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Abstract: Water use by riverside phreatophyte ecosystems, also referred to 
as evapotranspiration or just ET, makes up a significant proportion of a 
river basin’s water budget depletions. As phreatophytes, riparian plants 
access groundwater for their water supply. The objective of this study is to 
characterize ET depletions from various representative riparian land cover 
types and to describe the groundwater-vegetation interactions that relate ET 
to local hydrology. Measurements of ET and groundwater are made at 
various locations within the city of Albuquerque, NM, and along the Middle 
Rio Grande. ET is measured from eddy covariance flux towers and ground-
water levels are continuously monitored using commercially available 
submersible pressure transducers. Results show that modest water salvage 
can be claimed from riparian restoration projects that are properly 
implemented while additional water losses are possible when necessary 
follow-up is not undertaken. Bare soil is shown to lose less water to 
evaporation than previously expected, and urban hydrology (e.g., waste 
water return) maintains high ET rates in whichever species grow in the 
outfall. Remote sensing of riparian vegetation clearly shows the effects of 
fires in the urban reach, the initial decline in vegetation density, leaf area 
index, and ET. This research illustrates the importance of identifying the 
hydrologic and vegetative factors controlling ET in a large, urban river 
system. 

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

Restoration efforts that remove non-native understory vegetation or dense 
monotypic stands of non-native vegetation from riparian zones (the 
bosque) are designed to reduce consumption of water. Quantification of 
the response of evapotranspiration (ET) and water table depths to non-
native understory removal or to eradication of dense stands of non-native 
species like salt cedar (Tamarix chinensis) or Russian olive (Elaeagnus 
angustifolia) is needed to provide defensible estimates of potential water-
savings from restoration activities. In addition to restoration assessment, 
it is also important to monitor the increasing roles of fire and post-fire 
management on ET and water tables. The ET and water table responses of 
a site with understory removed (Albuquerque South Valley) was 
monitored. In addition, an investigation was conducted on how a wildfire 
in June 2006 has affected evaporative rates and water table fluctuations at 
the Albuquerque site, which is in close proximity to the Rio Grande. 
Scaling the information on ET at various sites along the Albuquerque 
reach of the Rio Grande will require the use of remote sensing method-
ology. Using 2006 multispectral imagery, an update was made of a 2002 
vegetation classification that was developed for the middle Rio Grande to 
show where major changes in vegetation due to fire or mechanical removal 
have occurred in the last 4 years (Figure 1). This report: (1) highlights and 
reports ET data using eddy covariance technology, (2) documents water 
table dynamics and fluctuations at the ET site, (3) presents remote sensing 
results comparing vegetation type and normalized difference vegetation 
index (NDVI), and (4) presents initial results from the groundwater flow 
field study, which evaluates changes in water table elevation with changing 
river discharge.  
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Figure 1. Map of restoration and burn sites in urban reach of Albuquerque, NM.  
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2 Evapotranspiration (ET) 
Overview 

Evapotranspiration (ET) is a major component of the water budget of both 
aquatic and terrestrial ecosystems. Dahm et al. (2002) showed that the 
riparian zone (bosque) of the Rio Grande from the U.S. Geological Survey 
(USGS) Otowi gage to the outlet of Elephant Butte Reservoir accounts for 
one-quarter to one-third of the depletions along this reach of river. Accurate 
characterization of the rates of ET from riparian vegetation and the factors 
that control these rates are needed. The Urban Flood Damage Reduction 
and Channel Restoration Development and Demonstration Program for 
Arid and Semi-Arid Regions (UFDP) and Southwest Urban Flood Damage 
Program (SWDP) have allowed the continued measurement of riparian zone 
ET from a cottonwood site in the South Valley of Albuquerque. The site had 
the non-native vegetation in the understory removed in the winter of 2004, 
and the initial research plan was to evaluate the water use in this bosque 
with non-native plants mechanically removed. A human-caused fire on 
15 June 2006 burned the vegetation on the south side of the tower where ET 
rates are measured. Therefore, the summer of 2006 became an opportunity 
to address the effect of fire on ET rates in a cottonwood forest along the Rio 
Grande, and the chance to consider another factor affecting ET rates in the 
bosque of the Rio Grande (Cleverly et al. 2002; Shafroth et al. 2005; 
Cleverly et al. 2006).  

Methodology 

Three-dimensional (3-D) sonic eddy covariance (3SEC) is the benchmark 
method for measuring fluxes over tall vegetation, under advection, and in 
complex terrain (Brunet et al. 1994; McAneney et al. 1994; Simpson et al. 
1998; Drexler et al. 2004). One advantage of the 3SEC system is that ET is 
measured directly, rather than estimated as the residual of the energy 
balance (Equation 1). Thus, 3SEC is the only method that provides the 
means of estimating energy balance closure error as a self-check for 
accuracy (Twine et al. 2000; Drexler et al. 2004).  

The core instruments in 3SEC systems are a 3-D sonic anemometer to 
measure wind speed in three dimensions, a krypton hygrometer or an 
infrared gas analyzer (IRGA) to measure humidity, a thermocouple with a 
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fine-wire junction (0.0127 mm diam type E chromel–constantan) to avoid 
signal retention in high frequency measurements. Each of these instru-
ments make measurements at a frequency determined through spectral 
decomposition of sample time series taken at 20 Hz. A sampling frequency 
is chosen in the high-frequency spectral gap, usually between 5 and 20 Hz 
(Stull 1988).  

Latent heat flux (), or the heat absorbed by evaporation, is computed 
from these measurements as a function of the covariance between vertical 
wind speed and humidity:   

 
( )( )

' ' Cov( ) ET
n

i i
w

i

w w q q
λE λw q λ λ wq λρ

n=

- -
= = = =å

1

 (1) 

where  is the latent heat of vaporization, w' is the instantaneous deviation 
from mean vertical wind speed (i.e., w' = wi – w ), and q' is the 
instantaneous deviation from average water vapor density. The time 
period for averaging, n, is chosen from balancing the spectral gap with 
minimizing trending in low frequencies. Covariance periods are typically 
15 to 40 min long. Sensible heat flux (H, heat transfer due to vertical 
atmospheric temperature gradients) is computed likewise as a function of 
the covariance between vertical wind speed and temperature:   

 
( )( )

' ' Cov( )
n

i i
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i
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- -
= = =å
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where a is density of wet air, and T ' is the instantaneous deviation of 
temperature from mean air temperature.  

Before ET is computed from E, various standard corrections are applied 
to incorporate the physical realities within which these measurements are 
made. These corrections include coordinate rotation to align the wind 
vector with the sonic anemometer (Wesely 1970), corrections developed 
from frequency response relationships which incorporate sensor line 
averaging and separation (Massman 2000, 2001), correction to account 
for flux effects on vapor density measurements as opposed to mixing ratio 
measurements (Webb et al. 1980), and krypton hygrometer oxygen and 
second-order humidity effects on vapor density measurements. Lastly, 
closure of the energy balance is forced into thermodynamic equilibrium by 
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adding closure energy into H and λΕ in relation to the measured Bowen 
ratio (Twine et al. 2000; Cleverly et al. 2002).  

Measurement of turbulent fluxes via 3SEC involves measuring flux variables 
from a tower or an aircraft. When measurements are made from a tower, 
the minimum spacing between a canopy and the sensors is dictated by the 
necessity to make measurements above the roughness sublayer. The top of 
the roughness sublayer is equal to the distance of the aerodynamic 
roughness length, z0, above the canopy, hc (Nakamura and Mahrt 2001). 
The upper limit for sensor placement in riparian corridors is chosen to 
remain below the top of the surface layer and to minimize the measurement 
footprint (Cooper et al. 2000; Cooper et al. 2003). The top of the surface 
layer is defined in terms of Monin-Obukhov (M-O) similarity theory, which 
describes the physics of the atmospheric surface layer (Stull 1988). 
Atmospheric stability imposed by advection is associated with vertical 
thermal stratification and compression of the surface layer to the lower few 
meters above the canopy (Cooper et al. 2003).  

The planetary boundary layer is that lower portion of the atmosphere where 
turbulence dominates vertical transport and friction creates a strong drag 
on near-surface winds. The surface layer makes up the bottom 10 percent of 
the boundary layer (Stull 1988), where surface drag creates a near-
logarithmic wind speed profile. The vertical gradient in horizontal wind 
speed causes deformation of the air column and generates turbulence that 
can be characterized by Reynolds stress, τReynolds, which is equal to the total 
vertical flux of horizontal momentum in the surface layer (Stull 1988):   

    
/

Reynolds ' ' ' 'τ ρ u w v w
     

1 22 2
 (3) 

where ρ is density of air, and u, v, and w are orthogonal wind speeds in 
two horizontal and one vertical dimensions, respectively. The velocity scale 
across which Reynolds stresses are propagated is the friction coefficient, u* 
(Stull 1988):   

    
/

Reynolds

* ' ' ' '
τ

u u w v w
ρ

      

1 22 2
 (4) 

The friction coefficient is important in describing the magnitude of 
turbulence in the surface layer, and that prominence is central to the body 
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of the relationships known as M-O similarity theory. M-O similarity 
theory, also known as surface layer similarity theory, is a body of empirical 
relationships that characterize turbulence in the surface layer. Other M-O 
scales useful for characterizing the surface layer include the humidity 
scale, q*, the temperature scale, θ*, and the Obukhov length, L (Stull 1988):   

 *
*

' 'w q
q

u


 ,  (5) 

 *
*

' 'w T
θ

u


 . (6) 

 *

*

Tu
L

kgθ




2

 (7) 

where k is von Kármán's constant and g is the acceleration due gravity. 
When L is zero, the surface layer is neutrally stratified. When negative, the 
surface layer is unstably stratified, and the temperature profile in the 
surface layer is stable when L is positive. The Semi-Arid Land-Surface-
Atmosphere (SALSA) program, which brought together eddy covariance 
and Lidar (light detection and ranging) technologies to measure ET in the 
San Pedro River of Arizona, generated the first detailed characterization of 
the turbulent boundary layer in a riparian corridor (Cooper et al. 2000; 
Goodrich et al. 2000; Kao et al. 2000; Scott et al. 2000).  

The measurement footprint represents the upwind distance that is 
incorporated into measurements made by instruments on the tower. The 
footprint increases with height above the canopy and with wind speed 
(Rannik et al. 2000). In riparian forests along the Middle Rio Grande and 
the San Pedro River, the footprint for sensors mounted 2.5 m above 
Tamarix may be as little as 40 to 60 m under ideal conditions or up to 
200 m over Populus fremontii (Fremont cottonwood).  

Results 

An aerial view of the South Valley site where ET measurements are made is 
shown in Figure 2. The ET tower is located in the broader swath of bosque 
in the foreground of the figure. Restoration of the forest, performed by 
mechanical removal of understory vegetation, was begun during the winter 
of 2002-2003, of which only the nearest 30 m of the tower’s footprint was 
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affected. Completion of the restoration project was achieved before the 
2004 growing season. The fire on 15 June 2006 effectively burned the 
vegetation to the south of the tower. In fact, the road to the tower site 
became the fire break used to contain the fire. Soil temperatures exceeded 
100°C at 10-cm depth during the fire and soil heat flux values reached 
almost 500 W/m2. Some of the instruments on the tower were damaged by 
the fire. Damaged instruments were repaired and replaced as soon as access 
was granted and new instruments could be procured. The site was back on-
line and measuring ET beginning 18 July 2006.  

Figure 3 illustrates the Palmer Drought Severity Index (PDSI) and 
estimated snowpack conditions for the period of record. Since January 
2000, the Upper and Middle Rio Grande has experienced prolonged 
extreme drought (2001-2004) interspersed with shorter periods of normal 
or moderately wet conditions.  

Figure 4 shows the measured ET rates at the Albuquerque South Valley 
site for the period of record. Early growing season values for ET ramped 
up quickly in the late spring after leaf out. Maximum rates near 9 or 
10 mm/day were common, especially on days in late May and early June. 
These values approach the theoretical maximum rate of ET for a clear 
sunny day at this time of year. The high ET rates indicate a high rate of 
primary production from the riparian forest during this period.  

In 2006, ET rates were generally much lower after the fire, when the 
equipment was replaced and measurements began on 18 July. Occasional 
higher rates were observed due to a stronger contribution from the 
unburned forest north of the tower. Average values ramped downward 
from < 7 mm/day in late July to around 4 mm/day in mid-September. 
Senescence occurred in September and October with ET rates falling to 
background levels by late October after the first hard freezes. The growing 
season of 2006 represents the seventh year of ET measurements at this 
site.  

In 2004, a precipitous decline in ET coincided with restoration follow-up 
activities in which contractors returned to the site, mechanically removed 
resprouting vegetation, and applied an herbicide to freshly-cut stems. In 
post-restoration years, ET rates were lower if and only if understory 
revegetation was curtailed, either through restoration activities or due to 
fire (Figure 5). Xeroriparian areas inhabited by saltcedar, saltgrass, and 
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saltbush have consistently lower ET rates than wetter sites containing 
obligate riparian species. Dense, monospecific saltcedar thickets have the 
highest ET rates, followed by mixed cottonwood and non-native forests, 
young Russian olive and willow thickets, and then native cottonwood 
forests, which have lower ET rates than the other mesic riparian species.  

 
Figure 2. Top photograph is aerial view of South Valley of Albuquerque ET measurement site 

looking south. Tower is located in wider portion of bosque in foreground. Bridge in 
background is the Interstate 25 bridge over Rio Grande near Isleta. This photograph was 

taken in early summer of 2000 before Maplais Fire (June 2006). Lower photographs, 
clockwise from upper left: Partially-cleared understory, 21 November 2002; vegetative 

propagation of previously-cleared saltcedar, 26 July 2007; riparian annual weeds growing on 
sunlit soil, 26 July 2007.  
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Figure 3. Monthly average snowpack and PDSI. Values represent average of New Mexico 
Region 2 (Upper Rio Grande) and Region 5 (Middle Rio Grande), and Colorado Region 5 

(Rio Grande headwaters).  

 
Figure 4. Rates of evapotranspiration (ET) at Albuquerque South Valley tower site for period of 
record. Lines represent polynomial least squares regression. Forest community is described 
as mixed cottonwood, saltcedar and Russian olive (M; 2000-2003), restored monospecific 
cottonwood forest (R; 2004), cottonwood with self revegetating saltcedar and Russian olive 

(rV1; 2005), burned cottonwood forest (F, June 2006), and cottonwood forest with monsoon-
season annuals in open, sunlit spaces (rV2; 2007).  
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Figure 5. Total accumulated ET during growing season for indicated forest community types.  

Figure 6 shows that cottonwood forest ET responds to summer drought 
but not to winter drought and snowpack conditions. During summer 
months, monsoon activity is characterized by lower net radiation and 
vapor pressure deficit, both contributing factors to reduced ET. Three of 
the four post-restoration years have positive residuals, indicating that 
summer ET was higher than expected for the given drought conditions 
when new-growth understory is present.  

The bare soil site on the Rio Salado was in operation for approximately 
100 days before a catastrophic flood destroyed and scatted the system. A 
new system was built at Bosque del Apache at the National Wildlife Refuge 
(NWR) to monitor bare soil fluxes outside of the active channel. Figure 7 
shows the locations of these sites. Figure 8 verified that precipitation alone 
accounts for ET from bare surfaces at both sites during the spring and 
early summer. Figure 8 also shows that, while the ET precipitation (PPT) 
ratio is 1:1 for bare soil, Kochia colonizes the site in early July and the 
ET:PPT ratio climbs to 2.5:1. In comparison, phreatophytes support 
ET:PPT ratios of 5:1 and higher.  
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Figure 6. Spring and summer intraseasonal ET with respect to PDSI. Groupings by year are 

defined in Figure 4.  

 
Figure 7. Locations of bare soil sites.  
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Figure 8. ET and PPT measured at bare soil sites, Rio Salado (top panel) and Bosque del 

Apache post-restoration (bottom panel). Kochia colonized the post-restoration site during late 
June/early July.  
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3 Water Table Dynamics 
Overview 

The water table in the riparian zone provides a measure of the connectivity 
between the surface water of the Rio Grande and the shallow alluvial 
groundwater. In addition, the ET activity of the riparian vegetation 
impacts the level of the water table by extraction of groundwater and 
transferring this water to the atmosphere through plant transpiration. The 
interaction between the water table of the shallow alluvial groundwater 
and the transpiring plants can be seen in both a seasonal signal during the 
growing season and a daily pattern between water levels during the day 
and the night. Co-locating groundwater wells with pressure transducers 
and data loggers at a site with a 3-D eddy covariance flux measurement 
system for determining ET allows the analysis of the interactions between 
the shallow alluvial groundwater and the flux of water to the atmosphere.  

Methodology 

Five shallow groundwater monitoring wells exist at the site. The wells are 
constructed of 5.1-cm internal diam Schedule 40 PVC pipe installed in 
7.6-cm diam manually augured bore holes, to depths approximately 100 
cm below the base flow water table. The lower section of each well, 
approximately 100 cm, consists of a 0.25-mm slotted screen intake. Silica 
sand and bentonite were used for the filter packs and surface seal, 
respectively.  

As of 2008, four wells include automated sensors logging water level and 
temperature data every 30 min. Three of the wells are equipped with 3001 
M10 Mini LT Leveloggers (Solinst, ON, Canada). At the center well, a 
DI241 Diver (Waterloo Hydrogeologic, ON, Canada) replaced a Solinst 
logger on 27 June 2006 that was destroyed by the wildfire 12 days earlier. 
These pressure transducers have a head range of 9 to 10 m and a 
resolution of 2 to 3 mm. They measure the absolute pressure (water 
pressure plus atmospheric pressure) of the water column. To compensate 
for this, a Solinst Barologger is deployed at the site, which quantifies the 
atmospheric pressure in water column equivalents. These values are 
subtracted from the well logger outputs to arrive at actual head levels.  
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All raw data files from the well loggers are calibrated to manual head 
measurements taken with a sounding water level meter when data are 
collected. Sensor data are corrected to manual measurement data using an 
average offset value or with programs (e.g., FORTRAN, SAS) that compute 
corrected values in the time series using a linearly varying equation. The 
processed files are then imported into Excel and SigmaPlot software, where 
depth to water table values are calculated from the head values and 
graphed.  

Groundwater wells were added to the Montaño restoration site, where 
monitoring is ongoing and initial results have not yet been reported.  

Results 

Water table depths below the ground surface from late April through 
December of 2006 are shown on Figure 9. The first half of 2006 was 
exceptionally dry with a weak spring snowmelt throughout the Rio Grande 
basin. Depth to the water table was about 1.8 m with only a weak upward 
response in late May and June. The monsoons of 2006, however, were 
unusually strong beginning in late June. Numerous decreases in water table 
depth (rising groundwater) occurred during river spates from the strong 
thunderstorm-produced floods from late June to early September with 
water table depths reaching about 1.4 m below the ground surface. Early fall 
was a period of dropping water tables until the end of the irrigation season 
in October when the water table rebounded as less water was diverted to the 
ditches for irrigation and more flow remained in the river.  

A long-term record of water table depths is available for this site (Figure 10). 
Water table measurements began in the spring of 1999. The long-term 
record shows the responsiveness of the site to discharge in the Rio Grande. 
Snowmelt peak flows in the river in 1999, 2001, 2004, and 2005 are clearly 
seen in the rising water table depth at the Albuquerque South Valley site. 
The highest water table at the site occurred in May and June of 2005 when 
peak flows in the Rio Grande reached about 6500 cu ft/sec. The bosque at 
this site is disconnected from the river and overbank flooding has not 
occurred at the site since the completion of Cochiti Reservoir in 1975. The 
unusually strong summer monsoon in 2006 is seen in both river discharge 
(Q) and the strong water table fluctuations in the summer of 2006. The 
strong drought years of 2002 and 2003 also seen in the long-term record 
with maximum water table depth at the site occurring in the late summer of 
2003.  
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Water table elevations are recorded every 30 min with an accuracy of 
± 2 mm. A typical diurnal (24-hr) response can be seen in the depth to 
water table (Figure 11). The water table data are shown for about 1 week 
before and after the 15 June 2006 wildfire for two wells at the Albuquerque 
South Valley site. The north well was not burned while the center well was 
burned but the pressure transducer and data logger continued to function. 
The diurnal pattern in water table depth with minimal levels in the late 
afternoon and maximal levels in the early morning may be responsive to 
riparian ET at the site. Continuation of the diel pattern in the burned well is 
possible due to the extensive root systems that cottonwood trees develop at 
depths cool enough to survive. An investigation is being made exploring the 
relationship between tower-based estimates of ET and the diurnal pattern 
of groundwater elevations. Initial documentation includes applying diurnal 
fluctuations of shallow alluvial groundwater to estimate plant uptake of 
groundwater and water salvage through non-native vegetation removal. 
These data allow a rigorous analysis of the possibility that diurnal 
fluctuations in groundwater elevations can be used to estimate riparian zone 
ET rates. The ability to compare estimated ET rates calculated from daily 
fluctuations in groundwater elevations with independently-derived tower-
based ET measurements is a distinct aspect of the research that has not 
been reported in the literature to date.  

ET and Depth to Water Table, Albuquerque 
South Valley Site, Late April--December 2006
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6/15: Wildfire at site,
some instruments damaged.

 
Figure 9. Depth to water table at Albuquerque South Valley  

ET site. Daily ET rates are graphed along with depth to  
water table for comparison. Some of water table  

sensors continued to work during and after  
fire so continuous record is available.  
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Figure 10. Long-term record of water table depth at Albuquerque 

South Valley site beginning in spring 1999. Discharge (Q) of 
Rio Grande at Central Bridge USGS gauging station 

is shown for comparison.  

Water table data at Shirk before and after the wildfire
of 15 June 2006 in burned and non-burned well locations

June 2006

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

D
ep

th
 to

 w
at

er
 ta

bl
e 

(c
m

)

130

140

150

160

170

180

R
io

 G
ra

nd
e 

at
 A

lb
uq

ue
rq

ue
, s

ta
ge

 (c
m

)

60

70

80

90

100

110

Rio Grande

6/15 ~23:00 hrs: Wildfire engulfed the C well. The casing 
melted, but the pressure transducer, 291 cm below ground
(and submerged 119 cm below 172 cm-depth-WT), continued
logging data. The fire reached within ~40 m of the N well.

north well (non-burned)

center well (burned)

 
Figure 11. Daily water table data for two wells at Albuquerque 
South Valley site immediately before and after fire. The north 
well was not burned, center well was burned, but data logger 
and pressure transducer continued to function. The stage of 

Rio Grande at USGS Central Bridge gaging station 
is shown for comparison. 
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4 Remote Sensing 
Overview 

Scaling up the estimates of ET to an estimate of water use throughout the 
Urban Flood Demonstration Project area of interest requires remote 
sensing and Geographical Information Systems (GIS). In addition, 
multispectral remote sensing provides a tool to classify the riparian 
vegetation along the Rio Grande and to look for changes in vegetation or 
vegetative cover through time. Multispectral images from 2006 are 
compared to images from 2002 along the reach. Large changes in 
vegetation density due to fire, human construction activity, and understory 
removal between the two time periods are noted.  

Methodology 

Characterizing the landscape and classifying riparian canopy vegetation 
involves a series of procedures detailed in the flow diagram in Figure 12. 
First, cloud free images covering the area of interest are acquired and then 
processed. Files, generated from the processed images, provide the input 
to the Decision Tree Classifier (DTC). The input files consist of a mask that 
defines the active floodplain and rules based on the spectral response of 
landscape classes and subclasses. The classifier starts with a preliminary 
design. The design evolves after several iterations, where the results of 
each of the iterations are checked with the calibration points. After 
returning a successful run, (i.e., the returned classification matches the 
vegetation in the field at calibration points) further verification occurs in 
the field at river crossings and other readily accessible areas. As a final 
test, a Global Positioning System (GPS) capable field laptop is carried 
through several areas along the corridor with a final classification map on 
display. Once a DTC design produces a realistic representation of canopy 
vegetation, classification maps for the Albuquerque reach of the Middle 
Rio Grande of New Mexico are made for dates of interest when a cloud-
free mosaic image is available.  

DTCs perform multistage classifications based on “yes” or “no” answers to 
expressions or rules (Safavian and Landgrebe 1991). The rules and 
expressions are derived from a series of logical steps aimed at segregating 
classes. Each rule (parent node) splits the data into two groups (child 
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nodes) where the child nodes are purer than the parent node (Simard et al. 
2002). The decision tree rules are based either on a physical location or on 
expressions derived from the spectral response of objects in the landscape. 
The first rule in the decision tree separates the area inside the levee roads 
from the historic floodplain. The area inside the levee roads represents the 
active floodplain. Using a heads-up display, a series of polygons are 
created over a panchromatic image. Road crossings over the river provide 
ideal edges to stop and start individual polygons. The final polygons are 
converted from a vector into a mask. In the decision tree, a mask of the 
active floodplain targets the specific rules to the masked area.  

 
Figure 12. Schematic of procedures used to generate vegetation classification for bosque of 

Middle Rio Grande of New Mexico. Procedure is from McDonnell (2006).  

The remaining expressions are based on the spectral response of 
landscape classes. Expressions based on red, near-infrared (NIR, 
Landsat 7 band 4, 760-900 nanometer), mid-infrared (MIR, Landsat 7 
band 5, 1,550-1,750 nanometer), Normalized Difference Vegetation Index 
(NDVI), Normalized Difference Wetness Index number 1 (NDWI [1]), and 
Normalized Difference Wetness Index number 2 (NDWI [2]) are evaluated 
with each landscape class and canopy sub-class in order to develop the 
most efficient set of rules. In the end, expressions based on NIR, NDVI, 
NDWI [1], and NDWI [2] produce an efficient decision tree capable of 
separating out the broad landscape categories and then isolating the 
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canopy subclasses. The DTC, applied to each set of mosaic images, 
generates classification maps to compare the 2002 and 2006 images 
throughout the growing season. A detailed description of the methods 
used to produce the vegetation classification for the Rio Grande bosque in 
central New Mexico is found in McDonnell (2006).  

Results 

Figure 13 shows the Albuquerque reach of the Rio Grande riparian 
corridor with the City of Albuquerque overlain on the river and bosque. 
The riparian vegetation classification from 2002 multispectral remote 
sensing imagery is included (McDonnell 2006). The Albuquerque reach is 
subdivided into five subsections for more detailed characterization of the 
bosque. Locations of fires were obtained from shapefiles provided by the 
U.S. Army Engineer District, Albuquerque.  

Figure 14 shows the northernmost section (section 1) of the river and 
riparian zone in the Albuquerque reach. The vegetation classification 
scheme is applied to a multispectral image from 2002 and 2006. No large 
fires occurred in this segment of the bosque during this period of time. 
Vegetation classes remained largely the same in this reach. The inset 
photograph on the 2006 image shows an area with increased amounts of 
surface water in 2006 from the strong summer monsoon of 2006 compared 
to 2002. The site is associated with the north Albuquerque drain.  

Figure 15 compares the vegetation cover in 2002 and 2006 along the 
Albuquerque riverine corridor from just north of Paseo del Norte to just 
north of the Interstate 40 Bridge (section 2). This segment of the river and 
bosque was the site of the 2003 Montaño fire. The fire boundaries are 
shown on the 2006 image. Section 3 extends from just north of the 
I-40 Bridge to just north of Rio Bravo Boulevard (Figure 16). Key features 
that have changed in this reach between 2002 and 2006 are the Atrisco 
fire of 2003, the Conservancy fire of 2004, and the construction at Tingley 
Beach. The construction of wetlands in the bosque at the Tingley Beach 
area are shown in the insert photograph along with another area of change 
from understory clearing in the middle of the reach.  

Section 4 of the Albuquerque reach extends from just north of the Rio Bravo 
Bridge to about 2.5 km north of the I-25 Bridge (Figure 17). Major changes 
to this reach in the period from 2002 to 2006 include the 2004 fire (the 
Brown fire) and the maintenance of the South Diversion Channel, including 
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vegetation removal shown in the photographs. Section 5 extends from about 
2.5 km north of the I-25 Bridge to about 4.5 km south of the bridge 
(Figure 18). This section of the riverine corridor includes the ET tower and 
groundwater wells in the Albuquerque South Valley. The Malpais Fire of 
15 June 2006 that extended to the access road to the ET tower is shown on 
the 2006 image with the fire in the bosque on both sides of the river with 
the majority of the fire immediately north of the I-25 Bridge.  

Figure 19 compares NDVI from a 29 May 2006 SPOT satellite image with 
NDVI from an 24 August 2006 SPOT image. Large changes in NDVI are 
clearly visible in the Albuquerque South Valley due to the bosque wildfire 
of 15 June 2006.  

  
Figure 13. Study reaches for Urban Flood Demonstration Project 
and City of Albuquerque. Five reaches are delineated along this 
section of river corridor. Vegetation classification scheme from 

2002 is applied to reach using multispectral remote 
sensing imagery.  
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Figure 14. Section 1 of Albuquerque reach of Rio Grande corridor. 
Photograph shows additional water in North Diversion Channel in 

2006 compared to 2002.  

 
Figure 15. Section 2 of Albuquerque reach of Rio Grande corridor. Montaño 

fire site is shown on 2006 image.  
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Figure 16. Section 3 of Albuquerque reach of Rio Grande corridor. New construction at Tingley 

Beach and understory removal of vegetation are shown in photographs in areas where 
vegetation characteristics had changed between 2002 and 2006. Atrisco fire and 

Conservancy fire also are shown in 2006 image.  

 
Figure 17. Section 4 of Albuquerque reach of Rio Grande corridor. The 2004 

fires (Brown Fire) are included on 2006 image. An area of major vegetative change where 
maintenance of South Diversion Channel occurred is shown in photographs.  
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Figure 18. Southernmost section (section 5) of Albuquerque reach with 

vegetation classified for multispectral imagery obtained in 2002 and 2006.  
Malpais fire (15 June 2006) is delineated in upper third in 2006 image.  

 
Figure 19. NDVI values are compared for SPOT imagery from 29 May 2006 

and 24 August 2006. Fire areas with reduced NDVI from Malpais fire are clearly  
seen on both sides of river just to north of I-25 Bridge on 24 August 2006 image.  
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5 Water Table Flow Fields 
Overview 

The Alameda Diversion Dam has been constructed in the Albuquerque 
Reach. Identifying the effect of changing discharges on water table 
elevations downstream of the diversion structure is of great concern. The 
objective of this study is to calculate water table gradient changes during 
intervals of increasing river discharge.  

Methodology 

Figure 20 shows the location of the wells at the Alameda site and the 
points at which river stage was estimated. The points were chosen to be 
the intersections of the river and lines drawn between the outermost wells 
in Sites 2 and 3 and Sites 4 and 5, respectively. The river slope gradient is 
assumed to be 0.001 ft elevation change/ft river length, and the decrease 
in elevation was estimated as this slope multiplied by the distance of the 
river intersection points from the gage at Alameda Bridge. River data were 
downloaded from the USGS National Water Information System (USGS 
gage 08329918 http://waterdata.usgs.gov/nwis). Water table slope was 
recorded from points noted in Figure 20 as West Slope and East Slope. 
These points are equidistant from the two center wells on each side of the 
river.  

To examine how the water table gradient changes as river stage changes, 
two intervals of increasing discharge were selected. One interval was in 
May when discharge would be driven by snowmelt, and one was in August 
when the change in stage would be due to monsoonal precipitation 
(Figure 21). Events circled in green were used for the analysis.  

At 1-hr intervals during each event, a Triangulated Irregular Network 
(TIN) was constructed using the water table elevation data for all wells, 
estimated river elevation, and monthly measurements of riverside drain 
water level elevations that were collected by the Bosque Ecosystem 
Monitoring Program (BEMP (http://www.bosqueschool.org/bemp.htm)). 
An example of such a TIN is shown in Figure 22.  
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Results 

During the 7-hr interval monitored on 2 May 2007 river stage increased 
0.13 m, the aspect of the gradient monitored on the west side of the river 
changed from 291.851 to 294.937 deg and water table elevation increased 
0.064 m. On the east side of the river, the aspect of the gradient changed 
from 123.189 to 123.021 deg and elevation increased 0.002 m.  

During the 7-hr interval monitored on 31 July/1 August, river stage 
increased 0.63 m and then fell again. The aspect of the gradient monitored 
on the west side of the river changed from 291.85 to 293.69 deg and water 
table elevation increased 0.212 m. On the east side of the river, the aspect 
of the gradient changed from 123.35 to 123.18 deg and the elevation 
increased 0.087 m. Figures 23 and 24 show how the slope of the gradient 
changed with respect to the river stage on 2-3 May and 31 July/1 August 
2007 on both sides of the river.  
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Figure 20. Location of Alameda Site wells, points at which elevation of river was estimated, 

and points where water table slope were estimated from TINs.  
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Figure 21. Elevation of water table and river during May 2007 and mid-July to mid-August 

2007. Green circles designate the events used to assess water table gradient change.  
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Figure 22. TIN of Alameda Diversion Dam site from Lower Corrales Drain on west to Atrisco 
Feeder Drain on east at 7 p.m. on 31 July 2007. Note that data are not available for all five 

wells at each site (all units are in meters).  
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Figure 23. Elevation of river and groundwater on 2-3 May (upper figure). Change in slope of 

water table during this interval is also displayed (lower figure).  
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Figure 24. Elevation of river and groundwater on 31 July/1 August (upper figure). The change 

in slope of water table during this interval is also displayed (lower figure).  
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6 Summary and Conclusions 

Funding through the UFDP and SWDP has allowed the continued 
measurement of ET rates using state-of-the-art 3-D eddy covariance 
techniques at a non-flooding cottonwood-dominated riparian zone in a 
reach of Rio Grande where overbank flooding no longer occurs. The growing 
season of 2006 included a human-caused bosque fire on 15 June 2006 (the 
Malpais fire) that burned up to the access road to the tower site. The fire 
offers the opportunity to assess the effects of wildfire in the bosque on ET 
rates and to follow the recovery from the fire as new riparian vegetation 
germinates and some of the burned vegetation resprouts. The instruments 
damaged were replaced about 1 month after the fire, and ET rates were 
gathered throughout the rest of the 2006 growing season (late July through 
November).  

Water table measurements were made throughout 2006 and are 
continuing in 2007 and 2008 at four of the wells at the site with the ET 
tower. The wells are highly responsive to discharge and stage in the 
Rio Grande. Lower water tables occurred during the abnormally dry 
winter and spring of 2006. The exceptionally strong summer monsoons of 
2006 caused floods in the Rio Grande that raised the water table multiple 
times at the ET site. A clear diurnal pattern in the water table may provide 
an independent method for estimating ET rates. Ongoing research is 
(1) evaluating the accuracy of using diurnal fluctuations to estimate ET 
rates by comparing the magnitude of daily fluctuations to ET rates 
determined by the 3-D eddy covariance methodology deployed on the 
tower, and (2) identifying groundwater flow fields that develop as a 
response to changes in river and drain discharge.  

Remote sensing analyses using multispectral SPOT imagery allowed 
comparison of the vegetation within the bosque in the Albuquerque reach 
in 2006 to an earlier 2006 assessment from LANDSAT imagery. Major 
changes in the vegetation within the reach are linked to fires, construction 
activity, and understory thinning operations. Vegetation classification can 
ultimately be coupled with estimates of vegetation density and the tower-
based measurements of ET rates in various vegetation types to generate 
spatially explicit estimates of ET rates along the riverine corridor of the 
Rio Grande.  
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