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Analysis of Annual Dissolved-Solids Loading from
Selected Natural and Irrigated Catchments in the Upper
Colorado River Basin, 1974-2003

By Terry A. Kenney, Steven J. Gerner, and Susan G. Buto

Abstract

Dissolved-solids loading from 17 natural catchments and
14 irrigated catchments in the Upper Colorado River Basin
was examined for the period from 1974 through 2003. In
general, dissolved-solids loading increased and decreased
concurrently in natural and irrigated catchments but at differ-
ent magnitudes. Annually, the magnitude of loading in natural
catchments changed about 10 percent more, on average, than
in irrigated catchments. Measures of variability, or spread,
indicate that natural catchments had 35 percent greater annual
variability in loading than irrigated catchments. Precipitation
and dissolved-solids loads were positively correlated in natural
catchments, and a weak positive correlation was determined
for irrigated catchments. A weak negative correlation between
temperature and dissolved-solids load was determined for
both natural and irrigated catchments. In irrigated catch-
ments, the dissolved-solids load response to an above-average
precipitation period from 1982 through 1987 generally lagged
behind that in the natural catchments. On average, irrigated
catchments with reservoir storage had the largest normalized
maximum annual loads during the wet period.

Introduction

The 108,000 square mile (mi?) drainage area of the Upper
Colorado River Basin (UCRB) includes portions of Wyoming,
Colorado, Utah, New Mexico, and Arizona (fig. 1). For this
report, the UCRB is defined as the contributing drainage area
upstream of U.S. Geological Survey (USGS) streamflow-gag-
ing station 09380000, Colorado River at Lees Ferry, Arizona.
The landscape in the UCRB is varied and includes alpine
forests, arid badlands, and slickrock canyonlands. The major
rivers of the UCRB are the Colorado, Green, and San Juan,
and the headwaters of these rivers generally are located within
highly-deformed crustal blocks of the Central Rocky Moun-
tains. The geology of these headwater areas stands in distinct
contrast to the undeformed rocks of the Colorado Plateau,
which generally compose the lower one-third of the UCRB.

During the past 30 years, the UCRB, on average, annu-

ally discharged about 7 million tons of dissolved solids, as
computed at Lees Ferry, Arizona (Anning and others, 2007). It
is estimated that between 40 and 45 percent of the dissolved-
solids load at Lees Ferry, Arizona, is attributable to irrigated
agriculture in the UCRB (lorns and others, 1965; Kenney and
others, 2009).

Dissolved-solids concentrations and loads in streams in the
UCRB have been measured or estimated at numerous loca-
tions for various surface-water-quality assessments during the
past century. These and other investigations have developed
a solid conceptual understanding of the sources, transport
mechanisms, and the ultimate fate of dissolved solids in
the UCRB (fig. 2). The major sources of dissolved solids in
UCRSB streams are categorized as natural, which includes geo-
logic formations and saline springs, or anthropogenic, which
includes irrigated agricultural lands (Iorns and others, 1965;
Kenney and others, 2009; U.S. Department of the Interior,
2009).

The conceptual understanding of dissolved-solids loading
to streams in the UCRB has been applied to the framework
of the USGS Spatially Referenced Regressions on Watershed
Attributes (SPARROW) surface-water-quality model (Anning
and others, 2007; Kenney and others, 2009) and other models
to obtain estimates of dissolved-solids loads at unmonitored
locations as well as to provide a more comprehensive basin-
wide perception of salinity in the UCRB. These models have
verified the conceptual understanding of the sources of dis-
solved solids in the basin and have enhanced the understand-
ing of a variety of the transport mechanisms. For example,
precipitation and evapotranspiration were among seven
statistically significant landscape transport characteristics in
the UCRB dissolved-solids SPARROW model (Kenney and
others, 2009). Interestingly, precipitation and evapotranspira-
tion are the only time-specific independent parameters in the
UCRB SPARROW model that vary year-to-year (Kenney and
others, 2009; Kenney and Buto, 2012). Estimated SPARROW
model coefficients for precipitation and evapotranspiration
show that increases in either parameter lead to an increase in
dissolved-solids load (Kenney and others, 2009).
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Figure 2. Conceptual modelillustrating the processes by which dissolved solids are generated and transported to streams in the
Upper Colorado River Basin (UCRB; modified from Kenney and others, 2009).

When constructing the UCRB SPARROW model, con-
ceptually, the effects of precipitation and evapotranspiration
as transport mechanisms were assumed to be associated only
with the natural, geologic sources of dissolved solids and not
the anthropogenic, irrigated-land sources. This assumption
implies that dissolved solids are derived from agricultural
lands in the UCRB as a result of the application of irrigation
water, soil disturbance, and, to a lesser degree, the applica-
tion of soluble fertilizers (Kenney and others, 2009). Thus, for
irrigated lands, precipitation and evapotranspiration were not
designated as landscape transport characteristics in the effort
to model sources of dissolved solids from irrigated lands.
Elevation was the only landscape transport characteristic
assigned to sources from irrigated lands because it represents
a distinguishing characteristic affecting the amount of water

used for irrigated crops in different locations within the UCRB
(Kenney and others, 2009).

in UCRB streams

discharge

Transbasin diversions

The construct of the UCRB SPARROW model and other
dissolved-solids modeling exercises undertaken in the UCRB,
incorporates the general assumption that loads associated with
agricultural lands vary minimally year-to-year. This report,

which was prepared in cooperation with the U.S. Department
of the Interior’s Bureau of Reclamation (Reclamation), tests
this assumption by examining the variability in salt loading
from catchments dominated by natural sources compared to
catchments dominated by anthropogenic or irrigated agri-
cultural sources. It also examines the correlation between
precipitation and dissolved-solids load and between tempera-
ture and dissolved-solids load for the two catchment types. In
this report, “year” refers to “water year,”—the period spanning
October of the previous year through September of the current
year. Annual dissolved-solids loads, annual precipitation, and
annual temperature values were computed for every water year
where data were available. For example, the annual dissolved-

solids load for 1983 represents the computed load for the
months October 1982 through September 1983.
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Purpose and Scope

The purpose of this report is to present an understanding
of how dissolved-solids loading in catchments dominated by
natural sources differs from loading in catchments dominated
by irrigated agricultural lands and how loads from irrigated
and natural catchments relate to precipitation and tempera-
ture. It also presents an examination of the variability of
dissolved-solids loads computed for a selection of catchments
that have monitoring stations in the UCRB. Catchments were
classified by their dominant dissolved-solids load source:
natural geologic or irrigated agricultural lands. Expanding on
this assessment of variability, climatic drivers, specifically
precipitation and temperature, and their relation to loading
from both source types also are examined. Furthermore, cur-
rently, it is not clear what effect multi-year wet or dry periods
have on dissolved-solids loads discharged from natural and
irrigated catchments. A qualitative discussion of the dissolved-
solids loading response to wet and dry periods between 1974
and 2003, from both natural and irrigated catchments in
the UCRB, is included. Limitations and uncertainties in the
analysis, including how the results should be interpreted, are
outlined explicitly.

Site Selection

Catchments chosen for this study (fig. 3; appendix 1) were
a subset of the calibration reaches with outlet water-quality
monitoring stations that had been used in the calibration of
both the southwestern dissolved-solids SPARROW model pre-
sented in Anning and others (2007) and the UCRB dissolved-
solids SPARROW model presented in Kenney and others
(2009). Most of the catchments chosen for the study were
incremental and did not represent entire upstream watersheds
because they were bound upstream by water-quality monitor-
ing stations, or water-quality monitoring stations and head-
waters. To define catchments that met specified criteria for
this analysis, dissolved-solids loads associated with upstream
monitoring sites were subtracted from the loads associated
with the monitoring site at the catchment outlet using available
data. A total of 31 catchments met criteria for two groups: (1)
natural catchments, where 10 percent or less of the dissolved
solids originating and discharging from the catchment were
derived from irrigated lands, and (2) agricultural catchments,
where 70 percent or more of the dissolved solids originat-
ing and discharging from the catchment were derived from
irrigated lands (fig. 3). The percentage of dissolved solids
associated with irrigated lands discharged from the catchments
was determined from the results of the UCRB dissolved-
solids SPARROW model (Kenney and others, 2009), which
represented conditions during 1991. Because of limited data
for irrigated lands throughout the UCRB, the dataset used in
Kenney and others (2009), which was provided by Reclama-
tion, “Potentially irrigated lands in Colorado, New Mexico,
Utah, and Wyoming” (David Eckhart, Bureau of Reclamation,

written commun., September 28, 2006), and the results of
Kenney and others (2009) concerning the proportional amount
of dissolved-solids loading from irrigated lands, were assumed
to be representative of the catchments in most years. To sim-
plify the analysis, catchments in which a substantial portion of
the salt load was associated with natural point sources, such

as large saline springs, were not included. Because of limited
long-term dissolved-solids monitoring data in the UCRB

for the years 1974-2003, the periods of record of computed
annual dissolved-solids loads for the selected catchments
ranged from 10 to 26 years and averaged 16.6 years.

Annual Dissolved-Solids Loads

Annual dissolved-solids loads from all monitoring stations
bounding catchments meeting the criteria described previously
were taken from Anning and others (2007). Annual dissolved-
solids loads for each catchment were calculated by subtract-
ing loads associated with upstream monitoring stations from
computed loads at the catchment outlet monitoring station.
For this reason, dissolved-solids loads provided in Anning and
others (2007) for most monitoring stations located at selected
catchment outlets are larger than those assigned to many of
the catchments (appendix 2). Annual dissolved-solids loads
were mean-normalized by dividing each annual load by the
average annual load of the respective catchment. Normalizing
ensures that differences in the magnitudes of the loads, as well
as differences in catchment size, do not influence the analysis,
and it allows for equal comparisons among all catchments. All
loads discussed in this report, unless stated otherwise, were
mean-normalized.

Annual Precipitation and Annual
Average Monthly Maximum
Temperature

The current conceptual understanding of dissolved-solids
load transport in the UCRB indicates that precipitation and
temperature explain much of the variability in loading in
UCRB streams (Anning and others, 2007; Kenney and others,
2009). Estimates of monthly precipitation and air tempera-
ture from the 4-kilometer resolution Parameter-elevation
Regressions on Independent Slopes Model (PRISM) product
(PRISM Group, 2007) were used to compute annual (water
year) precipitation (appendix 3) and annual average monthly
(April through October) maximum temperature (AAOTMax)
for each defined catchment (appendix 4). Catchment annual
precipitation and AAOTMax were mean-normalized by
dividing each annual value by the average annual value of the
respective catchment. This was done in order to make equal
comparisons among catchments located at different elevations
because higher elevations generally have more precipitation
and cooler temperatures than lower elevations.
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Variability of Dissolved-Solids Loads

The average annual dissolved-solids load for natural and
irrigated catchments was computed for each year from 1974
through 2003 (fig. 4). The time series shows a similar pattern
of change in loading for both the natural and irrigated catch-
ments in this study. The two catchment types show concurrent
increases and decreases in dissolved-solids loads for all years
but 1987, 1999, 2001, and 2003. However, the magnitude of
change is generally lower for irrigated catchments.

To illustrate how the averaged annual dissolved-solids
loads changed from one year to the next, the annual change, as
a percent, in the average load (fig. 4) was computed by using

the equation:
L.,-L
(L—) 100
L

" (1)

o

percent

where

is the annual change in the average
normalized dissolved-solids load from year
ito year i+1 (in percent),

percent

[_4,- is the average normalized annual dissolved-
solids load of year i (dimensionless), and

is the average normalized annual dissolved-
solids load of year i+1 (dimensionless).

i+1

The annual change in average dissolved-solids loads for
the natural and irrigated catchments is shown in figure 5.
Loading associated with both natural and irrigated catchments
varied annually; however, the magnitude of change from one
year to the next for irrigated catchments generally was lower
than for the natural catchments. The average of the absolute
values of the percent of annual change in loading for natural
catchments was 29 percent, compared to 19 percent for irri-
gated catchments. The maximum of the absolute values of the
percent of annual change in loading in natural catchments was

2.0

Average of normalized annual dissolved-solids load, dimensionless

oL . r v v oy

® Natural catchments
Irrigated catchments

1974 1976 1978 1980 1982 1984 1986

1988 1990 1992 1994 1996 1998 2000 2002

Water Year

Figure 4. Average normalized annual dissolved-solids loads for selected natural and irrigated catchments in the Upper Colorado River

Basin.
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97 percent and was 90 percent for irrigated catchments; the
minima were 5 percent and less than 1 percent for natural and
irrigated catchments, respectively.

When evaluating variability, statistical metrics that provide
a measurement of the population spread, such as standard
deviation and interquartile range (IQR) are often used. The
standard deviation is computed by using the squares of the
deviations of data from the mean, so that outliers influence the
magnitude (Helsel and Hirsch, 1992). The IQR is the range of
the central 50 percent of the population, which is computed
by subtracting the 25" percentile from the 75" percentile. The
IQR is not influenced by outliers because the highest and low-
est 25 percent of the population are not considered. The IQR
is the most commonly used outlier-resistant measure of spread
(Helsel and Hirsch, 1992). The outlier-resistant properties
of the IQR were ideal for this analysis because of the small
sample sizes available for the individual catchments. The IQR
was computed for the normalized annual dissolved-solids load
of each catchment for its available period of record (table 1).
The average IQR for natural catchments was 0.51, and the
IQR for irrigated catchments was 0.38. The sample sizes for
the catchments ranged from 10 to 26 years for dissolved-solids
loads and averaged 16.6 years. The variability of dissolved-
solids loads in natural catchments, as determined by the
average IQR, was about 35 percent greater than the variability
in irrigated catchments. Three of the five irrigated catchments
with the highest IQRs also had the greatest amounts of in-
catchment storage. This could indicate that greater variability
in normalized annual dissolved-solids loads is associated with
in-catchment reservoir storage in irrigated catchments. The
natural catchments did not appear to differ in variability rela-
tive to in-catchment reservoir storage.

Relation between Dissolved-Solids
Loads and Climatic Variables

Dissolved-solids loads at all monitoring sites, in both
natural and irrigated catchments in the UCRB showed annual
variability. Climate, specifically precipitation and temperature,
appears to be the major causal mechanism of this variability
(Anning and others, 2007; Kenney and others, 2009). The
presence or absence of upstream reservoirs also could play a
role in the variability of dissolved-solids loading in the UCRB.

Correlation analyses between dissolved-solids loads and
precipitation, and between dissolved-solids loads and tem-
perature, were done for each of the 31 catchments studied.
Correlation provides a measure of observed co-variation, but
it is not evidence of a causal relation between two variables.
Attribution of a causal relation comes from understanding pro-
cesses involving the variables (Helsel and Hirsch, 1992). The
correlation analyses for this study evaluated how load varied
with the climatic variables, precipitation, and temperature.

For example, if precipitation increases, then how does load
respond? These analyses, by means of determined correlation
coefficients, also provide a measure of the strength of the rela-
tion between the variables.

Most of the catchment sample populations of annual
dissolved-solids loads were small (less than 20), skewed, and
not distributed normally (appendix 1). Further, the relations
between precipitation and load, and temperature and load, do
not appear to be linear. Because of these characteristics, the
nonparametric Kendall’s rank correlation test was selected
to measure the strength of the assumed monotonic relation
between dissolved-solids loads and precipitation, and between
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Figure 5. Annual change in average normalized dissolved-solids loads for selected natural and irrigated catchments in the Upper

Colorado River Basin.
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Table 1. Variability of normalized annual dissolved-solids loads for selected catchments in the Upper Colorado River Basin.

[na, not applicable]

Interquartile range of 'Percentage of dissolved- .
Catchment name normalized annual solids load associated with Storage_ within catchment, Storage upstream of
dissolved-solids loads irrigated lands in acre-feet catchment, in acre-feet

COHED2n 0.15 5 0 43,600
WHTYA2n 0.18 0 0 0
UPGRN2n 0.29 8 0 392,500
SANJNO5n 0.33 1 23,250 0
UCDOLIn 0.36 0 21,710 0
LOGRNO03n 0.39 2 0 0
GUNNIIn 0.43 1 0 106,200
LOGRNO1n 0.45 0 0 0
SANJNO2n 0.47 8 0 0
COHEDI1n 0.51 7 574,750 0
UCDOL2n 0.58 5 0 0
LOGRNO09n 0.60 0 0 0
GUNNI2n 0.63 9 26,940 0
UCDEV4n 0.70 0 0 0
UPGRNS5n 0.70 0 0 0
WHTYA3n 0.81 6 7,660 0
SANJN12n 1.11 0 0 0
Average 0.51 3 na na
Minimum 0.15 0 na na
Maximum 1.11 9 na na
Average of catchments without 0.50 2 na na
in-catchment storage

Average of catchments with 0.53 5 na na

in-catchment storage

Irrigated catchments

COHED5i 0.07 100 0 0
COHED4i 0.10 100 0 0
GUNNISi 0.14 84 5,750 0
COHED6i 0.20 98 0 621,500
GUNNI4i 0.28 98 23,400 1,097,000
GUNNI7i 0.28 100 0 0
LOGRNO7i 0.30 93 0 0
SANIN11i 0.30 98 0 0
SANINO4i 0.33 97 0 0
LOGRN2i 0.45 94 38,170 0
UPGRN3i 0.50 81 46,470 0
LOGRNO6i 0.61 90 29,900 0
SANJN10i 0.78 77 0 0
GUNNI3i 0.93 72 0 0
Average 0.38 92 na na

Minimum 0.07 72 na na

Maximum 0.93 100 na na

Average of catchments without 0.37 93 na na

in-catchment storage

Average of catchments with 0.40 89 na na
in-catchment storage

"From Kenney and others, 2009.
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dissolved-solids loads and temperature. Kendall’s correla-
tion coefficient, tau, can range from +1 to —1. The strength of
the correlation depends on the closeness of the coefficient to
either +1 or —1. Positive values indicate that as one variable
increases, the second variable increases; a negative coefficient
indicates that as one variable increases, the other decreases;
and a zero value indicates no correlation between variables.
In general, a strong positive correlation is indicated with tau
values of 0.7 and higher, and similarly, a strong negative cor-
relation is indicated with tau values of —0.7 or lower.

Dissolved-Solids Loads and Precipitation

Conceptually, a causal relation exists between precipitation
and dissolved-solids load because an increase in precipita-
tion increases the capacity to dissolve and transport solids
from sources to streams. Kendall’s tau was computed for each
catchment on pairs of dissolved-solids load and precipitation,
as well as for all pairs from the two catchment types (table

2, figs. 6 and 7). For the 17 natural catchments, tau indicated
15 positive correlations that were significant at the p <0.05
level, and Kendall’s tau for all pairs of dissolved-solids load
and corresponding catchment annual precipitation was 0.48,
which is significant at the p <0.05 level. A p-value less than
0.05 represents a statistically significant correlation. For the 14
irrigated catchments, 7 were found to have positive correla-
tions that were significant at the p <0.05 level. When using all
pairs of normalized dissolved-solids load and corresponding
catchment annual precipitation, tau was 0.27 and indicated a
weak positive correlation significant at the p <0.05 level.

The results of the correlation analyses provide verifica-
tion of the conceptual understanding that higher precipitation
generally leads to larger dissolved-solids loads in natural
basins. For the correlation tests, only 2 of the 17 natural
catchments, LOGRN9n and UPGRN2n, showed no significant
correlation between load and precipitation. A weak positive
correlation and a large p-value were determined for catch-
ment LOGRNO9n. For catchment UPGRN2n, the correlation
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Figure 6. Correlation coefficients computed between normalized annual dissolved-solids loads and normalized annual precipitation for
natural catchments in the Upper Colorado River Basin. A p-value less than 0.05 represents a statistically significant correlation.
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Table 2. Correlation coefficients computed between normalized annual dissolved-solids loads and normalized annual precipitation for
selected catchments in the Upper Colorado River Basin.

[na, not applicable; <, less than]

Catchment K::::::tsi;?lu curreli::gzl::lz;:flilcient ) Period of a_nnual _ Number of :jmnual Storage_ within Storage upstream of
name coefficient p-value dissolved-solids loads  dissolved-solids loads  catchment, in acre-feet catchment, in acre-feet

COHEDIn 0.55 <0.05 1984-2003 20 574,750 0
COHED2n 0.60 <0.05 1989-1999 11 0 43,600
GUNNI1n 0.57 <0.05 1984-2003 20 0 106,200
GUNNI2n 0.66 <0.05 1978-2003 26 26,940 0
LOGRNIn 0.57 <0.05 1974-1991 18 0 0
LOGRN3n 0.52 <0.05 1974-1991 18 0 0
LOGRN9n 0.22 0.23 1974-1991 18 0 0
SANINI12n 0.73 <0.05 1974-1991 18 0 0
SANJIN2n 0.61 <0.05 1984-1995 12 0 0
SANJNSn 0.65 <0.05 1984-2003 20 23,250 0
UCDEV4n 0.40 <0.05 1974-1991 18 0 0
UCDOL1n 0.85 <0.05 1984-1996 13 21,710 0
UCDOL2n 0.69 <0.05 1984-1996 13 0 0
UPGRN2n 0.01 1.00 1975-1999 25 0 392,500
UPGRNS5n 0.39 <0.05 1974-1991 18 0 0
WHTYA2n 0.64 <0.05 19772001 25 0 0
WHTYA3n 0.64 <0.05 1978-1997 20 7,660 0
All pairs 0.48 <0.05 na na na na
COHED4i —0.09 0.65 1974-1983 10 0 0
COHEDSi —0.33 0.21 1974-1983 10 0 0
COHED®61 0.26 0.25 1986-2003 18 0 621,500
GUNNI3i 0.51 <0.05 1984-1996 13 0 0
GUNNI4i 0.67 <0.05 1986—-1996 11 23,400 1,097,000
GUNNI7i 0.56 <0.05 1984-2003 20 0 0
GUNNIB8i -0.05 0.77 1984-2003 20 5,750 0
LOGRN2i 0.29 0.28 1974-1983 10 38,170 0
LOGRNG6i 0.42 <0.05 1974-1994 21 29,900 0
LOGRNT7i 0.56 <0.05 1974-1986 13 0 0
SANJNI10i —0.04 0.83 1984-2002 19 0 0
SANJNI11i 0.30 0.19 1982-1993 12 0 0
SANJN4i 0.41 <0.05 1984-2003 20 0 0
UPGRN3i 0.51 <0.05 1974-1983 10 46,470 0
All pairs 0.27 <0.05 na na na na
coefficient was near 0, indicating no relation. This catchment that higher precipitation correlated to larger dissolved-solids
covers a portion of the main stem Green River, defined by the  loads. A weak positive correlation for all pairs of load and
outlet monitoring station 09217000, Green River near Green precipitation was determined as well. Qualitatively, it appears

River, Wyoming. This catchment has the largest drainage area  that years with higher precipitation usually generated larger
of all the selected catchments and also has the greatest amount  dissolved-solids loads in irrigated basins. For irrigated catch-

of regulation upstream of the catchment. The analysis indi- ments, tau for all pairs of loads and precipitation was 78

cates that another process has a greater effect on dissolved- percent greater than tau for all pairs associated with the irri-

solids loads in this catchment than precipitation. gated catchments. This indicates that precipitation was more
Positive values of tau that were significant at the p <0.05 strongly related to dissolved-solids loading in natural catch-

level were found in 7 of the 14 irrigated catchments, indicating ments than in irrigated ones.
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Figure 7. Correlation coefficients computed between normalized annual dissolved-solids loads and normalized annual precipitation for
irrigated catchments in the Upper Colorado River Basin. A p-value less than 0.05 represent a statistically significant correlation.
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Figure 8. Normalized precipitation and temperature for selected irrigated and natural catchments in the Upper Colorado River Basin.

Dissolved-Solids Loads and Temperature

A causal relation between temperature and dissolved-solids
load is not as clear in the literature as it is between precipita-
tion and load. In the UCRB, cooler temperatures are related
to wetter periods and vice versa (fig. 8), which indicates that a
negative correlation exists between temperature and dissolved-
solids load; cooler temperatures correlate with larger loads.
However, depending on the availability of irrigation water and
irrigation practices, the relation between temperature and load
from irrigated lands likely varies from one catchment to the
next.

Kendall’s tau values were computed for each catchment
and AAOTMax as well as for all pairs of dissolved-solids
load and AAOTMax for all natural and irrigated catchments
(table 3, figs. 9 and 10). For the 17 natural catchments, Kend-
all’s tau indicated 8 negative correlations that were significant
at the p <0.05 level, and correlation coefficients computed for
all pairs of normalized dissolved-solids load and correspond-
ing AAOTMax indicated a weak negative correlation (tau
equal to —0.27) at the p <0.05 level. For the 14 irrigated catch-
ments, 4 were found to have negative correlations significant
at the p <0.05 level by using Kendall’s rank correlation. When
using all pairs of dissolved-solids load and corresponding
catchment AAOTMax, tau was —0.28, indicating a weak nega-
tive correlation significant at the p <0.05 level for all irrigated
catchments.
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Table 3. Correlation coefficients computed between normalized annual dissolved-solids loads and normalized annual monthly (April
through October) average maximum temperature for selected catchments in the Upper Colorado River Basin.

[A p-value less than 0.05 represents a statistically significant correlation. na, not applicable; <, less than]

Catchment Kendall's_tau Ken_dall's tau Period of annual Number of annual Storage within Storage upstream of
name corre_la_tlon correlation coefficient dissolved-solids loads _ dissolved-solids loads _calchment, _catchment,
coefficient p-value in acre-feet in acre-feet

COHEDIn —0.44 <0.05 1984-2003 20 574,750 0
COHED2n —0.13 0.64 1989-1999 11 0 43,600
GUNNIIn -0.51 <0.05 1984-2003 20 0 106,200
GUNNI2n —0.38 <0.05 1978-2003 26 26,940 0
LOGRNIn -0.21 0.24 1974-1991 18 0 0
LOGRN3n —0.20 0.26 1974-1991 18 0 0
LOGRNO9n -0.10 0.60 1974-1991 18 0 0
SANJNI12n —0.19 0.29 1974-1991 18 0 0
SANJN2n -0.39 0.09 1984-1995 12 0 0
SANJINSn —0.52 <0.05 1984-2003 20 23,250 0
UCDEV4n -0.14 0.45 1974-1991 18 0 0
UCDOLI1n —0.46 <0.05 1984-1996 13 21,710 0
UCDOL2n -0.38 0.08 1984-1996 13 0 0
UPGRN2n —0.01 1.00 1975-1999 25 0 392,500
UPGRNS5n -0.37 <0.05 1974-1991 18 0 0
WHTYA2n —0.41 <0.05 1977-2001 25 0 0
WHTYA3n —0.46 <0.05 1978-1997 20 7,660 0
All pairs —0.27 <0.05 na na na na

COHED4i 0.06 0.77 1974-1983 10 0 0
COHEDSi 0.42 0.11 1974-1983 10 0 0
COHEDG6i —0.28 0.20 1986-2003 18 0 621,500
GUNNI3i —0.38 0.08 1984-1996 13 0 0
GUNNI4i —0.45 0.06 1986—-1996 11 23,400 1,097,000
GUNNI7i —0.68 <0.05 1984-2003 20 0 0
GUNNISi —-0.04 0.82 1984-2003 20 5,750 0
LOGRN2i —0.42 0.11 1974-1983 10 38,170 0
LOGRNG©6i -0.37 <0.05 1974-1994 21 29,900 0
LOGRNT7i —0.49 <0.05 1974-1986 13 0 0
SANJIN10i -0.09 0.62 1984-2002 19 0 0
SANINI11i —0.15 0.54 1982-1993 12 0 0
SANIN4i -0.24 0.14 1984-2003 20 0 0
UPGRN3i —0.64 <0.05 1974-1983 10 46,470 0

All pairs —0.28 <0.05 na na na na
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Figure 9. Correlation coefficients computed between normalized annual dissolved-solids loads and normalized annual monthly (April
through October) average maximum temperature for natural catchments in the Upper Colorado River Basin. A p-value less than 0.05
represents a statistically significant correlation.



Relation between Dissolved-Solids Loads and Climatic Variables 15

0.75
050 — —
»
(%]
2
=
e 025
7]
=
o
£
=
-
g
s 0
=
1
°
o
=
o
g
= -0.25
1
e
©
o
2
-
v
= -050
©
=
=
@
ez
)
o =3
=3 o
- 3 % |
0.75 < o
o
-1.00
s B 8 g £ 5 B 3 8 5 8B £ § g2 =
w w = = = = = o o c = = = oc
T T T = = = = &) ) 5] ] 2 = 5]
=] o o 2 2 2 =2 o =] =} = = << o

Catchments dominated by irrigated lands

Figure 10. Correlation coefficients computed between normalized annual dissolved solids-loads and normalized annual monthly (April
through October) average maximum temperature for irrigated catchments in the Upper Colorado River Basin. A p-value less than 0.05
represents a statistically significant correlation.
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Response to Wet and Dry Periods

Precipitation in the UCRB varies year-to-year in response
to fluctuations in global climate patterns. Ocean temperature
patterns, such as the El Nifio-Southern Oscillation (ENSO)
and the Pacific Decadal Oscillation (PDO) can be associ-
ated with periods of above- and below-average precipitation
and streamflow in the Colorado River (Hidalgo, 2004; U.S.
Geological Survey, 2004). The precipitation record for the
UCRB from 1974 through 2003 shows a period of above-
average precipitation from 1982 through 1986, and a period of
below-average precipitation from 2000 through 2003 (fig. 8).
The highest 3-year average streamflow volume at Lees Ferry,
Arizona since 1895, occurred from 1983 through 1985, and
the lowest 3-year average occurred from 2000 through 2002
(U.S. Geological Survey, 2004). Dissolved-solids loading in
the UCRB is most often evaluated annually (by water years)
without consideration for the antecedent conditions in the
basin. The effects of consecutive above- or below- average
precipitation years on dissolved-solids loading in the basin
have not been studied. Understanding differences in loading
from irrigated and natural lands in response to wet or dry peri-
ods is of particular interest to this investigation.

Antecedent Precipitation

Antecedent precipitation conditions likely play a role in the
delivery of dissolved solids to streams in the UCRB in subse-
quent years. For example, an above-average precipitation year
can flush accumulated salts from the landscape, thereby reduc-
ing available salts for subsequent above-average precipitation
years. In this example, if the above-average years were equal
in precipitation, loads associated with the first year are likely
to be greater. Above-average precipitation years often result in
arise in water tables as well. Both natural and irrigated basins
with shallow groundwater tables or short groundwater flow
paths can have continued or lagged dissolved-solids loading to
streams in a subsequent average or below-average precipita-
tion year.

Dissolved-Solids Load Response to Wet Period

In the UCRB, water years 1982 through 1987 defined
one of the wetter periods in the precipitation record (fig. 8).
Similarly, in most cases, the largest annual dissolved-solids
loads for the study period were measured at monitoring sta-
tions throughout the basin during these years. The maximum
normalized annual dissolved-solids load associated with this
wet period for each of the catchments, along with the cor-
responding year, is shown in table 4. The available periods
of record for 1974 through 2003 for the catchments differed
(table 4). Therefore, annual dissolved-solids loads data did
not cover the entire wet period for some catchments but began
in the middle or terminated before the end of the period.
Natural catchments had a larger average annual maximum

normalized dissolved-solids load during the wet period (1.85)
than irrigated catchments (1.63). Natural catchments with
in-catchment reservoir storage had a smaller average annual
maximum normalized dissolved-solids load than natural catch-
ments without storage, whereas the opposite was the case for
irrigated catchments. Irrigated catchments with in-catchment
storage had the largest average annual maximum normalized
dissolved-solids load (2.05) of all catchment types examined.

From the limited dataset available for the wet period from
1982 through 1987, the year with the largest normalized dis-
solved-solids load appeared earlier in natural catchments than
in irrigated catchments. The maximum normalized dissolved-
solids load for natural catchments with storage occurred, on
average, 0.8 year before that in irrigated catchments with
storage, and natural catchments without storage responded 0.7
year earlier than irrigated catchments without storage. Further,
in-catchment storage in both natural and irrigated catchments
is associated with an average response lag of 0.7 and 0.8 year,
respectively.

Dissolved-Solids Load Response to Dry Period

A dry period from about 2000 through 2003 is evident in
the precipitation record for the UCRB (fig. 8). Unfortunately,
annual loads are only available for this entire dry period for
9 of the 31 study catchments. With data from such a small
number of catchments, a comparable analysis to that of the
dissolved-solids load response to a wet period presented in the
previous section cannot be made here. Of the nine catchments
that have data spanning this period, five are irrigated and four
are natural. For the irrigated catchments, the average minimum
annual dissolved-solids load was 0.61. For the natural catch-
ments, the average was 0.47. As was the case in the dissolved-
solids load response to a wet period, the irrigated catchments
generally showed a response similar to the natural catch-
ments but of lower magnitude. Minimum normalized loads
in irrigated catchments were greater than those for the natural
catchments. There was only one irrigated catchment with
in-catchment storage and only one natural catchment without
in-catchment storage. Consequently, an examination of the
annual dissolved-solids loads for catchments with and without
in-catchment storage was not done.

Reservoir Storage and Water Availability

Reservoirs and water availability add to the complex-
ity of factors affecting dissolved-solids loading in natural
and irrigated catchments. One of the main purposes for most
reservoirs in the UCRB is agricultural irrigation. Reservoirs
are used to store water during the high-flow, spring snowmelt
runoff period to augment base flows during the dry, summer
growing season. Many of these reservoirs have the capacity
to augment flows into the next year, if needed. Agricultural
areas fortunate enough to have upstream storage generally
have a similar amount of water available for irrigation in
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Table 4. Maximum normalized dissolved-solids loads during the wet period from 1982 through 1987 for selected catchments in the
Upper Colorado River Basin.

[na, not applicable]

Catch_me_nt ou_tlet Period of annual Storage within Storage upstream of N!aximum nor_malized Ye_:ar of maxim_um normali?ed
Catchment name monitoring site dissolved-solids loads _calchment, _catchmem, d|§solved_-sullds load dlssolved_-sollds load during
number in acre-feet in acre-feet during period 1982-1987 period 1982-1987

COHEDIn 09034250 1984-2003 574,750 0 2.54 1984
COHED2n 09070000 1989-1999 0 43,600 na na
GUNNIIn 09110000 1984-2003 0 106,200 1.69 1984
GUNNI2n 09132500 1978-2003 26,940 0 1.65 1986
LOGRNIn 09266500 1974-1991 0 0 1.65 1983
LOGRN3n 09279100 1974-1991 0 0 1.32 1986
LOGRN 9326500 1975-1992 0 0 1.93 1985
SANINI12n 09378630 1974-1991 0 0 3.15 1983
SANJN2n 09346000 1984-1995 0 0 1.54 1985
SANJNSn 09361500 1984-2003 23,250 0 1.29 1985
UCDEV4n 09337000 1974-1991 0 0 2.12 1983
UCDOLI1n 9165000 1984-1996 21,710 0 1.27 1986
UCDOL2n 09166500 1984-1996 0 0 1.46 1987
UPGRN2n 09217000 1982-1999 0 392,500 1.55 1983
UPGRN5n 9235600 1974-1991 0 0 3.09 1983
WHTYA2n 09303000 1977-2001 0 0 1.34 1985
WHTYA3n 09304200 1978-1997 7,660 0 2.06 1984
Average 1.85 1984.5
Average for catchments with in-catchment storage 1.76 1985.0
Average for catchments without in-catchment storage 1.89 1984.3
COHED4i 09153290 1974-2000 0 0 1.09 1986
COHEDSi 09153300 1974-1983 0 0 0.96 1978
COHEDG6i 09163500 1991-2003 0 621,500 na na
GUNNI3i 09135900 1984-1996 0 0 1.72 1984
GUNNI4i 09144250 1986-1996 23,400 1,097,000 1.72 1986
GUNNI7i 09149500 1984-2003 0 0 1.43 1984
GUNNISI 09152500 1984-2003 5,750 0 1.22 1994
LOGRN2i 09271500 1974-1983 38,170 0 2.76 1983
LOGRNG6i 09302000 1974-1994 29,900 0 1.97 1983
LOGRNT7i 09314280 1974-1986 0 0 1.41 1983
SANIN10i 09371010 1984-2002 0 0 1.55 1985
SANINI11i 09371500 1982-1993 0 0 1.32 1993
SANJN4i 09355000 1984-2003 0 0 1.45 1987
UPGRN3i 09222000 1974-1983 46,470 0 2.59 1983
Average 1.63 1985.3
Average for catchments with in-catchment storage 2.05 1985.8

Average for catchments without in-catchment storage 1.36 1985.0
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most years. This would indicate that dissolved-solids loads
from irrigated lands with upstream storage are not likely to
decrease during short periods of below-average precipita-

tion because, in general, the same amount of water is avail-
able and applied to the land. However, under a persistent dry
period, such as one lasting more than a couple of years, the
availability of this water source can decline because of finite
storage capacity and preferential water rights. In this case,

less water is applied to agricultural lands, which, intuitively,
should lead to smaller dissolved-solids loads. Further, loads
associated with agricultural lands having shallow groundwater
systems are likely to be larger during periods of elevated water
tables. Assuming that a similar amount of water is applied to
crops, given its continued availability, more water is likely to
be discharged from these lands to streams as both irrigation
return flow and groundwater discharge. Irrigated catchments
with in-catchment storage had the largest average annual
maximum dissolved-solids loads during the wet period from
1982 through 1987, compared with any other catchment type
studied. The reason for the increased variability and large
annual maximum loads for irrigated catchments with reservoir
storage is not clear, but one reason for this could be related to
the constant supply of water provided by reservoirs which in
turn, allows for about the same amount of water to be applied
to crops each year. With high water tables, the application of
the same amount of water as would be applied in a dry year
could generate an exceptional amount of load. On average,
the annual loads associated with irrigated catchments with
in-catchment storage showed the greatest positive skew of

the studied catchment types (appendix 1). This could indi-
cate that the largest loads, likely from wet years, associated
with irrigated catchments with storage could be amplified as

a result of irrigation practices. Natural catchments with and
without reservoir storage showed similar variability to one
another (table 1). The reservoirs in the natural catchments did
not appear to create much of a lag in dissolved-solids transport
over an annual time frame.

Limitations

The analyses presented in this report have limitations
that must be considered when interpreting the results. The 31
selected catchments used throughout this analysis fall short
of adequately representing the variety of catchments in the
UCRB. The periods of record for the selected catchments
generally do not span the entire 1974 through 2003 period
of study. The periods of record vary from one catchment to
another, and the selection criteria were set at a minimum of
10 consecutive years of annual dissolved-solids loads. The
average period of record was 16.6 years. On the basis of the
results presented in Kenney and others (2009), a criterion
for the natural catchments was that no more than 10 percent
of the dissolved-solids load was attributed to irrigated lands.
Similarly, a criterion for the irrigated catchments was that at

least 70 percent of the dissolved-solids load was attributed to
irrigated lands. Using these criteria, for each catchment type,
there is some portion of the load associated with the other,

less desirable, dissolved-solids source. Further, in the irri-
gated catchments, the amount of irrigated land makes up only
a small portion of the defined catchment area (appendix 1),
even though at least 70 percent of the load was attributed to
irrigated lands. The sample size used in this study (31 catch-
ments, with 14 irrigated agricultural catchments and 17 natural
catchments) is a small population for a robust analysis. With
such a small sample size, the ability to draw conclusions appli-
cable throughout the UCRB is limited.

There is uncertainty in the computed dissolved-solids
loads at the monitoring stations, related to various sources of
measurement error (Kenney and others, 2009). Dissolved-
solids loads are derived from analyses of dissolved-solids
concentrations, specific-conductance measurements, daily
mean streamflow computations, and statistical modeling.
These data were measured and analyzed by USGS personnel
in accordance with USGS standards and techniques as outlined
in Rantz and others (1982), U.S. Geological Survey (vari-
ously dated), and Fishman and Friedman (1989). By using the
measurements and lab analyses obtained at the monitoring
stations, annual loads were computed by using statistical load
models as described in Anning and others (2007). The amount
of uncertainty associated with measurement error is difficult to
quantify; however, because standard procedures were followed
for the measurements and lab analyses, measurement errors
were assumed to be generally equivalent for each site.

This analysis of catchment types is based on subtracting
an upstream dissolved-solids load from the load computed at
the catchment outlet monitoring station. Loads from upstream
monitoring stations can be orders of magnitude less than the
loads at the catchment outlet monitoring station, or these
upstream loads can make up a large percentage of the outlet
station loads. The uncertainties, or range of likely values,
as well as the rounding precision of computed loads, were
not considered when these calculations were made. These
issues are particularly important when evaluating the results
associated with the catchments located on the main stems of
the larger rivers, such as the Green, San Juan, and Colorado
Rivers.

It is well-known that irrigation practices, specifically
sprinkler irrigation and flood irrigation, have an effect on
dissolved-solids loading. Sprinkler irrigation is more efficient
than flood irrigation in terms of the amount of water applied
and consumed. Mitigation of dissolved-solids loading from
irrigated lands often consists of replacing flood-irrigation
infrastructure with sprinklers. It is likely that in some catch-
ments, both irrigation practices existed, and it is conceivable
that irrigation practices on many irrigated lands changed from
flood to sprinkler during the period of study. For this analysis,
however, no distinction among irrigation practices on irrigated
lands was made and all irrigated lands were treated the same.

Physical processes related to dissolved-solids loading in
streams of the UCRB generally are less complicated when



viewed on a regional scale. This analysis was conducted at a
very local scale, where processes can be very complex, includ-
ing such things as local groundwater-surface-water interac-
tions, small-scale water development, and other human activi-
ties and behaviors, such as crop irrigation. While the annual
time scale mitigates some of these issues, local processes can
affect the annual loading of dissolved solids differently in each
catchment. When considering local processes, it is important
to understand that dissolved-solids yield (the amount of load
per area) in a given basin is not static in time. Trends in dis-
solved-solids concentrations related either to salinity control
projects or natural processes have been identified during the
period of study (Liebermann and others, 1989; Chafin, 2002;
Anning and others, 2007; Leib and Bauch, 2008).

The results presented in this report are specific to the
period of study and the catchments included in this analysis.
At this point, the conclusions drawn are not meant to apply to
the entire UCRB,; rather, they should be used to guide further
investigation and monitoring of salinity loading from irrigated
and natural catchments. In general, more data are needed to
accurately distinguish loading characteristics for irrigated and
natural basins, both with and without in-catchment storage.

Summary

Dissolved-solids loads in natural and irrigated catchments
generally increased and decreased concurrently during the
period of study from 1974 through 2003 in the Upper Colo-
rado River Basin (UCRB). The average magnitude of these
changes, computed from the average annual dissolved-solids
load, from one year to the next, indicated that the magnitude
of change in dissolved-solids loads in natural catchments was
about 10 percent greater than in irrigated catchments. Statisti-
cal measurements of variability, or spread, computed using
the time series of dissolved-solids loads for each catchment,
indicated that the average variability of the natural catch-
ments was about 35 percent greater than the variability of the
irrigated catchments.

Dissolved-solids loads from natural catchments were
positively correlated to precipitation. Significant positive
correlations were found in 15 of the 17 natural catchments
examined, whereas, 7 of the 14 irrigated catchments had a
significant positive correlation. Using all pairs of available
dissolved-solids load and precipitation data, a positive cor-
relation between them was determined for natural catchments,
and a weak positive correlation was found between them in
irrigated catchments. These results indicated that precipitation
was related to dissolved-solids loading from natural catch-
ments more strongly than from irrigated catchments. The cor-
relation between temperature and dissolved-solids loads in this
study was generally negative. Kendall’s rank correlation test
indicated that 8 of the 17 natural catchments had a significant
negative correlation, and 7 of the 14 irrigated catchments had
a significant negative correlation. Using all pairs of available
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dissolved-solids loads and temperature, weak negative cor-
relations were determined for both irrigated and natural
catchments.

The years from 1982 through 1987 define one of the
wettest periods in the UCRB. On the basis of the maximum
normalized annual dissolved-solids load associated with these
years, the response of loading to the above-average precipi-
tation in irrigated catchments generally lagged behind the
response in natural catchments, and normalized annual loads
generally were smaller than in natural catchments. On average,
however, irrigated catchments with in-catchment reservoir
storage had the largest normalized maximum annual loads.
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