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5.1 Introduction

The terrestrial biosphere is an integral component of theexemplified by the Biosphere-Atmosphere Transfer
Earth Observing System (EOS) science objectives con{BATS) model of the Dickinson Interdisciplinary Science
cerning climate change, hydrologic cycle change, andinvestigation (IDS) team and the Simple Biosphere (SiB)
changes in terrestrial productivity. The fluxe3f, and model of the Sellers IDS team. These and other LSP mod-
other greenhouse gases from the land surface influencels require a suite of land-surface variables for operation
the global circulation models directly, and changes in landin the AGCMs, including land cover, leaf-area index
cover change the land surface biophysical properties of LAl), roughness length, and albedo. Some of these vari-
energy and mass exchange. Hydrologic cycle perturbaables change seasonally, so EOS sensors will be used to
tions result from terrestrially-induced climate changes, monitor the natural growing season variability of, for ex-
and more directly from changes in land cover acting onample, albedo and LAI. Interannual variability in
surface hydrologic balances. Finally, both climate and hy-climate—EI Nifio events for instance—feed back to cause
drology jointly control biospheric productivity, the source changes in timing and magnitude of change in these veg-
of food, fuel, and fiber for humankind. The role of the etation variables. At decadal time scales, changes in land
land system in each of these three topics is somewhat difeover caused by natural and human disturbances may also
ferent, so this chapter is organized into the subtopics ofnfluence aerodynamic roughness. Land-Climate models
Land-Climate, Land-Hydrology, and Land-Vegetation in- also require atmospheric data as described in Chapter 2
teractions (Figures 5.1, 5.2, and 5.3). for forcing and validation of their AGCM components.
The magnitude of spatial and temporal heteroge-These will be supplied by a number of EOS sensors and
neity of the global land system is
extreme. The range of a simple vari- - . .. 5.1
able like albedo can be 10-80% over

different land surfaces globally, or Science Questions EQS Data ECS Maodels
a single location can change over How wil & 001, chasge -

this same magnitude during an an- : ; DA iz

nual cycle. Likewise, land covers How uwlla LT crangs climat fort e Tty P
range from deserts to rainforests b e e " pi '
globally, yet an agricultural field can oo .I

change from bare soil to complete I
canopy coverage within two Tk
months. The EOS satellites will ac- Husw rey . it Exalare — s
curately quantify this spatial and B vaun
temporal variability of critical land- 1
surface attributes. The EOS ) o —r—
biospheric models will then ingest  sourcavieke? . :|

these land-surface parameters and
calculate important land-surface oL L5 AATER

processes such as fluxes of G@d prsars-siabal Ll "]__ _— 1 it
H,0, and primary productivity.

]
1T &1

A summary diagram of land-climate research in EOS.

5.1.1 Land-Climate

The Land-Climate interaction section deals with the fluxesthe Four-Dimensional Data Assimilation (4DDA) prod-
of energy and mass between the atmosphere and land su#cts (see Table 5.1, pg. 207).

faces. The central question here for EOS is “How will

changes in land-surface processes/properties interact with-1.2 Land-Hydrology

regional and global climate?” Specifically, this section The Land-Hydrology section addresses how changing cli-
discusses the scientific questions being addressed throughate and land-surface characteristics may combine to
the use of Land-Surface Parameterizations (LSPs) coupledhange precipitation patterns, surface-water partitioning
to atmospheric general circulation models (AGCMs), asand storage, and river flows. Hydrologically-controlled
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land-surface energy partitioning F'sure 5-2
directly feeds back to the climate
system. In addition, hydrologic
extremes such as droughts and
floods have severe human conse- —

quences. Terrestrial variables for T e e . 1 P
hydrologic modeling are similar e ooduidroughtey | 19RF D0 Rond ceer
to those required by climate mod- il pli gL R - I
els, but topography and spatial
details are more critical for defin- L A omTR Rtk chi P l

ing hydrologic routing. An ) - | I ,

Land - Hydrology Interaction

Seence Quesbons =025 Lala LS Modes

additional dimension of hydro- W ] wores

logic questions relates to water P e L 4 Eno

quality, the land processes that B . Furr!  —— .

change erosion, sedimentation, Tapography—e  H-Mark L ey B Snimal
1

and river biogeochemistry—all
important to human welfare. S Lie]

5.1.3 Land-vegetation AL b T i —‘ - WGk

The Land-vegetation section ad- e o :
dresses responses of terrestrial
vegetation at multiple time scales,
from daily to decadal. At the first A summary diagram of land-hydrology research in EOS.

time scale are questions of eco-

system gas-exchange activity. What is the current globaductivity will change with climate and land-use change.
terrestrial CQ balance? What is the distribution and con- Clearly there are important interactions between these veg-
tribution of different biomes to the global Gflux? Fluxes ~ etation questions and the hydrologic extreme event
and dynamics of other greenhouse gases are covered fiuestions on droughts and floods. If the mean climate
Chapter 4. At intermediate time scales are questions othanges, the geographic distribution of biomes and agri-
interannual climatically-induced variability of vegetation cultural crops will change. EOS satellites will provide
structure and canopy density. Longer-range questions areegular global monitoring of land cover, LAI, and vari-
related to how biome distribution is influenced by chang- ous spectral vegetation indices that will be used in
ing land cover and climate. Some of the most seriougbiospheric carbon balance models to answer these ques-
questions of human habitability relate to how the regionaltions.

distribution and magnitude of crop, range, and forest pro-

5.2 Major land-surface science issues

5.2.1 Land-climate science issues e How do changes in radiative forcing from terrestrial
In order to understand these effects we are particularly ~greenhouse gases influence climate, and how might
interested in the following issues related to how the cli- land-surface-atmosphere interactions be affected by

mate is influenced by the land surface. These issues are increasing atmospheric G®

developed further in Section 5.2.1.4.
e How do terrestrially-produced aerosols influence cli-

« To what extent do land-surface processes affect glo- mate?

bal, continental, and regional climate?
¢ How might changes in land-surface energy partition-

« Isthere a positive feedback between the loss or degra- ing potentially influence climate?
dation of vegetation and climate?



« How might climate-induced F'sure 5.3
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changes in seasonality of sur-
face temperature, snowpack,

vegetation phenology, etc.,
Soence Quesbons

Land - Vegetation Interaction

ECS Data

interact with the biosphere
and cause changes that feed
back to the climate?

¢ How do land-surfaces charac-
teristics influence the likeli-
hood and severity of extreme o I3y
weather events? o

Based on the answers to
these questions, we would then
like to know:

¢ How might changes in global pp———
climate be manifested in terms e
of regional climates?

EQS Models

L
J_ .

¢ How might changes in re-
gional climates affect
agriculture and water re-
sources?

* How might short-term weather forecasting be im-
proved?

In addressing these issues, we recognize that
changes in the Earth’s climate are a natural part of its
evolution; climate changes have occurred in the past and
will inevitably be part of its future. However, successful
predictions of such changes will enable humans to mod-
erate the influence of climate variations on their well-being
and on the well-being of the ecosystems in which they
live.

A promising approach to understanding and pre-
dicting climate is the use of numerical models of
atmospheric circulation. The current generation of
AGCMs that are being used to study climate contain rep-
resentations of land and ocean surface interactions with
the atmosphere. With improved models and parameter es-
timates it will be possible to reduce the uncertainty
surrounding the important scientific questions regarding
the role of land-surface processes and climate change.

Ficure 5.4

A summary diagram of land-vegetation research in EOS.

Schematic diagram depicting most of the processes mod-

eled in SiB 2.

5.2.1.1 The development of land-surface models (LSMs§Charney 1977), soil moisture (Shukla and Mintz 1982),
Evidence that land-surface processes affect climate come®ughness (Sud et al. 1988), and land-cover change (Nobre
largely from AGCM sensitivity studies, which have shown et al. 1991). Such evidence and the increasing sophistica-
that a number of land-surface characteristics influence théion of atmospheric models have stimulated the
continental and global climate; these include albedodevelopment of a new generation of LSMs for implemen-
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tation within AGCMs (Dickinson 1984; Sellers et al. 1986; F'sure 5-5

Xue et al. 1991; Thompson and Pollard 1995). These mod E

els generally contain formulations that model surface Clouds
radiation fluxes, turbulent heat and mass fluxes, liquid
water fluxes, and the control of water vapor and fiQes

by vegetation. An example of the structure and processe
represented in a typical “state-of-the-art” LSM is illus-

Aerosols Radiation / m
‘ Atmospheric Boundary Layer

[2)

Fluxes

trated in Figure 5.4 (pg. 203). C RuIERCO,
Because of factors related to the nature of atmo- v

spheric circulation as well as numerical constraints, W

coupled LSM-AGCMs are currently operated at short time LT

scales (< hour) and large spatial scales (> 10,0(). km iy

Although long-time-scale, small-spatial-scale processes
associated with ecosystem function and biogeochemistry
are recognized as important in understanding and predic : :

ing climate, their implementation awails the next /3 e e Suna el essuerens e o
generation of LSMs. Meanwhile, accurate representationgion and testing of land-surface models. Note that the morning

of short-time-scale, surface-atmosphere interactions arequatorial overpass willimprove measurements of surface conditions

crucial for improving climate predictions and for the de- by avoiding interference from afternoon convective clouds.

velopment of integrated Earth system models in which

LSMs will be the interface between long-time-scale hy- ticular, winds, temperature, and humidity, which are
drological, ecological, and geological processes, and théargely determined from parameters related to the land
short-time-scale atmospheric circulation. For example, re-surface (soil moisture and temperature) and the overly-
sponses of ecosystem structure and function to climaténg atmosphere.

o
w
o

9 12 16 18 21 24
Local Solar Time (hours)

and land-use change might be expressed in LSMs through Improved quantification of these exchanges de-
changes in model parameters (LAI, land-cover type, andpends on progress being made in the areas of data assimi-
surface roughness). lation, model parameterization, and model validation. Cur-

While much progress has been made toward real+ent procedures for 4DDA do not make use of observations
istic and accurate formulation of LSMs, there is plenty of of precipitation and surface radiation, nor do they use ob-
room for improvement. A recent LSM intercomparison servations of near-surface meteorological fields. These
study showed large discrepancies between the predictionfields are constructed internally by the models, and can
made by the various models (Pitman et al. 1993), and itise seriously in error. One recent exception is the use by
not clear which formulations are better. Consensus on hovihe European Centre for Medium-Range Weather Fore-
LSMs should be formulated and parameterized awaitscasts (ECMWF) of near-surface humidity observations
further testing using local and regional observations.  to nudge soil moisture to improve the match between

modeled and observed humidities (Viterbo and Beljaars
5.2.1.2 Quantifying atmospheric forcings and states  1995). Further improvements in data assimilation should
Land-surface processes are, in large part, controlled byot be long coming; the World Climate Research Pro-
water and energy exchanges with the atmosphere. Fogram (WCRP) Surface Radiation Budget (SRB) project
many studies these exchanges can be measured, but fbas demonstrated how satellite data can be used to pro-
comprehensive models used to study and predict changeside surface solar radiation, and rapid advances are being
they must be determined as part of the model. Perhapmade in developing comprehensive observations of pre-
the most important of these exchanges are the temporalipitation from combinations of surface and satellite ob-
and spatial fields of precipitation and surface radiationservations. EOS cloud, radiation, humidity, and tempera-
(Figure 5.5). Unfortunately, these exchanges are alsdure profiles products (see Chapter 2) will provide data
poorly represented in current models as indicated by comneeded to validate atmospheric components of climate
parisons between observations and model predictions. Famodels as well as that needed for initialization/assimila-
example, radiation is in large part controlled by clouds, tion.
which remain a weak element of climate models, and pre-
cipitation depends substantially on processes at smalle.2.1.3 The role of remote sensing
spatial scales than those resolved by the models. Also imLSM development is constrained to a large extent by the
portant are the near-surface meteorological fields; in par-availability of data required to initialize, parameterize,
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Fisure 5.6 land-surface climate system by supplying data that only
AR Dot 727 satellites can provide.
i ferosols e apor
Analysis of catieaton |~ BR0F 5.2.1.41 How will the land surfaces’ biophysical controls on the
Tempmy\mﬁ Radiomesy \/?EZS’EZ’M carbon, energy, and water cycles respond to, and feed
Atmosphere Dependen) )
back on, climate?

., FPAR There is mounting evidence for the important role of
land-atmosphere interaction in determining regional, con-
tinental, and global climate. Progress towards accurately

" forecasting climate from seasons to decades to centuries
will depend in part on improving the representation of
praasyhetc Copasy land surfaces in climate models. The fluxes of energy,
mass, and momentum from land surfaces adjust to and
3'::;;“55 Lengih alter the state of the atmosphere in contact with land, al-
lowing the potential for feedback at several time and
Vegetation algorithm diagram representing an approach to specify spatial scales. Earlier climate sensitivity simulations in
vegetation type and characteristics using currently-available satel- which land-surface properties (SUCh as albedo [Chamey

lite data. Satellite-derived surface attributes are used to parameterize
land-surface models used in global climate simulations.

etal. 1977], soil moisture [Shukla and Mintz 1982], rough-
ness [Sud et al. 1988]) were changed for the entire Earth
showed significant climate alterations. More recently,
and test the models. The most promising approach to obBonan et al. (1992), Nobre et al. (1991), and others have
taining these data is the development of algorithms toshown that continental-scale modifications representing
predict the state of the land surface and the atmosphergramatic change in vegetation type cause significant
from remote-sensing platforms. Intensive, multi-scale changes in simulated continental-scale climate. Avissar
field studies such as the First International Satellite Land(1995) reviews examples of model and observational evi-
Surface Climatology Project (ISLSCP) Field Experiment dence showing that regional-scale precipitation patterns
(FIFE), the Hydrological-Atmospheric Pilot Experiment are affected by land-surface features such as discontinui-
(HAPEX), and the Boreal Ecosystems Atmosphere Studties in vegetation type. In some cases positive feedback
(BOREAS) are examples of such efforts. Satellite obser-has been observed between large-scale precipitation pat-
vations are the most practical means of supplying LSMsterns and land surface, resulting in the extension of drought
with parameters and validation data (see Figure 5.6) abr wet periods (Entekhabi 1995). Another example of
continental and global scales. EOS instruments will playland-surface atmosphere interaction is the measurable
an important role in this effort by providing high-quality seasonal cycle in trace gases composition of the atmo-
remote-sensing data to complement ground-based obsegphere over the Northern Hemisphere that results from
vations during the EOS era. Many instrument and IDSthe seasonality in the physiological activity of the bio-
teams plan to play major roles in the development andsphere, which in turn is controlled by climate (Keeling
maintenance of several long-term validation/calibration and Heiman 1986).
sites. Because of this high degree of interaction between
land-surface processes and climate, a useful way to study
5.2.1.4 AGCM research specifically related to EOS  and predict the outcome of feedback is to use an LSM
The first science question addressed below—that of howcoupled to an AGCM. Several biophysical LSMs have
land surfaces interact with climate—is related to the oth-been developed and implemented in AGCMs (Dickinson
ers that follow. Better understanding of land-atmospherel984; Sellers et al. 1986; Bonan 1995; Sellers et al. 1996)
feedbacks will provide answers to questions regarding thdor studying surface-climate interactions. LSMs are nec-
climatic implications of land-use change, of atmosphericessarily simplistic because of: 1) limited knowledge of
composition, and of land-surface heterogeneity. Work onhow relevant processes work, 2) computational con-
these and other related questions will in turn further ourstraints, and 3) lack of continuous temporal and spatial
understanding of land-atmosphere feedbacks. Improveinformation required to characterize the state of the
ments in land-surface-atmosphere models will produceland-surface-atmosphere system. All three limitations are
practical benefits such as better predictions of weatherthe focus of current research activity.
climate, and biospheric productivity. The EOS program LSMs have improved in large part due to the in-
was designed to fill critical gaps in our knowledge in the creasing availability of observations necessary for
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development and testing. Several intensive regional-scal¢he Multiangle Image Scanning Radiometer [MISR]) to
field campaigns have been launched over the last 10 yearspecify vegetation class, structure, and composition in
such as FIFE, HAPEX-Sahel, and BOREAS that weretheir LSM. The Lau IDS Team is developing continental-
designed to develop and test LSM and remote-sensingcale models that they hope to force and validate using
models. During these campaigns, teams of scientists obMODIS products (land-surface characteristics, clouds, and
serve the state of various components responsible for theurface temperatures) and Multi-frequency Imaging Mi-
energy and C®fluxes from the surface. Models devel- crowave Radiometer (MIMR)/Advanced Microwave
oped and tested using remote sensing from aircraft anécanning Radiometer (AMSR) products (atmospheric wa-
satellites provide a way to extend the insights gained taer, soil water, and precipitation). The Barron IDS Team
similar ecosystems elsewhere. is likewise using current satellite data (from AVHRR and

The limited number and scale (time and space) ofLandsat) to model atmosphere/hydrology interactions on
these observational campaigns present a problem for paa regional scale and plans to ultimately use EOS prod-
rameterizing and validating global climate models. ucts. Besides providing important model parameters EOS
Long-term measurements of canopy fluxes of energy andnstruments will also measure the state of the atmosphere
carbon such as those pioneered by Wofsy et al. (1993ftemperature, humidity, clouds, radiation, and wind speed)
help to bridge the gap between the time scales of atmofTable 5.1 and Figure 5.5). These data in conjunction with
spheric turbulence and climate. Two spatial-scale issueshe 4-D data assimilation products that are to be produced
are more difficult to resolve: the differences in spatial scaleby the Goddard Data Assimilation Office (DAO) will be
between the sampling footprint of an eddy flux tower (m used to provide atmospheric modelers including all IDS
to km) and the typical AGCM grid cell (100s of km) and, teams involved with land-atmosphere interactions (Lau,
related to this, the small number of measuring sites relaBarron, Hansen, Dickinson, Sellers) with data to initial-
tive to total global land surface. Satellite observations areize and test their models. Simultaneous and continuous
the most plausible way of providing continuous global global measurements of climate-state variables from EOS
measurements of the state of the land surface and atmatellites will provide unprecedented opportunities for
sphere (Running et al. 1994; Sellers et al. 1995; Nemanevaluating the performance of climate models (Sellers et
and Running 1995). al. 1995; Nemani and Running 1995).

EOS contributionin the pre-EOS era, satellite data
largely from the National Oceanic and Atmospheric Ad- 5.2.1.4.2 Effects of land-cover change on climate
ministration (NOAA) weather satellites are used to provide Both natural (floods, fires, volcanoes, solar output, etc.)
global estimates of land-surface conditions for use inand human (deforestation, overgrazing, and pollution) in-
land-climate models (Figure 5.6). Specifically the visible, fluence are known to cause massive changes in the
near-infrared, and thermal channels on the Advanced Veryegetation cover. Imhoff (1994) estimated that 15% of
High Resolution Radiometer (AVHRR) instrument are the global forests have been converted to agriculture. Dras-
being processed into global fields of model parameterstic changes in land-surface properties, such as occur due
and are surrogates for much-improved EOS products tao deforestation or desertification, are likely to have cli-
come. The Moderate-Resolution Imaging Spectroradiom-matic consequences. Satellites are currently providing
eter (MODIS) instrument, for instance, has greater spectrabetter estimates of land-surface change than can be ob-
resolution, greater number of spectral bands, higher spatained by any other method. For instance, Skole and
tial resolution, better viewing time, better calibration, and Tucker (1993) using Landsat data were able to improve
will make coincident measurements with other instru- estimates of deforestation and forest fragmentation in the
ments on a common platform—characteristics that makeAmazon Basin. When these estimates were used to pa-
it far superior for parameterizing LSMs than existing sat- rameterize an LSM-general circulation model (GCM),
ellite instruments. significant decreases in simulated precipitation over the

The Sellers IDS Team (Sellers et al. 1996) has pro-region occurred (Walker et al. 1995). Extensive distur-
cessed AVHRR data into seasonally-varying land-surfacebance of vegetation cover will change the way the land
characteristics needed by LSMs, such as fraction of incisurface interacts with the atmosphere. For example,
dent radiation absorbed by vegetation (FPAR), LAI, and Bougeault et al. (1991) were able to model, and confirm
surface aerodynamic roughness. They have initially re-with observations, the influence of forest-crop boundary
leased two years (1987 and 1988) of this data to the Eartbn cloud and precipitation patterns. Discontinuities in
scientific community (Figure 5.6). The Dickinson IDS landscape patterns, as occur when forests are cleared, can
Team is also using existing remote-sensing data in anticiaffect when clouds form and the amount and distribution
pation of the improved EOS instruments (MODIS and of rainfall (Avissar and Chen 1993). Nemani and Run-



ning (1995) have published the first consistent satellite-forest caused the boreal climate to be warmer all year
derived estimate of global land-cover change (Figure 5.7 round compared to the case in which the forests were con-
verted to tundra. The altered climate simulated by these
Modeling studies have been performed for land- deforestation experiments is large enough to feed back
cover changes at continental scales using GCMs. Notablen the land and alter the recovery response. The ability to
examples include several Amazon deforestation simulasimulate vegetation responses in a fully-coupled way with
tions which showed the deterioration of the regional cli- a GCM is yet to be achieved. Initial work has shown that
mate caused by deforestation (Nobre et al. 1991 feedbacks between climate and vegetation result in dif-
Dickinson and Kennedy 1992; and Henderson-Sellers eferent vegetation and climate distributions from those pre-
al. 1993). Bonan et al. (1992) used an LSM-GCM to ex-dicted without considering feedback (Henderson-Sellers

pg. 208).
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amine the impact of the boreal forests on climate. Theyand McGuffie 1995).
found that the lower albedo caused by the presence of the

TABLE 5.1

INSTRUMENT ProbucTs Uses
ASTER Land-surface temperature, snow, cover, cloud forcing
characteristics, albedo parameterization
Visible and near-IR bands, elevation, albedo validation
CERES Albedo, radiation fluxes, precipitable water,
cloud forcing characteristics, surface temperature, forcing
aerosols, temperature, humidity, parameterization
and pressure profiles albedo validation
MIMR Precipitation, snow cover, soil moisture forcing
albedo, cloud fraction, parameterization
aerosols, soil moisture, BRDF validation
MODIS Temperature and water-vapor profiles, cloud cover,
albedo, surface temperature,
snow cover, aerosols, surface resistance/
evapotranspiration, land-cover-classification, parameterization
vegetation indices, BRDF validation
SAGE I Cloud height, HO concentration and mixing ratio,
temperature and pressure profiles validation
TRMM Rainfall profile, surface precipitation
(PR, TMILVIRS) forcing, validation
Other 4D data assimilation including wind, temperature,
and humidity profiles; momentum, energy
and precipitation fluxes forcing, validation

Listing of EOS instruments and products and how they will be used by land-surface climate models.
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Fisure 5.7 lution, and, in the tropics, less cloud contamina-
tion (EOS AM-1 series) than current satellite data.
MISR products will be used to observe changes in
the three-dimensional structure of vegetation cover.
The improved quality of EOS data will provide
more-realistic estimates of land-cover disturbance
for climate sensitivity studies and will support the
development of models that predict land-cover
change in response to climate change and human
activities. Barron, Dickinson, Hansen, Lau, and
Sellers IDS teams all have plans to evaluate the
impact of land-cover changes on climate using
MODIS products as inputs to their LSM-GCMs.
Several EOS instruments (Earth Observing
Human-induced changes in global land cover estimated by comparing AVHRR Scanning Polarimeter [EOSP], MODIS, MISR,
NDVI data, expres_sed as Ifeaf-area index, with pot.ential Ieaf_index c_o.m|_)uted High Resolution Dynamics Limb Sounder
ILc;n;r)I,on(?\;;;:mch;cjgggél data and hydrologic-vegetation equilibrium [H|RDLS], Stratospheric Aerosol and Gas Experi-
ment 11l (SAGE Ill), and ESA’s Polarization and
Directionality of the Earth’'s Reflectance
Severe disturbance of vegetation cover sometimegPOLDER]) will provide aerosol estimates which will be
results in an increase in atmospheric aerosols. The redugsseful for land-surface climate studies because of two el-
tions in the surface solar radiation and the heating of theements: the impact of aerosols on climate as recently
atmosphere as a result of aerosols are expected to alt@bserved in the case of the 1991 eruption of Mt. Pinatubo
atmospheric and land-surface processes. The process @¥icCormick et al. 1995), and, since aerosols interfere with
deforestation often involves burning of biomass, which other EOS measurements, accurate estimation will per-
may cause significant reductions in the solar radiation in-mit better aerosol corrections. Hansen and Sellers IDS
cident on the surface (Penner et al. 1992). Disturbanceieams are currently exploring the impacts of land-cover
both natural and human, can lead to soil erosion and inchanges on atmospheric dust and climate using remote-
creased dust loading of the atmosphere. Using atmospherigensing products and GCMs. EOS aerosol products will
transport model and satellite data Tegen et al. (1996) preallow better quantification of the climatic impacts of dust
dict that around 50% of the total atmospheric dust isgenerated from land-cover change.
derived from land-surface disturbance. The alterations in Fire that causes changes in land cover will be moni-
the radiation reaching the Earth’s surface and the heatingored by MODIS. Hansen’s team has developed a lightning
of the atmosphere are likely to have climatic impacts thatparameterization for their GCM that can be used to pre-
could feed back on land-surface properties and, thereforegict lightning-caused fires. MODIS will provide
must be taken into account when considering the impactobservations of global fire-occurrence data, and the Light-
of land-cover change on climate. ning Imaging Sensor (LIS) (Tropical Rainfall Measuring
EOS contribution:EOS instruments have been Mission-1 [TRMM-1]) will supply direct measurements
designed to measure the nature and extent of changes of lightning, both of which will contribute to model vali-
land cover. MODIS, for instance, will produce calibrated dation and further development.
and corrected global vegetation-cover data at 250-m reso-
lution for over a decade. In particular, vegetation indices5.2.1.4.3 How will biospheric responses to changing climate and
and surface radiative temperature will be used to diag- atmospheric CO, levels affect and feed back on atmo-
nose land-cover change from MODIS data in a similar spheric composition and climate?
manner to the analysis Nemani and Running (1995) hav&here are two issues addressed here that are associated
done with AVHRR data in Figure 5.7. Sellers IDS team with atmospheric composition and land-surface processes:
members are measuring deforestation using AVHRR andL) The interaction between the biosphere and atmospheric
Landsat data. They are currently prescribing observedCO, composition, and 2) the interaction between land sur-
interannual variability in vegetation cover in their face and climate in response to increasing atmospheric
LSM-GCM to estimate the climatic impacts of such CO,. Land surfaces play an important role in the compo-
changes. MODIS products will provide better quality data sition of the atmosphere. Various nitrogen compounds,
(calibration, atmospheric corrections), higher spatial reso-methane, C@ and plant secondary products exchange
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between the atmosphere and land. For instance, biologief the height of the atmospheric boundary layer and pho-
cal processes occurring on land surfaces significantlytosynthetic activity of the vegetation both diurnally and
affect the CQ concentration in the atmosphere. The seasonally has important consequences for the prediction
amount of carbon in the terrestrial biosphere is almostof spatial and temporal variations in atmospheric, CO
three times greater than in the atmosphere, and on an abenning et al. 1995). Second, the direct response of veg-
nual basis about 20% of the atmospheric carbon isetation to increased atmospheric C@ay lead to
removed by photosynthesis and returned through respidecreases in evapotranspiration (ET) and to further sur-
ration. Anthropogenic COemissions on the other hand face heating beyond that caused by, €@iative forcing
are less than 5% of the photosynthetic flux. Alterations ineffects alone (Sellers et al. 1996). The Sellers and Hansen
the balance between photosynthesis and respiration cau$bS team members are attempting to predict the location
ing changes in the size of the biospheric carbon storegand strength of C{sinks and sources using atmospheric
will have dramatic effects on the G@oncentration of  models together with the observed atmospherig g2
the atmosphere and, as a result, on the climate. nal and satellite-derived measurements of vegetation
The seasonal and spatial patterns in the atmosphericover. EOS-era land-cover products such as those associ-
CQO;, concentration and its isotopic composition imply that ated with biospheric productivity will be used by these
the Northern Hemisphere land surfaces are currently actteams and others in conjunction with ground-based at-
ing as a C@sink (see Figure 5.11 on pg. 220 and Ciais etmospheric composition data and models to identify and
al. 1995; Tans et al. 1990). These and other studies showonitor feedback between the biosphere and atmospheric
that almost a quarter of the anthropogenic @@erase is  composition at regional-to-global scales.
taken up by the terrestrial biosphere causing the atmo-
spheric CQto rise more slowly than predicted by human 5.2.1.4.4 How does local-scale heterogeneity in land-surface
activities alone. The specific locations and the nature of properties affect regional-to-continental climate?
this biospheric sink are yet to be determined and are th&/ariations in the properties of vegetation and soil that af-
focus of continued research because of the importance dict energy and mass exchange between the land surface
the CQ balance of the atmosphere on climate. If in the and the atmosphere are often measured at spatial scales
future the biosphere changes from a net sink foy 6@ of less than a meter and operate on temporal scales from
net source, atmospheric €@ill rise much faster than less than an hour to centuries. Computational constraints
the current rate, possibly leading to faster and greater clias well as the lack of high-spatial-resolution global data
mate change. sets limit running climate models at resolutions neces-
Local-scale experimental studies continue to showsary to explicitly include fine-scale heterogeneity. The
that biospheric processes controlling Gd water va-  issue of spatial heterogeneity involves many aspects of
por exchange often respond directly to the atmospherianodel operation. Data required to initialize, force, and
levels of CQ. These results imply that, as global atmo- validate LSMs such as meteorological conditions, the
spheric CQconcentrations continue to increase as a resulparameters required by the model to characterize the land
of human activities, the behavior of land surfaces will surface, and the measured fluxes are generally obtained
change due both to the climate change associated witht individual points. Climate models, on the other hand,
increased radiative forcing and to direct response of thepredict regionally-averaged forcing and fluxes and require
biosphere to C® This opens the possibility for compli- regionally-averaged parameters. Intensive field experi-
cated feed-back interaction between the biosphere anthents such as HAPEX, FIFE, and BOREAS were
climate. The elevated G@cenario has been well studied designed to learn how local forcing, model parameters,
using GCMs, but only recently have LSMs attempted toand surface fluxes can be integrated up to the region.
incorporate plausible biospheric responses tg. S@ll- Mesoscale atmospheric models have been used to
ers et al. (1996) have used such an LSM coupled to &tudy the impacts of surface heterogeneity on atmospheric
GCM for a series of & CO, scenarios and observed that circulation. Model and observational results show that
biospheric responses to €€ause changes in continen- atmospheric circulation is sensitive to the length scale of
tal climates that are of similar magnitude to&tiative the surface patches (Avissar 1995). Model parameters
forcing effects and continental deforestation effects. associated with vegetation cover are some of the most
EOS contributionThe Sellers IDS team has com- important and most variable of those needed by LSMs
mitted much effort to developing an LSM with realistic (Bonan et al. 1993; Li and Avissar 1994). Vegetation cover
representation of physiological control of C&hd water  can be measured by remote sensing of leaves, canopies,
vapor fluxes from the biosphere. Two important findings and the landscape using sensors that are hand held or
to date have come from this work. First, the covariancemounted to towers, aircraft, and satellites, each level rep-
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resenting an integration of lower-scale levels of hetero-shown by the improved ability to predict the occurrence
geneity. Recent work has confirmed the applicability of and intensity of El Nifio events. Short-term weather fore-
coarse-scale satellite observation as an integrator of hetasts (days) are more dependent on initialization and less
erogeneity as in the amount of solar radiation absorbedn interaction with land surfaces. But, as forecasts ex-
by vegetation (Hall et al. 1992). Other encouraging re-tend to weeks, months, and longer, land-surface processes
sults indicate that it should be possible to scale up fromare expected to play a greater role, and realistic represen-
point data to the climate model grid cell using relatively tations of land-surface processes are needed to improve
simple rules based on theoretical and observational inthese forecasts. The influence of land-surface cover on
formation (Noilhan and Lacarrere 1995; Sellers et al.cloudiness and precipitation patterns (Avissar 1995) and
1995), although scaling of soil moisture and mesoscalehe feedbacks between soil moisture and precipitation
atmospheric circulation remain problematic. (Entekhabi 1995) are examples of how land-surface pro-
EOS contributionsVarious strategies for dealing cesses control weather. Recognizing the importance of
with subgrid-scale heterogeneity in global climate mod- land-atmosphere interactions, weather forecasting orga-
els are being pursued by EOS IDS teams (Barron, Launizations (the National Aeronautics and Space
Dickinson, Hansen, and Sellers). In particular, Dickinson’s Administration [NASA]-DAO, National Meteorological
team is studying the extent to which surface heterogene€enter [NMC], and ECMWEF) are currently working on
ity can affect local circulation systems that produce upgrading their LSPs. Large-scale field experiments play
summer convective precipitation. The Sellers team is testan important role in the development of improved LSM
ing various techniques of aggregating condition and fluxesformulations. For instance, as a result of analysis of data
using multi-scale data obtained during FIFE and collected during FIFE, the soil parameterization in the
BOREAS. Some important processes controlling the in-ECMWF model has been improved, resulting in improved
teraction between land and the atmosphere have beeweather predictions for the central U.S. (Viterbo and
shown to be scale-invariant and measurable with spatiallyBeljaars 1995). Application of remote-sensing data to pa-
coarse satellite observations. rameterization and initialization of weather forecasting
Certainly, an important step towards resolving is- models is likely to greatly improve forecasting skill. Sat-
sues of heterogeneity is to measure it. Several EORllites can estimate state variables over land that are not
instruments will provide regional and global products thatavailable as yet globally at high-enough resolution from
will measure heterogeneity at various relevant scalesground observations (precipitation, radiation, and bio-
Examples include MODIS and MISR global products at physical characteristics).
1 km or less, and the Advanced Spaceborne Thermal Emis- EOS contributionsThe availability of high-spa-
sion and Reflection Radiometer (ASTER) and the tial-and-temporal-resolution surface and atmosphere
Enhanced Thematic Mapper Plus (ETM+) at less than 100€onditions from EOS sensors will present unique oppor-
m horizontal resolution. EOS measurements of parametertunities for parameterization and initialization of weather
(vegetation type, FPAR, etc.) and state variables (such afrecasting models especially over land. EOS instruments
surface temperature, clouds, etc.) at different scales willwill measure a number of important meteorological state
provide the information that is critically needed to ad- variables globally at daily frequencies. Surface and top-
dress the questions of accounting for sub-grid-scaleof-the-atmosphere conditions will be supplied by MODIS,

heterogeneity in climate models. MISR, AMSR-E, and the Clouds and the Earth’s Radiant
Energy System (CERES). HIRDLS, SAGE llI, the At-
5.2.1.45 How do land surface-atmospheric interactions affect mospheric Infrared Sounder (AIRS)/Advanced

weather and climate at seasonal-to-annual time scales? Microwave Sounding Unit (AMSU)/HSB, and the Tro-
Improved climate forecasts have obvious economic anddospheric Emission Spectrometer (TES) will provide
human welfare benefits. Agriculture and water resourceprofiles of atmospheric conditions above land surfaces.
planning are currently limited by currently unpredictable The combination of improved model formulations and
meteorological conditions. With better long-term forecastsassimilation of EOS data products should lead to impor-
mitigation strategies can be implemented far enough aheatint practical benefits associated with more-accurate
to reduce the impact of extreme weather events. Improvelonger range predictions of weather.
ment in modeling land-surface atmosphere interactions
contributes not only to better long-term climate predic- 5.2.2 Land-hydrology science issues
tions, but also to better weather prediction at shorter timeHydrologic processes must be understood within a space-
scales of weeks to years. Much progress has been madine continuum (Figure 5.8), which separates natural
in extending weather forecasts with numerical models adinkages between scale and hydrologic response. While
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our understanding of global hydrology will only be com- F'cure 5-8
plete when we understand, can observe, and model
hydrologic phenomena from the micro-scale to the glo-
bal-scale, most land-surface hydrologic phenomena of
interest in assessing impacts on humankind are below the
GCM and synoptic scales, which have received the great
est scientific investigation to date. The challenge to EOS |~ Cyclones 1
scientists is to strive to improve our hydrologic under- Frontal Droughts
standing at these critical human scales. Section 5.2.1.1L sume
introduced LSMs in the context of land-climate issues|™ "
and some ways EOS can contribute to their improvement], rushross | sdbrosge”
One important difference between that section and this
one is that land-surface hydrology is mainly concerned
with processes and events at smaller scales.

Key Iand-hydrology science issues of interest, par- Space-time scales of interest in hydrology  (Hirshboeck 1988).
ticularly in the context of EOS are:

SST Anomalies

Preferred Ridge and
Trough Positions

GLOBAL

LOCAL MICRO

The global hydrologic cycle is illustrated in Fig-
a) the identification and quantification of key hydrologic ure 5.9 (pg. 212), showing the importance of moisture
variables across a range of scales, and transport from the oceans to the land with surface runoff
and ET completing the cycle (Lau IDS homepage 1996).
b) the development or modification of hydrologic pro- The continental water balance is augmented by a 36%
cess models to take advantage of operational andurplus of precipitation over ET as a result of this advec-
realistic data sources. tion. While this aspect of the general circulation is
reproducible in the current generation of GCMs (Shaikh
EOS data and systems present many new opportu1996), the details of how and where the land surface re-
nities for evaluating global and regional water balancesdistributes this excess remain to be worked out (Avissar
on a regular and objective basis. The wide variety of pre-1995).
viously unattainable and potentially useful data that will The primary components of the water balance at
become available over the next decade is likely to resulthe land surface are precipitation, runoff, ET, soil-water,
in significant improvements in the understanding of land- and ground-water storage. An energy balance is often used
surface hydrology. However, unlike parameters describedo derive ET from radiation, near-surface meteorology,
in many other sections of this report, hydrologic fluxes and surface temperature. Although each of these compo-
are not directly observable from space. Thus, another chalnents is closely tied to the others, they will be reviewed
lenge to EOS scientists is to learn how to estimate thesseparately below.
fluxes through a combination of satellite, ground, and
model data. So far, the only major components of theb.2.2.1.1 Precipitation
hydrologic cycle that are estimated operationally usingHow is precipitation distributed in time and space?
remotely-sensed data are precipitation (indirectly) and
snow cover (directly). ImportancePrecipitation is the sole mechanism by which
The following section will address the two key sci- water enters the land surface system. While rainfall is the
ence issues outlined above. This will be done byprimary form of precipitation in many regions of the
concentrating on the most important hydrologic variablesworld, some regions receive more than half of their pre-
and what we stand to learn from them over the next de<cipitation in the form of winter snowfall, which
cade. Later sections will discuss the importance ofsignificantly affects energy and mass transfers between
estimating and validating the land-surface water balancethe land surface and the atmosphere. Time delays between
the significance of extreme events to hydrologic analy-precipitation events and the redistribution of that water to
sis, and river biogeochemistry. rivers, the subsurface, and back into the atmosphere are
drastically altered as well. To assess, forecast, and pre-
5.2.2.1 Quantifying and modeling hydrologic variables dict hydrologic responses, it is important to understand
How are the key hydrologic variables distributed in spacehow the amount, rate, duration, and purity of precipita-
and time? How will EOS data be used to derive thesetion are distributed in space and time. Such knowledge is
variables? also key to improving the specificity, accuracy, and reli-
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ability of weather/climate forecasts. Precipitation clima- F'sur= 5-9
tology may come to be considered as important as arg
temperature anomalies in the current debate about clima
change and its impact on critical human infrastructures
because of those systems’ sensitivity to rapid change
(Shuttleworth 1996).

There are significant physical contrasts between
snow- and non-snow-covered areas, but an assessment 8
snow properties (such as snow water equivalent [SWE]
and depth) is difficult to achieve in topographically rough
terrain where typical patch-length scales may be on thex schematic diagram of components of the global hydrologic cycle.
order of 100 m. Nonetheless, satellites have and will con-
tinue to play a significant role in the real-time monitoring
of many cryospheric parameters. The frequency of ab-
normal weather patterns coupled with the volatility of the detailed studies of the rainfall climatology in areas domi-
spring snow pack make cryospheric variables a sensitivétated by the Inter-Tropical Convergence Zone (ITCZ),
and critical parameter in the context of hydrologic sci- continental monsoons, hurricanes, and the EI Nifio-South-
ence. More details of cryospheric factors that influenceern Oscillation (ENSO) cycle. In addition, because these
the hydrological cycle can be found in Chapter 6. data will be collected simultaneously with multiple sen-

Current capabilities:Until recently, data regard- sors they will facilitate analyses of sensor capabilities
ing rainfall and snow accumulation were obtained leading to improvements in the rainfall estimation tech-
primarily using networks of rain gauges and snow courseshiques that employ data from the geosynchronous Special
Advanced ground-based radar systems, such as the Nesensor Microwave/lmager (SSM/I), the Geostationary
Generation Weather Radar (NEXRAD) Weather Surveil- Operational Environmental Satellite (GOES), and the
lance Radar (WSR)-88D in the U.S. (Crum et al. 1993),NOAA series of satellites.
now represent the state of the art in precipitation mea- The EOS PM-1 mission is expected to be equipped
surement, and techniques for compositing the radar datdith an AIRS (infrared sounder) and two microwave
with ground-level gauge data are under developmentsounders (AMSU and HSB). These three instruments will,
These techniques still need improvement (Smith et al.together, provide information regarding precipitation vol-
1996), particularly in mountainous terrains. Outside of umes, cloud thickness, and cloud water content.
the most-developed countries, existing and projected IDS team contributionsBecause precipitation
gauge and ground-based radar networks are unable to préombines and interacts with the landscape, topography,
vide adequate coverage. For this reason satellite method@nd use, and soil moisture with great variability, synop-
hold great promise. tic and climatological-scale precipitation is of little use in

EOS capabilitiesRemote sensing of precipitation predicting the hydrologic response of the land. Local in-
is a key component of Earth Science Enterprise missionéerences cannot safely be drawn from regional
such as TRMM and EOS PM-1. Several EOS sensors suchrecipitation climatologies and data sets, regardless of the
as TRMM Microwave Imager (TMI), Visible Infrared methods used to build these data sets. Therefore, a top
Scanner (VIRS), Precipitation Radar (PR), AMSU, and priority of several IDS teams is to investigate methods of
AMSR have been specifically designed for the collection distributing observed rainfall in both time and space.
of data relating to precipitation and clouds. The TRMM The IDS team led by Kerr and Sorooshian has con-
mission, launched in 1997 and conducted in cooperatioriributed to this by successfully using historical rainfall
with Japan, measures the diurnal variation of precipita-climatologies and land-surface topography to distribute
tion in the tropics. Precipitation is measured at a spatiasubgrid-scale precipitation (Gao and Sorooshian 1994).
scale of 4.3 km using a PR (13.8 GHz) between +30°NThe IDS team led by Lau is participating in rainfall algo-
(220-km swath) and a 5-channel TMI (10-91 GHz, dual rithm development in conjunction with the TRMM
polarization) between +38°N (760-km swath). Further, a mission, using both single and combined satellite sensors.
5-channel visible/infrared imaging radiometer (VIRS) The three IDS teams, led respectively by Barron, Brewer,
provides data at a nominal 2-km resolution at nadir andand Dickinson, will be using the precipitation estimates
1500-km swath. The mission is expected to provide atprovided by AMSR and AIRS/AMSU in their modeling
least three years of rainfall and climatological observa-studies. The IDS team led by Dozier has been working on
tions for the tropics. These unique data sets will facilitateestimating snow cover (Rosenthal and Dozier 1996) and
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SWE (Shi and Dozier 1995) from remote-sensing datamodels that estimate the production of runoff based on
provided by Landsat, Airborne Visible-Infrared Imaging measurements of precipitation. These models need, how-
Spectrometer (AVIRIS), and Synthetic Aperture Radar ever, to be modified to function at the larger scales
(SAR); they will extend these techniques for subpixel characteristic of LSMs. The original LSMs such as BATS
snow mapping using MODIS and ASTER data. Several(Dickinson 1995) and SiB2 (Sellers et al. 1986, 1996c¢)
IDS teams have proposed new land validation sites inincorporated highly-simplified representations of the run-
Oklahoma (Lau/Wood) and Arizona (Dickinson/ off mechanisms so as to focus on the modeling of ET
Sorooshian). Further details of EOS cloud and precipita-feedbacks to the atmosphere. Many new land-surface
tion research can be found in Chapter 2. schemes are currently under development that provide
One area where satellite data will make a strongmore-realistic representations of the runoff generation
impact is in our ability to follow and analyze regional mechanisms. The IDS team led by Kerr/Sorooshian is
trends and patterns in the spatially-distributed precipita-investigating the kinematic wave overland flow, channel
tion field. How to effectively make use of these patternsrouting, and erosion model (KINEROS) (Woolhiser et al.
is less certain although observed climatologies are likely1990) for application to arid/semi-arid (A/SA) regions.
to replace historical rainfall climatologies in the studies The IDS team led by Barron is developing the Terrestrial
cited above. Another approach to disaggregation is to usélydrology Model (THM), which includes comparison of
climate statistics (Gong et al. 1994). The process preservethe runoff generated by the Green-Ampt and Phillips equa-
subgrid moments but is valid only for average behaviortions, as well as kinematic wave and Muskingum
(rather than event-based behavior) and loses relevancehannel-routing mechanisms. The IDS team led by Lau
under non-stationary (climate change) conditions. Re-is investigating the Massachusetts Institute of Technol-
searchers at Pennsylvania State University (PSU) are usinggy (MIT) hillslope model, the Princeton Terrestrial
neural nets to derive transfer functions from larger-scaleObservation Panel (TOP) and the Variable Infiltration
circulations to local precipitation based on a 5-year dataCapacity (VIC) models, and the United States Geologi-
assimilation effort at Goddard Space Flight Centercal Survey (USGS) Modular Modeling System (MMS).
(GSFC). EOS must help transfer to its scientists the wealtiThe IDS team led by Dunne is investigating how changes
of knowledge from ongoing programs such as the Globalin climate and land use in the Amazon Basin are modify-
Precipitation Climatology Project (GPCP) and similar ing the generation of runoff and its chemical and sediment
efforts led by WCRP and the International load. These materials are then routed through the channel

Geosphere-Biosphere Programme (IGBP). and valley-floor network of the basin. C. J. Vorosmarty
of the IDS Moore team is assembling a Global River and
5.2.2.1.2 Runoff Drainage Basin Archive, sponsored also by the IGBP-
How will the timing and volume of runoff be affected by Biospheric Aspects of the Hydrological Cycle (BAHC)
climate change? project to assemble and reproduce on CD-ROM compre-

hensive databases of global runoff and related hydrologic
Importance:Runoff is a unique basin-integrated variable variables.
and, as such, is extremely useful for validation of most As the EOS program moves forward, the improved
land-surface modeling schemes. Runoff is a critical com-understanding of the interaction between land and atmo-
ponent of a regional water balance, the source ofsphere will lead to the development of more effective
agricultural irrigation, many municipalities’ water sup- land-surface schemes with appropriate representations of
plies, recreation, and a sustaining factor to the web ofthe runoff processes. Newly-available, globally-consis-
ecological interrelationships in wetlands. If climate were tent river networks (Oki et al. 1995) will further these
to change, the resulting shifts in the timing and volumeimprovements, particularly at the GCM scale. Much work
of runoff could upset the most basic assumptions whichremains to be done to find common ground between ba-
underlie every large water diversion and storage projectsin observations of runoff and grid (model) estimates
Current and EOS capabilitie€round-based his-  (Arnell 1995).
torical records of streamflow are available for almost all
the world’s major river systems (GRDC 1996). However, 5.2.2.1.3 Evapotranspiration (ET)
with the exception of water contained in the floodplain or Importance:ET is a variable of primary interest to many
in wide, shallow braided channels, it is not clear how run-end-users of hydrologic data because it represents a loss
off can be measured through remote sensing. of usable water from the hydrologic supply (e.g., agricul-
IDS team contributionsHydrologic science has ture, natural resources, and municipalities; Miller et al.
traditionally focused on the development of watershed1995). ET has an impact on plant water stress and gen-
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eration of convective precipitation patterns, and is requiredhoted that the full suite of environmental observations
to close both the water and energy budgets. ET is a variavailable through the Earth Observing System Data and
able of utmost importance in land-surface hydrologic Information System (EOSDIS) is required to advance this
models because it represents direct feedback of moistureesearch. Seasonally-variable surface characteristics and
to the atmosphere from the land surface. Consequentlythermal images from high-spectral-resolution MODIS
evaporation demands on vegetation help limit and definemages will be of great interest. Precipitation and atmo-
the biological environment and agricultural efficiency. spheric data are critical to solve the water and energy
Vegetation adapts to climatic moisture conditions suchbalances. Thermal emissivity from ASTER (Hook et al.
that LAl alone is insufficient to derive stomatal controls 1992) and a measure of soil moisture will also be useful.
on transpiration. In fact, several biophysical factors exertThe MODIS-Running team plans a simple ET estimate
vastly different controls on the spatial and temporal vari- as an EOS PM-1 standard product. This product will com-
ability of land-surface ET (Choudhury 1995). pute absorbed shortwave radiation from the FPAR, albedo,
Current capabilitiesTheir are several approaches and photosynthetically-active radiation (PAR) products,
used to calculate ET. One involves analyzing combina-then assign a biome-specific energy conversion factor to
tions of remotely-sensed observations in the context oftomplete an estimate of daily ET. This MODIS ET prod-
simplifying boundary assumptions. Moran et al. (1996) uct will be executed at 1 km on the 8-day composite cycle
use a Penman-Monteith model to define a theoretical polyplanned for many MODIS land products. Although not a
gon or area in temperature (Ts-Ta) versus vegetation indexesearch-quality computation of ET, this product should
(Normalized Difference Vegetation Index [NDVI]) space, have good utility for water resource management appli-
from which fractional canopy can be estimated. Carlsoncations that need a regular ET estimate as part of
etal. (1994) and Moran et al. (1994) have developed simihydrologic balance calculations.
lar models. The second approach involves energy-balance IDS team contributionsMany of the IDS teams
modeling based on observations of radiation, near-surare using environmental data provided by measurement
face and surface temperature, albedo, and evermampaigns like FIFE, HAPEX, the Global Energy and
boundary-layer height (Hall et al. 1992). From these ob-Water Cycle Experiment (GEWEX) Continental-Scale In-
servations, ET is calculated as a residual. Thesedernational Project (GCIP), and the Atmospheric Radiation
calculations hold the promise of being valid over a wide Measurement (ARM)-Southern Great Plains (SGP) to test
range of space scales and are useful to bridge the gaiheir methods for estimation of ET. The IDS team led by
between mesoscale and GCM fluxes (Noilhan andYann/Sorooshian is studying HAPEX and ARM-SGP. Es-
Lacarrere 1995). ET is also simulated by complex bio-timating and making use of partial-vegetation canopy
spheric models that use satellite-derived biome class anglays a critical role in the semi-arid regions they have
LAI parameterizations, then are driven by regular sur-studied (Chehbouni et al. 1995). The IDS team led by
face meteorology data. These models computelLau is studying the Little Washita River Basin. The IDS
components of the hydrologic balance—interception, teams led by Dickinson and Sellers, respectively, are
evaporation, and transpiration—and can simulate land-studying FIFE and BOREAS. Dunne’s IDS team is com-
cover change effects on hydrology (Vegetation/Ecosystenputing ET from satellite and ground-level data and will
Modeling and Analysis Project [VEMAP] 1995; Hunt et validate the calculations against streamflow and radio-
al. 1996). sonde data over the Amazon River Basin. In the
The issue of validation again is extremely impor- Susquehanna River Basin, Gillies and Carlson (1995)
tant but difficult. Validation of ET calculations at a point found that 90% of the variance in surface ET can be ex-
can be made through direct measurements (Shuttlewortplained by spatial variations in fractional cover and surface
1988). Regional-scale estimates can be validated usingnoisture availability. This suggests that the distribution
basin-wide rainfall-runoff measurements (Oki et al. 1995) of surface energy fluxes is insensitive to the distribution
or using calculations of moisture divergence from bal- of root zone soil water, although their magnitudes might
loons or radiosondes (Hipps et al. 1994). Indirectbe closely related. Other teams (Dickinson, Barron, and
validation of ET as a residual of watershed-discharge meatau) are planning to use their advanced LSMs coupled
surements is the most common validation for ET, butwith GCMs or mesoscale models to obtain diagnostic
provides only an annual ET estimate. analyses of the water-vapor hydrology at the regional and
EOS capabilitiesWhile these techniques help ex- global scale. E. Wood of the IDS Lau team will test the
plain observations at relatively small scales, too little MODIS-derived ET estimate being produced by the
verification and analysis of spatial averages and of valuesVilODIS Land (MODLAND)-Running team over the
for individual pixels has been done. Miller et al. (1995) GCIP study area.
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5.2.2.1.4 Near-surface soil moisture because of existing technology and lower frequency cut-
How will soil moisture be represented in EOS-era hydro- offs of 5.6 GHz and 19 GHz, respectively. Currently,
logic models? operating satellites include the SSM/I (K-band), the Eu-

ropean Remote-sensing Satellite-1 (ERS-1) and the
Importance:Soil moisture is a critical hydrologic param- Japanese Earth Remote-sensing Satellite-1 (JERS-1) (C-
eter that partitions energy between sensible and latent he&and), and (Radar Satellite) Radarsat (C-band) systems.
fluxes, and that partitions rainfall between runoff and root- Like earlier efforts, only limited resources are being ap-
zone storage. Despite its importance, three factors limitplied to soil-moisture studies using these non-optimal
its use in most hydrologic models. First, near-surface soilfrequencies (Kerr and Njoku 1990; Kerr 1991). Numer-
moisture changes more quickly than deeper soil mois-ous studies have attempted to relate K-band passive
ture, which makes inferring general soil wetness difficult microwave radiometer signals to soil moisture, but the
from surface observations alone. Second, soil moisturephysical basis for this is tenuous with most of the signal
exhibits considerable variability in time and space. Thecoming from surface roughness and vegetation. An opti-
importance of soil and soil moisture heterogeneity is un-mal satellite mission would consist of a multi-polarization
clear but must have some scale-dependent properties-band radiometer having a 25-km instantaneous field of
(Vinnikov et al. 1996). Third, until now, soil moisture has view (IFOV) and would focus on areas of little or no
not been consistently observed at time and space scalesinopy cover (LeVine 1996).
useful to large and mesoscale models. The GEWEX Glo- Without direct satellite observations of soil mois-
bal Soil Wetness Project Report (Sellers et al. 1995)ture, options are limited for generating a map of this
summarizes this issue by stating: “The practical result ofvariable. Many current models approach this problem by
this is that soil moisture has not been treated as a measusetting relatively dry initial conditions and then letting
able variable in any of our current hydrologic, climatic, the value follow the model without any real constraints.
agricultural, or biogeochemical models.” This situation Satellite data can be used indirectly by looking for cool
is frustrating since the prospect for successfully applyingspots or thermal inertia anomalies in thermal infrared
microwave techniques to surface soil-moisture detection(TIR) data, tracking clouds associated with precipitation,
at least across areas of minimal canopy cover, is good. or assuming that as the vegetation index increases, soil

Current capabilitiesThere are few, mainly local, moisture stress decreases. Finally, limited ground data,
soil-moisture monitoring networks. Some idea of what soil maps, satellite data, and model simulations can be
continental-scale patterns show can be found in histori<combined into an assimilated product. These alternative
cal data from the Former Soviet Union (Robock et al. approaches might prove to be more useful in that the
1995) but this network has largely broken down. Otheremphasis is on soil water availability rather than surface
networks exist or are being developed in lllinois (Kunkel wetness, which is more closely tied to plant and atmo-
1990) and Oklahoma (ARM-SGP site). spheric demand.

There are two basic microwave approaches; one is EOS capabilitiesA scaled-back EOS program has
based on passive radiometry, the other on active radamissed the opportunity to launch an active microwave
Both approaches utilize the large contrast between thesoil-moisture sensor, but there are many secondary strat-
dielectric constant of dry soil and water. There are majoregies being pursued to estimate this critical state variable.
differences between these two systems in terms of spatigCurrent space-based efforts focus on promoting both con-
resolution, swath width, data rate, and power require-ventional and experimental (such as inflatable antennas)
ments. However, in almost every case, these two systemis-band radiometers under NASAs Small Satellite and
are complementary in that strengths in one are matcheélew Millennium Programs, developing algorithms to as-
with weaknesses in the other (Kerr and Jackson 1993)similate mixed polarization and multi-sensor signals, and
NASA-sponsored aircraft studies of soil moisture have improved representation of soil moisture in LSMs of sub-
been invaluable to assess the potential of remote detediumid regions across a variety of scales.
tion of soil moisture (Schmugge et al. 1994) but various IDS team contributionsAlmost every IDS team
engineering issues have limited the deployment of L-bandhas proposals to produce soil moisture products, most
radars in space. notably the GSFC Data Assimilation System (DAS),

Today’s microwave efforts rely on the heritage of which proposes to produce a 3-hour, 1-degree, and 3-level
the Scanning Multichannel Microwave Radiometer (shallow, root, and deep) product based on a hydrologic
(SMMR) and SSM/I radiometer programs, the focus of balance model. Other approaches to this problem include
which was on oceanographic and cryospheric problemssoil-moisture nudging of global forecast models (Mahfouf
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1991; Bouttier et al. 1993), assimilation of model and 5.2.2.1.5 Infiltration and desp percolation
satellite microwave data (Houser 1996), and the applicaHow much water is lost to long-term storage?
tion of crop-soil models (Maas et al. 1992).

Because of the difficulty of soil moisture measure- Importance:Arid-region ephemeral streams are charac-
ment, and the important role played by soil moisture interized by large channel losses, and many coarse
land-surface hydrology, most of the IDS teams studyingQuaternary deposits are active recharge zones. Beyond
land-atmosphere interactions are using advanced LSMshe scope of this discussion is the general problem of
instead of a bucket model as the land-surface interfacgroundwater recharge (representing a significant store of
with their climate models. In this way, soil moisture is fresh water) but its time constant of change is often de-
actively linked with the overlying atmosphere, and the cades if not centuries.
water balance is maintained (note that in the original Current capabilities Of primary importance to is-
bucket model, prescribed soil-moisture levels providedsues of infiltration and soil storage are knowledge of soil
unlimited water to the atmosphere). In this regard, thetexture and soil depth. The pioneering and comprehen-
IDS team led by Dickinson is studying appropriate treat-sive work of FAO (1978) to define a global
ments of land-surface parameters to improve calculationsoil-classification scheme and produce a global soil map
of the soil moisture. The IDS team led by Lau is working are reflected in the almost exclusive use of their base maps
on a statistical description of soil-moisture distribution at for producing most current soil products. The original FAO
the subgrid scale. The IDS team led by Yann/Sorooshiarmap units have been rendered more usable to the model-
is investigating soil-moisture measurement in the A/SA ing community (but not more accurate) by reclassification
regions using remote-sensing data. The IDS team led bynd gridding (to 1% 1°) as part of ISLSCP’s Initiative |
Dunne intends to map the inundated areas of the Amazo(Sellers et al. 1995d). An example of this product is given
River Basin with passive microwave imagery and to for soil depth, Figure 5.10. The main limitations of this
couple these measurements with routing models to acproduct are the assumptions constraining the soil units, a
count for the spatial distribution of the stored water within Jack of quality control, and low spatial resolution. Its ad-
geomorphically-distinct reaches of the valley floor. Koster vantages are that it is the only global product of its kind
(1996) has developed a standard model that allows alhnd maintains some uniformity in classification and rela-
but the most disparate soil-moisture schemes to be comtive accuracy. There are several active programs to develop

pared. the next generation of soil survey products, most notably
A major issue that requires further consideration by the IGBP Soils task force.
deals with validation. The NASA Soil Moisture Work- EOS contributionsThe role EOS will play in this

shop (1994) found that “the potential ease with which area is not clear. Satellite and ground-based studies of
remote-sensing instruments can estimate the large-scal@parian-zone water and energy balances may improve our
distribution of soil moisture is attractive (in sub-humid understanding of some recharge issues, particularly in
regions); the difficulty lies in validating such maps and conjunction with a focused effort to quantify other en-
relating them to subpixel distributions and profiles of field ergy and water fluxes, as has been proposed for the
soil moisture,” particularly in the root zone. At interme- Semi-Arid Land-Surface-Atmosphere (SALSA) Experi-
diate space-time scales, Washburne and Shuttlewortiment (Wallace 1995). Supporting comprehensive and
(1996) are evaluating the similarities between area-averuniform soil and soil-property mapping is one activity
aged soil moisture across central Oklahoma based othat will benefit the hydrologic community.
soil-moisture sensor data from the Department of Energy’s
(DOE's) Atmospheric Radiation Measurement program 5.2.2.1.6 Radiation
and forecast data from NMC’s Eta-model. Other poten-How well can we predict surface radiation fields, espe-
tial validation data sets include a new network of monthly cially under partly cloudy and hazy (smokey) conditions?
gravimetric data collected by students under the guidance
of EOS-affiliated scientists as part of the Global Learn- Importance:The spatial and temporal distribution of so-
ing and Observations to Benefit the Earth (GLOBE) lar radiation is a primary variable for atmospheric and
program. vegetation systems. Accurate knowledge of these systems
is required by energy balance models which complement
direct hydrologic reckoning and are mandatory for 4ADDA
techniques. One of the greatest current uncertainties is
with regard to atmospheric radiative transfer, particularly
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the effect of aerosols and multiple cloud layers F'sure 510
(McCormick et al. 1995; Penner et al. 1992). In addition,
fractional cloud cover represents a significant, scale-de FAO, UA, NASAIGSFC, NASA/GISS, Soil Depth
pendent problem related to the surface-energy budget an
hence the important question of cloud-climate radiation
feedback. Many of these issues have been addressed |in
Chapter 2, but the importance of this issue for land-sur-
face studies must be stressed.

Current capabilitiesTwo approaches to calculat-
ing shortwave fluxes are common (Wielicki et al. 1996).
The first involves using a global network of surface sta-
tions (Global Energy Balance Archive [GEBA], and

o

Baseline Surface Radiation Network [BSRN]) to adjust ! - -
simultaneously-observed TOA and surface fluxes. The ' o
second involves applying an atmospheric radiative trans 1o 4 61 s 1011 14 e

fer model to observed cloud and TOA fields. ConsiderableA global database of soil depth. This 1°  x1° data set, developed by the
progress has been made in estimating near-surface radidSLSCP Initiative 1 project, is used in global climate, hydrologic, and

tion as an OUth'O\Nth of the NASA ERBE, the NOAA biogeochemical modeling  (Sellers et al. 1996).

GOES program, and the GEWEX ISCCP. Current meth-

odologies for estimating surface shortwave radiation

involve sampling the mean and standard deviation of mul-

tiple 8-km pixels, applying a cloud filter and 2-stream space. Again, the AIRS/Humidity Sounder Brazil (HSB)
atmospheric correction to give a product at 50-km and 3-should prove valuable, as well as ASTER to determine
hour resolution (Pinker et al. 1994). longwave surface emissivities (Hook et al. 1992).

EOS capabilitiesKnowledge of the spatial and IDS team contributiongDbservation strategies for
temporal distribution of radiation will be greatly improved determining fractional cloudiness are an important com-
as a result of EOS. While the need for global coverageponent of the ARM-SGP (Stokes and Schwartz 1994) and
mandates typical resolutions of 25 km and greaterPennsylvania State University (PSU) IDS efforts, using a
(achieved by CERES), MODIS has the potential for sup-variety of instruments. Models which realistically simu-
plying higher-spatial-resolution data on a limited basis. late continental temperatures of both the annual and
Four observations per day will be achievable, given thediurnal cycle are planned, given adequate observations,
deployment of both EOS AM-1 and PM-1, and are re- Where this level of accuracy is still under investigation.
quired to define the important diurnal component of Cloud properties will be mapped at scales of 25 km at
radiation, cloud, and precipitation fields. This should be several atmospheric levels by CERES in support of many
considered marginal, and considerable attention and relDS investigations. Some studies have shown that no sig-
sources must be focused on the use of data from non-EQuificant spatial variability is discernible below this scale
geostationary satellites to supplement this information. (Pinker and Laszlo 1992) although some researchers find

Shortwave radiation accuracies of 5 Wshould a 250-m scale more valuable for detailed radiation stud-
be achievable from the EOS CERES sensor. While largeies (Dubayah 1992).
than estimated climate forcings, they are helpful in light
of larger inconsistencies among current GCMs (see Chap®.2.2.1.7 Near-surface meteorology
ter 2). Much better spatial resolution of the general Importance:Near-surface air temperature, humidity, and
atmospheric models will be possible using the CERESwind speed are pivotal parameters in many energy bal-
and AIRS sensors. Improved knowledge of bidirectional ance and satellite flux models, yet relatively little attention
surface reflectance from MISR will further refine future has been given to defining regional and local verification
estimates of net shortwave radiation. data sets for these variables, which vary significantly in

Considerable work needs to be done to improvespace and time. Typical hydrometeorologic applications
satellite estimates of the surface net longwave flux. Long-such as calculating sensible heat flux, estimating partial
wave radiation accuracies of 20 Wruor less should be  canopy fraction, and crop stress all depend on being able
achievable using EOS sensors. Errors are greatly influto calculate the difference between surface and air tem-
enced by variable patterns of low-level water vapor andperature. Algorithms developed over oceans, which
cloud-base heights, which are difficult to obtain from estimate these parameters, cannot be used; land-surface
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estimates must rely on the assimilation of ground databe enhanced for simulations with finer spatial detail data.
and forecast or mesoscale model data. This realisticall{VEMAP 1995).
limits spatial resolutions to 10-50 km with temporal reso-
lutions of 1-3 hours. In some terrains, this may be5.2.2.2 Estimating and validating the land-surface wa-
adequate, but use of these data in mountainous or highly ter balance
dissected or heterogeneous areas will significantly limitHow do changes in the water balance feed back and in-
the use of these methods (Li and Avissar 1994). fluence the climate and biosphere? How will EOS help
Current capabilities:Many process-based model monitor these changes? How will we validate models of
studies make an assumption of uniform driving fields these changes?
across relatively small areas or adjust meteorology using Regional water balances are poorly known in all
linear adiabatic assumptions. Across larger areas, radiabut a few countries in temperate regions. Major uncer-
tion can be distributed using common geographictainties regarding the validity of GCM outputs arise
adjustments, but atmospheric correction and cloudines®ecause of the sparse nature of rain-gauge, stream-gauge,
are, at best, often based on a single radiosonde soundingnd other hydrologic data sets. Not only are the day-to-
This approach was taken by Rahman et al. (1996) in coneay issues important, but hydrologists must address
junction with satellite-derived land-surface characteristics questions posed by longer-term hydrologic variability and
and a Digital Elevation Model (DEM). Another approach gauge the nuances posed by questions of natural and an-
is to use a 30-to-50-km gridded forecast meteorologicalthropogenic causes of these events. Additional questions
model to drive a distributed hydrologic model. These dataarise because of uncertain model calibrations and the ne-
are readily available but must be applied judiciously. An cessity of spatial averaging over large areas. Seasonal and
effort is currently under way to compare a year of surfaceinter-annual storage of moisture in snow packs, soils,
model output from NMC'’s Eta model with area-average groundwater bodies, and large surface water bodies fur-
fluxes observed over the ARM-SGP site (Washburne andther complicates the picture in ways that are scientifically
Shuttleworth 1996). Using a nested mesoscale model tand societally important, but the paucity of data on these
drive regional process models is the next level of sophis{arge-scale storage elements continues to degrade model-
tication but usually requires a major modeling effort. ing computations and predictions of the behavior of
EOS capabilitiesDirect observation of near-sur- regional water resources. The resulting uncertainty in
face continental meteorology from space is unlikely in quantification of regional water balances affects calcula-
the near future. EOSDIS can play a significant role in tion of:
this area by making non-EOS data sets (global and re-
gional meteorology assimilations) readily available and 1) regional evaporation fields,
by helping to translate data into appropriate EOS formats.
Well-defined data standards and a clear appreciation foR) land-atmosphere feedback on drought formation,
the critical need these data play in hydrologic modeling
are minimum requirements for the EOSDIS system in this3) the role of antecedent moisture in the flooding of con-
area. tinental-scale rivers, and
IDS team contributionsApplication of nested
models falls neatly into the overall mission of the Barron 4) the timing of snowmelt runoff and dry-weather water
IDS, but their effort is likely to be focused on regional supply in response to climate change.
areas of interest. The Rood IDS team and the DAO will
produce the most basic assimilated data set of surface Various programs have been proposed to validate
meteorology for land science application. This 6-hour, both remote sensing data and model fields derived from
near-real-time production of land-surface incident radia- EOS products. This effort must be international and span
tion, temperature, precipitation, and humidity will be a wide range of climates and biomes, and it must be a
useful to many hydrology and vegetation models. Forlong-term effort to maintain a strong level of confidence
many purposes, especially regional calculations, the 2° in the data sets.
2° gridded data set from the DAO will need to be disag-
gregated to finer spatial detail using a DEM and 5.2.2.3 Extreme hydrologic events
appropriate meso- and micro-climate models. The What changes in the surface water budget may occur with
VEMAP ecosystem modeling activity for the continental climate change? Will the frequency and magnitude of ex-
U.S. illustrates how gridded global climate data sets carntreme hydrologic events change? In which direction will
the change be, and what effects will it produce?
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5.2.2.3.1 Introduction place. Macroscale heterogeneity can impede the reliabil-
Like many water resources issues, extreme hydrologidty of regional- and global-scale predictions for localized
events cover a wide range of spatial and temporal scalestudies of extreme hydrologic events because of the ex-
These events can be characterized as instantaneous locé#gting gaps in the spatial resolutions of GCM, mesoscale,
ized events such as flash floods, hurricanes, and heavgnd macroscale hydrologic models. Bridging these gaps
precipitation, or long-duration widespread events such avill result in gains on several fronts, including 1) improv-
general floods and droughts. In both cases, extreme hying the ability to extend the forecasting lead time, 2)
drologic events can cause significant economic losses aénproved understanding of the causes and conditions un-
well as social and environmental stresses. derlying extreme events, and 3) improving the ability to

For the past 50 years, scientists have studied expredict the impacts of climate variability on the frequency
treme hydrologic events, mostly within a probabilistic and magnitude of extreme events.
framework. Numerous reports and studies can be found Three potential impacts are considered below: in-
in the literature regarding the identification, use, and limi- creased incidence of severe storms, increased snowmelt-
tations of probability density functions describing the based floods due to rain on snow, and decreased precipi-
frequency and magnitude of floods and droughts. The aptation leading to increased drought.
parent increase over the past decade of the frequency and
magnitude of extreme hydrologic events is fostering a5.2.2.3.2 Severe storms
growing interest in quantifying more process-based rela-Will the frequency and intensity of hurricane and severe
tionships between these frequencies and climate variabilitystorms change?
and climate change.

Many of the analyses concerning the hydrologic Importance:Hurricanes, tornadoes, hail, and lightning
impacts of climate variability and long-term climate storms can be highly destructive in an urban environment.
change are speculative and qualitative; however, quantiLoss of lives, severe erosion, wind damage, flooding, crop
tative assessments of the second-order socialdamage, road and power grid disruption are all common
environmental, and economical impacts are possible ahuman consequences of these storms. If we focus only on
various spatial and temporal scales (AIP 1993). What ishurricanes, the intensity of a given storm determines its
more important is the fact that flood levee systems, reserpotential for destruction, while the actual amount of dam-
voirs, and water distribution systems have been designedge depends on the density of development, the
to balance reliability with demand on the basis of histori- population, and the economic interests in the impacted
cal hydrologic data. In most cases, the design paradignecoastal areas. Clearly, the increasing urbanization of
assumes a stationary climate system in which the pointoastal areas around the world will only intensify the
probability of occurrence for extreme events does notimportance of severe cyclonic storms. Additionally, the
change. It is quite possible that the potential water re-highly-nonlinear relationship between the wind speed of
sources impacts from climate change and variability canhurricanes and their potential for destruction indicates that
be significant at local-to-regional scales while larger-scaleeven a minor change in hurricane intensity and frequency
phenomena and averages remain. Environmental impaatan lead to significant increases in damage. The potential
models that are unable to transform realistically globalfor human impact by an especially vigorous tropical storm
average results to local scales will only confuse theenvironment was well documented in the millions of dol-
public’s perception of the issues. These and other topic$ars in damage and dislocations as a result of the 1995
have been addressed in recent years by several Nationatorm season along the southeast coast of the U.S.
Research Council (NRC) research reports on estimatindFigure 5.11, pg. 220, from WPX homepage: http://
extreme hydrological events; for example, NRC (1988) thunder.atms.purdue.edu).
on flood risk estimation, and NRC (1994) on extreme pre- Current capabilitiesPresently, the spatial resolu-
cipitation. tion of most GCMs cannot accommodate detailed

Predicting how hydrologic extreme events may simulation of hurricanes. GCMs can be used to evaluate
change is very speculative. More severe floods and dhe impacts of climate-change scenarios on the tropical
change in the distribution and timing of spring snowmelt disturbances leading to the occurrence of hurricanes. For
have been suggested as likely effects of, @@ubling example, Emanuel (1987) suggests that as sea-surface
that would have significant human impact. At best, GCMs temperatures (SSTs) rise in doubled,G€enarios, tropi-
can be used to indicate how the hydrological and meteo<al cyclones intensify and winds increase. He reports that
rological processes may change if global warming takesa 3°C SST increase would result in a 30-40% increase in
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Fieure 5.11 processes causing early spring flooding in snowy regions.
Other processes such as above-normal winter precipita-
tion which leads to soil saturation followed by
early-to-mid-spring heavy rainfall can cause both types
of floods. Severe convective storms also cause localized
flash floods. Floods such as the Great Flood of 1993 on
the Mississippi River can produce a substantial amount
of damage. Adding to the economic loss from floodplain
agriculture are environmental damages due to severe ero-
sion and overbank deposition.

A definitive assessment of the hydrologic impacts
of climate change has yet to be made but many scenarios
have been analyzed. Changes in flood frequencies and
magnitudes can result from a combination of the hydro-
logic impacts of climate change as well as from land-use
changes and direct anthropogenic factors. Dracup and
Kendall (1991) argued that operational policies that re-
quire maintaining water in reservoir systems at maximum
levels and physical encroachment into the floodplains have
contributed to the higher flood stages in the Colorado
the maximum pressure drop and 15-20% increase in windRiver. The critical issue of separating impacts of climate
speeds. In another study, Haarsma et al. (1992) reportedariability and those resulting from anthropogenic fac-
an increase in the number of tropical disturbances undetors on flood frequency and magnitude must be addressed.
the doubled C@scenario. In general, there is consider- This is made even more difficult because of the possible
able potential for research to better understand the impaathanges in anthropogenic conditions as a response to cli-
of climate change and variability on the frequency andmate change.
magnitudes of severe storms and hurricanes. Current capabilities:River runoff is likely to in-

EOS capabilitiesEOS instruments such as MO- crease as a result of global warming (Revelle and
DIS will provide high-resolution spatial coverage of SST Waggoner 1983). Lettenmaier and Gan (1990) and Run-
and higher-level products, such as pressure. Further uming and Nemani (1991) determined that climate change
derstanding of the land-surface-ocean processes is alsgue to global warming would lead to earlier snow melt-
expected to provide insights into the processes associng in the western U.S. and more-frequent rain-on-snow
ated with the occurrence of severe storms. Recent studiesvents. Hughes et al. (1993) analyzed two basins in Wash-
indicate a good correlation between hurricane intensitiesngton State and showed that for basins in which the floods
determined via SSM/I and remotely-sensed SST observeavere snowmelt-dominated, global warming would in-

a day earlier; such studies are in their early stages. Furerease the magnitude of low-occurrence floods, and, for
ther improvements are possible in the forecasting ofthe basin in which floods are rain-dominated, there would
mid-range tropical cyclones using remotely-sensed out-be a decrease in magnitude of extreme events. Concern-

Tropical storm tracks as observed along the southeast coast of the
United States in 1995.

going longwave radiation. ing increases in convective rainfall, which leads to severe
local flooding, much of the arguments for increased se-
5.2.2.3.3 Floods verity for hurricanes can be used for thunderstorms; i.e.,

Will the frequency and magnitude of floods change dueincreased heating of the land surface would increase lift-
to global change? In what direction will the change be,ing and convergence of moisture and increased storm
and how will water resources management and infrastrucseverity.
ture change or be affected? EOS capabilitiesA primary challenge in the years

to come will be to use EOS-era science and data to help
Importance:The main difference between flash floods furnish the contextual information that will help hydrolo-
and general floods is in their spatial coverage and tempogists analyze not only the flood event but the global and
ral duration. Floods may occur due to various regional influences behind it. In the arena of predictive
combinations of extreme conditions. For example, rainadvances, we must take a more-cautious approach. As
on snow combined with relatively mild ambient tempera- often mentioned, there is a fundamental discontinuity in
ture accelerates melting. This is one of the primarythe predictive capability of GCMs below the length and
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time scales of synoptic meteorology, such that importanton this topic will allow hydrologists to study the forma-
seasonal weather patterns can be resolved, but the watetion of large floods using space technology and eventually
shed and date-specific circumstances that combine in locab issue gradually-updated forecasts of where inundation
hydrologic events remain indiscernible. Thus, an impor-is likely. Satellite altimetry of water surfaces in extensive
tant challenge in the years to come will be to take EOSinundation areas can also assist with understanding the
data and model improvements and relate these to issuepread of floodwaters and the calibration of
of particular urgency such as hazard assessment and waydrodynamical models in other complex flood-prone
ter resources planning. Whereas anomalous atmospherigreas.

circulation patterns can be linked to certain catastrophic

floods (Hirschboeck 1988) and the large-scale atmospheri®.2.2.3.5 Droughts

motion is reasonably defined by contemporary GCMs Droughts are characterized by their duration and sever-
(Barron 1995), it is a much different and difficult task to ity. It is unclear how climate change will affect
go from the synthesis of model and observation we will precipitation. Early GCM simulations (Delworth and
have to the discrete type of events most hydrologists arévanabe 1988) implied that global warming would result
used to working with. Yet the need for improved climate in decreases in precipitation and soil wetness, especially
models and LSPs is real and will undoubtedly advancein the central portion of large continents. These results
our ability to better understand and prepare for hydro-must be viewed with extreme caution for two reasons.

logic hazards. One, early GCMs had a poor representation of land-sur-
face hydrological processes. It is well known that the lack
5.2.2.3.4 Floodplains of vegetation interception storage underestimates land-

How do floods spread into the complex, low-amplitude surface evaporation, thus reducing GCM rainfall (Scott
topography of alluvial lowlands, such as floodplains, del- et al. 1996), and a similar argument can be made for single-
tas, and other large swamps? storage soil-column representations, which lack a surface
thin layer that can enhance re-evaporation. The second
Importanceinundation of vast alluvial lowlands is a com- reason for caution is the generally poor ability of GCMs
plex process involving local generation of runoff from to reproduce current climate at local-to-regional scales.
rainfall or snowmelt, flow from the surrounding high- The characteristics of rain storm and interstorm durations
lands, overbank spilling along floodplain channels, andare critical to soil dryness and whether drought occurs.
tidal and storm influences near coastlines. The interplayPalmer (1986) reported a strong relationship between glo-
of these processes depends upon the timing of hydrologibal patterns of SST anomalies and drought frequency in
events and their alteration by engineered structures. Ahe Sahel region.
contributing factor is the intricate geometry of the low-
lands themselves, composed of tidal channels, levees).2.2.3.6 The causes of extreme events
distributory channels, scroll bars, and floodplain lakes. More research is required to understand the source of the
Current capabilities:Predicting areas of inunda- major weather patterns that lead to floods, droughts, bliz-
tion is limited by inaccuracies of hydrologic routing in zards, tornadoes, and hurricanes (Loaiciga et al. 1996).
areas of low relief and by poor spatial resolution of pre- Teleconnections between widespread hydrologic phenom-
cipitation data. ena, of which ENSO is the most common example, are
EOS contributionsThese difficulties are being better left for discussion in Chapters 2 and 3, whose fo-
reduced by improved computer models and especially bycus is more global, but EOS will make significant
new satellite information on the extent of inundation. The contributions to our understanding of these events and
Soares/Dunne IDS team, studying the Amazon River Ba-how well we monitor them. Anthropogenic influences on
sin, is mapping inundation using passive microwave the timing or strength of seasonal and longer climate vari-
sensors (SMMR and SSM/I), SAR, Landsat Thematic ability are presently speculative but are surely having an
Mapper (TM), and it is exploring the use of AVHRR data. effect. More pertinent to this section and chapter is the
The spatial and temporal patterns of inundation are exneed to better understand the ties between land-use change
ceedingly complex because they depend not only on runofeind drought, particularly as characterized by reports from
generation but also on subtle details of floodplain topog-the Sahel of Africa. The hope for EOS is that an objective
raphy. These empirical studies to document inundationand comprehensive global record of climate and land-sur-
are combined with model-based investigations of chan-
nel-floodplain interactions during floods and the influence
of climate and land cover up stream. Significant progress
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face response will better allow us to discern the causesn the extensive river and its vast associated areas of peri-

and effects of critical hydrologic phenomena. odically inundated land. Junk and Furch (1993) estimate
that the floodplain of the Amazon main-stem and primary
5.2.2.4 River biogeochemistry tributaries covers about 300,000 ¥nwhereas riparian

What is the role of river biogeochemistry in the Earth zones of small rivers may cover about 1 millior?kRur-
system and in affecting water quality and the functioning thermore, savannas exposed to overland flow may account
of aquatic ecosystems? for another 40,000-250,000 RnThat is, approximately
15-30% of the area of the basin is subject to periodic satu-
Importance:An underdeveloped aspect of continental ration and inundation. These periodically or permanently
hydrology, but one which is extremely important for un- flooded areas play important roles in the hydrology and
derstanding both the habitability of valley floors and the biogeochemistry of the basin. Because the poorly drained
ecology and biogeochemistry of wetland and aquatic eco-areas often receive transfers of water and materials from
systems, is the relationship between the regional-scal@earby and upstream areas, they are subject to indirect
hydrology of continental-scale watersheds and the fluximpacts as the uplands undergo development. Many of
of water and mobile terrestrial materials (organic and in-the inundated areas support productive ecosystems includ-
organic sediment and solutes) along river networks andng resources such as timber and fish, which are then
into valley floors. These fluxes determine the nutrient subject to impacts from the changes which alter the vol-
loading of river water. The resulting in-channel process-umes, sediment loads, and chemistry of the regional
ing of nutrients causes sedimentation problems, but is alseunoff. The biogeochemistry of these wetlands is driven
responsible for constructing floodplains and maintaining by the extent, duration, and intensity of their inundation.
the biogeochemistry of the associated wetlands. The freWhen saturated, they support anaerobic conditions where
guency and duration of flooding affect the oxidation state microbiological activities such as methane production and
of the wetlands, and therefore the partitioning of carbondenitrification prevail. Hence, an accurate estimate of gas
into CQ,, CH,, and stored particulate forms, with associ- exchange between the land and the atmosphere must con-
ated effects on the mobility of other nutrients. The ratesider the vast saturated and flooded regions of river
and form of sedimentation, produced by the basin hydrol-lowlands. In addition, these areas frequently sequester or-
ogy and sediment supply, control the nature of floodplainganic carbon and nutrients from the upland environments.
geomorphology, channel shifting, the formation and con- The challenge of global- and continental-scale river
nection to the river of the various river water bodies, andbiogeochemistry in the EOS program is to link the flow
various engineering problems associated with maintain-of water through the landscape and down river channels
ing the habitability of valley floors. An important task for to the ecological and chemical attributes of basins at scales
regional hydrology involves understanding the controls much larger than the relatively-small watersheds that are
on the flux, processing, and disposition of these mobiletypically studied. The capability to predict how changes
terrestrial materials in order to predict their response toin drainage basins will impact river systems and coastal
large-scale environmental change within continental seas in different parts of the globe can be developed from
drainage basins. use of large-scale river models of how changes in land-
The river corridors of a region accumulate the run- surface processes will be reflected in the down-river
off that is the excess of precipitation over ET on the sur-transport and processing of elements and the ultimate
rounding continental surface. The annual distribution of marine fate of river-borne materials.
flow in large rivers is determined by the seasonal vari- An important task is to collate and check the wide-
ability of the land-surface water balance, transit times,spread under-used ground-level data sets on these
and storage within soils, ground water, and valley floors.components of the surface water balance and to interpret
Large rivers receive water from source areas with diversghem in the context of physics-based mathematical mod-
climatology and other hydrologic characteristics, gener-els that accurately represent large-scale hydrologic
ating extended periods of high runoff that support vastprocesses in a way that can be checked against available
wetlands in the lowlands of the continental-scale river data such as: stream-flow measurements, satellite-based
basins. Wetlands may be associated with flowing watermapping of inundated areas, and the seasonal condition
such as river floodplains, or they may be located in area®f vegetation.
of low-permeability soils or of constricted drainage on Current capabilities:Current predictions of river
gentle topography. biogeochemistry involve empirical models of the loading
The Amazon basin, for instance, is a region domi- of sediment and nutrients from watershed areas in vari-
nated by the abundance of water. This abundance is evident
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ous natural and distributed conditions, and the alteration This section will first cover plans for EOS moni-

of these materials during river transport. toring of directly-observable vegetation variables,
EOS capabilitiesThe availability of satellite in-  primarily land cover, and land-cover change. Next, de-

formation on land-surface characteristics that control therivable biophysical variables, such as LAI, FPAR, albedo,

energy and material balances of watersheds holds thand vegetation indices will be described. Finally the most

possibility of linking large-scale models of hydrology and complex Level 4 products require integration of EOS sat-

of primary production and nutrient mobilization, such as ellite data with ancillary data to drive biospheric

the Carnegie-Ames-Stanford Aproach (CASA) and simulation models. These models will produce global es-

Biome-BGC models, over continental-scale watershedsimates of NPP and ET.

to predict the biogeochemistry of large river basins. Both

the IDS Soares/Dunne and IDS Moore teams are specifi5.2.3.2 Land cover

cally working on continental-scale hydrogeochemistry Land cover is the initial variable for parameterizing ter-

models. restrial vegetation in virtually all GCM and biospheric
models. Land cover does not quantify the vegetation as
5.2.3 Land-vegetation science issues LAl or biomass does. It only provides a descriptive defi-

nition of the biome type present at a given location. The
5.2.3.1 The role of EOS in global change studies of veg-accuracy of global land-cover mapping influences all other
etation biospheric process calculations. Furthermore, the accu-
Vegetation responds to climate at virtually all space andrate detection of temporal change is one of the most
time scales. Photosynthetic activity of a leaf changesfundamental measures of global change. Ecologically,
within seconds when a cloud blocks direct solar illumi- change in land cover from one biome to another signals
nation. Daily variations in temperature control the,CO the most permanent type of vegetation change, and natu-
balance between photosynthesis, respiration, and soil de-ally requires decades to occur. The human-caused
composition. The spring-time growth of vegetation is changes in land cover, termed land use, are now occur-
clearly visible continentally by time sequences of NDVI. ring much faster, and are more relevant to change detection
Interannual variability in atmospheric GEbncentrations ~ than natural causation. Despite the importance of land
illustrates that the terrestrial biospheric activity shows highcover, it has been poorly quantified (Townshend et al.
geographic and seasonal dynamics. At decadal time scalek?91) and poorly defined (Running et al. 1995) until re-
land-cover changes, predominantly human-induced, causgéently. Nemani and Running (1995) have now estimated
measurable changes in terrestrial biogeochemistry. from AVHRR 8-km data forest cover of 52.3 million km
EOS science questions encompass regional-to-gloThey also reported 40% of temperate forests have now
bal scales, from the carbon balance of the boreal forest theen converted to other uses, but only 26% of tropical
biospheric net primary production (NPP). The short time and 20% of boreal forest land has been cut. These are the
scale of vegetation responses to climate considered biirst global completely satellite-derived estimates of glo-
EOS will range from following interannual variability in ~bal deforestation rates.
spring phenology, to seasonal changes in daily terrestrial EOS contributionMapping of existing land cover
surface C@balance and other greenhouse gas fluxes, toequires satellite data, and a global 8-km current land-
annual NPP and interannual climate-driven variability in cover product from AVHRR is now available (Figure 5.12,
NPP. Over multiple years, terrestrial vegetation respondg?d. 224, Nemani and Running 1995). DeFries et al. (1995)
to changing climate with changes in density, which will and Nemani and Running (1995) are exploring advanced
be quantified as changes in LAl The most permanentlogic for discriminating biomes with a combination of
change in vegetation occurs by land-cover change, whespectral vegetation indices and surface-temperature thresh-
one biome type is replaced by another. For example, ifolds. These groups plan the first full 1-km global
climatic warming proceeds, the alpine forest timberline land-cover analysis with completion of the AVHRR 1-
may encroach upon mountain tundra. However, thes&km Pathfinder data setin 1996. The EOS AM-1 at-launch
changes take many decades to occur. The fastest and ledgnd-cover product will be derived from 1997 1-km
predictable changes in global vegetation are caused bVHRR data. After launch, the first MODIS-derived 1-
direct human activity—cutting forests, draining wetlands, km global land cover product will be complete in one
irrigating deserts. EOS has measurements planned tyear, as an important discrimination criterion for land

evaluate the terrestrial biosphere at all of these space/timeover is differences in seasonality of Visible (VIS)/Near
scales. Infrared (NIR) spectral reflectances. More-accurate land-

cover mapping will be possible as bidirectional reflectance
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distribution functions (BRDFs) from MISR are integrated 5.2.3.2.1 Landsat and high-spatial-resolution land science
with the MODIS land-cover product. This advanced land- Although EOS is predominantly planned as a global-scale
cover product should first be available around 2000science program, some of the satellites will produce im-
(Lambin and Strahler 1994). Townshend (1996) will pro- agery at high spatial resolution. For example, Landsat-7
duce a MODIS-derived land-cover-change productwill produce data at 10- to 30-m spatial resolution with a
specifically with the 250-m channels of MODIS for high- 16-day repeat cycle. The long history of Landsat science
resolution tracking of regional land cover and land-useand applications has illustrated that this spatial/temporal
change. combination is best used for regional land-cover map-
Potential, or climatically-defined land cover is be- ping. The data volume is too high for global use, and
ing computed by a number of biogeography models, theemporal constraints preclude seasonal time-series analy-
most well developed being the Biogeochemical Informa-sis. However, the high spatial detail makes Landsat-7 the
tion Ordering Management Environment (BIOME)2 preferred platform for land-cover change detection, par-
model (Prentice et al. 1992) and the Mapped Atmosphereticularly where human-induced changes often occur at
Plant Soil System (MAPSS) model by Nielson (1995). sub-kilometer scales (Skole and Tucker 1993).
Good definition of potential land cover is a prerequisite Opportunities to improve mapping of land cover
for land-cover change analysis and will be used by theand vegetation structure, such as stem biomass and forest
Moore-IDS and Schimel-IDS teams for biospheric mod-
eling.

Ficure 5.12

Global land cover classification from satellite data

Barren  Shrubs Grass/ Broadleaf Deciduous Evergreen Evergreen R
Cereal crops broadleaf hbroadleaf needleleaf
forest forest forest

The existing global distribution of terrestrial biomes derived from AVHRR data for 1989 (Nemani and Running 1995) .These land-cover data sets
are used to quantify land-surface characteristics in global climate, hydrology, and carbon-cycling models. Land-cover monitorin g is also impor-
tant for quantifying deforestation/reforestation rates and land-use change and urbanization. EOS will produce a global land-cov er product

similar to this at 1-km resolution beginning with the EOS AM-1 launch.
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density, lie primarily with the high-spatial-resolution sen- tio, NDVI, etc., than LAl FPAR is frequently used to
sors like Landsat, and the multi-look-angle MISR sensor.translate direct satellite data such as NDVI into simple
MISR will provide seven looks at a target in one over- estimates of primary production. It does not define plant
pass with its multiple-sensor design. As with Landsat, thecanopies as directly as LAI, but is more specifically re-
long repeat time and high data volume will preclude it lated to the satellite indices.

from routine full global monitoring in the way that MO- As remote sensing became an important tool in
DIS is scheduled, but will allow enhanced capability for terrestrial ecology, initial efforts concentrated on measur-
detection of vegetation variables and change analysis nahg LAl by satellite (Asrar et al. 1984; Peterson et al.
possible with MODIS. ASTER will also provide spatial 1987). Remote sensing of LAl was first attempted for
resolution of 15- to 90-m for selected target scenes.crops and grasslands, correlating spectral reflectances
MODLAND-Townshend will supplement 250-m MODIS against direct measurement of vegetation LAI. Various
data with Landsat and ASTER data to produce a high-combinations of near-infrared and visible wavelengths
resolution land-cover-change detection that will include have been used to estimate the LAI of wheat (Wiegand et
aregional change “alarm” to detect areas undergoing venal. 1979; Asrar et al. 1984). Peterson et al. (1987) first
rapid change. This alarm should alert scientists to largesstimated the LAl of coniferous forests across an envi-
land-cover perturbations in uninhabited areas. Dave Skoleonmental gradient in Oregon using airborne Thematic
of the Moore-IDS team will continue to monitor tropical Mapper Simulator data. NDVI is found to vary mono-
deforestation rates with Landsat and ASTER sensordonically with fraction of vegetation cover for various

(Skole and Tucker 1993). biome types, a variable related to LAl (Price 1992; Huete
et al. 1988; Nemani et al. 1993).

5.2.3.3 Vegetation structure In perennial biome types such as forests, LAI re-
flects climatic optima; warm, wet climates produce forests

5.2.3.3.1 Leaf-Area Index (LAI) of high LAI, while colder, drier climates produce lower

Plant canopies are the critical interface between the atLAl. Because plants regrow and recycle their canopies
mosphere and the terrestrial biosphere. Exchanges o a regular basis, LAl provides a direct measure of the
energy, mass, and momentum between the atmosphef@agnitude of biogeochemical cycling of a vegetation type.
and vegetation are controlled by plant canopies. Wher-Al changes seasonally in crops and annual vegetation
considering the array of global vegetation, there is an intypes, and the weekly increase in LAl provides a good
finite variety of plant canopy shapes, sizes, and attributesmonitor of crop development. Even in permanent vegeta-
Over the last few decades, ecologists have found that #0n types such as forests, LAl will change interannually
useful way to quantify plant canopies in a simple yet pow-With climatic fluctuations, particularly of water balance.
erful way is by defining the LAI (the projected leaf area Defining the length of growing season of deciduous veg-
per unit ground area). This parameter represents the stru€tation can best be done by tracking spring growth and
tural characteristic of primary importance, the basic sizefall senescence of LAI.
of the canopy, while conveniently ignoring the complexi- The advanced biospheric models such as TEM,
ties of canopy geometry that make global comparisonsCentury, and BIOME-BGC all use LAl as the vegetation
impossible otherwise. Characterization of vegetation inStrUCtUral variable. Neither LAl nor FPAR are critical vari-
terms of LAI, rather than species composition, is consid-2bles themselves, rather they are both essential
ered a critical simplification for comparison of different intermediate variables used to calculate terrestrial energy,
terrestrial ecosystems worldwide. carbon, water cycling processes, and biogeochemistry of
Because LAl most directly quantifies the plant vegetation. Although the NPP of grasslands, annual crops,
canopy structure, it is highly related to a variety of canopyand other seasonal biome types can be estimated by the
processes, such as interception, ET, photosynthesis, reéime integration of observed developing biomass, for
piration, and leaf litterfall. LAl is an abstraction of a biome types such as forests, chaparral, and other ever-
canopy structural property, a dimensionless variable thagreen broadleafs, permanent live biomass occupies the
ignores canopy detail such as |eaf-ang|e distribution,Site COﬂtinUOUS'y, CaUSing annual NPP to not be visible
canopy height, or shape. Hence the definition of LAl is from orbiting satellites. The current consensus is that LAI
used by terrestrial models to quantify those ecosystenyVill be used preferentially by ecological and climate mod-
processes. FPAR is a radiation term, so it is more directlyelers who desire a representation of canopy structure in
related to remotely-sensed variables such as Simple Raheir models.
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5.2.3.3.2 Fraction of Photosynthetically-Active Radiation (FPAR) tion, and extent of uncorrected atmospheric interference
FPAR will be preferentially used by remote-sensing sci- change the NDVI-LAI-FPAR relationship significantly
entists to interpret satellite data, and projects interestedSellers 1985, 1987; Asrar et al. 1992; Myneni and Will-
in simple direct estimates of photosynthetic activity and iams 1994).
primary production without using mechanistic biome EOS contributionSatellite definition of LAl uses
models. Much of the ambiguity involved in using either various VIS and NIR channels for optimum sensitivity
LAl or FPAR in global-scale models can be eliminated if for different biome types (Myneni et al. 1996). The regu-
one also knows some general details about the basic liféar weekly EOS monitoring of global LAI will be done
form of the vegetation, i.e., whether it is forest, grass,by MODIS at 1 km, and will use biome-specific algo-
crop, etc. That is why the land-cover product discussedithms (Figure 5.13). However, the multiple-look angles
above is a necessary initial step in computation of LAl of MISR will provide improved LAl definition of com-
and FPAR. plex canopies such as forests, but with longer than the
FPAR is the radiometric equivalent of the struc- monthly repeat times of MODIS. Also, ASTER can pro-
tural variable LAI. The satellite-driven global vide regional LAl datato 15-m resolution with appropriate
computations of NPP use FPAR to avoid the inversion toalgorithms. The Schimel-IDS team is using advanced
LAI and then re-translation back from a satellite-defined spectral mixture modeling to improve the LAl estimate
Spectral Vegetation Index. Theoretical studies of canopyof the structurally complex tree/grass savanna mixtures.
radiation penetration theory explore the physics of howThe MODIS Land team is producing a standard combined
light interacts with a plant canopy, in order to better un- LAI/FPAR product weekly at 1 km for the globe. The
derstand remote-sensing data. (Myneni et al. 1992). Thes&ellers-IDS team is researching advanced formulations
studies concentrate on the fate of incoming radiation, nofor deriving FPAR from Spectral Vegetation Indices. The
on the canopy structure, and describe their results as inSchimel-IDS team is concentrating on the particular prob-
tercepted PAR, or FPAR, paying specific attention to lems of defining LAl and FPAR for the complex savanna
spectral differences in radiation absorption and reflectioncanopies. The Cihlar-IDS team is exploring the problems
(Goward and Huemmerich 1992). A recent refinement ofof low-illumination angles at high boreal latitudes on LAI
this logic is to represent the FPAR, the fraction of PAR and FPAR retrieval.
absorbed relative to the incident spectral radiation. A sig-
nificant part of the theoretical effort recently has been theb.2.3.3.3 Vegetation indices
unification of theory between description of plant cano- The first global vegetation analyses were done with the
pies by LAl and by FPAR through the separation of groundNDVI from the AVHRR sensor (Tucker et al. 1985; Jus-
cover and clump-leaf area (Asrar et al. 1992; Sellers et altice et al. 1985; Goward et al. 1985). A continuous record
1992). Asrar et al. (1992) theoretically showed an impor-of consistently-processed terrestrial NDVI from 1981 to
tant interrelationship amongst LAI, FPAR, and NDVI that the present now exists in the EOS AVHRR Pathfinder
improves the utility of these biophysical variables. They program. These data are a priceless archive of the global
found that under specified canopy reflectance propertiegerrestrial land surface, and have provided valuable les-
(for a given biome), FPAR was linearly related to NDVI, sons on the challenges of processing the volumes of global
and curvilinearly related to LAI, approaching the asymp- data that will be generated by EOS (Justice and Townshend
tote at an LAI of 6 where virtually all incident shortwave 1994).
radiation is absorbed by the canopy. Similar results were A number of improvements have been made to the
shown by Sellers (1985, 1987, 1992) and Myneni andoriginal 2-channel NDVI algorithm (Pinty and Verstraete
Williams (1994). 1992; Qi et al. 1994). The soil-adjusted vegetation index
Consequently, given a canopy of known structure (SAVI) introduced a soil calibration factor, L, to the NDVI
(land-cover type) and light scattering and absorbing prop-equation to minimize the soil background bias resulting
erties, any one measure of the canopy can be usettom first-order soil-plant spectral interactions (Huete
interchangeably with the others with some algebraic ma-1988). This not only minimized soil background effects
nipulation of formulae. Accurate utilization of the NDVI on the vegetation index (VI), but also eliminated the need
requires that the biome type be known so that the approfor additional calibration for different canopy background
priate NDVI-to-LAl-or-FPAR conversion can be made. conditions. The atmospherically-resistant vegetation in-
Further, observational details such as the solar zenitldex (ARVI) incorporates the blue band into the NDVI
angle, sensor look angle, background (soil) exposure fracequation to stabilize the index to temporal and spatial
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variations in atmospheric aerosol content (Kaufman andal. 1994). In addition to the heritage NDVI, MODLAND-
Tanré 1992). Huete will also produce advanced Vegetation Indices that
The MODIS Vls are envisioned as improvements correct for variable background and soil reflectance us-
over the current NOAA-AVHRR NDVI as a result of both ing multiple wavelengths from the 36-channel MODIS
improved instrument design and characterization and thesensor and incorporating atmospheric corrections of all
significant amount of VI research conducted over the lastchannel reflectances done automatically in the MODIS
decade. The new indices are based on improved knowlédata processing stream.
edge of atmospheric effects, soil effects, sun- and
view-angle effects, surface anisotropy, and canopy radi5.2.3.4 Vegetation phenology
ant transfer models. Improved vegetation sensitivity will Possibly the most direct and observable response of veg-
be achieved with improved MODIS sensor characteris-etation to climatic fluctuations is the interannual variability
tics and from the optimal utilization of MODIS sensor in the timing of spring vegetation growth, primarily, the
wavebands. The new MODIS VI will: 1) increase sensi- leafing out of tree canopies and greening of grasses. This
tivity to vegetation; 2) further normalize internal and seasonal timing, termed phenology, has been found to vary
external noise influences, thus improving the vegetationby more than a month. During cool springs, plant devel-
signal-to-noise ratio (external-, internal-, and sensor-opment begins later in temperate and boreal latitudes than
caused); and 3) provide new, unique information for in warm years. This rather abrupt change in surface al-
vegetation analysis. External variations will be minimized bedo, roughness, and wetness measurably changes the
through atmospheric correction algorithms, an atmo-energy exchange characteristics of the land surface
spherically-resistant NDVI equation, and a level 3 (Schwartz 1996). Studies have capitalized on the high tem-
compositing algorithm which incorporates the anisotro- poral frequency of AVHRR, and the simple greenness
pic reflectance behavior of vegetated surfaces utilizingdefinition provided by NDVI to study phenology at con-
directional MISR data. tinental scales (Reed et al. 1994).
EOS contributionThe commonly-used 2-channel EOS contribution:During the EOS era MODIS
NDVI algorithm will be produced by the MODIS Land data will be processed at high temporal resolution over
Team as a heritage NDVI to maximize consistency of thecertain mid-to-high-latitude cloud-free areas to monitor
continuous record of AVHRR data since 1981 (Huete etinterannual variability in vegetation phenology. As glo-
bal climatic change progresses, this phenology monitoring
will provide a consistent and rapid measure of vegetation
Ficure 5.13 response.

5.2.3.5 Net Primary Production (NPP)

Current best estimates of terrestrial carbon fluxes are 100
to 120 Pg of carbon (= 10g or a Gigatonne) taken up
over a year by photosynthesis, and about 40-to-60 Pg are
released over a year by autotrophic respiration for a total
terrestrial NPP of about 50 Pg C (Post et al. 1990; Melillo
et al. 1993 ). This averages out to about 370 ¢Cofm

land surface. Currently about 1.8 Pg of the carbon released
by fossil fuel combustion and deforestation are not ac-
counted for by the atmosphere or ocean, and are
presumably taken up by terrestrial ecosystems (Tans et
al. 1990; Quay et al. 1992; Sundquist 1993). This repre-
sents about 4% of the annual NPP, which is well below
the amount which may be detected from ground measure-
ments. The spatial variability of NPP over the globe is
enormous, from about 1000 gC?for evergreen tropical

rain forests to less than 30 gC?rfor deserts. With in-
Global fields of leaf-area index (LAI) and fraction-absorbed photo- creased atmospheric Q@’]d global climate change, NPP
synthetically-active radiation (FPAR) computed with AVHRR data for over Iarge areas may be changing. To be sensitive to spa-

1982-1991 (Myneni et al. 1996) . EOS will produce these products . T . .
weekly at 1-km resolution from MODIS and MISR data beginning with tial varlablhty, gIObal NPP is best determined by remote

the EOS AM-1 launch.
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sensing, which is one of the key objectives of NASA's for crop futures commodity planning, disaster insurance
Earth Science Enterprise. EOS, and specifically MODIS, analysis, etc.
were designed in part for the scientific objective of cal- The algorithms for these products are based on the
culating global terrestrial NPP (MODIS Instrument Panel original logic of J. L. Monteith (1972, 1977), which re-
Report 1986). lates PSN and NPP to the amount of APAR. Spectral
Goward et al. (1985) was the first study showing a Vegetation Indices (SVI) are useful for quantifying the
relationship between NPP and NDVI, which was con- FPAR that is absorbed and the LAI. To implement the
firmed by Box et al. 1989. Running and Nemani (1988) algorithms, ancillary data on climate and incident PAR
used a model, the forest-biogeochemistry cycles (FOR{from the Rood-IDS DAO and MODIS land-cover type
EST-BGC) model, to show that photosynthesis (PSN) andare required.
NPP were also related to NDVI. Sellers (1985, 1987) de- The MODIS NPP product is designed to provide a
rived the theoretical relationship between NDVI, the weekly NPP estimate for time-critical activities where the
Absorbed Photosynthetically-Active Radiation (APAR), data are only useful if delivered in near-real time (Figure
and photosynthesis for unstressed vegetation. Cihlar €6.14). Because a comprehensive biospheric model can-
al. (1992) showed a similar relationship between PSN andot be run every week, this NPP product will be produced
NDVI with the experimental data from the FIFE. Most from simpler algorithms based on the time-integrated Pro-
recently, Runyon et al. (1994), from the Oregon Transectduction Efficiency Model (PEM) logic (Prince and
Terrestrial Ecosystem Research (OTTER) experiment,Goward 1995). The weekly MODIS NPP will use the
showed NPP to be related to the annual intercepted PARMODIS land cover to define a biome type and a biome-
(about equal to APAR). The advanced MODIS data prod-and-seasonally-specific conversion from PAR to NPP.
uct of daily PSN more correctly defines terrestrial,CO Then the weekly composited FPAR will be generated, and
fluxes than simply NDVI to increase understanding on weekly PAR. The weekly MODIS NPP will be available
how the seasonal fluxes of net photosynthesis are relatedlobally at 1-km resolution. The first stage of algorithm
to seasonal variations of atmospheric,CO development (at launch) will use a simple PEM with tem-
The NPP products are designed to provide an acperature and humidity controls on photosynthesis
curate, regular measure of the production activity orestimated from gridded DAO climate data. With further
growth of terrestrial vegetation. These products will have development (post launch), the efficiency parameter may
both theoretical and practical utility. The theoretical use be determined remotely from the MODIS Vegetation In-
is primarily for defining the seasonally-dynamic terres- dex (MVI), land-cover type, land-surface temperature,
trial surface C@balance for global carbon cycle studies snow/ice cover, surface resistance index, and ancillary me-
such as solving the “missing sink question” of carbon teorological data.
(Tans et al. 1990). The spatial and seasonal dynamics of The main problem after computing FPAR and PAR
CO; flux are also of high interest in global climate mod- is the determination of the PAR conversion efficiergcy,
eling, because CQOis an important greenhouse gas (Field et al. 1995). Prince (1991) summarized values for
(Keeling et al. 1989). Currently, global carbon-cycle mod- herbaceous vegetation and found an average from 1.0 to
els are being integrated with climate models, towards thel.8 gC/MJ for plants with theg@hotosynthetic pathway,
goal of integrated Earth Systems Models that will repre-and higher for plants with the;@hotosynthetic pathway.
sent the dynamic interaction between the atmosphereRunning and Hunt (1993) and Hunt (1994) found pub-
biosphere, and oceans. The weekly PSN product is modished values of for woody vegetation were lower, from
useful for these theoretical G@ux questions. about 0.2 to 1.5 gC/MJ. Global variation of the efficiency
The practical utility of the NPP product is as a mea- factor is controlled partially by varying climatic condi-
sure of crop yield, forest production, and other tions, and partially by inherent physiologic differences of
economically and socially significant products of vegeta- vegetation. Hunt and Running (1992a, 1992b) and Hunt
tion growth. As our regular global NPP products becomeet al. (1996) used a general ecosystem model, BIOME-
well known, we expect a wide variety of derived prod- BGC, to simulate and found that climate and land-cover
ucts to be developed, making regionally-specific estimategypes are extremely important factors determining the ob-
of local crop production. NPP is important for a wide va- served global range of values. Cold temperatures and
riety of uses, from applications like regional crop/range/ water stress limit the length of the growing season thereby
forest yield forecasting to biospheric carbon cycle incre-decreasing conversion efficiency. The maintenance res-
ments of biomass sequestration. Regional-to-global NPRpiration costs of, for example, tree stems, reduces the
may have the highest commercial potential of any EOSconversion efficiency for forests and other perennial veg-
variable because it can be used by the agribusiness sectetation.
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Ficure 5.14

Global Net Primary Production, 1987
(from daily climate, NDVI-LAI, BIOME-BGC)

(kg/malyr)

Resolution: 1 x 1 Lat./Lon.

Nemani/Hunt/Running/NTSG

The global annual net primary production (NPP) for 1987 computed from AVHRR data. EOS will produce a weekly global NPP at 1 km beginning
with the launch of the AM-1 platform. These NPP data will be useful for crop production forecasting, range management, and for est yield
estimates.

EOS contribution:;The MODIS Land Team will  underway (Potsdam Institute for Climate Impact Research
generate a standard weekly EOS NPP product for publi¢PIK]-95, see Section 5.4.6.3). These NPP calculations
use. The Moore-IDS and Sellers-IDS teams will computewill be part of global carbon-cycle analyses exploring
global annual NPP as research activities. The Cihlar-IDSchanges in NPP predicted from climate-change scenarios,
team will compute the global boreal forest NPP, andanswering questions of the “missing sink” in current bio-
IDS-Schimel the global grassland biome NPP. These IDSspheric carbon-cycle science. Highest priority for these
teams will use MODIS land-cover and weekly FPAR prod- studies is accuracy, so these NPP calculations will be done
ucts, daily 4DDA surface climatology, and EOS ancillary with year-end EOS data sets that have been error checked,
topography and soils databases to parameterize their mod#pdated, and calibrated. A global database of field-mea-
els. The biospheric simulation models TEM (Moore-IDS), sured NPP from different biomes is being assembled to
Century (Schimel-IDS), and Biome-BGC (MODLAND- provide a source of validation data for this NPP product
Running) compute NPP as a part of comprehensive(see Sec 5.4.5.3.5).
ecosystem simulations, which also include
photosynthesis-respiration, allocation, litterfall, and de-5.2.3.5.1 Stem and soil carbon
composition processes, with water and nitrogen cycleAll computations of terrestrial carbon-cycle balances re-
controls. Each defined biome type is simulated with quire input of the live biomass in tree stems that emit
biome-specific parameterizations. These advanced mod€0, in maintenance respiration activity, and the dead car-
els are being developed as components in dynamic Earthon in soil horizons that release £fm decomposition
Systems Models that will allow accurate future biosphericactivity. These ecosystem properties are not directly re-
response forecasting (VEMAP 1995). mote sensible, so a number of inference techniques must

An intercomparison test of these terrestrial carbonbe used to provide estimates. Inferences are best done by
balance models for the continental U.S. has recently beeronsidering the NPP and biome-specific vegetation life-
completed and global model NPP intercomparisons arehistory characteristics of a region. A forest primarily
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accumulates stem carbon while a grassland accumulate€s.2.3.6 Regional weekly application products
soil carbon. The final step is analysis of the land-cover-Although much of the EOS datastream is meant for long-
change rate for a region. The presumed stem carbon of &rm monitoring and global science, some of the terrestrial
mature forest would clearly not be accurate in an areasatellite data can have immediate utility if delivered in
that had been deforested. real time. The Running-MODLAND team will produce
EOS contributionBecause of the complicated and some weekly land products for use by natural resource
biome/region-specific nature of these variables, no staniand managers. Critical to these products is 1 km or bet-
dard EOS product generation is planned. Each IDS teanter spatial resolution and near-real-time delivery at the
is building estimates of stem and soil carbon for researclend of each weekly computation period. These are crop/
activities in specific areas. The Schimel-IDS team has therange/forest productivity index, drought index (Figure
most specific research on these problems because grass:15), and fire danger index. An integrated program for
lands and savanna sequester the highest percentage lahdscape fire management is planned from EOS, which
annual NPP in soil carbon of any biome type. Boreal for-will include fire danger monitoring, mapping ignitions at
ests with low temperature and nutrient-limited high frequency and accuracy, tracking fire behavior and
decomposition activity are also biomes with high soil car- movement, computing trace gas emissions, and finally
bon sequestration, the focus of the Cihlar-IDS team.  post-fire ecosystem responses (Kaufman et al. 1996).
Because all of these indices require the computationally-

Ficure 5.15

Palmer Drought Index, (accumulated moisture deficit)

Comparison of the mid-summer drought intensity across the United States for 1988, the year of the Yellowstone Park fires, with the more-normal
summer of 1989.This drought index is derived from the NDVI and surface-temperature data from AVHRR using the methodology of Ne mani et al.
(1993) and Nemani and Running (1989). This satellite-derived drought index will be produced weekly by EOS for applications in a griculture,

range and forest management, and for wildfire danger monitoring.
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Ficure 5.16
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Interannual variability in terrestrial biospheric net CO » exchange, computed from the network of flask sampling of atmospheric CO » and an

atmospheric transport model  (Keeling et al. 1995).

intensive surface resistance product from the PM-1 MO-connecting point between the biosphere and the atmo-
DIS sensor and rapid delivery, this product is currentlysphere. CQ@ is absorbed by vegetation during
planned to be available only for the continental U.S. photosynthesis, and released by respiration and decom-
position processes. Hence, £fDix rates can be positive
5.2.3.7 Biogeochemistry or negative, depending on the level of activity of the un-
The necessity to more accurately quantify global terres-derlying ecosystem processes, and can change hourly as
trial vegetation activity was emphasized by attempts inmicroclimatic conditions change at the surface. Because
the late 1970s to calculate a global carbon budget. Al{photosynthesis can only occur during daylight, while res-
though it was clear from the Mauna Loaf{@0Oncentration  piration and decomposition occur continuously, at global
record that global atmospheric €@as increasing, the scales, the relative G®alance is influenced by latitude
anthropogenic sources did not seem to balance the oceaand the seasonal changes in daylength (Ciais et al. 1995).
and terrestrial sinks. In an effort to locate the missing car-Additionally, CG; flux rates are very different for differ-
bon, measured atmospheric C&ncentrations around ent vegetation types, and stages of vegetation
the world were used in global models tracing known development. The summary of this seasonally-changing
sources and sinks (Keeling et al. 1989; Tans et al. 1990)vegetation activity is observable in the atmospherig CO
Previously, Tucker et al. (1986) showed NDVI alone can concentration records, such as the record for Mauna Loa
explain much of the global patterns of atmospherig CO (Keeling et al. 1989). El Nifio interannual climate varia-
concentration. More significantly, this problem under- tions cause measurable perturbations regionally to
scored the lack of defensible measurement capability ofitmospheric C@signals. The role of climate in control-
terrestrial primary production at global scales. ling interannual variability in biospheric GBalances was
CO, is the most important carbon cycle flux vari- dramatically illustrated by the effect the Mt. Pinatubo
able, and because it is a greenhouse gas, is a criticgruption in 1991 had in slowing the rate of rise in atmo-
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spheric CQ, beginning immediately in 1992 (Figure 5.16) global-monitoring data used by the models to define the
(Keeling et al. 1995). Earth system. The role of EOS is clear here: no Earth
EOS contribution:All EOS global CQ flux re- systems model, no matter how theoretically rigorous and
search will be model-generated becausgi€@ot directly  elegant, will have adequate predictive capability without
observable by satellite. The IDS-Sellers team will use SiB2being initialized by accurate, timely, and complete global
for global CQ flux calculations similar to the work in information.
Sellers et al. (1996) where the influence of vegetation EOS contributionThe most organized terrestrial
physiological controls on summer air temperatures wasmodeling programs operating now are VEMAP, a multi-
studied. Mid-continent air temperatures were found to bemodel simulation of the continental U.S., and PIK-NPP,
higher in the summer when stomatal closure by vegetaan international effort to improve global NPP models,
tion was included in the GCM dynamics of the land hosted by PIK. In the VEMAP activity, three GCM cli-
surface. SiB2 will use MODIS standard products for land mate-change scenarios (United Kingdom Meteorological
cover and LAI/FPAR for initial parameterization. These Office [UKMO], Geophysical Fluid Dynamics Labora-
CO;, balances from SiB2 will be used in GCMs as part of tory [GFDL], and Oregon State University [OSU]) are
their greenhouse gas balances. The Schimel-IDS team iBeing used to drive coupled biogeography and bio-
emphasizing global grasslands and arid lands in their cargeochemistry models of the U.S., to explore how both
bon balance simulations. They find an important potential biome distribution and carbon-cycle processes
conceptual simplification that maximum photosynthetic will change concurrently with doubled G@nd resulting
activity scales linearly with absorbed light in complex climatic change. The biogeography models (BIOME2,
multi-storied savannas. This result solidifies the logic for Prentice et al. 1992; DOLY [the Dynamic Global Phyto-
the EOS productivity calculations planned. The Cihlar- geography model], Woodward et al. 1995; MAPSS;
IDS team is concentrating on global boreal forest carbonNeilson 1995) all use climatic indices and thresholds to
balances. The Cihlar team is currently testing EOS veg-determine the geographic distribution of biomes. The bio-
etation algorithms under the rather unique conditions ofgeochemistry models TEM, Century, and BIOME-BGC,
boreal landscapes. Arid and high-latitude regions havecalculate the carbon, water, and nutrient cycle balances
been identified as areas where climatic change conseef the system. The first VEMAP results (VEMAP 1995)
quences could be particularly severe. The Moore-IDSsuggest high uncertainty on whether continental forest
team, in addition to computing annual terrestrial,CO cover may increase or decrease dependent on how pre-
fluxes, is modeling the transport of carbon via rivers to cipitation patterns change. The biogeochemistry models
the oceans. all predict a modest overall increase in NPP because the
Other aspects of terrestrial biogeochemistry are alsaCO, enhancement effect counteracts climatic change ef-
being studied, particularly greenhouse gas dynamics ofects. However, some specific regions may have significant
different biomes. The Schimel-IDS team will calculate reduction in NPP. Although all of these models are struc-
methane and JO for global grasslands using their Cen- turally similar, results reflect subtle differences in the
tury biospheric model. The Moore-IDS team will assemble theoretical balancing of water, energy, and nutrition in
a global methane budget from Measurements of Pollu-controlling biome distribution and biogeochemistry. These
tion in the Troposphere (MOPITT), TES, and ground datauncertainties must be overcome before trustworthy dy-
sources for use in their TEM biospheric model. namic Earth systems models can become a reality.

The PIK-NPP project is intercomparing the calcu-
5.2.3.8 Predictions of terrestrial biospheric dynamics lations of global annual NPP made by 18 top research
The only means of predicting future biospheric dynamicslaboratories worldwide. These global NPP models exhibit
is with comprehensive simulation models. Because of thedifferent logics and theoretical rigor, and rely in varying
intimate interrelationships amongst the oceans-atmo-ways on remote sensing for inputs. Some models are com-
sphere-biosphere, component models cannot effectivelyletely defined by the satellite data; others use satellite
provide predictive capability in isolation. Only compre- data to initialize land cover and LAI, then simulate NPP
hensive dynamic coupled Earth systems models willusing surface climate data. This intercomparison is an im-
provide the predictive accuracy needed by policy makersportant test of the EOS algorithms for NPP, probably the
and society. These models do not yet exist, although promost important terrestrial vegetation variable generated
totypes are nearly ready for initial testing. The ultimate by the program.
accuracy of Earth systems models will rely both on the
quality of the models, which are under intensive devel-
opment now, and the quality and regularity of the
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5.3 Required measurements and data sets for quantifying land-surface attributes

5.3.1 Introduction

The derivation of biophysical parameters (net radiation,and biogeochemistry of critical greenhouse gases (Run-
temperature, precipitation, ET, LAI, non-photosynthetic ning et al. 1994). The regular global production of these
vegetation, thermal inertia) from remote-sensing data isvariables will allow accurate land-surface-change detec-
highly dependent on calibration, spectral and spatial im-tion, a fundamental determinant of global change. The
aging resolution, illumination and measurement geometry,MODIS instrument has the capability to provide measure-
and atmospheric conditions. To determine the impact ofments to derive most of the parameters required for the
these factors on models of hydrology or primary produc-global-scale models of interest in hydrology and bio-
tion and nutrient cycling requires that investigators havegeochemistry on a one-to-two-day period, and, thus would
easy access to Level 1b imaging products. At this level ithe the primary data source.
is possible to analyze images using nominal calibrations Satellite-derived vegetation indices, such as the
and then to perturb calibrations to examine the sensitivitywell known AVHRR NDVI, are used by numerous scien-
of interpreted biophysical parameters that are entering théists for quantifying a number of vegetation attributes. The
model predictions. This level of processing allows screen-primary EOS vegetation index will be the MODIS Veg-
ing of data to guarantee specific spatial resolutions ancetation Index, or MVI, which will be produced weekly at
viewing geometries (solar zenith, azimuth, phase, andi km, with a 2-channel version available at 250 m (Huete
viewing angles) to minimize uncertainties resulting from et al. 1994). Advanced multi-channel Vls are planned by
extreme viewing angles. the MODIS Land science team. MISR will provide BRDF
Land-surface remote sensing and modeling is adata to improve the nadir VIs of MODIS.
particularly difficult task. Unlike the world’s oceans whose
roughness, albedo, heat capacity, and emissivity vary5.3.2.2 MISR
slowly (if at all) and can be estimated accurately, theMISR will obtain multidirectional observations of each
world's land surface is characterized by considerable spascene within a time scale of minutes, thereby under virtu-
tial and temporal heterogeneity in these basic parameterglly the same atmospheric conditions. MISR uses nine
and additional processes which variably regulate the parseparate charge-coupled device (CCD)-based pushbroom
titioning and magnitude of near-surface energy and watecameras to observe the Earth at nine discrete view angles:
fluxes. These features are particularly divisive in regionsone at nadir, plus four other symmetrical fore-aft views
with mixed or partial canopies. The consequence of thisup to +70.5° forward and afterward of nadir. Images at
for satellite remote sensing and modeling is a require-each angle will be obtained in four spectral bands cen-
ment for more-accurate and higher-resolution tered at 0.443, 0.555, 0.67, and 0.865 um. Each of the 36

measurements made more often. instrument-data channels (four spectral bands for each of
the nine cameras) is individually commandable to pro-

5.3.2 EOS sensors vide ground sampling of 240 m, 480 m, 960 m, or 1.92
km. The swath width of the MISR imaging data is 356

5.3.2.1 MODIS km, providing multi-angle coverage of the entire Earth in

MODIS will be the primary daily global monitoring sen- 9 days at the equator and 2 days at the poles. MISR im-
sor on the EOS AM-1 and PM-1 satellites. MODIS is a ages will be acquired in two observing modes, Global
36-channel nadir-pointing radiometer covering and Local. Global Mode provides continuous planet-wide
0.415-14.235 um wavelengths, with spatial resolution observations, with most channels operating at moderate
from 250 m to 1 km at nadir. The global repeat time will resolution and selected channels operating at the highest
be from 1-4 days, depending on latitude and view-angleresolution for cloud screening, image navigation, and
limits. MODIS will be the primary EOS sensor for pro- stereo-photogrammetry. Local Mode provides data at the
viding data on terrestrial biospheric dynamics and highest resolution in all spectral bands and all cameras
vegetation process activity. The suite of global land prod-for selected 308 300 km regions.

ucts planned for EOSDIS implementation includes MISR will be used to monitor global and regional
spectral albedo, land cover, spectral vegetation indicestrends in radiatively important optical properties (opac-
snow and ice cover, surface temperature and fire, and bioky, single scattering albedo, and scattering phase function)
physical variables (LAl and fractional PAR) that will allow of natural and anthropogenic aerosols—including those
computation of global carbon cycles, hydrologic balances,arising from industrial and volcanic emissions,
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slash-and-burn agriculture, and desertification—and toSurface temperatures are also related to thermophysical
determine their effect on the solar radiation budget. Ovemproperties (such as thermal inertia), vegetation health, solil
land, the dependence of absolute radiance and scene comoisture, temporal land classification (wet vs. dry, veg-
trast as a function of angle will be used to retrieve opacity,etated vs. bare soil), and ET.

absorptivity, and phase function. The measured radiances Both ASTER and MISR image data will be used
will be directly integrated to yield estimates of reflected to assist in defining spectral trajectories associated with
flux, hence albedo. For determinations of these quanti-atmospheric variations that are not visually resolvable in
ties at the surface, radiative transfer inversions of theMODIS data. Several specific sites will be selected to aid
top-of-atmosphere radiances will be used to retrievein calibrating and defining adaptive filters that minimize
multi-angle surface reflectances using aerosol informa-the effect of spectrally complex areas on biophysical pa-
tion also derived from MISR data. Automated rameter estimates. In forested areas the spectral
stereo-image-matching algorithms will be used to derivemeasurements of vegetation are not useful as a measure
surface topography and cloud elevations from multi-angleof cover (all areas are 100% covered by vegetation), but
stereoscopic observations. Over the land surface, theseather correspond largely to canopy architecture and fo-
data will aid studies of the impact of land-surface pro- liar anatomy. Both ASTER and MISR data sets are useful
cesses on climate variables. BRDF measurements obecause they can provide a series of measurements over
various scene types will be used for the development ané range of look angles. Differences in the seasonal phe-
validation of models relating soil, snow, and ice angular nology of different forest community types can be detected
reflectances to surface albedo. For vegetated terrain, meatsing measurements that characterize the photometric
sured angular signatures will be related to canopyfunction.

structural parameters, will provide improved vegetation

cover classifications, and will be used to retrieve surface5.3.2.4 Landsat-7

hemispherical albedos. This information will be used to The Earth-observing instrument on Landsat-7, the ETM+,
derive APAR and improved measurements of vegetationreplicates the capabilities of the highly successful TM

canopy photosynthesis and transpiration rates. instruments on Landsats-4 and -5*. The ETM+ also in-
cludes new features that make it a more-versatile and
5.3.2.3 ASTER efficient instrument for global-change studies, land-cover

ASTER will operate in three visible and near-infrared monitoring and assessment, and large-area mapping than
(VNIR) channels between 0.5 and 0.9 pm, with 15-m reso-its design forebears. The primary new features on Landsat-
lution; six short-wavelength infrared (SWIR) channels 7 are:
between 1.6 and 2.5 pm, with 30-m resolution; and five
TIR channels between 8 and 12 um, with 90-m resolu-+ a panchromatic band with 15-m spatial resolution;
tion. The instrument will acquire data over a 60-km swathe on-board, full aperture, 5% absolute radiometric cali-
whose center is pointable cross-track £8.5° in the SWIR  bration; and
and TIR, with the VNIR pointable out to £24°. An addi- ¢ a thermal IR channel with 60-m spatial resolution.
tional telescope (aft pointing) covers the wavelength range
of Channel 3. By combining these data with those forLandsat-7 and ETM+ will have the following character-
Channel 3, stereo views can be created with aistics:
base-to-height ratio of 0.6. ASTER'’s pointing capabili- The instrument will be supported by a ground net-
ties will be such that any point on the globe will be work that will receive ETM+ data via X-band direct
accessible at least once every 16 days in all 14 bands ardbwnlink only at a data rate of 150 Mbps. The primary
once every 5 days in the three VNIR channels. Howeverreceiving station will be at the USGS’s Earth Resources
global coverage at 15 m might require most of a year toObservation System (EROS) Data Center (EDC) in Sioux
acquire. Falls, South Dakota. Substantially cloud-free land and
ASTER will provide surface reflectances and ra- coastal scenes will be acquired by EDC through real-time
diative (brightness) temperatures. The multispectral TIRdownlink, and by playback from an on-board, solid-state,
data can be used to derive surface kinetic temperature arrecording device. The capacities of the satellite, instru-
spectral emissivity. This temperature/emissivity informa- ment, and ground system will be sufficient to allow for
tion can be used to verify similar procedures employingcontinuous acquisition of all substantially cloud-free
MODIS data. Surface kinetic temperature can be used t@cenes at the primary receiving station. In addition, a
determine elements of surface process models, sensiblorldwide network of receiving stations will be able to
heat flux, latent heat flux, and ground heat conduction.receive real-time, direct downlink of image data via
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X-band. Each station will be able to receive data only for The EOS soils data set planned for AM-1 at-launch
that part of the ETM+ ground track where the satellite isuse is being developed as part of an IGBP-led project to
in sight of the receiving station. compile and unify soils data sets from every country. Glo-
The Landsat-7 system will ensure continuity of bally-relevant pedo-transfer functions are being built to
TM-type data into the next century. These data will betranslate a global pedon database into the soil physical
made available to all users through EDC at the cost ofand geochemical properties required. The final global soils
fulfilling user requests. Browse data (a lower-resolution database from the IGBP-DIS Global Soils Data Task will
image for determining image location, quality, and infor- be gridded at 5° resolution, and will include soil carbon,
mation content) and metadata (descriptive information onsoil nitrogen, water-holding capacity, and thermal prop-
the image) will be available, on-line, to users within 24 erties.
hours of acquisition of the image by the primary ground The distribution of rock types constitutes the first-
station. EDC will process all Landsat-7 data received toorder influence on spatial patterns of soils and topography,
“Level OR” (i.e., corrected for scan direction and band and therefore on regional hydrologic responses, erosion
alignment but without radiometric or geometric correc- rates, and natural hazards. Construction of consistent glo-
tion) and archive the data in that format. A bal maps of lithology through digitizing currently available
systematically-corrected product (Level 1G) will be gen- national maps and augmenting with Landsat or ASTER
erated and distributed to users upon request. The user willvould provide an extraordinary resource for interpreting
have the option of performing further processing on themany of the land-surface characteristics that will be used
data on user-operated digital processing equipment or byn models of vegetation, hydrology, and biogeochemis-
employing a commercial, value-added firm. try.

http://geo.arc.nasa.gov/sge/landsat/I7.html 5.3.3.2 Topography

The most important ancillary data set required by EOS
land science is global topography. However, the resolu-
5.3.3 Ancillary data sets tion of topographic data needed differs among climate,
These data are critical to any investigation of the surfacenydrology, and vegetation disciplines. While 1-km hori-
but represent static data sets whose need and responsibdontal resolution DEMs are adequate for LSM

ity cut across many groups. parameterizations of X 1°, hydrology and vegetation
scientists working with 1 km and finer sensor data re-
5.3.3.1 Soils quire the full 200-m horizontal resolution and 1-m vertical

Soils data are required by virtually every climate, hydrol- resolution possible with best current technology. Hydrolo-
ogy, or ecosystem model, although again, differentgists use topographic data for microclimate corrections,
variables are important to the different disciplines. Sur-snow-melt models, and for river-drainage-network delin-
face albedo is required for energy balance models and fogation, and coastline identification. Vegetation scientists
vegetation radiative transfer models. Soil depth, water-use topographic data to correct raw sensor radiances for
holding capacity, and texture or drainage characteristicsglevational pathlength and topographic shading correc-
are needed by all models to quantify the retention andions, slope-related pixel illumination corrections, and
release of water by soils to the atmosphere, hydrologicgeolocation corrections. For MODIS land products at
systems, and vegetation. In water-abundant regions, soit-km, 500-m, and 250-m resolution, and ASTER and
capacitance partially defines the time constant of flood-MISR land products of even finer resolution, consistent
water dynamics. In water-limited areas, soil water global topographic data of highest possible accuracy will
depletion regulates the increase of sensible heat partitionimprove these land products.

ing that feeds back to climate models and produces the The Global Land 1-km Base Elevation project plans
drought effects that reduce vegetation primary produc-a2 1-km/100-m horizontal/vertical resolution global data
tion. The ecosystem models also require some measurget as the best topographic database possible for at-launch
of soil carbon and nutrient content for biogeochemical AM-1 requirements of January 1998 delivery to EOSDIS.
modeling. However, beyond some general definition of Although higher detail DEMs are available for some parts
parent materials, global soil nutritional estimates can besf the world, such as the U.S. and Europe, no globally-
be estimated by biospheric models specializing in soil bio-consistent database of higher accuracy is possible with
geochemical dynamics such as Century (Schimel et alcurrent national databases. Future efforts, possibly includ-
1994).
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ing a Shuttle Radar Topography Mission may provide datdite rainfall and model runoff is extreme without an effort
for resolution to 30-m/16-m horizontal/vertical resolution to compile or link stage/discharge and flow records in
by mid-1999. such a way that the data are accessible. EOS or EOSDIS
NASA is currently sponsoring the Digital Topog- can contribute to efforts to overcome these problems by
raphy Program to evaluate different technologies for themaking this type of information available for U.S. water-
production and use of DEMs. Under this program, DEMsways and putting forward a template for collecting this
generated from airborne (Topographic SAR [TOPSARY]) information from abroad. The Global River and Drain-
and spaceborne (ERS-1, Shuttle Imaging Radar-C [SIRage Basin Archive now being assembled (led by Charles
C]) radars are being compared with topographic modelsvorosmarty of the Moore-IDS team) will include a reser-
derived via traditional photogrammetric techniques, asvoir and dam database.
well as state-of-the-art global positioning system (GPS)
arrays such as real-time kinematic (RTK-GPS). Numer-5.3.4 Assimilation data sets
ous field sites are located within the U.S., including the The most critical assimilation data set for land science
Mississippi River, the southwestern desert, and volcaniowill be the surface meteorology provided by the Rood-
terrains in Hawaii, plus additional sites in the Philippines IDS team and the Goddard DAO. The 6-hour
and Japan. These studies are also precursors to the Shutiear-real-time production of land-surface incident radia-
Radar Topographic mission scheduled for 1999/2000 andijon, temperature, precipitation, and humidity will be
data from the Environmental Satellite’s (ENVISAT’'S) Ad- required by all hydrology and vegetation models. For
vanced Synthetic Aperture Radar (ASAR) and the many purposes, especially regional calculations, the
Advanced Land Observation Satellite (ALOS). 2°x 2.5° gridded data set from the DAO will need to be
disaggregated to finer spatial detail, using the topographic
5.3.3.3 River and flood control networks data set and appropriate meso- and micro-climate mod-
Topographic data alone are not adequate to define riveels. The VEMAP ecosystem modeling activity for the
runoff routing. Man has placed control structures such asontinental U.S. illustrates how gridded global climate
levees and dams along many of the world’s major streamsgata sets can be enhanced for simulations with finer spa-
and their ability to confound comparisons between satel+ial detail (VEMAP 1995).

5.4 Validation Programs For EOS

5.4.1 Responsibility hierarchy

Global-scale monitoring and validation will be very com-
plicated, both scientifically and politically. For this reason
it is imperative for every plan that it be clear who is re-
sponsible for execution of the work and what funding is
provided. Five fundamental levels of responsibility have 4) United StatesSome activities may be pursued jointly
been identified that need to be dealt with: with agencies outside of NASA. For example, work

with NOAA and the CQflask network, DOE and the

3) EOS project:The EOS project may organize certain
activities with joint cooperation from members of ap-
propriate sensor and IDS teams. These activities will
be executed solely with funding controlled by NASA.

1) Individual: Each EOS team member takes responsi-
bility within their own EOS funding to do certain
measurements at certain field sites.

2) Sensor teamEach sensor science team, for example
the MODIS Land Team, may collectively agree to do
certain joint validation activities, again, within their
current funding.

Free-Air Carbon dioxide Enrichment (FACE) program,
and the National Science Foundation (NSF) with the
Long-Term Ecological Research (LTER) program are
logical and desirable. We must be very aware that these
plans require ongoing interagency agreement on ob-
jectives, funding level etc., and are therefore much
more difficult than activities sponsored from within
NASA alone.
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5) Global: The final most difficult activities will be in- The plan will provide the necessary climate require-
ternational networks of sites and measurementsments for GTOS and the terrestrial requirements for
requiring standardized measurement protocols, equipGCOS. The objective of the plan is to provide a rationale
ment calibration, archiving plans, etc. These programsfor the structure and implementation of the initial opera-
can only be organized by international science orga-tional system. Following an introductory chapter, the plan
nizations such as IGBP, WCRP, the International describes the uses of the data, provides a rationale for
Hydrological Program (IHP), etc. Because the partici- selection of specific variables, describes a design for sam-
pation of each nation is both essential for global pling sites, a rationale for site selection, a short description
coverage but totally voluntary, these global networks of the GCOS data and information system, and lays out
are simultaneously both the most important yet mostspecific tasks to be completed to implement the system.
difficult aspect of EOS validation and monitoring. The TOP for climate includes elements of hydro-

sphere, cryosphere, and biosphere. Shifts in temperature

Validation of vegetation variable$he Global Ter-  and precipitation will affect energy and water balances,
restrial Observing System (GTOS) and the terrestrialwhich in turn will cause changes in distribution and abun-
section of the Global Climate Observing System (GCOS)dance of vegetation. Shifts in vegetation patterns then feed
have been developing a 5-Tier approach to defining theback directly to climate. Consequently, understanding the
level of financial and scientific activity required for dif- interactions between hydrosphere, cryosphere, and the
ferent types of validation effort. These tiers recognize thebiosphere is important both from the point of view of
joint necessity of large but temporary projects like FIFE, understanding and predicting climate change and from
HAPEX, and BOREAS for certain EOS validations, but understanding the effects of climate change on terrestrial
more-permanent geographically-distributed facilities like ecosystems. One of the most significant accomplishments
national resource station networks for other global vali- at the TOP meeting was to agree on a sampling design for
dation activities. This organizing vision is essential for the ecological variables. Many hundreds of variables are
EOS to produce globally-consistent and representativepotential candidates for global climate monitoring, and
validations of the full suite of land-science products. there are many thousands of potential sample locations.

It is neither feasible nor desirable to measure everything,
5.4.2 Global organization of terrestrial observations everywhere, all the time. Most variables have character-
istic time-and-space domains in which they should be

http://www.wmo.ch/web/gcos/gcoshome.htm monitored.

Infrastructure Hierarchy:The GCOS/GTOS ob-
servation network planning team developed a 5-Tier
GCOS/GTOS TORGCOS was established to provide the approach for defining the relative role, capability, and
observations needed to meet the scientific requirement®ermanence of different research programs and facilities
for monitoring the climate, detecting climate change, andin different countries. These tiers are:
for predicting climate variations and change. It was initi-
ated via a Memorandum of Understanding (MOU) among® Tier 1: Major experiment sites such as FIFE or
WMO, the |ntergovernmenta| Oceanographic commis- BOREAS. Intensive but usually short-term measure-
sion (I0C) of the United Nations Educational, Scientific, ~ ments. Global availability < 20
and Cultural Organization (UNESCO), the United Na-
tions Environment Program (UNEP), and the International®  Tier 2: Major permanent research facilities such as
Council of Scientific Unions (ICSU), which setup a Joint ~ the ARM-Cloud and Radiation Testbed (CART) site
Scientific and Technical Committee (JSTC) and a Joint ~ With complete instrument suite and comprehensive on-
Planning Office (JPO) located in WMO Headquarters in  Site staff. Global availability ~ 30
Geneva to develop the plans and strategy for implemen-
tation of the system. The Terrestrial Observation Plan® Tier 3: Permanent research networks such as the U.S.
(TOP) is a joint panel established by GCOS and GTOSto  LTER network. Permanent facilities but measurements
assure that a coordinated plan is produced and imple- ©f regular meteorology, vegetation, hydrology only.
mented. The panel made significant progress on drafting  Global availability ~ 300
the initial terrestrial observation plan which was presented
to the JSTC in October 1995. The strategy for implement-*  Tier 4: Temporary sampling points for specific vari-
ing the plan is being developed in conjunction with the ~ able acquisition. No permanent on-site facilities, but
WCRP and IGBP.
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may be coordinated from a Tier 2-3 station. Global and participation by this group (Wallace 1995). Areas of
availability ~10,000 primary interest include scaling, remote sensing, and pro-
cess studies in semi-arid mixed grass-shrub watersheds

» Tier 5: Sensor calibration sites with stable radiometry including: geographic information system (GIS) devel-

such as White Sands or Railroad Playa opment (particularly around riparian stream corridors),
retrospective land-use studies, mesoscale modeling, rain-

When planning different measurement/monitoring fall-runoff modeling, and soil moisture data assimilation,

activities, it is useful to suggest the Tier that each siteand collaboration with the United States Department of

would best fall into for purposes of organizing activities Agriculture (USDA) Walnut Gulch Experimental water-

appropriate to the infrastructure required. shed, the SALSA project, and EOS Instrument Team (IT)/
IDS calibration/validation efforts. The nested approach
5.4.3 EOS IDS field sites followed by this group involves calibration and valida-

Various programs have been proposed to validate botfiion activities at a range of scales from thekr* Walnut
remotely-sensed data and model fields derived from EOS5ulch watershed to the 4Rm? Lower Colorado water-
products. This effort must be international and span a wideshed (Figure 5.17; Michaud and Sorooshian 1994).
range of climates and biomes, and it must be a long-term
effort to maintain a level of confidence in the data sets. A5.4.3.2 Biogeochemical analysis of savanna ecosystems
number of basin-to-regional-scale validation and process
study efforts and how they fit into each IDS team’s over- IDS: Using multi-sensor data to model factors limiting
all effort are summarized below. Of primary importance the carbon balance in global arid and semi-arid
in these investigations is the continuing need and support lands
required to carefully validate satellite observations, algo-
rithms, and model results with comparable-scale groundPl:  Dave Schimel
observations.
The Schimel-IDS team is studying the responses of glo-
5.4.3.1 AJ/SA: Sahel and Upper San Pedro River basindal grasslands to global change. This team is emphasizing
carbon-cycle processes, primary productivity, and bio-
IDS: Utilization of EOS data in quantifying the processes geochemical cycling. The team uses the Century
controlling the hydrologic cycle in A/SA regions —ecosystem model and specializes in soil carbon and nu-
trient cycling limits on global grasslands (Parton et al.
Pls: Y. Kerr and S. Sorooshian 1993; Schimel et al. 1994). Savanna ecosystems cause
special problems for estimating FPAR and LAI for tree/
Two EOS IDS teams were combined to better study hy-
drologic processes of A/SA regions. The U.S. team has
been developing process models starting at the local-waFicure 5.17
tershed-to-regional scale while the French team is more
concerned with large-scale operational remote-sensiny
issues, using existing and planned satellite missions (bot
EOS and international). Each team is working toward link-| L& Galrads

ing their findings at intermediate scales. A degree of mode +
simplification has been achieved by considering the dis-
continuous nature of storm and interstorm processes the +
are common in A/SA environments.

San-Padr

Both teams devote considerable resources towart
maintaining regional calibration/validation sites and ac-
tivities in the African Sahel (Hapex-Sahel; Prince et al.| ‘Walru-Sulch
1995) and southeast Arizona (Upper San Pedro and Wa
nut Gulch; Kustas and Goodrich 1994) regions. An
international, multi-agency, trans-border effort called the
SALSA Program is being organized to study regional is-
sues and mesoscale modeling with significant leadershi

Use of nested watersheds to provide a multiple-scale analysis of hy-
Fgjrologic processes from 10 2 to 106 kmz2 in the southwestern United
States (Michaud and Sorooshian 1994).
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grass mixtures. A primary research site is the La Copitaprovince include: comprehensive GIS development, rain-
savanna in the Rio Grande Plains of Texas with secondfall-runoff modeling, collaboration with USDA
ary sites in Africa and China. Applications of this researchChickasaw and Little Washita Experimental watershed,
will have high value for range resource managementDOE CART-ARM SGP study area, the proposed Coop-
worldwide. The team also is developing global biosphericerative Atmosphere-Surface Exchange Study (CASES)
models, and is participating in the VEMAP project for Walnut Creek site, soil moisture studies, and EOS IT/IDS
model intercomparisons (VEMAP 1995). calibration/validation.
This IDS investigation has a significant land-at-

5.4.3.3 Humid/coastal: Susquehanna River Basin Ex-mosphere sub-group working on a variety of model and

periment (SRBEX) data issues. The larger group is focused on developing a

better understanding, improved models, and linkages be-

IDS: Global water cycle—extension across the Earthtween the major hydrologic domains of atmosphere,

sciences ocean, and land. E. Wood is working with the
MODLAND-Running team to develop and validate the
Pl:  E. Barron MODIS standard ET and surface resistance products us-

ing field data from the Arkansas/Red River basin area.
A series of nested and coupled models spanning a range
of scales will be used to translate large-scale GCM re-5.4.3.5 LSM parameterizations from FIFE and BOREAS
sults to shorter space-time scales. The goal is to produce campaigns
global-change predictions at a spatial scale which is ap-
propriate to assess their impact. A primary task in thisIDS: Biospheric-atmospheric interactions
effort is the collection of useful initialization/validation
data sets and the integration of regional studies. To date?ls: P. Sellers and H. Mooney
much of the emphasis of the project has been in conjunc-
tion with SRBEX. This team has an extensive and The unique approach adopted by this group has been to
on-going study looking at technology and managementink canopy-scale processes to leaf-scale properties. Not
issues in this humid, mixed-use coastal region including:only have they helped investigate fundamental processes
comprehensive GIS development; hydrologic and meteo-but they have worked hard to link these with remotely-
rologic studies; remote sensing; and evaluation of a soisensed data such that their modeling domain is global
hydrology model, mesoscale atmospheric model, and gSellers et al. 1994). In support of the modeling effort,
GCM to study scale and parameter issues. Water chemidield validation measurements have been made of a hu-

try and human influences are also being studied. mid grassland (FIFE; Sellers et al. 1995a) and the boreal
forest of Canada (BOREAS; Sellers et al. 1995b). Each
5.4.3.4 SGP: Arkansas/Red River basins of these studies has been well-supported with a wide range
of ground, aircraft, and satellite measurements of surface
IDS: Hydrologic processes and climate energy fluxes, C& and vegetation parameters. Additional
validation studies are planned in collaboration with GCIP
Pl W. Lau and the Large Scale Biosphere-Atmosphere Experiment

in Amazonia (LBA). This group has refined the Simple
This group is focusing ground validation efforts in the Biosphere (SiB) model (Sellers et al. 1996a) and has been
Arkansas-Red River basins, which include most of Okla-able to calibrate it in many environments, particularly
homa. A rich cache of pre-EOS satellite and ground datahose dominated by an active canopy. The current model,
sets exist in this area for scale and process-model studieSiB2-GCM, realistically simulates energy, water, and car-
including: AVHRR, SSM/I, GOES, NEXRAD, river stage, bon exchanges from short-to-interannual time scales. It
atmospheric structure, and soil moisture. The approxi-incorporates a state-of-the-art canopy photosynthesis-con-
mately coincident CART-ARM and Oklahoma Mesonet ductance model and uses vegetation boundary conditions
networks provide an especially rich base level of meteo-extracted from global satellite data. Future plans call for
rologic and atmospheric information. Local-scale linking SiB2 with the CASA carbon model.
remote-sensing studies have been made across the Little
Washita sub-watershed (Schmugge et al. 1994). Other
activities planned in this central semi-humid grassland
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5.4.3.6 Tropical: Amazon These component models will be assembled in the EOS
erato provide fully coupled global modeling capabilities.
IDS: Patterns and processes of change in the Amazon
River Basin - The EOS Amazon Project 5.4.3.8 Canadian studies of carbon and hydrologic
cycles
Pls: J. Soares and T. Dunne
IDS: Northern biosphere observation and modeling ex-
The EOS Amazon Project is collating and mapping periment
ground-level data on precipitation and stream flow to es-
timate regional-scale rainfall-runoff relationships and PI:  J. Cihlar
evaporation fields. Mathematical models of hydrologic
processes at three scales’(107-10%, and 1-10 krf) then The Northern Biosphere Observation and Modeling Ex-
allow the analysis of flow paths, storage, and water yieldsperiment (NBIOME) project is evaluating responses of
and their alteration through climate change and anthronorthern latitude ecosystems to globally-changing condi-
pogenic disturbance. These models require the collatiortions of climate, atmospheric chemistry, and human
of ground-level and remotely-sensed data on vegetationactivity. Climatic change is predicted to be largest at high
soils, radiation, and air and canopy temperature with othetatitudes. Chen and Cihlar (1996) have addressed the spe-
data generated by atmospheric models. Validation of thecial problems of extracting vegetation biophysical
hydrologic models is presently accomplished through properties from optical sensors under the extreme illumi-
comparisons of measured and predicted streamflow, buhation angles of high latitudes. A regional-scale
the era of EOS missions holds out the promise of incor-computation of forest productivity for the entire province
porating temporal and spatial distributions of canopy of Quebec using FOREST-BGC parameterized by
characteristics and valley-floor water storage into the vali-AVHRR data has been recently completed (Liu et al.
dation. The next phase of this Project will involve a 1996). Extrapolation of these same technologies to the
mesoscale (POL0* km?) comparison of two basins in  circumpolar boreal forest is planned after the launch of
western Brazil. One retains a more-or-less pristine foresthe EOS AM-1 platform. Understanding the role of bo-
cover, while the other is massively deforested. real biomes as sources or sinks of,@@l be one result
of these studies.
5.4.3.7 Global biogeochemical cycles
5.4.3.9 Cryospheric System (CRYSYS)
IDS: Changes in biogeochemical cycles
IDS: CRYSYS used to monitor global change in Canada
Pl:  B. Moore
Pl:  B. Goodison
The Moore-IDS team has as its ultimate goal the genera-
tion of a dynamic Earth System Model incorporating full Every aspect of CRYSYS is under investigation by an
atmosphere-ocean-terrestrial coupling. In the land-sciencéDS team hosted by Canadian agencies and universities.
domain, B. Moore has coordinated the PIK-NPP projectlts objective is an improved understanding of the climate
of intercomparisons of terrestrial NPP models (Moore andsystem through monitoring, modeling, and process stud-
Cramer 1996). J. Melillo has led the VEMAP project ies within the Canadian cryosphere. A challenge to EOS
intercomparing GCM-driven biogeography and bio- is to take these products developed in a uniquely Cana-
geochemistry models, participating with their TEM dian environment and supply comparable products
(VEMAP 1995). C. Vorosmarty is assembling a Global globally. Snow-cover and snow-climatology studies are
River and Drainage Basin Archive Series for use with the most critical components from the land-surface hy-
continental-scale hydrologic models. This series will in- drology perspective. Existing techniques that estimate
clude all archived river-discharge data, lake levels,snow cover from satellite (microwave) data have been
sediment and water quality records, and related socioecamproved. New, operational techniques for detecting per-
nomic data for all major global rivers. The Water Balance mafrost and for deriving SWE from SSM/I data have been
Model has been used to study biogeochemical transportieveloped. In support of climate monitoring and valida-
via river discharge from terrestrial sources to oceanic sinkgion activities, key historical, operational, and research
(Vorosmarty et al. 1996; Vorosmarty and White 1996). data sets have been assembled and analyzed. Based on
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these observations, most Canadian valley glaciers appeavork and Keeling network). For this strategy to be effec-

to have receded over the last century. Snow validatiortive, a higher density of monitoring stations will be needed,

sites are being maintained across the Canadian Prairieith emphasis on mid-continental locations, possibly with

Region and in collaboration with the BOREAS field sites. very tall (1000 m+) towers. Original locations were cho-
sen to sample oceanic air uninfluenced by local CO

5.4.3.10 Seasonally snow-covered alpine basins sources such as cities. A new effort to organize a more-
advanced tower eddy-correlation-based,(EQ0 flux

IDS: Hydrology, hydrochemical modeling, and remote- network (FLUXNET) globally is under way (Baldocchi

sensing in seasonally snow-covered alpine drain-et al. 1996). A flux network allows more direct validation

age basins of the CQ and HO fluxes simulated by the terrestrial
biogeochemical models, and avoids the large uncertain-
Pl:  J. Dozier ties brought about by the atmospheric transport modeling

used for the C@®concentration-based validations. This
This investigation involves working on the challenging IGBP-led network acknowledges that there already are
problems associated with monitoring the source areas andlmost a dozen continuously operating flux towers glo-
hydrology of much of our fresh-water supply—season- bally, needing only international coordination and
ally snow-covered alpine drainage basins. This group willcentralized data archiving. Once established, at least 20
supply improved algorithms and process models to EOSmore sites are possible from research teams already ac-
including useful code for calculating insolation in topo- tive in this research.
graphically-complex regions, snowmelt modeling, and Vegetation structureGlobal validation of vegeta-
using Landsat data to estimate fractional snow-coveredion structural variables will be a tremendous task
area (Rosenthal and Dozier 1996). There are several op-equiring international cooperation and leadership of
erational efforts to measure snow, forecast runoff, andgroups like IGBP and WCRP. An initial effort is being
evaluate atmospheric deposition in relation to global cli- made beginning in 1996 to identify, organize, geolocate,
mate. Field studies in support of this effort are being and digitize all published NPP data for global ecosystems,
conducted in the Sierra Nevada, Rocky Mountains, Aus-and to archive them with IGBP-DIS (see Section
trian Alps, Tien Shen, and Andes. This group will depend5.4.5.3.5). Because vegetation structure is highly hetero-
heavily on new and high-resolution DEMs supplied by geneous in both space and time, and sampling is typically
EOS. Unlike many other EOS teams, this group’s focuslabor intensive, and not easily automated, a large number
is local, and many standard global-resolution satelliteof study sites will be required. Projects like the Global
products are unusable. Thus, many of their results emtandcover Test Site Initiative (GLCTS) are attempting to
phasize developing technologies at high spatial, temporalget high-spatial-resolution (Landsat TM) data for a glo-
and spectral resolution that will not be supplied by EOSbal array of test sites established by 1997. A project with
platforms. Considerable effort has been made to adapt tthe NSF Long-term Ecological Research Sites plans to
other satellite platforms such as Radarsat, ERS-2, and théevelop sampling procedures for measuring land cover,
Lewis Hyperspectral Imaging system. One particularly LAI, and NPP over tens of kilometers efficiently with stan-
relevant result is that a two-frequency, co-polarized SARdard field instrumentation in different biome types
is needed to map important snow properties through cloudepresented by the network in the U.S. The IGBP is plan-

cover (Shi and Dozier 1995). ning a suite of global climatic/biome gradient transects,
such as tropical-desert Australia, that will cross critical
5.4.4 Land-vegetation science continental ecotones between major biomes and measure

BiogeochemistryAt global scales, possibly the most eas- @ variety of climatic and vegetation variables important
ily validated terrestrial carbon-cycle variable will be 0 EOS. _ .

seasonal and interannual variability in land surface CO Terrestrial ecosystems are highly variable in space
fluxes as monitored by atmospheric S@ncentrations ~ for two reasons. First, vegetation is inherently controlled
(Figure 5.18, pg. 242). To convert the surface fluxes simu-by microclimate and soils influences that change at the
lated by the terrestrial models to atmospheric kilometer level across the Earth’s surface. Second, hu-
concentrations, atmospheric transport models are used fdhan activity has dramatically changed the landscape down
CO, source-sink mixing (Heimann and Keeling 1989), to even the hectare scale. Terrestrial ecosystems are
then comparisons with the observed dynamics measure@dually variable in time, particularly at higher latitudes.
at the global C@networks are made (Tans NOAA net- The seasonal germination, growth, maturation, and se-
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Ficure 5.18

CASA-derived Net Primary Production for 1987 with Flask
Station CO , Measurements and Simulated CO , Concentrations
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Use of the global flask network of seasonal atmospheric CO ,» trends to validate the global NPP map for 1987 produced by the CASA terrestrial
biogeochemical cycle model  (Field et al. 1995).

nescence (or harvest) of vegetation is well known, andtries. The only usable ones for EOS validation are data-
illustrates that certain measures of vegetation may neethases derived from satellite data so that they are measuring
to be repeated as often as monthly for any accuracy. Peexisting, not potential vegetation, and are relatively cur-
rennial vegetation such as forests are fortunately not asent and repeatable, as land cover changes over time
variable temporally, although deciduous forests have a(Running et al. 1994).

very seasonal canopy cover. LAl may require at least two measures per year, a

Consequently, any terrestrial validation measure-winter minimum and a summer maximum. The time se-
ments must be very explicit about the size of area beingjuence of LAI through the growing season is a useful
represented by the data, and the temporal frequency resalidation for APAR models of NPP. However the re-
quired for remeasurement. It appears that there are twoneasure frequency would need to be at least monthly, so
primary categories of terrestrial vegetation measurementd is feasible only at the most intensive study sites. The
possible for EOS validation over multi-kilometer scales. spring greenup or canopy leafout, often termed spring phe-
One class is the vegetation structural measurements thaiology is a very sensitive measure of climate-vegetation
can be taken by field crews using routine field ecology interactions, and can be observed and monitored with par-
techniques. These include land cover, LAI, and NPP. Theticular accuracy over large areas. Fall canopy senescence
other class of measurements is the automated atmosphergnd leaf drop is much more complicated ecologically and
CO, monitors and eddy correlation flux towers. much less observable.

While the measurement of the structural variables NPP is the single most measured field ecology vari-
is straightforward in the field on sub-hectare-size plots,able, and so a large global database exists of expected
they are samples that require extrapolation to at least kivalues. The critical difficulty is that nearly all reported
lometer scales for use as EOS validations. Also thesemeasurements are on tiny study plots, often 0.1ha. NPP
measures have varying temporal stability. The plan is tomay be most easily represented as accumulated NPP at
treat land cover as a rather conservative variable, needhe end of the growing season although that misses some
ing remeasures only every five years. Various land-coverseasonal dynamics in certain biome types.
maps have been created for large areas, even entire coun-
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The tower-based measurements are able to repreand 2) to investigate the use of satellite remote sensing to
sent ecosystem carbon-cycle biogeochemical dynamicénfer climatologically-significant land-surface parameters.
over larger areas that are difficult to define; the reference~luxes of heat, moisture, GCand radiation were mea-
area is a function of the height of the tower and upwindsured across the surface and in the air using a wide variety
dynamics. In general, these techniques are the only realf instrumentation and compared with estimates from sat-
possibility for regional-scale carbon-balance monitoring. ellite sensors. Many of these results have been reported
They measure net ecosystem production as the differencie two special issues dburnal of Geophysical Research
between net CQuptake by photosynthesis and net eco- (Sellers et al. 1992 and 1995).
system C@evolution from plant respiration and soil litter Soil moisture, photosynthetic capacity, canopy
decomposition. However, these measurements cannafensity, and conductance were among the most impor-
separate the components of the system fi@—Dbio- tant variables identified by FIFE scientists. At a larger
spheric models are used for that deconvolution. scale, precipitation, topography, and the diurnal variabil-

Measurement or monitoring of radiometric vari- ity of radiative forcing significantly affect surface fluxes.
ables to validate products such as surface reflectance;lowever, surface physiological feedbacks are more im-
BRDF, and MVIs require very different plans because of portant than variable atmospheric forcings in controlling
the extreme temporal and spatial variability of solar ra-surface fluxes. This result emphasizes the need to physi-

diation delivered to the terrestrial surface. cally characterize the vegetation surface and not expect
that the atmosphere will control the fluxes: “...vegetation

5.4.5 Terrestrial validation activity physiology actively damps out large variations in surface
energy budget forced by diurnal variations in atmospheric

5.4.5.1 Tier 1 major field experiments conditions....” Soil respiration and photosynthetic rates

Global terrestrial carbon models have progressed fronPpeared to be closely coupled. Soil moisture is particu-
simple aggregate budget calculations to relatively mechalarly important below the wilting point, where it starts to
nistic models including key processes of photosynthesisaffect stomatal conductance, and above field capacity as
respiration, and decomposition specific to given biome S0il evaporation begins to dominate transpiration.

types. Major large-scale experiments have been run in a

number of biomes to build understanding and tools for9.4.5.1.1.2 HAPEX-Sahel

spatial scaling. HAPEX, FIFE, the European International HAPEX-Sahel (Hydrologic Atmospheric Pilot Experi-
Project on Climate and Hydrological Interactions betweenment in the Sahel) was an international program focused
Vegetation, Atmosphere, and Land Surfaces (ECHIVAL), on the soil-plant-atmosphere energy, water, and carbon
OTTER, the BOREAS, amongst others, have all had thedalance in the west African Sahel (Prince et al. 1995). It
common objective of developing biophysical techniqueswas intended to improve our understanding of the inter-
and remote sensing to spatially upscale terrestrial surfac@ction between the Sahel and the general atmospheric
processes to regional landscapes. These major experimerfgculation, both at present and in the future, providing a
measure both vegetation structural variables and flux varibaseline for studies of climate change. It was carried out
ables from towers. However, these projects typically havein @ 1°x 1° area of west Niger over a 3-to-4-year period
intensive field seasons for 1-3 years followed by datawith an 8-week intensive observation period from Au-
analysis and modeling; they are not designed as long-terrust to October 1992. HAPEX-Sahel was funded by a
monitoring programs. The Tier 2 permanent research fawide range of agencies in seven participating countries.
cilities are better suited for biospheric monitoring Over 170 scientists visited and worked in the field. An

programs. interdisciplinary approach was adopted with contributed
studies in hydrology and soil moisture; surface fluxes and

54.5.1.1 Past experiments vegetation; remote-sensing science; and meteorology and
mesoscale modeling. Detailed field measurements were

5.4.5.1.1.1 First ISLSCP Field Experiment (FIFE) concentrated at 3 ancillary sites. Four aircraft were used

FIFE was conducted across a ¥5t5-km patchwork of for remote sensing and flux measurement. Observations
burned and unburned prairie near Manhattan, Kansas, duffom space were acquired from nine sensors on seven dif-
ing four intensive field campaigns (IFCs) between 1987 ferent satellite platforms.

and 1989. The objectives of this experiment were two-

fold: 1) to test and improve the upscaling of

micrometeorological models from scales of 1 m to 1 km
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5.4.5.1.1.3 ECHIVAL Field Experiment in Desertification- south. This is reflected in very low photosynthetic and
Threatened Areas (EFEDA) carbon drawdown rates, which in turn are associated with
EFEDA addressed global-change issues, mainly land deglow transpiration rates (< 2 mm dapver the growing
radation and desertification processes in the semi-aridseason for the coniferous species in the area). The strong
region of Castilla la Mancha in southern Spain. Interac-sensible fluxes generated as a result of this often lead to
tions of land-surface processes, mesoscale atmospheritie development of a deep dry planetary boundary layer
circulations, and impacts of human activities (like rap- over the forest, particularly during the spring and early
idly falling groundwater levels) were assessed. From thesummer. The effects of frozen soils and the strong physi-
experiment conclusions may be drawn for a sustainableological control of ET in the biome do not seem to be
use of the natural resources in the Mediterranean and othavell represented in most operational GCMs of the atmo-
semi-arid regions. EFEDA has made available data forsphere.
the regions that cover a wide range of hydrological, veg- Analyses of the data have continued through 1995
etation, and atmospheric information. Through these dataéand 1996. Some limited revisits to the field are antici-
the representation of energy, water, and, @xes be-  pated.
tween vegetation and the atmosphere has been improved

substantially for semi-arid regions. 54.5.1.1.5 OTTER
The OTTER project in Oregon studied a climatic gradi-
5.4.5.1.1.4 BOREAS ent that represents nearly the global range of LAl of

BOREAS is a large-scale international field experiment evergreen forests but with small study plots (Peterson and
that has the goal of improving our understanding of theWaring 1994). This gradient is 200-km long from the
exchanges of radiative energy, heat, watep, @@ trace ~ ocean into the desert, and provides three land covers (crop,
gases between the boreal forest and the lower atmospheryergreen forest, and shrubland). The objective of the OT-
(Sellers et al. 1995). An important objective of BOREAS TER study was to test the ability to use remotely-sensed
is to collect the data needed to improve computer simulavegetation biophysical variables to accurately parameter-
tion models of the processes controlling these exchangeige an ecosystem biogeochemical simulation model for
so that scientists can anticipate the effects of globallandscape-scale processes. The intensive study period was
change. summer 1990, and included acquisitions from satellite-
From August 1993 through September 1994, a con-and aircraft-mounted sensors. Remote sensing of forest
tinuous set of monitoring measurements—meteorology,LAl and canopy chemistry was tested, and model simu-
hydrology, and satellite remote sensing—were gatheredations of NPP and stand biomass development were
over the 100& 1000-km BOREAS study region that cov- executed. Details are available in a special isstEof
ers most of Saskatchewan and Manitoba, Canada. Thitogical Applications(Peterson and Waring 1994).
monitoring program was punctuated by six campaigns that
saw the deployment of some 300 scientists and aircrevb.4.5.1.2 Opportunities from current and future experiments
into the field, supported by 11 research aircraft. The par-
ticipants were drawn primarily from U.S. and Canadian 5.4.5.1.2.1 The Large Scale Biosphere-Atmosphere Experiment
agencies and universities, although there were also im- in Amazonia (LBA)
portant contributions from France, the United Kingdom, LBA is an international research initiative led by Brazil.
and Russia. The field campaigns lasted for a total of 123t is designed to create the new knowledge needed to un-
days and saw the compilation of a comprehensive surderstand the climatological, ecological, biogeochemical,
face-atmosphere flux data set supported by ecologicaland hydrological functioning of Amazonia, the impact of
trace gas, hydrological, and remote-sensing science obland-use change on these functions, and the interactions
servations. The surface-atmosphere fluxes of sensible heabetween Amazonia and the Earth system. LBA is cen-
latent heat, C& and momentum were measured using tered around two key questions that will be addressed
eddy correlation equipment mounted on a surface netthrough multi-disciplinary research, integrating studies in
work of ten towers complemented by four the physical, chemical, biological, and human sciences:
flux-measurement aircraft. All in all, over 350 airborne
missions (remote sensing and eddy correlation) were How does Amazonia currently function as a regional
flown during the 1994 field year. entity?
Preliminary analyses of the data indicate that the
area-averaged photosynthetic capacity of the boreal fors How will changes in land use and climate affect the
est is much less than that of the temperate forests to the biological, chemical, and physical functions of
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Amazonia, including the sustainability of development
in the region and the influence of Amazonia on global
climate?

http://www.ncdc.noaa.gov/gcip/gcip_home.html

In LBA hasis is ai 0 ob i q 54.5.1.2.3 CART-ARM
| N hj (ra]mp_“assl IS g“{ﬁn ko 0 Teéva |(t))ns a:: The Atmospheric Radiation Measurement (ARM) Pro-
analyses which wiil eniarge the knowledge base Orgram is a multi-laboratory, interagency program that was

Amazonia in six general areas: physical climate, carbopcreateol in 1989 with funding from the U.S. DOE. The

storage and exchange, biogeochemistry, atmospheruARM Program is part of DOE’s effort to resolve scien-
chemistry, hydrology, and land use and land cover. Thetific uncertainties about global climate change with a

program is designed to address major issues raised by the ... . .
) . ) L ’ ~Specific focus on improving the performance of GCMs
Climate Convention of Rio de Janeiro in 1992. It will pect ) 'mproving b

) . . . used for climate research and prediction. These improved
help provide the basis for sustainable land use in P P

Amazonia. using data and analvsis to define the resenmodels will help scientists better understand the influ-
Zonia, using ys! ! P énces of human activities on the Earth’s climate. In pursuit

state of the system and its response to observed perturb%f its goal, the ARM Program establishes and operates
tions, complemented by modeling to provide insight into '

; . field research sites, called CARTS, in several climatically-
possible changes in the future. significant locales. Scientists collect and analyze data
obtained over extended periods of time from large arrays
of instruments to study the effects and interactions of sun-
light, radiant energy, and clouds on temperatures, weather,
and climate.

http://lyabae.cptec.inpe.br/LBA/

545122 GCIP

As part of an overall scientific strategy of the WCRP and
GEWEX to improve global climate predictability, the
GEWEX Continental-Scale International Project (GCIP)
was formed in 1990. The overall goal of GCIP is to im- 545124 CASES

prove climate models by bridging the gap between smaIIA CASES site is being established within the ARM-CART

scales appropriate for mode_llng discrete PrOCESSES OVEl.search area to provide a facility for scientists to study
Ia_nd and large scales practlcal for _modellng the gIObaImesoscale processes of meteorology, hydrology, climate,
cllmate_ system. T_he_ primary objec'flves of qu are tOecology, chemistry, and their complex linkages, and to
determine the variability of the Earth’s hydrological cycle serve as a focal point to provide field experience for stu-

and energy exc_hange budget overa con_tlnental scale;_tgems of the natural sciences. The location of the CASES
develop and validate techniques for coupling atmospheric ite is the upper Walnut River watershed north of Winfield,

. S i

?ondriur.gagz rt]))girgl?gr'i?;ﬁ;?;?:sfséneﬂggimofe::’Cell_niansas. Here, boundary layer instrumentation can be de-
F; V'h i ! ; ' g | wat ut ! ployed such that it coincides with the natural boundaries
mate change 10 Impacts on regional Water resources. ¢ iq \wainyt River watershed. Thus, the boundary layer

GCIP ':'hde I\/I_ltssl;SS|pp| R'Vﬁ: bastln was se(ljectled_asl the'nstrumentation, in conjunction with WSR-88D radars,
; SLll y.s'F scaus?_o |setx enksws %/ rfotﬁglga_tgr: tream gauges, soil moisture data, topographic and land-
meteorological observation network. Part of the initial | data, mesonet surface data, and

phase of GCIP is to build up the science base and teChnIa'ltmospheric-hydrologic models, will allow for a detailed

cal expertise on regional, continental-scale pfOCESSESdescription of the hydrologic cycle between the water-

Included in this first phase are plans_ for.a S-year IDEIrIOOIshed and the atmosphere above. Once fully established,
of enhanced observations commencing in late 1995. Th

rtace-based. model-derived. and bormne data wil ASES is projected to have a minimum lifetime of three
surtace-based, modet-derived, and spaceborne data years with possible continuance for the duration of
be used to develop models that couple complex atmoARM-CART
spheric and surface hydrological processes that can operate '
Oqle; wide rangf of ds_,pa(tzﬁ_scalesb{?tsiccmd plhaései of ?C|E4.5. 1.2.5 Northern Hemisphere Climate-Processes Land-
will focus on extending this capability to the global scale, Surface Experiment (NOPEX)
using observations that will be forthcoming towards the
turn of the century from the next generation of Earth ob-

serving satellite systems.

http://info.arm.gov/

NOPEX is devoted to studying land-surface-atmosphere
interaction in a northern European forest-dominated land-
scape. The NOPEX main study region was selected to
represent the southern part of the boreal zone. Central
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Sweden is situated in the middle of the densest part of theneasurements, and a few sites have begun this data col-
northern European boreal forest zone. The main NOPEXection. Relative to the high cost of the spatial scaling
region is centrally situated in the Baltic Sea drainage bastudies, these continuous flux studies are modest in fi-
sin, the study region for the Baltic Sea Experiment nancial requirement. Since these continuous timgfl0©
(BALTEX) project. NOPEX is specifically aiming at in- data sets have immense value for global carbon and cli-
vestigating fluxes of energy, momentum, water, andmate modeling, continuous flux measurements should be
CO,—and the associated dynamics—between the soil, theencouraged in an array of biomes and climates world-
vegetation, and the atmosphere, between lakes and theide. Additionally, an organized flux network with
atmosphere, as well as within the soil and the atmospherstandard measurement and data presentation protocols,
on local-to-regional scales ranging from centimeters toand an active centralized archive would make these data,
tens of kilometers. critical for validation and testing carbon balance simula-

tion models, available to the wider global science
5.4.5.2 Tier 2-3 validation monitoring for terrestrial fluxes community most quickly.

Although the primary science justification offered
5.4.5.2.1 FLUXNET and EUROFLUX here is carbon-balance-related, hydrologic balances are
Strategies for Monitoring and Modeling G@nd Water  also of high importance, and will be an integral compo-
Vapor Fluxes over Terrestrial Ecosystems (IGBP Corenent of flux network measurements (as they were
Projects BAHC, Global Change in Terrestrial Ecosystemspreviously in the large-scale experiments described

[GCTE], International Global Atmospheric Chemistry above). As for the carbon cycle, the non-growing season
[IGAC)). is also critical for hydrologic balances. The continuous

New micrometeorological technologies have re- measurements of the terrestrial hydrologic balance and
cently been perfected that allow continuous flux ET, and the vegetation (carbon cycle) controls will con-

TaBLE 5.2
SimpLE INTEGRATED TowerR CONCEPT
VARIABLE DEPENDENCIES
ComPONENT TOWER VARIABLES EB ATM BRDF TG
- Energy Budget/Surface Meteorology (@] X X -

(Euroflux, Fluxnet, etc.)

- Atmospheric Corrections, Aerosols X (@] X -
(Sun Photometer, Shadow-Band Radiometer, Lidar)

- Bidirectional Spectral Radiances X X O -
(Sun Photometer, CCD Camera)

- Trace Gas Fluxes/Concentrations X X X (o}

(Carbon America, Tragnet, etc.)

FootprINT (100 km?) VEGETATION ANALYSIS

- Land Cover X X X X
- LAI/FPAR X X X X
- Net Primary Production X X X X

- Stem and Soil Carbon
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tribute equally to producing better global hydrologic mod- separation of land-use or management-associated fluxes

els. (forest regrowth) from fluxes associated with climate, ni-
trogen deposition, COfertilization, or other unknown
5.4.5.2.2 Carbon America processes. There is potential to use isotopic measurements

Goal: Determine the location and magnitude of regional in the atmosphere to infer biological processes (photo-
CO, sources and sinks in North America and develop ansynthesis and respiration), in which case the isotopic
understanding of the mechanisms for terrestrial carborsignatures of precipitation, soil water, new plant mate-
storage or loss. rial, and microbial respiration must be obtained via field
The strategy consists of three elements: 1) moni-studies at the monitoring sites.
toring of mixing ratios in the vertical dimension, 2)
monitoring of surface fluxes in specific ecosystems with 5.4.5.2.3 The United States Trace Gas Network (TRAGNET)
co-located additional measurements relevant to the bioThe atmospheric concentrations of greenhouse gases such
geochemical cycle of carbon, and 3) continental-scaleas carbon dioxide (C{) methane (Chj, and nitrous ox-
modeling of the carbon cycle and atmospheric transportide (N;O) are increasing substantially. These increases
By observing the spatial patterns in more detail thanare expected to result in global warming and changes in
ever before, persistent source/sink regions can be identiprecipitation patterns, and may directly affect terrestrial
fied so that targeted process studies can be plannedcosystems. TRAGNET is tasked with accomplishing the
Furthermore, by observing the large flux changes knownfollowing two goals:
to occur (from studies of global concentration variations
and from continuous flux measurements) as a result ob Document contemporary fluxes of g@H,, and NO
regional climate variations, we can uncover major driv-  between regionally-important ecosystems and the at-
ing forces of short-term terrestrial C storage. mosphere
The general feasibility of uncovering regional
fluxes through repeated aircraft sampling, based on an Determine the factors controlling these fluxes and im-
analysis of the signal-to-noise of atmospheric measure- prove our ability to predict future fluxes in response

ments, has been showri'Afeasible global carbon cycle to ecosystem and climate change
observing system{Tans et al. 1996, NOAA/Climate
Monitoring and Diagnostics Laboratory [CMDL]). It is The proposed network is designed to contribute to

envisioned that these measurements are carried out for avur understanding of trace gas fluxes to the atmosphere
initial period of five years spanning one EI-Nifio cycle, in through six principal objectives.

order to make use of and characterize interannual varia-

tions. The frequency of the flights should be once or twicel) The network will promote the comparability of trace

per week. gas flux measurements. As discussed later in this re-
port, the network will provide guidance on sampling
5.4.5.2.2.1 Continuous flux measurements designs that are site-appropriate; provide suggestions

The first continuous long-term flux measurements have and updated information on appropriate analytical and
been performed at the Harvard Forest site. These mea- sample collection methods; and facilitate
surements enable us to calculate the net fluxes integrated intercomparisons and intercalibrations.

over the entire year and, more importantly, to study spe-

cific mechanisms controlling the rates of C uptake and2) The network will provide for more-extensive cover-
loss. The true value of continuous flux measurements can age of ecosystem variability. Identification of regions
only be realized if the measurements are used to test and where no long-term measurements are available, or
develop regionally-specific models of the terrestrial car-  where replication is needed, will be assessed; the net-
bon cycle, and the observational data sets on which the work participants can then encourage the development
models are based. In this way the local results of the flux  of research sites in such areas.

measurements can be extrapolated to regional scales. Such

a strategy calls for many additional measurements to b8) Data synthesis will be facilitated by the network. Data
performed at each flux site. A partial list of additional collected from sites that span a range of controlling
projects would be a good ecological characterization of  factors or that represent a range of ecoregions will be
the site including the soil, soil humidity and temperature,  available to the group for synthesis and hypothesis set-
PAR, N-deposition, meteorological variables, and fluxes.  ting.

Land-use histories are also crucial in order to allow the
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TaBLE 5.3

SPECIFIC VARIABLES MEASURED

Surface meteorology
- incoming and outgoing shortwave radiation, diffuse,
and direct
- incoming and outgoing longwave radiation
- temperature (air, soil, surface temperature + profile)
- canopy and soil heat fluxes
- wind speed and direction
- relative and absolute humidity
- barometric pressure
Atmospheric properties and corrections
- spectral aerosol optical thickness
- total precipitable water vapor
- particle size distribution
- phase function
- single scattering albedo
Bidirectional spectral radiances
- spectral albedos
- vegetation indices
- directional reflectances
- seasonal reflectance dynamics
Trace gas fluxes
- eddy correlation fluxes of Cand HO
- flask measures of isotopic ratios of C, H, and N
- CHjand NO
Footprint terrestrial ecology
- land-cover class
- leaf-area index
- net primary production

- stem and soil carbon storage

identical estimates of input and output. In addition,
model modularity will be developed where possible,
facilitating the identification of reasons models pro-
duce different results.

6) A long-term data archive for trace gas flux and other
ecosystem processes will be established as a compo-
nent of the network. The purpose of the network is to
foster a better understanding of midlatitude trace gas
contributions to the global budget by facilitating data
access and interactions among those measuring and
modeling gas fluxes.

5.4.5.3 Tier 3-4 permanent ecological field station net-
works

5.4.5.3.1 NSF LTER Project, MODLERS

This project brings together 14 LTER Network sites and
NASAs MODLAND Science Team for the purpose of
locally validating EOS-era global data sets. Using sev-
eral standardized methods that incorporate extensive
ground data sets, ecosystem models, and remotely-sensed
imagery, each LTER site is developing local maps of land-
cover class, LAI, and above-ground net primary
productivity for a 100 krharea at a grain size of 25 m. A
nested, hierarchical ground-based sampling scheme will
help establish error bounds on the variable estimates.
These sites represent evergreen forests, deciduous forests,
grasslands, croplands, shrublands, deserts, and alpine
mountains for a reasonable sampling of biome types for
MODLAND tests.

A number of different strategies are being used to
spatially aggregate the fine-grain site maps to a coarse
grain (1 km) so that they can be compared to coincident
portions of global maps of the same three biosphere vari-
ables developed by the MODLAND Science Team. This
coordinated, multi-site grain-size aggregation exercise
presents us with an opportunity to grapple with one of the
most vexing current problems in ecology: effects of scal-
ing from a fine grain to a coarse grain on estimates of
important biosphere variables. We are using several spa-
tially-explicit, geostatistical methods to address this issue,
with the intent of determining how best to maintain cru-

4) Interactions between measurement and modelingcial information among grain sizes. Additionally, we are

groups will be facilitated by the network. Data collec- characterizing similarities and differences among the mul-
tion at appropriate frequency and spatial scales willtiple sites and biomes and between the MODLAND maps
allow model development and model testing. Hypoth- and the site maps at each grain size, in terms of the three
eses generated from the model synthesis activities willmapped biosphere variables.

foster new field research.

5) Intercomparisons of model results will be facilitated.
It will be possible to make comparisons that utilize

http://atlantic.evsc.virginia.edu/~jhp7e/modlers/
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5.45.3.2 GLCTS: The Global Land Cover Test Site Program The initial set of IGBP Terrestrial Transects is lo-
The Global Land Cover Test Site (GLCTS) project is de- cated in four key regions, with three or four existing,
veloping a multitemporal data set of satellite imagery for Planned, or proposed transects contributing to the set in
a globally-distributed set of test sites. This data set will each region.

provide a resource for research on land-cover character-
ization and the testing of algorithms for EOS. The selected IGBP - http://www.ciesin.org/TG/HDP/igbp.html

test sites will represent a wide range of land-cover types BAHC - http://www.PIK-Potsdam.DE/~bahc/

and will be well characterized on the ground, have ongo- GCTE - http://jasper.stanford.edu/GCTE/main.html
ing field-based observation programs, and be of interest GAIM - http://pyramid.sr.unh.edu/csrc/gaim/

to the international global change research community. IGAC - http://web.mit.edu/afs/athena.mit.edu/org/i/
GLCTS development is being coordinated with a num- igac/www/

ber of affiliated organizations. It is currently proposed that

between 40-80 sites be developed for broad land-cover

representation. The initial site selection process has iden5.4.5.3.4 The Gap Analysis Project (GAP)

tified a set of established and emerging long-term Gap Analysis provides a quick overview of the distribu-
monitoring sites where there is in-situ expertise and in-tion and conservation status of several components of
frastructure to facilitate research. Candidate sites undebiodiversity. It seeks to identify gaps (vegetation types
consideration are displayed on the GLCTS homepage. Thand species that are not represented in the network of
database to be created for each of the selected sites williodiversity management areas) that may be filled through
consist of a common set of Landsat, AVHRR, land-cover, establishment of new reserves or changes in land man-

and elevation data. agement practices. Maps of existing vegetation are
prepared from satellite imagery (Landsat) and other
http://glcts.maxey.dri.edu/glcts/index.html sources and entered into a GIS. Because entire states or

regions are mapped, the smallest area identified on veg-
etation maps is 100 ha. Vegetation maps are verified
5.4.5.3.3 IGBP terrestrial transects through field checks and examination of aerial photo-
The IGBP Terrestrial Transects are a set of integrated glographs.
bal-change studies consisting of distributed observational Although Gap analysis is coordinated by the Na-
studies and manipulative experiments coupled with mod-tional Biological Survey, it is composed of (to date) over
eling and synthesis activities organized along existing200 collaborating organizations from businesses, univer-
gradients of underlying global-change parameters, suclsities, and state, local, and federal governments.
as temperature, precipitation, and land use. The globalThirty-seven states are currently developing GAP analy-
change issues that can best be addressed with the gradiesis maps of land-cover habitat types. When these maps
approach include questions where a long period of priorare complete, the land-cover classes can be aggregated
equilibration is required, spatial context is essential, iden-into MODLAND land-cover classes which, being for glo-
tification of thresholds along a continuum is important, bal use, are much more general. The GAP maps will then
and gradient-driven processes are important. The transegirovide a TM-scale validation of the MODLAND land
approach also promotes collaborative, interdisciplinary covers for these areas of the US.
research and leads to an efficient use of scarce scientific
resources. http://www.nr.usu.edu/gap
The IGBP Terrestrial Transects consist of a set of
study sites arranged along an underlying gradient; they
are of order 1000 km in length and are wide enough t06.4.5.3.5 IGBP NPP data initiative
encompass the dimensions of remote-sensing images. Th8lobal modeling and monitoring of NPP is currently a
transects can be visualized most easily where they reprenigh-priority issue because of increasing concern over
sent a simple gradient of a single controlling factor thatissues such as the consequences of perturbations in the
varies in space, for example, the gradient in precipitationcarbon cycle, the impacts of global land-use change, glo-
from moist tropical forest to dry savanna. In addition to bal climate change, and global food security. Monitoring
relatively straightforward transects in which a single en- primary production provides information on many inter-
vironmental factor varies continuously in space, a set ofrelated ecological processes as well as the flux of carbon
IGBP Terrestrial Transects has been identified in whichdioxide from the atmosphere. Georeferenced estimates
the underlying gradient is one of land use. of NPP, including seasonal and interannual variability, are
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key components for modeling of the terrestrial carbon climate regressions), or more mechanistic biogeochemi-
cycle and its response to climate change angf&li- cal models. The need for NPP reference data has been
zation. endorsed by IGBP’s scientific committees of Data and
During the past few years, a coordinated strategylnformation System (DIS); Global Analysis, Interpreta-
to improve global estimates of terrestrial primary produc- tion, and Modeling (GAIM); GCTE; BAHC; and by the
tion through measurements and modeling has emergedCSU Scientific Committee on Problems of the Environ-
An essential part of this effort is compiling a reference ment (SCOPE).
database of NPP ground-based data to parameterize and In addition, the Global Terrestrial Net Primary Pro-
validate global ecosystem models. Such data are imporductivity First Model Intercomparison Workshop, hosted
tant to diagnostic-parametric models (using satelliteby PIK at Potsdam, Germany, in July 1994, resulted in a
remote sensing), correlative-empirical models (based omecommendation to develop and distribute a database of

TaBLE 5.4
PIl/DurATiON INSTITUTE FieLp SiTe VEGETATION
Wofsy/4yrs+ Harvard Univ Harvard Forest, MA temperate deciduous forest
Wofsy/1lyr+ Harvard Univ. Thompson, Manitoba boreal spruce forest
Jensen/5yrs+ RISO Rosskilde, Denmark crops
Valentini/2yrs+ Univ. Tuscia Appenines, Italy beech forest
Baldocchi/2yrs+ NOAA/ATDD Oak Ridge, TN temperate deciduous forest
Verma/lyr+ Univ. Nebraska Valentine, NE wetlands
Hollinger/6mo+ USFS Howland, ME conifer
Meyers/3mo+ NOAA/ATDD Little Washita, OK rangeland
Black/1yr Univ. British Columbia Prince Albert, Sask. boreal aspen
Grace Univ. Edinburgh Manaus, Brazil tropical forest
Black Univ. British Columbia Prince Albert, Sask. boreal aspen
Black Univ. British Columbia Vancouver, B.C. Douglas fir
den Hartog Atmos. Environ. Service Borden, Ontario temperate deciduous forest
Field Carnegie Inst. Wash Stanford, CA grassland
Dunin CSIRO WaggaWagga, Australia crops
Desjardins Agric. Canada Ottawa, Ontario crops
Anderson USGS Trout Lake, WI mixed forests
Bakwin NOAA/CMDL North Wisconsin mixed forests
Jarvis Univ. Edinburgh Prince Albert, Sask. boreal spruce
Oechel San Diego State Univ. Northern Alaska tundra
Gholz Univ. Fla Florida slash pine
Miranda Brazil cerrado
Kelliher Landcare Southern New Zealand Pinus radiata
Ham Kansas State Univ. Manhattan, KS Konza prairie
Valentini et al. EUROFLUX project 15 sites in Europe conifer and broadleaf forests
Baldocchi NOAA/ATDD Western Oregon Ponderosa pine

List of investigators conducting long-term studies of carbon and water vapor exchange over vegetated ecosystems using the eddy covariance

method (+ denotes ongoing operation).
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NPP data. The goals of the PIK Workshop, held again inhydrological, energy, momentum, and carbon exchanges
1995, were to advance the development of terrestrial carwith the atmosphere. The PILPS science plan incorpo-
bon modeling on global scales through the ratesenhanced documentation, comparison, and validation
intercomparison of terrestrial NPP simulation models. of continental surface parameterization schemes by com-
Twenty global ecosystem models of NPP have been evalumunity participation. Potential participants include code
ated in the workshops. The workshops compiled NPPdevelopers, code users, and those who can provide data
baseline data sets, established intercomparison methodets for validation and who have expertise of value in this
ology and protocols, and executed the intercomparisorexercise. PILPS is an important exercise because exist-
of the model outputs. Comparing the model outputs indi-ing intercomparisons, although piecemeal, demonstrate
cated both spatial and temporal differences and identifiedhat there are significant differences in the formulation of
a need for validation data. individual processes in the available land-surface schemes.
As aresult of the PIK Workshop recommendation, These differences are comparable to other recognized dif-
the Global Primary Production Data Initiative Project De- ferences among current global climate models such as
scription (IGPPDI) (Prince et al. 1995) was prepared andcloud and convection parameterizations. It is also clear
has been endorsed by a steering committee of representtiat too few sensitivity studies have been undertaken, with
tives from the international groups listed above. Thethe result that there is not yet enough information to indi-
initiative will identify and compile reliable NPP data and cate which simplifications or omissions are important for
associated environmental data for field sites and will in-the near-surface continental climate, hydrology, and bio-
terpret the data to a range of spatial scales to providgeochemistry. PILPS emphasizes sensitivity studies with,
parameterization and validation data needed in supporand intercomparisons of, existing land-surface codes and
of modeling global primary production and other appli- the development of areally extensive data sets for their
cations. The IGPPDI includes: 1) identifying and testing and validation.” (Henderson-Sellers et al., 1993).
compiling field data sets; 2) scaling field observations to
larger grid cells; and 3) storing and distributing data. http://www.cic.mg.edu.au/pilps-rice/pilps.html
These tasks are divided between several institu-
tions, including the Oak Ridge National Laboratory
(ORNL), Oak Ridge, Tennessee, U.S. (natural systems)p.4.6.2 VEMAP
the University of Maryland, College Park (UMCP), Col- The overall objective of the VEMAP project is to make
lege Park, Maryland, U.S. (estimating NPP for grid cells); an initial determination of the ability of the U.S. vegeta-
Laboratoire d’Etudes et de Recherches en Teledetectiotion to sequester carbon in a changed global climate. In
Spatiale (LERTS)/Centre d’Etudes Spatiales de laorder to make a fast-track evaluation, a set of leading eco-
Biosphére (CESBIO), Toulouse, France (managed sysfogical models was designated to make this assessment.
tems); and the PIK, Potsdam, Germany (meteorology andrhree biogeochemistry models have been selected, one
other physical variables for the selected sites and cells).of them being the BIOME-BGC model (Running and
Coughlan 1988; Running and Gower 1991; Running and
http://www-eosdis.ornl.gov/npp/npp_igbp.html Hunt 1993). The other biogeochemistry models in the
project are Century by Schimel from NCAR and TEM by
Melillo from Woods Hole. For objective one, each bio-
5.4.6 EOS-related land science modeling plans geochemistry model will be run under a current climate
and 2x CO, changed-climate scenarios from three GCMs:
5.4.6.1 Project for Intercomparison of LSP SchemesOSU, GFDL, and UKMO models. Annual NPP, plant and
(PILPS) soil carbon sequestration, and ET will be simulated for
PILPS is a WCRP project operating under the auspices ofhe continental U.S. objective. The results from each bio-
GEWEX and WCRP. It has been designed to be an ongogeochemistry model will be compared to assess the level

ing project. Since its establishment in 1992, PILPS hasof consistency currently possible from leading ecologi-
been responsible for a series of complementary experical models for continental-scale carbon-balance questions.

ments with focuses on identifying parameterization In objective three, the simulations from each GCM sce-
strengths and inadequacies. About 30 land-surface-pronario will also be compared to determine the relative level
cess modeling groups have been participating in PILPS of uncertainty that can be ascribed to climate modeling

“PILPS is a project designed to improve the pa- versus ecological modeling when asking these continen-
rameterization of the continental surface, especiallytal-scale vegetation response questions.
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In a second aspect of the project, three biogeogra-of IGBP GAIM-DIS-GCTE workshops, “Potsdam '95,”
phy models will be also run with current and GCM-based on global modeling of net primary productivity was held
changed climate scenarios to assess the possibilities aft PIK, June 20-22 1995. The purpose of Potsdam 95,
vegetation biome shifts in the U.S. These are MAPPSSike Potsdam '94, was to support a series of model
by Nielson from OSU, BIOME2 by Prentice from Swe- intercomparisons by the various modeling teams around
den, and DOLY by Woodward from Britain. In Objective the globe that are currently modeling the terrestrial bio-
4, the final set of simulations, the biome distribution sphere at large scales.
changes simulated by these models, will be used to ini- A focus of the intercomparison was net primary
tialize the three biogeochemistry models for the U.S. Theproductivity. Global primary productivity of ecosystems
BIOME-BGC model will be initialized in turn with is a crucial component of biogeochemical model devel-
MAPSS vegetation, BIOMEZ2 vegetation, and DOLY veg- opment within IGBP. The subject is complex and central
etation, and the results from each model compared, antb models of the global carbon cycle. The importance of
with each GCM climate base for the continental U.S. this subject rests upon the fact that most terrestrial car-
These simulations will produce the most comprehensivebon-cycle models, as well as terrestrial models that treat
assessment yet made of the potential response of the U.8nergy and water fluxes, must address in a fundamental
terrestrial vegetation to climatic change because it willmanner either gross primary productivity (GPP) and/or
entall the three sequentially-linked simulations of global NPP. There are significant differences in the calculation
climate—biogeography—biogeochemistry responses. of NPP within current global terrestrial models, and
Potsdam '95 was held in order to compare model param-
http://www.cgd.ucar.edu:80/vemap/ eters and outputs. One important aspect of the ongoing
PIK-NPP project is compilation of a comprehensive da-
tabase of published NPP measurements globally for all
5.4.6.3 PIK-NPP biome types (Prince et al. 1995).

Global primary production of ecosystems on land and in
the oceans is a crucial component of biogeochemical http://pyramid.sr.unh.edu/csrc/gaim/NPP.html
model development within IGBP. The second in a series

Region Contributing transects in initial set

Humid tropics Amazon Basin/Mexico
Central Africa/Miombo
Southeast Asia/Thailand

Semiarid tropics Savannas in the Long Term (West
Kalahari Southern Africa)
Northern Australia Tropical Transect

Midlatitude semiarid  Great Plains (USA)
Argentina
North East China Transect

High latitudes Alaska
Boreal Forest Transect Case Study (Canaga)
Scandinavia
Siberia
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EOS PM 212,214

EOSDIS 214, 218, 233, 236, 251
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near-surface meteorology 217-218
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OSU 232, 251-252
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247-249

PSU 213, 217
RADARSAT 215, 241
radiation 216-217
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