
INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI films 

the text directly from the original or copy submitted. Thus, some thesis and 

dissertation copies are in typewriter tace, while othere may be from any type of 

computer printer. 

The quality of this reproduction is dependant upon the quality of the 

copy submttted. Broken or indistinct print, cotored or poor quality illustrations 

and photographs, print bieedthrough, substandard margins, and improper 

alignment can adversely affiect reproduction. 

In the unlikely event that the author dki not send UMI a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletkm. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and continuing 

from left to right in equal sections with small overiaps. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6' x 9" black and white 

photographic prints are available for any photographs or illustrations appearing 

in this copy for an additional charge. Contact UMI directly to order. 

Bell & Howell Informatnn and Laming 
300 North Zaeb Road. Ann Arbor, Ml 48106-1346 USA 

800-521-0600 



RIPARIAN AND RANGELAND 
SOIL-VEGETATION-ATMOSPHERE INTERACTIONS IN 

SOUTHEASTERN ARIZONA 

by 

Russell Lawrence Scott 

A Dissertation Submitted to the Faculty of the 

DERA.RTMENT OF HYDROLOGY AND WATER RESOURCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN HYDROLOGY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9 9 9  



UMI Number; 9957947 

UMI' 
UMI Microfomfi9957947 

Copyn'ght2000 by Bell & Howell Inforniation and Learning Company. 
All rights reserved. This microfonn edition is protected against 

unauthorized copying under Title 17, United States Code. 

Bell & Howell Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor. Ml 48106-1346 



THE UNIVERSITY OF ARIZONA® 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

2 

read the dissertation prepared by~~-R_u=s~s~e=l~l ........ L~a~w ........ r~e=n~c~e_;;;S~c~o~t~t"'--~------~~ 

entitled RIPARIAN AND RANGELAND SOIL-VEGETATION-ATMOSPHERE 

INTERACTIONS IN SOUTHEASTERN ARIZONA 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Date l 

10/;c//ll 
Date 

/ o)/y/99~ 

Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 

requirement. 

Disse~J!!! 11 / ,_ I =is 
Date 

W. James Shuttleworth 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this manuscript in whole or in part 
may be granted by the head of the major department or the Dean of the Graduate 
College when in his or her judgment the proposed use of the material is in the interests 
of scholarship. In all other instances, however, permission must be obtained &om the 
author. 

SIGNED: 



4 

ACKNOWLEDGMENTS 

The work involved in completing this dissertation could not have been accom
plished without the help of many. First and foremost, I acknowledge the invaluable 
contributions from my advisor, Dr. Jim Shuttleworth. Jim is an incredible person 
to work with. I am very thankful and so happy that that our paths came together. 
Jim's ability to provide helpful insights coupled with positive affirmations are a rare 
gift. Likewise, his boyish enthusiasm (almost in spite of the great knowledge and 
experience that he has to offer) infectiously conveys the love of asking and trying to 
answer questions about the natural world. Conversations with him usually leave me 
feeling incredibly motivated and excited about my work. Just the other day, noticing 
the stress that I carried as the rush to finish the dissertation was upon me, he told 
me, "Remember, we are on your side." Such statements of inclusion and support are 
a rarity in our often too cold and impersonal world of science. Jim, working with you 
has been a genuine pleasure. 

Likewise, I am very thankful to Dr. David Goodrich for bringing me back to the 
West in the first place and for all of his support since I have been here. Dave has 
stood behind me all the way and has been very supportive of this work since its 
conception. I left M. L T. to find whether it was possible to do hydrological research 
that was more concerned with regional issues and also involved field work (i.e., a 
connection with the land that is so essential to my being). I am incredibly fortunate 
to have found what I was looking for. Thanks also goes to the people at the USDA-
ARS Southwest Watershed Research Center and its field office in Tombstone. Their 
support was equally instrumental in completing this dissertation work. 

I am thankful for the financial support from the EPA STAR student fellowship 
program. Their support gave me the freedom to pursue my ideas, and thus helped 
me to grow tremendously as a scientist. I am also gracious for the help from the rest 
of my committee: Drs. Tom Maddock, Art Warrick and Peter Wierenga. 

Finally, I am thankful most of all for the continued support of my friends and 
family, who helped me to continue to grow as a person (a far more imperative chal
lenge) while I grew as a scientist. For me, striking a balance in life (between body 
and mind, work and play, change and constancy) is the key, and they are the ones 
who have supported me in this goal. Most especially, I am incredibly fortunate to 
have my love, Robin, in my life. Thanks also to Mom and Dad for their advice, trust 
and support in all of my decisions. Finally, the SoulDudes and the Shadow-monster 
deserve a "barbaric yawp" of praise! 



5 

TABLE OF CONTENTS 

LIST OF FIGURES 7 

LIST OF TABLES 10 

ABSTRACT 11 

1 Introduction 13 
1.1 Context of Reseaxch 13 
1.2 Description of Reseaxch. 16 

1.2.1 Riparian Vegetation Water Use 17 
1.2.2 Rangeland Soil Moisture Recharge 24 

2 Summary and Conclusions 29 
2.1 Summary of Paper 1: The water use of two dominant vegetation com

munities in a semiarid riparian ecosystem. Submitted to Agricultural 
and Forest Meteorology 29 

2.2 Summary of Paper 2: The estimation of evaporation from a riparian 
forest gallery using Penman-Monteith evaporation. In preparation . . 32 

2.3 Sunmiary of Paper 3: Modeling multi-year observations of soil mois
ture recharge in the semiarid American Southw^t. Submitted to Wa
ter Resources Research 34 

2.4 Primary conclusions of doctoral research program 37 

APPENDIX A. The water use of two dominant vegetation communi-
ties in a semiarid riparian ecosystem 39 

A.l Introduction 41 
A.2 Background 46 

A.2.1 Study Sites 46 
A.2.2 Methods 47 
A.2.3 Measurement Accuracy and Representativeness 53 

A.3 Results 58 
A.4 Discussion 63 
A.5 Conclusions 69 
A.6 References 72 



6 

TABLE OF CONTENTS - Continued 

APPENDIX B. The estimation of evaporation &om a riparian forest 
gallery using Penman>Monteith evaporation 82 

B.l Introduction 84 
B.2 Methods 85 

B.2.1 Available energy 87 
B.2.2 Aerodynamic resistance . . . 89 
B.2.3 Canopy Resistance 90 
B.2.4 Reference Crop and Potential Evaporation 93 

B.3 Results 94 
B.4 Conclusions 98 
B.5 References 100 

APPENDIX C. Modeling multiyear observations of soil moisture recharge 
in the semiarid American Southwest 107 

C.l Introduction 109 
C.2 Site Description and Data Collection 113 
C.3 Overview of Model and Calibration Procedure 118 

C.3.1 HYDRUS Soil Model 118 
C.3.2 Parameter Specification 123 

C.3.2.1 Pedotransfer Functions 123 
C.3.2.2 Calibrated Parameters 125 

C.4 Results and Discussion 128 
C.4.1 Field/Laboratory Parameters 128 
C.4.2 Calibration Results 130 
C.4.3 Wintertime Soil Moisture Water Balance 136 

C.5 Summary 139 
C.6 References 142 

REFERENCES 157 



7 

LIST OF FIGURES 

1.1 Location map for the Upper San Pedro Basin in Northern Sonora, 
Mexico and Southern Arizona, USA. The focus study area for the 
riparian vegetation water use studies (Appendix A and B) were in the 
riparian corridor of the San Pedro River, nearby Lewis Springs. The 
rangeland soil moisture recharge study (Appendix C) were located at 
two sites in the USDA-ARS Walnut Gulch Experimental Watershed.. 18 

1.2 Schematic of the riparian corridor of the San Pedro River, nearby 
Lewis Springs. The study reported in Appendix A quantified the evap
oration from the mesquite and sacaton areas. Appendix B models the 
evaporation from the cottonwood/willow gallery. 22 

A.l (a) Location map for the Upper San Pedro Basin in Northern Sonora, 
Mexico and Southern Arizona, USA. Study area for this report was 
in the riparian corridor of the San Pedro River, nearby Lewis Springs. 
The shaded area indicates the approximate boundary of the "Sierra 
Vista groundwater sub-basin" - an area of interest for many of the pre
vious basin groundwater studies, (b) Greyscale, infrared image over 
Lewis Springs study site with locations of the sacaton and mesquite 
monitoring sites and approximate boundaries of the different vegeta
tion groupings of mesquite, sacaton, and riparian woodland commonly 
found in the San Pedro riparian corridor 77 

A.2 (a) Average dmly incoming solar (solid line) and net (dashed line) 
radiation [W m~^]. (b) Average daily dewpoint (solid line) along with 
daily minimum and maximum air temperature (dashed lines) ["C] at 5 
m height for the period of March, 1997 to March, 1998 at the Mesquite 
site. For Figures 2 - 5 a value of 365 was added to the days of the year 
in 1998 78 

A.3 Cumulative precipitation and evapotranspiration from the sacaton 
and Mesquite sites for the period of March, 1997 to March, 1998. Peri
ods of missing data, where the cumulative water use was extrapolated, 
are indicated by an "x" 79 

A.4 Volumetric soil moisture under the (a) Sacaton and (b) Mesquite sites 
measured at 0.1, 0.25, 0.5 and 1.0 m depth along with the (c) daily 
precipitation for the period of March, 1997 to March, 1998. In Fig. 
4a, the probes at 0.5 and 1.0 m no longer functioned after DOY 280 
and no data was recorded after DOY 421 80 



8 

LIST OF FIGURES — Continued 

A.5 (a) Average daily volumetric soil moisture, 9, [m^ m~^] at 0.1, 0.25, 
0.50 and 1.0 m depth under the Mesquite site for the extended pe
riod of March, 1998 to November, 1998. (b) Total daily precipitation 
[mm] at the site during this same period. The wetter winter and sum
mer rainfall of 1998 (as compared to 1997) led to considerably deeper 
vadose zone recharge under this site 81 

B.l Comparison of air temperature and vapor pressure deficit measured 
at 20 m inside the forest gallery (dashed line) and at 10 m height over 
the Mesquite Site (solid line). The agreement between the two justi
fies the use of the Mesquite Site data for the reference humidity and 
temperature and indicates that the atmosphere is well-mixed inside 
the canopy. 103 

B.2 Forest evaporation (circles) derived &om sap flow measurements com
pared with reference crop (dashed line) and Penman open water (solid 
line) evaporation. The daytime potential estimates are often more 
than twice the measured values 104 

B.3 Comparison of fitted P-M model evaporation versus sap flow estimates 
[mm/day] 105 

B.4 Comparison of 20 minute (top figure) and average daily evaporation 
(lower figure) as estimated by sap flux measurements and estimates 
derived from the P-M model. The coeflScient of determination, R^, 
and root mean square error, RMS, for the comparisons are also given 
in the figure window 106 

C.l The Walnut Gulch Experimental Watershed of southeastern Arizona 
and the two study sites where the soil moisture observations were 
made. The shrub-covered profile was made from three trenches at 
Lucky Hills in the mixed, desert shrub community. The other pro
file was the grass-covered profiles made at three trenches nearby the 
Kendall study site, which is in the grassland community. 150 



9 

LIST OF FIGURES — Continued 

C.2 (a) Average TDR observations of volumetric soil moisture at 0.1, 0.3 
and 0.5 m depth for the shrub-covered profile at the Lucky Hills study 
area for the years 1990 through 1997. Deeper wetting occurs primarily 
during the wetter winter years, (b) Average TDR observations of vol
umetric soil moisture at 0.1, 0.3 and 0.5 m depth for the grass covered 
profile nearby the Kendall study area for the years 1990 through 1997. 
Results are similar to the observations at Lucky Hills, but the changes 
in soil moisture are more pronounced 151 

C.3 Lucky Hills simulated (solid line) versus observed (x's) volumetric 
soil moisture, 9, at different depths for the winter months of Novem
ber through February for the eight winter periods of 1990 - 1997. This 
simulation used the parameters derived &om calibration that min
imized the squared differences between the simulated and observed 
values. RMS errors and the coefficient of determination for each level 
are given in Table C.6 152 

C.4 Kendall simulated (solid line) versus observed (x's) volumetric soil 
moisture, 9, at different depths for the winter months of November 
through February for the eight winter periods of 1990 - 1997. This 
simulation used the parameters derived from calibration that mini
mized the squared differences between the simulated and observed val
ues. RMS errors and the coefficient of determination for each level are 
given in Table C.6 153 

C.5 1992/93, 1993/94, and 1994/95 wintertime volumetric water content 
for the simulation using parameters determined by calibration (solid 
line) and the simulation using parameters determined by pedotransfer 
functions (dashed line) at the Kendall site. Each TDR observation 
is indicated by an "X". The multi-parameter calibration improved the 
total root mean square error between the simulated and observed water 
content from a value of 0.043 to 0.024 m^ m~^ (see Table C.6) 154 

C.6 Accumulated 1990 - 1997 winter-recharged, soil moisture [mm] over 
the profile depth intervals of 0-0.1, 0.1-0.24, 0.24-0.5, and 0.5 to 2.0 
m for the Lucky Hills profile. Total precipitation [mm] and model 
computed evaporation [nmi] for each winter are also given below the 
bars 155 

C.7 Accumulated 1990 - 1997 winter-recharged, soil moistiire [mm] over 
the profile depth intervals of 0-0.1, 0.1-0.24, 0.24-0.5, and 0.5 to 2.0 m 
for the Kendall profile. Total precipitation [nun] and model computed 
evaporation [mm] for each winter are also given below the bars. . . . 156 



10 

LIST OF TABLES 

A.l Riparian vegetation categories and associated water use in the Sierra 
Vista sub-watershed of the San Pedro River Basin reported by ADWR, 
1991 75 

A.2 This study's San Pedro average monthly values for mesquite evapo-
transpiration and reference crop evaporation versus other studies [mm 
day"^] 76 

B.l Seasonal change in canopy resistance used in the model. Bold values 
are taken from average daytime (0930 - 1430 LST) resistances calcu
lated from the measurements using Equation B.8. DOY 104 and 294 
values represent tree senescence, and the resistance for DOY 125 was 
estimated to simulate the approximately two weeks after DOY 111 
that it took for the canopy to fully leaf out 102 

B.2 Total growing season evaporation [mm] 102 

C.l USDA-NRCS soil profile data for pedons at the Lucky Hills and 
Kendall study sites 147 

C.2 1964 -1994 average and standard deviation (in parentheses) of annual, 
monsoon, and winter precipitation for the Lucky Hills and Kendall 
study sites. Values are given in millimeters 147 

C.3 Soil model parameters derived from soil data in Table C.l and the 
neural network model of Schaap et ai (1998). Adjustments to Kg, dr 
and Qs were made according to Equations 4-6 148 

C.4 Lucky Hills shrub profile simulation performance. Root mean square 
error (RMS) and the coefficient of determination, R^ [in brackets], for 
each observation level in the profile 148 

C.o Kendall grass profile simulation performance. Root mesin square error 
(RMS) and the coefficient of determination, R^ [in brackets], for each 
observation level in the profile 149 

C.6 Calibrated soil model parameters using SCE-UA algorithm for the 
Lucky Hills and Kendall profiles. 9r and dg were fixed, and a, n, Kb 
were found by optimization 149 



11 

ABSTRACT 

la the riparian corridor of the San Pedro River in southeastern Arizona, the fluxes 

of water and energy over three riparian vegetation groupings were monitored and 

modeled in order to determine their annual water use and water sources. In situ 

micrometeorological and soil moisture measurements were made from 1996 - 1998 

at a floodplain grassland site composed mainly of the perennial floodplain grass, 

SpoTobolus wrightii (sacaton), and a tree/shrub grouping dominated by Prosopis 

velutina (mesquite). The results indicate that the grassland obtained water only 

from the near-surface (recent precipitation), while the mesquite accessed moisture 

from deeper in the vadose zone and/or from the water table. Both of these sites 

exhibited little interaction with the underlying groundwater, suggesting that the 

majority of the groundwater use from riparian vegetation is limited to the areas of 

dense mesquite and the forest gallery adjacent to the river. Measurements of the 

forest gallery water use composed mainly of Populus fremontii (cottonwood) and 

Salix gooddingii (willow) were available for some shorter term periods in 1997. These 

measurements were used to calibrate the Penman-Monteith model for evaporation 

in order to determine the water use from the forest gallery for the entire growing 

season. The total seasonal water use from the forest was considerably less than 

potential evaporation estimates. 
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Observations of soil moisture under two rangeland sites in the San Pedro Basin 

were examined in order to determine the magnitude and the depth of root zone 

recharge characteristics in this semiarid region. Intermittent TDR observations made 

from 1990 to 1998 show that deeper root zone recharge occurred primarily during the 

wintertime, when the plants were senescent and evaporation demand was dimin

ished. A physically-based variably-saturated flow model was used to determine the 

wintertime recharge. Using an automatic calibration algorithm, the model proved 

capable of reproducing the observations with small error. Simulated wintertime in

filtration amounts indicated that substantial, deeper root zone recharge did occur 

during wet winters, but that the large year-to-year variability of this recharge implies 

that deeper-rooted plants would still need access to moisture in shallow root zone. 
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CHAPTER 1 

Introduction 

1.1 Context of Research 

Roughly 30% of the world's land surface is classified as semiarid or arid (Branson 

et al., 1981). .\lthough semiarid-to-arid regions encompass a large variety of land 

form and cover, UNESCO (1977) classifies the degree of aridity by the ratio of the 

mean annual precipitation to the mean annual potential evapotranspiration; the lower 

the ratio, the greater the degree of aridity. Due to its scarcity, water is of paramount 

importance to life forms that inhabit these areas across the globe. This importance is 

manifest across most of the semiarid western United States. For example, in Arizona, 

the challenge of acquiring water to support human civilizations is seen in both the 

ancient remains of extensive irrigation canals of the Hohokam and the modem cement-

lined canals of the Central Arizona Project (Reisner, 1992). The unusual plants and 

animals of the Sonoran Desert are further evidence of the need for complex ecological 

adaptation to acquire and conserve water in these parched landscapes (Shreve and 

Wiggins, 1964). 

It is precisely because water is such a precious commodity that intense competition 

for this limited resource exists. The explosion of human population and the enormous 



growth of human infrastructure in the Southwest over the last few centuries (and es

pecially in the last few decades) has modified the way that water is partitioned in 

the environment. This new disequilibrium in the water balance leads to change that 

is often detrimental to the surrounding natural environment. Numerous examples 

of such conflict are apparent in Arizona where flow in streams and rivers have been 

greatly altered by dams and groundwater withdrawl to supply agriculture and cities 

with water. In many cases, change has led to the demise of in-stream water and con

sequently, riparian ecosystems have suffered: many have been completely destroyed 

(Stromberget al., 1993a, 1993b; Grantham, 1996; Tellman, 1997). 

The need for hydrological understanding and application has grown as it became 

known that our manipulation of the water cycle can, and has, led to detrimental 

effects on natural ecosystems. Initially, hydrology was principally concerned with the 

practical application of scientific principles ( i.e., engineering) to manipulate water 

resources for the beneficial use of humans. Across the West, there was an enormous 

push to maximize the benefits of water resources solely for human welfare. This lim

ited focus ignored any consequential environmental costs in the form of damaged or 

ruined ecosystems (e.g., McCuUy, 1996; Reisner, 1992). However, over the past few 

decades, hydrological science has been bom, and hydrologists now place increasing 

emphasis on discovering the natural laws that determine how water moves through 

the environment and less emphasis on the control of water resources by cieaD:> of 

engineering practice. This coming-of-age for hydrological science is coupled with a 
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growing awareness of the environmental costs that many of our past and current hy

drological practices have created (Eagleson, 1986; National Research Council, 1991). 

The frontier where existing natural environments are threatened by the develop

ment of human water resources is a critical zone of hydrological research, particu

larly in the American Southwest, where rapidly expanding human civilization and 

the consequent need for water has led to environmental stress. There is a great 

need for hydrological understanding that informs society of the potential outcome of 

current hydrological practices. Numerous examples of this frontier exists in South-

em Arizona. For instance, the University of Arizona recently commissioned a large 

$100,000 study to address the sustainability of water resources in the Hicson basin 

(Harrison, 1998), while concern about water quality in Tucson's aquifer has led to 

a massive effort to understand and remediate the regions of contamination like the 

TCE-contaminated aquifer around Tucson International Airport (U. S.-EPA, 1995). 

Finally, many activities of the interdisciplinary Semi-Arid Land-Surface-Atmosphere 

(SALSA) Program have addressed the role of riparian groundwater-surface water pro

cesses to better predict the consequences of the local groundwater depletion caused 

the growth in nearby municipalities (SALSA, 1998). 

The research presented in this dissertation addresses gaps in our hydrological un

derstanding to determine some of the consequences of water resource management 

decisions. The focus of this research is on the interactions between atmosphere, vege

tation and soil across a number of different vegetation conununities in the Upper San 
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Pedro Basin in southeastern Arizona. At this interface, partitioning of atmospheric 

energy into ground, sensible and latent heat fluxes occurs. Coupled with this parti

tioning of energy is the division of incoming precipitation into infiltration, runoff, and 

evaporation. The partitioning of water at the land-atmosphere interface is of critical 

importance to water resource managers because it determines the major input to and 

outputs from the regional water budget. While this dissertation research is focused 

on a number of "case studies" in southeastern Arizona, the resultant methods and 

conclusions are likely to have wider relevance. 

1.2 Description of Research 

The research described in this dissertation investigates the soil- vegetation- atmo

sphere interactions in the riparian corridor and the upland rangeland in the Upper 

San Pedro Basin in southeastern Arizona. The Upper San Pedro is a region of intense 

scientific study involving scientists concerned with remote sensing, atmospheric sci

ences, ecology and hydrology. Moreover, it is the study area for the SALSA Program 

(SALSA, 1998), and the present research involved much collaboration with and drew 

some funding from that program. 

Figure 1.1 is a map of the Upper San Pedro River Basin which shows the location 

of the study sites used in/for this research. The ripariein field study was located 

near Lewis Springs in an area just north of state highway 90 on the west side of the 

river flood plain. The rangeland sites highlighted in this research were located in the 
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USDA-ARS Walnut Gulch Experimental Watershed near the town of Tombstone, 

Arizona. 

This dissertation is primarily composed as three papers which are attached as 

appendices. At this writing, two of these papers (Appendix A, C) are in review, and 

the other (.A,ppendix B) is in preparation. The applicant was lead author on all three 

of these papers. 

Two of the papers (Appendices A and B) were involved in estimating the water 

use of different riparian vegetation communities along the upper San Pedro River. A 

major question highlighted by the study of mesquite water use described in Appendix 

A concerns the long term infiltration of water into deeper regions of the vadose zone. 

Specifically, "How much water on-average infiltrates beyond the typical rooting depth 

of many desert species, but not beyond the reach of larger shrubs like mesquite?" 

The study described in third paper (Appendix C) was initiated in response to this 

question: it explores the long term infiltration characteristics at two upland rangeland 

sites using a unique multi-year dataset of soil moisture observations &om Walnut 

Gulch. Below a brief description of the research performed in these papers is given. 

1.2.1 Riparian Vegetation Water Use 

For many of the human settlements in the semiarid Southwest, water from re

gional aquifers has become the largest single source of fresh water. Without this 

groundwater resource, the further development and perhaps the sustainability of 
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Figure 1.1: Location map for the Upper San Pedro Basin in Northern Sonora, Mexico 
and Southern Arizona, USA. The focus study area for the riparian vegetation water 
use studies (Appendix A and B) were in the riparian corridor of the San Pedro River, 
nearby Lewis Springs. The rangeland soil moisture recharge study (Appendix C) 
were located at two sites in the USDA-ARS Walnut Gulch Experimental Watershed. 
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these communities would not be possible. This reliance has led to a significant effort 

to improve understanding of the water balance of the regional groundwater systems. 

In the basin and range physiographic province that characterizes much of the 

Southwest, the main natural input to and outlet from the underljdng groundwater 

systems are mountain front recharge and riparian zone recharge/discharge areas, 

respectively. Mountain front recharge is the infiltration of mountain precipitation 

into the "headwaters" of the aquifer. This typically occurs from mountain streams 

that carry water out onto the highly permeable sediments of the mountain pediments. 

Water, having thus entered the regional groundwater aquifer, flows down gradient to 

the center of the basin. In areas such as southern Arizona, the groundwater table can 

then intersect the surface and provide basefiow to streams and water for vegetation. 

The area where groundwater interacts (continuously or intermittently) with surface 

water and vegetation is called the riparian corridor. 

The Upper San Pedro River Basin in southeastern Arizona and northern Sonora, 

Mexico (Figure 1.1) is an ideal area in which to investigate the poorly understood 

processes of regional aquifer water balance. Unlike many riparian systems that have 

been disrupted by the lowering of the groundwater table by pumping, the basin has 

a lengthy reach of intact perennial flow which sustains a relatively lush riparian cor

ridor vegetation (Jackson et al., 1987). Previous observation and modeling studies 

have identified three dominant components of the basin's natural groundwater sys

tem. These three components— specifically, mountain front recharge, surface water 
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discharge, and water uptake by riparian vegetation— are estimated to be of similar 

magnitude. (Corell et al., 1996; Vionett and Maddock, 1992) 

It is widely believed that large-scale groundwater pumping in the nearby urban 

areas of Sierra Vista and Fort Huachuca has created a cone of depression which has, 

or will soon, diminish the baseflows in the river. The disruption of riparian corridor 

ecology by groundwater depletion has been well documented throughout this region 

(Stromberg, 1993a, 1993b; Grantham, 1996). Numerous groundwater modeling and 

conceptual studies have been performed for various sub-basins of the San Pedro. 

All of them include the "Sierra Vista sub-basin", this being the area of principal 

concern because of the substantial groundwater pumping therein (Kreager-Rovey, 

1974; Freethey, 1982; Rovey, 1989; Vionnett and Maddock, 1992; Corell et al., 1996). 

The dramatically different temporal and spatial scales involved in groundwater 

and vegetation processes dictates the use of highly simplified representations of ri

parian vegetation water use in the groundwater models used for the Upper San Pedro 

Basin. As a consequence of this poor representation, groundwater modelers often use 

the riparian consumptive use (i.e., evapotranspiration) as a parameter which is cali

brated to match observations of groundwater levels and streamflow. Attempts have 

been made to compare the resulting calibrated values with other estimates of total 

evapotranspiration derived from empirical formulae or surface water budgets (e.g., 

ADWR, 1991, Corell et al., 1996). However, there is little observational data to 

confirm either of these estimates. 
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In many areas within the Upper San Pedro, the riparian corridor is composed 

mainly of three natural vegetation groups (Figure 1.2). A dense canopy of tall Cot

tonwood and willow trees {Populus fremontii and Salix gooddingii) and undergrowth 

of seep willow {Baccaris glutinosa) are often found crowded near the banks of pri

mary and secondary river channels. Beyond this forest canopy lies a broad floodplain 

(100-500 m wide laterally) covered principally by a perennial floodplain bunchgrass 

called giant sacaton {Sporobolus wrightii). Finally, between the sacaton and the up

per benches outside the riparian area lies a community composed mainly of mesqmte 

trees {Prosopis velutina), although in this area the mesquite is interspersed with other 

woody shrubs and grasses. 

The present study first determined the annual water use and water sources for 

a perennial, floodplain grassland composed mainly of the grass species Sporobolus 

Wrightii (Sacaton) and for a mixed grass/shrub community dominated by Prosopis 

velutina (mesquite) (see Appendix A). This involved establishing and maintaining 

two micrometeorological towers supporting instruments to monitor standard meteo

rological variables: specifically, air temperature, relative humidity, soil temperatiire, 

wind speed, wind direction, air pressure, and precipitation. Additionally, the towers 

were equipped with an Energy Balance/Bowen Ratio (EBBR) systems to determine 

the energy available at the land surface and the partitioning of this energy into la

tent and sensible heat fluxes. By measuring the latent heat flux (i.e., the amount of 

surface energy used to evaporate water), the amount of evaporated water from each 
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Figure 1.2: Schematic of the riparian corridor of the San Pedro River, nearby Lewis 
Springs. The study reported in Appendix A quantified the evaporation from the 
mesquite and sacaton areas. Appendix B models the evaporation from the cotton
wood/willow gallery. 
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site was determined. Soil moisture and water table elevation were also monitored at 

each site to help determine the source for the evaporated water. 

Once this field study was complete, an attempt was made to estimate the seasonal 

water use of the cottonwood/willow gallery (Appendix B). The gallery's considerable 

height and limited width made traditional micrometeorological measurements infea-

sible due to difficult accessibility and limited upwind fetch. Observations of sap flux 

made in a parallel study provided occasional measurements of the forest canopy tran

spiration at different times through the year (Schaeffer et al., in review). However, 

these synoptic estimates must be extrapolated in time to provide an annual water use. 

This extrapolation was made in a way consistent with evaporation physics using the 

well-known Penman-Monteith model (Monteith, 1990) and the on-site meteorologi

cal data collected in the Appendix A study together with in-canopy measurements 

of biophysical parameters. 

The research described in Appendix A and B provided the first estimate of the 

water use for the predominant riparian vegetation communities in the Upper San 

Pedro Basin using in situ measurements. As such, they represent an important 

foundational study for improved estimates of the entire riparian corridor groundwater 

use. However, significant challenges remain because it is not yet known how well the 

water use of the vegetation sampled in Appendix A and B represent similar vegetation 

in the riparian corridor. 
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1.2.2 Rangeland Soil Moisture Recharge 

One of the main results of the mesquite and sacaton water use study given in 

Appendix A is that the two different vegetation types appear to have dramatically 

different water acquisition strategies in the same meteorological environment. One 

resultant hypothesis is that the mesquite access moisture stored deeper in the vadose 

zone. An alternate hypothesis is that some of the larger mesquite access groundwater. 

While it was unclear which of these competing hypothesis is valid at the study site, 

mesquite scattered throughout the uplands of the San Pedro valley floor appear to 

have a similar growth cycle. That is, they also leafed out m the dry spring and 

continued to stay green until the autumn freeze. However in the upland regions, the 

water table is too deep for the mesquite shrubs. Thus, for such upland shrubs, the 

first hypothesis is more plausible. The last paper in this this dissertation (Appendix 

C) explores the magnitude and the depth of deeper root zone soil water storage in 

more detail. 

Several natural factors determine the vegetation type and distribution in a given 

area. In the semiarid southwestern United States, ecosystem type and fimctioning 

are largely influenced by the available soil water, which is highly-variable because of 

the paucity and variability (both in time and space) of precipitation. The resulting 

vegetation cover then, in turn, plays a role in hydrological processes such as infiltra

tion, surface energy partitioning, rainfall interception, and erosion, which themselves 

contribute to determining soil moisture status. 
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Larger-scale phenomena such as El Nino events or anthropogenic-induced climate 

change may lead to changes in the climate of semiarid areas thereby modifying the 

distribution of soil water. Ultimately, a sustained change in the climate will result in 

new ecosystems. A thorough understanding of the nature of soil water redistribution 

and the ability to model this process are vital steps towards the eventual goal of 

accurately predicting ecosystem structure and the eventual fate of semiarid areas in 

the face of climate variability and change. 

In much of the Southwest the annual precipitation regime is bimodal. The ma

jority of annual precipitation typically occurs during the summer under the influence 

of the North American monsoon (Adams and Comrie, 1997). During this July to 

September monsoon season, precipitation is often very intensive and of short dura

tion. Rainfall &\cess (rainfall minus runoff) is quickly removed from the soil via plant 

transpiration and bare soil evaporation and soil moisture recharge of the deeper root 

zone (beyond ~ 0.3 m) is not considered significant. However, the gentler rains as

sociated with longer duration frontal systems during winter recharge root zone soil 

moisture to greater depth (e.g., Cable, 1969; Caldwell 1985; Cable, 1980; Kemp, 1983) 

because of the lower atmospheric demand (lower potential evaporation) and cooler 

temperatures (inactive vegetation) reduce the evapotranspiration loss. In general, 

cool season precipitation is posited to control woody plant growth, whereas summer 

rains drive the annual grass production (e.g., CuUey, 1943; Cable, 1975; Kemp, 1983; 
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Swetnam and Betancourt, 1998) . Because water exerts the major control on ecosys

tem type in this region, a change in the precipitation regime would likely lead to 

alterations in the prevailing ecosystem. 

There is evidence that the particular rainfall patterns of the Southwest have led 

plants to adopt different water acquisition strategies. Ehleringer et al. (1991) studied 

the stable isotopic composition of xylem water and plant water stress of dominant 

plant species in a desert scrub community in southern Utah. They found that all 

species used winter-spring precipitation for spring growth, but the use of the summer 

rains was life form dependent. Annuals and succulent perennials used summer pre

cipitation exclusively. Herbaceous and woody perennials used both the summer rains 

and any remaining winter-spring recharged soil moisture, with herbaceous species 

being much more reliant on summer precipitation. A few woody perennial species 

did not respond to the summer rains. Williams and Ehleringer ( in review) , also used 

stable isotopes to investigate of the water sources for the woody perennials, Juniperus 

osteosperma (Utah juniper) , Pinus edulis (Colorado pinyon), and Quercus gambelii 

(Gambell 's Oak) along a south to north monsoon gradient in Arizona and Utah. 

They found that trees use less summer rainfall and more winter-spring recharged 

soil moisture as the influence from the monsoon decreased. At a southern Arizona 

rangeland site, Cable (1980) found that there was rarely any carryover of recharged 

soil moisture from one rainy season to the next because all the available water was 
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transpired or evaporated by the end of each season. Kemp (1983) stressed the im

portance of a plant's photosynthetic pathway in determining which water sources are 

exploited at different times of the year by different species in southern New Mexico. 

For annual plants, C3 plants were found to be dominant (both in density and cover) 

at the end of the winter-spring, and C4 aimuals prevailed at the end of summer. For 

perennial species, C3 forbs and shrubs showed only small seasonal changes, but C4 

perennials showed a marked decrease in density and cover during the winter-spring 

season and increase during the warm summer season. Thus, a plant's pathology (in 

addition to its rooting strategy) is also an important factor in determining its water 

acquisition strategy. 

In areas where water is a limited resource, the depth of root water extraction 

depends ultimately on the depth of moisture recharge. Andraski (1997) found that 

the maximum depth to which temporal changes in water content were observed over a 

five year period was 0.75 m under vegetated soil. His study at an arid site in southern 

Nevada concluded that the depth of maximum moisture penetration was most likely 

limited by a natural capillary barrier that prevented percolation beyond this depth. 

Kemp et al. (1997) performed a comparative modeling study of soil water dynamics 

in a desert ecosystem and concluded that over the course of their one year study, 

rainfall recharge penetrated to a depth of 0.45 - 0.55 m. Cable (1980) reported that 

water infiltrated past the 0.25 m depth eight times, and to a depth of at least 1.0 m 

only three times, in a three year study in southern Arizona. 
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The paper given in Appendix C documents the root-zone, soil moisture redistri

bution processes that occurred during an eight year time period at two rangeland 

sites in the San Pedro Basin. Additionally, it examines the hydrologic feasibility of 

the proposition that wintertime soil moisture recharge in southeastern Arizona can 

support plants with a water use strategy that favors the use of water from deeper 

regions of the root zone (e.g., C3 shrubs) and which can consequently rely less on the 

summer precipitation retained in the upper root zone. Such a strategy would differ 

from the strategy of warm season vegetation (e.g., C4 grasses), which heavily compete 

for near-surface moisture from summer rains. This paper also presents evidence that 

the wintertime root zone recharge is correlated with global-scale climate phenomena. 



29 

CHAPTER 2 

Summary and Conclusions 

This chapter summarizes and docimients the important conclusions from this dis

sertation research on soil-vegetation-atmosphere interactions in southeastern Arizona. 

2.1 Summary of Paper 1: The water use of two dominant vegetation communities 

in a semiarid riparian ecosystem. Submitted to Agricultural and Forest Meteo

rology. 

Consumptive water use from riparian evapotranspiration is a large component of 

many semiarid basins' groundwater budgets - comparable in magnitude to mountain 

front recharge and surface water discharge. In most long-term groundwater studies 

the amount of water used by phreatophytes is estimated by empirical formulae and 

extrapolation of measurements taken elsewhere. These approaches are problematic 

due to the uncertainties regarding the vegetation's water source (e.g., groundwater or 

recent precipitation) and its magnitude. Using micrometeorological techniques, sur

face energy and water fluxes were measured for an annual cycle over two dominant 

types of vegetation in the riparian corridor of the San Pedro River in southeastern 

Arizona. The vegetation conmiunities were a perennial, floodplain sacaton grass

land {Sporobolns wrigktii) and a tree/shrub grouping composed largely of mesquite 
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{Prosopis velutina). These measurements were compared with estimates from previ

ous studies. Additionally, measurements of soil water content and water table levels 

were used to infer the dominant sources of the evaporated water. 

The major conclusions of Paper 1 are summarized as follows. 

• Energy Balance Bowen Ratio systems can be used to make long-term 

measurements of vegetation water use. 

— k number of problems in operating the proprietary Bowen ratio system 

were identified. Replacing the chilled mirror hygrometer with a temper

ature/relative humidity probe increased the operating range for the sys

tem and reliability of the measurements. A methodology was defined and 

applied to identify when condensation occurred within the Bowen ratio 

ducting in order to identify periods of erroneous data. 

• Two dramatically different water use strategies were evident from 

the adjacent vegetation communities. 

— For the Sacaton site, evaporation was surface soil moisture dependent. 

Significant grass activity was not evident prior to the arrival of abundant 

monsoon rainfall thus indicating that these grasses were not accessing 

groundwater. 

— At the Mesquite site, the activity of the larger mesquite indicated that 

the shrubs had access to either groundwater or deeper vadose zone soil 
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moisture (below the 2 m monitoring depth). The mesquite leafed out 

immediately after the last freeze of spring and continued to transpire until 

the first freeze of autumn. During the monsoon season, the increase in 

evaporation rate probably reflects the additional contribution of shallower 

rooted shrubs and grasses present at the site rather than a significant 

change in the transpiration of larger mesquite. 

• The mesquite studied at this site (and likely, at other similar mixed 

mesquite/grass areas farther away from the river in the Upper San 

Pedro) were not a large groundwater user. 

- Unlike other sites with known phreatophytes, no observable fluctuations 

were seen in the water table below the study site. Additionally, the 

mesquite evaporation rate was much less than other mesquite evapora

tion studies where the water table was closer to the surface. 

• The majority of the riparian vegetation groundwater use in the Upper 

San Pedro is likely confined to near-stream areas where the ground

water table is closer to the surface. 

- Unlike most of the sacaton around the study site, the sacaton within about 

20 m of the incised channel of the river was dramatically greener and more 

lush, suggesting that this grass was accessing groundwater. 
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— There are other areas in the riparian corridor where the mesquite are 

much denser and larger than those studied in this paper. Located closer 

to the stream channel, these mesquite basques and the cottonwood-willow 

gallery most likely use water from the water table to support their vigorous 

growth. 

2.2 Summary of Paper 2: The estimation of evaporation from a riparian forest 

gallery using Penman-Monteith evaporation. In preparation 

Riparian forest evaporation is a significant component of the groundwater budget 

in many semiarid basins with intact riparian ecosystems. Direct seasonal measure

ments of the riparian forest water use is complicated by canopy architecture and 

limited areal extent, which prohibit the use of traditional micrometeorological appli

cations. This paper describes the estimation of seasonal evaporation from a riparian 

forest composed of cottonwood {Populus fremontii) and willow {Salix gooddingii) 

trees using the Penman-Monteith equation calibrated with short term measurements 

of transpiration made using heat dissipation sensors. The model was driven with 

near-continuous, 20-minute, meteorological data collected near the forest. Canopy 

resistance in the model was specified by using the average mid-day value for the mea

surement periods. Linear interpolation was used to determine the canopy resistance 

between calibration periods in order to estimate the total growing season water use. 

The major conclusions of Paper 2 are simimarized as follows. 
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The Penman-Monteith model was capable of modeling evaporation 

with small error from a riparian forest gallery. 

- With a relatively simple determination of the available energy, the aero

dynamic resistance, and the canopy resistance, the root mean square error 

between the measured fluxes and the model was small (1.34 mm day~^ for 

20-minute estimates and 0.36 mm day"' for the daily estimates). 

The trees appear to have a reliable water source and do not exhibit 

water stress. 

- Much of the variability in evaporation from the forest can be attributed to 

changes in available energy, rather than changes in tree stomatal response. 

Using only a constant daytime canopy resistance in the model, the model 

estimates explained over 90% of the variance in the the measurements, im

plying that the trees did not significantly change their stomatal resistance 

throughout the day. Furthermore, the computed canopy resistances were 

relatively constant throughout most of the growing season. 

Measured evaporation rates were consistently and significantly less 

than reference crop evaporation and Penman potential evaporation 

estimates. 
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— For both a daily and a seasonal comparison, the modeled evaporation rates 

were at least 1.5 times lower than the other estimates. This suggests that 

there must be significant physiological control on tree transpiration. 

• The large discrepancy between this study's measured/modeled for

est evaporation rates and other potential estimates, along with the 

model sensitivity to the canopy resistance, demands that future stud

ies should validate forest evaporation against well-sampled direct 

measurements of leaf stomatal resistances. 

- Future studies should couple measurements of forest transpiration with 

monitoring of leaf stomatal resistances to validate canopy resistance esti

mates. Additionally, validation of the method used in the model to esti

mate the available energy would be helpful. Such validation is essential to 

improve confidence in the use of the model. 

2.3 Summary of Paper 3: Modeling multi-year observations of soil moisture recharge 

in the semiarid American Southwest. Submitted to Water Resources Research. 

The multi-year, root zone, soil moisture redistribution characteristics in a semi-

arid rangeland in southeastern Arizona were evaluated to determine the magnitude 

and variability of deep-profile, wintertime recharge. Intermittent observations &om 

1990 to 1998 of average volumetric soil moisture under shrub and grass cover showed 

that significant recharge beyond 0.30 m principally occurs only in the wintertime 
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when the vegetation is senescent and does not use the infiltrating water. Using the 

physically-based, variably-saturated flow model HYDRUS, wintertime observations 

were modeled to determine the recharge of soil moisture at different depth intervals 

in the vadose zone. Two approaches were carried out in order to estimate the soil 

model parameters. The first was to use basic soils data from detailed profile descrip

tions in conjunction with pedotransfer functions. The second parameter estimation 

strategy was to use an automatic parameter search algorithm to find the optimal soil 

parameters that minimize the error between the model-computed volumetric water 

content and observations. Automatic calibration of the model was performed using 

the shuffled complex evolution algorithm (SCE-UA). 

The major conclusions of Paper 3 are summarized as follows. 

• Observations of soil moisture from the two semiarid rangeland sites 

suggest that infiltration beyond around 0.30 m principally occurred 

during winter when the vegetation was senescent and evaporation 

demand reduced. 

- Although, on average, more than 60% of the precipitation in southern Ari

zona falls during the summer monsoon, this precipitation rarely infiltrated 

beyond the upper root zone. Intense competition for this water by plants 

and high atmospheric demand are likely responsible for this observation. 

- Water that is recharged in the winter to greater depths in the root zone 

most likely provides an additional water source for deeper-rooted C3 shrubs 
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which, unlike the C4 grasses, are capable of being active in the cooler spring 

season, 

• Using an automatic calibration approach and a simple description 

of the soil profiles greatly improved the performance of soil model 

simulations. 

- Compared to a method of prescribing soil model parameters based on pe-

dotransfer functions alone, the parameter estimation algorithm produced 

parameter sets which greatly improved the simulation performance. 

- Further research is warranted to determine the limits of parameter esti

mation in heterogeneous field applications. 

• Simulations prove that significant root zone recharge did occur be

yond 0.3 m during wetter-than-normal winters. 

- Total wintertime soil moisture recharge exceeded 100 mm and modeled 

moisture fronts moved as far as 1.3 m depth during wet winters. In this 

region where average annual precipitation is 350 mm, moisture deeper in 

the profile must be an important source for plants with the capability of 

accessing it. 

• The amount of deeper profile recharge varied greatly from year-to-

year and was highly correlated with El Nino episodes. 
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- The laxge, long-term variability of total wintertime precipitation (and even 

the variability seen during the limited 1990 - 1998 study period) implies 

that deeper-profile recharge is not a reliable yearly water source. 

- Although it is likely that some plants in this region would have the ability 

to access this substantial source of water in the spring growing season, 

these plants would need to retain the ability to compete for moisture 

located in the near surface in order to meet their water demands. 

- El Nino events are known to be correlated with wetter-than-normal winters 

across much of the Southwest. This study shows that substantial recharge 

of the deeper root zone often follows such events. Enhanced wintertime 

recharge is likely to improve the survival rates of C3 plants which can 

access this moisture. 

2.4 Primary conclusions of doctoral research program 

The research described in this dissertation provides a substeintial increase in un

derstanding of the fundamental soil-vegetation-atmosphere interactions in a semiarid 

riparian and rangeland environment of southeastern Arizona. The primary research 

conclusions of the dissertation can be summarized as follows. 

A. In situ measurements of riparian evaporation are essential for improving es

timates of riparian evaporation and determining plant water sources. Many 

previous studies have relied upon estimates of riparian vegetation groundwater 
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use that were unsubstantiated or based on simple, empirical formulae. The re

sults of this research show that two dominant vegetation groupings at the study 

site use little groundwater. Thus, the majority of the natural groundwater use 

is confined to a narrower corridor adjacent to the river within the alluvial valley 

where the water table is near to the surface. 

B. Based on sap flow measurements, water use from the obligate phreatophytes 

that compose the riparian forest gallery is substantially less than reference crop 

(and potential) evaporation. This indicates that, despite the trees ability to 

freely access a reliable water source, there must nonetheless be physiological 

constraints that limit the amount of trzinspired water. 

C. In southern Arizona, evidence from four different sites (two riparian sites and 

two rangeland sites) suggests that soil moisture recharge originating from pre

cipitation is confined to the upper (1 - 2 m) depth of the vadose zone. The 

majority of precipitation does not infiltrate beyond shallow depths (around 

0.3 m) in response to the large root water uptake and atmospheric demand. 

However, substantial deeper root zone soil moisture recharge does occur during 

wetter-than-normal winters. This moisture likely serves as an important addi

tional resource for plants that have an ability to acce^ it during the following 

spring. 
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Abstract 

Consumptive water use from riparian evapotranspiration is a large component of 
many semiarid basins' groundwater budgets - comparable in magnitude to mountain 
front recharge and surface water discharge. In most long-term groundwater studies 
the amount of water used by phreatophytes is estimated by empirical formulae and 
extrapolation of measurements taken elsewhere. These approaches are problematic 
due to the uncertainties regarding the vegetation's water source (e.g., groundwater 
or recent precipitation) and its magnitude. Using micrometeorological techniques in 
this study, surface energy and water fluxes were measured for an annual cycle over 
two dominant types of vegetation in the riparian floodplain of the San Pedro River 
in southeastern Arizona. The vegetation communities were a perennial, floodplain 
sacaton grassland {Sporobolus wrightii) and a tree/shrub grouping composed largely 
of mesquite {Prosopis velutina). These measurements are compared with estimates 
from previous studies. Additionally, measurements of soil water content and water 
table levels are used to infer the dominant sources of the evaporated water. The 
results indicate that the grassland relied primarily on recent precipitation, while the 
mesquite obtained water from deeper in the soil profile. Neither appears to be strongly 
phreatophytic, which suggests that the dominant, natural groundwater withdrawals 
in the Upper San Pedro Basin are mainly confined to the narrow cottonwood/willow 
gallery that lines the river. 
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A.l Introduction 

For many of the human settlements in the semiarid Southwest, water from re

gional aquifers has become the largest single source of fresh water. Without this 

groundwater resource, the further development and perhaps even the sustainability 

of these communities would not be possible. This reliance has led to a significant ef

fort to improve our understanding of the water balance of these regional groundwater 

systems. 

In the basin and range physiographic province that characterizes much of the 

Southwest, the main natural inlet and outlet of the underlying groundwater systems 

are mountain front recharge and riparian zone recharge/discharge areas. Mountain 

front recharge is the infiltration of mountain precipitation into the "headwaters" 

of the aquifer. This typically occurs from streams that carry water out onto the 

highly permeable sediments of the mountain pediments. Water, having thus entered 

the regional groundwater aquifer, flows down gradient to the center of the basin. 

There, in areas such as southern Arizona, the groundwater table can intersect the 

ground surface and provide baseflow to streams and water for vegetation. This area 

where groundwater interacts (continuously or intermittently) with surface water and 

vegetation is called the riparian corridor. Odum (1971) defines a riparian region as 

an area of vegetation that exerts a direct biological, physical, and chemical influence 

on, and are influenced by, an adjacent stream, river, or lake ecosystem, through both 

above-and below-ground interactions. 
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The Upper San Pedro River Basin in southeastern Arizona and northern Sonora, 

Mexico (Figure A.la) is an ideal area in which to investigate these poorly understood 

processes of regional aquifer water balance. Unlike many riparian systems that have 

been disrupted due to the lowering of the groundwater table by pumping, the basin 

has a lengthy reach of intact perennial flow, which sustains a relatively lush ripar

ian corridor vegetation (Grantham, 1996). From previous observation and modeling 

studies, three dominant components of the basin's natural groundwater system have 

emerged. These three components-mountain front recharge, surface water discharge, 

and water uptake by riparian vegetation- are estimated to be of similar magnitude. 

(Corell et al., 1996; Vionett and Maddock, 1992) 

It is widely believed that the presence of large-scale groundwater pumping in the 

nearby urban areas of Sierra Vista and Fort Huachuca has created a cone of depression 

which has, or will soon, diminish the baseflows in the river. The disruption of ripariein 

corridor ecology due to groundwater depletion has been well documented through

out this region (Stromberg, 1993a, 1993b; Grantham, 1996). Numerous groundwater 

modeling and conceptual studies have been performed for various sub-basins of the 

San Pedro. All of them include the "Sierra Vista sub-basin" (See Figure A.la), the 

area of principal concern due to the larger amount of pumping therein (Kreager-

Rovey, 1974; Freethey, 1982; Rovey, 1989; Vionnett and Maddock, 1992; Corell et 

al., 1996). The latest groundwater model of the Sierra Vista sub-basin was developed 
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by the Arizona Department of Water Resources (Corell et al., 1996). This model es

timates a pre-1940 steady-state mountain front recharge of 63,769 m^ day~^ (18,870 

ac-ft yr~^) and an annual groundwater baseflow discharge to the stream of 32,206 

m^ day~^ (9,530 ac-ft yr"^). With these major inputs and outputs they calculate an 

evapotranspiration rate of 26,697 m^ day~^ (7,900 ac-ft yr~^) by matching observed 

baseflows and well hydrographs. Riparian consumptive use in the model is assumed 

to be that portion of riparian vegetation water use withdrawn strictly from the sat

urated zone. For their 1940-1990 transient run water balance, Corell et al, (1996) 

report a mountain front recharge of 64,209 m^ day~^ (19,000 ac-ft yr~^), a base-flow 

discharge of 24,213 m^ day~^ (7,165 ac-ft yr"^), and an average well extraction of 

30,317 m^ day"^ (8,971 ac-ft yr"^). This "post-development" simulation resulted 

in an evapotranspiration rate of 25,524 m^ day"^ (7,553 ac-ft yr"^). This value of 

25,524m^ day"' (7,553 ac-ft yr~') matches well with an estimate of 26,021 m^ day"' 

(7,700 ac-ft yr~') based on an analysis of stream flow records, which estimated ET 

by using the difference between estimated baseflow in winter and summer. 

These latest model simulations and conceptual estimates (Corell et al., 1996) of 

riparian vegetation water use from the water table compare well with the Vionnet and 

Maddock's (1992) previous modeling estimate of 26,690 m^ day"' (7,898 ac-ft yr~') 

but differ greatly from the Arizona Division of Water Resources observational esti

mate of 48,833 m^ day"' (14,450 ac-ft yr"') for the Sierra Vista sub-basin (ADWR, 

1991). This observational study first mapped the species composition, ractent and 
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density of the San Pedro riparian corridor using a multi-spectral classification of 

a June, 1986 Landsat satellite image. The unsupervised classification was refined 

with large-scale color aerial photography interpretation and field verification. Table 

1 reports the resulting categories of riparian vegetation and their associated areal 

coverage within the Sierra Vista sub-watershed- a delineation that includes the sec

tion of the river from the international border to the USGS Tombstone river gage 

(ADWR, 1991). This information along with species-dependent riparian vegetation 

water use rates from the lower Gila River valley in Arizona (Gatewood et al., 1950) 

and local meteorological information were used to derive Blaney-Criddle (Blaney and 

Griddle, 1950) estimates of riparian corridor evapotranspiration. Table 1 also reports 

the estimated consumptive rate for each species grouping along with a yearly flux 

rate on a per area basis. It is important to note that this estimate for total riparian 

corridor water use does not distinguish between vegetation water use that is derived 

solely from groundwater and that which comes from other sources such as recent 

precipitation and river bank flooding. This points to an important distinction that 

we will try to address herein, namely, the importance of estimating both the quantity 

and the source for riparian evapotranspiration in order to delineate the transpired 

water which is a part of the groundwater budget. 

In many areas within the Sierra Vista sub-basin, the riparian corridor is composed 

mainly of three natural vegetation groupings. A dense canopy of tali cottonwood and 

willow trees {Populus fremontii, Salix gooddingii, and Baccaris glutinosa) is crowded 



near the banks established by primary and secondary channels of the river. Beyond 

this forest canopy lies a broad floodplain ("100-500 m wide laterally) covered princi

pally by a perennial floodplain bunchgrass called giant sacaton {Sporobolus wrightii). 

Finally, between the sacaton and the upper benches beyond the riparian area lies 

a community composed mainly of mesquite trees {Prosopis velutina), although the 

mesquites in this area are interspersed with several other woody shrubs and grasses. 

The objective of our study was to use micrometeorological techniques to quantify 

the water use of the sacaton and mesquite areas of the riparian corridor over the 

course of several seasons; this being the time scale relevant to groundwater models. 

By doing so, we hoped to better understand two of the three conmionly encountered 

vegetation groupings in the San Pedro riparian corridor. Additionally, we monitored 

the status of the soil moisture and the water table elevation underneath these areas 

to help identify the source of the evaporated water. Numerous observations indicate 

that the sacaton and the mesquite are deep rooted; thus, they have been thought to 

rely mainly on water taken up from the nearsurface water table when they exist in 

riparian corridors. The cottonwood/willow gallery is the subject of other observa

tional studies (e.g., Schaeffer and Williams, 1998; Qi et al., 1998; and Goodrich et 

al., 1998). 
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A.2 Background 

A.2.1 Study Sites 

Two vegetation study areas nearby Lewis Springs on the San Pedro River flood-

plain in southeastern Arizona, USA were chosen as the field sites for this study. A 

location map is given in Figure A.la. The study sites are located approximately 30 

km southwest of Tombstone, Arizona and 20 km east of Sierra Vista, Arizona. The 

climate of the upper San Pedro valley is semi-arid with temperatures ranging from 

a mean maximum temperature of 24.8 °C to a mean minimum temperature of 9.9 

°C (1960-1990 averages recorded in Tombstone). The precipitation distribution is bi-

modal with about 60% of the rainfall occurring during the summer monsoon months 

of July - September and 23% occurring in the winter months of December - March. 

The annual average precipitation is 343 mm at Tombstone though rainfall in this 

area has a high spatial and temporal variability. 

One of the two study sites was established in the mesquite-dominated upper por

tion of the floodplain as seen in Figure A.lb, a vegetation map for the site. This 

area was covered principally by "3 to 6 m high mesquite but other species of grasses 

and shrubs were also found there. These include isolated clumps of sacaton grasses 

{Sporobohis wrightii) and shrubs such as whitethorn acacia (Acacia constricta), cat-

claw acacia [Acacia greggii) and Mormon tea {Ephedra spp.). The other monitoring 

site was established in the sacaton grass-dominated lower portion of the floodplain, 
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between the mesquite area and the cottonwood/willow tree gallery immediately adja

cent to the river (Figure A.lb). This site was mainly composed of '1 m high sacaton 

bunchgrass, but a few smaller mesquite shrubs, tobosa grass {Hilaria mutica), and 

vine-mesquite grass {Panicum obtusum) also existed within this vegetation area. The 

percent vegetation cover and species composition for the mesquite and sacaton areas 

were estimated from a 3 m thermal-IR image taken in 1997. The areal coverage 

within a 50 m radius of the sacaton tower was classified as about 80% sacaton, 10% 

shrub, and 10% bare soil. The coverage nearby the mesquite tower consisted of about 

50% mesquite, 20% shrub, 20% grass, and 10% bare soil cover. While the mesquite 

area is not as dense or homogeneous as the typical mesquite bosque (or forest) found 

in other areas of the Southwest, it was representative of the other mesquite areas 

within the Upper San Pedro. 

A.2.2 Methods 

In 1996, we established one ten-meter-high meteorological tower at each of the 

two study sites. These towers were equipped with a set of standard meteorological 

instruments to measure the air temperature, relative humidity, incoming solar radia

tion, air pressure, wind speed, wind direction, and precipitation. The measurements 

were sampled every ten seconds and an average value recorded every twenty minutes. 

Additionally, the towers were equipped with instruments to measure the available 
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energy (net radiation minus ground heat flux) and Bowen ratio, /?, the ratio of sen

sible heat flux to latent heat flux. By measuring the difference in air temperature, 

AT (°C), and vapor pressure, Ae (kPa) under grass and the one under bare soil at 

two levels above the ground, the Bowen ratio was calculated from: 

where 7 is the psychrometric constant (kPa With this technique the amount 

of energy that is consumed at the land surface by the evaporation of water can be 

determined. The total latent heat flux, XE, was then calculated from: 

where Rn is the net radiation at the land surface (W m ^), and G is the ground heat 

Energy balance Bowen ratio (EBBR) systems (originally designed by Campbell 

Scientific Inc., Logan, Utah USA^ were deployed over both sites. In the sacaton 

grassland, temperature and humidity were measured at 2.1 and 5.6 m above the 

ground, while over the Mesquite site, the height of the two levels were 5.9 and 10.0 

m. Air was ducted continuously &om the two heights into 2 liter, polyethylene 

buffer bottles; vapor pressure measurements were made every second from air that 

was sampled, alternating every two minutes, from these two bottles. These values 

were averaged and recorded every twenty minutes. Air temperature measurements 

>^The use of this and other conunerdal names in the paper is not intended as an endorsement of 
the product. 

(A.1) 

(A.2) 

flux (W m ^). 
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were made every second with 75-/^m diameter, chromel-constantan thermocouples 

located at each height and a twenty-minute average was recorded. Net radiation was 

measured with Q7.1 net radiometers (REBS Inc., WA USA) installed on separate 

tripods just south of the met towers at 4 m above a surface of grass and bare soil at 

the Sacaton site and at 4.7 m above a partial covering of mesquite, grass and bare 

soil at the Mesquite site. Soil heat flux at each site was obtained as an average of 

two measurements using soil heat flux plates (REBS Inc., WA USA) buried 0.08 m 

below grass and bare soil. The soil temperature above the heat flux plates was found 

by averaging soil thermocouple measurements made at 0.02 and 0.06 m above the 

heat flux plates. The soil heat flux at the surface was then calculated by adding 

the measured heat flux at 0.08 m to the change in energy stored in the layer above 

the heat flux plates (0 - 0.08 m), which is proportional to the rate of change of soil 

temperature measured by the soil thermocouples (Campbell Scientific, 1991). 

Numerous diflBculties have been reported (Nichols, 1992; Unland et al., 1996; 

Unland et al., 1998) when deploying this particular type of EBBR system in arid 

conditions. In this study, problems resulted from: 1) using the proprietary chilled-

mirror, dew-point hygrometer to measure vapor pressure in arid environments; 2) 

leaks in the tubing, buifer bottles and connectors of the ducting system that is used 

to bring air from two different levels to the vapor pressure measuring device; and 

3) condensation inside the tubing of the ducting system. To avoid difficulties with 

the dew-point hygrometer encountering conditions outside of its operating range and 



occasional ice formation on the mirror, we installed a more dependable HMP35D 

temperature/RH probe (Vaisala, Wobum, MA USA) to measure vapor pressure in 

the air ducted from the two different levels. Tests showed a good agreement between 

this probe and the hygrometer when both instruments were fimctioning within normal 

operating range. Cellier and Olioso (1993), who tested similar modifications for an 

EBBR system confirm our modifications. To insure that the ducting system was 

operating correctly, regular pressure tests were made at least every two months to 

check for leaks in the ducting. On numerous occasions, except for the warmest, 

driest months of the year, condensation occurred inside the tubing used for ducting 

the air to the humidity sensor. This problem resulted in a span of erroneous data 

(for about 1-4 hours, depending on its severity) after daybreak and was caused by 

the outside air temperature (and consequently, the dew point temperature) rising 

rapidly at dawn while the temperature rise inside the ducting lagged behind due to 

the thermal inertia of the ducting. Thus, air with a higher dew point was imported 

into a cooler environment and condensation could occur. This condensation happened 

almost daily, except for the driest months of April, May and June, and was detected 

during data processing by examining both the inside and outside vapor pressure 

measurements. Condensation was indicated by a rapid rise and fall in the vapor 

pressure of the air ducted from one of the Bowen ratio intakes which was coincident 

with a difference between the vapor pressure measured with the Bowen ratio system 

and that measured with a separate humidity probe. Return to acceptable Bowen ratio 
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measurements was diagnosed by the internal vapor pressure once again tracking the 

outside measurement. While this operation did not "solve" the condensation problem, 

it was extremely helpful in determining periods of erroneous data. Additionally, fluxes 

were not computed when the measured Bowen ratio was close to -1, specifically for the 

range -0.4 > j3 > -1.6. This condition occurs routinely for short morning or evening 

periods when the energy for evaporation is low, sensible and latent heat fluxes are 

in opposite directions and approximately equal, and the Bowen ratio method cannot 

determine the magnitude of the fluxes. 

In order to compare the results of this study with a reference evaporation rate that 

can be computed with standard meteorological data alone, we computed the reference 

crop evaporation rate, Ere (Shuttleworth, 1993). The reference crop evaporation is 

an estimate of the evaporation, which would occur from a short, well-watered grass 

with a fixed-height of 0.12 m, an albedo of 0.23 and a surface resistance of 69 s m-1
. 

It is calculated in units of mm day- 1 by the following formula: 

E = ~(Rn - G) + 900, U D 
re ~ + ,* ~ + ,*(T + 275) 

2 (A.3) 

where Rn is the net radiation exchange for the crop cover [mm day- 1
], G is the 

soil heat flux [mm day- 1
], Tis the air temperature [0 C], U 2 is the wind speed at 2 m 

[m s-1], D is the vapor pressure deficit [kPa], ~ is the slope of the saturation vapor 

pressure versus temperature curve, , is the psychrometric constant (kPa 0 c-1 ), and 

,* is a modified psychrometric constant (kPa 0 c- 1 
). 
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The evaporation rate from a well-watered crop or vegetation community can differ 

from that of a reference crop of well-watered grass. Typical differences are ± 10-20% 

(Shuttleworth, 1993). We present this reference crop evaporation as a first order 

estimate of the evaporation that might have occurred from the cottonwood/willow 

riparian forest. Evaporation from the riparian forest would possibly differ from the 

reference crop due to differences in canopy architecture (e.g., roughness and height), 

available energy (e.g., lateral advection of energy, shading of canopy understory), 

water availability and boundary layer differences between the atmosphere and leaf 

surfaces, etc. 

In order to understand possible controls on evaporation, we also monitored the 

state of the vadose zone soil moisture and the depth to groundwater. Soil thermocou

ples and water content reflectometers (WCRs - Campbell Scientific Inc., Logan, Utah 

USA) were installed in a vertical profile at 0.1, 0.25, 0.50,1.0, and 2.0 m depth (0.1, 

0.25, 0.50, 1.0, and 1.5 m under the sacaton) to measure the soil moisture under the 

each site. One 0.3 m probe was installed at each level. Hourly measurements were 

made of soil temperature and WCR probe frequency, this frequency being primarily 

sensitive to the amount of moisture in the soil. A piezometer was installed nearby 

each site to measure the fluctuations in the water table. Depth to groimdwater and 

surface gravimetric soil moisture (0 - 0.05 m) were sampled manually approximately 

every two weeks, but hourly measurements were made on some da}rs to quantify 

diumal variations. 
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A.2.3 Measurement Accuracy and Representativeness 

Energy Balance Bowen Ratio Measurements 

EBBR measurements are prone to both random and systematic errors. Random 

errors are likely to be small when averaged in the cumulative flux values reported in 

this study. Systematic errors in the EBBR measurements can result &om errors in 

the net radiation, soil heat flux, and in the measurement of the Bowen ratio. 

Both the net radiometers used in this study were calibrated against a standard, 

four component Kipp and Zonen net radiometer (CNR 1, SCI-TEC Instruments Inc., 

Canada) to within an average root mean square error of 8 W m~^. 80% of the upward 

contribution to net radiation comes &om a circular region 18.8 m in diameter directly 

below the radiometer at the Mesquite site and from a 16 m diameter circle at the 

Sacaton site (L. Hipps, personal communication). We estimate that systematic errors 

in net radiation are pessimistically, 15%, and optimistically, 5%. 

The soil heat flux is likely to be highly variable and is poorly sampled by a single 

heat flux plate under grass and a second under bare soil. However, sampling under 

grass and under bare soil will capture the extreme values of soil heat flux. These 

two measurements differed by as much as a factor of 2, depending on the time of day 

and season. Thus, we estimate errors in soil heat flux as pessimistically, 50%, and 

optimistically, 20%. 

Errors in the Bowen ratio measurement vary, depending on the surface conditions^ 

Temperature gradients are normally large and easily measured with the separation 
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between measurement levels used in this study. When the daytime Bowen ratio 

is small , vapor pressure gradients are more pronounced and thus easily measured. 

However, when the vegetation is inactive and little water is being evaporated, the 

vapor pressure gradient is very small , so small that the gradient can be less than the 

resolution of the temperature/RH probe. However, the computed latent heat flux is 

small under these conditions and contributes little to the cumulative latent heat flux. 

Given the uncertainties in the net radiation, the ground heat flux and the Bowen 

ratio, we estimate systematic errors in the computed latent and sensible heat fluxes 

to be pessimistically, ± 30%, and optimistically, ± 10%. 

The micrometeorological approach used to measure evaporation in this study can 

only realistically provide measurements representative of a particular type of vege

tation cover when there is a reasonably extensive, uniform area of that vegetation 

immediately upwind of the instruments. Thus, using micrometeorological techniques 

requires some knowledge of the flux footprint (i.e., the source area for the signal 

measured at the sensor). Horst (1999) points out that defining a flux footprint for 

the Bowen ratio technique is only possible in limited circumstances. Regardless, we 

used a simplified approach suggested by Schuepp et al. (1990, 1992) to estimate the 

source area for the measured fluxes. Assuming the roughness length, z0 = O.lhv, and 

the zero plane displacement height, d = 0. 75hv, where hv is the average vegetation 

height equal to 3.4 m for mesquite and 0. 75 m for sacaton. Assuming a typical day

time value for the sensible heat flux of 300 W m-2 and an air temperature of 30°C, for 
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the mesquite tower, 80% of the measiired (latent or sensible) heat flux is calculated 

to originate within 30, 84, 148, and 212 m of the tower for windspeeds of 1, 2, 3, and 

4 m s~S respectively. Similarly, 80% of the flux measured at the sacaton tower is 

calculated to originate within 23, 64, 114, and 165 m of the tower for windspeeds of 

1, 2, 3, and 4 m s~S respectively. 

Both sites were located within an approximately rectangular region about 200 m 

wide (East/West) and several hundred meters long North/South (Figure A.lb). In

spection of Figure A.lb indicates that upwind sources of different land cover types 

can lie within the footprint of the Bowen ratio measurements under certain circum

stances. For example, under moderate to heavy westerly winds, the footprint at 

the mesquite tower includes contributions from the (presumably drier) upland desert 

scrub. Analysis showed that the winds were generally light across the site. The 

mean wind speed was 1.7 m s~^ and the median wind speed was 1.2 m s~^ at 10 

m height over the Mesquite site, and the wind predominantly followed the south to 

north orientation of the river. In these typical conditions, the flux measurements 

primarily represent the land covers of interest, and in this paper, it is the average 

evapotranspiration that is of primary interest. The amount of time with poor fetch 

is fortunately only a small proportion of the time during which measurements were 

made. (Only 7% of the EBBR measurements were recorded when wind speeds at 

10 m height were in excess of 3 m s~^ with wind direction between 225° and 315°.) 
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In the following we therefore assiune that the reported fluxes are in conditions with 

reasonably adequate fetch. 

Soil Moisture Measurements 

A combination of different techniques was used to calculate volumetric water con

tent from the WCR frequency. First, an in situ calibration was made during in

stallation where the probe period (inverse of frequency) was related to volumetric 

soil water content measured from gravimetric water content and bulk density sam

ples taken at each probe depth. This information was used to modify Campbell 

Scientific's recommended calibration polynomial to best match data collected from 

the installation. Probe-computed water content was also corrected for temperature 

fluctuations in the soil following the recommended correction provided by the manu

facturer. Periodic soil auger gravimetric water content measurements, along with the 

bulk density measurements made during the trench excavations, were made through

out the year to verify the probe calibration. These subsequent auger measurements 

indicated that a simple, one-time adjustment (an ofiset of ± 0.02 - 0.07 m^ m~^ 

added to the computed water content) was needed at most levels to minimize the 

difference between auger measurements and probe computed water content. It was 

difficult to get a good match using these methods, but a laboratory calibration using 

the site specific soils resulted in a calibration curve, which performed worse than the 

in situ technique reported here. We suspect that the calibration difficulties arose due 
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to vertical soil heterogeneity in the profile ( we used the same polynomial for each 

of the levels in the profile) , probe-specific contact between the probe rods and the 

soil , and sampling errors in the bulk density and gravimetric measurements made 

from the auger. Given these difficulties, the WCR measurements reported later in 

this paper should be viewed more as an indicator of relative changes in water content 

rather than an absolute ones- keeping in mind that the measurement error might be 

as large as 0.03 to 0.10 m3 m-3 for a given probe. 

Due to cost limitations, only one 0.3 m probe was used to sample at each depth 

under each site, and this restricts the representativeness of the soil moisture measure

ments. Trench excavations revealed that the soil at each site was quite homogeneous 

in the horizontal plane, but significant layering of sand and gravel was observed at 

the Mesquite site. In spite of the uncertainty, the qualitative picture of the mois

ture redistribution process given by the probes under each site suggests that our soil 

moisture sampling is fairly accurate, and we assume this in the subsequent analysis. 

We have collected data from both sites from 1996 to 1998. However in this paper, 

most of the data that we will present were collected from March 13, 1997 to March 

13, 1998. We focus on this time period to present the water use characteristics of 

the two sites over the course of a full annual cycle when we had relatively complete 

Bowen ratio and vadose zone monitoring. Bowen ratio data collected prior to this 

period were not used because they may have been prone to error due to leaks in 

the ducting system. In June, 1998, the sacaton site was completely burned due to 



a wildfire and monitoring was discontinued thereafter. For the Mesquite site, EBBR 

monitoring continued till November, 1998, but much of the data collected during the 

monsoon period was invalid due to equipment malfunctioning. We will, however, 

present additional soil moistiire and precipitation data &om the Mesquite site from 

March, 1997 to November, 1998 to demonstrate the vadose zone dynamics under the 

rainier conditions of 1998. 

A.3 Results 

Figure A.2 presents some basic meteorological information from the Mesquite site 

during the March, 1997 - 1998 period. In Figures A.2-A.5, days of the year are plotted 

on the abscissa with a value of 365 added to days in 1998. Figure A.2a presents 

average daily solar radiation and net radiation. Figure A.2b plots the average daily 

dewpoint temperature (solid line) and the daily minimum/maximum air temperatures 

(dashed lines). Figure A.2a shows that net radiation closely follows solar radiation 

in this most often dry and sunny climate. The nearly periodic dips in the radiation 

curves are evidence of the storm frequency for the region. Figure A.2b shows that 

the hottest part of the year in this region occurred during the months of June and 

beginning of July prior to the onset of the monsoon season. The arrival of the 

rainier monsoon was around July 19,1997 (DOY 200) where the increase in dewpoint 

temperature was evidence of the increase in moisture over the region. The riparian 

valley itself received cold air drainage from the uplands and was substantially colder 
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than other areas in the valley at night . In 1997, nocturnal freezes occurred in the 

springtime till April 26 (DOY 116) and the first freeze of fall was October 12 (DOY 

285). For reference, the first freeze of autumn was October 23 in 1996 and October 

6 in 1998. The last springtime freeze in 1998 was May 15. We will show later that 

these freeze dates seem to bound the transpiration activity of the mesquites. 

Figure A.3 shows cumulative evaporation and precipitation measured at both 

monitoring sites for the March 1997-1998 period. To calculate cumulative values, 

it was necessary to use (linear) interpolation when there were missing 20-minute 

records. Missing data occurred most days, usually in the early morning or late 

afternoon, when available energy is close to zero and the Bowen ratio is close to 

-1 , and also during those hours when condensation occurred (see Section 2.2). A 

total of about 12% of the measurements or, on average, about 3 hours per day were 

estimated by interpolation. There were also occasional gaps in the record due to 

equipment malfunctions. These periods of missing record were filled by using the 

daily available energy from the alternate tower multiplied by the average evaporative 

fraction ( = R~~c) at the site of interest calculated a period of equal record length 

prior to equipment malfunction. In other words, we assumed that the evaporative 

fraction did not change significantly during these unmeasured times. For example, 

if two days of data were missing, we assumed that the evaporation rate for each day 

in the missing period was equal to the daily available energy ( measured at the other 

site) multiplied by the average evaporative fraction from the the previous two days. 



Fortunately, these missing periods were often brief. They are indicated in Figure A.3 

by an "x" on the solid line. 

Figure A.3 shows that the yearly total precipitation at both sites was 247 mm, 

while the total evaporation loss measured at the mesquite site was 375 mm and that 

from the Sacaton site was 272 mm. The water use characteristics at the two adjacent 

sites were markedly different. For the sacaton, water use was strongly tied to recent 

precipitation and the seasonal cycle (the grass was senescent during the wintertime). 

The grass did not green up during the dry spring of 1997 following an unusually 

dry winter of 1996-1997 with only a few green, basal shoots observed. Finally, when 

the more abundant rainfall of the monsoon season arrived, around DOY 200, the 

grassland ended senescence and began to take up water. This activity continued 

throughout late summer and then tapered off during the drier and colder months of 

October and November (DOY 270 - 330). For the mesquite site, total evaporation 

was less dependent on recent precipitation. The mesquite trees leafed out after the 

last nighttime freeze of spring on April 26, 1997 (DOY 116) and then transpired at a 

fairly constant rate throughout the growing season. The mesquite evaporation rate 

fell rapidly immediately following the first freeze of autumn on October 12 (DOY 

285), thus providing indirect evidence that mesquite leaves cannot tolerate freezing 

conditions. 

For the pre-monsoon period of May 15 to June 30 (DOY 135 - 181), the average 

evaporation rate for the Mesquite site was 1.6 mm day"*^, compared to 0.3 mm day~^ 



for the Sacaton site and 7.3 mm day~^ for the reference crop evaporation (not shown 

in Figure A.3). For the monsoon period of August 1 to September 15 (DOY 213 

- 258), the average evaporation rate for the Mesquite site rose to 2.4 mm day~^ 

(Sacaton = 1.6 mm day~^; reference crop = 5.0 mm day~^). At the Mesquite site, 

the 1.6 mm day~^ pre-monsoon rate is largely indicative of the mesquite transpiration 

alone, and the jump to 2.4 mm day~^ during the monsoon most likely reflects the 

added contribution of bare soil evaporation along with additional transpiration from 

the grasses and small shrubs, which greened up with the increased, near-surface soil 

moisture. The increase seen at the Sacaton site from the pre-monsoon to monsoon 

period is simply a matter of the grass becoming active. The wintertime evaporation 

is higher from the Sacaton site than at the mesquite site when the vegetation was 

senescent. This is arguably because the sacaton area has more clayey, less well-

drained soils relative to the mesquite area leading to higher soil evaporation. The 

reference crop evaporation rate far exceeds that of the mesquite and the grass; on 

a weekly average basis, it is about four times higher than the mesquite rate during 

the dry, pre-monsoon period and decreases to about twice the magnitude during the 

monsoon. This implies that the mesquites (or at least, some of them) are water-

limited throughout the year, though never as much as the sacaton. 

Figures A.4a and A.4b shows average daily volumetric soil moisture at depths 

of 0.10, 0.25, 0.50 and 1.0 m inferred by the water content reflectometers at the 

Sacaton (Fig. A.4a) and Mesquite site (Fig. A.4b). Figure A.4c presents the daily 



precipitation for this same period of March, 1997 - 1998. The probes at 0.5 m and 

deeper under the sacaton failed to operate after DOY 260 due to electrical damage 

caused by a nearby lightning strike. For the entire monitoring period, no measurable 

changes were indicated at a depth of 2 m in the mesquite profile nor at the depth 

of 1.5 m under the sacaton . Two very different behaviors between the sites are 

apparent. For the sacaton profile, where the vadose zone is composed of a fairly 

homogeneous silty-clay to clay textured soil, there was a general increase in soil 

moisture with depth to the water table, located around 3 m below ground surface. 

The low permeability soil appears to prevent rainfall from penetrating to depth and 

almost all of the significant changes in soil moisture happened within the upper 

0.25 m of the soil profile. For the mesquite profile, the vadose zone is composed of 

loamy/sandy-Ioam textured soils interspersed with thin gravel lenses. Consequently, 

rainfall penetrated farther into the soil column than at the Sacaton site. Moreover, 

the nearly uniform soil moisture with depth suggests that the profile was feiirly well 

drained. At this site, the water table was at '10 m depth. While the soil column 

shows very little change of soil moisture at 0.5 m and below during the summer rains, 

Figure A.4b begins to show that soil wetting penetrated to greater depth during the 

winter rains, and this may serve as a moisture source for mesquite transpiration 

during the subsequent dry season. 

Figure A.5a and A.5b is an extension of the soil moisture and precipitation time 

series shown in Figures A.4b and A.4c, into the period of March to November, 1998 



at the Mesqiiite site. We note that the scale for soil moisture and precipitation 

has been expanded in this figure to accommodate the higher values of soil moisture 

and daily precipitation observed during this time period. During this comparatively 

wetter year, recharge occurred at greater depths into the profile. The profile was 

wetter in the springtime and the decrease seen at 0.5 m around May 15, 1998 (DOY 

500) coincides with the leafing out of the mesquite and the greening up of smaller 

shrubs and grasses that happened at this time. Also, Figure A.5a shows the first 

and only time during our monitoring that we observed deeper, vadose zone recharge. 

Significant wetting down past 1.0 m occurred after receiving more than 58 mm of 

rain on August 12 (DOY 589), a day which was preceded by a 28 mm rainfall event. 

A.4 Discussion 

The measured, cumulative evaporation and precipitation shown in Figure A.3 

provides compelling evidence that the sacaton at the study site relied on recent 

precipitation as its principle source of water. Although sacaton roots were observed 

to extend to depths greater than 2 m during trench excavation, these deeper roots 

did not appear to extract water of any significant extent. Indeed, the grass became 

active only after water from monsoon rainfall had substantially moistened the surface 

soil layer. During the drier, hotter months of April, May, June, and the first half of 

July, 1997, most of the grass near the tower was almost completely inactive, with only 

a few sparse green shoots interspersed in the large clumps of dry grass. Moreover, 
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sacaton evaporation is seen to increase immediately after precipitation events and 

then decrease between the inter-storm periods of the monsoon (DOY 200 - 300, 

Figure A.3). This behavior provides additional evidence that the sacaton responds 

to surface soil moisture, and does not access significant quantities of groundwater. 

As a caveat to the hypothesis that the sacaton is non-phreatophytic in nature, 

we note that sacaton in the floodplain within about 10 - 20 m of the riverbank 

was noticeably greener during the dry season. Although the water table in this 

region might only be 0.5 - 1 m closer to the surface, it appeared that the sacaton 

located in this limited area were functioning as phreatophytes. One possible reason 

for this might be that the water table was slightly closer to the surface in this region. 

However, a second explanation is that the greener area was more for about 3 or 4 

hours in the morning and that the air is perhaps more humid due to the presence 

of the nearby, tall forest gallery (see Figure A.lb). Further evidence that the near-

riverbank sacaton acts differently was apparent in June, 1998, when a fire burned the 

entire sacaton area. Within weeks of this event (and before any monsoon moisture 

had arrived), new green shoots were already sprouting vigorously from the sacaton 

located within about 20 m of the riverbank. Further away from the bank, re-growth 

was less noticeable. 

Given that the evaporation data and our observations suggest that the majority of 

sacaton evaporation was solely reliant on recent precipitation, it is arguably possible 

to estimate the accuracy of the EBBR measurements from a simple water balance 



calculation. Assuming negligible runoff from this level site, the sum of the evaporation 

and the change in soil moisture storage should equal the total precipitation. The 

total sacaton evaporation during the study period was 272 mm, and the change 

in soil moisture storage was +30 mm based on before- and after-study soil auger 

gravimetric measurements multiplied by a depth-dependent bulk density (sampled 

during trench excavations) and an effective depth. The basic error in the water 

balance is therefore 22%. However, precipitation gages are prone to under-catch due 

to local wind field effects, and tipping bucket gages may have diflBculty in measuring 

all the precipitation in high intensity storms. Making a conservative o% correction 

to the total precipitation, the water balance error is around 16%, consistent with our 

error estimate in Section 2.3. 

The Mesquite site had a markedly different water use than the sacaton. In this 

case, the cumulative total evaporation shown in Figure A.3 suggests a water use that 

is more closely tied to available energy than recent rainfall in frost-free periods. Thus, 

it appeared that mesquites obtain water from deeper in the soil coliunn. For some 

days in the middle of the growing season, water table levels below the mesquite were 

measured on an hourly basis. If mesquites obtain water from the saturated zone, 

cyclical, diurnal fluctuations should occur in the water table elevation: numerous 

studies have reported such a phenomenon under phreatophytes (e.g., Todd, 1959; 

Gatewood et al., 1950; Tromble, 1972). However, we did not detect diurnal changes 

in water level of the piezometer at the Mesquite site. This suggests that either the 
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trees were obtaining water from the deeper (2 -10 m) vadose zone rather than from the 

saturated zone, or, alternatively, that the mesquites' water uptake from the saturated 

zone might not have been large enough to affect the water levels at the piezometer. 

We can assume that the pre-monsoon evaporation rate for the Mesquite site was 

primarily representative of the more mature, deep-rooted mesquite trees alone since 

they were the only visibly active plants at the site. With this assumption, an average 

rate of about 1.6 mm day~^ is a conservative estimate of mesquite water use from 

deeper in the vadose zone and/or from the capillary fringe at our site. 

The fact that the cumulative total mesquite evaporation loss of 374 mm is close 

to the 343 mm annual-average precipitation at nearby Tombstone, Arizona might be 

further evidence that the mesquite community as a whole does not withdraw much 

water from the water table. Arguably, if the mesquites relied solely upon the deep 

vadose zone soil moisture, the average-annual mesquite water use is expected to be 

equivalent to the long term average precipitation (but not necessarily the precipitation 

total in any one year). Moreover, the evaporation rate for the Mesquite site in this 

study is, for instance, vastly different from that measured at a mesquite thicket 

located along the upper Santa Cruz River of Arizona (Unland et al., 1998). Unland 

et al. (1998) report a consimiptive water use of 848 mm/year in 1995, which is more 

than twice that measured at our site. While both measurements were made over 

vegetation composed primarily of mesquite trees, the Santa Cruz site had taller and 
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denser canopy. Additionally, the water table was closer to the surface (1 - 2 m) at 

the Santa Cruz site , and occasionally the site was flooded. 

Finally, we compare our summer, monthly average ET from the mesquite commu

nity with several average values reported in the literature. Table 2 shows the average 

total evaporation between May and September in comparison with values from pre

vious studies of the water use of mesquite in southern Arizona. Specifically, the three 

other studies were: 

1. a study of mesquite (100% cover) growing in large tanks (Gatewood et al., 

1950), 

2. a water balance study for a mesquite bosque (80% cover) growing over a small 

confined aquifer (Tromble, 1972), and 

3. a micrometeorological study using an EBBR system over a mesquite bosque 

(*80% cover) (Unland et al., 1998). 

The average depth to groundwater for these studies was about 1.5, 3 and 3 m, 

respectively. Table 2 shows that the average evaporation at the Upper San Pedro 

site is 2 - 3 times less than those observed in previous studies. The reference crop 

rate is about 1 to 4 times higher for the months of June to September and seems 

to be an approximate upper bound for the mesquite transpiration with the notable 

exception of T^omble's (1992) June value, which was probably due to a large amount 

of lateral advection into their site from the neighboring desert. Differences between 
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our study site and the others reported in Table 2 are likely due to differences of 

the studies' mesquite tree areal density. The areal density of the mesquites is most 

likely determined by the depth to groimdwater, which at our Mesquite site was much 

deeper (around 10 m). For example, the mesquite canopy cover at the Santa Cruz 

site (Unland et al., 1998) had an areal density of around 80%, whereas our Mesquite 

site was estimated to be 50%, the difference between the sites being a factor of 1.6. 

During the dry months of May and June when it was likely that only the deeper-

rooted mesquite trees were active. Table 2 shows that our site differs from the Santa 

Cruz site by a factor of 2.2 (May) and 1.8 (June). However, we would not expect 

the transformation of an evaporation rate from an area with 50% cover to one with 

80% cover to be linear since significant in-canopy feedbacks exist that would tend to 

reduce the evaporation per unit leaf area as the density increased. 

At this stage in our study, we are not yet able to quantify the groundwater use 

of the riparian vegetation as a whole. Such an estimate will largely depend on an 

adequate estimation of the water use for the cottonwood/willow gallery. Also, it will 

be important to delineate the depth to groundwater of the different mesquite stands 

in the Upper San Pedro (or the density of the stand, which is a likely consequence 

of the water table depth), since our comparison suggests that the amount of ground

water they use varies accordingly. The vegetation classification and associated water 

use given by ADWR, 1991 in Table 1 estimates a water use of 1271 mm/year for 

the Cottonwood. For 1997, the transpiration activity of the riparian cottonwood and 
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willow trees lasted approximately from mid-April to mid-October (DOY 110 - 285). 

Our reference crop estimate for this period is 982 mm. The ADWR classification did 

not delineate sacaton areas explicitly. For their "medimn-dense mesquite" classifica

tion they applied a rate of 486 mm/year, while our measured yearly total was 374 

mm/year. Our results suggest that much of this total is not derived from the satu

rated zone; thus, it might be appropriate to omit this category from a tally of total 

riparian vegetation groundwater use. If total water use were revised accordingly, the 

total evaporation would be 33,332 m^ day~S which is closer to the model ^imates 

of about 26,000 m^ day~^ (Corell et al., 1996; Vionett and Maddock, 1992). Yet, 

it is important to re-emphasize that the ADWR estimates of dense-mesquite and 

cottonwood/willow evaporation need to be confirmed by future studies. 

A.5 Conclusions 

This research begins to address the question of how much groundwater is being 

used by vegetation located within a riparian corridor along the Upper San Pedro 

River, a perennial stream in southeastern Arizona, USA and northern Sonora, Mex

ico. This study quantifies the yearly water use of two common riparian biomes: a 

perennial, fioodplain bunchgrass community and a moderately-dense mesquite area. 

Our results suggest that the strength of the vegetation water demand for the saca

ton grassland closely followed the available precipitation. Within experimental error. 
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the total evaporation from the Sacaton site was nearly equal to incoming precipi

tation. The floodplain grasses beyond the riverbank edges showed little ability to 

access water from the phreatic zone. For the Mesquite site, evaporation exceeded 

precipitation by a factor of about 1.5. In the mesquite area, there was likely a com

bination of different water acquisition strategies shown by the plants therein. The 

grasses and shallower-rooted shrubs seemed to rely on near-surface soil water, which 

was recharged by recent precipitation. The mesquite trees likely relied on water from 

deeper in the soil profile, which is probably a combination of both deeper vadose 

zone water (2 - 10 m depth) and water from the capillary fnnge. These results based 

on the evolution of cumulative precipitation, cumulative evapotranspiration and soil 

moisture measurements indicate that much of the vegetation in these two areas of 

the riparian corridor are not using groundwater. Consequently, the two areas to

gether used less groundwater than previously assumed. The results of this study 

suggest that, in order to estimate the groundwater use from riparian vegetation from 

the total riparian corridor in the Upper San Pedro, efforts should be concentrated 

principally on estimating the water use from obligate phreatophytes. The obligate 

phreatophytes are likely confined to the narrow, gallery forest immediately adjacent 

to the river, which is dominated by the cottonwood and willow trees, and to areas of 

dense mesquite stands. 
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Table A.l: Riparian vegetation categories and associated water use in the Sierra 
Vista sub-watershed of the San Pedro River Basin reported by ADWR, 1991. 

Category Areal Coverage Evapotranspiration Evapotranspiration 
[hectares] [m3 day-1] per unit area 
& (acres) & (ac-ft yr- 1) [mm/year] 

Cottonwood 541 (1337 acres) 18,840 (5575 ac-ft yr- 1
) 1,271 

Dense Mes quite 630 (1556) 13,045 (3860) 756 
Medium-dense Mesquite 1,164 (2875) 15,495 ( 4585) 486 
Willow 17 ( 42) 558 (165) 1198 
Cienega/Dense Grass 34 (84) 889 (263) 954 
TOTAL 2,386 (5894) 48,827 (14448) 747 
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Table A.2: This study's San Pedro average monthly values for mesquite evapotran
spiration and reference crop evaporation versus other studies [mm day- 1 

]. 

May June July August September 
Gatewood et al., 2.5 6.5 7.2 3.4 3.4 
1950 
Tromble, 1972 4.5 11.8 NA NA NA 
Unland et al., 1998 2.2 3.2 4.1 4.2 3.1 
San Pedro Mesquite 1.0 1.8 2.0 2.4 2.3 
This study 
Reference Crop 6.0 6.9 5.9 4.7 4.8 
This study 
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Figure A.l : (a) Location map for the Upper San Pedro Basin in Northern Sonora, 
Mexico and Southern Arizona, USA. Study area for this report was in the riparian 
corridor of the San Pedro River, nearby Lewis Springs. The shaded area indicates 
the approximate boundary of the "Sierra Vista groundwater sub-basin" - an area 
of interest for many of the previous basin groundwater studies. (b) Greyscale, in
frared image over Lewis Springs study site with locations of the sacaton and mesquite 
monitoring sites and approximate boundaries of the different vegetation groupings of 
mesquite, sacaton, and riparian woodland commonly found in the San Pedro riparian 
corridor 
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Figure A. 2: (a) Average daily incoming solar ( solid line) and net ( dashed line) radia
tion (W m-2J. (b) Average daily dewpoint (solid line) along with daily minimum and 
maximum air temperature ( dashed lines) (0 C] at 5. m height for the period of March, 
1997 to March, 1998 at the Mesquite site. For Figures 2 - 5 a value of 365 was added 
to the days of the year in 1998 
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Figure A.3: Cumulative precipitation and evapotranspiration from the sacaton and 
Mesquite sites for the period of March, 1997 to March, 1998. Periods of missing data, 
where the cumulative water use was extrapolated, are indicated by an "x". 
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Figure A.4: Volumetric soil moisture under the (a) Sacaton and (b) Mesquite sites 
measured at 0.1, 0.25, 0.5 and 1.0 m depth along with the (c) daily precipitation for 
the period of March, 1997 to March, 1998. In Fig. 4a, the probes at 0.5 and 1.0 m 
no longer functioned after DOY 260 and no data was recorded after DOY 421. 
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Figure A.5: (a) Average daily volumetric soil moisture , 0, [m3 m-3] at 0.1 , 0.25, 0.50 
and 1.0 m depth under the Mesquite site for the extended period of March, 1998 
to November, 1998. (b) Total daily precipitation [mm] at the site during this same 
period. The wet ter winter and summer rainfall of 1998 (as compared to 1997) led to 
considerably deeper vadose zone recharge under this site. 
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Abstract 

Riparian forest evaporation is a significant component of the groundwater budget 
in. many semiarid basins with intact riparian ecosystems. Direct seasonal measure
ments of the riparian forest water use is complicated by canopy architecture and 
limited areal extent, which prohibit the use of traditional micrometeorological appli
cations. This paper describes the estimation of seasonal evaporation from a riparian 
forest composed of Populus fremontii (cottonwood) and Salix gooddingii (willow) 
trees using the Perunan-Monteith equation calibrated with short term measurements 
of tree transpiration based on sap flow measurements. The model is driven with near-
continuous, 20-minute, meteorological data collected near the forest. With a simple 
specification of canopy resistance (the average midday value) the model is capable 
of reproducing the measured fluxes well. Linear interpolation is used to specify the 
canopy resistance between measurement periods so that an annual total water use 
could be estimated. The seasonal evaporation from the riparian forest is considerably 
lower than previous estimates and potential evaporation. 
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B.l Introduction 

The riparian forest gallery along the Upper San Pedro River in southeastern Ari

zona is a band of trees that runs parallel to the narrow river channel. It is composed 

mainly of Populus fremontii (cottonwood) emd Salix gooddingii (willow) trees in addi

tion to a complex understory of seep willow, grasses, etc. This gallery, together along 

with the other riparian vegetation communities of sacaton grasslands and mesquite 

forests, form the typical landscape of the San Pedro Riparian National Conservation 

Area in southeastern Arizona. 

On the basis of previous observation and modeling studies, three processes dom

inate the basin's natural groundwater system. These components-mountain front 

recharge, surface water discharge, and water uptake by riparian vegetation- are es

timated to be of similar magnitude. (Corell et al., 1996; Vionett and Maddock, 

1992). Many previous estimates of riparian evaporation have been based on large 

scale water balance studies using calibrated groundwater models or stream gauges 

(e.g., Gatewood et al., 1950). Recently, a number of studies have focused on mea

suring evaporation from different riparian vegetation groupings (e.g., Unland et al., 

1998; Scott et al., in review), but direct measurement of gallery forest evaporation 

is rare because the gallery height and limited extent make traditional micrometeoro-

logical measurements infeasible. Recently, however, some shorter-period (2-5 days) 

measurements of cottonwood and willow transpiration have been made using heat 

pulse sensors and canopy surveys (Schaeffer et al., in review) 
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In this paper, these short-term observations of cottonwood evaporation (Schaeffer 

et al. , in review) are used to estimate the total growing season evaporation from the 

forest gallery. The forest evaporation is modeled with the Penman-Monteith equation 

(Monteith and Unsworth, 1990) forced with local meteorological measurements, the 

variables in the equation being determined from local physiological and meteorological 

measurements. The canopy resistance used in the equation is specified from the 

periods when sap flow estimates are available and interpolated between these periods. 

This paper is organized as follows. Section B.2 provides background to the model-

ing procedure and describes how model variables are estimated. Section B.3 compares 

the model estimates with observations and with estimates of potential evaporation, 

and uses the calibrated model to determine the total growing season evaporation 

from the forest. Finally, Section B.4 summarizes the results of the study. 

B.2 Methods 

The Penman-Monteith equation (Monteith and Unsworth, 1990), referred to here-

after as the P-M model , calculates evaporation by: 

~A+ PaCpD 
)..E = Ta 

~ + ,(1 + ~) 
Ta 

(B.l) 

where >..E is evaporation [W m-2J, ~ is the slope of the saturation vapor pres-

sure/temperature curve [kPa 0 c-1), A is the available energy [W m-21, Pa is density 

of moist air [kg m3), Cp = 1013 J kg 0 c-1 is the specific heat for dry air under 
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constant pressure, D is the vapor pressure deficit [kPa) , r a is the aerodynamic resis

tance [s m- 1), 'Y is the psychrometric constant (kPa 0 c-1 ) , and re is the bulk canopy 

resistance [s m- 1J. In this study, -6, Pa , D and 'Y were calculated from air tempera

ture , relative humidity, and pressure measured at the Mesquite site (Scott et al., in 

review) located immediately adjacent to the forest gallery using formulae given by 

Shuttleworth (1993). 

From August to November 1997, measurements of air temperature and relative 

humidity were made inside the riparian forest at mid-canopy height (about 20 m). 

These measurements and those made at 10 m height over the Mesquite site agree well 

and support the use of the the mesquite measurements as a valid reference air tem

perature and vapor pressure deficit in the P-M model. An example of this agreement 

is shown in Figure B.l. For the period DOY 190 - 290 when in-canopy measurements 

were made, the root mean square error and coefficient of determination between va

por pressure deficit measured within the riparian forest and at the mesquite site are 

0.26 kPa and 0.96, respectively ( and 1.21 °C and 0.97 for air temperature). This 

agreement suggests that the air in the canopy is well-mixed and representative of 

that in the lower atmospheric boundary layer. 

In order to use the P-M model, it is necessary to specify the values for the available 

energy, A, aerodynamic resistance, r a , and bulk canopy resistance, r c· The following 

subsections describe of how these variables were determined. 
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B.2.1 Available energy 

The available energy for the forest canopy was calculated from: 

A = S-1-( 1 - 0:) + Ln - S (B.2) 

where S-1- is the incoming solar radiation [W m-2
], 0: is the canopy albedo, Ln is 

the net longwave radiation [W m-2J, and S is the temporary storage of energy into 

the tree itself ( trunk and limbs) and the energy used in the photosynthesis process [W 

m-2J. The incoming solar radiation was measured over the mesquite site, and canopy 

albedo was estimated to be 0.18, this value being that measured for broad leafed oak 

trees (Bras, 1990). S was estimated to be 5% of the incoming solar radiation following 

Moore et al. (1986) who found that S ranged between O - 10% of the net radiation 

available to a tropical forest. The net longwave contribution to the available energy 

was calculated following Shuttleworth (1993) by: 

Ln = - JE'a(Ta + 273.15) 4 (B.3) 

where f is an adjustment for cloud cover, c' is the net emissivity between the atmo

sphere and the ground, and a== 5.6697 x 10-3 W m-2 K- 4 is the Stefan-Boltzmann 

constant. The f factor and net emissivity were computed with the solar radiation, 

temperature and vapor pressure data from the mesquite tower and empirical formulas 

given by Shuttleworth (1993). 

To evaluate how well Equation B.3 approximates net longwave radiation exchange 

from the canopy, an alternative estimate was made using data collected at mid-canopy 
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(only available for DOY 190 - 289). Using in-canopy air temperature (which was 

shown to be representative of boundary layer temperature) and canopy temperature 

( measured from an infrared thermometer), clear sky net longwave radiation can be 

computed by (Bras, 1990): 

Ln == aEa(Ta + 273.15) 4 
- aE(Ts + 273.15) 4 (B.4) 

where Ea == 0.70 + e x 5.95(10-5 )exp(l500/Ta), is the atmospheric emissivity, e is 

the vapor pressure in millibars, E is the surface emissivity assumed to be 0.98, and 

Ts is the temperature of the leaves as measured by an infrared thermometer. Using 

Equation B.4, the resulting values before the monsoon fluctuated around -80 ± 10 W 

m-2 . During the monsoon, values were typically around -50 ± 10 W m-2 . Estimates 

using Equation B.3 were within± 20 W m-2
; with this good agreement, we decided to 

use Equation B.3 so that this flux could be computed throughout the entire growing 

season using the continuous data from the Mesquite site. 

Because the P-M model describes only tree transpiration, an adjustment was made 

to the net radiation to account for the portion of the net radiation not intercepted 

by the leaves. An estimate for the ratio of the net radiation at the top of the canopy, 

R~0
P, to the net radiation underneath the canopy, R~ot, was made using a simple 

Beer's Law relationship (e.g., Shuttleworth and Gurney, 1990). Thus: 

(B.5) 

where C is an empirical constant, assumed to be 0. 7 (Shuttleworth and Gurney, 

1990), and Lis the canopy leaf area index, estimated to be 2.0 (D. Williams, personal 
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communication). This adjustment reduced the net radiation available to the canopy 

by 25%. 

B.2.2 Aerodynamic resistance 

The aerodynamic resistance of the canopy to the exchange of heat and moisture 

results from the sum in series of two components (Thom 1975): 

(B.6) 

where Tt [s m- 1] is the resistance associated with movement between the canopy and 

the atmosphere in turbulent eddies, and rb [s m- 1
] is the boundary layer resistance, 

which is related to the quasi-laminar transport of the heat and vapor across the 

boundary layer immediately adjacent to the leaf surface. Typically, the turbulent 

resistance is a function of wind speed and canopy aerodynamic roughness, but the 

boundary layer resistance increases strongly with leaf dimension (Thom, 1972) and 

thus its contribution in broadleaf canopies, like the cottonwood, can be significant. 

In practice, the cottonwood canopy along the San Pedro River is open and has 

many gaps, and the forest's lateral sides ( not just its top) are open to dry cross winds 

from the surrounding uplands. We, therefore, assumed that the turbulent resistance 

of this canopy is negligible in comparison to the boundary layer resistance. Figure 

B. l supports this assumption because there is little difference between the measured 

temperature and vapor pressure deficit outside (measured at 10 m at the Mesquite 

Site) and inside the canopy ( measured on the 13 m mast inside canopy at about 



90 

mid-tree height). Thus, the assumption of a well-mixed atmosphere (i.e., negligible 

turbulent resistance) inside the canopy seems reasonable. 

To estimate the boundary layer resistance, we used the model proposed by Choud-

hury and Monteith (1988): 

1 aatt {w" 
rb = Lb * (1 - exp(-aau/2)) YU (B.7) 

where L = 2.0 is the canopy projected leaf area index (D. Williams, personal commu-

nication), b =.0067 m s-1
/
2 is a scaling coefficient for leaf boundary-layer resistance 

(Magnani et al., 1998), aau is an attenuation coefficient for wind speed inside the 

canopy, w = .05 mis a typical leaf width, and U is the wind speed outside the canopy 

(measured at 10 m above the ground at the Mesquite site). The value for the wind 

attenuation coefficient, aau,, was set equal to 3 following Magnani et al., 1998. Com-

puted daytime values for the boundary layer resistance ranged between 30 - 80 s m- 1 

with a mean of 44 s m-1 . 

B.2.3 Canopy Resistance 

The bulk canopy resistance, r c, is the resistance to water vapor transport from 

inside the leaf to the leaf surface. It is regulated by the plant's stomatal in response 

to environmental conditions. The direct measurement of canopy resistance is compli-

cated by the need for a comprehensive sampling throughout the canopy and the need 

to scale leaf-level measurements up to a bulk-canopy representation. While some 
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sampling of leaf stomatal resistance was made concurrently with sap flow measure-

ments , these measurements were biased towards the exposed, upper canopy of the 

cottonwood/willows. Consequently, using these measurements to estimate canopy 

resistance results in very low resistances, which give a modeled evaporation much 

greater than observed. For example, using the leaf resistance measurements, the 

average canopy resistances calculated for the synoptic periods in April, June and Au-

gust are 43 , 36, and 19 s m- 1
, respectively. These canopy resistances are far below 

than the range of 100 - 200 s m- 1 given by other studies (Hall and Roberts, 1990; 

Shuttleworth, 1989; Magnani et al. , 1998; Garratt, 1992). Given that these measure-

ments were not representative of whole tree conditions, we preferred to derive canopy 

resistance from the transpiration measurements as an effective parameter in the P-M 

model. 

For each synoptic period when canopy transpiration measurements were made, 

the canopy resistance was computed using the re-arranged form of Equation B.1: 

(B.8) 

From these computed canopy resistances, an average resistance was calculated for 

each synoptic period by averaging the values between 9:30 LST and 14:30 LST in 

mainly sunny conditions (when the solar radiation was greater than at least 300 W 

m-2). Intra-synoptic period canopy resistances were calculated by a simple linear 

interpolation between these average values. In the absence of light , the leaf stomata 

close. Consequently, the canopy resistance was set to an arbitrarily high value (5000 



s m~^) whea the solar radiation was less than 10 W The forest began to leaf 

out at the time of the first synoptic measurement period (DOY 110 - 111) and the 

leaves were nearly all dead within a week after the last synoptic (DOY 285 - 289). To 

represent the senescence of the trees, the canopy resistance was set to 1000 s for 

calculations made prior to DOY 104 and after DOY 294. Finally, because the first 

synoptic period occurred just after the trees had begun to leaf out, values for this 

period are likely low. We assumed that it took two weeks after this period for the 

trees to grow a full canopy and set the canopy resistance for DOY 125 to the average 

resistance from the next synoptic period (DOY 158 - 160). 

Table B.l shows in boldface font the days on which transpiration measurements 

were made along with the computed daytime-average canopy resistances derived from 

Equation B.8. Days when canopy resistance was estimated to simulate tree senescence 

(DOY 104, 294) and full canopy green-up (DOY 125) are given in normal font. In 

general, the canopy resistance was reasonably constant throughout the growing season 

(except during green-up or leaf drop). Arguably, this is to be expected for vegetation 

which is not water-limited (providing the trees do not have to limit their water use 

for some other physiological reason, e.g., to prevent cavitation in the xylem tissue). 

The average canopy resistance was only slightly higher during the hot, dry month of 

June (DOY 158) than after the arrival of the summer monsoon in July (DOY 200). 
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B.2.4 Reference Crop and Potential Evaporation 

In order to compare the results of this study with a reference evaporation rate that 

can be computed with standard meteorological data alone, we computed the reference 

crop evaporation rate , Ere and the Penman potential rate, Ep (Shuttleworth, 1993). 

The reference crop evaporation is an estimate of the evaporation which would occur 

from short , well-watered grass with a fixed-height of 0.12 meters, an albedo of 0.23 

and a surface resistance of 69 s m- 1
. It is calculated in units of mm day- 1 by the 

following formula: 

E = !::.(Rn - G) + 900, U D 
re f::. + ,* f::. + ,* (T + 275) 

2 (B.9) 

where Rn is the net radiation exchange for the crop cover [mm day- 1], G is the soil 

heat flux [mm day- 1], T is the air temperature [°C], U 2 is the wind speed at 2 m 

[m s-1
], D is the vapor pressure deficit [kPa], !::. is the slope of the saturation vapor 

pressure versus temperature curve, , is the psychrometric constant (kPa 0 c-1 ) , and 

,* is a modified psychrometric constant (kPa 0 c-1 
). 

The evaporation rate from a well-watered crop or vegetation community can differ 

from the reference crop rate: typical differences are ± 10 - 20%. Nevertheless, refer-

ence crop evaporation provides a first order estimate of the evaporation that might 

have occurred from the riparian forest. Evaporation from a riparian forest may differ 

from the reference crop due to differences in canopy architecture ( e.g., roughness and 
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height) , available energy ( e.g. , albedo, lateral advection of energy, shading of canopy 

understory), water availability and differences in boundary layer resistances. 

We also compute the Penman open water or potential evaporation rate (i.e. , the 

amount of water that would evaporate from a large, open body of water). Following 

Shuttleworth (1993), it is given by: 

(B.10) 

where Rrt is the net radiation exchange for the free water surface [mm day- 1] , and 

Ah is the energy advected to the water body, assumed to be zero for this paper. 

B.3 Results 

Sap flow measurements were made during the periods of DOY 110-112, 157-160, 

191-194, 223-228, and 284-289 nearby Lewis Springs along the Upper San Pedro 

River. Heat pulse velocity probes were placed in nine cottonwood and six willow 

trees at both sites in four primary tree clusters. The trees were selected to have 

diameters that sampled the range of tree basal diameter classes as determined from 

vegetation surveys spanning the study site. A core was made into the trunk of each 

tree to determine the sapwood area. Thus, sap flux (tree transpiration) was expressed 

on a per unit sapwood area per unit time basis [MH2o L-2 T-1]. 

To scale individual tree measurements of transpiration to stand estimates, the 

first step was to relate sapwood area to an easily measured parameter. In this case, 

basal tree diameter was related to sapwood area by a separate regression analysis for 



cottonwood and willow (Scheaffer et al., in review). In the next step of scaling, the 

basal tree diameter of all cottonwood and willow trees were measured in a 600 m 

stream reach at Lewis Springs. Total stand transpiration (imits of T~^) was then 

determined using the sap wood area of the stand and the transpiration rate per unit 

area of sap wood. Finally, canopy transpiration per unit area (L T~^) was determined 

by dividing total stand transpiration by the projected canopy area in the study reach 

using high-resolution aerial photography. The resultant transpiration rate represents 

the flux of water per unit area of canopy. 

Figure B.2 shows a comparison between the gallery forest sap-flux measurements, 

reference crop evaporation, and Penman open water evaporation. The measurements 

are remarkably constant throughout the growing season with some decrease in tran

spiration during the early and late synoptic periods (DOY 111 - 112, 285 - 289). The 

transpiration is highest prior to the beginning of the monsoon season (DOY 191 -

194) which is when the soil moisture and surface water were most limited. The forest 

must clearly have had ready access to the groundwater because the high transpiration 

rate indicates a lack of water stress. The reference crop and potential evaporation 

estimates are larger (roughly, by a factor of two) than the measured transpiration. 

Although the forest does is not water stressed, the transpiration rate is much 

lower than the potential estimates. This is surprising. Arguably, the transpiration 

rate from the forest could be higher than reference crop evaporation rates since the 

trees are well exposed to dry air and winds may import significant amounts of energy 



into the canopy. There must be other key environmental constraints that limit the 

forest transpiration if the sap flux measurements are correct. Schaeffer et al. (in 

review) note that these transpiration rates are also low when compared to those of 

non-native salt cedar {Tamarix ramosissima) stands in the Southwest. Citing Sala et 

al.(1996), they argue that the structural characteristics of the native riparian forest 

(e.g., the patches of yoimger versus older trees in relation to the surrounding arid 

landscape) likely account for the difference. 

Figure B.3 compares the sap flux measurements against those calculated from the 

calibrated P-M model. There is a remarkable agreement between the two. The P-M 

model merely uses the daytime-average canopy resistance for each synoptic period 

(given in Table B.l) although the value did vary somewhat from day to day within 

each synoptic period. For example, the daily average canopy resistance calculated 

from Equation B.8 for DOY 191, 192, 193 and 194 was 123, 144, 190, and 182 s 

m"\ respectively. However, using just the simple average (160 s m"^) for the whole 

synoptic period, the model is able to capture much of the variability because the 

transpiration rate is mainly controlled by the available energy rather by the trees' 

stomatal response. 

The range of canopy resistances (Table B.l) compares favorably with those found 

in other studies. Shuttleworth (1989) presented a collection of data from various stud

ies showing the diurnal variation of canopy conductance for a wide variety of trees, 

the values ranged from 66 to 1000 s m~^ On the basis of these data, Shuttleworth 



suggested a suitable day-time average value of 100 s m"'^. Magnani et al. (1998) 

estimated the seasonal miuimum canopy resistance of 54 s m~^ and a mean value of 

200 s m~^ from a mature beech forest. Garratt (1992) reports a range of daytime 

minimum canopy resistances of 70 - 160 s m~^ for deciduous forests. The P-M model 

was far more sensitive to changes in canopy resistance than changes in aerodynamic 

resistance. Given this sensitivity, we recommend that future studies focus on sam

pling stomatal resistance in a way that canopy resistance could be computed. Such 

data is needed to validate these results. 

To better quantify the agreement between the model and the measurements, Fig

ure B.4 shows two scatter plots between the data. The top figure plots the modeled 

evaporation versus the measurements for each twenty minute time step of the model. 

The observations were interpolated from the sap flux data taken every thirty min

utes. There is a good agreement between the two; the coefficient of variation, is 

0.91, and the root mean square error, RMS, between the model and the measure

ments is 1.34 mm day"'. The lower plot in Figure B.4 gives a one-to-one comparison 

between the modeled and observed daily total evaporation. Again, the agreement 

is remarkable given the simplicity of the model. The coefficient of variation for the 

daily comparison is 0.94, and the root mean square error is 0.36 mm day"^ 

Finally, the calibrated model can be used to estimate the total riparian forest 

gallery water use for 1997. Based on an estimated growing season (DOY 104 - 294), 



Table B.2 gives the total evaporation from the P-M model, the reference crop evapo

ration, and the Penman open water evaporation. Additionally, the table presents an 

estimate based on Blaney-Cridle evaporation from ADWR (1991) for the San Pedro 

Cottonwood water use and from Gatewood et al. (1950) based on an average of several 

different measurements techniques in lower Gila River valley. The P-M model total 

is much less (by a factor of at least 1.5) than the other values. Gochis (1998) studied 

the annual water use of a hybrid poplar stand in eastern Oregon. For a mature, 

well-watered stand, they estimated an annual total poplar stand evapotranspiration 

to be 840 mm in comparison with a alfalfa reference crop evapotranspiration of 1250 

mm. This deficit of about 400 mm between the poplar water use and reference crop 

rate is similar the results of this study. They hypothesized that water use by the 

trees was transport-limited, due to limited xylem conductance. 

B.4 Conclusions 

Estimates of yearly total evaporation from riparian gallery forests are needed to 

quantify the groundwater use from obligate phreatophytes. Previous studies of the 

Cottonwood/willow gallery along the San Pedro River have only been able to measure 

this water use for a period limited to a few days. This paper presents a method to 

extrapolate these measurements (in a way that is consistent with the physics of 

evaporation) in order to arrive at a total growing season estimate. The method 

entails using the well-known Penman-Monteith equation, forced by meteorological 
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data collected nearby. The model is primarily sensitive to the canopy resistance, 

which is determined by using a daytime average resistance calculated from the sap-

flux observations for each measurement period. 

After this simple calibration, the model results compared very favorably to the 

observations. Since the model used only a single value for the daytime canopy resis

tance, the good agreement with the observations suggests that much of the variability 

in forest evaporation can be attributed to the atmosphere-controlled available energy 

rather than the tree-controlled stomatal response. For a plant with easy access to 

water, we expect this response provided that the plant does not regulate its stom

atal for other physiological reasons. Additionally, we found that the modeled and 

measured evaporation rates were significantly less than potential evaporation rates 

and estimates of cottonwood water use from other studies. Further field studies are 

warranted to confirm these results. 



100 

B.5 References 

ADWR, 1991. Hydrographic Survey Report for the San Pedro River Watershed. 
Vol. 1: General Assessment. Arizona Department of Water Resources. Filed with 
the court, Nov. 20, 1991. 604 p. 

Bras, R., 1990. Hydrology. Addison-Wesley, Reading, Massachusetts, p.44. 

Choudhury, B., and J. Monteith, 1988. A four-layer model for the heat budget of 
homogeneous land surfaces. Quarterly Journal of the Royal Meteorological Society 
114, 373-398. 

Corell, S. W., F. Corkhill, D. Lowik, and F. Putnam, 1996. A Groundwater Flow 
Model of the Sierra Vista Subwatershed of the Upper San Pedro Basin - Southeastern 
Arizona. Arizona Department of Water Resources, Hydrology Division. Modeling 
Report No. 10, Phoenix, Arizona. 107 p. 

Garratt, J., 1992. The Atmospheric Boundary Layer. Cambridge University Press. 
Cambridge, Great Britain. 316 p. 

Gatewood, J. S., T. W. Robinson, B. R. Colby, J. D. Hem, L. C. Halpenny, 1950. 
Use of water by bottom-land vegetation in the lower Saflford Valley, Arizona. United 
States Geological Survey Water Supply Paper 1103. 

Gochis, D. 1998. Estimated Plant Water Use and Crop Coefficients for Drip Irrigated 
Hybrid Poplars, M.S. Thesis, Oregon State University. 

Hall, R., and J. Roberts, 1990. Hydrological aspects of new broad-leaf plantations. 
In: Moffat, A. J. and Jarvis, M.B. (eds). SEESOIL, the Journal of the South East 
England Soils Discussion Group, 6, 2-38. 

Magnani, F., S. Leonard!, R. Tognetti, J. Grace, and M. Borghetti, 1998. Modeling 
the surface conductance of a broad-leaf canopy; Effects of partial decoupling &om 
the atmosphere. Plant, Cell and Environment, 21, 867-879. 

Monteith, J., and M. Unsworth, 1990. Principles of Environmental Physics, Edward 
Arnold, London. 

Moore, C., and G. Fisch, 1986. Estimating heat storage in Amazonian tropical forest. 
Agric. For. MeteoroL, 38, 147-168. 

Sala, A., S. Smith, and D. Devitt, 1996. Water use by Tamarix ramosissima and 
associated phreatophytes in a Mojave Desert floodplain. Ecological Applications, 6, 
888-898. 



101 

Schaeffer, S., D. Williams, and D. Goodrich, in review. Transpiration in cotton-
wood/willow forest patches estimated from sap flux. Agric. For. Meteorol. 

Scott, R., W. Shuttleworth, D. Goodrich, in review. The water use of two dominant 
vegetation communities in a semiarid riparian ecosystem. Agric. For. Meteorol. 

Shuttleworth, W., 1989. Micrometeorology of temperate and tropical forests. Phil. 
Trans. Roy. Soc. Lond., B324, 299-334. 

Shuttleworth, W., 1993. Evaporation. In: Handbook of Hydrology, Ed. D. R. 
Maidment, McGraw-Hill, Inc., New York, 4.1 -4.53. 

Shuttleworth, W., and R. Gumey, 1990. The theoretical relationship between foliage 
temperature and canopy resistance in sparse crops, Q J R Meteorol. Soc., 116, 497-
519. 

Thom, A., 1972. Momentum, mass and heat exchange of plant communities. In: 
Vegetation and the Atmosphere, Ed. J. L. Monteith, Academic Press, New York, 
57-109. 

Unland, H. E., A. M. Arain, C. Harlow, P. R. Houser, J. Garatuza-Payan, P. Scott, 
0. L. Sen, and W. J. Shuttleworth, 1998. Evaporation from a riparian system in a 
semi-arid environment. Hydro logical Processes, 12, 527-542. 

Vionnet, L. B. and T. Maddock, 1992. Modeling of Groundwater Flow and Surface 
Water/Groundwater Interactions in the San Pedro River Basin- Part I - Cananea, 
Mexico to Fairbank, Arizona; University of Arizona, Department of Hydrology and 
Water Resources, HWR No. 92-010. 



102 

Table B.l: Seasonal change in canopy resistance used in the model. Bold values are 
taken from average daytime (0930 - 1430 LST) resistances calculated from the mea
surements using Equation B.8. DOY 104 and 294 values represent tree senescence, 
and the resistance for DOY 125 was estimated to simulate the approximately two 

Day of Year 104 111 125 158 192 225 284 287 294 
Canopy Resistance 

[s m~^] 
1000 391 186 186 160 160 160 631 1000 

Table B.2: Total growing season evaporation [mm] 
P-M model 755 
Reference Crop 1123 
Penman Potential 1285 
Cottonwood 1271 

ADWR (1991) 
Cottonwood 1829 

Gatewood et al. (1950) 
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Figure B.l: Compaxison of air temperature and vapor pressure deficit measured at 
20 m inside the forest gallery (dashed line] and at 10 m height over the Mesquite Site 
(solid line). The agreement between the two justifies the use of the Mesquite Site 
data for the reference humidity and temperature and indicates that the atmosphere 
is well-mixed inside the canopy. 
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Figure B.2: Forest evaporation (circles) derived from sap flow measurements com

pared with reference crop (dashed line) and Penman open water (solid line) evap

oration. The daytime potential estimates are often more than twice the measured 

values 
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Figure B.3: Comparison of fitted P-M model evaporation versus sap flow estimates 

[mm/day]. 
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Figure B.4: Comparison of 20 minute (top figure) and average daily evaporation 

(lower figure) as estimated by sap flux measurements and estimates derived from the 

P-M model. The coefficient of determination, R2
, and root mean square error, RMS, 

for the comparisons are also given in the figure window. 
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Abstract 

The multiyear, root zone, soil moisture redistribution characteristics in a semiarid 
rangeland in southeastern Arizona were evaluated to determine the magnitude and 
variability of deep-profile, wintertime recharge. Intermittent observations from 1990 
to 1998 of average volumetric soil moisture under shrub and grass cover showed that 
significant recharge beyond 0.30 m principally occurs only in the wintertime when 
the vegetation is senescent and does not utilize the infiltrating water. Using the 
physically-based, variably-saturated flow model HYDRUS, wintertime observations 
were modeled to determine the recharge of soil moisture at different depth intervals 
in the vadose zone. Two approaches were carried out in order to estimate the soil 
model parameters. The first was to use basic soils data from detailed profile descrip
tions in conjunction with pedotransfer functions. The second parameter estimation 
strategy was to use an automatic parameter search algorithm to find the optimal soil 
parameters that minimize the error between the model-computed volumetric water 
content and observations. Automatic calibration of the model was performed using 
the shuffled complex evolution algorithm (SCE-UA) and it proved possible to satis
factorily describe the vadose zone observations using a simplified description of the 
soil profile with optimal model parameters. Simulations with the optimized model 
indicate that significant recharge of vadose zone does occur well beyond 0.30 m in 
winter, but that such recharge is highly variable from year to year and appears highly 
correlated with £1 Nino episodes. This water could serve as a source of plant water 
for deeper rooted plants that are active during the subsequent spring season thereby 
exploiting a niche that the more abundant, shallower-rooted plants, that are active 
during the summer rainy season, do not. However, the year-to-year variability of 
the winter precipitation and consequent deep soil moisture recharge indicates that 
the deeper-rooted vegetation in this region would need to retain the ability to obtain 
moisture from the near surface in order to meet its water demands. 
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C.l Introduction 

There are a number of natural factors that ultimately determine the vegetation 

type and distribution in a given area. In the semiarid southwestern United States, 

ecosystem type and functioning are largely influenced by the highly-variable available 

soil water, which is a consequence of the paucity and variability (both in time and 

space) of precipitation. The resultant vegetation then, in turn, plays a role in hydro-

logical processes such as infiltration, surface energy partitioning, rainfall interception, 

and erosion, which contribute to determining soil moisture status. 

Larger-scale phenomena such as El Nino events or anthropogenic-induced climate 

change may lead to changes in the climate of semiarid areas thereby modifying the 

distribution of soil water. Ultimately, a sustained change in the climate will result in 

new ecosystems. A thorough understanding of the nature of soil water redistribution 

and the ability to model this process are therefore vital steps towards the eventual 

goal of accurately predicting ecosystem structure and the eventual fate of semiarid 

areas in the face of climate variability and change. 

In much of the Southwest the annual precipitation regime is bimodal. The ma

jority of annual precipitation typically occurs during the summer under the influence 

of the North American monsoon (Adams and Comrie, 1997). During this July to 

September monsoon season, precipitation is often of high intensity and short du

ration. Rainfall excess (rainfall miniis runoff) is quickly removed from the soil via 

plant transpiration and bare soil evaporation; thus, soil moisture recharge of the 
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deeper root zone (beyond ~ 0.3 m) is not considered significant. However, the gentler 

rains associated with longer duration frontal systems during the wintertime recharge 

soil moisture at greater depth in the root zone (e.g.. Cable, 1969; Caldwell 1985; 

Cable, 1980; Kemp, 1983) when lower atmospheric demand (lower potential evapo

ration) and cooler temperatures (inactive vegetation) reduce the evapotranspiration 

loss. In general terms, cool season precipitation is posited to control woody plant 

growth, whereas summer rains drive the annual grass production (e.g., CuUey, 1943; 

Cable, 1975; Kemp, 1983; Swetnam and Betancourt, 1998). Since water exerts the 

major control on ecosystem type in this region, a change in the precipitation regime 

would likely lead to subsequent alterations in the prevailing ecosystem. 

There is evidence that the particular rainfall patterns of the Southwest have led to 

different plant water acquisition strategies. Ehleringer et al. (1991) studied the stable 

isotopic composition of xylem water and plant water stress of dominant plant species 

in a desert scrub community in southern Utah. They found that all species used 

winter-spring precipitation for spring growth, but the utilization of the summer rains 

was life form dependent. Annuals and succulent perennials used sununer precipitation 

exclusively. Herbaceous and woody perennials used both the summer rains and any 

remaining winter-spring recharged soil moisture, with herbaceous species being much 

more reliant on summer precipitation. A few woody perennial species did not respond 

to the summer rains. Williams and Ehleringer (m review), also used stable isotopes in 

an investigation of the water sources for the woody perennials, Juniperus osteosperma 
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(Utah juniper), Pinus edulis (Colorado pinyon), and Qu&rcus gambelii (Gambell's 

Oak) along a south to north monsoon gradient in Arizona and Utah. They found that 

the trees utilized less summer rainfall and more winter-spring recharged soil moisture 

as the influence from the monsoon decreased. At a southern Arizona rangeland, 

Cable (1980) found that there was rarely any carryover of recharged soil moisture 

&om one rainy season to the next because all available water was transpired or 

evaporated by the end of each season. Kemp (1983) stressed the importance of a 

plant's photosynthetic pathway in determining which water sources are exploited at 

different times of the year by different species in southern New Mexico. For annual 

plants, C3 plants were found to be dominant (both in density and cover) at the end 

of the winter-spring, and C4 annuals prevailed at the end of summer. For perennial 

species, C3 forbs and shrubs showed only small seasonal changes, but C4 perennials 

showed a marked decrease in density and cover during the winter-spring season and 

increase during the warm summer season. Thus, a plant's pathology (in addition to 

its rooting strategy) is also an important factor in determining its water acquisition 

strategy. 

In areas where water is a limited resource, the depth of root water extraction 

depends ultimately on the depth of moisture recharge. Andraski (1997) found that 

the maximum depth to which temporal changes in water content were observed over a 

five year period was 0.75 m under vegetated soil. His study at an arid site in southern 

Nevada concluded that the depth of maximum moisture penetration was most likely 
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limited by a natural capillary barrier that prevented percolation beyond this depth. 

Kemp et al. (1997) performed a comparative modeling study of soil water djmamics 

in a desert ecosystem and concluded that over the course of their one year study, 

rainfall recharge penetrated to a depth of 0.45 - 0.55 m. Cable (1980) reported that 

water infiltrated past the 0.25 m depth eight times, and to a depth of at least 1.0 m 

only three times, in a three year study in southern Arizona. 

In this paper, we document the root-zone, soil moisture redistribution processes 

that occurred during an eight year time period at two rangeland sites in the semiarid 

southwestern U.S. Additionally, we examine the hydrologic feasibility of the propo

sition that wintertime soil moisture recharge in southeastern Arizona can support 

plants with a water use strategy that favors the use of water from deeper regions of 

the root zone (e.g., C3 shrubs) and can rely less on the summer precipitation retained 

in the upper root zone. Such a strategy would differ from the strategy of warm season 

vegetation (e.g., C4 grasses), which heavily compete for near-surface moisture from 

summer rains. Lastly, we present evidence that the wintertime root zone recharge is 

well correlated with global-scale climate phenomena. 

Our approach was to use a variably-saturated hydrological flow model to represent 

the intermittent soil moisture profile observations and in this way to determine the 

wintertime soil moisture recharge rates. To model the observations accurately, we 

demonstrate the feasibility of using an optimization methodology to derive effective 

parameters for the model, and we compare this parameter estimation approach with 
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a traditional approach that uses basic soils data in conjunction with pedotransfer 

functions. Section C.2 begins by describing the eight year, intermittent observations 

of the average TDR-measured soil moisture profiles at two rangeland sites with dif

ferent types of vegetation cover. Section C.3 describes our methods for estimating 

how much wintertime precipitation percolates into the soil each year by calibrating a 

variably-saturated flow model, forced by observed precipitation, to match the obser

vations. Section C.4 presents the results of the calibration procedure and compares 

them with model simulations made by using parameters determined on the basis of 

soil data and pedotransfer functions. Section C.5 summarizes the results. 

C.2 Site Description and Data Collection 

Weather and soil moisture data were collected near the town of Tombstone, Ari

zona in the Walnut Gulch Experimental Watershed (see Figure C.l). The watershed 

monitoring is performed by the U.S. Department of Agriculture Agricultural Re

search Service (USDA-ARS) (Renard et al., 1993). The 148 km^ watershed is an 

ephemeral tributary of the San Pedro River and is heavily instrumented with rain 

gages and nmoff measuring devices. The vegetation is a mixed Sonoran-Chihuahuan 

desert grass-shrub rangeland typical of southeastern Arizona and southwestern New 

Mexico. As indicated in Figure C.l, brush cover prevails on the lower western half 

of the watershed with primarily grass cover on the higher-elevation eastern half of 

basin. 
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Trenches were excavated in the summer of 1990, prior to the MONSOON'90 field 

experiment (Kustas and Goodrich, 1994), to install time domain reflectometry (TDR) 

probes to measure root zone soil moisture. Each trench was designed to have 6 TDR 

probes installed horizontally into a vertical trench-face to define a soil moisture profile 

from the surface to 0.5 m depth. The 0.15 m probes were calibrated in situ at the 

trench site by relating TDR measurements to the volumetric water content of the 

same soil determined by combined water content/bulk density sampling (Amer et 

ai, 1994). At Lucky Hills, three profiles were made directly under shrub cover of 

Larrea tridentata (creosote) and Acacia constricta (whitethorn acacia). Each of the 

three profiles is defined by TDR probes at 0.05, 0.10, 0.15, 0.20, 0.30 and 0.50 m, and 

measured samples are averaged for these depths. One trench has an additional single 

probe at 0.12 m. Similarly, at another study location, Kendall, the TDR probes 

were installed in three trenches under a grass cover (north-facing aspect). Sensor 

inst£illation in these trenches was hindered due to rocks and a calciferous layer. In 

each trench, probes were installed at 0.05, 0.10, 0.15, 0.20 m. Additional probes were 

installed at 0.25 and 0.50, 0.30 and 0.50 m, and at 0.30 and 0.75 m respectively in 

the three trenches. The grass at this site was periodically grazed by cattle. Since 

July 1990, TDR measurements at each of the trenches has been made about every 

two weeks using a Tektronix 1502B cable tester^ . 

'̂ The use of this and other commercial names in the paper is not intended as an endorsement of 
the product. 
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Figure C.l shows that Lucky Hills lies in the lower shrub-dominated region while 

Kendall lies in the eastern, grass-covered part of the watershed. The vegetation 

at Lucky Hills consists mainly of the C3 shrubs and forbs: Larrea tridentata (cre

osote bush), Flourensia cemua (tarbush), and Acacia constricta (whitethorn acacia), 

and Zinnia pumila (desert zinnia). There is little understory vegetation at Lucky 

Hills. Kendall is covered mainly by perennial C4 grasses, specifically: Hilaria belan-

geri (curly mesquite), Bouteloua eriopoda (black grama), Bouteloua hirsuta (hairy 

grama), and Aristida hamulosa (three-awn) (Weltz et al., 1994). Kendall is also 

interspersed with the C3 shrubs: Cdliadra eriophylla (fairy duster), Dalea formosa 

(feather plume), Krameria parvifolia (range ratany), and Haplopappus tenvisectus 

(burroweed). Prosopis velutina (mesquite) shrubs are scattered throughout the Wal

nut Gulch watershed, although they are most dense along drainage channels. The 

majority of the perennial grass forage production on southern Arizona ranges is pro

duced from summer rainfall (Culley, 1943; Cable, 1975). In a nearby southern New 

Mexico rangeland, C3 plants were most active in spring or autumn, while the C4 

grasses and forb activity was confined mainly to the summer and autumn (Kemp, 

1983). 

The dominant soil in the Lucky Hills study area is the Luckyhills-McNeal complex 

formed from mixed calcareous alluvium. These are mainly very gravelly sandy loams 

or loamy sand. Soils around Kendall are generally very gravelly sandy loams of the 

Tombstone, Stronghold-Bernardino, and Elgin-Stronghold complexes (Breckenfeld et 
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o/., 1995). The soil profiles in individual trenches were observed to differ from each 

other to varying degrees. One soil profile at Kendall and one at Lucky Hills was 

extensively described in 1990 by the USDA National Resource Conservation Service 

with a number of soil properties being measured from field samples collected at 

each soil horizon observed in the profiles (http://www.statlab.iastate.edu/soils/ssl/ 

... natch-data.html). Table C.l presents the depth, percent clay/silt/sand, course 

fragment percent by weight, bulk density (< 2mm), and volumetric water content, 0, 

at 33 kPa and 1.5 MPa for the Lucky Hills and Kendall profiles. 

Precipitation and weather data (net radiation, ground heat flux, wind speed, wind 

direction, air temperature, and relative humidity) were collected nearby the soil mois

ture observations at both Kendall and Lucky Hills. The 1964 - 1994 average annual, 

summer (July-September), and winter (November - February) precipitation for both 

sites are given in Table C.6. Climate variability is high in this region so Table C.6 

also gives the standard deviation of these values in parentheses. About 60 % of the 

annual precipitation arrives between the July through September period when the 

region is normally under the influence of the North American monsoon. About 25 % 

of the annual precipitation comes during the longer duration and less intense winter 

frontal storms in the period of November through February when most of the vege

tation is senescent. The elevation of the Kendall site is 1526 m, while that at Lucky 

Hills is 1371 m. The coefficient of variation (the ratio of the standard deviation to 
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the mean) indicates that the wintertime experiences more year-to-year variability in 

precipitation. 

Figure C.2a shows the average volumetric soil moisture, 9, for the period of 1990-

1997 at 0.10, 0.30, and 0.50 m depth under shrub cover at Lucky Hills. During the 

summer monsoon (day of year 182 - 273), soil wetting occurs with lower frequency 

at 0.5 m depth, and there is often little response even at 0.3 m depth. However 

during the winter, wetting does occur to a depth of at least 0.5 m although the year-

to-year variability of this deeper wetting process is high. Diuing the dry winters of 

1993/94, 1995/96, and 1996/97, very little vadose zone recharge occurred. During 

the remaining winters, there is evidence of significant recharge, especially during the 

winters of 1991/92, 1992/93, and 1994/95. 

Figure C.2b shows the average volumetric soil moisture for the same period and 

depths under the grass at Kendall. A similar behavior is exhibited at this site. 

Again, wetting infrequently occurs at 0.5 m depth during the monsoon, and there is 

often little response at 0.3 m. Here, monsoon percolation is even shallower than at 

Lucky Hills, presumably because there are more grass roots to take up the available 

moisture. Contrast this behavior with the wintertime, when the percolation appears 

more significant. Figures C.2a and C.2b both suggest that there may be significant 

water to the depth of at least 0.5 m in the soil profile available during the spring 

growing season for deeper-rooted plants. 



118 

Redmond and Koch (1991) have shown that there is a strong correlation between 

the tropical ocean/atmosphere phenomena El Nino/La Nina and southern Arizona 

winter precipitation. Based on a reanalysis at the National Centers for Environ

mental Prediction/Climate Prediction Center and at the United Kingdom Meteo

rological Office (http://www.nnic.noaa.gov/products/analysisjnonitoring/ensostuff/ 

ensoyears.html) the winters of 1990/91, 1991/92, 1992/93, 1993/94, 1994/95, and 

1997/98 were preceded by anomalous warming in the eastern tropical Pacific (El 

Nino). The winters of 1995/96 and 1996/97 were normal. With exception of the 

1993/94 winter, the deeper root-zone recharge appears highly correlated with these 

global phenomena. Trenberth and Hoar (1996) indicated that the number of El Nino 

events since 1976, culminating in the 1990 - 1995 El Nino, is unusual and should 

occur only once every thousand years. 

To provide quantitative estimates of how much recharge occurred at these two 

sites &om the intermittent soil moisture observations, we used these observations to 

calibrate a physically-based soil hydraulic model. In the following section, we discuss 

the model and the calibration procedure used. 

C.3 Overview of Model and Calibration Procedure 

C.3.1 HYDRUS Soil Model 

We used the 1-dimensional, variably saturated flow model, HYDRUS (version 6.0, 

Simunek et al,, 1997) to model the observations presented in Section C.2. HYDRUS 

solves for one-dimensional water movement in a partially saturated rigid medium 
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using Richards' equation. Assumptions include that the air phase plays an insignif

icant role in the liquid flow process and that water flow due to thermal gradients 

can be neglected. The model is also capable of simulating heat and solute transport 

although this capability was not used in this study. The governing equation in the 

model is: 

where h is the pressure head [L], 6 is the volumetric water content [L^L"®], t is 

time [T], z is the spatial coordinate positive upwards [L], and S is the sink term 

[L^L~^T~^]. The unsaturated hydraulic conductivity function, K [LT~^], is a known 

function of the pressure head, h, the van Genuchten soil water retention parameters 

(van Genuchten, 1980), and the saturated hydraulic conductivity, AT, [LT""^]. The 

conductivity function is derived from the pore-size distribution model of Muaiem 

(1976). The model nms on a variable time step and solves the equation numerically 

for defined initial and boundary conditions. 

In this paper, the goal is to represent the winter recharge process by modeling 

observations made each year between November and February. During this period, 

we need not estimate the parameters that control the strength and the location of 

the plant transpiration sink, S. Skirting that difficult task, we optimize only the pa

rameters in the model that describe the soil hydraulic properties. This simplification 

is allowed because the vegetation is normally senescent during these winter months 

in southern Arizona at the elevations of the study sites. Thus, the only parameters 
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to be specified are the saturated hydraulic conductivity, Kg, and the van Genuchten 

soil model parameters (van Genuchten, 1980), Or, 9s, a\ and Kg, where the index, 

t, nms from one to the number of different soils chosen for the simulation, Ngoiu-

In our calibration runs, we deliberately sought to represent the profiles with as few 

as soil layers as possible, providing that most of the observed behavior was repre

sented. Given the soil data presented in Table C.l, this representation is clearly a 

simplification of the complex, heterogeneous soils at the study sites. Nevertheless, 

as discussed in the next section, this simplification was necessary and did result in a 

good calibration. 

In the model, we simulated a 2.0 m vertical profile discretized into 101 nodes with 

a node spacing of 0.02 m. Each simulation included eight, 120 day periods (i.e., the 

months November through February for each winter). At the beginning of each new 

winter period, the initial soil moisture (or, alternatively, matric potential) conditions 

were initialized from the first measurements in the month of November. The surface 

node was initialized to the nearest measurement (at 0.05 m); the bottom node was 

initialized to the lowest observation (either at 0.50 m or 0.74 m depending on the 

profile being simulated). Initialization of the intermediate nodes was to the initial 

moisture conditions provided by linear interpolation between the observations. 

In order to solve Equation 0.1, boundary conditions must be defined. At the 

bottom boundary, a zero gradient in matric potential was imposed to simulate a 

freely draining profile. At the top boundary, a specified flux boundary condition was 



121 

used. We forced the model with daily total precipitation and daily average Penman 

potential evaporation, Ep [LT-1
], as calculated from the local measurements of net 

radiation, ground heat flux, vapor pressure deficit , and wind speed. With these 

boundary conditions for the surface, the actual surface flux cannot be defined a priori. 

The actual flux depends on the transient soil conditions at the surface. HYDRUS 

computes the surface flux by limiting its value by the following conditions (Simunek 

et al. , 1997): 

1-K:~ -Kl ~ Ep at z = surface (C.2) 

h A :=:; h :=:; hs at z = surface (C.3) 

where hA and hs are the minimum and maximum pressure head at the soil surface 

allowed. under the prevailing soil conditions [L]. The value for hA is determined as

suming equilibrium between soil water and atmospheric water vapor (Feddes et al., 

1974). In practice, we found that the simulated evaporation was insensitive to the 

value of hA , and in our simulations we used hA = -1000 m (varying this value by two 

orders of magnitude gave little change in the computed evaporation). hs represents 

a small layer of ponded water on the surface. In the model , a small layer of water 

was allowed to build up over the surface during heavy rain and no water was allowed 

to runoff. This assumption is reasonable because overland flow is seldom seen during 

the moderate winter rains at the study sites. 



122 

HYDRUS only accounts for isothermal water flow. Hence, our simulations do 

not account for possible vapor flow. It has been argued that vapor flow may be 

signiflcant, especially under the dry soil conditions that are often found in semiarid 

areas (Noy-Meir, 1973). However, according to Scanlon and Milly (1994), the upward 

flux of water is vapor dominated only in the top several millimeters of the soil during 

periods of evaporation in a numerical simulation of a Chihuahuan desert site that 

included liquid and vapor fluxes. Their results showed that water fluxes in the upper 

0.3 m of the soil were dominated by both upward and downward liquid fluxes. Below 

this upper layer, vapor fluxes forced downward by thermal gradients again dominated, 

but the amount of water that moved in this way was extremely small relative to fluxes 

in the upper 0.3 m. Other modeling studies which did account for vapor movement 

have shown little improvement in their prediction of soil water redistribution in dry 

soils (Hanks et al., 1967; Jackson et al., 1974). As will be shown in this paper, 

HYDRUS with calibrated model parameters can capably model the observations (as 

quantified by low root mean square errors). While this does not justify neglecting 

vapor flow, it does imply that an isothermal model can be configured to compensate 

for any vapor flow that might be occurring, at least in most of the cases presented 

herein. As an exception, the model was less capable of representing soil drying in the 

drier winters. This weaker performance might be linked to the neglecting of vapor 

flow and we discuss this in further detail below. 
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C.3.2 Parameter Specification 

C.3.2.1 Pedotransfer Functions 

Specifying parameters in physically-based soil water models often involves an at

tempt to make detailed measurements using laboratory and/or field techniques. Lab

oratory measurements might include estimating soil model parameters by fitting the 

model to a laboratory measured soil water characteristic curve (van Genuchten et ai, 

1991) and using the constant head method for estimating saturated hydraulic con

ductivity (Klute and Dirksen, 1986). Field parameter estimation techniques include 

disk permeameter measurements of zero- or moderate-tension hydraulic conductivity 

and simultaneous (Green et aL, 1986), in situ measurements of water content and 

matric head to develop a soil water characteristic curve which is later fit with the 

parameters of a soil water model (e.g., Kemp et al., 1997). Using either laboratory 

or field approaches, measurements are needed for each distinct layer of soil in the 

profile if the soil profile is heterogeneous (often the case at natural sites). If such 

measurements are available, the estimated parameters are used in the model, sim

ulations performed, and results compared against observations. Seldom is rigorous 

model calibration made to improve the simulated results. 

Another approach for estimating model parameters is to use more readily obtain

able soil information (such as soil texture, % sand/silt/clay, bulk density, organic 

matter, and pomts on the soil characteristic curve, etc.,) and to relate these via a 

regression model to the parameters used in the model (in our case, the van Genuchten 
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parameters). Such descriptive data may be available from sources like the USDA-

National Resource Conservation Service's National Soil Characterization Database 

(http:/ /www.statlab.iastate.edu/ soils/ ssl/natch_data.html). Regression models that 

relate this more common soil information to soil hydraulic parameters are referred to 

as pedotransfer functions. They can be as simple as linear regression models or as 

complex as neural networks (e.g., Rawls and Brakensiek, 1985; Schaap et al., 1998). 

Prior to making an effort to calibrate the model ( discussed below), we assessed 

HYDRUS's ability to simulate the observed profiles using parameters developed from 

measurements. Although soils data from each individual TDR profile was not avail-

able, we did have USDA-NRCS data from two described trenches located near the 

Kendall and Lucky Hills study sites. We used these data (given in Table C.l) in 

the hierarchical neural network of Schaap et al. (1998) to obtain relevant model 

parameters for each of the soil layers. (We used a pre-release version of M. Schaap's 

ROSETTA model). Since there was a large fraction of course fragments in the profile-

a measurement that is not accounted for in this neural network- we adjusted the re-

sultant residual water content, Br, and saturated water content, Bs, using the relation 

given by Bouwer and Rice (1984): 

(C.4) 

where the asterisk indicates of water content obtained from the neural network. V 1 

is the volume fraction of course fragments greater than 2 mm, calculated by: 

(C.5) 

http://www.statlab.iastate.edu/soils/ssl/natch-data.html
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where W1 is the weight fraction of course fractions , Pb is the bulk density of the 

field soil including particles greater than 2 mm, p2mm is the mass of particles greater 

than 2 mm divided by the volume of particles greater than 2 mm. We assumed that 

p2mm = 2.65 g cm3
. Additionally, the saturated hydraulic conductivity of the gravelly 

field soil , Ks , was computed from the estimated conductivity of the soil alone, K; , 

following Brakensiek et al. (1986) from: 

(C.6) 

The parameters calculated from the pedotransfer functions of Schaap et al. (1998) 

using the input data given in Table C.1 and Equations C.4-C.6 are given in Table 

C.6. The simulated profiles given with these parameters are compared with those 

using calibrated parameters in Section C.4. 

C.3.2.2 Calibrated Parameters 

Model calibration combined with parameter estimation techniques can be used 

to define model/soil parameters as an alternative to estimating them directly from 

field or laboratory techniques. (A review is given by Kool et al., 1987.) This ap

proach typically involves the coupling of a variably saturated flow model with a 

parameter optimization algorithm. Parameter estimation techniques were first used 

in conjunction with laboratory experiments where the homogeneity of the soil and 

the initial and boundary conditions are controlled ( e.g. , Kool et al., 1985; van Dam, 

1992, 1994; Eching and Hopmans, 1993; Ciollaro and Romano, 1995; Santini et al, 
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1995; Simunek et al. , 1998). Soil heterogeneity and uncertain initial and bound

ary conditions complicate the application of parameter estimation techniques to field 

conditions. Examples of field applications include: the instantaneous profile method 

(Dane and Hruska, 1983) , water flow into a tensiometer (Timlin and Pachepsky, 

1998), disk infiltrometers (Simunek and van Genuchten, 1996, 1997) , the extraction 

method (Inoue et al. , 1998) , and cone penetrometers (Gribb, 1996; Simunek et al. , 

1999) 

Calibrating soil water models using field observations under natural conditions 

is not yet a common practice. On the other hand, the literature on calibrating 

other types of hydrologic models is extensive (see Gupta et al., 1998 for review) , 

and research has led to the development of sophisticated population-evolution-based 

search strategies. The shuffled complex evolution method (SCE-UA: Duan et al. , 

1992) has proven consistent, effective, and efficient in locating globally optimal values 

for model parameters in hydrologic models (e.g. , Thyer et al., 1999). The ability 

to determine a global minimum is directly related to the number and quality of 

the calibration data points (Sorooshian and Gupta, 1983). Also, in the case of the 

present study, increasing the number of soil types, Nsoils, in the model results in 

more model parameters to calibrate. As the number of parameters increase, finding 

a unique parameter set that defines a true, global minimum can be difficult, if not 

impossible. Thus, our approach sought to limit the number of soil layers in the 

profile. In reality, Table C. l infers that the soil profiles are more complex than a 
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system composed of only two or three layers. Consequently, the resulting calibrated 

parameters for the soils in the modeled profile are best interpreted as being effective 

values of the heterogeneous field parameters that optimally reflect the soil texture 

and structure properties (e.g., preferential flow paths) which actually control the soil 

moisture redistribution process. 

We calibrated the parameters for HYDRUS using a single objective function. 

Specifically, the results of each 8-winter simulation were evaluated by comparing the 

daily average, model-computed volumetric moisture, Bmodel , with the TDR-measured 

soil moisture, BrnR , for each level and on each day for which observations were avail-

able. We defined a single objective function , namely the total root mean square errors 

function for all layers, RMS. It is given by: 

[ 

N N ] 0.5 1 day lev 

RMS= N * N I: I: (e{Model - e{rnR)
2 

day Lev i=l j=l 

(C.7) 

where Nday is the number of days for which observations exist, and Ntev is the number 

of levels where TDR measurements were made. (At Lucky Hills, Nday = 65. At 

Kendall , Nday = 62.) Consequently, the optimization problem is to find the set of 

model parameters for the selected number of soil layers, N soils, which minimize the 

objective function defined in Equation C.7. 

In practice, we determined the number of soil layers in the model by first modeling 

the system with a single soil layer. After this calibration, we reviewed the model 

performance at each observation level along with the profile data in Table C.1 and 

included one, then eventually, two more additional layers in the model to account for 
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significant discrepancies between the observations and the model at certain depths in 

the profile. Additional layers were included in a manner consistent with the described 

soil horizons in Table C.6. The resultant optimized soil profile at Lucky Hills consisted 

of the major soil horizons (A-EB, BK, and 2BtK) at 0 - 0.04, 0.04 - 0.36, and 0.36 

- 2.0 m indicated in Table C.6. For Kendall, the three soil horizons (consistent with 

the A, BT and 2CK horizons) were prescribed at 0 - 0.04, 0.04 - 0.62 and 0.62 -

2.0 m. For the calibrations using just one or two soil layers, we prescribed Br to be 

0.01 less than observed minimum volumetric soil moisture to reduce the number of 

optimized parameters. For our final three layer calibrations, we prescribed both 9r 

and 93 using the information in Table C.6 and thereby limited the parameter set to 

9 (q, n, and Ks for each soil). The parameter values were limited to the range for 

the parameters presented by Carsel and Parrish (1988), who presented the calculated 

values of the van Genuchten parameters and saturated conductivity for a wide range 

of soils. These limits were: 0.5 < Ks< 700 cm day~S .005 < a < .15 cm~S and 1.1 < 

n < 2.7. In the following section, we discuss the site-specific results. 

C.4 Results and Discussion 

C.4.1 Field/Laboratory Parameters 

We first developed two baseline runs (one at Lucky Hills and another for Kendall) 

by running HYDRUS with the soil layering and parameters given in Table C.6. These 

runs were used to evaluate the approach of using available soil data along with pedo-

transfer fimctions when simulating observed profiles. Poor simulation of observations 
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could imply either that the observations were in error, that the profiles where the 

TDR measurements were made were different to the nearby profiles described by 

the NRCS, and/or that the pedotransfer fimctions of Schaap et al. (1998) used in 

companion with Equations C.4-C.6 are invalid. 

As described in Section C.2, HYDRUS was run over eight November through 

February winter periods between 1990 and 1997 with the initiation to the first Novem

ber observation each year. In fact, some of the residual water contents, dr, given in 

Table C.6 are greater than the minimum observed at certain levels. In these cases, 6^ 

was set equal to 0.01 m^ m~' less than the minimum observation. The results of the 

Lucky Hills simulation using the prescribed parameters are summarized in Table C.6 

in terms of the root mean square (RMS) error and the coefficient of determination, 

of the model output relative to observations for each observation level, and the 

value of the objective function, or total root mean square error for all levels. In gen

eral, the model was able to simulate the profile fairly well; RMS errors for each level 

ranged from 0.015 to 0.046 m^ m~^ and the coefficient of determination ranged from 

0.54 to 0.90. Overall, the RMS error for this run was 0.0329 m^ m"^. Although not 

shown, we mention that the model seems to be less able to simulate the drier winters 

of 1993/94 and 1995/96 than in the other years, especially in the middle levels. 

Table C.6 summarizes the results of the simulation of the soil profile under grass 

at Kendall using the parameters given in Table C.6. It is apparent that at this site 

the prescribed parameter approach gives a poorer model performance, relative to the 
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Lucky Hills simulation. The higher RMS errors and lower values in Table C.6 

confirm this. The total RMS objective function value of 0.0433 m^ m~^ is indicative 

of the poor result. Remarkably, the best agreement between the model and the 

observations for both simulations is at the deepest observation level, but this is likely 

a chance result. .A.bove 0.75 m, the model results clearly differ from observations. 

In summary, the results for this preliminary study suggest that the traditional 

approach to prescribing model parameters based on pedotransfer functions worked 

reasonably well for the Lucky Hills site but performed worse for the Kendall site. 

Assuming that the errors in the observations were not systematic (arguably, the 

errors in the TDR observations for one average profile might be assumed equal to the 

errors for another profile) and that the pedotransfer approach is not biased toweird 

particular types of soils (there is no bias reported in Schaap et ai, 1998), it seems 

plausible that profile heterogeneity (the differences in one profile to the next) was 

greater at Kendall than at Lucky Hills. In other words, the pit description at Kendall 

is not as representative of all the profiles at the site as that at Lucky Hills. (Note: 

this conclusion is consistent with the recollection of one of the authors [T. 0. Keefer] 

who remembers that particular strata in the profiles differed in vertical depth from 

one TDR trench to the n»ct.) 

C.4.2 Calibration Results 

We explored whether the performance of HYDRUS can be improved by model 

calibration using the shuffled complex evolution algorithm (SCE-UA) of Duan et d. 
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(1992). Prior to using SCE-UA, we attempted to use the simplex algorithm of Nelder 

and Mead (1965). However, despite many random, re-starts of the model, the sim

plex algorithm always resulted in a finding a higher (local) minimum on the error 

function response surface than the minimum found by SCE-UA. 

As the number of calibration parameters in the model increases, the harder it is 

to find a true, global minimum. As described earlier, we sought to reduce the total 

parameter space by limiting the number of different soil types to two or three and by 

prescribing the residual water content. Or, and the saturated water content, dg, to the 

average value for the given horizon listed in Table C.6. If the minimtun (maximum) 

water content was observed to be less (greater) than this average value then it was 

prescribed to be 0.01 m^ m"^ less (greater) than the minimum (maximum) observa

tion; thus, the parameter set was reduced by 2 per soil tjrpe. Prescribing dr was also 

suggested by Zurmuhl and Dumer (1998) and Simunek et al. (1998), who found their 

optimizations least sensitive to this parameter. With three soil layers there are nine 

unknowns, and the SCE-UA algorithm made approximately 6000 objective function 

evaluations prior to finding a minimum with a 1% stopping criteria. Each objective 

function evaluation which was 960 simulated days long took approximately lOOK to 

200K iterations of the variable time step model and around 1.2 minutes (real time) 

on a SUN UltraSPARC server running at a 336 MHz clock rate. This resulted in 

a total of about 5 days (real time) for the algorithm to finish. The determination 
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of unique parameters for a layered profile also can be made difficult due to parame

ter interaction/correlation. We performed some preliminary numerical experiments 

to determine how identifiable the parameters &om a single-layered, double-layered, 

and triple-layered system using a 14-day sampling of water content at seven vertical 

nodes. For all three systems, the optimization routine was able to determine the true 

parameters to within a very small limit. 

Figure C.3 presents the results after calibration for soil profile under shrub at 

Lucky Hills. The root mean square error, RMS, and the coefficient of determination, 

, for each level and the value of the objective function are given in Table C.6. The 

calibration gives an improved model performance relative to the simulation without 

calibration (both simulations performance are presented in Table C.6). Calibration 

improved the total RMS error from 0.033 to 0.024 m^ m~^. Soil in the upper model 

layers do not track well the observed dry-down during the dry winters of 1993/94 

and 1995/96. This inability of HYDRUS to dry out the surface soil with already 

low moisture contents resulted from the model's top soil node quickly reaching its 

minimum pressure head (as defined by HA given in Equation 3) within a few days after 

wetting. Bare soil evaporation is not allowed at this limit. Simply decreasing the 

already very low value of the minimum pressure head did not increase the bare soil 

evaporation since the conductivity is too small to conduct significant upward water 

flow at these very high capillary presstires. The inclusion of vapor flow for these 

occasions might improve the model performance. As an alternative ^lanation, a 
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small amount of root water uptake (also neglected in these simulations) could be 

contributing to the drying out of the soil profile during these warmer winter periods. 

The values of the final calibrated soil parameters at this site are listed in Table C.6. 

Figure C.4 gives the calibration results for the grazed grass site at Kendall. Cali

bration resulted in substantially better model performance though the profile is too 

dry at lower levels in 1991/92 and 1997/1998. At Kendall, three layers were needed 

corresponding to a less permeable soil horizon between more permeable layers above 

and below. The R^IS and B? values for each level along with the total objective 

function value are given in Table C.6. RMS errors ranged from 0.020 to 0.034 m^ 

m~^ at each level and the total RMS error was substantially improved (relative to 

the prescribed parameter approach) from 0.0433 to 0.0239 m^ m~^. This overall 

goodness-of-fit is nearly equivalent to that found at Lucky Hills. . 

A visual comparison of the calibrated parameter and pedotransfer approach is 

given in Figiire C.5 to complement the numerical comparison given Tables C.6 and 

C.6. Figure C.5 compares the model output of volumetric soil moisture from the 

two approaches versus observations for three consecutive winters at the Kendall site. 

For the wetter winter of 1992/93 and 1994/95, the improvement due to using the 

automatic calibration approach is dramatic. Not surprisingly, the differences are less 

obvious in the dry winter of 1993/94, when there is not enough precipitation input 

to sufficiently activate the states in the model that are sensitive to the chosen model 

parameters. 
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The calibrated parameter values are presented in Table C.6. They differ consid

erably from the pedotransfer-derived values (Table C.6). At Lucky Hills , the upper 

layer Ks is unexpectedly low, even though the large a and the soil textural data 

indicate a sandy soil. This low value for Ks in the model might be compensating 

for the precipitation input , which was defined by the nearby gage. In reality, some 

portion of the precipitation would be intercepted in the shrub and shrub litter above 

the profile though this was not accounted for in the model. Below this upper layer, 

the calibrated parameters Ks and a values follow a trend similar to Table C.6 pa

rameters (K s and a decrease with depth and moving into the finer textured soil). 

For Kendall , the pit description (Table C. l) indicates finer textured (less permeable) 

layers bounded by courser textured soils above and below. The calibrated hydraulic 

conductivities (Table C.6) seem consistent with this description. The saturated hy

draulic conductivity at the lowest layer seems dramatically higher than those at the 

layers above it. This is probably a compensation for the lowest layer being too dry. 

Not enough water is getting past the second layer to account for the observed increase 

in water content at the lowest level. Thus, the model tries to compensate by making 

the lowest level very permeable. The calibrated a's seem to follow the same trend 

as those in Table C.6, but the range of values is much larger. For both Kendall and 

Lucky Hills, the shape parameter, n, does not appear to follow any trend. The cali

brated a values for the uppermost layer at both sites were near the boundary for the 

range of acceptable values in the optimization (.005 < a < .15 cm- 1 from Carcel and 
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Parrish [1988]). An increase in this upper boundary did result in calibrated values 

which higher than 0.15 cm-1. 

Analyzing the results from optimization simulations, it was apparent that there 

are a number of parameter sets, which would result in objective function values very 

close to the minimum that resulted from using the parameters in Table C.6. The 

progression of the SCE-UA algorithm's search indicates that the shape parameter, n, 

was the most quickly determined parameters in the search, which is an indication that 

the model was more sensitive to it . However, the algorithm took a much longer time 

to identify an optimal a and to an even greater extent , Ks· Although further research 

into parameter identification and the limitations of this approach is warranted, these 

results are consistent with our preliminary numerical experiments. Simunek et al. 

(1998) also found that their optimizations were most sensitive to n and Bs and much 

less sensitive to a and especially, Ks· They obtained relatively large differences in 

calibration-derived Ks versus that obtained from the laboratory estimation technique 

(Wind 's method). Zurmiihl and Durner (1998) also indicated that the determination 

of Ks was subject to great uncertainty due to its lower sensitivity. In contrast, Gribb 

(1996) in determining hydraulic properties from cone penetrometer data, showed 

that inverse solution was most sensitive to Ks and a and least sensitive to B s and 

n. This range of sensitivities summarized above is largely dependent on the type of 
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simulation, the data, and the chosen objective function; thus, each type of soil model 

application will likely show di£Eerent parameter sensitivities. 

C.4.3 Wintertime Soil Moisture Water Balance 

Successful calibration of HYDRUS allows us to have confidence in the use of the 

model to quantitatively estimate the root zone recharge during the winter months. In 

this section, we determine how much recharge occurred in the November to February 

wintertime period each year and how this recharge was distributed in the soil profile. 

This amount, and its distribution, is the water source available to plants adapted to 

take advantage of it. Ultimately, the ratio of deep to shallow rooted plants, if such 

stratification in species exists in a peirticular ecosystem, should be correlated with 

the ratio of deep to shallow recharge. 

For each calibrated simulation presented in Section C.4.2, the amount of accumu

lated recharge (after evaporation loss) was computed for the intervals of 0 - 0.1 m, 

0.1 - 0.24 m, 0.24 - 0.5 m, and .5 - 2.0 m each winter. Figure C.6 illustrates recharge 

for the Lucky Hills profile. The total precipitation and model-computed evaporation 

for each winter is also written in this figure below the bars. During the wet winters 

of 1992/93 and 1994/95, a substantial proportion (> 60 mm) of the precipitation per

colates to depths greater than 0.25 m while only ~10 - 20 mm are recharged below 

0.24 m in the moderate winters of 1990/91, 1991/92 and 1997/1998. As expected, 

the dry winters of 1993/94 and 1995/96 have negligible recharge or even a net loss 

of water from the soil profile. In this semiarid environment, wintertime evaporation 
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is still significant with around 75 to 100% of the winter precipitation (less for high 

precipitation years) returning to the atmosphere via bare soil evaporation. 

Figure C. 7 illustrates the recharge at the Kendall site ( wintertime precipitation 

and evaporation totals are given below the bars) . The Kendall site received more 

precipitation than the Lucky Hills site and the atmospheric demand was less due to 

being at a higher elevation. Not surprisingly therefore, Figure C. 7 shows that recharge 

was greater than at Lucky Hills with substantially more accumulated recharge below 

0.24 m in the wetter-than-normal winters of 1992/93 and 1994/95. Total evaporation 

at the Kendall site was sometimes less that that at the Lucky Hills site, especially in 

1990/91 and 1997 /98. The parameters for the top layer at the Kendall site combine 

to allow more rapid water movement to depth, thereby inhibiting subsequent soil 

evaporation. 

Figures C.6 and C. 7 show that although significant recharge to deeper levels in 

the soil profile occurs, the amount of deep recharge varies from year to year. The 

high variability in the winter rains between 1990 and 1998 is consistent with the 

variability observed in the longer term record of 1964 - 1994 given in Table C.6. 

Although the recharge will be advantageous to plants that have deeper roots and 

can be active during the cooler temperatures of spring (i.e., C3 shrubs), these species 

must also be able to access shallow summer moisture when winter rains fail to produce 

recharge. A plant that only had access to soil moisture deep in the profile would face 

certain mortality given the observed interannual variability in winter recharge. Thus, 
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the type of bifurcation in root water extraction seen by Ehleringer et d. (1991) in 

the high desert communities in Utah is not likely to be occurring at these southern 

Arizona sites. Kemp (1983) came to similar conclusion at a Chihuahuan desert site, 

where it was found C3 shrubs and CAM shrubs, which were primarily active in 

spring or autumn, would also utilize and compete for summer precipitation with the 

dominant C4 grasses. 

Finally, we compared the pre-winter and post-winter soil moisture profiles to de

termine the approximate depth of wetting that occurred each winter. We note that 

these computed moisture front depths are under the assumption of a homogeneous 

soil below the lowest observation level. Both the Lucky Hills and the Kendall profiles 

showed similar depths of wetting. During the drier winters of 1993/94, 1995/96, and 

1996/97, the region of active change in soil moisture was confined to the top 0.3 

m. The moisture front penetrated to around 0.6 - 0.9 m in 1990/91, 1991/92, and 

1997/98, and to about 1.3 m in the wet winters of 1992/93 and 1994/95. However, 

even the 1990/91, 1991/92, and 1997/98 winters had greater than average rainfall 

(see Table C.6). Consequently, it is expected that during average winters the profile 

wetting is confined to the top 0.5 m of soil. Root distribution data at both sites is 

consistent with this (M. Weltz, USDA-ARS, Tucson personal data/communication 

and Cox et al., 1986). While some roots are found down to 1.5 m, the majority of 

the roots (80 - 90 % of the total roots in one profile) are confined to the upper 0.5 

m of soil. 
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As mentioned in Section C.2, the wintertime precipitation and the resultant root 

zone recharge appears highly correlated with El Nino/La Nina cycles. With the 

exception of the 1995/96 and 1996/97 winters, all the winters examined in this study 

were preceded by weak to strong El Nino episodes. Except for 1993/94, precipitation 

was higher-than-normal (and recharge was often greater) during these winters. If 

wintertime precipitation is indeed linked to C3 shrub growth ( e.g., Cable, 1980; Kemp, 

1983), this period with its enhanced root zone recharge could likely contribute to 

an acceleration of the already ongoing shrub invasions of southwestern grasslands 

(Cox et al., 1983; Grover and Musick, 1990). This link is intriguing and could have 

important implications in the management of rangeland resources, but more data is 

needed before such a link can firmly be established. 

C.5 Summary 

This paper has examined the soil moisture redistribution patterns at two different 

sites in semiarid, southeastern Arizona. Wintertime root zone recharge was examined 

in further detail to determine if deeper root zone recharge might be an important 

process in this region. The 1-D, Richards' equation-based, soil water model, HY

DRUS, was used to model intermittent observations of soil moisture status during 

the November through February periods in the years 1990 to 1998. The two pro

files were modeled by using two different sets of parameters. The first was derived 

from available soils data and pedotransfer functions, while the second was found 
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by calibration using the automatic parameter search algorithm, SCE-UA. Calibra

tion resulted in improved model performance, relative to the traditional prescribed 

parameter approach. The results of this paper suggest that using an automatic cali

bration approach can be very usefiil for improving soil water simulation performance, 

but that further research should be carried out to determine the limits of parameter 

estimation in heterogeneous field applications. 

It was found that there is substantial vadose zone recharge during wetter-than-

normal winters. Modeled moisture fronts moved as far as 1.3 m depth during these 

years. However, the fact that the long-term variability of wintertime precipitation is 

quite high in this region means that deeper-profile recharge is not reliable even during 

the limited (1990 -1998) period of study. Hence, we infer that some plants in this 

region would have the ability to access this substantial source of water in the spring 

growing season, but that sole reliance on deeper root zone moisture seems unlikely. 
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Table C.1: USDA-NRCS soil profile data for pedons at the Lucky Hills and Kendall 
study sites. 

Site Horizon Depth Clay Silt Sand CF" Bulk (} at (} at 

(cm) (%) (%) (%) (%) density 33kPa 1.5MPa 

(g cm- 3 ) (cm3 cm- 3 ) (cm3 cm- 3 ) 

Lucky A 0-2 10.8 20.9 68.3 59 NA NA 6.6 
Hills EB 2-4 12.8 25.2 62 55 1.35 18.4 7.7 

BKl 4-24 16.9 25 58.l 58 1.19 22.9 10.1 
BK2 24-36 19.6 29.7 50.7 46 1.25 21.3 10 
2BtKl 36-46 21.9 36.7 41.4 33 1.23 20.7 12.5 
2BtK2 46-109 21.2 27.3 51.5 8 1.66 13.4 9 
2BtK3 109-138 59.6 22.8 17.6 16 1.54 31.2 22.2 
3BtkM 138-170 23.8 31.1 45.l 70 1.32 23.3 9.9 

Kendall A 0-4 15.8 16.9 67.3 64 1.26 23.9 7.5 
BTl 4-9 28.7 10 61.3 43 1.41 22.7 13.5 
BT2 9-16 44.2 13.2 42.6 44 1.48 28.1 16.3 
BT3 16-35 45.9 10.8 43.3 53 1.41 32 17.4 
BT4 35-62 28.8 14.5 56.7 32 1.56 26.5 11.9 
2CK 62-150 11 21.8 67.2 45 1.38 21.9 6.7 

a Course fract10n > 2 mm by weight 

Table C.2: 1964 - 1994 average and standard deviation (in parentheses) of annual, 
monsoon, and winter precipitation for the Lucky Hills and Kendall study sites. Values 
are given in millimeters. 

Site Annual Jul. - Sept. Nov. - Feb. 
Lucky Hills (gage #80) 338 (91) 200 (69) 80 (55) 
Kendall (gage #68) 351 (77) 200 (58) 86 (58) 
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Table C.3: Soil model parameters derived from soil data in Table C.l and the neural 
network model of Schaap et al. (1998). Adjustments to Ks, Br and Bs were made 
according to Equations 4-6. 

Site Layer Depth Q n Ks Br () s 

(cm) (cm- 1 ) (cm day- 1 ) (cm3 cm-3 ) (cm3 cm-3 ) 

Lucky Hills A 0-2 0.033 1.41 17.0 0.024 0.215 
EB 2-4 0.022 1.46 25.3 0.031 0.263 
BKl 4-24 0.017 1.46 31.2 0.038 0.292 
BK2 24-36 0.013 1.48 21.1 0.046 0.324 
2BtKl 36-46 0.009 1.53 18.9 0.057 0.371 
2BtK2 46-109 0.022 1.31 6.7 0.051 0.336 
2BtK3 109-138 0.018 1.23 5.1 0.086 0.396 
3BtkM 138-170 0.012 1.48 6.0 0.033 0.206 

Kendall A 0-4 0.024 1.45 31.1 0.031 0.248 
BTl 4-9 0.022 1.36 18.7 0.054 0.313 
BT2 9-16 0.022 1.25 7.2 0.061 0.302 
BT3 16-35 0.023 1.26 8.5 0.058 0.286 
BT4 35-62 0.023 1.29 8.7 0.054 0.310 
2CK 62-150 0.028 1.47 36.9 0.032 0.289 

Table C.4: Lucky Hills shrub profile simulation performance. Root mean square error 
(RMS) and the coefficient of determination, R2 [in brackets], for each observation level 
in the profile. 

Simulation with Depth of Observation [m] Total 
parameters from: 0.05 0.10 0.12 0.15 0.20 0.30 0.50 RMS 
Table C.6 0.046 0.030 0.030 0.033 0.041 0.025 0.015 0.0329 

[0.54] (0.59] [0.65] (0.68] (0.65] (0.73] [0.90] 
Calibration 0.030 0.026 0.016 0.022 0.031 0.021 0.013 0.0237 

[0.71] (0.77] [0.85] (0.83] (0.80] (0.81] (0.89] 
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Table C.5: Kendall grass profile simulation performance. Root mean square error 
(RMS) and the coefficient of determination, R2 [in brackets], for each observation 
level in the profile. 

Simulation with Depth of Observation [m] Total 
parameters from : 0.05 0.10 0.15 0.20 0.25 0.30 0.50 0.75 RMS 

Table C.6 0.038 0.040 0.051 0.050 0.039 0.048 0.050 0.022 0.0433 
[0.52] [0.74] [0.81] [0.87] [0.84] [0.87] [0.70] [0.68] 

Calibration 0.020 0.034 0.020 0.021 0.020 0.020 0.029 0.023 0.0239 
[0.81] [0.90] [0.95] [0.96] [0.94] (0.98] [0.85] [0.65] 

Table C.6: Calibrated soil model parameters using SCE-UA algorithm for the Lucky 
Hills and Kendall profiles. Br and Bs were fixed, and a, n, Kb were found by opti
mization. 

Site Depth a n Ks Br Bs 
(cm) ( cm-1) (cm day-1 ) (cm3 cm-3 ) (cm3 cm-3 ) 

Lucky 0-4 0.148 1.31 3.2 0.002 0.23 
Hills 4-36 0.066 1.50 143.7 0.004 0.30 

36-200 0.141 1.45 95.1 0.04 0.36 

Kendall 0-4 0.147 1.12 22.1 0.03 0.25 
4-62 0.013 1.12 12.9 0.06 0.34 

62-200 0.073 1.25 140.3 0.03 0.28 
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Figure C.l : The Walnut Gulch Experimental Watershed of southeastern Arizona 
and the two study sites where the soil moisture observations were made. The shrub
covered profile was made from three trenches at Lucky Hills in the mixed, desert 
shrub community. The other profile was the grass-covered profiles made at three 
trenches nearby the Kendall study site, which is in the grassland community. 



151 

(a) Lucky Hills (b) Kendall 
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Figure C.2: (a) Average TDR observations of volumetric soil moisture at 0.1 , 0.3 
and 0.5 m depth for the shrub-covered profile at the Lucky Hills study area for the 
years 1990 through 1997. Deeper wetting occurs primarily during the wetter winter 
years. (b) Average TDR observations of volumetric soil moisture at 0.1 , 0.3 and 0.5 
m depth for the grass covered profile nearby the Kendall study area for the years 
1990 through 1997. Results are similar to the observations at Lucky Hills, but the 
changes in soil moisture are more pronounced. 
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Figure C.3: Lucky Hills simulated (solid line) versus observed (x's) volumetric soil 
moisture, e, at different depths for the winter months of November through February 
for the eight winter periods of 1990 - 1997. This simulation used the parameters de
rived from calibration that minimized the squared differences between the simulated 
and observed values. RMS errors and the coefficient of determination for each level 
are given in Table C.6. 
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Figure C.4: Kendall simulated (solid line) versus observed (x's) volumetric soil mois
ture, () , at different depths for the winter months of November through February for 
the eight winter periods of 1990 - 1997. This simulation used the parameters derived 
from calibration that minimized the squared differences between the simulated and 
observed values. RMS errors and the coefficient of determination for each level are 
given in Table C.6 
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Figure C.5: 1992/93, 1993/94, and 1994/95 wintertime volumetric water content 
for the simulation using parameters determined by calibration (solid line) and the 
simulation using parameters determined by pedotransfer functions ( dashed line) at 
the Kendall site. Each TDR observation is indicated by an "X". The multi-parameter 
calibration improved the total root mean square error between the simulated and 
observed water content from a value of 0.043 to 0.024 m3 m-3 (see Table C.6). 
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Figure C.6: Accumulated 1990 - 1997 winter-recharged, soil moisture [mm) over the 
profile depth intervals of 0-0.1 , 0.1-0.24, 0.24-0.5 , and 0.5 to 2.0 m for the Lucky Hills 
profile. Total precipitation [mm) and model computed evaporation [mm) for each 
winter are also given below the bars. 
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Figure C.7: Accumulated 1990 - 1997 winter-recharged, soil moisture [mm] over the 
profile depth intervals of 0-0.1 , 0.1-0.24, 0.24-0.5 , and 0.5 to 2.0 m for the Kendall 
profile. Total precipitation [mm] and model computed evaporation [mm] for each 
winter are also given below the bars. 
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