EVAPOTRANSPIRATION AND GREENUP BY REMOTE SENSING: AN ANALYSIS OF
THE COLORADO RIVER DELTA FOLLOWING THE MINUTE 319 PULSE FLOW TO
MEXICO
by
Christopher Jarchow
__________________________
Copyright © Christopher Jarchow 2017

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF SOIL, WATER, AND ENVIRONMENTAL SCIENCE
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College

THE UNIVERSITY OF ARIZONA

2017

THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE
As members of the Dissertation Committee, we certify that we have read the dissertation
prepared by Christopher Jarchow, titled Evapotranspiration and Greenup by Remote Sensing: An
Analysis of the Colorado River Delta Following the Minute 319 Pulse Flow to Mexico and
recommend that it be accepted as fulfilling the dissertation requirement for the Degree of Doctor
of Philosophy.
_______________________________________________________________________

Date: (5/23/2017)

Kevin Fitzsimmons
_______________________________________________________________________

Date: (5/23/2017)

Edward Glenn
_______________________________________________________________________

Date: (5/23/2017)

Pamela Nagler
_______________________________________________________________________

Date: (5/23/2017)

Craig Wissler
_______________________________________________________________________

Date: (5/23/2017)

Final approval and acceptance of this dissertation is contingent upon the candidate’s submission
of the final copies of the dissertation to the Graduate College.
I hereby certify that I have read this dissertation prepared under my direction and recommend
that it be accepted as fulfilling the dissertation requirement.

________________________________________________ Date: (5/23/2017)
Dissertation Director: Kevin Fitzsimmons

2

STATEMENT BY AUTHOR
This dissertation has been submitted in partial fulfillment of the requirements for an
advanced degree at the University of Arizona and is deposited in the University Library to be
made available to borrowers under rules of the Library.
Brief quotations from this dissertation are allowable without special permission, provided
that an accurate acknowledgement of the source is made. Requests for permission for extended
quotation from or reproduction of this manuscript in whole or in part may be granted by the head
of the major department or the Dean of the Graduate College when in his or her judgment the
proposed use of the material is in the interests of scholarship. In all other instances, however,
permission must be obtained from the author.

SIGNED: Christopher Jarchow

3

ACKNOWLEDGEMENTS
Funding was provided by the U.S. Geological Survey. I would like to thank my committee for
providing invaluable and endless help and support throughout the duration of this project; the
Minute 319 delta science team for providing input and inspiring collaboration; the anonymous
reviewers who reviewed and improved our manuscripts; and Kamel Didan and Armando
Barreto-Munoz for providing assistance with remote sensing analyses. Any use of trade, firm, or
product names is for descriptive purposes only and does not imply endorsement by the U.S.
Government.

4

TABLE OF CONTENTS
ABSTRACT .....................................................................................................................................6
INTRODUCTION ...........................................................................................................................7
CHAPTER 1: EVAPOTRANSPIRATION BY REMOTE SENSING: AN ANALYSIS OF THE
COLORADO RIVER DELTA BEFORE AND AFTER THE MINUTE 319 PULSE FLOW TO
MEXICO .........................................................................................................................................8
CHAPTER 2: GREENUP AND EVAPOTRANSPIRATION FOLLOWING THE MINUTE 319
PULSE FLOW TO MEXICO: AN ANALYSIS USING LANDSAT 8 NORMALIZED
DIFFERENCE VEGETATION INDEX (NDVI) DATA ...............................................................9
SIGNIFICANCE AND CONTRIBUTION ..................................................................................10
REFERENCES ..............................................................................................................................11
APPENDIX A ................................................................................................................................12
APPENDIX B ................................................................................................................................45

5

ABSTRACT
In the spring of 2014, Mexico and the United States released 130 million cubic meters
(mcm) of water to the lower Colorado River Delta (CRD) in Mexico as part of an agreement
known as Minute 319. Once a perennial water flow, the CRD is now mostly dry due to upstream
dams and diversions. The purpose of this environmental pulse flow was to examine the biologic
and hydrologic response of this arid ecosystem. We used remote sensing techniques to assess
vegetative health and condition in the time prior (2000-2013) and following (2014-2015) the
pulse. Specifically, we used 250 m Moderate Resolution Spectroradiometer (MODIS) and 30 m
Landsat 8 imagery to analyze two indicators of plant health and condition: greenup (based on the
Normalized Difference Vegetation Index; NDVI) and evapotranspiration (ET). Using our ET
estimates and salinity data collected from piezometers, we then developed a water balance model
explaining the volume of shallow water entering this riparian system. We found that NDVI
increased 17% in the year following the pulse and mean daily ET increased from 0.9 to 1.0 mm
d-1. NDVI decreased in 2015, but was still significantly higher than pre-pulse (2013) levels.
Based on our ET estimates and salinity data, we estimated ~ 103 mcm water enters the shallow
riparian aquifer on an annual basis. Our results suggest that the deteriorated condition of
vegetation within the CRD might not be reversed by a single pulse event and could instead
require subsequent pulse flows as a long term strategy to restore vegetation in this riparian
ecosystem.
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INTRODUCTION
In the spring of 2014, Mexico and the United States released 130 million cubic meters
(mcm) of water to the lower Colorado River Delta (CRD) in Mexico as part of an agreement
known as Minute 319. Water was released from the US-Mexico border over a two-month period,
allowing water to reach the Sea of Cortez for the first time in more than a decade. Once a
perennial water flow, the CRD is now mostly dry due to upstream dams and diversions for
agriculture and human consumption. The resulting reduction in surface flows in recent decades
has drastically altered this once lush riparian ecosystem. Despite the loss of riparian vegetation
and associated wildlife habitat, the purpose of Minute 319 was not to restore this ecosystem, but
rather to examine the biologic and hydrologic response.
Our goal was to determine the effect of the Minute 319 pulse flow on riparian vegetation
and groundwater in the CRD. To accomplish this, we used remote sensing techniques to assess
two proxies of plant health and vigor: greenup (assessed using the Normalized Difference
Vegetation Index; NDVI) and evapotranspiration (ET). We analyzed these two metrics for the
riparian corridor of the CRD in the time prior to (2000-2013) and following (2014-2015) the
pulse flow. We then used these remote sensing results and ground-based salinity data to develop
a water balance model explaining the volume of shallow groundwater entering this system. This
research is presented in the proceeding chapters and appendices and can be obtained from the
Journal of Ecological Engineering (Jarchow et al., 2016a; Jarchow et al., 2016b).
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CHAPTER 1: EVAPOTRANSPIRATION BY REMOTE SENSING: AN ANALYSIS OF THE
COLORADO RIVER DELTA BEFORE AND AFTER THE MINUTE 319 PULSE FLOW TO
MEXICO
The following is a summary of the research presented in Jarchow et al. (2016a; Appendix
A). We used the Moderate Resolution Imaging Spectroradiometer (MODIS) Enhanced
Vegetation Index (EVI) to calculate the long-term (2000-2014) trend in ET of the CRD’s riparian
corridor. MODIS EVI has a spatial resolution of 250 m and a temporal resolution 1-2 days,
though the EVI images are supplied as 16 day composites. Using these ET estimates and
groundwater salinity data collected in piezometer tubes distributed throughout the riparian
corridor, we also developed a water balance model explaining the volume of water entering the
shallow riparian aquifer.
We found that ET has declined since 2000, but mean daily ET increased significantly
from 2013 (pre-pulse) to 2014 (post-pulse). Despite this decline and despite absent surface flows
in many years prior to the pulse, annual ET has exceeded 100 mcm since 2000. We estimated
groundwater inflow to the CRD was ~ 103 mcm.
Based on our findings, it is likely that the disparity between surface flows and ET can be
explained by the predominantly phreatophytic plants characterizing this area, which draw water
from the shallow riparian aquifer. Additionally, the small but statistically significant increase in
ET from 2013 to 2014 shows that the pulse benefited vegetation, but subsequent pulse flows are
likely needed as a long term strategy to restore vegetation in this ecosystem.

8

CHAPTER 2: GREENUP AND EVAPOTRANSPIRATION FOLLOWING THE MINUTE 319
PULSE FLOW TO MEXICO: AN ANALYSIS USING LANDSAT 8 NORMALIZED
DIFFERENCE VEGETATION INDEX (NDVI) DATA
The following is a summary of the research presented in Jarchow et al. (2016b; Appendix
B). In order to determine how vegetation responded to the Minute 319 pulse flow, we used 30 m
Landsat 8-based NDVI (a proxy of plant health) data to quantify the greenness of vegetation in
the CRD’s riparian corridor and compared the period prior to (2013) and following (2014-2015)
the pulse flow. In addition to this, we also used these NDVI estimates along with reference crop
evapotranspiration (ETo) from a nearby weather station to estimate actual evapotranspiration
(ETa; another proxy of plant health and a measure of water use).
We found that NDVI increased significantly from 2013 to 2014 (P < 0.05) and decreased
from 2014 to 2015; however, 2015 levels were still significantly higher than pre-pulse (2013)
levels. ETa also increased from 2013 to 2014, with an estimated 74.5 mcm in 2013 and 88.9 mcm
in 2014. The most intense greening occurred within the zone of inundation (where the pulse
flowed over land), but less intense greening also occurred outside of this zone.
Based on our findings, we can conclude that the pulse helped benefit vegetation for about
one year. Greening that occurred outside the zone of inundation indicates the pulse also helped
raise the riparian aquifer to a level where vegetation could functionally access this water source.
As a long term solution to the declining condition of vegetation, additional pulse releases are
likely needed for restoration and survival of riparian plant communities in the Colorado River
Delta.
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SIGNIFICANCE AND CONTRIBUTION
This research contributes to both the field of remote sensing and the field of riparian
ecosystem restoration. Due to increasing demand for water world-wide and continued alteration
of riparian ecosystems, there is an ever increasing need to understand the efficacy of
environmental flows for restoring these biologically important areas. Because of this, my
research is especially important in the application of remote sensing for evaluating
environmental pulse flows as restoration tools.
During the development of both Chapters 1 and 2 (Appendices A and B), I was solely
responsible for the acquisition and analysis of all remote sensing data and for the writing and
development of the resulting manuscripts for publication. In Chapter 1, salinity data were
collected by Jorge Ramírez-Hernandez and Eliana Rodríguez-Burgueño, but I performed all
subsequent analyses of those data, including their inclusion into a water balance model. My
coauthors helped review analytical procedures, results, and edit the resulting manuscripts. This
project would not have been possible without their contributions.
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Abstract
The unique hydrologic conditions characterizing riparian ecosystems in dryland (arid and
semi-arid) areas help maintain high biodiversity and support high levels of primary productivity
compared to associated uplands. In western North America, many riparian ecosystems have been
damaged by altered flow regimes (e.g., impoundments and diversions) and over utilization of
water resources (e.g., groundwater pumping for agriculture and human consumption). This has
led some state and national governments to provide occasional environmental flows to address
the declining condition of such riparian systems. In a historic agreement between the United
States and Mexico, 130 million cubic meters (mcm) of water was released to the lower Colorado
River Delta in Mexico to assess the effects on the biology and hydrology of this ecosystem. We
used the Moderate Resolution Imaging Spectroradiometer (MODIS) Enhanced Vegetation Index
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(EVI) to estimate long term (2000-2014) and short term (pre- and post-pulse; 2013 and 2014)
evapotranspiration (ET; used herein as an indicator of plant health) of the delta’s riparian
corridor. We found the pulse flow helped reverse a decline in ET from 2011-2013, with a small,
but statistically significant increase in 2014 (P < 0.05). ET was greater than 100 mcm in all years
analyzed (even in years without surface flows) and exceeded surface flows in all years except
2000 (result of excess flows following an El Niño cycle in 1997) and 2014 (year of the pulse
flow). Based on groundwater salinities and MODIS ET estimates, we estimated groundwater
flow into the delta to be ~ 103 mcm. Shallow groundwater salinities in the riparian zone
increased from 1.30 g L-1 in the most upstream reach to 2.77 g L-1 in the most downstream reach
we measured, partly due to uptake of water by riparian vegetation and partly to intrusion of
saline agricultural return flows. The disparity between surface flows and ET can likely be
explained by the predominantly phreatophytic plants characterizing the area, which draw water
from the aquifer. These results also suggest that the deteriorated condition of vegetation within
the riparian zone might not be reversed by a single pulse event and could instead require
subsequent pulse flows as a long term strategy to restore vegetation in this riparian ecosystem.
Keywords: Colorado River Delta, Remote Sensing, MODIS, Evapotranspiration (ET), Water
Balance, Minute 319, Pulse Flow
1. Introduction
1.1. Water balance and evapotranspiration
The uniquely shallow groundwater and surface flows characterizing dryland riparian
ecosystems help support high biodiversity and primary production in these otherwise waterlimited ecosystems (Brown, 1982); therefore, the development of water budgets (balances) is
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important in the management of these areas (e.g., Goodrich et al., 2000). Depending on the
region, scale, and local conditions, the role of actual evapotranspiration (ET), precipitation,
runoff, and groundwater recharge on the water balance of an area can differ markedly (Wilcox et
al., 2003). In water-limited ecosystems, precipitation is often the primary contributor to the water
balance, where rain or snowmelt in the mountains is transferred to lower regions as surface or
groundwater flows (Shen and Chen, 2010). In the mountains of western North America,
snowmelt alone accounts for 50-80% of runoff (Stewart et al., 2004). Therefore, as aridity and
the distance from such watersheds increases, the significance of upstream runoff becomes
increasingly important in maintaining riparian ecosystems. In these environments, water is
primarily lost through ET, with potential ET exceeding precipitation (Wilcox et al., 2003). For
this reason, ET in drylands is an important component of the water budget and is a useful
indicator of vegetation health.
Though many methods exist for assessing ET, the use of remote sensing-based vegetation
index (VI) approaches has increased in recent years. One such VI is the Enhanced Vegetation
Index (EVI). Combined with local meteorological data, EVI can be used as a surrogate for leaf
area index (LAI), allowing for estimation of ET (e.g., Nagler et al., 2013; see Section 2.4 for a
full explanation of EVI-based ET estimation). Over large areas, EVI from the Moderate
Resolution Imaging Spectrometer (MODIS) sensor onboard NASA’s Terra Satellite has shown
to be particularly effective at estimating ET (Nagler et al., 2005a, 2013, 2016). Unlike the more
commonly used Normalized Difference Vegetation Index (NDVI), EVI is less prone to
saturation and responds more to characteristics like LAI and canopy structure (Gao et al., 2000).

14

In addition to this, MODIS has robust temporal and spatial coverage, making it an efficient
platform for assessing ET over large areas and varying time scales.
1.2. Study objectives
This study was conducted in the riparian corridor of the Colorado River (CR) Delta in
Mexico (Figure 1). This section of the CR once had perennial water flows, but due to
impoundments, diversions, and consumptive uses, it typically only experiences surface flows
during years of excess runoff (Glenn et al., 2001a). Despite reduced flows, the delta’s riparian
zone is an important migration corridor for a number of migratory bird species (Hinojosa-Huerta
et al., 2013), including the endangered southwestern willow flycatcher (Empidonax traillii
extimus; Glenn et al., 2001b). South of the Grand Canyon, the lower CR supports the largest area
of riparian habitat in the Sonoran Desert (Glenn et al., 1996; Ohmart et al., 1988). Nagler et al.
(2008) showed that even in years without surface flows the riparian corridor supports a mix of
salt-tolerant and mesic riparian species, presumably due to underflows of fresh water from the
U.S. and agricultural return flows from Mexico into the shallow riparian aquifer.
During the spring of 2014, the United States and Mexico released 130 million cubic
meters (mcm) of water to the lower CR in Mexico, with the intent to determine the effects on the
hydrology and biology of this ecosystem (IBWC, 2014). Because of upstream diversions, this
portion of the CR is usually dry, with water previously not having reached the Sea of Cortez
since yr. 2000 (IBWC, 2014). The pulse was released from 23 March to 18 May, 2014 to
simulate historical flow events, although at a much lower volume. It inundated ~ 1,830 ha of
channel and floodplain and flow decreased rapidly as distance downstream increased, with less
than 1% of the total pulse mixing with tidal waters in the Gulf of California (IBWC, 2014). River
15

stage increased to a maximum of 5.96 m from 29-30 Mar. in the most upstream portion of the
study area (Reach 1) to about 1.6 m on 11 May in the most downstream portion surveyed (Reach
5; Ramírez-Hernandez et al., in prep.). By 24 May, 2014 surface flow from the pulse ceased
(IBWC, 2014). The water table rose in response to the pulse across all segments (reaches)
measured (IBWC, 2014), with an increase of 0.90-6.60 m in Reach 1 and about 0.30 m in Reach
5 (Kennedy et al., in review). In order to assess the vegetation response to the pulse flow and to
develop a conceptual model of the riparian hydrological system, we estimated ET using
meteorological data and a MODIS EVI algorithm. The ET estimates were also combined with
salinity data to estimate total flow into and out of the shallow riparian aquifer. We compare
trends in ET from 2000 to 2014, encompassing a period of drought from 2000 to 2013 followed
by the pulse flow of 2014.
2. Materials and Methods
2.1. Study area
We studied the region of the CR Delta extending from the Morelos Dam at the USMexico border (the primary release point of the pulse) to just north of the Sea of Cortez (Figure
1). Our study focused on the riparian zone (corridor) of the delta, which constituted 31,225 ha
and was flanked along much of the east and west by agricultural fields. This region is
exceptionally dry, with the watershed averaging ~ 60 mm rainfall per year (IBWC, 2006). We
divided the study region (riparian corridor) into seven reaches based on geomorphic features
(Figure 1; see IBWC (2014) for a description of each reach). Vegetation from the Northerly
International Boundary (NIB) to the confluence with the Rio Hardy (Figure 1) was dominated by
salt-tolerant saltcedar (Tamarisk ramosissima), with arrowweed (Pluchea sericea) shrubs, mesic
16

native willow (Salix gooddingii), and cottonwood (Populus fremontii) also present (Glenn et al.,
2001b). South of the Rio Hardy-CR confluence the predominant vegetation was saltcedar, but
common reed (Phragmites australis) and cattail (Typha domingensis) were also prominent where
standing water marshes formed from agricultural return flows (Glenn et al., 2001b). From the
NIB to the Rio Hardy, the CR flows intermittently, with flows primarily occurring during times
of above average precipitation in the upper basin source area; however, south of the Rio Hardy to
the Sea of Cortez the CR is perennial due to agricultural return flows and treated municipal
effluent in the Rio Hardy.
2.2. Riparian zone mask development
We used a two-step approach to creating a mask (polygon) representing the CR Delta’s
riparian zone. First, we used aerial imagery available within the Basemap feature in ArcGIS
v10.2 (ESRI, Inc., Redlands, CA) to initially digitize the seven reaches comprising the riparian
zone (typically bordered by levees or agricultural fields), while excluding occasional agricultural
fields occurring within the levees. Second, because the basemap imagery in ArcGIS represented
a single point in time, we imported the polygon into Google Earth (Google Inc.) and used the
time slider function to identify and exclude all agricultural fields present in the available
historical imagery (for all available images taken from 2001 – present; Google Earth, Google
Inc.). This process helped ensure we excluded all agricultural fields that were active during the
time period of study, while enforcing topology rules in ArcGIS.
2.3. Data acquisition and extraction
In order to estimate ET for the CR Delta riparian zone, we used 16-d MODIS EVI
(MOD13Q1 product) obtained using the MODIS Global Tool from Oak Ridge National
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Laboratory Distributed Active Archive Center for Biogeochemical Dynamics (ORNL DAAC,
2015). See Section 2.4 (below) for a full discussion of MODIS EVI data. We selected a 99 x 99
km area encompassing the study region and generated 250 m GeoTIFFs re-projected to
geographic latitude/longitude (WGS 84). We analyzed EVI scenes (GeoTIFFs) from the time of
inception of the MODIS Terra satellite (18 Feb., 2000) to 19 Dec., 2014 (342 scenes).
All data manipulation and extraction operations were performed using ArcGIS v10.2 and
v10.3. Prior to extracting EVI values for the study area, we converted the riparian mask polygon
file to a raster using the Polygon to Raster tool, generating a 250 m cell raster representing all
seven reaches within the riparian corridor. The mask raster was snapped (registered) to the
MODIS scenes to ensure pixel alignment. We then reclassified the mask raster to a single value
representing the entire riparian corridor. Using Raster Calculator, we removed standing water
from each MODIS scene (i.e., EVI values < 0.0), as water could have artificially deflated EVI
values within the study area. We then used the Zonal Statistics as Table tool to extract EVI data
corresponding to the study area. This tool generated descriptive statistics in tabular format for all
zones in the mask file (reaches, in this case) and the entire riparian corridor for each MODIS
scene.
2.4. EVI-based ET estimates
ET has been found to be strongly correlated with MODIS EVI at a number of agricultural
and riparian phreatophyte communities in diverse locations (reviewed in Glenn et al., 2011;
Nagler et al., 2013). We used an algorithm derived from the crop-coefficient method of
estimating ET of agricultural crops:
ET = KcETo

(1)
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where ETo (reference crop ET) is calculated from meteorological data (from Yuma Valley, in
this case; AZMET, 2015) and Kc is an empirical coefficient relating ET of a particular crop to
ETo, typically on a monthly basis through the crop growth cycle (Allen et al., 1998). Kc is
usually set for a given crop through expert opinion; however, a satellite VI can replace Kc in
Equation (1), giving an estimate of ET based on a measure of the actual status of the crop at the
time of satellite overpass (reviewed for different natural and agricultural ecosystems in Glenn et
al., 2011):
ET = fVI*ETo

(2)

where fVI is a function describing the relationship between the VI and ET, determined by
regression of VI with measured values of ET and ETo, as from moisture flux towers, lysimeters
or water balance studies (Nagler et al., 2005a, 2013). The relationship between ET and VI is not
necessarily linear because VIs are typically non-linear with respect to LAI, nor is ET necessarily
linear with respect to LAI (Glenn et al., 2008). The algorithm we used was (Nagler et al., 2013):
ET = ETo*1.65 (1-e-2.25EVI) – 0.169

(3)

The term (1- e-2.25EVI) takes the form of the Beers-Lambert Law as applied to light absorption by
a canopy, with -2.25EVI replacing LAI. The numerical coefficients were derived from the
equation of best fit between ground-based ET from literature data for four irrigation districts and
four riparian forests in arid and semiarid districts in Spain, Australia and the western U.S. Nagler
et al (2013) found that the algorithm reproduced annual ground estimates of ET with an average
error of 5.5%, ranging from 2.9-9.3% across sites and with an overall bias of -5.3% across sites.
We estimated total annual ET for the riparian corridor by adding annual ET calculated for each
reach, while mean daily ET was calculated for the entire riparian corridor (i.e., not by reach).
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MODIS EVI data represent 16-d composites, where individual pixels within a given
scene are selected from the 16-d period based on quality (Huete et al., 2002). The MODIS Terra
satellite takes images of a given location every 1-2 days, providing frequently updated EVI data
at a spatial resolution of 250 m. The vegetation indices and other products are radiometrically
and atmospherically corrected (Huete et al., 2002, 2011). In this study, we used EVI instead of
the more commonly known NDVI to estimate ET because EVI has shown to be a more robust
estimator of ET (Glenn et al., 2010; Nagler et al., 2005a). EVI is calculated as:
EVI =

𝐺(𝜌NIR−𝜌Red)
(𝜌NIR+𝐶1 ×𝜌Red−𝐶2 ×𝜌Blue+𝐿)

(4)

where G is the gain factor (set at 2.5), C1 and C2 correct for aerosol resistance (set at 6 and 7.5,
respectively), L adjusts for canopy background (set at 1), and ρNIR, Red, Blue are reflectances in the
near infrared, red, and blue wavelengths, respectively (Huete et al. 2002, 2011).
2.5. Groundwater depth and ET estimate by salinity increase
To provide a test of the MODIS method and construct a mass balance of flow in and out
of the riparian corridor, we combined the approaches developed by Allen et al. (1998) and Ayers
and Westcot (1985), in which ET is directly coupled to increases in salinity in the root zone,
because pure water is discharged in ET, and residual water remaining in the soil increases in
salinity in proportion to the amount removed in ET.
VIN/VOUT = COUT/CIN

(5)

where VIN is the volume of water applied and VOUT is the amount of water discharged past the
root zone, and CIN and COUT are the concentration of salts in the water applied and the water
discharged past the root zone, respectively. Since the plants in the riparian corridor are
phreatophytes that obtain their water from the top of the aquifer, Equation (5) was taken to
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reflect conditions in the aquifer below the root zone according to the model for phreatophyte ET
proposed by Jobbágy and Jackson (2004). They showed that dense stands of phreatophytes can
draw groundwater into their root zone in the capillary fringe above the water table, creating a
zone of discharge above the aquifer and a zone of salinization in the water table beneath the root
zone; however, other studies have shown some riparian plant species to be facultatively
phreatophytic, demonstrating the ability to use sources of unsaturated soil moisture (Rood et al.,
2011; Smith et al., 1998). Therefore, the Jobbágy and Jackson (2004) model represents an
idealized scenario of phreatophytic water use, which may not completely explain the dynamics
of water uptake in this system. Our hypothesis was that the saltcedar and other phreatophytes
making up the flora of the riparian corridor would extract water while leaving salts behind,
creating a record of ET at the top of the aquifer. This hypothesis required two critical
assumptions: First, there were no significant contributions of salt, water, or non ET-based water
loss between the points of CIN and COUT; and second, subsurface flow generally followed the
path of the river channel.
After rearranging and substituting, the equations took the following form:
GWIN = ET/(1 - CIN/COUT)

(6)

and:
GWOUT = GWIN – ET

(7)

where GWIN is the groundwater inflow into a river reach, GWOUT is groundwater out of a reach,
ET is evapotranspiration estimated by Equation (3), CIN is the concentration of salts in GWIN,
and COUT is the concentration of salts in GWOUT. This equation assumes that salt increases in
direct proportion to water lost through ET and there is a downstream flow of groundwater from
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reach to reach. Equation (6) allows GWIN, the assumed underflow from the U.S. to the riparian
corridor, to be calculated from estimates of ET (Reaches 1-5 for yr. 2013, in this case), CIN and
COUT (Reach 5, as salinity was not monitored below this reach). Salinity data from the NIB (C IN)
were obtained from the International Boundary and Water Commission (IBWC, 2012). Actual
groundwater salinity was measured in a series of 79 piezometer tubes distributed across the
width of the riparian zone from Reaches 1-5. Tubes extended 2-3 m into the aquifer. Salinity was
measured at approximately weekly intervals from March 20 to May 23, 2014, encompassing the
period before, during, and after the pulse-flow event. All of the water in the casing was pumped
and wasted. The casing was then allowed to refill for 2-3 hours to return to the original level,
then 1-2 L was collected by pumping. Specific conductivity was measured in mS cm-1 with a
Hanna HI991301 conductivity meter (Hannah Instruments, Inc., Ann Arbor, MI). Specific
conductivity was expressed in salinity units (g L-1) using a total dissolved solids conversion
factor of 0.62, which was based on well measurements taken in Yuma Valley and Yuma Mesa
(Dickinson et al., 2006). The salinity measurements represent top-of-the-aquifer samples where
water would be extracted by plants rooted into the capillary fringe above the aquifer. As
explained previously, it is unlikely ET originated entirely from groundwater; therefore, GW IN
might be overestimated using this technique.
Depth to groundwater was obtained during the pulse flow by weekly manual
measurements and with automatic level transducers. Manual measurements were taken with an
electric Solinst 102 Mini (Solinst Canada Ltd, Georgetown, ON) water level meter. Automatic
water levels were recorded in each piezometer using Onset HOBO 0-100 foot water level loggers
(Onset Computer Corporation, Bourne, MA), with a typical water level accuracy error of 1.5 cm
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and a maximum error of 3.0 cm. Data logger readings were taken weekly and calibrated with
manual measurements.
2.6. Surface flows and precipitation
We obtained daily surface flow data at the Southerly International Boundary (SIB) from
the IBWC (http://www.ibwc.state.gov/wad/DDQSIBCO.HTM, accessed 11/2/2015) and
calculated annual flow for years 1993-2010. 1993 was chosen because it was the first year since
the 1980s with significant flows, while 30 Sep., 2010 was the last date flow records were
available. Gage data for 2011-2014 were not available from the IBWC; however, flows were
minimal from 2011-2013 (author’s observations). This was also supported by flow data at the
NIB (USGS, 2016). From 2011 to 2013, deliveries at the NIB ranged from ~ 1.6-1.7 billion
cubic meters per year, compared to the treaty obligation of 1.9 billion cubic meters per year;
therefore, it is unlikely any excess water was diverted to the SIB during this period. For 2014 we
estimated flow from the volume of the pulse (130 mcm) plus 12.3 mcm of base flow and 2 mcm
of operational surplus (totaling 144.3 mcm; Flessa et al., unpublished data). Annual precipitation
data for 2000-2014 were obtained from the Yuma Valley Arizona Meteorological Network
station (AZMET, 2015).
2.7. Statistical analyses
All statistical tests and regression analyses were conducted in SigmaPlot v13.0.
Difference in mean daily ET (mm d-1) between 2013 and 2014 for the riparian corridor was
assessed by t-test, while linear regression and analysis of variance (ANOVA) was used to
analyze the relationship between ET and explanatory variables. The sample size used to calculate
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the t-statistic was based on the number of pixels sampled, resulting in a large n. Because of this,
statistical significance was sensitive to very slight changes in ET.
3. Results and Discussion
3.1 ET versus surface flows and precipitation
From 1993-1999 mean surface flows at the SIB were 1,292.3 mcm yr-1 (SD = 1626.2
mcm yr-1). This was a relatively wet period in the modern delta due to diversion of water from
the US to Mexico for canal repairs in 1993 and a major El Niño event that led to further water
releases from 1997-2000 (Nagler et al., 2005b; Nagler et al., 2009a; Zamora-Arroyo et al., 2001).
The riparian vegetation during this period was a mix of mesic native trees, with an understory of
saltcedar and arrowweed. Starting in 2000, the watershed entered a drought period and surface
flows at the SIB were only 58.0 mcm yr-1 (SD = 85.2 mcm yr-1) from 2000-2010 (2010 was the
last year surface flow data were available). Native tree cover fell from about 8% of vegetation to
only 4% over this period, and riparian-dependent bird species declined in abundance (HinojosaHuerta et al., 2013). Flows were minimal from 2011-2013 based author's observations and flows
at the NIB.
Since MODIS EVI data became available (i.e., 18 Feb., 2000), declining flows have been
accompanied by a significant declining trend in annual ET within the riparian corridor (Figure
2). The decrease in ET from 2000 to 30 Sep., 2010 (last date surface flow data were available)
was correlated with decreased flows (r = 0.75, P < 0.05); however, ET (mean = 146.2 mcm yr-1)
exceeded flows every year except in 2000 and 2014, indicating that surface flows alone were not
sufficient to support the observed ET rates. Nagler et al. (2008) concluded that a mix of
underflows from the U.S. and agricultural return flows from Mexico supported the riparian
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vegetation. From data in Figure 2, surface flows were only 6.1 mcm yr-1 (SD = 10.3 mcm yr-1)
from 2006 (first year in period with zero surface flows) to 2010, while estimated ET was 136.5
mcm yr-1 over the same time period, indicating that other water supplies supported most of the
riparian ET. While precipitation could potentially explain the observed changes in ET, the two
were not correlated from 2000 – 2014 (r = 0.17, P = 0.56; Figure 2) or 2006 – 2010 (r = 0.03, P =
0.96). Because long term groundwater depth records were not available for this area, we could
not determine the specific surface flow requirements for sustaining vegetation in this system.
Such monitoring data would be particularly useful for establishing the hysteretic effect of flows
on groundwater levels.
ET by river reach for 2013 and 2014 is in Figure 3. Most reaches showed a small increase
in ET, presumably due to the pulse flow because precipitation was far lower in 2014 than 2013
(34 mm compared to 104 mm, respectively; AZMET, 2015). The riparian corridor experienced a
significant increase in mean daily ET, with an average of 0.9 mm d-1 in 2013 compared to 1.0
mm d-1 in 2014 (P < 0.05), which equated to a volume of 108.3 mcm in 2013 and 112.0 mcm in
2014; however, the small increase in ET in 2014 was not as great as expected from the regression
of ET on flows from 2000-2010 (Figure 4). Apparently, the decrease in the condition of the
vegetation over time was not reversible by a single flow event. While additional time could be
required for vegetation to respond to the pulse, Jarchow et al. (in press) found that NDVI
decreased in 2015, suggesting the peak response occurred in 2014. Differences in ET among
Reaches 1-5 are due in part to differences in depth to groundwater (Figure 5). Currently, only
Reaches 1 and 4 support mesic native trees, which are more shallow-rooted than saltcedar and
are present in all reaches.
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3.2. Salinities by river reach
Salinity reported by the IBWC for the NIB was 0.895 g L-1 in 2012 (this was the closest
estimate we could locate to our collection period; IBWC, 2012). During the spring of 2014,
average measured salinity increased linearly by river reach in the shallow riparian aquifer (r =
0.97). Two-way ANOVA showed that salinities differed by river reach (F = 9.96, P < 0.05) but
not by pulse period (comparing measurements before the pulse flow and during/after the pulse
flow; F = 0.04, P = 0.85), with a least square mean pre-pulse salinity of 2.169 g L-1 (SE = 0.20)
across Reaches 1, 4, and 5 compared to 2.126 g L-1 (SE = 0.11) after the pulse (see Table 1 for
dates used in pre-pulse vs. post-pulse analysis). Mean salinities measured for Reaches 1-5 were
1.297, 1.631, 1.710, 2.342, and 2.768 g L-1, respectively. Salinity did not explain ET for Reaches
1-5 in 2014 (P = 0.91). Low salinities are apparently a stable feature of the shallow riparian
aquifer. In 1999 and 2000, following 4 years of flood releases, mean groundwater salinity in
piezometers in Reaches 1-4 was 1.26 g L-1 (Zamora-Arroyo et al., 2001) compared to 1.98 g L-1
(SE = 0.05) in 2014 following 12 years of low surface flows.
3.3. Mass balance estimates of flows and salinities
Using an initial salinity of 0.895 g L-1, final mean salinity of 2.768 g L-1 in Reach 5, and a
total ET volume of 69.6 mcm in 2013 for Reaches 1-5, we estimated groundwater inflows at the
NIB to be 102.9 mcm yr-1 for the year prior to the pulse flow event by Equation (6).
The MODIS ET estimates can be used to infer the volumes of water and salinities entering and
leaving each river reach in the year preceding the pulse flow (Table 2). Based on these estimates,
under normal (no surface flow) conditions, about 103 mcm yr-1 of water at about 0.9 g L-1
salinity enters the riparian corridor at the NIB as underflow into Reach 1 from the U.S., of which
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an estimated 1.5 mcm yr-1 exits Reach 7 into the subterranean estuary at 61.0 g L-1 salinity.
Under these projections and without surface flows, nearly all the groundwater water entering the
riparian corridor is discharged in ET. These estimates do not include discharge of agricultural
drain water into Reach 7, which includes drainage from the Rio Hardy and other discharge
points. In support of this analysis, hypersaline water was observed to pool at the southern end of
Reach 7 above the intertidal zone (Zamora-Arroyo, personal communication). Measured salinity
was 53% higher than predicted across Reaches 1-5, but both showed the same trend of increasing
salinity with distance along the river (Figure 6). The higher measured values could be due to a
contribution from agricultural return flows, especially in Reach 4 as shown in RamírezHernández et al. (2015). Alternatively, they could be due to an underestimate of ET by MODIS.
Both sets of numbers show that low-salinity water underlies the river bed, and is apparently at
least partially a renewable source of water since it was present before the 2014 pulse flow despite
lack of recent surface flows; however, the steady decrease in annual ET since 2000 suggests that
underflows by themselves are not sufficient to maintain past conditions in the riparian corridor.
The results are in contrast to salinities measured in the Havasu National Wildlife Refuge (Guay,
2001) and Cibola National Wildlife Refuge (Nagler et al., 2009b) on the Lower CR in the U.S.,
where aquifer salinities in the floodplain ranged as low as ~ 2 g L-1 to as high as ~ 15 g L-1.
The measured and monitored salinities and depths to groundwater are consistent with the
distribution of vegetation along the riparian corridor (Hinojosa-Huerta et al., 2013; Nagler et al.,
2005b; Zamora-Arroyo et al., 2001). Depth to water was relatively shallow (3-4 m) in Reaches 1
and 4 and salinities were within the range tolerated by shallow-rooted native cottonwood and
willow trees. Reaches 2 and 3 had low salinities but the water table was at 6-7 m, which is too
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deep for cottonwoods and willows. Reaches 5 and 7 were too saline for cottonwoods and
willows. Saltcedar and arrowweed are dominant and subdominant plants in all reaches.
3.4. Sources of error and uncertainty
The CR Delta is lined extensively to the east and west by irrigated agricultural fields.
While many of these fields are regularly cultivated and easily identified in aerial imagery, it is
possible some fields may not have been active or identifiable in the imagery we used to digitize
the riparian mask file; however, based on our findings, we do not suspect this was significant
(e.g., no anomalous ET estimates were observed). Agricultural fields combined with the
relatively narrow portions of the delta and the coarse resolution of MODIS imagery (i.e., 250 m)
could have also artificially inflated ET values along the edges of the riparian corridor. Another
possible source of error or uncertainty is in the algorithm used to estimate ET, which was
developed in a different location represented by different plant species. Because this equation
also relies on meteorological data from nearby weather stations, we were limited in using
weather data collected from Yuma, Arizona, which represented the extreme northern boundary
of our study area.
Our conceptual model of riparian zone hydrology included a number of assumptions that
require further investigation. First, it assumes subsurface flows follow the river channel. Because
of the complexity created by agricultural and other human activities in the area, groundwater
may not follow this path; however, groundwater flow reported by Lesser (2006) shows that it
generally followed the channel. Agriculture and active wells in the area could also affect salinity
estimates along the corridor. While our mean salinity estimates for each reach showed a strong
linear relationship, we observed more variability within reaches, especially in Reach 5 (SD =
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1.82 g L-1). Independent validation of this model and our groundwater estimates would be
helpful in explaining the water balance for this system.
3.5. Conclusion
This study helps explain discrepancies between estimated ET and surface flows south of
the NIB. Annual ET exceeded 100 mcm in all years we analyzed, including those without
surface flows (Figure 2). Taking into account our estimate of groundwater inflows of ~ 103 mcm
yr-1, this helps explain the source of the water lost through ET, with some year-to-year variation
likely; however, long term groundwater monitoring would help validate these findings and better
explain the effect of surface flows on the aquifer, especially with regard to hysteretic effects.
Such monitoring could aid water managers in determining the extent to which flows of particular
volumes will affect the aquifer, and thus determine the specific requirements to support riparian
vegetation in this system.
Following a decline in ET from 2011-2013, there was a slight but significant uptick in
2014, which can likely be attributed to the pulse flow. But, the difference between 2013 and
2014 only accounts for ~ 3% of the pulse estimated to have infiltrated the aquifer. We expected
to see a higher proportion of the pulse used by plants along the riparian corridor; however, ET
could be limited by the number of established plants and could increase if flows continued,
resulting in increased recruitment by existing vegetation (Stromberg, 2001). Some of the native
plants in this region (e.g., Populus) have shown decreased growth rates and sensitivity to
conditions that have in recent times characterized the delta region (e.g., drought and reduced
flows; Rood et al., 2000; Stromberg and Patten, 1996). Given such conditions and the response
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by vegetation to the pulse, increased flow volumes or frequencies could be more effective
techniques for replenishing groundwater and enhancing vegetation in this system.
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Figure 1. Map showing the study area (riparian zone) of the lower Colorado River Delta. The
riparian zone was split into seven segments (reaches). The region between the Northerly
International Boundary (NIB) and the Southerly International Boundary (SIB) is the US-Mexico
Border. The river channel within the study area was ~ 132 km long.

37

Figure 2. Annual surface flows at the Southerly International Boundary, estimated ET of riparian
corridor in million cubic meters per year, and annual precipitation for years 2000-2014. Flow
data were only available up to 30 Sep., 2010. Years 2011, 2012, 2013 were estimated to be
minimal based on author’s observations and upstream gage data. Flow volume for 2014 was
estimated from the pulse, an additional base flow, and operational surplus. Bars represent
standard error.
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Figure 3. Comparison of total annual ET by river reach for 2013 and 2014. Bars represent
standard error.
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Figure 4. Regression of annual ET on annual flows in the riparian zone of the Colorado River
Delta, 2000-2010 (closed circles). Flow and ET volumes were calculated from 18 Feb., 2000
(MODIS start date) to 30 Sep., 2010 (last date surface flow data were available). Flow in 2014
(open circle) was due to the Minute 319 pulse, additional base flow, and operational surplus. ET
did not increase as much as predicted by the regression equation, presumably due to the
deteriorated condition of the vegetation. Dashed lines show 95% confidence intervals.
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Figure 5. Regression of 2014 ET on depth to water for each river reach in the riparian zone of the
Colorado River Delta, Mexico. Depths were collected from 20 Mar. to 23 May, 2014. Bars
indicate standard error.
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Figure 6. Measured versus predicted salinities by river reach in the riparian aquifer. Predicted
salinities were based on the MODIS ET estimates and mass balance equations. Bars indicate
standard error.
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Table 1. Categories (period and reach) used in analyzing differences in salinity values, with
corresponding collection dates stated for each reach. Pre-pulse measurements were only
collected in Reaches 1, 4, and 5; therefore, we only included these reaches in pre- vs. post-pulse
analysis.
Period
Pre-Pulse

Post-Pulse

Reach
1
4
5
1
4
5
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Salinity Collection Dates
20 Mar. 2014 – 22 Mar. 2014
21 Mar. 2014 – 2 Apr. 2014
21 Mar. 2014 – 1 Apr. 2014
31 Mar. 2014 – 28 Apr. 2014
7 Apr. 2014 – 23 May 2014
7 Apr. 2014 – 23 May 2014

Table 2. Mass balance estimates of water volumes and salinities in and out of each river reach
based on MODIS ET estimates. Reach 6 was excluded because it was located outside the main
river channel.
Reach
ET (mcm yr-1)
Flows in
Flows out
Salinity in
Salinity out
(mcm yr-1)
(mcm yr-1)
(g L-1)
(g L-1)
9.5
102.9
93.3
0.895
0.986
1
2.6
93.3
90.7
0.986
1.015
2
11.6
90.7
79.1
1.015
1.164
3
11.6
79.1
67.5
1.164
1.364
4
34.2
67.5
33.3
1.364
2.768
5
31.8
33.3
1.5
2.768
60.981
7
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Abstract
In the southwestern U.S., many riparian ecosystems have been altered by dams, water
diversions, and other anthropogenic activities. This is particularly true of the Colorado River,
where numerous dams and agricultural diversions have affected this water course, especially
south of the U.S.-Mexico border. In the spring of 2014, 130 million cubic meters of water was
released to the lower Colorado River Delta in Mexico. To understand the impact of this pulse
flow release on vegetation in the delta’s riparian corridor, we analyzed a modified form of
Landsat 8 Operational Land Imager (OLI) Normalized Difference Vegetation Index (NDVI*)
data. We assessed greenup during the growing period and estimated actual evapotranspiration
(ETa) for the period prior to (yr. 2013) and following (i.e., yr. 2014 and 2015) the pulse flow. We
found a significant increase in NDVI* from 2013 to 2014 (P < 0.05) and a decrease from 2014 to
2015; however, 2015 levels were still significantly higher than in 2013. ETa was also higher in
2014 vs. 2013, with an estimated 74.5 million cubic meters in 2013 and 88.9 in 2014. The most
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intense greening occurred in the zone of inundation but also extended into the non-flooded part
of the riparian zone, indicating replenishment of groundwater. These findings suggest the peak
response by vegetation to the flow lasted about one year, followed by a decrease in NDVI*. As a
long term solution to the declining condition of vegetation, additional pulse releases are likely
needed for restoration and survival of riparian plant communities in the Colorado River Delta.
Keywords: Colorado River Delta, Remote Sensing, Landsat 8, NDVI, Evapotranspiration (ET),
Minute 319, Pulse Flow
1. Introduction
Riparian ecosystems are areas of notable productivity and biodiversity (Knopf and
Samson, 1994; Naiman et al., 1993); however, these areas have been and continue to be altered
by anthropogenic activities. The construction of dams and diversions are two activities largely
responsible for this alteration, which primarily affect these rivers by altering natural flood
regimes and sediment cycling (Kingsford, 2000; Nilsson and Berggren, 2000; Poff et al., 1997).
This has resulted in management actions aimed at restoring riparian habitat affected by dams and
associated flow regulations. One strategy used by managers to mitigate these effects is the
controlled release of water to simulate natural flood cycles (pulse or environmental flows; Poff et
al., 1997). Although this technique offers promise for restoring degraded riparian areas, Poff et
al. (1997) pointed out that management has focused on minimum flows and a limited number of
species, and instead suggested an approach aimed at restoring the natural flow regime
characterizing the specific river under investigation (e.g., re-establishing historic flood
frequency, duration, and timing); however, such an approach may be difficult or impossible
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depending on local water allotments and policy, water availability, and potential risks to
property.
Assessing the response by vegetation to pulse flows is critical to understanding their
efficacy in restoring riparian habitat. Because riparian areas can be extensive and poorly
accessible, ground-based assessments may be too costly and time consuming. Remote sensing
offers an efficient and unobtrusive way to monitor vegetation characteristics within these
ecosystems (e.g., Hutchinson et al., 2015; Jabbari et al., 2015; and Willis, 2015). While a
multitude of remote sensing-based indices have been developed for assessing various vegetation
characteristics (e.g., Bannari et al, 1995), the Normalized Difference Vegetation Index (NDVI) is
a commonly used method for analyzing temporal trends in vegetation greenness, biomass, leaf
area index, and canopy cover (e.g., Burgan and Hartford, 1993; Fensholt et al., 2012; Huete et
al., 2002; Myneni et al., 1997; Stow et al., 2007; Todd et al., 1998; and Xiao and Moody, 2005).
The NDVI responds to actively photosynthesizing material, increasing as the quantity of green
biomass increases (Burgan and Hartford, 1993). This characteristic of the NDVI makes it a
valuable metric for detecting changes in vegetation cover and health.
In addition to assessing vegetation cover characteristics, remote sensing also provides the
ability to estimate another important indicator of plant health – evapotranspiration (ET).
Different vegetation indices have been used for estimating ET. For example, in a riparianagricultural ecosystem in the southwestern United States, Nagler et al. (2013) used the Moderate
Resolution Imaging Spectroradiometer (MODIS) Enhanced Vegetation Index (EVI) on the Terra
Satellite to develop an algorithm for estimating ET. This equation used reference crop ET (ETo)
from a nearby weather station and EVI values to produce estimates of actual ET (ETa; modeled
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ETa differed by 5.4% from validation sites; Nagler et al., 2013). In addition to EVI, NDVI has
also been used with success to estimate ETa. Groeneveld et al. (2007) used NDVI values
stretched (scaled) between bare soil and full vegetation cover from a single mid-summer Landsat
satellite scene, ETo, and precipitation to estimate ETa of three areas in the arid southwestern U.S.
In both cases, the dry climate and shallow groundwater allowed for an accurate approach to
modeling ETa via satellite imagery. This is because the shallow groundwater helps limit large
inter-annual swings in ETa, and rainfall tends to be a relatively insignificant or small component
of the water budget in these areas. In addition, the surface soil is generally dry, limiting the
contribution of direct evaporation from soil to ETa. The supply of shallow groundwater means
ETa tends to vary with ETo, which changes in response to temperature, humidity, and wind speed
(Allen et al., 1998).
This study monitored the impact of an environmental flow on the NDVI and ET within
the riparian corridor of the Colorado River Delta (CRD) in Mexico. In a historic agreement
between the United States and Mexico, 130 million cubic meters (mcm) of water was released
during the spring of 2014 to the CRD. This compares to about 19,000 mcm of water estimated to
have been discharged annually into the CRD prior to the construction of dams and diversions
(summarized in Cohen et al., 2001). Diversions, in particular, have severely reduced or
eliminated flows to the CRD. This has led to significant changes in the delta’s ecology, including
large reductions in the native plant communities, such as cottonwood (Populus fremontii;
Ohmart et al., 1977). In addition to the 130 mcm pulse, 12 mcm of base flow was released in
water year 2014 (Oct., 2013 – Sep., 2014) and another 28 mcm from 16 to 19 May, 2015. The
pulse (130 mcm) was released from 23 Mar. to 18 May, 2014 to simulate historic flow events,
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with the intent to evaluate the hydrological and biological response to the release (IBWC, 2014).
We assessed the response by vegetation (ETa and greenup) using satellite-based (Landsat 8)
NDVI imagery taken before and after the pulse flow (2013-2015). In an attempt to validate our
ETa results, we also provide a comparison of our estimates to those reported by Jarchow et al. (in
review) by MODIS imagery.
2. Methods
2.1. Study area
Our study area included the riparian corridor (31,225 ha) of the Colorado River Delta
from the Morelos Dam near the Northerly International Boundary (NIB) of the U.S. and Mexico
to just north of the Sea of Cortez in Mexico (Figure 1). The delta region is arid, with annual
precipitation totaling ~ 63 mm (IBWC, 2006). Historically, this portion of the Colorado River
had perennial water flows, but more recently only experienced surface flows during years with
excess precipitation in the upper river basin. The riparian zone is lined predominately by
agricultural fields, with flood-control levees defining its boundaries. For the purpose of this
study, we divided the riparian corridor into seven segments (reaches) based on geomorphic
features that characterized these areas (e.g., shallow groundwater, channel width, and channel
sinuosity; see IBWC (2014) for a description of each reach). This allowed us to differentiate
effects of the pulse on distinct regions of the riparian zone. The flora in this region is typical of
other arid riparian systems in this part of the world. Glenn et al. (2001) described the vegetation
from the NIB to the Rio Hardy-Colorado River confluence as dominated by saltcedar (Tamarisk
ramosissima), arrowweed (Pluchea sericea), native willow (Salix gooddingii), and cottonwood
(Populus fremontii). Saltcedar, common reed (Phragmites australis) and cattail (Typha
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domingensis) were the predominant species south of the Hardy-Colorado River, with T.
domingensis and P. australis occurring where wetlands had formed from agricultural return
flows (Glenn et al., 2001). The Rio Hardy is supported by brackish agricultural return flows and
treated municipal effluent and is perennial; hence, south of the confluence the Colorado River is
still perennial.
2.2. Mask development
We digitized the CRD’s riparian corridor using a combination of the Basemap feature in
ArcGIS v10.2 (ESRI, Inc., Redlands, CA) and Google Earth (Google, Inc.). We initially used
ArcGIS to create a polygon (mask) demarcating the boundary of the riparian zone, while
excluding agricultural fields. Because the CRD is lined by levees and agricultural fields, this
boundary was easily identified. Since ArcGIS’ Basemap feature only represented a single point
in time for a given area, we imported this polygon into Google Earth and used the time slider
function to identify and exclude any additional agricultural fields missed in the initial
digitization. The resulting mask file was imported back into ArcGIS to ensure topology rules
were maintained.
Surface flow extents (i.e., inundation zones) of the pulse were obtained from the U.S.
Department of the Interior Bureau of Reclamation as seven separate shapefiles representing
different dates of the pulse and post-pulse period (31 Mar. – 27 May, 2014). We merged these
files to create a single polygon representing the zone of maximum inundation. We then
intersected this file with the riparian zone mask to separate the inundation zone by each reach.
Finally, the Erase tool was used to subtract the inundation zone file from the riparian zone mask,
resulting in a mask file representing the non-inundated zone.
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2.3. Data acquisition and extraction
In order to assess greenup of the CRD, we obtained cloud-free 30 m Landsat 8
Operational Land Imager (OLI; 2013-2015) satellite surface reflectance-derived NDVI images in
GeoTIFF format from the Earth Resources Observation and Science (EROS) Center Science
Processing Architecture (ESPA) on Demand Interface (http://espa.cr.usgs.gov, accessed 25 Nov.,
2015). The project area spanned path 38 and rows 37 and 38. GeoTIFFs were re-projected to
Universal Transverse Mercator (UTM) Zone 11 North. NDVI was calculated using the following
formula:
(NIR – R)/(NIR + R)

(1)

where NIR is the near infrared band (band 5) and R is the red band (band 4). These images came
as atmospherically corrected surface reflectances using the L8SR algorithm (USGS, 2015). To
compare pre- and post-pulse flow periods, we obtained 12 Landsat 8 OLI scenes from 2013-2015
for months in the growing season where cloud cover did not affect imagery. Cloud cover was
present in at least one of the years for April, July, and September, so analysis was completed for
May, June, August, and October. The growing season in this region is typically Feb. – Oct., with
the peak occurring in May – Sept. and Oct. representing the later part of the season.
All data processing techniques were performed in ArcGIS v10.2 and v10.3. Prior to
extracting NDVI values for the study area, we converted the riparian corridor, inundation zone,
and non-inundation zone polygons to rasters using the Polygon to Raster tool, generating a 30 m
cell raster representing each reach within the riparian corridor. The rasters were snapped
(registered) to the NDVI scenes to ensure pixel alignment. To assess the effect on the entire
study area (i.e., all reaches), we also reclassified these rasters to a single value. Using Raster
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Calculator, we removed standing water from each NDVI scene (i.e., NDVI values < 0.0), as
water could have artificially deflated NDVI values within the study area. The resulting scenes
from each row (37 and 38) were combined using the Mosaic tool. We then used the Zonal
Statistics as Table tool to extract NDVI data corresponding to the riparian, inundation, and noninundation zones. This tool generated descriptive statistics in tabular format for each mask file.
2.4. NDVI scaling and estimation of evapotranspiration
Following Groeneveld and Baugh (2007), we stretched mean NDVI values from 0 to 1 to
remove non-systematic variation between scenes caused by atmospheric, vegetation, and soil
conditions (Huete and Liu, 1994; Liu and Huete, 1995). This allowed for the comparison of
scenes collected at different times under potentially different atmospheric opacities, thereby
improving the accuracy and precision of these comparisons (Groeneveld et al., 2007). NDVI was
stretched (NDVI*) using the following equation:
NDVI* = (NDVI - NDVI0)/(NDVIs - NDVI0)
where NDVI0 is the NDVI at zero vegetation cover (i.e., bare soil) and NDVIs is NDVI at full
vegetation cover (saturation; Groeneveld and Baugh, 2007). We sampled 899 bare soil cells
(pixels representing sand dunes, in this case) from each Landsat 8 scene to establish the mean
bare soil value for each year investigated (i.e., 2013, 2014, and 2015), while NDVIs was
estimated by sampling 420 cells representing the most verdant, irrigated agricultural fields
identifiable in each scene (values listed in Table 1). NDVIs and NDVI0 ranged from 0.61190.9321 and 0.0821-0.1154, respectively.
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(2)

Using a modified version of the method developed by Groeneveld et al. (2007), we used
the scaled NDVI values from Equation (2) and reference crop evapotranspiration to calculate
actual evapotranspiration:
ETa (estimated) = (Annual ETo)NDVI*

(3)

Equation (3) originally included the component of annual precipitation, but we removed this to
isolate the effect of the pulse flow. We obtained annual ETo (Penman-Monteith) from the Yuma
Valley AZMET station (AZMET, 2015) for Jan. 1 – Dec. 31, 2013 and 2014, which was the
closest station to our project area (located immediately north of the study site). Groeneveld et al.
(2007) used a single peak season (mid-summer) Landsat scene to calculate ETa. To better capture
the entire growing period, we used average NDVI* from the four scenes we analyzed from each
year. Values from Equation (3) provided an estimate of annual ETa for each reach. We used the
area of each reach to calculate annual ETa for 2013 and 2014 (pre- and post-pulse) and then
added these estimates to determine total ETa for the riparian corridor for each year.
2.5. Statistical analyses
All statistical analyses were conducted in SigmaPlot v13.0. A one way analysis of
variance (ANOVA) was used to determine statistical significance in NDVI* between 2013,
2014, and 2015. To correct for multiple comparisons, all pairwise comparisons were tested using
a Bonferroni t-test. Standard error (SE) of ETa estimates were calculated by dividing the standard
deviation of ETa by the square root of the average number of pixels sampled.
3. Results and Discussion
3.1. Greenup
3.1.1 Riparian corridor
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Within the riparian corridor, we observed a significant greenup in 2014 vs. 2013 (P < 0.05;
Figure 2), with a 17% increase in NDVI*. Greening in Reach 7 (upper estuary) closely followed
the zone of inundation (Figure 3E), while the more northern reaches experienced a greenup
beyond the zone of inundation (Figure 3A-D). This greenup was also observed in each reach in
2014 (post-pulse) compared to 2013 (pre-pulse; P < 0.05; Figure 2). This reverses a general
decline in vegetation since yr. 2000 reported by Jarchow et al. (in review). In preparation of
inundation by the pulse flow and unrelated to the present study, non-native vegetation was
cleared in parts of Reach 4, which explains the relatively small increase in magnitude from 2013
to 2014 (Figure 2). Because of Reach 6’s distance from the main channel of the CRD, the
greenup observed in this reach is less likely due to the pulse, but could instead be the result of
increased flow in the Rio Hardy; however, we were unable to locate flow data for this river. For
Reaches 1, 2, 3, 5, and 7, the greenup observed in 2014 decreased in 2015, but was still
significantly higher than in 2013 (P < 0.05). Reach 4 was the only reach with a significantly
higher mean NDVI* in 2015 compared to 2014 (P < 0.05). This was likely attributable to new
growth in the restoration plots following removal of non-native plants in 2014. A slight, but nonsignificant (P > 0.05) increase in NDVI* also occurred in Reach 6.
3.1.2 Non-inundated zone
The area existing between the zone of max inundation and the outer boundary of the
riparian corridor (the non-inundated zone) closely resembled the response of the riparian
corridor, with one notable exception. The increase in greenness from 2013 to 2014 in Reach 4
was non-significant (P > 0.05; Figure 4); however, there was a significant increase in 2015
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compared to 2013 and 2014, supporting the explanation of regrowth following the clearing of
vegetation (discussed in the previous paragraph).
3.1.3 Inundation zone
Like the riparian corridor, a significant greenup was observed within the inundation zone
in 2014 vs. 2013 (P < 0.05; Figure 5). This was also the case for each reach. In 2015, Reaches 1,
3, 5, 6, and 7 saw a decrease in NDVI* from 2014, but were still significantly higher than 2013
(P < 0.05; Figure 5). Reaches 2 and 4, on the other hand, experienced a significant increase in
greenness from 2014 to 2015 (P < 0.05; Figure 5). In Reach 4, this could be due to regrowth
following clearing. About 28 mcm of additional flow was released from Morelos Dam in May,
2015, resulting in surface flow along the limitrophe of the riparian corridor. While this could
help explain the increase we observed in Reach 2 in 2015, we would also expect to see a similar
increase in Reach 1, which we did not; however, Reach 1 was ~ two times the area of Reach 2,
which could indicate a disproportionate response. Alternatively, because of its narrow character
and proximity to Morelos Dam, water might not be a limiting factor in Reach 1.
3.2. Evapotranspiration
Values used in calculating scaled NDVI for the riparian corridor are provided in Table 1.
Annual ETa within the riparian corridor was 74.5 mcm in 2013 compared to 88.9 mcm in 2014
(Table 2). See Table 2 for values used in calculating ETa. Jarchow et al. (in review) used a
similar remote sensing method to derive ETa for the CRD riparian zone, but instead used an ET
algorithm developed by Nagler et al. (2013) based on MODIS EVI. Because this represented a
different remote sensing technique for estimating ETa for the same study area, we provided
Jarchow et al.’s (in review) ETa estimates for comparison (Table 2). Overall, ETa calculated in
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the present study was lower than that estimated by Jarchow et al. (in review), with some
variability by reach; however, both techniques showed ETa was higher in 2014 compared to 2013
(Table 2). Because precipitation was higher in 2013 (104 mm) than in 2014 (34 mm; AZMET,
2015), this suggests the observed increase was due to the pulse. The disparity in estimated ETa
between these two techniques could be explained by the difference in resolution of the two
platforms employed (i.e., 30 m for Landsat and 250 m for MODIS). Some areas of the CRD
were less than the width of a MODIS pixel, resulting in the exclusion of these cells during the
MODIS analysis. Compared to the NDVI*-based ETa estimates, standard errors were also
greater for MODIS EVI (Table 2).
3.3. Conclusion
Though likely aided by a low volume base flow release 2014, the Minute 319 pulse
release to the CRD resulted in a significant greenup (17% increase) in the year following the
flow. The greenup decreased after about one year, but was still significantly higher than prepulse (2013) levels. 2015 NDVI* values were likely influenced by the small volume of water
released from Morelos Dam in 2015; however, surface flow from this release was limited to the
limitrophe region, which does not explain the higher NDVI* levels observed in the rest of the
corridor in 2015 compared to 2013. While the magnitude of this change was most pronounced in
the zone of inundation, the effect was observed beyond this area. This suggests that the flow also
influenced the groundwater level, increasing water availability to the plants in the riparian zone.
Evapotranspiration estimates based on scaled NDVI also increased following the pulse flow.
This is supported by Jarchow et al. (in review). The long term effects of the pulse are unknown,
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but further monitoring will reveal information vital to understanding the longevity of the
vegetation response, which could be helpful for optimizing flow frequency and volume.
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Figure 2. Map showing the study area (riparian corridor or zone) of the lower Colorado River
Delta. The riparian zone was split into seven segments (reaches). The region between the
Northerly International Boundary (NIB) and the Southerly International Boundary (SIB) is the
US-Mexico Border.
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Figure 2. Mean scaled NDVI (NDVI*) within the riparian zone. Landsat scenes from May, Jun.,
Aug., and Oct. were used to calculate means for each year.
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Figure 3. Map of the change in scaled NDVI (greenness) from May-Oct., 2013 to May-Oct.,
2014. Colors do not reflect actual color of vegetation, but rather areas that experienced a
decrease, increase, or no change in scaled NDVI.
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Figure 4. Mean scaled NDVI (NDVI*) within the non-inundated zone of the riparian corridor.
Landsat scenes from May, Jun., Aug., and Oct. were used to calculate means for each year.
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Figure 5. Mean scaled NDVI (NDVI*) within the zone of maximum inundation. Landsat scenes
from May, Jun., Aug., and Oct. were used to calculate means for each year.
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Table 1. NDVI and NDVI* (scaled) calculated using four Landsat 8 Operational Land Imager
(OLI) scenes from 2013, 2014, and 2015. The same values for bare soil (NDVI0) and saturation
(NDVIs) for each OLI year were used for each reach. Values are shown for the riparian corridor,
but were not used in estimating ETa. We used a higher level of precision during analysis than
shown, so all values were rounded to the nearest ten thousandth for simplicity.
Reach
OLI year
Mean NDVI
NDVI0
NDVIs
NDVI*
2013
0.2376
0.0995
0.8982
0.1728
1
2014
0.2582
0.0951
0.8655
0.2116
2015
0.2441
0.0900
0.8959
0.1912
2

2013
2014
2015

0.1513
0.1694
0.1656

0.0995
0.0951
0.0900

0.8982
0.8655
0.8959

0.0648
0.0964
0.0938

3

2013
2014
2015

0.1428
0.1528
0.1398

0.0995
0.0951
0.0900

0.8982
0.8655
0.8959

0.0541
0.0748
0.0619

4

2013
2014
2015

0.3087
0.3002
0.3119

0.0995
0.0951
0.0900

0.8982
0.8655
0.8959

0.2618
0.2661
0.2754

5

2013
2014
2015

0.2490
0.2501
0.2426

0.0995
0.0951
0.0900

0.8982
0.8655
0.8959

0.1871
0.2012
0.1893

6

2013
2014
2015

0.1777
0.1899
0.1899

0.0995
0.0951
0.0900

0.8982
0.8655
0.8959

0.0979
0.1231
0.1240

7

2013
2014
2015

0.1659
0.1760
0.1647

0.0995
0.0951
0.0900

0.8982
0.8655
0.8959

0.0830
0.1050
0.0927

Riparian
Corridor

2013
2014
2015

0.1953
0.2032
0.1949

0.0995
0.0951
0.0900

0.8982
0.8655
0.8959

0.1199
0.1403
0.1302
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Table 2. Area, scaled NDVI (NDVI*), and reference evapotranspiration (ETo) values used to
calculate NDVI*-based annual evapotranspiration (ETa; millions of cubic meters) within the
riparian corridor. Standard error of ETa estimates are shown in parentheses. EVI-based ETa
estimates from Jarchow et al. (in review) have been included for comparison. We used a higher
level of precision during analysis than shown, so values were rounded for simplicity; therefore,
values may not add up to the totals shown.
Reach
Year
Area
NDVI* ETo (mm yr-1) ETa (NDVI*ETa (EVI(ha)
based; mcm
based; mcm
yr-1)
yr-1)
2013
1,648.3
0.1728
1,996
5.7 (0.04)
9.5 (0.21)
1
2014
1,648.3
0.2116
2,036
7.1 (0.04)
10.4 (0.23)
2

2013
2014

753.6
753.6

0.0648
0.0964

1,996
2,036

1.0 (0.01)
1.5 (0.01)

2.6 (0.08)
3.1 (0.09)

3

2013
2014

3,380.9
3,380.9

0.0541
0.0748

1,996
2,036

3.7 (0.02)
5.2 (0.02)

11.6 (0.22)
12.1 (0.21)

4

2013
2014

1,748.0
1,748.0

0.2618
0.2661

1,996
2,036

9.1 (0.04)
9.5 (0.04)

11.6 (0.17)
11.5 (0.18)

5

2013
2014

7,253.0
7,253.0

0.1871
0.2012

1,996
2,036

27.1 (0.06)
29.7 (0.06)

34.2 (0.20)
34.8 (0.20)

6

2013
2014

2,319.9
2,319.9

0.0979
0.1231

1,996
2,036

4.5 (0.02)
5.8 (0.03)

7.0 (0.07)
7.9 (0.09)

7

2013
2014

14,121.3
14,121.3

0.0830
0.1050

1,996
2,036

23.4 (0.08)
30.2 (0.10)

31.8 (0.20)
32.3 (0.23)

Total
(Riparian
Corridor)

2013
2014

31,225.0
31,225.0

74.5 (0.12)
88.9 (0.13)

108.3 (0.46)
112.0 (0.49)
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