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I. INTRODUCTION

The cooperative research program between the Department of Geography,
University of Maryland and the Earth Resources Branch, NASA Goddard Space
Fiight Center achieved marked progress during the period Sept. 1984 to June
1985. The two students, Dennis Dye and Sheila Donovan, funded under the
program, neared completion of their Master's degrees. The research they
carried out - Mr. Dye focusing on ecological modeling and Ms. Donovan concen-
trating on bidirectional reflectance - has substantially contributed to the
objectives of this research program and the expressed needs of NASA's Land
Processes program. Mr. Dye's Masters Thesis "Estimation of Vegetation Net
Productivity using NOAA7 AVHRR Datg" has recently been accepted by the Univer-
sity for completion of his degree. The text of this thesis comprises the main
body of this semi-annual report. Additional research progress is briefly

discussed in the following paragraphs.
I1. RESEARCH PROGRESS

A. Anisotrophy of Land Reflectance

The SAIL canopy reflectance model has been implemented on the NASA 3081
computer as well as systems at the University of Maryland. Mr. Fred Hummerich
and Mr. Alan Hope, graduate students in the Geography department funded from
sources other than this grant, are using the model to study interception of
solar radiation in vegetation canopies and the relation between reflected
solar radiation and thermal emissions for vegetation canopies. These studies
a}e in part evaluating the contribution off-nadir measurements will provide to

more accurate assessment of vegetation biophysical measurements with remotely



sensed observations. Preliminary results show that two or more off-nadir
measurements reduce the "error" in estimating intercepted photosynthetically
active radiation with spectral vegetation index measurements. This "error"
occurs as a result of the influence of leaf angle distributions on observed
spectral vegetation indices. The off-nadir observations improve the IPAR
estimates by providing a measure of canopy reflectance anisotrophy which is
descriptive of the vegetation architecture.

Ms. Donovan is nearing completion of a Masters' thesis concerned with the
use of bidirectional measurements for vegetation discrimination. the body of
this thesis will be submitted in a future semi-annual report. She is analyz-
ing field measurements acquired by the NASA/GSFC PARABOLA instrument in West
Texas last year. Her results to date suggest that the bidirectional measure-
ments permit discrimination of vegetation types which display differing leaf
angle distributions. These results are in agreement with model calculations
by Kimes (1985) and others which show that canopy reflectance anisotropy is
primarily a function of canopy architecture.

Mr. Tom Brakke, NASA scientist with the Earth Resources Branch, has
completed the first draft of a paper he and Dr. Goward are coauthoring. The
study is on analysis of bidirectional measureme;ts acquired by the aircraft-
based Ocean Color Scanner (OCS) instrument. He noted that derivation of
bidirectional measurements from these data is complicated by within-field
heterogenity. That is for a given cover type, such as corn or soybeans, there
are sufficient variations in ground cover and vegetation density to create
variations in the measurements that are equal to the bidirectional signal.
These results suggest that space borne measurements of bidirectional reflec-
tance will require a high degree of navigatibnal and pointing accuracy in

order to avoid confusion between variations caused by vegetation cover versus



anisotropy. The manuscript is currently being revised and will shortly be

submitted for publication.

B. Ecological Modeling

Mr. Dye's master's thesis, presented later in this text, provides a
thorough review of the most significént progress achieved in the area. Other
activities pursued during this period include acquisition of 1983 World Cli-
mate Data, an intensive evaluation and revision of the AVHRR integration
procedures and a preliminary inspection of 1983 and 1984 AVHRR North American
observations.

After much trauma and discussion with people at the NOAA Climate Data
repository in Ashville, North Carolina and researchers at the National Center
for Atmospheric Research (NCAR) in Boulder, Colorado, world climatic data for
1983 were acquired. Of course the data are in a format entirely different
format than 1982 observations acquired last year (which turned out to have
‘been a working file rather than a finished product). As a result the computer
software developed Tast year had to be completely rewritten to handle the 1983
data. This activity is still underway and should be completed in the next few
months. Two studies, one comparing the Holdridge climate-vegetation scheme to
AVHRR data and the other an alternative ecological modeling study suggested by
Dr. John Montieth; are on hold pending availability of the data. |

Several problems with the numerical integration scheme for computing
seasonal and annual vegetation index pétterns where identified over the last
year. Particular brob1ems occurred because the NOAA Global Vegetation Index
data are recorded in an inverted numerical scale which could not be treated
with the the-current integration routine. In addition, there was no ability

to threshold the computation to delete from consideration variable NDVI values
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where no vegetation is present. In colabration with Mr. Tom Goff, these
changes were incorporated into the software and tested for correct opera-
tion. An interesting conclusion is that inclusion of NDVI measurements below
0.1 produces integrated values which are less well related to net primary
production than values produced for NDVI measurements which do not include
values below 0.1.

Observations from 1983 to present for the AVHRR Global Vegetation Index
data have been composited for 3-week intervals by Arlene Kerle, NASA Earth
Resources Branch. We have computed 12 month integral images of these data and
compared 1982, 1983 and 1984. Changes in the NOAA compositing procedures
between 1982 and the other dates appear to have produced a serious bias be-
tween years. Dr. Tuchu and Dr. Goward are conducting a study from GAC obser-
vations to better understand this problem. There appear to be some serious
problems with NOAA procedures form producing the GVI data set which may re-
quire development of alternative data products. Comparison of 1983 and 1984
observations has produced an interesting observation of variations in the
southern United States. Further analysis of this may require detailed climat-
ic observations and awaits the time and staff to investigate.

Analysis of the reflectance spectra acquired in the Canadian subarctic
during August of 1984 have revealed that Tichens have a distinctive reflec-
tance spectra in the visible portion of the solar spectrum. This may occur as
a result of the unusual photosynthesis system these plants possess which is
based on a symbiotic relative between fungi and algae. These results are
currently being preparéd for publication and should be submitted in the near
future. Dr. Petzold and Dr. Goward are p1anning and carrying out a second

year of field measurements in Schefferville, Quebec during this summer.



C. Publications and Presentations

Two papers based on this research have been accepted for publication
during this time period; 1) Goward, S.N., C.J. Tucker; and D. Dye. North
America Vegetation Patterns Observed by NOAA-7 AVHRR, Vegetatio (to be pub-
lished by late fall) and 2) Goward, S.N., G. Cruickshanks and A. Hope. Ob-
served Relation between Spectral Reflectance and Thermal Emittance for a |

Complex Vegetated Landscape, Remote ‘Sensing of Environment (to be published in

the fall). Copies of the manuscripts for these papers are contained in pre-
_vious semi-annual reports for this project. Dr. Goward was invited to present
his North American research at; 1) A meeting of thé NASA Pilot Land Data
System research group held at Jet Propulsion Laboratory in December 1984; and
2) a meeting of Scientific Geography, held at the University of Georgia
(Athens) in March 1985. In addition Dennis Dye presented his ecological
modeling research at the Annual Meeting of the Association of American Géo-
graphers and Dr. Goward coauthored a paper with Darrel Williams, NASA/GSFC on
remote sensing of acid rain damaged vegetation at the same meeting, held in

Detroit, Michigan.
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HABSTRACT

Jitle of Thesis: Estimation of Uegetation Net Primaru

Froductivity usina NUHH-¢ HUHRRKR Uata
lennis bGene Uye. Master ot Hrts, 198S%
fhesis directed bv: Samuel N. boward. Ph_U.

Hssistant Research Scholar
Department of bGeoaraphv

Hn ecologiéal model was developed to estimate annual net
primary productivity of vegetation in twelve maior North
American biomes. Three existing models were adapted and
combined. each addressing a different factor known to govern
primary productivity. these factors are photosunthesis,
respiration and moisture availability. Measures of intercepted
photosvnthetically active radiation (1PHR)> for input to the
photosvnthesis model were derived from spectral vegetation
index data, on the basis of a linear relatiénship between the
Normalized Uifference Uegetation Index (MDULl)> and percent 1PHK
which through other research has been shown to exist. NUUI data
were produced from NURR-7 Aduvanced Uerv High Resolution
Radiometer (AUHRR) observations for Hpril 1982 through March
1983. Composite NDUI images were created to represent calendar
rnonth periods, which helped alleviate cloudcover problens and
also provided a data set corresponding in time with available
monthly climatological data. The spatial resolution of the
composite images was reducéd from the 6riginal 1.1 km to
roughly 15 to 30 km, depending on latitude. HNUUIl values were

sampled from within the biomes at locations for which

climatological data are available. HMonthly estimates of NPP



for each sample location were generated and summed ouver the
twelve month period. Ilhese monthly estimates were averaged to
produce a single annual estimated NPP ualue for each biome.
Comparison of estimated NPP values with tigures reported in the
literature produces a correlation coefficient.of .85, howeuver,
the model consistently underestimates NPF. lhe results sugaest
promise for use of course spatial resolution NOUI data for
evaluation of continental and oglobal scale patterns of

productivity in terrestrial vegetation.
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CHAPTER 1

INTRODUCTION

Life on thé earth is dependent upon maintaining a complex
ecolongical balance within the biosphere. Fundamental to
current scientific understanding of this ecology is the
recognition that certain interactions occur and balances exist
among several major physical systems in the biosphere. Ihése
phvsical-spstens are generally divided into the broad
categories of water systems (hydrological cyclinag), chemical
and nutrient systems (biogeochemical cveling)., and energy
transfer systems {(climatoloagy>. Together these systems connect
the functioning of the planet’s land. oceans, atmosphere and
organisms. In recent decades, 6onceptual understanding about
the interaction of these systems_, as well as the effect human
activities may hauve upon them, has increaéed (Revelle and Mark,
19775 Uoodwell et al.. 1978: Kormandy and McCormick, 1981:
Bolin and Cook_, 1982).

In recent years an increased recognition has developed
within the scientific community of the necessity of'stUdving
ecological phenomena in the biosphere at the global scale
(SCEP,1970; Botkin,1982>. The concepts providing direction for
this research are found in an emeraging science concerned with
“global habitability”, inuvolving a multidisciplinary approach
to analysis ot biospheric processes. The National RAcademy of

Science, the National Research Council, the National



Heronautics and Space Administration, as well as foreign and
international science groups have begun to address this concern
througb declared research initiatives (NRS_, 1987 _,19B3:
NRC,1983: NHSH, 1983, 14984),

There is convincing evidence that potential significant
change in the earth’s climate may occur in the not-too-distant
future. A basis of support for this prediction is found in
measurements of atmospheric carson dioxide made at Mauna Loa,
Hawaii, since the year 1959 (Bacaétou et al. ., 1985). These
measurements show regular annual increases inAcarbon dioxide
concentrations. It is believed that continued increases mav
lead to an ouverall rise in average global temperatures, causing
A rise in world-wide sea levels, and altered weather and
climate patterns around the globe (Seidel_, 1983)>. There are
ﬁanv concerns regarding the potential effect uHich climate
change may bear upon the life support systems of the earth.

For example_, changing patterns of planetary rainfall could
seriously reduce agricultural productivity in regions which
bave been historically highly productive and depended upon for
world food production. Hence, the future habitébilitv of the
earth has become of great concern and demands concentrated
scientific research efforts to provide fuller understanding of
the problem.

PAmong the portions of the biosphere which comprise the
living systems. or biota, by far the most predominate is
terrestfial vegetation. Uegetation forms the foundation for the
food chain on the earth and also plays a key role in the

overall ecology of the biosphere (Odum_, 1971>. Uegetation has



direct and substantial influence upon the environment through
its control oaver surf;ce albedo, the energy-exchange regime,
and the way in which water, nutrients, carbon dioxide and
oxygen are cycled through the enuvironment <(Botkin, 19Y87>. in
view of this_, any analysis of the state of the biosphere
requires substantial study of terrestrial vegetation.

The single most informative measure of vegetation activity
is its rate of primary productivity. In simple terms, primarvy
ﬁroductivitv in vegetation is the rate at which radiant solar
energy converts raw materials (water, carbon dioxide? into
plant matter through the process of photosynthesis. In studies
of vegetation at the community and-fornation scales, primary
productivity is typically reported in units of grams of dry
plant matter (carbohydrates) produced pef square meter of

-1).

ground area per year (g‘r-;r2 vr
OQuantitative knowledge of the primary productivity of the
earth’s vegetation is valuable since it provides infornatioﬁ
about the degree to which vegetation is actively inuoluved in
and contributing to the ecolegical cycling processes of the
biosphere. R survey of the scientific literature eualuating
primary productivity in terrestrial vegetation was conducted by
Atjay el al. <1979). The data which they compiled reveals
significant disparity among figures reportéd by various sources
for major vegetation ecosystems around the world. Aside from
primary productivity, it is evident that much has vet to be

learned and agreed upon concerning spatial and phenological

patterns of global vegetation in general. 0One obvious



indication of this is found by comparing several of the wvariaus
world vegetation maps found in the literature <(e.g. ., Kuchler
1966; Reichle, 1973 Udum, 19715 Robinson, 19723 Daubenmire,
1980: 0Olson and Uatts, 1982). for

1978: Uankat, 1979: LPA

40

the most part, no two are alike in their delineation of
uvegetation patterns.

Historically, there have been serious logistical problems
associated with the study of vegetatieon at regional,
continental and global scales as opposed to the laboratory or
small field sites. 1In studying the uegetatioﬁ of larger areas
one must deal with greater variability and the difficulty of
accessing and repfesenting that variability. It can become
prohibitively expensive, time consuming, and generally
impractical task if only traditional field_nethods are applied
to the problem. Remote sensing has proven to be a useful
technology for providing otherwise unattainable information on
phenomena distributed over large éreas of the earth. It is
therefore logical to look to remote sensing as a source of new
information about global vegetation.

The relatively courSe spatial and high temporal résolution
multispectral neasurgnents from the Advanced Uery High
Resolution Radiometer (AUHRR) onboard the NORR-6 and NURA-7
meteorological satellites have been increasingly examined in
recent years as a global vegetation data source. Great promise
has been shown for use of the AUHRR in large-area wvegetation
analyses (Gatlin et al., 1981; Greegor et al.. 1981: Townshend
and Tucker, 19813 Cicone and Metzler ,1982; Ormsby_, 19872; Tucker

et al. ,198Z2: Norwine and Greegor, 1983; Tarpley et al., 1983;



Justice et al. ., 19849; BGoward et al. 198%; Malingreau, 1985:
Tucker et al., 1985a_b). This has led to consideration of its
potential utility in estimating vegetation primary
productiuvity. The research which is described in the fol lowing
chapters is an initial attempt to deuvelop an ecolopgical model
which in part uses remotely sensed data ftrom the HUHRFR to
estimate the net primary productivity of terrestrial

vegetation.



CHRAPTER 2

BACKGROUND INFORMATION

2.1 Existing field Techniques

Two traditional approaches to the estimation of
productivity of terrestrial vegetation can be found in the
literature. The first approach inuvolues techniques for direct
measurement of changes in plant biomass through the course of
time. This relieg upon sampling of biomass éfther by
destructive or non—destructive means. Destructive sampling is
generally referred to as tHe “harvest” method and non-
destructive sampling as “dimension analysis®”. The second
common type of approach involves techniques to measure the
exchange of gases between the plant and atnﬁsphere; referred to
as the "gas-exchange" method. This approach is basgd upon the
known relationship between carbon dioxide absorption by a plant
and its rate of net photosynthesis. (Uoodwell and Botkin, 1970;

Uhittaker and Marks, 1975).
2.1.1 G6Growth Analysis

Both the haruest and dimensional analysis techniques
attempt to determine incremental increases in the biomass of a
plant between specific sampling times during its growth period
(ﬂilner and Hughes, 1968; Satoo, 1970>. In the harvest
technique, sample plots of vegetation are removed, dried, and

weighed at regular time intervals, hence the term “destructive”



sampling . fhis approach has been applied commonaly to estimate
productivity in grassland, crops, and herbaceous vegetation.

In investigations of productivity of forests, the dimension
analysis technique has been considered more practical. HAgain,
periodic sampling of biomass amounts are acquired, but
typically in a non-destructive manner. The height and diameter
of individual trees are measured, and based upon correlations,
productivity rates are estimated from the observed changes in

biomass cobserved <(Barbour, et al., 1980: Newbould, 1967) .
2.1.2 Gas-exchange Techniques

The relationship between the production of plant material and
the physical and chemical processes involved has led to
biophysically-based approaches to the.estina£ion of plant
productivity. 1In this category, gas-—-exchange techniques have
been most commonly employed. 1In general, gas-exchange
techniques involue measurments of the rate at which gases,
carbon dioxide in particular, are exchanged betueen a leaf,
plant or plant canopy and'the surrounding atmosphere
(Monteith, 1962; Lemon, 1967; Chartier, 1970; Hesketh, 1980:
Long, 1982>. From measured rates of carbon dioxide uptake, the
rate of assimilation, or net photosynthesis can be inferred.
Typical gas—measurements made during daylight necessarily
provide estimates of net photosynthsis. This is because only
net changes in carbon dioxide éoncentrations can be directly
measured. At Eresent, the gross rate at which carbon dioxide

is absorbed and conuverted to carbohydrate through



photosynthesis cannot be separated from the rate at which
carbon dioxide is released through photorespiration. Gas-
exchange measurements made during darkness, however, provide

useful data on dark respiration rates.
2.1.3 Deficiencies of Existing Data for Large Rrea Studies

The approaches described aboue are suitable for
investigations of vegetation productivity in well-defined plots
at specific locations undgr specific environmental conditions.
These nethodslall entail intensive field work over long periods
of time which is both laborious and expensive. Such samples
represent conditions at point locations which must be
extrapolated to account for thr spatial and temporal
variability in vegetation productivity across large terrestrial
areas. It is impractical to create a network of sampling sites
which is deénse enough to assure comprehensive representation on
continental and global scales and reliable enough to provide a
continual source of measurement. and monitoring.

RAccording to Lieth and Whittaker (1975), existing methods
of estimating primary productivity at point locations have not
reliably achieved accuracies better than +/- 10X. A survey of
the literature evaluating net primary productivity of the -
world’s major vegetation ecosystems reveals substantial
variance among reported values. Estimates made during the past
tuenty years of the total annual net primary productivity for
all terrestrial vegetation in some cases differ by as much as a
factor of 6 or more (Rodin et al., 1975; Uhittaker and Likens,

19?75: Atjay et al. 1979>.



2.2 Analysis of Continental and Global Scale Uegetation NPP

Patterns
As knowledge in the plant and ecological sciences has aduanced
over the decades, knowledge and understanding of continental
and global patterns of vegetation productivity has lagged
behind. This situation is not surprising, considering the the
scarcity of dependable information on vegetation productivity
and the difficulties associated with collecting it over wide or
. remote areas. HMuch of the information provided in major
sources of literatutre in this area is based on statistical
correlation, extrapolation, and conjecture (Lieth, 1974, 1975;
Uhittaker, 1970; Rodin et al, 1975).

The map displaved}in fFigure 1 represents an attempt
conducted by Lieth (1973)> to evaluate the global patterns of
net primary productivity in vegetation. The map was génerated
from a collection of annual net primary productivity estimates
Fepresenting 52 point locations around the world. Based upon
statistical correlation between the productivity values and
averages of annual temperature and precipitation at each of the
sample locations, productivity estimates were generated
extrapolatiing over the entire terrestrial surface (Lieth,
1972,1973>. 1In two related studies, correlations were based
on evapotranspiration (Lieth and Box, 19?2) and length of
growing season (Lieth, 1974)_. Rodin et al. (1975> generated
predictions of global NPP patterns by associating productivity
estimates with the areas of different soil-vegetation

formations.
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Figure 1. Global NPP patterns estimated by statistical
methods (Lieth, 13973>

If the ultimate goal is- to fit knowledge gained about
global patterns of vegetation productivity into dynamic models
of biogeochemical cvqling between the atmosphere, land, and
oceans, then the value of these predictive approaches is
linited. For instance, the methods described above provide
only a single productivity estimate for any location. Without
a continual source of data collection, sensitivity to seasonal
or annual fluctuations in terrestrial vegetation activity
cannot be maintained through time. The dependancy placed upon

correlations and extrapolation to generate values for non-

10



sampled areas greatly diminishes the reliability of the
estimates. Moreover, since the approach is basically
statistical in nature, it lacks a theoretical foundation in the
actual biophysical processes and environmental contrels which
determine vegetation productivity. More meaningful and
scientifically useful models of plant growth dynamics and

global ecology in general need to be developed.
2.3 Application of Remote Sensing

Previous approaches involuing site specific, ground-based
techniques for estimating Uegetation productivity do neot appear
to be adequate in satisfying current information needs about
continental and global scale vegetation productivity patterns.
Therefore it is'necessarv to.consider alternative approaches.

The most obvious and promising approach is to enplpy
information obtained through satellite remote sensing
techniques. Spectral observations of surface conditions
obtained by satellite-based sensors can provide a system of
data collection uhich.offers inprquenents over previous
approaches in at least two ways. First, data collection can be
achieved in a spatially comprehensive manner over the entire
surface of the globe. This assures thorough representation of
variation existing across the land surface. Second, satellites
provide the capability to monitor surface conditions
continually through regular and repetitive data collection,

thereby providing sensitivity to changes which occur through

time.
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2.3.1 Spectral Uegetation Indices from Remotely Sensed Data

Since uegetation most often is a dominant element of the
terrestrial landscape, much of the remote Sensiﬁg research
literature has centered upon the analysis of vegetation.
Linear combinations of reflectgd visible and near-infrared
radiation measurements, referred simply to as spectral
“vegetation indices*, have in numerous studies been shown to be
useful in characterizing the presence, condition, and gquantity
of photosynthetically-active “green® uegetationl(e-g- Rouse et
al ., 1974: Tucker and Holben, 1980; Tucker et al., 1981)>.

AR spectral vegetation index is derived in its simple form
by computing the ratio between sensor measurments of the
reflected visible radiation and the reflected near-infrared
(NIR> radiation. A widely adopted variation of this simple
form of the vegetation index is the normalized difference
vegetation index, or NDUI . The NDUI is computed from the
difference of visible and near-infrared spectal measurements
divided by their sum. It was formulated originally for use
with Landsat Multispectral Scanner (MSS) data in a study of the
grassland vegetation in the Great Plains of the United States
(Rouse, et al., 1974>. The NDUI has become the most commonly
used form of the uegetation index because it has been shown to
normalize the effects of variable sun-angle and insolation
conditions.

The spéctral vegetation index is informative with regard
to the biophysical attributes of the vegetation observed

because of the mutually distinct manner in which visible and

12



NIR radiation interact with green leaves. Uisible radiatiorn is
strongly absorbed by chlorophyll and other leaf pigments,
whereas NIR radiation is predominately reflected by materials
forming the internal structure of the leaf (Knipling, 1970).
Use of a spectral vegetation index enables one which to take
advantage of the unique optical properties of green uegetation,
and thereby prauide data which is informative specifically
about the photosynthetically active vegetation component of a
landscape.

Remotely sensed data in the form of the NDUI may be
particularly useful for evaluating the seasonal growth dynamics
of plant canopies or communities. Research conducted by
Hatfield et al. <(1984)> shows that the NHODUI is related to the
amount of photosynthetically active radiation (PRAR)> which is
intercepted by a plant canopy (IPAR>. These resgarchers
quantified the NDUI relationship based on field measurements of
IPAR and reflected visible and near-infrared radiation for a
wheat canopy. They found a remarkably strong, linear
relationship exists, with a coefficient of determination of
.974. Since the amount of PAR guailable to a plant canopy is
known to be a major and fundamental variable governing the
occurence and rate of phqtosynthesis, it is an important and
informative variable for a model of vegetation productivity.
The NDUI-IPAR relationship provides a sound theoretical basis
upon which to employ spectral measurements collected by
satellite in the modelling of vegetation growth, and provides

much of the impetus for this research.
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Z2.3.72 Use of NUHH Satellite Data

Hnalysis of continental to global regions of the earth
requires special consideration of the spatial resolution of the
sensor emploved. The 80 meter spatial rescoiution of the
Landsat Multispectral Scanner System (M55) renders this sensor
inappropriate for very large area vegetation analyses. UWith an
individual MSS scene covering an approximate 185x185 km area,
many thousands of scenes are required to cover the continental
areas of the globe, and this would represent only a single
observation. Hs suggested in Tucker et al. (i985), tremendous
costs and overwhelming data volume, particularly if continual
monitoring is desirable, combine to illiminate reliance upon
Landsat MSS5 data for contirfental and glqbal scale coverage. for
these same reasons, the Thematic Mapper®s 30-meter resolution
is even less suitable for larage area coverage. As with the
MSS, Thematic Mapper data are most practical for application to
local or regional analyses.

The AUHRR, with its relatively course 1.1 km spatial
resolution, is & more practical sensor for large area analpses;
An advantage of the AUHRR is that the data volume is reduced to
manageble levels. BAnother factor contributing to the
usefulness of the HUHRR is its temporal resolution. H large
scan angle and 9-day repeat cycle in combination provide
coverage at all locations on the earth on a daily basis.
iLandsat, on the other hand, has a full 18-day interval between
repeated coverage of a single location. The frequency of scene

coverage is an important consideration, particularly for data



coliection over areas prone to cloudcover. such as the tropics
or the Pacific Northwest in North Hmerica. H greater freqguency
of observation results in a greater likiihood of obtaining
cloudfree, and therefore usabie, image data. Recent
inuvestigations demonstrate the successful use of HUHRKR data ftor
analyzing and mapping vegetation over very large areas. Tihese
include Gatlin et al. (1981), Greegor et al. <(1981>, Townshend
and Tucker (1981)>, Urmsby, (1982Z2>, Tucker et al. <198Z>,
Norwine and Greeaor <(1983), Tarpley et al. (1983>, Justice et
al. <1984)>, Loward et al. (1Y85)>, Malingreau (19Y45), NUHH
(1Y8%>, and lucker et al. (1984, 1Y8ba, 1Yd5b)> .

Hn investigation of the spatial and temporal patterns of
vegetation on the North Hmerican continent was conducted by
boward et al . <1YH5) using digital HUHKRK data collected through
the growing season. lhis study showed that NUUL data ¥ron
HUHRR observations appear to contain substantial information
about continental patterns of phenoleogy and annual production.
In this preliminary investigation, "integrated” NOUI values
were computed to represent each of the major vegetation
communities, or biomes, ﬁn the continent. These integrated.
values were derived by computing the integral of the curve
defining the change in NDUI over the growinag season for
selected locations.

Correlation of the integrated NDUI values with estimates of
annual net prinafv productivity for corresponding ecosystem
types showed a strong, direct linear relationship (figure 2).

<

These results sugagest that NDUI data from the AUHRR are in some



manner highlv sensitive to the continental-scale productivituy
characteristics of terrestrial vegetation. The focus of this
study is an attempt to explain this relationship on a
biophysiological basis bv using the satellite data in an

ecological model of plant productivity.
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CHAPIER 3

DESCRIPTION OF THE MODEL

The model used to estimate net primary productivituv in
this study is a combination of three separate models which
address three major environmental factors governing
photosynthesis in living plants. Jihese factors are solar
radiation, temperature, and water. Solar radiation is
addressed throuoh a model originally developed by Monteith
€1965>, temperature by Terjung (1976>, and moisture
auailability by Thornthwaite and Mather <i957Y). Each of these
three major components are explained in the sections which

follow.
3.1 HMonteith Plant Canopy Photosvnthesis Model

Monteith (1965> developed a theoretical model to account
for the distribution of radiation within a vegetation canopv.
He combined this with two parameters Cvariables “a” and “b*)
from an equation fitting the curve which describes the typical
photosynthetic response of leaves to variations in light

intensity. The equation is,
P = <(a + brsI>

where 1 is light intensity and P is rate of photosunthesis.
_UWith these parameters “a® and “b*, and an estimation of solar

radiation conditions, fMlonteith formulated an equation to



calculate the total daily photosynthesis by leaves in a canopu.

fhe Monteith model was originallyv intended to describe
photosynthesis in field crops.. 1t assumes moisture and
temperature conditions are adequate to meet the optimum grouth
requirements of the plants. In other words, water and
temperature are not considered limiting factors atfecting the
rate of photosynthesis and therefore aée not addressed in the
model .

In non—-irrigated vegetation environments, moisture
conditions are controlled primarily by climatological
conditions which mav varv widelyv between locations and
environments. The Monteith equation by itself is therefore
insufficiently formulated to model photosuvnthesis in natural
environments, where moisture and temperture cannot be assumed
to be continuously favorable and non-limiting factors. 1t is
therefore necessary to adapt the model to address the
controliing effect of moisture availability and temperature
upon plant productivity. These adaptations are realized
through the addition of two other nodelé explaining moisture
availability and the photosuvnthetic response of leaves to
temperature. The approaches adopted in this regard are

described in subsequent sections.



The general form of the eguation given by Monteith (1Y6%)>

for photosvnthesis in a plant canopy iss

) -1
P = ha LA, {1-f(n 2 3+H {1-f<n >3]
1 1
where:
. . o . ] ) -2 -1
P = daily aross photosynthesis (a m dav
h = davlenagth <(minutes)
a = sum of resistances to carbon dioxide diffusion into
choroplasts <m2hr g* >
A,= area of leaves intercepting radiation directly,
without prior transmission through a ieaf <(no units?
H = area of leaves which intercept radiation after one

transmission throuagh a leaft <(no units>

HQ and Hl are areas based upon a theoretical unit leaft-area of
a single.laver of leaves, and are dimensionless.

A simplification of the model formulation was neccessarv
to enable direci substitution of a single light interception
value. Utherwise, it would be necessary to divide it into
components of directly intercepted (Ho) and transmitted (Hi)
light, and this was not considered feésible- To this end. it
is reasonable to assume that the amount of photosynthesis which
occurs as a result of energy which has been previousliwv
transmitted through leaf material is insignificant ih
comparison to the amount which occurs as a result of enerav
received directly. Therefore, ﬁi is considered insignificant,
or zero, and the second half of the general photosunthesis
equation is dropped.

The function f(no) describes the photosvnthetic response

behavior of a canopy under a given solar radiation intensity.



To understand fully the photosynthesis equation, this tunction
must be considered in some detail. The variable “n” may be
regared as a “light saturation factor”. [t is computed from
following factors: 1) the carbon dioxide resistance factor "a“,
Z) the maximum mid-day solar radiation intensitu “I*", 3> the
parameter “b” which Monteith relates to the photochemical
resistance of photosynthesis {(cal’/g>, and 4) “s“; the light
passing through the first théoretical leaf laver without

interception. The equation is given as:s

L ok x
n, = {adl-s>I -bjrstali-si>l +b}

The variable n as &efined by this equation mav varvu
between limits of -1 and +1. Monteith attaches biophvsical
meaning to this, explaining that as n approaches -1, carbon
dioxide diffusion is limited by low irradiance conditions. It
approaches a value of +1 at higher levels of irradiance when
all leaves are assumed to become light saturated. H simple
sensitivity analpsis‘was performed on the model which confirmed
that this relationship is expressed in the model (Figure 3).

The mathematical definition of the functibn f(q;) then
depends upon the value of n , i.e. the computed light
saturation conditions within the leaf canopy. This is

summarized as follows:
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when U < n, ¢ 1 (nois positive?, then
ey = . I y = n e
f(no) C1/7TX>{<1 Q))/( o))lnt(lﬁ )/(lﬁa),}

when -1 < no< u ¢n, is negative). then
. I -1 -1
tf<n_ 2> = (Z/n){(l—%>/(—ng Jtan (J:n:)
o °

when n = J, then

By referring back to the general photosynthesis equation,
it can be seen that ha H is the maximum ‘possible
photosynthesis with theroretically unlimited radiation. The
term (i—f(nb)) is the efficiency with which availabie radiation
is used, and is related to the -length of time spent in saturated

liaht conditions.
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3.1.2 0Oetermination of Model Variable Values

tach of the variables in the Monteith equation are listed
below. UData sources, or methodologies adopted to determine

their uvalues, are explained.

1> h, daily duration of sunlight
{he average monthly duration of sunlight was computed from
the following equation given by Sellers <1965),

cos H = -tan ¢ tan §

where: H = half-day length
a = latitude
§ = solar declination

This equation requires known values of latitude and solar
declination. Latitude was determined from -the known geographic
coordinates of the sample locations. Hverage monthly solar
deciination values were calculated based upon daily ualues
reported in the 1982 and 1983 Hstronomical Handbook, available
from the U.5. Government Printing UOffice.
2> s, fraction of light passing through a unit leaf laver

without interception.

The value of this factor will vary according to the
density and structure of the leaf canopy. Monteith reports “s*
to vary between about 0.4 and 0.8 for the crop canopies he
evaluated. To simplify specification of this variable, the
median value of U.6 was selected to represent “s” for all

canopies.
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%> b. photochemical resistance (cal/g>

Monteith (1965) explains that the quotient b/l, where 1 is
radiation intensituv, mav be considered to represent the
photochemical resistance to photosynthesis. 1his is better
understood by considering that if b is constant., an increase in
the value of I results in a decrease in the quotient b/l. That
is. b/l is inversely proportional to radiation intensitu. Hfs
radiation intensity increases. the resistance to photosunthesis
attributable to radiation intensity decreases. So. at high
inéensities, radiation becomes less significant in determining
the rate of photosynthesis. Ht very low light intensities, b
is inversely proportional to the quantum efficency. 1n effect,
b describes the photosvunthetic response of plants under non-
saturated light c&nditions- Monteith cites the findings of
Gaastra 61959), Hesketh and Musarave (1962>, and Hesketh and
Fioss (1963> which report b to be 0.5 cal/g recardless ot plant

species.

1,

4> a. resistance to carbon dioxide absorption (m 2hr a
Monteith <¢1963,1965> describes "a” as the resistance to
carbon dioxide diffusion into the choroplasts, and has shown it

to be proportional to the inverse of the maximum rate of
photosynthesis under saturated light conditions. Hs this
resistance value increases, carbon dioxide diffusion and
photosynthesis decrease. For a constant radiation intensity,
photosynthesis occurs at a rate largely dependent upon the
temperature of the leaf and atmospheric concentration of carbon

dioxide.



Knowledae ot the photosvnthetic response of a plant canopy
to temperature under saturated light conditions enables the
maximum potential photosunthesis to be determined for anu given
temperature. Ihe ualué ot “a® can thereby be determined. and
this aiso provides a means bv which to incorporate the
controiling effects of temperature in the photosvnthesis model .

Such an approach is feasible by referring to the work of
Terjung €1976)>. Terjung generated a series ot Z2i{l sets of
curves to represent the photosynthetic response to temperature
under a full range of radiation intensity conditions. The 20
sets of curves are related to terrestrial reéions of the earth
based upon plant species composition and enuvironmental
variables. The map shounAin figure 4 depicts the HNorth
fimerican regions. Numbers shown in the map correspond to
different photosynthetic response curves determined by Terjung.
The complete set of curves is shown in figure 5. The top curve
in each set represents photosynthetic response to temperature
under saturated light conditions. These top curves were
incorporated into the model .

Terjung {1976> does not include mathematical descriptions
of the photosynthetic response curves. 1In order to incorporate
the relations expressed in the curves into the computer-based
model, it was necessary to translate them from their analog
form to a mathematical form. This was achieved by digitization
of the curves on an Hltek digitizing table with associated
software, operated with a PR1IME 550 minicomputer. The
digitizing procedure generated a series of (x,y> coordinate

pairs for each curve: these were then used as input to a non-
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linear regression routine in the 5PSS statistical sottware.
tor each set of coordinates, a single polynomial equation was
determined. These polvnomials describe the curve of “"best-fit"
passing through the sample points de%ined by the coordinate
pairs._

The scale of temperature values used in Terjung®s araphs
are for the temperature of the leaf itself. HBecause it was not
possible to acquire actual leaf temperature measurements, it
was assumed that aueragé leaf temperature is roughly equivalent
to the average ambient air temperature. This reasoning éllous

use of readily available weather records as a source of the

temperature measurements required for the model .

5 ﬁo’ iniercepted photosynthetically active radiation

The linear equation describing the NUUI-1PHR relationship
deuelopedibv Hatfield, et al. <1984)> enables the use of NOUI
data obtained from the HUHRR to estimate the percent of total
incoming photosyntheticalily active radiation intercepted by the
canopy. Hssuming percent IPHR is directlv_proportional to thel
area of leaves receiving radiation, it was substituted for A .

The equation presented by Hatfield et al. (1984> was
based on ground level measurements. In order to apply the
two adjustments were necessary. The atmosphere between the
ground and the sensor absorbs-énd scatters both direct and
around-reflected solar radiation passing through it (Slater,
19804)>. Measurements made of the reflectivity of the earth’®s

surface from space therefore contain an added reflective

N
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component fhis phenomenon produces an apparent increase in
radiance from that which would be observed near the ground.
Holben and fFraser (1985) quantified the effect atmosphere has
upon NUOUI values computed from NUHH-6 HUHKR measurements. or
a range of vegetation cover types and biomass amounts, the NUI
was found to decline in magnitude with increased atmospheric
pathlenath. Uata generated from their investigation was used
to adjust the NDUI-IPHAR relationship for atmospheric effects.

H second adjustment was made to the relationship by
incorporating sensor calibration data obtained for the NOHH-7
HUHRR prior to deplovment C(Ii1f, 1981>. These data enables the
‘raw count data from the sensor to be properly adiusted to their

equivalent measures of radiance. fFiqure 6 shows the original
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NOULI-IFPHR relationship from Hattield et al_. (1984>, and the
reiationship after application of the corrections.

3.2 Respiration

_Respiration is the process by which eneragy is made
availabhle to the plant to support its life and arowth
processes, such as cell reproduction and cell maintenance. 1in
a8 basic sense, respiration is simply the reverse of
photosvnthesis: throuah the breakdowun of carbohydrates,
chemical energy is released while oxygen is consumed and carbon
dioxide generated. Net primary production (NPP)>. then., is the
gross primary production <(GPF) less the carbobhydrates used in
respiraiioﬁ- This is commonly summarized by the following
éinple formula <(Woodwell and Whittaker, 1968:; Barbour et al _,
19805,

NPP = GPP - RESP

Through an empirical investigation, Chang (1967¢> derived a
general equation relating plant respiration to air temperature.

Chang®s equation is given ass

R = 7.825 + 1.1457
wheres=
R = percent of gross production consumed bwv

respiration

_ A . 0.
T = temperature ¢ C)

In this research, net photosynthesis was computed by
reducing the estimated monthly agross photsvnthesis by the amount

determined from the respiration factor, R.

N
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5.3 mMoisture Hvuailability

Water is a fundamental element in the photosunthetic
process and is required to support plant life. f[n general, an
adequate supply of uater must be available in order for
photosuvnthesis to proceed at its maximum potential rate under
given conditions of temperature and radiation. H fundamental
role of water in plant production is, of course, suppluv of the
hydrogen molecules for creation of carbohydrates. In addition
to the transfer of nutrients from the soil to plant. water.
helps perform the critical function of maintaining tolerable
leaf temperatures for plant survival under variable radiation
and heat conditions. Leaf temperature may be regulated in part
throuabh the heat conduction which occurs during the
transpiration of water vapor from the plant surface {(Gates,
19765 .

When moisture is not sufficientiy available to meet a
plant®s transpiration demands, the plant'map experience a
condition known as “moisture stress®. UOne typical biophusical
response of a plant experiencing moisture stress is to maximize
water retention by minimizing its rate of water loss throuah
transpiration. This is achieved by a reduction in the size of

its stomatal openings (Larcher, 1965: Siatyr, 1963: Hsio,
1973>. Stomatal ciosure creates a reduction in the area
available for gas exhange, and this causes increased resistance
to carbon dioxide intake from the atmosphere (Gaastra, 1959).
Hnother associated response is a reduction in leaf turgor, such

that leaves wilt and droop, thereby reducing the effective leaf



area ftfor radiation interception. 1he combined eftect of the
responses to moisture stress is an overall decrease in
photosynthetic activity (Bover, 1976).

fuwo assumptions have been made to address conditions in
which photosunthesis ncecurs below the potentiai rate because of
an inadequate moisture supplﬁ and moisture stress in the plant.
fhe first defines the conditions under which moisture stress is
considered to occur. The second defines how moisture stress
reduces the actual photosvnthesis from the potential
photosynthesis estimated for cnn&itions in which water is non-
limiting.

Uegetation is considered to experience moisture stress
whenever the actual rate of evapotranspiration is less than the
potential rate. The logic supporting this is straiahtforward.
When there is insufficient soil moisture present to satisfy the
evaporative demands dictated by the climate conditions over a
given period of time, then it is likely that plants in that
environment also lack adequate soil moisture to satisfy
transpiration demands under those same conditions.

It has been shown that, for fully vegetated and well-
watered land surfaces, evapotranspiration occurs at the
potential rate (Thornthwaite, 1948>_. for a fully vegetated
land surface it is réasonable to believe that the greatest loss
of s0il moisture from the surface occurs through transpiration
as opposed to evaporation. It therefore follows that because
moisture stress inhibits photosynthesis, any reduction in the

actual evapotranspiration C(HE) from the potential rate (PE)
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will be accompanied by a reduction in actual photosvunthesis
from its potential rate. It is assumed that reduction in
actual photospnthesislfron potential photosynthesis is directiv
proportional to the reduction of HL from PE .. 0On this basis,
the estimated potential HNPP was reduced by the fraction
determnined by the ratio Ht/PE to produce actual net NPFP-
estimates .

tstimates of potential and actual photosynthesis were
obtained using the monthly water budget equation developed by,
Thornthwaite and Mather (1957>. This method was chosen above
other well-recoagnized methods for three major reasons. First,
the Thornthwaite approach requires only measurements of
temperature and precipitation. Tﬁese data are readily
available for a relatively larage and spatially comprehensive
network of stations across the North HAmerican continent. UOther
notable climatological approaches were consideréd, including
Penman €1956), but the Thornthwaite and Mather technique was
considered more suitable in terms of practicality. Second.
it is well suited for long-term estimates, including monthly
and annual periods <(Pelton gi al., 1960U0>. This corresponds
well with the temporal attributes of the available satellite
and climate data. Third, thé Thornthwaite equations were
originially derived for fully-vegetated surfaces and this
provides support for the previously stated assumptions with
regard to evapotranspiration, moisture stress, and

photosynthesis.



4.1 Hdvanced Uerv High Resolution Radiometer

Normalized-difference vegetation index (NDUI)> data for use
in the photosvunthesis model was obtained from dailvy
observations of the North Hmerican continent taken bu the
Hdvanced Uery High Resolution Radiometer CHUHRR) sensor aboard
the NUOHH-7 meteorloaical satellite. 1The satellite data used in
this research were collected during the one year period between
Hpril 1987 and March 1983. The HUHRR has a spatial resolution

of approximately 1.1 km a% nadir (Kidwell, 1984>_. H scan angle
of *56 degrees from nadir provides an observation area of 2,700
km across within each swath. H nine-day repeat cucle and the
wide sua{ﬁ width provide couerage_of'all areas of the alobe on
a daily basis. Ffive spectral bands are recorded by the sensor,
including one in the visible wauvelengths <(0.55-0.68 um) and one
in the near infrared portion of the spectrum <U.7-1.1umd>. The
NUHH~-7 satellite is in a polar orbit and operates with a local
overpass time of 14230 UCI (Z2:=30 p.m. local time).
9.2 HAUHRR Data Products

Data from the AUHRR were availabie from the National
Uceanic and Htmospheric Hdministration in several forms. HRPYI
(High KResolution Picture iransmission) data were collected at

the full 1.i km resolution of the sensor and directly
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transmitted to ground stations within receiving range. tor a
requested portion of a single orbit, the 1.1 km data can he
recorded onboard the sateilite for later transmission when a
gfound station is within range. This data product is referred
to as LHC (Local Hrea Coverage). 1The 1.1 km measurements are
continuously sampled onboard for production of GHU <(Global Hrea
Coverage) data. The sampling routine retains four out of everv
five consecutive pixels along a row, and one out of every three
consecutive pixel lines. The mean of the pixels retained is
then used to represent the 3 x 5 pixel arrav. This provides a
aground resolution of about 4 kilometers at nadir for GHL data.
HC data are produced on a daily basis for the entire surface
of the globe.

66Ul (Global Uegetation Index> data are created from the
Channel 1 {visible) and Channel 2 <{pear-infrared) spec{ral
measurements contained in the daily GHC data set. The
Normalized Difference Uegetation Index (NDOUI) is computed at

all pixel locations using the following equation:

The NUOUI data produced in this way from GHC data were mapped to
a grid in a polar sterographic projection. The spatial
resolution represented by the grid cells varies from about 15
km at the equator to about 350 km at the poles. From a seven-

from those falling within each grid cell and retained to
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represent that arid cell. Ihe procedure by which the NUU!L
pixel is selected from each intra-cell arrav has varied., and is
summarized in the NUHH Uegetation Indgx User Note (NOHH. 19Y97v4).
GUI image data sets represent one-week time periods and prouide
coverage of the entire world. ©G6UI data have been produced

rouvtinely bu NUHH since Hprii 1982Z.

4.3 UJegetation Index Composite 1Images

A single GUI image data set represents the maximum NUOUI
values computed at each pixel location durina a one-week period
of time. Because the source of the maximum values mav
potentially be anv one of the seven daily images., the images
created in this manner are generally referred to as “composite®
images .

The benefits obtained by producing composite imaages rather
than relving upon the dailv obsevations can be understood bu
considerina the problems confronted when observing land areas

obscured by persist;nt cioudcover. Ht anv given time,
a{nospheric.nois{ure in the form of visible or opaague clouds
obscure a substantial portion of the earth®s surface as
observed from space. Therefore any satellite observations
covering a large area of the globe on a sinale date are likely
to have portions of the surface obscured because of intervening
cloudcover . However, because of the dunamic nature of the
atmospheric circulation systen, the distribution of clouds
tends to continuously change., particularly in the middle
Iatitudes. This creates a situation in which any ground area

which is cloud covered on a given day. is likely to have
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experienced cloudfree conditions during the one to six davs
which either immediatelv precede or follow.

The image compositing routine used in production of GUI
data takes aduvantage of changing cloud-cover conditions therebv
reducing the overall effects of clouds at all locations within
an image. Pixels representing measurements taken under the
most cloud-free conditions are automatically selected bv this
strategy. Because of the absorption and reflection
characteristics of moisture in the visible and near-infrared
portions of the spectrum, cloud observations will produce NOUI
values consistently lower than either a vegetated landscape or
bare soil <(Knipling, 1970: Colwell, 197437 Jensen, 1983).

for this study, subimages of the North American continent
Qere extracted from the weekly LUI image data sets. Usinag the
image composite strategy outlined above, these images uere
further processed to produce NUOUI composite images,
representing the twelve calendar months from Hpril 1982 to
ﬁarch'1983. Hgain, this further reduced cloud cover effects
and also provided images uwhich correspond directly in time with
the monthly average climatological data used ig the ecological
model .

All image processing was performed with custom—-designed
softuware on a Hewlett Packard 1000 minicomputer and Ramtek
color image displayv device. This computer system is part of
the laboratory facilities which support the Global inventory,
Monitorinag and Modelling Studies (GIMMS) in the Earth Resources

Branch of the Laboratory for ierrestrial Physics at NHSH-
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Goddard Space Flight Center, Greenbelt, Maryland.

The tweluve monthly NDUL data sets used in this research
are displaved in image form in btigure 7. |Ihe color bar
included in this Figu?e defines approximately the scale of
vegetation index values with which the imaage colors are
associated. Simple visual interpretation of these images
reveal a remarkable amount of information concerning the
spatial and bhenological patterns displayed by the vegetation
across the continent. H more detailed discussion of this can

be found in the study conducted by Goward et al., <1985).
4.5 Ecosvstem Llassification

In studying the patterns of vegetation productivity at a
continental and global scale it is useful, at least in the
current stages of research in this area, td refer to an
existing type of vegetation classification scheme to provide a
logical and practical division of the world®s terrestrial
vegetation. This assumes that the overwhelming diversity of
individual vegetation types may be categorized and simplified
in a manner appropriate to the scale of the study and thereby
contribute to a manageable research design.

Biogeographers and plant ecologists have found it useful
to aroup terrestrial vegetation into units or categories
representing homogeneous characteristics in terms of species
composition and/or environmental variables. These divisions of
the biosphere are referred to as “plant formatations® when
concern is restricted to vegetation, and “biomes” when

considering all biota.
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Previously publiished reports evaluating worid vegetation
productivity prouvide estimates associated with major biomes
(Whittaker, 1970: Lieth, 1Y975: Uhittaker and Likens., 197¢%)
This study was also designed to estimate productivity at the
biome scale. as opposed to the scale of individual plants or
small communities. This is appropriate considering the 15 knm
spatial resolution of the GUL image data. HMoreover.
productivity estimates generated for biomes could be readily
compared with published estimates for equivalent biome tupes
which can serve as an initial standgrd by which to evaluate the
performance of the model .

The species composition and density of terrestrial
vegetation vary across the land sgrfgce by often subtie
transitions in general response to variations in environmental
conditions. Biomes do not exist as discrete entitiess: rarely
is there one precise boundary at which one community tupe ends
and another type begins. Rather, there usually exists a °
continuum of transition between two separate., relatively
homogeneous vegetation regions. These transitional zones are
referred to as ecoclines. These charateristics of vegetation
distribution give rise to the present circumstance in which
there is no sinagle, authoritative map delineating separate
biomes . 'Instead, several maps can be found, each of which may
deiineate biome boundaries in slightly or significantly
different manners (e.g. Kuchler, 1966: Reichle, 1Y70: Udum,

1971

]

Robinson,1972;: Daubenmire, 1978; Uankat. 1979: Ualter,

9: EPA, 1980: Olson and Uatts, 1982>.
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The map of major North Hmerican biomes from UOdum (1971)
was selected to seruve as the basis for defining uvegetation unit
Ihis particular map

boundaries in this research (figure 8)._

was chosen for the followina reasons:

1. The biome types
which productivity

Z.

mapped correspond well with the those for
estimates can be found in the literature.

The source of the map is E_.P. Udum®s book “fundamentals of

Ecology”® (197¢5), a standard and widely-accepted text on

ecological concepts.

3. The map is displayed in a geographic projection which
closely resembles the projection in which the RUHRR images are
produced. This similarity facilitates visual comparison and
cross-referencing of information.
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4.4 Selection of Uata Sampling Locations

Hrrays ot 3x3 pixels were systematically sampled at point
locations within the series of monthly NUUl composite imanes.

fhe mean values from these pixel arrays were computed and used

as input to the model. 1Ihe tull list of the sample stations
are found in Hppendix H. 1The map in tigure Y shous their
distribution throughout the continent. Hn etffort was made to

draw as manv samples as possible from locations distributed
throughout the area of each biome. This allowed productivity
estimates to be generated for each sample location, and the
resulting values averaged to produce a single value
representating the average productivity of the entire biome.
This approach was undertaken to minimize any sampling bias
occuring as a result of too few sampling stations and poor
representation of the productivity variation within the biomes.
The major determinant in the §e1eciion of the sample
locations was the availability of the climatological
measurements requireq for the model. These data include
temperature and precipitation {(for the water budget and
temperature controls on photosvnthetic response) and incident
solar radiation data {(for the plant canopy photosvnthesis

model) .
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4.3 Sources of Environmental Uata

Temperature and precipitation data in the form ot monthluy
average values were acquired from the fonthiv Climatic Uata for
the World <(MUOW) 19827 and 1943 data sets. IThese data are
produced by the NUHH National Ulimatic Uata Center and are
auailable'in both printed and digital form. North Hmerica is
represented by data recorded for approximately 117 locations
throughout the United States and Canada, excluding the HMexican
stations_.

Solar radiation data for the months of concern in 14982 and
1983 were obtained from several sources, both published and
unpublished. The majority of the radiation data for stations

within Canada were obtained from the Monthly Radiation Summarvu.

a publication of the Htmospheric Enuviraonment Service of the
Canadian Government. Solar radiation measurements for two
locations in the United States, Rockville and Barrow. are
coliected on a reagular and ongoing basis by the S5mithsonian
Institution. These data are published periodically, although
data for 19872 and 1983 were not in print at the time of this
rgsearch- Jata for these years were obtained throuagh personal
communication with Or. B. Goldberg of the Smithsonian Radiation
Laboratory in Rockville, Maryland.

The U.5. National Oceanic and Htmospheric Administration
had in past years maintained a network of at ieast 35 solar
radiation monitoring stations distributed throughout the United
States. ([ata provided through this proaram were combined,

edited, and published on a monthly basis. In what is a verv



untfortunate circumstance for the scientific community, this
progam of solar data collection is no longer fuliv supported
and operated by NUHH. However, some data is still reported to
NUAH, on an upredictable basis, and these are coliected on
microfiche in their uneditéd form. 1lhese data fér the vears
1987 and 19835 were evaluated for possible use in this reseatch.
1t was concluded that the data was inadeauate in terms of the
consistancy with which it is available for any particular
station and the acccuracv with which the neasurengnts are
reported: The generaily poor dependability of the data is the
apparent result of nonoperational. noncalibrated or
miscalibrated sensors. Fersonal conversations with atmospheric
scientists at the NOHH/National Climatic Center in Asheville.
North Carolina, confirmed this conclusion.

Jwing to the insufficient availability of solar radiation
data for the time period of interest and inadequate
distribution in the United States of the data which are
available. an additional source of solar data was used. H set
of monthly solar radiation data for stations throughout North
Hmerica and the world, was compiled by Lof et al. <1966).

These data represent long-term means (1 to 10 or more years)
and were drawn upon to supplement available data.

Because meteorlogical conditions at anv particular
location through the course of a vear are not necessarily
repeated exactly in other years, the amount of solar radiation
received at the location may can also be expected to fluctuate.
Since radiation is an important factor in the photosunthesis

modeil, the use of radiation data which represents lona-term



trends rather than actual conditions in the 1Y8/-19835 period

must be recognized as a potential source of error in the model.
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the arctic region. At high latitudes, the length of dsylight
is zero or short during half of the year. Insclastion and
temperature are critical factors determining the nature of the
tundra environment.

Low temperatures occur throughout the year in the tundras

0

the warmest month never exceeds 18 €. These temperature
conditicons support only & very short growing seasci, canfiﬁed
1o about 2 to 9 weeks in mid-summer when daylength, inscvlstion,

tion is also very low, averaging about 180 mm. The

giround remains frozen except during the growing seascn, when
the "active" {lop? layer melits. Permafrost, a layer of
permanently frozen soil beneath the surface layer, is a common

characteristic of the tundra zone.

The vegetation types most commonly asscciated with the
tundra formation are vuarious species of lichens, girasses,
sedges, and dwarf woody plants. The tundia vegetation is

exposed. The vegetation grows close to the ground suirface with
minimal vertical extension. This is an apparent adsptation to
microclimate, reducing exposure to strong, cold winds, and

maximizing thermal efficiency.

According to figures repoirted in Lieth (19752 and Uhittsker
and Likens (1995>, annual net pirimairy productivity of the
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between about 15 and 20 C. Annual precipitation is between
about 1,000 and 1,500 mm. Precipitation is distributed
throughout the year, usually with slight peaks in early spring
or midsummer .

_ . A . o _ o -2 -1

Hn annual net primary productivity of 90U g m vr is
reported for pine subclimax forest in Whittaker <(1970>. T1his

2 -1

figure agrees well with values of 875 and 991 a m  vyr

Ui



reported by Ulson (1969) .
$.Y Grassland

ihe interior ot North Hmerica contains a vast area of
arasslands as the natural vegetation type. Ihe natural
grassland areas exteéd from approximately 37 dearees N. in
Texas to approximatelv 53 degrees N. in Canada, and from the
central states of ILowa. Kansas and Ukiahaoma to the eastern
slopes of the Rocky Mountains.

Grassland vegetation occurs where rainfall is inadequate
to support forest uvegetation, yvet more abundant than in- desert
and scrub—uooaland veagetation areas. Hvueraage annual
prec?pitation is generally between about 250 and 760 mn. Three
types of grassiand are usually distinguished: “tall” . “mid”
and “short® grasses. These vary from tall in the east to short
in the west, in correspondence to the east-west precipitation
gradient. Todav, noét of the natural grassland has been
disturbed by grazing or completely replaced by cultivation. Hs
Odum €1975) states, “no biome type has probably been abused to
a greater degree by man” than the grasslands.

The mean annual net primary produéiiuitp of grasslan& is
reported in both Lieth <1975) and Uhittaker and Likens (197¢5)

to be 600 gm vr , with a normal range of 200 to 100U

5.10 Hariculture

fAibout 21 percent of the total land area in the United

[ 0g]
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States is in the form of irrigated or non-irrigated cropland
C(CRS1, 19¢?5)>. 1{he figure for Lanada is much smallier, as is
expected agiven the large fraction of land area at high
latitudes where climatic conditions are not suitablie for
agriculture. H substantial portion of the natural vegetation
sustems of the continent has been replaced by agricultural
sustems. particularly in the areas where climate and topoaraphy
are most suitable for cultivation. The map displaved in figure
10 represents the varving densities with which croplands are

distributed throughout the United States.

PRINCIPAL CROPLAND AREAS 1959

.\
- \ 3..'
- More than 60 per cent cropland

30 o 60 per cent cropisnd : A VARN

p A
Less than 30 per cent cropland \ oy \
] 1and aress without cropland orwith small scattered o 2% 300 MILES
° 400 800 KILOMETRES
figure iU0. Uistribution of cropland densities in the

United States in 1959, <(Committee for Uorld
Atlas of Hariculture, 1968>



ihere is tremendous diversitv in the tupes ot crops
produced in North Hmerica. However., there exists large
identifiable regions which are devoted to the production of
similiar crop types and share common cropping techniques. Most
notable is the cereal-producing region in the mid-west portion
of the continent, predominantiv a non-irriaated agricultural
system.

The annual net primary productivity of cultivated

agricultural systems is reported to vary between 100 and 40V0 g
-2 -1 . . o . -2 -1
V] o - I'he mean value is reported to be bHU g m vur

{Uhittaker, 1970; iLieth,19¢5: Whittaker and Likens, 1Y¢5).
5.11 Serub-Uoodland

for the purposes of this research, the scrub-woodland is
more appropriately considered to be a categorv of combined low-
producing vegetation formations rather than a discrete
vegetation community type. Uepending upon the region. the
scrub~woodland is dominated by shrubs, dwarf trees, or widelwvu
spaced trees with interspersed shrubs. This includes sagebrush,
coastal chapparal, pinon-juniper, and interibr chapparal . In
North America, these vegetation types are found in marginallvy
arid zones in western and southwestern United States.

The annual net primary figures reported by iLieth <(197Y5) and

Uhittaker and Likens (1975) for the woodiand and shrubland

ecosystem tupe were used as a reference for this biome. These
. . ) o -2 -1 .
reports estimate a mean annual NFF of 7UU a m vur and a
-2 -1

normal ranage of 7250 to 1200 g m yr .

o



5.12 UDesert

The desert areas of North America lie south and southuest
of the Rocky Mountains. The basic climatic characteristics of
this biome are extreme aridity and verv high temperatures.
HAnnual precipitation is less 20U mm. The average annual
. ) . ) L .. 0
temperature is between about 15 and 25 L) .

fJesert uegetation.is generally sparse in abundance and
distribution. Cacti and thorny shrubs may be prevalent. Hreas
with be{te; moisture conditions support uideig spaced shrubs
such as creosote bush, saagebrush and mesquite.

Mean annual net primary productivity for the desert and

-2 -1
semidesert scrub biomes is reported to be 90 g n vur ., with a
. o o . -2 -1 .

normal range between 10 and 250 g m vur (Uhittaker and

Likens, 1975)>.
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RESULTS HNU DISCUSSION -

ihe mean and range values of the model-generated estimates
of annual net primary productivity for the twelve North
Hmerican biomes evaluated are contained in iable 1. ihe NPP
figures reported in the literature are included in the tabie
for comparison. The model results for each of the sample
locations are sunnafized individually in Hppendix B.

Because the reported figures of NFPP are used in this
research as a standard against which to evaluate the
performance of the model., it is wise to give first
consideration to the accuracy of these values. The mean and
ranae values given in Table 1 were originally derived from
compilations of NPP estimates from a diversity of sources
(references in Chapter 5>. Hfs mentioned in Chapter 2. the NPP
measurements have at best an error margin of +/- 10 percent.
regardless of the method used. Compounding any measurement
error associated with the reported figures is the fact that the
original measurements are representative of very specific field
sites, and probably single, limited time beriods, as weli .
Given the spatial variability of vegetation conbosi{ion and
density which may exist within any biome., it is logical to
aquestion whether or not these measures are truly representative
of average production characteristics over a larger areas and )

over different time periods. it is therefore recoanized that

75}
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the reported figures are not to be considered combpletelvy
reliable, and should be considered with some skepticism.
Without a means bv which to obtain reliable veritication of
average ﬁPP at the biome scale, it can be aragued that it is not
feasable to determine exactly which is more correct in which
cases, the reported figures or the model estimates. if either.
Nevertheless, the reported figures provide the onlv practical
means by which evaluate the results from the model, but they
‘should be considered with the above-mentioned cautions in mind.

The estimated NPP uaiqes have been plotted against the
reported NPP figures for corresponding biome. [This graph is
displaved in Figure 11. If alil the model-generated esi;nates
exactly equalled the reported figures for each biome. the
poihts plotted would lie aiong a single straight 1ine with a
slope of 1. The vertical distance at which a point lies awav
from this line is a measure of the maanitude of estimation
error for that particular biome. This line is included in the
graph, and is a useful reference for euvaluatinag the perfornanceh
of the model in estimating NPP for individual biomes.

Figure 11 shows that the model consistently underestimates
NPP for the biomes. 4Eorrelation of the 1Z pairs of NPP values
produces a correlation coefficient (R> of .85. Hlthough the
correlation coefficent provides no evaluation of the closeness
to which the estimated and reported numbers agree in actual
value, it does indicate that the model-generated estimates to a
significant extent maintain the same relative ditferences in
magnitude of NPP between the various biomes as those exhibited

by the reported NFFP figures.

i
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jable 1. Biome Tupes, number of sample locations representing
each biome, reported and model-estimated values of
the mean and range in annual NFP_

No
Biome Type Samples
Tundra S
Tundra-Coniferous Ecotone 8
Coni ferous (Boreal) Forest 5
Moist Coniferous Forest S
Coniferous-Deciduous Ecotone S
Deciduous Forest 2
Oak-Pine Subclimax Forest 2

Pine Subclimax Forest
érassland
Agriculture
Scrub-Woodland

Desert

&*dafa not available

Ui
S

500

800

1300

1600

1200

1060

900

600

650

700

30

Range

100-400

140-800

400-2000

6500-2500

600-2500

200-1000

100-4000

250-1200

10-250

261
573
592
752
696
822
879
551
435
309

68

Range

98-538
269-774
421-882
678-798
524-867
786-858
348-835
243-592
127-566

7-129
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figure 11. Relationship between reported and model-estimated

net primary productivity.

Several factors mayv be considered to account for the
inaccuracies of the model. Some of these factors are directly
reiated to simplifications or generalizations inherent in the
model, and others are related to the reliabilitv of the various
data involved.

The first factor to consider is the success of

60



the data sampling strategy. fhe number of sample stations for
each biome varied from only one station for pine subclimax
forest, to as manv as eight for the tundra—conifgrous forest
ecotone (Table 1. Hppendix H). Poor representation of the
spatial variability of productivity which may exist within the
biome regions could possibly produce biased results.

Because the model was constructed for general application
across a varietu of plant environments, it addresses onlyv the
most fundamental and universal factors gouerning. plant grouwth.
Therefore, the unique eqo-phpsiological attributes of anv
sinale biome mav not be.properip accounted for at the level of
generalization in which the model operates. This circumstance
may., for instance, contribute to error associated with the HPP
estimate for the Moist Coniferous fForest. HAccording to Waring

and Franklin (1979>, the evergreen trees in this environment
may have a higher proportion of photosynthesis occur outside of
the summer “growing season“T This was not observed to be the
case in the results generated by the model for this biome.
Plants in warm, arid environments often have specific
physioclogical adaptations, sucﬁ as crussulacean acid metabolism
<{CAM)> photosynthesis systems or deep, widespread root sustems,
which enable them to surviuve exposure to high temperature and
low moisture conditions. The model was not designed to account
for these adaptations., and therefore, may incorrectly calculate
moisture stress in the vegetation. This is one possible
explanation for low NPP estimates for the desert and scrub-

woodland biomes.



The accuracv.uith which the Terijung photosunthetic
response curves describe the actual behauvior of each of the
plant environments cannot be overlooked as a source of error.
Because they have been derived from empirical data representinag
a limnited number of sites. and then extrapolated to represent
entire regions (Figqure 4>, @ large chance of error mav be
expected.

Two broad generalizations concerning the structural and
spatial characteristics of the biome vegetation were made. and
these should be considered as additional sources of error. Hs
explained in Chapter 3, a constant value of 0.6 was used in the
pﬁotosynthesis model to represent the structure of the
vegetation canopy Cvariable “s*)> for all biomes. There is
great variation in the architecture of the biomes. %or
instance, leaves in a deciduous forest canopy are generally
horizontal in relation to the incident ravs of sunlight. fihis
leaf orientation would produce a smaller value for “s% than
that appropriate for.desert, or scrub-woodland. In these
biomes., leaves may be oriented less horizontally so as to
minimize exposure to extreme radiation intensities. HA single,
constant value cannot be expected to represent correctiv alil
tvpes of plant canopies.

The second generalization was made with regard to the
ground coverage of the vegetation. For sound application of
the Thornthuwaite procedure in estimating PE and HE, it was
necessary to assume that the ground is fully vegetated. This
is not always so in all the biomes, particulary desert, tundra, a

scrub-woodland. The evapotranspiration estimates, and

o



therefore the moisture stress corrections, mav in these cases be
innappropriate. Moreover, many vegetation tupes have root
svustems which supply adequate moisture to the plant for
transpiration during periods when the soil surface mav be
reiatiuely dry. In such cases, the moisture stress computed
from HE/PE would be innappropriately high. This

could in part account for lou estimates of NPP observed in the
model results.

The assumption that photosynthesis which occurs from light
energy which is transmitted through leaves is another possible
reason for consistently low NPP estimates from the model. 1In
dense vegetation environments, much . of the understory
photosynihesié must occur with transmitted light., and this
portion of the total canopy photospnihésiS'is not represented
in the NPP estimates from the model.

In the case of the tundra and tundra-coniferous forest
ecotone biomes, an additional factor can be identified as
contributing to underestimation. Lichens are a significant and
often dominant partvof the vegetation landscape in these
biomes. Measurements of the spectral refieciance of a variety
of subarctic lichens were collected in the field by Goward et
al. €1985)>_. Their data revealed patterns of reflectance in the
visible wavelenaths which differ distinctly from the tvypical
reflectance pattern of green leaf vegetation. 1In general,
lichens appear to absorb less radiation in the visible part of
the spectrum, particulary red iight, than do agreen leaf §

vegetation. 7JThis spectral characteristic of lichens mav



produce misleading results, because, an NOUl value computed
from lichen reflectances would be lower than what might be
expected for the amount of photosynthetically active biomass
present. {ihe NFP estimates from the model would be low
accordinagly.

Hnother possible explanation for the model®s tendency to
understimate NPP lies in the fact that much of the vegetation
of the continent is not in a natural state. from the vantage
provided by an aircraft, one can observe clearly the uidespread
extent to which human activities have caused disturbance to
natural vegetation systems. 1In the 0ak-Pine forest of the
tastern United States. for instance, one would observe that the
natural vegetation cover is not continuous nor necessarily
doninani. Rather, agricultural fields., urban and suburban
settlements, and roads compose a significant portion of the
landscape. Since the sateliite data samples used in this
investigation represent areas on the ground of at least 2025 km
(3x3 éixel array, maximum 15 km resolution). then it is
expected that obser;a{ions made in the highly settled regions
of the continent represent disturbed, not natural vegetation.
Areas of naturaily high vegetation productivity which have been
disturbed and replaced by less productive or non-productive
eienen{s.can be assumed to exhibit a dgcreased productivity
compared to {ha{ of its natural state. T1The NPP figures
reported in the literature are associated with pure,
homogeneous stands of biome vegetation. Thus, NPP estimates
derived from observations of disturbed environments would be

lower than the reported figures for similar biomes. The

o
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obuious exception to this is when irrigated agriculture is
introduced into areas which have a naturallv low vegetation
productivityv. such as the desert and scrub-woodland biomes.
With the exception of the long-term average solar
radiation data for a limited number of stations, the NPP
estimates from the model were produced using data uhiéh
represent a single, specific 12 month period in 1982 and 19835.
Because meteorlogical conditions through the course of a vear
mauv not be replicated exactly from one year to the next. the
productivity of vegetation at any given location mav be
expected to fluctuate with these interannual variations. Ihis
variation could then be represented in the NPP estimates from
the model. This is one other factor which can help account
for differences betuween the reported and model estimated

values .

o
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CHAPIER 7

CONCLUSIUNS

Notwithstanding possibie estiﬁation errors associated
with anv eco-phusiological generalizations or owversights. the
basic results obtained from this modelling effort are positiue‘
and encouraging. The estimated values exhibit sensitivitv to
NPP of the biomes in relation to one another. PFendina more
detailed consideration of the model assunptions.and parameters,
the results oflthis research suaagest potential for further
improvement of a remote sensing/ecological modelling approach
to the estimation of terrestrial vegetation on continental and
global scales. The major difficulty faced with the
ecological model was specification of the various paraneters
required. The difficulties and errors associated with attempts
to quantifv such a wide variety of variables can be expected to
continue to be @ major problem in this approach. This
circumstance provides reason to consider whether there exis{s a
sirmpler modelling approach which requires fewer variables, and
therefore involves fewer sources of error.

A key element in this research is the NUUI-IPHR
relationship since it provides the scientific basis for use of
satellite observations. Based on preliminary results of an
investigation begun near the completion of this research, it
appears that the relationship between the NDUI and IPHR alone

nay provide significant information on vegetation productivity.
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the NOUl measurements trom anv given time represent an
integrated response of vegetation to all factors determining
vegetation agrowth. Httempts to account for environmental
factors such as moisture stress may actually be “deouble
counting” the effects alreadv represented in the NUUIL .

On the basis of concepts and equations presented by
Monteith (1981)., the intearated amount of “effectiuve" PHR
intercepted by a plant canopy was estimated from the same NUOUI
data used in the ecological model . Effective IPAR is that
portion of the total intercepted radiation which is at or below
the-light saturation intensityv of the plant. It is a measure
of the amount of incident radiation which can be utilized for
photOSpnthésis. Uith knouwledge of the quantum efficiency of
photosynthesis., this can be directly conuertéd to units of dryv
matter production. A strong relationship (correlation
coefficient of .92) was found to exiét between annual
intearals of effective IPHR and reborted annual NPP figures
(Figure 12)._

The effective IPAR estimates alone, then. may provide a
more simplified and manageable approach to evaluating net
primary productivity of vegetation-and should be inuvestiaated
further. To support this, a strengthening of the theoretical
foundations is needed for research in this area. This can. in
part, be achieved through an improved and experimentally
supported understanding of the NDUI-IPHR relationship for all
tupes of vegetation canopies.

This research has demonstrated that course spatial

resolution spectral satellite data from the AUHRR holds promise
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Figure 12. Relationship between annual integral of effective

IPAR and reported NPP for North American biomes.

as a source of information on net primary productivity of
vegetation at the biome scale. HAlthough the ecological model

developed and evaluated in this research consistently
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underestimates NPP in conpa}ison to reported figures. several
potential sources contributing to the innaccuracies of the hauve
been identified. 1f such errors are minimized and more
consideration is given to unique eco-phuysiological
charateristics of the biomes, then improved results might be
realized using an ecological modelling approach. The NDUI -1PHR
relationship should be further evaluated to better understand
its information content and utility with regard to estimating.
monitoring and modelling vegetation net primary productivity.
On the basis of this research and other continental
veaetation studies currently underway iﬁuoluing AUHRR data,
further refinements and improved results may be expected over
the next several yeaks- The fields of biogeographv and global
plant ecology appear now to be on the threshold of a new era in
research and understanding of the distribution and funétioning

of terrestrial vegetation on the planet.
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APPENDIX H

L1IST OF BIOME SHAMPLE STATIONS

AND THEIR GEOGRAPHIC LOCHTIONS
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A. Tundra

1.
2.
3.
4.
5.

Cambridge Bay
Hall Beach
Baker Lake
Frobisher Bay
Barrow

B. Tundra-Conifer Ecotone

1.
2.
3.
4.
5.
6.
7.
8.

C. Coniferous <(Bareal) Forest

1.
2.
3.
1.
5.

D. Moist Coniferous Forest

NDHBUWN

Inuvik
MNorman Uells
Whitehorse
Churchill
Nitchequon
floosenee
Goose

Trout Lake

Fort Smith
Prince George
Kapukasing
Sept-Isles
Rapid City

Sandspit
Port Hardy
Uancouver
Olympia
Medford

69 06N
68 47N
64 18N
63 45N
71 18N

66 18N
65 17N
60 .43N
58 _45N
S3.12N
51 _16N
53_.19N
53 .50N

60 01N
53 .53
49 . 25N
50.13N
44 _03N

53 .15SN
S0 491N
48 15N
46 .58N
42 22N

105 .07U
81 .15uU
96 .00U
68 33U

156 .47U

133 .29U
110.22U
135 04U
94 04U
70 .59u
80 .39%U
60 25U
89 .52u

111 .58U
122 10U
82 .28U
66 16U
103 .049U

131 45U
127 .22U
123.15U
122 54U
122 52U

E. Coniferous-Deciduous Forest Ecotone

1.
2.
3.
4.
5.

Toronto

Montreal

Sault Ste. Marie
Caribou

Boston

F . Deciduocus Forest

1.
2.

G. 0ak-Pine Forest Subclimax

1.
2.

New York
Little Rock

Atlanta
Rockvuille

71

43 41N
45 .28N
46 31N
146 52N
42 22N

40 .46N
34 50N

33 .39N
39 .10N

73 .38U
73 .35U
84 20U
68 01U
71 02U

73 .54U
92 .14y

84 .26U
77 .10U



Pine Subclimax

1. Charleston

brassland
1. Bismarck
2. Great Falls
3. Dklahoma City
4. San Antonio

Rgriculture

1. Edmonton
2. Uinnepeg
3. Lethbridge
4. Spokane

5. Boise

Scrub Uoodland

1. Grand Junction
2 . Rlbuquerque

3. Ely

4. Salt Lake City

Desert

1. Las Uegas
2. E1 Paso

-]
3

32 54N

46 . 46N
47 29K
35 24N
29 25N

53 34N
49 .54
19 .38N
47 .38H
43 .34H

39 07N
35 .03
39 .17
40 _46N

36 .O5N
31 48N

80

100.
111 .
97
98 .

113,

97.
112 .
117.
116.

108.
106 .
114.
111.

115.
106 .

-o2u

15U
22U

_36U

30U

31U
144
48U
32U
13U

32u
37U
51y
58U

10U
24U



HPPENDIX B

SUMMARIES OF MOODEL RESULTS

FOR INDIVUIDURL SHAMPLE LOCATIUNS

73



TUNURH

SUXMARY OF RESULTS FOR SITE CAMBRIDGE BAY

(NPP in grams per sqQuare meter)

Estimated
Monthly NPP

Wtr Balance
Ad justment
Factor

NDPP

Estimated-
Potential

fonthly

Yonth/Year
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Annual Total Estimated Net Photosynthesis
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SUMMARY CF RESULTS FOR SITE HALL BEACH

(NPP in grams per square meter)

Adjustment Estimated
Factor Monthly NFP

Wtr Balance

Estimated
Potential
Monthly NPP

Month/Year
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SUMMARY OF RESULTS FOR SITE BAKER LAKE

(NPP in grams per square meter)

Adjustment Estimated
Factor Monthly NPP

Wtr Balance

Estimated
Potential
¥onthly NPP

Month/Year
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70.36

74



cont .

TUNDRH,
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SUHYMARY OF RESULTS FOR SITE FROBISHER BAY

(NPP in grams pcr sguare meter)

Estimated
Monthly NPP

4tr Balance
Adjustment
Factor

stimated
Potential
Monthly NPP

-
L

Yonth/Year
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SUXYARY OF RESULTS FOR SITE BARROW

(NPP in grams per square meter)

Estimated
Monthly NPP
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actor
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TUNDRA-CONItERUUS FOREST ECOTONE
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SUMMARY OF RESULTS FOR SITE INUVIK

(NPP in grams per square meter)

Estimated
Honthly NPP

Wtr Balance
Ad justment
Factor

NPP

Estimated
Potential

¥onthly

Yonth/Year
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SUMMARY OF RESULTS FOR SITE NORMAN WELLS

(NPP in grams per square meter)

Estimated
Monthly NPP

Factor

Wtr Balance
Ad justment

Estimated
Potential
Monthly NPP

Yonth/Year
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SUMMARY OF RESULTS FOR SITE WHITEHCRSE

(NPP in grams per square meter)

Ad justment Estimated
Factor Monthly NPP

Wtr Balance

Estimated
Potential
Monthly NPP

Month/Year
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cont .
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- - - —— - > - - " - -~ - -

SUMMARY OF RESULTS FOR SITE CHURCHILL

(NPP in grams per square meter)

Estimated
¥onthly NPP

¥tr Balance
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Factor
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SUMMARY OF RESULTS FOR SITE NITCHEQUON

(NPP in grams per Square meter)

Ad justment Estimated
Factor Monthly NPP

Wtr Balance
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Potential
Monthly NPP

Month/Year
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SUMMARY OF RESULTS FOR SITE MOOSENEE

(NPP in grams per square meter)

Ad justment Estinpated
Factor Monthly NPP

Wtr Balance

Estimated
Potential
Monthly NPP

Month/Year
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cont .

—~CONIFERUUS

TUNDRH

FOREST ECUOTUNE,

SUNNARY OF RESULTS FOR SITE GOOSE

(NPP in grams per square meter)

Adjustment Estimated
Factor Monthly NPP

Wtr Balance

Estimated
Potential
Monthly NPP

Month/Year
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SUHNARY OF RESULTS FOR SITE TROUT LAKE

(NPP in grams per sguare meter)

Adjustoment Estimated
Factor Monthly NPP

Wtr Balance

Estimated
Potential
¥onthly NPP

¥onth/Year
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CUNLFEROUS (BORERAL)> FOREST
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SUMNARY OF RESULTS FOR SITE FORT SMITH

(NPP in grams per square meter)

Adjustment Estipated
Factor Monthly NPP

Wtr Balance

Estimated
Potential
Monthly KPP

¥onth/Year
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SUMMARY OF RESULTS FOR SITE PRINCE GEORGE

(NPP in grams per square peter)

Ad justment Estimated
Factor Monthly NPP

Ktr Balance

Estimated
Potential
Monthly NPP

Month/Year
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SUMMARY OF RESULTS FOR SITE KAPUKASING

(NPP in grams per square meter)

Adjustment Estimated
Factor Monthly NPP

Wtr Balance

Estimated
Fotential
Monthly NPP

Yonth/Year
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cont _

CONIFEROUS (BORERL> FUREST,
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SUMMARY OF RESULTS FOR SITE SEPT ISLES

(NPP in grams per square meter)

Estimated Wtr Balance
Ad justment Estimated
Factor Nonthly NPP

Potential
Yonthly NPP

Yonth/Year
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SUMMARY OF RESULTS FOBR SITE RAPID CITY

(NPP in grams per sguare meter)

Estimated
Bonthly NPP

ustment
actor

Wtr Balance
Adg

Estimated
Potential
Monthly NPP

Month/Year
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CUNIFLERUOUS tURESY

MULS|

SUNMARY OF RESULTS FOR SITE SANDSPIT

(NPP in grams per square meter)

Ad justment Estipated
Factor Monthly NPP

Wtr Balance

Estimated
Fotential
Monthly NPP

Month/Year
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SUMMARY OF RESULTS FOR SITE PORT HARDY

(NPP in ¢grams per square meter)

Estimated
Potential
Monthly NPP

Estimated
Monthly NPP

Wtr Balance
Ad justment
Factor

Yonth/Year
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Annual Total Estimated Net Photosynthesis=
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SUMMARY OF RESULTS FOR SITE VANCOUVER

(NPP in grams per square meter)

Tstimated
Potential
Monthly KPP

Estimated
Monthly NPP

¥tr Balance
Adjustnment
Factor

Yonth/Year
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CUNIFERUUS FOREST, cont.

Mo1st

SUMMARY OF RESULTS FOR SITE SEATTLE/TAKOMA

(NPP in grams per square meter)

Estimated
Monthly NPP

actor

Wtr Balance
Ad;ustment

Estimated
Potential
Monthly NPP

¥onth/Year
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Annual Total Estimated Net Photosynthesis
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SUMMARY OF RESULTS FOR SITE MEDFORD

(NPP in grams per square meter)

Estimated
Monthly NPP

Wtr Balance
Ad justoent
Factor

Estimated
Potential
Monthly NPP

Yonth/Year

DM -MIDONOITON
I FONOIMIONN
e 8 & 0 0 00 0 000
ON T NMORO ITDVO
@3N I ENN

ORI INOO0OO00
BANNOOMDOOOO0
e e e v s s

000000 Or v

oONO I NOVION
WNOIDIOMITONN
8 & 0 0009 00000
NODONITDOITDO
OV O~MONT =AW
e

NANANNNNNNNONM M ™M
00 0 W WO 0 D O U O M WO W

Lealealoaloale Yo Yo 1o ¥ X0 Y. Yo )
At ol el ol ol ol ol el ol kol

[ daledald T E ST 212 1. ]
A DD Olalng falat
ENDCNOZAMN M

- -

1172.92
Annual Total Estimated Net Photosynthesis
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fUREST ECOVONE

CONIHERUUS-DECIOUOUS

SUMMARY OF RESULTS FOR SITE TORONTO

(NPP in grams per square meter)

Ad justment Estimated
Factor Monthly NPP

Wtr Balance

Cstimated
Potential
Monthly NPP

Month/Year
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Annval Total Estimated Net Photosynthesis
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SUMMARY OF RESULTS FOR SITE MONTREAL

(NPP in ¢grams per square meter)

Ad justment Estimated
Factor Monthly NPP

Wtr Balance

Estimated
Potential
Monthly NPP

Month/Year
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Annual Total Estimated Net Photosynthesis

677.80

SUMMARY OF RESULTS FOR SITE SAULT STE. MARIE

(NPP in grams per square peter)

Estimated
Potential
Monthly NPP

Estimated
Monthly NPP

Wtr Balance
Ad justment
Factor

Month/Year
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Annuval Total Estimated Net Photosynthesis
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Estimated
Nonthly NPP

cont .

Wtr Balance
Ad justment
Factor

Estimated
Potential
NPP

(NPP in grams' per square meter)
Monthly

SUNMARY OF RESULTS FOR SITE CARIBOU

S-UECIDUOUS FOREST ECOTUONE,

EROU
Month/Year
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Annual Total Estimated Net Photosynthesis
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SUMMARY OF RESULTS FOR SITE BOSTON
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SNV ONNOOQO

NN DOO OO
*®® 8 0% 00 00 00

N3 N0O0O000

NN MND T
—ree

12.79

OOOrVIOOOO0O
OQOM~VOOOOOO
DI A I A A A L)
Lot el ad e lolel ol X ode ) ol od

~ONIONNOOCOO0

NOANNANDO OO
® % 9 9 ¢ 8 80 00 00

NNROVIFIVOOOON

NN O OmM s -
Lt al ol o

- .-

NN MM
Q0 0 & @D 00 A0 A 0 W VW
Loadialoalsgde Lo Te X0 Yo Yo Te T )
Ll kol ol ol ol od ol ol ol ol

P 2V O M
B DD D VO il wg
LN NOZQN

792.58 -

885,42
Annval Total Estimated Net Photosynthesis



FOREST

DECIDUUUS
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SUMMARY OF RESULTS FOR SITE NEW YORK

(NPP in grams per square neter)

Estimated
Monthly KPP

Wtr Balance
Adjustment
Factor

Estimated
Potential
Monthly NPP

Yonth/Year
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Annual Total Estimated Net Photosynthesis
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SUMMARY OF RESULTS FOR SITE LITTLE ROCK

(NPP in grams per square meter)

Ad justment Estimated
Factor Monthly NPP

Wtr Balance

Estimated
Potential
¥onthly NPP

Yonth/Year
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Annual Total Estimated Net Photosynthesis
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SUBLCLIMRY FORESY

URK-PINE

- - - - - P T - ——— - .- - -

SUEMARY OF RESULTS FOB SITE ATLANTA

(NPP in grams per square meter)

Estimated
Monthly NPP

Wtr Balance
Ad justment
Factor

Estimated
Potential
Monthly NPP

Yonth/Year
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‘SUKMARY OF RESULTS FOR SITE ROCKVILLE

(¥PP in grams per square meter)

Estimated
Monthly NPP

Wtr Balance
Ad justment
Factor

NPP

Estimated
Potential

Monthly
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Estimated
Monthly NPP

actor

Wtr Balance
Adgustment

Estimated
Potential

(NPP in grams per square meter)
Monthly NPP

SUMKARY OF RESULTS FOR SITE CHARLESTON

Month/Year
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GRASSLAND
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SUMMARY OF RESULTS FOR SITE BISMARCK

(NPP in grams per sgquare meter)

Ad justment Estimated
Factor Honthly NPP

Wtr Balance

Estimated
Potential
Monthly NPP

Month/Year
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SUMMARY OF RESULTS FOR SITE GREAT FALLS

(NPP in grams per square meter)

Ad justment Estimated
Factor Nonthly NPP

dtr Palance

Estimated
Potential
donthly NPP

Month/Year
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Annual Total Estimated Net Photosynthesis=
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SUMMARY OF RESULTS FOR SITE OKLAHOXA CITY

(NPP in grams per sguare. aeter)

Estimated
Monthly NPP

Ad justment
Factor

Wtr Balance

Estimated
Potential
¥onthly NPP

Month/Year
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cont.

GRASSLAND,
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SUMMARY OF RESULTS FOR SITE SAN ANTONIO

(NPP in grams per square meter)

Estivated
Monthly NPP

Wtr Balance
Adgustment
actor

Estimated
Potential
Monthly KPP

Month/Year
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Annual Total Estimated Net Photosynthesis
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AGRICULTURE
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SUMNARY OF RESULTS FOR SITE EDMONTON

(NPP in grams per sguare aeter)

Ad justament Estimated
Factor Nonthly NPP

Wtr Balance

Estimated
Potent ial
Yonthly NPP

Yonth/Year

1
OoNNYI=NOOODO0O !
OoONMNODMOOOOO ¢

@ e 000000000 0l

OO ITMOOQOO !

5“”792
-

ONMOO™INOOOOO
orMOONO0000
8 o 0 0 00 0 000

~OO0T™O0QO0O00QO

Or-rPVOrNOOCOO
ODr-NFRAOOOO00
® & & 0 0 00 0 s s e
OVNO™N"OO000C
~rao0ovenm

—ree

ANONNIONNINNONONNM M M)
€0 €D 00 A0 OO 10 A0 D 0o W DO ©

Lol oalealealalogTe o Yo e Yo X o
Lol ok ol ol ol ol ol ot

IO >
At D DD Old et (il
MENDNDCNOZON R

777.01
Annual Total Estimated Net Photosynthesis
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SUMMARY OF RESULTS FOR SITE WINNEPEG

(NPP in grams per square meter)

Estipated
Monthly NPP

Wtr Balance
Adgustment
actor

_Estimated
Potential
Monthly NPP

Yonth/Year
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597.30
Annual Total Estimated Net Photosynthesis
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SUMMARY OF RESULTS FOR SITE LETHBRIDGE

(NPP in grams per square meter)

Ad justment Estimated
Factor Monthly NPP

¥tr Balance

Estimated
Potential
Honthly NPP

Month/Year
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cont.

AGRICULTURE,
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SUMMARY OF RESULTS FOR SITE SPOKANE

(KPP in grams per square meter)

Estimated
Honthly NPP

Wtr Balance
Ad justment
Factor

NPP

Estinated
Potential

Monthly

Month/Year
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SUMMARY OF RESULTS FOK SITE BOISF

(NPP in grams per square meter)
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Factor Nonthly NPP
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SUMMARY OF RESULTS FOR SITE GRAND JUNCTION

(RP? in grams per square meter)

Ad justment Estimated
Factor Monthly NPP

Wtr Balance
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(NPP in grams per square meter)
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SUMMARY OF RESULTS FOR SITE ELY, NEVADA

(NPP in grams per square meter)
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SCRUB-WOODLAND, cont.

SUMNARY OF RESULTS FOR SITE SALT LAKE CITY

(NRPP in grams per square meter)

Ad justment Estipated
Factor Konthly NPP

Wtr Balance

Estimated
Potential
Monthly NPP

Month/Year
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DESERT

SUMEARY OF RESULTS FOR SITE LAS VEGAS

(NPP in grams per square meter)

Estimated
Monthly NPP

Wtr Balance
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Factor
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Potential
Monthly ¥PP
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SUMNARY OF BRESULTS FOR SITE EL PASO

(NPP in grams per square meter)
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