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To: Michael Cohen, Pacific Institute
From: Kevin Wheeler, Water Balance Consulting LLC
Date: 26-Oct-11
Re: Colorado River Limitrophe Analysis

M e s s a g e
Pacific Institute contracted with Water Balance Consulting LLC to analyze existing data related
to the flows in the Colorado River between the Northerly International Boundary (NIB) and
Southerly International Boundary (SIB). This memo describes the analysis of these flows and
provides suggestions for further study of this region.

This reach, commonly referred as the Limitrophe, is approximately 24 miles long, flows
generally north to south and forms a portion of the border between the United States on the east
and Mexico on the west. The reach is characterized by a meandering channel bed with
extremely irregular geometry and variation in channel sinuosity and slope.  The limitrophe is
directly below Morelos Dam which is the last control structure on the Colorado River. Waters
flowing within the channel are typically irregular and are the result of either:

MEMO



MEMO – Colorado River Limitrophe Data Analysis- DRAFT

Page 2

 Non-Storable Flows (NSF’s) that are released from Morelos Dam that occur due to
releases from Parker Dam that are in excess of the diversion capacity of both the United
States and Mexico.

 Seepage from the Morelos Dam
 Discharges from the MODE#3 outlet (Wellton-Mohawk Drainage Water Discharge to

Colorado River)
 Discharges from the Eleven Mile Wasteway
 Discharges from the Twenty-One Mile Wasteway

Flow measurements taken at approximately 7 locations that are relevant to the limitrophe and
are published by the International Boundary and Water Commission.  These locations are:
 Colorado River at Northerly International Boundary
 Cooper Wasteway (Valley Diversion, Yuma Project)
 Intake Canal at Morelos Diversion Structure
 Wellton-Mohawk Drainage Water Discharged to Colorado River
 Eleven Mile Wasteway (Valley Division, Yuma Project)
 Twenty-One Mile Wasteway (Valley Division, Yuma Project)
 Colorado River at Southerly International Boundary

The primary purpose of was to review the data provided by IBWC and to understand the
methods used to determine the flows at the SIB.  This consisted of 3 phases including:

1. Conversations with IBWC staff to understand these methods and the unique challenges
that exist to develop data at this location.

2. Review of the rating curve and shift methods reported by the IBWC for the SIB
3. Comparative Analysis of the calculated inflows to the Limitrophe to the reported flows at

the SIB

Southerly International Boundary Gage Methods
Conversations with IBWC staff focused on the methods used to measure flows at the SIB.  It is
known that historical flow records were developed in the past with use of a traditional stream
gage, however IBWC staff indicated that the SIB Gage is at continuous risk of vandalism,
therefore no recording devices are currently left in place. Alternatively IBWC staff performs
manual flow and stage measurements if and when flows occur at the SIB gage site. Due to the
manual nature of these measurements, it is probable that some quantity of flows is not captured
due to the practical aspects of staff scheduling and timing of changes in flows.

Rating Curve Shift Methods
The second part of this analysis focused on understanding the methods used by IBWC to
calculate stream gage shifts and the potential impacts on the reported flow measurements at
the SIB.  A rating table was provided that was labeled as water year 2005 and related gage
height to discharge.  In addition, a stage computation sheet and hand-drawn diagrams were
provided that appears to show linear interpolations of stream gage shifts.  The method for
determining rating curve shifts was determined by analyzing these plots. It was observed that
points were plotted representing known gage heights of the water surface and calculated shifts
based on periodic measurements.  Specifically the measured flows, observed depth on a staff
gage, and the depth of zero flow (value of a staff gage at the sediment bed and water interface)
were compared to the values on the 2005 rating table. With this information, shifts at the two
end points could be plotted and shifts at intermediate depths could be estimated. Although this
method is technically credible, some misplotted values were noted and no rationale for various
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inflection points could be determined, particularly when extrapolations beyond measured shifts
were used.  More detailed communication with the IBWC staff that produced these hand-drawn
plots would be required to explain these anomalies and would clarify the detailed decisions that
were made but not obvious from the plots themselves.

Comparative Analysis of Limitrophe Inflows to SIB Gage
The third part of this analysis consisted of a comparison between the calculated amount of
water entering the limitrophe and the amount of water that is reported at the SIB.  It is assumed
that some amount of loss would occur into the subsurface and this phase attempted to estimate
the quantity of these losses.
The basic equation used to determine the amount of water entering the limitrophe included the
following:

Colorado River at Northerly International Boundary
+ Cooper Wasteway (Valley Diversion, Yuma Project)
- Intake Canal at Morelos Diversion Structure
+ Wellton-Mohawk Drainage Water Discharged to Colorado River
+ Eleven Mile Wasteway (Valley Division, Yuma Project)
+ Twenty-One Mile Wasteway (Valley Division, Yuma Project)

If the calculated flows exiting Morelos Dam (NIB + Cooper – Morelos Diversion) resulted in a
negative flow, it was assumed that this contribution to the limitrophe was zero.

The results derived from the above equation were plotted against the flows reported at the SIB
gage (Colorado River at Southerly International Boundary).  A year-by-year analysis of this
comparison provided a visual understanding of the seepage losses in the limitrophe. However it
is also noted that the basis on which this comparison is made is potentially flawed due to the
indirect nature of the values being compared.  For example the equation described above is
dominated by the subtraction of two comparatively large numbers (Colorado River at Northerly
International Boundary - Intake Canal at Morelos Diversion Structure) therefore small errors in
either of these two numbers can results in large uncertainties in the amount of contribution to
the limitrophe through Morelos Dam. Since no permanent systematic errors were known to exist
with any of the data provided by IBWC, the comparison over the period for which data from all
these elements were available (1977-2005) yielded valuable information. Conclusions could be
drawn that average daily flows entering the limitrophe of less than 2 cubic meters per second
(cms) or approximately 70 cubic feet per second (cfs), rarely resulted in any noticeable flows at
the SIB gage.

Numerical methods for determining loss rates were explored.  With limited information on the
physical properties of the channel, three simplified methods were explored: Constant Gain/Loss,
Flow Variable Gain/Loss and Percolation Gain/Loss

The Constant Gain/Loss method uses an empirical relationship to calculate channel loss using a
fixed flow rate reduction and a ratio of the flow. A fixed flow rate is subtracted from the routed
flow and the remainder is multiplied by a ratio.
Outflow = (Inflow – X)* (1-Y)
X = Fixed Value; Y = Loss Fraction (0 to 1)

The Variable Gain/Loss method is similar to the Constant Gain/Loss Method, but the Loss
Fraction is a variable and depends on the average flow rate for a fixed prior period.  In addition,
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a fixed threshold value can be selected that assumes a zero flow if the inflow is below this
value.
Outflow = If (Inflow < X then 0, else Inflow)* (1-Yz)
X = Fixed Threshold Value; Yz = Variable Loss Fraction (0 to 1) as a function of z previous days

Percolation Loss/Gain method uses a constant infiltration rate in combination with the inundated
area in the reach to compute channel loss.  This requires an elevation-discharge function and
percolation rate.

The Constant Gain/Loss method was deemed too simplified because it did not account for the
large variability of seepage losses due to the effects of antecedent moisture conditions in the
limitrophe.  The Percolation Loss/Gain method was also infeasible without acquiring additional
data on the hydraulics of the channel.  The Variable Gain/Loss method was applied through a
spreadsheet model and optimization function.

To apply the Variable Gain/Loss method, the calculated inflows to the Limitrophe were
compared to a fixed threshold value.  If the inflows were below this threshold, the outflow was
assumed to be zero.  If the inflow were greater than this threshold, the inflows were multiplied
by a percentage loss fraction that is selected from a table based on the value of the average
flow over a selected period of days.  An estimated threshold value of 2 cms was determined
through visual inspection of the data and a period of 20 days was selected to represent the
maximum period of influence from antecedent conditions.  An objective function was
constructed that represented the sum of the absolute values of the differences between the
reduced calculated inflows and the gaged flows at the SIB.  A Generalized Reduced Gradient
(GRG) Nonlinear optimization algorithm was used to minimize the result of this objective
function by modifying the percent loss values for each flow over the averaging period.

The results are a distribution of flow losses ranging from 70% for 20 day average flow to less
than 5% losses for flows greater than 50 cms as shown in Figure 1.
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Figure 1. Modeled variable reduction of flows between the Inflows to the limitrophe and the
flows reported at the SIB

A lag of 1 day was assumed in the model based on visual observation of peak inflows into the
limitrophe and peak flows passing through the SIB.  Several more sophisticated lag methods
could be applied, but with increased assumption requirements.

Additional Analysis Possibilities
The model descried above applies a simple lag and gain/loss method to the inflows to the
limitrophe to calculate an outflow from the limitrophe.  Many potential improvements can be
made to this analysis including a more thorough understanding of the quality of the input data,
modifying the above analysis to reflect any erroneous data reported by IBWC, and applying
alternative methods to better estimate the quantity and timing of flows through the limitrophe.

Ungaged Flows through the SIB
The utility of this analysis is limited by the accuracy of the data itself. Through this analysis, it
became apparent that various methods for collecting gage data at the SIB have been used
throughout the years. Comparing the inflows into the limitrophe to the flows reported at the SIB,
it appears as though some flows are not captured at the SIB gage. An example of potentially
missed flows is shown in Figure 2. This is expected due to the manual methods used to collect
data at the SIB which is necessary according to IBWC. The above analysis can be modified to
extract such occurances and to refine the loss estimates.
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Figure 2. Example of Apparent Inflows into the Limitrophe not captured by the SIB Gage
measurement

Additional uncertainly exists in the data used to calculate the inflows into the limitrophe. During
the period of record, the methods and equipment that were used to measure flows likely varied
and therefore anomolies may exist that affect the results of this analysis.  No efforts were made
in this study to analyze the quality of the the data for flows entering the limitrophe.

Possible Routing Method Improvements
Improvements to the routing method could be performed with additional information and
resources.  A list of various routing methods and the information required to apply these
methods are provided below:

Lag Routing
 Simple Time

Straddle Stagger Routing
 Lag – Travel Time through Reach
 Duration – Amount of spreading in a flood peak

0

1

2

3

4

5

6

7

8

9

10
1/

19
94

1/
19

94

1/
19

94

1/
19

94

1/
19

94

2/
19

94

2/
19

94

2/
19

94

2/
19

94

3/
19

94

3/
19

94

3/
19

94

3/
19

94

4/
19

94

4/
19

94

4/
19

94

4/
19

94

4/
19

94

5/
19

94

5/
19

94

5/
19

94

5/
19

94

6/
19

94

6/
19

94

6/
19

94

6/
19

94

7/
19

94

7/
19

94

7/
19

94

7/
19

94

7/
19

94

CM
S

Reported SIB Gage Flow vs. Calculated Flows

SIB Gage Data

Inflows to Limitrophe



MEMO – Colorado River Limitrophe Data Analysis- DRAFT

Page 7

Muskingum Routing
 Muskingham K = Travel Time
 Muskingham X = Weighting between inflow and outflow influence (attenuation)

Modified Puls Routing (Storage Routing)
 Storage-Discharge Function

Kinematic Wave Routing
 Reach Length
 Slope
 Manning’s n
 Channel Geometry

Muskingum-Cunge Routing
 Length
 Slope
 Manning’s n
 Channel Geometry

Bank storage
Although modification of loss rates were considered in the analysis described above, there is no
consideration for the effects of bank storage allowing flows to occur after flood flows in the
channel have subsided.  Observations such as Figure 3 in the comparative analysis
demonstrate examples when this potentially occurs or other sources or sinks of water may exist.

Figure 3. Flows recorded at the SIB and not directly accounted for through known inflows
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Conclusion
The analysis presented above attempts to create an understanding of the data published by
IBWC that affects flows in the limitrophe region of the Colorado River. The methods for data
collection at the SIB are challenging due to the circumstances which precludes a more
traditional stream gage equipment to be used. A comparative analysis of the flows entering the
limitrophe with the flows reported at the SIB demonstrate the level of similarity between these
datasets.  Differences between these datasets are potentially the result of physical processes
such as seepage losses, attenuation, bank storage, or data issues such as unmeasured or
mismeasured flows. Techniques were used to estimate seepage losses and a simplified routing
method was applied.  Suggestions for further analysis are also presented in this memo.

Included is an appendix of annual plots comparing SIB Gage Data, inflows to the limitrophe and
calculated flows at the SIB after accounting for lags and losses as described above.
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