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Project Summary 
 

Relatively little is known about the North American monsoon despite the fact that this 
seasonal climate phenomenon controls the distribution of rainfall, streamflow and vegetation in 
the southwestern United States and northwestern Mexico. As the summer monsoon can account 
for up to 70% of the annual rainfall in the region, there is a pressing need for binational studies 
that properly characterize the spatial and temporal variability in hydrologic variables such as 
precipitation, soil moisture, and streamflow. Furthermore, the monsoon impacts areas that are 
typically composed of complex mountain ranges where orographic processes are poorly 
understood. Our current lack of understanding is due to various factors, including a paucity of 
ground observations, the high spatiotemporal variability of hydrologic processes, and limitations 
in remotely-sensing and modeling these landscapes. We argue that significant advances can be 
made with focused efforts that synthesize in-situ and remote sensing data with hydrologic models 
in these environments. Moreover, we believe that monsoon studies require joint binational efforts 
as the climate phenomenon equally affects semi-arid, mountainous regions in the American 
Southwest and northwestern Mexico. In this proposal, we present an International Research 
Experience for Students program that promotes binational research for early career scientists, 
stimulates learning of hydrologic field methods, and will result in an improved understanding of 
the spatiotemporal variability of hydrologic processes during the North American monsoon.  

Intellectual Merit: We seek to address an identified gap in our current understanding of 
monsoon hydrology by integrating ground observations, remote sensing and hydrologic modeling 
in a semiarid, mountainous watershed of northern Sonora, México. Our major objectives are to: 
(1) Quantify the spatiotemporal variability of hydrologic variables through field and remotely-
sensed data, and characterize it in terms of functional relations between scaling behavior and 
dynamic landscape indices; (2) Estimate the uncertainty of remotely-sensed hydrologic variables 
such as rainfall and soil moisture through field validation; and (3) Synthesize these observations 
and their uncertainty with a hydrologic model to understand interactions between the monsoon 
and the complex land surface properties and to assess the value and utility of remote sensing data 
in hydrologic models. In order to do so, we propose to use a distributed sensor network, spatial 
field campaigns, and the application of a distributed hydrologic model in a basin in northern 
Sonora, México. One unique contribution of this work is that it focuses on quantifying hydrologic 
variability in its true sense (full distribution function), and not only at the mean level, as it is 
common practice. The proposed network can form the basis for long-term measurements used to 
advance our understanding of the monsoon and validate remote sensing observations of 
precipitation, soil moisture and other variables in a complex, semiarid monsoon setting.  

Broader Impacts: Our work will utilize the international setting as an educational tool to 
teach students of varying levels about binational hydrologic research. Through hands-on field 
experience with the distributed sensor network and field campaigns, we anticipate to inspire 
inquiry-based learning and promote development of global scientists enabled to study monsoon 
phenomena. We will encourage women and underrepresented minorities to participate in the 
international research experience with a contingent of students and researchers from México. Our 
program includes various components: (a) a field program in México for instrument deployment 
and data collection, (b) research training for undergraduate students prior to and after the field 
study, and (c) mentoring activities to promote hands-on, team-based learning in a field setting. 
Educational activities will expand collaborations between the Universidad de Sonora and New 
Mexico Tech to enhance the long-term impacts of the project. Dissemination of results through 
public presentations, web-based materials and research publications will be used to attract future 
funding for sustained, long-term activities in this monsoon-driven, semiarid mountain setting.  
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Project Description 
 

1. Introduction 
We propose to organize and conduct an International Research Experience for Students 

(IRES) program in hydrologic studies of the North American monsoon for U.S. students in 
México. This program builds on an earlier collaboration between research groups at New México 
Tech and the Universidad de Sonora in a two-week field campaign (summer 2004) in Sonora, 
México, and extends it to provide new opportunities for undergraduate and graduate students. Our 
two groups have complementary research expertise in hydrologic instrumentation, remote sensing 
and hydrologic modeling with a focus on semiarid, monsoon systems. In addition, each group has 
participated in binational research (NAME, SMEX04, SAHRA, SALSA) sponsored by various 
agencies. For this project, a group of four undergraduate and graduate U.S. students and two U.S. 
researchers will travel to México to work with a Mexican team comprising of four undergraduate 
and graduate students and two researchers. Each U.S. participant will work in a team with a 
Mexican participant, and will be mentored by researchers from the binational group on a 
particular project to be carried out during each field season. This IRES program will provide U.S. 
students in science and engineering with a global perspective and opportunities for professional 
growth through international cooperative research training, networking and mentoring. 
 

On account of its complex topography and drastic changes in climate, geomorphology, 
and vegetation, the Sonora river basin in México provides a unique setting to examine different 
hydrological processes. The summer season in the basin (June-September) is punctuated by the 
North American monsoon, which is responsible for up to 70% of the annual rainfall. As a result, a 
summer field experiment creates an ideal opportunity to experience and learn firsthand about the 
space-time dynamics of rainfall variability and how it controls the basin hydrologic response (e.g. 
streamflow, soil moisture). The Sonora river basin also exhibits a dramatic and fast response in 
vegetation cover to rainfall forcing at the onset of the monsoon (see Figure 1). This uncommon 
‘greening of a desert’ provides an exciting environment to study cause-effect relationships and to 
stimulate an interest in students for discovery-driven science. The importance of the basin for the 
study of monsoon dynamics and hydrologic responses is well-recognized, as demonstrated by an 
existing network of instruments that measure relevant hydrological and meteorological variables. 
In addition, the site is well-suited as a validation site for remote sensing data due to its complex 
setting and rural conditions. More importantly, the Sonora basin is a unique natural laboratory to 
study hydrologic processes in a region of complex terrain dominated by a monsoon climate. 
 

Our plan to develop student research skills through an international research experience is 
organized into three major activities: (1) a field program in México for instrument deployment 
and data collection, (2) research training for summer undergraduate students prior to and after the 
field study, and (3) mentoring activities to promote hands-on, team-based learning in a field 
setting for students from both the U.S. and México. In the following, we first present a statement 
of the research problem, including the research objectives and plan. We then present a detailed 
discussion of research and educational hypothesis to be tested as part of the IRES program. We 
focus on describing the educational component to provide details on how the international 
research experience will be organized, conducted and evaluated over the two-year period. We 
then conclude by presenting detailed information on the project timeline, management plan and 
anticipated results from the proposed project. In designing the IRES program, we have attempted 
to integrate the research and educational components seamlessly, as participant experiences are 
enhanced when involved in cutting-edge research activities of interest to researchers in the project 
and the scientific community at large.   
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Figure 1. The study region in Sonora, México before (left) and after (right) the onset of the North 
American monsoon. Notice the dramatic response of vegetation to rainfall forcing.   
 
2. Statement of the Proposed Research 

The North American monsoon can account for up to 70% of the annual rainfall available 
for water supply, irrigation and ecosystem function over large areas of the southwestern United 
States and northwestern México. Characterizing the spatiotemporal variability of monsoon 
precipitation and its hydrologic response is of practical concern for water resource planners and 
hydrologic forecasters, among other stakeholders, of the region. Rainfall in the monsoon is 
associated with convective activity with small scale spatiotemporal variability. For example, 
precipitation may fall in concentrated convective periods over limited areas of a few square 
kilometers. Furthermore, the monsoon impacts complex mountainous areas where orographic 
processes are poorly understood. How this spatiotemporal variability in rainfall interacts with the 
spatial heterogeneity of landscape properties to produce complex, dynamic fields of runoff and 
soil moisture is an area where the scientific community currently lacks understanding. We argue 
that significant advances can be made with focused efforts that synthesize in-situ and remote 
sensing data with hydrologic models in these environments. 

Hydrologic variability is usually monitored with in-situ networks, remote sensors, and 
hydrologic models. In-situ observations are essentially point observations, and hence are typically 
inadequate to capture the intrinsic spatial variability. This is illustrated in Figure 2, where 17 rain 
gauge stations well spread across an area of 4 km2 introduce an error of 6% in the areal average 
rainfall estimate. Despite this limitation, in-situ sensors remain the only instruments that give 
direct measurement of hydrologic states and fluxes, and hence are often used to validate remote 
sensing estimates. Gebremichael et al. (2003, 2005a) provided a framework that addresses point-
area discrepancy problems when validating remote sensing data based on point observations. 

Remote sensors have the distinct advantage of observing over a large range of spatial 
scales, from a few kilometers to the entire globe. However, their spatial resolutions are still 
insufficient to capture the spatiotemporal variability of monsoon hydrologic processes over 
complex terrain that can take place at spatial scales shorter than a few kilometers. They are also 
constrained by temporal gaps in observations (30 minutes to 1 day, depending on the satellite). 
The processing of remotely sensed signals into hydrologic variables via retrieval algorithms can 
also introduce errors. Research is therefore needed to quantify the error associated with the 
spatiotemporal variability of precipitation and soil moisture derived from remote sensing data, in 
particular for such challenging environments as convection-dominated rugged landscapes.  

Physically-based, distributed models have the advantage of reproducing spatial fields in 
the hydrologic response (soil moisture, evapotranspiration, streamflow) by utilizing best available 
data on topographic distributions, soil and land-cover properties, and atmospheric forcing fields 
(precipitation, radiation, air temperature). As predictive tools, hydrologic models also serve the 
purpose of experimentation. For example, physically-based models can be indispensable to study  

   June 4, 2004   August 4, 2004 
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scenarios, such as the impact of land cover change on hydrology. Because of the uncertainty in 
model inputs (measurement errors, inadequacy of space-time resolution), model parameters and 
model structure, the outputs of a hydrologic model are also subject to error in their spatial and 
temporal predictions. A useful method, to assess the potential and value of remote sensing data 
and to identify gaps in our measurements, is to quantify the errors in the hydrologic model output 
due to space-time resolutions of the remote sensors. Equally important is the potential use of 
hydrologic models to transfer remote sensing observations into spatiotemporal predictions of 
unobserved, but simulated, hydrologic processes, such as aquifer recharge and evapotranspiration.  

It is clear from the above that significant advances can be achieved in the understanding 
of hydrologic variability with an appropriate synthesis of in-situ networks, remote sensing 
observations and hydrological modeling. A particular challenge exists in understanding complex 
semiarid terrain forced by convective monsoon precipitation as the spatial and temporal scales of 
heterogeneity can be quite small. To address this issue, we follow a three-pronged approach: (1) 
strengthen an existing instrument network in northern Sonora, México, (2) apply cutting-edge 
statistical techniques, such as a multifractal framework, to exploit the scale-invariance properties 
in hydrologic processes, and (3) employ a fully-distributed hydrological model with physically 
interpretable and measurable parameters using remotely-sensed and field sampled data sets. 
 
Research Objectives – The overall scientific objectives of the proposed research are to:   
 

(1) Characterize the spatiotemporal variability of hydrological variables through field data 
collection and remote sensing imagery using statistical techniques,  

 
(2) Identify the large-scale (climate) and local factors (vegetation, topography) that affect the 

spatiotemporal variability, and establish functional relationship between these factors, 
 
(3) Quantify the error in the spatiotemporal variability of precipitation and soil moisture 

estimated from remote sensing data; and 
 
(4) Synthesize observations and their uncertainty with a hydrologic model to assess the value 

of remote sensing data and analyze the spatiotemporal hydrologic response. 
 

The proposed research pursues these objectives by using observations across a range of 
scales which can lead to a greater understanding of causality. The research plan, described in the 
next two sections, is organized into three activities: (1) summer field campaigns for instrument 
deployment and surveys; (2) synthesis, analysis, and evaluation of field observations and remote 
sensing data; and (3) a modeling study integrating the field and remotely-sensed data sets to 
assess spatial patterns in hydrologic response. In the following, we discuss four research and one 
educational hypotheses as integrating themes addressed during our international activities.  

Figure 2. An example demonstrating the point-
area discrepancy problem, using 17 rain gauges 
(circles) well spread across an area of 4 km2. For a 
convective rainfall with a correlation distance of 5-
km, the average of data from 17 stations introduces 
an error of 6% in the rainfall estimate.   

2 km 

2 km 
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3. Research and Educational Hypotheses 
It is recognized that to accurately characterize the North American monsoon will require 

coordinated data collection, modeling efforts, and analyses that consider the broad range of time 
and space scales over which hydrological processes are active. Monsoons do not follow political 
boundaries, and hence, constitute an ideal opportunity for providing international research and 
education experiences to students. The unique landscape properties of semiarid, mountainous 
terrains (drastic changes in climate, terrain, ecosystems) also provide an exciting environment for 
educational activities designed to stimulate interest in discovery-driven science.  
 
Hypothesis I: Multifractal models can describe the complex spatiotemporal variability of 
hydrological variables in a manner consistent with regional climate and physiography. 
 
Motivation and Previous Work: A multifractal framework will allow us to characterize the 
spatiotemporal hydrological variability using a few parameters, which can be interpreted directly 
in terms of the physical processes involved. It will also allow us to characterize the variability in 
its truest sense (i.e. full distribution function). The working assumption for this investigation is 
that the spatial and temporal patterns of hydrologic variables (e.g. precipitation, soil moisture, and 
runoff), or of their simple transformations, possess scale-invariant properties. 

Recently, Gebremichael et al. (2005c) investigated the presence of scale-invariance in 
spatial rainfall fields across the entire tropics using three years of TRMM-PR (Tropical Rainfall 
Measuring Mission – Precipitation Radar) data. They reported that the majority of the spatial 
rainfall scenes (>70% over ocean; >80% over land) are scale-invariant, which points to the 
universality of the scale-invariance property of tropical rainfall. For the small number of events 
that are not scale-invariant, simple transformations of the precipitation field can lead to scale-
invariance (Harris et al. 1998; Menabde et al. 1999). Moreover, Perica and Foufoula-Georgiou 
(1996) found a strong correlation the scaling parameter and an index of convective potential in a 
squall-line storm in Oklahoma and Kansas. 

After examining soil moisture data from Washita’92 and Washita’94 experiments, Peters-
Lidard et al. (2001) reported that the soil moisture patterns are scale-invariant. They showed that 
the scaling parameters depend on the mean soil moisture. Veitzer and Gupta (2001) reported that 
the maximum of the width function (an important landscape property) obeys scale-invariance as 
well. Troutman and Over (2001) suggested that streamflow obeys scale-invariance, and its scaling 
behavior mirrors that of rainfall if storm intensity is highly variable, and that of the network 
structure in the case of uniform rainfall. In summary, several studies have suggested that different 
hydrologic variables exhibit scale-invariance, and that the scaling behavior can be explained in 
terms of physical processes. We hypothesize that this property is well preserved in monsoon, 
mountain regions, and that the scaling behavior is linked to surface properties such topography 
and vegetation. This sort of analysis has not been performed in the proposed setting.  
 
Testing Hypothesis I: The main objective is to verify the presence of scale-invariant fields, 
identify scaling regimes and parameters, and investigate the functional relations with large/local-
scale dynamical indices. In addition to the existing network of instruments, we will employ 
additional instruments to measure precipitation and soil moisture. We will use these observations 
to obtain precipitation and soil moisture data at the smallest scale, and observations from 
satellites to obtain data at larger scales. The hydrological variables of interest include rainfall, soil 
moisture, and streamflow. The dynamical indices to be examined include variables that affect the 
large and small-scale processes, such as terrain properties (topography, vegetation, soil moisture), 
atmospheric properties (divergence, velocity potential), and precipitation properties (storm height, 
vertical profile of precipitation). The terrain properties will be obtained from a Digital Elevation 
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Model, remote sensing imageries, and hydrologic model outputs, while the atmospheric 
properties will be obtained from NCEP reanalysis, and the precipitation properties from TRMM. 
Hypothesis II: Mountainous terrain and vegetation patterns play an important role in the 
spatiotemporal variability of monsoon precipitation and hydrologic response.  
 
Motivation and Previous Work: The notion that complex gradients of moisture and energy 
across a landscape are associated with regional weather patterns over a wide range of spatial and 
temporal scales is the basis for land-atmosphere interaction studies (Dickinson 1995). Studies 
have shown that land surface heterogeneity patterns in soil moisture, vegetation and topography 
trigger changes in convective stability, locally altering pre-storm environmental conditions and 
subsequently affecting cloud and precipitation pattern regionally (Pielke 2001). Changes in the 
land surface, for example as occurring during deforestation, have also been shown to affect the 
patterns of shallow clouds in tropical rain forests (Chagnon et al. 2004). In regions of complex 
terrain, evidence exists for convection and precipitation processes to be controlled by the spatial 
organization of elevation (Roe 2005). As topographic distributions are equally important in 
determining the spatial patterns of runoff and soil moisture (Beven and Kirkby 1979), we 
anticipate that these phenomena are intrinsically linked over a range of space and time scales. 

Fabry (1996) examined the character of precipitation variability over a large range of 
scales, using high-resolution rain gauge data. Converting the time scale into an equivalent space 
scale, he reported four regimes in rainfall variability: 50m−100m, 100m−20km, 20km–50km and 
50km–300km. Small scales were directly associated with local factors, while the large scales with 
midlatitude cyclones. Carbone et al. (2002) examined the radar-based climatology of warm 
season precipitation “episodes”. They defined episodes as time-space clusters of heavy 
precipitation that often result from sequences of organized convection such as squall lines, 
mesoscale convective systems, and mesoscale convective complexes. Their results showed that 
the ensemble of episodes exhibits a globally phase-locked behavior, consistent with the effects of 
thermal and topographical forcing and subsequent propagation. These studies point to the 
potential for identifying relevant space scales over which monsoon convection can interact and be 
controlled by complex landscape characteristics, such as topography, and its potential temporal 
variation during changes in surface conditions (e.g. greening of vegetation).  
 
Testing Hypothesis II: We will first delineate different ecosystems based on vegetation and soil 
properties obtained from field surveys, existing maps and remote sensing interpretation. We will 
take representative measurements of rainfall and soil moisture over each ecosystem during the 
field campaign and with the instrument network. Using these observations, remote sensing data 
and a distributed hydrologic model, we will investigate for each ecosystem: (1) the relations 
among the spatiotemporal variability of rainfall, hydrologic response and terrain, and the 
temporal dynamics of these relations during the monsoon (with associated changes in rainfall and 
vegetation) using pattern covariance functions and regression analysis, and (2) the extent to which 
the distribution of rainfall translates into the distribution of hydrologic response.  
 
Hypothesis III: Field measurements can be used to quantify the errors in remote sensing 
estimates of precipitation and soil moisture, and other hydrological variables.   
 
Motivation and Previous Work: Remote sensors measure the emission and/or reflectance of 
radiative energy, and use these measurements to estimate precipitation and soil moisture through 
what is referred to as ‘retrieval algorithms’ (Elachi and van Zyl 1987). This process introduces 
errors at the measurement scale. There are also issues associated with its coarse measurement 
scale (spatial resolution) and the temporal gap between successive measurements (time-integrated 
scale) (Bell and Kundu 1996). Spatially distributed measurements, which can directly measure 
hydrologic states and fluxes, such as rain gauges, are often used to quantify the error in remote 
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sensing estimates. This working assumption that has led to the establishment of various ground 
validation sites around the world. Examples of field experiments in support of remote sensing, 
and hydrology include catchments such as Little Washita, OK, Walnut Creek, IA and Walnut 
Gulch, AZ (Jackson et al. 1995). Examples of validation sites, established and maintained by the 
NASA TRMM office, to evaluate rainfall products include Florida; Texas; Darwin, Australia, and 
Kwajalein Atoll. Our previous work has also focused on the evaluation of remote sensing data 
using ground observations (Vivoni et al. 2005c and Gebremichael et al. 2003, 2005b). 
 
Testing Hypothesis III: We will select two or three sub-sites, each covering an area of 5-km by 
5-km, where dense measurements of rainfall and soil moisture will be taken. To collect rainfall 
data, we will employ event-based rain gauges to augment the continuous stations deployed during 
the campaign. To collect soil moisture data, we will take measurements using hand-held probes to 
augment the continuous stations. By aggregating these data over larger and larger scales (the 
largest scale being 5-km × 5-km), we will seek to identify the scaling relation between the values 
at the point scale and those at the largest scale. We use this scaling relation to upscale the point 
station data to the spatial resolution of the remote sensing estimates. Once we address the scale-
discrepancy problem, we will compare the spatial structures of the remote sensing estimates and 
those of the field observations. The comparisons will be based on scale-invariance property, 
scaling regimes, multifractal parameters, and the full distribution functions. 
 
Hypothesis IV: Hydrologic models can be used to assess the potential and utility of remote 
sensing data and identify scaling properties in simulated spatial patterns. 
 
Motivation and Previous Work: One of the major uses of remote sensing data is in predicting 
floods and other hydrologic responses. The error in remote sensing estimates, or the limitation in 
spatiotemporal resolutions, will propagate to the hydrologic model in a non-linear way (Ogden 
and Julien 1994; Winchell et al. 1998). As it propagates, the error might dampen or amplify in the 
hydrologic response as a function of catchment scale and its scale-dependent properties. While 
this has long been recognized, few studies have addressed this topic using remote sensing data 
and distributed hydrologic models. The error propagation will usually determine the usability of 
remote sensing data in these applications and the level of confidence in the model outputs. In a 
recent study, Hossain and Anagnostou (2004) studied the sensitivity of satellite retrieval and 
sampling error on flood prediction uncertainty for a week-lasting rainfall event over a medium-
sized watershed of a typical sensor footprint size (~100 km2). Their results seem to suggest that 
there is not much difference between an hourly sampled rainfall and a three-hourly sampled 
rainfall in terms of predicting a flood response. We argue that the effect of sampling error varies 
with the spatiotemporal distribution of rainfall and the land surface characteristics.  
 
Testing Hypothesis IV:  We will create a reference rainfall and soil moisture dataset for the 
Sonora basin by combining field observations and remote sensing using the scaling relations 
previously described. This dataset will be used as input to a distributed hydrologic model that can 
provide spatial patterns of basin response as model outputs. We will use these model outputs as a 
reference for further experimentation. We will run the model using remote sensing precipitation 
and soil moisture data (without augmenting by field observations), and judge the performance by 
comparison with the reference outputs. The comparisons will be focused on the distribution 
functions, scaling relationships, and consistency between water and energy fluxes. We will also 
assess the impact of spatial resolution and temporal sampling on model outputs by constructing 
realizations from the reference dataset. For example, to assess the effect of spatial resolution, we 
will aggregate the input data to higher spatial scales. To assess the effect of temporal sampling, 
we will perform resampling experiments from the data. This approach allows us to select any 
satellite sampling strategy, and hence the results might be useful for designing future hydrology 
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space missions. The resampling experiment using a moving block technique has been shown to 
be a robust tool for hydrological data analysis (Gebremichael and Krajewski 2004).  
 
Hypothesis V: The semiarid, monsoon mountain region in México provides a unique setting for 
an international research and educational experience for undergraduate and graduate students. 
 
Motivation and Previous Work: A field-based, international learning experience will provide a 
framework for introducing undergraduate students to hydrological sciences and the advancement 
of graduate students in the study of the monsoon and its hydrologic response. The semiarid 
mountain setting will be exploited as an educational tool for its unique environment. This strategy 
is based on the concept of inquiry-based learning in the field promoted for earth science 
instruction at various levels (Woltemade and Stanitski-Martin 2002; Salvage et al. 2004; May and 
Gibbons 2004). In addition, our strategy is based on developing team-based learning skills for 
participants from the U.S. and México. One approach successfully applied in field-based team 
learning is the concept of peer mentorship where students and researchers at various levels 
provide instruction to fellow students at the same level or below (Simila et al. 2004). In two 
recent field experiments documented by Vivoni et al. (2004) and Mendez-Barroso et al. (2005), 
the concepts of team-based field learning have been successfully used in mountain regions. These 
field studies employed undergraduate and graduate students from multiple institutions. Research 
training was provided prior to the field exercise and data analysis performed after the data 
collections efforts were completed. The bonding established between participants helped to 
cement the learning experiences in hydrologic instrumentation, data collection methods and field 
observations. Peer-mentorship naturally arises in these situations as more experienced graduate 
students will lead efforts and train novice undergraduates. In addition, participants emphasized 
the unique instruction that occurred during field campaigns as hydrologic processes are witnessed 
in person and hands-on learning is achieved in a challenging physical setting.  
 
Testing Hypothesis V: The main objective is to test the hypothesis that an international field 
experience will lead to enhanced student learning across a broad range of educational levels. The 
ultimate goal of the international research and education program is to make significant advances 
to the recruitment, retention and advancement of students in hydrological science in both the U.S. 
and México, with a particular focus on women and underrepresented minorities. We contend that 
the proposed study region is well suited for testing this hypothesis for several reasons. First, the 
area is characterized by dramatic changes in topography, soil properties and hydrologic processes, 
along with seasonal vegetation changes, which can be reasonably explored during a short-term 
field campaign. Second, the monsoon phenomenon of interest equally affects semiarid, mountain 
regions in the Southwestern U.S. and northwestern México, establishing a conducive environment 
for binational collaboration. Finally, we have a strong commitment from the host country with 
regards to intellectual contributions, student participation, and a set of existing field instrument 
networks in the study region. Team-based learning and peer mentorship will be tested by 
promoting interactions between U.S. and Mexican participants from multiple levels through team 
projects, field activities and cultural exchanges. As the proposed field research involves ‘hands-
on’ training in hydrologic instruments, data collection and analysis of hydrologic observations, 
we will be able to gauge the learning achieved through direct contact with the monsoon and its 
hydrological response. Finally, we will evaluate the project progress at various stages using tools 
such as weekly meetings, and use indicators such as student presentations and publications as a 
measure of the success of the International Research Experience for Students (IRES) program.  
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Figure 3. A description of the study area, a 75-km by 50-km box in northern Sonora, and its topographic 
characteristics. (left) The study area in the state of Sonora (Hermosillo highlighted with a star). (right) A 
digital elevation model (DEM) of the study region and the location of continuous sampling stations and 
daily sampling sites along a topographic transect. Note the extent of the six remote sensing pixels.   

 
4. Research Approach 

Our approach relies on a combination of the following major elements: (1) a distributed 
sensor network designed for continuous measurements at selected locations, and intensive field 
surveys to expand sampling during short periods; (2) synthesis, analysis and evaluation of field 
observations and remote sensing data; and (3) the application of a distributed hydrologic model to 
characterize hydrologic responses and to assess the potential and utility of remote sensing data in 
hydrologic models. The ultimate purpose is to improve understanding of monsoon rainfall and its 
hydrologic response and assess the role played by the land surface in the climate phenomena.  
 
4.1 Study Region and Existing Network 

Recognizing the gap in understanding monsoon rainfall variability and the hydrological 
response over complex terrain, a field campaign (SMEX04 – Soil Moisture Experiment 2004) 
was conducted in the Sonora basin in northern México during the 2004 monsoon season, which 
P.I. Vivoni organized and conducted. The study location was determined through several factors 
including: (1) the requirements and footprint of a remote sensor AMSR-E used to derive a soil 
moisture product, (2) the topographic variability within the monsoon-driven region, and (3) the 
accessibility to sampling locations via rural roads and other amenities for field work. A 75-km 
(north-south) by 50-km (west-east) box was selected as our regional sampling area to represent 
six individual remotely-sensed pixels (each 25-km by 25-km). Within each sub-domain, sampling 
locations were determined for continuous soil moisture and rainfall measurements over the 
summer period. Fifteen continuous stations were installed by collaborator Watts at sites selected 
based upon elevation, ecosystem distribution, and overall spatial distribution. In addition to the 
permanent sites, ten teams of two students sampled soil moisture and soil temperature at various 
locations within each of the six remote sensing pixels. Each team was equipped with portable 
sensors and carried out daily sampling at a number of pre-selected sites, typically on the order of 
10 per team. The teams consisted of undergraduate and graduate students from U.S. and Mexican 
institutions. Based on the combination of permanent stations and daily sampling sites, a density of 
approximately twenty sites per remote sensing pixel was obtained (or about 1 sample per 30 km2).  

Sonora, México 
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80 

Elevation (m)  

Transect  
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Continuous  
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Figure 4. Daily soil moisture, soil temperature, and meteorological data taken at transect locations. Many 
locations shown in (a) were in a single watershed (100 km2). Watershed averaging was conducted using a 
hypsometric technique as shown in (b). Averages for each elevation band were then weighted by the 
percent of the basin at each elevation interval. The time series of basin-averaged soil moisture and relative 
humidity is shown in (c), as well as the average rainfall for the watershed. Basin mean quantities can be 
compared to AMSR-E, TRMM and other remote sensing products over the region.  
 

Figure 3 illustrates the study region in northern Sonora, its topographic variability, and 
the location of the 15 permanent stations and 30 of the daily sampling sites. The topographic 
variability is significant and well-organized into north-south mountain ranges which form the 
Sierra Madre Occidental. As a result of the tectonic setting, two major rivers traverse the region 
in a north-south orientation: Río San Miguel (west) and Río Sonora (east). As both rivers have a 
confluence south of the study region, both belong to the Sonora river basin, which is a major 
water supply to the capital Hermosillo. Note that not all of the sampling locations are depicted in 
the diagram as we emphasize a subset of the measurements obtained over a topographic transect 
which had a range of elevation of nearly 600 m over a 22-km rural, mountain road. Two teams 
from New México Tech sampled the transect daily for rainfall, soil moisture, soil temperature and 
meteorological variables (e.g. air temperature, relative humidity) across a range of ecosystems. 
Results from the study have been documented by Vivoni et al. (2004) and Vivoni et al. (2005c).   

As an example of the spatial and temporal variability in the rainfall and soil moisture 
processes during the monsoon, we present in Figure 4 the results from measurements along the 
topographic transect. Many of the transect sites fell within a single watershed (100 km2, Figure 
4a) and were used to obtain time series of basin-averaged relative humidity and soil moisture. The 
spatial variability in soil moisture is shown in Figure 4b where the topographic control is evident. 
Transect measurements show high soil moisture for mountain areas and highly variable soil 
moisture in the lower valley. The temporal variability of the mean basin quantities (rainfall, soil 
moisture and relative humidity) illustrates a pattern of land surface drying while the high relative 
humidity conditions characteristics of the monsoon airflow are sustained. Note also the basin-
averaged responses of soil moisture to individual rainfall events (Figure 4c). As shown by this 
work, the field campaign in the complex monsoon terrain provided some significant and new 
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insights into the hydroclimatology of the region. Nevertheless, the current infrastructure alone, as 
described previously (~1 sample per 30 km2), is insufficient to address the spatial and temporal 
variability of hydrologic processes as proposed in this study. We plan on strengthening the 
existing network with additional equipment, utilizing remote sensing as a tool to address the large 
scale variations, and synthesizing observations through a distributed model capable of providing 
spatial patterns of hydrologic response. As a result, this proposal builds upon existing research 
and integrated new research and educational experiences for binational students and scientists.  
 
4.2 Proposed Research Elements 
Hydrometeorological Station Installation and Field Campaign 

We will deploy five stations per year in the study site shown in Figure 3 (right panel) 
designed to measure rainfall and soil moisture variations. The sensors involved are tipping-bucket 
rain gauges and soil water content reflectometers. The station locations will be determined based 
upon field investigation and data analysis accounting for topographic and vegetation variability, 
summer rainfall distributions, and the existing instrument network. During the field campaign, we 
will deploy a network of inexpensive, non-recording gauges, over two or three selected areas (5-
km × 5-km) in order study the small-scale variability. We will also take dense measurements of 
soil moisture using hand-held probes. The tasks to be performed during the field campaign will be 
divided into mini-projects assigned to teams composed of two students (one from each country). 
Examples of mini-projects to be performed over the course of two field campaigns include: (a) 
Assessing the small-scale variability in rainfall using event and recording rain gauges, (b) 
Assessing the small-scale variability of soil moisture in a set of representative ecosystems using 
hand-held probes, (c) Verification of topographic and vegetation maps using global positioning 
system, and (d) Determining the regional variability in rainfall and soil moisture based on 
permanent station data. These mini-projects serve an educational purpose for undergraduate and 
graduate students by helping to stimulate discovery-driven research and interest in field research. 

Synthesis, Analysis and Evaluation of Field Observations and Remote Sensing Data 
The proposed work relies on a multifractal framework to characterize the spatiotemporal 

variability of rainfall and soil moisture, and to match the scales between ground observations and 
remote sensing data. Multifractals are mathematical generalizations of fractals, objects displaying 
scale-invariance. The specific analysis that will be done include: (i) detection of scale-invariance 
through power spectrum (Korner 1988), (ii) estimation of multifractal parameters through the 
double trace moment method (Lovejoy and Schertzer 1995), (iii) investigation of the linkage 
between multifractal (scaling) parameters and large-scale forcing (such as climate) or small-scale 
forcing (such as topography or vegetation), using pattern covariance function and regression 
analysis (Wilks 1995), and (iv) comparison of the field observations and remote sensing data, 
after matching up the scales. These analyses will be carried out to test each research hypothesis 
based upon the results of field campaigns, remote sensing data and hydrologic modeling.  

Integration of Observations into a Distributed Hydrologic Model 
We will utilize the TIN-based Real-time Integrated Basin Simulator (tRIBS) model 

developed by the P.I. to assess the potential and utility of remote sensing data, and to understand 
how the spatiotemporal variability in rainfall interacts with spatial heterogeneity of landscape 
properties to produce complex, dynamic fields of runoff and soil moisture. tRIBS is a physically-
based model based on a triangulated irregular network (TIN) developed for hydrologic simulation 
in regions of complex terrain using precipitation data from rain gauges and remote sensing. The 
model encapsulates the hydrologic and software developments from Garrote and Bras (1995) and 
Tucker et al. (2001). Ivanov et al. (2004a,b) and Vivoni et al. (2005a,b) document the various 
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model components and capabilities. The distributed hydrologic model will first be applied with 
detailed measurements from the distributed sensor network and spatial field campaigns. Spatial 
data on mountain properties such as topography, soils and vegetation from field measurements 
and remote sensing are used to parameterize the model. After model setup, spatial simulations of 
soil moisture, evapotranspiration, and runoff, among others, can be compared to observational 
fields. After gaining confidence in the simulations, the physical processes are represented at a 
sufficient level of accuracy for model experimentation. We will then integrate field observations 
and remote sensing data into the hydrologic model. The resulting model outputs will be compared 
with those obtained by using different sets of inputs tailored to address specific problems. Remote 
sensing data of precipitation and soil moisture (without augmented by field observations) will be 
used to assess the impact of these data on hydrological model outputs. By aggregating the 
assimilated input data into higher spatial scales, we will conduct sensitivity studies to elucidate 
how the spatial resolution of input forcing affects the simulated runoff, soil moisture, and 
evapotranspiration. We will also examine the effect of temporal sampling by resampling from the 
input data, according to a specified sampling pattern. Finally, we will apply the spatiotemporal 
multifractal analysis to the spatial patterns produced by the hydrologic model.  
 
5. Educational Approach 

Integrating the international research activities described previously into educational 
opportunities for students at various levels and across the U.S./México border requires a multi-
tiered approach. Three major educational program elements are to be developed as part of this 
proposal: (1) an international field campaign where graduate and undergraduate students from the 
U.S. and México will obtain research experiences; (2) an undergraduate summer research 
program for training prior to and after the field campaign and (3) mentoring activities to stimulate 
team-based learning across multiple student levels. Our goal is to closely integrate research and 
education activities to stimulate learning through experimentation. Participant experiences are 
enhanced when involved in cutting-edge research activities of interest to researchers in the project 
and the scientific community at large. The mountainous monsoon setting will also be exploited as 
an educational tool for its unique environment and perspective on the hydrology of semiarid 
regions. This strategy is based on the concept of inquiry-based learning in the field promoted for 
earth science instruction at various levels (Woltemade and Stanitski-Martin 2002; Salvage et al. 
2004; May and Gibbons 2004). In addition, our strategy is based on tiered and peer mentorship 
where students at various levels provide instruction to fellow students at the same level or below. 
The ultimate purpose of the coordinated educational elements is to make significant advances to 
the recruitment, retention and advancement of students in the hydrologic sciences, particularly 
women and underrepresented minorities. In the following, we discuss the approach to address the 
hypothesis that mountain settings provide an effective environment for experiential learning.  

 
5.1 International Field Campaign 

As described in the research approach, a three-week international field campaign will be 
conducted each summer in northern Sonora, México with the intent to deploy and install research 
equipment, conduct field surveys and augment permanent measurements with daily sampling. 
The intent of the international field campaign is to provide research, educational and cultural 
exchange opportunities for U.S. students via interactions with Mexican researchers and students. 
The field campaign is the cornerstone of the IRES program and will serve to galvanize the 
planning, data analysis and modeling efforts conducted prior to and after the campaign. Our host 
institution, the Universidad de Sonora in Hermosillo, is excited about providing its students with 
equally stimulating interactions with U.S. researchers and students. As both regions of each 
country share a similar climate phenomenon and landscape setting, we believe that the field 
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campaign will serve toward developing research and educational skills across the U.S./México 
border, providing our students with necessary skills for transboundary and global research.  

For the international field campaign to be an educational success, we have carefully 
evaluated the scientific rationale for the proposed studies and the necessary resources to conduct 
them in an efficient manner. Housing, transportation, meals, insurance and other logistics have 
been considered with the help of the foreign partnering institution. As we have conducted a prior 
field campaign in the region, we have gained significant experience in providing the necessary 
facilities for successful student involvement. We plan on having students involved in ‘hands-on’ 
training in hydrologic instruments, field data collection and hydrologic observations that are 
unattainable in a classroom for U.S. participants. Similarly, for Mexican students, involvement in 
cutting-edge research with U.S. investigators is a unique opportunity. To maximize this shared 
experience, we will team one U.S. and one Mexican student (4 total teams) and assign them mini-
projects that they are responsible for over the course of the campaign. Both U.S. and Mexican 
researchers will guide the tasks and provide mentorship. By having two summer seasons, we 
ensure project continuity; allow for research results to be produced and published; and provide 
flexibility to adjust techniques, methods or questions. New undergraduate and graduate students 
will be encouraged each summer with the same team of U.S. and Mexican investigators.  
 
5.2 Undergraduate Summer Research Program 

The primary audience for the IRES program is undergraduate students recruited each 
summer to participate in an eight-week research program, with three weeks dedicated to the field 
campaign. At the undergraduate level, the recruitment and training of underrepresented minorities 
and women into geoscience careers, including hydrology, can be significantly enhanced by 
providing research opportunities at an early stage. Well-designed summer research programs that 
integrate field activities, data analysis and computing exercises have proven to be successful 
nationwide (Slater et al. 2004). As a strategy for teaching young investigators, ‘learning by doing’ 
in a field setting is a hallmark for inspiring enthusiasm and discovery-driven research. As part of 
this proposal, two undergraduates will be hired during each summer period to participate in the 
field campaigns, data collection from remote sensing and hydrologic modeling. The students will 
be recruited from regional institutions without a strong undergraduate hydrology program (UTEP, 
NMSU, UNM, NMT) and selected based on academic performance, scientific inquisitiveness, 
and openness to cultural exchange and team-based activities. Recruitment activities will include 
department mailings, web posting and personal visits/contacts. We will place special emphasis on 
recruiting women and underrepresented minorities. We have had previous success in this respect 
due to our diverse cultures in New México. For this project, we anticipate that the opportunity to 
work on research in México will attract minority students, particularly Hispanics. The two 
selected students will work closely with the P.I., co-P.I. and graduate students, receiving 
mentorship and guidance from various perspectives. The result of the summer experience is 
expected to provide students with a good introduction to hydrologic science while their efforts 
will provide important contributions to the project. Activities prior to and after the campaign will 
focus on data analysis and modeling to establish a well-balanced mix with field activities.  

 
5.3 Mentoring Activities 

Mentorship is an essential activity in the program and merits individual attention. We 
have a strong commitment at New México Tech and Universidad de Sonora on student mentoring 
as it promotes recruitment, retention and advancement in the hydrologic sciences. Both U.S. and 
Mexican researchers have had joint experiences in mentoring students through a collaborative 
field campaign in summer 2004 and through continued interaction. Individually, we also mentor 
students in our research groups (at the undergraduate and graduate level) and perform mentoring 
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through teaching activities. The challenge for mentoring in the IRES program will be that many 
of the participating students will be of very different levels, ranging from early undergraduate to 
doctoral candidates, and also have different cultural experiences in each country. We will address 
this by promoting tiered and peer mentorship, with students at higher levels mentoring students at 
equal or lower levels. Since we anticipate some of the U.S. participants having strong cultural and 
language ties with México (of Hispanic decent), we expect that the tiered and peer mentorship 
will promote greater student learning. It is important to note, however, that both P.I. Vivoni and 
collaborator Watts are bilingual, bicultural and well versed in the nuances of each country. This is 
primarily due to their experiences in both the U.S. and México. Our focus on mentoring is 
primarily because we want to provide participating students with unique opportunities that can 
form a link or bridge towards future steps along a hydrological science career. 
 
5.4 Program Evaluation 

Evaluation of the educational program will be conducted via two major components: 
qualitative and quantitative assessments. The qualitative evaluation occurs throughout the project 
duration and provides an assessment of how well the program activities have met the stated goals. 
The quantitative evaluation occurs by utilizing questionnaires for project participants in various 
activities. Culturally-aware and bilingual (where applicable) evaluations will be conducted for 
program elements involving underrepresented minorities and participants from México. An 
example of the quantitative evaluations is a questionnaire for Mexican students participating in 
the field program prior to (to assess expectations) and after (to assess outcomes) the activities. 
Examples of the qualitative evaluations are weekly meetings with undergraduate and graduate 
students designed to evaluate progress during the pre-trip, field campaign and post-trip phases. 
Another tool to be used to evaluate project progress will be the number of public presentations, 
journal manuscripts and collaborative proposals conducted by students and researchers that arise 
as a result of this project. A successful international collaboration is one that continues to evolve, 
attract new participants, and advance hydrologic science with answers to unresolved questions.  

 
6. Host Participation 

The participation of the host institution in México, the Universidad de Sonora, is critical 
for the success of the educational and research components of the IRES program. We have a 
strong commitment from our collaborator Prof. Christopher Watts (see attached Support Letter). 
Dr. Watts and his students have experience in hydrologic instrumentation, hydrometeorology and 
monsoon studies in northern México. In particular, their research group has deployed, managed 
and archived long-term data from two rain gauge networks, four meteorological flux towers and a 
soil moisture network, available to the proposed project. Their research expertise significantly 
complements the strengths in the New México Tech group, primarily field campaigns, data 
analysis, remote sensing and hydrologic modeling. The local contact in México is particularly 
important for obtaining data sets from government and research agencies; establishing logistical 
details such as housing arrangements, transportation support, laboratory space, office facilities 
and field instruments; recruiting students from local universities for participation in the program 
and government permitting issues. Our institutions have had productive collaboration experiences 
in the past, including field studies, workshops, conference sessions and manuscripts under 
preparation. We anticipate that the host institution, Universidad de Sonora, will be able to provide 
the support outlined above. Resources from New México Tech available to the project are fully 
described in the Facilities and Equipment section. Of additional note, however, is the availability 
of Spanish language instruction and cultural activities at NMT for the participating U.S. students; 
and use of the NMT Distance Education program to provide instruction to Mexican participants. 
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7. Research and Education Integration and Work Plan 
During the two-year period covering the proposed project, the research and educational 

program tasks include the following: 
 

Year 1: Field Campaign, Instrument Deployment, Remote Sensing Analysis. During the summer of Year 1 
we will focus on the deployment of five instrument stations during the field campaign and on post-
campaign data analysis and remote sensing activities: (a) Procurement and deployment of five hydrologic 
stations in Sonora; (b) Design and execution of field activities related to detailed data collection; (c) 
Collection and processing of remote sensing data over study region; (d) Assessment of uncertainty in 
remote sensing products; and (e) Spatiotemporal analysis of observations in a multifractal framework. 
 
Year 2: Field Campaign, Instrument Deployment, Hydrologic Modeling. During the summer of Year 2 we 
will focus on the deployment of a second set of five stations during the field campaign and on post-
campaign data analysis and hydrologic modeling activities: (a) Procurement and deployment of five 
hydrologic stations in Sonora; (b) Design and execution of field activities related to detailed data 
collection; (c) Collection and processing of geographic data for model setup; (d) Assessment of value and 
utility of remote sensing data in hydrologic model; and (e) Spatiotemporal analysis of simulated hydrologic 
patterns in a multifractal framework. 
 
8. Anticipated Results and Expected Significance 

Several fundamental questions will be addressed in this proposed project concerning the 
spatiotemporal variability of hydrologic processes during the North American monsoon in 
regions of complex terrain. We have identified three major approaches to achieving new 
understanding: field campaign activities, remote sensing data analysis and the integration of these 
products in a distributed hydrological model. Advances in this project will help address critical 
science questions related to the spatial and temporal variability of observed hydrologic variables 
and their representation in a physically-based model. The proposed study site has advantages in 
terms of its characteristics and existing facilities that will enable careful measurements and model 
simulations to be conducted in an unprecedented level of integration. Our foreign collaborators 
will be providing expertise in hydrologic instrumentation and in studies of monsoon dynamics, as 
well as logistical and participant recruiting support. The application of distributed sensor 
networks and distributed hydrologic modeling to the study of semiarid monsoon hydrology in this 
complex terrain can form the basis for long-term measurements that can provide future 
opportunities to propose a validation site for remote sensing measurements of precipitation, soil 
moisture and other hydrologic variables. In this respect, we anticipate to use this proposed project 
as leverage for other proposals and efforts both in the U.S. and México to improve the instrument 
network, obtain sustained researcher participation and generate scientific results.  

We anticipate making significant advances in providing students with an international 
research experience which is cutting-edge in its science and educational approach. Participating 
students from both the U.S. and México will receive ‘hands-on’ training on field methods in a 
unique field setting. The mountain region will be used as an educational tool designed to inspire 
inquiry-based learning at multiple levels from each country. While the three-week field campaign 
is the primary component of the project, other educational activities, including a summer 
undergraduate research program and mentorship activities, will be used to provide additional 
research training that complements field work. We consider that the proposed efforts will advance 
the recruitment, retention and advancement of students into hydrologic science, in particular for 
women and underrepresented minorities attracted to the program. Program evaluation of the 
educational and research components will ensure continual project review and identify potential 
limitations for corrective action. Ultimately, the significance of the project will lie in our success 
to inspire students to have a binational perspective on monsoon studies, to pursue further studies 
in hydrologic science and to develop as global scientists prepared for future challenges.  
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9. Management Plan and Collaborations 
Prof. Enrique Vivoni will serve as the Principal Investigator for the project in the Department of 

Earth and Environmental Science at New México Tech (NMT). The co-P.I. for the project is Dr. Mekonnen 
Gebremichael, a Post-Doctoral Research Associate at NMT, who will lead the project planning, execution 
and analysis. We plan on inviting two graduate students (M.S. or Ph.D. level) from the Hydrology Program 
at NMT to participate in the International Research Experience for Students (IRES) program. The graduate 
students will be selected each year based on the relation of their current research with the proposed work. 
In addition, two undergraduate researchers will be hired each year through a recruitment effort to identify 
candidates from regional universities without a strong hydrology undergraduate curriculum. The four 
students will participate in a 3-week field season in addition to working on various project aspects 
including equipment preparation, data analysis and model applications. Extensive educational and research 
exchanges between the P.I., co-P.I., graduate and undergraduate students are anticipated in the project. We 
will also interact with researchers from our foreign partnering institution, the Universidad de Sonora in 
Hermosillo, Sonora, México, as part of the IRES program. Two researchers, Prof. Christopher Watts and 
Mr. Julio César Rodríguez, will lead a group of four undergraduate and graduate students from México, 
selected to participate in the field season each project summer (see attached Support Letter). Collaborator 
Watts has significant research experience in instrumentation, hydrometeorology and monsoon studies by 
binational teams such as SALSA, NAME, SMEX04 and SAHRA (see attached CV). We plan on recruiting 
the students from universities in Sonora based on their academic interests and research experience. The 
IRES program will present a unique opportunity to expand an on-going collaboration between New México 
Tech and Universidad de Sonora. Past collaborations have included the SMEX04 field campaign; two field 
trips during June 2004 and 2005; several joint presentations and manuscripts based on the project results; 
and organization of a joint session for a national conference. Funding of the IRES program will 
substantially improve our current collaboration which has been accomplished with limited to no funds, and 
allow for a new focused research and educational effort in the study region. This proposal is part of a long-
term effort to increase our understanding of semiarid, mountain hydrology in a monsoon region of northern 
Sonora through field observations, remote sensing, and model applications. Additional funding to support 
new measurements and researcher involvement is currently being sought via both U.S. and México funding 
agencies. The proposed work will further the research and educational efforts in a unique, semiarid 
monsoon environment with the future objective of proposing the region as a field validation site for remote 
sensing measurements of precipitation, soil moisture and other hydrological variables. We anticipate 
presenting project results at national conferences, as well as several publications from this effort. 
 
10. Results from Prior NSF Support 

High-Performance, Multiple-Resolution Modeling of Semiarid Hydrology at Regional Scales, 
EAR-0342526, $128,346, 03/2004 – 02/2006. A two-year project was funded by NSF with the goal of 
adapting a fine-resolution hydrologic model for simulations in semiarid basins. The project is focused on 
the parallelization the tRIBS model and the development of new modules for use in the Río Grande. This 
project involves ongoing collaborations with the Los Alamos National Laboratory and the NSF Science and 
Technology Center SAHRA (Sustainability of semiArid Hydrology and Riparian Areas). It also has a 
funded an REU component for minority participation and outreach. During its first project year, the major 
accomplishments made were: (1) Model Parallelization: The tRIBS model was successfully parallelized 
using reach-based domain decomposition. Initial tests suggest that the model performance will improve on 
high performance cluster computers; (2) Fine-Resolution Modeling Requirements: Collaborations with 
SAHRA have led to using tRIBS as the hydrologic model to address effects of vegetation change on basin 
water balance; (3) Model Applications and Field Campaigns: Detailed data collection and model 
simulations are being conducted in the Valles Caldera National Preserve and a two-week field campaign 
has been carried out to obtain observations of hydrometeorological variables at seventy-two sites; and (4) 
Minority Participation: An REU program and faculty involvement have increased minority participation in 
hydrologic sciences through recruitment and retention both at New México Tech and SAHRA. As this 
project is on-going, no peer-reviewed publications have yet arisen. We have made several conference 
presentations at national conferences (AGU 2004, SACNAS 2004, GEM 2005), local university activities 
and as part of a Traveling Lecture Series (Cottonwood School, Las Cruces Learning Center). We anticipate 
several publications from the project documenting the model developments and field campaign studies. 
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Journal of Applied Meteorology, 43(8), (1180-1199), 2004. 

5. Gebremichael, M., W.F. Krajewski, M. Morrissey, D. Langerud, G. Huffman, and R. Adler, 
“Error uncertainty analysis of GPCP monthly rainfall products: A data-based simulation 
study,” Journal of Applied Meteorology, 42(12), 1837-1848, 2003. 
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Other significant publications 
1. Gebremichael, M., and A.P. Barros, “Evaluation of MODIS gross primary productivity 

(GPP) in regions of complex terrain and monsoon climates,” Remote Sensing of 
Environment, 2005 (in review). 

2. Gebremichael, M., and W.F. Krajewski, “The effect of temporal sampling error on inferred 
rainfall spatial statistics,” Journal of Applied Meteorology, 2005 (in press). 

3. Gebremichael, M., W.F. Krajewski, M. Morrissey, G. Huffman, and R. Adler, “A detailed 
evaluation of GPCP one-degree daily rainfall estimates over the Mississippi River Basin,” 
Journal of Applied Meteorology, 44(5), 665-681, 2005. 

4. Gebremichael, M., and W.F. Krajewski, “On the distribution of temporal sampling errors in 
the area-time averaged rainfall estimates derived from satellites,” Atmospheric Research, 73, 
243-159, 2005.  

5. Gebremichael, M., and W.G.M. Bastiaanssen, “A new simple method to determine crop 
coefficients for water allocation planning from satellites: results from Kenya,” Irrigation and 
Drainage Systems, 14, 237-256, 2000.  

SYNERGISTIC ACTIVITIES. 
Reviewer for Journal of Hydrology, IEEE Transaction on Geoscience and Remote sensing, 
Advances in Water Resources, Journal of Applied Meteorology 

GRADUATE ADVISORS  
(1) Witold F. Krajewski, University of Iowa 
(2) Wim Bastiaanssen, International Institute for Geo-information Science and Earth Observation  
(3) Alland Meijerink, , International Institute for Geo-information Science and Earth Observation 
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Christopher J. Watts 

PROFESSIONAL PREPARATION  
University of York, U.K.  Chemistry    B.A.  1971 
University of Sheffield, U.K.  Chemistry    Ph.D  1976 
 

APPOINTMENTS.  
University of Southern California, Dept. Chemistry      Postdoctoral Fellow 1977-78 
University of Arizona, Dept. Hydrology       Research Associate  1979-80 
Instituto Tecnológico de Sonora, Dept. Water Resources      Associate Professor 1981-91 
Instituto del Medio Ambiente de Sonora, Director of Water Resources  1992-2002 
University of Sonora, Dept. Physics Professor    2002-present   
 

INTERESTS 
Hydrometeorology, Energy Balance, Ecohydrology, GIS, Remote Sensing 
 

AWARDS 
Group Honor Award for the SALSA Program USDA 

 

PUBLICATIONS 
Publications most related to this proposed project 
1. Gochis, DJ, A Jimenez, CJ Watts, J Garatuza-Payán, and WJ Shuttleworth, 2004, Analysis 
of 2002 and 2003 Warm-Season Precipitation from the North American Monsoon Experiment 
Rain Gauge Network, Monthly Weather Review, 132: 2938-2953. 
 
2. Scott, RL, EA Edwards, WJ Shuttleworth, TE Huxman, CJ Watts and DC Goodrich, 2004, 
Interannual and seasonal variation in fluxes in water and carbon dioxide from a riparian 
woodland ecosystem, Agricultural and Forest Meteorology, 122: 65-84. 
 
3. Scott, RL, CJ Watts, J Garatuza Payan, E Edwards, DC Goodrich, D Williams and WJ 
Shuttleworth, 2003, The understory and overstory partitioning of energy and water fluxes in an 
open canopy, semiarid woodland, Agricultural and Forest Meteorology, 114: 127-139. 
 
4. Gochis, DJ, JC Leal, WJ Shuttleworth, CJ Watts and J Garatuza-Payan, 2003, Preliminary 
Diagnostics from a New Event-Based Precipitation Monitoring System in Support of the North 
American Monsoon Experiment, Journal of Hydrometeorology, 4: 974–981. 
 
5. Hoedjes JCB, RM Zuurbier and CJ Watts, 2002, Large Aperture Scintillometer Used Over A 
Homogeneous Irrigated Area, Partly Affected By Regional Advection, Boundary-Layer 
Meteorology 105(1): 99-117. 
 
Other significant publications 
1. Kepner WG, CJ Watts, CM Edmonds, JK Maingi, SE Marsh, G Luna, 2000, A Landscape 
Approach for detecting and evaluating change in a semi-arid environment, Environmental 
Monitoring And Assessment, 64:179-195. 
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2. Watts CJ, A Chehbouni, JC Rodriguez, YH Kerr, O Hartogensis, HAR de Bruin, 2000, 
Comparison of sensible heat flux estimates using AVHRR with scintillometer measure-ments 
over semi-arid grassland in northwest Mexico, Agricultural and Forest Meteorology, (105)1-
3:81-89. 
 
3. Chehbouni A, CJ Watts, J.-P. Lagouarde, Y.H. Kerr, J.-C. Rodriguez, J.-M. Bonnefond, F. 
Santiago, G. Dedieu, D.C. Goodrich, C. Unkrich, 2000, Estimation of heat and momentum 
fluxes over complex terrain using a large aperture scintillometer, Agricultural and Forest 
Meteorology, (105)1-3:215-226. 
 
4. Garatuza-Payan J, RT Pinker, WJ Shuttleworth, CJ Watts, 2001, Solar radiation and 
evapotranspiration in northern Mexico estimated from remotely sensed measurements of 
cloudiness, Hydrological Science Journal ,46(3): 465-478.  
 

SYNERGISTIC ACTIVITIES 
1. Coordinator of field activities in Mexico for the SALSA program. 
2. Member of Scientific Working Group for the North American Monsoon Experiment 

(NAME). 
3. Co PI for the Soil Moisture EXperiment 2004 (SMEX04) in the Sonora river basin. 
4. Co PI for the NAME Enhanced Rainfall Network (NERN). 
5. Co PI for the NAME study vegetation-atmosphere feedbacks NW Mexico. 
6. Member of scientific oversight committee for CONACyT projects in Sonora, Mexico. 

 

COLLABORATORS & OTHER AFFILIATIONS 
Collaborators: Russell Scott (USDA-ARS), David Gochis (UCAR), David Goodrich (USDA- 
ARS), Enrique Vivoni (NMT), Jim Shuttleworth (University of Arizona), Henk de Bruin 
(University of Wageningen, Netherands), Ghani Chehbouni (IRD, France), Jaime Garatuza 
(ITSON, Mexico), Miguel Cortez (SMN, Mexico) 
 
Thesis Advisor: 13 MS graduated students; 2 current PhD graduate students: Julio Rodríguez 
and Fernando García. 
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SUMMARY PROPOSAL BUDGET COMMENTS - Year 1

  

** D-  Equipment
Mounting Brackets: 7840 (5)       (Amount: $  275)
 Rechargeable Batteries: PS100 (5)       (Amount: $  1050)
 Soil Water Reflectometers: Cable (210 ft)       (Amount: $  143)
 Soil Water Reflectometers: CS616-L (5)       (Amount: $  750)
 Solar Panels: MSX64R (5)       (Amount: $  1825)
 Tipping Bucket Raingauges: Cable (50 ft)       (Amount: $  13)
 Tipping Bucket Raingauges: TE525WS-L (5)       (Amount: $  1825)
 ** I-  Indirect Costs
Fringe Benefits (Rate: 47.1000, Base 987)
Materials and Supplies (Rate: 30.7000, Base 1000)
Other (Soil Analysis) (Rate: 47.1000, Base 500)
Publication Costs/Documentation/distrib (Rate: 47.1000, Base 2000)
Senior Personnel (Rate: 47.1000, Base 3083)
Travel (Rate: 30.7000, Base 500)
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SUMMARY PROPOSAL BUDGET COMMENTS - Year 2

  

** D-  Equipment
Mounting Brackets: 7840 (5)       (Amount: $  1825)
 Rechargeable Batteries: PS100 (5)       (Amount: $  13)
 Soil Water Reflectometers: Cable (210 ft.)       (Amount: $  275)
 Soil Water Reflectometers: CS616-L (5)       (Amount: $  275)
 Solar Panels: MSX64R (5)       (Amount: $  1825)
 Tipping Bucket Raingauges: Cable (50 ft.)       (Amount: $  1375)
 Tipping Bucket Raingauges: TE525WS-L (5)       (Amount: $  4475)
 ** I-  Indirect Costs
Fringe Benefits (Rate: 47.1000, Base 1036)
Materials and Supplies (Rate: 30.7000, Base 1000)
Other (Soil Analysis) (Rate: 47.1000, Base 500)
Publication Costs/Documentation/distrib (Rate: 47.1000, Base 2000)
Senior Personnel (Rate: 47.1000, Base 3238)
Travel (Rate: 30.7000, Base 500)
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Budget Justification 
 

Personnel: Academic salary is covered by NMT for P.I. Vivoni. No salary support is 
requested for P.I. following the proposal guidelines. The P.I. will be assisted by a Post-
Doctoral Research Associate (Co-P.I. Gebremichael) who will participate at a level of 
effort of 1 summer months/year in all project activities. No salary support is requested for 
participating US graduate students (2 each summer) as these are currently funded by 
projects related to the proposed effort. The budget also includes salary for two 
undergraduate students as part of the international research experience for both summers. 
The estimated costs for undergraduate salary support are $3500 per student per summer 
period (8 weeks). At New Mexico Tech, fringe benefits are 32% for Staff and 2% for 
students. By design, the Post-Doctoral Associate, graduate and undergraduate students 
will work collaboratively on the field data collection, remote sensing and hydrological 
modeling portions of the project.  
 
Participant Support Costs: Participant costs are the primary category of expenses in the 
proposed work. They consist of: (a) Lodging and meals for US participants, (b) Travel to 
field site by US participants, (c) Lodging and meals for Mexican participants, (d) Travel 
(gasoline costs) to field site by Mexican participants, and (e) stipend support for Mexican 
undergraduate students. The lodging ($4410/yr) and meals ($1575/yr) for US participants 
are computed based on a three-week field period at a rate of 70$/night/room for three 
rooms in vicinity to field site and $15/day for meals for five US participants. The lodging 
and meals for Mexican participants are similarly computed (3 hotel rooms at $50/night 
and meals for two participants). Supplemental funding from Universidad of Sonora will 
be used to cover additional Mexican costs. Both lodging and meals for US and Mexican 
participants are lumped into Subsistence costs in the proposed budget ($9765/yr). The 
travel to the field site by the US participants is estimated at $3050/yr based on using one 
4WD vehicle rented from New Mexico Tech ($2000/yr), one 4WD vehicle rented locally 
in Mexico ($50/day) and miscellaneous vehicle expenses of $320/yr (gasoline for rental). 
We lump these US travel costs with Mexican travel expenditures (primarily gasoline 
expenses) of $630/yr to obtain the Travel costs in the proposed budget ($3680). Finally, 
we will provide stipends for the Mexican undergraduates to support participation in the 
three-week field campaign. Estimated costs for the stipends (4 students/year at 40$/day 
for 21 days) are $3360/yr. We include this cost as Stipends in the proposed budget. 
 
Materials and Supplies: Materials and supplies can be divided into two categories: (a) 
field work and (b) soil sample analyses (classified as Other in the proposal budget). Field 
supplies include materials such as concrete, wiring, flagging, necessary for equipment 
installation. Field supplies are requested ($1000/year) each year since equipment will be 
purchased and installed each summer. The second category consists of costs for 
analyzing soil samples (hydraulic properties, texture) ($500/year). 
 
Publication and Computing Services: Publication costs ($2000/year) and computing 
services ($1200/year) are requested. Publication costs will allow for graphics and page 
charges associated with journals, conferences and annual reports. In addition, we include 
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costs for website preparation, advertisements for student recruitment efforts and poster 
preparation for dissemination of research results. The computing services costs are for the 
maintenance and upgrade of existing computing facilities at New Mexico Tech to be used 
for the project’s remote sensing data analysis and modeling tasks. In addition, we will 
utilize the funds for software license renewals and field computing supplies.  
 
Travel Costs: One additional trip is requested ($500/year) each year for the P.I., co-P.I. 
or foreign partner to visit each other’s institution. This trip will be used for the purpose of 
disseminating research results, recruiting summer students and making valuable contacts 
to improve the US-Mexico collaboration.  
 
Equipment: Equipment expenses are related to the installation of field instrumentation in 
the study region in northern Sonora. These equipment costs are essential to providing the 
students with the ‘hands-on’, international field experience as part of this educational 
program. Our proposed intent is that students from both US and Mexico collaborate on 
entire process of placing scientific instruments in field settings, including site selection, 
instrument set-up and deployment, sensor testing, data collection and analysis. The 
proposed field instrumentation is modest and is intended for instructional purposes in the 
field setting. The equipment will be purchased at New Mexico Tech and deployed in 
Sonora by the students during each field season. Five hydrometeorological stations will 
be deployed each year to measure the spatial and temporal variability in monsoon soil 
moisture and precipitation in the complex semiarid terrain. The students will get first 
hand experience in a field learning environment on hydrologic instrumentation, data 
collection and synthesis of observations with remote sensing and hydrological modeling. 
Each station will consist of the following equipment, which is similar in design to the 
existing network in Sonora: The following specifies the costs for each project year. 
 
Measurements of Rainfall and Soil Moisture (5 stations) 

Component Cost  Quantity Total Cost  
Tipping Bucket Raingauges TE525WS-L $365.00  5  $1,825.00  
    Cable  $0.26/ft  50  $13.00 
Soil Water Reflectometers  CS616-L $150.00  5  $750.00  
    Cable  $0.68/ft  210  $142.80 
Data Logger   CR10X-2M $895.00  5  $4,475.00  
Enclosures   15873  $275.00  5  $1,375.00  
    Mounts  $55.00  5  $275.00  
Mounting Brackets  7840  $55.00  5  $275.00  
Rechargeable Batteries  PS100  $210.00  5  $1,050.00  
Solar Panels   MSX64R $365.00  5  $1,825.00  
 
Total          $12,005.80 
All Prices Quoted from Campbell Scientific (August 2005) 
 
Indirect Costs: Indirect costs are computed at a rate of 47.1% (2005-2006 Overhead rate 
for On-Campus activities) for the following: Salaries, Fringe benefits, Computer services, 
Publication costs, and Soil analysis. We utilize the rate of 30.7% (Off-campus rate) for 
Travel costs and Materials/Supplies. Following the budget instructions, we do not have 
overhead costs on Participant Costs. As our equipment expenses exceed $1,000 when 
purchased as integrated system, no Indirect Costs is applied. 
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Enrique Vivoni

Dynamic Hydrology and Ecosystem Modeling in Semi-Arid
Complex Terrain using NASA EOS Observations from TERRA and
AQUA
NASA

252,786 09/01/04 - 08/31/07
Socorro, NM

0.00 0.00 0.50

High-Performance, Multiple-Resolution Modeling of Semi-Arid
Hydrology at Regional Scales

NSF
128,346 03/01/04 - 02/28/05

Socorro, NM
0.00 0.00 0.50

New Mexico EPSCoR Phase II

NSF EPSCoR Program
794,831 03/01/05 - 02/28/07

Socorro, NM
0.00 0.00 0.50

Interdisciplinary Science for the Environment: Research
Experience for Undergraduates at New Mexico Tech.

NSF REU Programs
261,945 01/01/05 - 12/31/07

Socorro, NM
0.00 0.00 0.00

Linking Atmospheric Dynamics with Land-Surface Hydrology
over Complex Terrain: A Multiple Resolution Modeling
Approach
Army Research Office

148,474 01/01/05 - 12/31/07
Socorro, NM

0.00 0.00 0.50
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Enrique Vivoni

Spatial Scaling of Soil Moisture and Evapotranspiration in
the Upper R o Grande Basin

LANL-NMT Collaborative Research Program
49,961 09/01/04 - 08/31/06

Socorro, NM
0.00 0.00 0.00

Distributed Watershed Modeling for Water Resources Planning:
A GIS-based System Dynamics Approach

Sandia University Research Program
80,000 10/01/03 - 09/30/06

Socorro, NM
0.00 0.00 0.25

Catchment-Based Ensemble Modeling and Data Assimilation
using Remote Sensing Observations for Diagnosis and
Forecasting of Regional Hydrologic Processes
NASA Energy and Water Cycle

248,924 09/01/05 - 08/31/08
Socorro, NM

0.00 0.00 0.50

Interactions between Hydrology and Biogeochemistry in
Complex Semi-Arid Landscapes: Seasonal Fluxes, Storage and
Pulses
NSF

444,671 09/01/05 - 08/31/08
Socorro, NM

0.00 0.00 0.50

Mountain-Centric Observations and Modeling of Water Cycle
Processes in Semiarid Regions

NSF Career Award
499,964 06/01/06 - 05/30/11

Socorro, NM
0.00 0.00 0.50
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Laboratory:

Clinical:

Animal:

Computer:

Office:

Other:               

MAJOR EQUIPMENT: List the most important items available for this project and, as appropriate identifying the location and pertinent

capabilities of each.

OTHER RESOURCES: Provide any information describing the other resources available for the project. Identify support services

such as consultant, secretarial, machine shop, and electronics shop, and the extent to which they will be available for the project.

Include an explanation of any consortium/contractual arrangements with other organizations.

 

The Department of Earth and Environmental Science at NMT maintains a suite
of laboratory facilities for hydrologic field studies, soil physical
properties and isotopic and chemical analyses. In addition, the New Mexico
Bureau of Geology and Mineral Resources (http://www.geoinfo.nmt.edu),

The Department of Earth and Environmental Science (E&ES) at the New Mexico
Tech (NMT) maintains a computing facility, which includes UNIX and PC
workstations. Recent funding from the NSF EPSCoR program will
significantly expand the available computing resources in the Department

The Department of Earth and Environmental Science at NMT provides office
and laboratory space for P.I. Vivoni and his research group (6 graduate
students and co-PI Gebremichael in the Mineral Science and Engineering
Complex (MSEC). Currently, the available space for the project includes

The Department of Earth and Environmental Sciences at NMT has extensive
hydrological field research instrumentation that can be deployed during
field experiments as part of the proposed work. Field equipment including
surveying instrumentation, differential global positioning system,
electromagnetic induction probes, portable theta probes for moisture
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LABORATORY FACILITIES (continued):

housed at NMT, has numerous facilities for soil and water testing, as well
and mineral, organic and inorganic analysis. These facilities are
available to faculty and staff in the E&ES Department. For the proposed
work, we anticipate conducting soil characterization (e.g., texture
analysis, hydraulic properties); vegetation above and below ground biomass
measurements (e.g. biomass, leaf area index); and soil water analysis
(e.g. gravimetric soil moisture, infiltration properties). These
measurements will (a) provide baseline data describing the soil and
vegetation properties in the study region, (b) provide critical data
allowing for new process understanding, and (c) allow for model
simulations applied to the semiarid monsoon watershed. Laboratory
facilities have also been identified and are available at the Universidad
de Sonora in Hermosillo, Mexico. In past collaboration with the Mexican
investigators, we have used the soil analysis lab and the hydrologic field
facilities at both Universidad de Sonora and IMADES, a state ecological
and hydrological agency. We propose to conduct laboratory analysis of soil
samples in Mexico for time-critical measurements (e.g. where the delay
between sample collection and analysis should be short), while more
extensive analysis with less time constraints will be performed in the
Department of Earth and Environmental Science at New Mexico Tech. We
already have obtained federal government permission for the import of
materials, such as soil and vegetation, from Mexico into the United
States, via US Agricultural Service.

COMPUTER FACILITIES (continued):

of Earth and Environmental Science. P.I. Vivoni will be purchasing a
multi-node cluster for parallel computing applications, upgrading a server
room for this purpose, and purchasing application and web servers for data
distribution and delivery. Data visualization, analysis and processing
software for both remote sensing imagery and geographical information
system (GIS) data are also currently used and developed in-house to
complement numerical models. The distributed hydrologic model (tRIBS)
proposed to integrate monsoon observations was developed by the proponent
while at MIT and simulates high-resolution water cycle processes in
regions of complex terrain. Permission to use and continue the development
high-performance model for research and educational purposes has been
granted to NMT to the proponent. Access to remote sensing data sets has
been obtained and specific software necessary for processing is available
to the project. Co-PI Gebremichael has expertise in the analysis,
processing and interpretation of the remote sensing imagery and computing
software proposed for this project. For the field experiments, portable
computing equipment is available (2 laptops) as part of the currently
available resources in the Department of Earth and Environmental Science.
Necessary software for these computers (GIS, remote sensing, data
analysis) is available and currently loaded onto the laptop computers.
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OFFICE FACILITIES (continued):

offices for the all personnel (P.I., co-I, graduate students, and
undergraduate REU students each 140 square feet), a computer room facility
for workstations (~ 240 square feet), a server room for a cluster computer
and web servers (~ 180 square feet) and a field equipment staging and
storage room (~ 270 square feet). In addition, the E&ES Department has a
number of shared resources for faculty use including storage rooms,
secretarial, graphics and web publishing support, system administration
staff and equipment and facilities personnel. We have identified office
facilities and working space at the Universidad de Sonora, Hermosillo,
Sonora, Mexico, in the Physics Department, and at IMADES (Instituto del
Medio Ambiente y Desarrollo Sustentable del Estado De Sonora), in the
Hydrological Resources branch.

OTHER FACILITIES (continued):

measurements, double ring infiltrometers, soil augers and sampling
equipment, portable weather stations and associated equipment for field
campaigns. P.I. Vivoni is currently instrumenting several sites in New
Mexico for hydrologic studies including a small catchment study in the
Sevilleta National Wildlife Refuge, and a regional watershed study in the
Valles Caldera National Preserve (e.g. rainfall gauges, meteorological
observations, soil moisture sensors, runoff measurements) providing
experience in instrument selection, installation and maintenance. Our
Mexican collaborators have significantly more experience in instrument
deployments as they currently manage three separate networks in Sonora,
Sinaloa and Chihuahua, including: (1) The North American Monsoon
Experiment (NAME) Event Rain Gauge Network (~100 sites), (2) The Soil
Moisture Experiment (SMEX04) Soil Moisture and rain Gauge Network (~15
sites); and (3) The NAME Meteorological Flux Tower Network (~4 sites). The
field equipment of most relevance for this propose project are the 15
SMEX04 soil moisture and rain gauge stations and 1 meteorological flux
tower, as these are currently placed in the study region of interest. Both
Universidad de Sonora and IMADES also have field supplies, portable
sensors, ancillary equipment and expertise in hydrologic instrumentation
that will be fully available to the proposed collaboration. Purchases of
additional equipment for field hydrologic measurements are detailed in the
project budget. As our intent is to provide students with the field-based
experience of selecting an instrument site, deploying sensors, testing
their performance and collecting relevant data sets, we consider the
purchase of this equipment (10 stations over a two year period) as an
essential part of the educational and cultural exchange. Additional
proposal efforts are underway to supplement our available field equipment
for deployment as part of the International Research Experience for
Students.



 



 


