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Conversion Factors 

Inch/Pound to SI 
Multiply By To obtain 

Length 

foot (ft) 0.3048 meter (m) 

mile (mi) 1.609 kilometer (km) 

Area 

acre 0.4047 hectare (ha) 

square foot (ft2)  0.09290 square meter (m2) 

square mile (mi2) 259.0 hectare (ha) 

square mile (mi2)  2.590 square kilometer (km2)  

Volume 

gallon (gal)  3.785 liter (L)  

gallon (gal)  0.003785 cubic meter (m3)  

million gallons (Mgal)   3,785 cubic meter  (m3) 

cubic foot (ft3)  0.02832 cubic meter (m3)  

acre-foot (acre-ft)    1,233 cubic meter (m3) 

Flow rate 

acre-foot per year (acre-ft/yr)   1,233 cubic meter per year (m3/yr) 

cubic foot per second (ft3/s)  0.02832 cubic meter per second (m3/s) 

gallon per minute (gal/min)  0.06309 liter per second (L/s) 

gallon per day (gal/d)  0.003785 cubic meter per day (m3/d) 

million gallons per day (Mgal/d)  0.04381 cubic meter per second (m3/s) 

Specific capacity 

gallon per minute per foot  
[(gal/min)/ft)] 

 0.2070 liter per second per meter 
[(L/s)/m] 

Hydraulic conductivity 

foot per day (ft/d)  0.3048 meter per day (m/d) 

Hydraulic gradient 

foot per mile (ft/mi)  0.1894 meter per kilometer (m/km) 

Transmissivity* 

foot squared per day (ft2/d)  0.09290 meter squared per day (m2/d)  

Leakance 

foot per day per foot [(ft/d)/ft] 1 meter per day per meter 

inch per year per foot [(in/yr)/ft] 83.33 millimeter per year per meter 
[(mm/yr)/m] 

 



 

14-vii 

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows: 

°F=(1.8×°C)+32 

Temperature in degrees Fahrenheit (°F) may be converted to degrees  Celsius (°C) as follows: 

°C=(°F-32)/1.8 

Vertical coordinate information is referenced to the insert datum name (and abbreviation) here for instance, “North 

American Vertical Datum of 1988 (NAVD 88).” 

Horizontal coordinate information is referenced to the insert datum name (and abbreviation) here for instance, 

“North American Datum of 1983 (NAD 83).” 

Altitude, as used in this report, refers to distance above the vertical datum. 

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times foot of aquifer 

thickness [(ft3/d)/ft2]ft. In this report, the mathematically reduced form, foot squared per day (ft2/d), is used for 

convenience. 

NOTE TO USGS USERS: Use of hectare (ha) as an alternative name for square hectometer (hm2) is restricted to 

the measurement of small land or water areas. Use of liter (L) as a special name for cubic decimeter (dm3) is 

restricted to the measurement of liquids and gases. No prefix other than milli should be used with liter. Metric ton (t) 

as a name for megagram (Mg) should be restricted to commercial usage, and no prefixes should be used with it. 
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Compilation and Evaluation of Groundwater Levels in the 

South Platte River Alluvial Aquifer, Colorado, 1953-2012 

Tristan P. Wellman 

ABSTRACT 

An investigation of groundwater levels within the South Platte River alluvial aquifer was performed in 

cooperation with the Colorado Water Institute and  Colorado Water Conservation Board as a component 

of Colorado House Bill 1278. Groundwater level data from 1,670 wells with more than 150,000 

observations were collected from Federal, State, and local agencies and examined for calendar years 

1953-2012.  Focus is placed on describing spatial and temporal patterns of high groundwater levels, 

defined as locations where depth to groundwater is less than 10 feet below land surface. Groundwater 

levels were evaluated temporally over decadal periods and cumulatively for the 60-year record. 

Groundwater levels were evaluated spatially per well site and over regions defined by subwatershed 

catchments. Wells and subwatersheds suitable for analysis were used to examine changes in 

groundwater levels,  frequency of high groundwater conditions, and anomalies of high groundwater 

areas.   

Results show about 28 percent of groundwater levels recorded over the last 60 years indicate 

conditions of high groundwater. Areas of high groundwater have occured in most areas of the aquifer 

and in some areas high groundwater is commonplace. Groundwater levels have both risen and fallen 

over the period of record from 1953-2012, depending on the decade and spatial location examined. As a 
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likely response to curtailment of pumping in 2002-03 by the State,  groundwater levels have increased 

sharply over the last last decade (2003-2012) where approximately 89 percent of the wells evaluated 

indicate trends of  rising water. Over the complete 60 year period,  however, about 60 percent of 

evaluated wells with trends in groundwater levels indicate lowering water levels, particularly near the 

river. On average, about 14 percent of wells show a significant trend in groundwater levels per decade 

with a maximum of 33 percent in the recent decade (2003-2012).  

Trends in groundwater levels were also examined per subwatershed over the complete 60 year 

period. Results were found to agree closely with those determined for individual wells, but also indicate 

a broader mixture of areas where groundwater levels are rising or falling. The majority of areas showing 

groundwater decline occur south of the South Platte River along the tributaries and west of Greeley and 

LaSalle and where Crow Creek intersects the South Platte River. The main areas of groundwater rise 

occur near Fort Morgan, Sterling, and Julesburg. Overall, less than half of the watersheds intersecting 

the South Platte River show significant trends in groundwater levels. Beginning west of Fort Morgan 

about 30 miles near the confluence of Lost Creek and the South Platte River, and moving eastward to 

Julesburg, groundwater levels in subwatersheds have risen or experienced little change over the 60-year 

record. Moving westward along the South Platte River from the same location, trends in groundwater 

levels are mixed, although subwatersheds along the western edge of the South Platte alluvial show 

primarily groundwater decline. 

Areas of high-water are most prevalent near Gilcrest, LaSalle, and Fort Morgan, from Sterling to 

Julesburg, and at the confluence of Lost Creek with the South Platte River near Riverside Reservoir.  

Areas with significantly higher frequencies of high groundwater levels (statistical anomalies) occur 

between Gilcrest and Fort Morgan in isolated subwatershed regions and  between Sterling and Julesburg 

in a contiguous cluster of interconnected subwatersheds.  
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To examine potential causes of high groundwater conditions in the South Platte alluvial aquifer, 

correlations were examined between frequencies of high groundwater levels observed in wells from 

years 2003 to 2012 and 41 attributes that describe characteristics of the aquifer and diversion structures. 

Of the 13 geographic attributes evaluated, 9 attributes show statistically significant correlations. 

Strongest positive correlations were identified for well elevation and the relative position of wells 

within local subwatersheds and South Platte alluvial aquifer. Results indicate that wells lower in 

elevation within the aquifer or subwatershed exhibit higher frequencies of high groundwater levels. In 

terms of surface water, wells located closer to the South Platte River show greater frequencies of high 

groundwater levels, while those closer to tributaries of the South Platte River show lower frequencies of 

high groundwater levels. The latter effect is evident because many of the tributary channels have a low 

frequency of high groundwater levels, particularly south of the main stem of the South Platte River. Of 

the 28 attributes of diversion structures examined, 20 attributes show statistically significant relations. 

The greatest positive correlations occur for wells or well fields. The results indicate that areas near 

pumping wells or areas where the decree rate of pumping is relatively high tend to experience lower 

frequencies of high groundwater levels. Other significant positive correlations occur for reservoirs and 

ditches, but at lower magnitudes than wells or well fields. The greatest negative correlations to high 

groundwater levels occur for number of wells, well fields, and augmentation plans. In this case, where 

there are more structures there tend to be lower frequencies of high groundwater levels. 

In addition to examining groundwater levels and relations to high groundwater levels, a 

preliminary monitoring well network composed of three subnetworks was designed to measure 

groundwater levels in the South Platte alluvial aquifer. The primary subnetwork consisting of 96 

monitoring wells was designed to measure ambient groundwater conditions. Two additional monitoring 

subnetworks were designed to target areas of hydrologic interest (two targets, 20 wells) and areas 
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potentially affected by diversion structures (four targets, 80 wells). The complete network consisting of 

three subnetwork incorporates wells managed by several Federal, State, and Local agencies, and 

demonstrates the benefit of gathering community resources in a unifying manner to establish an optimal 

network for the region. Field reconnaissance is proposed to further evaluate field variables, geologic 

logs, record correctness, and site accessibility for each of the proposed wells. The proposed monitoring 

plan to be finalized through discussions with affliated members will provide for an improved foundation 

to interpret groundwater data from various data-collection efforts in the South Platte alluvial aquifer. 

 

INTRODUCTION 

The South Platte River Basin is an important resource of water for communities, agriculture, 

industry, and energy exploration  in eastern Colorado. The South Platte River and underlying alluvial 

aquifer serve water to some of the most populous areas of the State. According to the 2000 census, 

approximately 3 million people —70 percent of the State’s population — live in the South Platte River 

Basin. The area boasts 1,000,000 acres of the State’s most productive irrigated agricultural land, and 1.1 

million acre-feet of water storage capacity in 22 large reservoirs. Fertile alluvial soils in the basin 

produce irrigated corn, alfalfa, sugar beets, pinto beans, and market vegetables.  The prevalence of feed 

and proximity to large markets encourages the development of large feedlot and dairy operations.  

The South Platte River Basin will be facing recurring challenges to satisfy water needs of a 

population that is expected to double in size between 1969 to 2030 (U.S. Census Bureau). The South 

Platte River currently (2013) is “over-appropriated” and governed by senior administrative calls. 

Because the river is over-appropriated the amount of water granted to existing water rights exceeds the 



 

14-5 

available water supply.  Administrative calls by a senior water user are a request to authorities to 

regulate the river by shutting off junior water rights so that the senior user receives the full amount of 

their entitled water rights. Although there are instances of “free river” (i.e. water flow in surplus of the 

amount subject to water rights) in the spring runoff months and following large storm events, for most 

of the irrigation season the river serves only water rights with priority dates pre-dating 1900. In the 

winter months the river is dedicated to filling reservoirs with priority dates pre-dating 1915. Water 

rights junior to these dates take water on an available basis during times of high flow or low demand.  

Extending through the 1950s, agricultural producers were not aware of, or concerned with, the 

potential effects of well pumping on surface flows in the South Platte alluvial aquifer. Since then, with 

increases in development and associated demand, water resources have become increasingly important. 

In 1966, the Colorado General Assembly funded a study of the interaction between the South Platte 

alluvial aquifer and the surface-water flows in the South Platte River. The general assembly considered  

the findings of the study in passing the Water Right Determination and Administration Act of 1969 

(article 92 of title 37, Colorado Revised Statutes). Augmentation plans still authorized by the 1969 act 

are operating on a large scale in the South Platte River Basin. Although many scientific and 

technological advances have occurred since the 1960s, no comprehensive study has been conducted 

thereafter regarding the effect of alluvial groundwater usage on the South Platte River.  

By the year 2002, the network of structures deriving water from the South Platte alluvial aquifer 

had grown substantially in complexity with approximately 8,200 high capacity wells installed in the 

South Platte alluvium pumping around 500,000 acre-feet of water annually. During 2002-2003, 

Colorado water authorities curtailed several hundred wells from pumping based on the seniority of 

water rights because of insufficient groundwater supplies indicated by declining groundwater levels. 

Following the curtailment of well pumping, farmers in Weld County, Colorado requested that the 
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curtailment on wells be lifted to meet the needs of the agricultural community. As justification, they 

cited areas in the South Platte alluvial aquifer with “high groundwater” and locations where flooding 

has occurred in the basements of residences, particularly near Gilcrest, LaSalle, and Sterling, Colorado. 

Governor John Hickenlooper produced a legal memorandum from the Colorado Attorney General's 

Office stating that the governor didn't have the authority to permit the resumption of pumping from the 

aquifer below farmland in the South Platte River Basin. Colorado House Bill 12-1278 is a legislative 

response action to examine areas of high groundwater and other related issues relevant to water 

allocations in the South Platte River Basin.  The current study is part of a cooperative agreement with 

the Colorado Water Institute and Colorado Water Conservation Board that is supported through 

Colorado House Bill 1278.  

 

PURPOSE AND SCOPE 

The primary purpose of this report, which addresses a subsection of the goals outlined in 

Colorado House Bill 1278,  is to compile and evaluate a record of groundwater-level data in the South 

Platte alluvial aquifer for the  years 1953 through 2012.  The data have been collected by multiple 

Federal, State, and Local organizations. The analysis is focused on regions within the basin adversely 

affected by high groundwater levels, which will provide information to use as a basis for implementing 

measures to mitigate adverse effects of high groundwater levels. Results from these activities are 

synthesized to: (a) identify areas affected by high groundwater levels; (b) identify areas of changing 

groundwater levels; (c) develop hypotheses regarding the causes of high groundwater levels; and (d) 

develop a groundwater monitoring plan for the basin that accounts for the relations and tests hypotheses.  
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PREVIOUS WORK 

An extensive collection of studies have examined the alluvial aquifers of the South Platte River 

and its tributaries. Stratigraphy of the alluvial deposits was originally described by Hunt (1954) and 

Scott (1960) and later by Scott (1963a). Several workers developed  maps of the South Platte alluvial-

aquifer extent, thickness, and depth to water beginning in the 1950s (Bjorklund and Brown, 1957; Smith 

and others, 1964; Duke and Longenbaugh, 1966; Nelson and others, 1967; Hurr, Schneider, and others, 

1972a, 1972b, 1972c; Hurr and others, 1975; Konikow, 1975; Nadler and Schumm, 1981; Robson, 

1996; and Robson, Arnold, and Heiny, 2000a, 2000b; Robson, Heiny, and Arnold, 2000a, 2000b).  The 

South Platte Decision Support System (SPDSS) compiled selected maps of these features into 

Geographic Information System (GIS) data sets (Colorado Water Conservation Board, 2006b). Robson 

(1989) describe the interconnection between bedrock and alluvial aquifers in the study area. A report on 

the Denver Basin with some discussion of the South Platte alluvial aquifer is discussed by Paschke 

(2012). 

Senate Bill 96–74 (SB96–74) was implemented in 1996 and provided funds for a study of the 

Denver Basin and South Platte aquifer systems in anticipation of developing theSPDSS (Graham and 

Van Slyke, 2004). The SPDSS development currently (2010) is in progress under the direction of the 

Colorado Water Conservation Board (CWCB) and the Colorado Division of Water Resources (CDWR) 

and addresses many areas of water management in the South Platte River Basin, including surface-water 

diversions, consumptive water use, irrigated lands, land use, and groundwater (Colorado Water 

Conservation Board, 2004a). The SPDSS groundwater studies focus primarily on the alluvial aquifer of 

the South Platte River and its tributaries, and this study used data compilations from the SPDSS as the 

basis for aquifer characterization (Colorado Water Conservation Board, 2004b; 2006a, 2006b, 2006c). 
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DATA COMPILATION AND QUALITY CONTROL 

Multiple tasks related to data compilation, quality control, evaluation, and analysis were 

performed as components of the project. The study is focused on examining historical groundwater level 

data from calendar year 1953 through 2012. Collection of additional data or performing ‘ground truths’ 

of historical data are not components of the project. External data that includes information from various 

State and Federal resources was combined with existing USGS records. Non federal sources of the 

groundwater level data identified include wells managed by: (a) South Platte Decision Support 

(SPDSS),  (b) Central Colorado Water Conservancy District (CCWCD), (c) Lower South Platte Water 

Conservancy District  (LSPWCD), and Colorado State University (CSU), and other agencies and 

owners. The compiled data set includes 1,670 wells that include more than 150,000 water level 

observations. The data set includes 374 wells dedicated for monitoring groundwater levels. Other wells 

serve different purposes, but are mainly used for irrigation of agricultural land. An assessment of data 

completeness, correctness, and coverage both spatially and temporally was used to constrain the 

analyses of “high water” conditions that the data can support. Quality-assured data was integrated 

within ESRI ArcGIS coverages and/or geodatabases either as direct input or embedded metadata. The 

coverages and/or geodatabases will serve as the primary data archive for the project. Water-level 

monitoring sites and water-level data will also be entered into NWIS web (USGS online data repository) 

to provide public access to groundwater level data. 

 

METHODS OF INVESTIGATION 

 “High groundwater” is not explicitly defined in Colorado House Bill 12-1278. A depth to water 

below land surface of 10 feet or less is used to delineate high groundwater levels based on discussions 
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with the Colorado Division of Water Resources. Water levels are evaluated at point locations (at each 

well) and over aggregate areas defined by subwatershed boundaries in the study area.  Temporal and 

spatial relations of high groundwater levels are examined using ArcGIS and algorithms developed 

specifically for this study. Based on results of statistical analyses, hypotheses are proposed to explain 

high-groundwater levels in the South Platte River basin. A preliminary groundwater monitoring plan is 

proposed for the basin that accounts for statistical relations and could test potential conditions 

(hypotheses) that cause high groundwater levels in the future.  

 

Analysis of Groundwater Levels 

Trend analysis Methods 

The Kendall line and least trimmed squares regression methods, each resistant to statistical 

outliers, were used to determine linear trends in observed groundwater levels. The decision of using two 

statistical approaches versus a single approach was justified as a way to verify results and identify cases 

where discrepancies exist, either from artifacts in the data sets or assumptions inherent to the method. 

The Kendall line is a simple and widely recognized non-parametric method used to fit a linear trend to 

the data. The slope of the Kendall line is computed by comparing each data pair (time, groundwater 

levels) to all others in a pairwise fashion. A data set of n data pairs will result in n(n−1)/2 pairwise 

comparisons. For each of these comparisons groundwater level change is computed. The median of all 

possible pairwise slopes is taken as the nonparametric slope estimate and the trend is then applied to a 

linear fit relation. Least trimmed squares is a more advanced method both mathematically and 

computationally, and was recently developed for studies in data mining. It involves a criterion for 

analyzing multiple regression data sets in which there may be outliers. The method consists of finding a 
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subset of cases whose deletion from the data set would lead to the regression with the smallest residual 

sum of squares. It is used as a general-purpose high breakdown method, and also has some inferential 

motivation in that it gives the maximum likelihood estimator of the regression under an outlier model. 

The algorithm takes random starting trial solutions and refines each to the local optimum satisfying this 

necessary condition. Repeated analysis by using different starting sets provides the global optimum with 

arbitrarily high probability for sufficiently many random starts (Hawkins, 1994).  

 

Trend evaluation 

To test whether a trend is significant both type I and type II errors were evaluated. The 

significance, α,  is used to evaluate type I error. Type I error is the probability of rejecting the null 

hypothesis when it is true.  The significance level for the current study was set to a value of 0.01. Type I 

errors were evaluated using p-values and the Kendall Tau correlation coefficient to evaluate monotonic 

relations in the groundwater level data. Methods of nonparametric trend analysis such as those based on 

Kendall’s coefficient are widely used to test for the presence of monotonic trends in environmental time 

series data. The type II error, β,  is a measure of statistical power (1- β). Type II error is the probability 

of correctly rejecting the null hypothesis when it is false. The power threshold value used to define 

acceptable accuracy was a value of 0.8, which is commonly used as a minimum threshold in statistical 

studies. Power cannot be evaluated directly, however, but may be approximated numerically through 

Monte Carlo simulation. Two thousand independent normally distributed time series were generated 

numerically and evaluated for a range of different sample sizes to estimate Type II errors. Power can be 

calculated as the number of experiments that fall in the confidence region in relation to the total number 

of experiments conducted. In the case of power equal to 0.80 this implies 80 percent of cases meet this 
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criterion. Considering both Type I and II errors adds reliance to rejecting the null hypothesis when it is 

either true or false, as opposed to considering only Type I error which is commonly implemented.  

In addition to examining for Type I and II errors, trend predictions from the Kendall line and 

least trimmed squares regression approaches were compared. In about 99% of cases, predicted trends of 

the 1,670 wells examined showed agreement in trend magnitude within 1ft/yr. A 1ft/yr threshold was 

used as a metric to identify anomalies in the data. Differences in predicted trends in the majority were 

substantially less than 1ft/yr in magnitude. For the remaining ~1% of cases differences in trend 

magnitudes were greater than 1 ft/yr. In some instances, particularly with small trend magnitudes the 

signs of the trends were opposed.  

Predicted trends in groundwater levels were ultimately evaluated based on several criteria. These 

criteria include: (a) Type I and Type II errors, (b) sufficient trend agreement between methods, and (c) 

sufficient data record over the defined period. For the latter, for a time series to be considered as having 

a sufficient data record there must be at least 70 percent data coverage over the evaluated time range 

(i.e. data range of at least 7 years per 10 year period) and 50 percent data coverage using bi-annual time 

divisions (i.e. 10 of 20 divisions per decade must have data observations). For records of groundwater 

levels that meet these conditions, the average trend estimate between the Kendall line and least trimmed 

squares regression was used for further analysis. 

 

Frequency of High Groundwater levels 

When calculating frequency of high groundwater levels per subwatershed, only those 

subwatersheds with data containing a minimum of 5 wells, 20 observations, 70 percent of the evaluated 

time range (i.e. data range of at least 7 years per 10 year period), and 50 percent data coverage using bi-

annual time divisions (i.e. 10 of 20 bi-annual divisions per decade) were considered representative. The 
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requirement that a subwatershed contain at least 5 wells and 20 combined observations over the time 

period examined was deemed minimally sufficient to approximate the frequency of high groundwater 

levels in each subwatershed. The requirement that data have at least 50 percent bi-annual sampling and 

at least 70 percent coverage of the range of time period examined was deemed minimally sufficient to 

sample major temporal changes in the data set. Subwatersheds with water levels data that did not meet 

the minimum quality control standards were not considered in the analysis. Frequency calculations per 

well site use only the conditions of at least 50 percent bi-annual sampling and at least 70 percent 

coverage of the time period examined under the same logical inference. 

 

Local Moran’s I 

Local Moran’s I is a local spatial autocorrelation statistic based on the global Moran’s I statistic. 

It was developed by Anselin(1995) as local indicator of spatial association (LISA) statistic. Given a set 

of weighted features, the method identifies clusters of features with values similar in magnitude and 

spatial outliers. To accomplish this goal, the method calculates a Local Moran's I value, a Z score, a p-

value, and adopts a naming convection representing the cluster type for each feature (High-High, High-

Low, Low-Low, Low-High, or insignificant). Features for the present investigation are defined by 

decadal frequencies of high-groundwater levels aggregated over each subwatershed of the South Platte 

alluvial aquifer. Z scores and p-values are measures of statistical significance which denote whether to 

reject the null hypothesis, feature by feature (subwatershed by subwatershed) weighted by area. The 

statistics indicate whether the apparent similarity or dissimilarity in values for a feature and its 

neighbors is greater than expected in a random distribution. The Z score is based on the null hypothesis 

computation. A high positive Z value for Local Moran's I indicates that the feature is surrounded by 

features with similar values (i.e. High-High or Low-Low). Features of this class are considered as part 
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of a “cluster”. A low negative Z value for Local Moran's I indicates that the feature is surrounded by 

other features with dissimilar values (i.e. High-Low or Low-High). Features of this class are considered 

“outliers”. Small Z values indicating a p-value above a confidence level of 0.05 are considered 

statistically insignificant.  

 

Correlation of Attributes to High Groundwater Levels 

Correlation coefficients are used to examine relations between high groundwater levels observed 

in wells and system attributes of the South Platte alluvial aquifer. Correlation coefficients provide a 

simple measure of the interdependence of two variables that range in value from -1 to +1. A value of -1 

indicates perfect negative correlation and a value of +1 indicates perfect positive correlation. An 

absence of correlation falls between these values at zero. Correlation magnitudes between about 0.3 to 

0.5 are considered moderate for natural data, while those above and below are considered high and low, 

respectively.  Statistical significance of each correlation was determined using p-values. The p-value is 

computed by transforming the correlation to create a t-statistic having N-2 degrees of freedom, where N 

is the number of data samples.  Data with a p-value less than 0.05 were considered statistically 

significant. The 95-percent confidence intervals for each correlation were approximated based on an 

asymptotic normal distribution, which is applicable for moderate to large data sets. For the analysis, 

geographic measures are described by land surface elevation or distance to a feature of interest, such as 

the South Platte River or inflowing tributary. Another set of attributes involve diversion structures that 

are used to manage water resources in the South Platte alluvial aquifer. Attributes of diversion structures 

are examined using nearest distances, decree rates, and group statistics within defined search radii. For 

the evaluation of diversion structures, search distances (radii) from wells are incrementally increased, 

incorporating more structures at larger distances until the maximum correlation between an attribute and 
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frequency of high groundwater levels is identified. This is considered to be the scale (search area) where 

a particular attribute has greatest influence. In addition, as with most statistical methods, accuracy of 

correlation estimates is dependant on sample size (data density). Minimum search distances used to 

determine correlation coefficients are therefore also controlled by sample size. At a 0.05 confidence and 

range of correlation magnitudes examined, an acceptable sample size to estimate correlations is around 

20 observations using a t-statistic. A sample of at least 20 observations is also beneficial to support 

estimation of 95-percent confidence intervals. Thus, minimum search radii where estimates of 

correlations are considered reasonable occur at distances where at least 20 samples are available. 

 

Optimization of Monitoring Well Network Design  

An optimization approach is used for the design of the monitoring network. The method 

combines use of Kriging of groundwater-level data and evaluation of monitoring well characteristics in 

the selection process. Kriging is performed on water levels given as depth to groundwater below land 

surface in order to be most applicable to “high water” conditions defined by water levels that are less 

than or equal to 10 feet below the land surface. The Kriging procedure first requires de-trending the data 

to achieve second-order stationarity and performing variogram analysis to estimate a model variogram, 

which is then used in the interpolation procedure. Kriging variance is a product of the interpolation and 

can be interpreted as a measure of uncertainty (error). It is used to evaluate the benefit of incorporating a 

candidate monitoring well into the monitoring network design. Wells considered for monitoring ambient 

“unstressed” groundwater levels are ranked as a combination of the importance of the location in the 

Kriging process and relative degree the well is located in a low-stress area of the aquifer with fewer 

anthropogenic influences that may influence hydrologic conditions. Wells targeted for other purposes 

are ranked as a combination of the importance of the well location and relative rank of a site for the 
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intended goal using a defined set of criteria. Partially weighting well location in the selection procedure 

to a sufficient degree in addition to considering defined criteria helps to disperse selections of 

monitoring wells across the aquifer extent, which is desirable for a representative sampling of the 

aquifer.  

 

The general premise in Kriging interpolation is to predict the spatial field as linear combinations of data 

observations using spatial covariance to compute weights that minimize the error variance of the 

estimate. Kriging is an optimal interpolator in the sense that it is unbiased with respect to the mean and 

it minimizes the error variance of the estimates, which has resulted in the widespread use of kriging for 

interpolating earth science data (deMarsily, 1986; Isaaks and Srivastava, 1989; Kitanidis, 1992). A large 

body of published work has been published using different statistical and geostatistical procedures in 

monitoring network design. As a partial list: Bras and Rodriguez-Iturbe (1976), Moss (1979), Switzer 

(1979), Dawdy (1979), Jones et al. (1979), Lettenmaier (1979), Hughes and Lettenmaier (1981), 

Sophocleous et al. (1982), Bastin et al. (1984), Carrera et al. (1984), Virdee and Kottegoda (1984), 

Rouhani (1985), Bogardi et al. (1985), Duckstein and Kisiel (1971), Rouhani and Hall (1988), Dillon 

(1988), Barnes (1989), Loaiciga (1989), Aspie and Barnes (1990), Andriceric and Georgiou (1991), 

Hudak and Loaiciga (1993), Das (1995), Jardine et al. (1996), Ahmed and Gupta (1996), Gao et al. 

(1996), Criminisi et al. (1997), Agnihotri (1998), Ahmed and Agnihotri (1998), Hsu (1998), Hudak 

(1998), Motyka (1998) and others have developed various procedures of designing and optimizing a 

monitoring network using such approaches. 

Ordinary kriging is used in this study for spatial interpolation of groundwater level data. 

Ordinary Kriging filters the mean from simple kriging by requiring the Kriging weights sum to unity 

leading to the relations 
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                      (eq. 1) 

 

subject to  

 

                                   (eq. 2) 

 

where   is the realized value at location u,  are the n data locations, and  are the kriging 

weights. By minimizing the Lagrange parameter a set of equations is derived for the Kriging weights as 

follows 

 

                 (eq. 3)

  

subject to  

 

                        (eq. 4)

  

where  is the covariance function equivalent to  with h a lag distance parameter 

between data points. Covariance is then derived from the variogram analysis using the relation 
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                       (eq. 5) 

 

where the covariance at lagged distances between data pairs is equal to the variance minus 

the variogram model . Spatial relations are specified with a variogram model rather than a direct 

measure of covariance, which is defined for the current investigation as an exponential model written in 

the form 

 

                     (eq. 6) 

 

where  is the nugget,  is the sill, and  is the range giving an estimate of the correlation length of the 

data set. Once the Kriging weights are determined, Kriging variance can then be determined as 

 

                    (eq. 7) 

 

The Kriging variance provides a measure of the uncertainty (error) of the spatial field and an indication 

of areas where including additional monitoring wells would provide the most benefit to characterize 

groundwater levels in the aquifer. Kriging results that can be output to a raster grid in ArcGIS contain 

the kriging variance at each output raster cell and interpolated to each monitoring well location. 

Assuming kriging errors are normally distributed, there is a 96 percent probability that the actual z-value 

at the monitoring well location is the predicted value, plus or minus two times the square root of the 

kriging variance (standard deviation).  
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Decisions in selecting monitoring well candidates are defined according to the intended purpose 

of the network. The main “unstressed” network of monitoring wells will be used for sampling water-

level trends and surveillance. This network is developed by considering well location in the Kriging 

process and the degree a well site may be affected by diversion structures, which can affect hydrologic 

processes and introduce artifacts into the data set. Again, weighting interpolations of water levels along 

with the primary constraint, e.g. avoiding diversion structures, is beneficial to limit or prevent the 

selection of wells in isolated clusters and to better sample across the aquifer extent, depending on the 

weighting that is used. The second type of network developed, targets wells with high-water conditions 

and those which show strong trends in water-level change over the last decade (1952-2012). This entails 

selecting monitoring wells that are useful with respect to their location in delineating water levels and 

have greater frequencies of high-water conditions or water-level change over the last decade. The third 

type of network targets the effects of diversion structures. This entails selecting monitoring wells that 

are useful with respect to their location in delineating water levels and prioritizing wells in close 

proximity to diversion structures and/or areas with high average decree rates of diversion structures in 

the local search neighborhood where there is the greatest potential to affect water levels, herein defined 

as structures within a 10 km ( 6.2 mile) radius from each well location.  

Ranking criteria are used to evaluate the candidate pool of monitoring wells and optimize the 

design of the intended monitoring networks. This is done in a manner that balances the importance of 

well location as determined by the Kriging variance at each iteration of each selected well location as a 

metric of uncertainty along with other defined criteria, as described. For simplicity, attributes considered 

in selecting monitoring wells are normalized over the interval 0 to 1. This ensures that the proportion of 

weight (importance), ω, given to each attribute is defined as intended. The associated weights and group 

normalized attributes using multiple criteria are used to produce ranks, R,  that also made to range over 
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the interval 0-1. The highest rank under the proposed convention indicates the best candidate well in the 

candidate pool. As an initital procedure, each attribute, ε, is  normalized using a simple min-max 

division and offset in the following form 

 

                       (eq. 8) 

 

where ψ indicates the normalized attribute ε. An expononential distance relation, X, is also used when 

normalizing distances of the closest features to a specified well, given as 

 

                                                                  (eq. 9) 

 

which skews the linear normalization to be more heavily weighted at closer distances than would 

otherwise occur using only the normalization in equation 8. This is beneficial is giving additional 

weight to structures closer to a well where beyond a given distance there is no decernable difference in 

influence. In addition to the normalized attributes, accuracy of well location is considered using a 

Heaviside step function 

 

                               (eq. 10) 

 

which is used as a 1-0 switch to indicate if a site has been located using GPS, and is therefore useful to 

prioritize well sites located with greater location accuracy with a defined weight. The combined 

weighted function for system attributes of the unstressed monitoring network, β*,  is given as 
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                (eq. 11) 

 

which combines criteria weighting of the minimim distance to a diversion structure (dist), average 

decree rate within a 10 km radius of a well (decr), and whether the site has been positioned with GPS 

(loc). The weights used in the analysis for diversion distance, decree, and GPS location are 0.5, 0.3. and 

0.2, respectively. The combined weight function for wells near diversion structures, βdiv,  is given as 

 

                                                        (eq.12) 

 

which combines criteria weighting of proximity to a diversion structure (dist), average decree rate 

within a 10 km radius of a well (decr), and whether the site has been positioned with GPS (loc). Note 

that high-low weighting priorities are switched for diversion distance and decree rate between equations 

11 and 12. The weights used in the analysis for diversion distance, decree, and GPS location are 0.5, 

0.3. and 0.2, respectively. Rank coefficients are used to select montoring well candidates for the 

unstressed monitoring network (unstress), structural target monitoring networks for each diversion (div), 

and hydrologic target monitoring networks emphasizing high groundwater levels (HW) and trends in 

groundwater levels (trend) given as 

 

,                      (eq. 13) 

 

 ,                                                              (eq. 14)   
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, and                                                                         (eq.15) 

 

,                              (eq. 16) 

 

respectively, with a Kriging variance weight, ωσ2, of 0.6 for all cases. Attributes ranks of system 

characteristics remain constant through the optimization procedure. Selection of wells added to the 

monitoring network is performed  iteratively, however, because Kriging variances across the spatial grid 

evolve with an expanding data set.  Automation of the Kriging spatial interpolation, boundary clipping 

to a specified optimization region, assessment of well candidates, and updating of the candidate pool 

and monitoring network are performed using PYTHON scripts written for ArcGIS. 

 

DESCRIPTION OF STUDY AREA 

The South Platte River is an important hydrologic resource in Colorado. It originates in the 

Rocky Mountain Front Range of Colorado, flows north-northeast through metropolitan areas of Denver, 

and then east-northeast across the rural eastern plains of Colorado and over the Stateline where it joins 

the North Platte River on the western edge of Nebraska. The region under investigation is the South 

Platte alluvial aquifer that underlies the South Platte River and its tributaries from the south. The study 

area includes regions of the South Platte alluvial aquifer that are located within Water District 1 

(Greeley to Balzac), Water District 2 (Denver Gage to Greeley), and Water District 64 (Balzac to the 

Nebraska Stateline) having a combined (district) area of about 28,237 km2 in the middle interior of 

Water Division 1 (Figure 1). 
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Geographic Setting 

The area of the South Platte River basin is about 24,300 square miles, with 19,020 square miles 

in Colorado. The western portion of the basin is dominated by the Front Range Mountains interspersed 

with 14,000 feet peaks. The plains begin at about 6,000 feet elevation and slope to the east, having 

3,500 feet elevation at Julesburg (CWI report).  The flood plain of the South Platte River east of the 

Front Range averages about a mile in width and has an irregular surface that consists of swamps, oxbow 

lakes, abandoned meander scars, and low, indistinct terraces (USGS 1658) The maximum local 

topographic relief in the area is about 500 feet; the altitude above mean sea level ranges from about 

5,550 feet at the southern boundary of the report area to about 3,500 feet at the northeastern boundary.  

The overall surface drainage in the region is toward the northeast, and all of the project area is 

drained by the South Platte River and its tributaries. The South Platte River rises in the Rocky 

Mountains southwest of Denver, enters the Piedmont section about 25 miles south-southwest of Denver, 

and then flows in a general north-northeastward direction toward Greeley, where it swings to the east. 

The major perennial tributaries of the South Platte River in the project area are Clear Creek, Big and 

Little Dry Creeks, St. Vrain Creek, the Big Thompson River, Cache la Poudre River, Lone Tree Creek, 

and Crow Creek. Several intermittent streams also enter the river.  

 

Climate  

The South Platte River basin is characterized by a continental-type climate with moderately cold 

winters and warm summers and irregular patterns of seasonal and annual precipitation. Land is used 

primarily for agricultural farming and raising of livestock. Regions of generally flat alluvium are 

commonly devoted to the production of corn, hay, barley, beans, and sugar beets, with irrigation water 
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supplied from the alluvial aquifer of the South Platte River and the river itself. Precipitation across the 

basin is strongly influenced by differences in altitude. The greatest amount of precipitation in the basin, 

on the order of 30 inches of water per year, falls in the mountains as snow. Most of the annual water 

supply for the basin is derived from the mountain snowpack, which melts during the spring and 

becomes spring runoff. In contrast, annual precipitation on the plains is generally less than 15 inches 

(Dennehy et al, year) with a long-term average of about 11 to 12 inches per year (Paschke DB report). 

About 70 percent of the total precipitation on the plains falls during the 6-month period from April 

through September, and the remaining 30 percent of precipitation occurs as winter snowfall (Hansen 

and others, 1978).   

 

Geology 

The majority of deposits in the lower South Platte River area are sedimentary and range in age 

from Late Cretaceous to present. The oldest rocks, which are of Late Cretaceous age, are the Pierre 

Shale, the Fox Hills sandstone, and the Laramie Formation. Tertiary rocks in the area include the 

Chadron, Brule, and Ogallala formations. Most of the major valleys contain Quaternary deposits of 

alluvium, terrace deposits, and dune sand.  The surficial aquifer along the South Platte River Valley is 

the only other major aquifer near the Denver Basin. The surficial aquifer directly overlies the Denver 

Basin aquifer system only along the valley of the South Platte River from Denver to just east of Greeley, 

Colo. From east of Greeley, the alluvium along the South Platte River is in an ancestral valley eroded 

into Pierre Shale and, thus, thought to be hydraulically isolated from the Denver Basin aquifer system ( 

USGS Groundwater Atlas of the United States).  
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Multiple glaciations in the Rocky Mountains during the Pleistocene epoch are reflected in the 

South Platte River valley by successive stages of degradation and aggradation (USGS, 1378). During 

the early part of this epoch, the South Platte River and its large tributaries incised deep channels, which 

nearly conform to present drainage patterns. However, these pre-Quaternary channels, for the most part, 

are much straighter than the present stream channels, probably because the rapid down cutting of the 

streams prevented lateral erosion.  The pre-Quaternary channels were filled to a depth of as much as 500 

feet with unconsolidated clay, silt, sand, and gravel. Later Pleistocene glaciations caused more cycles of 

erosion and aggradation, which resulted in six terraces representing six levels to which the river was 

aggraded. Each of these terrace levels has been correlated with a substage of the Wisconsin glaciation 

(Bryan and Ray, 1940). The large deposits of dune sand and loess within the area were deposited mainly 

during late Pleistocene time, although in places the dunes are actively migrating. These eolian deposits 

were derived from the wide flood plains of the South Platte River and its larger tributaries and from 

deflation of the Ogallala and Laramie Formations, the Fox Hills sandstone, and the Pierre shale. The 

prevailing winds probably were from the northwest, given the alignment and topography of the dunes, 

and caused local southeastward migration of dune sand over terrace deposits (USGS, 1378).  

 

Hydrology 

The South Platte Alluvial aquifer holds approximately 8,000,000 (check#) AF of water in 

storage. The ancient South Platte River and its tributaries, swollen with snowmelt at the end of the last 

ice age (Pleistocene), left extensive alluvial deposits ranging in width from two to six miles wide and up 

to about 300 feet deep on the main river channel (Figure 2). Alluvial wells installed in the main channel 

are good water producers, providing as much as 5000 gpm. These wells are hydraulically connected to 

the South Platte River and influence its flows.  
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Water development in the South Platte River Basin began in 1870 when the first irrigation ditches were 

dug in the vicinity of Greeley, Colo. In the 1990s, hundreds of structures withdrew more than 3 million 

acre-feet of water from streams each year, dozens of water storage reservoirs store more than 2 million 

acre-feet of water each year, 12 transmountain diversions import 400,000 acre-feet of water into the 

basin each year, and several thousand wells pump an estimated 1 million acre-feet of water each year 

(Dennehy and others, 1993).  Alterations of the natural hydrologic system have affected the quantity and 

quality of water in the South Platte River. For example, at several locations along the river, there exist 

“dry points”—locations where water diversions remove all the water from the river. Withdrawals of 

water for urban and agricultural use have resulted in less water available to dilute contaminants in the 

river. The existence of dry points (lack of streamflow) upstream from wastewater-treatment plant 

discharges has led to nutrient concentrations in the South Platte River that are substantially higher than 

elsewhere in the Nation (Litke, 1996).  Alterations of the natural hydrologic system also have resulted in 

less water in the river during spring snowmelt runoff and more water in the river during fall and winter. 

Historically, the South Platte River ran dry in the plains when the supply of mountain snowmelt was 

exhausted. Now, seepage of irrigation water from ditches and fields replenishes the alluvial aquifer 

during spring and summer, and the aquifer slowly drains during fall and winter by discharging ground 

water to the South Platte River. This altered flow regime has changed native aquatic habitat along the 

river. For example, because scouring high flows are less common, vegetation along the channel has 

increased (Knopf, 1991), and the active channel is narrower than in the past. The South Platte Decision 

Support System (SPDSS) published a compilation and bibliography of all available water-level data for 

bedrock and alluvial aquifers through 2004 (Colorado Water Conservation Board, 2004b, 2006a).  
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Water management including the allocation and timing of authorized water use in the South 

Platte alluvial aquifer is administered by the State of Colorado. Water allocation is facilitated by a 

complex network of about 18,000 diversion structures. Approximately 15,000 of the diversion structures 

(i.e. reservoirs, recharge areas, reaches, augmentation plans, ditches, wells, and well fields) identified as 

active or inactive are located within about 1.9 miles (3 km) of the South Platte alluvial aquifer (Figure 

3). The use of diversion structures of this magnitude contributes an anthropogenic over-printing to the 

natural cycling of water. State administered calls are based on the seniority of the water right using a 

system of assigned administration numbers. 

 

Land Use 

The area of the South Platte River basin extends over 19,020 square miles in Colorado. The 

western portion of the basin is dominated by the Front Range Mountains interspersed with 14,000 feet 

peaks. The plains begin at about 6,000 feet elevation and slope to the east lowering to 3,500 feet 

elevation at Julesburg. The physical characteristics and land use of the South Platte River Basin are 

quite diverse. Headwaters of the basin begin at an altitude of more than 14,000 feet along the 

Continental Divide. The population in forested mountain areas lives primarily in single-family 

residences and small residential communities; however, rapid growth in these areas has occurred. The 

area exhibited a 22-percent increase in population during 1990-93 (Denver Regional Council of 

Governments, 1997). Between the mountains and the plains is a transition zone where the largest 

population centers of the basin are located, including Denver. The basin extends eastward across the 

Great Plains where agriculture is the predominant land use and water is used primarily for irrigation of 

crops. On the plains, the topography of the basin continues to slope gently to the mouth of the basin at 
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North Platte, NE, at an altitude of 2,788 feet, thus resulting in an altitude change of slightly more than 

11,000 vertical feet. 

In terms of area, rangeland is the largest land use (41 percent), but has a relatively small effect 

on water quality because of the lack of water and minimal water use. Irrigated agriculture comprises 

only 8 percent of the basin but accounts for 71 percent of the water use. Urban lands comprise only 3 

percent of the basin but account for 12 percent of the water use (or 27 percent if power generation is 

considered an urban water use). Population density in the South Platte River Basin ranges from sparsely 

populated mountain areas in the headwaters region and rural agricultural areas downstream from Denver 

to the densely populated Denver metropolitan area and Front Range urban corridor in the central part of 

the basin.  

 

GROUNDWATER LEVELS 

Groundwater levels from 1,670 wells in the South Platte alluvial aquifer were evaluated over a 

60 year record from 1953-2012 (Figure 4). As recommended by the Colorado Division of Water 

Resources, a depth to groundwater of less than or equal to 10 feet below land surface is used to define 

locations with high groundwater levels. A depth to groundwater of less or equal to than 5 feet (near-

surface groundwater) is also used in preliminary analyses as a comparison. There is a distinct pattern of 

high groundwater levels (10 feet or less to groundwater) and near-surface groundwater levels (5 feet or 

less to groundwater) along the main stem of the South Platte River (Figure 5). The western and eastern 

portions of the South Platte alluvial aquifer have the broadest spatial extent of shallow groundwater 

orthogonal to the river channel, whereas in the central region shallow groundwater is more concentrated 

near the South Platte River.  
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Summary statistics of groundwater level data reveal clear differences between decades from 

1953-2012 (Figure 7). The number of wells with available groundwater level data varies substantially 

per decade. At a maximum, there are more than 1100 wells suitable for analysis from 1963 to 1982 

(Figure 7A). The fewest number of wells (300-400) are available for two decadal periods between 1953-

1962 and 1983-1992. Since 1983-1992, the number of available wells have increased, reaching 574 in 

the most recent decade (2003 to 2012).  

The percentage of wells with shallow groundwater varies between 4 to 32 percent, depending on 

the decade examined and depth to groundwater being considered (Figure 7B). High groundwater levels 

occur in 17 to 32 percent of wells with the largest percentages occurring over a three decade period from 

1963 to 1992. The most recent decade (2003-2012) shows that 25 percent of wells have high 

groundwater levels, which is below the three decade maximum, and overall is an intermediate frequency 

relative to the 60 year record.  Near-surface groundwater levels occur in 4 to 17 percent of wells. The 

largest percentages of wells with near-surface groundwater also occur in a three decade period from 

1963 to 1992. There is also an intermediate frequency of about 11 percent of wells meeting this 

condition in the recent decade. In either case of high or near-surface groundwater levels, the percentage 

of wells with shallow groundwater in the recent decade is below the observed maximum. The number of 

observations of shallow groundwater varies per decade by more than three orders of magnitude (Figure 

7C). The fewest observations of shallow groundwater occur in the beginning decade from 1953-1962 

while the most observations of shallow groundwater occur in the recent decade. Between these 

beginning and ending decades, a small decreasing trend of shallow groundwater observations occurs 

from 1963-2002.  Shallow groundwater levels are also given in frequency of occurrence as a 

comparison to the frequency of wells with shallow groundwater (Figure 7D). High groundwater levels 

account for 13 to 30 percent of observations. Near-surface groundwater levels account for 3 to 11 
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percent of observations, roughly 1/3 of the frequency of high groundwater levels. The highest frequency 

of shallow groundwater occurs over three decades from 1963 to 1992, which is the same pattern for well 

frequency (Figure 7B). Comparison also shows that although the highest frequency of high groundwater 

levels occurs in the recent decade, there is only an intermediate frequency of wells with high 

groundwater levels during this period (i.e. 25 percent within range between 17 to 32 percent) (Figure 

7B). This suggests that high groundwater levels have increased in the recent decade in a smaller 

proportion of wells. For near-surface groundwater levels, a maximum in the recent decade is not 

observed, and changes in the percentage of observations are approximately proportional to changes in 

the percentage of wells having 5 feet or less to groundwater over the 60 year record (Figure 7B,D).  

Several addition analyses were performed to examine spatial and temporal differences in high 

groundwater levels. Frequency of high groundwater levels and trends in groundwater levels were 

examined from individual wells and groups of wells located in subwatersheds of the South Platte 

alluvial aquifer using records defined per decade and over the 60-year record. The results indicate which 

areas have the highest frequencies of high groundwater levels, whether certain areas exhibit high 

groundwater levels in quantities distinguishable from other areas, spatial variation of groundwater level 

trends, and changes in conditions over time. Divisions of subwatersheds determined in ArcGIS are 

based on surface topography and clipped to regions intersecting the South Platte alluvial aquifer 

footprint (Figure 6). This is a physically-based method to partition the South Platte alluvial aquifer. 

Subwatersheds were selected as a tradeoff between defining areas where sufficient data may be 

aggregated while remaining sufficiently detailed to resolve spatial differences within each Water 

District. Groundwater level data were evaluated using multiple quality control criteria and tested for 

statistical significance, as defined in the methods section. The procedures allow for three possible 

scenarios for a given well or subwatershed: (a) data coverage is insufficient to support a prediction and 
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results are not presented, (b)  data coverage is sufficient but the prediction is statistically insignificant, 

or (c) data coverage is sufficient and the prediction is statistically significant.  

 

Frequency of High Groundwater Levels in Subwatersheds 

A choropleth (thematic) map in which areas are shaded or patterned in proportion to the 

measurement of the statistic was used to examine frequency of high groundwater levels in regions 

defined by subwatersheds of the South Platte alluvial aquifer. Frequency of high groundwater levels was 

chosen as the variable to evaluate because it possesses extensive properties that are definable over an 

area (subwatershed) rather than counts of high groundwater levels that would be affected by 

subwatershed size and total number of measurements, and biased accordingly. The requirement of 

providing representative values assigned to the chloropleth map is that the data set must be sufficient in 

number and coverage to be representative of the defined area (subwatershed). When calculating 

frequency of high groundwater levels per subwatershed, only those subwatersheds containing a 

minimum of 5 wells with at least 20 combined observations, 70 percent data coverage over the 

evaluated time range (i.e. 7 of 10 years per decade), and 50 percent data coverage using bi-annual time 

divisions (i.e. 10 of 20 divisions per decade) were considered representative. The requirement that a 

subwatershed contain at least 5 wells and 20 combined observations over the time period examined was 

deemed minimally sufficient to approximate the frequency of high groundwater levels in each 

subwatershed. The requirement that data have at least 50 percent bi-annual sampling and at least 70 

percent coverage of the time period examined was deemed minimally sufficient to sample major 

temporal changes in the data set. Subwatersheds with water level data that did not meet the minimum 

quality control standards were not considered in the analysis. 
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Chloropleth maps of frequency of high groundwater levels were examined chronologically per 

decade and for the complete period of record from 1953 to 2012 (Figure 8-13). Frequencies are shown 

using bins in 20 percent increments to achieve a tractable number of variations that can be visually 

differentiated. During the initial decade, 1953-1962, the large majority of subwatersheds either possess 

insufficient data to be examined or show a low frequency of high groundwater levels of between 0-20 

percent (Figure 8). Greater frequencies of high groundwater levels occur along a small section near 

Julesburg (20-40 percent), near Greeley and Gilcrest (20-60 percent), and east of Sterling (60-100 

percent). The area east of Sterling shows the highest frequencies of high groundwater levels in the 

aquifer.  

During the second decade, 1963-1972, there is a broader spatial distribution in frequencies of 

high groundwater levels and increased coverage of subwatersheds with acceptable data (Figure 9). 

Similar to that which occurred in the previous decade, the majority of subwatersheds along the 

tributaries south of the South Platte River show a relatively low frequency of high groundwater levels 

(0-20 percent). Areas with moderate frequency of high groundwater levels (20-40 percent) extend 

intermittently from Denver to Julesburg along the main stem of the South Platte River. Areas around 

Greeley, La Salle, and Gilcrest, west of Fort Morgan, and between Sterling to Julesburg show greater 

frequencies of high groundwater levels (40-80 percent). There are no areas with pervasive high 

groundwater levels (80-100 percent) from 1963 to 1972 (fig. 9).  

During the third and fourth decades, 1973-1982 and 1983-1992, coverage of subwatersheds with 

acceptable data is rather sparse (Figure 10 and Figure 11). During 1973-1982, areas near Greeley, 

LaSalle, and Gilcrest and west of Fort Morgan show moderate frequencies of high groundwater levels 

(20-60 percent) (Figure 10). There are no areas with frequent (60-80 percent) or pervasive high 

groundwater levels (80-100 percent) from 1973 to 1982. During the fourth decade, 1983-1992, areas 
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near and east of LaSalle and Gilcrest show moderate frequencies of high groundwater levels (40-60 

percent), while areas about 10 miles west of Fort Morgan at the confluence of Lost Creek and the South 

Platte River near Riverside Reservoir, and about 10 miles east of Sterling at the confluence of Cedar 

Creek and the South Platte River, show pervasive high groundwater levels (80-100 percent) (Figure 11).  

During the fifth decade, 1993-2002, areas with moderate frequency of high groundwater levels 

were present intermittently along the corridor from Denver to La Salle (20-60 percent) and near 

Julesburg (20-40 percent) (Figure 12). Three of the subwatershed regions between Greeley and Fort 

Morgan and 10 miles east of Sterling had pervasive high groundwater levels (80-100 percent).  

During the sixth decade, 2003-2012, pumping was curtailed (restricted) as administered by the 

State of Colorado in 2002-2003 (Figure 13). Areas with moderate to pervasive frequencies of high 

groundwater levels (20-100 percent) occur intermittently from the region near Greeley, La Salle, and 

Gilcrest to midway between Greeley and Fort Morgan along the South Platte River, and from Sterling to 

Julesburg. It bears noting, however, that in comparison to the previous decade (1993-2002) in areas that 

can be compared high groundwater conditions are generally similar, but exhibit some differences. A 

subwatershed about 10 miles north of Denver and one about 10 miles east of Greeley show higher 

frequencies of high groundwater levels than in the previous decade. The largest region of contiguous 

subwatersheds providing the best comparison between decades is located near Julesburg. In this 

location, the majority of subwatersheds show greater frequency of high groundwater levels over the last 

decade.   

For the complete period of record, 1953-2012, there are sufficient data to provide a basic 

understanding of the distribution of frequencies of high groundwater levels in the South Platte alluvial 

aquifer (Figure 14). Over the complete 60-year record, areas with moderate frequency of high 

groundwater levels have occurred intermittently along the main stem of the South Platte River from 
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Denver to Sterling, while areas from Sterling to Julesburg indicate greater frequencies of high 

groundwater levels than in other areas, overall. There are also isolated areas with frequent to pervasive 

high groundwater levels proximal to major reservoirs, which may influence groundwater levels in these 

areas.  In general, portions of the South Platte River alluvial aquifer along the main stem of the South 

Platte River from Sterling to Julesburg are exposed to frequent periods of high groundwater levels. In 

other areas, the frequency of high groundwater levels is intermittent with pockets of greater frequencies 

of high groundwater typically along the main stem of the river. Tributaries south of the South Platte 

River show less frequent conditions of high groundwater levels. 

 

Differences in High-Water Conditions Between Subwatersheds  

The identification of local patterns of spatial association is an important point of interest with 

respect to evaluating water levels in the South Platte alluvial aquifer. Because high groundwater levels 

are a common occurrence, differences in high-water conditions between local areas (subwatersheds) are 

not easily ascertained from direct visual inspection. It is therefore advantageous to discern differences in 

the frequency of high groundwater levels observed between subwatersheds that are statistically 

significant. A statistical class of local indicators of spatial association (LISA), such as the Local Moran's 

I statistic (Anselin, 1995), allow for the decomposition of global indicators into the contribution of each 

observation. LISA statistics serve two purposes. First, they may be interpreted as indicators of local 

pockets of nonstationarity, or hot spots, similar to statistics proposed by Getis and Ord (1992). 

Secondly, they may be used to assess the influence of individual locations on the magnitude of the 

global anomalies.  

Local Moran’s I was calculated for each subwatershed using the percent frequency of high 

groundwater levels as the evaluated variable. As used in this study, Local Moran’s I indicates 
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subwatershed areas with anomalously frequent or infrequent high groundwater levels. The water-level 

data were evaluated over decadal periods and for the complete period of record from 1953 to 2012. All 

1,670 wells were considered in the analysis. Choropleth (thematic) maps were also used to present 

results for Local Moran’s I. Frequency of high groundwater levels is the evaluated variable because it is 

effectively an extensive measure over the subwatershed region. Moreover, the Local Moran’s I method 

is appropriate from a statistical perspective to evaluate regions in the chloropleth map with greater than 

or equal 30 subwatersheds (features). While all decadal periods are presented in the report, for 

completeness, it is noted that two decades (1973-1982 and 1983-1992) possess insufficient data to 

produce reliable results in this regard.  

Chloropleth maps of spatial anomalies of frequency of high groundwater levels were evaluated 

chronologically per decade and for the complete period of record from1953 to 2012 (Figure 15-19). 

During the initial decade, 1953-1962, the large majority of subwatersheds either have insufficient data 

or show statistically insignificant results (Figure 15). A small section near Julesburg reveals clustered 

high-groundwater levels as well as a few isolated high-water levels near the Greeley, LaSalle, and 

Gilcrest areas (High-Low).  

During the second decade, 1963-1972, all four types of spatial anomalies are present (Figure 16). 

As with the previous decade a few isolated (High-Low) statistical anomalies are present near the 

Greeley, LaSalle, and Gilcrest areas, although the pattern extends in a southerly direction. Also, similar 

to the previous decade, there are clustered (High-High) anomalies of high-groundwater near Julesburg. 

Although it is noted the cluster is substantially more pervasive extending effectively from Sterling to 

Julesburg. Areas along tributaries south of the main stem of South Platte River show either insignificant 

results or anomalous low frequencies (Low-Low or Low-High) of high groundwater levels.  
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During the fifth decade, 1993-2002, the Local Moran I analysis is considered minimally viable 

with a limited number of watersheds with acceptable data (Figure 19). Within that context, the majority 

of subwatersheds show statistically insignificant results, although three regions exist near Gilcrest, 

midway between Greeley and Fort Morgan, and east of Sterling that show isolated anomalies of high 

groundwater levels.   

During the sixth decade 2003-2012, all four types of spatial anomalies are once again present 

(Figure 27). Large scale patterns of statistical anomalies emerge that are similar, although not identical, 

to previous decades where sufficient data are available for comparison. As with the previous decades a 

few isolated (High-Low) statistical anomalies are present near the Greeley, LaSalle, and Gilcrest areas, 

although the affected subwatersheds also extend more eastward toward Fort Morgan. Clustered high 

anomalies (High-High) extend effectively from Sterling to Julesburg.  

As an aggregate data set over the complete record from 1953-2012 (Figure 21), and relaxing the 

condition of 70 percent coverage, there are isolated (High-Low) areas of high water levels along most of 

the South Platte River between Greeley and Fort Morgan and to the south toward Denver along the 

South Platte River. Clustered high water-level conditions (High-High) extend from Sterling to Julesburg 

in a pattern similar to those observed previously in past decades. Areas to the south along lower 

tributaries show low (Low-Low) clustered anomalies with statistically lower frequency of high 

groundwater levels. The region between Fort Morgan and Sterling shows the frequency of high 

groundwater levels to be insignificant as compared to other areas, implying there is no less or no greater 

frequency of high groundwater levels than in other regions. Although high groundwater levels have 

been observed along most sections of the South Platte River (Figure 5), clear patterns are evident within 

major ~50 mile sections along the South Plate River. As a generalization, two dominant sections with 

anomalous frequencies of high groundwater levels occur intermittently between Greeley to Fort Morgan 
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and continuously from Sterling to Julesburg. Most of the tributaries to the south of the South Platte 

River show low statistical anomalies indicating infrequent high groundwater conditions. The majority of 

other subwatersheds in the South Platte alluvial aquifer are shown to be insignificant or lack sufficient 

data. 

 

Trends in Groundwater Levels  

The number of wells eligible for trend analysis varies by decade from 7 to 255 over the period of 

record 1953-2012 (Table 1). For decades 1973-1982 and 1983-1992 there are relatively few wells 

eligible for trend analysis (7 and 22, respectively) bringing to question the reliability of results for these 

periods. In other decades there are at least 100 eligible wells present, and two decades (1963-1972 and 

2003-2012) have a significantly larger number of available wells with 255 and 220, respectively. Zero 

to 32.7 percent of wells have validated trends at the decadal time scale, with the recent decade, 2003-

2012, having the highest percentage of wells with significant trends at 32.7 percent.  

Groundwater levels in wells having significant trends appear to have been mostly under a state 

of decline for the first five decades of record from 1953-2002 since the number of wells with decreasing 

water levels exceeds those with increasing water levels by a factor of 15:1. For 2002-2012, after the 

curtailment of well pumping administered by the State of Colorado, there has been a reversal in 

groundwater levels where about 89 percent of wells with significant trends indicate rising groundwater 

levels and the remaining 11 percent show declining groundwater levels (64 versus 8 wells, Table 1).  

 
Trends of groundwater levels at individual wells were examined chronologically per decade and 

for the complete period of record from 1953 to 2012 (Figure 22-28). The majority of individual wells 

have discontinuous and sparse data records that do not pass quality control standards described in the 

methods section. Sporadic data limit the ability to resolve trends at many, but not all, well locations. Of 
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the wells eligible for trend analysis there is between 0 to 32.7 percent having significant trends in 

groundwater levels (Table 1). Thus, a small proportion of available wells indicate significant trends in 

groundwater levels and coverage of the South Platte alluvial aquifer is irregular in the majority of 

decades considered. These limitations lead to uncertainty of conditions in some areas. Moreover, 

individual wells are “point” observations effected by local conditions that are not apparent on a regional 

scale rendering the cause of groundwater level change difficult to resolve in the absence of detailed 

local information. Descriptions are therefore constrained to basic patterns of groundwater level trends at 

individual wells. Estimated rates of water-level change are shown in units of feet of groundwater-level 

change per year.  Rates of change range from insignificant to a several feet per year. Rates are binned 

using five increments indicating rising (positive) groundwater levels and five increments indicating 

falling (negative) groundwater levels.  

During the initial decade 1953-1962, 14 of 17 eligible wells show declining groundwater levels 

(Figure 22). Rates of change in water levels vary between -2.9 and 3.1 feet per year. Wells exhibiting 

groundwater-level declines are found within tributaries of the South Platte River including, Lost Creek, 

Kiowa Creek, Bijou Creek, Badger Creek, and Buck Creek. There are a couple of wells exhibiting 

groundwater rise also within Lost Creek. No wells along the main stem of the South Platte River show 

significant trends during this decade.  

During the second decade 1963-1972, 16 of 16 eligible wells show declining groundwater levels 

(Figure 23).  Trends in groundwater levels vary between -2.3 to -0.9 feet per year. Wells exhibiting 

groundwater decline are found mainly within tributaries of the South Platte River including, Box Elder 

Creek, Kiowa Creek, and Bijou Creek. There are a couple of wells showing declining groundwater 

levels along the main stem of the South Platte River west of Fort Morgan near Empire reservoir, which 

appears to be part of the cluster of wells showing groundwater decline along the tributaries (Figure 1).  
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During the fifth decade 1993-2002, 10 of 10 eligible wells show declining groundwater levels 

(Figure 26). Trends in groundwater levels vary between -2.4 to -0.6 feet per year. Wells exhibiting 

groundwater decline are concentrated within Box Elder Creek. There is also one well showing declining 

groundwater levels along the main stem of the South Platte River a few miles east of Greeley. The 

decade with the largest apparent change in groundwater levels for individual wells occurs in the recent 

decade 2003-2012.  

During the recent decade, 2003-2012, 64 of 72 eligible wells show rising groundwater levels 

(Figure 27). Rates of change in groundwater levels vary between -1.2 to 2.8 feet per year. Wells 

exhibiting groundwater decline are concentrated along Lost Creek and at a couple of locations a few 

miles east of Greeley and LaSalle. The remaining majority of areas indicating groundwater rise occur 

near Greeley and LaSalle, along Box Elder Creek, near Empire Reservoir, and intermittently from Fort 

Morgan to Julesburg, with the highest density of rising groundwater levels observed near Julesburg.  

Over the complete record, 1953-2012, 21 of 30 eligible wells show declining groundwater levels 

(Figure 28). Trends in groundwater levels vary between -1.2 to .44 feet per year. Wells exhibiting the 

greatest groundwater decline are concentrated along Kiowa Creek and Bijou Creek. Other areas 

showing groundwater decline occur at an isolated number of locations along the South Platte River.  

Factors that affect groundwater levels at specific wells are difficult to determine in a regional 

assessment. This limitation makes the challenge of interpreting a few isolated wells substantial, 

especially when considering the high potential of local influences from diversion structures and aquifer 

heterogeneity. Similar to the frequency analysis, choropleth maps were used to examine trends of high 

groundwater levels in regions defined by subwatersheds of the South Platte alluvial aquifer over the 

period of record 1953-2012 (Figure 29). A hybrid approach was adopted to indicate subwatershed areas 

suitable for trend analysis and areas which show a significant trend. Pre-processing was first performed 
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to spatially detrend the groundwater level data using a second-order trend surface of average 

groundwater levels. The approach combines previously described requirements for well counts and data 

coverage used in the frequency analysis with requirements of the trend analysis performed for individual 

wells. Although significant fluctuations arise in evaluating groundwater levels within subwatershed 

areas, aggregating the incomplete data record enables an improved perspective of aquifer conditions. In 

cross validating results there is strong agreement between trend analyses at individual wells and over 

subwatershed areas (Figure 28-29). In certain instances, a well shows a trend in groundwater levels, but 

the watershed it lies within shows no significant trend. This is not considered a disagreement, but rather 

a difference between subwatershed response and a “point” response within the subwatershed. Although 

trend magnitudes differ there is only 1 of 30 wells (3 percent) where a disagreement in trend sign 

(positive or negative) was identified, which is located between Empire Reservoir and Fort Morgan. A 

cross-validation giving 97 percent agreement provides support for examining trend analyses over 

subwatersheds.  

Results over the 60-year record indicate a mixture of areas where groundwater levels are rising 

or falling. The majority of areas showing groundwater decline occur south of the South Platte River 

along the tributaries and west of Greeley and LaSalle and where Crow Creek intersects the South Platte 

River. Subwatersheds where Greeley and LaSalle are located are shown to be statistically insignificant. 

The main areas of groundwater rise occur near Fort Morgan, Sterling, and Julesburg. Overall, less than 

half of the watersheds intersecting the South Platte River show significant trends in groundwater levels. 

Beginning west of Fort Morgan about 30 miles near the confluence of Lost Creek and the South Platte 

River, and moving eastward to Julesburg, groundwater levels aggregated across subwatersheds have 

risen or experienced little change over the 60-year record. Moving westward along the South Platte 
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River from the same location trends in groundwater levels are mixed, although subwatersheds along the 

western edge of the South Platte alluvial show primarily groundwater decline. 

 

Correlation of System Attributes to High Groundwater Levels 

To examine potential causes of high groundwater conditions in the South Platte alluvial aquifer, 

correlations were examined between the frequency of high groundwater levels observed in wells over 

the recent decade (2003-2012) and attributes that describe aquifer characteristics and diversion 

structures. The recent decade was selected primarily because high groundwater levels are relatively 

frequent and secondly because resulting correlations, available GIS coverages, and diversion records are 

most representative of current conditions.  Correlation coefficients and aspects of their use are discussed 

in the methods section. 

Correlations were first evaluated between high groundwater levels observed in wells and 

geographic attributes. Geographic attributes pertain to well position, corresponding subwatershed, and 

distance from surface-water features. The attributes describing location include: (a) land surface 

elevation at a well, (b) subwatershed area, (c) maximum “max” elevation in a subwatershed, (d) 

minimum “min” elevation in a subwatershed, (e) average “avg” elevation in a subwatershed, (f) range of 

elevation in a subwatershed, (g) standard deviation “std” of elevation in a subwatershed, (h) relative 

position “rel” of a well in a subwatershed (low to high, 0-1), (i) relative position of a well in the South 

Platte alluvial aquifer (low to high, 0-1), and (j) aquifer thickness at a well. The attributes for examining 

distances from wells to surface water features include: (k) closest distance from a canal, (l) closest 

distance from a major tributary, and (m) closest distance from the South Platte River.  

Of the 13 geographic attributes evaluated, 9 attributes show statistically significant correlations 

(Figure 30). The majority of attributes with significant correlations (7 of 9) are measures of land surface 
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elevation or relative position (low to high, 0-1). Strongest positive correlations were identified for well 

elevation at the land surface and relative position of well location within the South Platte alluvial 

aquifer. This implies that wells higher in elevation within the aquifer exhibit lower frequencies of high 

groundwater levels, and vice versa.  Each statistic used to describe land surface elevation (minimum, 

maximum, average, relative position) reveals a negative correlation to frequency of  high groundwater 

levels. In terms of the minimum, average, and maximum elevations, which show similar correlation 

magnitudes, there is little distinction between which measure is used as the representative elevation in a 

subwatershed. This is interpreted to occur because average elevation differences between subwatersheds 

are greater than elevation differences within subwatersheds, on average. The relative position (low to 

high, 0-1) of a well within a subwatershed, however, is statistically significant. Relative depressions in a 

subwatershed are expected to have greater frequencies of high groundwater levels.  The only measure of 

elevation with a positive correlation to high groundwater levels is the standard deviation of elevation 

distribution within a watershed. This suggests that subwatersheds with topographic variation show 

higher frequencies of high groundwater levels, although it is noted that this relation shows the smallest 

correlation of the 9 attributes examined. This is believed to occur by enhancing flow of water toward 

depressions or drainages in the subwatershed, as compared to a subwatershed with flat topography 

where water would be more evenly dispersed. The effect is not merely differences between high and 

low elevations since the range (max-min) of elevations in a subwatershed was shown to be statistically 

insignificant. In terms of surface water, wells located closer to the South Platte River show a greater 

frequency of high groundwater levels, while those closer to tributaries of the South Platte River show a 

lower frequency of high groundwater levels. The latter effect is evident because many of the tributary 

channels have a low frequency of high groundwater levels, particularly south of the main stem of the 

South Platte River (Figure 13).  
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Correlations were also identified between high groundwater levels observed in wells and 

diversion structure attributes. The analysis of diversion structure attributes was designed to identify a 

search distance (radius) from wells that yields the largest correlation to high groundwater levels, up to a 

maximum distance of 20 miles. The procedure provides a measure of the distance of influence of each 

diversion attribute in addition to the corresponding correlation value. The examined diversion structures 

are: (a) ditches, (b) reaches, (c) recharge areas, (d) reservoirs, (e) wells, (f) well fields, and (g) 

augmentation plans. The following measures are determined for each type of diversion structure:  (1) 

closest distance from a structure, (2) decree rate of closest structure, (3) number of structures in search 

radius, and (4) average decree rate from the number of structures in search radius. In total, this amounts 

to 28 diversion structure attributes that are correlated to high groundwater levels.  

Of the 28 attributes of diversion structures attributes examined, 20 attributes show statistically 

significant correlations with half being positive and half negative (Figure 31). The greatest positive 

correlations occur for wells or well fields. The results indicate that areas near pumping wells or areas 

where the decreed rate of pumping is relatively high tend to experience lower frequencies of high 

groundwater levels. Other significant positive correlations occur for reservoirs and ditches, but at lower 

magnitudes than wells or well fields. At locations where nearby reservoirs have relatively high decree 

rates or where average decree rates are larger over the search area, there tend to be greater frequencies 

of observed high groundwater levels. This indicates that groundwater levels in some cases are affected 

by rates or magnitudes of water that is stored or released by reservoirs. The relations for ditches are 

sensitive to the number of structures and decree rate. This indicates that some ditches lose water to the 

aquifer causing groundwater levels to rise. The greatest negative correlations to high groundwater levels 

occur for number of wells, well fields, or augmentation plans. In this case, where there are more of these 

structures in the defined search area there tends to be lower frequencies of high groundwater levels. 
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Recharge areas are also shown to be important. Recharge areas closer to observation locations are 

associated with increased frequency of high groundwater levels. Relations to decree rates of recharge 

areas are also negatively correlated to frequency of high groundwater levels. This suggests that decree 

rates are typically higher in areas lower frequency of high groundwater levels, although it is important 

to consider the scale of the search distance that yielded the maximum correlation.   

The corresponding search distances (radii) yielding maximum correlations are given in Figure 

32. Minimum distances from wells where correlations can be resolved statistically vary for each 

attribute but average to about one mile. Although individual relations may be calculated, generalizing 

correlations over shorter distances across the South Platte alluvial aquifer is expected to require 

additional data, perhaps from small-scale pilot studies. Overall, search distances yielding maximum 

correlations range from less than a mile to greater than 18 miles. Particularily for search distances of 

several miles, correlations may be reflective of regional averages. They may describe general relations 

in areas where structures were constructed, and integrate the cause of high groundwater levels with 

other factors. Although correlations are the valid for comparison, the distinction between causation and 

correlation is not defined. Analysis indicates that wells have the shortest range of maximum correlation 

to high groundwater levels of the attributes examined, while the number of reservoirs and well fields 

have the longest ranges. The analysis shows that diversion structures can influence high groundwater 

levels observed in wells over distances spanning a considerable number of miles, specific to the type of 

structure and measure examined. 

 

MONITORING WELL NETWORK 
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The South Platte River alluvial aquifer is a highly dynamic system that adjusts continually to 

short-term and long-term changes in climate, groundwater withdrawal, and land use. Groundwater-level 

measurements from observation wells are the primary source of information used to evaluate hydrologic 

stresses from natural and anthropogenic sources that act on an aquifer. Long-term, systematic 

measurements of water levels provide essential data that are critical to evaluate changes in the aquifer 

over time, to develop and calibrate groundwater models, forecast trends, and to design, implement, and 

monitor the effectiveness of groundwater management and resource protection programs (SOGW, 

2009). 

Projects orchestrated by multiple agencies that measure water levels involve different objectives, 

monitoring designs, protocols, and reporting requirements. In some instances, wells used as observation 

sites are not fully devoted to monitoring groundwater-level observations and reflect, at least in part, 

other influences such as local domestic water use or irrigation. In other instances, as in the case of the 

South Platte Decision Support (SPDSS) network or U.S Geological Survey NAWQA network, wells are 

devoted primarily to monitoring groundwater levels and instrumented with transducers for high 

precision measurements. Although groundwater levels are monitored by several agencies, at present, 

there is no individual monitoring network sufficient to characterize the water table (potentiometric 

surface) across the aquifer in its entirety, and there is no network in place that targets the influence of 

diversion structures on water levels at the same scale. In aggregate, the existing well networks do not 

have unifying objectives or reporting requirements needed for a comprehensive aquifer water 

monitoring plan. A regional groundwater-level monitoring network is presented herein to provide a 

basis for aquifer scale characterization that includes examining potential influences from diversion 

structures. The network is intended to provide a foundation for informed decision making and 
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hydrologic analysis in future studies performed through partnerships at the Federal, State, and local 

levels. 

 

Benefits of a Monitoring Network  

All groundwater-level monitoring programs depend on the operation of a network of monitoring 

wells. Monitoring wells are designated specifically for the collection of groundwater-level data (Taylor 

and Alley, 2001). Decisions made about the quantity and locations of monitoring wells are crucial to 

any data collection program. Ideally, wells chosen for a monitoring well network will provide data that 

are representative of various physiographic and land-use environments. The primary purposes of a 

groundwater-level monitoring network are to measure (1) ambient groundwater conditions, or the 

effects of natural, climatic related hydrologic stresses and (2) other influences on the aquifer often 

societal related. Groundwater-level monitoring programs for complex or multilayer aquifer systems may 

also require measurements in wells completed at multiple depths and perhaps in different geologic units.  

To successfully manage current groundwater resources and ensure effective planning, an 

understanding of the processes and properties of the groundwater systems is required. This includes 

detailed information on groundwater levels because groundwater level measurements are the only direct 

measure available to evaluate aquifer hydraulic conditions. Increases in groundwater levels indicate 

increased quantities of water stored within the pore space of an aquifer. Decreases in water levels 

indicate decreased quantities of water in storage. Uses of groundwater level monitoring data are critical 

to evaluate: (a) changes in groundwater recharge and storage, (b) impacts from climate variability (e.g. 

floods or droughts), (c) groundwater-level (potentiometric) surface of the water table or confined 

aquifers, (d) alterations in groundwater flow directions, (e) interactions between ground water and 
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surface water, (f) and groundwater flow control on contaminant transport (Taylor and Alley, 2001; 

SOGW, 2009). 

 

Monitoring Network Design Components 

The design of the monitoring network is described using terminology proposed by The 

Subcommittee on Ground Water (SOGW, 2009). The SOGW was established in 2007 by the Federal 

Advisory Committee on Water Information (ACWI) to develop a framework that establishes and 

encourages implementation of long-term ground-water assessments. The major components of a 

monitoring network are classified as “unstressed” and “targeted”. Within these groupings, are 

subcomponents to develop  baseline historical data records (“baseline monitoring”), synoptic 

assessments (“surveillance monitoring”), and water-level trend monitoring (“trend monitoring”).  

 

Unstressed Subnetwork 

The unstressed component of a monitoring network includes monitoring wells that provide data from 

unstressed (or least stressed) parts of an aquifer. Under optimal protocols and design the unstressed 

subnetwork ensures that a consistent group of wells is regularly monitored to generate water-level data 

from areas of the aquifer reflecting ambient conditions. It is, however, expected that total network-wide 

isolation from land use, diversions, and development is not possible in absolution. In practice, 

“unstressed” regions are those that either have limited stress or have been least affected by human 

activities.  

 



 

14-48 

Targeted Subnetwork 

The targeted component of a monitoring network includes monitoring points that provide data from 

aquifers that are affected by human activities of some form. This includes areas that are known to be 

heavily pumped or have undergone substantial land-use change, or those with managed ground-water 

resources. Effects of managed groundwater resources include artificial recharge or enhanced storage and 

recovery. The targeted subnetwork also includes monitoring points in an area expected to be developed.  

 

Baseline Monitoring 

In the event that historical records do not exist, then an initial baseline monitoring period for up to five 

years is recommended for new monitoring wells to define hydrologic conditions and to account for 

natural variability. Once baseline data are available, data should be reviewed to determine whether the 

monitoring well should be assigned to the surveillance or trend monitoring classifications, or whether 

the baseline phase should be extended. When baseline monitoring is completed, wells are available for 

surveillance and trend monitoring. Over time, as conditions change, wells should be critically evaluated 

to assure they remain in the proper subnetwork. 

 

Surveillance Monitoring 

Surveillance monitoring is used to periodically report on the overall water-level conditions in the aquifer 

at a point in time. Surveillance monitoring can be thought of as a periodic “census” of ground-water 

levels across the aquifer extent. It may not be possible to regularly monitor all surveillance wells due to 

cost limitations, but an aquifer census could be taken in a rotating program over different areas. Over 
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time, surveillance monitoring can be thought of as a series of discrete snapshots of aquifer conditions. 

The frequency of surveillance monitoring generally is much less than trend monitoring.  

 

Trend Monitoring 

Trend monitoring requires frequent water-level measurements for a manageable number of wells given 

budgetary constraints and aquifer requirements. A subset of the wells used for trend analyses of 

groundwater levels are designated as the “backbone” of the monitoring network. These are carefully 

selected sites that are fully supported for continued data collection over the duration of the program. 

Every consideration must be given to continuing the long-term record from the “backbone” of the 

monitoring network for a continuous historical record. Measurement frequencies for trend monitoring 

must be appropriate to determine long-term trends and seasonal variability in water levels at selected 

locations.  

 

South Platte Alluvial Aquifer Network Design 

The proposed water-level monitoring network for the South Platte alluvial aquifer consists of a primary 

(“unstressed”) subnetwork and two secondary (“target”) subnetworks. The primary monitoring network 

will focus on representing the least stressed parts of the South Platte alluvial aquifer for defining 

baseline conditions and performing surveillance and trend monitoring. The primary monitoring network 

requires wells that are less affected by well pumping, diversions, and land uses that affect groundwater 

recharge. A secondary target monitoring network (structural target) will focus on potential locations 

where diversion structures affect water levels. Another secondary target network (hydrologic target) will 

focus on areas of notable “high water” conditions or those with appreciable changes in groundwater 
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levels occurring over the recent decade (2003-2012). Subnetworks should include a logical subset of 

available monitoring wells sufficient for the intended purpose. SPDSS and U.S Geological Survey 

NAWQA wells installed with pressure transducers recording daily or sub-daily measurements were 

selected as the logical backbone of the primary monitoring network. Well sites suitable for trend 

analyses include those with water level data recorded on at least a seasonal frequency. The proportion of 

wells designated for trends or surveillance in the unstress subnetwork should be determined during het 

iWell sites Subnetworks may be composed of wells managed by different agencies that will require 

shared strategies and guidelines for data collection. The term “network-of-networks” can be used to 

describe combining well networks of difference agencies operated over smaller areas to form an 

inclusive network (SOGW, 2009). There are also small-scale pilot studies in Gilcrest, La Salle, Sterling, 

and other areas along the South Platte alluvial aquifer conducted by the Colorado Division of Water 

Resources and other agencies that will compliment the proposed monitoring network aimed at a aquifer-

scale characterization. Further technical considerations applicable to the design of a groundwater-level 

monitoring network are discussed in several technical documents (e.g., Winter, 1972, Heath, 1976, 

Taylor and Alley, 2001; SOGW, 2009). 

 

Frequency of Groundwater-Level Measurements  

The frequency of groundwater-level measurements is among the most important components of 

a groundwater-level monitoring program (Taylor and Alley, 2001; SOGW, 2009). Although often 

influenced by economic constraints, the frequency of measurements should be determined according to 

the anticipated variability of groundwater-level fluctuations in the observation wells and the data 

resolution or degree of detail needed to fully characterize the hydrologic behavior of the aquifer. 

Systematic, long-term collection of groundwater-level data offers the greatest likelihood that 
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groundwater-level fluctuations caused by variations in climatic conditions and groundwater-level trends 

caused by changes in land-use or water-management practices will be “sampled.” Moreover, long-term 

groundwater-level records greatly enhance the ability to forecast future water levels. Multiple factors 

considered for the South Platte alluvial aquifer point to the need of frequent groundwater level 

measurements (Figure 33). The aquifer is unconfined in most locations and composed mainly of 

permeable sediment with moderate to large variations in thickness (Figure 3). Colorado is projected to 

be heavily influenced by climate change as compared to other States far removed from a climate 

transition zone within a semi-arid enviroment (Milly, 2008). There are also societal influences that 

could affect aquifer conditions; about 18,000 diversion structures in operation that have the potential to 

alter the local hydrologic regime. Each of the conditions examined for the South Platte alluvial aquifer 

point toward the need for a “more frequent” data collection program. It is suggested that all monitoring 

wells selected for the trend network be instrumented with continuous recorders that record water levels 

at least on a 4-hour frequency, and that accompanying survellience monitoring in the unstressed 

network be performed, at least, on a seasonal frequency. 

 

Monitoring Well Candidates 

All of the wells considered for the proposed water-level monitoring network are completed in 

the South Platte Alluvial aquifer. Wells are indicated as dedicated for monitoring purposes either in 

State or Federal data records or were stated as such in personal communication with State agencies or 

affiliate group members of HB1278. The focus on using dedicated monitoring wells is to reduce local 

influences on the water table such as pumping or artificial recharge. It bears noting that a portion of 

wells originally developed as U.S Geological Survey wells have in recent years become associated with 

other agency campaigns. In the interest of clarity, attempts were made to retain these more recent 
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naming conventions, but it is clear that agency association is not reflective of ownership or the 

completing agency in every case. The total pool of monitoring well candidates consists of 397 wells 

(Table 2). Agency breakdowns are listed in Table 2 (‘Total” column). The SPDSS network is the most 

established water-level collection effort in the South Platte alluvial aquifer and was created under the 

hospice of the Colorado Division of Water Resources. The SPDSS network provides data and tools to 

support informed decisions on issues related to water resources. The SPDSS network contains 37 

monitoring wells but is not optimized for aquifer scale evaluation, which is apparent by examining that 

several wells are clustered in proximity to one another at the expense of spatial gaps extending over 

large areas. There are 15 additional monitoring well candidates managed by the Division of Water 

Resources in addition to the SPDSS network. The USGS NAWQA network contains 23 monitoring 

wells dispersed along the South Platte River and compliments SPDSS well locations in the majority of 

instances. Both the SPDSS and USGS NAWQA networks have a known construction history, were 

carefully selected, produce reliable results, and have current data collection programs in place. For these 

reasons the two networks were considered for the backbone of the monitoring network. Other major 

contributions to the candidate pool of monitoring wells come from conservancy districts. The Central 

Colorado Water Conservancy District (CCWCD) has 15 monitoring wells considered in the study, while 

the Lower South Platte Water Conservancy District (LSPWCD) has 45 wells considered in the study. 

Additional monitoring wells considered for the unified network include: 15 wells managed by the 

Colorado Division of Agriculture with recent data records, 2 wells as part of the CSU network, 33 wells 

with miscellaneous ownership, and 7 tentative wells without a known data history. The majority of 

monitoring wells considered for the unified monitoring network are used regularly by managing 

agencies and the level of reliance is considered high. Other wells with miscellaneous ownership and 

those denoted as tentative possess the greatest uncertainty of accessibility and suitability. The nearest 
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suitable monitoring well from the remaining candidate pool is suggested if a replacement well is 

necessary. For wells listed as tentative, new monitoring wells may be required or well selections ignored 

if a viable alternative is not identified. The suitability of the proposed unified monitoring network 

should be evaluated by direct field reconnaissance and by other means as part of the implementation 

phase. 

 

Monitoring-Well Network Optimization 

The intitial step in optimizing the monitoring network design was to de-trend groundwater-level 

data and approximate a depth-to-water surface of the South Platte alluvial aquifer. Ordinary Kriging 

assumes that non-stationary artifacts (trends) in the data have been removed in order for the underlying 

mathematical assumptions to remain valid. The complete groundwater-level data set with records 

between 1953-2012 consisting of 1,670 wells (exhaustive data set) used for monitoring, irrigation, 

domestic, stock, and other miscellaneous purposes was evaluated to approximate a representative 

potentiometric surface across the South Platte alluvial aquifer (Figure 4).  A broad averaging was 

viewed as a practical option in this instance given that monitoring wells with different periods of records 

are considered in the analysis and hydrologic stresses have changed over time. Locally weighted 

scatterplot smoothing was performed for each well site in the exhaustive data set to first smooth 

temporal fluctuations in groundwater levels. The data were then spatially averaged and de-trended using 

a second-order polynomial surface layer to make the data field second-order stationary. The best-fit 

exponential variogram model indicates a nugget of 357.4 ft² (33.2 m2), sill of 3,460.6 ft2 (321.5 m2), and 

range of 33,399.9 feet (10,180.3 m, ~10km) using 30 counts of 3,280.8 ft (1,000 m) lag steps. The most 

important of these parameters for the network design is considered the correlation scale (range), which 

indicates that average well spacing for the designed monitoring network should be substantially less 
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than about 33,400 ft (~10km) to enable an overlap in the spatial correlation in groundwater levels 

between well locations. 

Cross validation of kriging estimates of the exhaustive data set was performed on the predictions 

of water-level depth at each well location. Cross validation involves an iterative removal of one data 

point (well) from the complete data set and using the remaining data to compute an estimate at the 

location of the removed data point. Residuals between estimated and known values provide an 

assessment of error in terms of equivalent units of the data and are optimal near zero. Normalized 

residuals should have the property of unit variance (unit standard deviation), which provides an 

assessment of how closely the kriging variance represents the actual variability of prediction errors. 

Results indicate that mean residual and mean standardized errors are close to zero (-0.03 and -0.0015, 

respectively) and the root mean square standardized error is near unity (0.88), which are desirable 

outcomes. The average standard error and root mean-square errors are 11.05 and 11.13, respectively. 

Variation in water level predications of this magnitude are expected given the intensity of water use and 

water-level variability in the aquifer. Spatial delineation of the kriging interpolation reveals largest 

prediction errors (uncertainty) occur along the periphery of the aquifer within the main stem of the 

South Platte River and within major tributary channels south of the main stem (Figure 34). This 

indicates that kriging predictions have greater accuracy, on average, along the main channel of the 

South Platte River, while predictions along the aquifer periphery and lower tributaries are less accurate. 

Given the spatial distribution of error, optimization of the groundwater level monitoring networks was 

confined to areas along the main stem of the South Platte River. Moreover, it is evident from direct 

inspection that the majority of monitoring wells comprising part of the exhaustive data set are not 

located near the aquifer periphery along the main stem of the South Platte River (Figure 34 and Figure 

35). For those monitoring wells located near the aquifer periphery along the main stem, the majority do 
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not correlate to areas with greatest Kriging errors. Thus, accuracy in approximating water-level depths 

in monitoring wells within the optimization region is greater, on average, than the exhaustive data set of 

all well types. Monitoring wells outside of the optimization region or those with insufficient data history 

(denoted as tentative sites) were selected manually.  

Optimization of the unstressed (primary) monitoring subnetwork was performed using an initial 

starting network consisting of the proposed backbone where data recording is continuous, sites are 

reasonably distributed, and measurements are accurate. Initial ranking of proximity to each nearest 

diversion structure considered in the analysis (reservoirs, recharge areas, ditches, wells and well fields) 

and average decree rate of structures within a 10 km radius of each candidate monitoring well were used 

to refine the backbone of the network. By excluding the top 10 monitoring wells per diversion structure 

category showing the largest potential influences on local water levels from consideration, all 23 USGS 

NAWQA wells and 29 of the 37 SPDSS wells were chosen to form the backbone. The resulting 

backbone network is therefore composed of 52 monitoring wells. Design of the unstressed monitoring 

subnetwork was automated using the starting backbone of 52 monitoring wells as an initial condition 

and adding wells to the network iteratively. The average Kriging variance was used to evaluate the 

optimal number of wells that should be adopted (Figure 36). As additional monitoring wells were added 

to the subnetwork the average Kriging error (uncertainty) in the interpolated water levels was reduced 

and observed to follow a power-law relation with an R2 fit of 0.91, which if extended to additional 

iterations beyond those examined would suggest little benefit is gained from adding additional 

monitoring wells to the subnetwork. The optimal number of wells was chosen at at the 32nd iteration 

,which is beyond the maximum curvature of the power-law by a few wells at the observed error minima.  

In total, 84 wells were selected from the automated optimization process (Figure 37, Table 2). It is noted 

that 2 additional SPDSS wells were added to the subnetwork because of their ideal locations as 
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determined through the Kriging process bring the total SPDSS wells to 31. Tributaries south of the main 

stem of the South Platte alluvial aquifer that reside beyond the optimization region were examined 

manually. Twelve additional wells were selected in tributaries south of the main stem of the river and 

adjacent areas within the optimization region where no monitoring wells were located in the evaluated 

data set. The complete unstressed monitoring subnetwork has 96 monitoring wells dispersed across the 

aquifer. The network includes wells from USGS, SPDSS, CDA, CSU, DWR, LSPWCD, and other 

sources demonstrating the need to gather community resources in order to characterize water levels 

across the South Platte alluvial aquifer. 

The hydrologic monitoring subnetwork  includes wells to examine “high water” conditions or 

change in groundwater levels using data over the recent decade (2003-2012). During optimization each 

candidate monitoring well is ranked as a function of location as determined by the Kriging process, and 

either the frequency of groundwater levels or trends in groundwater levels as the second metric. Only 

sites that meet quality control criteria are used in the analysis. Result of the optimization are given in 

Table 2and Figure 39.  Twenty monitoring wells were identified to evaluate areas with high 

groundwater and those with appreciable water levels trends. It is recommended that a subset of the 

proposed well groups be adopted based on direct field reconnaissance to assess additional factors 

evident from physical inspection of the site. The optimal monitoring wells for each component are 

dispersed from Greeley to Julesburg along the main stem of the South Platte River. There are primary 

groupings of wells identified east of Greeley, La Salle, and Gilcrest and west of Fort Morgan. Other 

selected wells are more isolated and located mainly between Sterling and Julesburg. 

The structural monitoring subnetwork  is composed of wells to evaluate whether diversion 

structures could be affecting groundwater levels. The diversion structures considered in the analysis are 

reservoirs, recharge areas, ditches, and wells and well fields. During optimization each candidate 
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monitoring well was ranked as a function of location as determined by the Kriging process, proximity to 

diversion structures, and average decree rate within a 10 km radius of the well.  Results of the 

optimization are given in Table 2and Figure 38. Twenty monitoring well candidates were determined 

for each of four structures (ditch, recharge area, reservoir, and well or well field). It is recommended 

that a subset of the proposed well groups be adopted based on direct field reconnaissance to assess 

additional factors evident from physical inspection of the site. The optimal monitoring wells for each 

component are dispersed all along the main stem of the South Platte River. There are primary groupings 

of wells identified midway between Greely and Fort Morgan at the confluence of Lost Creek with the 

South Platte River near Riverside reservoir and midway between Fort Morgan and Sterling along the 

South Platte River. Locations of wells selected for each structure type are both isolated and grouped. 

Influences from multiple types of diversion structures appear to occur more frequently at selected 

monitoring wells, however, as evidenced by data overlap in most regions. Areas with the most potential 

influence on groundwater levels also vary by structure type. Most monitoring wells identified to 

examine the effects from wells or well fields occur in the eastern section of the study area, while most 

monitoring wells identified to examine the effects from reservoirs occur in the western section of the 

study area. Monitoring wells to examine the influence of ditches and recharge areas are more disperse 

along the South Platte alluvial aquifer. In the future, field reconnaissance of selected monitoring wells is 

proposed to further evaluate observed field variables, geologic logs, record correctness, and site 

accessibility for all of the subnetworks.  

 

 

DISCUSSION 

This section will undergo extensive editing in the final report 
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An investigation of groundwater levels within the South Platte River alluvial aquifer was performed in 

cooperation with the Colorado Water Institute and  Colorado Water Conservation Board as a component 

of Colorado House Bill 1278. Groundwater level data from 1,670 wells and more than 150,000 

observations were collected from Federal, State, and local agencies and examined for calendar years 

1953-2012.  The study is focused on describing spatial and temporal patterns of high groundwater 

levels, defined as locations where depth to groundwater is less than 10 feet below land surface. 

Groundwater levels were evaluated temporally over decadal periods and cumulatively for the 60-year 

record, and evaluated spatially per well site and over regions defined by subwatershed catchments. 

Wells and subwatersheds suitable for estimating areas of  high groundwater were examined for water 

level trends,  frequency of high groundwater conditions, and anomalies of high groundwater areas.   

Result show that about 28 percent of groundwater level observations recorded over the last 60 

years record show conditions of high groundwater. Areas of high groundwater have occured in most 

areas of the aquifer and in some areas high groundwater is commonplace. Groundwater levels have both 

risen and fallen over the period of record from 1953-2012, depending on the decade and spatial location 

examined. As a likely response to curtailment of pumping in 2002-03 by the State,  groundwater levels 

have increased sharply over the last last decade (2003-2012) where approximately 89 percent of the 

wells evaluated indicate trends of  rising water. Over the complete 60 year period,  however, about 60 

percent of evaluated wells with trends in groundwater levels indicate lowering water levels, particularly 

near the river. On average, about 14 percent of wells show a significant trend  per decade with a 

maximum of  33 percent in the recent decade (2003-2012).  

Trends in groundwater levels were also examined per subwatershed by detrending and 

aggregating local data over the complete 60 year period. Results were found to agree closely with those 

determined for individual wells, but also indicate a broader mixture of areas where groundwater levels 
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are rising or falling. The majority of areas showing groundwater decline occur south of the South Platte 

River along the tributaries and west of Greeley and LaSalle and where Crow Creek intersects the South 

Platte River. The main areas of groundwater rise occur near Fort Morgan, Sterling, and Julesburg. 

Overall, less than half of the watersheds intersecting the South Platte River show significant trends in 

groundwater levels. Beginning west of Fort Morgan about 30 miles near the confluence of Lost Creek 

and the South Platte River, and moving eastward to Julesburg, groundwater levels in subwatersheds 

have risen or experienced little change over the 60-year record. Moving westward along the South Platte 

River from the same location, trends in groundwater levels are mixed, although subwatersheds along the 

western edge of the South Platte alluvial show primarily groundwater decline. 

Areas of high-water are most prevalent near Gilcrest, LaSalle, and Fort Morgan, from Sterling to 

Julesburg, and at the confluence of Lost Creek with the South Platte River near Riverside Reservoir.  

Areas with significantly higher frequencies of high groundwater levels (statistical anomalies) occur 

between Gilcrest and Fort Morgan in isolated subwatershed regions and  between Sterling and Julesburg 

in a contiguous cluster of interconnected subwatersheds.  

To examine potential causes of high groundwater conditions in the South Platte alluvial aquifer, 

correlations were examined between frequencies of high groundwater levels observed in wells from 

years 2003 to 2012 and 41 attributes that describe characteristics of the aquifer and diversion structures. 

Of the 13 geographic attributes evaluated, 9 attributes show statistically significant correlations. 

Strongest positive correlations were identified for elevation of well openings at the land surface and 

relative elevations of wells within local subwatersheds or the entire South Platte alluvial aquifer. Results 

show that wells lower in elevation within the aquifer or subwatershed exhibit higher frequencies of high 

groundwater levels. In terms of surface water, wells located closer to the South Platte River show 

greater frequencies of high groundwater levels, while those closer to tributaries of the South Platte River 
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show lower frequencies of high groundwater levels. The latter effect is evident because many of the 

tributary channels have a low frequency of high groundwater levels, particularly south of the main stem 

of the South Platte River. Of the 28 attributes of diversion structures examined, 20 attributes show 

statistically significant relations. The greatest positive correlations occur for wells or well fields. The 

results indicate that areas near pumping wells or areas where the decree rate of pumping is relatively 

high tend to experience lower frequencies of high groundwater levels. Other significant positive 

correlations occur for reservoirs and ditches, but at lower magnitudes than wells or well fields. The 

greatest negative correlations to high groundwater levels occur for number of wells, well fields, and 

augmentation plans. In this case, where there are more structures there tends to be lower frequencies of 

high groundwater levels. 

A monitoring network composed of three subcomponents (unstressed, hydrologic targets, 

structural targets) was developed from candidate wells managed by Federal, State, and Local agencies in 

an objective manner. The proposed monitoring plan consisting of the network design and unified data 

collection strategy to be finalized through future discussion with affliated members will provide for an 

improved foundation to interpret groundwater data from various data-collection efforts in the South 

Platte alluvial aquifer. The network will generate an ongoing time series of groundwater levels to 

evaluate the status and trends of one of Colorado’s most important water resources. The network will 

provide data that can be used to answer questions at a variety of scales, though the primary focus will be 

on the aquifer scale along with targeted wells being used to examine high groundwater areas in future 

studies. Establishment of a consistent data collection program and standards of data collection will 

allow for consistent comparisons between monitoring wells managed by different agencies. 
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CAPTIONS 

 

Figure 1: Area of investigation is the South Platte alluvial aquifer in water districts 1, 2, and 64, 
extending approximately from Denver to Greeley to Julesburg. Map shows South Platte River, river 
tributaries, major reservoirs, gauging stations, and canal (ditch) structures. 
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Figure 2: Aquifer depths across the South Platte alluvial aquifer showing greatest depths at the channel 
center to the east and central regions near Fort Morgan and along lower sections of the Lost Creek 
tributary  

Figure 3: Approximately 15,000 active or inactive diversion structures (ditches, recharge areas, 
reservoirs, and wells or well fields) are within a 3km buffer of the South Platte alluvial aquifer. 

Figure 4: Complete set of 1,670 wells used for groundwater-level analysis labeled by primary use type. 
An additional 15 wells from the Colorado Division of Agriculture were considered as candidates for a 
proposed monitoring network but otherwise were not used in the investigation. 

Figure 5: Locations of wells in the South Platte alluvial aquifer that had at least one occurrence of a high 
groundwater level during the 60-year record (1953 to 2012). 

Figure 6: Decadal summary of high groundwater levels. Plots show (A) number of wells with water 
level data, (B) number of wells with “high water” levels given as depth to groundwater of less than or 
equal to 5 and 10 feet below land surface, (C) number of water level observations classified as high 
water, and (D) percent of water level observations classified as high water. 

Figure 7: local subwatersheds and portions of subwatersheds that intersect the South Platte alluvial 
aquifer. 

Figure 8: Frequency of “high water” conditions from 1953 to 1962 within sub-watershed areas of the 
South Platte alluvial aquifer. 

Figure 9: Frequency of “high water” conditions from 1963 to 1972 within sub-watershed areas of the 
South Platte alluvial aquifer. 

Figure 10: Frequency of “high water” conditions from 1973 to 1982 within sub-watershed areas of the 
South Platte alluvial aquifer. 

Figure 11: Frequency of “high water” conditions from 1983 to 1992 within sub-watershed areas of the 
South Platte alluvial aquifer. 

Figure 12: Frequency of “high water” conditions from 1993 to 2002 within sub-watershed areas of the 
South Platte alluvial aquifer. 

Figure 13: Frequency of “high water” conditions from 2003 to 2012 within sub-watershed areas of the 
South Platte alluvial aquifer. 

Figure 14: Frequency of “high water” conditions for the complete 60 year record from 1953 to 2012 
within sub-watershed areas of the South Platte alluvial aquifer. 

Figure 15: From 1953 to 1962, analysis showing areas with anomalous (disproportionate) “high water” 
conditions. The first designation indicates if a sub-watershed is a relative “high” (frequent) or “low” 
(infrequent) zone for high water conditions. If adjacent sub-watersheds have the same behavior the 
second designation is the same and the watershed is “clustered” to similar regions. If not, the watershed 
is an “outlier” different than surrounding sub-watersheds. Gray areas are insignificant and bare areas 
exposing the aquifer possess inadequate data. 
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Figure 16: From 1963 to 1972, cluster and outlier analysis using local Moran I statistics indicating areas 
with anomalous (disproportionate) “high water” conditions. The first designation indicates if a sub-
watershed is a relative high (frequent) or low (infrequent) zone for “high water” conditions. If adjacent 
sub-watersheds have the same behavior the second designation is the same and the watershed is 
“clustered” to similar regions. If not, the watershed is an “outlier” different than surrounding sub-
watersheds. Gray areas are insignificant and bare areas exposing the aquifer possess inadequate data. 

Figure 17: From 1973 to 1982, cluster and outlier analysis using local Moran I statistics indicating areas 
with anomalous (disproportionate) “high water” conditions. The first designation indicates if a sub-
watershed is a relative high (frequent) or low (infrequent) zone for “high water” conditions. If adjacent 
sub-watersheds have the same behavior the second designation is the same and the watershed is 
“clustered” to similar regions. If not, the watershed is an “outlier” different than surrounding sub-
watersheds. Gray areas are insignificant and bare areas exposing the aquifer possess inadequate data. 

Figure 18: From 1983 to 1992, cluster and outlier analysis using local Moran I statistics indicating areas 
with anomalous (disproportionate) “high water” conditions. The first designation indicates if a sub-
watershed is a relative high (frequent) or low (infrequent) zone for “high water” conditions. If adjacent 
sub-watersheds have the same behavior the second designation is the same and the watershed is 
“clustered” to similar regions. If not, the watershed is an “outlier” different than surrounding sub-
watersheds. Gray areas are insignificant and bare areas exposing the aquifer possess inadequate data. 

Figure 19: From 1993 to 2002, cluster and outlier analysis using local Moran I statistics indicating areas 
with anomalous (disproportionate) “high water” conditions. The first designation indicates if a sub-
watershed is a relative high (frequent) or low (infrequent) zone for “high water” conditions. If adjacent 
sub-watersheds have the same behavior the second designation is the same and the watershed is 
“clustered” to similar regions. If not, the watershed is an “outlier” different than surrounding sub-
watersheds. Gray areas are insignificant and bare areas exposing the aquifer possess inadequate data. 

Figure 20: From 2003 to 2012, cluster and outlier analysis using local Moran I statistics indicating areas 
with anomalous (disproportionate) “high water” conditions. The first designation indicates if a sub-
watershed is a relative high (frequent) or low (infrequent) zone for “high water” conditions. If adjacent 
sub-watersheds have the same behavior the second designation is the same and the watershed is 
“clustered” to similar regions. If not, the watershed is an “outlier” different than surrounding sub-
watersheds. Gray areas are insignificant and bare areas exposing the aquifer possess inadequate data. 

Figure 21: For the complete 60 year record from 1953 to 2012, cluster and outlier analysis using local 
Moran I statistics indicating areas with anomalous (disproportionate) “high water” conditions. The first 
designation indicates if a sub-watershed is a relative high (frequent) or low (infrequent) zone for “high 
water” conditions. If adjacent sub-watersheds have the same behavior the second designation is the 
same and the watershed is “clustered” to similar regions. If not, the watershed is an “outlier” different 
than surrounding sub-watersheds. Gray areas are insignificant and bare areas exposing the aquifer 
possess inadequate data. 

 
Table 1: Well statistics of available wells with data, wells eligible for analysis, and wells with trends 
given per decade and on average over the 60 year record. 

Figure 22: Water-level trends at wells with acceptable records from 1953 to 1962. Positive values 
indicate increasing water levels and negative values indicate decreasing water levels. 
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Figure 23: Water-level trends at wells with acceptable records from 1963 to 1972. Positive values 
indicate increasing water levels and negative values indicate decreasing water levels. 

 
Figure 24: Water-level trends at wells with acceptable records from 1973 to 1982. Positive values 
indicate increasing water levels and negative values indicate decreasing water levels. 

 
Figure 25: Water-level trends at wells with acceptable records from 1983 to 1992. Positive values 
indicate increasing water levels and negative values indicate decreasing water levels. 

 
Figure 26: Water-level trends at wells with acceptable records from 1993 to 2002. Positive values 
indicate increasing water levels and negative values indicate decreasing water levels. 

Figure 27: Water-level trends at wells with acceptable records from 2003 to 2012. Positive values 
indicate increasing water levels and negative values indicate decreasing water levels. 

 
Figure 28: Water-level trends at wells with acceptable records for the complete 60 year record from 
1953 to 2012. Positive values indicate increasing water levels and negative values indicate decreasing 
water levels. 

 
Figure 29: Water-level trends in subwatersheds with acceptable records for the complete 60 year record 
from 1953 to 2012. Positive values indicate increasing water levels and negative values indicate 
decreasing water levels. Gray areas show insignificant trends and bare areas exposing the aquifer 
possess inadequate data 

 
Figure 30: Correlations between geographic attributes at well locations and frequency of observed high 
groundwater levels. 

 
Figure 31: Correlations between diversion structure attributes within specified distances (radii) to well 
locations and frequency of observed high groundwater levels in wells. 

 
Figure 32: Search distance (radius) that yields the maximum correlation between diversion structure 
attribute (y-axis) and frequency of observed high groundwater levels in wells. The minimum search 
distance is where sufficient data is available to determine correlations. 

 
Table 2: Monitoring wells by agency in the complete data set (total), network backbone (Backbone), 
optimized unstressed subnetwork (Unstressed Subnetwork), optimized target subnetwork for diversion 
structures (Diversion Subnetwork), and optimized target subnetwork for “high water” conditions or 
trends in water levels (Hydrologic Subnetwork). “Other” sites indicate miscellaneous sources with data 
and “tentative” sites have no known data history and require additional evaluation. 



 

14-65 

Figure 33: Required frequency of water level measurements based on system conditions (from Alley et. 
al., 2001). The South Platte alluvial aquifer requires “more frequent” water level measurements in all 
cases.  

Figure 34: Kriging standard errors from spatially de-trended water levels for all 1,670 wells considered. 
Highest prediction errors occur mainly along the aquifer periphery in the main stem of the South Platte 
River and in tributary channels to the south. 

Figure 35: Monitoring well candidates for the unified monitoring well network of South Platte alluvial 
aquifer. 

Figure 36: Results from well network optimization analysis for the “unstressed” monitoring network 
showing the reduction in average error (uncertainty) achieved by adding additional wells to a starting 
well network (backbone) composed of 52 SPDSS and USGS NAWQA wells. The dashed line indicates 
the stopping point of optimization equivalent to 84 total wells along the main stem of the South Platte 
River (see optimization region). 

Figure 37 . An additional 12 wells were selected manually equaling 96 wells in the monitoring network, 
as described in the report. 

Figure 37: Proposed “unstressed” monitoring network composed of 96 monitoring wells.  84 monitoring 
wells were selected along the main stem of the South Platte River using optimization analysis. The 
remaining 12 monitoring wells outside of the optimization region and those denoted as tentative 
(requiring validation) were selected manually.  

Figure 38: Proposed target monitoring network to evaluate diversion structure influence. 20 monitoring 
well candidates were determined for each of four structures (ditch, recharge area, reservoir, and well or 
well field). A subset of final wells should be selected based on direct field reconnaissance. 

Figure 39: Proposed target monitoring network to evaluate hydrologic stresses. 20 monitoring well 
candidates were determined to examine high groundwater levels and water level change. A subset of 
final wells should be selected based on direct field reconnaissance. 
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Figure 1: Area of investigation is the South Platte alluvial aquifer in water districts 1, 2, and 64, 
extending approximately from Denver to Greeley to Julesburg. Identified are the South Platte River, 
river tributaries, major reservoirs, gauging stations, and canal (ditch) structures.  
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Figure 2: Aquifer depths across the South Platte alluvial aquifer showing greatest depths at the channel 
center to the east and central regions near Fort Morgan and along lower sections of the Lost Creek 
tributary  
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Figure 3: Approximately 15,000 diversion structures (ditches, recharge areas, reservoirs, and wells or 
well fields) are within a 3km buffer of the South Platte alluvial aquifer. 
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Figure 4: Complete set of 1,670 wells used for groundwater-level analysis labeled by primary use type. 
An additional 15 wells from the Colorado Division of Agriculture were considered as candidates for a 
proposed monitoring network but otherwise were not used in the investigation. 
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Figure 5: Locations of wells in the South Platte alluvial aquifer that had at least one occurrence of a high 
groundwater level during the 60-year record (1953 to 2012). 
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Figure 6: Decadal summary of high groundwater levels. Plots show (A) number of wells with water 
level data, (B) number of wells with “high water” levels given as depth to groundwater of less than or 
equal to 5 and 10 feet below land surface, (C) number of water level observations classified as high 
water, and (D) percent of water level observations classified as high water. 
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Figure 7: local subwatersheds and portions of subwatersheds that intersect the South Platte alluvial 
aquifer. 
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Figure 8: Frequency of “high water” conditions from 1953 to 1962 within sub-watershed areas of the 
South Platte alluvial aquifer. 
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Figure 9: Frequency of “high water” conditions from 1963 to 1972 within sub-watershed areas of the 
South Platte alluvial aquifer. 
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Figure 10: Frequency of “high water” conditions from 1973 to 1982 within sub-watershed areas of the 
South Platte alluvial aquifer. 
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Figure 11: Frequency of “high water” conditions from 1983 to 1992 within sub-watershed areas of the 
South Platte alluvial aquifer. 
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Figure 12: Frequency of “high water” conditions from 1993 to 2002 within sub-watershed areas of the 
South Platte alluvial aquifer. 
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Figure 13: Frequency of “high water” conditions from 2003 to 2012 within sub-watershed areas of the 
South Platte alluvial aquifer. 
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Figure 14: Frequency of “high water” conditions for the complete 60 year record from 1953 to 2012 
within sub-watershed areas of the South Platte alluvial aquifer. 
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Figure 15: From 1953 to 1962, cluster and outlier analysis using local Moran I statistics indicating areas 
with anomalous (disproportionate) “high water” conditions. The first designation indicates if a sub-
watershed is a relative high (frequent) or low (infrequent) zone for “high water” conditions. If adjacent 
sub-watersheds have the same behavior the second designation is the same and the watershed is 
“clustered” to similar regions. If not, the watershed is an “outlier” different than surrounding sub-
watersheds. Gray areas are insignificant and bare areas exposing the aquifer possess inadequate data. 
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Figure 16: From 1963 to 1972, cluster and outlier analysis using local Moran I statistics indicating areas 
with anomalous (disproportionate) “high water” conditions. The first designation indicates if a sub-
watershed is a relative high (frequent) or low (infrequent) zone for “high water” conditions. If adjacent 
sub-watersheds have the same behavior the second designation is the same and the watershed is 
“clustered” to similar regions. If not, the watershed is an “outlier” different than surrounding sub-
watersheds. Gray areas are insignificant and bare areas exposing the aquifer possess inadequate data. 
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Figure 17: From 1973 to 1982, cluster and outlier analysis using local Moran I statistics indicating areas 
with anomalous (disproportionate) “high water” conditions. The first designation indicates if a sub-
watershed is a relative high (frequent) or low (infrequent) zone for “high water” conditions. If adjacent 
sub-watersheds have the same behavior the second designation is the same and the watershed is 
“clustered” to similar regions. If not, the watershed is an “outlier” different than surrounding sub-
watersheds. Gray areas are insignificant and bare areas exposing the aquifer possess inadequate data. 
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Figure 18: From 1983 to 1992, cluster and outlier analysis using local Moran I statistics indicating areas 
with anomalous (disproportionate) “high water” conditions. The first designation indicates if a sub-
watershed is a relative high (frequent) or low (infrequent) zone for “high water” conditions. If adjacent 
sub-watersheds have the same behavior the second designation is the same and the watershed is 
“clustered” to similar regions. If not, the watershed is an “outlier” different than surrounding sub-
watersheds. Gray areas are insignificant and bare areas exposing the aquifer possess inadequate data. 
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Figure 19: From 1993 to 2002, cluster and outlier analysis using local Moran I statistics indicating areas 
with anomalous (disproportionate) “high water” conditions. The first designation indicates if a sub-
watershed is a relative high (frequent) or low (infrequent) zone for “high water” conditions. If adjacent 
sub-watersheds have the same behavior the second designation is the same and the watershed is 
“clustered” to similar regions. If not, the watershed is an “outlier” different than surrounding sub-
watersheds. Gray areas are insignificant and bare areas exposing the aquifer possess inadequate data. 
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Figure 20: From 2003 to 2012, cluster and outlier analysis using local Moran I statistics indicating areas 
with anomalous (disproportionate) “high water” conditions. The first designation indicates if a sub-
watershed is a relative high (frequent) or low (infrequent) zone for “high water” conditions. If adjacent 
sub-watersheds have the same behavior the second designation is the same and the watershed is 
“clustered” to similar regions. If not, the watershed is an “outlier” different than surrounding sub-
watersheds. Gray areas are insignificant and bare areas exposing the aquifer possess inadequate data. 
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Figure 21: From 1953 to 2012, cluster and outlier analysis using local Moran I statistics indicating areas 
with anomalous (disproportionate) “high water” conditions. The first designation indicates if a sub-
watershed is a relative high (frequent) or low (infrequent) zone for “high water” conditions. If adjacent 
sub-watersheds have the same behavior the second designation is the same and the watershed is 
“clustered” to similar regions. If not, the watershed is an “outlier” different than surrounding sub-
watersheds. Gray areas are insignificant and bare areas exposing the aquifer possess inadequate data. 
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Well statistics 1953-

1962 
1963-
1972 

1973-
1982 

1983-
1992 

1993-
2002 

2003-
2012 

1953-
2012 

Decade 
avg. 

Total 356 1204 1126 320 384 574 1670 660.7 
Eligible for trend 
test 

111 255 7 22 145 220 49 126.7 

Significant trend 17 16 0 5 10 72 30 20.0 
Increasing w.l. 3 0 0 0 0 64 9 11.2 
Decreasing w.l. 14 16 0 5 10 8 21 8.8 
Percentage with 
trend 

15.3 6.3 0.0 22.7 6.9 32.7 61.2 14.0 

 
Table 1: Well statistics of available wells with data, wells eligible for analysis, and wells with trends 
given per decade and on average over the 60 year record. 
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Figure 22: Water-level trends at wells with acceptable records from 1953 to 1962. Positive values 
indicate increasing water levels and negative values indicate decreasing water levels. 
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Figure 23: Water-level trends at wells with acceptable records from 1963 to 1972. Positive values 
indicate increasing water levels and negative values indicate decreasing water levels. 
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Figure 24: Water-level trends at wells with acceptable records from 1973 to 1982. Positive values 
indicate increasing water levels and negative values indicate decreasing water levels. 
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Figure 25: Water-level trends at wells with acceptable records from 1983 to 1992. Positive values 
indicate increasing water levels and negative values indicate decreasing water levels. 



 

14-92 

 
Figure 26: Water-level trends at wells with acceptable records from 1993 to 2002. Positive values 
indicate increasing water levels and negative values indicate decreasing water levels. 
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Figure 27: Water-level trends at wells with acceptable records from 2003 to 2012. Positive values 
indicate increasing water levels and negative values indicate decreasing water levels. 
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Figure 28: Water-level trends at wells with acceptable records for the complete period examined from 
1953 to 2012. Positive values indicate increasing water levels and negative values indicate decreasing 
water levels. 
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Figure 29: Water-level trends per subwatershed for the complete 60 year record from 1953 to 

2012. Positive values indicate increasing water levels and negative values indicate decreasing 

water levels. Gray areas show insignificant water level trends. Areas exposing the South Platte 

alluvial aquifer (tan) were not examined. 
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Figure 30: Correlations between geographic attributes at well locations and frequency of observed 

high groundwater levels in wells. Error bars indicate 95 percent confidence intervals. 
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Figure 31: Correlations between diversion structure attributes within specified distances (radii) to 

well locations and frequency of observed high groundwater levels in wells. Error bars indicate 95 

percent confidence intervals. 
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Figure 32: Search distance (radius) that yields the maximum correlation between diversion 

structure attribute (y-axis) and frequency of observed high groundwater levels in wells. The 

minimum search distance is where sufficient data is available to determine correlations. 
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Source 

Agency 

Total Backbone  Unstressed 

Subnetwork 

Diversion 

Subnetwork 

Hydrologic 

Subnetwork 

CCWCD 15 0 3 5 4 

CDA 15 0 2 2 0 

CSU 2 0 0 1 0 

DWR 15 0 0 1 0 

LSPWCD 45 0 1 8 4 

SPDSS 37 29 31 7 29 

USGS 228 23 46 45 3 

Other 33 0 6 11 0 

Tentative 7 0 7 0 0 

Total 397 52 96 80 40 

 

Table 1: Monitoring wells considered by agency in the complete data set (total), network backbone 
(Backbone), optimized “unstressed” subnetwork (Unstressed Subnetwork), optimized target subnetwork 
for diversion structures (Diversion Subnetwork), and optimized target subnetwork for “high water” 
conditions or trends in water levels (Hydrologic Subnetwork). “Other” sites indicate miscellaneous 
sources with data and “tentative” sites have no known data history and require additional evaluation. 
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Figure 33: Required frequency of water level measurements based on system conditions (from Alley et. 
al., 2001). The South Platte alluvial aquifer requires “more frequent” water level measurements in all 
cases.  
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Figure 34: Kriging standard errors from spatially de-trended water levels from the 1,670 wells 
considered. Highest prediction errors (red) occur mainly along the margins of the main stem of the 
South Platte River and in tributary channels to the south. 



 

14-102 

 

Figure 35: Monitoring wells evaluated in the optimization procedure to design a monitoring network for 
the South Platte alluvial aquifer. 
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Figure 36: Results from well network optimization analysis for the “unstressed” monitoring network 
showing the reduction in average error (uncertainty) achieved by adding additional wells to a starting 
well network (backbone) composed of 52 SPDSS and USGS NAWQA wells. The dashed line indicates 
the stopping point of optimization equivalent to 84 total wells along the main stem of the South Platte 
River (see optimization region, figure 32).  
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Figure 37: Proposed “unstressed” monitoring network composed of 96 monitoring wells.  84 monitoring 
wells were selected along the main stem of the South Platte River using optimization analysis. The 
remaining 12 monitoring wells outside of the optimization region and those denoted as tentative 
(requiring validation) were selected manually.  
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Figure 38: Proposed target monitoring network to evaluate diversion structure influence. 20 monitoring 
well candidates were determined for each of four structures (ditch, recharge area, reservoir, and well or 
well field). A subset of final wells should be selected based on direct field reconnaissance. 
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Figure 39: Proposed target monitoring network to evaluate hydrologic stresses. 20 monitoring well 
candidates were determined to examine high water conditions and water level change. A subset of final 
wells should be selected based on direct field reconnaissance. 

 
 

 


