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Regression Equations for Estimating the 4-Day, 3-Year
Low-Flow Frequency and Adjusted Harmonic Mean
Streamflow at Ungaged Sites for Unregulated, Perennial

Streams in New Mexico
By Meghan T. Bell and Anne C. Tillery

Abstract

The Federal Clean Water Act stipulates that States adopt
water-quality standards to protect and enhance the quality
of water in those States and to protect water quality through
the creation of planning documents and discharge permits.
Critical low-flow values, including the 4-day, 3-year low-flow
frequency (4Q3) and harmonic mean streamflows, are neces-
sary for developing those planning documents and permits.
The U.S. Geological Survey computed the 4Q3 and adjusted
harmonic mean streamflows using data from 96 streamgages
on perennial streams, and regression equations were developed
for the estimation of these parameters at ungaged, perennial
streams in the State of New Mexico using weighted least-
squares regression and readily accessed basin and climatic
characteristics. Six equations were developed for the 4Q3
statistic, and five equations were developed for the adjusted
harmonic mean statistic. Separate equations were developed
for sites located in basins with mean elevations equal to or
greater than 8,000 feet above the National Geodetic Vertical
Datum of 1929 (except where noted as the North American
Vertical Datum of 1988), as well as for sites on streams that
are tributary to the San Juan River. Pseudo R-squared values
ranged from 0.53 to 0.87 (4Q3) and adjusted R-squared values
ranged from 0.69 to 0.89 (adjusted harmonic mean). For sites
in basins with mean elevations of less than 8,000 feet above
the National Geodetic Vertical Datum of 1929 (except where
noted as the North American Vertical Datum of 1988), equa-
tions were developed based on contributing drainage area size.
Drainage area, mean basin elevation, basinwide mean annual
precipitation, and mean basin slope were found to have rela-
tions to the 4Q3; drainage area, mean basin elevation, basin-
wide mean annual precipitation, mean basin slope, and mean
basinwide precipitation for the winter period, defined as the
months of October through April, were found to have rela-
tions to the adjusted harmonic mean. Comparison to previous
4Q3 regression equations using fit statistics indicate an overall
improvement in performance.

Introduction

The State of New Mexico is required under the New
Mexico Water Quality Act (New Mexico Water Quality
Control Commission, 2020a) and the Federal Clean Water Act
(33.U.S.C. 81251 et seq.) to adopt water-quality standards
that are consistent with and serve the purposes of those acts,
including protecting the public and enhancing the quality of
water (New Mexico Water Quality Standards Section 11).
Critical low-flow values, including the 4-day, 3-year low-
flow frequency (4Q3) and harmonic mean streamflows, are
necessary for developing planning documents and point-
source discharge permits by the New Mexico Environment
Department (NMED).

The 4Q3 streamflow is the minimum 4-consecutive-day
mean streamflow that has a recurrence interval of 3 years in a
perennial stream (fig. 1). Harmonic mean annual streamflow,
referred to hereafter as “harmonic mean streamflow,” is com-
puted as the number of daily mean streamflow values divided
by the sum of the reciprocals of the daily mean streamflows
for perennial streams. Harmonic mean streamflow is generally
smaller than the corresponding arithmetic mean streamflow
and gives greater weights to low daily mean streamflows
(Straub, 2001). This statistic is used because exposure concen-
tration of contaminants in streams can be greater on days with
low streamflow and, therefore, proportionally more detrimen-
tal than on days with higher streamflows. Because reciprocals
of streamflows are used in the equation for harmonic mean,

a value of zero for daily mean streamflow cannot be handled
directly by the formula. To account for the zero values for
daily mean streamflow encountered in New Mexico streams
for some days, this study incorporated the use of an adjusted
harmonic mean. The adjusted harmonic mean accounts for
zero-flow values by multiplying the harmonic mean for the
nonzero daily mean streamflows by the ratio of the number of
nonzero daily mean streamflows to the total number of daily
mean streamflows in the period of record analyzed.
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Figure 1.
(adapted from Waltemeyer, 2002, fig. 2).

Efficient and science-based techniques for estimat-
ing these low-flow statistics could support the State of New
Mexico in its decision-making and regulatory processes
related to water resources. Values of 4Q3 and adjusted har-
monic mean can be computed directly for locations where
there are streamflow gages (streamgages) and at least 10
years of unregulated and perennial record using streamflow
statistics applications. For locations where streamgage data
are not available, regional regression equations are used to
compute 4Q3 and adjusted harmonic mean streamflow values.
Regionalization, a process using statistical regression analy-
sis, provides a relation for efficiently transferring information
from a group of streamgages in a region to ungaged sites
in the same region (Farmer and others, 2019). The regional
regression equations for 4Q3 streamflow were last devel-
oped nearly 20 years ago using streamflow data from the late
1990s and precipitation data from 1961 to 1990 (Waltemeyer,
2002), whereas regional regression equations for harmonic
mean streamflow previously have not been developed for
New Mexico streams. The present study was conducted by
the U.S. Geological Survey (USGS), in cooperation with the
New Mexico Environment Department, to provide a state-
wide set of regional equations that can be used to estimate
4Q3 and adjusted harmonic mean streamflow at ungaged
locations on unregulated, perennial streams in New Mexico.
Calculations of 4Q3 low-flow and adjusted harmonic mean
streamflow using the latest period of record for streamgages
in New Mexico are used for the development of these regional

Four-day low-flow frequency curve for streamflow-gaging station 07215500 Mora River at La Cueva, New Mexico

regression equations. These equations are intended for incor-
poration into the New Mexico StreamStats application (Ries
and others, 2017).

This report documents the regression equations used to
estimate the 4-day, 3-year low-flow frequency and adjusted
harmonic mean streamflow at ungaged sites for unregulated,
perennial streams in New Mexico.

Equation Notation Used in This Report

There are two categories of equations included in this
report. General equations that were used to support the study
are identified by number in the order that they appear in the
text. The regional regression equations that were developed
are identified by a prefix indicating which streamflow statistic
the equation is associated with. For example, the regression
equation used to compute the 4Q3 for a location at or above an
elevation of 8,000 ft is identified herein as “4Q3-1a,” whereas
the regression equation used to compute the adjusted harmonic
mean streamflow for a location at or above an elevation of
8,000 ft is identified herein as “AHM-1a.”

Basin characteristic abbreviations used in this report
are shortened from those used in the StreamStats application
for simplicity. A crosswalk of abbreviations of basin charac-
teristics used in this report is located in the front matter of
this report.

Flow statistics in this report are referred to as “calcu-
lated,” “computed,” and “estimated.” Calculated flow statistics
are those that have been determined using published software,



in this case, SWToolbox (Kiang and others, 2018). Computed
flow statistics have been determined using the regional
regression equations developed in this study. Estimated flow
statistics refer to those determined using previously published
regression equations (that is, Waltemeyer [2002]).

Description of Study Area

The State of New Mexico is a large and geographically
heterogeneous area encompassing 122,580 square miles (mi?)
(Keyes, 1906), making it the fifth largest State in the United
States (fig. 2). The physiography of the State is complex and
includes a wide variety of landforms, including mountains,
valleys, mesas, and plains. While generally arid, variations in
elevation and latitude result in a wide range of average pre-
cipitation, precipitation type (snow and rain), temperature, and
evapotranspiration rates throughout the State.

New Mexico is bisected by the Rio Grande and associ-
ated rift basin and includes parts of four distinct physiographic
provinces: the Great Plains, Basin and Range, Colorado
Plateaus, and Southern Rocky Mountains (Fenneman and
Johnson, 1946). Each province has characteristic landforms,
flora, fauna, and climate. Elevation in the State ranges from
2,800 ft to over 13,000 feet (ft). Average annual precipita-
tion in the State ranges from less than 10 inches (in.) at lower
elevations to more than 20 in. at higher elevations. In general,
the State receives 40—70 percent of its precipitation as a result
of a seasonal monsoon (July—September), during which high
pressure systems develop east of the State and draw moisture
from the Gulf of Mexico into the study area (National Weather
Service, 2021). The precipitation events resulting from this are
often of relatively short duration and limited in areal extent.

In high elevation mountainous areas, winter precipitation
accounts for the majority of the annual runoff (New Mexico

Introduction 3

Interstate Stream Commission, 2018), and streams sourced
there often experience peak streamflow during spring runoff of
snowmelt.

The climatic year (April 1-March 31), as opposed to
the water year (October 1-September 30), was used for this
low-flow frequency analysis. The climatic year is named
after the year in which it begins; for example, climatic year
2021 begins April 1, 2021, and ends on March 31, 2022.
Streamflows in the study area are typically lowest in winter
and early spring, prior to runoff from snowmelt.

Previous Investigations

Low-flow frequency equations have been developed
for many States, particularly in the eastern part of the Nation
(Eash and Barnes, 2017; Ries and Friesz, 2000). Fewer such
equations have been developed for States in the western part
of the Nation, although they have been developed in some
form for Colorado (Capesius and Stephens, 2009), Idaho
(Hortness, 2006), and Oregon (Risley and others, 2008).

In New Mexico, Borland (1970) developed low-flow
statistic regression equations for New Mexico streams using
64 streamgages with periods of record of at least 10 years.
These equations were generally considered to have high stan-
dard errors of estimate and would presumably have benefit-
ted from longer periods of record and a larger geographical
distribution of streamgages.

Waltemeyer (2002) developed two regression equa-
tions to estimate the 4Q3 low-flow frequency statistic in
New Mexico. The study used data from 50 streamgages, and
two regression equations were developed, one for general
statewide use and one for those watersheds with mean basin
elevations above 7,500 ft.



4 Regression Egs. for Estimating 4-Day, 3-Year Low-Flow Frequency and Adjusted Harmonic Mean Streamflow

110° 109° 108° 107° 106° 105° 104° 103°
[ | [ [ [ [ [ [
\ .
380 | COLORADO |
UTAH | 76 75
| - 77 7 65 Trinidad
78 63 Reservoir
o | RSV 204419
an Yy I 88 A81 San Juan 64
X 89 80 River  [67 A-68
o S g3 A B2 A9 4 7 )
2 a0 e ———
Dry CinWY
32 OKLAHOMA|
84  Animas
River ——d
36° — —
NEW MEXICO
A 9%
93
ARIZONA
33° — —
32° — ‘; |
El Paso’
MEXICO N TEXAS
N -
e | | | e |
Base from Esri and its licensors, copyright 2022 0 50 100 MILES EXPLANATION
Streams from U.S. Geological Survey National Hydrography Dataset | : L J Province
Geographic coordinate system 0 50 100 KILOMETERS .
North American Datum of 1983 Basin and Range
Colorado Plateaus
Great Plains
Southern Rocky Mountains
COLORADO
.. BZA Streamgage location and station
I

Map
area

- s

Figure 2.

Study area, including locations of streamgages used in this study.

number. See tables 2 and 5
for streamgage names and
identifiers



Methods for Regionalization of
Low-Flow Statistics

The development of regression equations to estimate
selected low-flow statistics in New Mexico generally fol-
lowed three steps. The first step was to develop a dataset,
which included trend and redundancy analyses as a part
of streamgage selection. The second step was to compute
selected low-flow statistics and basin characteristics. The third
and final step was the iterative process of computing and refin-
ing regression equations for the selected streamflow statistics,
including classification of streamgages into subgroups.

Dataset Development

The selection of an appropriate set of streamgages for use
in low-flow regression is foundational to generating stream-
flow statistics that are representative of stream systems for
which the regression equations will be applied. Numerous
basin characteristics must be considered along with the rela-
tions and possible redundancies between streamgages.

Streamflow data used in this report were compiled for
411 active and inactive streamgages located in New Mexico
and the adjacent States of Colorado, Oklahoma, Arizona,
and Texas. This initial set of 411 streamgages included those
within New Mexico and in 8-digit hydrologic unit code
areas of adjoining States that extend into or originate in New
Mexico (Seaber and others, 1987). Streamgages on unregu-
lated, perennial streams with at least 10 years of streamflow
data were targeted. Daily mean streamflows recorded through
the 2018 climate year for the active streamgages and for the
entire period of record for the currently inactive streamgages
were downloaded from the USGS National Water Information
System (NWIS) database (USGS, 2021). Additional assess-
ment of the initial 411 streamgages included screening
for streamflow classification of “perennial,” screening for
streamflow regulation, screening for redundancy between
streamgages, and screening for streamflow trends with time.
The screening methods applied for this study are discussed in
this section. Regulation of streamflow determinations were
made by technicians servicing those streamgages and were
based on the percentage of flow retained or diverted; these
decisions were made on a case-by-case basis and varied some-
what on the basis of professional judgement.

Perennial Streamflow Classification

The perennial status of a stream was determined using
information from the National Hydrography Dataset (NHD)
(USGS, 2018; Moore and others, 2019), evaluations by
NMED using their “Hydrology Protocol” (New Mexico Water
Quality Control Commission, 2020b), and an evaluation of
percentage of zero-flow days. New Mexico’s Water Quality
Standards define a surface water as perennial when “the water

Methods for Regionalization of Low-Flow Statistics 5

body typically contains water throughout the year and rarely
experiences dry periods” (New Mexico Water Quality Control
Commission, 2020a, p. 4). Therefore, streamgages with
recorded daily mean flows of zero were not precluded from
inclusion in this study. The NMED “Hydrology Protocol”
was considered to be a more robust method for use in New
Mexico, as the protocol uses on-the-ground methods and was
therefore given preference over NHD evaluations. NMED uses
a standardized method for classifying streams as perennial,
intermittent, or ephemeral as described in their “Hydrology
Protocol,” which is published as part of NMED’s “Statewide
Water Quality Management Plan and Continuing Planning
Process” (New Mexico Water Quality Control Commission,
2020b). In locations where these determinations had been
made, NMED’s stream classifications were used. Finally,
streamgages having 10 percent or more zero-flow days over
the entirety of the record were disqualified from inclusion on
the basis that they were not perennial.

Streamflow Regulation

Manipulation of streamflow (streamflow regulation) is
prevalent in New Mexico and has been practiced in some
form since at least the late 16th century (Natural Resources
Conservation Service, undated). The most common types
of streamflow regulation in New Mexico are diversions for
and returns from irrigation or other uses, and storage in and
releases from on- and offstream impoundments (dams and res-
ervoirs). The USGS in New Mexico identifies annual stream-
flow peaks affected by some degree of regulation. The degrees
of regulation are grouped into two broad categories.

The first category (NWIS discharge code 6; USGS,
2021), “Discharge affected by Regulation or Diversion,” is
applied to each year in the streamgage record that stream-
flow regulation is known to have occurred and considered to
be either complete or substantial (increasing or decreasing
flow by more than 15 percent). Years in which streamflow
records were impacted by regulation are typically not included
in the development of streamflow statistics. In this study,
streamgages with peak flows identified as being regulated
(NWIS discharge code 6) were not included for the period
over which they were regulated. Streamflow record at these
streamgages was included, however, for the period of the
record prior to any regulation. For example, if there were
streamgage records for several decades prior to the installation
of a dam, those years would have been included in this study.

The other category of regulation (NWIS discharge
code 5; USGS, 2021), “Discharge affected to unknown degree
by Regulation or Diversion,” is applied for each year that dis-
charge is affected by an unknown, slight, or partial (less than
15 percent) degree by regulation or diversion. Streamgages
with streamflow affected by unknown regulation (NWIS dis-
charge code 5) were considered if stream regulation was not
present for the entirety of the record. With these sites, a trend
analysis was conducted for the entire period of record to deter-
mine if the degree of regulation was detectible. If no trend was
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detected, the regulation was determined to be inconsequential
and the streamgage was retained. If the entire record was
coded with “unknown regulation,” the streamgage was not
included because there was no way to evaluate the degree of
regulation at that site.

Redundancy

Streams may have multiple streamgages on the same
channel located sequentially in close proximity, leading to
watersheds that are nested, occasionally with watersheds
that vary in size and shape only by small slivers. Other
pairs of streamgages, although in different watersheds, are
in close geographic proximity and share similar hydrologic
responses and characteristics such that they represent the same
hydrologic setting. Streamgages and correlating watersheds
were therefore examined together for redundancy between
streamgages in order to avoid overrepresentation of a particu-
lar hydrologic setting, which could result in the generation of
cross correlation of flow conditions in the model violating the
model assumption that individual streamflow values are inde-
pendent of each other (Veilleux, 2009). Streamflow records
were not checked for redundancy. The contributing drainage
areas and the distance between basin centroids were compared
for every possible pair of streamgages to determine that a spe-
cific hydrologic setting was not represented through more than
a single streamgage. When basin pairs had proximity values
(measured as the distance from each basin centroid) of less
than 0.5 mile and area ratios less than five, the streamgages
were considered redundant and one of the streamgages was
removed from the study. The decision of which of the two
streamgages to keep was based on several factors including the
size of the contributing drainage area, whether the basins were
nested, and the number of redundant pairings a streamgage
was identified in. When determining which streamgage to
retain, preference was given to streamgages with smaller
drainage areas and longer periods of record. Streamgages with
smaller contributing drainage areas are likely more representa-
tive of the sites at which the regression equations will be used.
Streamgages with longer continuous records are preferable
because long-term system behavior is key to developing useful
low-flow regression equations.

Streamflow Trends With Time

An effort was made to ensure that the streamgage period
of record used for each streamgage in this study was represen-
tative of modern conditions. In streamflow frequency analyses,
there is an assumption that annual low flows, in this case the
annual minimum 4-consecutive-day average streamflow, are
independent and stationary over time; therefore, trends in
streamflow with time could introduce bias into the analysis.
The longest period of record representative of modern condi-
tions for each streamgage was evaluated using the Kendall

Tau statistic, which computes the monotonic relation between
streamflow and time (Helsel and others, 2020), in this case,
the 4Q3 and climatic years. To find the longest continu-

ous streamflow record with no significant monotonic trend,
each streamgage was first analyzed using the entire period of
record. If the entire period of record did not show a significant
(p-value greater than or equal to 0.05) Kendall Tau, the entire
record was used to determine the low-flow statistics (Kiang
and others, 2018). If the Kendall Tau statistic was deemed
significant (p-value less than or equal to 0.05), the period of
record was shortened in steps, removing the earliest period of
the streamgage record in 5-year intervals, and recomputing the
Kendall Tau statistic each time until there was no longer any
evidence of a statistically significant trend. The resulting con-
tinuous streamflow record was assumed to be representative
of modern conditions and used to compute low-flow statistics
for that streamgage. No annual values were computed for
those years that contained missing records. Although years
with missing data were not included in the study, missing data
did not prevent the inclusion of streamgages from the study.
Streamgages were included for consideration in the study if
there were at least 10 years of continuous or honcontinuous
record with no missing data.

Low-Flow Statistics

The USGS has established standard methods for estimat-
ing low-flow statistics, which were computed by climate year
(April 1-March 31). With a few exceptions, streamflows in
New Mexico are generally at their lowest in the late summer
and early fall and highest in the spring, although monsoonal
events can influence this (USGS, 2021). By placing the time-
frame of the lowest expected streamflows wholly within the
time period analyzed, rather than near the beginning or end of
it, the annual flow statistic for each year was anticipated to be
as independent of hydrologic conditions in adjacent years as
possible, thereby producing flow statistics for each year that
were not influenced by data from other years.

SWToolbox

SWToolbox is a program developed by USGS (Kiang
and others, 2018) that combines streamflow analysis methods
from USGS “SWSTAT” software (https://water.usgs.gov/
water-resources/legacy-software/) and U.S. Environmental
Protection Agency (EPA) program DFLOW (EPA, 1986). The
program is primarily used for the computation of critical low-
flow statistics. The main analyses that SWToolbox performs
are the computation of hydrologic frequency statistics, com-
putation of statistically significant flows of interest to resource
managers and other stakeholders (that is, 4Q3 and adjusted
harmonic mean), and computation of flow-duration curves
(Searcy, 1959) and hydrographs.


https://water.usgs.gov/water-resources/legacy-software/
https://water.usgs.gov/water-resources/legacy-software/
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The 4Q3 flow statistic is an example of an n-day low-
flow statistic, which is the annual minimum, mean stream-
flows for a specific period of days in an annual period with a
recurrence interval of a given number of years. For example,
the 4Q3 is the 4-day minimum flow with a recurrence inter-
val of 3 years. In the case of determining specific low-flow
frequencies, n-day frequency analysis is used to estimate
the probability that streamflow at a specific location will not
exceed a specified flow level in any given year. The 4Q3
statistic was calculated for the longest period of record without
a monotonic trend for each streamgage using the Integrated
Design Flow (IDF) plug-in in SWToolbox. In SW Toolbox,
the computed n-day flows for the period of analysis are fit to a
log-Pearson type III (LP3) distribution (see Asquith and oth-
ers [2017]).

In datasets containing daily mean flows with a value of
zero, the log transformation that is needed to fit the LP3 dis-
tribution is not possible. In this case, the LP3 distribution is fit
to the nonzero members of the time series. In records contain-
ing daily mean flow values of zero, a conditional probability
adjustment is made to account for zero-flow days in the record
and to compute an unconditional nonexceedance probability
that includes the possibility of zero flows. The unconditional
probabilities are then used to define the frequency curve
(Kiang and others, 2018). This process allows for the possibil-
ity of nonzero 4Q3s in streams having some number of daily
mean flow values of zero.

Adjusted Harmonic Mean

The adjusted harmonic mean statistic of the daily mean
streamflow was calculated for the longest period of record
without a monotonic trend for each streamgage using the IDF
plug-in in SWToolbox. Harmonic mean is the reciprocal of
the arithmetic mean of the reciprocals of a dataset (eq. 1).

The harmonic mean is always the least, or most conservative,
of the commonly used means, except when all values in the
dataset are equal. The harmonic mean minimizes the impact of
large outliers while emphasizing small outliers:

N;
Q=T (M
Q
where
Q,  isthe harmonic mean;
N; is the number of observations; and
Q is the daily mean discharge streamflow value,

in cubic feet per second, for the it" day.

Because traditional harmonic means cannot be calculated
with zeroes in the dataset—including zero-flow data results in
a nonnumber—an adjusted harmonic mean can be calculated
that considers the proportion of zero-flow days. Generally, the

Methods for Regionalization of Low-Flow Statistics 1

adjusted harmonic mean is considered to be the more conser-
vative value, as it considers days of zero flow, and the unad-
justed harmonic mean on a stream with zero-flow days may
actually result in a higher harmonic mean than that calculated
for a nearby similar stream with no zero-flow days. However,
Martin and Ruhl (1993) suggested that this is not necessar-
ily true and that the treatment of the zero-flow days, whether
they are removed or replaced, may substantially impact the
computed value.

The adjustment made to harmonic mean is the harmonic
mean multiplied by the proportion of zero-flow days in the
record. This method is the same as is used by the EPA in early
versions of the computer program DFLOW (Rossman, 1990).
The current version of DFLOW available in SWToolbox does
not include this correction (Kiang and others, 2018). Zero-
flow days are not equivalent to days with missing flow data.
At the time of this publication, NMED used adjusted harmonic
mean to support computations of permit requirements and
thus, a regression equation of the adjusted harmonic mean is
presented here (eq. 2), based on output from the IDF plug-in

of SWToolbox:

N N
AHM = (%) x [—5-), )
N ShE
1= Qi
where
AHM is the adjusted harmonic mean,
N,, isthe number of nonzero Q;

Regression Equation Development

A regression equation is, fundamentally, a way to
describe the relation between a response variable and explana-
tory variables (Helsel and others, 2020). The focus of this
study is to provide equations that predict the value of the
chosen low-flow statistic using data readily available for
the watershed in question by finding the strongest relations
between the low-flow statistic and known basin (watershed)
characteristics. The process of developing the regression equa-
tions is described in the following sections. All low-flow data
necessary to develop the regression models were generated
using SWToolbox and all watershed characteristic data were
generated using StreamStats.

Exploratory Basin Analysis

Basin characteristic information for each streamgage was
generated using StreamStats (USGS, 2020). The list of basin
characteristics generated and examined for correlation with
the low-flow statistics is available in StreamStats. Exploratory
data analysis was completed using statistical techniques.
Individual basin characteristics were plotted against the flow
statistics of interest, directly and with log transformations, to
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evaluate which characteristics had the most linear relations
with the 4Q3 and adjusted harmonic mean. The datasets were
examined as a whole, as well as divided into several differ-

ent subregions, in an effort to maximize correlations. Basin
characteristics with the highest correlation to a flow statistic
were identified for possible inclusion in the regression equa-
tions. The basin characteristics were also investigated for cross
correlation (for example, winter precipitation and January pre-
cipitation) by plotting individual basin characteristics against
each other.

Regionalization/Regional Analysis

Models, including regression models, are developed for
specific conditions and domains using datasets representing
domain conditions. For example, the regression equations in
this report were developed for the State of New Mexico using
streamgages in watersheds that exist in whole or in part within
the State. Although regression models incorporating data from
the entire domain of interest can be productive, it is likely that
model fit will be improved by refining the domain into sub-
regions through a process called regionalization. Subregions
may be based on spatial conditions, temporal conditions,
or other conditions associated with the dataset. During the
exploratory phase of this study, the streamgage network was
assessed as a whole, then as subsets based on latitude, longi-
tude, elevation, and drainage area. The results were used to
inform the development of the final regression equations.

Regression Analysis

Regression analysis is a statistical technique used to
describe and quantify relations between two or more variables.
Variables are generally described as being either explanatory
(independent) variables or response (dependent) variables.
Regression can be used to predict the response variable using
quantified relation to explanatory variables (Farmer and oth-
ers, 2019). The technique of quantifying a relation between
two variables by calculating a straight line is known as linear
regression (Helsel and others, 2020). Alternatively, multiple
linear regression can be used to evaluate the relations of a
response variable to two or more explanatory variables and
describes a plane or hyperplane rather than a straight line
(Helsel and others, 2020). The general multiple linear regres-
sion model is denoted as follows:

Y = Bot BiXyt BoXo T Xt e, 3)

where
y  is the response variable,
Bo is the intercept,
p, s the slope coefficient for the first explanatory
variable,
Xy is the first explanatory variable,

b, is the slope coefficient for the second
explanatory variable,

Xy is the second explanatory variable,

B« isthe slope coefficient for the kth explanatory
variable,

i is the ith explanatory variable, and

is the remaining unexplained noise in the

data (error).

X

Least squares is a method of regression estimation that
approximates relations between the response and explanatory
variables that minimizes the variance by minimizing the verti-
cal distance between each data point and the line of regres-
sion. The variance is the sum of the squares of the errors for
all observations, thus least squares (Farmer and others, 2019;
Helsel and others, 2020). Common techniques using least-
squares regression as their basis include ordinary least squares
(OLS), weighted least squares (WLS), and general least
squares (GLS). WLS was used in this study and is discussed in
more detail below.

WLS is a refinement of basic least-squares regression that
accounts for nonuniform uncertainties in observations of the
response variable, in this case typically because of differences
in the length of streamflow record used to compute streamflow
statistics (Farmer and others, 2019). WLS can be used when
the conditions required for OLS regression are not met. For
example, input accuracies may include differences in the reli-
ability or accuracy of streamflow data at different streamgages
because of differences in periods of record or differences in
flow regimes at the streamgage sites. Nonconstant variance
of residuals (heteroscedasticity) resulting from presence in a
“flashy” basin or other possible causes, also causes concern
when using OLS. WLS allows more emphasis to be placed
on streamgages that are considered more reliable, either due
to length of period of record or because of minimal variance.
WLS is typically the appropriate regression type to use for
low-flow frequency studies unless cross correlation between
sites is large (K. Eng, USGS, written commun., 2023). In this
case, WLS was used for both low-flow regression analyses
with weighting based on streamgage record length.

The Weighted-Multiple-Linear Regression Program
software (WREG) was developed by the USGS to facilitate
multiple linear regression for surface-water statistics. WREG
was initially developed in 2009 (Eng and others, 2009) and
was recently updated (Farmer, 2021) using R programming
language (version 4.1.3; R Core Team, 2022). WREG pro-
vides for OLS, WLS, and GLS regressions. WREG is used
primarily for frequency flow statistics, and thus was used
only for the 4Q3 regressions and not for adjusted harmonic
mean. Regression equations for adjusted harmonic mean were
developed using the linear model function in base R (version
4.1.3, R Core Team, 2022). This function is used to fit linear
models and can be used to develop multiple regressions and
also returns an analysis of variance.
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Degrees of Freedom

Degrees of freedom is a statistical concept that refers to
the number of independent values in a dataset that can vary as
parameters are estimated through regression analysis (Helsel
and others, 2020). Generally, the number of degrees of free-
dom is related to the number of independent values less the
number of parameters that are being estimated, although more
complexity exists depending on the statistical analysis being
performed (Eisenhauer, 2008).

When performing regression analysis, the R-squared
(or pseudo R-squared) statistic is generally used as a met-
ric to judge how well a predictive model fits the dataset. An
R-squared value approaching one is generally desired (Helsel
and others, 2020), but there is the potential to overfit a model
in the effort to increase the R-squared value. Overfitting occurs
when the model becomes too complex and begins to describe
random error in the dataset rather than the relations between
variables either as a result of using more explanatory terms or
more complex approaches than required. When this happens,
the regression model is less generalizable and is less likely to
fit samples outside of the modeled dataset (Hawkins, 2004).

Logarithmic Transformation and Bias Correction
Adjustment

With linear regression, several assumptions are made,
which include a symmetrical distribution of data, linear rela-
tions of variables, and homoscedastic (randomly distributed
but similar variance) errors (Helsel and others, 2020). If the
original dataset does not adequately meet these assumptions,
it may be possible to transform the data in such a way to
meet them. Transformations may include raising a variable
to a power, log transformation of the variable, or otherwise
changing the scale of the variable. Logarithmic transforma-
tion, such as natural log, is commonly used in hydrology and
may be used on both the explanatory and response variables.
However, transforming the response variable of a regression
equation logarithmically will produce equations with outputs
in transformed units, requiring retransformation back to the
original units (Helsel and others, 2020).

A logarithmic equation may be expressed in terms of the
untransformed response variable by simply retransforming,
or back transforming, to normal space via antilog. However,
there are implications to consider when retransforming, which
are discussed at length in Beauchamp and Olson (1973). When
appropriately transformed, the response values will be nor-
mally distributed; thus, the mean and median will be approxi-
mately equal. After simple retransformation of the response
variable from log space to normal space, the mean will be
greater than the median and similarly impact variance of the
model (Finney, 1941). In transformed regressions, the regres-
sion line estimates the mean response of the response variable,
but the resulting equation estimates the median response of
the response variable. When retransformed from log space, the

resulting distribution of the response variable will be skewed
to the right and follow a log-normal distribution as the largest
values of the transformed response variable are compressed
at the upper end of the logarithmic scale (Beauchamp and
Olson, 1973). If the mean response is sought, rather than the
median, then a bias correction must be applied (Helsel and
others, 2020).

For the objectives and intended use of the regression
equations outlined in this study, the median is appropriate.
However, it is possible that an end user may wish to use these
equations to develop cumulative estimates of loading. If this
is sought, then the conditional mean is needed, rather than the
median value (Helsel and others, 2020).

There are multiple ways to estimate an adjustment to
compensate for the bias introduced by retransformation. The
parametric or maximum likelihood estimate (MLE) requires
that (1) residuals in the log-transformed units are normal, and
(2) the coefficients of the regression model are known without
error, a condition that is rarely or never met in a natural system
(Helsel and others, 2020). When the dataset is large and the
standard error of the regression is small, the MLE can be a
very good approximation of the needed bias correction. When
the dataset is small or the standard error is large, the MLE is
likely to overcompensate the bias correction (Helsel and oth-
ers, 2020). Alternatively, the nonparametric, or Duan smear-
ing, estimate only requires an assumption that the residuals
are independent and homoscedastic. The smearing estimate is
based on the concept that the residuals of the regression are
equally likely and retransforms those residuals from the trans-
formed units into the original units and then computes their
mean. The produced mean is the bias-correction factor that
is then multiplied by the uncorrected y-value (Duan, 1983).
Additionally, the Duan smearing estimate can be used to cor-
rect bias when retransforming any type of transformation—it
is not limited to the use of log retransformation (Helsel and
others, 2020). The Duan smearing bias correction estimate has
been included in this report to be used if needed.

Regression Equations to Estimate Low
Flow at Ungaged Sites

Final Dataset Assembly

Of the original set of 411 streamgages, 159 streamgages
were removed because they were crest-stage gages, which
record only peak flows and do not record daily streamflow
data. Forty-eight streamgages were disqualified from the
study, because the streams they monitored did not meet the
NMED “Hydrology Protocol” requirements (New Mexico
Water Quality Control Commission, 2020b) to be considered a
perennial stream or were classified as intermittent in the NHD
(USGS, 2018).
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The redundancy screening revealed 114 pairs of
streamgages that had potential for redundancy on the basis
of proximity and similarity of basin areas. The redundancy
analysis included 42 pairs of nested basins. Because of the
nature of nested basins in subsequent downstream streamgages
on a single stream, certain streamgages appeared in numerous
redundant streamgage pairs. In these cases, the streamgage
that occurred in the highest number of redundant pairs was
removed in order to keep as many other streamgages as pos-
sible. Basin areas were also considered because it is prefer-
rable to have the greatest variability of basin areas included
in the study as possible; priority was therefore given to the
streamgage with the smaller drainage area, because smaller
contributing drainage areas are likely more representative of
the ungaged sites at which the regression equations will be
used. In a small number of streamgage pairs, both streamgages
were kept despite meeting the screening guidelines. For
example, pairs that were located in or near mountainous ter-
rain were considered for difference in topography and possible
differences in precipitation pattern. As a result of the redun-
dancy analysis, an additional 26 streamgages were removed
from the study.

An additional 25 streamgages were removed because
they had greater than 10 percent of zero-flow days in the use-
able record. Eleven streamgages were removed because they
had a 4Q3 of zero or not a number (NaN), as computed using
the IDF application in SWToolbox.

Years with missing data were not included in the study,
and missing data mostly did not disallow the inclusion of
streamgages from the study. The exception to this was the
17 streamgages removed from the study because of their hav-
ing less than 10 years of record after subtracting any missing
years of record.

Nineteen streamgages were removed from the dataset
because they were identified as partially regulated (NWIS
discharge code 5—“Discharge affected to unknown degree

Table 1.

by Regulation or Diversion”) for the entire period of record
and so the degree of regulation could not be ascertained. Two
streamgages that were identified as partially regulated for

a portion of their periods of record were removed from the
dataset because there were trends identified during the period
of record indicating regulation was likely impacting the low
flow at those streamgages. An accounting of the number of
streamgages removed from the dataset is provided in table 1.

Trend Analysis Findings

After consideration for perennial status (minimum of
zero-flow days), length of streamflow record, minimum peri-
ods of missing streamflow record, and possible redundancy
with other streamgages, the remaining gages were analyzed for
trends. Trend analyses on the remaining streamgages generally
showed minimal changes in streamflow with time. Thirty-two
streamgages had Kendall Tau values that were considered
significant (p-values less than 0.05) and indicative of change
with time for some portion of their streamgage record. In order
to keep the streamflow record that was most reflective of cur-
rent conditions, we kept the longest period of record starting
with the present values and moving toward the past with no
trend. This assessment resulted in the loss of 277 total years
of streamflow record across 21 streamgages (fig. 3), as well as
the removal of 7 streamgages from the dataset. The minimum
number of years of record removed from any streamgage was
1 year and the maximum number was 56 years.

Miscellaneous Streamgage Determination

Several streamgages had stream low-flow values that
were outliers, as identified by the WREG leverage value (Eng
and others, 2009), and merited closer scrutiny. Streamgage
07126500 was not coded as being regulated, but visual

Accounting of streamgages removed from the dataset.

[No., number; NMED, New Mexico Environment Department; 4Q3, 4-day, 3-year low-flow frequency streamflow;
NaN, not a number; NWIS, National Water Information System; WREG, Weighted-Multiple-Linear Regression

Program software]

Removal justification

No. of streamgages

Crest-stage (peak flow only) gages 159
Not perennial according to NMED “Hydrology Protocol” 48
Redundant streamgages 26
More than 10 percent of flow days were zero flow 25
Computed 4Q3 was zero or NaN 11
Less than 10 years of usable record 17
Partially regulated (NWIS code 5) for entire period of record 19
Partially regulated (NWIS code 5) with trend identified

Trend analyses

Analyses of WREG leverage/outlier gages 1
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investigation of the aerial photo clearly indicated a large
diversion structure upstream of the streamgage. Subsequent
inquiries revealed that streamflow at the streamgage is affected
by operation of the Trinidad Reservoir, and the stream is pos-
sibly dry for months at a time. This streamgage was therefore
removed from the study. Streamgages 9365500, 09363500,
and 09371000 were also outliers with respect to the leverage
value during regression analysis, but further investigation of
these sites did not produce any obvious factors that might
explain the difference in flow values, so they were retained in
the study.

Evaluation of streamflow records based on period of
record, missing years of record, perennial status, and redun-
dancy resulted in the removal of 315 streamgages, or approxi-
mately 77 percent of the streamgage records initially consid-
ered for inclusion in this study. The number of streamgages
excluded from the dataset for each justification and (or) reason
are presented in table 1. Streamgages may fit into multiple
categories, but removal was performed in a stepwise manner;
thus, only one reason was identified for each streamgage. The
remaining set of streamflow records included in this study
from 96 streamgages should be considered a current represen-
tation of perennial streams in and near New Mexico.

Low-Flow Statistics

The low-flow statistics computed for the 96 streamgages
using the IDF plug-in in SWToolbox are listed in table 2.
The 4Q3 flow statistics ranged from 0.03 to 324.21 cubic feet
per second (ft¥/s) and adjusted harmonic mean flow statistics
ranged from 0.12 to 871.14 ft3/s. To ensure that the adjustment
made to the harmonic mean was consistent, the adjusted har-
monic mean for each streamgage was computed using both the
IDF and DFLOW plug-ins of SWToolbox and the two values
were compared. DFLOW documentation was not sufficient
to determine how and if adjusted or unadjusted harmonic

mean was computed. Because NMED uses adjusted harmonic
mean in its surface-water discharge permitting, the IDF output
was used.

Basin Characteristics

Sixty-five basin characteristics (including latitude and
longitude at the basin pour point) were available for analyses
for each of the streamgages included in this study. These basin
characteristics were computed using the USGS StreamStats
tool (Ries and others, 2017). Plots of each of these basin
characteristics against flow statistics showed likely correlation
among the following basin characteristics for both 4Q3 and
adjusted harmonic mean: drainage area, in square miles; win-
ter precipitation (from October to April), in inches; average
basin slope (unitless); average annual precipitation, in inches;
and mean basin elevation, in feet. Drainage area ranged from
10.6 to 15,600 mi?, winter precipitation ranged from 4.27 to
29.24 in., average basin slope ranged from 0.03 to 0.54, annual
precipitation ranged from 13.23 to 43.16 in., and mean basin
elevation ranged from 4,470 to 11,900 ft. (table 3).

Regression Equations

For this study, regression equations for 4Q3 and adjusted
harmonic mean flow were regionalized by elevation and
drainage area and are listed in tables 4 and 5 along with their
pseudo or adjusted R-squared values and associated error.
Regionalization based on mean basin elevation provided the
results with the lowest residuals and the highest adjusted
R-squared values. Locations in the San Juan River and tribu-
tary watersheds with mean basin elevation equal to or greater
than 8,000 ft were put into a separate region. Tables 6 and 7
list the 96 streamgages used in the study with their computed
and predicted flow statistics for comparison. When basin con-
ditions meet several equation conditions, see the section titled
“Suggested Uses and Application of Regression Equations.”
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Table 2. Calculated low-flow statistics for study streamgages.

[Streamflow data used to calculate the low-flow statistics are available from U.S. Geological Survey (USGS, 2021). no., number; 4Q3, 4-day, 3-year low-flow

13

frequency streamflow, in cubic feet per second; AHM, adjusted harmonic mean streamflow, in cubic feet per second; CO, Colorado; R, River; nr, near; NM, New
Mexico; C, Creek; ab, above; Ft., Fort; Nat. Mon., National Monument; Res, Reservoir; bl, below; Cr, Creek; EF, East Fork; Spgs., Springs; WEF, West Fork;

AZ, Arizona]

Station . . Calculated Calculated
o USGS site no. USGS station name 403 AHM
1 07124200 Purgatoire River at Madrid, CO 12.27 30.51
2 07124500 Purgatoire River at Trinidad, CO 5.97 19.02
3 07126000 Purgatoire River near Alfalfa, CO 0.36 1.82
4 07126200 Van Bremer Arroyo near Model, CO 0.04 0.12
5 07126300 Purgatoire River near Thatcher, CO 0.58 3.53
6 07128500 Purgatoire River near Las Animas, CO 1.09 4.34
7 07153500 Dry Cimarron R nr Guy, NM 0.14 1.46
8 07203000 Vermejo River near Dawson, NM 1.67 4.58
9 07205000 Sixmile Creek near Eagle Nest, NM 0.17 0.35

10 07208500 Rayado Creek near Cimarron, NM 1.75 4.74
11 07211500 Canadian River near Taylor Springs, NM 0.08 0.90
12 07214500 Mora River near Holman, NM 1.04 3.49
13 07214800 Rio La Casa nr Cleveland, NM 1.61 4.84
14 07216500 Mora River near Golondrinas, NM 112 3.99
15 07220000 Sapello River at Sapello, NM 0.39 0.57
16 08220500 Pinos Creek near Del Norte, CO 3.64 6.47
17 08223500 Rock Creek near Monte Vista, CO 1.78 2.44
18 08236000 Alamosa River above Terrace Reservoir, CO 9.95 22.30
19 08240500 Trinchera C ab Turners Ranch, nr Ft Garland, CO 5.50 10.86
20 08242500 Ute Creek near Fort Garland, CO 2.96 4.07
21 08246500 Congjos River near Mogote, CO 31.33 81.12
22 08248000 Los Pinos River near Ortiz, CO 9.44 22.41
23 08263000 Latir Creek near Cerro, NM 1.42 3.08
24 08267500 Rio Hondo near Valdez, NM 7.67 16.97
25 08268500 Arroyo Hondo at Arroyo Hondo, NM 5.86 13.01
26 08269000 Rio Pueblo De Taos near Taos, NM 4.46 6.59
27 08271000 Rio Lucero near Arroyo Seco, NM 4.35 7.04
28 08275500 Rio Grande Del Rancho near Talpa, NM 2.65 6.16
29 08275600 Rio Chiquito near Talpa, NM 1.26 3.44
30 08278500 Rio Santa Barbara nr Penasco, NM 4.67 3.97
31 08279000 Embudo Creek at Dixon, NM 6.39 18.75
32 08283500 Rio Chama at Park View, NM 9.89 25.35
33 08284100 Rio Chama near La Puente, NM 18.19 58.27
34 08288000 El Rito near El Rito, NM 0.50 2.06
35 08289000 Rio Ojo Caliente at La Madera, NM 3.54 12.58
36 08290000 Rio Chama near Chamita, NM 16.97 57.08
37 08291000 Santa Cruz River near Cundiyo, NM 5.72 13.95
38 08292000 Santa Clara Creek near Espanola, NM 1.01 0.83
39 08294300 Rio Nambe at Nambe Falls, nr Nambe, NM 2.39 5.98
40 08295000 Rio Nambe near Nambe, NM 1.53 441
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Table 2. Calculated low-flow statistics for study streamgages.—Continued

[Streamflow data used to calculate the low-flow statistics are available from U.S. Geological Survey (USGS, 2021). no., number; 4Q3, 4-day, 3-year low-flow
frequency streamflow, in cubic feet per second; AHM, adjusted harmonic mean streamflow, in cubic feet per second; CO, Colorado; R, River; nr, near; NM, New
Mexico; C, Creek; ab, above; Ft., Fort; Nat. Mon., National Monument; Res, Reservoir; bl, below; Cr, Creek; EF, East Fork; Spgs., Springs; WF, West Fork;

AZ, Arizona]

Station . . Calculated Calculated
no. USGS site no. USGS station name 403 AHM
41 08302500 Tesuque Creek above Diversions near Santa Fe, NM 0.22 0.27
42 08313350 Rito De Los Frijoles In Bandelier Nat Mon, NM 0.43 0.45
43 08315480 Santa Fe River above Mcclure Res, nr Santa Fe, NM 0.63 1.89
44 08316000 Santa Fe River near Santa Fe, NM 0.57 0.99
45 08321500 Jemez R Bl East Fork nr Jemez Springs, NM 8.30 13.18
46 08323000 Rio Guadalupe at Box Canyon near Jemez, NM 7.13 14.23
47 08341300 Bluewater Cr ab Bluewater Dam Bluewtr, NM 0.03 0.23
48 08349800 Rio Paguate Below Jackpile Mine near Laguna, NM 0.04 0.30
49 08377900 Rio Mora near Terrero, NM 3.38 10.35
50 08378500 Pecos River near Pecos, NM 16.00 38.60
51 08379500 Pecos River near Anton Chico, NM 0.80 5.63
52 08380500 Gallinas Creek near Montezuma, NM 1.92 5.59
53 08381000 Gallinas Creek at Montezuma, NM 0.30 1.37
54 08383000 Pecos River at Santa Rosa, NM 6.37 13.53
55 08383500 Pecos River near Puerto De Luna, NM 57.98 108.55
56 08386505 Rio Ruidoso at Ruidoso, NM 0.39 1.57
57 08387000 Rio Ruidoso at Hollywood, NM 3.88 7.32
58 08388000 Rio Ruidoso at Hondo, NM 0.31 2.06
59 08396500 Pecos River near Artesia, NM 24.69 114.90
60 08397600 Rio Penasco near Dunken, NM 3.54 6.31
61 08405500 Black River above Malaga, NM 2.44 6.62
62 08481500 Tularosa Creek near Bent, NM 7.88 12.64
63 09339900 Ef San Juan R ab Sand Creek, nr Pagosa Spgs, CO 7.74 20.98
64 09340000 East Fork San Juan River nr Pagosa Springs, CO 10.48 27.60
65 09340500 Wf San Juan R ab Borns Lake, nr Pagosa Spgs, CO 8.85 22.10
66 09341500 West Fork San Juan River near Pagosa Springs, CO 15.27 19.90
67 09342500 San Juan River at Pagosa Springs, CO 32.58 91.87
68 09343000 Rio Blanco near Pagosa Springs, CO 8.39 23.22
69 09344000 Navajo R at Banded Peak Ranch, near Chromo, CO 18.92 44.41
70 09345500 Little Navajo River at Chromo, CO 0.07 0.77
71 09346000 Navajo River at Edith, CO 22.47 52.68
72 09346400 San Juan River near Carracas, CO 93.49 195.97
73 09352900 Vallecito Creek near Bayfield, CO 13.81 41.50
74 09355000 Spring Creek at La Boca, CO 2.46 4.99
75 09357500 Animas River at Howardsville, CO 11.73 27.65
76 09359000 Mineral Creek near Silverton, CO 10.95 31.03
77 09359500 Animas River at Tall Timber Resort above Tacoma, CO 75.03 51.15
78 09361000 Hermosa Creek near Hermosa, CO 12.66 15.45
79 09361500 Animas River at Durango, CO 149.21 329.80

80 09362000 Lightner Creek near Durango, CO 1.25 3.46



Regression Equations to Estimate Low Flow at Ungaged Sites

Table 2. Calculated low-flow statistics for study streamgages.—Continued

[Streamflow data used to calculate the low-flow statistics are available from U.S. Geological Survey (USGS, 2021). no., number; 4Q3, 4-day, 3-year low-flow

15

frequency streamflow, in cubic feet per second; AHM, adjusted harmonic mean streamflow, in cubic feet per second; CO, Colorado; R, River; nr, near; NM, New
Mexico; C, Creek; ab, above; Ft., Fort; Nat. Mon., National Monument; Res, Reservoir; bl, below; Cr, Creek; EF, East Fork; Spgs., Springs; WF, West Fork;

AZ, Arizona]

Station . . Calculated Calculated
no. USGS site no. USGS station name 403 AHM
81 09363000 Florida River near Durango, CO 3.06 10.13
82 09363100 Salt Creek near Oxford, CO 0.08 0.63
83 09363500 Animas River near Cedar Hill, NM 166.96 397.85
84 09365000 San Juan River at Farmington, NM 324.21 871.14
85 09365500 La Plata River at Hesperus, CO 4.10 11.08
86 09366500 La Plata River at Colorado-New Mexico State Line 0.18 2.62
87 09368500 West Mancos River near Mancos, CO 2.28 7.78
88 09369000 East Mancos River near Mancos, CO 0.35 1.65
89 09370600 Mancos River at Anitas Flat Below Mancos, CO 0.87 4.16
90 09430500 Gila River near Gila, NM 22.86 70.01
91 09431500 Gila River near Redrock, NM 11.53 57.07
92 09442000 Gila River near Clifton, AZ 13.03 39.07
93 09442680 San Francisco River near Reserve, NM 1.60 6.03
94 09442692 Tularosa River above Aragon, NM 2.39 3.05
95 09444200 Blue River near Clifton, AZ 1.53 4.62
96 09444500 San Francisco River at Clifton, AZ 17.19 61.87

Table 3. Basin and climatic characteristics used in regression equation development.

[No., number; DA, drainage area, in square miles; E, mean basin elevation, in feet above the National Geodetic Vertical Datum of 1929; P, mean annual basin-

wide precipitation, in inches; WP, mean basinwide precipitation for the winter period (from October to April), in inches; S, mean basin slope, unitless; 4Q3,
4-day, 3-year low-flow frequency streamflow; AHM, adjusted harmonic mean streamflow]

equaton . i d we s
403
4Q3-1a 10.6-750 8,000-11,000 17.27-36.67 7.65-24.09 0.14-0.52
4Q3-1b 12.0-1,250 8,170-11,900 21.91-43.16 12.86-29.24 0.19-0.54
4Q3-2 10.6-72.5 6,760-11,900 17.24-43.16 8.30-29.24 0.06-0.54
4Q3-3 72.5-235 5,520-11,300 13.23-40.21 4.80-25.47 0.03-0.54
4Q3-4 235-1,910 4,470-11,200 16.17-35.95 4.27-24.09 0.12-0.49
4Q3-5 1,040-15,600 5,170-9,330 14.70-28.72 4.57-17.62 0.07-0.36
AHM
AHM-1a 10.6-750 8,000-11,000 17.27-36.67 7.65-24.09 0.14-0.52
AHM-1b 12.0-1,250 8,170-11,900 21.91-43.16 12.86-29.24 0.19-0.54
AHM-2 10.6-290 5,520-11,900 13.24-43.16 4.80-29.24 0.03-0.54
AHM-3 235-750 4,470-11,200 16.17-35.95 4.27-24.09 0.12-0.49
AHM-4 1,040-15,600 5,170-9,330 14.70-28.72 4.57-17.62 0.07-0.36




Table 4. Regional 4-day, 3-year low-flow frequency streamflow (4Q3) equations using weighted least-squares regression.

[No. number; pseudo R, pseudo coefficient of determination; E, mean basin elevation, in feet above the National Geodetic Vertical Datum of 1929; ft, foot; DA, drainage area, in square miles; tribs, tributar-
ies; P, mean annual basinwide precipitation, in inches; WP, mean basinwide precipitation for the winter period (from October to April), in inches; S, mean basin slope; >, greater than or equal to; <, less than; >,
greater than]

9l

Root mean square error

e[:i.fgz:'::. stre':zllgoz:ges Region 403 equation Pseudo R? Nat"rf"tl log Percent stel:‘rlilng
units
4Q3-1a 44 E > 8,000 ft 4Q3,, = DAL08 x E1220 x 11537 0.72 0.55 85.89 1.24
4Q3-1b 23 E > 8,000 ft, San Juan and tribs 4Q3,, = DAL38 x pP518 x g=22.17 0.87 0.45 75.54 1.17
4Q3-2 39 DA<75 4Q3, = DALSL x 5188 x g=266 0.75 0.49 79.86 1.22
4Q3-3 23 70<DA<250 4Q3; = DALS x P672 x 2880 0.66 2.06 261.4 2.62
4Q3-4 26 200<DA<2,000 4Q3, = DAL x P727 x 2902 0.67 1.41 176.36 1.86
4Q3-5 16 DA>1,000 4Q3; = DALY x WP-500 x g-23.88 0.53 2.54 341 2.69

Table 5. Regional adjusted harmonic mean (AHM) streamflow equations using weighted |least-squares regression.

[No., number; adjusted R, adjusted coefficient of determination; E, mean basin elevation, in feet above the National Geodetic Vertical Datum of 1929; DA, drainage area, in square miles; tribs, tributaries;
P, basinwide mean annual precipitation, in inches; WP, mean basinwide precipitation for the winter period (from October to April), in inches; <, less than; >, greater than; >, greater than or equal to]

Regression No. of Residual Duan
gre ) Region AHM equation Adjusted R2 standard .
equation no. streamgages smearing
error
AHM-1a 44 E>8,000 ft AHM,;, = DAL x E1058 x g=99.67 0.79 3.75 1.07
AHM-1b 23 E>8,000 ft, San Juan and tribs AHM,, = DA x P357 x g-14.52 0.89 3.19 0.99
AHM-2 65 DA<300 mi2 AHM, = DADS x E756 x g~7133 0.69 4.94 1.19
AHM-3 20 200<DA<1,000 AHM,; = DAL85 x P50l x g=2405 0.79 5.32 1.05
AHM-4 16 DA>750 AHM, = DAL x WP516 x g-21.10 0.72 7.67 1.98
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Table 6. Calculated and predicted 4-day, 3-year low-flow frequency (4Q3) streamflow values (in cubic feet per second) and relevant basin characteristics for each streamgage used in regression analysis.

[Basin characteristics are available from the U.S. Geological Survey StreamStats application (USGS, 2021); calculated 4Q3 values were generated using the IDF plug-in in SWToolbox (Kiang and others, 2018). no., number; USGS,
U.S. Geological Survey; DA, drainage area, in square miles; E, mean basin elevation in feet above the National Geodetic Vertical Datum of 1929, except when noted as North American Vertical Datum of 1988 (NAVD 88); P, basin-
wide mean annual precipitation, in inches; S, mean basin slope; WP, mean basinwide precipitation for the winter period (from October to April), in inches; CO, Colorado; NA, not applicable; R, River; nr, near; NM, New Mexico;

C, Creek; ab, above; Ft., Fort; Nat. Mon., National Monument; Res, Reservoir; bl, below; Cr, Creek; EF, East Fork; Spgs., Springs; WF, West Fork; AZ, Arizona]

Predicted 403

Station Calculated

no. USGS site no. USGS station name DA E P S wp 103 Eq. Eq. Eq. Eg. Eq. Eq.
403-1a 403-1b 403-2 403-3 403-4 403-5
1 07124200 Purgatoire River at Madrid, CO 504 8,390 19.78 0.27 8.52 12.27 4.83 NA NA NA 1.48 NA
2 07124500 Purgatoire River at Trinidad, CO 750 8,000 19.32 0.25 7.91 5.97 4.15 NA NA NA 2.05 NA
3 07126000 Purgatoire River near Alfalfa, CO 1,290 7,280 17.69 0.19 6.86 0.36 NA NA NA NA 211 0.87
4 07126200 Van Bremer Arroyo near Model, 162 5,520 13.43 0.03 4.80 0.04 NA NA NA 0.05 NA NA
Cco
5 07126300 Purgatoire River near Thatcher, 1,910 6,770 16.59 0.14 6.26 0.58 NA NA NA NA 2.15 1.19
Cco
6 07128500 Purgatoire River near Las 3,440 6,000 15.40 0.12 5.61 1.09 NA NA NA NA NA 2.19
Animas, CO
7 07153500 Dry Cimarron R nr Guy, NM 529 6,250 16.59 0.12 5.16 0.14 NA NA NA NA 0.44 NA
8 07203000 Vermejo River near Dawson, NM 345 18,300 19.51 0.23 7.65 1.67 2.81 NA NA NA 0.84 NA
9 07205000 Sixmile Creek near Eagle Nest, 11.1 9,360 25.25 0.26 13.12 0.17 0.30 NA 0.20 NA NA NA
NM
10 07208500 Rayado Creek near Cimarron, 61.2 9,500 21.79 0.23 8.30 1.75 2.26 NA 2.13 NA NA NA
NM
1 07211500 Canadian River near Taylor 2,790 7,430 17.89 0.16 5.92 0.62 NA NA NA NA NA 1.90
Springs, NM
12 07214500 Mora River near Holman, NM 62.5 9,370 26.67 0.27 12.45 1.04 1.95 NA 3.07 NA NA NA
13 07214800 Rio La Casa nr Cleveland, NM 22,6 10,200 35.03 0.32 17.02 1.61 1.83 NA 0.90 NA NA NA
14 07216500 Mora River near Golondrinas, 266 8,450 23.83 0.23 9.67 112 2.64 NA NA NA 2.60 NA
NM
15 07220000 Sapello River at Sapello, NM 132 8,160 24.12 0.22 9.48 0.39 0.81 NA NA 1.82 NA NA
16 08220500 Pinos Creek near Del Norte, CO 52.7 10,500 31.04 0.29 21.39 3.64 6.51 NA 271 NA NA NA
17 08223500 Rock Creek near Monte Vista, 32.9 10,400 28.56 0.33 19.40 1.78 3.48 NA 1.65 NA NA NA
(efe]
18 08236000 Alamosa River above Terrace 106 10,900 33.48 0.32 23.45 9.95 21.85 NA NA 11.49 NA NA
Reservoir, CO
19 08240500 Trinchera C ab Turners Ranch, nr 52.7 10,500 26.68 0.39 14.58 5.50 6.51 NA 4.63 NA NA NA
Ft Garland, CO
20 08242500 Ute Creek near Fort Garland, CO 40.4 10,100 25.56 0.30 13.47 2.96 3.04 NA 1.93 NA NA NA
21 08246500 Conejos River near Mogote, CO 281 10,500 34.23 0.27 24.09 31.33 39.68 NA NA NA 38.78 NA
22 08248000 Los Pinos River near Ortiz, CO 153 9,860 31.36 0.20 21.62 9.44 9.55 NA NA 13.53 NA NA
23 08263000 Latir Creek near Cerro, NM 10.6 11,000 30.49 0.40 16.95 1.42 2.03 NA 0.43 NA NA NA
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Table 6. Calculated and predicted 4-day, 3-year low-flow frequency (4Q3) streamflow values (in cubic feet per second) and relevant basin characteristics for each streamgage used in regression analysis.—Continued

[Basin characteristics are available from the U.S. Geological Survey StreamStats application (USGS, 2021); calculated 4Q3 values were generated using the IDF plug-in in SWToolbox (Kiang and others, 2018). no., number; USGS,
U.S. Geological Survey; DA, drainage area, in square miles; E, mean basin elevation in feet above the National Geodetic Vertical Datum of 1929, except when noted as North American Vertical Datum of 1988 (NAVD 88); P, basin-
wide mean annual precipitation, in inches; S, mean basin slope; WP, mean basinwide precipitation for the winter period (from October to April), in inches; CO, Colorado; NA, not applicable; R, River; nr, near; NM, New Mexico;

C, Creek; ab, above; Ft., Fort; Nat. Mon., National Monument; Res, Reservoir; bl, below; Cr, Creek; EF, East Fork; Spgs., Springs; WF, West Fork; AZ, Arizona]

8l

Predicted 403

Station Calculated

no. USGS site no. USGS station name DA E P S wp 403 Eq. Eq. Eq. Eq. Eq. Eq.
403-1a 403-1b 403-2 403-3 403-4 403-5

24 08267500 Rio Hondo near Valdez, NM 37.2 10,400 25.25 0.52 13.36 7.67 3.98 NA 4.84 NA NA NA

25 08268500 Arroyo Hondo at Arroyo Hondo, 66.7 9,400 20.61 0.40 10.40 5.86 2.18 NA 7.15 NA NA NA
NM

26 08269000 Rio Pueblo De Taos near Taos, 63.1 9,610 22.17 0.38 11.29 4.46 2.68 NA 5.84 NA NA NA
NM

27 08271000 Rio Lucero near Arroyo Seco, 16.9 10,700 25.91 0.51 13.88 4.35 2.40 NA 1.39 NA NA NA
NM

28 08275500 Rio Grande Del Rancho near 80.6 9,350 25.56 0.31 14.66 2.65 2.50 NA NA 1.20 NA NA
Talpa, NM

29 08275600 Rio Chiquito near Talpa, NM 38 9,360 23.72 0.32 12.61 1.26 1.13 NA 1.94 NA NA NA

30 08278500 Rio Santa Barbara nr Penasco, 39.2 10,900 34.89 0.37 20.35 4.67 7.46 NA 2.76 NA NA NA
NM

31 08279000 Embudo Creek at Dixon, NM 320 9,040 24.10 0.27 13.31 6.39 7.35 NA NA NA 3.55 NA

32 08283500 Rio Chama at Park View, NM 396 9,490 31.84 0.20 21.41 9.89 16.73 NA NA NA 35.08 NA

33 08284100 Rio Chama near La Puente, NM 473 9,310 30.43 0.19 20.17 18.19 16.05 NA NA NA 31.41 NA

34 08288000 El Rito near El Rito, NM 48.1 9,160 24.77 0.19 15.66 0.50 112 NA 1.05 NA NA NA

35 08289000 Rio Ojo Caliente at La Madera, 412 8,490 19.14 0.18 10.93 3.54 4.49 NA NA NA 0.91 NA
NM

36 08290000 Rio Chama near Chamita, NM 3,070 7,980 19.26 0.17 10.50 16.97 NA NA NA NA NA 40.24

37 08291000 Santa Cruz River near Cundiyo, 92.3 9,200 20.98 0.36 10.72 5.72 2.38 NA NA 0.40 NA NA
NM

38 08292000 Santa Clara Creek near Espanola, 36.7 8,620 23.20 0.33 11.02 1.01 0.40 NA 1.97 NA NA NA
NM

39 08294300 Rio Nambe at Nambe Falls, nr 34.3 9,320 20.51 0.42 10.00 2.39 0.96 NA 2.80 NA NA NA
Nambe, NM

40 08295000 Rio Nambe near Nambe, NM 38.4 9,050 19.81 0.39 9.52 1.53 0.75 NA 2.98 NA NA NA

41 08302500 Tesuque Creek above Diversions 11.6 9,070 18.10 0.38 8.32 0.22 0.21 NA 0.46 NA NA NA
near Santa Fe, NM

42 08313350 Rito De Los Frijoles In Bandelier 18.5 7,830 19.60 0.28 8.43 0.43 NA NA 0.51 NA NA NA
Nat Mon, NM

43 08315480 Santa Fe River above Mcclure 12.9 9,850 23.61 0.44 11.79 0.63 0.65 NA 0.72 NA NA NA

Res, nr Santa Fe, NM
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Table 6. Calculated and predicted 4-day, 3-year low-flow frequency (4Q3) streamflow values (in cubic feet per second) and relevant basin characteristics for each streamgage used in regression analysis.—Continued

[Basin characteristics are available from the U.S. Geological Survey StreamStats application (USGS, 2021); calculated 4Q3 values were generated using the IDF plug-in in SWToolbox (Kiang and others, 2018). no., number; USGS,
U.S. Geological Survey; DA, drainage area, in square miles; E, mean basin elevation in feet above the National Geodetic Vertical Datum of 1929, except when noted as North American Vertical Datum of 1988 (NAVD 88); P, basin-
wide mean annual precipitation, in inches; S, mean basin slope; WP, mean basinwide precipitation for the winter period (from October to April), in inches; CO, Colorado; NA, not applicable; R, River; nr, near; NM, New Mexico;

C, Creek; ab, above; Ft., Fort; Nat. Mon., National Monument; Res, Reservoir; bl, below; Cr, Creek; EF, East Fork; Spgs., Springs; WF, West Fork; AZ, Arizona]

Predicted 403

Station Calculated

no. USGS site no. USGS station name DA E P S wp 403 Eq. Eq. Eq. Eq. Eq. Eq.
403-1a 403-1b 403-2 403-3 403-4 403-5

44 08316000 Santa Fe River near Santa Fe, 18.3 9,490 21.94 0.44 10.65 0.57 0.60 NA 1.20 NA NA NA
NM

45 08321500 Jemez R Bl East Fork nr Jemez 173 8,910 25.70 0.23 12.65 8.30 3.17 NA NA 4.34 NA NA
Springs, NM

46 08323000 Rio Guadalupe at Box Canyon 235 8,560 26.83 0.22 14.49 7.13 271 NA NA 9.58 5.29 NA
near Jemez, NM

47 08341300 Bluewater Cr ab Bluewater Dam 80.2 8,210 17.27 0.15 9.29 0.03 0.51 NA NA 0.09 NA NA
Bluewtr, NM

48 08349800 Rio Paguate below Jackpile Mine 113 7,710 13.24 0.12 5.74 0.04 NA NA NA 0.02 NA NA
near Laguna, NM

49 08377900 Rio Mora near Terrero, NM 53.8 10,310 36.67 0.29 18.15 3.38 5.33 NA 2.72 NA NA NA

50 08378500 Pecos River near Pecos, NM 172 10,100 33.44 0.31 16.95 16.00 14.54 NA NA 25.21 NA NA

51 08379500 Pecos River near Anton Chico, 1,040 7,540 19.17 0.19 7.63 0.80 NA NA NA NA 2.90 0.97
NM

52 08380500 Gallinas Creek near Montezuma, 76.3 8,700 27.32 0.31 11.86 1.92 0.98 NA NA 171 NA NA
NM

53 08381000 Gallinas Creek at Montezuma, 85.7 8,560 26.42 0.31 1121 0.30 0.91 NA NA 1.65 NA NA
NM

54 08383000 Pecos River at Santa Rosa, NM 2,560 6,690 16.82 0.13 5.97 6.37 NA NA NA NA NA 1.67

55 08383500 Pecos River near Puerto De Luna, 3,880 6,320 15.70 0.10 5.39 57.98 NA NA NA NA NA 2.28
NM

56 08386505 Rio Ruidoso at Ruidoso, NM 18.3 9,340 30.62 0.40 11.17 0.39 0.50 NA 1.02 NA NA NA

57 08387000 Rio Ruidoso at Hollywood, NM 120 7,840 23.41 0.27 8.17 3.88 NA NA NA 1.27 NA NA

58 08388000 Rio Ruidoso at Hondo, NM 290 7,240 20.42 0.26 6.73 0.31 NA NA NA NA 0.94 NA

59 08396500 Pecos River near Artesia, NM 15,600 5,170 14.70 0.07 4.57 24.69 NA NA NA NA NA 15.46

60 08397600 Rio Penasco near Dunken, NM 582 7,540 22.40 0.24 7.73 3.54 NA NA NA NA 4.38 NA

61 08405500 Black River above Malaga, NM 371 4,470 16.17 0.17 4.27 2.44 NA NA NA NA 0.23 NA

62 08481500 Tularosa Creek near Bent, NM 130 7,580 22.90 0.28 8.82 7.88 NA NA NA 1.25 NA NA

63 09339900 Ef San Juan R ab Sand Creek, nr 65.5 10,200 37.11 0.42 24.40 7.74 NA 10.19 7.57 NA NA NA
Pagosa Spgs, CO

64 09340000 East Fork San Juan River nr 90.9 10,100 35.61 0.43 23.13 10.48 NA 12.93 NA 13.51 NA NA

Pagosa Springs, CO
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Table 6. Calculated and predicted 4-day, 3-year low-flow frequency (4Q3) streamflow values (in cubic feet per second) and relevant basin characteristics for each streamgage used in regression analysis.—Continued

[Basin characteristics are available from the U.S. Geological Survey StreamStats application (USGS, 2021); calculated 4Q3 values were generated using the IDF plug-in in SWToolbox (Kiang and others, 2018). no., number; USGS,
U.S. Geological Survey; DA, drainage area, in square miles; E, mean basin elevation in feet above the National Geodetic Vertical Datum of 1929, except when noted as North American Vertical Datum of 1988 (NAVD 88); P, basin-
wide mean annual precipitation, in inches; S, mean basin slope; WP, mean basinwide precipitation for the winter period (from October to April), in inches; CO, Colorado; NA, not applicable; R, River; nr, near; NM, New Mexico;

C, Creek; ab, above; Ft., Fort; Nat. Mon., National Monument; Res, Reservoir; bl, below; Cr, Creek; EF, East Fork; Spgs., Springs; WF, West Fork; AZ, Arizona]

174

Station

Predicted 403

Calculated

no. USGS site no. USGS station name DA E P S wp 403 Eq. Eq. Eq. Eq. Eq. Eq.
403-1a 403-1b 403-2 403-3 403-4 403-5

65 09340500 Wf San Juan R ab Borns Lake, nr 40 11,100 43.16 0.44 29.24 8.85 NA 11.28 3.96 NA NA NA
Pagosa Spgs, CO

66 09341500 West Fork San Juan River near 85.4 10,400 37.65 0.41 24.76 15.27 NA 15.83 NA 17.74 NA NA
Pagosa Springs, CO

67 09342500 San Juan River at Pagosa Springs, 281 9,740 3341 0.37 21.18 32.58 NA 4411 NA NA 32.49 NA
Cco

68 09343000 Rio Blanco near Pagosa Springs, 57.8 10,000 38.18 0.44 25.88 8.39 NA 9.94 6.71 NA NA NA
CcOo

69 09344000 Navajo R at Banded Peak Ranch, 68.9 10,300 35.84 0.41 24.40 18.92 NA 9.12 7.67 NA NA NA
near Chromo, CO

70 09345500 Little Navajo River at Chromo, 224 9,010 26.08 0.23 16.06 0.07 NA 0.37 0.48 NA NA NA
Cco

71 09346000 Navajo River at Edith, CO 176 9,180 28.66 0.30 18.37 22.47 NA 10.45 NA 9.29 NA NA

72 09346400 San Juan River near Carracas, CO 1,250 8,390 24.97 0.27 15.09 93.49 NA 76.54 NA NA 24.88 42.02

73 09352900 Vallecito Creek near Bayfield, 725 11,300 40.21 0.54 25.47 13.81 NA 17.76 14.13 2111 NA NA
Cco

74 09355000 Spring Creek at La Boca, CO 58 6,940 17.24 0.15 10.03 2.46 NA NA 0.94 NA NA NA

75 09357500 Animas River at Howardsville, 57.5 11,900 37.45 0.52 23.50 11.73 NA 8.92 9.17 NA NA NA
Cco

76 09359000 Mineral Creek near Silverton, CO 44.4 11,600 36.51 0.49 22.80 10.95 NA 5.48 5.69 NA NA NA

77 09359500 Animas River at Tall Timber 359 111,200 35.95 0.49 22.44 75.03 NA 90.47 NA NA 75.06 NA
Resort above Tacoma, CO

78 09361000 Hermosa Creek near Hermosa, 168 19,590 29.92 0.43 18.37 12.66 NA 12.24 NA 11.48 NA NA
CO.

79 09361500 Animas River at Durango, CO 702 10,200 32.27 0.44 19.96 149.21 NA 130.38 NA NA 78.56 NA

80 09362000 Lightner Creek near Durango, 63.1 8,170 21.91 0.30 12.86 1.25 NA 0.63 3.84 NA NA NA
Cco

81 09363000 Florida River near Durango, CO 97.1 10,000 33.54 0.32 20.88 3.06 NA 10.38 NA 10.07 NA NA

82 09363100 Salt Creek near Oxford, CO 17.8 6,760 17.43 0.06 10.21 0.08 NA NA 0.03 NA NA NA

83 09363500 Animas River near Cedar Hill, 1,100 9,330 28.72 0.36 17.62 166.96 NA 132.56 NA NA 58.80 70.90
NM

84 09365000 San Juan River at Farmington, 7,180 7,710 19.82 0.21 11.47 324.21 NA NA NA NA NA 333.76

NM
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Table 6. Calculated and predicted 4-day, 3-year low-flow frequency (4Q3) streamflow values (in cubic feet per second) and relevant basin characteristics for each streamgage used in regression analysis.—Continued

[Basin characteristics are available from the U.S. Geological Survey StreamStats application (USGS, 2021); calculated 4Q3 values were generated using the IDF plug-in in SWToolbox (Kiang and others, 2018). no., number; USGS,
U.S. Geological Survey; DA, drainage area, in square miles; E, mean basin elevation in feet above the National Geodetic Vertical Datum of 1929, except when noted as North American Vertical Datum of 1988 (NAVD 88); P, basin-
wide mean annual precipitation, in inches; S, mean basin slope; WP, mean basinwide precipitation for the winter period (from October to April), in inches; CO, Colorado; NA, not applicable; R, River; nr, near; NM, New Mexico;

C, Creek; ab, above; Ft., Fort; Nat. Mon., National Monument; Res, Reservoir; bl, below; Cr, Creek; EF, East Fork; Spgs., Springs; WF, West Fork; AZ, Arizona]

Predicted 403

Station Calculated

no. USGS site no. USGS station name DA E P S wp 403 Eq. Eq. Eq. Eq. Eq. Eq.
403-1a 403-1b 403-2 403-3 403-4 403-5

85 09365500 La Plata River at Hesperus, CO 325 10,300 31.59 0.48 19.40 4.10 NA 1.68 3.35 NA NA NA

86 09366500 La Plata River at Colorado-New 309 7,600 19.22 0.17 11.38 0.18 NA NA NA NA 0.66 NA
Mexico State Line

87 09368500 West Mancos River near Mancos, 395 9,700 271.72 0.25 16.78 2.28 NA 1.12 1.31 NA NA NA
Cco

88 09369000 East Mancos River near Mancos, 12 9,690 28.28 0.41 17.12 0.35 NA 0.24 0.55 NA NA NA
Cco

89 09370600 Mancos River at Anitas Flat 158 8,300 22.02 0.19 13.17 0.87 NA 2.30 NA 1.32 NA NA
below Mancos, CO

90 09430500 Gila River near Gila, NM 1,860 7,450 20.08 0.23 9.01 22.86 NA NA NA NA 8.35 6.98

91 09431500 Gila River near Redrock, NM 2,830 6,900 19.06 0.23 8.54 11.53 NA NA NA NA NA 12.20

92 09442000 Gila River near Clifton, AZ 4,000 6,230 17.59 0.21 7.86 13.03 NA NA NA NA NA 15.93

93 09442680 San Francisco River near 332 7,800 20.50 0.20 9.73 1.60 NA NA NA NA 1.15 NA
Reserve, NM

94 09442692 Tularosa River above Aragon, 975 7,710 17.35 0.13 7.83 2.39 NA NA NA 0.12 NA NA
NM

95 09444200 Blue River near Clifton, AZ 505 6,850 22.48 0.33 10.84 1.53 NA NA NA NA 3.77 NA

96 09444500 San Francisco River at Clifton, 2,770 6,810 20.22 0.27 9.75 17.19 NA NA NA NA NA 22.69
AZ

INAVD 88.
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Table 7. Calculated and predicted adjusted harmonic mean (AHM) streamflow values (in cubic feet per second) and relevant basin characteristics for each streamgage used in regression analysis.

[Basin characteristics are available from the U.S. Geological Survey StreamStats application (USGS, 2021); calculated AHM values were generated using the IDF plug-in in SWToolbox (Kiang and others, 2018). no., number; USGS, U.S.
Geological Survey; DA, drainage area, in square miles; E, mean basin elevation, in feet above the National Geodetic Vertical Datum of 1929, except when noted as North American Vertical Datum of 1988 (NAVD 88); P, basinwide mean
annual precipitation, in inches; WP, mean basinwide precipitation for the winter period (from October to April), in inches; CO, Colorado; NA, not applicable; R, River; nr, near; NM, New Mexico; C, Creek; ab, above; Ft., Fort; Nat. Mon.,
National Monument; Res, Reservoir; bl, below; Cr, Creek; EF, East Fork; Spgs., Springs; WF, West Fork; AZ, Arizona]

Predicted AHM

Station Calculated

USGS site no. USGS station name DA E P WP AHM Eq. Eq. Eq. Eq. Eq.
AHM-1a AHM-1b AHM-2 AHM-3 AHM-4
1 07124200 Purgatoire River at Madrid, CO 504 8,390 19.78 8.52 30.51 14.89 NA NA 11.20 NA
2 07124500 Purgatoire River at Trinidad, CO 750 8,000 19.32 7.91 19.02 13.88 NA NA 20.77 NA
3 07126000 Purgatoire River near Alfalfa, CO 1,290 7,280 17.69 6.86 1.82 NA NA NA NA 3.67
4 07126200 Van Bremer Arroyo near Model, CO 162 5,520 13.43 4.80 0.12 NA NA 0.31 NA NA
5 07126300 Purgatoire River near Thatcher, CO 1,910 6,770 16.59 6.26 3.53 NA NA NA NA 4.53
6 07128500 Purgatoire River near Las Animas, CO 3,440 6,000 15.40 5.61 4.34 NA NA NA NA 7.16
7 07153500 Dry Cimarron R nr Guy, NM 529 6,250 16.59 5.16 1.46 NA NA NA 5.07 NA
8 07203000 Vermejo River near Dawson, NM 345 18,300 19.51 7.65 4,58 8.79 NA NA 5.18 NA
9 07205000 Sixmile Creek near Eagle Nest, NM 111 9,360 25.25 13.12 0.35 0.74 NA 1.20 NA NA
10 07208500 Rayado Creek near Cimarron, NM 61.2 9,500 21.79 8.30 4,74 5.57 NA 7.28 NA NA
11 07211500 Canadian River near Taylor Springs, NM 2,790 7,430 17.89 5.92 0.91 NA NA NA NA 6.56
12 07214500 Mora River near Holman, NM 62.5 9,370 26.67 12.45 3.49 4.92 NA 6.70 NA NA
13 07214800 Rio La Casa nr Cleveland, NM 22.6 10,200 35.03 17.02 4.84 3.99 NA 4.65 NA NA
14 07216500 Mora River near Golondrinas, NM 266 8,450 23.83 9.67 3.99 8.00 NA 12.87 8.73 NA
15 07220000 Sapello River at Sapello, NM 132 8,160 24.12 9.48 0.57 2.58 NA 4.94 NA NA
16 08220500 Pinos Creek near Del Norte, CO 52.7 10,500 31.04 21.39 6.47 13.64 NA 13.38 NA NA
17 08223500 Rock Creek near Monte Vista, CO 32.9 10,400 28.56 19.40 2.44 7.38 NA 7.81 NA NA
18 08236000 Alamosa River above Terrace Reservoir, CO 106 10,900 33.48 23.45 22.30 43.39 NA 35.46 NA NA
19 08240500 Trinchera C ab Turners Ranch, nr Ft Garland, CO 52.7 10,500 26.68 14.58 10.86 13.64 NA 13.38 NA NA
20 08242500 Ute Creek near Fort Garland, CO 40.4 10,100 25.56 13.47 4.07 6.77 NA 7.67 NA NA
21 08246500 Conejos River near Mogote, CO 281 10,500 34.23 24.09 81.12 84.56 NA 70.18 59.28 NA
22 08248000 Los Pinos River near Ortiz, CO 153 9,860 31.36 21.62 2241 22.41 NA 23.90 NA NA
23 08263000 Latir Creek near Cerro, NM 10.6 11,000 30.49 16.95 3.08 3.88 NA 3.89 NA NA
24 08267500 Rio Hondo near Valdez, NM 37.2 10,400 25.25 13.36 16.97 8.43 NA 8.82 NA NA
25 08268500 Arroyo Hondo at Arroyo Hondo, NM 66.7 9,400 20.61 10.40 13.01 5.47 NA 7.32 NA NA
26 08269000 Rio Pueblo De Taos near Taos, NM 63.1 9,610 22.17 11.29 6.59 6.50 NA 8.19 NA NA
27 08271000 Rio Lucero near Arroyo Seco, NM 16.9 10,700 25.91 13.88 7.04 4.82 NA 5.01 NA NA
28 08275500 Rio Grande Del Rancho near Talpa, NM 80.6 9,350 25.56 14.66 6.16 6.35 NA 8.48 NA NA
29 08275600 Rio Chiquito near Talpa, NM 38 9,360 23.72 12.61 3.44 2.83 NA 4.06 NA NA
30 08278500 Rio Santa Barbara nr Penasco, NM 39.2 10,900 34.89 20.35 3.97 14.67 NA 13.25 NA NA
31 08279000 Embudo Creek at Dixon, NM 320 9,040 24.10 13.31 18.75 19.99 NA NA 12.98 NA
32 08283500 Rio Chama at Park View, NM 396 9,490 31.84 2141 25.35 42.15 NA NA 77.84 NA
33 08284100 Rio Chama near La Puente, NM 473 9,310 30.43 20.17 58.27 41.78 NA NA 86.09 NA
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Table 7. Calculated and predicted adjusted harmonic mean (AHM) streamflow values (in cubic feet per second) and relevant basin characteristics for each streamgage used in regression analysis.—Continued

[Basin characteristics are available from the U.S. Geological Survey StreamStats application (USGS, 2021); calculated AHM values were generated using the IDF plug-in in SWToolbox (Kiang and others, 2018). no., number; USGS, U.S.
Geological Survey; DA, drainage area, in square miles; E, mean basin elevation, in feet above the National Geodetic Vertical Datum of 1929, except when noted as North American Vertical Datum of 1988 (NAVD 88); P, basinwide mean
annual precipitation, in inches; WP, mean basinwide precipitation for the winter period (from October to April), in inches; CO, Colorado; NA, not applicable; R, River; nr, near; NM, New Mexico; C, Creek; ab, above; Ft., Fort; Nat. Mon.,
National Monument; Res, Reservoir; bl, below; Cr, Creek; EF, East Fork; Spgs., Springs; WF, West Fork; AZ, Arizona]

Predicted AHM

Station 56 site no. USGS station name DA E P wp  Celoulated =0 Eq. Eq. Eq. Eq.
e AR AHM-1a AHM-1b AHM-2 AHM-3 AHM-4
34 08288000 El Rito near El Rito, NM 48.1 9,160 24.77 15.66 2.06 291 NA 4.36 NA NA
35 08289000 Rio Ojo Caliente at La Madera, NM 412 8,490 19.14 10.93 12.58 13.55 NA NA 6.54 NA
36 08290000 Rio Chama near Chamita, NM 3,070 7,980 19.26 10.50 57.08 NA NA NA NA 149.05
37 08291000 Santa Cruz River near Cundiyo, NM 92.3 9,200 20.98 10.72 13.95 6.21 NA 8.58 NA NA
38 08292000 Santa Clara Creek near Espanola, NM 36.7 8,620 23.20 11.02 0.83 1.14 NA 2.10 NA NA
39 08294300 Rio Nambe at Nambe Falls, nr Nambe, NM 34.3 9,320 20.51 10.00 5.98 242 NA 3.55 NA NA
40 08295000 Rio Nambe near Nambe, NM 38.4 9,050 19.81 9.52 4.41 2.01 NA 3.18 NA NA
41 08302500 Tesuque Creek above Diversions near Santa Fe, NM 11.6 9,070 18.10 8.32 0.27 0.56 NA 0.99 NA NA
42 08313350 Rito De Los Frijoles In Bandelier Nat Mon, NM 18.5 7,830 19.60 8.43 0.45 NA NA 0.52 NA NA
43 08315480 Santa Fe River above Mcclure Res, nr Santa Fe, NM 12.9 9,850 23.61 11.79 1.89 1.50 NA 2.05 NA NA
44 08316000 Santa Fe River near Santa Fe, NM 18.3 9,490 21.94 10.65 0.99 1.48 NA 2.19 NA NA
45 08321500 Jemez R Bl East Fork nr Jemez Springs, NM 173 8,910 25.70 12.65 13.18 8.77 NA 12.55 NA NA
46 08323000 Rio Guadalupe at Box Canyon near Jemez, NM 235 8,560 26.83 14.49 14.23 8.02 NA 12.55 12.57 NA
47 08341300 Bluewater Cr ab Bluewater Dam Bluewtr, NM 80.2 8,210 17.27 9.29 0.23 1.60 NA 3.16 NA NA
48 08349800 Rio Paguate below Jackpile Mine near Laguna, NM 113 7,710 13.24 5.74 0.30 NA NA 2.76 NA NA
49 08377900 Rio Mora near Terrero, NM 53.8 10,310 36.67 18.15 10.35 11.50 NA 11.90 NA NA
50 08378500 Pecos River near Pecos, NM 172 10,100 33.44 16.95 38.60 32.83 NA 32.18 NA NA
51 08379500 Pecos River near Anton Chico, NM 1,040 7,540 19.17 7.63 5.63 NA NA NA NA 4.36
52 08380500 Gallinas Creek near Montezuma, NM 76.3 8,700 27.32 11.86 5.59 2.79 NA 4.66 NA NA
53 08381000 Gallinas Creek at Montezuma, NM 85.7 8,560 26.42 11.21 1.37 2.67 NA 4.62 NA NA
54 08383000 Pecos River at Santa Rosa, NM 2,560 6,690 16.82 5.97 13.53 NA NA NA NA 5.90
55 08383500 Pecos River near Puerto De Luna, NM 3,880 6,320 15.70 5.39 108.55 NA NA NA NA 7.18
56 08386505 Rio Ruidoso at Ruidoso, NM 18.3 9,340 30.62 11.17 1.57 1.25 NA 1.94 NA NA
57 08387000 Rio Ruidoso at Hollywood, NM 120 7,840 2341 8.17 7.32 NA NA 3.32 NA NA
58 08388000 Rio Ruidoso at Hondo, NM 290 7,240 20.42 6.73 2.06 NA NA 4.36 4.72 NA
59 08396500 Pecos River near Artesia, NM 15,600 5,170 14.70 4.57 114.90 NA NA NA NA 34.48
60 08397600 Rio Penasco near Dunken, NM 582 7,540 22.40 7.73 6.31 NA NA NA 27.24 NA
61 08405500 Black River above Malaga, NM 371 4,470 16.17 4.27 6.62 NA NA NA 2.31 NA
62 08481500 Tularosa Creek near Bent, NM 130 7,580 22.90 8.82 12.64 NA NA 2.79 NA NA
63 09339900 Ef San Juan R ab Sand Creek, nr Pagosa Spgs, CO 65.5 10,200 37.11 24.40 20.98 NA 26.44 13.33 NA NA
64 09340000 East Fork San Juan River nr Pagosa Springs, CO 90.9 10,100 35.61 23.13 27.60 NA 33.46 17.12 NA NA
65 09340500 ‘Wf San Juan R ab Borns Lake, nr Pagosa Spgs, CO 40 11,100 43.16 29.24 22.10 NA 25.46 15.50 NA NA
66 09341500 West Fork San Juan River near Pagosa Springs, CO 85.4 10,400 37.65 24.76 19.90 NA 37.96 20.08 NA NA
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Table 7. Calculated and predicted adjusted harmonic mean (AHM) streamflow values (in cubic feet per second) and relevant basin characteristics for each streamgage used in regression analysis.—Continued

[Basin characteristics are available from the U.S. Geological Survey StreamStats application (USGS, 2021); calculated AHM values were generated using the IDF plug-in in SWToolbox (Kiang and others, 2018). no., number; USGS, U.S.
Geological Survey; DA, drainage area, in square miles; E, mean basin elevation, in feet above the National Geodetic Vertical Datum of 1929, except when noted as North American Vertical Datum of 1988 (NAVD 88); P, basinwide mean
annual precipitation, in inches; WP, mean basinwide precipitation for the winter period (from October to April), in inches; CO, Colorado; NA, not applicable; R, River; nr, near; NM, New Mexico; C, Creek; ab, above; Ft., Fort; Nat. Mon.,
National Monument; Res, Reservoir; bl, below; Cr, Creek; EF, East Fork; Spgs., Springs; WF, West Fork; AZ, Arizona]

/14

Predicted AHM

Station 56 site no. USGS station name DA E P wp  Celoulated =0 Eq. Eq. Eq. Eq.
e AR AHM-1a AHM-1b AHM-2 AHM-3 AHM-4
67 09342500 San Juan River at Pagosa Springs, CO 281 9,740 33.41 21.18 91.87 NA 99.83 39.76 52.47 NA
68 09343000 Rio Blanco near Pagosa Springs, CO 57.8 10,000 38.18 25.88 23.22 NA 25.28 10.14 NA NA
69 09344000 Navajo R at Banded Peak Ranch, near Chromo, CO 68.9 10,300 35.84 24.40 44.41 NA 24.75 15.09 NA NA
70 09345500 Little Navajo River at Chromo, CO 224 9,010 26.08 16.06 0.77 NA 214 1.80 NA NA
71 09346000 Navajo River at Edith, CO 176 9,180 28.66 18.37 52.68 NA 33.40 15.99 NA NA
72 09346400 San Juan River near Carracas, CO 1,250 8,390 24.97 15.09 195.97 NA 202.34 NA NA 202.79
73 09352900 Vallecito Creek near Bayfield, CO 725 11,300 40.21 25.47 41.50 NA 39.64 31.97 NA NA
74 09355000 Spring Creek at La Boca, CO 58 6,940 17.24 10.03 4.99 NA NA 0.64 NA NA
75 09357500 Animas River at Howardsville, CO 575 11,900 37.45 23.50 27.65 NA 23.44 37.58 NA NA
76 09359000 Mineral Creek near Silverton, CO 44.4 11,600 36.51 22.80 31.03 NA 15.83 23.99 NA NA
77 09359500 Animas River at Tall Timber Resort above Tacoma, CO 359 111,200 35.95 22.44 51.15 NA 172.79 NA 119.25 NA
78 09361000 Hermosa Creek near Hermosa, CO 168 19,590 29.92 18.37 15.45 NA 36.87 21.25 NA NA
79 09361500 Animas River at Durango, CO 702 10,200 32.27 19.96 329.80 NA 257.44 NA 239.90 NA
80 09362000 Lightner Creek near Durango, CO 63.1 8,170 21.91 12.86 3.46 NA 3.86 2.40 NA NA
81 09363000 Florida River near Durango, CO 97.1 10,000 33.54 20.88 10.13 NA 29.19 16.95 NA NA
82 09363100 Salt Creek near Oxford, CO 17.8 6,760 17.43 10.21 0.63 NA NA 0.16 NA NA
83 09363500 Animas River near Cedar Hill, NM 1,100 9,330 28.72 17.62 397.85 NA 287.30 NA NA 361.24
84 09365000 San Juan River at Farmington, NM 7,180 7,710 19.82 11.47 871.14 NA NA NA NA 1,031.31
85 09365500 La Plata River at Hesperus, CO 325 10,300 31.59 19.40 11.08 NA 6.55 7.17 NA NA
86 09366500 La Plata River at Colorado-New Mexico State Line 309 7,600 19.22 11.38 2.62 NA NA NA 3.92 NA
87 09368500 ‘West Mancos River near Mancos, CO 39.5 9,700 27.72 16.78 7.78 NA 5.17 5.53 NA NA
88 09369000 East Mancos River near Mancos, CO 12 9,690 28.28 17.12 1.65 NA 1.38 1.69 NA NA
89 09370600 Mancos River at Anitas Flat below Mancos, CO 158 8,300 22.02 13.17 4,16 NA 11.49 6.71 NA NA
90 09430500 Gila River near Gila, NM 1,860 7,450 20.08 9.01 70.01 NA NA NA NA 28.30
91 09431500 Gila River near Redrock, NM 2,830 6,900 19.06 8.54 57.07 NA NA NA NA 4455
92 09442000 Gila River near Clifton, AZ 4,000 6,230 17.59 7.86 39.07 NA NA NA NA 53.01
93 09442680 San Francisco River near Reserve, NM 332 7,800 20.50 9.73 6.03 NA NA NA 6.19 NA
94 09442692 Tularosa River above Aragon, NM 97.5 7,710 17.35 7.83 3.05 NA NA 2.38 NA NA
95 09444200 Blue River near Clifton, AZ 505 6,850 22.48 10.84 4.62 NA NA NA 21.32 NA
96 09444500 San Francisco River at Clifton, AZ 2,770 6,810 20.22 9.75 61.87 NA NA NA NA 85.03
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Suggested Uses and Application of Regression Equations

The regression equations presented herein can be used to estimate adjusted harmonic mean and 4Q3 flow values at ungaged
stream locations throughout the State of New Mexico. Regression equations specific to the magnitude of the basin areas were
intentionally created with overlapping area-based bins. The overlapping bins were helpful in computing the regression equations
because they allowed for larger populations for each set of regressions. Hydrologic judgement and knowledge about an area will
be helpful in deciding which of the applicable equations is best for that location or if it is preferable to solve multiple applicable
equations and then apply a weighting value to each for an integrated value. The general procedures for estimation of adjusted
harmonic mean and 4Q3 flow values are illustrated in this section.

When solving for either 4Q3 or adjusted harmonic mean flow statistics for basins with average basin elevations equal to or
greater than 8,000 ft, the equations designed for high elevation basins will produce satisfactory results for the majority of basins,
particularly those specific to the portion of the San Juan Subregion that lies in the study area. When solving 4Q3 or adjusted
harmonic mean for basins with average elevations of less than 8,000 ft, the equation should be selected on the basis of the basin
area. For those basins whose areas fall into more than one basin-area region, results can be computed for both applicable basin-
area regions and then weighted inversely proportional to the root mean square error (for 4Q3) or residual standard error (for
adjusted harmonic mean) for each applicable region to produce estimates that would be more reliable than the results from either
individual method.

For 4Q3, the equation for weighing computed values is as follows:

RIVISEeqn n X Qeqn nl + RI\/ISEeqn nl X Qeqn n

Qweighted = RMSEeqn N + RMSEeqn o > (4)
where
Queighea 18 the weighted streamflow value,
RMSE,  is the root mean square error for the chosen equation,
Qeqrx 18 the streamflow computed from the chosen equation,
egqnn is the first chosen equation, and
eqnnl s the second chosen equation.
For adjusted harmonic mean, the equation for weighing computed values is as follows:
_ RSEeqnn X Qeqn nl + RSEeqn nl x Qeqnn
Qweighted - RSE + RSE ’ (5)

eqnn eqnnl

where
RSE, s the residual standard error for the chosen equation.

Example Solutions

Example 1: Solving 4Q3 for a tributary to the Rio Grande with a drainage area of 60 mi2 and an average basin elevation
of 9,200 ft.—In this example, because the average basin elevation is greater than 8,000 ft but the basin is not a tributary to the
San Juan River, the best results will be obtained by using the statewide equation for basins having average elevations equal to or
greater than 8,000 ft (eq. 4Q3-1a) as follows:

4Q3,, = DAL x E1220 x g-11537
4Q3,,= (60)18 x 9,2001220 x g-11537
4Q3 = 1.49 ft¥/s

Example 2: Solving adjusted harmonic mean for a basin with a drainage area of 250 mi2, an average basin elevation of
6,800 ft, and annual precipitation of 22.5 in.—Because the average basin elevation in this example is less than 8,000 ft, the
high-elevation equations cannot be used. The user must instead select the appropriate basin area equations. The basin area of
250 mi? is included in the range for two different basin area equations, equations AHM-2 and AHM-3, which represent the drain-
age areas that are less than 300 mi? and drainage areas between 200 and 1,000 mi2. Each of the two applicable equations will be
solved and then they will be combined and weighted using standard errors according to equation 5



26 Regression Eqgs. for Estimating 4-Day, 3-Year Low-Flow Frequency and Adjusted Harmonic Mean Streamflow

Solution: Equation AHM-2

AH M2 = DA09 x E7.56 x @-71.33
AHM, = 25009 x 6,800755 x g-7133
AHM, = 2.34 ft¥/s

Solution: Equation AHM-3

AHM, = DAL x P50L x 2405
AHM, = 250185 x 22,5501 x g-2405
AHM, = 5.83 ft3/s

Weighting using equation 5 and an RSE of 4.94 ft3/s for equation AHM-2 and an RSE of 5.32 ft3/s for equation AHM-3:

_ 494 x5.83+5.32%x2.34

Qweighted - 494 +5.32
_ 28.80 +12.45
Queighted = 1026

Queighted = 4.02 ft¥/s

Discussion and Limitations of Use

Regression equations for those basins having average elevations equal to or greater than 8,000 ft consistently performed
better than total-state equations based on basin area. Those streamgages in basins with average elevations equal to or greater
than 8,000 ft that were also in the portion of the San Juan Subregion that lies in the study area performed even better than the
statewide aggregation of streamgages with average basin elevations equal to or greater than 8,000 ft.

The basin area regionalized groupings with the least error are the grouping with basin areas less than 75 mi2 for 4Q3 predic-
tion and basin areas less than 300 mi? for adjusted harmonic mean prediction, likely because these groupings included the largest
number of streamgages in regression analysis. Pseudo R-squared values ranged from 0.53 to 0.87 for the set of 4Q3 regression
equations, with the lowest value associated with the DA>1,000 mi? region, which included the fewest number of streamgages
in the dataset as well as covering the largest range of drainage area. Adjusted R-squared values for the set of adjusted harmonic
mean regression equations ranged from 0.69 (DA<300 mi?) to 0.89 (E > 8,000 ft, San Juan and tribs). Regression equations
should only be used for those basins whose characteristic variables fall in the range of those used in the generation of the regres-
sion equations (table 3). Applications of regression equations for basins outside of the range used for the regression analysis
should be thought of as having questionable reliability.

Comparison With Previous Regression Equations

Adjusted harmonic mean equations have not previously been published for the State of New Mexico. Prior to this study, the
most recent set of regression equations used to estimate 4Q3 at ungaged, perennial, unregulated streams in New Mexico were
presented in Waltemeyer (2002). Two equations were developed by Waltemeyer (2002) using 50 streamgages: an equation for
sites representing basins with mean elevations greater than 7,500 ft, termed “mountainous,” and an equation for the State below
7,500 ft. The equations presented in this report were based on a larger population of streamgages and an additional 20 years of
potential record than were included in Waltemeyer (2002). A comparison of basin and climate characteristics used in this study
and Waltemeyer (2002) are outlined in table 8. Despite the larger population and longer period of record, errors associated with
4Q3 regression equations for some populations exceeded 500 percent. High standard errors of estimate have been noted in simi-
lar studies in arid regions and may reflect the extreme variability in conditions that affect streamflow in New Mexico (Thomas
and others, 1997).

The Waltemeyer (2002) mountainous equation was developed using 40 streamgages, had an R-squared value of 0.66, and a
root mean squared error (RMSE) of 94 percent. The statewide equation in the same study was developed using 50 streamgages,
40 of which were also used in the mountainous assessment, had an R-squared value of 0.48, and an RMSE of 126 percent. In
comparison, this study incorporated 96 streamgages, 67 of which were considered for high-elevation equation development.
Details of the regression errors, fit statistics, and number of streamgages are provided in table 9. The two studies used two



different versions of the coefficient of determination, with this
study using the R?,,,4, because of the use of the WLS regres-
sion method. The R?,,4, metric is based on the variability in
the dependent variables explained by the regression (Farmer
and others, 2019). Waltemeyer (2002) presents the R? metric
for the two equations, which potentially overstates the fits of
the models because it does not adjust for the number of inde-
pendent variables used in the regressions.

The Pseudo R? of equations 4Q3-1a and 4Q3-1b, for sites
with a mean basin elevation equal to or greater than 8,000 ft,
are higher than the R? value of Waltemeyer’s mountainous
equation for sites located with mean basin elevations equal to
or greater than 7,500 ft, and the corresponding RMSE values
are lower for this study’s equations 4Q3-1a and 4Q3-1b.

Waltemeyer (2002) developed a single equation to apply
to all sites in New Mexico below 7,500 ft elevation, whereas
this study developed four equations based on the drainage area
basin characteristic. Although subdividing the streamgages
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into multiple groupings has resulted in a larger RMSE in
three of the four new equations, all have a Pseudo R? value
equal to or larger than the R? values presented in Waltemeyer
(2002). The RMSE measures the average magnitude of error,
and the errors, in this case residuals, are squared before they
are averaged. As such, higher errors have more influence on
the RMSE.

An effort was made to compare the performance of
Waltemeyer’s mountainous regions equation and this study’s
high elevation 4Q3 equations, as these are the most directly
comparable equations. The estimated 4Q3 values from
Waltemeyer (2002) and this study were compared both visu-
ally and statistically against the computed 4Q3 values from
this study. Basin characteristics from this dataset were used
in this comparison analysis. Because Waltemeyer developed
the mountainous equation using streamgages with mean
basin elevations equal to or greater than 7,500-ft elevation, as
opposed to those with mean basin elevation equal to or greater

Table 8. Comparison of basin and climate characteristics used in Waltemeyer (2002) and this study.

[DA, contributing drainage area, in square miles; E, mean basin elevation in feet above the National Geodetic Vertical
Datum of 1929; P, mean annual basinwide precipitation, in inches; WP, mean basinwide precipitation for the winter
period (from October to April), in inches; S, mean basin slope, in feet over feet]

Study parameter Waltemeyer (2002) This study
Number of streamgages 50 96
High elevation streamgage 40 67
DA 1.62-5,900 10.6-15,600

3,730-11,100 4,470-11,900

Not used 13.23-43.16
WP 3.89-19.42 4.27-29.24
S 0.025-0.517 0.03-0.54

Table 9. Regression and error summary of Waltemeyer (2002) and this study.

[n, number of streamgages; R, coefficient of determination; Pseudo R2, pseudo coefficient of determination; RMSE,
root mean square error, in percent; NA, not applicable; E, mean basin elevation in feet (ft) above National Geodetic
Vertical Datum of 1929; eq., equation; tribs, tributaries; DA, contributing drainage area, in square miles; >, greater

than or equal to; <, less than; >, greater than]

Descriptor n R2 Pseudo R? RMSE
Waltemeyer (2002)
Statewide 50 0.48 NA 126
Mountainous 40 0.66 NA 94
This study
E > 8,000 ft (eq. 1a) 44 NA 0.72 86
E > 8,000 ft, San Juan and tribs (eq. 1b) 23 NA 0.87 76
DA<75 (eq. 2) 39 NA 0.75 80
70<DA<250 (eq. 3) 23 NA 0.66 295
200<DA<2,000 (eq. 4) 26 NA 0.67 176
DA>1,000 (eq. 5) 16 NA 0.53 341
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than 8,000 ft as used in this study, only sites representing a
mean basin elevation at or above 8,000 ft were included in this
comparison, for a total of 66 sites. Results from this study’s
equations 4Q3-1a and 4Q3-1b were combined for the purposes
of this comparison analysis.

The distributions of the calculated 4Q3, the Waltemeyer
mountainous 4Q3 estimates, and this study’s high elevation
4Q3 estimates are shown in figure 4. Whereas the medians
and first quartile of the three populations are similar, the third
quartile of the Waltemeyer (2002) data indicates a general
overestimation of 4Q3 when compared to the calculated value,
although the Waltemeyer (2002) outliers on the upper end of

403 Mountainous Equations 403

the y-axis are generally lower than the computed outliers and
this study’s outliers. The interquartile ranges of the three popu-
lations quantify this visual difference and are listed in table 10.

Based on the above analysis, the high-elevation equations
in this study (egs. 4Q3-1a and 4Q3-1b) represent an improved
estimation for 4Q3 on ungaged, perennial streams in New
Mexico over the Waltemeyer (2002) estimates. It should be
noted again that this study’s high-elevation equation develop-
ment used data from substantially more streamgages than were
available to Waltemeyer (2002) and longer available stream-
flow periods of record, as much as 20 years.

180
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Figure 4. Differences between the computed and estimated 4-day, 3-year low-flow frequency (4Q3) streamflow

values for high elevation, mountainous streamgages.

Table 10. Median and interquartile range of 4-day, 3-year low-flow frequency (4Q3) streamflow
populations of mountainous (Waltemeyer, 2002) and high-elevation (calculated 4Q3 and this study)

locations.

Streamflow population Median Interquartile range
Calculated 4Q3 3.76 8.68
Waltemeyer (2002) 2.98 23.78
This study 3.17 9.16




Summary

The State of New Mexico is required by the New Mexico
Water Quality Act and the Federal Clean Water Act to adopt
water-quality standards to protect and enhance the quality of
water and to protect water quality through the creation of plan-
ning documents and discharge permits. The U.S. Geological
Survey calculated the 4-day, 3-year low-flow frequency (4Q3)
and adjusted harmonic mean streamflows at 96 streamgages
on perennial streams in New Mexico and adjacent States, and
developed regression equations to estimate these parameters at
ungaged, perennial streams using the weighted least-squares
method. Basin and climatic characteristics used in equation
development were obtained from StreamStats. Six equa-
tions were developed for the estimation of the 4Q3 statistic,
and five equations were developed for the estimation of the
adjusted harmonic mean statistic. Regionalization of regres-
sion based on mean basin elevation provided the equations
with the lowest residuals and the highest adjusted R? values,
and locations in the San Juan River watershed, including
tributaries to the San Juan River, with mean basin elevations
equal to or greater than 8,000 feet above the National Geodetic
Vertical Datum of 1929 (except where noted as the North
American Vertical Datum of 1988) grouped into a single,
separate region. For sites with mean basin elevations less
than 8,000 feet above the National Geodetic Vertical Datum
of 1929 (except where noted as the North American Vertical
Datum of 1988), equations for both low-flow statistics were
developed based on drainage area size. Drainage area, mean
basin elevation, basinwide mean annual precipitation, mean
basin slope, and mean basinwide precipitation for the win-
ter period were found to have relations to the 4Q3; drainage
area, mean basin elevation, basinwide mean annual precipita-
tion, and mean basinwide precipitation for the winter period
were found to have relations to the adjusted harmonic mean.
Pseudo R? values ranged from 0.53 to 0.87 (4Q3) and from
0.69 to 0.89 (adjusted harmonic mean). Regression equations
developed for drainage-area based regions were intention-
ally designed to have overlapping drainage area ranges, and a
process of solving multiple applicable equations and applying
a weight to each value before integrating for a single value
was described. A visual and statistical comparison to previ-
ous high elevation 4Q3 regression equations was performed
and indicated an improvement in performance over those
presented in an earlier study, with the note that the popula-
tion of streamgages and length of record were expanded with
this study. The interquartile ranges of the calculated 4Q3s,
regressed values from an earlier study, and regressed val-
ues from this study indicate that this study’s high-elevation
regressed 4Q3s compare more favorably to the calcu-
lated 4Q3s.
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