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Major Basin Characteristics

♦ 320 km of riverine corridor
♦ 1672.9 m elevation in the north (Otowi) to 1262.2 m elevation in the 

south (Elephant Butte)
♦ 39,220 km2 drainage
♦ Discharge gauge records from 1895 (Otowi) and 1915 (Elephant Butte)
♦ Major Biotic Communities: Great Basin grassland, semi-desert grassland, 

Chihuahuan desert scrub
♦ 20 — 31 cm annual precipitation (from north to south)

1930 2002





Water Budget:
A summary that shows the balance in a 
hydrologic system between water 
supplies (inflow) to the system and 
water losses (outflow) from the system

Depletions are the
difference between
inflow at Otowi
and outflow at 
Elephant Butte
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Major Depletions

♦Evaporation
♦Transpiration
♦Agriculture
♦Urban Use
♦Groundwater Recharge

coyote willow



Major Depletions

♦Evapo-
transpiration

♦Agriculture
♦Urban Use
♦Groundwater Recharge

coyote willow



Water budget 
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Populus deltoides ssp. wislizenii
(cottonwood)

Tamarix ramosissima
(saltcedar)

Dominant Riparian Vegetation
Saltcedar Cottonwood
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Populus deltoides ssp. wislizenii
(Rio Grande Cottonwood)

Native Exotic

Tamarix chinensis (Saltcedar)

Elæagnus angustifolia  (Russian Olive)



Restoration hypotheses

♦ Saltcedar removal from Cottonwood 
forests is predicted to be associated with 
a water savings

♦ High water usage when saltcedar develops 
high LAI



Restoration — comparative
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Bosque del Apache: monospecific saltcedar thicket

San Acacia: saltcedar/saltgrass

La Joya: Russian olive/coyote willow

Albuquerque's South Valley: cottonwood

Restoration water salvage
♦ Understory Russian olive and 

saltcedar removed from South 
Valley Albuquerque cottonwood 
forest between 2003 and 2004 
growing seasons

♦ First year reduction in ET of 9% 
while other sites increasing by 12% 
(total = -21% or -26 cm/yr)

♦ Second year increase matched 
increase at other sites: 0 cm/yr 

NonNon--native understory clearednative understory cleared



Bosque Fire



Short Interflood Interval < 2yrs
(flood site)

Long interflood interval > 10yrs
(nonflood site)



Ecohydrology
♦ Parameterization of the interactions between 

terrestrial ecosystems and the water cycle
♦ Key papers:
Newman, B.D. et al., 2006. The ecohydrology of arid and semiarid 

environments: a scientific vision. Water Resources Research.
Pataki, D.E., Bush, S.E., Gardner, P., Solomon, D.K. and Ehleringer, J.R., 2005. 

Ecohydrology in a Colorado River riparian forest: Implications for the decline 
of Populus fremontii. Ecological Applications, 15(3): 1009-1018.

Huxman, T.E. et al., 2005. Ecohydrological implications of woody plant 
encroachment. Ecology, 86(2): 308-319.

Wilcox, B.P. and Newman, B.D., 2005. Ecohydrology of semiarid landscapes. 
Ecology, 86(2): 275-276.

Cleverly, J.R., Dahm, C.N., Thibault, J.R., McDonnell, D.E. and Coonrod, J.E.A., 
2006. Riparian ecohydrology: regulation of water flux from the ground to the 
atmosphere in the Middle Rio Grande, New Mexico. Hydrological Processes.



Ecohydrology Parameters

♦ ET:PPT
♦ T:ET
♦ GW (MODFLOW)



Populus deltoides ssp. wislizenii
(Rio Grande Cottonwood, native)

•• Strongly dependent upon groundwater:Strongly dependent upon groundwater:

••ETETsurfacesurface ≈≈ 3 m, 3 m, ETETextinctionextinction ≈≈ 5 m5 m (Horton (Horton 

2001)2001)

••Only cottonwoods growing along Only cottonwoods growing along 
ephemeral streams have shown ephemeral streams have shown 
uptake of soil water/precipitationuptake of soil water/precipitation
(Stromberg & Pattern 1996, Snyder & Williams 2000)(Stromberg & Pattern 1996, Snyder & Williams 2000)

••Crown dieback occurred during the Crown dieback occurred during the 
drought at locations with a deep drought at locations with a deep 
water tablewater table



Elæagnus angustifolia
(Russian Olive, non-native)

??

•• Relationship with groundwater?:Relationship with groundwater?:

••ETETsurfacesurface & & ETETextinctionextinction unknownunknown

••Found in a wide range of habitatsFound in a wide range of habitats (Katz & Shafroth (Katz & Shafroth 
2003)2003)

••Seldom found in a monoculture along the Seldom found in a monoculture along the 
MRGMRG

••Water use typically equivalent to Water use typically equivalent to 
monospecific saltcedar & native cottonwood monospecific saltcedar & native cottonwood 
forestforest



Tamarix chinensis
(Saltcedar, non-native)

•• Relationship with groundwater?:Relationship with groundwater?:

••ETETsurfacesurface deeper than 10deeper than 10--mm (Horton 2001)(Horton 2001) or 25or 25--mm
(Gries et al 2003)(Gries et al 2003)

••ETETextinctionextinction undefinedundefined

••Known facultative phreatophyte with Known facultative phreatophyte with 
hydraulic properties similar to other hydraulic properties similar to other 
xeroriparian spp.xeroriparian spp. (Busch et al 1995; Pockman & Sperry 2000)(Busch et al 1995; Pockman & Sperry 2000)

••Variations in transpiration explained solely Variations in transpiration explained solely 
by fluctuations in leafby fluctuations in leaf--toto--air VPDair VPD

••Found preferentially in habitats with variable Found preferentially in habitats with variable 
water table depthwater table depth ((Lite Lite & Stromberg 2005)& Stromberg 2005)



Evapotranspiration

AtmosphereAtmosphere

Shallow AquiferShallow Aquifer

PhreatophytesPhreatophytes

SensorsSensors

Floodwater and soil water evaporation (exposed & shaded, sand & Floodwater and soil water evaporation (exposed & shaded, sand & clay)clay)



Reference Evapotranspiration
♦ Semi-empirical formulations

♦ Measurements of associated conditions; e.g., 
Radiation

♦ Blaney-Criddle, Jensen-Haise, Priestley-
Taylor, Aerodynamic, Penman, Penman-
Monteith

♦ SCS, FAO, Grass standard
♦ Crop/calibration coefficient:

♦ Energy Balance
♦ Bowen ratio, OPEC

ETa = k ⋅ET0



Temperature:
Blaney-Criddle-SCS 1950

kt: monthly consumptive use coefficient for 
temperature; kt = 0.0173Ta – 0.314, °F

kc: monthly crop coefficient
ƒ:  monthly consumptive use factor;

p: mean monthly percentage of annual daytime 
hours

u = ktkc Ä

Ä=
Tap
100



Combination:
Penman

∆: slope of the saturation water vapor 
curve at a given temperature

Rn: net radiation (downwelling
solar+thermal radiation less upwelling)

EA: drying function (wind and humidity)
γ: psychrometric coefficient;

  
ET0 =

∆
∆ + γ

Rn +
γ

∆ + γ
EA

 
γ =

CPP
ελv



rc: canopy resistance (stomatal resistance, LAI)
ra: aerodynamic resistance;

Combination:
Penman-Monteith 1965

γ * = γ 1+ rc
ra
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Surface Layer



Video: P Sprott3-D Eddy Covariance

Sensor

•Direct measurement of ET
•Self-test for accuracy
•Consistent with the application of 
atmospheric physics

Sweep
Ejection



Energy and Water Fluxes
♦ Core Measurements: 3-D Eddy 

Covariance
♦ Sonic anemometer
♦ Hygrometer/IR Gas Analyzer
♦ Temperature-Relative Humidity
♦ Net Radiation
♦ Ground heat flux
♦ Soil temperature
♦ Soil water content
♦ Barometric pressure
♦ Precipitation
♦ Cellular/WiFi communications

RRnn + G + LE + H = 0+ G + LE + H = 0
λλ CovCov((wqwq) = ) = λλ ww’’qq’’ = LE= LE

ρρ ccpp CovCov((wTwT) = ) = ρρ ccpp ww’’TT’’ = H= H





Seasonal ET
Belen — Rio Communities
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Average evapotranspiration
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Cottonwood Mixed Communities
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Saltcedar Communities
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Annual ET
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Cottonwood/Saltcedar/Russian OliveCottonwood/Saltcedar/Russian Olive

Saltcedar/Saltgrass (~150 gal/plantSaltcedar/Saltgrass (~150 gal/plant--yr)yr)

Russian Olive/WillowRussian Olive/Willow

•• Site locationSite location
•• DroughtDrought
•• Vapor Pressure DeficitVapor Pressure Deficit
•• GroundwaterGroundwater

Cottonwood/Willow/(Alfalfa)Cottonwood/Willow/(Alfalfa)

Dense Saltcedar (~200 gal/plantDense Saltcedar (~200 gal/plant--yr)yr)



Bowen Ratio Energy Balance
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Desert floodplain ecosystems

Desert
Shrub

Riparian
Forest (Malanson 1993)

Temperature

Humidity



Sensible Heat Advection
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♦ - H indicative of sensible 
heat input from adjacent 
desert

♦ + H observed over 
saltcedar towers (2000) 
and Sevilleta saltcedar 
tower (1999, 2000, & 2001)

♦ Cottonwood: 25-30 m

♦ Saltcedar: 4-6 m



Time lag



Closure error

 Rn = G +H + LE + closure

 
fracclosure =

H + LE
Rn −G



What is the upper limit?

550 W/m550 W/m22 for 12 hrs/day, 250 days/yr:for 12 hrs/day, 250 days/yr:
7.96 acre7.96 acre--ft/acre = ~ 432 gallons/(plantft/acre = ~ 432 gallons/(plant--yr)yr)

150 W/m150 W/m22 for 12 hrs/day, 250 days/yr:for 12 hrs/day, 250 days/yr:
2.17 acre2.17 acre--ft/acre = ~ 118 gallons/(plantft/acre = ~ 118 gallons/(plant--yr)yr)AdvectionAdvection

6000 plants/acre at Bosque del Apache6000 plants/acre at Bosque del Apache

Photo: bhg.fws.gov



Time Series
(with John Preuger, Larry Hipps, Bill Eichinger, & Dan Cooper)

Wavelets: 
q', T', w'

Wavelet Half Planes: Covariance
w'T', w'q', T'q'

(Scanlon & Albertson In Review)
* Matlab
** Matlab (up to 212), Mathematica (full analysis, 216)

Continuous 1-D wavelet transformation*

Discrete 1-D wavelet transformation** (WaveletTransform[data, d1, 16])
Array multiplication of coefficients**

Synthesize new signal** (InverseWaveletTransform[wtdata, d1])
Continuous 1-D wavelet transformation*



Wavelets

Time
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Space Series & Eddy Size

LIDAR data courtesy DI Cooper
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Monsoon dynamics



Towered Sites Groundwater Sites

South Valley
Albuquerque

Belen
Rio Communities

Sevilleta NWR

Bosque del
Apache NWR

Rio Grande
Nature Center

Los Lunas

Bernardo

Bosque del
Apache NWR

OtowiOtowi

Elephant ButteElephant Butte

Basin Topography



Temp Valley width Angle Distance Nearest Arroyo

Site �C m � km

Albuquerque 20.3
(11.7, 27.7)

2 600 Š 5100 0.0 Š 2.3 16.5 60�, 4000 m,
upstream, E

Belen Ń R io
Communities

20.5
(11.0, 28.6)

3 300 Š 4000 1.0 Š 1.6 20.0
(37.0)b

30�, 24 000 m,
downstream, Wc

Sevilleta NWR 20.7
(8.5, 30.3)

4 00 Š 4000
(6500)a

2.0 Š 13.2 27.2 90 Š 180�
onsite, Wd

Bosque del Apache NWR 20.1
(7.8, 30.6)

3 000 Š 5000 2.0 Š 8.7 39.2 80�, 23 600 m,
downstream, We

Topography



Vapor Pressure Deficit

VPD = eVPD = eairair –– eeleafleaf--saturatedsaturated
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BDAS 2002
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x
Factor Coefficient ± se F p

Model: 0.54 110.8 < 0.0001
Energy Balance:

H -0.008 ± 0.002 19.2 < 0.0001
Rn 0.02 ± 0.0008 388.1 < 0.0001

Aerodynamics:
v -0.1 ± 0.06 5.8 0.02

v X u -0.09 ± 0.02 16.2 < 0.0001

Model: 0.66 77.7 < 0.0001
Energy Balance:

Rn 0.005 ± 0.0005 83.7 < 0.0001
Aerodynamics:

u 0.08 ± 0.03 7.5 0.007
u* 1.2 ± 0.3 12.9 0.0004
q* -4.2 ± 0.6 50.2 < 0.0001

u* X q* 11.8 ± 4.3 7.4 0.007
Surface Scalars and Interaction Effects:

VPD 0.5 ± 0.07 43.0 < 0.0001
Tmax X Tmin -0.01 ± 0.003 9.8 0.002

PPT X H -0.003 ± 0.0005 24.3 < 0.0001
Rn X PPT 0.001 ± 0.0003 18.4 < 0.0001

Albuquerque and Belen ŃŹRio Communities, 
Populus deltoides 

Sevilleta and Bosque del Apache NWRs,        
Tamarix chinensis
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Drought in the Rio Grande Basin
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Water Controversies



Crown dieback
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Groundwater recession
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1  1  Draining begins, soil too Draining begins, soil too 
saturated for taproot saturated for taproot 
elongation, uptake continues elongation, uptake continues 
at original capillary fringeat original capillary fringe

3  3  Uptake continues at Uptake continues at 
deeper water table, uptake deeper water table, uptake 
at original water table at original water table 
curtailed by soil dryingcurtailed by soil drying

2  2  Taproot growth exploits Taproot growth exploits 
deeper water table, uptake deeper water table, uptake 
continues at or near original continues at or near original 
capillary fringecapillary fringe



Flooding 2001
(1-day inundation initiated by US ACoE)

Dense saltcedarDense saltcedar
Clay soil (R. Puerco)Clay soil (R. Puerco)
Perched floodwaterPerched floodwater

CottonwoodCottonwood
+ (mostly) native understory+ (mostly) native understory

LoamyLoamy--sand soilsand soil
Partially inundated sitePartially inundated site

((microtopographymicrotopography))



Flooding
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Factors Influencing ET

♦ Leaf Area Index
♦ Chloride, Nitrate, Water Table depth

♦ Drought & Groundwater Decline/Dynamics
♦ Flooding
♦ Topography

♦ Cold air drainage (Katabatic winds)
♦ Temperature, Season Length, & Sensible heat advection

♦ Vapor Pressure Deficit
♦ Precipitation
♦ Energy balance
♦ Turbulence



New Mexico EPSCoR: a Statewide Ecohydrology 
and Flux Network Within a Semi-arid Region

James Cleverly*, Robert Bowman, Clifford Dahm, Julie Allred 
Coonrod, Zohrab Samani, James Thibault, and James Gosz

*UNM *UNM HydrogeoecologyHydrogeoecology, http://, http://sevilletasevilleta..unmunm..eduedu/~cleverly/~cleverly



EPSCoR:  Experimental Program to 
Stimulate Competitive Research

♦ Ground-based 
measurements:  Fluxnet+ 
NM

♦ Remote sensing:  scaling, 
statewide ET maps, and 
model input

♦ Geospatial integrated 
modeling:  distributed 
hydrological processes, 
computation, and data 
products

Ground-Based
Measurements
(input and 
validation for
Models)

Satellite Imagery
(input for maps of
ET, vegetation change)

Geospatial Integrated Modeling &
Geographic Information System
Databases and Products

NM EPSCoR
Hydrology



NM EPSCoR

dailydaily

UNM UNM GigaPOPGigaPOP
Flux correctionsFlux corrections

RS ImageryRS Imagery
Data DistributionData Distribution

NMT NMT GigaPOPGigaPOP
Hydrologic ModelHydrologic Model

Data ArchiveData Archive

LambdaRailLambdaRail



NM-EPSCoR FluxNet

Founding Nodes
♦ Riparian and Middle valley — UNM
♦ Arid upland — UNM-Litvak
♦ Mesilla valley — NMSU-Bawazir

Extended network
♦ Albuquerque — NMT-Kleissl
♦ Arid lowland — USDA/ARS-Rango
♦ High elevation conifer — UA-Brooks



http://public.ornl.gov/ameriflux/



UNM Bosque ET web

http://bosque.unm.edu/~cleverly/bosque/index.html


