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Abstract. The goal of the Boreal Ecosystem-Atmosphere Study (BOREAS) is to improve 
our understanding of the interactions between the boreal forest biome and the 
atmosphere in order to clarify their roles in global change. This overview paper describes 
the science background and motivations for BOREAS and the experimental design and 
operations of the BOREAS 1994 and BOREAS 1996 field years. The findings of the 83 
papers in this journal special issue are reviewed. In section 7, important scientific results 
of the project to date are summarized and future research directions are identified. 

1. Introduction 

Persuasive arguments indicate that there will be global 
warming resulting from the continuing increase in atmospheric 
CO 2 concentration [Houghton et al., 1995; Hasselmann, 1997]. 
However, there are uncertainties about the magnitude and 
regional patterns of projected global change because of short- 
comings in the atmospheric general circulation models 
(AGCMs) used for climate simulation. There is a real need to 
improve (1) our understanding of basic climatic physical and 
dynamic processes so that we can enhance the realism and 
accuracy of AGCMs and (2) our ability to quantify global-scale 
climate variables and parameters to better initialize and vali- 
date models. Success in these two research areas should result 

in improved climate models and data sets, which in turn should 
provide more credible and useful climate projections [Tren- 
berth, 1992; Sellers et al., 1997]. 

The exchanges of energy, water, and carbon between the 
atmosphere and the continents represent the lower boundary 
condition for the atmospheric physical climate system and the 
climatic forcing to terrestrial biota and biogeochemical cycles. 
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The magnitudes and dynamics of these exchanges and many of 
their controlling processes are poorly understood for most of 
the Earth's ecosystems. The boreal forest is a good example: 
this ecosystem encircles the Earth above 48øN, is second in 
areal extent only to the world's tropical forests, occupies about 
21% of the forested land surface [Whittaker and Likins, 1975], 
and contains 13% of the carbon stored in biomass and 43% of 

the carbon stored in soil [Schlesinger, 1991]. Several climate 
model projections indicate that the greatest warming will occur 
at these high latitudes (43ø-65øN) with the most marked ef- 
fects within the continental interiors [Houghton et al., 1995; 
Mitchell, 1983; Schlesinger and Mitchell, 1987; Sellers et al., 
1996a]. Large perturbations in northern continental climates 
are expected to lead to changes in the carbon cycle and the 
ecological functioning of the boreal forest, which could feed- 
back onto the global climate. Thus the size of the boreal forest, 
its sensitivity to relatively small climatic variations, and its 
importance to the climate of the northern hemisphere and the 
global carbon cycle combine to make it an important biome to 
understand and to represent correctly in global models. 

The Boreal Ecosystem-Atmosphere Study (BOREAS) was 
initiated as a large-scale international investigation focused on 
improving our understanding of the exchanges of radiative 
energy, sensible heat, water, CO2, and other radiatively active 
trace gases between the boreal forest and the lower atmo- 
sphere. A primary objective of BOREAS was to collect the 
data needed to improve computer simulation models of the 
important processes controlling these exchanges so that the 

.. 

effects of global change on the biome can be anticipated, in 
particular the effects of altered temperature and precipitation, 
as well as providing AGCMs with better land surface process 
submodels and data sets for the boreal zone. The field phase of 
the experiment extended from 1993 to 1997 and included two 
series of intensive field campaigns in 1994 and 1996. Monitor- 
ing of the BOREAS study area will continue on a reduced basis 
through at least 2001 and some infrastructure may be retained 
for possible follow-up studies. This journal special issue brings 
together results from field work conducted in 1994, and to a 
lesser extent in 1996, and some preliminary findings from mod- 
eling studies. A 2-year program of follow-on analyses of the 
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Figure 1. Important interactions between the boreal forest 
and the atmosphere with respect to global change. (a) Influ- 
ence of changes in the physical climate system on biophysical 
processes. These may feedback to the atmosphere through 
changes in energy, heat, water, and CO2 exchange; (b) changes 
in nutrient cycling rates; release of CO2 and CH 4 from the soil 
carbon pool back to the atmosphere; (c) changes in biogeo- 
chemical processes and water and nutrient availability influ- 
ence community composition and structure; (d) change in spe- 
cies composition results in changes in surface biophysical 
characteristics and biogeochemical process rates. 

BOREAS data set will be initiated in late 1997. Other work 

from BOREAS has been published elsewhere, notably in a 
special issue of Tree Physiology [Margolis and Ryan, 1997]. This 
overview paper describes the BOREAS experiment, reviews 
the constituent papers of the special issue, summarizes the 
important results of work done to date, and identifies future 
research directions. 

2. Science Background 
The interactions between the boreal forest and the atmo- 

sphere can be grouped into physical climate system processes, 
carbon and biogeochemistry, and ecology (see Figure 1). These 
are discussed in turn below, with particular emphasis on the 
issues addressed by BOREAS. 

2.1. Physical Climate System 

At the present rate of increase, atmospheric CO2 concen- 
tration will double before the end of the next century [Hough- 
ton et al., 1995]. Climate simulations made with AGCMs point 
to large temperature increases in the northern high-latitude 
continental interiors [Schlesinger and Mitchell, 1987; Houghton 
et al., 1995; Sellers et al., 1996a], partly due to projected 
changes in the polar sea ice climatology and snow-albedo feed- 
backs. A significant warming trend was observed in the boreal 
zone during the 1980s and early 1990s, reaching 1.25øC per 
decade within the Canadian interior [Chapman and Walsh, 
1993]. Keeling et al. [1996] analyzed time series of atmospheric 
CO2 concentrations to show that this warming may have led to 

a lengthening of the approximately 150-day growing season by 
about 6 days at higher latitudes. Keeling et al.'s [1996] result has 
recently been supported by analysis of a global satellite data 
record which suggests that the growing season and photosyn- 
thetic activity increased over large areas of Europe, northern 
Eurasia, Alaska, and Canada for the same period [Myneni et 
al., 1997]. 

The land surface parameterizations (LSPs) and surface pa- 
rameter sets used in AGCMs have improved considerably over 
the last decade [Sellers et al., 1997]. Climate models use many 
of the same formulations, submodels, and parameters as nu- 
merical weather prediction (NWP) models; the latter also ben- 
efit from a continuous process of operational verification. Re- 
cent experience has shown that the results of large-scale field 
experiments are usually transferred first to NWP models [Betts 
et al., 1993, 1996, 1997, 1998] and later to climate models 
[Sellers et al., 1995a, 1997]. In any case, if a process submodel 
is responsible for systematic errors in an NWP model, it will 
certainly lead to even larger biases in a climate model which is 
not reinitialized at short time intervals. Analyses have demon- 
strated that until very recently, even the best NWP models 
consistently overpredicted the evaporation rates and specified 
unrealistic winter albedo fields over the boreal region with 
serious consequences for forecasting skill [Sellera' et al., 1995b; 
Betts and Ball, this issue]. The reasons for these errors were 
directly connected to misrepresentations of important biophys- 
ical processes in LSPs, for example, controls on evapotranspi- 
ration, and inaccuracies in specifying model parameters, such 
as the extent, type, and density of forest biomes. The main aims 
of the physical climate system component of BOREAS were 
therefore to provide data which could be used (1) to improve 
and validate LSPs and (2) to enhance methods for deriving 
parameter fields from satellite observations, which are the only 
feasible, consistent means of providing global surface data sets. 
NWP models have already benefited from this work, and cli- 
mate models are expected to benefit in due course. 

2.2. Carbon and Biogeochemistry 

The physical climate system is strongly coupled to the global 
carbon cycle. Temperature and precipitation anomalies have 
been compared with seasonal variations in atmospheric CO2 
concentration and isotopic analyses to show that warm years 
over the northern continents are associated with a net terres- 

trial carbon sink, while cold and/or dry years are associated 
with a net source of terrestrial carbon [Keeling et al., 1995; Ciais 
et al., 1995; Denning et al., 1995; Tans et al., 1990]. Together, 
these recent studies suggest that the northern continents acted 
as a large sink for atmospheric carbon, an average of 1-2 Gt C 
yr-• over the 1980s, or about 15 to 30% of the anthropogenic 
CO2 flux from fossil fuel burning. The exact biophysical mech- 
anisms responsible for this sink are unclear, although the hy- 
pothesized lengthening of the growing season could be a factor 
[Keeling et al., 1996; Myneni et al., 1997]. The boreal ecosystem 
is vast, between 12 million km 2 [Whittaker and Likins, 1975] 
and 20 million km2; the latter figure we compute from the 
classification of DeFries and Townshend [1994], as published by 
Meeson et al. [1995] and described by Sellers et al. [1996b]. 
Simple arithmetic implies then that on average, only 50-80 g 
C m -2 yr-• need be sequestered to account for a 1 Gt C yr- ' 
global sink. As will be seen later in this paper, such a number 
is well within the range of annual carbon uptake values esti- 
mated from eddy correlation data acquired at the BOREAS 
tower sites. However, to extrapolate these measurements to 
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the entire boreal zone, or into the future from a couple of years 
worth of data, necessitates a deeper understanding of the cli- 
matological and physiological processes controlling carbon up- 
take, respiration, and fire frequency, how such processes de- 
pend on soil and land cover type, and how they might be 
affected by change. From the outset an important objective of 
BOREAS was to acquire the data needed to improve terres- 
trial carbon models for the boreal region. In particular, data 
are needed to improve our understanding of the dependence 
of carbon fluxes on physical climate variations and to develop 
methods for extracting useful parameters from satellite data. 

2.3. Ecology 

Carbon sequestration in the boreal ecosystem amounts to 
the relatively small difference between gains from photosyn- 
thesis and losses due to respiration in the plants, roots, and 
soils. For roughly the past 8000 years after the last glaciation, 
the boreal ecosystem has been accumulating carbon in its soils, 
particularly in deep layers of organic peat where soil organic 
matter accumulates under water-saturated conditions. Harden 

et al. [1992] place historical carbon accumulation rates in these 
peat soils in the range of 10-50 g C m 2 yr -• through surface 
moss production, fine root turnover, and litter fall. On shorter 
timescales, primary carbon storage mechanisms appear to be in 
aboveground standing biomass. The progressive warming that 
occurred during the 1980s and early 1990s could have altered 
rates of photosynthesis, soil respiration, and fire frequency in 
the region. In addition to driving changes in the ecophysiology 
of the biome, continued warming could eventually alter the 
spatial structure of the boreal ecosystem. There have been 
several attempts to map the future extent of the northern 
biomes based on the projected warming and drying regime due 
to a "doubled-CO2" climate. Some of these suggest that the 
North American boreal forest would move north and perhaps 
split into two halves: one in Alaska and the Canadian North- 
west and the other in the Canadian Northeast [Rizzo and 
Wiken, 1992]. Such changes may themselves have significant 
feedbacks on the climate system through changes in winter 
albedos and energy fluxes over the altered land surfaces. 

The earliest discussions about BOREAS recognized the im- 
portance of the issues reviewed above; they also recognized 
how these issues are mutually dependent and that an inte- 
grated experimental strategy that addressed all three disci- 
plines offered the most profitable scientific approach (see Fig- 
ure 1). BOREAS, however, has served to elaborate and 
sharpen the detailed questions related to these issues and has 
provided partial resolution to many of them. 

3. Experimental Objectives 
BOREAS was designed to bridge a wide range of spatial 

scales because some of the important governing processes can 
only be studied at very small spatial scales (e.g., the links 
among leaf biochemistry, spectral properties, and photosynthe- 
sis), but ultimately, the scientific gains must be applied within 
the context of AGCMs, carbon cycle models, or similar large- 
scale studies. A multi-scale-nested design was developed which 
permits knowledge at one scale to be translated and compared 
to that obtained or inferred at different scales (see Plate 1). 
The governing objectives of BOREAS can be stated as follows: 

1. Improve the process models that describe the exchanges 
of radiative energy, water, heat, carbon, and trace constituents 
between the boreal forest and the atmosphere. The approach 

here was to measure the fluxes of energy (radiation, heat) and 
mass (water, CO2, and radiatively important trace gases) at 
several scales along with observations of the ecological, bio- 
geochemical, and atmospheric conditions controlling them. 
Data collection schemes were designed to support develop- 
ment and testing of process models that will be applied to the 
global change issues described above. The field observations 
that support process model development include measure- 
ments of water, CO2, and trace gas fluxes at the small plot or 
leaf scale (chambers, porometers), the stand scale (tower- 
mounted eddy correlation and profile instrumentation), and 
the mesoscale and regional scales (airborne eddy correlation; 
meteorological measurements and analyses). At the smaller 
length scales, these measurements were coordinated with a 
series of ecological, meteorological, and edaphic observations 
to link these fluxes to appropriate state variables (see Plate 1). 

2. Develop methods for applying the process models over 
large spatial scales using remote sensing and other integrative 
modeling techniques. The process studies described in objec- 
tive 1 above were coordinated with remote sensing investiga- 
tions using satellite, airborne, and surface-based instruments 
that focus on methods for quantifying critical state variables. 
These remote sensing studies, combined with mesoscale me- 
teorological studies, will allow us to scale up and apply process 
models to regional and ultimately global scales. Some large- 
scale validation techniques were incorporated in the experi- 
ment design to test scale-integration methods directly; these 
techniques included airborne flux and profile measurements, 
meteorological observations, and modeling. 

4. Experiment Design and Resources 
The objectives of BOREAS relate to two spatial scales that 

had to be reconciled within the experiment design. The pri- 
mary focus of objective 1 is most easily addressed by local-scale 
(a few centimeters to a few kilometers) process studies that 
involve detailed, coordinated in situ observations. These local- 
scale studies had to be connected to the larger-scale measure- 
ment and analysis tools associated with objective 2, which was 
directed toward defining regional-scale (10-1000 km) fluxes 
and states. In BOREAS, as in previous field experiments such 
as the First ISLSCP (International Satellite Land Surface Cli- 
matology Project) Field Experiment (FIFE) [Sellers et al., 
1992a; Hall and Sellers, 1995] and the Hydrological Atmo- 
spheric Pilot Experiment-Sahel, HAPEX-Sahel [Goutorbe et 
al., 1994], the science team adopted a nested multiscale mea- 
surement strategy to integrate observations and process mod- 
els over the scale range, as shown in Plate 1. 

The resolution of global AGCMs, of the order of hundreds 
of kilometers, defined the largest spatial domain in BOREAS, 
the 1000 x 1000 km BOREAS region shown in Plate 1. This 
was the domain for meteorological and satellite data acquisi- 
tion and large-scale modeling. Since it is impractical, even with 
aircraft, to measure surface-atmosphere fluxes over areas 
larger than a few tens of kilometers on a side, another scale of 
investigation was set at about 50 x 50 km which corresponds to 
the two BOREAS study areas (Plate 1 and Figure 2). These 
two study areas were placed near the northern and southern 
ecotones of the biome in order to study important processes 
associated with the controlling factors (temperature in the 
north, moisture in the south) which are most likely to undergo 
significant change within the biome as a whole. The northern 
study area (NSA) and the southern study area (SSA) were 
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Trace Gas Measurements 
Soil Processes 

Plate 1. Multiscale measurement strategy used in BOREAS; see text. 

located near Thompson, Manitoba, and Prince Albert, 
Saskatchewan, respectively. The study areas are about 500 km 
apart, sufficiently far apart to resolve the ecological gradient 
while permitting the routine ferry of research aircraft and 
people between them. The study areas themselves were small 
enough to be characterized by using surface and aircraft mea- 
surements, yet large enough to test scaling hypotheses using 
models and remote sensing imagery. Within each study area, 
water vapor, heat, and CO2 fluxes were measured at the local 
scale (about 1 km) using eddy correlation equipment mounted 
on "flux" towers (five in the NSA, six in the SSA) which were 
located in patches of relatively homogenous vegetation and 
soils. Three boreal forest dominants were characterized by 
these tower flux (TF) measurements: black spruce, jack pine, 
and aspen. Two wetland fens, one in the NSA and one in the 
SSA, and beaver ponds in the NSA and SSA were equipped 
with smaller towers (Figure 2). The tower-based measure- 
ments have been compared with aircraft flux data (up one scale 
level) and with the biophysical characteristics of the constitu- 
ent vegetation in the patch as defined by small-scale measure- 
ments made at small plots (down one scale level). Because 
these few TF sites could not capture the range of variability in 
the region, an additional 70 auxiliary sites (marked as category 
3 sites in Figure 2) were selected, stratified by species type, 
productivity, and age. In these small (approximately 100 x 
100 m) sites, biometry and optical techniques were used to 
measure biomass density, leaf area index, net primary produc- 
tivity (NPP), litter fall, etc. While process models will be tuned 

by using primarily the tower flux data, the auxiliary sites can be 
used as independent test sites for process model and remote 
sensing algorithm validation. Some embedded plots (marked 
as category 2 auxiliary sites in Figure 2) were the focus of in 
situ measurement work which measured the variables needed 

to drive stand-level ecophysiological models, for example, site- 
level biomass, leaf photosynthetic rate, litter decomposition 
and quality, soil moisture, and temperature. Trace gas studies 
were conducted in both study areas with some specialized 
investigations in the NSA where some beaver pond sites and a 
collapsed palsa were instrumented to measure methane flux. 
(Palsas are common features in the boreal landscape; they are 
shallow depressions in the land surface caused by melting of 
subsurface permafrost and subsequent collapse of the surface. 
Usually, palsas have high water tables which support typical 
bog vegetation cover such as sphagnum moss, sedges, bog 
birch, etc.) 

A remote sensing science program was implemented (see 
Table 4 and Plate 2) to characterize surface component optical 
properties from the leaf level (using laboratory spectroradiom- 
eters), to the canopy and stand level (using tower and helicop- 
ter-mounted spectrometers), to the study area and regional 
level (using aircraft and satellite platforms). Microwave scat- 
tering properties were determined at the canopy level using 
airborne radiometers and at the study area and regional levels 
using aircraft and satellite-based measurements. 

A large multidisciplinary team of scientists was needed to 
cover the measurement and modeling requirements of the 
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Figure 2. Maps of (a) the northern (NSA) and (b) southern (SSA) study areas of BOREAS. Tower flux (TF) 
sites, auxiliary sites, and modeling subareas are marked. TF sites are identified by a study area prefix (NSA 
or SSA) and a vegetation-type identifier (OA, old aspen; YA, young aspen; OBS, old black spruce; OJP, old 
jack pine; YJP, young jack pine; FEN, fen; BP, beaver pond). Auxiliary sites (category 2) were used for carbon 
modeling studies; category 3 sites were primarily used for remote sensing validation work. 
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project. In 1992, 85 science teams were selected from 229 
proposals and other solicitations to take part in BOREAS. 
Most U.S. university investigators were funded by either the 
National Aeronautics and Space Administration (NASA), the 
National Oceanographic and Atmospheric Administration 
(NOAA), or the National Science Foundation (NSF). Cana- 
dian university investigators were funded through a collabora- 
tive special project grant from the Natural Sciences and Engi- 
neering Research Council (NSERC) and Canadian 
government investigators by their respective agencies. There 
was also significant participation by scientists and research 
organizations from the United Kingdom, France, and Japan. 
The individual projects were organized into six disciplinary 
groups to facilitate coordination during the field phase. The 
objectives of these six science groups are summarized below 
and the names of individual principal investigators are listed in 
Table 1. 

4.1. Airborne Fluxes and Meteorology (AFM) 

Four aircraft were used to measure turbulent fluxes; sound- 
ing lidars and radars were also deployed (see Figure 3 and 
Table 2). One other aircraft was used for operations support in 
1994 and 1996 and for CO2 concentration measurement work 
in 1996. Ten meteorological stations and a dense array of 
upper air radiosounding stations operated over the region dur- 
ing 1994, with their data being transmitted to operational me- 
teorological centers for assimilation via the Global Telecom- 
munications System. Several investigators, including some with 
close links to these centers, are using these data to improve 
mesoscale and global-scale atmospheric models. The surface 
network, a subset of the aircraft, and a few of the upper air 
stations also operated during 1996. 

4.2. Tower Fluxes (TF) 

The TF group's primary objective was to quantify the tur- 
bulent exchanges of energy and mass between the atmosphere 
and a variety of boreal forest surface covers and to investigate 
the processes controlling these fluxes. This work was designcd 
to be complementary to chamber observations and other pro- 
cess-oriented studies on smaller scales (TE, TGB) and aircraft 
studies (AFM, RSS) covering larger scales. The TF towers 
operated almost continuously during the growing season of 
1994, measuring radiation, heat, water, CO2, and in some cases 
CH 4 and other trace gas fluxes; see Figure 2 for their location. 
Two of the sites, one in the NSA and one in the SSA, operated 
more-or-less continuously from the fall of 1993 onward to 
characterize the annual cycle of the energy fluxcs. Six TF sites 
operated during the growing season in 1996; see Figure 3 for 
the operating schedules. 

4.3. Terrestrial Ecology (TE) 

Over 20 teams examined the biophysical controls on carbon, 
nutrient, water, and energy fluxes for the major ecosystems in 
the boreal landscape and are developing models and algo- 
rithms to scale chamber measurements to stand, landscape, 
and regional scales. Much of the work was carried out at plots 
within the footprints of the TF sites, i.e., within the surface 
zones that contribute fluxes measured by the TF instrumenta- 
tion, typically within a 200 m radius of the TF tower. An 
important focus for the TE group was the measurement of 
carbon cycle components. A number of free-standing towers 
(TE towers in Figure 2) were installed in the study areas to 

facilitate access to the forest canopy for Icaffbranch chamber 
measurements and other in situ work. 

4.4. Trace Gas Biogeochemistry (TGB) 

Ten TGB teams used chamber measurements and other 

techniques to characterize the flux of trace gases between the 
soil and the atmosphere, including CO2, CH 4 and non- 
methane hydrocarbons (NMHCs). The TGB group also stud- 
ied the long-term accumulation of carbon in boreal soils. 

4.5. Hydrology (HYD) 

The HYD group consisted of eight teams. Five focused on 
the measurement of snow hydrology components to support 
remote sensing algorithm development; two worked on catch- 
ment hydrological processes in the SSA and NSA using pre- 
cipitation gage networks, stream gages, and a rain radar; and 
one team operated a program of almost continuous soil mois- 
ture measurements at the TF sites during the 1994 and 1996 
growing seasons. 

4.6. Remote Sensing Science (RSS) 

The RSS group developcd linkages between optical and 
microwave remote sensing signatures and boreal zone biophys- 
ical parameters at scales that include leaf, canopy, and regional 
levels using ficld, aircraft and satellite-borne scnsors, and ra- 
diative transfer models. The TE and RSS groups collaborated 
in gathering a wide range of biomctric and radiometric data at 
the auxiliary sites (Figure 2). Several remote sensing aircraft 
were deployed in BOREAS 1994 and BOREAS 1996; see 
Table 4 and Figure 3. 

4.7. Staff 

The science teams were supported by a staff of scientists and 
support contractors from the National Aeronautics and Space 
Administration (NASA); the Atmospheric Environment Ser- 
vices (AES), Canada; the Canada Center for Rcmotc Scnsing 
(CCRS); Parks Canada; the School of Forestry, Laval Univer- 
sity; the School of Forestry, University of Wisconsin; and the 
Canadian Forestry Service. The BOREAS staff ovcrsaw the 
components of the project which required significant logistical 
effort, extended and/or routine monitoring work, or work that 
required the particular expertise and resources of onc of thc 
participating agencies. In the early stages of the project, the 
staff carried out the detailed site reconnaissance work and 

construction planning. During the field seasons, the staff dealt 
with the organization of the tield logistics and the day-to-day 
management of field operations. The staff monitoring program 
included automatic meteorological station network; upper air 
network; hydrology, snow, and soil moisture; auxiliary site 
work; biometry and allomctry; radiometric calibration: stan- 
dard gases and gas calibration; thermal radiance intercompari- 
son; global positioning system (¸PS) facilities. 

The NASA staff wcrc also responsible fi•r implementing the 
BOREAS Information System (BORIS) which serves as a data 
organization, distribution, and short-term archiving center for 
the project. All in all. some 3(1(1 people wcrc working within or 
above the study areas in BOREAS 1994 and around 15() peo- 
ple participated in BOREAS 1996. 

5. Experiment Execution 
Many of the BOREAS measurements wcrc taken continu- 

ously; for examplc, the 1{) metc()rological stations took 15-min 
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Table 1. Principal Investigators and Tasks Associated With Each BOREAS Science Group 

Aircraft Sounding/Networks Models 

AFM- 1 Crawford 

AFM-2 Kelly 
AFM-3 Lenschow 

AFM-4 MacPherson/Desjardins 

Airborne Fluxes and Meteorology (AFM)," 14 Teams 
AFM-5 Atkinson 

AFM-6 Martner 
AFM-7 Shewchuk 

AFM-8 Betts 

AFM-9 Dickinson 

AFM-11 Mahrt 
AFM-12 Pielke 

AFM-13 Schuepp 
AFM-14 Sellers 

AFM-15 Verseghy 

Vegetation Type SSA NSA 

Tower Fluxes (TF), • 1! Teams 
Old aspen (OA) TF-1 Black .... 

TF-2 den HaGtog .-. 
Old black spruce (OBS) TF-7 Desjardins TF-3 Wofsy* 

TF-9 Jarvis 

Old jack pine (OJP) TF-5 Baldocchi TF-8 Fitzjarrald 
Young jack pine (YJP) TF-4 Anderson TF-10 Jelinsky/McCaughey 
Fen (FEN) TF-11 Verma TF-11 Jelinsky/McCaughey 

Soils, Forest Floor, Wetlands EGophysiology and Ground Carbon Models 

TE- 1 Anderson 
Terrestrial Ecosystems (TE), c 22 Teams 

TE-2 Ryan TE-13 Apps 
TE-4 Berry TE-14 Bonan 
TE-5 Ehleringer/Flanagan TE-15 Bukata 
TE-6 Gower TE-16 Cihlar 

TE-7 Hogg TE-17 Goward 
TE-8 Kharuk TE-18 Hall 

TE-9 Margolis TE-19 HaGriss 
TE-10 Middleton TE-20 Knox 

TE-11 Saugier TE-21 Running 
TE-12 Walter-Shea TE-22 Shugart 

TE-23 Rich 

Methane Isotopes, Pesticides NMHCs 

TGB-1 Grill 
TGB-3 Moore 

TGB-4 Roulet 

TGB-5 Zepp 

Trace Gas Biogeochemistry (TGB), J 10 Teams 
TGB-6 Wahlen 
TGB-7 Waite 

TGB-8Monson 

TGB-9 Niki 

TGB-10 Westburg 
TGB-12 Trumbore 

Soil Moisture Snow Processes, Remote Sensing Hydrological Modeling 

HYD-1 Cucnca 
Snow and Hydrology (HYD)," 8 Teams 

HYD-2 Chang 
HYD-3 Davis 

HYD-4 Goodison 

HYD-5 Harding 
HYD-6 Peck 

HYD-8 Band 
HYD-9 Soulis 

Optical Microwave Algorithms/Modeling 

Remote Sensing Science (RSS), t 20 Teams 
RSS-1 Deering RSS-13 Gogenini RSS-4 Curran 
RSS-2 Irons RSS-15 Ranson RSS-5 Goel 
RSS-3 Walthall RSS-16 Saatchi RSS-6 Williams 

RSS- 10 Holben RSS- 17 Way RSS-7 Chen 
RSS-11 Markham RSS-8 Running 
RSS-12 Wrigley RSS-9 Strome 
RSS-14 Smith RSS-18 Green 

RSS-19 Miller 

RSS-20 Vanderbilt 

Staff science support: infrastructure installation and maintenance, calibration of radiometric instruments, aircraft operations, satellite data 
acquisition program, BOREAS Information System (BORIS), operations management. 

'lAirborne eddy correlation profiling (5 aircraft), surface meteorological network (10 stations), upper atmosphere soundings (radiosondes), 
lower atmosphere profiling, modeling and analysis. 

bTwo long-term towers: *heat, H20 , CO2, some trace gases; eight growing season towers: heat, H20 , CO2, some trace gases. 
CPorometry and chamber photosynthesis, canopy and soil respiration, biometry, nutrient cycling, modeling. 
dTrace gas chamber measurements including methane and nonmethane hydrocarbons (NMHCs); studies of fire scars, beaver ponds, soil and 

moisture gradients; isotopes. 
CSnow processes and snow remote sensing; catchment hydrology; soil moisture, canopy interception; hydrological modeling. 
•Optical remote sensing (four aircraft), microwave/radar/gamma remote sensing (four aircraft), surface-based remote sensing studies, algo- 

rithm development. 
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Table 2. Remote Sensing (R-Prefix) and Flux Measurement (F-Prefix) Aircraft Deployed in BOREAS 

Aircraft 

Type 
BOREAS Science Primary 
Identifier Team Equipment Target/Role 

Home 

Institution 

ER-2 

C-130 

Piper Chieftain 

RE RSS-18 

HYD-2 

RC RSS-2 

staff 

RSS-20 

RP RSS-19 

Helicopter (UH- 1) RH 

DC-8 RD 

CV-580 RV 

Twin Otter (DH-6) RT 

Aerocommander RA 

Electra FE 

Kingair FK 

Twin Otter (DH-6) FT 

LongEZ FL 

PA-34 FB 

RSS-3, 
13, 20 

RSS-15, 
16, 17 

TE-16 

HYD-2 

HYD-6 

Remote Sensing Aircraft (R-Prefix on BOREAS Identifier) 
airborne visible infrared imaging vegetation properties 

spectrometer (AVIRIS) 
MODIS airborne simulator (MAS) snow 

in FFC-W 

advanced solid-state array 
spectroradiometer (ASAS) 

thematic mapper simulator (TMS), 
MODIS airborne simulator 

(MAS), airborne tracking Sun 
photometer (ATSP) 

Polarization and Directionality of 
Earth's Radiation (POLDER) 

compact airborne spectrographic 
imager (CASI) 

vegetation properties, SART 

vegetation properties, SART 

Spectron Electronics-590, Barnes 
multiband modular radiometer, 
C-band scatterometcr, ATSP, 
POLDER 

airborne synthetic aperture radar 
(AIRSAR); P, L, C-band; fully 
polarimetric 

airborne synthetic aperture radar 
(CCRS-SAR); X and C-band, 
polarimetric 

microwave radiometers; 18, 37, 
and 92 GHz; H and V 

gamma ray equipment 

vegetation and surface 
properties 

vegetation and soil properties 
soil moisture 

vegetation and soil properties 
soil moisture 

snow 

snow and soil moisture 

Flux Measurement Aircraft (F-prefix on BOREAS Identifier) 
AFM-3 flux, H, LE, CO2, limited local but mainly regional flux 

atmospheric chetnistry lidar measurements, chemistry 

AFM-2 flux; H, LE, CO2 local and regional scale (5- 
600 km) flux measurements 

AFM-4 flux; H, LE, CO2, O• local and regional scale flux 
measurements 

AFM-1 flux; H, LE, CO2 local scale (5-60 kin) flux 
measurements 

AFM-14 CO2 conccntrations (1996 only) profiles (0-10000'), regional 
gradients 

NASA Ames Research 

Center 

NASA Ames Research 

Center 

Ontario Remote 

Sensing Office, 
Canada 

NASA Wallops Flight 
Facility 

NASA Ames Research 

Center 

Canada Centre for 

Remote Sensing 
(CCRS) 

National Research 

Council, Canada 
NOAA National 

Weather Service 

National Center for 

Atmospheric 
Research, Colorado 

University of Wyoming 

National Research 

Council, Canada 
NOAA, Oak Ridge 

NASA GSFC 

Scc also Figurc 3. 

data from early in 1994 to the end of 1996, and satellite data 
were collected regularly over the same period (Figure 3). Some 
flux towers ran continuously and a few science teams were in 
the field during the entire growing seasons of 1994 and 1996, 
but for most investigations involving complex equipment and 
moderate-size teams, it was not practical or necessary to sus- 
tain a continuous presence in the field, so special periods, 
intensive field campaigns (IFCs), were defined for coordinated 
visits. The IFCs, each of which lasted about 20 days, were 
spaced to catch the major phenological events, including a 
snow hydrology/RSS campaign in the winter, spring thaw, 
green-up, peak greenness, and the beginning of senescence 
(Figure 3). 

In August 1993, many of the BOREAS investigators and 
staff were in place in the study areas as part of the "shake- 
down" intensive field campaign, lFC-93. This 21-day IFC was 
used to test the experiment infrastructure and investigator's 
instruments as well as to refine coordination and communica- 

tion procedures. All of these experiences were pooled to refine 
the four-volume experiment plan which served as the basis for 

running operations in 1994 [Sellers et al., 1994]. During IFC-93 
and the five BOREAS 1994 field campaigns, operations were 
coordinated out of two centers, one in the NSA and one in the 
SSA. Each center was equipped with FM ground-to-ground 
and VHF ground-to-air radio links, telephones, fax machines, 
etc., to maintain real-time management of the airborne oper- 
ations and related surface work. Nightly meetings of the par- 
ticipating scientists, air crew, and managers analyzed the re- 
sults of the day's completed operations and set up the next 
day's activities. Weekly science symposia provided a useful 
forum for sharing scientific results and reviewing recent 
progress. This continuous exchange of information and ideas 
between BOREAS staff and science team members permitted 
continuous refinement of the experiment design and opera- 
tions and better integration of the various scientific compo- 
nents in the project. 

The BOREAS 1994 fall field campaign, IFC-3, ended in 
September 1994, and the first science workshop was held in 
December of that year. On the basis of the results from early 
analyses presented at the workshop, it became apparent that 
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Table 3. Organization of Papers in This Special Issue 

Overview of Papers 
No. of 

Papers 

6.1.1 

6.1.2 

6.1.3 

6.2.1 

6.2.2 

6.3.1 

6.3.2 

6.3.3 

6.4.1 

6.4.2 

6.4.3 

6.4.4 

Section 6.1: Carbon-Water-Energy Fluxes 
small-scale fluxes and physiological measurements (chambers and enclosures) 
stand and plot-level fluxes and dynamics (flux towers) 
landscape-scale fluxes and surface-boundary layer interactions (aircraft, sondes, profilers) 

Section 6.2.' Trace Gas Fluxes 

small-scale fluxes (chambers and enclosures) 
stand and plot-level fluxes and dynamics (flux towers) 

Section 6.3: Soil and Snow Moisture and Runoff 
point measurements and modeling of soil moisture dynamics 
stand-level soil moisture and snow dynamics (models and measurements) 
landscape-scale precipitation and soil moisture (models, radar estimates 

Section 6. 4: Remote Sensing Science 
ground and aircraft measurements of biophysical and optical characteristics, and understory and 

canopy reflectance 
radiative transfer models and algorithm development 
landscape-scale land cover and biophysical characteristics algorithms 
radiation and atmospheric effects 

10 

17 

15 

Each section is devoted to a specific science area and is further subdivided by spatial scale. 

there were a number of gaps in the 1993-1994 data set, and in 
addition the meteorological record showed 1994 to be an un- 
usual year: a new record had been set for the longest frost-free 
period at Prince Albert National Park, while the NSA had 
experienced the driest year on record. A full account of the 
BOREAS 1994 field campaigns may be found in the work of 
Sellers et al. [1995b]. 

During 1995 the decision was made to take additional field 
measurements during 1996 to fill the 1994 data gaps [Sellers et 
al., 1996c]. The BOREAS 1996 campaigns involved fewer air- 
craft and scientists on the ground than BOREAS 1994 as the 
objectives were strictly defined by shortcomings in the 
BOREAS 1994 data sets and important findings from early 
analyses. Particularly important was the decision to start TF 
measurements earlier (in March) and end later (in October) in 
1996, compared with 1994, to better cover the growing season 
(Figure 3). This was done because the BOREAS 1994 model- 

ing and measurement results indicated that variations in spring 
thaw and fall temperatures were critical in determining inter- 
annual variability in ecosystem productivity. 

6. Overview of Papers in This Special Issue 
The 83 papers in this special issue were contributed by the 

science groups listed in Table 1. The papers have been orga- 
nized into four major sections (see Table 3). The first three 
sections cover surface energy and mass exchange processes and 
the fourth final section is devoted to remote sensing science. 
The findings of these papers are summarized below. 

6.1. Carbon-Water-Energy Fluxes 

Carbon, water, and energy fluxes were measured in 
BOREAS using a comprehensive range of techniques ranging 
from leaf-scale observations made with chambers and porom- 

Table 4. BOREAS RSS Ground, Aircraft, and Satellite Instruments With Measurements and Related Products 

Measurements Products 

PARABOLA 

Laboratory and field 

NASA DC-8/AIRSAR 

NASA ER-2/AVIRIS, 
MAS 

Piper Chieftain/CASI 
NASA C-130 

NASA helicopter 
Radar backscatter 

AVHRR 

Landsat TM 

SPOT 

ERS-1, 2 SAR 
JERS- 1 SAR 
Radarsat 

SIR-C/XSAR 

GOES 

Ground-Based Sensors 

3-band bidirectional radiance BRDF, spectral albedo 
spectral radiance spectroradiometers understory and tree component reflectances 

Remote Sensing Aircraft/Sensor 
radar backscatter 

spectral radiance 

spectral radiance 
TMS, ASAS, MAS, POLDER 
MMR, SE-590, POLDER 
C-band scatterometer 

spectral reflectance, emittance 
spectral reflectance, emittance 
spectral reflectance 
radar backscatter 

radar backscatter 

radar backscatter 

radar backscatter 

spectral radiance 

forest type, biomass density, canopy moisture 
forest type, canopy moisture, atmospheric properties 

BRDF 

spectral radiance, bidirectional radiance BRDF, albedo, forest type, FPAR 
spectral radiance 
BRDF, FPAR canopy scattering profiles 

Remote Sensing Satellites 
land cover, FPAR 
land cover, FPAR, LAI, biomass density 
land cover 

freeze/thaw 
land cover 
land cover 

land cover, biomass density 
PAR, albedo, downwelling irradiance 
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Leaf spectra 
Middleton et al. 

Leaf Chambers/Bags 
M•ddleton et al. 

Dang et al. (th•s •ssue; 1997) 
Flanagan et al. 
Flyan et al. 
Ryan et al. (1995) 
Sullivan et al. (1997) 
Saug•er et al. (1997) 

Woody Respiration 
Ryan et al. 
Lavlgne and Ryan (1997) 

Moss/Soil Chambers 
Norman et al. Long Term Carbon 
Rayment and Jarvis Turnover 
Nakane et al. Winston et al. 
Harden et al. Roots Trumbore and Harden 
Goulden and Cnll (1997) Ryan et al. Harden et al. 

Steele et al. (1997) :: ::: 

Figure 4. Schematic summarizing papers in section 6.1.1' small-scale fluxes and physiology with chambers 
and enclosures. 

ctcrs (section 6.1.1), through intermediate-scale studies con- 
ducted with flux towers and supporting measurements (section 
6.1.2), up to regional-scale studies which used aircraft, mete- 
orological arrays, and satellites (sections 6.1.3 and 6.4.4). 

6.1.1. Small-scale fluxes and physiology with chambers 
and enclosures. Six papers describe soil fluxes and four pa- 
pers describe lea[- and branch-scale measurements (Figure 4). 
A BOREAS special issue of 77c½ Physiology [MargeIls 
Ryan, 1997] has 1() papers that rcport on a variety of BOREAS 
ccophysiological studics; the results of some of these arc dis- 
cussed hcrc for complctcncss. 

Norma•t el al. [this issue] compared soil CO2 fluxes mca- 
surcd by six dift'crcnt chamber methods as fielded by partici- 
pants in BOREAS (Figure 5a). It was demonstrated that sys- 
tematic differences exist between the measurement methods. 

Adjustment factors of bctwcen (1.8 and 1.4 are needed to bring 
all the data into agreement. These differences are actually 
smaller than wcrc anticipated prior to the BOREAS intercom- 
parison based on the disparate techniques used. Biases among 
the techniques were constant across the range of fluxes mea- 
sured (1-8/•mol m 2s •). Rayment and Jarvis [this issue] used 
an "open" chamber that maintained an interior pressure very 
close to external atmospheric pressure, thereby reducing mass 
flow effects on the soil GO, flux measurements. CO• fluxes 

_ 

were measured more or less continuously from a subplot on 
the floor of a black spruce forest (SSA-OBS) over a period of 
about 3 months in 1994; the fluxes were found to be strongly 
correlated with soil temperature at 5 cm depth. Nakane et al. 
[this issue] measured soil CO,__ fluxes at wet and dry subplots at 
the same black spruce site as Raymerit and Jarvis [this issue]. 
They also measured carbon storage components (litterfall, soil 
carbon, etc.). The drier plot had decomposition rates that were 
roughly double those from the wet plot, presumably because of 
the much warmer soil temperatures and aerobic conditions at 

the drier subplot, which suggests that near-surface and surface 
decomposition rates could be significantly enhanced under a 
warmer, drier climate. Winston et al. [this issue], who worked 
mainly in the NSA, extended many of their CO2 flux measure- 
ments through the winters of 1993-1994 and 1994-1995. The 
magnitude of observed wintertime CO2 fluxes ranged from 0.5 
to 1.0 g CO• m 2 d •. The lowest fluxes were correlated with 
the midwinter minimum temperatures. Accumulated over the 
long winter period, these fluxes contribute an important frac- 
tion of the annual carbon budget. The winter fluxes seem to 
agree well with the eddy correlation measurements taken at 
the northern black spruce site (NSA-OBS). Goulden and Crill 
[19971 used automated chambers at NSA-OBS to measure the 
CO, fluxes from the feathermoss and sphagnum moss covers 
and deeper soils beneath the black spruce canopy. Maximum 
net photosynthesis occurred between 5øC and 8øC, and moss 
and surface net photosynthesis was estimated to account for 
between 10 and 40% of whole ecosystem uptake and 50 to 90% 
of the whole ecosystem respiration from above-canopy eddy 
correlation measurements. 

Winston et al. [this issue] report that the •4C content of the 
CO,__ releases showed a progressive shift to lighter, that is older, 
carbon as the winter wore on, which suggests that the source 
material for the CO2 flux changed from recently fixed, modern 
carbon to older organic material, presumably located deeper in 
the soil. Harden et al. [this issue] also used isotopes to inves- 
tigate the sequestering of carbon by surface peats and mosses 
near the NSA-OBS site' these two surface types have seques- 
tered an average of 40-60 g C m-2 yr-• over the last 90 years, 

--2 

and net decomposition in deeper soils released 20-50 g C m 
yr • over the same period leading to an average net exchange 

--2 

of soil carbon within the range of + 10 (efflux) to -50 g C m 
d • (uptake) over the last century. Harden et al. [this issue] 
point out that site-to-site differences are due to (1) the rate of 
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decomposition of surface peats, (2) rates and method of lateral 
spread of moss, and (3) the history and rate of decomposition 
in the deeper soil layers. Sites can therefore vacillate between 
source and sink status based on climate variability. The pri- 
mary control on carbon accumulation in peats and moss is 
drainage, while deep carbon storage seems to be a function of 
respiration, decomposition, drainage, and fire history. 

The isotopic record found in soil organic matter has been 
useful in determining decadal-scale carbon accumulation rates 
in the NSA soils. Analyses of soil carbon and its isotopic 
composition revealed differences in carbon dynamics between 
sites in the NSA [Trumbore and Harden, this issue]. The jack 
pine sites had the lowest soil carbon concentrations, and the 
fastest turnover occurred in the surface organic and mineral 
layers. Black spruce sites with moss surface layers were found 
mainly on clay soils with degrading permafrost. These sites had 
net carbon uptake rates that were similar to those at the jack 
pine sites (50-100 g C m -2 yr-•), but they also had slower 
decomposition rates, due to high soil moisture contents and 
lower temperatures, which resulted in the accumulation of 
more carbon in their soils. The fen sites had the largest soil 
carbon stores (1.2 x 105 g C m -2) and the highest productivi- 
ties (200-400 g C m -2 yr-•). Slow deep soil respiration offset 
about 15% of the carbon uptake rates in wetlands and about 
45% in upland sites. Deep soil respiration/decomposition rates 
were observed to decrease with depth. Deep soil carbon de- 
composi, rates as determined from •4C and soil inventory 
work agree with the findings of Winston et al. [this issue]. 

Middleton et al. [this issue] acquired leaf-level measurements 
of gas exchange, chemistry, morphology, and spectral optical 
properties during the BOREAS 1994 IFCs at all of the SSA 
forest cover TF sites (Figure 5b). Leaf net photosynthetic rates 
were found to be comparable between the old (SSA-OA) and 
the young (SSA-YA) aspen sites, but leaf transpiration rates 
were significantly different; the SSA-YA leaves transpired 
about 30% more than the SSA-OA leaves. The black spruce 
shoots at SSA-OBS exhibited the lowest photosynthetic rates 
among all the forest types. The conifers (SSA-OBS, SSA-OJP, 
SSA-YJP) were observed to have peak photosynthetic rates in 
late summer to early fall, while the deciduous species peaked 
in midsummer (see also Sullivan et al. [1997] and Saugier et al. 
[1997]). Dang et al. [1997, this issue] examined the profiles of 
photosynthetically active radiation (PAR), leaf nitrogen, and 
photosynthetic capacity at two jack pine sites, an aspen site and 
two black spruce sites in the NSA. Beer's law descriptions 
(exponential extinction) fit the PAR profiles down through the 
canopy fairly well (r = 0.73-0.92) under both cloudy and 
clear-sky conditions. Leaf nitrogen decreased with the fraction 
of absorbed PAR in each of the forest stands (relationships 
were similar among the species except for an alder understory), 

Figure 5. (opposite) (a) Comparison of soil CO2 fluxes mea- 
sured by different investigators and instruments at a common 
test site in the SSA in BOREAS 1994, from Norman et al. [this 
issue]; (b) leaf assimilation rates as measured by porometry for 
several species at the SSA TF sites, from Middleton et al. [this 
issue]. Note that understory (hazel, bog birch) as well as the 
dominant species (bs, black spruce; jp, jack pine, ws, white 
spruce) were sampled at each TF site (OA, old aspen; YA, 
young aspen; OJP, old jack pine; YJP, young jack pine; OBS, 
old black spruce); (c) plot of leaf stomatal conductance against 
photosynthetic capacity for several species in the NSA, from 
Dang et al. [this issue]. 
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Net Radiation, Albedo 
Hodges and Smith 
Betts and Ball 
Shewchuk 

... 

Humidity Sensors 
Betts et al. 

Local-Scale Flux Models 
Kimball et al. 

Frolking et al. 
Bonan and Davis 

Productivity 
Gower et al. 

Tower Flux (Eddy Correlation) 
Blanken et al. (SSA-OA) 
Baldocchi et al. (SSA-OJP) 
Jarvis et al. (SSA-OBS) 
Pattey et al. (SSA-OBS) 
Goulden et al. (NSA-OBS) 
McCaughey et al. (NSA-YJP) 
LaFleur et al. (NSA-Fen) 
Suyker et al. (SSA-Fen) 

Respiration 
Lavigne et al. 

Sapflow 
Hogg et al. 
Hogg and Hurdle (1997) 

Figure 6. Schematic summarizing papers in section 6.1.2; stand and plot-level carbon-water-energy dynamics. 

and photosynthetic capacity decreased significantly with leaf 
nitrogen except for the single case of jack pine during early leaf 
flush. Aspen leaves had higher photosynthetic capacities than 
conifers for the same leaf nitrogen. Good correlations were 
found between canopy photosynthetic capacity and remote 
sensing spectral vegetation indices (NDVI and simple ratio), 
but the relationships varied depending on the canopy scaling 
procedure. In all cases it was found that photosynthetic capac- 
ity correlated well with stomatal conductance (Figure 5c) but 
decreased less steeply than did PAR down through the canopy. 

Flanagan et al. [this issue] correlated leaf isotopic contents, 
specifically 13C to I:C ratios, to infer the degree of stomatal 
restriction on photosynthesis. Despite the very low stomatal 
conductances observed among the forest species in BOREAS 
their results indicated that there was little stomatal limitation 

of photosynthesis, in agreement with gas exchange and mete- 
orological data published by Dang et al. [1997]. Measurements 
of the carbon isotope concentration of cellulose from individ- 
ual tree growth rings varied with summer precipitation and 
temperature, suggesting that tree ring carbon isotopes may be 
used to infer the effects of past environmental conditions on 
photosynthesis. 

Ryan et al. [this issue] and Lavigne and Ryan [1997] esti- 
mated annual autotrophic respiration from chamber measure- 
ments of foliage, woody tissue, and fine roots of aspen, black 
spruce, and jack pine forests in the SSA and the NSA during 
the BOREAS 1994 growing season. Mean foliage respiration 
per unit leaf area was found to be similar among expanded 
leaves for all species at 10øC. Wood respiration was strongly 
seasonal, with high rates in midsummer that coincided with 
wood growth. Fine root respiration declined by about a factor 
of 3 throughout the season, but rates were similar among 
species. Annual costs of autotrophic respiration for the whole 
system were estimated to be 310-610 g C m -2. Carbon use 
efficiency (CUE), the ratio of net production to net photosyn- 

thesis, averaged 0.44, 0.29, and 0.43 for aspen, black spruce, 
and old jack pine, respectively. Differences in CUE between 
the NSA and the SSA sites were small for the conifers but 

larger for aspen because of higher root respiration in the NSA. 
6.1.2. Stand and plot-level carbon-water-energy dynamics. 

The first two papers in this section deal with radiation fluxes 
and albedo measurements measured over forested sites in 

BOREAS; most of the remaining 15 papers describe eddy 
correlation measurements from the flux towers (TF sites) and 
analyses of patch-scale carbon dynamics inferred from these 
and supporting observations taken within footprints of the TF 
sites (Figure 6). 

Hodges and Smith [this issue] analyzed surface net radiation 
(Rn) distributions across the BOREAS region. Three cali- 
brated net radiometers were compared with 22 Rn instruments 
at 21 sites in BOREAS; R,fields generated from GOES ob- 
servations were also compared with the in situ measurements. 
The results show that one make of radiometer, used at 15 out 
of the 21 sites, underestimated R,by about 5% in the daytime 
and by about 45% at night. Betts and Ball [this issue] analyzed 
the BOREAS mesonet data (see note by Shewchuk [this issue]) 
to create time series of albedo estimates over the different 

cover types sampled in BOREAS throughout 1994 and 1995. 
Representative daily average albedos in summer ranged from 
0.083 for coniferous sites, 0.15 for aspen, to 0.20 at grass 
(airport) sites; winter albedos were 0.13 for conifers, 0.21 for 
aspen, and 0.75 for the grass site (Figure 7a). The winter 
albedos of the forest sites varied with canopy closure and with 
solar diffuse/direct flux ratios but never exceeded 0.3. These 
numbers were significantly different from those used in the 
European NWP model which led to a systematic underestima- 
tion of the near-surface air temperature (Figure 7b). The note 
of Betts et al. [this issue] compared surface humidity measure- 
ments from the operational AES sensor at Meadow Lake, 
Saskatchewan, with a colocated BOREAS mesonet sensor, 
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Figure 7. (a) Annual course of surface albedo over different 
BOREAS cover types during 1994, from Betts and Ball [this 
issue]. Note that the winter albedo over the grassland sites 
varies around 0.7, while the winter albedos over the forest sites 
are much lower, 0.12-0.30; see section 6.1.2: (b) effects of 
overestimating surface albedo on the performance of the Eu- 
ropean numerical weather prediction (NWP) model. The 
[nodel assumed a winter surface albedo of about 0.8 over the 

boreal zone, while the true value was around 0.1-0.2; see 
Figure 7a. Shown here is the ECMWF (European Center for 
Medium-Range Weather Forecasting) model near-surface air 
temperature for the SSA site as predicted 24 hours ahead of 
the start of the model run, compared with the mean observa- 
tions from the BOREAS meteorological towers for the same 
time. (The NWP runs were initialized with observed temper- 
atures). Note how the (24 hour) predicted surface air temper- 
ature is always much lower than observations because the sur- 
face is calculated to absorb only a small fraction of the incident 
solar energy, except when the model predicts melting condi- 
tions (marked by horizontal bar in figtire) in which case the 
calculated albedo is reset to a value representative of a snow- 
free surface, around 0.2. which is actually close to the observed 
winter albedo for the forest. ECMWF output are from Holl- 
ingsworth (personal communication, 1996) and the analysis 
and figure are from Huemmrich (personal communication, 1996). 

showing that the operational instrument has significant biases 
that could be important to surface climate studies. 

Figure 8 summarizes the flux data reported by the TF sites 
during BOREAS 1994; it can be seen that the coniferous 
vegetation is characterized by low evaporative fractions (ratio 
of latent heat to the sum of the latent and sensible heat fluxes) 
and low CO: uptake rates during the growing season. Boreal 
deciduous land cover, while showing larger transpiration and 
CO,_ tiptake rates than its coniferous counterpart, is still much 
less active than deciduous forests in temperate North America 
[e.g., Baldocchi and l/ogel, 1996; Baldocchi and Harley, 1995]. 
The papers summarized below provide more details on these 
results. 

Blanken e! al. [this issue] presented results from eddy covari- 
ance measurements of latent and sensible heat flux made 

above and below the aspen overstory at the SSA-OA site dur- 
ing 1994. Before leaf emergence, most of the available energy 
was converted to sensible heat flux, but latent heat flux dom- 
inated after leaf emergence. During the full leaf period, day- 
time mean dry leaf aspen and hazelnut canopy conductances 
were 330 and 113 mmol m : s •, respectively (Figure 9a). The 
canopy conductances of both species increased with increasing 
photosynthetic photon flux density and decreasing saturation 
deficit at the leaf surface and were not limited by soil moisture. 
Forest canopy conductance was directly proportional to forest 
leaf area index. The daytime average ratio of the latent heat 
flux to the equilibrium latent heat flux (the Priestley-Taylor 
alpha) suggests that the understory hazelnut transpiration was 
mainly energy controlled, while the overstory aspen canopy 
transpiration rate was more limited by stomatal conductance. 

[togg et al. [this issue] measured sap flows through aspen 
boles at the SSA-OA site in BOREAS 1994 using two different 
techniques (see also Hogg and Hurdle [ 19971). Both techniques 
produced similar results and compared well with the eddy 
correlation measurements described above in terms of diurnal 

and seasonal patterns and magnitudes, although the sap flow 
time series lagged the eddy correlation data by about 1 hour 
due to water storage changes in the trees. All methods showed 
that as expected, transpiration increased with air vapor pres- 
sure deficit until about 1 kPa but then remained almost con- 

stant for higher vapor pressure deficits. 
Baldocchi et al. [this issue] report on the variations of radi- 

ation, sensible, and latent heat fluxes above and below a boreal 
jack pine canopy (SSA-OJP) during the 1994 growing season. 
The sum of the measured hourly average sensible, latent and 
soil heat fluxes, and canopy heat storage was about 8% less 
than the net radiation, indicating a systematic underestimation 
of one or more of the measured energy fluxes. When the 
canopy was dry, daily evapotranspiration was less than 2.5 mm 
d • with most growing season values being much less than 1.5 
mm d • (Figure 9b). This extremely low rate was attributed to 
the low LAI (1.9-2.2) and low stomatal conductances observed 
at the site. Factors restricting stomatal opening were low soil 
moisture supply, limiting atmospheric saturation deficits and 
the low photosynthetic capacity of the needles. Typically, 20- 
40% of the total energy exchanged originated at the forest 
floor underneath the sparse jack pine canopy. 

Jarvis et al. [this issue] summarize eddy covariancc measure- 
ments of CO2, water vapor, and sensible heat fluxes above a 
black spruce (SSA-OBS) forest over a 120-day (May 23 to 
September 21) period in 1994 (Figure 9c). Average midday 
evaporative fractions (latent heat flux divided by the sum of the 
latent and sensible heat fluxes) for the three IFCs were 0.34- 
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tissue, foliage, and soil respiration rates and temperature mea- 
surements to estimate half-hourly ecosystem respiration rates 
at six coniferous BOREAS sites. These were compared with 
nocturnal eddy correlation estimates. Soil surface respiration 
was the largest contributor (48-71%) to the total flux and 
foliar respiration was a significant contributor (25-43%) at all 
the sites. The nocturnal eddy correlation measurements (at u * 
> 0.25 m s-l) were poorly correlated to estimates obtained 
from scaling up chamber measurements; estimates of ecosys- 
tem respiration from chambers were 1.2-1.5 times greater than 
those from eddy correlation. 

Goulden et al. [this issue] used eddy correlation equipment 
to measure CO2 exchange between the atmosphere and the 
NSA-OBS site for 2 years (March 16, 1994 to February 19, 
1996) (Figure 9d). This is the longest continuously running 
eddy covariance CO2 flux record of the BOREAS TF teams. 
Nocturnal CO2 fluxes on windy nights were used to develop a 
respiration versus temperature relationship for the forest 
which was then applied to separate net exchange into gross 
photosynthesis and respiratory fluxes. Gross photosynthesis 
was largely a function of PAR flux and air temperature with no 
apparent effects due to high evaporative demand or soil water 
content. Under moderate light levels, photosynthesis was 
higher under cloudy than under sunny conditions. A single set 
of regression relationships describing the response of gross 
photosynthesis to PAR flux and temperature and the response 
of respiration to temperature accounted for 72% of the vari- 
ation in hourly CO2 exchange. Maximum rates of photosyn- 
thesis at the NSA-OBS site were small compared to those 
measured at a deciduous Harvard forest site [Wofsy et al., 
19931. 

McCaughey et al. [this issue] report on measurements of 
sensible and latent heat and CO2 fluxes taken above the stand 
at the NSA-YJP site over 119 days in BOREAS 1994. The 
PAR and clear-sky solar albedos were approximately 0.054 and 
(). 136, respectively, during this time, and the average evapora- 
tive fraction during this period was about 0.3. Nighttime CO2 
fluxcs were estimated by using a regression relationship be- 
tween fluxes measured in neutral to near-neutral conditions 

and soil temperature at 1()- and 75-cm depths. The regression 
estimates for June and July agreed quite well with the modeled 
values calculated by Ryan et al. [this issue]. It was estimated 
that the stand fixed 224 g C m 2 during this period. 

LaJteur et al. [this issue] collected eddy covariance measure- 
mcnts of sensible and latent heat, and CO2 fluxes and related 
climatic variables over a period of 124 days (April 9 to Sep- 
tember 19) in 1994 over the NSA fen site. Albedos (solar and 
PAR) decreased dramatically after snowmelt; during full leaf, 
solar and PAR hemispheric reflectances were 0.18 and 0.055, 
respectively. Mean evaporative fractions increased from about 
0.5, during the snowmelt period, to 0.59 at leaf-out, to 0.83- 
0.91 near midsummer, and then decreased to around 0.5 at 
senescence. The fen acted as a net sink for CO2 only when 
vascular plants were actively photosynthesizing to give a daily 
mean flux of -0.81 g C m 2 d-i. Over the 124-day period the 
fen lost 30.4 g C m 2 to the atmosphere. While the authors 
point out that there is considerable uncertainty in the latter 
figure, there is a marked contrast between this fen and the one 
in the SSA, which was relatively productive (i.e., acted as a 
carbon sink) during the June-August period; see Suyker et al. 
[this issue] who report on atmospheric CO2 exchanges mea- 
sured at the SSA-fen site from mid-May to early October 1994. 
Canopy photosynthesis at the SSA-fen site was calculated by 

adding the downward CO2 exchange and the soil respiration 
measured by soil chambers. Midsummer photosynthesis ap- 
proached light saturation above 1000-1200 •mol m -2 s- 1 and 
decreased in response to increasing temperature and satura- 
tion deficit. Maximum midday photosynthetic rates, which oc- 
curred in early July, were 13 •mol m 2 S-1. Mid-May to early 
October net ecosystem exchange (NEE) was -88 g C m -2 
(sink). This substantial productivity is consistent with the ob- 
served high water table and is in marked contrast with the loss 
of carbon over the corresponding period measured at the drier 
NSA-fen site in the same year [Lafieur et al., this issue]. Roulet 
et al. [this issue] report that their beaver pond site in the NSA 
was a strong source of CO2 (183 g C m- 2) over the 120 growing 
season days of 1994 (section 6.2.2), which suggests that in some 
boreal landscapes, beaver ponds could make a significant con- 
tribution to the regional carbon budget. 

Productivity and carbon allocation within an ecosystem are 
critically important for determining site carbon budgets. Gower 
et al. [this issue] analyzed their detailed measurements at the 
TF and auxiliary sites to show that aboveground net primary 
productivity (ANPP) for the BOREAS forest sites was 55-310 
g C m -2 yr-• for aspen, black spruce, and young and old jack 
pine covers, low values when compared to most temperate 
sites. Thirty to 40% of the ANPP, as estimated at the 
BOREAS forest sites, fell to the surface as detritus; only 60- 
70% was retained as biomass increment. Black spruce ecosys- 
tems contained the highest carbon stocks (39-48 kg m-2), 
aspen was intermediate (16-18 kg m-2), and jack pine was the 
lowest (5-8 kg m-2). Leaf area indices ranged from a low value 
of 1.25 for jack pine sites to 5.6 for black spruce sites. Fine root 
NPP estimated with minirhizotrons ranged from 30 g C m -2 
yr-• at SSA-OA to 115 g C m-2 yr-• at NSA-OBS [Steele et al., 
1997]. Root elongation was highly correlated with soil temper- 
ature (10 cm) for aspen, black spruce, and jack pine sites at 
both the NSA and the SSA [Steele et al., 1997]. 

Three papers present stand-scale simulation modeling re- 
sults which used TF flux data and supporting measurements for 
validation. Kimball et al. [this issue] discuss energy and water 
balance simulations performed with the BIOME-BGC model. 
In their model, total ET was calculated to be insensitive to 
ecosystem leaf area index, and canopy conductance to water 
vapor averaged 67% of its maximum (unstressed) value during 
the growing season, with low light and low temperatures (not 
low humidity) causing the reductions. This reduction in canopy 
conductance correlates with the stable carbon isotope work of 
Flanagan et al. [this issue]. Frolking [this issue] assessed the 
effect of climate anomalies on carbon dynamics at the NSA- 
OBS site with a black spruce-moss process model. Net ecosys- 

--2 

tem fluxes of carbon (sinks) were calculated to be 120 g C m 
yr • in 1994 and 90 g C m -2 yr -• in 1995. The effects of 
introducing climate anomalies, in the form of 2-month periods 
of warm, wet, cool, or dry conditions, into the model runs 
varied with the timing of the anomaly and were not anticipated 
from simple relationships of gross processes with climate. If 
the moss layer remained intact to insulate the soil, large dif- 
ferences in air temperature were simulated to have only a 
minor (5-10%) effect on decomposition. Bonan and Davis [this 
issue] assessed the ability of their land surface parameteriza- 
tion (NCAR LSM1) to reproduce the fluxes of energy and 
carbon as measured by eddy covariance at aspen and jack pine 
sites. Using generic vegetation parameters, their calculations 
generally matched the observed net radiation and eddy covari- 
ance CO2 and sensible heat fluxes but overestimated the latent 
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Figure 10. Schematic summarizing papers insection6.1.3; lanscape-scale carbonwater-energy dynamics 
and surface-atmosphere boundary layer interactions. 

heat flux and did not capture real differences within vegetation 
types, for example between the jack pine sites in the NSA and 
SSA. 

6.1.3. Landscape-scale carbon-water-energy dynamics and 
surface-atmosphere boundary layer interactions. Figure 10 
summarizes the regional scale studies carried out in BOREAS 
using aircraft, sounding devices, meteorological networks, and 
coupled land-atmosphere models. Shewchuk [this issue] de- 
scribes the mesoscale meteorological network that was de- 
ployed over the BOREAS 1000 x 1000 km region in 1994 and 
ran continuously through 1996. Two sites were located in the 
SSA, one in the NSA with another nearby, and the remaining 
six were placed at or near airfields in the region to allow for 
easy deployment and servicing. The BOREAS years of 1994 
and 1995 showed warmer air temperatures than normal; 1994 
was 0.7øC above the long-term mean. Wilczak e! al. [this issue] 
present results obtained with a 915-MHz profiling radar lo- 
cated near SSA-OJP during BOREAS 1994. The device 
yielded profiles of wind velocity, virtual temperature, and at- 
mospheric boundary layer (ABL) depth. 

Several papers describe intercomparisons between airborne 
flux measurements, both aircraft to aircraft and aircraft to 
tower. Dobosy et al. [this issue] present extensive comparisons 
among the four flux aircraft involved in BOREAS, all based on 
wing-to-wing flights spaced throughout the BOREAS 1994 
IFCs. Overall, the smallest correlations (most scatter) were 
between the LongEZ and the Twin Otter, while the Twin 
Otter-King Air and Electra-King Air pairings had higher cor- 
relations (less scatter). At least some of the reduced correla- 
tion for the LongEZ-Twin Otter comparison is because the 
air-motion equipment and techniques used on the LongEZ, 
with its small size and payload are different in many ways from 
the other three aircraft. 

Significant efforts were devoted to determining the geome- 
try of the surface source zones sampled by the airborne flux 
systems and in correlating the airborne fluxes with surface 
cover types. An encouraging study of aircraft flux footprints by 
Kaharabata et al. [this issue] made use of SF 6 releases to com- 
pute diffusion profiles within the lower boundary layer; their 
results indicate that the tower and low-level flux aircraft mea- 

surements can be expected to yield site-specific estimates of 
the surface fluxes. The work also explores the progressive de- 

coupling of the boundary layer fluxes from surface features 
with increasing height. The differences in scale between air- 
craft- and tower-measured fluxes were also examined by Des- 
jardins et al. [this issue], but the large difference in footprint 
size between those platforms makes it questionable to compare 
flux values directly. Among other things, it appears that the 
tower flux footprints (around 104-105 m 2 in unstable condi- 
tions) may have been drier than the aircraft flux footprints 
(around 107 m 2 for a 10-km pass), as evidenced by differences 
in sensible and latent heat fluxes. Desjardins et al. [this issue] 
compared fluxes measured by the Twin Otter, from short 
passes over specific TF sites (SSA-OA, SSA-OBS, SSA-OJP, 
NSA-OBS, NSA-OJP, NSA-YJP), with the TF measurements 
themselves (Figures 11a and lib). The aircraft fluxes were on 
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Figure 11. Comparison of the sum of sensible and latent 
heat fluxes measured by the Twin Otter (FT) aircraft over 
short runs close to several TF towers in (a) NSA and (b) SSA, 
from Desjardins et al. [this issue]. Comparison of aircraft- 
measured (FT) daytime (c) CO2 fluxes with spectral greeness 
index and (d) latent heat fluxes with CO2 fluxes as measured 
over a grid within the SSA; see Ogunjemiyo et al. [this issue]. 
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average higher than the towers for latent heat, less than the 
towers for sensible heat, and comparable to the towers but with 
much more scatter for CO2. The best comparisons (both in mag- 
nitude and in degree of scatter) wcre for momentum fluxes. 

Two-dimcnsional patterns of surface-ABL coupling are pre- 
sented by Ogunjemiyo ½t al. [this issue] for multiple grid flights 
in both study areas (Figures 11c and 1 ld). Strong correlations 
were observed between CO2 flux and spectral greenness index, 
a very encouraging result for modelers trying to estimate large- 
scale surface fluxes over the boreal zone. These results concur 

with similar findings for grasslands [Cihlar et al., 1992], leaf- 
scale studies in BOREAS [Dang et al., 1997], and theory [Sell- 
ers et al., 1992b]. At the same time, sensible heat fluxes were 
noticeably decoupled from the atmosphere-surface tempera- 
ture difference (see also Mahrt et al. [this issue], Fining and 
Blad [ 1992], and Hall et al. [1992]). 

Oncley et al. [this issue] documented seasonal and spatial flux 
changes along a regional transect, from just south of the SSA, 
up over the NSA, and into the tundra near Churchill, located 
near the southwest corner of Hudson Bay. Traces of CO2 
fluxes from three of these transects, in BOREAS 1994 IFC-1, 
IFC-2, and IFC-3, show changes with latitude, season, and land 
cover. There were also large-amplitude variations along each 
transect, superimposed on the other trends. 

Airborne flux measurements taken over lakes highlight the 
complexity that must be addressed in modeling the regional 
surface energy budget. Oncley et al. [this issue] estimate that 
aircraft-level fluxes measured in their regional transects origi- 
nated from surface areas (footprints) that were up to 40% 
water (lake surfaces). They also estimate that surface heat 
storage accounted for 30% (forests) to 40% (tundra) of the net 
radiation, with a large portion of the storage being assigned to 
the numerous lakes in the region. The length scales of the 
flight-level fluxes point to specific forcing mechanisms and to 
the difficulties faced in merging aircraft and tower flux data. A 
detailed analysis of flux fields over and around several lakes in 
the SSA by Stln et al. [this issue] indicates that the area- 
averaged sensible heat fluxes in the SSA were 12-24% lower 
than they would have been if no lakes were present. A well- 
defined divergent lake breeze circulation was observed over 
three lakes in the SSA during the day by the BOREAS flux 
aircraft with the circulation strength dependent on lake size 
and wind speed. The modeling study of Vidale et al. [this issue] 
investigates the contribution of mesoscale circulations to the 
large-scale surface-atmosphere fluxes of heat, water, and mo- 
mentum. They conclude that these contributions can be signif- 
icant under low-wind conditions and are generated by the 
differences between the energy balances associated with the 
different surface types found in the region, for example, lakes, 
dry uplands, and wet forested areas. They argue that these 
mesoscale effects should be parameterized in large-scale at- 
mospheric models. 

Aircraft measurements, radiosondes, surface measurements 

and analyses were all used to explore exchanges among the 
land surface, the boundary layer, and the free atmosphere. 
Inversion-level (ABL-top) entrainment, the capture of air from 
the free troposphere into the ABL, is an important factor 
which affects many of these exchanges. Kiemle et al. [this issue] 
used an airborne laser to remotely sense profiles of aerosols 
and water vapor that were used to build 2-D cross-sectional 
maps of entrainment structures and estimate entrainment- 
zone water vapor fluxes. They found good agreement with 
direct eddy-covariance measurements of the same fluxes. Ban' 

and Betts [this issue] calculated area-wide estimates of entrain- 
ment rates from a budget analysis, based on data from the 
BOREAS radiosonde network. They found the entrainment 
parameter A•e above the boreal forest to be 0.21, which is in 
close agreement with the generally accepted value of 0.20. The 
surface available energy, calculated by summing the sensible 
and latent heat fluxes derived from the budget analysis, was 
within 4% of the independent estimate provided by the 
BOREAS meteorological network radiation measurements of 
Shewchuk [this issue]. They estimated the mean surface evap- 
orative fraction over the forest during the summer to be 0.49, 
which can be compared with the value of 0.71 observed over 
the grassland FIFE site [Smith et al., 1992]. 

Ban' et al. [this issue] compared the surface fluxes derived 
from the radiosonde budget analysis with the eddy fluxes mea- 
sured by the Twin Otter aircraft for the three growing season 
IFCs of BOREAS 1994. The sum of the aircraft-measured 

sensible and latent fluxes was 25% less than the radiation 

network estimate of available energy, in contrast to the 4% 
underestimate given by the budget analysis. However, the air- 
craft-derived estimate of the evaporative fraction was 0.52, 
which agrees well with the budget analysis figure of 0.49, which 
implies that the aircraft measurements may be systematically 
and proportionately underestimating the turbulent fluxes. The 
authors point out that both methods have value for the study of 
landscape-scale fluxes, with the budget analysis providing a 
large-area integral view, while the aircraft provide insight into 
spatial variations and associations between different surface 
flux regimes and land cover type. Davis et al. [this issue (a)] 
describe studies of the convective boundary layer based on 
aircraft measurements in BOREAS 1994. Convective bound- 

ary layer divergence during the midday period and early after- 
noon was often observed to dry out the atmospheric boundary 
layer; this drying may have had feedback effects on the vege- 
tation which could have further reduced evapotranspiration, 
thus reinforcing the drying of the ABL; see also discussion by 
Sellera' et al. [1995b]. MacPherson and Betts [this issue] docu- 
ment the structure of the strong ABL vortices seen by aircraft 
at low levels in 1994 in conditions of deep ABLs and low winds. 

Cooper et al. [this issue] used the BOREAS meteorological 
observations, soil and vegetation parameters, and satellite- 
based estimates of radiation fluxes to drive a surface- 

atmosphere flux exchange model for an area covering most of 
the BOREAS domain. According to sensitivity analyses con- 
ducted with their model, root depth, soil moisture, and soil 
depth are the most important quantities in controlling transpi- 
ration fluxes. The radiation balance of the BOREAS region 
was studied by a number of BOREAS investigators using sat- 
ellite data analyses (section 6.4.4). 

6.2. Trace Gas Fluxes 

Carbon exchange (CO2, CH 4, and CO) was the principal 
focus of the TGB group, largely because of the great interest in 
the carbon balance of the boreal ecosystem but also because 
early measurements showed that the fluxes of nitrogen gases 
were small except in very recently burned areas. Most of the 
BOREAS trace gas studies were conducted within the NSA, 
which can be roughly divided into drained upland sandy soils 
usually dominated by jack pine and aspen; less well drained 
clay-rich soils dominated by black spruce; and wet peat soils 
dominated by sphagnum and sedges (Figure 12). TGB mea- 
surements were focused at the NSA tower sites, some land- 
scape transects, a chronosequence of sites disturbed by fire, 
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Figure 12. Schematic summarizing papers in Section 6.2; trace gas fluxes, principally CH4 and CO. (CO2 
fluxes are covered in Section 6.1). 

and a small tower at the NSA beaver pond. The CO2 flux 
measurements of the TGB group are summarized in section 6.1.1; 
in this section we summarize the TGB CH 4 and CO research. 

6.2.1. Small-scale fluxes with chambers and enclosures. 

Amaral and Knowles [this issue] found that drier sites, domi- 
nated by aspen, jack pine, or birch with a vascular plant ground 
cover and a thin (1-5 cm) surface organic layer, often acted as 
strong CH 4 sinks (Figure 13a). These sites were warmer and 
drier with faster nitrogen cycling and shorter path lengths to 
CH 4 oxidation layers. Consistent with early indications in tem- 
perate soils, Amaral and Knowles [this issue] determined that 
the location of CH 4 oxidation activity was near the surface of 
the mineral soil and at the base of the organic layer. A signif- 
icant positive relationship between CH 4 uptake and surface 
C:N ratio was also observed. Their microbiological work dem- 
onstrates the potential for a near-surface organic layer of 
drained soils to produce CH 4 under anaerobic conditions. This 
effect is obvious on the macroscale but has not been well 

documented for well-drained soils. 

Moosavi and Crill [this issue] observed CH 4 effiuxes at all 
sites along their experiment transect which extended from 
some of the driest upland soils to inundated wetlands near the 
NSA beaver pond tower (NSA-BP) and the NSA-OBS site. 
Fluxes along this transect varied by 4 orders of magnitude; 
strong CH 4 sources require a consistent, high water table, as at 
the beaver pond mire (Figure 13b). Their work shows that 
upland sites might be converted from net sinks to net sources 
by minor changes in water table; also, low soil temperatures 
strongly inhibited methane flux rates even under saturated 
conditions. 

Bubier et al. [1995] reported a large range in CH 4 fluxes (3 
orders of magnitude) from different plant communities in the 
NSA fen complex, with the largest fluxes from open graminoid 
fens and the smallest from frozen peat plateaus and treed 
peatland areas. Temperature at the average position of the 
water table was the best predictor of seasonal average CH 4 
fluxes, and floating peat sites maintained high fluxes during the 
dry late summer period in 1994. The correlations between CH 4 
flux and plant community distribution may be useful for scaling 
fluxes from the chamber to the landscape using remote sensing. 

Savage et al. [this issue] conducted a dark chamber measure- 

ment program and were able to model CH 4 fluxes using cor- 
relations with surface organic matter and the soil temperature 
at 20 cm in NSA upland soils. Weakly emitting sites were 
usually dominated by black spruce with a feather moss or 

(a) 
250 

•-- 250 
• 'el 

E 

E 250 

• 250 - 

• I• Spruce I - 250 

250 Aspen• 
0 50 100 150 200 

Days since first measurement 

(b) 
3000 , 

-- Mire 

.-. 2500 ,• Pond 

•-u 2000 
E 

E 1500 

,= 1000 

5OO 

0 
138 158 178 198 218 238 258 

Day of Year, 1994 

Figure 13. (a) Methane (CH4) consumption by vegetation 
type in the NSA estimated from chamber measurements, from 
Amaral and Knowles [this issue]; (b) methane production as 
measured over a beaver pond site in the NSA, from Moosavi 
and Crill [this issue]. 
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Figure 14. Schematic summarizing papers in section 6.3; soil and snow moisture and runoff. 

sphagnum moss ground cover and a thick organic layer of 
20-50 cm; these sites tended to be colder and wetter with long 
paths to the zone of CH 4 oxidation. Unlike other studies, the 
effects of H20 on CH 4 uptake could not be observed in 
BOREAS because of limited variability in the soils over the 
season at most of the upland BOREAS sites. However, Savage 
et al. [this issue] observed that a single heavy precipitation 
event in early spring changed many of the jack pine sites from 
CH 4 sinks to sources for a short period of time. The problem 
of scaling the chamber measurements of these boreal wetlands 
to larger regions using remote sensing has been addressed in 
part by Bubier et al. [this issue] (section 6.3.1). 

Fire disturbance is an important fac•0r in the boreal forest. 
Burke et al. [this issue] measured fluxes of CO 2 and CH 4 across 
a chronosequence of burned sites on both clay (typical of less 
well-drained black spruce dominated sites) and sandy soils 
(typical of well-drained jack pine dominated sites). All of the 
sites were net sinks of atmospheric methane with median fluxes 
ranging from -0.3 to -1.4 mg C m -2 d -1. Median fluxes of 
carbon dioxide from the forest floor to the atmosphere ranged 
between 1 and 2 g C m -2 d-1. Both ecosystem characteristics 
(e.g., soil and vegetation type) and burning history (time since 
burn and fire intensity) appear to have some effect on atmo- 
spheric methane consumption and carbon dioxide emission by 
these forest soils. Their results suggest that soil CO2 effluxes 
from upland black spruce stands may not be immediately im- 
pacted by fire. By 2 years postfire there appears to be a signif- 
icant reduction in soil CO2 flux, while soil respiration rates 
recover to preburn levels by 7 years postburn. 

Carbon monoxide fluxes were slightly higher in more re- 
cently burned areas [Zepp et al., this issue]. However, CO flux 
was shown to be affected by thermogenic and photogenic pro- 
duction as well as plant consumption and production. 

6.2.2. Stand and plot-level trace gas dynamics with towers. 
The boreal forest is in a constant state of regeneration due to 
continuous disturbance by fire and beavers, insects, and to a 
lesser extent man. Roulet et al. [this issue] made continuous 
measurements of fluxes over a beaver pond in the NSA using 
a flux gradient method on a 1.25-m tower. It was discovered 
that the beaver pond was a strong and continuous source of 
both CO 2 and CH4; 678 g m -2 GO 2 (183 g C m -2) and 11.3 g 
m -2 CH 4 (8.3 g C m -2) for the 120-day measurement period. 
Subsequent surveys of other beaver ponds in and near the NSA 
for surface emissions and near-surface CO2 concentrations 
showed similar results, although Staebler and Edwards [1997] 

report lower values from a beaver pond in the SSA. This 
indicates that beaver ponds could be significant contributors to 
the boreal carbon cycle with source strengths 4 to 5 times 
larger than the sink strengths observed for boreal soils by 
Harden et al. [this issue] or as estimated for boreal peatlands by 
Gorham [1991]. 

The surface waters of the NSA beaver pond site were also 
shown to evolve CO, most likely from degradation by incident 
radiation of dissolved organic carbon [Bourbonniere et al., this 
issue]. This illustrates some of the difficulties of estimating a 
regional flux of CO to the atmosphere. 

Simpson et al. [this issue] measured CH 4 and N20 fluxes 
above the SSA-OA stand using a tunable diode laser. Small 
emissions of both gases were observed for the measurement 
period (April 16-September 16, 1994), around 1.9-2.5 ng m -2 
s -1 for N20 and 21-28 mg m -2 s -1 for CH 4. The authors 
correlated the above-canopy measurements with some (below 
canopy) chamber measurements to conclude that CH 4 emis- 
sion from scattered anoxic patches in the aspen forest over- 
whelmed CH 4 uptake by the larger drier areas. This result 
should be compared with the observations of Amaral and 
Knowles [this issue], described above, who found the drier 
areas to act as strong CH 4 sinks; however, they did not com- 
ment on the sign of the net CH 4 flux on intermediate (stand 
level) scales, as Simpson et al. [this issue] have done. 

Understanding the sources and sinks of hydrogen peroxide 
(H202) and organic peroxides (ROOH) is important for un- 
derstanding atmospheric chemistry in general and acid depo- 
sition in particular. Hall and Claiborn [this issue] used concen- 
tration gradient measurements from the tower of the SSA-OJP 
site to infer deposition velocities for these compounds. They 
report daytime and nighttime deposition velocities for hydro- 
gen peroxide of 5 cm s- • and 1 cm s- • respectively, with much 
lower rates for organic peroxides. The highest deposition rates 
occurred from 1100 to 1500 LT, indicating that deposition 
rates are primarily turbulence limited. These rates are similar 
to values obtained over deciduous forests in the southern 

United States. 

6.3. Soil and Snow Moisture and Runoff 

Soil moisture and snow measurements in BOREAS ranged 
from point measurements in the vicinity of the TF sites to 
airborne measurements over the TF sites, along short transects 
within the study areas, and along an extended transect between 
the study areas (Figure 14). Traditional catchment hydrologi- 
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time-domain reflectrometry at a tube at the NSA-OJP site, from Cuenca et al. [this issue]; (b) comparison of 
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cal studies were performed in both the SSA and the NSA; also, 
in the SSA a precipitation radar was deployed during 
BOREAS 1994. A number of supporting modeling studies 
were made of soil moisture dynamics, snow physics, and catch- 
ment hydrology. 

6.3.1. Point measurements and modeling of soil moisture 
dynamics. Soil moisture measurements were collected via in 
situ time domain reflectrometry (TDR) observations in the 
vicinity of the tower sites [Cuenca et al., this issue] (Figure 
15a). The typical measurement design used involved transects 
of five sites spaced 5-20 m apart. These transects provided a 
unique opportunity to study the space-time variability of soil 
moisture profiles over footprints representative of the imme- 
diate area surrounding the tower sites. In addition to the ex- 
pected evolution of the depth profiles through the season, 
these measurement systems show that strong soil moisture 
variations in the near-surface level (depths to 20 cm) occurred 
even at spatial scales of less than the transect lengths. These 
variations were especially pronounced early in the season and 
following precipitation events. Cuenca et al. [this issue] also 
estimated evaporative fluxes in the vicinity of the NSA-OJP 
and SSA-OJP towers from changes in soil moisture profiles. 
Comparisons with tower-measured fluxes indicated that the 
evapotranspiration rates estimated from soil moisture obser- 
vations were about two thirds of those measured by eddy corre- 
lation. Reasons for the discrepancies are not clear at this point. 

Nijssen et al. [this issue] describe the testing of a distributed 
hydrological model, which will ultimately be applied to sub- 
catchments in the SSA and NSA, and to smaller areas of 5 

km x 5 km surrounding the tower sites. The model simulated 
the redistribution of soil moisture in the saturated zone due to 

local topographic effects. Model estimates of latent, sensible, 
and ground heat fluxes, and net radiation were compared with 
tower observations. The model-predicted heat fluxes agreed 
reasonably well with those observed for the NSA-OBS, SSA- 
ORS, and the SSA-OA sites after the model had been modified 
to incorporate moss moisture storage effects and temperature 
feedbacks to canopy resistance. A slight time lag in the diurnal 
cycles of latent and sensible heat was attributed to deficiencies 
in the ground heat flux representation. 

6.3.2. Stand-level soil and snow moisture dynamics. Soil 
moisture transects were monitored via an airborne gamma ray 
sensor for selected dates from August 1993 to the fall of 1994 
[Peck et al., this issue]. Comparisons of the airborne observa- 
tions with TDR probes at the SSA-OA site showed that the 
aircraft measurements consistently underestimated (by a factor 
approaching 2) the near-surface measurements taken by TDR. 
However, the flight line was some distance (almost 1 km) from 
the tower, so spatial variability may explain at least part of the 
difference. In the vicinity of the SSA-OJP site, the aircraft and 
in situ measurements agreed more closely. Especially during 
the dry periods, spatial variability of soil moisture in this area 
was quite low. Attempts to compare in situ and aircraft surface 
moisture observations at the SSA-OBS site were abandoned 

due to the periodic presence of surface water, and moisture 
storage in the moss and peat layer which are not measured by 
the TDR techniques. However, gravimetric surface soil and 
moss/peat moisture transects collected for calibration of the 
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aircraft measurements showed that large spatial differences in 
soil and other surface moisture (e.g., moss) contents exist 
within the "footprint" of the SSA-OBS site, which must be 
taken into account when relating the SSA-OBS tower flux 
measurements to ground data. 

Davis et al. [this issue (b)] performed a sensitivity analysis to 
examine the effects of conifer height and canopy density on the 
timing and rates of snow ablation. The analysis assumed radi- 
ation to be the first-order cause of snowmelt consistent with 

the results of Hardy et al. [this issue]. Forest maps of tree 
height and canopy density combined with generic conifer can- 
opy properties provided boundary conditions for the calcula- 
tions, which showed that canopy density and tree height are of 
more or less equal importance in controlling snow ablation 
rates. The calculated time series of snow depth showed close 
agreement with survey data from jack pine sites, but measure- 
ments showed slower melting than the model calculations in 
black spruce stands. 

Hardy et al. [this issue] compared model predictions of snow 
grain growth, compaction, and melting, with measurements of 
snow depth at the SSA-OJP site (Figure 15b). They adjusted 
meteorological measurements from Shewchuk [this issue] to 
mimic conditions at the forest floor and over a nearby open 
area. Levine and Knox [this issue] present results from a soil 
and snow physics simulation model that includes a description 
of the effects of the overlying vegetation canopy. The simula- 
tions were run for the SSA-OBS, SSA-OJP, and NSA-OJP 
sites. The results showed good fits to measured snowpack 
thickness and soil temperature profiles and also predicted the 
extended frozen period in the NSA and the formation of an ice 
lens at the SSA-OBS site. 

6.3.3. Landscape-scale precipitation and soil moisture dy- 
namics. An important cause of spatial variability in soil mois- 
ture, and hence in surface moisture and energy fluxes, is the 
space-time variability of precipitation. Schnur et al. [this issue] 
operated a truck-mounted C-band precipitation radar, located 
to the south of the SSA from May to September 1994. Com- 
parisons of radar-derived precipitation fields with estimates 
from a gage network showed that in terms of area averages, the 
radar estimated slightly higher precipitation accumulations. 
Simulations performed by using a spatially distributed hydrol- 
ogy model showed that spatial averages as well as local esti- 
mates of surface energy fluxes were quite sensitive to the use of 
radar-based precipitation images as compared with a gage-only 
product. However, when the effects of spatial resolution were 
isolated (by using only the radar precipitation product at dif- 
ferent spatial resolutions), the sensitivity of area-averaged 
(over the 40 x 50 km southern modeling subarea) energy 
fluxes to the precipitation product was generally less than 
about 10%. However, local differences were much more sen- 
sitive to the spatial resolution of the precipitation product. 

6.4. Remote Sensing Science 

Remote sensing served three critical roles in BOREAS. 
First, it provided local- to regional-scale land cover data and 
solar radiation forcings which allow us to investigate the pro- 
cesses governing forest-atmosphere interactions on timescales 
ranging from minutes, with the GOES satellite, to decades, 
with the Landsat series of satellites. Second, ground, aircraft, 
and satellite data (Table 4) were used to develop and test 
ecosystem-atmosphere process models. Finally, remote sensing 
images were processed to define the overall context and rep- 

resentativeness of the study regions with respect to the boreal 
forest biome as a whole (Figure 16 and Plate 2). 

In support of these goals, RSS investigators acquired mea- 
surements of reflectance, emittance, and backscattering prop- 
erties of forest canopies and background, and atmospheric 
scattering from the leaf to the regional scale. In parallel, a 
significant amount of ancillary validation data on forest stand 
and soil biophysical properties was acquired in situ (Table 4). 
These combined data sets are a valuable resource for devel- 

oping and testing new algorithms for mapping terrestrial bio- 
physical parameters; specifically, they will prepare the way for 
the next generation of Earth-observing satellite instruments 
such as MODIS, MISR, and RADARSAT. The data will be 
produced on CD ROM by the BOREAS Information System 
(BORIS) and eventually archived at the Oak Ridge Data Anal- 
ysis and Archiving Center (DAAC). 

The RSS investigators also engaged in algorithm develop- 
ment and testing and produced multiyear site-level, study area 
level, and regional-scale maps of radiation and biophysical 
parameters. A number of land cover parameter maps (Plate 2) 
have been produced as part of BOREAS to provide inputs for 
ecosystem or climate models and to evaluate the expected 
performance of future spaceborne sensors. The articles sum- 
marized below represent a significant cross section of 
BOREAS remote sensing science activities and range across 
the entire multiscale design of BOREAS. 

6.4.1. Ground and aircraft measurements of biophysical 
and optical characteristics and understory and canopy reflec- 
tance. Remote sensing algorithm development, as with pro- 
cess model development, involves a scaling strategy from the 
leaf level, where electromagnetic properties can be carefully 
measured, to the pixel level (meters to kilometers) where 
ground-based measures are impractical and remote sensing 
algorithms must function autonomously. Translating data and 
knowledge among these scales involves a mix of measurement 
and modeling in the form of radiative transfer (RT) models 
that can accurately compute reflectance as a function of can- 
opy structure, optical and biophysical characteristics, etc. The 
validated RT models are then used for algorithm development 
to infer canopy characteristics over larger areas given satellite 
reflectance values. The algorithms take the form of either 
simple functional relations between vegetation indices and bio- 
physical characteristics developed by using RT simulations or 
more sophisticated direct inversion approaches. The BOREAS 
experiment was designed in the context of this general scaling 
and algorithm development strategy, and the remote sensing 
papers in this special issue reflect this approach. 

An important unresolved issue going into BOREAS was the 
accurate in situ characterization of canopy biophysical param- 
eters over plots large enough to validate process models and 
remote sensing algorithms. BOREAS staff and PIs designed 
and implemented an approach which combined destructive 
sampling, allometry, and optical methods (hemispherical pho- 
tography, photosynthetically active radiation (PAR) sensors, 
multiband photography) to gencrate ground estimates of can- 
opy architecture, leaf area index (LAI), biomass density 
(BMD), and the fraction of PAR absorbed by the vegetation 
canopy (FPAR) over 30 x 30 m plots and 100-m transects 
within the BOREAS tower and auxiliary sites (Figure 2). Sev- 
eral activities reported here deal with ground measurements of 
these biophysical characteristics. 

Chen et al. [this issue] used direct and indirect techniques to 
estimate LAI for the BOREAS tower and auxiliary sites. They 
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Figure 16. Schematic summarizing papers in section 6.4; remote sensing science. (RC, RD, RP, RH, RT 
refer to aircraft platforms; see Table 2). 

compare results from their indirect optical technique with 
those from a similar manufactured instrument and estimates 

derived from direct destructive samples. They found that the 
manufactured LAI instrument underestimated the destructive 

sample estimates of LAI because its algorithm assumed a spa- 
tially random distribution of leaves to compute LAI as a func- 
tion of canopy gap fraction. Chen et al. [this issue] developed a 
clumping index to correct for this error and used it to estimate 
the LAI of several BOREAS forest sites. Chen et al. [this issue] 
found that LAI ranged from I to 4 for jack pine and aspen 
stands and from I to 6 for black spruce. They also report errors 
of the order of 25%, a magnitude consistent with direct de- 
structive sampling techniques. The difficulties with ground 
characterization of biophysical variables must be kept in mind 
when using them to evaluate satellite-based remote sensing 
algorithms. 

Fournier et al. [this issue] combine hemispherical photogra- 
phy, stand mapping, destructive sampling and modeling to 
characterize the architecture of vegetated boreal landscape 
elements. They employ a variety of destructive and optical 
techniques to characterize the three-dimensional distribution 

of canopy elements and crown form, data which provide crit- 
ical inputs for their and other RT models. With their model 
they are able to compute and validate architectural variables 
such as gap size as a function of view zenith. Their data sets will 
be used to explore the relationships among stand structure, 
light regimes, canopy reflectance, and ecological function in 
general. 

Kucharik et al. [this issue] utilized a two-band visible and 
near-infrared (NIR) digital charge-coupled camera, the multi- 
band vegetation imager (MVI), to map the nonrandomness of 
canopy gaps, i.e., the spatial "clumping" of leaves. As men- 
tioned above, the spatial distribution of leaves is a key param- 
eter for optical LAI-measuring devices which relate gap frac- 
tion to LA!; the distribution may also be critical to 
parameterizing canopy CO2 assimilation models and RT mod- 
els relating canopy reflectance to biophysical parameters. As- 
pen and balsam poplar canopies were imaged from below with 
the MVI to generate an NDVI image, which permitted the 
identification of sunlit and shaded foliage, discrimination 
among live foliage, twigs and branches, and sky-cloud discrim- 
ination. Analyses of the imagery showed that an assumption of 
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spatially random foliage leads to underestimates of LAI in 
aspen by about 45%, which then leads to underestimates in 
CO2 assimilation rates by about 39%. In support of this, Dang 
at al. [this issue] show that the relationship between canopy 
photosynthetic capacity and spectral vegetation index can vary 
considerably depending on the scaling algorithm used. 

An important and sometimes neglected component of forest 
remote sensing studies is the bidirectional reflectance of un- 
derstory vegetation. Millar at al. [this issue] describe a mul- 
titeam effort to measure nadir understory reflectance for the 
tower flux sites. Shaded and sunlit reflectance measurements 

were made for black spruce and jack pine sites near solar noon 
throughout the year, capturing the variability due to species 
and seasonal phenology between and within the tower flux 
sites. Temporal-spectral variations were observed which corre- 
lated with changes in vegetation type and phenology. The data 
were shown to be useful for improving regression relationships 
between leaf area index and vegetation indices. 

Multiband optical properties of mosses were found to be a 
critical input for understanding the relationship between can- 
opy reflectance and biophysical properties. In addition to the 
leaf optical properties measured by Middlaton at al. [this issue], 
discussed in section 6.1.1, Bubiar at al. [this issue] conducted 
high spectral resolution measurements of moss ground cover 
on the BOREAS wetlands sites. They found that high spectral 
resolution reflectance data could be used to discriminate the 

brown and sphagnum mosses associated with bogs, fens, and 
water-saturated conifer stands from the feather mosses asso- 

ciated with more productive stands growing on mineral soils. 
Since Hardan at al. [this issue] report that drainage class is a 
strong determinant of carbon storage rate, the results of Bubiar 
et al. [this issue] provide a basis for designing remote sensing 
algorithms that can map these important classes over large 
areas. 

Moving upscale from ground to aircraft, Loachal at al. [this 
issue] report on a series of helicopter-based reflectance mea- 
surements acquired over the BOREAS tower and auxiliary 
sites throughout the 1994 growing season. They compared red 
and NIR reflectance measurements to ground measures of 
overstory LAI. Their results show that reflectance in individual 
bands as well as common vegetation indices based on these 
bands are poorly correlated with LAI, confirming the results 
obtained by Hall at al. [1995] over similar species in the Supe- 
rior National Forest in Minnesota. Hall at al. [1995] analyzed 
the difficulties found by Loachal at al. [this issue] and proposed 
and evaluated alternative approaches that demonstrate skill 
for those situations where vegetation indices perform poorly. 
Hall at al. [this issue] successfully applied these techniques to 
black spruce covers in BOREAS (section 6.4.2). 

Bidirectional reflectance images similar to those to be ob- 
tained from the MISR sensor to be flown aboard EOS AM-1 

were acquired over the BOREAS SSA and NSA sites from the 
airborne advanced solid-state array spectroradiometer (ASAS) 
mounted on the NASA C-130. Russall at al. [this issue] report 
on these spectral and bidirectional reflectance data acquired 
over the BOREAS SSA tower sites. They found that bidirec- 
tional reflectance distribution function (BRDF) measurements 
at 26 ø backscatter in the solar principal plane were best for 
discrimination among species. They also confirm a large num- 
ber of previous studies showing view angle to significantly 
affect NDVI and its relationship to biophysical properties. 
Their measurements show that view angle effects are much 
more important for conifer stands than for aspen. 

The advantages of multiangle observations for forest-type 
classification are also addressed by Bicharon at al. [this issue] 
who describe an analysis of bidirectional reflectance data ac- 
quired from the airborne POLDER (Polarization and Direc- 
tionality of Earth Reflectances) instrument. The instrument 
was flown aboard the NASA C-130 aircraft over five vegetated 
areas representative of BOREAS land cover. Using multiple 
spectral bands and three view directions greatly improved the 
discrimination of forest cover. 

6.4.2. Radiative transfer models and algorithm develop- 
ment. The most direct approach to using RT models in in- 
ferring biophysical characteristics of the land cover is through 
mathematical inversion of the RT model given a set of reflec- 
tance measures. However, this approach is often limited by the 
number of parameters in the RT model, which in many cases 
exceeds the number of remote sensing measurements neces- 
sary for inversion. To circumvent this problem, sensitivity anal- 
yses often reveal which parameters can be held fixed with 
minimum impact to the inversion, thereby reducing the num- 
ber of bands required for inference. 

BOREAS investigators and staff acquired validation data 
sets which are ideal for evaluating different direct inversion 
techniques. Privatta at al. [this issue] describe some of the 
above-canopy measurements acquired in BOREAS with the 
PARABOLA instrument, a three-band radiometer capable of 
rapidly acquiring reflectance measurements over the entire 
viewing hemisphere. PARABOLA was used to collect BRDF 
data sets at the BOREAS SSA aspen, black spruce, and jack 
pine flux tower sites (SSA-OA, SSA-OBS, SSA-OJP) using a 
100-m-long tram-mounted system elevated several meters 
above these canopies. The observed BRDFs were used to eval- 
uate the performances of 10 different RT models in predicting 
albedo and nadir reflectance over nine land cover types rang- 
ing from grasslands at the FIFE site to the forest data sets of 
BOREAS. Their findings provide an important lesson for 
large-area remote sensing algorithms. They show that simpler 
RT models using fewer parameters may be both faster and 
more robust for inversion than complex RT models, even 
though the simpler models do not represent the BRDF as well. 
They attribute this to the fact that with simpler models, more 
accurate inversions are possible with sparse remote sensing 
data sets. 

Goal at al. [this issue] demonstrate a computer-based simu- 
lation approach for investigating the utility of reflectance- 
based remote sensing algorithms and vegetation indices to 
infer canopy biophysical characteristics. They use a sophisti- 
cated computer graphics-based model to simulate the relation- 
ship between red and NIR reflectance and canopy biophysical 
characteristics at various view and illumination angles, includ- 
ing the "hot spot" where the view and solar illumination angles 
are identical. They varied the magnitudes of the biophysical 
characteristics used as parameters in the canopy reflectance 
model (crown dimensions, crown spacing, leaf size, etc.) over 
realistic ranges to simulate the covariance among these param- 
eters and reflectance. This permits them to investigate how the 
relationship between reflectance and each of the canopy model 
parameters such as leaf size is affected by known variations in 
the remainder of the canopy model parameters. They show, for 
example, that for deciduous canopies, the ratio of NIR reflec- 
tance for a given view angle to hotspot reflectance at a high 
Sun zenith angle is the best index for estimating leaf size since 
it minimizes the effect of variability in the other model param- 
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eters. For conifers they show that leaf size is difficult to esti- 
mate except for sparsely spaced canopies. 

Ni et al. [this issue] further develop geometrical optical can- 
opy reflectance models to include light interception effects 
within tree crowns from the nonrandom spatial dish ibutions of 
leaf material typical of needleleaf canopies [see Chen et al., this 
issue; Fournier et al. this issue; Kucharik et al., this issue]. For 
a specified canopy leaf area index, leaf clumping increases gap 
probability within a tree crown, increasing light transmission to 
the canopy floor; however, this is partially offset by reduced 
light transmissivity through the clumps. The primary motiva- 
tion for the work of Ni et al. [this issue] was to improve the 
radiative computations for snowmelt models, an important 
problem for properly parameterizing albedo in weather fore- 
cast and climate models [see Betts and Ball, this issue], as well 
as in initiating photosynthesis in carbon models [see Frolking et 
al., 1996]. Consistent with this motivation they test their model 
by comparing its estimates of downwelling solar flux through 
the canopy profile to measured values. These comparisons 
show their modified model to agree well with measured values; 
in addition, they show that the vertical distribution of radiation 
is quite different than would be predicted by Beer's law, point- 
ing out the importance of proper representations of tree mor- 
phology to both photosynthesis and snowmelt models. 

6,4.3. Landscape-scale land cover and biophysical charac- 
teristics algorithms. A number of BOREAS investigations 
developed and produced multiyear site-level, study area level, 
and regional-scale maps of radiation and biophysical parame- 
ters. This parameter set was defined by joint efforts between 
the BOREAS modeling group and the RSS investigators, iden- 
tifying those land cover classes and radiation parameters con- 
sidered to be essential as inputs to the process models and also 
spectrally separable using remote sensing multispectral, mul- 
tidate reflectance measurements (see Figure 17). 

Hall el al. [this issue] developed a physically based approach 
to integrated land cover classification and biophysical param- 
eter estimation using Landsat Thematic Mapper (TM) data. 
They utilized geometric RT models to compute the expected 
spectral signatures of the land cover classes as a function of the 
distribution of biophysical parameters within each class. The 
algorithm does not depend on unrealistic statistical assump- 
tions, such as multiw•riatc normal distributions, to represent 
class signatures. Further, it can compute the signatures as a 
function of changing view and illumination conditions and 
other w•riables that give rise to global variations in the signa- 
tures, thus rendering the signatures more invariant to changing 
global conditions. Using this algorithm, they classify the 
BOREAS SSA and estimate the proportions of the land cover 
classes used in modeling. In addition, they estimate biomass 
density (BMD) for black spruce in the study area. BMD is an 
important parameter for ecosystem models since aboveground 
carbon is related to AN}'}' and litter fall [Gower et al., this 
issue]. BMD is usually related to maintenance respiration, and 
in conifer wetlands, BMD may be related to below-ground 
drainage and age class. As Harden et al. [this issue] show, 
drainage and age class correspond to varying annual carbon 
storage rates. The Hall et al. [this issue] map for wetland 
conifers in the SSA shows BMD to be bimodally distributed 
with the lower mode (1-6 kg m •) consisting of poorly drained 
areas such as bogs and fens and the upper mode (8 to 10 kg 
m 2) consisting of moderately to better drained areas with a 
slightly lower water table. 

Steyaert et al. [this issue] mapped the 1000 x 1000 km 

BOREAS study region at 1 km resolution using an algorithm 
developed by Loveland et al. [1991] (Plate 2a). The algorithm 
utilized monthly composites of normalized difference vegeta- 
tion index (NDVI) observations acquired by the advanced very 
high resolution radiometers (AVHRR) carried on the NOAA 
meteorological satellites. The resulting land cover product was 
evaluated by comparison to the Hall et al. [this issue] 30-m TM 
land cover product to investigate the effects of scale on land 
cover identification. The Steyaert et al. [this issue] map showed 
that wetland conifer dominates the BOREAS study region. 
Wetland conifer is an important landscape element in carbon 
sequestration [Gower et al., this issue; Harden et al., this issue]. 
Steyaert et al. [this issue] also discovered another result key to 
understanding the regional carbon flux; the boreal ecosystem is 
more fire prone than previously believed, with nearly 30% of 
the area having been cleared by fire in the last 25 years. 

Ranson et al. [this issue] report on the results of using SIR-C, 
the X-band synthetic aperture radar carried aboard the NASA 
DC-8, and Landsat TM to classify the BOREAS SSA and map 
aboveground woody biomass. Plot-level measurements of leaf, 
branch, bole size, and angle distributions were used to develop 
relationships between backscatter coefficients in various bands, 
then the relationships were applied to imagery covering the 

-2 
SSA. Pixel-level BMD accuracies were estimated at 1.6 kg m 
over a range of biomass from 0 to 15 kg m 2. This technique 
could be a valuable mapping technique for the boreal ecosys- 
tem which is often obscured by clouds or smoke. 

Liet al. [this issue (b)] used the 3.0-/•m channel of AVHRR 
single-date images to detect fire events during 1994 in the 
BOREAS region. This work complements the historical fire- 
scar maps of St•yaert et al. [this issue]. The Li et al. [this issue 
(b)] 1994 fire map shows that 99 fires occurred in the BOREAS 
region during the summer of 1994, consuming about 20,000 
km •, or about 2% of the total BOREAS region. Their accuracy 
assessment showed that they detected 87% of the ground- 
detected fires and, in addition, identified many fires missed by 
conventional methods. Composited data were not effective in 
fire detection, which limits the usefulness of this technique 
when smoke from fire and clouds obscure the region. 

Cihlar et al. [this issue] developed and applied an AVHRR 
preproccssing algorithm to the NOAA 11 1994 growing season 
AVHRR record to compute 10-day composites of surface re- 
ficctance in bands 1 and 2 and emitrance in band 4 based on 

data with improved calibration, registration, and correction for 
atmospheric and angular reflectance effects. The composited 
data were also screened for cloud and snow contamination 

using the multidate algorithm developed by Cihlar et al. [this 
issue]. Clear-sky values in bands 1 and 2 were corrected for 
fixed and assumed densities of molecular, aerosols, and water 
vapor absorption and scattering. Band 4 was corrected for 
atmospheric water vapor effects to generate surface tempera- 
tures using split-window techniques [Collet al., 1994]. Where 
no clear-sky pixels existed in a 10-day period during the grow- 
ing season, replacement pixels for bands 1 and 2 were substi- 
tuted from adjacent composited periods using linear interpo- 
lation. Because the composited data set consists of 
observations at multiple view angles, Cihlar et al. [this issue] 
also apply land-cover-dependent corrections to bands 1 and 2 
for view-angle variations in surface reflectance. The prepro- 
cessed, composited data set was then evaluated by using TM 
data and further processed using algorithms developed at the 
Canadian Centre for Remote Sensing (CCRS) to produce re- 
gional maps of seasonal multidate NDV1, surface temperature, 



28,758 SELLERS ET AL.: BOREAS IN 1997 

LAI, green FPAR, PAR, albedo, and APAR (absorbed PAR) 
over the 1000 x 1000 km BOREAS study region. These pa- 
rameter maps are being used in various process studies but 
need further validation and comparison with other products 
(see also Plate 2b). 

Two papers deal with the combined use of satellite thermal 
and optical data to infer certain thermodynamic properties of 
the vegetated land surface and environmental variables in the 
atmospheric boundary layer. Mahrt et al. [this issue] examine 
the use of radiometric temperature to infer aerodynamic tem- 
perature, a key variable in sensible heat transfer between the 
surface and the atmosphere. In essence, their work confirms 
similar research done in other ecosystems [e.g., l/ining and 
Blad, 1992; Hall et al., 1992], in that radiometric temperature 
cannot be used to accurately infer aerodynamic temperature 
for sensible heat computation when using Monin-Obukhov 
similarity theory. In the boreal environment the warm sphag- 
num moss background contributes significantly to radiometric 
temperature but insignificantly to sensible heat transfer (aero- 
dynamic temperature). They show, however, that the differ- 
ence in these two temperatures decreases with red reflectance 
corresponding to denser canopies and, subsequently, low visi- 
ble background fraction. Czajkowski et al. [this issue] used the 
AVHRR surface NDVI versus radiometric temperature in an 
attempt to infer surface air temperature. They found that most 
of the air temperature values inferred in this way fell within _+5 
K of ground-measured temperatures, but there were observed 
differences as large as _+15 K. They conclude that there is a 
consistent bias of 3.2 K caused by errors in the split-window 
estimates of surface temperatures and subpixel clouds and 
standing water. The main advantage of this approach would be 
more explicit spatial information on surface air-temperature 
distribution; however, the frequent presence of clouds and 
smoke in the region limits opportunities for applying this tech- 
nique. 

The final two papers in this section deal with the remote 
sensing of snow and soil temperatures, two important variables 
that other BOREAS studies have shown strongly influence 
interannual variations in carbon uptake by wetland conifers 
[e.g., Frolking et al., 1996]. Timing of snowmelt is critical in 
determining the course of surface albedo, subsequent soil 
thawing, and the initiation of photosynthesis by wetland coni- 
fer. Chang et al. [this issue] use brightness temperature differ- 
ences in the 18- and 37-GHz bands from microwave multiband 

radiometers flown aboard the Twin Otter to determine snow 

water equivalent (SWE) and lake ice thickness. They evaluate 
two algorithms that differ primarily in the parameterization of 
mean snow grain size. In nonforested areas the two algorithm's 
SWE estimates differ by from 4 to 10 mm from ground mea- 
sures for a snowpack of about 40 mm SWE. In forested areas 
the differences are larger with estimated SWE values generally 
lower than ground observations. Overall, differences in ob- 
servcd and inferred SWE in the SSA with its denser forests are 

larger than for the NSA, indicating the importance of correct- 
ing SWE estimates for forest cover. 

Completing the picture of the beginning of active photosyn- 
thesis, Way et al. [this issue] exploit the sensitivity of microwave 
backscattering cross section to dielectric differences between 
frozen and liquid moisture to map soil and canopy freeze/thaw 
boundaries in the boreal springtime. Currently, soil and canopy 
temperatures are modeled as a function of soil and canopy 
thermal properties, moisture, and air temperature. These vari- 
ables are not easily obtained at the landscape scale; thus aug- 

menting model predictions with direct measures of the water 
state will be a valuable adjunct to landscape-scale carbon flux 
prediction. From ground measures, Way et al. [this issue] 
showed that transitions in soil and stem thawing relate directly 
to the state of soil respiration and canopy photosynthesis, re- 
spectively. Using ERS-1 satellite radar images, they showed 
that shifts in backscattering cross section correlate well to soil 
thaw and possibly to canopy thaw as two independent transi- 
tions (Plate 2c). 

6.4.4. Radiation and atmospheric effects. Five papers fo- 
cus on radiative components of the surface energy balance and 
the effects of atmospheric aerosols on downwelling and up- 
welling radiation retrieved from satellite observations. The net 
radiation R,• absorbed by the surface through radiative ex- 
change with the atmosphere is a critical parameter in carbon, 
water, and energy cycling. To infer R,•, the components of the 
surface shortwave and longwave radiation balance must be 
quantified. 

Rn = S{1 - a} + Lwd- Lwu, (1) 

where S is the downwelling shortwave radiation energy flux (W 
m-2), a is the albedo, and L,• d and L,• u are the incident and 
emitted longwave radiation at the surface (W m-2), respec- 
tively. In addition to S the downwelling photosynthetically 
active radiation flux (PAR) is also a key variable in the surface 
energy balance of vegetative surfaces since it regulates photo- 
synthesis and the stomatal control of evapotranspiration. 

Gu and Smith [this issue] describe the modification and 
evaluation of a published algorithm for inferring S and PAR 
fluxes from GOES 7 imagery. Their maps were generated for 
the entire BOREAS study region at 30-min intervals and at 1 
km resolution. Their modified algorithm incorporates a radia- 
tive transfer model to estimate aerosol transmittance and re- 

flectance and accounts for column water vapor. Satellite results 
were compared with measurements acquired in situ from 
ground-based radiometers and agreed to within about 2 to 7% 
for S and PAR fluxes respectively, with a relative precision of 
around 20% over clear, cloudy, and smoky days. 

Kaminsky and Dubayah [this issue] explore the relationship 
between R,• and surface shortwave fluxes using 1 year of 15- 
min surface flux data from nine BOREAS surface stations to 

determine how effectively R,• could be inferred from a knowl- 
edge of the shortwave component alone. Their analysis shows 
that if the term S ( 1 - a) in (1) was known precisely, then R,• 
could be estimated with an rms error of from 18 to 36 W m -2. 

A multifrequency radiometer, the TIROS N vertical sounder 
(TOVS), was used to obtain atmospheric temperature and 
water vapor profiles over the FIFE site for input to atmo- 
spheric radiative transfer models to estimate L,• d [Breon et al., 
1990]. The satellite-derived estimates were compared to 
ground measures of L,• d. Breon et al. [1990] estimated the 
error on a pixel level to be about 20 W m -2, under both clear 
and cloudy conditions. 

Liet al. [this issue (a)] apply an algorithm to process 
AVHRR red and NIR reflectance data to infer the amount of 

photosynthetically active radiation absorbed by the surface, 
APARsf c, a key variable in both surface energy balance and 
photosynthesis calculations. They compare their estimates to 
flux tower measurements and determine their estimates to 

have a bias of about 10 W m -2. They map APARs• for the 
1000 x 1000 km BOREAS region and show that surface vari- 
ations in cloudiness and surface albedo cause significant spatial 
variation in APAR,•c. 
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Miller and O'Neill [this issue] used the compact airborne 
spcctrographic imager (CASI) instrument to measure short- 
wave upwelling and downwelling irradiance at multiple alti- 
tudes to examine the effects of airborne smoke from forest 

fires on downwelling radiation. They report on an episode 
where smoke from wildfires reduced surface insolation at noon 

from 800 to 680 W m 2 and PAR from 320 to 250 W m -2 

They found also that smoke from distant fires, consisting pri- 
marily of sulfate aerosols, had much higher single-scattering 
albedos and lower attenuation coefficients than aerosols from 

nearby fires from which the soot had not settled out. 
Markham et al. [this issue] also verified the important impact 

of forest fire on atmospheric opacity from analysis of aerosol 
optical depth measurements acquired by a network of solar 
radiometers scattered throughout the BOREAS region. They 
also report on water vapor column abundance estimates. Their 
results show a dramatic interannual variation in atmospheric 
opacity due to smoke. In 1994 and 1995 the numerous fires in 
the BOREAS region reported by Liet al. [this issue (b)] and 
Steyaert et al. [this issue] resulted in a much wider variation in 
aerosol optical depths across the region than in 1996 where few 
fires were detected. Atmospheric optical depth varied widely 
over the area from as low as 0.02 (at 500 nm) under clear-sky 
conditions to as much as 4.5 (at 500 nm) because of smoke. 
Data from Markham et al.'s [this issue] measurements are used 
widely in atmospheric correction algorithms to correct satel- 
lite-measured radiance to surface reflectance. Such corrections 

are critical for use in physically based classification and bio- 
physical parameter retrieval algorithms of the types developed 
by Hall el al. [this issue]. 

7. Scientific Summary and Future Research 
Directions 

Planning for BOREAS was initiated in 1990. Starting in 
1993, the scicncc team and staff set in place a significant 
infrastructure in the Canadian wilderness and mounted 10 

major intensive ficld campaigns (IFCs): one in late 1993, five in 
1994, and four in 1996. Thc campaigns were complemented by 
a monitoring program of data acquisition which spanned the 
period 1993-1996. Each IFC, and the BOREAS experiment as 
a whole, was conducted according to detailed experiment plans 
which translated scientific goals into operational realities. 1994 
saw the most intcnsc and wide-ranging activities in the field, 
including over 350 airborne science flights; 1995 was a year of 
analysis, assessment, and planning; and 1996 saw the redeploy- 
ment of many field teams to fill critical gaps in the 1994 data 
set. 

In terms of the personnel and resources involved, BOREAS 
is roughly 3 times the size of the FIFE experiment [Sellers et al., 
1992; Hall and Sellers, 1995] and was also conducted over a 
much larger, sparsely populated area. Operations often in- 
volved coordinated activities by over 200 people and up to 10 
aircraft at a time over the two study areas. The BOREAS data 
set is estimated to be roughly 5 times the size of the FIFE data 
set and is considerably more complex. Likewise, the science in 
BOREAS spans a wider range of disciplines than in FIFE. 
However, the management and staff head count for BOREAS 
is almost the same as it was for FIFE, which was possible due 
to the experience of many of the veteran staffers and scientists 
involved, improved procedures, and the use of better technol- 
ogy for communications, data collection, and data compilation. 

Of these factors, experience was probably the most significant 
in terms of augmenting efficiency. 

BOREAS is a large enterprise and therefore inevitably 
serves as a test case for what "big science" (i.e., large-scale, 
interdisciplinary, coordinated) projects can and cannot do. So 
far, the indications are that as in FIFE and similar projects, the 
sum will be much greater than the parts in terms of scientific 
dividends. A data set is being constructed which will link our 
understanding of small-scale biological processes to zonal cli- 
mate variations and the global carbon cycle. The multiscale 
design of the experiment will permit rigorous testing of the scale- 
integration techniques that will be employed in the process. 

Most of the papers in this special issue report on data ac- 
quisitions, data analyses, or the results of preliminary modeling 
studies. On the basis of previous experience (see, for example, 
Sellers and Hall [1992] and Hall and Sellers [1995]), another 
couple of years will see integrated studies carried out using 
multiple data sets from all the contributing disciplines in 
BOREAS. These follow-on studies are expected to directly 
address the goals of BOREAS and are discussed in section 7.5. 
However, even at this early stage in the analysis phase of the 
project, some important scientific findings have emerged. 

The papers in this special issue and the synopses of chapter 
6 are organized by scientific subdiscipline and spatial scale. 
The scientific review in this final section reverts to the structure 

outlined in the introduction and in Figure 1, namely, physical 
climate system, carbon and biogeochemistry, and ecology, with an 
additional discussion of progress made in remote sensing science. 

7.1. Physical Climate System 

BOREAS results have already had a direct impact on cli- 
mate modeling and numerical weather prediction (Figure 17). 
Observations from the mesoscale meteorological network and 
tower flux sites have provided new insight into the radiation 
and energy budgets of the forest and how these affect the 
regional climate. 

When snow free, the BOREAS coniferous sites were ob- 
served to have the lowest growing season albedos for any 
vegetated surface that we know of, about 8%. The winter 
albedo of the forest was measured to be much lower than the 

value used by a number of AGCMs. Most NWP models treat 
snow albedo effects over the forest in the same way as for 
grass-covered or agricultural surfaces where the vegetation can 
be completely covered by snow to give a very high surface 
reflectance. In fact, forest vegetation usually projects above the 
snow, and even bare deciduous trees can present a very dark 
surface to the solar flux, which is also incident at a glancing 
angle for much of the winter (Figure 7a) [Betts and Ball, this 
issue]. Shortwave radiation is therefore efficiently intercepted 
by the forest and largely converted into sensible heat flux and 
outgoing longwave radiation during the winter. Omission of 
this effect in the European NWP model, which carried a winter 
albedo of around 0.80 as opposed to a value of around 0.25 as 
observed in the field, resulted in the systematic underestima- 
tion of near-surface winter air temperatures by up to 15øC 
during the BOREAS 1996 winter field campaign (Figure 7b). 
Since then, the model has incorporated more representative 
winter albedo values which has resulted in great improvements 
in the prediction of the near-surface air temperature, reduced 
lower tropospheric temperature biases, and improved forecast 
scores over the North Pacific and North Atlantic. As of De- 

cember 1996, the European NWP model included these 
changes in its operational forecasts, and there are plans to use 
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Figure 17. Schematic summarizing gains in the physical climate system science area due to BOREAS; see 
section 7.1. 

satellite data to track snow-related albedo dynamics during the 
spring and fall. 

The low evapotranspiration rates observed at the BOREAS 
forest sites, particularly the coniferous covers, are not repre- 
sented correctly in most atmospheric models. In the middle of 
the growing season, the depressed evapotranspiration rates are 
due to low stomatal conductances associated with the low 

photosynthetic rates of these species, which are adapted to 
nutrient-poor environments. In the spring the very high sensi- 
ble heat fluxes observed over the forest seem to be due to late 

thawing of the soil, so the root systems remain frozen and 
canopy transpiration is cut off. In wetland areas the forest 
canopy intercepts and processes almost all of the available 
energy, so the wet soil or moss-covered surface plays only a 
minor role in the surface energy balance. Interception and 
partitioning of most of the radiation flux by the forest canopy 
thus delays the warming and thawing of the underlying soil, so 
the bulk of net radiation is shunted into sensible heat flux. 
Airborne flux measurements in BOREAS have also shown 

how the thermal inertia of the lakes greatly reduces their con- 
tribution to the surface heat fluxes. All these effects combine 

to make the boreal forest, which includes large proportions of 
lakes, wetlands, and fens, a surprisingly strong source of sen- 
sible heat and a weak source of latent heat, compared with 
temperate grassland sites [Sellers and Hall, 1992] and tropical 
forests [Shuttleworth et al., 1984a, b]. This situation often re- 
sults in the generation of a very dry warm lower troposphere 
with a deep and turbulent atmospheric boundary layer over the 
forest during the growing season, more typical of a lower- 
latitude arid zone than would be expected for a high-latitude 
biome supplied with plentiful water. These phenomena were 
directly apparent to flux aircraft crews in BOREAS 1994 who, 
in making the transit from the agricultural region near Prince 
Albert northward into the forest, often encountered greatly 
increased turbulence, deeper boundary layers (sometimes up 

to 3000 m), and reduced cloudiness. In the European NWP 
model, the systematic overestimation of the latent heat flux 
over the boreal forest resulted in overprediction of precipita- 
tion and cloudiness within the region during the BOREAS 
1994 growing season [Sellers et al., 1995b]. Again, BOREAS 
results have had an immediate impact on NWP modeling, and 
it is expected that the BOREAS data will be extensively used 
to improve land surface parameterizations in climate models in 
the near future [Sellerx et al., 1997]. 

The flux aircraft provided a mesoscale picture of the surface- 
atmosphere fluxes which complements that provided by the 
tower flux measurements. In general, aircraft-to-aircraft and 
aircraft-to-tower comparisons were very encouraging and re- 
inforce the perception that the region gives off much less latent 
heat than previously thought. As in other field experiments, the 
flux aircraft seem to systematically underestimate the surface 
fluxes, most likely because of problems with capturing very 
long wavelength turbulent structures; see De,sjardim • e! al. [this 
issue] and papers cited by Selle•:¾ and tIall [1992]. Aircraft- 
measured CO: and water vapor fluxes were found to be closely 
related to spectral vegetation indices [Ogtmjemiyo et al., this 
issue], which concurs with previous findings for grasslands 
[Cihlar et al., 1992] and with theory [Selle•:• e! al., 1992b]. This 
latest result for boreal forest holds considerable promise for 
future modeling work. Lakes were seen to act as important 
players in the regional energy balance, and more attention 
needs to be paid to their role in the regional climate. It seems 
that the lakes act as large stores for heat and give off little 
sensible heat flux during the growing season. They may also be 
associated with generating mesoscale circulations during peri- 
ods of weak synoptic flow. 

A number of BOREAS investigations deal with the prob- 
lems of modeling snow interception and snowmelt in the for- 
est; the results of these will doubtless improve the realism of 
winter-spring transitions as modeled in AGCMs. Also, satcl- 
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Figure 18. Schematic summarizing gains in the carbon cycle science area due to BOREAS; see section 7.2. 

lite-borne radar has been shown to provide useful information 
about these transitions which are important for both climate 
and carbon models. Correct representation of soil moisture 
and surface hydrological processes in AGCMs and regional 
hydrological models is obviously crucial, and it has been ob- 
served that small variations in the hydrology of this biome can 
have significant effects on the carbon and trace gas budgets. 
The BOREAS hydrological studies were well integrated with 
tower flux measurements and have been used as an indepen- 
dent check on the growing season latent heat fluxes as well as 
furthering our understanding of soil moisture controls on 
evapotranspiration. 

The radiation budget of the forest can be estimated with 
good accuracy from satellite observations processed by algo- 
rithms which were refined using BOREAS data. However, the 
in situ measurement of net radiation fluxes over the forest was 

shown to be more difficult than first thought; the radiometer 
intercomparison effort of Hodges and Smith [this issue] showed 
that a commonly used instrument systematically underesti- 
mates the net radiation flux as its transparent dome cover 
deteriorates over time (see also Smith et al. [1992]). Surface 
measurements have shown that smoke and associated aerosols 

are important factors in reducing the incident solar flux during 
the growing season. The large-scale vegetation classification 
products generated from satellite data will also be essential to 
correctly define the contributions of different surface types to 
the regional fluxes of heat, water, momentum, as well as car- 
bon, discussed below. The BOREAS albedo data have already 

been used to partially validate global data sets generated for 
global models [Meeson et al., 1995; Sellers et al., 1996b]. 

7.2. Carbon and Biogeochemistry 

The BOREAS field program has provided us with a com- 
prehensive data set covering almost all components of the 
plant and soil physiological controls related to the energy, 
water, and carbon cycles in the region (Figure 18). BOREAS 
results have already shed considerable light on some aspects of 
the missing global carbon problem. Could the boreal ecosys- 
tem with its low productivities be sequestering a significant 
portion of the 1-3 Gt C yr-• which is unaccounted for in the 
annual global carbon budget? 

The deciduous and coniferous forests of the boreal ecosys- 
tem occupy 12-20 million km 2, depending on the data sources 
used [see Whittaker, 1975; DeFries and Townshend, 1994; Sellers 
et al., 1996b]. Depending on which estimate of the boreal forest 
area we use, the global boreal forest need only sequester be- 
tween 50 and 80 g C m -2 yr-1 to explain a 1 Gt C yr- • global 
sink, and this does not include carbon uptake by high northern 
latitude tundra, which has been implicated as a carbon sink by 
Myneni et al. [1997]. 

What do the BOREAS plot-level carbon flux measurements 
of canopy and soils indicate with respect to these flux magni- 
tudes? Measured annual NEE values at the BOREAS tower 

sites range from 130 g C m -2 yr -• (a moderate sink) in the 
southern old aspen (SSA-OA) site [Black et al., 1996] to a weak 
carbon source of 50 g C m -2 yr-1 at the northern old black 
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spruce (NSA-OBS) site for 1996 [Goulden et al., this issue]. A 
number of chamber measurements [Trumbore and Harden, this 
issue] show that the boreal wetland peats have accumulated up 
to 50 g C m -2 yr- • over the last century. Model simulations for 
conifer wetlands for the years 1968 to 1989 yield a calculated 
variation in carbon flux from a loss (source) of 50 g C m -2 yr- • 
to a gain (sink) of -140 g C m-2yr -• [Frolking et al., 1996]. His 
1994 model value of -51 g C m-2yr -• for the NSA-OBS site 
agrees well with the measured value of Goulden et al. [this 
issue]. 

Thus although the boreal forest is characterized by low 
aboveground productivity of between 50 and 100 g C m -2 yr- • 
[e.g., Gower et al., this issue], equal or greater annual rates of 
fine root production combined with long carbon turnover rates 
of 500 years [Trumbore and Harden, this issue] in the cold 
anaerobic soils of the boreal forest wetlands appear to be 
sufficient to explain a significant sink of global carbon when 
extrapolated over the large area occupied by the circumpolar 
boreal ecosystem. 

It should be emphasized that at this early stage in the anal- 
ysis, inferences of boreal carbon flux at the global scale from 
the BOREAS sites can only serve to show that we cannot rule 
out the boreal ecosystem as an important global carbon sink. 
Clearly, the dynamics and strength of carbon sequestration 
differ by land cover type, climate, soils, topography, and many 
other factors that are more aptly captured using satellite ex- 
trapolations combined with ecosystem process models. For 
example, small chamber measurements highlighted the large 
spatial variability in soil and moss carbon effluxes which appear 
to be highly dependent on soil moisture content and litter 
quality. Beaver ponds were observed to be very strong sources 
of CO2. The observed lags between carbon uptake by photo- 
synthesis, which is confined to the short growing season, and 
carbon loss by respiration, which continues throughout most of 
the year, emphasize the need to correctly model the different 
controls on carbon sinks and sources in large scale models. 
Cihlar et al. [this issue] used satellite data analyses to show that 
fires burned over 3% of the BOREAS region during 1994. 
Steyaert et al. [this issue] show that nearly one third of the 
BOREAS study area has been burned within the last 25 years. 
Carbon contributions from fire disturbance must be factored 

into global estimates. A more reliable estimate of the magni- 
tude of the global sink will be made after scaling studies in the 
BOREAS follow-on program has been completed. 

By partially elucidating the mechanisms underlying atmo- 
sphere-biosphere carbon exchange, BOREAS tower flux and 
chamber measurements are also leading to a better under- 
standing of the magnitude, trends, and interannual variation in 
global carbon flux. For example, measurements and modeling 
have shown that interannual variation in the timing of snow- 
melt is a major factor in determining annual carbon uptake 
rate. BOREAS measurements have shown that carbon uptake 
does not begin until the snow melts and the root zone thaws. 
Other measurements show that carbon respiration loss is not 
appreciable below about 17øC; thus immediately after snow- 
melt and soil thaw, cool air temperatures are conducive to 
rapid carbon uptake. However, as the soil warms up and air 
temperatures rise above 17øC, soil respiration is enhanced and 
the net ecosystem carbon loss increases rapidly. These obser- 
vations are supported by BOREAS modeling studies which 
indicate that years with early springs and cool, wet summers 
are associated with stronger annual carbon uptake rates [Frol- 
king et al., 1996]. 

The trace gas studies in BOREAS showed that drier sites 
(aspen, jack pine) with fast nitrogen cycling in the soils could 
act as strong sinks for CH4, while many of the wetter sites were 
strong sources, particularly the beaver ponds and fens. Some 
intermediate sites switched from source to sink status based on 

variations in the water table. Surprisingly, chamber measure- 
ments made at fen sites were found to scale up well to match 
eddy correlation measurements of CH 4. CO fluxes from a 
range of fire sites were measured, but more work needs to be 
done before an estimate of regional CO fluxes can be made. 

The meteorological trends for 1961-1990 analyzed by Chap- 
man and Walsh [1993] show that air temperature increases are 
most rapid over high-latitude continental interiors, with docu- 
mented temperature trends as high as 1.25øC per decade. 
These observed trends are also consistent with AGCM simu- 

lations showing high-latitude seasonal air temperature in- 
creases with increasing atmospheric CO2 concentrations and 
inferences about the extension of the boreal growing season by 
about six days over the last 15 years (see also Keeling et al. 
[1996] and Myneni et al. [1997]). If the increased winter and 
spring temperatures are coupled with relatively cool summers, 
as it would appear, global warming could initially lead to in- 
creased productivity, hence increased carbon sequestration at 
these latitudes. However, BOREAS soil carbon flux data show 
that longer warmer growing seasons could also lead to more 
rapid loss of older deeper soil carbon stores which would 
partially offset gains from productivity increase. 

The biometric studies showed that the aboveground net pri- 
mary productivity (ANPP) of the boreal forest is relatively 
small and the aboveground carbon stocks are low compared 
with temperate and tropical ecosystems. However, large 
amounts of carbon are stored in wetlands, and these stores are 
sensitive to climate change. With regard to the annual carbon 
balance, we are presented with a picture of an ecosystem op- 
erating very close to the margins of carbon profit and loss, with 
growing season length and summertime temperatures perhaps 
being the deciding factors. Sequestration of carbon by any 
ecosystem is a nonequilibrium process. In the longer term, 
changes in fire frequency, climate regime and vegetation suc- 
cession patterns, and warming and drying of boreal soils with 
associated increases in respiration could greatly alter or even 
reverse the "boreal carbon sink" scenario described above. 

Follow-on analyses of ecological data collected during 
BOREAS will provide valuable insight into the mechanisms 
driving future changes. 

7.3. Ecology 

The future course of carbon dynamics in the boreal zone is 
thought to depend on variations in the physical climate in the 
near term and on ecological responses in the midterm and long 
term. Will warming drive the boreal ecosystem to a higher 
productivity state, populated by plant communities that can 
sequester higher levels of carbon than the present boreal com- 
munities, or will a new low-productivity equilibrium be 
achieved limited by the paucity of the boreal soils? Paleocli- 
mate studies reveal that this ecosystem migrated to much more 
southerly latitudes during the last glaciation, then retreated to 
its present northerly position as the ice receded. Will the an- 
ticipated rapid warming induce ecological instabilities, result- 
ing in rapid carbon loss from the great reserves of carbon in the 
largely anaerobic conifer wetlands before other plant forms 
can either fix the carbon in their living biomass or act as agents 
in stabilizing the soil? To understand these longer-term dy- 
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Figure 19. Schematic summarizing gains in ecology and remote sensing science due to BOREAS; see 
sections 7.3 and 7.4. 

namics, a number of questions must be addressed. Where is 
the carbon being scquestered: in the canopy, litter or below 
ground by fine root turnover? What is the relative importance 
of the various boreal land cover types in this process? How will 
the source/sink strength depend on climate, particularly grow- 
ing season length, and will respiration begin to dominate over 
photosynthesis in response to global warming; rendering the 
ecosystem a net source rather than a net sink of carbon'? 
Would increasing fire frequency lead to increased or decreased 
carbon sink strengths overall? Data collected during BOREAS 
will be used to address these questions. 

Th e ecophysiological studies in BOREAS clarified many of 
the links between vegetation type and state and the carbon, 
energy and water budgets of the region, while biometric and 
remote sensing studies have laid the groundwork for carrying 
out regional surveys of ecosystem state using remote sensing 
data (Figure 19). The ecophysiological work has been covered 
already, so this discussion is limited to a review of progress 
made in understanding ecological processes on relatively long 
timescales and over large spatial scales. 

The leaf-scale and canopy-scale measurements conducted in 
BOREAS present us with a consistent picture of an ecosystem 
operating at a relatively low level: the deciduous canopies were 
Observed to have much lower photosynthetic capacities than 
their temperate counterparts, and the coniferous species were 
observed tO have even lower capacities, about half those of the 
deciduous sl•ecies. Clearly, large-scale replacement of the co- 
nifers by deciduous species, which is likely to occur in a warm- 

ing and drying climate, could have an enormous effect on the 
carbon and water budgets of the region. This speculation is 
supported by the tower flux and flux aircraft measurements 
carried out at larger spatial scales, both of which reconfirmed 
the tight links between evapotranspiration and photosynthesis 
during the growing season. The flux aircraft observations 
showed that mesoscale patterns of photosynthetic carbon up- 
take were closely related to spectral vegetation index informa- 
tion, which can also be used to estimate large-scale canopy 
conductances. The highest transpiration and carbon uptake 
rates were observed over the deciduous stands near the south- 

ern edge of the biome, which were also characterized by the 
highest spectral vegetation index values. The tower flux mea- 
surements showed a wide variation in carbon fluxes among the 
different cover types studied in BOREAS, but most of them 
seemed to be weak sinks on an annual basis. Given that up to 
3% of the boreal forest is consumed by natural fire each year, 
it is entirely reasonable for an equilibrium boreal carbon bud- 
get to consist of weak sinks covering most of the region coun- 
tered by catastrophic fire events within relatively small areas, 
their recovering to a stronger sink as new growth develops. It 
should also be borne in mind that in a warming and drying 
climate, fire frequency would change along with physiological 
and species changes. 

7.4. Remote Sensing Science 

Remote sensing research and development during 
BOREAS produced results that are key to investigating the 
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Figure 20. Schematic showing how different elements of 
BOREAS science could combine to improve the performance 
and realism of global change models; see section 7.5. The 
results of the BOREAS process studies have led to better land 
surface parameterizations for AGCMs and also improved car- 
bon cycle submodels; see two boxes in top left of the figure. 
The remote sensing science and ecological research will lead to 
better classification schemes and more accurate specification 
of biophysical parameters over the entire boreal zone; see two 
boxes in top right of figure. The combination of improved 
models, global parameter fields, and large-scale validation data 
sets will result in greatly enhanced simulations of physical 
climate system fields (temperature, precipitation, etc.) and car- 
bon cycle flows for the biome. These spatially resolved fields 
can be area integrated and compared to zonal-scale inferences 
about the boreal carbon cycle provided by atmospheric isotopic 
analyses and CO2 tracer models; see bottom half of figure. In 
this way we hope to bridge the gap that currently exists be- 
tween our understanding of small-scale physiological processes 
and global-scale inferences about the carbon cycle. 

role of the boreal ecosystem in global change (Figure 19). 
Considerable progress was made casting remote sensing algo- 
rithms into a more physically based framework [e.g., Hall et al., 
this issue], progress that should ultimately result in more ro- 
bust global classification and biophysical parameter mapping 
techniques. The improved radiative transfer models developed 
during BOREAS should also provide more reliable compo- 
nents in numerical snowmelt models, a key to forecasting the 
effects of climate warming on the timing of snowmelt, which 
we saw was crucial to determining interannual variation and 
longer-term trends in carbon sequestration. In addition, Way et 
al. [this issue] demonstrated that radar can be used to monitor 

soil and bole thaw, also critical in initiating photosynthesis in 
the models. Remote sensing also showed that the role of fire in 
the boreal ecosystem is even more important than was known 
previously. Steyaert et al. [this issue] used AVHRR visible and 
near-infrared data to show that about one third of the study 
region has undergone fire over the last 25 years, a much larger 
proportion than previously believed; Cihlar et al. [this issue], 
using AVHRR data showed that 3% of the ecosystem burned 
during 1994 alone. Importantly, both of these efforts showed 
that AVHRR data can be used to reliably map the major land 
cover types, making it possible for a careful assessment of the 
global boreal biome. Myneni et al. [1997] showed how the 
15-year AVHRR record can be used to monitor the response 
of the biome to climate warming. Finally, remote sensing was 
used during BOREAS to develop seasonally varying, regional- 
scale parameter maps for all the major driving variables gov- 
erning carbon/water and energy processes (Figure 16). These 
maps should prove to be invaluable in scaling models and 
hypotheses from the plot level to the region. 

7.5. Future Research Directions 

Over the next few years, BOREAS data sets will be used to 
improve many of the critical process submodels needed for 
land-atmosphere models and carbon balance calculations. In 
particular, the BOREAS follow-on program will encompass 
efforts to improve radiative transfer models, leaf- and canopy- 
scale photosynthesis-conductance models, canopy, root and 
soil respiration models, soil moisture and surface hydrological 
schemes, and surface-atmosphere turbulent transfer models. 
The integrated nature of the BOREAS data sets will permit 
rigorous testing of the performance of these process models, 
together and in isolation from each other, over the diurnal and 
seasonal cycles (Figure 20). 

With respect to weather and climate models, a critical short- 
term task is to apply the BOREAS data set to further improve 
numerical weather forecasting by improving land surface- 
atmosphere transfer codes. Tests of coupled photosynthesis- 
conductance models against BOREAS data have indicated 
that these schemes are robust and will lead to improved surface 
evapotranspiration estimates for the AGCMs. Incorporation 
of better albedo values has already improved the performance 
of a leading operational forecast model; further performance 
improvements are expected when satellite-based estimates of 
albedo are incorporated, permitting these models to respond 
seasonally to the effects of snow and vegetation phenology. 
BOREAS provided new data on the effects of smoke and 
associated atmospheric aerosols on the surface radiation bal- 
ance. These effects were more widespread and severe over the 
biome than was previously thought (see also Sellers et al. 
[1995b]). GCM radiation codes may need to include this effect. 
A final area of improvement in weather and climate forecast- 
ing should result from incorporating improved parameteriza- 
tions of boundary layer dynamics utilizing BOREAS radio- 
sonde and aircraft measurements. 

In carbon models the long-term trends and interannual vari- 
ability in carbon dynamics for the biome appear to be driven 
primarily by the timing of snowmelt and the summer air tem- 
peratures. Incorporation of improved snowmelt models into 
regional and global carbon balance models should help us to 
understand these dynamics and thus better simulate the annual 
atmospheric CO2 signal. In terms of growing season carbon 
fluxes the photosynthesis models seem to be realistic, but it is 
essential to improve the respiration models not only for the 
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aboveground components but also for the roots, litter, and 
soils. Finally, the effects of fire and disturbance are important 
to understand. Scaling studies involving point models and re- 
mote sensing will be key to gaging the effects of disturbance at 
the regional scale. 

BOREAS has catalyzed several advances in remote sensing 
algorithm development which now enable us to monitor boreal 
vegetation by type and state and to track changes that may be 
due to fire, direct human activity, or climate change. Algorithm 
developments due to FIFE and BOREAS have already led to 
the production of AVHRR-derived global vegetation maps for 
the years 1987 and 1988 [see Meeson et al., 1995; Sellers et al., 
1996a, b, 1997; Randall et al., 1996]. These pilot products will 
be expanded to cover the 15-year AVHRR record and will 
allow us to develop time series fields of land cover, biophysical 
parameters, phenology, and snow cover. All these can be com- 
pared with the physical climate record and to seasonal and 
interannual variations in atmospheric CO2 concentration. 
AVHRR data will also be used to monitor changes in the fire 
disturbance regime over the same period. The radiometric 
quality of the AVHRR data series will have to be enhanced to 
meet these tasks; this requires the development of techniques 
for improving long-term calibration and atmospheric correc- 
tion of the data. The MODIS/MISR and other sensors to be 

launched aboard the EOS-AM platform in mid-1998 should 
provide significant additional capability for monitoring land 
vegetation and should be merged with the A VHbtbt data 
stream to produce a seamless monitoring data set into the 21st 
century. Finally, the use of radar satellites such as ERS-1 and 
JERS-1 will be used to monitor the interannual variability in 
the freeze-thaw boundary in the boreal ecosystem, shown to be 
a key factor in the interannual variability of the carbon flux. To 
take advantage of the different attributes of optical and radar 
sensors, further remote sensing research and development is 
required; in particular, data fusion algorithms, which combine 
optical and microwave sensors as well as other data such as 
topographic data, could bc developed to provide richer infor- 
mation about the biomc. 

Enhancement of land-atmosphere process models and large- 
scale parameter quantification using satellite data would be 
considerable achievcmcnts for BOREAS. Success in these two 

areas is almost certain, based on the early results and work in 
progress. However, the real prize for BOREAS would be to 
incorporate the improved process models and remote sensing 
data sets within large-scale energy-water-carbon models to cal- 
culate surface-atmosphere fluxes of these quantities for the 
biome over the period of record of the earth-observing satel- 
lites, say from 1980 to the present day (see the bottom half of 
Figure 20). For this calculation the surface state should be 
constrained by satellite data, while the atmospheric conditions 
are specified from meteorological analyses or via direct cou- 
pling with an AGCM. Incorporating the role of fire in a carbon 
cycle model represents a real challenge, particularly when it 
comes to predicting changes in fire frequency, areal extent, and 
intensity as a result of climate change; the satellite and mete- 
orological data records of the last 25 years are essential re- 
sources for addressing this problem. Initially, it is very unlikely 
that these integrarive models will correctly simulate the value 
or even the sign of the net carbon flux for the biome, but they 
should be capable of reproducing interannual variations in the 
flux, superimposed on a relatively invariant bias. The time 
series of calculated interannual variations in the net carbon 

flux can then be compared with equivalent numbers inferred 

from global tracer and isotopic analyses to shed light on which 
processes are responsible for perturbations in the terrestrial 
carbon budget and where, geographically and biologically, they 
operate. In this way we hope that BOREAS will help us to 
bridge the huge gap that currently exists between global-scale 
inferences about the changing terrestrial carbon budget and 
our local-scale understanding of the controlling ecophysiologi- 
cal processes. When this is done, we can see our way toward 
constructing useful predictive models that can anticipate future 
interactions between the global physical climate system and the 
carbon cycle. 

Notation 

GPS 

HAPEX-Sahel 

ABL atmospheric boundary layer. 
AES Atmospheric Environment Services. 

AFM airborne fluxes and meteorology. 
AGCM atmospheric general circulation model. 
ANPP above-ground net primary productivity. 
APAR absorbed photosynthetic active radiation. 

AR entrainment parameter. 
ASAS advanced solid-state array 

spe ctror adiome te r. 
AVHRR advanced very high resolution 

radiometer. 

BAHC biospheric aspects of the hydrological 
cycle. 

BMD biomass density. 
BOREAS Boreal Ecosystem-Atmosphere Study. 

BORIS BOREAS Information System. 
BP beaver pond. 

BRDF bidirectional reflectance distribution 

function. 

CCRS Canada Centre for Remote Sensing. 
DAAC Data Analysis and Archiving Center. 

ECMWF European Center for Medium-Range 
Weather Forecasting. 

EOS AM-1 Earth Observation System-AM-1 
platform. 

ET evapotranspiration. 
FIFE First ISLSCP Field Experiment. 

FM frequency modulation. 
FPAR fraction of PAR absorbed by the canopy. 
GCM general circulation models. 

GCTE global change and terrestrial ecosystems. 
GEE gross ecosystem exchange. 

GOES Geostationary Operational 
Environmental Satellite. 

Global Positioning System. 
Hydrological Atmospheric Pilot 
Experiment-Sahel. 

HYD hydrology. 
1FC intensive field campaign. 

IGAC International Global Atmospheric 
Chemistry. 

IGBP International Geosphere Biosphere 
Program. 

ISLSCP International Satellite Land Surface 

Climatology Project. 
LA1 leaf area index. 

LSP land surface parameterizations. 
MISR multiangle imaging spectroradiometer. 
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MODIS moderate resolution imaging 
spectrometer. 

MVI multiband vegetation imager. 
NASA National Aeronautics and Space 

Administration. 

NCAR National Center for Atmospheric 
Research. 

NDVI normalized difference vegetation index. 
NEE net ecosystem exchange. 
NIR near infrared. 

NMHC nonmethane hydrocarbon. 
NOAA National Oceanographic and 

Atmospheric Administration. 
NSERC Natural Sciences and Engineering 

Research Council. 

NSA northern study area. 
NWP numerical weather prediction. 

OA old aspen. 
OBS old black spruce. 
OJP old jack pine. 

PAR photosynthetically active radiation. 
PARABOLA portable aparatus for rapid acquisition of 

bidirectional observations of land and 

atmosphere. 
POLDER Polarization and Directionality of Earth 

Reflectances. 

R n surface net radiation. 
RSS remote sensing science. 

RT radiative transfer. 

SART surface-atmosphere radiative transfer. 
SIR-C shuttle imaging radir. 

SSA southern study area. 
SWE snow water equivalent. 
TDR time domain reflectrometry. 

TE terrestrial ecology. 
TF tower flux. 

TGB trace gas biogeochemistry. 
TIROS-N multi-frequency radiometer. 

TM thematic mapper. 
TOVS multi-frequency vertical sounder. 

VHF very high frequency. 
WCRP-GEWEX World Climate Research Program- 

Global Energy and Water Cycle 
Experiment. 

YA young aspen. 
YJP young jack pine. 
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the U.S. Forest Service, and the Environmental Protection Agency. 
Participating Canadian agencies include the Canada Centre for Re- 
mote Sensing, Environment Canada, Natural Sciences and Engineer- 
ing Research Council, Agriculture and Agri-Food Canada, National 
Research Council, Heritage Canada (Parks), Canadian Forest Service, 
the Institute for Space and Terrestrial Science, and the Royal Society 
of Canada. The BOREAS project was overseen by program managers 
from the participating agencies who made up the BOREAS Coordi- 
nating Committee (BCC). The membership of the BCC is Micheal 
Allen, Richard Asselin, Carmen Charette, Michael Coughlan, Bruce 
Hicks, Hank Margolis, Gordon Miller, Jarvis Moyers, Leo Sayn- 
Wittgenstein, Mac Sinclair, Lowell Smith, Robert Stewart, John Stone, 
Jeffrey Watson, and Diane Wickland. BOREAS is an element of the 
International Satellite Land Surface Climatology Project (ISLSCP) 
which is part of the World Climate Research Program-Global Energy 
and Water Cycle Experiment (WCRP-GEWEX). BOREAS is also 
contributing to three International Geosphere Biosphere Program 
(IGBP) core projects; Biospheric Aspects of the Hydrological Cycle 
(BAHC), Global Change and Terrestrial Ecosystem (GCTE), and 
International Global Atmospheric Chemistry (IGAC). 
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