a net carbon sink.  Further 
analysis on flux data and the MODIS water indexes showed that water indexes are highly 
correlated with similar regressions to net ecosystem exchange (NEE) and water exchange 
(LE).  However, surprisingly NDVI had a poor correlation with CO2 flux although a weak but 
better correlation with LE.  These results demonstrate that the water and vegetation indexes 
derived from MODIS data can be used to track NEE and LE fluxes which will allow spatial 
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extension of data from flux towers to be scaled to regional estimates, at least for temperate 
and boreal conifer forests. 
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