
UNDERSTANDING THE IMPORTANCE OF ASPECT ON MOUNTAIN CATCHMENT 

HYDROLOGY:  A CASE STUDY IN THE VALLES CALDERA, NM

 

 

By

Patrick D. Broxton

__________________________

Copyright © Patrick Broxton 2008

A Thesis Submitted to the Faculty of the

DEPARTMENT OF HYDROLOGY AND WATER RESOURCES

In Partial Fulfillment of the Requirements

For the Degree of

MASTER OF SCIENCE

WITH A MAJOR IN HYDROLOGY

In the Graduate College

THE UNIVERSITY OF ARIZONA

 

2 0 0 8

  1



STATEMENT BY AUTHOR

 

 

This thesis 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 thesis 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 copyright holder.  

 

 

 

 

 

 

SIGNED: _______________________________ 

             Patrick D. Broxton

 

 

 

 

 

 

 

APPROVAL BY THESIS DIRECTOR

 

This thesis has been approved on the date shown below: 

_____________________________________     ______________ 

        Peter Troch                                                  Date

       Professor of Hydrology

  2

10/15/08



ACKNOWLEDGMENTS

 This research could not have been possible without the help and support of a great many 

people. First of all, I would like to thank everyone who participated in the numerous field visits 

in support of this project. A special thanks goes to Joe Gustafson, William Veatch, and Scott 

Gillmore for collecting samples and servicing field equipment. Also, I would like to thank 

Sharon Desilets for expertise and help with analyzing samples, Steve Lyon for his experience 

and input concerning field work, and everyone else who donated data, expertise, and support for 

this project.  This project also relied on GIS support from Matej Durcik and the numerous 

available Matlab® computer codes which aided in the development of the computer modeling 

portion of this project. Finally, thank you to my committee members, Peter Troch, Paul Brooks, 

and Jennifer McIntosh for aiding in the development of this thesis by providing constructive 

comments, criticisms, and revisions.  Funding for this project was supported by the Center for 

the Sustainability of semi-Arid Hydrology and Riparian Areas (SAHRA) under the Science and 

Technology Center Program of the National Science Foundation (NSF), agreement number 

EAR-9876800.   Additional support came from a small NSF exploratory (SGER) grant (Award 

#0714054). Any opinions, findings, and conclusions or recommendations expressed in this 

material are those of the author and do not necessarily reflect the views of SAHRA, the NSF, or 

the University of Arizona.

  3



TABLE OF CONTENTS

LIST OF TABLES ......................................................................................................................... 7

LIST OF FIGURES ....................................................................................................................... 8

THESIS FORMAT ....................................................................................................................... 10 

ABSTRACT ................................................................................................................................. 11

1.  INTRODUCTION .................................................................................................................. 12

 1.1 The Role of Aspect on Hydrology ................................................................................ 13

 1.2 Transit Times ................................................................................................................ 15

 1.3 Study Site Description .................................................................................................. 18

  1.3.1 Geology and Geography ................................................................................... 18 

  1.3.2 Vegetation and Climate .................................................................................... 19

  1.3.3 Factors affecting Hydrology in the Valles Caldera .......................................... 20

  1.3.4 Land Use .......................................................................................................... 22

2.  PRESENT STUDY ................................................................................................................. 24

 2.1 Conceptual Model ......................................................................................................... 24

 2.2 Description of Research ................................................................................................ 26

 2.3  Conclusions and Implications ...................................................................................... 27

  2.3.1 Hydrologic State and Hydrometric Data .......................................................... 27

  2.3.2 Transit Times and Related Mechanisms ........................................................... 30 

  2.3.3 Modeling Hydrological Dependence on Aspect ............................................... 32

 2.4 Broader Hydrological and Practical Significance ........................................................ 34

3.  REFERENCES ....................................................................................................................... 37

APPENDIX A - MANUSCRIPT FOR: QUANTIFYING THE ROLE OF CATCHMENT 

EXPOSURE ON WATER-RESIDENCE TIMES ........................................................................ 41

! Abstract ............................................................................................................................... 42 

! Introduction ........................................................................................................................ 43

  4



TABLE OF CONTENTS (CONTINUED)

! ! Site Description ......................................................................................................... 46

! Methods and Materials ....................................................................................................... 48

! ! Hydrometric and Isotopic Data ................................................................................. 48

! ! Estimating the Water Residence Time Distribution .................................................. 49

! ! Topographic Analysis ................................................................................................ 52

! Results ................................................................................................................................ 53

! ! Precipitation and Streamflow .................................................................................... 53

! ! Isotopic Data ............................................................................................................. 54

! ! Transit Times and Topographic Investigations .......................................................... 55

! Discussion ........................................................................................................................... 58

! Conclusion .......................................................................................................................... 61

! Acknowlegements .............................................................................................................. 62

! References .......................................................................................................................... 63

 Tables .................................................................................................................................. 68

 Figures ................................................................................................................................ 69

APPENDIX B: DISTRIBUTED LANDSCAPE INVESTIGATIONS ....................................... 77

! Purpose and Scope .............................................................................................................. 77

! Landscape Characteristics .................................................................................................. 78

! Physically Based Model ..................................................................................................... 80

! ! Model Description .................................................................................................... 81

! ! Results and Interpretations ........................................................................................ 84

! ! ! Energy Fluxes .................................................................................................. 85

! ! ! Water Fluxes .................................................................................................... 86

! Conclusion .......................................................................................................................... 88

! Acknowlegements .............................................................................................................. 90

  5



 TABLE OF CONTENTS (CONTINUED)

!

! References .......................................................................................................................... 91

! Tables .................................................................................................................................. 92

! Figures ................................................................................................................................ 95

APPENDIX C: VALLES CALDERA MAPS ............................................................................ 107

APPENDIX D: SAMPLE INFORMATION .............................................................................. 111 

APPENDIX E: STREAMFLOW CALCULATIONS ............................................................... 134

! !

  6



LIST OF TABLES

APPENDIX A:

! Table A1: Sampling Point Characteristics .......................................................................... 68

APPENDIX B: 

! Table B1: Radiative Balance Equations ............................................................................. 92

! Table B2: Energy Balance Snowmelt Equations ................................................................ 93

! Table B3: Water Balance Equations ................................................................................... 94

APPENDIX D: 

! Table D1: Stream Sample Locations ................................................................................ 112

! Table D2: Landscape Characteristics ................................................................................ 113

! Table D3: Filtered Samples .............................................................................................. 114

! Table D4: Unfiltered Samples ........................................................................................... 118

! Table D5: Stream Sample Characteristics ........................................................................ 128

! Table D6: Correlations ...................................................................................................... 129

APPENDIX E:

! Table E1: Flume Site Characteristics ................................................................................ 137

  7



LIST OF FIGURES

2.  PRESENT STUDY

 Figure 1.1: Pictures of Field Site ........................................................................................ 23

 Figure 2.1: Conceptual Model for Research ....................................................................... 25

 Figure 2.2: Map of Redondo Peak Showing Isotopic Information ..................................... 30

APPENDIX A:

! Figure A1: Site Map of the Valles Caldera ......................................................................... 69 

! Figure A2: Precipitation Data Used for Transit Time Calculations .................................... 70

! Figure A3: Snowmelt Data Used for Transit Time Calculations ........................................ 71

! Figure A4: Monsoon Streamflows in the Valles Caldera .................................................... 72

! Figure A5: "2H - "18O Plots for Samples ........................................................................... 73

! Figure A6: Transit Times vs. Various Topographic Indicators ........................................... 74

! Figure A7: Possible Biases Affecting Transit Time Relationships ..................................... 75

! Figure A8: Transit Times Grouped by Aspect .................................................................... 76

APPENDIX B

! Figure B1: Stream Isotopic Variability ............................................................................... 95

! Figure B2: Aspect vs Slope ................................................................................................. 96

! Figure B3: Aspect vs Vegetation ......................................................................................... 97

! Figure B4: Precipitation and Temperature Lapse Rates ...................................................... 98

! Figure B5: Observed Shortwave and Long-wave Radiation .............................................. 99

! Figure B6: Distributed Model Performance ..................................................................... 100

! Figure B7: Solar Insulation Through the Year .................................................................. 101

! Figure B8: Net Radiation During the Winter and Summer ............................................... 102

! Figure B9: SWE and Soil Moisture during 2007 Snowmelt ............................................. 103

! Figure B10: Water Flux Variable Timeseries .................................................................... 104

! Figure B11: Post Snowmelt Cumulative Percolation ....................................................... 105

! Figure B12: Energy and Water Fluxes vs. Aspect ............................................................. 106

  8



LIST OF FIGURES (CONTINUED)

APPENDIX C

! Figure C1: Topographic Characteristics of the Valles Caldera ......................................... 108

! Figure C2: Physical Features of Redondo Peak ............................................................... 109

! Figure C3: Full Valles Caldera Study Site Map ................................................................ 110

APPENDIX D

! Figure D1: Meteoric Lines ............................................................................................... 130 

 ! Figure D2: "18O-"2D Trend-lines ..................................................................................... 131

! Figure D3: Convolution Results ....................................................................................... 132

APPENDIX E

! Figure E1: Flume Pictures and Locations ......................................................................... 138

! Figure E2: Atmospheric Pressure Heights ........................................................................ 139

! Figure E3: Streamflow Timeseries’ .................................................................................. 140

  9



THESIS FORMAT

The format of this thesis is defined by the University of Arizona Graduate College’s 

Manual for Theses and Dissertations.   The first chapter serves as an introductory chapter 

describing the uniqueness and relevance of this research.  The second is a chapter that describes 

the present study that briefly summarizes the findings of the manuscript included in Appendix A 

and the supplemental modeling study that is detailed in Appendix B.  It also discusses the 

conclusions and implications of these findings.  Appendix A is a scientific manuscript that has 

been submitted to Water Resources Research and is awaiting revision.  It presents, in detail, the 

findings that mean transit times may be related to aspect for streams around Redondo Peak in the 

Valles Caldera, NM. It also briefly proposes some explanations for this aspect dependence.  

These reasons are further discussed in Appendix B, which presents results from distributed 

landscape studies involving variations in slope and aspect.  Appendix B both describes simple 

terrain analyses and describes a distributed physically-based model that was developed for this 

research.  Appendices C, D, and E contain additional information that is relevant to this study.  

Appendix C is a collection of maps representing different terrain metrics for the Valles Caldera, 

Appendix D is made up of tables that contain information about sampling, and Appendix E 

contains supplemental information about how streamflows are calculated at a number of flumes 

that were installed in the Valles Caldera.
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ABSTRACT

In surface hydrology, much attention is paid to the effects of changing water fluxes, 

however there is less of a focus on the effects of changing energy fluxes. These energy 

fluxes are an important driver of many hydrological processes such as evapotranspiration 

and snow sublimation/ablation. The hypothesis that varying energy fluxes are important to 

the hydrological features of a catchment is tested by an experiment that involves 

calculating mean transit times for a number of catchments that drain different aspects of a 

large dome located in the Valles Caldera, New Mexico, called Redondo Peak. These 

catchments have different orientations and therefore receive different amounts of solar 

radiation. There is a general correlation between mean transit times, as determined by 

lumped-parameter convolution, and aspect, suggesting that in the Valles Caldera, transit 

times might be affected by a variety of features that are influenced by exposure to solar 

radiation, such as slope steepness, vegetation patterns, and soil depth. To put these transit 

times into context, I also used a distributed physically-based model to simulate a number of 

factors simultaneously to determine how hydrological features are influenced by aspect. 

This modeling excercise has illuminated the aspect-dependence of hydrological features 

such as the timing and intensity of snowmelt and soil moisture patterns, and it has 

quantified differences in energy and water fluxes on different aspects.  These factors affect 

both water storage and water fluxes, and are therefore tied to transit times.
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1.  INTRODUCTION

 Recently, there has been an increasing focus on studying landscapes as single emergent 

units–that is, with the understanding that the hydrology of a region is integrally related to other 

landscape features. Specifically, when dealing with surface hydrology, a stream catchment “is a 

self-organizing system, whose form, drainage network, ground, channel slopes, channel 

hydraulic geometries, soils, and vegetation, are all a result of adaptive ecological, geomorphic, 

and land-forming processes”  (Sivapalan, 2005). Hydrological processes both influence, and are 

influenced by other natural processes, such as landscape evolution, and further, it is difficult to 

decouple these various influences. When comparing hydrologic environments, it is useful to link  

hydrologic features with metrics that are not tied to a particular location. Specifically, surface 

hydrologists study the fluxes of water and energy (mostly in the form of solar insolation) to gain 

a greater understanding of the hydrology of a particular region (e.g. Bertoldi and Rigon, 2006; 

Rigon et al., 2006; Wigmosta et al., 1994).  To accurately characterize the hydrology of a region, 

one must both take into account variations of water as well as energy fluxes. Needless to say, 

water fluxes into and out of a hydrological system are essentially drivers of the system.  

However, energy fluxes also modulate many hydrological processes such as evapotranspiration 

and snow sublimation/ablation. This study will attempt to characterize both these water and 

energy fluxes in the Valles Caldera, located in northern New Mexico, by determining if I can see 

the effects of varying energy inputs on the hydrological features of hillslopes. In addition, it will 
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offer a possible explanation about why hydrological features might be dependent on the energy 

fluxes entering a hydrologic system.

1.1  The Role of Aspect on Hydrology

In effect, varying the slope direction (aspect) is a good way to test for variable energy 

fluxes because the distribution of incoming solar radiation can dramatically change over a short 

distance for differently oriented hillslopes. The effect of aspect on a region’s hydrology is 

especially pronounced in the mid- and high-latitudes, particularly during the winter when the sun 

is lower on the horizon and there is a greater contrast between the energy inputs of north and 

south-facing slopes. For example, the timing and intensity of snowmelt depends on the intensity 

of incoming solar radiation (López-Moreno and Stähli, 2008; Pomeroy et al., 2003), and solar 

intensity can even affect the character of winter snowpacks (Gustafson, 2008) as well as rates of 

sublimation. Further, in many snowmelt dominated systems, snow can account for a high 

percentage of recharge waters, which only strengthens the influence of aspect on hydrology.

Solar insulation is also tied to rates of evaporation and transpiration because the energy 

that is required to evaporate water almost exclusively comes from the sun. On a land surface 

with variable topography, it is the sunny exposures that will dry out the fastest. However, 

evaporation is somewhat complicated because, depending on atmospheric conditions, a portion 

of the incoming energy will be converted to sensible heat (which is the overall warming of the 

land surface) rather than latent heat (which drives evaporation). Heterogeneity of the land 
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surface, both in terms of vegetation type and terrain characteristics, complicates this relation and 

causes many evapotranspiration models to perform poorly (e.g. Gao et al., 2008). Transpiration is 

especially difficult to constrain because in addition to the factors just mentioned, it will also 

depend on soil moisture conditions, vegetation type, and vegetation health (e.g. Lajtha and Getz, 

1993).  

 Aspect can also affect landscape development, which can, in turn, affect many other 

hydrological features.  For example, it has been observed that vegetation structure can change 

dramatically within a short distance between north- and south-facing slopes (e.g. Sternberg and 

Shoshany, 2001).  In New Mexico, this effect can be dramatic, as north facing slopes may be 

densely vegetated, while south facing slopes may be rocky and lack significant vegetation cover 

altogether. In addition, in transition zones between lower elevation deserts and higher elevation 

forests, higher elevation tree species may exist at shaded lower elevation sites (e.g. Woolsey 

1911).  Soils, too, can be affected by aspect in the same way.  For example, Casanova et al. 

(2000) suggest that soil hydraulic conductivities can change for north- and south-facing slopes 

because of differences in soil texture and organic matter contents of the soil.  It has also been 

suggested that soil depth might also be affected by the amount of available energy (e.g. 

Rasmussen and Tabor, 2007).  In general, deeper soils are associated with increased vegetation 

density (e.g. Khumalo et al., 2008). In semi-arid environments, it is generally observed that there 

are deeper soils at higher elevations where there is more vegetation, a result of the higher 

elevations receiving more precipitation, especially in the form of snow.  
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! These properties are directly related to many hydrologic characteristics.  For example, 

increased vegetation might lead to more root water uptake, and increase the total amount of 

evapotranspiration, which decreases the amount of water that the system can store.  Conversely, 

increased soil depth would increase the amount of water that can be stored near to the surface in 

the soils.  Topographically, steeper slopes and shorter underground flowpaths are also thought to 

affect hydrologic characteristics of a region (McGuire et al., 2005).  Specifically, these influences 

are thought to affect the transit time1 of water in small mountainous catchments.

1.2.  Transit Times

! Transit times are an ideal metric to study the affect of landscape characteristics on a 

region’s hydrology because they capture many hydrological features such as the combined 

effects of water storage and water fluxes, both of which are dependent on the landscape features 

listed above. Transit times are generally accepted to represent the age of the water–that is, the 

time that is elapsed between when a water molecule enters a hydrologic system and when it exits 

the system (McGuire and McDonnell, 2006). They are a fundamental descriptor of many 

catchment characteristics such as storage and flow pathways because they are dependent on 

features such as the length of the flow-paths (distance that water must travel underground), the 

amount of water in storage (which affects the turnover time), and of course, how fast the water 
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simplicity, I choose to use the term ‘transit time’ because it is more broadly applicable than ‘residence time’.  For a 

complete discussion of the distinction between the two, see the introductory chapter of appendix A.



moves in the subsurface. In addition, transit times can be used to understand how the hydrologic 

system as a whole responds to hydrologic inputs.

 Although there is a long tradition to quantify transit times of surface and ground water, 

there has been a resurgence of transit times studies in recent years, especially concerning 

catchment and hillslope waters.  They pose the question: what does the characteristic transit time 

distribution (the distribution of transit times for all water molecules) for a certain catchment look 

like and why? Previous studies that have addressed this issue have found that 1) it usually takes 

months for water to completely flow through small catchments (Rhode et al., 1996) and 2) that 

transit times within steep catchments depend on their internal topography–specifically the length 

that water flows in the subsurface, as well as its gradient of flow (McGuire et al., 2005). These 

studies, and many others like them, use mathematical convolution to compute transit times.

This method is popular for a number of reasons. First, the distribution of transit times given by 

the convolution method describes the flow pathways of a system (McGuire and McDonnell 

2006).  In addition, it is well suited for poorly instrumented catchments because it is minimally 

parameterized and does not require a large amount of detailed information. Finally, by varying 

the response function, it can represent a various degrees of mixing of catchment waters (Amin 

and Campana, 2006). 

 Understanding transit times is also practical in a number of sub-disciplines in hydrology. 

For example, the time that water spends in the subsurface influences biogeochemical cycling and 

microbial processes (e.g. Murphy and Ginn, 2000), and controls the extent to which reactions 

will occur underground (Reddy et al., 2006, Scanlon et al., 2001). There is also a relationship 
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between transit times and the development of catchment pedology as they affect rates of 

geochemical weathering and soil development (e.g. Burns et al., 2003; Evans and Banwart, 2006; 

Strudley and Murray, 2007). In addition, they can affect catchment sensitivity to anthropogenic 

inputs and land-use change, such as forest fires or clear-cutting.

 In the present study, I examine hillslope water transit times (the time that is elapsed 

between when precipitation falls on a hillslope and when it emerges into a stream) using stable 

isotopes of water in light of these various landscape features to 1) test if the aspect control on 

hydrology can be observed using transit times, and 2) to better understand how and why 

hydrological features such as transit times are dependent on aspect. I have designed an 

experiment that involves calculating mean transit times for a number of streams that flow 

radially outward from a large dome located in the Valles Caldera, New Mexico, called Redondo 

Peak. These catchments receive, on average, different amounts of incoming solar radiation.  

However, because of their proximity to one another on the side of Redondo Peak, the internal 

geology and climate is relatively similar for all catchments.  The majority of this thesis will detail 

my work observing whether there is an aspect control on transit times, however, there is also an 

additional appendix which details terrain analysis and a physically-based model that was 

developed to simulate the aspect-dependence on a number of factors simultaneously and to 

explain the transit time observations further. 
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1.3)  Study Site Description

 This research is conducted in the Valles Caldera National Preserve (VCNP), which is 

located in Sandoval County in northern New Mexico (see Appendix C for area maps). It is 

located in a large (19-24 km wide), nearly circular caldera in the middle of the Jemez Mountains 

called the Valles Caldera, which formed during a major volcanic eruption. In particular, the 

studied catchments are located on the side of a dome in the center of the caldera (Redondo Peak). 

The Valles Caldera is an excellent place to study the effect of aspect on the region’s hydrology 

because of its near circular geometry which exposes all aspects–there are streams flowing in all 

directions, and those catchments receive different amounts of solar insulation. In addition, 

scientific access to the caldera is facilitated by the fact that it is almost entirely located within the 

VCNP, which was purchased by the U.S. government in 2000 (Public Law 106-248, 2000). 

1.3.1 Geology and Geography

 Topographically, Redondo Peak is perhaps the most prominent feature in the Jemez 

Mountains, especially when viewing the range from the south. The summit reaches an elevation 

of 3,432 m, which is over 1,100 m higher than the surrounding caldera floor.  It is part of the 

central resurgent dome in the Valles Caldera, however, it is geologically complex, as there has 

been extensive uplift and faulting in the area since its formation following the caldera-forming 

volcanic eruption ~1.2 Ma (Nielson and Hulen, 1984).  Notably, the resurgent dome is split down 

the center by an apical graben that is associated with the northeast-trending Jemez Fault System.  
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Today, the relatively unfractured southeastern portion of the resurgent dome stands as a 

topographic high and forms Redondo Peak.  Redondo Peak is underlain by densely welded ash-

flow tuffs.  The primary bedrock unit is the upper (Tshirge) member of the Bandelier Tuff, 

however, other volcanic rocks are exposed on portions of the Redondo Peak massif from 

volcanic activity that is as recent as 60 Ka (Reneau et al., 1996, Nielson and Hulen, 1984).  This 

contrasts sharply with the surrounding ‘valles’, which are underlain by thick deposits of poorly 

consolidated lake deposits (Smith and Bailey, 1968).

1.3.2 Climate and Vegetation

 The Valles Caldera has a semi-arid, continental, montaine environment. It is far enough 

south to feel the affects of the North American Monsoon, however, it is also affected by 

wintertime storms from the Pacific Ocean. At nearby meteorological monitoring stations, 

measured annual precipitation varies from about 575 mm at a lower elevation meteorological 

station (Wolf Canyon Met Station) to 725 mm at a higher elevation snotel station (Quemzon 

Snotel), with possibly higher amounts in the vicinity of Redondo Peak.  In the Valles Caldera, 

measurements indicate that about half of this precipitation falls during the winter months, 

primarily as snow, and the rest primarily falls during brief but intense summer thunderstorms that 

are associated with the North American Monsoon.

 Perhaps the most remarkable feature of the Valles Caldera is that it contains nearly 10,000 

ha of high elevation grasslands consisting of various varieties of Fescue, Oatgrass, Bluegrass, 

and in moister areas, Sedges. These 'valles' are normally found on the flat valley floors of the 
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Caldera. These areas are not subject to drier conditions, rather their lack of trees is thought to be 

the result of low minimum temperatures, especially during the summer growing season (Coop 

and Givnish, 2007), which might kill the seedlings of the trees. However, higher elevation 

meadows are thought to be the result of soil drought (Coop and Givnish, 2007).  In between 

these grasslands, there are extensive forests. At the lowest elevations, there is Ponderosa Pine 

(pinus ponderosa) on sunnier hillslopes, with Colorado Blue Spruce (picea pungens) on more 

shaded hillslopes. At higher elevations, the dominant tree species are Douglas Fir (pseudotsuga 

menziesii var glauca), white fir (abies concolor), corkbark fir (abies lasiocarpa var arizonica), 

and engelmann spruce (picea engelmannii) interspersed with a few Aspen stands (populus 

tremuloides). 

1.3.3 Factors affecting Hydrology in the Valles Caldera

 As a result of its location at the southern edge of the rocky mountains, the Valles Caldera, 

like many mountain sites further north, experiences a prolonged snow-covered period with lasts 

approximately from December through April.  However, unlike points further north, the area also 

receives a significant contribution from the North American Monsoon (snowfall only accounts 

for about half of the precipitation that falls in the Valles Caldera, and the monsoon contributes as 

much as thirty five percent of annual precipitation).  Therefore, the site is especially relevant for 

hydrologic studies that involve areas with a bimodal precipitation regime.  The area is also 

hydrologically significant because it is in the transition zone between the rocky mountains and 

the southwestern desert.  Therefore, it is especially sensitive to droughts, and is likely to be 
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sensitive to climate changes as well.

 Today, partly due to the relative youthfulness of the geology of the Jemez Mountains, much 

of the hydrology in the Valles Caldera is controlled by the its geologic structures. This is 

especially apparent from the distributions of the streams, which flow around, and radiate from 

the Caldera’s internal domes. Local faulting also controls the distribution of some of these 

streams. Notably, two of the larger streams in the Redondo Peak area, Redondo and upper 

Jaramillo Creeks, flow within the resurgent dome’s apical graben.  The development of the 

drainage networks are also probably highly influenced by the dense vegetation as well as the 

areas soils, which are relatively deep (for New Mexico) and rich in organic matter.  On the slopes 

of Redondo Peak, soils are composed primarily of well-drained associations including rubble 

land and Mirand Alanos complex (Allen, 1989). These soils are are made up of shallower 

Andisols, Alfisols, and Inseptisols and are mostly derived from the volcanic rocks (Muldavin and 

Tonne, 2003).  In some areas, though, the slopes are steep and the land surface is instead covered 

by rubble piles.  This contrasts greatly with the deep Mollisols that exist in the valley bottoms.  

Such soils are fine, poorly-drained, nutrient-rich, and have a higher amount of organic matter 

(Coop and Givnish, 2007).

 Subsurface hydrology is also considerably influenced by structural characteristics in the 

Valles Caldera.  Notably, local and regional geologic heterogeneity have resulted in numerous 

local groundwater systems (Vuataz and Goff, 1986). Residence times of all of these waters range 

from very old (60-10,000 years for deep cold ground waters and geothermal waters) to very 

young–meteoric waters on the resurgent dome itself (Vuataz and Goff, 1986). There are also a 
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number of geothermal systems in the Valles Caldera, primarily concentrated in two areas: the 

Sulfur Springs area, located about two kilometers west of Redondo Peak, and the Redondo Creek 

reservoir, which is located immediately to the west of Redondo Peak.  There is also a third 

concentration of geothermal springs to the southwest of the Valles Caldera.  All of the 

geothermal waters are thought to be associated with the Jemez Fault System, as it provides 

conduits for water to migrate from the deep subsurface.

1.3.4 Land Use

 Even though the caldera has been set aside as a National Preserve, it has been prone to 

destructive land use practices in the past. Notably, livestock began grazing in the Valles Caldera 

in the early to mid 1800s.  Large herds of sheep were brought in, and by 1918, their numbers 

were estimated to be between 20,000 and 100,000 (Anschuetz and Merlan, 2007). This was 

followed by a transition to cattle grazing during the 1940s-1950s, which continued until it was 

reduced when the area was designated a preserve in 1998.   In the early 20th century, the large 

elk herds that are common in the preserve today died off, but were reintroduced in the late 1940s.  

In addition to the livestock, the area was also extensively logged in the early to middle part of the 

20th century. Since then, the forests have largely re-grown, but the extensive network of logging 

roads remains. Through all of these land use changes, the Valles Caldera has lost about 18% of 

its grasslands, especially on higher, steeper, slopes (Coop and Givnish, 2007).
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Figure 1.1: Pictures of the Valles Caldera field site.  a) Shows the view looking east from the 

Valle Grande, b) shows the west side Redondo Peak, c) shows the Jemez River during a spring 

snowmelt in 2007, d) shows pictures of the field sampling campaign in 2007 (rain gauge, 

snowmelt lysimeter, and flume).
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2.  PRESENT STUDY

 This chapter briefly summarizes the methodologies, findings, and conclusions from this 

project.  However, for a more in-depth description, see Appendices A and B.  Appendix A 

reviews the methodologies and findings pertaining to the transit time calculations, and Appendix 

B outlines further terrain analyses and the use of a distributed physical model to assess the 

hydrological influence of aspect.

2.1  Conceptual Model

 This study deals with the flow of water through the near-surface unsaturated zone.  Close 

to the surface, the hydrology is influenced both by fluxes of water and energy.  The fluxes of 

water are derived from meteoric waters that infiltrate into the soil.  Once in the subsurface, the 

water is either taken up by plants, it drains to deeper levels below the rooting depth of plants, or 

it moves laterally and discharges to streams.  This is a vast oversimplification of reality, which 

likely has preferential flow paths, as well as massive heterogeneity in the subsurface, but it can 

be considered to be a first order approximation because at the landscape level, I am primarily 

concerned with the net effect of these processes.  At the same time, energy fluxes, mostly in the 

form of shortwave solar radiation and long-wave radiation influence factors such as 

evapotranspiration and rates of snow sublimation/ablation, which in turn, affect the water fluxes 

entering the system.  There are also a variety of processes that occur near the surface that 
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partition the water in various ways.  This conceptual model is illustrated by figure 2.1.

 Various parts of the research outlined in this chapter will make use of different parts of this 

understanding.  The majority of this thesis, though, focuses on transit times, and therefore is 

primarily concerned with the movement of water in the subsurface.  However, by their very 

nature, transit times are affected by the amount of water in storage and the flux of water into the 

subsurface.  Furthermore, the hydrologic system that I am dealing with is near to steady state for 

much of the time (see Appendix A for further explanation), so knowing the water fluxes into and 

out of the system is more informative than knowing the rates of movement in the subsurface.  It 

is these fluxes that the physically-based modeling portion of this research seeks to address.

Figure 2.1: Conceptual model of the dominant processes that govern hydrological properties near 

the surface.  These processes can be divided up into radiative forcing, precipitation forcing, 

energy fluxes driving evaporation transpiration and snow processes, and subsurface processes 

such as root zone drainage.
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2.2 Description of Research

 The goal of this research has been to constrain mean transit times for a number of mountain 

catchments that face different directions on the side of Redondo Peak, as well as to quantify 

other hydrologic differences between differently oriented slopes such as recharge rates and water 

storages.  The first step involved the determination of mean transit times using field data (stable 

isotopes of stream-waters as well as those of precipitation inputs). During 2007, there was 

extensive field sampling of hydrometric variables.  This sampling began with the monitoring of 

snowmelt at two sites located at about 3020 m a.s.l (about two thirds of the way from the bottom 

to the top of Redondo Peak).  I recorded both the timing and intensity of snowmelt.  I also began 

sampling stream waters and rainfall waters at semi-regular time intervals (about midway through 

the summer) and continued with the sampling campaign through the remainder of the spring and 

summer of 2007.  All samples were analyzed for their stable isotopic (!2H and  !18O) 

composition at the University of Arizona. These samples have made up the core of the study, 

however other field data, such as meteorological data in the area, snow data from a number of 

closely related studies2, and stream flows from a network of flumes that were installed during the 

sample collection period also play an integral role.  These data were then used to calibrate a 

lumped-parameter convolution model to calculate mean transit times for each sampling location 

(see appendix A).
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 After I collected the data and found that there is a possible connection between transit 

times and aspect, I put the calculated transit times into context with other aspect dependent 

hydrological features to determine how and why the effects of variable energy fluxes impact 

transit times. First, I plotted the transit times that were observed for the Redondo Peak 

catchments against various topographic characteristics.  I investigated the possible link between 

transit times and many terrain characteristics including elevation, slope, aspect, flow-path length, 

and contributing area.

 Next, because there are many factors that influence transit times, I performed distributed 

physically-based modeling exercises to simulate the influences of a number of factors 

simultaneously and to put these transit time calculations into context with other aspect-dependent 

features. The modeling studies investigated variations in evapotranspiration, soil moisture, 

landscape morphology, and the timing/intensity of snowmelt.  All of these factors are thought to 

influence either the storage capacity or the water flux, both of which are integrally related to 

transit times.  This portion of the study involved coding a complex physically-based model using 

Matlab®.

2.3 Conclusions and Implications

2.3.1  Hydrologic State and Hydrometric Data

 The Valles Caldera is a snowmelt-dominated system, meaning that snow is the most 

important factor influencing the region’s hydrology.  At the same time, the Valles Caldera also 
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experiences a period of summertime thunderstorms, associated with the North American 

Monsoon.  Therefore, generally, it can be said that major water inputs occur in two main phases, 

one during snowmelt, and the other during the summertime rainy season.  However, remarkably, 

streamflows in the Valles Caldera are nearly constant during the summer, fall, and winter 

months, even during high intensity summer storms (Figures A4, E3), though, there is a large 

response to snowmelt (e.g. Plate 1c, Figure E3).  This relatively consistent stream flow suggests 

that the hydrologic system is at or near steady state for most of the year, but that it fills up 

following snowmelt.  It also indicates that there is a large storage capacity, so most precipitation 

inputs, instead of directly inducing higher stream flows, are absorbed and discharged to streams 

over a long period of time (this research suggests on the order of months).

  A more complete understanding of the hydrology of the Redondo Peak area can be 

obtained by examining chemical and isotopic data. In this study, water was examined for stable 

isotope content.  These samples reveal a variety of information.  First, Figures A5a and Figure 

D1a show that all samples fall along a meteoric line that has a lower slope (S =6.9) than the 

global meteoric line  (S = 8.0: Craig, 1961), indicative  of precipitation occurring in an arid 

environment in which water evaporates during its descent from the clouds. The snowmelt 

samples are especially interesting because the isotopic signature of the snowmelt changes 

through time, indicating that there is isotopic fractionation as the snowmelt proceeds.  This 

phenomenon, whereby early melt samples are isotopically depleted (lower !2H and  !18O values) 

and later melt samples are more enriched (higher !2H and  !18O values) is well documented and 

accords well with other studies (Taylor et al., 2001, Laudon et al., 2002). The isotopic signature 
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of rainfall in the Valles Caldera also changes significantly through time.  Although there is 

significant variability between, or even within rainstorms (e.g. McDonnell et al., 1991), much of 

the systematic variability is seasonal in nature, whereby wintertime precipitation has lower 2H 

and  18O values and summertime precipitation has higher 2H and  18O values.  The snow samples 

have !2H and !18O values of -95±14‰ and -13.6±1.7‰ and the rainfall samples have !2H and 

!18O values of -47±11‰ and -6.7±2.0‰ (mean and standard deviation).

 The stream samples mostly illuminate surface and subsurface hydrologic characteristics 

about water source and flow-path variability.  Figure 2.1 shows the locations and information 

about the isotopic signature at each sampling location. In Figure 2.1, one can see evidence of 

variable water sources and flow-path variability because different sampling locations have 

different average isotopic signatures (indicated by the color of the points) as well as different 

amounts of isotopic variability (indicated by the length of the error-bars).  Most stream samples 

have !2H and !18O values between 80‰ and 90‰ and between 11‰ and 13‰. The variability is 

possibly controlled by the distance and speed with which water travels in the sub-surface, which 

results in greater or lessened attenuation of the isotopic signature.  The average values, on the 

other hand, most likely indicate water source, and in particular, the relative contributions of 

snowmelt and rainwater: increasingly snowmelt dominated waters have a more negative 

signature.  This is important because the average isotopic signatures of all of the streams in the 

Valles Caldera are quite negative, indicating that a majority of all stream waters originate as 

snowmelt, though this may vary slightly between streams.  The slope of the meteoric line for 

various streams also varies significantly for different streams (see Figure D2).  Interestingly, 
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waters along different reaches of a single stream can have variable deuterium excesses (the y-

intercept of a !2H and !18O plot) and they do not necessarily correlate with areas where one 

would expect more evaporation (which is thought to be the dominant process leading to kinetic 

fractionation and thus lower meteoric slopes (Wang and Yakir, 2000)).

Figure 2.2: Map showing the distribution of samples as well as the mean isotopic value (color) 

and the standard deviation of the isotope samples (bars) collected during WY 2007.

2.3.2  Transit Times and Related Mechanisms

 The determination of transit times makes up a large part of this research, and the process of 

calculating them is detailed in Appendix A.  Here, I will only provide a brief discussion of the 
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main findings from this study.  Generally, the isotopic signatures of the stream waters were 

enriched early in the season and late in the season, while they were somewhat depleted during 

mid summer. This, along with a host of other hydrological and meteorological measurements, 

allowed me to  apply a lumped parameter convolution model to find transit times.  Generally, I 

calculated transit times that were on the order of 150 to 250 days, though they were quite 

variable (Table A1).  When I compared these transit times with topographic characteristics, I 

found that most relationships were relatively weak.  Unlike other studies (e.g. McGuire et al., 

2005), which were performed in areas where topography strongly influences transit times of near 

surface waters in catchments, my findings indicate that in the Valles Caldera, topography is not 

such an important factor for controlling transit times.  However, the introduction of aspect 

improves these relationships (Figure A6), indicating that my initial conjecture that changing 

energy fluxes affects hydrological variables has merit.  Overall, I found that more southerly-

facing slopes tend to have shorter residence times than more northerly-facing slopes (Figure A8).

 The fact that there is an aspect-dependence on transit times suggests that some combination 

of factors, which are related to aspect, leads to longer residence times on more northerly 

exposures. Topographically, slope steepness and flow-path length are thought to be important for 

controlling transit times.  However, in the Valles Caldera, transit times are poorly correlated with 

both metrics.  Besides, underground flow-paths do not necessarily follow the surface 

topographical expression, and although slopes appear to be steeper on the south side of Redondo 

Peak and locally on the south facing slopes of canyons, there is a poor connection between slope 

and aspect at very large scales. In the Valles Caldera, non-topographic factors are more likely to 
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significantly control transit times.  Of these non-topographic factors, soil depth stands out as a 

clear candidate to influence residence times because deeper soils would certainly allow more 

water to reside in the hydrologic reservoir, which would increase transit times.  Although, soil 

depths are spatially variable and it is hard to extrapolate soil depths across, for example, the 

entire Valles Caldera, there is evidence for deeper soils on north-facing slopes.  Notably, there is 

a clear relationship between canopy cover and aspect: north-facing slopes are more consistently 

covered by denser canopy, while on south-facing slopes, canopy cover is both less dense more 

variable.  This increased vegetation density clearly indicates increased water availability on 

north-facing slopes, and it is likely related to deeper soils as well (e.g. Khumalo et al., 2008).

2.3.3  Modeling Hydrological Dependence on Aspect

A variety  of factors control transit times, and it is especially hard to know which 

observable factor is most  directly related to transit times because one cannot see all of the 

underground heterogeneity. Furthermore, some factors might be more important in one location 

than another. To deal with this complexity, I constructed a physically-based hydrological model 

to assess hydrological differences on different slope aspects. The model is fully  distributed so as 

to capture differences in slope and aspect, which are variable across a landscape. The concept of 

the model is relatively straight forward. It simulates land-atmosphere interactions to account for 

snowmelt, canopy  effects, evapotranspiration, soil moisture drainage, and radiative fluxes.  Of 

these factors, slope and aspect influence radiative fluxes, which, in turn, affect all other parts of 

the model.  Likewise, in reality, variable energy fluxes affect rates of evaporation, transpiration, 
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and snow melt, which in turn, influence variables such as soil moisture. In addition, the model 

implicitly  takes into account variable landscape properties in the Valles Caldera.  This is to 

ensure that any intrinsic landscape features that are related to aspect end up  being considered as 

well.

The distributed model quantifies a number of notable differences between differently 

oriented hillslopes. These results are both intuitive and not so intuitive. For example, when 

compared with north-facing slopes, south-facing slopes receive more solar radiation for a larger 

part of the day, particularly  during the winter months when the sun is lower on the horizon 

(Figure B7). In addition, south-facing slopes are subject to a later snow melt, drier soils, and 

perhaps most significantly, the model predicts that there is not as much drainage from the soils 

on south-facing hillslopes than north-facing ones (Figure B10). If this is true, then more water 

originates from north-facing hillslopes than south-facing ones. This result  is further exemplified 

by the fact  that north- and south-facing slopes have different ratios of incoming water and energy 

fluxes: north-facing slopes have a greater net water input than south facing slopes after 

evapotranspiration is taken into account (Figure B12), while south facing slopes receive more 

solar radiation, especially during the winter. In fact, in the Valles Caldera, there is a sharp 

contrast between areas where there is more water drainage out of the soils–typically  at  higher 

elevations and on north-facing slopes–and areas where there is less drainage–typically at lower 

elevations and on sunnier exposures. In addition, it  is reasonable to propose that since there is 

more direct solar insolation falling on south-facing slopes, there might be more evaporation on 
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sunnier exposures and since there is more vegetation on north-facing slopes (Figure B3), there 

might be more transpiration on shadier exposures.

 With all of this in mind, I can begin to put the computed transit times into context.  First, 

one can think of transit times as being approximated as simple turnover times, which are equal to 

the total water storage divided by the flux through it.  It is clear that in the Valles Caldera, north-

facing hillslopes are more densely vegetated than south-facing hillslopes, indicating greater 

water availability, and thus, greater water storage. Besides, these slopes are likely be have 

deeper, more weathered soils, and probably have more water storage capacity. This factor would 

increase transit times.  Also, it is likely that north-facing hillslopes have a greater flux of water 

through them because on south-facing hillslopes, more water is lost to evapotranspiration before 

it drains from the soil. This factor would decrease transit times.  When I combine everything, I 

infer that on Redondo Peak, water storage seems to be dominant over water flux for controlling 

transit times because transit times are, on average, slightly longer on north-facing slopes.  

Perhaps one can also understand why the relationship between transit times and aspect is not 

particularly strong, but only seems to exhibit some control - transit times represent a balance 

between storage and fluxes, and aspect affects both quantities in the same way.

2.4 Broader Hydrological and Practical Significance

 Surface hydrologists often focus on studying water fluxes, however energy fluxes can be 

important as well. This study has attempted to reconcile this disparity.  At its heart, it is mostly a 
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study about the effects of changing energy fluxes on a region’s hydrology.  These surface energy 

fluxes are an especially important driver of many hydrological processes such as evapo-

transpiration and snow sublimation/ablation.  In addition, these variations can add up over time 

and, when interacting with existing structural features, lead to differences in emergent landscape 

features such as different vegetation patterns, deeper soils, steeper slopes, etc.  This study has 

sought to further refine a conceptual model that combines the net effect of these various factors 

and contribute to the body of scientific knowledge describing the movement of water in 

hillslopes.  This knowledge will be very useful to hillslope hydrologists who are trying to 

understand fundamental near-surface hydrological processes.  These processes are thought to be 

especially important in headwater regions, such as the Valles Caldera, because headwater regions 

generally have a disproportionately large influence on downstream chemical and physical 

characteristics of streams and rivers (Alexander et al., 2007).

 In addition to its scientific merit, this research also has practical implications for the study 

area.  In particular, it contributes to an overall understanding of the water balance in the Valles 

Caldera, and the residence times that I have calculated can be combined with other analyses to 

get a more complete picture of the region’s hydrology (for example with chemistry data in the 

Valles Caldera, to determine the extent to which biogeochemical reactions have taken place), and 

they may give some indication of catchment sensitivity to anthropogenic inputs and land-use 

change, such as forest fires or clear- cutting.  Furthermore, the distributed physically-based 

model that was developed in support of this research can be used in a wide variety of 

applications related to scenario analysis such as testing the possible effect of changing 

  35



temperature on winter snowpacks to the effect of changing precipitation amounts on drainage 

from the soil.

  36



3.  REFERENCES

Alexander, R., E. Boyer, R. Smith, G. Schwarz (2007), The role of headwater streams in 

downstream water quality, JAWRA, 43 (1): 41-59.

Allen,  C.D. (1989), Changes in the Landscape of the Jemez Mountains, New Mexico,  PhD 

dissertation,  Wildlife Resource Science, University of California, Berkely, Berkely, CA.

Amin, I.E. and M.E. Campana (2006), A general lumped parameter model for the interpretation 

of tracer data and transit time calculation in hydrologic systems, Journal of Hydrology, 179 

(1-4):1–21.

Anschuetz, K.F. and Merlan, T. (2007), More than a scenic mountain landscape: Valles Caldera 

National Preserve land use history. Gen. Tech. Rep. RMRS-GTR-196. Fort Collins, CO: U.S. 

Department of Agriculture, Forest Service, Rocky Mountain Research Station.

Bertoldi, G., Rigon, R. (2006), Impact of Watershed Geomorphic Characteristics on Energy and 

Water Budgets, Journal of Hydrometeorology, 7: 389-403.

Burns, D.A., L.N. Plummer, J.J. McDonnell, E. Busenberg, G.C. Casile, C. Kendall, R.P. 

Hooper, J.E. Freer, N.E. Peters, K. Beven, P. Schlosser (2003), The geochemical evolution of 

riparian ground water in a forested piedmont catchment, Ground Water 41 (7), 913–925.

Casanova, M., I. Messing., A. Joel (2000), Influence of aspect and slope gradient on hydraulic 

conductivity measured by tension infiltrometer, Hydrol. Process, 14: 155-164.

Coop, J. and T. Givnish, (2007), Spatial and temporal patterns of recent forest encroachment in 

montane grasslands of the Valles Caldera, New Mexico, USA, Journal of Biogeography, 34: 

914-927.

Craig, H. (1961), Isotopic Variations in Meteoric Waters, Science, 133: 1702-1703.

Evans, K.A. and S.A. Banwart (2006), Rate controls on the chemical weathering of natural 

polymineralic material. I. Dissolution behaviour of polymineralic assemblages determined using 

batch and unsaturated column experiments, Applied Geochemistry, 21 (2): 352–376.

Gao, Y., D. Long, Z. Li (2008), Estimation of daily actual evaporation from remotely sensed data 

under complex terrain over the upper Chao river basin in North China, Int. J. of Remote Sensing, 

29 (11): 3295-3315.

  37



Gustafson, J. R (2008), Quantifying Spatial Variability of Snow Water Equivalent, Chemistry, 

and Water Isotopes: Application to Snowpack Water Balance, Masters Thesis, Hydrology, 

University of Arizona, Tucson, AZ.

Khumalo, G., J. Holechek, M. Thomas, F. Molinar (2008), Soil Depth and Climatic Effects on 

Desert Vegetation Dynamics, Rangeland Eco Manage, 61: 269-274.

Lajtha, K., J. Getz (1993), Photosynthesis and water-use efficiency in pinyon-juniper 

communities along an elevation gradient in northern New Mexico, Oecologia, 94 (1): 95-101.

Laudon, H., H.F. Hemond, R. Krouse, and K.H. Bishop (2002), Oxygen 18 fractionation during 

snowmelt: Implications for spring flood hydrograph separation. Water Resources Research, 38 

(11): doi:10.1029/2002WR001510.

López-Moreno, J.I. and M. Stähli (2008), Statistical analysis of the snow cover variability in a 

subalpine watershed: Assessing the role of topography and forest interactions, Journal of 

Hydrology, 348: 379-394.

McDonnell, J.J., M. Bonell, M. Stewart, A. Pearce (1991), Deuterium Variations in Storm 

Rainfall: Implications for Stream Hydrograph Separation, Water Resources Research, 26 (3): 

455-458.

McGuire, K.J., and J.J. McDonnell (2006), A review and evaluation of catchment transit time 

modeling, Journal of Hydrology, 330: 543–563.

McGuire, K.J., J.J McDonnell, M. Weiler, C. Kendall, B.L. McGlynn, J.M Welker, J. Seibert 

(2005). The role of topography on catchment-scale water residence time, Water Resources 

Research, 41 (5), doi:10.1029/2004WR003657.

Molotch, N., P. Brooks, S. Burns, M. Litvak, R. Monson, J. McConnell, K. Musselman, 

Ecohydrological controls on snowmelt partitioning in mixed-conifer sub-alpine forests. 

Ecohydrology, in review.

Muldavin, E. and P. Tonne. 2003. A vegetation survey and preliminary ecological assessment of 

Valles Caldera National Preserve, New Mexico. Report for Cooperative Agreement No. 

01CRAG0014, University of New Mexico, Albuquerque, NM. 

Murphy, E.M. and T.R. Ginn (2000), Modeling microbial processes in porous media, Hydrology 

Journal, 8: 142-158.

Nielson, D.L. and J.B. Hulen (1984), Internal Geology and Evolution of Redondo Dome, Valles 

Caldera, New Mexico, J. Geophys. Res., 89 (B10): 8695-8711.

  38



Pomeroy, J.W., B. Toth, R.J. Granger, N.R. Hedstrom, R.L.H Essery (2003), Variation in Surface 

Energetics during Snowmelt in a Subarctic Mountain Catchment, Journal of Hydrometeorology, 

4: 702-719.

Public Law 106-248, 2000.  The Valles Caldera National Preservation Act.

Rasmussen, C. and N.J. Tabor (2007), Applying a Quantitative Pedogenic Energy Model across a 

Range of Environmental Gradients, Soil Science Society of America Journal, 71 (6): 1719-1729.

Reneau, S.L., Gardner, J.N, Forman, S.L. (1996), New evidence for the age of the youngest 

eruptions in the Valles caldera, New Mexico, Geology 24 (1): 7-10.

Reddy, M.M., P. Schuster, C. Kendall, and M.B. Reddy (2006), Characterization of surface and 

ground water "18O seasonal variation and its use for estimating groundwater residence times, 

Hydrological Processes, 20: 1753–1772.

Rigon, R., G. Bertoldi, Over, T.M., GEOtop (2006), A Distributed Hydrological Model with 

Coupled Water and Energy Budgets, Journal of Hydrometeorology, 7: 371-388.

Rodhe, A., L. Nyberg, K. Bishop (1996), Transit times for water in a small till catchment from a 

step shift in the oxygen 18 content of the water input, Water Resources Research, 32 (12), 3497–

3511.

Scanlon, T.M., J.P. Raffensperger, G.M. Hornberger (2001). Modeling transport of dissolved 

silica in a forested headwater catchment: implications for defining the hydrochemical response of 

observed flow pathways. Water Resources Research, 37 (4): 1071–1082.

Sivapalan, M. (2005), 13. Pattern, process and function: Elements of a Unified Theory of 

Hydrology at the Catchment Scale, in Encyclopaedia of Hydrologic Sciences 1 (1), edited by M. 

G. Anderson, chap. 13, pp. 193–219, John Wiley, Hoboken, N. J.

Smith, R.L., RA Bailey (1968), Resurgent Cauldrons, Geol Soc Am Mem.

Sternberg, M. and M. Shoshany (2001), Influence of slope aspect on Mediterranean woody 

formations: Comparison of a semiarid and an arid site in Israel, Ecological Research, 16: 335–

345.

Strudley, M.W. and A.B. Murray (2007), Sensitivity analysis of pediment development through 

numerical simulation and selected geospatial query, Geomorphology, 88 (3-4): 329–351.

Taylor, S., X. Feng, J.W. Kirchner, R. Osterhuber, B. Klaue, and C.E. Renshaw (2001), Isotopic 

  39



evolution of a seasonal snowpack and its melt, Water Resources Research, 27 (3): 759–769.

Veatch, W., P. Brooks, J. Gustafson, N. Molotch, Quantifying the Effects of Forest Canopy Cover 

on Net Snow Accumulation at a Continental, Mid-Latitude Site. Ecohydrology, in review.

Vuataz, F.D. and F. Goff (1986),  Isotope Geochemistry of Thermal and Nonthermal Waters in 

the Valles Caldera, Jemez Mountains, Northern New Mexico, J. Geophys. Res.,  91 (B2): 

1835-1853.

Wang, X. and D. Yakir (2000), Using stable isotopes of water in evapotranspiration studies, 

Hydrological Processes, 14: 1407-1421.

Wigmosta, M.S. L.W. Vail, D.P. Lettenmaier (1994), A distributed hydrology-vegetation model 

for complex terrain, Water Resources Research, 30 (6): 1665-1679.

Woolsey, T (1911), Western Yellow Pine in Arizona and New Mexico, US Dept. of Agriculture 

Forest Service Bulletin 101.

  40



APPENDIX A:

MANUSCRIPT FOR:

QUANTIFYING THE ROLE OF CATCHMENT EXPOSURE ON WATER-TRANSIT TIMES

Patrick D Broxton

University of Arizona 

Hydrology and Water Resources

JW Harshbarger 224c

Tucson, AZ 85721

email: broxtopd@hwr.arizona.edu

phone: (505) 310-3361

Peter A. Troch*

University of Arizona 

Hydrology and Water Resources

JW Harshbarger 320A

Tucson, AZ 85721

email: patroch@hwr.arizona.edu

phone: (520) 626-1277

Steve W. Lyon

Stockholm University 

Physical Geography and Quaternary Geology

SE-106 91 Stockholm 

email: steve.lyon@natgeo.su.se

phone: +46 (0)8 164888

Keywords: Transit times, aspect, isotope hydrology, catchment hydrology, catchment 

exposure

  41

* Corresponding Author

mailto:slyon@natgeo.su.se
mailto:broxtopd@hwr.arizona.edu
mailto:broxtopd@hwr.arizona.edu
mailto:patroch@hwr.arizona.edu
mailto:patroch@hwr.arizona.edu
mailto:slyon@natgeo.su.se


Abstract

This study tests the hypothesis that mean transit times are related to slope direction 

(aspect) in small catchments. Transit times depend on a variety of catchment 

characteristics (e.g., storage size, hydrological conductivities, vegetation types). It is not 

generally understood, however, how any one individual characteristic influences mean 

transit times at the small catchment scale. Since many of these characteristics are related 

to the amount of incoming solar energy, it is our hypothesis that aspect is an underlaying 

factor for determining the mean transit time of small catchments. We have designed an 

experiment that employs a lumped-parameter convolution method to calculate transit 

times for a number of catchments that drain from a large dome located in the Valles 

Caldera, New Mexico, called Redondo Peak. These catchments have different 

orientations and therefore receive different amounts of solar radiation. In general, we find 

that there is a correlation between mean transit times and aspect for these streams. At the 

same time, other topographic characteristics, which are typically considered as controls 

over catchment mean transit times, such as catchment area, elevation, and the ratio of 

flowpath length to slope gradient, exhibit limited predictive power with respect to mean 

transit times. The relationship between mean transit times and aspect suggests that in the 

Valles Caldera, transit times might be affected by a variety of features that are influenced 

by aspect, such as slope steepness, vegetation patterns, and soil depth.
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Introduction

In recent years, an increasing focus in catchment hydrology has been placed on finding 

elegant and simple ways to classify watersheds (Wagener et al., 2007). This new paradigm in 

catchment hydrology involves supplementing complex models, which can be over-parameterized 

and therefore lose their physical meaning (e.g. McDonnell et al., 2007; Kirchner, 2006), with 

innovative ways to capture different catchment characteristics into a few similarity measures 

(Lyon and Troch, 2007). One measure that has gained an increasing amount of attention is the 

catchment transit time. The transit time of a water molecule is defined as the time that is elapsed 

between when it enters a hydrologic system and when it exits the system (McGuire and 

McDonnell, 2006).  

In the present study, we use a lumped-parameter convolution approach to determine mean 

transit times of hillslope waters. Even though our methodology is aimed at determining hillslope-

water characteristic residence times, we choose the term ‘transit time’ because it is an 

unambiguous term that has a well defined physical meaning and is well understood in terms of 

mathematical convolution: the transit time distribution is represented by the response function in 

a convolution integral (McGuire and McDonnell, 2006) and applies specifically to the movement 

of water. Residence times, on the other hand, depend on the circumstances. If we have, for 

example, a single impulse of water, the residence time distribution will be affected by water 

molecules that just entered the system as well as those that are leaving the system. However, as 

more water is added, more of the water molecules will exit the system completely relative to the 
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number of molecules that are still in it. Eventually, the residence time distribution will be 

dominated by water molecules that have left the system completely, and it will match the transit 

time distribution.

There are many reasons that transit times and their distributions are useful to 

hydrologists. Firstly, they capture many hydrological features such as flow-path heterogeneity 

(McGuire and McDonnell, 2006) as well as the combined effects of water storage capacity and 

water fluxes. They are also important in a number of sub-disciplines in hydrology and other 

related fields. Transit times are fundamental to biogeochemical cycling because the time that 

water spends in the subsurface controls the fate and transport of water-soluble constituents 

(Reddy et al., 2006, Scanlon et al., 2001). In particular, the rate at which biogeochemical 

transformations take place is related to the mean transit time of subsurface water, as are 

microbial processes (e.g. Murphy and Ginn, 2000). There is also a relationship between transit 

times and the development of catchment pedology as they affect rates of geochemical weathering 

and soil development (Burns et al., 2003, Strudley and Murray, 2007, Evans and Banwart, 2006). 

Finally, transit times affect catchment sensitivity to anthropogenic inputs, such as nutrients and 

pollutants (Kirchner et al., 2004), and land-use change, such as forest fires or clear-cutting 

(Turner et al., 2006; Burns et al., 2005).

Although there is a long tradition to quantify transit times of surface and ground waters, 

there is a renewed interest in transit time studies in recent years, especially concerning catchment 

and hillslope waters. Many of these recent studies attempt to determine landscape controls on 

transit times. They pose the question: what does the characteristic transit time distribution for a 
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certain catchment look like and why? In one landmark study (Rodhe et al., 1996), a small 

catchment was covered and subsequently irrigated with isotopically distinct water until the water 

draining from the catchment aquired this new isotopic signature. Rodhe et al. (1996) reported 

that it took months for the majority of the water in the catchment to be replaced by newer water. 

In addition, they found that areas that were higher on hillslopes generally had faster turnover 

times and younger waters than did areas that were lower on hillslopes.

This relationship between transit times and topography was further explored by McGuire 

et al. (2005), who studied the relationship between transit times and landscape organization. 

After a previous study by McGlynn et al. (2003) found that there was not a strong relationship 

between transit times and absolute catchment area, McGuire et al. (2005) found that there was a 

fairly good relationship between the age of the water and both the length that the water flowed in 

the subsurface and the slope gradient of the catchment through which it flowed. The above 

studies demonstrate that transit times, which already integrate many catchment properties 

(McGuire and McDonnell, 2006), are related to landscape organization, an idea that has been put 

forth for many years (Stewart and McDonnell, 1991).

The goal of this research is to build on this understanding of how transit times are related 

to landscape features. We investigate the link between catchment transit times and catchment 

exposure in the Valles Caldera National Preserve, NM, which has a semi-arid and snowmelt 

dominated hydrologic system at the southern end of the Rocky Mountains. Specifically, we 

choose slope direction (aspect) as a controlling variable to test the hypothesis that the solar 

energy distribution across a catchment plays a role in defining its mean transit time. We expect 
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that aspect should be an important control on the region's hydrology because differently oriented 

slopes receive, on average, different amounts of solar energy, which might considerably 

influence hydrologic variables such as snow sublimation, evaporation, and transpiration. In 

addition, soils and vegetation might also be influenced by aspect (e.g. Ivanov et al., 2008; 

Casanova et al., 2000; Sternberg and Shoshany, 2001). 

The effect of aspect on a region’s hydrology is especially pronounced in the mid- and 

high-latitudes, particularly during the winter when the sun is lower on the horizon and there is a 

greater contrast between the energy inputs of north and south-facing slopes. For example, the 

timing and intensity of snowmelt depends on the intensity of incoming solar radiation (López-

Moreno and Stähli, 2008; Pomeroy et al., 2003). In many snowmelt dominated systems, snow 

can also account for a high percentage of recharge waters, which only strengthens the influence 

of aspect on hydrology. Here, we attempt to see if the effects of these various aspect-influenced 

features can be observed using mean transit times.

Site Description

The Valles Caldera National Preserve is located in Sandoval County in northern New 

Mexico, about 50 kilometers northwest of the city of Santa Fe (Figure A1). The preserve 

encompasses much of a large (19-24 km wide), nearly circular caldera in the middle of the Jemez 

Mountains. This study focuses on the resurgent dome in the center of the caldera known as 

Redondo Peak, a prominent mountain that reaches an elevation of 3,432 m (over 1,100 m higher 

than the surrounding caldera floor). Redondo Peak is an ideal location to study the effects of 
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aspect on hydrologic response. In particular, all aspects are represented on different sides of the 

mountain while the internal geology and vegetation are similar on all sides of the mountain.

Because the Valles Caldera is geologically young, structural features have an especially 

strong influence on the distribution of many of the streams. Underlying the central resurgent 

dome is a densely welded ignimbrite that is part of the Bandelier Tuff, which was erupted from 

the caldera during a series of volcanic eruptions 1.6-1.2 million years ago. The resurgent dome 

has a number of faults and fractures, the largest which is an apical graben that runs from the 

northeast to southwest, splitting it down the center (Nielson and Hulen, 1984). However, the 

southeast portion of the dome remains relatively unfractured. Today, this unfractured area stands 

as a topographic high and makes up Redondo Peak. To the west of Redondo Peak, there are a 

number of geothermal systems as well as numerous other perched groundwater systems (Vuataz 

and Goff, 1986). Residence times of all of these waters range from very old–60 to 10,000 years 

for deep cold ground waters and geothermal waters–to very young–meteoric waters on the 

resurgent dome itself (Vuataz and Goff, 1986). Soils in the region are primarily classified as well 

drained associations including rubble land and Mirand Alanos Complexes (Allen, 1989). 

However, some (especially southwestern facing) slopes lack any soil cover on the surface, and 

are instead covered by rhyolite rock piles. Such slopes are steep, rubbly, and presumably have 

extremely quick infiltration.

The climate on Redondo Peak is montane, but due to its location in New Mexico, it is dry 

with high vapor pressure deficits (especially during the summer). There are extensive forests on 

the mountain slopes and grasslands on valley bottoms, whose distribution might be related to 
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temperature patterns (Coop and Givnish, 2007). High temperatures range seasonally from about 

0°C to 25°C, and low temperatures range from about -15°C to 10°C. There is also significant 

nighttime cold air drainage to the valley bottoms. Annual precipitation is variable from year to 

year, but averages about 750 mm at a nearby high elevation SNOTEL site located about 5 km 

east of Redondo Peak. There, about half of the annual precipitation (48%) falls from October-

April, mostly as snow. The remainder falls mostly as rain during the warm season, especially 

during summer thunderstorms related to the North American monsoon (though, it should be 

noted that other studies, e.g. Molotch et al., in review, have found that the Redondo Peak area 

receives more snowfall than the SNOTEL station). 

Methods and Materials

Hydrometric and Isotopic Data

! In 2007, there was extensive sampling of waters (stream water, rainfall, and snowmelt), 

as well as monitoring of stream flows and rainfall/snowfall amounts at various locations around 

Redondo Peak (Figure A1). Unfiltered grab samples of stream water were collected at an interval 

of approximately every two weeks in 60 ml clear glass bottles with polyethylene caps and 

analyzed for stable water isotopes at the University of Arizona. There are also a network of seven 

flumes, positioned at the bottom of streams around Redondo Peak, to record streamflows 

emanating from the mountain. Rainfall samples were collected at four locations around the base 

of Redondo Peak, as well as at one location near the top of Redondo Peak. Bulk rainfall samplers 
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consisted of a funnel draining into removable 500 ml plastic bottles that were housed within 

PVC. These 500 ml plastic bottles were changed every one to three weeks. Two snowmelt 

lysimeters were positioned near a saddle on the upper flanks of Redondo Peak such that one was 

on a sunny, southwesterly facing exposure and the other was on a shaded, northeasterly facing 

exposure. The snowmelt lysimeters consisted of a number of snowmelt pans that drained through 

a network of PVC pipes into a box containing a collection bucket along with an auto sampler 

(Teledyne ISCO) which sampled twice daily. All sampling occurred from the time when 

snowmelt occurred in mid-march through the end of the summer of 2007. All samples were 

analyzed for stable water isotopes (18O/16O and 2H/1H) at the University of Arizona using a 

DLT-100 Liquid Water Isotope Analyzer (Los Gatos Research). The analyzer has an error of 

0.1‰ and 0.8‰ for "18O and "2H measurements, respectively  (Lis et al., 2008).

It should be noted that this study is part of ongoing research in the Valles Caldera that 

includes the monitoring of meteorological and Eddie-flux measurements and sampling of 

snowpack chemistry and spatial patterns of SWE/snowmelt. There is also extended monitoring 

of streamflow characteristics consisting of a network of temperature gauges that record the 

hydrologic state of headwater streams on the upper part of Redondo Peak (see Lyon et al, 2008 

for details). These data are used, where applicable in this study.

Estimating the Water Transit Time Distribution

! There are a number of tools available for describing the transit times of water within 

catchments. To date, much of the research has focused on relating isotopic signatures of 
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precipitation inputs to those of streamflow outputs. Many of these studies rely on stable water 

isotopes (Clark and Fritz, 1997). Stable water isotopes are ideal for transit times studies for 

surface and near surface waters because they are applied naturally, and different water sources 

are generally isotopically distinct (Kendall and Caldwell, 1998)–not to mention that they are part 

of the water molecule itself (which limits the effects of diffusion). Often, one uses simple 

convolution models, similar to those used in many groundwater studies (e.g. Begemann and 

Libby, 1957; Eriksson, 1958; Maloszewski and Zuber, 1982), which distribute input isotopic 

signatures according to some response function:

!out(t) =
! !

0
g(")!in(t! ")d"

An extensive review of this method is given in McGuire and McDonnell (2006). This lumped 

parameter approach is based on the idea that a unit of water applied to a catchment is routed 

through the catchment in a uniform and characteristic manner. 

! There are a number of reasons why lumped-parameter models have gained popularity.  

First and foremost, they are quite simple and not subject to over-parameterization. In addition, 

they are useful in catchments that are poorly instrumented because they do not require a large 

amount of detailed information to operate. Finally, from a mathematical point of view, they are 

appealing because the transit time distribution for waters in the system are represented by the 

response function (McGuire and McDonnell, 2006), and varying the response function can 

represent various degrees of mixing of catchment waters (Amin and Campana, 2006). Transit 

time distributions are usually represented by response functions that are skewed distributions 
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with long tails (Kirchner et al., 2001).  

! To implement this style of lumped-parameter convolution model, we convolve 

precipitation isotopic signatures (which were derived from field observations during the present, 

as well as past studies in the Valles caldera; see Figure A2) using a gamma distribution: 

f(x; k, !) = xk!1 e!x/!

!k!(k)

The model is then calibrated to the stream sample measurements at various locations around 

Redondo Peak using a downhill simplex optimization method (Nelder and Mead, 1965). To 

apply the convolution model for the Redondo Peak streams, we add a certain amount of 

complexity to make it more applicable to the environment in which we work. This complexity 

arises primarily due to difficulties in estimating recharge rates. Some studies (e.g. Vitvar et al., 

1999) employ conceptual models to determine recharge. We, however, use an approach that 

primarily relies on field data. First, because there are many processes that occur both within the 

snowpack and during snowmelt that might affect the stable isotopic signature of snowmelt water 

(Laudon et al., 2002; Feng et al., 2002; Taylor et al., 2001), we use snowmelt lysimeters to assess 

the point scale timing and isotopic signature of snowmelt. Other snow measurements from 

concurrent studies in the area (Gustafson, 2008; Veatch et al., in review; Molotch et al., in 

review) are used to expand the scope of the data (Figure A3). Specifically, these data form the 

basis of five snowmelt scenarios for slopes that are differently oriented with respect to north: we 

use the spread of automatic snow depth measurements in the area to define snowmelt scenarios 

(manual measurements were used for validation) to simulate snow melting faster on south facing 

slopes (Figure A3b). In addition, because the convolution model is unable to handle distributed 
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rainfall amounts, we use an average of rainfall data that comes from a combination of small 

micrometeorological stations positioned throughout the Valles Caldera (Moore, 2007). Basically, 

the input to the convolution model consists of five potential input signals of unweighted isotopic 

values of precipitation inputs for the days that there was precipitation or snowmelt, and the 

output signature is matched to the measured isotopic composition of the stream water at 19 

sampling points around Redondo Peak.  It should also be noted that we assume that the time that 

water spends in the stream network is insignificant compared to the time that it spends in the 

hillslopes, and our model ignores streamflow routing.

Topographic Analysis

! In addition to quantifying the transit times at all sampling locations, we also quantified a 

variety of topographic characteristics of the areas draining through the sampling points. These 

analyses are performed using a combination of computer codes to evaluate catchment 

characteristics - ArcGIS® is used to determine catchment areas using a 10 meter DEM; 

TARDEM (Tarboton, 1997) is used to calculate slope, aspect, and contributing area layers from 

the original DEM, while terrain statistics are found using Matlab®. In addition to cataloging the 

usual topographic characteristics (e.g. elevation, slope gradient, slope direction, contributing 

area), we also calculate the median flow-path length (based on topographic features and our 

knowledge of where streams emerged on Redondo Peak) for each sampling location to compare 

our calculated transit times with the flow-path length/gradient (L/G) metric defined in McGuire 

et al., (2005). All variables pertain to areas upstream from the sampling locations. For example, 
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the slope gradient variable for a given sampling location represents the average of slope 

gradients for all pixels that are upstream from that location. For slope direction, we take a 

directional average instead of a conventional average which involves averaging x- and y-

components of each slope direction separately, and recombining to find a resulting angle. For 

springs that occur away from a stream channel, we use the topographic characteristics of the 

hillslope that contains the spring.

Results

Precipitation and Streamflow

The most intensive sampling occurred during and immediately following snowmelt in 

2007. There was normal precipitation (both in terms of snowpack and summer rainfall) in the 

Valles Caldera (105% of normal precipitation from October-April and 99% of normal 

precipitation from May-September, measured at a nearby Snotel gauge with 27 years of data). 

Snowmelt began in mid-march, and after an initial period of extremely quick melt during which 

much of the snow at lower elevations and on sunnier exposures melted, continued at upper 

elevation sites until the end of April. May brought unseasonably wet weather. July and August 

also brought typical rainy weather associated with the North American Monsoon. 

During the entire sampling period, stream flows in the Valles Caldera remained 

remarkably constant. In fact, field observations indicate that the greatest stream flow variation 

occurred during the snowmelt period and mostly affected the larger rivers in the area. Stream 
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flows in the smaller creeks, on the other hand, showed little response, even during the summer 

rainy period when there were high-intensity thunderstorms (Figure A4). This consistent stream 

flow with relatively minor and short lived perturbations suggests that the system is at or near 

steady state. It also indicates that there is a large storage capacity, so precipitation inputs, instead 

of directly inducing higher stream flows, are absorbed and discharged to the stream over a long 

period of time. Because the system is near steady state, the transit time distribution at each site 

can be represented with a single (but unique), time-invariant response function for use in the 

convolution method that we employ.

Isotopic Data

Taken as a whole, the stable isotope data collected in 2007 are similar to stable isotope 

data from other studies conducted in the area (Vuataz and Goff, 1986; Adams et al., 1995; Liu et 

al., 2006; Longmire et al., 2007). All isotope samples from the rainfall, snowmelt, and 

streamflow fall along a meteoric line with a slope of 6.9 and a deuterium excess of -0.5 (Figure 

A5a). These Valles Caldera isotope data generally fall on a flatter line than the global meteoric 

water line (Craig, 1961), indicative of precipitation occurring in an arid environment in which 

water evaporates during its descent from the clouds. The snowmelt samples have a "2H content 

of approximately -80 to -110‰, and the rainfall samples range from -40 to -60‰. The stream 

samples plot close to the snowmelt samples, indicating that significantly more than half of the 

stream water originates as snowmelt. These observations agree with other studies (Earman et al., 
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2006, Liu et al., 2006), which have also found that stream water in New Mexico largely 

originates from snowmelt. 

Isotope samples from the streams show that there is a considerable amount of isotopic 

variability within and between streams (Figure A5b). In the past, this isotopic variability has 

been attributed to differences in recharge elevation. Previous studies (Vuataz and Goff, 1986; 

Adams et al., 1995) defined empirical relationships that relate the mean isotopic signature of both 

stream water and deep groundwater with recharge elevation. In New Mexico, this observed trend 

is possibly a result of waters originating at higher elevations being more snowmelt dominated. 

Therefore, in addition to elevation, aspect might also affect the isotopic signature of stream water 

because of exposure-induced differences in the timing and intensity of snowmelt. Figure A5b 

shows isotope data from a number of springs in the area along with discharge elevation and the 

orientation of the slopes from which the springs emerge.

Transit Times and Topographic Investigations

The temporal trends in the stream water stable isotope samples provided some of the 

most interesting results. These samples showed a slight seasonal variation in the stable isotope 

signature of the water, with many locations showing more enriched signatures early in the 

season, a depleted isotopic signature during mid summer, and again becoming more enriched 

later in the summer. This variation enabled us to use the lumped parameter convolution method 

to find mean transit times at each sampling location. Generally, mean transit times (defined as the 

first normalized moment of the transit time distribution) were found to be on the order of 100 to 
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250 days. Different sites also have widely differing mean transit times, and the standard 

deviation of the individual isotopic measurements also varied between sites. This suggests, 

perhaps, that stream waters on different parts of Redondo Peak have a wide range of slower and 

faster flow-paths.

Generally, we calculated longer mean transit times in areas where streamflow was the 

most consistent and below larger springs, where there was water in the channel year round. 

These areas tend to be on more northerly exposures, and many of the larger springs emerge from 

north facing slopes, while the south facing slopes are dry. A more rigorous quantitative 

evaluation of these transit times along with topographic variables is described below. In addition, 

all of the measured topographic features (elevation, slope, aspect, contributing area, length/

gradient) along with the measured isotopic values (both mean and standard deviation) and 

computed transit times are given in Table A1.

In Figure A6, we see mean transit times plotted along with a variety of topographic 

indicators (slope gradient, L/G, slope direction, and L/G multiplied by slope direction). None of 

the relationships appear to be terribly strong (all R2 values were below 0.4), which indicates that 

in the Valles Caldera, mean transit times might be highly influenced by subsurface heterogeneity 

or by a combination of factors, both topographic and non-topographic. First, there is very little 

correlation between mean transit times and both slope gradient and L/G (Figure A6a and A6b). 

These results are somewhat unexpected because other studies (e.g. McGuire et al., 2005) have 

indicated that in areas where mean transit times are primarily topographically controlled, mean 

transit times are shorter on steeper slopes and in areas where water does not travel far in the 
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subsurface to reach the stream. While transit times do not appear to be topographically driven at 

this site in a traditional sense, patterns emerge when we consider slope direction. There is a 

better fit between transit time and slope direction than transit time and slope gradient (Figure 

A6c). Areas where the mean slope direction is more northerly are associated with generally 

longer transit times than areas where the mean slope direction is more southerly.  Furthermore, 

by multiplying slope direction by L/G (Figure A6d), we produce a metric with increased 

descriptive power of the transit times determined for this site over L/G alone.

To check for the robustness of the above analysis, we also considered possible biases 

imposed by characteristics of the data collection points (Figure A7). Not only are there co-

dependencies between features that might affect the relationship between transit times and any 

one indicator alone, but such co-dependencies can be instructional by themselves. First, there is a 

relationship between the stream isotopic signature and sampling point elevation (Figure A7a) 

such that more enriched waters are found at lower elevations, while higher elevation waters are 

more depleted. We also see that there is a slight relationship between sampling point elevation 

and slope direction (Figure A7b) whereby sampling points that are located on north facing slopes 

are, in general, at a slightly higher elevations than those located on more southerly-facing slopes.   

This has the potential to introduce some bias into the aspect-dependence of transit times because 

higher elevation soils are thought to be deeper, leading to greater storage and longer transit times 

(Rasmussen and Tabor, 2007). However, this bias does not show up at all when considering the 

isotopic signature of stream water. In fact, there is almost no discernible trend between the 

stream water isotopic composition and slope direction (Figure A7c). Finally, there is also a mild 
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trend between slope direction and slope gradient (Figure A7d) with more southerly facing slopes 

being slightly steeper than northerly-facing slopes. One can also observe this by visualizing the 

spatial distribution of slope gradients for Redondo Peak (Appendix C).

Discussion

We find that more northerly facing slopes may have longer transit times than more 

southerly facing slopes. Although there is a great deal of scatter in the data, indicating that in 

reality, transit times are influenced by a variety of factors, there appears to be an aspect control 

on transit times in the Valles Caldera. This pattern becomes especially apparent when the transit 

times are grouped by aspect. Figure A8 reiterates the observation that water emanating from 

more northerly facing slopes have longer transit times than water that emerges from more 

southerly facing slopes. It is important to note, though, that the streamflow direction depicted in 

Figure A8 does not necessarily mean that the slopes are all oriented in that direction. For 

example, an eastward flowing stream might have a combination of east, north, and south-facing 

slopes. Therefore, the water might emanate from slopes that point in different directions from the 

stream orientation.  This is further complicated by the fact that differently oriented slopes (e.g. 

north and south-facing slopes) might contribute different amounts of water to overall streamflow. 

It is also impossible to say how closely underground flow-paths follow the surface topographic 

expression of the landscape.
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As alluded to already, there is probably not any one key control on transit times at this 

site. Indeed, a variety of factors might be important, and further, some factors might be more 

important in one location than another. Some studies have suggested that landscape organization 

can be a dominant control (e.g. McGuire et al. 2005). However, transit times studies are 

generally performed in natural systems, so it is impossible to decouple various influences from 

different types of controls, whether it is landscape organization or other characteristics. In some 

areas, certain influences, such as topography stand out as dominant controls, whereas in others, 

they are not. In the Valles Caldera, topography, as expressed by flowpath length, slope gradient, 

and their ratio, does not appear to be a dominant control on mean transit time at the catchment 

scale. By considering transit times along with aspect, we can begin to consider factors other than 

topography whose differences might be captured by differences in aspect.

Firstly, aspect is directly related to a region's hydrology because it influences the amount 

of solar radiation that a particular hillslope receives. These variable energy fluxes might affect 

rates of evaporation, transpiration, snow sublimation, and snow melt. It is also interesting to note 

that the relationship between energy fluxes and water fluxes might vary according to aspect. For 

example, during the winter and spring months, south-facing slopes have more available energy 

and are subject to earlier snowmelt while north-facing slopes have less available energy and have 

a later snowmelt. Therefore, southerly exposures dry out quicker in the spring than do northerly 

exposures. Field observations also indicate that streamflow is also reduced and less consistent on 

the south side of Redondo Peak than on the north side. It is possible that south-facing hillslopes 
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contribute less water to overall streamflow than do north-facing slopes. These factors, alone, 

might dramatically affect transit times.

The relationship between aspect and transit times is also complicated because slope-

direction is also tied to the intrinsic structural and emergent features of the hillslopes. These 

qualities are thought to be integrally related to the catchment form and function (Wagener et al., 

2007). In other words, hydrologic properties can be thought of as a result of “adaptive ecological, 

geomorphic, and land-forming processes”  (Sivapalan, 2005). These emergent properties include 

features such as soil depth, slope-gradient, and vegetation cover. For example, in the Valles 

Caldera, the south facing sides of domes appear to have slightly steeper slopes whereas gentler 

slopes are found on the north sides of domes (Broxton, in prep.). Also, field observations indicate 

that there is more vegetation on north-facing slopes. At lower elevations in the region, especially 

in transition zones between the low elevation deserts and grasslands and higher elevation forests, 

it is readily observable that there is a pronounced exposure dependence on vegetation patterns, as 

north facing slopes may be densely vegetated, while south facing slopes may be rocky and lack 

significant vegetation cover altogether. In addition, higher elevation tree species may exist at 

shaded lower elevation sites.

Soil depth is another variable that affects transit times because of its effects on a 

hydrologic system’s storage characteristics. Recently, pedologists have postulated links between 

soil depth and the amount of available energy (e.g. Rasmussen and Tabor, 2007). In general, 

deeper soils are associated with increased vegetation density (e.g. Khumalo et al., 2008) and in 

semi-arid environments, it is generally observed that there are deeper soils at higher elevations 
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where there is more vegetation, a result of the higher elevations receiving more precipitation, 

especially in the form of snow. This results in a different ratio of available water to available 

energy, and is, in many cases, linked to different hydrologic characteristics such as the amount of 

water in storage. In the Valles Caldera, south-facing slopes are likely to be drier at certain times 

of the year simply because there is more available energy. Aspect, therefore, may influence soil 

depth in a similar way that elevation does.

Conclusion

! In the present study, we investigate the relationship between aspect and hydrology. In 

particular, we have designed an experiment to determine the influence of varying slope 

orientation (as a proxy for energy inputs) on hillslope water transit times. Our experiments 

indicate that there is a positive correlation between transit times and aspect for streams 

emanating from Redondo Peak: water that emanates from the north side of the mountain spends 

longer in the hydrologic system than water that emanates from the south side of the mountain. 

This suggests that some factor, or combination of factors related to aspect influences transit times 

in the area. Aspect affects the fluxes of energy that a particular hillslope receives. These energy 

fluxes are an important driver of many hydrological processes such as evapotranspiration and 

snow sublimation/ablation. There are also intrinsic structural differences between catchments 

with different orientations on Redondo Peak, such as generally steeper slopes on more southerly 

exposures. This study has sought to further refine a conceptual model that combines the net 
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effect of these various factors and contribute to the body of scientific knowledge describing the 

movement of water within mountain catchments.
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TABLES (APPENDIX A)

Table A1: Topographic and isotopic characteristics for all sampling locations. Each location was 

sampled many times. Missing data means either that there is insufficient information, it was 

determined that a particular metric cannot be defined for a certain point, or the computer 

algorithms were unable to find characteristics at that point.
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FIGURES (APPENDIX A)

Figure A1: Site Map showing an overview map of the Valles Caldera as well as an inset of 

Redondo Peak with overlays of our instrumentation and sampled streams.
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FIGURES (APPENDIX A) - continued

Figure A2: Time-series showing precipitation events as well as the projected isotopic signatures 

(which approximately follow a sine wave approximation) of precipitation inputs. Superimposed 

are field data from the present (2007) study as well as from a previous multiyear study involving 

precipitation isotopes in the area (Adams et al., 1995).
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FIGURES (APPENDIX A) - continued

Figure A3: Time-series depicting a) measured snow depths at an instrument cluster located on the 

flanks of Redondo Peak (depths are measured variety of distances from the canopy; source 

Molotch et al., in review) along with measured snow depths from snow courses located on the 

flanks of Redondo Peak. b) time-series of different melt scenarios based on SWE, snow density, 

and snow depth measurements. The points and dotted lines show field SWE measurements (from 

Gustafson, et al., 2008) and are given here for reference.
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FIGURES (APPENDIX A) - continued

Figure A4: Time-series of normalized flows during the North American Monsoon high intensity 

storm period at flumes positioned on streams that flow west, north, east, and south.
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FIGURES (APPENDIX A) - continued

Figure A5: a) Meteoric line for all samples collected during Water Year 2007 and b) plot of 

samples from springs collected during WY 2007.
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FIGURES (APPENDIX A) - continued

Figure A6:  Transit time plotted against a variety of topographic indicators for each sampling 

location: a) slope gradient, b) length / gradient, c) slope direction (expressed the sine of aspect), 

and d) length/gradient * slope direction.
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FIGURES (APPENDIX A) - continued

Figure A7: Possible biases in the data due to the sampling location characteristics. We show: a) 

mean deuterium values vs elevation (each sampling location is a point), b) elevation vs slope 

direction, c) mean deuterium values vs. slope direction and d) slope gradient vs slope direction.
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FIGURES (APPENDIX A) - continued

Figure A8: Calculated Transit times grouped by aspect along with basic statistical information 

about each group. The divisions are 1) those points whose contributing area’s orientation is 

33-100% north, 2) 33% south - 33% north, and 3) 33-100% south.

  76



APPENDIX B:

DISTRIBUTED LANDSCAPE INVESTIGATIONS

Purpose and Scope

 The previous section describes, in detail, how we calculated mean transit times for the 

Redondo Peak catchments, and that we found a tendency for there to be shorter transit times on 

south-facing slopes than north-facing slopes.  There are many factors that might affect these 

transit times, including variable water fluxes, as well as variations in topographic features, 

vegetation properties and soil depth. The transit times finding has supported the hypothesis that 

these features are, at least to some degree, controlled by aspect, and therefore variable energy 

fluxes.  However, it is quite difficult to be able to exclusively tie a hydrological feature, such as a 

mean transit time, to an environmental factor, such as how much energy a particular catchment 

receives, as there are many processes that occur simultaneously that might amplify or hide the 

connection.  For example, the water in different streams, and even in different portions of the 

same stream, might be derived from different sources, or have different flow-paths.  This is 

observable from hydrometric data collected in the Valles Caldera.  Figures B1a and B1b show 

that in addition to inter-stream isotopic variability, there can also be a considerable amount of 

isotopic variability within a given stream.  Figures B1c and B1d show that when plotted against 

one another, the mean isotopic signature and standard deviation (or the calculated transit time) of 

that signature can identify distinct waters.  For the Redondo Peak streams, it appears that springs 
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and midstream locations have more consistent isotopic signatures through time, while ephemeral 

sources of water have a much larger spread of isotopic values through time.  These observations 

indicate that many factors complicate the relationship between aspect and transit times, such as 

the effects of subsurface heterogeneity or the competition between various processes.

 Because of these complications, we performed distributed landscape studies to better 

understand which factors are important on different aspects, as well as to simulate a variety of 

processes simultaneously.  These studies include a simple analysis of how vegetation and 

topographic characteristics vary with respect to aspect. However, the highlight of these studies is 

a distributed physically-based model.  The model simulates processes governing radiative fluxes 

(shortwave, long-wave radiation), evaporative fluxes, water fluxes (rainfall and snowmelt), as 

well as the root zone water balance.  The fully distributed model is an excellent tool to visualize 

the effect of changing fluxes over the landscape as a whole, whose slope and aspect is spatially 

variable.  In addition, the model results are specifically displayed in terms of aspect.

Landscape Characteristics

 The transit times that were found in Appendix A are likely to be dependent on two major 

factors.  First, they depend on the system’s water storage capacity.  This is because as the water 

storage capacity increases, the turnover time effectively increases, resulting in longer transit 

times.  The other major factor that affects transit times is the flow rate: when the flux of water 

increases, the turnover time effectively decreases given a constant storage capacity, resulting in 
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shorter transit times. Therefore, transit times can be thought of as a balance between storage size 

and the rates of water flux. Landscape characteristics have the potential of affecting both factors. 

For example, when you increase the slope gradient, the water will move faster. On the other 

hand, if you increase the length of the underground flow-paths, the water will travel farther in the 

subsurface before it reaches a stream. Also, increasing the soil depth will increase the storage 

capacity.

 Figures B2 and B3 illustrate the relationship between aspect and a topographic indicator 

(slope) and a vegetation indicator (canopy coverage).  All analyses in this section are performed 

using a 10 meter DEM that was downsized to 30 meters resolution using the Mathworks 

Matlab® as well as a 30 meter resolution canopy coverage map (Homer et al., 2004)  First, lets 

consider slope.  A simple inspection of a map representing slopes in the Redondo Peak area 

clearly shows that steeper slopes are generally found on the southwest side of the mountain 

(figure B2a).  This relationship shows up when we count the number of gentle and steeper slopes 

in each direction.  Notice that when considering all landscape pixels with slopes that are greater 

than ten percent in the vicinity of Redondo Peak region, most are found to be either facing 

northwest or southeast (figure B2b), owing to the northeast trend to the Redondo Peak massif.    

However, when we just consider pixels whose slopes are greater than 50%., we see that the 

southwest-facing slopes are significantly represented.  It should also be noted that when 

considering all landscape pixels, this relationship is relatively weak, except at very small scales, 

because these areas with steep slopes might comprise a statistically insignificant portion of the 

map area. 
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 Vegetation patterns are perhaps the most interesting aspect-related landscape feature in the 

Valles Caldera.  Certainly, the correlation between aspect and vegetation cover is unmistakable, 

and perhaps stronger than any other relationship presented in this report.  Figure B3 shows a very  

strong aspect-dependence on canopy-coverage.  Note that increasingly north-facing slopes both 

have a greater degree of canopy-cover and are more consistently vegetated, as opposed to south-

facing slopes, which are more sparsely vegetated.  Interestingly, this relationship is somewhat 

weaker at smaller scales (note the difference between the panels in figure B3).  This might be 

due to a combination of natural factors and the fact that there has been recent (in the past 50 

years) logging in the vicinity of the smaller modeled catchments.  However, despite these 

anthropogenic effects, the relationship between aspect and canopy-cover is remarkably strong.  

This relationship might indicate deeper soils on north-facing slopes, as deeper soils are generally 

found in areas with more vegetation (e.g. Khumalo et al., 2008).  At the very least though, it 

provides direct evidence for increased water-availability on north-facing slopes, indicating that 

there is more water in storage there.

Physically Based Model

 The modeling efforts are aimed at constraining water flux variability and quantifying 

energy flux variability in the Valles Caldera by considering the effects of variable rates of 

snowmelt, evapotranspiration, and root zone drainage.  Because the model is fully-distributed, it 

can be used to visualize the effect of variable terrain characteristics and vegetation patterns 
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across the landscape.  In addition, when performing cell-by-cell analysis, any co-dependencies 

between aspect and landscape features, such as those described in the previous section, will 

automatically be taken into account because we deal with actual spatial observations.  Overall, 

the model gives further insight into how hydrological features change with aspect, and provides 

context for the transit time calculations described in Appendix A.

Model Description

 The model was coded for the purposes of this project, however it relies almost 

exclusively on previously developed theories and mathematical relations.  It consists of a 

simplified version of a land/atmosphere physical model.  The coding is flexible enough to both 

present model results in terms of variations in aspect and as distributed visualizations that can be 

viewed using readily available mapping software (Google Earth®).  All model components are 

fully distributed, and are computed using the Mathworks Matlab®.  Matlab® is a particularly 

suitable program to create this type of model because it has an extensive and growing code base, 

it is scriptable and can automate complex tasks, and it is remarkably fast when dealing with very 

large matrices of distributed landscape characteristics.

 There are a variety of model inputs related to meteorological conditions and landscape 

characteristics.  The model accepts as inputs precipitation, temperature, vapor pressure, and flat-

surface shortwave radiation from a series of small meteorological stations located around the 

Valles Caldera (Moore, 2007).  Inputs of flat-surface shortwave radiation and vapor pressure are 

taken to be constant everywhere for each time-step.  However, because precipitation and 
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temperature are found to vary systematically with elevation (figure 4), they are allowed to vary 

with elevation.  During the summer months (May-October), hourly precipitation everywhere is 

taken as the average hourly precipitation from the five meteorological stations.  However, during 

winter, to simulate an observed lapse rate, whereby higher elevations receive more wintertime 

precipitation (Figure B4a), precipitation is scaled with elevation.  Temperature, on the other 

hand, is defined for a given elevation by a linear regression of all five meteorological station 

measurements with elevation.  This is designed to account for normal lapse rates during the day, 

but also the situation at night when there is significant cold air drainage (figure B4b).  For spatial 

data inputs, the model uses two spatial data sets.  The first is a 10 meter DEM (later resized to 30 

meter resolution in Matlab®), and the second is a 30 meter canopy coverage map (Homer et al., 

2004).  After selecting the desired coverage area in ESRI ArcGis®, the maps were then exported 

as grids to be processed in Matlab®. In addition, slope and aspect were computed using Matlab® 

computer codes (which are based on Tarboton, 1997). 

 The model resolution and the spatial extent of the modeled area are highly flexible.  It is 

designed to run at hourly timesteps, but can run at any spatial resolution. Typically, though, the 

model runs at no less than 30 meters for large watersheds and only runs at 10 meters for small 

catchments as it is computationally expensive to run. It is functional at a variety of scales in the 

Valles Caldera from the 3.7 km2 La Jara Creek catchment to the 2500 km2 Jemez River Basin. 

The model also allows for multiscale visualization, both spatially and temporally.

 It is divided into different modules that compute a variety of processes.  The first is one 

that computes distributed radiative balance (incoming/outgoing energy flux) values for a 

  82



complex terrain.   The direct shortwave solar radiation is just computed as a simple adjustment of 

flat-surface solar radiation for local topographic effects of slope and aspect and the effects of 

canopy cover.  In addition, it models diffuse shortwave radiation as a fraction of the flat-surface 

direct shortwave radiation.  It also accounts for long-wave radiation using both physical 

principles (stephan-boltzmann law) as well as empirical data from eddie-flux towers in the Valles 

Caldera (SAHRA Geodatabase).  Net radiation is computed as both above-canopy and below-

canopy levels such that the amount of direct and diffuse shortwave radiation that reach the 

ground are adjusted for canopy coverage according to Veatch et al., in review.  See Table B1 for a 

listing of important equations and processes used to compute the radiative balance.

 After the model finds the radiative balance for the distributed landscape pixels, it works 

like many other land-surface physical models.  First, rates of potential evaporation are found 

using the Priestley-Taylor evapotranspiration model.  Next, precipitation is partitioned into 

rainfall and snowfall, according to whether the temperature is above or below freezing.  For 

incoming precipitation, canopy storage is taken into account using the method of Deardoff 

(1978).  When there is snow, it is allowed to accumulate on the land surface until it gets warm 

enough to melt.  This part of the model is essentially an energy balance model, and relies 

exclusively on energy balance principles with the exception that in the interest of speed, it does 

not iteratively solve for the temperature of the snowpack and instead, it uses a faster conditional 

loop.   See table B2 for a complete listing of the equations and processes used to compute the 

snowpack energy balance.  For this section, the one major assumption is that there is significant 

under-catch of snowfall at meteorological stations that are used to force the model.
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 The final module is a root zone water balance that partitions the water fluxes between 

transpiration and drainage (percolation). This portion of the model accounts for differential rates 

of infiltration, root water uptake (for transpiration), and deep percolation.  The infiltration 

formulation is based on the work of Milly (1986), the equation governing deep percolation is 

borrowed from Campbell (1974), and the process understanding of root water uptake is based on 

Teuling and Troch (2005). Effects from bare soil evaporation and capillary effects are ignored. 

It is assumed that the land surface is entirely covered by either trees or ground vegetation.  Also, 

the model assumes that there is not a reliable connection between the streams on the side of 

Redondo Peak and the groundwater aquifer.  In fact, it has been proposed that groundwater flow 

in the region is heavily influenced by fractures in the bedrock (Vuataz and Goff, 1986).  This 

assumption is probably not valid for larger streams and rivers in the middle of the large valleys in 

the Valles Caldera, but it is probably reasonable for streams on the side of Redondo Peak.  It 

should also be noted that the root zone water balance is only concerned with the topmost soil 

layer which is directly in contact with the vegetation, and we do not consider variable depths.  

See Table B3 for a complete listing of the equations and processes used to compute the root zone 

water balance.

Results and Interpretations

 These modeling efforts quantify the energy and water fluxes into and out of the near-

surface soil layer.  When tested against field data, it performs reasonably well both in terms of its 

handling of soil moisture and its handling of snow accumulation/melt (figure B6) indicating that 
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it successfully captures variability of water fluxes as well as the energy fluxes. This modeling 

allows for the characterization of the state of the hydrologic system.  The main questions to be 

answered by this portion of the study are: how much more incoming solar radiation do south-

facing slopes receive over north-facing slopes? - and - how do water fluxes change between 

north- and south-facing slopes.

Energy Fluxes

 The answer to the first question is that it depends on the time of the year.  As can be seen 

in Figure B7a, during the winter months, south-facing slopes receive much more shortwave solar 

radiation than flat surfaces, while north-facing slopes receive far less.  This contrast diminishes 

during the spring, and during the summer, south- and north-facing inclined surfaces essentially 

receive the same amount of solar insulation at the latitude of the Valles Caldera (~36°N).  

Interestingly, both north- and south-facing slopes receive less summer solar radiation than flat 

surfaces. Figure B7b shows similar information to Figure B7a, but this time, it examines the 

hourly distribution shortwave radiation through the course of a day.  Here, it is especially notable 

that south-facing slopes receive not only more solar radiation during the winter months, but that 

its hourly distribution is less variable between summer and winter. For north-facing slopes, on 

the other hand, there is a large difference between the hourly distribution of solar radiation 

between winter and summer months.  This difference is also illustrated by the maps in Figure B8. 

Figure B8a shows the distribution of net radiation (after albedo affects and long-wave 

components are taken into account) across the landscape on a typical sunny (and snow free) 
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december day.  Figure B8b shows this same distribution for a typical June day.  This observation 

has several significant hydrological consequences.  First, the imbalance between solar radiation 

on differently oriented hillslopes will be at a maximum during the snow-covered period during 

the winter.  Therefore, snow processes including sublimation, ablation, metamorphism will 

mostly be affected during mid winter.  Also, because the distribution of energy is nearly constant 

during the summer months, there is no reason to believe that evaporation will be favored on one 

aspect over another during this time (ignoring atmospheric differences and neglecting effects 

from changing vegetation densities).

Water Fluxes 

 Like the energy fluxes, the water fluxes can also be thought of in terms of aspect.  Built 

into the model is a constant distribution of summertime precipitation over the entire model area, 

so almost all of the variability in water fluxes across the land surface is related to snow.  In 

particular, the higher elevations receive more precipitation in the form of snow, so the total 

amount of melt at higher elevations will be greater than at lower elevations. In addition, both the 

timing and intensity of melt are controlled by elevation (because lower elevations are generally 

warmer than higher elevations) and aspect (because south-facing slopes receive more solar 

energy during the winter).  North-facing slopes are not only snow-covered for longer than south-

facing slopes, but they generally have a deeper snowpack because they are not subject to the 

periodic wintertime melting that occurs on south-facing slopes.  Figure B9 shows a progression 

of modeled snow water equivalent (SWE), soil moisture, and satellite estimated snow-cover 
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during the snowmelt period in 2007.  Notice that an intact snowpack remains at the highest 

elevations even after the lower elevations have melted completely.  Also, soils at the lowest 

elevations (in the southwest corner of the map) dry out even as higher elevations still have a 

considerable snowpack.  To clarify the aspect-dependence on these variables, Figure B10a and b 

show time-series of SWE and soil moisture for different aspects.  They show generally deeper, 

more prolonged snowpacks on north-facing slopes, as well as generally higher soil moisture 

content on north-facing slopes, through at least late spring.

 Examining the water fluxes below the surface is also instructional because these fluxes 

are ultimately responsible for the partitioning of water between evapotranspiration and drainage 

(which can either recharge aquifers or re-emerge in streams). In effect, they are being partitioned 

between water that the ecosystem uses, and water that is not used by ecosystem processes. Using 

the conceptual model presented in this report, the drainage flux is the portion of the subsurface 

water flux that will affect transit times because part of this flow will move toward and eventually  

discharge into streams. When examining the modeled water fluxes below ground, it immediately 

becomes apparent that even though the water fluxes across the surface are only elevation-

dependent (because of the precipitation lapse rate described above), this elevation dependence 

becomes much more pronounced, and an aspect-dependence appears, when considering water 

drainage out of the uppermost soil layer.  These features emerge both because of variations in 

snowmelt, as well as variations in evapotranspiration, which are still pronounced during the 

snowmelt period.  These variations are then amplified for drainage because of the power relation 

in the drainage equation: significant drainage only occurs when the soil is very close to 
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saturation, which most commonly occurs immediately following snowmelt in the Valles Caldera.  

Figure 10 illustrates that most root zone drainage (also called percolation) occurs at higher 

elevations while in Figure 11d, we can see that north-facing slopes have more root zone drainage 

than south-facing slopes.

Conclusion

 The distributed landscape studies have been concerned with quantifying fluxes of water 

and energy and illuminating storage characteristics on differently oriented hillslopes in the Valles 

Caldera. As far as the energy fluxes are concerned, these efforts have shown that south-facing 

slopes receive more solar insulation than north-facing slopes, especially during the winter; 

during the summer, all slopes receive roughly the same amount.  In terms of water fluxes, 

although there are variations across the surface of the land that are systematically driven by a 

precipitation lapse rate during the winter, these effects are amplified in the subsurface, and an 

aspect dependence appears because of variations in snowmelt and evapotranspiration.  These 

results are summarized by figure B12, which quantifies (in terms of aspect) the energy fluxes at 

the surface, the water fluxes at the surface, and the water fluxes that are not used by ecosystem 

processes.  Note, especially that the ratio between precipitation and actual evapotranspiration 

change between north- and south-facing slopes (Figure B12c). In effect, the model predicts that 

slopes on north-facing aspects will drain more water than those on south-facing aspects.  This 

drainage ultimately becomes either streamflow or groundwater recharge.
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 These findings are linked to the earlier transit times findings as well.  If we consider 

transit times to be roughly analogous to turnover times for a steady state system (such as on 

Redondo Peak), then transit times will be increased by increasing the system’s storage capacity, 

and decreased by increasing the water flux through it.  We have already seen that there is a strong 

connection between vegetation and aspect, as north-facing slopes are more vegetated than south-

facing ones, indicating wetter conditions there.  This is confirmed by the physical model, which, 

overall, predicts slightly greater soil moisture on north-facing slopes.  These factors argue for 

greater water storage on north-facing slopes.  At the same time, the model predicts that there is a 

greater amount of drainage from north-facing slopes given a constant soil depth, meaning that 

the water fluxes might also be greater there as well.  If these observations are correct, the two 

factors work against each-other, but since we also have transit time calculations, which have 

suggested longer transit times on north-facing slopes, it is logical to assume that the effects of 

storage are more important the Valles Caldera.  It is probable that in the Valles Caldera, the initial 

findings of longer transit times on north-facing slopes translate to larger water storages on north-

facing slopes; it is these slopes that have more water and are more hydrologically active.
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TABLES (APPENDIX B)

Table B1: Important governing equations and parameter meanings for the radiative balance 

portion of the distributed model
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TABLES (APPENDIX B) - continued

Table B2: Important governing equations and parameter meanings for the energy balance 

snowmelt portion of the distributed model
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TABLES (APPENDIX B) - continued

Table B3: Important governing equations and parameter meanings for the root zone water 

balance portion of the distributed model
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FIGURES (APPENDIX B)

Figure B1: Isotopic data at different sampling locations showing the probable influence of 

different flowpaths.  a) And b) illustrate isotopic variability within a large eastward-flowing 

stream, as well as two smaller adjacent streams.  c) And d) show the distinction between various 

waters with plots of isotopic value vs. standard deviation at various sampling locations
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FIGURES (APPENDIX B) - continued

Figure B2: Slope vs. Aspect.  a) Shows a map depicting slopes (red is steeper) for Redondo Peak 

along with rose plots showing the number of landscape pixels with slopes greater than 10% and 

with slopes greater than 50%.  Notice that the distribution, for steeper slopes, shifts to the 

southwest quadrant of the plots.  b) Shows a map depicting slopes at a much smaller scale 

catchment on the side of redondo peak, as well as a graph showing median slopes vs. aspect 

(considering all landscape pixels).
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FIGURES (APPENDIX B) - continued

Figure B3: Canopy cover plotted against aspect (considering all map pixels) - and discounting 

slopes that are less than 10%.  To the left, is the analysis for a small catchment on the east side of 

Redondo Peak.  Progressively larger scales are shown further right.
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FIGURES (APPENDIX B) - continued

Figure B4: Relationships between a) elevation and precipitation and b) elevation and temperature 

in the Valles Caldera (data comes from meteorological monitoring stations (LTER) and nearby 

SNOTEL stations (temperature only).
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FIGURES (APPENDIX B) - continued

Figure B5: Shortwave and long-wave radiation measured at an eddie-flux station located near 

Redondo Peak (SAHRA Geodatabase). Depicted above are a) time-series of radiation, b) a 

relationship between incoming and outgoing shortwave radiation, and c) a relationship between 

incoming and outgoing long-wave radiation.
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FIGURES (APPENDIX B) - continued

Figure B6: Model performance with respect to a) actual soil moisture observations and b) 

accumulated SWE measured at a nearby SNOTEL site (Quemazon)
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FIGURES (APPENDIX B) - continued

Figure B7: Depiction of how incoming solar radiation changes throughout the year on differently 

oriented slopes.  a) Shows the normalized difference between what various inclined surfaces and 

a flat surface receives at different times of the year.  b) Shows how the hourly distribution of 

solar radiation changes as a function of date on various surfaces
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FIGURES (APPENDIX B) - continued

Figure B8: Hillshade maps of the Valles Caldera color shaded with a) total net radiation for a 

typical snowless december day and b) total net radiation for a typical june day
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FIGURES (APPENDIX B) - continued

Figure B9: Distributed model results of SWE and soil moisture shown alongside visualizations 

of snow-cover as detected by the Moderate Resolution Imaging Spectrordiometer (MODIS)
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FIGURES (APPENDIX B) - continued

Figure B10) Time-series’ of model results of a) SWE, b) soil moisture, c) infiltration, and d) 

percolation, considering groups of landscape pixels with different orientations with respect to 

north.
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FIGURES (APPENDIX B) - continued

Figure B11: Map showing the spatial distribution of predicted cumulative percolation in the 

Valles Caldera.  Percolation both favors the higher elevations and north-facing aspects.
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FIGURES (APPENDIX B) - continued

Figure B12: a) Total energy, b) total water input, and c) precipitation / evaporation plotted 

against the sine of aspect (north-facing slopes plot on the right, considers all landscape pixels).
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APPENDIX C:

VALLES CALDERA MAPS

 The following maps are used for many purposes in the current research, from targeting 

field locations for further study, to gaining information about terrain features in the Valles 

Caldera, which proved to be especially invaluable to the creation of Appendix B of this thesis.  In 

fact, because all maps were created using Matlab®, it was a relatively simple matter to 

objectively examine the terrain characteristics (such as slope and percent vegetation cover) in 

terms of aspect.  Matlab® also facilitated the relatively straight-forward creation of keyhole 

markup language (KML) files, which are readable by Google Earth and other GIS-based 

applications that are designed to work with KML.  The maps that appear in the following pages 

are all converted into images (or are already existing image files), which then serve as image 

overlays in Google Earth.  The following maps are designed to convey the uniqueness of the 

topography of the Valles Caldera, as well as to convey useful information about the locations of 

the data that were used in the development of this thesis.  Notice, especially, the circular 

geometry of the Valles Caldera, as well as the distribution of various topographic features, 

streams, and vegetation patterns.
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Figure C1: Topographic Characteristics of the Valles Caldera: a) DEM showing an overview of the Jemez Mountains, b) aspect map 

for the Valles Caldera, c) slope map for the Valles Caldera, d) southness map for the Valles Caldera
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Figure C2: Physical Features of Redondo Peak: a) satelite image showing area roads and sampled streams, b) canopy coverage map 

of the area, c) geology of the Redondo Peak area, d) Redondo Peak topographic index
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Figure C3: Full study site map of the field site showing meteorological stations, stream sampling sites, streamflow gauges (flumes), 

and sampled streams
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APPENDIX D:

SAMPLE INFORMATION

! This appendix contains a variety of tables and charts that are related to the Valles Caldera 

field sampling campaign.  Information about the stream sample locations can be found in Tables 

D1 and D2.  The actual samples are given in Tables D3 and D4.  Table 3 contains information 

about all filtered samples that were collected in the Valles Caldera.  These samples are currently 

refrigerated but not yet analyzed.  Table D4 contains information about all of the unfiltered 

samples that were analyzed for their stable isotopes ("2H, "18O) content.  In addition, there are 

~60 unanalyzed samples that are intended for stable isotopes analysis (not included in this 

thesis).  Table D5 gives general isotopic and computed transit time information at each site and 

Table D6 gives correlations between various sampling point characteristics.  Table D6 is 

especially illuminating because it illuminates the covariance between variables.  There are also 

three figures in this appendix.  Figure D1 shows the overall meteoric line for the region (based on 

this project), that for stream and precipitation samples individually, and for other stable isotope 

("2H, "18O) data that has been collected in the Valles Caldera during previous studies.  Figure D2 

shows that different streams have trends of "2H, "18O values when plotted together and they 

have different deuterium excesses.  Figure D3 shows a bunch of plots that were automatically 

produced by Matlab for the transit time analysis showing predicted and actual stream isotope 

signatures.
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TABLES (APPENDIX D)

Table D1: Stream Sample Locations

The following table contains information about individual stream sample locations 

(latitude, longitude, elevation) as well as the number of samples collected at each

site

Jaramillo Flume 35.8936 -106.4954 13 75

La Jara Flume 35.8667 -106.5215 18 56

Lower La Jara 35.8705 -106.5272 0 24

La Jara Confluence 35.8748 -106.5311 1 6

La Jara Lower Seep 35.8725 -106.5295 3 14

La Jara Mid (Channel) 25.8738 -106.5296 1 14

La Jara Mid (Pool) 25.8738 -106.5296 3 18

La Jara Upper Seep 35.8783 -106.5450 3 3

Northeast Flume 35.9097 -106.5304 2 2

Northwest Flume 35.8929 -106.5766 13 9

Redondo Flume 35.8665 -106.5972 11 22

Southeast Flume 35.8753 -106.5124 0 4

Southwest Flume 35.8544 -106.5935 5 13

Stream 1 Bottom 35.8976 -106.5425 7 7

Stream 1 Top 35.8948 -106.5465 11 8

Stream 2 Bottom 35.8929 -106.5358 8 5

Stream 2 Top 35.8878 -106.5366 10 10

Stream 3 Bottom 35.8809 -106.5185 7 4

Stream 3 Top 35.8856 -106.5323 2 5

Stream 4 Bottom 35.8780 -106.5331 3 15

Stream 4 Top 35.8805 -106.5355 14 19

Stream 5 Top 35.8813 -106.5482 11 8

Stream 6 Bottom 35.8501 -106.5801 11 9

Stream 6 Top 35.8531 -106.5742 15 8

Stream 7 Top 35.8563 -106.5849 0 3

Stream 8 Mid 35.8902 -106.5692 2 3

Stream 8 Top 35.8898 -106.5662 12 7
*
This is the number of unfiltered samples that are analyzed

# Unfiltered 

Samples
*

Sampling Location Latitude Longitude
# Filtered 

Samples
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TABLES (APPENDIX D) - continued

Table D2: Landscape Characteristics of Stream Sample Locations

The following table gives some idea about the landscape characteristics at each
stream sampling location.  Shown are the upstream area contributing to each 
sample point along with the computed flowpath length, slope, aspect, canopy 

coverage, and median elevation of the upstream/upslope area. 

Jaramillo Flume 2627 2.61E+07 355 1.4 22% 2774 68

La Jara Flume 2750

Lower La Jara 2782 3.43E+06 296 6.3 29% 3110 73

La Jara Confluence 2877 2.23E+06 351 0.2 28% 3213 74

La Jara Lower Seep 2832 0.5 35% 3022 76

La Jara Mid (Channel) 2841 2.20E+06 312 0.0 28% 3137 73

La Jara Mid (Pool) 2841 2.20E+06 312 0.0 28% 3137 73

La Jara Upper Seep 3097 0.5 21% 3315 74

Northeast Flume 2719 3.11E+06 425 1.8 24% 2936 72

Northwest Flume 2707 8.42E+05 409 2.4 31% 2906 73

Redondo Flume 2507 1.32E+07 514 2.9 36% 2886 72

Southeast Flume 2684 2.20E+06 258 5.9 24% 2966 72

Southwest Flume 2472 3.6 44% 2846 71

Stream 1 Bottom 2854 5.13E+05 458 1.1 30% 2908 67

Stream 1 Top 2887 3.26E+05 658 1.0 40% 2992 64

Stream 2 Bottom 2941 3.39E+05 358 1.6 19% 3015 73

Stream 2 Top 3017 0.3 16% 3025 60

Stream 3 Bottom 2776 1.91E+06 274 5.9 23% 2977 69

Stream 3 Top 3001 0.2 17% 3030 64

Stream 4 Bottom 2950 0.2 31% 3000 64

Stream 4 Top 2986 4.17E+05 509 5.9 26% 3069 71

Stream 5 Top 3149 3.82E+05 426 6.1 27% 3241 72

Stream 6 Bottom 2589 7.71E+05 588 4.3 48% 3007 43

Stream 6 Top 2684 6.24E+05 714 4.3 50% 3051 48

Stream 7 Top 2611 7.05E+06 913 3.7 47% 2950 66

Stream 8 Mid 2830 6.00E+05 452 2.5 33% 2950 72

Stream 8 Top 2910 3.41E+05 632 2.9 35% 3000 74
*This site is located just downstream from the 'Lower La Jara' site so landscape characteristics are not 

 computed for this site as well

Canopy 

Cover (%)

Sample 

Elev. (m)

Median 

Elev. (m)
Sampling Location

Contributing 

Area (m2)

Flowpath 

Length (m)

Aspect 

(rad)

Slope 

(%)
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TABLES (APPENDIX D) - continued

Table D3: Filtered Samples

These samples were filtered in the field are are currently refrigerated.  Therefore, 
they are suitable for analysis of major anions/cations and organic constituents.

Collection Info

Date Time

Jaramillo Flume Jaramillo 08/01/07 12:08 125 ml Brown Glass Y

Jaramillo Flume JML-1002A 05/10/07 8:50 125 ml Brown Glass Y

Jaramillo Flume Jar Low 08/10/07 13:00 125 ml Brown Glass Y

Jaramillo Flume Jaramillo 08/07/07 10:13 125 ml Brown Glass Y

Jaramillo Flume Jar Low 06/14/07 16:45 125 ml Brown Glass Y

Jaramillo Flume Jar Low 07/16/07 15:45 125 ml Brown Glass Y

Jaramillo Flume JML-1001 04/13/07 9:50 250 ml Brown Glass Y

Jaramillo Flume Jaram Top 04/13/07 9:00 250 ml Brown Glass Y

Jaramillo Flume JML 1001A 04/13/07 9:50 250 ml Brown Glass Y

Jaramillo Flume Jaramillo 08/01/07 12:08 250 ml Cloudy Plastic N

Jaramillo Flume VCNP Jaramillo 08/07/07 10:13 250 ml Cloudy Plastic N

Jaramillo Flume Jar Low 06/19/07 10:30 250 ml Cloudy Plastic N

Jaramillo Flume Jar Low 06/14/07 16:45 250 ml Cloudy Plastic N

La Jara Flume La Jara 08/01/07 15:14 125 ml Brown Glass Y

La Jara Flume VCNP La Jara 08/07/07 12:13 125 ml Brown Glass Y

La Jara Flume S4-B 06/14/07 11:00 125 ml Brown Glass Y

La Jara Flume S4-B/S4-5 Chem 06/07/07 14:23 125 ml Brown Glass Y

La Jara Flume S4-B 07/18/07 14:30 125 ml Brown Glass Y

La Jara Flume La Jara 08/01/07 15:14 250 ml Cloudy Plastic N

La Jara Flume VCNP La Jara 08/07/07 12:13 250 ml Cloudy Plastic N

La Jara Flume S4-B 08/10/07 15:00 250 ml Cloudy Plastic N

La Jara Flume S4-B 06/14/07 23:00 250 ml Cloudy Plastic N

La Jara Flume S4-B/S4-5 Storage 06/07/07 14:23 125 ml Brown Glass N

La Jara Flume S4-B 07/18/07 14:30 250 ml Cloudy Plastic N

La Jara Flume S4-B 07/15/07 16:00 250 ml Cloudy Plastic N

Lower La Jara S4-5-1001C 04/12/07 17:00 250 ml Cloudy Plastic N

Lower La Jara S4-5-1001A 04/12/07 250 ml Brown Glass Y

Lower La Jara S4-5-1002A 05/10/07 10:10 125 ml Brown Glass Y

Lower La Jara S4-1/S4-5 08/10/07 8:45 125 ml Brown Glass Y

Lower La Jara S4-4 Storage 06/07/07 17:13 50 ml Clear Glass N

La Jara Lower Seep S4-Seep2 Chem 06/07/07 15:02 125 ml Brown Glass Y

La Jara Lower Seep S4-Seep 2 Chem 06/07/07 17:02 125 ml Brown Glass Y

La Jara Lower Seep S4-Seep2 Chem 06/07/07 15:02 125 ml Brown Glass N

La Jara Mid (Channel) S4-3 Storage 06/07/07 15:22 125 ml Brown Glass N

La Jara Mid (Pool) S4-Seep Chem 06/07/07 15:22 125 ml Brown Glass Y

La Jara Mid (Pool) S4-Seep Storage 06/07/07 15:22 125 ml Brown Glass Y

La Jara Mid (Pool) S4-3 Chem 06/07/07 15:22 125 ml Brown Glass Y

La Jara Confluence S5-B Storage 06/07/07 125 ml Brown Glass N

La Jara Upper Seep S5-M-T 07/18/07 11:45 125 ml Brown Glass Y

La Jara Upper Seep S5-Seep 08/10/07 10:15 125 ml Brown Glass Y

La Jara Upper Seep S5-Seep 08/13/07 10:15 250 ml Cloudy Plastic N

Northeast Flume Flume B 08/15/07 16:30 125 ml Brown Glass Y

Northeast Flume Flume B 08/15/07 16:30 250 ml Cloudy Plastic N

Northwest Flume S8-B 08/09/07 18:30 125 ml Brown Glass Y

Northwest Flume Flume A 08/15/07 14:30 125 ml Brown Glass Y

Northwest Flume S8-B 07/05/07 14:00 125 ml Brown Glass Y

Northwest Flume S8-B 06/17/07 19:30 125 ml Brown Glass Y

Northwest Flume S8-B 07/14/07 12:45 125 ml Brown Glass Y

Field Location Bottle Label Bottle Description
Ashed 

Bottle?
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TABLES (APPENDIX D) - continued

Northwest Flume S8-B-1000A 04/11/07 16:07 250 ml Brown Glass Y

Northwest Flume S8-B 07/05/07 14:00 250 ml Cloudy Plastic N

Northwest Flume Flume A 08/15/07 14:30 250 ml Cloudy Plastic N

Northwest Flume S8-B Storage 06/06/07 12:28 50 ml Clear Glass N

Northwest Flume S8-B Chem 06/06/07 12:28 50 ml Clear Glass N

Northwest Flume S8-B 07/14/07 12:45 250 ml Cloudy Plastic N

Northwest Flume S8-B 08/09/07 18:30 250 ml Cloudy Plastic N

Northwest Flume S8-B 06/17/07 19:30 250 ml Cloudy Plastic N

Redondo Flume Red-1002A 05/11/07 12:43 125 ml Brown Glass Y

Redondo Flume Redondo 06/15/07 13:30 125 ml Brown Glass Y

Redondo Flume Red 07/11/07 16:00 125 ml Brown Glass Y

Redondo Flume Red 1001A 04/11/07 15:00 250 ml Brown Glass Y

Redondo Flume Redondo Main 08/02/07 10:15 250 ml Cloudy Plastic N

Redondo Flume Redondo 08/07/07 14:44 250 ml Cloudy Plastic N

Redondo Flume Redondo 06/19/07 11:30 250 ml Cloudy Plastic N

Redondo Flume Redondo 06/14/07 19:00 250 ml Cloudy Plastic N

Redondo Flume Red 07/14/07 16:00 250 ml Cloudy Plastic N

Redondo Flume Redondo 05/11/07 12:45 250 ml Cloudy Plastic N

Redondo Flume Red 1001C 04/11/07 15:00 250 ml Cloudy Plastic N

Southwest Flume S7-B 06/15/07 12:30 125 ml Brown Glass Y

Southwest Flume S7-B Chem 06/07/07 9:46 125 ml Brown Glass Y

Southwest Flume S7-B-1000 05/11/07 125 ml Cloudy Plastic N

Southwest Flume S7-B 06/07/07 9:46 125 ml Brown Glass N

Southwest Flume S7-B 05/11/07 11:35 250 ml Cloudy Plastic N

Stream 1 Bottom S1-B 08/08/07 18:00 125 ml Brown Glass Y

Stream 1 Bottom S1-B 07/06/07 8:55 125 ml Brown Glass Y

Stream 1 Bottom S1-B 07/14/07 10:20 125 ml Brown Glass Y

Stream 1 Bottom S1-B 07/19/07 16:45 125 ml Brown Glass Y

Stream 1 Bottom S1-B-1001 05/11/07 125 ml Cloudy Plastic N

Stream 1 Bottom S1-B Storage 06/06/07 17:45 50 ml Clear Glass N

Stream 1 Bottom S1-B Chem 06/06/07 17:45 50 ml Clear Glass N

Stream 1 Top S1-T-1002A 05/10/07 13:45 125 ml Brown Glass Y

Stream 1 Top S1-T 08/08/07 17:30 125 ml Brown Glass Y

Stream 1 Top S1-T 07/06/07 9:25 125 ml Brown Glass Y

Stream 1 Top S1-T 06/18/07 17:00 125 ml Brown Glass Y

Stream 1 Top S1-T 07/19/07 16:00 125 ml Brown Glass Y

Stream 1 Top S1-T 07/14/07 9:50 125 ml Brown Glass Y

Stream 1 Top S1-T 07/06/07 9:25 250 ml Cloudy Plastic N

Stream 1 Top S1-T 06/18/07 17:00 250 ml Cloudy Plastic N

Stream 1 Top S1-T Chem 06/06/07 17:12 50 ml Clear Glass N

Stream 1 Top S1-T Storage 06/06/07 17:12 50 ml Clear Glass N

Stream 1 Top S1-T 07/14/07 9:40 250 ml Cloudy Plastic N

Stream 2 S2-?? 08/08/07 16:00 125 ml Brown Glass Y

Stream 2 S2-?? 08/08/07 16:00 125 ml Brown Glass Y

Stream 2 Bottom S2-B 07/06/07 10:20 125 ml Brown Glass Y

Stream 2 Bottom S2-B 04/06/07 17:10 125 ml Brown Glass Y

Stream 2 Bottom S2-B 07/17/07 12:00 125 ml Brown Glass Y

Stream 2 Bottom S2-B 04/12/07 11:00 250 ml Brown Glass Y

Stream 2 Bottom S2-B 07/06/07 10:20 250 ml Cloudy Plastic N

Stream 2 Bottom S2-B 06/16/07 17:30 250 ml Cloudy Plastic N

Stream 2 Bottom S2-B Chem 06/06/07 16:04 50 ml Clear Glass N

Stream 2 Bottom S2-B-1000C 04/12/07 11:40 250 ml Cloudy Plastic N

Stream 2 Top S2-T 07/06/07 11:00 125 ml Brown Glass Y

Stream 2 Top S2-T 07/17/07 11:00 125 ml Brown Glass Y

Stream 2 Top S2-T 07/06/07 11:00 250 ml Cloudy Plastic N

Stream 2 Top S2-T 06/16/07 12:00 250 ml Cloudy Plastic N

Stream 2 Top S2-T-1004 05/10/07 14:50 125 ml Cloudy Plastic N

Stream 2 Top S2-B Storage 06/06/07 16:04 50 ml Clear Glass N
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Stream 2 Top S2-T Storage 06/06/07 15:19 50 ml Clear Glass N

Stream 2 Top S2-T Chem 06/06/07 15:19 50 ml Clear Glass N

Stream 2 Top S2-T 07/17/07 11:15 250 ml Cloudy Plastic N

Stream 2 Top S2-T 05/10/07 14:50 250 ml Cloudy Plastic N

Stream 3 Bottom S3-B-1003A 05/10/07 18:00 125 ml Brown Glass Y

Stream 3 Bottom S3-B 06/14/07 17:45 125 ml Brown Glass Y

Stream 3 Bottom S3-B 04/12/07 8:45 250 ml Brown Glass Y

Stream 3 Bottom S3-B 06/14/07 17:45 250 ml Cloudy Plastic N

Stream 3 Bottom S3-B Chem 06/07/07 19:00 50 ml Clear Glass N

Stream 3 Bottom S3-B Storage 06/07/07 19:00 50 ml Clear Glass N

Stream 3 Bottom S3-B 05/10/07 250 ml Cloudy Plastic N

Stream 3 Top S3-T-1005A 05/10/07 17:00 125 ml Brown Glass Y

Stream 3 Top S3-T-1004A 04/12/07 11:00 250 ml Brown Glass Y

Stream 4 Bottom S4-2 06/07/07 16:26 125 ml Brown Glass Y

Stream 4 Bottom S4-B 07/15/07 16:00 125 ml Brown Glass Y

Stream 4 Bottom S4-2 Storage 06/07/07 18:26 125 ml Brown Glass N

Stream 4 Top S4-T-1002 05/10/07 12:00 125 ml Brown Glass Y

Stream 4 Top S4-T Chem 06/07/07 17:10 125 ml Brown Glass Y

Stream 4 Top S4-1 Chem 06/07/07 16:55 250 ml Brown Glass Y

Stream 4 Top S4-1/S4-T 07/14/07 12:30 125 ml Brown Glass Y

Stream 4 Top S4-T 07/18/07 13:10 125 ml Brown Glass Y

Stream 4 Top S4-T 04/12/07 3:45 250 ml Brown Glass Y

Stream 4 Top S4-T 06/14/07 12:45 250 ml Cloudy Plastic N

Stream 4 Top S4-1 Storage 06/07/07 16:55 250 ml Brown Glass N

Stream 4 Top S4-T Storage 06/07/07 17:10 250 ml Brown Glass N

Stream 4 Top S4-T/S4-1 07/15/07 12:30 250 ml Cloudy Plastic N

Stream 4 Top S4-T 07/18/07 13:10 250 ml Cloudy Plastic N

Stream 4 Top S4-1/S4-T 08/10/07 8:45 250 ml Cloudy Plastic Y

Stream 4 Top S4-T/S4-1 07/15/07 12:30 250 ml Cloudy Plastic N

Stream 4 Top S4-T-1008C 04/12/07 15:45 250 ml Cloudy Plastic N

Stream 4 Top S4-T-1002C 05/10/07 12:00 250 ml Cloudy Plastic N

Stream 5 Top S5-T 05/10/07 16:15 125 ml Brown Glass Y

Stream 5 Top S5-T 08/10/07 9:45 125 ml Brown Glass Y

Stream 5 Top S5-T 06/15/07 18:30 125 ml Brown Glass Y

Stream 5 Top S5-T 07/15/07 13:30 125 ml Brown Glass Y

Stream 5 Top S5-T 07/18/07 11:10 125 ml Brown Glass Y

Stream 5 Top S5-T-1001A 04/13/07 250 ml Brown Glass Y

Stream 5 Top S5-T 08/10/07 9:45 250 ml Cloudy Plastic N

Stream 5 Top S5-T 06/15/07 18:30 250 ml Cloudy Plastic N

Stream 5 Top S5-T Storage 06/07/07 125 ml Brown Glass N

Stream 5 Top S5-T 07/15/07 13:30 250 ml Cloudy Plastic N

Stream 5 Top S5-T 07/18/07 11:00 250 ml Cloudy Plastic N

Stream 6 Bottom S6-B-1001A 04/13/07 11:30 250 ml Brown Glass Y

Stream 6 Bottom S6-B 07/05/07 11:50 125 ml Brown Glass Y

Stream 6 Bottom S6-B 06/15/07 11:15 125 ml Brown Glass Y

Stream 6 Bottom S6-B Chem 06/07/07 11:36 125 ml Brown Glass Y

Stream 6 Bottom S6-B 07/14/07 14:30 125 ml Brown Glass Y

Stream 6 Bottom S6-B 07/05/07 11:50 250 ml Cloudy Plastic N

Stream 6 Bottom S6-B 08/09/07 14:00 250 ml Cloudy Plastic N

Stream 6 Bottom S6-B 06/15/07 11:15 250 ml Cloudy Plastic N

Stream 6 Bottom S6-B-1002A 05/11/07 125 ml Cloudy Plastic N

Stream 6 Bottom S6-B 06/07/07 11:36 125 ml Brown Glass N

Stream 6 Bottom S6-B 05/11/07 10:00 250 ml Cloudy Plastic N

Stream 6 Top S6-T 08/09/07 15:00 125 ml Brown Glass Y

Stream 6 Top S6-T-1001A 05/11/07 10:30 125 ml Brown Glass Y

Stream 6 Top S6-T-1000A 04/13/07 12:15 250 ml Brown Glass Y

Stream 6 Top S6-T 06/15/07 11:45 125 ml Brown Glass Y

Stream 6 Top S6-T Chem 06/07/07 12:00 125 ml Brown Glass Y
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Stream 6 Top S6-T 07/14/07 14:45 125 ml Brown Glass Y

Stream 6 Top S6-T 07/17/07 17:30 125 ml Brown Glass Y

Stream 6 Top S6-T 07/17/07 18:00 125 ml Brown Glass Y

Stream 6 Top S6-T 04/13/07 12:20 250 ml Brown Glass Y

Stream 6 Top S6-T 07/05/07 12:20 250 ml Cloudy Plastic N

Stream 6 Top S6-T 06/15/07 11:45 250 ml Cloudy Plastic N

Stream 6 Top S6-T 08/09/07 18:00 250 ml Cloudy Plastic N

Stream 6 Top S6-T 06/07/07 12:00 125 ml Brown Glass N

Stream 6 Top S6-T 07/17/07 18:00 250 ml Cloudy Plastic N

Stream 6 Top S6-T 05/11/07 10:30 250 ml Cloudy Plastic N

Stream 8 Mid S8-M 07/05/07 14:20 250 ml Cloudy Plastic N

Stream 8 Mid S8-M 07/05/07 14:20 125 ml Brown Glass Y

Stream 8 Top S8-T 08/09/07 17:00 125 ml Brown Glass Y

Stream 8 Top S8-T-1001A 05/11/07 125 ml Brown Glass Y

Stream 8 Top S8-T 06/17/07 19:00 125 ml Brown Glass Y

Stream 8 Top S8-T 07/14/07 11:30 125 ml Brown Glass Y

Stream 8 Top S8-T 08/09/07 18:00 250 ml Cloudy Plastic N

Stream 8 Top S8-T 06/17/07 19:00 250 ml Cloudy Plastic N

Stream 8 Top S8-B-1001A 05/11/07 125 ml Cloudy Plastic N

Stream 8 Top S8-T Storage 06/06/07 13:08 50 ml Clear Glass N

Stream 8 Top S8-T Chem 06/06/07 13:08 50 ml Clear Glass N

Stream 8 Top S8-T 07/14/07 11:30 250 ml Cloudy Plastic N

Stream 8 Top S8-T-1001C 04/11/07 17:50 250 ml Cloudy Plastic N

Stream 8 Top S8-T-1002 05/11/07 16:40 250 ml Cloudy Plastic N
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Table D4: Unfiltered Samples

These samples are essentially grab samples that were analyzed for their 
stable isotopes content.  This table includes the !2H and !18O content of 
each sample. There are ~65 samples from 2008 that need to be analyzed.

Collection Info !
2
H !

18
O

Date Time (‰) (‰)

Jaramillo Flume JML - 1000 11/09/06 15:45 -79.2 -11.50

Jaramillo Flume JML - 1001 04/14/07 09:50 -77.2 -11.29

Jaramillo Flume JML - 1002 05/10/07 08:50 -77.0 -11.19

Jaramillo Flume JML - 1003 06/14/07 16:45 -79.4 -11.44

Jaramillo Flume JML - 1005 06/18/07 11:00 -81.2 -11.67

Jaramillo Flume JML - 1004 06/19/07 10:30 -81.1 -11.48

Jaramillo Flume JML - 1007 07/03/07 6:00, 18:00 -79.1 -10.79

Jaramillo Flume JML - 1008 07/04/07 6:00, 18:00 -78.5 -10.96

Jaramillo Flume JML - 1009 07/05/07 6:00, 18:00 -78.1 -10.95

Jaramillo Flume JML - 1010 07/06/07 6:00, 18:00 -80.0 -11.17

Jaramillo Flume JML - 1011 07/07/07 6:00, 18:00 -80.1 -11.26

Jaramillo Flume JML - 1012 07/08/07 6:00, 18:00 -79.5 -10.63

Jaramillo Flume JML - 1013 07/09/07 6:00, 18:00 -79.5 -11.16

Jaramillo Flume JML - 1014 07/10/07 6:00, 18:00 -79.8 -11.20

Jaramillo Flume JML - 1015 07/11/07 6:00, 18:00 -78.9 -10.96

Jaramillo Flume JML - 1016 07/12/07 6:00, 18:00 -77.7 -11.25

Jaramillo Flume JML - 1017 07/13/07 6:00, 18:00 -78.6 -11.31

Jaramillo Flume JML - 1018 07/14/07 6:00, 18:00 -78.9 -11.46

Jaramillo Flume JML - 1019 07/15/07 06:00 -78.3 -11.22

Jaramillo Flume JML - 1006 07/16/07 15:45 -77.9 -11.04

Jaramillo Flume JML - 1020 07/16/07 18:00 -75.8 -10.52

Jaramillo Flume JML - 1021 07/17/07 6:00, 18:12 -78.2 -11.00

Jaramillo Flume JML - 1022 07/18/07 06:00 -78.9 -11.24

Jaramillo Flume JML - 1023 07/18/07 18:00 -79.3 -11.24

Jaramillo Flume JML - 1024 07/19/07 6:00, 18:00 -79.2 -11.20

Jaramillo Flume JML - 1025 07/21/07 6:00, 18:00 -75.3 -10.80

Jaramillo Flume JML - 1026 07/22/07 6:00, 18:00 -74.6 -10.90

Jaramillo Flume JML - 1027 07/23/07 6:00, 18:00 -75.2 -10.93

Jaramillo Flume JML - 1028 07/24/07 6:00, 18:00 -76.9 -10.95

Jaramillo Flume JML - 1029 07/25/07 6:00, 18:00 -80.9 -11.48

Jaramillo Flume JML - 1030 07/26/07 6:00, 18:00 -81.1 -11.55

Jaramillo Flume JML - 1031 07/27/07 6:00, 18:00 -80.4 -11.62

Jaramillo Flume JML - 1032 07/28/07 6:00, 18:00 -79.8 -11.50

Jaramillo Flume JML - 1033 07/29/07 6:00, 18:00 -79.8 -11.60

Jaramillo Flume JML - 1034 07/30/07 6:00, 18:00 -78.3 -11.41

Jaramillo Flume JML - 1035 07/31/07 6:00, 18:00 -79.8 -11.60

Jaramillo Flume JML - 1036 08/01/07 6:00, 18:00 -78.0 -11.38

Jaramillo Flume JML - 1060 08/01/07 12:06 -77.6 -11.24

Jaramillo Flume JML - 1037 08/02/07 6:00, 18:00 -78.4 -11.38

Jaramillo Flume JML - 1038 08/03/07 6:00, 18:00 -79.4 -11.50

Jaramillo Flume JML - 1039 08/04/07 6:00, 18:00 -79.7 -11.60

Jaramillo Flume JML - 1040 08/05/07 6:00, 18:00 -74.4 -10.86

Jaramillo Flume JML - 1041 08/06/07 6:00, 18:00 -78.2 -11.26

Jaramillo Flume JML - 1042 08/07/07 6:00, 18:00 -80.3 -11.63

Field Location Sample ID
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Jaramillo Flume JML - 1059 08/07/07 10:13 -79.8 -11.54

Jaramillo Flume JML - 1043 08/08/07 6:00, 18:00 -80.6 -11.67

Jaramillo Flume JML - 1044 08/09/07 6:00, 18:00 -80.5 -11.65

Jaramillo Flume JML - 1045 08/10/07 06:00 -79.4 -11.46

Jaramillo Flume JML - 1046 08/10/07 13:00 -80.8 -11.33

Jaramillo Flume JML - 1047 08/13/07 18:00 -78.0 -11.27

Jaramillo Flume JML - 1048 08/14/07 16:00 -73.5 -10.51

Jaramillo Flume JML - 1050 08/14/07 18:00 -74.6 -10.88

Jaramillo Flume JML - 1051 08/15/07 06:00 -75.3 -10.76

Jaramillo Flume JML - 1052 08/15/07 18:00 -73.3 -10.87

Jaramillo Flume JML - 1058 08/15/07 15:30 -73.7 -10.59

Jaramillo Flume JML - 1053 08/16/07 06:00 -73.2 -10.73

Jaramillo Flume JML - 1054 08/16/07 18:00 -76.1 -11.08

Jaramillo Flume JML - 1055 08/17/07 06:00 -76.7 -10.87

Jaramillo Flume JML - 1056 08/17/07 18:00 -77.7 -11.17

Jaramillo Flume JML - 1057 08/18/07 06:00 -77.8 -11.38

Jaramillo Flume JML - 1062 10/24/07 11:39 -82.0 -11.70

Jaramillo Flume JML - 1063 10/30/07 18:00 -80.5 -11.83

Jaramillo Flume JML - 1064 10/30/07 18:00 -79.8 -11.38

Jaramillo Flume JML - 1065 10/31/07 06:00 -80.1 -11.53

Jaramillo Flume JML - 1066 10/31/07 18:00 -80.6 -11.47

Jaramillo Flume JML - 1067 11/01/07 18:00 -80.5 -11.42

Jaramillo Flume JML - 1061 11/02/07 14:37 -81.3 -11.58

Jaramillo Flume JML - 1068 11/02/07 18:00 -81.0 -11.52

Jaramillo Flume JML - 1069 11/03/07 18:00 -81.2 -11.58

Jaramillo Flume JML - 1070 11/04/07 18:00 -81.7 -11.69

Jaramillo Flume JML - 1071 11/05/07 18:00 -81.7 -11.64

Jaramillo Flume JML - 1072 11/06/07 18:00 -82.2 -11.81

Jaramillo Flume JML - 1073 11/07/07 18:00 -81.5 -11.83

Jaramillo Flume JML - 1074 11/08/07 18:00 -81.3 -11.73

Jaramillo Flume JML - 1063 11/09/07 11:00 -80.5 -11.83

La Jara Flume S4-B - 1000 05/10/07 10:10 -85.9 -12.21

La Jara Flume S4-B - 1001 06/07/07 14:20 -87.4 -12.65

La Jara Flume S4-B - 1002 06/14/07 11:00 -88.4 -12.95

La Jara Flume S4-B - 1003 06/22/07 6:00, 18:00 -86.7 -12.35

La Jara Flume S4-B - 1004 06/23/07 6:00, 18:00 -86.4 -12.44

La Jara Flume S4-B - 1005 06/24/07 6:00, 18:00 -86.7 -12.46

La Jara Flume S4-B - 1006 06/25/07 6:00, 18:00 -86.9 -12.41

La Jara Flume S4-B - 1007 06/26/07 6:00, 18:00 -86.9 -12.28

La Jara Flume S4-B - 1008 06/27/07 6:00, 18:00 -86.9 -12.58

La Jara Flume S4-B - 1009 06/28/07 6:00, 18:00 -87.0 -12.56

La Jara Flume S4-B - 1010 06/29/07 6:00, 18:00 -86.9 -12.59

La Jara Flume S4-B - 1011 06/30/07 6:00, 18:00 -87.4 -12.50

La Jara Flume S4-B - 1012 07/01/07 6:00, 18:00 -87.2 -12.53

La Jara Flume S4-B - 1013 07/02/07 6:00, 18:00 -87.2 -12.65

La Jara Flume S4-B - 1014 07/03/07 6:00, 18:00 -87.1 -12.67

La Jara Flume S4-B - 1015 07/04/07 6:00, 18:00 -87.3 -12.61

La Jara Flume S4-B - 1016 07/05/07 6:00, 18:00 -87.0 -12.56

La Jara Flume S4-B - 1017 07/06/07 6:00, 18:00 -87.9 -12.62

La Jara Flume S4-B - 1020 07/08/07 6:00, 18:00 -88.4 -12.61

La Jara Flume S4-B - 1021 07/09/07 6:00, 18:00 -87.1 -12.50

La Jara Flume S4-B - 1024 07/17/07 6:00, 18:00 -87.3 -12.56

La Jara Flume S4-B - 1025 07/18/07 06:00 -85.6 -12.21

La Jara Flume S4-B - 1026 07/19/07 6:00, 18:00 -87.8 -12.49

La Jara Flume S4-B - 1027 07/20/07 6:00, 18:00 -87.5 -12.37

La Jara Flume S4-B - 1028 07/21/07 6:00, 18:00 -87.0 -12.53

  119



TABLES (APPENDIX D) - continued

La Jara Flume S4-B - 1029 07/22/07 6:00, 18:00 -85.5 -12.28

La Jara Flume S4-B - 1030 07/23/07 6:00, 18:00 -87.2 -12.50

La Jara Flume S4-B - 1031 07/24/07 6:00, 18:00 -88.2 -12.64

La Jara Flume S4-B - 1032 07/24/07 6:00, 18:00 -86.8 -12.55

La Jara Flume S4-B - 1034 07/27/07 6:00, 18:00 -85.8 -12.35

La Jara Flume S4-B - 1035 07/28/07 6:00, 18:00 -86.2 -12.42

La Jara Flume S4-B - 1036 07/29/07 6:00, 18:00 -86.8 -12.53

La Jara Flume S4-B - 1037 07/30/07 6:00, 18:00 -86.8 -12.45

La Jara Flume S4-B - 1038 07/31/07 6:00, 18:00 -87.2 -12.45

La Jara Flume S4-B - 1039 08/01/07 6:00, 18:00 -87.5 -12.64

La Jara Flume S4-B - 1040 08/02/07 6:00, 18:00 -88.2 -12.74

La Jara Flume S4-B - 1041 08/03/07 6:00, 18:00 -86.6 -12.71

La Jara Flume S4-B - 1042 08/10/07 18:00 -87.5 -12.60

La Jara Flume S4-B - 1043 08/11/07 06:00 -85.7 -12.54

La Jara Flume S4-B - 1044 08/11/07 18:00 -86.7 -12.45

La Jara Flume S4-B - 1045 08/12/07 06:00 -87.3 -12.61

La Jara Flume S4-B - 1046 08/12/07 18:00 -86.8 -12.64

La Jara Flume S4-B - 1047 08/13/07 06:00 -87.5 -12.59

La Jara Flume S4-B - 1048 08/13/07 18:00 -87.6 -12.54

La Jara Flume S4-B - 1050 08/14/07 18:00 -84.5 -12.21

La Jara Flume S4-B - 1051 08/15/07 06:00 -86.9 -12.35

La Jara Flume S4-B - 1052 08/15/07 18:00 -85.6 -12.31

La Jara Flume LJ Flume - 1000 08/15/07 17:00 -84.5 -12.22

La Jara Flume S4-B - 1053 08/16/07 06:00 -85.3 -12.16

La Jara Flume S4-B - 1054 08/16/07 18:00 -86.4 -12.50

La Jara Flume S4-B - 1055 08/17/07 06:00 -85.7 -12.35

La Jara Flume S4-B - 1056 08/17/07 18:00 -86.4 -12.40

La Jara Flume S4-B - 1057 08/18/07 06:00 -86.7 -12.52

La Jara Flume S4-B - 1058 08/18/07 18:00 -86.6 -12.53

La Jara Flume LJ Flume - 1001 11/09/07 12:30 -86.3 -12.49

La Jara Flume LJ Flume - 1003 06/28/08 18:00 -88.5 -12.69

Northeast Flume NE Flume - 1000 11/09/07 10:30 -83.6 -11.91

Northeast Flume Flume A - 1000 08/15/08 14:30 -82.7 -11.85

Northwest Flume S8-B - 1000 04/12/07 16:07 -79.2 -11.29

Northwest Flume S8-B - 1001 05/11/07 17:13 -81.1 -11.83

Northwest Flume S8-B - 1002 06/06/07 12:28 -82.7 -11.95

Northwest Flume S8-B - 1003 06/17/07 19:30 -82.4 -12.07

Northwest Flume S8-B - 1004 07/05/07 14:00 -82.1 -12.09

Northwest Flume S8-B - 1005 07/14/07 12:45 -81.3 -12.00

Northwest Flume S8-B - 1007 08/13/07 15:00 -79.9 -11.75

Northwest Flume S8-B - 1008 08/15/07 14:30 -81.1 -11.93

Northwest Flume S8-B - 1009 11/09/07 09:30 -81.4 -11.80

Redondo Flume Red - 1000 11/09/06 14:05 -80.2 -11.51

Redondo Flume Red - 1001 04/12/07 15:00 -79.7 -11.34

Redondo Flume Red - 1002 05/11/07 12:43 -80.5 -11.49

Redondo Flume Red - 1003 06/14/07 19:00 -82.1 -11.87

Redondo Flume Red - 1004 06/19/07 11:30 -82.8 -12.15

Redondo Flume Red - 1006 07/09/07 18:00 -79.8 -11.42

Redondo Flume Red - 1007 07/10/07 18:00 -79.0 -11.40

Redondo Flume Red - 1008 07/11/07 18:00 -80.6 -11.67

Redondo Flume Red - 1009 07/12/07 18:00 -79.3 -11.13

Redondo Flume Red - 1005 07/14/07 16:00 -81.4 -11.78

Redondo Flume Red - 1012 07/23/07 18:00 -80.5 -11.66

Redondo Flume Red - 1013 07/24/07 18:00 -80.2 -11.71

Redondo Flume Red - 1014 07/25/07 18:00 -81.2 -11.74

Redondo Flume Red - 1015 07/26/07 18:00 -80.3 -11.56
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Redondo Flume Red - 1016 07/27/07 18:00 -80.5 -11.57

Redondo Flume Red - 1017 07/28/07 18:00 -79.9 -11.54

Redondo Flume Red - 1021 08/07/07 14:44 -81.4 -11.87

Redondo Flume Red - 1019 08/13/07 12:30 -80.8 -11.57

Redondo Flume Red - 1022 08/15/07 18:45 -80.2 -11.77

Redondo Flume Red - 1020 08/27/07 10:15 -80.6 -11.62

Redondo Flume Red - 1024 10/24/07 17:06 -79.7 -11.69

Redondo Flume Red - 1023 11/09/07 15:00 -80.4 -11.74

Southeast Flume S3-Road - 1000 08/10/07 14:00 -82.6 -11.77

Southeast Flume Flume B - 1000 08/15/07 16:30 -81.9 -11.61

Southeast Flume S3-Road - 1001 11/09/07 12:30 -82.4 -11.86

Southeast Flume S3-Road - 1002 03/28/08 14:20 -85.4 -12.13

Southwest Flume S7-B - 1000 05/11/07 11:55 -80.4 -11.59

Southwest Flume SWF - 1001 05/11/07 18:30 -80.4 -11.86

Southwest Flume S7-B - 1001 06/07/07 09:46 -80.2 -11.77

Southwest Flume S7-B - 1002 06/15/07 12:30 -79.7 -11.57

Southwest Flume SWF - 1002 06/15/07 12:50 -79.8 -11.74

Southwest Flume S7-B - 1004 07/14/07 14:00 -80.5 -11.95

Southwest Flume S7-B - 1005 08/09/07 17:00 -79.5 -11.85

Southwest Flume SWF - 1004 08/13/07 17:00 -80.2 -11.70

Southwest Flume S7-B - 1007 08/13/07 15:30 -78.6 -11.59

Southwest Flume SWF - 1005 08/15/07 18:00 -79.8 -11.62

Southwest Flume SWF - 1006 11/09/07 14:15 -78.9 -11.57

Southwest Flume SWF - 1008 03/28/08 15:00 -80.0 -11.55

Southwest Flume SWF - 1009 06/28/08 19:00 -80.1 -11.63

La Jara Creek Samples

Collection Info

Date Time

Lower La Jara S4-5 - 1000 11/09/06 15:19 -86.3 -12.48

Lower La Jara S4-4 - 1004 03/16/07 15:15 -86.4 -12.70

Lower La Jara S4-4 - 1005 03/18/07 13:10 -86.5 -12.54

Lower La Jara S4-4 - 1006 03/24/07 -85.7 -12.42

Lower La Jara S4-4 - 1007 04/02/07 11:00 -85.9 -12.35

Lower La Jara S4-5 - 1001 04/13/07 17:00 -86.5 -12.40

Lower La Jara S4-4 - 1008 04/13/07 17:00 -86.4 -12.50

Lower La Jara S4-4 - 1009 05/10/07 10:30 -85.9 -12.52

Lower La Jara S4-4 - 1010 06/07/07 19:43 -87.5 -12.72

Lower La Jara S4-4 - 1011 06/14/07 11:45 -87.2 -12.79

Lower La Jara S4-4 - 1012 06/20/07 19:00 -88.1 -12.73

Lower La Jara S4-5 - 1002 07/15/07 16:00 -87.4 -12.65

Lower La Jara S4-4 - 1014 07/15/07 15:45 -87.5 -12.66

Lower La Jara S4-4 - 1015 07/18/07 -85.2 -12.37

Lower La Jara S4-5 - 1003 07/18/07 14:30 -85.3 -12.17

Lower La Jara S4-5 - 1008 08/01/07 15:14 -87.7 -12.60

Lower La Jara S4-5 - 1009 08/07/07 12:13 -88.4 -12.68

Lower La Jara S4-4 - 1016 08/10/07 12:20 -88.1 -12.77

Lower La Jara S4-5 - 1004 08/10/07 15:00 -83.5 -12.25

Lower La Jara S4-4 - 1017 08/14/07 15:30 -86.0 -12.44

Lower La Jara S4-5 - 1006 08/14/07 15:30 -86.1 -12.10

Lower La Jara S4-5 - 1011 10/26/07 10:42 -87.6 -12.62

Lower La Jara S4-5 - 1010 11/02/07 13:35 -87.5 -12.64

Lower La Jara S4-4 - 1018 11/13/07 15:00 -88.2 -12.92

La Jara Lower Seep S4-Seep2 - 1003 03/18/07 12:40 -88.9 -12.81

Field Location Sample ID
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La Jara Lower Seep S4-Seep2 - 1004 03/24/07 -87.9 -12.66

La Jara Lower Seep S4-Seep2 - 1005 04/02/07 10:30 -87.4 -12.63

La Jara Lower Seep S4-Seep2 - 1006 04/13/07 17:15 -87.0 -12.58

La Jara Lower Seep S4-Seep2 - 1007 05/10/07 11:00 -86.8 -12.50

La Jara Lower Seep S4-Seep2 - 1015 06/07/07 15:02 -87.3 -12.42

La Jara Lower Seep S4-Seep2 - 1008 06/14/07 11:30 -88.1 -12.63

La Jara Lower Seep S4-Seep2 - 1009 06/20/07 18:50 -87.7 -12.88

La Jara Lower Seep S4-Seep2 - 1010 07/05/07 10:10 -87.7 -12.62

La Jara Lower Seep S4-Seep2 - 1011 07/15/07 15:45 -87.9 -12.58

La Jara Lower Seep S4-Seep2 - 1012 07/18/07 14:20 -87.8 -12.77

La Jara Lower Seep S4-Seep2 - 1013 08/10/07 -88.2 -12.60

La Jara Lower Seep S4-Seep2 - 1014 08/14/07 15:10 -87.2 -12.57

La Jara Lower Seep S4-Seep2 - 1016 11/12/07 09:53 -88.4 -12.73

La Jara Mid (Channel) S4-3 - 1000 12/27/06 14:52 -86.9 -12.37

La Jara Mid (Channel) S4-3 - 1003 03/16/07 15:40 -84.8 -12.24

La Jara Mid (Channel) S4-3 - 1004 03/18/07 12:40 -81.6 -12.00

La Jara Mid (Channel) S4-3 - 1005 03/24/07 -83.1 -12.20

La Jara Mid (Channel) S4-3 - 1006 04/02/07 10:41 -85.6 -12.26

La Jara Mid (Channel) S4-3 - 1008 04/12/07 17:15 -85.0 -11.97

La Jara Mid (Channel) S4-3 - 1010 06/07/07 15:20 -87.6 -12.83

La Jara Mid (Channel) S4-3 - 1011 06/14/07 11:50 -87.9 -12.66

La Jara Mid (Channel) S4-Seep - 1010 06/20/07 18:40 -87.8 -12.55

La Jara Mid (Channel) S4-3 - 1012 06/20/07 18:45 -88.4 -12.75

La Jara Mid (Channel) S4-3 - 1014 07/18/07 14:10 -87.0 -12.64

La Jara Mid (Channel) S4-3 - 1016 08/10/07 12:10 -88.5 -12.45

La Jara Mid (Channel) S4-3 - 1017 08/14/07 15:00 -85.0 -12.43

La Jara Mid (Channel) S4-3 - 1018 11/13/07 12:00 -87.8 -12.81

La Jara Mid (Pool) S4-Seep - 1000 12/27/06 15:16 -87.6 -12.35

La Jara Mid (Pool) S4-Seep - 1003 03/16/07 15:40 -85.6 -12.32

La Jara Mid (Pool) S4-Seep - 1004 03/18/07 12:40 -86.0 -12.37

La Jara Mid (Pool) S4-Seep - 1005 03/24/07 -84.6 -11.91

La Jara Mid (Pool) S4-Seep - 1006 04/02/07 10:40 -85.6 -12.06

La Jara Mid (Pool) S4-Seep - 1007 04/13/07 17:15 -86.2 -12.24

La Jara Mid (Pool) S4-3 - 1009 05/10/07 11:00 -84.8 -12.35

La Jara Mid (Pool) S4-Seep - 1008 05/10/07 11:00 -86.1 -12.47

La Jara Mid (Pool) S4-Seep - 1016 06/07/07 15:22 -86.8 -12.60

La Jara Mid (Pool) S4-Seep - 1009 06/14/07 11:50 -87.3 -12.61

La Jara Mid (Pool) S4-Seep - 1011 07/05/07 10:00 -88.2 -12.62

La Jara Mid (Pool) S4-3 - 1013 07/05/07 10:00 -88.3 -12.70

La Jara Mid (Pool) S4-Seep - 1013 07/15/07 15:00 -87.7 -12.62

La Jara Mid (Pool) S4-3 - 1015 07/15/07 15:00 -87.5 -12.73

La Jara Mid (Pool) S4-Seep - 1012 07/18/07 -87.8 -12.88

La Jara Mid (Pool) S4-Seep - 1014 08/10/07 12:10 -87.8 -12.58

La Jara Mid (Pool) S4-Seep - 1015 08/14/07 15:00 -86.5 -12.48

La Jara Mid (Pool) S4-Seep - 1017 11/12/07 11:28 -88.6 -13.04

La Jara Confluence S5-B - 1000 07/05/07 09:45 -88.8 -12.76

La Jara Confluence S5-B - 1002 07/15/07 15:20 -89.1 -12.92

La Jara Confluence S5-B - 1001 07/18/07 14:00 -88.7 -12.89

La Jara Confluence S5-B - 1003 08/10/07 12:00 -89.0 -12.91

La Jara Confluence S5-B - 1004 08/14/07 15:00 -86.7 -12.58

La Jara Confluence S5-B - 1006 11/12/07 11:30 -88.8 -12.90

La Jara Upper Seep S5-Seep - 1000 07/18/07 11:45 -90.2 -12.99

La Jara Upper Seep S5-Seep - 1001 08/10/07 10:15 -90.3 -13.05

La Jara Upper Seep S5-Seep - 1002 08/14/07 14:00 -90.5 -13.24
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Radial Stream Samples

Collection Info

Date Time

Stream 1 Bottom S1-B - 1000 11/08/06 10:35 -82.5 -12.23

Stream 1 Bottom S1-B - 1001 05/11/07 15:09 -83.3 -12.14

Stream 1 Bottom S1-B - 1002 06/06/07 17:45 -84.4 -12.46

Stream 1 Bottom S1-B - 1003 07/06/07 08:55 -84.6 -12.42

Stream 1 Bottom S1-B - 1004 07/17/07 10:20 -84.0 -12.32

Stream 1 Bottom S1-B - 1005 07/19/07 16:45 -84.6 -12.42

Stream 1 Bottom S1-B - 1006 08/08/07 18:00 -84.0 -12.39

Stream 1 Top S1-T - 1000 11/07/06 09:15 -85.5 -12.53

Stream 1 Top S1-T - 1002 05/11/07 13:45 -84.3 -12.17

Stream 1 Top S1-T - 1003 06/06/07 17:12 -84.3 -12.23

Stream 1 Top S1-T - 1004 06/18/07 17:00 -83.9 -12.46

Stream 1 Top S1-T - 1005 07/06/07 09:00 -84.8 -12.43

Stream 1 Top S1-T - 1007 07/14/07 09:40 -83.8 -12.45

Stream 1 Top S1-T - 1006 07/19/07 16:00 -85.3 -12.55

Stream 1 Top S1-T - 1008 08/08/07 17:30 -83.9 -12.38

Stream 2 Bottom S2-B - 1000 04/13/07 12:00 -85.3 -12.37

Stream 2 Bottom S2-B - 1002 06/06/07 16:04 -87.2 -12.69

Stream 2 Bottom S2-B - 1003 06/16/07 17:30 -87.1 -12.59

Stream 2 Bottom S2-B - 1004 07/06/07 10:20 -85.8 -12.26

Stream 2 Bottom S2-B - 1006 08/08/07 16:30 -85.5 -12.42

Stream 2 Top S2-T - 1000 11/10/06 09:50 -89.0 -12.66

Stream 2 Top S2-T - 1001 04/01/07 13:40 -89.0 -12.57

Stream 2 Top S2-T - 1002 04/01/07 13:40 -88.7 -12.58

Stream 2 Top S2-T - 1003 04/13/07 12:30 -90.0 -12.86

Stream 2 Top S2-T - 1004 05/10/07 14:50 -90.5 -12.84

Stream 2 Top S2-T - 1005 06/06/07 15:19 -89.4 -12.92

Stream 2 Top S2-T - 1006 06/16/07 12:00 -89.2 -12.80

Stream 2 Top S2-T - 1007 07/06/07 11:00 -89.4 -12.76

Stream 2 Top S2-T - 1008 07/17/07 11:15 -89.3 -12.77

Stream 2 Top S2-T - 1009 08/08/07 16:00 -90.0 -12.94

Stream 3 Bottom S3-B - 1002 04/13/07 08:45 -85.9 -12.24

Stream 3 Bottom S3-B - 1003 05/10/07 -85.9 -12.26

Stream 3 Bottom S3-B - 1004 06/07/07 19:00 -85.3 -12.29

Stream 3 Bottom S3-B - 1005 06/14/07 17:45 -84.9 -12.23

Stream 3 Top S3-T - 1000 11/08/06 12:25 -86.6 -12.36

Stream 3 Top S3-T - 1002 04/01/07 16:35 -84.3 -11.89

Stream 3 Top S3-T - 1003 04/01/07 16:35 -85.2 -12.19

Stream 3 Top S3-T - 1004 04/13/07 11:00 -76.0 -10.52

Stream 3 Top S3-T - 1005 05/10/07 -77.8 -11.33

Stream 4 Bottom S4-2 - 1002 03/16/07 16:00 -83.2 -12.26

Stream 4 Bottom S4-2 - 1003 03/18/07 12:16 -83.9 -12.13

Stream 4 Bottom S4-2 - 1004 03/24/07 -84.9 -12.22

Stream 4 Bottom S4-2 - 1005 04/02/07 10:20 -85.7 -12.54

Stream 4 Bottom S4-2 - 1006 04/13/07 16:25 -85.5 -12.26

Stream 4 Bottom S4-2 - 1007 05/10/07 11:35 -85.2 -12.20

Stream 4 Bottom S4-2 - 1008 06/07/07 18:26 -84.5 -12.04

Stream 4 Bottom S4-2 - 1009 06/14/07 12:30 -85.5 -12.40

Stream 4 Bottom S4-2 - 1010 06/20/07 18:30 -85.6 -12.30

Stream 4 Bottom S4-2 - 1011 07/05/07 10:20 -87.9 -12.77

Stream 4 Bottom S4-2 - 1012 07/15/07 11:30 -84.9 -12.29

Stream 4 Bottom S4-2 - 1013 07/18/07 -85.3 -12.31

Field Location Sample ID
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Stream 4 Bottom S4-2 - 1014 08/10/07 08:00 -85.5 -12.24

Stream 4 Bottom S4-2 - 1015 08/14/07 10:45 -84.5 -12.11

Stream 4 Bottom S4-2 - 1016 11/12/07 13:46 -84.8 -12.36

Stream 4 Top S4-T - 1000 11/08/06 14:04 -83.9 -12.07

Stream 4 Top S4-T - 1011 12/27/06 -84.2 -12.25

Stream 4 Top S4-1 - 1003 03/16/07 17:00 -86.4 -12.36

Stream 4 Top S4-1 - 1004 03/18/07 12:00 -85.0 -12.26

Stream 4 Top S4-1 - 1006 04/02/07 10:00 -88.3 -12.62

Stream 4-Top S4-1 - 1008 04/12/07 15:45 -78.6 -11.35

Stream 4 Top S4-T - 1002 04/13/07 15:45 -80.9 -11.57

Stream 4 Top S4-T - 1003 05/10/07 12:00 -79.9 -11.45

Stream 4 Top S4-T - 1004 06/07/07 17:10 -80.7 -11.40

Stream 4 Top S4-1 - 1010 06/07/07 16:56 -85.7 -12.14

Stream 4 Top S4-T - 1005 06/14/07 12:45 -82.4 -11.96

Stream 4 Top S4-1 - 1011 06/14/07 13:45 -83.9 -12.12

Stream 4 Top S4-1 - 1012 06/20/07 18:00 -84.3 -12.14

Stream 4 Top S4-1 - 1013 07/05/07 10:35 -87.4 -12.63

Stream 4 Top S4-T - 1007 07/15/07 12:30 -82.4 -11.73

Stream 4 Top S4-T - 1008 07/18/07 13:10 -83.0 -11.75

Stream 4 Top S4-T - 1009 08/10/07 08:45 -82.8 -11.96

Stream 4 Top S4-T - 1010 08/14/07 11:00 -77.8 -11.21

Stream 4 Top S4-1 - 1014 11/12/07 14:17 -84.2 -12.25

Stream 5 Top S5-T - 1000 11/08/06 15:36 -78.2 -11.29

Stream 5 Top S5-T - 1001 04/13/07 -80.1 -11.89

Stream 5 Top S5-T - 1002 05/10/07 -79.7 -11.66

Stream 5 Top S5-T - 1003 06/15/07 18:30 -82.9 -12.06

Stream 5 Top S5-T - 1005 07/15/07 13:30 -81.8 -11.97

Stream 5 Top S5-T - 1006 07/18/07 11:00 -81.6 -11.95

Stream 5 Top S5-T - 1007 08/10/07 09:45 -84.6 -12.25

Stream 5 Top S5-T - 1008 08/14/07 13:45 -80.5 -11.59

Stream 6 Bottom S6-B - 1001 04/14/07 11:30 -85.4 -12.46

Stream 6 Bottom S6-B - 1002 05/11/07 10:00 -83.7 -12.17

Stream 6 Bottom S6-B - 1003 06/07/07 11:36 -83.3 -12.21

Stream 6 Bottom S6-B - 1004 06/15/07 11:15 -82.3 -11.91

Stream 6 Bottom S6-B - 1005 07/05/07 11:50 -83.1 -12.08

Stream 6 Bottom S6-B - 1006 07/14/07 14:30 -82.9 -12.40

Stream 6 Bottom S6-B - 1007 07/17/07 17:30 -82.9 -12.07

Stream 6 Bottom S6-B - 1008 08/09/07 15:30 -81.9 -12.04

Stream 6 Bottom S6-B - 1010 08/13/07 16:00 -82.6 -12.06

Stream 6 Top S6-T - 1000 04/14/07 12:15 -85.1 -12.31

Stream 6 Top S6-T - 1001 05/11/07 10:50 -84.3 -12.27

Stream 6 Top S6-T - 1002 06/07/07 12:00 -84.2 -12.18

Stream 6 Top S6-T - 1003 06/15/07 11:45 -84.5 -12.43

Stream 6 Top S6-T - 1004 07/05/07 12:20 -83.8 -12.26

Stream 6 Top S6-T - 1005 07/14/07 14:45 -83.3 -12.10

Stream 6 Top S6-T - 1006 07/17/07 18:00 -83.7 -12.36

Stream 6 Top S6-T - 1007 08/09/07 15:00 -82.0 -11.49

Stream 7 Top S7-T - 1000 11/07/06 15:10 -81.4 -11.98

Stream 7 Top S7-T - 1001 04/14/07 13:30 -84.3 -12.12

Stream 7 Top S7-M - 1000 05/11/07 -83.5 -12.29

Stream 8 Mid S8-M - 1000 04/12/07 18:30 -82.4 -11.92

Stream 8 Mid S8-M - 1002 07/05/07 14:20 -82.7 -12.11

Stream 8 Mid S8-M - 1003 07/14/07 11:45 -83.1 -12.22

Stream 8 Top S8-T - 1000 11/07/06 13:26 -82.7 -11.97

Stream 8 Top S8-T - 1001 04/11/07 17:50 -83.3 -12.04

Stream 8 Top S8-T - 1002 05/11/07 16:40 -84.0 -12.46

  124



TABLES (APPENDIX D) - continued

Stream 8 Top S8-T - 1003 06/06/07 13:08 -83.6 -12.39

Stream 8 Top S8-T - 1004 06/17/07 19:00 -83.8 -12.29

Stream 8 Top S8-T - 1006 07/14/07 11:25 -83.1 -12.33

Stream 8 Top S8-T - 1007 08/09/07 18:00 -81.3 -11.94

Precipitation Samples

Field Location Sample ID Collection Info

Date Time

SW Facing Lycemeter M2 - 1002 03/18/07 3:00,15:00 -96.1 -12.50

SW Facing Lycemeter M2 - 1003 03/18/07 3:00,15:00 -105.3 -14.62

SW Facing Lycemeter M2 - 1004 03/19/07 3:00,15:00 -106.2 -14.62

SW Facing Lycemeter M2 - 1005 03/19/07 3:00,15:00 -101.3 -14.22

SW Facing Lycemeter M2 - 1006 03/20/07 3:00,15:00 -100.3 -14.04

SW Facing Lycemeter M2 - 1007 03/20/07 3:00,15:00 -95.5 -13.59

SW Facing Lycemeter M2 - 1008 03/21/07 3:00,15:00 -93.7 -13.29

SW Facing Lycemeter M2 - 1009 03/21/07 3:00,15:00 -88.3 -12.58

SW Facing Lycemeter M2 - 1010 03/22/07 3:00,15:00 -86.1 -12.17

SW Facing Lycemeter M2 - 1011 03/22/07 3:00,15:00 -84.1 -12.11

SW Facing Lycemeter M2 - 1012 03/23/07 3:00,15:00 -84.3 -12.22

SW Facing Lycemeter M2 - 1013 03/23/07 3:00,15:00 -81.4 -12.07

SW Facing Lycemeter M2 - 1014 03/24/07 3:00,15:00 -82.8 -12.09

SW Facing Lycemeter M2 - 1015 03/24/07 3:00,15:00 -84.0 -12.43

SW Facing Lycemeter M2 - 1017 03/25/07 3:00,15:00 -81.3 -12.11

SW Facing Lycemeter M2 - 1018 03/26/07 3:00,15:00 -81.7 -11.58

SW Facing Lycemeter M2 - 1019 03/27/07 3:00,15:00 -76.8 -11.83

SW Facing Lycemeter M2 - 1001 04/01/07 12:00 -61.7 -9.53

SW Facing Lycemeter M2 - 1027 04/13/07 13:20 -75.8 -10.93

SW Facing Lycemeter M2 - 1028 05/10/07 13:39 -80.8 -12.28

SW Facing Lycemeter M2 - 1049 03/02/08 12:00 -111.5 -15.54

SW Facing Lycemeter M2 - 1048 03/16/08 14:00 -117.3 -16.22

SW Facing Lycemeter M2 - 1030 03/20/08 15:00 -101.4 -13.94

SW Facing Lycemeter M2 - 1031 03/23/08 15:00 -107.6 -15.11

SW Facing Lycemeter M2 - 1047 03/23/08 11:00 -101.8 -14.11

SW Facing Lycemeter M2 - 1032 03/24/08 15:00 -111.7 -15.47

SW Facing Lycemeter M2 - 1033 03/26/08 15:00 -108.4 -14.97

SW Facing Lycemeter M2 - 1034 03/27/08 15:00 -108.6 -15.05

SW Facing Lycemeter M2 - 1046 03/28/08 11:00 -111.2 -15.29

SW Facing Lycemeter M2 - 1035 03/29/08 15:00 -108.2 -14.85

SW Facing Lycemeter M2 - 1036 03/30/08 15:00 -105.2 -14.54

SW Facing Lycemeter M2 - 1038 04/01/08 15:00 -103.9 -14.31

SW Facing Lycemeter M2 - 1039 04/02/08 15:00 -100.4 -13.81

SW Facing Lycemeter M2 - 1040 04/03/08 15:00 -98.1 -13.42

SW Facing Lycemeter M2 - 1041 04/04/08 15:00 -96.5 -13.28

NE Facing Lycemeter M1 - 1002 03/19/07 3:00,15:00 -92.9 -12.78

NE Facing Lycemeter M1 - 1004 03/20/07 3:00,15:00 -102.4 -15.02

NE Facing Lycemeter M1 - 1005 03/20/07 3:00,15:00 -103.8 -15.05

NE Facing Lycemeter M1 - 1006 03/21/07 3:00,15:00 -102.4 -14.98

NE Facing Lycemeter M1 - 1007 03/21/07 3:00,15:00 -103.7 -15.22

NE Facing Lycemeter M1 - 1008 03/22/07 3:00,15:00 -105.7 -15.56

NE Facing Lycemeter M1 - 1009 03/22/07 3:00,15:00 -106.8 -15.78

NE Facing Lycemeter M1 - 1010 03/23/07 3:00,15:00 -106.2 -15.29

NE Facing Lycemeter M1 - 1011 03/23/07 3:00,15:00 -105.1 -15.31

NE Facing Lycemeter M1 - 1012 03/24/07 3:00,15:00 -101.1 -14.64

NE Facing Lycemeter M1 - 1013 04/13/07 13:45 -101.4 -14.81
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NE Facing Lycemeter M1-Bucket - 1000 05/10/07 12:30 -88.7 -12.75

NE Facing Lycemeter M2-Bucket - 1000 05/10/07 13:30 -79.2 -11.39

NE Facing Lycemeter M1 - 1026 03/23/08 13:30 -104.0 -14.71

NE Facing Lycemeter M1 - 1027 03/28/08 11:30 -93.6 -12.17

NE Facing Lycemeter M1 - 1015 04/06/08 15:00 -102.8 -14.34

NE Facing Lycemeter M1 - 1016 04/07/08 15:00 -102.7 -14.61

NE Facing Lycemeter M1 - 1017 04/08/08 15:00 -102.8 -14.53

NE Facing Lycemeter M1 - 1018 04/09/08 15:00 -102.0 -14.44

NE Facing Lycemeter M1 - 1019 04/10/08 15:00 -102.0 -14.37

NE Facing Lycemeter M1 - 1020 04/11/08 15:00 -102.5 -14.53

NE Facing Lycemeter M1 - 1022 04/13/08 15:00 -101.8 -14.54

NE Facing Lycemeter M1 - 1024 04/15/08 15:00 -102.3 -14.49

Misc Snow M2-Snow2 - 1000 12/27/06 14:00 -112.7 -15.17

Misc Snow M2-Snow2 - 1001 12/27/06 14:00 -84.1 -12.84

Misc Snow M1-Snow2 - 1000 12/27/06 15:17 -88.0 -12.57

Misc Snow M1-Snow2 - 1001 12/27/06 15:40 -57.6 -9.64

Misc Snow S4-Snow 03/13/07 15:00 -104.9 -14.63

Misc Snow M2-Snow - 1000 03/18/07 11:00 -106.9 -14.85

Misc Snow B3-S - 1000 03/28/08 - 5/17/08 -104.2 -14.53

Misc Snow B5-N - 1000 11/15/07 - 5/17/08 -108.7 -15.14

Misc Snow B5-S - 1000 11/15/07 - 5/17/08 -102.5 -14.07

Misc Snow B1-S - 1000 11/15/07 - 5/17/08 -112.7 -15.55

Misc Snow B3-N - 1000 11/15/07 - 5/17/08 -104.3 -14.36

Misc Snow B2-S - 1000 11/15/07 - 5/17/08 -102.6 -14.44

Misc Snow B4-N - 1000 11/15/07 - 5/17/08 -108.0 -15.16

Rainfall Sample UBR - 1000 07/19/07 12:00-13:30 -49.9 -7.51

Rainfall Sample UBR - 1001 07/19/07 13:30-14:30 -51.2 -7.78

Rainfall Sample SER - 1000 08/09/07 -43.0 -5.88

Rainfall Sample SER - 1002 08/10/07 -73.4 -11.38

Rainfall Sample NER - 1004 09/28/07 14:38 -57.9 -8.75

Rainfall Sample NER - 1005 09/29/07 14:38 -40.5 -7.20

Rainfall Sample NER - 1006 09/30/07 14:38 -27.5 -5.10

Rainfall Sample NER - 1007 10/02/07 14:38 -67.2 -9.97

Rainfall Sample NER - 1008 10/15/07 14:38 -57.1 -8.35

Rainfall Sample NER - 1009 5/16/08-6/6/08 -71.2 -9.85

Rainfall Sample UBR - 1004 5/16/08-6/7/08 -89.9 -12.21

Rainfall Sample UBR - 1005 6/7/08-6/28/08 -44.3 -6.73

Rainfall Sample SWR - 1000 7/16/07-8/9/07 -43.3 -5.29

Rainfall Sample MR - 1001 7/17/07-8/8/07 -51.4 -7.15

Rainfall Sample NER - 1001 7/18/07-8/10/07 -45.1 -5.54

Rainfall Sample UBR - 1003 7/20/07-8/10/07 -50.1 -7.03

Rainfall Sample NER - 1002 8/10/07-8/13/07 -39.6 -6.28

Rainfall Sample SER - 1001 8/10/07-8/13/07 -37.3 -6.23

Rainfall Sample NWR - 1003 8/8/07-8/13/07 -50.4 -7.71

Rainfall Sample MR - 1000 6/21/07-7/16/07 -51.4 -7.16

Rainfall Sample NWR - 1000 6/22/07-7/16/07 -50.5 -7.57

Rainfall Sample NWR - 1001 7/16/07-7/18/07 -35.5 -6.05

Rainfall Sample UBR - 1002 7/7/07-7/18/07 -29.8 -4.47
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TABLES (APPENDIX D) - continued

Evaporated Samples

Field Location Sample ID Collection Info

Date Time

Stream 3 Top (Lake) S3-Lake - 1000 07/17/07 -34.4 -3.03

Stream 3 Top (Lake) S3-Lake - 1001 08/08/07 -38.7 -3.03

Rainfall Sample NER - 1003 11/17/07 14:00 -42.1 -3.61

Rainfall Sample NWR - 1004 11/15/07 14:00 -34.6 -2.38
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TABLES (APPENDIX D) - continued

Table D5: Stream Sampling Characteristics

The following table contains topographic and isotopic characteristics for all 
stream sampling location.  Each location was sampled many times. Missing 
data means that there is insufficient information or the computer algorithms 

were unable to find characteristics at that point.

Jaramillo Flume -78.8 2.3 -11.29 0.34 -6

La Jara Flume -86.8 0.9 -12.50 0.15 -41 180

Lower La Jara -86.7 1.2 -12.54 0.20 -29 203

La Jara Confluence -88.5 0.9 -12.83 0.14 -12

La Jara Lower Seep -87.7 0.6 -12.64 0.12 -53 233

La Jara Mid (Channel) -86.2 2.1 -12.44 0.28 -11 124

La Jara Mid (Pool) -86.8 1.2 -12.50 0.27 -41 132

La Jara Upper Seep -90.3 -13.09

Northeast Flume -83.2 -11.88

Northwest Flume -81.2 1.1 -11.86 0.24 -35 123

Redondo Flume -80.5 0.9 -11.63 0.21 -40 171

Southeast Flume -83.1 -11.84

Southwest Flume -79.8 0.6 -11.69 0.13 -59 167

Stream 1 Bottom -83.9 0.8 -12.34 0.12 -16 186

Stream 1 Top -84.5 0.6 -12.40 0.14 -58 159

Stream 2 Bottom -86.2 0.9 -12.47 0.17 -33 241

Stream 2 Top -89.4 0.6 -12.77 0.13 -47 145

Stream 3 Bottom -85.5 -12.26

Stream 3 Top -82.0 4.7 -11.66 0.75 -11

Stream 4 Bottom -85.1 1.0 -12.30 0.18 -29 202

Stream 4 Top -83.3 2.8 -11.96 0.42 -4 157

Stream 5 Top -81.2 2.0 -11.83 0.30 -9 152

Stream 6 Bottom -83.1 1.0 -12.16 0.18 -31

Stream 6 Top -83.9 0.9 -12.18 0.29 -50 102

Stream 7 Top -83.1 -12.13

Stream 8 Mid -82.8 -12.08

Stream 8 Top -83.1 0.9 -12.20 0.21 -43 154

Deuterium 

Excess

Transit Time 

(days)
stdev (18O)  

(‰)

mean(18O)  

(‰)

stdev (2H)  

(‰)

mean(2H)  

(‰)
Sampling Location
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TABLES (APPENDIX D) - continued

Table D6: Cross Correlations for Stream Samples

The following table shows notable correlations between different sampling point 
features.  The purpose of these correlations is to give some idea about the 
interconnectedness of various features.  Notice, especially, the first grouping, which
shows correlations between transit times and other catchment features.  Also, note 

in the second grouping that there are especially strong connections between the 

projected recharge elevations and the isotopic values of the samples and between 
the spread of those signatures and the deuterium excess at each location.  The third 
groupingshows correlations between various landscape characteristics at the sites. 

CORRELATIONS INVOLVING TRANSIT TIME CALCULATIONS

R-Squared

Transit Time vs. L/G * sin(Aspect) 0.37 Longer Transit Times, Higher L/G * sin(Aspect)

Transit Time vs. sin(Aspect) 0.24 Longer Transit Times, More Northerly

Transit Time vs. Northness 0.17 Longer Transit Times, Higher Northness Values

Transit Time vs. L/G 0.11 Longer Transit Times, Higher L/G

CORRELATIONS INVOLVING ISOTOPIC MEASUREMENTS

R-Squared

Std Dev of 
2
H Readings vs. Deuterium Excess 0.46 Higher Standard Deviation, Higher Deuterium Excess

Average 
2
H Readings vs. Recharge Elevation

*
0.45 Higher

 2
H Readings, Lower Elevation

Deuterium Excess vs. L*G 0.40 Higher Deuterium Excess, Lower L*G

Deuterium Excess vs. Slope 0.28 Higher Deuterium Excess, Gentler Slopes

Deuterium Excess vs. Flowpath Length 0.31 Higher Deuterium Excess, Shorter Flowpaths

Average 
2
H Readings vs. Sampling Point Elev 0.26 Higher 

2
H Readings, Lower Elevation

Std Dev of 
2
H Readings vs. Slope 0.22 Lower Standard Deviation, Steeper Slopes

CORRELATIONS INVOLVING ONLY LANDSCAPE CHARACTERISTICS

R-Squared

Canopy Coverage vs. Northness 0.36 More Canopy Coverage, Higher Northness Values 

Sampling Point Elevation vs. Slope 0.33 Lower Sampling Elevation, Steeper Slopes

Canopy Coverage vs. Flowpath Length 0.26 Greater Canopy Coverage, Shorter Flowpaths

Slope vs. sin(Aspect) 0.24 Gentler Slopes, More Northerly

Canopy Coverage vs. sin(Aspect) 0.22 Greater Canopy Coverage, More Northerly

Canopy Coverage vs. Slope 0.20 Greater Canopy Coverage, Gentler Slopes
*
 Median Elevation of the Contributing Area

Compared Values

Compared Values Sense of Direction

Compared Values Sense of Direction

Sense of Direction
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FIGURES (APPENDIX D)

Figure D1: Stable isotope ("2H, "18O) data for a) all samples collected during this study, b) 

stream samples collected during this study, c) precipitation samples collected during this study, 

and d) other isotope data collected during previous studies
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FIGURES (APPENDIX D) - continued

Figure D2: Example "2H, "18O plots showing that different streams have different trends and 

intercepts (deuterium excesses).  Shown above are data for three major sampling locations in the 

Valles Caldera: a) the Jaramillo Flume site, b) the La Jara Flume site, and c) the Redondo Flume 

site.
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FIGURES (APPENDIX D) - continued

Figure D3: Results of the convolution algorithm that computed transit times.  The predicted 

isotopic signatures are the red lines, and the isotopic measurements are the blue dots. Continued 

on the next page.
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FIGURES (APPENDIX D) - continued

Figure D3 (continued from previous page): Results of the convolution algorithm that computed 

transit times.  The predicted isotopic signatures are the red lines, and the isotopic measurements 

are the blue dots.
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APPENDIX E:

STREAMFLOW CALCULATIONS

 During my research campaign in the Valles Caldera, the Surface Hydrology Group (of 

which I am a part) put out flumes to measure flows for streams that drain different aspects of 

Redondo Peak.  In all, there are seven flumes of two types in the Valles Caldera, two 12-inch 

parshall flumes, as well as five smaller trapezoidal flumes (Figure E1, Table E1).  The flumes are 

designed such that their geometry constricts flow in such a way allowing for a direct conversion 

between water level height and streamflow.  This relationship is empirically derived by flume 

manufacturers.  This section will detail the methods that went into calculating the streamflows 

from the flume data.

 The most difficult part of our calculations involved determining the water level height. 

Initially, we installed pressure transducers (Onset  Hobo®) in stilling wells that were attached to 

each flume with the intention of subtracting the air pressure to determine the gauge pressure and 

thus the water height. However, determining atmospheric pressures at the the flumes is 

somewhat challenging because it is too expensive to hang pressure transducers above every 

flume and it is not possible to directly compute air pressure from elevation.  In fact, this 

relationship depends on the current weather conditions, especially what the temperature 

distribution through the atmosphere looks like (according to the ideal gas equation, pressure is 

linearly proportional to temperature).  A single nearby weather station can indicate the current 
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weather conditions and can indicate the atmospheric pressure at that point, however two or more 

weather stations are required to be able to infer what this distribution looks like with height.  

 For the following calculations, pressure data from two nearby weather stations with 

different elevations were used to infer this vertical pressure distribution.  The lower elevation 

weather site is located at the base of Redondo Peak at 2514 m a.s.l (SAHRA PPine), and the 

other is located about six kilometers to the northeast at 3028 m a.s.l (SAHRA MCon).  Each 

station has a pressure instrument located at about 10 m off the ground.  These pressure data are 

used to compute an atmospheric scale height (the vertical distance that the atmospheric pressure 

is reduced by a factor of e) for the area using the hypsometric equation:

 

z2 ! z1 = H̄ln

!
p1

p2

"

,      
H̄ ! RT̄

g
where z1 and z2 are two altitudes with pressures p1 and p2, and H is the scale height.  It is 

important to note that I assume that the local scale height does not change in the range of 

elevations of the flumes; i.e. vertical temperature is averaged.  This method is needed to 

constrain atmospheric pressure because when it is warmer such as during the day and during the 

summer, the gas in the atmosphere expands and scale heights rise, and when it is cooler, such as 

during the night and during the winter, the gas in the atmosphere contracts and scale heights 

lower.  Figure E2 provides an example of this concept by showing how computed atmospheric 

scale heights change through time along with temperature and pressure. 
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 Once I made this atmospheric pressure correction, calculating flume water heights and 

streamflows was relatively simple.  Water level heights are computed from the gauge pressure 

using: 

p = !gh

Streamflows are computed using a flow table, or using a regression using the values in the flow 

table.  

 Long time-series of streamflows at the seven flumes are given in figure E3.  So far, these 

flumes have indicated that many of the streams have a remarkably dampened streamflow 

signature for much of the year, with the major exception being during and after snowmelt.  In 

fact, during the later summer months through the winter months, the streams run constantly, even 

during high-intensity monsoon thunderstorms.  This indicates that the hydrologic system on the 

side of Redondo Peak is at or very near to steady state at these times. 
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TABLES (APPENDIX E)

Name Latitude Longitude Elevation (m)

Northeast Flume

Type

Northwest Flume

Jaramillo Flume

La Jara Flume

Redondo Flume

Southeast Flume

Southwest Flume

2685

2724

2471

2722

2633

2696

2508

35.8667

35.8759 -106.5125

-106.495835.8929

35.9092 -106.5304

35.8929 -106.5766

35.8663 -106.5978

35.8546 -106.5941

-106.5215

12” Parshall Flume

12” Parshall Flume

12” 45° Trapezoidal Flume

12” 45° Trapezoidal Flume

12” 45° Trapezoidal Flume

12” 45° Trapezoidal Flume

12” 45° Trapezoidal Flume

Table E1: Flume locations, elevations, and types
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FIGURES (APPENDIX E)

Figure E1: a) Map showing Valles Caldera flume locations, b) picture of a 12” 45° Trapezoidal 

Flume, c) picture of a 12” Parshall Flume
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FIGURES (APPENDIX E) - continued

Figure E2: Time-series showing changes in a) pressure, b) temperature, and c) pressure scale 

heights in the vicinity of Redondo Peak.  The upper elevation measurements came from a 

weather station located on the upper slopes of Redondo Peak at 3028 m a.s.l (SAHRA MCon), 

and the lower elevation measurements came from a weather station located at the base of 

Redondo Peak at 2514 m a.s.l (SAHRA PPine) about 6 km away.  Note that the pressure scale 

height drops both annually and diurnally when the temperature drops.
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 (APPENDIX E) - continued

Figure E3: Normalized streamflows at the seven flumes around Redondo Peak.  Note that rainfall 

events do not cause significant streamflow response compared with the snowmelt period 

(beginning ~mid march).  Also note that the streamflow graph for the Jaramillo Flume is given in 

both normal and logarithmic coordinates.
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