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ABSTRACT

Aircraft eddy flux measurements of net ecosystem exchange were acquired in 1999
over four southeastern Wyoming landscapes: a coniferous forest, a mixed
dryland/irrigated agricultural area, a mixed-grass prairie, and a sagebrush steppe.  A
linear relationship between net ecosystem exchange and the absorbed
photosynthetically active radiation was used to determine the efficiency of radiation
use, which was used with remotely-sensed normalized difference vegetation index
to calculate gross primary production.  Chamber measurements of total ecosystem
respiration for the sagebrush and grassland sites were used to develop a functional
relationship with daily average temperature.  The sagebrush and forest sites were net
carbon sinks, whereas the grassland and agricultural sites were in carbon balance.
Combining the use of remote sensing with net ecosystem exchange measurements
avoids problems associated with small-scale flux sampling to determine areas of
carbon sequestration.  With large areas of the globe covered by rangelands, the
potential for carbon sequestration may be significant.  

R. S. Muttiah (ed.), From Laboratory Spectroscopy to Remotely Sensed Spectra of
Terrestrial Ecosystems, pp 161-174. 2002 Kluwer Academic Publishers, Dordrecht,
Netherlands.
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1. INTRODUCTION

Managers of natural resources may be asked to alter their practices in order
to offset emissions from fossil fuels (Paustian et al., 1998; Follett et al., 2001).
Small, cost-effective changes applied to large areas may result in significant amounts
of CO2 being removed from the atmosphere.  As a baseline for future changes,
estimates of current carbon sequestration for different landscapes are required,
preferably over several years to account for natural climatic variability.  

There many methods to estimate carbon sequestration, each method has
advantages and disadvantages.  One methodology is the measurement of net
ecosystem exchange (NEE)  using techniques from small, enclosed chambers to eddy
flux towers and aircraft.  Advances in technology and theory (Goulden et al., 1996;
Baldocchi et al., 1996) have led to international efforts such as the Ameriflux and
Euroflux networks.  Furthermore, there is an important effort for estimating net
ecosystem exchange in different types of rangelands (Svejcar et al., 1997; Frank et
al., 2001).   A second methodology is the monitoring of vegetation from satellite
sensors such as the Advanced Very High Resolution Radiometer (AVHRR) or
Moderate Resolution Imaging Spectrometer using changes in the Normalized
Difference Vegetation Index (NDVI).  AVHRR NDVI data are available from the
United States Geological Survey EROS Data Center for many years, although there
are some problems and artifacts with these data (Gutman, 1991, 1999; Cihlar et al.,
1997). 

The idea of combining remotely-sensed and ecosystem-flux data has been
discussed many times (Ruimy et al., 1995, 1996; Running et al., 1999).  The study
presented here starts from the idea that NDVI data can best be used to determine
gross primary production (GPP) using models of radiation use efficiency (Prince and
Goward, 1995; Ruimy et al., 1995; Waring et al., 1995; Landsberg and Waring,
1997; Goetz and Prince, 1999).  Small-chamber flux data are used to estimate daily
respiration from average air temperature for the sagebrush and grassland ecosystems.
The difference between GPP and respiration is assumed to be the amount of carbon
sequestered for that year.

2. METHODS

Four sites in southeastern Wyoming were selected for measurement of net
ecosystem exchange using an aircraft: (a) a mixed-grass prairie site near Chugwater,
(b) a sagebrush steppe site in the Shirley Basin, (c) a heavily managed coniferous
forest site in the Medicine Bow National Forest near Fox Park, and (d) a mixed
irrigated/dryland agricultural site near Torrington (Color Plate 6A).  The exact areas
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of the sites were defined as being within a border 2.5 km around the 20 to 25 km-
long flightlines of the Wyoming King Air aircraft, which was assumed to be the
footprint of a eddy-covariance flux measurement system in the airplane.  In 1999, the
sagebrush and grassland sites had the most overflights, whereas acquisitions over the
agricultural area  in the summertime were few because of power plant emissions
upwind (Kelly et al., in review).  

Intensive study sites were established near the flightline midpoints for the
grassland and sagebrush sites.  Transparent chambers were used to measure carbon
exchange rates four to five times daily from 1998 through 1999 with 12 replications.
After the net fluxes were measured, opaque chambers were placed over the same
location and used to determine total respiration rate.  All of the respiration
measurements for a 24-hour period were averaged to obtain a daily rate.  Because
respiration rates are an exponential function of temperature, ln(daily rate) was
regressed versus average daily temperature, defined as the average of the minimum
and maximum air temperatures. 

AVHRR data were acquired from the United States Geological Survey EROS
Data Center (Sioux Falls, SD) for 1995 through 1999.  These data are similar to the
Conterminous US AVHRR Data Sets (Eidenshink, 1992), with the exception that the
composites for 1998 and 1999 were done weekly instead of biweekly.  Coverage
began in late March and finished in early November.   

Figure 1. Average weekly temperatures for the four study sites in southeastern Wyoming. 
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For each composite period, the median value of  NDVI was used from cloud-free
images for the120 to 150 1-km2 pixels covering footprint of eddy-covariance system
in the Wyoming King Air aircraft.  For weekly composites from 1998 and 1999,
there were many weeks with cloud cover affecting NDVI; thus, the average NDVI
of the week before and after were used in place of the cloud-contaminated image.

Meteorological data were acquired from nearby National Weather Service
stations for 1999.  The average weekly temperatures are strongly related to site
elevation (agriculture - 1312 m, grassland - 1693 m, sagebrush - 2184 m, and forest -
2732 m), except that the high-albedo sagebrush site was cooler than the low-albedo
forest site  (Fig. 1).  Daily solar irradiances (MJ m-2 day-1)  were calculated from the
site meteorological data and from other stations around Wyoming using a model by
Winslow et al. (in press).  Incident photosynthetically active radiation (PAR, W m-2)
were calculated from the weekly average solar irradiance multiplied by the fraction
of PAR to solar radiation (measured to be 0.44 ± 0.04).  Incident PAR was multiplied
by the fraction of absorbed to incident PAR calculated from the NDVI data to
determine the absorbed photosynthetically active radiation (APAR, MJ m-2   day-1).
When NDVI data were not available (weeks 1-12 and 44-52), GPP was assumed to
be zero. 

3. RADIATION USE EFFICIENCY AND CARBON FLUXES 

Radiation use efficiency is generally the amount of photosynthetic production
per unit of radiation absorbed, with different operational definitions depending on
specific situations and research objectives (Sinclair and Horie, 1989; Sinclair and
Muchow, 1999).  For this study, the efficiency of radiation use is defined as the mass
of carbon uptake per absorbed photosynthetically active radiation (APAR).
Following Ruimy et al. (1995), gross primary production (GPP, g C m-2 time-1) is
summed over some time period from weekly to yearly:

GPP = , 3 APAR [1]

where , is the efficiency of radiation use (g C  MJ-1APAR) and APAR has units of
MJ m-2 day-1.  Often APAR is approximated by either intercepted PAR or intercepted
solar radiation (Prince 1991; Running and Hunt 1993; Gower et al., 1999).
Frequently, radiation use efficiency may be defined using the mass of dry matter
rather than the mass of carbon, incorporating ash weight into the value of  ,.
Furthermore, radiation use efficiency is often determined using either net primary
production or above-ground net primary production; thus, autotrophic respiration and
carbon allocation are incorporated in the value of , (Prince, 1991; Hunt and
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Running, 1992; Running and Hunt, 1993; Hunt, 1994; Ruimy et al., 1994; Gower et
al., 1999). 

The maximum value of ,  may be determined by the quantum yield of
apparent photosynthesis, which is defined as the initial slope of leaf carbon exchange
rate with respect to absorbed photosynthetic photon flux density.  From the inverse
of the quantum yield, the number of photons necessary to reduce one CO2 molecule
can be calculated (Table 1).  The quantum yield of C3 photosynthesis can vary
between 0.03 and 0.08 mol CO2 mol-1 photons depending on conditions such as leaf
temperature and ambient CO2 concentration.  By converting number of photons to
radiant energy using Planck’s Law, , varies from about 1.7 to 4.4 g C MJ-1 APAR
(Table 1).  Because the energy contained in a mol of photons is wavelength
dependent, maximum ,  may vary considerably under different environmental
conditions.

Table 1. The efficiency of radiation use (, ) corresponding to different quantum yields of photosynthesis.
Quantum yields are determined from the initial slope of leaf carbon exchange rate versus the absorbed
photosynthetic photon flux density. 
    ________________________________________________________

Quantum yield Photons/CO2 ,
(mol CO2 mol-1 photons) (g C MJ-1 APAR) 

    ___________________________________________________________________________

0.03 33.3 1.65
0.04 25.0 2.20
0.05 20.0 2.75
0.06 16.7 3.30
0.08 12.5 4.40

    ________________________________________________________
 

For actual growth conditions, , will be reduced from the maximum because:
stomatal closure caused by drought, high vapor pressure differences between leaf and
air, night-time temperatures falling below freezing, ozone pollution, and other
stresses affecting photosynthesis.  Furthermore, Ruimy et al. (1995) concluded that
, is reduced, usually by about 50%, from the photosynthetic capacity of the foliage
being light saturated (cf. Goetz and Prince, 1999). 

3.1. Absorbed Photosynthetically Active Radiation

The direct physical quantity estimated from remotely-sensed NDVI is the
fraction of absorbed to incident photosynthetically active radiation (fAPAR,
dimensionless).  The normalized diffference vegetation index (NDVI) is defined:
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NDVI = (NIR - Red)/(NIR + Red) [2]

where NIR is the spectral radiance from a near-infrared band and Red is the spectral
radiance from a red band.  Originally, NDVI was developed to enhance the signal
from vegetation and to reduce the effects of atmospheric transmittance, topography,
and solar elevation and azimuth (Rouse et al., 1974).  Subsequently, Asrar et al.
(1984) and others showed that NDVI was approximately equal to fAPAR.  AVHRR
NDVI are most often used because these data are collected daily and composited
over a short period, weekly or biweekly, to generate a mostly cloud-free image, so
the change in fAPAR over a season may be determined. 

Detailed canopy radiative transfer models are now used to relate fAPAR with
NDVI from satellites (Baret and Guyot, 1991; Goward and Huemmrich, 1992;
Ruimy et al., 1994; Myneni and Williams, 1994).  For this study, the non-linear
relationship between NDVI and  fAPAR was linearly approximated:

fAPAR = 1.25 NDVI - 0.10 [3]

(Ruimy et al., 1994).  The constant value of 0.10 was determined from the minimum
value of AVHRR NDVI data during snow-free winter periods. Therefore, if , is
known, GPP can be calculated from meteorological data and remotely sensed NDVI:

GPP = ,  3 n (1.25 NDVI - 0.1) PAR [4]

where n is the number of days of the AVHRR compositing period and  PAR is the
mean daily incident photosynthetically active radiation over the same compositing
period.  

3.2. Net Ecosystem Exchange

Autotrophic respiration is the sum of all plant respiration, usually separated
into growth and maintenance respiration.  Heterotrophic respiration is the sum of
respiration by animals, fungi and bacteria, and is most closely associated with the
decomposition of organic matter.  The relative contributions of autotrophic and
heterotrophic respiration to the total are important, but cannot be separated using
only soil-surface carbon exchange rates (Hanson et al., 2000).  Net ecosystem
exchange (NEE, g C m-2 time-1) is defined:

NEE = GPP - Rtotal [5]



167

where Rtotal  (g C m-2 time-1 ) is the sum of all autotrophic respiration and
heterotrophic respiration over some time period.  Replacing GPP in Equation [5],
with Equation [1] above, leads to: 

NEE =  ,  3 APAR - Rtotal [6]

Equation [5] shows that when NEE is regressed versus 3 APAR for short
time intervals, the slope of the line should equal mean , and the intercept should
equal mean Rtotal (Ruimy et al., 1995).  Thus, defining an RUE model on the basis of
GPP, the main parameter , can be estimated directly from net ecosystem exchange
measurements.

The eddy-flux measurements were acquired from mid-morning to noon and
represent the average of three to five overflights on a given day.   NEE from the
aircraft is linearly related to APAR (Fig. 2).  The slope of the regression, ,  was 0.51
± 0.07 g C MJ-1 APAR (slope ± se), and the  r2 is 0.64.  The slope of  the regression
for the forest site was 0.31 ± 0.33 g C MJ-1 APAR based on only 7 points (not
significantly different from a slope of zero).  Using only four points of valid data, the
slope of the regression for the agricultural site was 1.7 ± 0.78 g C MJ-1 APAR. 

Figure  2.  Relationship between instantaneous NEE  measured by aircraft eddy flux techniques to APAR for
the grassland and sagebrush sites. 
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There was no significant difference between , among sites when tested using a
dummy variable regression, so the data were combined.  Because , does not have
units of time or area, the relationship between NEE and APAR presented in Eq. [6]
may be scale independent.

3.3. Gross Primary Production Using Satellites

Using the mean , of 0.51 g C MJ-1 APAR from the aircraft measurements for
the four sites, GPP was estimated for each 1-km AVHRR pixel in the state of
Wyoming (Color Plate 6B).  Inspection of Color Plates 6A and 6B show that there
are large variations in GPP for areas with the same lifeform.  For example, sagebrush
shrublands range from about 75 to 325 g C m-2 year-1 and forests range from about
275 to 525 g C m-2 year-1.  Some of the range in GPP within a given lifeform is the
result of the timing and amount of precipitation, which is the limiting environmental
factor in Wyoming. 

In addition, some of the range in GPP within a lifeform is the result of mis-
classification.  GIS data from Driese et al. (1997) indicate that the landcover map in
Color Plate 6A is only about 67% accurate, and there is considerable confusion
between grassland and sagebrush shrubland areas. Yet it needs to be emphasized that
these are not errors in GPP per se, because the aircraft NEE data indicates that for
this study and location, there were no significant differences in , among lifeforms
(Fig. 2).  Thus, Color Plate 6B shows a realistic representation of GPP over the
different landscapes in the state of Wyoming. 

4. RESPIRATION AND CARBON SEQUESTRATION 

GPP is only part of the carbon cycle affecting carbon sequestration. Because
mean Rtotal is calculated from a regression of NEE versus APAR using Equation [6],
Rtotal will usually not include wintertime and night carbon exchange measurements,
the annual sum will not be an estimate of the amount of carbon sequestered in the
soil as organic matter.  Instead, the annual sum of autotrophic and heterotrophic
respiration can be estimated using phenomenological models. 

The chamber measurements of respiration were obtained over the wintertime
and nighttime, and hence were used in a regression with daily average temperature.
The regression equations of ln(rate) versus daily average temperature for the two
sites were not significantly different, so the data were combined for the final
equation (Fig. 3).  The slope of the ln(rate) versus temperature is equivalent to a Q10
of 2.2, a reasonable value, although it is somewhat higher than the average Q10 of
about 2.0 (Raich and Schlesinger 1993). 
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Figure  3.  Daily respiration versus average daily air temperature for the grassland and sagebrush sites.  Total
respiration includes both autotrophic and heterotrophic respiration.  The equation of the line is exp(0.0783
temperature - 1.109), with an R2 = 0.49.

Soil moisture is also known to be an important predictor of ecosystem carbon
exchange rates, but was not an important variable for these sites.  Most of the
precipitation at these two sites falls during the spring and summer, when the soils are
warm, so there is a large covariance between temperature and soil moisture at these
sites.  This will not be true for other locations.  Furthermore, aboveground living
biomass can be an important variable for respiration particularly for forests (Hunt,
1994). 

Because respiration was not measured for the forest or the agricultural sites,
it is assumed that the respiration response to average daily temperature (Fig. 3)
applies to these two sites.  Air temperatures (Fig. 1) were used to estimate total
respiration for 1999 for each site (Table 2).  GPP were obtained as the study-site
average (Color Plate 6B) . The calculated annual NEE was large and positive sink
for the forest and the sagebrush area, whereas the grassland and agricultural sites
were close to carbon balance (Table 2). 
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Table 2  Predicted annual gross primary production (GPP, g C m-2 year-1), total autotrophic and heterotrophic
respiration (Rtotal, g C m-2 year-1), and net ecosystem exchange (NEE, g C m-2 year-1) for 1999.   Positive NEE are
sinks of carbon and negative NEE are sources of carbon to the atmosphere.
    _________________________________________________________

Site GPP Rtotal NEE
    _________________________________________________________

Grassland 321 307   14
Sagebrush 239 197     42
Agriculture 335 336    -1
Forest 312 257                   55

    _________________________________________________________

5. DISCUSSION AND CONCLUSIONS

This study did not determine whether all mixed-grass prairie and sagebrush
landscapes are in carbon balance or net sinks, respectively, because these predictions
were made for specific sites in Wyoming over a specific time period.  The
source/sink status of the forest and agricultural sites are less certain because
respiration rates were not measured for these ecosystems.  With newly available
climatic data, gridded into GIS layers, a respiration model could be applied to the
same aerial extent as the AVHRR data in order to locate potential carbon sources and
sinks without the huge number of sites required for a statistically valid inference.
The most critical unknown in this proposed methodology is understanding the value
of  ,. 

The cool air temperatures in southeastern Wyoming (Fig. 1) are favorable for
high quantum yields (Table 1) so a reasonable maximum value of , for gross
photosynthesis should be about 3.0 g C MJ-1 APAR.  When the maximum value of
, is reduced 50% to account for light saturation (Ruimy et al., 1995), ,  should be
about 1.5 g C MJ-1 APAR, similar to what was found with only four points at the
agricultural site.  The difference between 1.5 and the value of 0.51, determined from
the aircraft NEE data (Fig. 2), may be attributable to climatic reductions of gross
photosynthesis.

Evergreen coniferous forests have little variation in APAR, and have most
of the variation in GPP resulting from changes in , (Hunt and Running, 1992).  The
aircraft flux data were acquired over one year and the chamber flux data were
acquired over two years.  Therefore, there may be considerable year-to-year
variability in ,, which was not found in this study.  Models such as BIOME-BGC
(Hunt and Running, 1992; Running and Hunt, 1993), Glo-PEM  (Prince and Goward,
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1995; Goetz and Prince, 1999) and 3-PG (Waring et al., 1995; Landsberg and
Waring, 1997) could be used to assess variability in , caused by climate. 

Alternatively, quantum yield may be determined by measuring leaf
fluorescence (Theisen, Chapter 12).  Daytime measurements of fluorescence using
Fraunhofer lines (Theisen, Chapter 12) presents a new avenue for research which
may be applicable for the remote sensing of  radiation use efficiency.

However, grasslands and shrublands have very large year-to-year variation
in NDVI, depending on precipitation.  The typical response of these vegetation types
to drought is to senesce, reducing the amount of foliage above ground.  Thus,
changes in GPP are better represented by changes in APAR rather than changes in
,.  The value of , can be estimated with NEE data currently available (Svejcar et al.,
1997; Frank et al., 2001).  Therefore, a map of carbon sources and sinks for
rangelands is feasible using the method of combining NEE data with remote sensing
presented here.  With large areas of the globe covered by rangelands, the potential
for carbon sequestration may be significant (Follett et al., 2001).  
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8. ABBREVIATIONS AND SYMBOLS
 
APAR Absorbed photosynthetically active radiation (MJ m-2 

day-1 or W m-2) from 400 nm to 700 nm wavelength
AVHRR Advanced Very High Resolution Radiometer 
fAPAR Fraction of the incident photosynthetically active radiation that is

absorbed by vegetation
GIS Geographic Information Systems
GPP Gross primary production (g C m-2 time-1)
NDVI Normalized difference vegetation index 
NEE Net ecosystem exchange (g C m-2 time-1)
PAR Incident photosynthetically active radiation (MJ m-2 day-1 or W m2)
Rtotal Total respiration (g C m-2 time-1)
, The efficiency of radiation use (g C MJ-1 APAR)



Color Plate 6A. Wyoming landcover map and location of four study sites in the
southeastern portion of the state. The landcover map was derived from the
United States Geological Survey Classification using AVHRR data. The
grassland site (lower right) and sagebrush shrubland site (upper left) were
studied in detail.  Flux data for the mixed agricultural site (upper right) and
coniferous forest site (lower left) were not as comprehensive.  The colors
are: light green - grassland, tan - shrublands, red - agricultural, dark green -
forest, yellow - tundra, blue - water, and black - unvegetated/urban.  These
data were obtained from the EROS Data Center Distributed Active Archive
Center (EDC DAAC).



Color Plate 6B. Gross primary production (g C m-2 year-1) for Wyoming, USA, in
1999 estimated from weekly AVHRR NDVI, landcover class, and
meteorological data. The colors are: black - no vegetation, purple - GPP
from 0 to 150, dark blue - GPP from 150 to 200, light blue - GPP from 200
to 250, dark green - GPP from 250 to 300, light green - GPP from 300 to
350, orange - GPP from 350 to 400, red - GPP from 400 to 450, white - GPP
from 450 to 600. 


