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Abstract

The Semi-Arid Land-Surface-Atmosphere Program (SALSA) is a multi-agency, multi-national research effort that seeks
to evaluate the consequences of natural and human-induced environmental change in semi-arid regions. The ultimate goal of
SALSA is to advance scientific understanding of the semi-arid portion of the hydrosphere—biosphere interface in order to pro-
vide reliable information for environmental decision making. SALSA approaches this goal through a program of long-term,
integrated observations, process research, modeling, assessment, and information management that is sustained by cooperation
among scientists and information users. In this preface to the SALSA special issue, general program background information
and the critical nature of semi-arid regions is presented. A brief description of the Upper San Pedro River Basin, the initial loca-
tion for focused SALSA research follows. Several overarching research objectives under which much of the interdisciplinary
research contained in the special issue was undertaken are discussed. Principal methods, primary research sites and data col-
lection used by numerous investigators during 1997—-1999 are then presented. Scientists from about 20 US, five European (four
French and one Dutch), and three Mexican agencies and institutions have collaborated closely to make the research leading
to this special issue a reality. The SALSA Program has served as a model of interagency cooperation by breaking new ground
in the approach to large scale interdisciplinary science with relatively limited resources. Published by Elsevier Science B.V.

Keywords:Interdisciplinary; Semi-Arid; Land-Surface-Atmosphere; SALSA; Water balance; Energy balance; Ecological diversity

1. Introduction model hydrometeorological and ecological processes
in semi-arid regions. The experimental component
The Semi-Arid Land-Surface-Atmosphere (SALSA) of the program follows the format of earlier land-
research Program seeks to evaluate the consequencesurface-atmosphere studies, specifically “Monsoon’90”
of natural and human-induced environmental change (Kustas and Goodrich, 1994) and “Walnut Gulch’92”
in semi-arid regions. The ultimate goal of this (Moran et al., 1993) conducted in southeastern Ari-
multi-agency, multi-national research effort is to ad- zona, USA, in 1990 and 1992; the European Field
vance scientific understanding of the semi-arid por- Experiment in a Desertification-Threatened Area
tion of the hydrosphere—biosphere interface in order (EFEDA) in Spain (Bolle, 1995); and “Hapex-Sahel,”
to provide reliable information for environmental de- conducted in Niger, western Africa between 1991 and
cision making. SALSA is accomplishing this goal 1993 (Goutorbe et al., 1994).
through a long-term, integrated program of obser-  Building on the experience of previous field ex-
vation, process research, modeling, assessment, angheriments, Goodrich (1994) proposed a multi-year
information management, using both existing and in- program to evaluate global change processes over a
novative technologies, and sustained by cooperation wide range of spatial and temporal scales. The chal-
among scientists and information users. A necessary lenge posed by this proposal was to evaluate the water
aspect of providing reliable information to decision and energy balance for a heterogeneous semi-arid
makers is the publication of peer-reviewed research landscape. In July 1995, 65 scientists from nine fed-
results. This special issue of Agricultural and Forest eral agencies, eight universities, six foreign agencies,
Meteorology brings together a number of SALSA re- and several NASA/EOS science teams representing a
search results in a unified format. This presentation is broad spectrum of scientific disciplines met in Tucson,
a preface to the SALSA special issue. A synthesis of AZ to discuss plans for the SALSA effort (Wallace,
these results is provided by Chehbouni et al. (2000c) 1995). A principal outcome of the 1995 workshop
at the end of this issue. was the formulation of the Primary Science Objective
to be addressed by SALSA researchers:
To understand, model, and predict the consequences
2. SALSA Program background of natural and human-induced change on the basin-
wide water balance and ecological complexity of
SALSA grew out of a convergence of several ongo-  semi-arid basins at event, seasonal, interannual, and
ing and proposed efforts to observe, quantify, and decadal time scales.
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It purposefully focuses on two separate but highly

agencies CESBIO, INRA and CIRAD bring a global

interrelated ecosystem components: water balance andperspective to SALSA that in the future will help

ecological complexity. The terrestrial water balance
determines water availability, the primary factor lim-

iting human and natural populations in semi-arid re-
gions. Ecological complexity — representing species,
habitat, and landscape diversity — is a key indicator
of environmental quality and stability in these regions.
Water balance and ecological complexity interact at

extend SALSA research and product applications to
semi-arid regions in other parts of the world. Cur-
rently, IRD scientists based in Hermosillo, Mexico
— in close cooperation with their Mexican counter-
parts in the Sonoran environmental agency IMADES
— have directed and implemented SALSA activities
in Mexico. SALSA is linked to several other global

the land-surface-atmosphere interface, making this the change research programs, primarily through its col-

primary target for SALSA observations.
River basins comprise well-bounded hydrological

laborating scientists. Thus SALSA is closely tied to
the ARS’s National Global Change Program (Agricul-

systems, and encompass many biological and cultural tural Research Service, 1998), which is guided by the
systems of interest, hence, research focuses on theUS Global Change Research Program. Similarly, it is
basin scale. By examining land-surface-atmosphere closely aligned with the global change research activ-
processes at a basin scale, SALSA results will have ities of the French agencies IRD and CNRS. SALSA

direct applicability to environmental management ac-
tivities based on basin or watershed planning units.
Similarly, the range of time scales to be examined by
SALSA — from event to decadal — falls within the

effective design and planning horizon for most man-

is also associated with various remote sensing tech-
nology development efforts including NASA-EQOS,
ASTER, ERS-2, SPOT4-VEGETATION, ADEOS,
and MODIS programs. SALSA will also be a key
contributor to the new NSF Science and Technol-

agement decisions. ogy Center on “sustainability of water resources in
SALSA operates on the principle of voluntary semi-arid regions” established at the University of
collaboration whereby researchers interact with one Arizona along with a wide range of partners.
another across disciplinary, institutional, and political
boundaries to address particular components of the 2.1. Semi-arid regions
Primary Science Objective. Collaborators are free to
pursue their own lines of scientific inquiry in accor- Over 20 countries worldwide, most of them in arid
dance with their institutional needs and resources, and semi-arid regions, are considered to be either
and may join or leave the program as they wish. water-scarce or water-stressed because their growing
The purpose of the organized SALSA “Program” populations require more water than the hydrological
is to facilitate these interactions and to serve as a system can provide on a sustainable basis (Watson
platform for research coordination, data assimilation et al., 1998). Even as the demand for water grows
and synthesis, and information exchange. The role in these countries, the supply is being diminished by
of the SALSA researcher is to collaborate with fel- human activities that degrade watersheds and threaten
low SALSA researchers to gain maximum benefit natural ecosystems. The “desertification” of drylands
from the resources used to address the Primary Ob-negatively affects nearly one billion humans on 35-40
jective. The ultimate product of the SALSA effort million km? of land, or about 30% of the world’s land
will be a comprehensive “knowledge-base” of data, surface (FAO, 1993). While water shortages and de-
information, and tools that will aid environmental sertification affect all dryland areas, developing coun-
decision-making in semi-arid regions. tries are particularly vulnerable to the economic and
The USDA-Agricultural Research Service (ARS) social costs associated with the decline of agricultural
in Tucson, AZ is the institutional home of SALSA. and natural ecosystem productivity.
The ARS provides overall program administration The prospect of natural or human-induced global
and coordination, and shares leadership and plan-change greatly increases the risks and challenges al-
ning responsibilities with Institut de Recherche pour ready faced by these countries. Under current assump-
le Développement (IRD, formerly ORSTOM), the tions of global warming, climate models predict major
French overseas research agency. IRD and its sistershifts in world precipitation and evaporation patterns
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over the next century (UNEP, 1997). Semi-arid re- cal processes operating within semi-arid river basins.
gions, many of which are already drought-prone, may SALSA will use a representative test basin, the Upper
suffer longer and more severe dry periods, as well San Pedro, as its primary experimental and observa-
as more destructive flooding and erosion caused by tional area. However, information from related stud-
higher-intensity rainfall events. The combined effect ies will be incorporated into its “knowledge-base.”
of these stresses could permanently alter the water SALSA will use airborne and satellite-based remote
balance in some semi-arid regions, further reducing sensing technologies to help quantify the spatial dis-
water availability to human and natural ecosystems. tribution of land—surface processes and, in turn, will
Ecological complexity in semi-arid regions is use ground-based measurements to calibrate and val-
closely tied to water availability and is threatened idate remote sensing systems. The relationships and
by the same unsustainable practices that disrupt thetechnologies developed in the test basin will then be
water balance (UNEP, 1997). Many organisms and applied to other semi-arid environments.
ecosystems in these regions are already experiencing
wide-spread habitat destruction, isolation, and frag- 2.2. Upper San Pedro River Basin
mentation (Watson et al., 1998). The loss of native
species (drylands are the ancestral home of major crop The Upper San Pedro Basin (USPB), located in
species such as wheat, barley, and sorghum) increaseshe semi-arid borderland of southeastern Arizona and
the vulnerability to agricultural systems worldwide. It northeastern Sonora (Fig. 1), is a broad, high-desert
is predicted that global change will exacerbate these valley bordered by mountain ranges and bisected by a
problems, as the physical barriers and environmental narrow riparian corridor sustained by an intermittent
stresses caused by human activity prevent organismsstream. The basin has a variety of characteristics which
and ecosystems from adapting or migrating (Janetos, make it an exceptional outdoor laboratory to address
1997). a large number of scientific challenges in arid and
The adverse effects of natural and human-induced semi-arid hydrology, meteorology, ecology, and the
environmental change are already manifest in semi- social and policy sciences. The area represents a tran-
arid regions worldwide. The failure of communities sition between the Sonoran and Chihuahuan deserts
in these regions to protect their natural resource basewith significant topographic and vegetation variation,
is due, in part, to an incomplete understanding of the and has a highly variable climate. It is an interna-
physical and biological processes operating in semi- tional basin with significantly different cross-border
arid ecosystems, and the inability to monitor these legal and land use practices. The upper and middle
processes over a broad range of time and space scalesortions of the basin have a drainage area of 7619 km
Even in developed countries, policy-makers and at the US Geological Survey gaging station at Red-
resource managers often lack the information and tools ington, AZ with approximately 1800 kfnin Mexico.
needed to detect, predict, and mitigate widespread, Elevations within the basin range from roughly 1100
incremental, long-term change on water and biotic re- to 2900 m.
sources. These inadequacies will be greatly magnified The annual rainfall in the USPB ranges from around
in the event of major shifts in global climate patterns. 300 to 750 mm. Approximately 65% of this typically
Consequently, there is a need to better understand theoccurs during the July through September monsoon
key ecological processes operating in semi-arid envi- season from high intensity air—mass convective thun-
ronments, and to develop observation, monitoring, and derstorms. Roughly 30% comes from less intense
modeling technologies that can be applied to global winter frontal systems. Potential evapotranspiration
change problems in these environments worldwide. is estimated at more than 10 times annual rainfall
SALSA intends to address this societal need through at lower elevations (Renard et al., 1993). Interan-
a long-term, integrated program of observation, pro- nual climate variability is also high with a demon-
cess research, modeling, assessment, and informatiorstrated linkage to the El Nifio-Southern Oscillation
management. The program will employ a variety of (Woolhiser et al., 1993). Major vegetation types in-
ground-based and remote sensing techniques to ac-clude desert shrub-steppe, riparian, grasslands, oak
quire new knowledge on key hydrologic and ecologi- savannah, and ponderosa pine. In portions of the basin
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Fig. 1. SALSA study area, Upper San Pedro Basin.

all of these vegetation types are encountered within a and riparian environments of the valley have been
span of 20 km. The USPB supports the second high- radically altered over the past 100 years by human
est known number of mammal species in the world. activities (Bahre, 1991). Despite this past disturbance,
In addition, the riparian corridor provides habitat for the grassland and montane ecosystems at the higher
more than 400 bird species. elevations are considered to have great biological sig-
Principal economic drivers in the valley include the nificance (DeBano et al., 1995). As noted above, the
US Army Fort Huachuca on the Arizona side of the cottonwood—willow riparian forest supports a great
border and the copper mines near Cananea on thediversity of species — some in danger of extinc-
Sonora side (CEC, 1999). Although many view the tion — and is widely recognized as a regionally and
San Pedro as largely undisturbed wildland, the upland globally important ecosystem (World Rivers Review,
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1997). In 1988, the United States Congress estab-1995). This densely instrumented facility provides a
lished the San Pedro Riparian National Conservation foundation and extensive knowledge base for SALSA
Area (SPRNCA), the first of its kind in the nation, to to expand to the larger USPB. The basin contains
protect riparian resources along 60 km of river north riparian and upland ecosystems that show evidence
of the US—Mexico border (Bureau of Land Manage- of historic human impact on the vegetation of the
ment, 1989). The US Bureau of Land Management region, changes that continue today. Kepner et al.
(BLM) administers the conservation area in a manner (2000) documented significant land cover and land
that conserves, protects, and enhances its riparianuse change in the San Pedro over a nearly 25-year
values. A number of factors outside the control of period using classified Landsat satellite images (see
the BLM make protection of the SPRNCA problem- discussion related to objective four for more details).
atic: mine-related pollution, surface diversions, and
groundwater pumping in Mexico; potential water-
rights claims by downstream users; and increased 3. 1997-1999 SALSA scientific objectives
water use by communities near the conservation area
(Jackson et al., 1987; Pool and Coes, 1999). Great The 1997-1999 SALSA activities were part of a
concern exists regarding the long-term viability of the longer term (3—10 year effort) to address the Primary
San Pedro riparian system and ranching in the face of Objective. These secondary objectives were formu-
continued population growth. Groundwater sustains lated to address the Primary Objective and served
the riparian system in the United States and also muchto integrate the research of several disciplines. They
of the ranching industry in the Mexican portion of focus on priorities established at the initial SALSA
the San Pedro. The threat of excessive groundwaterworkshop that were within logistical and monetary
pumping to this riparian system prompted the first constraints. They were:
application of international environmental law within 1. Initiate the development and validation of a cou-
US via the North American Free Trade Agreement pled soil-vegetation—atmosphere transfer (SVAT)
(CEC, 1999). and vegetation growth model for semi-arid regions
Many of the resource management problems in the  that will assimilate remotely sensed data with sev-
Upper San Pedro Basin are due to a lack of infor- eral years of observed data;
mation about the water and ecological systems being 2. develop and validate aggregation schemes with data
managed. Despite the considerable amount of infor-  over very highly heterogeneous surfaces;
mation already available, more is needed. High prior- 3. conduct in situ and remote measurements to: (a)

ity needs include better quantification of those compo-
nents of the water balance known with little certainty

such as aquifer recharge, groundwater—surface-water

interaction, and evapotranspiration from uplands and

riparian areas. Research also needs to be conducted on

the effect of changing land use and water availability
on the ecological complexity of the basin.

For SALSA, the USPB represents an ideal outdoor 4.

laboratory, containing diverse topographic, climatic,
vegetative, and land use features within a well-defined

qguantify and develop models for groundwater, sur-
face water, and evapotranspiration interactions on a
seasonal basis; (b) identify plant water sources; and
(c) identify plant function and atmospheric con-
trols on a semi-arid riparian system consisting of
mesquite, sacaton, and cottonwood/willow vegeta-
tion communities; and

develop a multi-scale system of landscape pattern
indicators using remotely sensed data to estimate
current status, trend and changes in ecological con-

drainage basin. These characteristics are useful in de- dition; and investigate the impact of these changes
veloping and testing land-surface-atmosphere process on water cycle and surface—atmosphere interaction.
models, and calibrating and validating satellite-based The research conducted under these objectives
Earth observation systems (Wallace, 1995). For over forms the foundation for addressing the SALSA Pri-
40 years, a great deal of hydroclimatological research mary Objective in the following manner. The research
of semi-arid lands has been conducted in a sub-basinassociated with the secondary objectives one and
of the San Pedro at the USDA-ARS Walnut Gulch two is required to improve our understanding and
Experimental Watershed (Goodrich and Simanton, our ability to model climatic and land use/land cover



D.C. Goodrich et al./Agricultural and Forest Meteorology 105 (2000) 3—20 9

change impacts on the water and energy balance oftion have been instrumented (see Fig. 1). These sites
large semi-arid regions. This cannot be achieved with- ranged from a native and well-managed grassland,
out an accurate representation of the coupled hydro- representing the pre-degradation conditions in the
ecological processes, and an improvement of the basin, to a mesquite site representing the ultimate
representation of sub-grid scale heterogeneity in stage of degradation. These sites were equipped with
atmospheric models. The research associated withmicro-meteorological devices to measure meteoro-
the third objective is required because water use by logical forcing parameters (precipitation, wind speed
semi-arid riparian systems is a major factor in the and direction, air temperature and humidity, short
semi-arid water balance. Riparian systems support aand long-wave radiation) and fluxes of water, en-
much higher proportion of the biodiversity than the ergy and CQ (Chehbouni et al., 2000a; Nouvellon
area they represent in semi-arid regions. Yet there is aet al., 2000b; Cayrol et al., 2000). Soil moisture and
great deal of uncertainty in quantifying riparian water temperature were sampled at different depths in the
use as well as effects that changes in riparian water soil. Vegetation characteristics, stomatal conductance,
availability will have on riparian vegetation and the surface reflectance and surface temperature at two
associated species that are supported in this habitat. different view angles were taken at different sites. In
The research associated with objective four is re- two of the sites (grass and mesquite), runoff measure-
quired to quantify the changes in land use and land ments were also made. Finally, a set of three large
cover over three decades for the entire basin. This pro- aperture scintillometers (LAS) were used to address
vides a foundation for assessing the impacts of thesethe issue of estimating area-average convective flux
changes on the primary components of the water and over heterogeneous surfaces.
energy balance. The spatial size and connectivity of
land cover are also a significant indicator of habi- 4.1. Objective one
tat characteristics required to support various species.
Changes in these characteristics are often important A wide variety of in situ and remotely sensed data
factors in the survivability or increasing population of were collected at these sites to address this objective
various species. (Moran et al., 2000; Pinker et al., 2000; Nouvellon
et al., 2000b; Qi et al., 2000). A summary of tim-
ing, coverage, and sensor specifications of SALSA-
4. Methods related images is presented in Table 1. NOAA-AVHRR
data was also acquired and processed during Ssig-
The methods used in the first phase of the SALSA nificant portions of the study period. Several soil-
Program spanning roughly the 1996—-1999 period are vegetation—atmosphere-transfer (SVAT) models, with
discussed in this section. Existing data collection net- different degrees of complexity were developed or
works that were either used or expanded upon are adapted and successfully validated using multi-year
briefly mentioned. New experiments and additional data collected at different sites (Boulet et al., 2000;
data collection to address the objectives noted above Nouvellon et al., 2000a; Cayrol et al., 2000; Nouvel-
are then briefly introduced. lon et al., 2000b). Some of these SVATs were coupled
Surface observations were obtained from a variety to different grass-functioning models (Cayrol et al.,
of existing data collection networks. These included 2000; Nouvellon et al., 2000a). These models were
intensive monitoring at the 148 KmUSDA-ARS also coupled to radiative transfer models so that satel-
Walnut Gulch Watershed (85 raingages, 30 runoff lite observations could be assimilated into the process
measurement sites, two sites with energy and, CO model. This procedure appeared to be very effective
flux, meteorology, vegetation and soil moisture mea- in keeping the model on the right track by read-
surements; Renard et al., 1993), meteorological datajusting some of the unknown and spatially variable
collection by the US Army at Fort Huachuca, and five model parameters (Nouvellon et al., 2000b; Cayrol
USGS stream gaging stations along the Upper Sanetal., 2000). Extensive large scale measurements, on a
Pedro. In Mexico, four contrasting sites representing scale commensurate with the resolution of mesoscale
different situations with respect to surface degrada- atmospheric models and satellites such as AVHRR,



Table 1

List of the remote sensing information obtained during 1997 SALSA activities

Platform Sensor Spectral wavelengths Overpass time Coverage

ERS-2 Synthetic aperture C-band (5.3 cm) Monthly, November 1996— ~100kmx100km, US and Mexico sites
radar (SAR) October 1997, ~10:30 a.m.
ATSR2 6 Bands 1997 and 1998 100 kmx100km window that includes

the entire San Pedro Basin
Landsat Thematic mapper (TM) 6 bands, 0.45-2.35 um; Monthly, November 1996— ~180kmx180km, US and Mexico sites

DOE Cessna citation

Agro-metrics 2-engine aircraft

USDA-ARS Aero-commander

SPOT-4

Daedalus—TM simulator

TIMS
1 band video

4 band video

Large format camera
VEGETATION

1 band, 10.42-11.66 pum
10 bands, 0.42-2.35 pm;
2 bands, 8.5-12.5 pm

6 bands, 8.2-12.2 pm
8-12 pm

4 bands, 0.45-0.90 pm

Color near-infrared film
4 Bands

October 1997, ~10:30 a.m.
April 1996 and August
1997, before 12:00 p.m.

April, June, August, Octo-

ber 1997, before 12:00 p.m.
August 1997, before 12:00 p.m.

1998 and 1999

Swath width ~11km at 15 m resolution,
several US sites and the Mexican border

Swath width 0.25 km at 0.5 m resolution,
riparian zone only

Swath width ~6km at 15 m resolution,
several US sites and the Mexican border

100 kmx 100 km window that includes
the entire San Pedro Basin
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ATSR2 and MODIS, of sensible heat flux were also struments was conducted over a homogeneous region
taken at a relatively uniform site with a scintillometer of the sacaton grass while the LIDAR was deployed
(Lagouarde et al., 2000). In a study by Watts et al. on the east bank of the San Pedro River. Kao et al.
(2000), sensible heat flux derived from the scintil- (2000) used this and a variety of measurements in the
lometer measurements over a 1 km transect comparedriparian corridor to do a very high-resolution atmo-
favorably to an estimate using AVHRR-based surface spheric simulation of a portion of the corridor. After

temperature. several days the LIDAR was moved to the west bank
and the flux instruments were redeployed across the
4.2. Objective two highly heterogeneous vegetation types under the path

of the scintillometer. Objective two was addressed

From August 8 to 19 of the 1997 growing season in part with these data due to the wide variation
riparian experimental field campaign (discussed in in vegetation type, height and stress resulting from
greater detail in Section 4.3) a greater concentration differential access to groundwater in the compact ri-
of instrumentation, including two more aircraft, were parian area. Additional scintillometer data collection
deployed at the Lewis Springs riparian site. Additional was also carried out in Mexico in 1998 and 1999 over
instrumentation deployed at this time included an ar- a large grass site, mesquite and mixed grass—mesquite
ray of eddy correlation flux instruments (Hipps et al., transects to address this objective. These data have
1998), a scintillometer (Chehbouni et al., 1999), and been used to develop and validate a wide range of
the Las Alamos National Laboratory Raman LIDAR aggregation schemes (Chehbouni et al., 2000a,b).
(LIght Detection And Ranging) system (Cooper etal.,  Finally, ground-based remotely sensed observations
2000; Eichinger et al., 2000). During the first portion of atmospheric moisture derived from interferometric
of the August campaign an intercomparison of flux in- methods (Shao et al., 1998) were also taken roughly

Table 2
Schedule of SALSA activities, 1997

MEASUREMENT ACTIVITY Jan Feb Mar Apr May Jun Jul Aug Sep Oct

LEWIS SPRINGS SITE, USA
Micromet, groundwater, surface water
Soil (temp, moist)

Streambank (temp, moist)
Canopy (IR, temp, windspeed)

Convective Boundary Layer (interferometry)

Pre-Greenup Pre-Monsoon Monsoon

Greenup "Mini" Post-Monsoon
Synoptic measurements 1 1 1 1 1 1
Landsat satellite overpass 1 ] 1 1 1 1
ERS-2 satellite overpass 1 1 1 1 1 |
Thermal IR aircraft overflight overflight 1 1 | 1
TIMS/TM, MSI aircraft |
Atmosphere (lidar, scintillometer, anem) ||
ZAPATA SITE, MEXICO

Micromet, soil, veg, surf reflect, isotope

Sensible Heat Flux (scintillometer)

MORELOS SITE, MEXICO

Micromet, soil, veg, surf reflect

MESOSCALE ATMOSPHERIC MODELING




12 D.C. Goodrich et al./Agricultural and Forest Meteorology 105 (2000) 3—20

400 m south of the Lewis Springs site. Like the scintil- research and measurements within this corridor was
lometer measurements, these were taken on a scale ofo quantify the surface water, groundwater, and evapo-
several kilometers. The temporal distribution of these transpiration fluxes into and out of the control volume
measurements and many of those described for 1997as depicted in Fig. 2 (Maddock et al., 1998; MacNish
are summarized in the activity/data collection chart et al., 2000; Goodrich et al., 2000). This figure shows

(Table 2). a schematic of the Lewis Springs section of riparian
corridor geometry and a conceptualization of the types
4.3. Objective three of simultaneous measurements to address this objec-

tive. The network of instrumentation installed at Lewis
In addition to the broader-scale measurements noted Springs is illustrated in Fig. 3.

above, an intensive set of groundwater, surface water, Continuous measurements of water levels in the
isotope, energy flux and plant transpiration measure- deep wells, meteorology and fluxes (Bowen Ratio)
ments were concentrated in the Lewis Springs sec- over the riparian grass and mesquite thicket (Scott
tion of the San Pedro Riparian corridor to address et al., 2000), and stream stage at section three were
this objective. This stream section is a “gaining reach” made continuously throughout 1997. Measurements
where groundwater contributes water to the stream. of soil gravimetric moisture, temperature, and tension
The vegetation type and structure in the Lewis Springs were taken in the near-stream bank trenches to inves-
area was judged to be representative of vegetationtigate bank storage-stream conductance relationships
throughout the 60km long SPRNCA. This riparian (Whitaker et al., 1998) for the last half of 1997.
system typically consists of a narrow (20-100m) cot-  In addition to the continuous measurements, inten-
tonwood/willow forest gallery surrounded on either sive synoptic in situ and remote measurement cam-
side by riparian grasses and mesquite thickets. Thesepaigns of 48—120 h were conducted in March, April,
grow on a flood plain that varies in width from several June, August, and October of 1997. These synoptic
hundred to between 1 and 2 km. A primary goal of the measurement periods coincided with tree phenologic

TM Simulator

NASA TIMS
Single-band Thermal
Multispectral

Near Infrared

Remote Sensing d ﬁ:
s

Landsat TM
ERS-2 SAR

San Pedro River

Stage/Discharge
Dye Tracer Dilution
Bank Conductance

Near-Surface
Atmospheric Layer
Micrometerology and
Surface Flux Stations
Scintillometer
SODAR
LIDAR

Control Volume

Groundwater
Deep Wells
Piezometers

Sacaton
Meadow

Mesquite
Woodland
Soil Moisture

Leaf Area Index

. Riparian
Soil Moisture Forest gallery Mesquite
Blomass Sapflow Woodland
Leaf Area Index  pjant Water Isotope Soil Molsture
Leaf Carbon Isotope Leaf Area Index
Stomatal Conductance

Photosynthetic Rate

Leaf Area Index

Fig. 2. Lewis Springs section of the San Pedro riparian corridor with a summary of the simultaneous measurements carried out.
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INTERMITTENT
Piezometer(s) @
Sapflow &

Surface Water
Meas. Section

Soil Moisture/
Veg. Sampling Iy

Neutron Probe &

CONTINUOUS

Micromet/
Bowen Ratio

Deep Well(s)

Bank Conduct.
Trench

Soil Moisture/
Temp. Trench

Slage Recorder ¢

TR

B

AUGUST

Scintillometer
Transmitter
Receiver

LIDAR

1-D Sonic
3-D Sonic
SODAR
Radiosonde

© B 0 0 @ @©

VEGETATION CLASSIFICATION
Cottonwood/Willow [  Sacaton Grass Bare Soil
Mesquite [T seub [0

Fig. 3. A schematic of the network of instrumentation installed at Lewis Springs.

stages and environmental conditions (pre-greenup, of soil moisture were made during synoptic runs and
initial leaf-out, summer drought, monsoon, and other periods of dynamic change. Tree sap flow, water
post-monsoon) of the entire growing season. This potential, stomatal conductance, and water sources
enabled characterization of the seasonal variations in using stable oxygen and hydrogen isotope ratios were
evapotranspiration, and surface-water—groundwater determined for mesquite, cottonwood, and willow.
interactions. Measurements taken during the synoptic These measurements were made during each of the
runs included hourly stream stage and water levels synoptic campaigns to capture variations in transpira-
from five river sections and the piezometer network tion demand as a function of atmospheric demand and
as well as stream discharge measurements determinedgurface moisture availability (Schaeffer et al., 2000;
by current metering, dye-dilution, and an in-stream Snyder and Williams, 2000). A subset of the vege-
flume for the June campaign (Maddock et al., 1998; tation and water source measurements were made in
MacNish et al., 2000). Neutron probe measurements an intermittent, losing and ephemeral riparian stream
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1986 1992 1997 Land Cover
. Forest
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. Mesquite Woodland
|:| Grassland

|| Desert Serub
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. Water

| Barren
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Map images courtesy of William G. Kepner, U.S. Environmental Proteclion Agency, Office of Research and Development, Las Vegas, NV
(http:/Awvww.epa.gov/crdivweb/land-scilhome2.htm)

Fig. 4. Top row: San Pedro Basin land cover in 1973, 1986, 1992 and 1997. Middle row: change in grassland cover; 1973-1986, 1986-1992,
1992-1997. Bottom row: change in mesquite woodland cover; 1973-1986, 1986—-1992, 1992-1997. Note, for the middle and bottom row
red denotes a loss in cover type, yellow — no change, and green denotes a gain over the respective time period.
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reach (at Boquillas and Escapule locations, respec- Kepner et al. (2000) acquired Landsat MSS and
tively, see Fig. 1). This design enabled the proportion TM imagery over the USPB from 1973, 1986, 1992,
and magnitude of surface water use by the gallery and 1997. The images were resampled to 6B&m
trees as a function of groundwater availability to be pixel resolution, coregistered, and georeferenced us-
evaluated. ing the UTM coordinate grid. Vegetation and land
Concurrent with these in situ measurements, use within each image was processed into a 10-class
ground-, aircraft-, and satellite-based remotely sensed system (see top portion of Fig. 4). Using this data, the
measurements were taken. Reference tarps were alsa@hange in land cover classes was computed between
deployed to allow for atmospheric and systematic cor- successive land cover maps. These maps allowed
rections of image data (Perry and Moran, 1994; Moran computation of a variety of discrete landscape met-
et al., 1994; Qi et al., 1998). These included monthly rics to assess dominance, fragmentation, and rates of
acquisition of image sets from the Landsat TM and conversion.
ERS-2 SAR satellite sensors (Table 1). Furthermore, In order to document the impact of land degra-
at each site measurements of surface reflectance andiation (grass—mesquite transition) on the partitioning
temperature were made with hand-held radiometers of available energy into sensible and latent heat flux,
for small-scale studies and for validation of the satel- and on the partitioning of precipitation into runoff
lite images. The five synoptic measurement periods and infiltration, a specific investigation was carried
were also selected to coincide with overpasses of the out in Mexico. This involved infiltration tests, isotopic
Landsat and ERS-2 satellites. In addition, arrange- sampling and analysis, and soil moisture monitoring.
ments were made for aircraft overpasses to provide The results indicated that infiltration decreased, and
fine-resolution (1, 5 and 15m) images of the riparian therefore runoff and erosion increased with increas-
site, the Mexican border area, and several upland sitesing mesquite invasion. They also indicated that the

of interest (see Table 1). mesquite develops, along with its deeper roots, an ex-
tensive surface root system. This dual root system al-
4.4. Objective four lows the mesquite to extract water from the shallow

soil when this is available (during the monsoon sea-

The research related to this objective was motivated son) and to switch to deeper sources during the dry
by the critical need for defining status, trends and season (also see Snyder and Williams, 2000).
changes in land use and land cover for contemporary
land management. Kepner et al. (2000) addressed
this objective through classifications of basin imagery 5. Conclusions
from the 1970s, 1980s and 1990s. They noted that
numerous studies (e.g. Houghton et al., 1983; Turner, Major progress has been made in addressing the
1990; McDonnell and Pickett, 1993) suggest that Primary Objective through a series of intensive exper-
human land use management practices are the mosimental campaigns, long-term monitoring, application
important factor influencing ecosystem structure and of innovative remote sensing techniques, and subse-
functioning at local, regional, and global scales. The quent analyses. The synthesis paper by Chehbouni et
distribution of land use, including its type and extent, al. (2000c) at the end of this special issue summarizes
is a major factor affecting ecological and hydrological the primary findings and conclusions related to ob-
condition related to alteration of species composi- jectives one through three. Several of the conclusions
tion, food-web structure, ecosystem carbon storage, resulting from research related to objective four are
and interactions between biota (Forman and Gordon, presented here as they present an excellent overview
1986). Kepner et al. (2000) employed a landscape of the character of the Upper San Pedro Basin. In
framework, as it provides the context: (1) to investi- addition, they demonstrate the dynamic nature of the
gate changes in composition, pattern distribution, and basin as well as the great degree of change taking
process function; (2) to compare conditions across place in the USPB.
mixed landscapes; and (3) to assess cumulative sources The middle and lower portions of Fig. 4 illustrate a
of environmental change (Jensen and Everett, 1994). substantial loss of grassland and a dramatic increase
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in mesquite woodland during the period between 1973 this process and replace mesquite with grasses is en-
and 1986. Table 3 contains a list of the relative land ergy intensive and very difficult to accomplish on a
cover changes over several time periods for each of thelarge scale. These dramatic changes at the basin scale
cover classes. It is readily apparent that the mesquiteare an indication of the urgency needed to provide
woodland has encroached upon the entire watershedpolicy and decision makers of the basin with sound
with over a 400% increase in the 1973-1986 period. research and data to enhance their ability to manage
Its total extent increased fivefold between 1973 and basin resources for a sustainable future.
1986, from 20,812 to 107,334 ha. Where grasslandwas From a programmatic perspective SALSA has ser-
the dominant cover type, its total extent has steadily ved as a model of interagency cooperation. Scientists
declined over each of the three sample periods. Over from about 20 US, five European, and three Mexican
50,000 ha of vegetative communities dominated by agencies and institutions currently cooperate in condu-
perennial and annual grasses were lost between 1973cting SALSA research. These scientists readily share
and 1992, with the major decrease occurring between resources and data with other SALSA researchers with
1973 and 1986 (46,025 ha lost). whom they are co-investigators. In addition, SALSA
Additional spatial analyses indicated that extensive, cooperates with several federal, state, and local gov-
highly connected grassland and desert scrub areasernment agencies, and non-governmental organiza-
are the most vulnerable ecosystems to fragmentationtions, that it considers to be SALSA information-users,
and actual loss due to encroachment of xerophytic or clients.
mesquite woodland. During the study period, grass- The SALSA Program has broken new ground
lands and desert scrub became more fragmented asn the approach to large scale interdisciplinary sci-
well as decreasing in extent. As stated by Kepner et al. ence where limited resources are available. Careful
(2000), greater fragmentation implies the number of planning resulted in the identification of critical and
grassland and desert scrub patches increased and theiexciting scientific challenges that not only required,
average patch sizes decreased. “In stark contrast, thebut fostered, interdisciplinary collaboration. Careful
mesquite woodland patches increased in size, number,attention to enhancing interdisciplinary communica-
and connectivity. These changes have important im- tion built the foundation for trustful collaborations.
pact for the hydrology of the region, since the energy This enabled unselfish sharing of numerous small
and water balance characteristics for these cover typesgrants and in-kind resources to accomplish a goal
are significantly different.” Mesquite woodlands can which is much greater than the sum of the individual
exploit water sources at greater depths and can there-parts. An additional driving force behind the SALSA
fore out-compete shallow rooted grasses. To reverseProgram’s success is the knowledge that the results
of this research will directly aid land managers and
decision-makers in the near term.
The order of papers within the special issue is
;ab'eii atve land A o the U San Ped roughly aligned with the first three objectives dis-
ercent relative land cover change for e er san earo H H
Watershed (1973-1986, 1986—19929, and 1973—1882) from Kepner Cuss.ed above, with reTSUItS from the forth dISCUSS.Ed
et al. (2000) herein. Remote sensing results are presented first
followed by SVAT-related research and the param-
eterization of water and energy fluxes in arid and
Forest 0.12 —4.93 —4.82 semi-arid regions. Next a series of papers discuss the

Time period 1973-1986 1986-1992 1973-1992

Oak woodland 0.54 —4.23 —3.71 representation of heterogeneity in surface-controlling
Mesquite 415.72 -102 41047 parameters. Several papers then follow addressing the
Grassland —14.70 —2.04 —16.44 . . . . .

Desert scrub _17.69 _268 ~19.90 function and dynamics of basin vegetation with spe-
Riparian —28.01 3.41 —25.55 cial emphasis on the competition for water between
Agriculture 55.95 33.05 107.49 grass and mesquite. Finally, a set of papers focused
\L/J\/f:tzrr‘ 260776833 . 52?3?71 %;7-2114 on the San Pedro riparian corridor and the interaction
Barren 55 23 462 62.40 between riparian vegetation, ground water and surface

water are presented.
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Appendix A. List of acronyms

ADEOS Advanced Earth Observing Satellite

ASTER Advanced Spaceborne Thermal
Emission and Reflection Radiometer

ATSR2 Along Track Scanning Radiometer

AUW Wageningen Agricultural University
(Netherlands)

BLM Bureau of Land Management

CEC Center for Environmental

Cooperation

SPOT4

SPRNCA

SVAT

UNEP

USDA-ARS

US-EPA

Centre d’Ecologie Fonctionnelle
et Evolutive

Centre d’Etudes Spatiales de
la Biosplére
Centre de Codgration Internationale
en Recherche Agronomique pour le
Développment

Centre National de la Recherche
Scientifique
European Field Experiment in a
Desertification-Threatened Area
European Remote Sensing Satellite
Food and Agriculture Organization
of the United Nations
Hydrology—Atmosphere Pilot
Experiment
Instituto del Medio Ambiente y el
Desarrollo Sustentable del Estado
de Sonora
Institut National de la Recherche
Agronomique
Institut de Recherche pour le
Développment

Land Satellite Multispectral
Scanner

Land Satellite Thematic Mapper
Moderate Resolution Imaging
Spectroradiometer

National Aeronautics and Space
Administration Earth Observing
System

National Oceanic and Atmospheric
Administration Advanced Very High
Resolution Radiometers

Satellite Probatoire d’Observation
de la Terre

San Pedro Riparian National
Conservation Area
Soil-Vegetation—Atmosphere
Transfer Model

United Nations Environment
Program

United States Department of
Agriculture-Agricultural

Research Service

United States-Environmental
Protection Agency
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USGS-WRD  United States Geological
Survey-Water Resources Division

USPB Upper San Pedro Basin
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