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DISCLAIMER

This report describes a water right availability analysis performed to meet the requirements of
Special Condition 5.C.7 of Water Use Permit No. 5851. The analysis uses the methods employed
by the Texas Commission on Environmental Quality in evaluating the legal availability of water
for existing and proposed water rights. Because this is strictly a water rights analysis, it reflects
the full exercise of the terms and conditions of all water rights in the Brazos Basin held by the
Brazos River Authority (BRA) and other water right owners. Other considerations not included in
water rights permits, such as drought contingency plans, infrastructure limits, operation plans,
and contractual obligations, are not considered in the analysis. This applies to both the BRA and
other water right owners in the Brazos River Basin. The results of this study are not intended to
reflect the historical or proposed operation, including lake levels, of the BRA System or of water

rights owned by others.

EXECUTIVE SUMMARY

The purpose of this study is to determine whether:

e The recent drought, which began in 2008 and ended in June 2015, represents a new

drought of record for the Brazos River Basin, and

e The recent drought decreases the amount of water available for appropriation under

Water Use Permit No. 5851, the System Operation Permit.

To examine these questions, the hydrology used in the Texas Commission on Environmental
Quality’s (TCEQ) Brazos River Basin Water Availability Model (Brazos WAM) was extended to
cover the period from 1940 to 2015. Previously, the hydrology had ended in 1997, well before
the onset of the recent drought. The extended hydrology and the model were then used to
examine the most recent drought and the response of Brazos River Authority (BRA) System
reservoirs to the drought, both individually and operating with the System Operation Permit.

The findings of the study are:
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e The recent drought is a new drought of record for Possum Kingdom Lake, Lake

Granbury, Lake Whitney, and Lake Proctor.

e The 1950s drought remains the drought of record for the remaining reservoirs that are a
part of the BRA System — Lake Aquilla, Lake Belton, Lake Stillhouse Hollow, Lake
Georgetown, Lake Granger, Lake Somerville, Lake Limestone and the proposed Allens

Creek Reservoir.

e Since only part of the BRA System has experienced a drought worse than the 1950s
drought, the yield of the system operating under the System Operation Permit has not

been reduced, and therefore
e The appropriation for Water Use Permit No. 5851 does not need to be reduced.

Additionally, this study shows the benefits of the System Operation Permit, which through
flexible operation allows the BRA to adapt and respond to differences in the timing of drought
conditions throughout the basin to both increase the reliability of the BRA’s existing supply and
generate new supplies. Even though some system reservoirs have lost yield, operation under
the System Operation Permit shows no net loss to the system as a whole. This makes the
System Operation Permit even more valuable to the BRA and its customers than previous

analyses have indicated.
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1.0 INTRODUCTION

Special Condition 5.C.7 of Water Use Permit No. 5851, also known as the System Operation

Permit, states that:

In recognition of current drought conditions, BRA shall perform a detailed evaluation of
whether the recently-ended drought: (1) represents a drought worse than the drought of
record of the 1950s in the Brazos River Basin; and (2) decreases the amount of water
available for appropriation under this permit. BRA shall provide a report to the TCEQ
documenting its findings within nine months after issuance of this permit. If the report
concludes that the recently ended drought decreases the amount of water available for
appropriation under this permit, then the amount of that reduction shall be determined
and the appropriation amounts specified in Paragraph |.A. and 5.D.5 of this permit shall

be correspondingly reduced.

This report is in response to this Special Condition 5.C.7.

1.1 BACKGROUND

Beginning in 2008, the Brazos River Basin experienced a period of extreme drought. Possum
Kingdom Lake and the portion of the basin upstream of Possum Kingdom were most affected
by the drought. A yield study performed at the end of 2013 by Freese and Nichols, Inc. (FNI) for
the BRA! showed that, based on historical hydrology, as of the end of 2012 Possum Kingdom
Lake was in drought-of-record conditions, while other BRA System reservoirs did not appear to

be in a new record drought.

The new drought conditions were an issue during the contested case hearing for Permit No.
5851. While the 2013 FNI study did identify potential new drought conditions for some
reservoirs, it did not address the impact on the BRA System as a whole or the appropriations

sought by the BRA with approval of Permit No. 5851, for two reasons: (a) drought conditions

! Freese and Nichols, Inc.: DRAFT Memorandum to Brad Brunett and Jim Forte of the Brazos River
Authority, Initial Analysis of Extended Hydrology, December 19, 2013.
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were ongoing in 2013, and (b) the hydrology in the Brazos WAM, which is required to
determine the yield of the system, did not include the recent drought. As proposed by TCEQ
staff and agreed by BRA during the 2015 evidentiary hearing, BRA was required to sponsor a
new study to address the comparative extent and the impact of the recent drought on system
yield, once Possum Kingdom Lake had filled. Possum Kingdom Lake filled in June 2015,
signaling the probable end of drought-of-record conditions. The order granting the System

Operation Permit was issued in September 2016, initiating this study.

1.2 PROJECT OVERVIEW

A major part of the drought study was extending the hydrology of the existing Brazos WAM. A
full analysis of the potential impact of the recent drought on the BRA System and the
appropriation in the System Operation Permit requires a model like the Brazos WAM, which is
used by TCEQ to evaluate water rights. However, the 9-month time frame for development of
an analysis of the impact of the recent drought on the yield of the System Operation Permit
does not allow time for a full update of the Brazos WAM. Therefore, the approach used in this

study included:

e Developing approximate naturalized flows for the basin for 1998 through 2015 (to

include the recent drought), and

e Analyzing the yield available from the System Operation Permit using the Brazos WAM
and the approximate naturalized flows to determine the reliable supply available from
the System Operation Permit and the maximum annual diversion under the System

Operation Permit including hydrologic data for the period from 1998 through May 2015.

Because of the time limitations, the TCEQ staff agreed to this project approach. TCEQ staff

provided input throughout the project.

This project is a water rights analysis and uses a modeling approach consistent with the
approach used by TCEQ in evaluating water rights. It uses the same tool (the Brazos WAM), and
assumes that all permitted water rights in the Brazos River Basin are diverting at their full

authorization, including both diversion and storage. The only difference is that the model used
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in the study includes return flows which are part of the authorization in the System Operation
Permit. Because this is strictly a water rights analysis, it should not be considered an accurate
representation of anticipated lake levels. Other operational considerations, such as drought
contingency plans, infrastructure limits, operation plans, and some contractual limitations,

which could impact lake levels, are not included in the model.

Consistent with the assumption of full use of water rights, all System Operation Permit model
runs assume the full appropriation specified in Water Use Permit No. 5851, without the 14%
reduction due to reservoir sedimentation, set out in Special Condition 5.D.5. This study does
not examine reduction in yield due to sedimentation — only the impact of the recent drought on

the BRA System.

Figure 1 is a location map showing the BRA System reservoirs.

Brazos River Authority
Water Supply Reservoirs

Williamson County Regional Raw Water Line S

@ Owned & Operated by BRA
O US Army Corps of Engineers
® Permitted Reservoir
by City of Houston, BRA, & TWDB

Figure 1: Location Map



Brazos River Basin Drought Study - FREESE
Brazos River Authority '. ‘NICHOLS

2.0 EXTENSION OF HYDROLOGY

The process of developing the approximate naturalized flows is described in detail in
Attachment 1 of this report. Attachment 1 is an update of the report describing the
development of the original Brazos WAM naturalized flows in 2001.2 The approximate

naturalized flows from 1998 to 2015 were developed by adjusting historical gaged flows for:
e Diversions by water rights with permitted amounts of 1,000 acre-feet per year or more,
e Impacts of reservoirs with current storage capacity of 10,000 acre-feet or more, and

e Sources of return flows greater than 2 MGD (largest annual average in the period from

1998 through 2014).

Fully naturalized flows were developed for three gages (North Bosque River near Clifton,
Lampasas River near Kempner, and Navasota River above Groesbeck) to demonstrate the
conservative nature of the flow development process. For these three gages naturalized flows

from 1998 to 2015 were developed by adjusting historical gaged flows for:
e Diversions by all water rights,
e Impact of reservoirs with more than 5,000 acre-feet of authorized storage, and

e Return flow sources greater than 1 MGD (largest annual average in the period

from 1998 through 2014).

A comparison of the fully naturalized flows to the approximate naturalized flows is in Section

6.0 of Attachment 1. This comparison shows that:

2 Freese and Nichols, Inc., HDR Engineering, Inc. et al.: Naturalized Flow Estimates for the Brazos River
Basin and the San Jacinto-Brazos Coastal Basin, prepared for the Texas Natural Resource Conservation
Commission, October 2001.



Brazos River Basin Drought Study - FREESE
Brazos River Authority '. ‘NICHOLS

e Not including all water rights and return flows has little impact on flows. Most of these

corrections are small and have little impact on water availability.

e Not including smaller reservoirs could have some impact on water availability,
depending on the magnitude of the flows in the area. This impact will be less as the

corrections are passed downstream.
The fully naturalized flows at the three gaged locations were included in this analysis.

While extending the hydrology, several errors in the original Brazos WAM hydrology were
identified. There were also cases where the method used to estimate missing hydrology
changed as well. These modifications slightly change the original 1940 to 1997 hydrology. The

modifications are described in detail in Attachment 1, the Updated Naturalized Flow Report.

3.0 IMPACT OF RECENT DROUGHT ON THE BRA SYSTEM

The impact of the recent drought was evaluated in four ways:
e A comparison of the naturalized flows during the 1950s drought to the recent drought,

e The impact on storage in the BRA System reservoirs operating at their permitted

diversions,

e The impact on the yield of the individual BRA System reservoirs (Run 3 permitting run

conditions), and

e The impact on the yield of the System Operation Permit.

These impacts are discussed in the following sections.
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3.1 IMPACT ON STREAMFLOWS

Table 1 compares the average annual naturalized flows from 1940 to 2015 to the annual
average from 1950 to 1956 (labeled 50s Drought Average) and the annual average from 2008 to
2014 (labeled Recent Drought Average) for gages that are close to BRA System reservoirs. Note
that the average annual flows for the recent drought are significantly lower for the Brazos River
near South Bend, near Palo Pinto, and near Glen Rose gages, and for the Leon near Hasse gage.
These results imply that Lakes Possum Kingdom, Granbury and Proctor may have experienced a
new drought of record. Flows are also somewhat lower at the Brazos River near Aquilla gage,
which is just downstream of Lake Whitney. For other gage locations in Table 1, the annual

average flows are lower in the 1950s drought compared to the recent drought.

Table 1: Comparison of Average Annual Naturalized Flows for Selected Gages

WAM Period 50s Recent
Control Gage Name Description Drought Drought
Point Average Average Average
BRSB23 Brazos River near South Bend Upstream of Possum Kingdom 585,848 511,982 188,884
BRPP27 Brazos River near Palo Pinto Downstream of Possum Kingdom 723,011 585,990 251,067
BRGR30 Brazos River near Glen Rose Downstream of Lake Granbury 1,012,213 699,041 389,599
BRAQ33 | Brazos River near Aquilla Downstream of Lake Whitney 1,287,033 775,676 602,903
AQAQ34 | Aquilla Creek near Aquilla Downstream of Lake Aquilla 89,896 31,097 66,659
LEHS45 Leon River near Hasse Downstream of Lake Proctor 118,472 56,149 31,619
LEBE49 Leon River near Belton Downstream of Lake Belton 501,966 137,990 266,111
LABES2 | Lampasas River near Belton 32:""0”\;tream of Lake Stillhouse 231,687 | 67,198 | 128,045
NGGE54 ::;EZI;C;:I;:fng;abrlel River Downstream of Lake Georgetown 56,923 13,309 27,705
GALA57 | San Gabriel River at Laneport Downstream of Lake Granger 190,419 42,824 103,836
YCS062 | Yegua Creek near Somerville Downstream of Lake Somerville 225,115 73,377 92,861
NAEA66 | Navasota River near Easterly Downstream of Lake Limestone 333,788 129,930 241,177
BRRI70 Brazos River at Richmond Lower Basin 5,808,649 | 2,271,019 | 3,119,364

Notes:  Period Average is the 76-year period of the naturalized flows, 1940 to 2015.

50s Drought Average is the 7-year period from 1950 to 1956.
Recent Drought Average is the 7-year period from 2008 to 2014.
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Figure 2 shows the annual naturalized flows for the Brazos River near South Bend. A 5-year
moving average has been added to the chart to show trends in the data. This chart shows that
for this gage, there are only two years in the 1950s that have very low flows — 1952 and 1956.
Flows in 1955 are well above average. In the more recent drought, there are four consecutive
years of very low flow from 2011 to 2014. Flows in 2009 are very low as well. This chart shows

that the more recent drought is considerably more severe than the 1950s drought.
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Figure 2: Annual Naturalized Flows for the Brazos River near South Bend Gage
(USGS 08088000)

Figure 3 shows the annual naturalized flows for the Brazos River near Aquilla gage, which is
located just downstream of Lake Whitney. In the 1950s drought, there are two years of
abnormally low flow (1952 and 1956), while the more recent drought has three years (2011,
2013 and 2014). The more recent drought is worse, but the data show a trend toward the

1950s drought being similar in severity.
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Figure 3: Annual Naturalized Flows for the Brazos River near Aquilla Gage (USGS 08093100)

Figure 4 shows the annual naturalized flows for the Brazos River at Richmond gage, which is
located in the lower basin below all BRA System reservoirs. Much of the existing and future
demand expected to be met by the System Operation Permit is located near this gage.
Although 2011 has the lowest annual flows of any year in the analysis period, the more recent

drought is less severe than the 1950s drought.

Figures 2, 3, and 4 demonstrate the trend on the main stem of the Brazos River from Lake
Possum Kingdom downstream. In the upper part of the BRA System, the more recent drought

is the most severe. This trend reverses as you go downstream in the basin.

10
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Figure 4: Annual Naturalized Flows for the Brazos River at Richmond Gage (USGS 08114000)

Figures 5 through 8 show the annual naturalized flows for major tributaries of the Brazos River,

which are the locations of most of the BRA System reservoirs. Except for the tributaries near

Lake Proctor (upper Little River watershed), the 1950s drought appears to be the worst drought

in the record.

Annual plots of all the gages in Table 1 may be found in Appendix A.

This space left blank intentionally
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Figure 5: Annual Naturalized Flows for the Aquilla Creek near Aquilla Gage (USGS 08093500)
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Figure 6: Annual Naturalized Flows for the Little River near Cameron Gage (USGS 08106500)
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Figure 7: Annual Naturalized Flows for the Yegua Creek near Somerville Gage
(USGS 08110000)
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Figure 8: Annual Naturalized Flows for the Navasota River near Easterly Gage
(USGS 08110500)
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3.2 IMPACT ON BRA SYSTEM RESERVOIR STORAGE

The next two sections look at the impacts of drought on individual BRA System reservoirs. The
charts in this section are the storage traces of each of the BRA System reservoirs assuming (a)
the full permitted diversion at each reservoir and (b) full permitted storage without any return
flows. These are the assumptions used in the Full Authorization Scenario (Run 3) of the Brazos
WAM, which is the run TCEQ uses for permitting. As such, these storage traces represent full
use of the appropriation for the BRA’s existing water rights associated with each reservoir. The
storage traces do not include potential changes in storage due to the application of the System
Operation Permit or the BRA System Order. With the System Operation Permit, reservoir

drawdowns during wet to normal conditions would not be as severe, but during drought

conditions drawdowns could be greater.

Figure 9 shows the storage trace for Possum Kingdom Lake. Note that the minimum content in

1953 is about 270,000 acre-feet, while the reservoir goes dry for several months in 2014-2015.

800,000
700,000
600,000
— 500,000
oy
[S)
8
o 400,000
[eT0]
(4]
—
S
& 300,000
200,000
100,000
0
O M OW O AN 1N O A T ™ NO N OO AN N OO A T ~NO M OW O N N
SIS FTHLOLDHLOOORTHNMRONONPPDNQQQQ
Cc € € € € € € C C C € € Cc Cc Cc Cc Cc Cc Cc c ¢ c c c c cC
(o (6 @O (M (O (O (O © (O (O (v (v (v ([ (v (U (U O (@© (@© (@© (© (© (© (O
e B e B B B B B B B e e e e B B B B B B e B B I I B |

Figure 9: Run 3 Storage Trace for Possum Kingdom Lake
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Figure 10 shows the same data for Lake Granbury. Similar to Possum Kingdom Lake, the more
recent drought has much lower storage than the 1950s drought. The only difference is that

instead of the reservoir going dry, there is a small amount of storage left at the lowest point in

the record.
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Figure 10: Run 3 Storage Trace for Lake Granbury

Figure 11 shows the storage trace for the BRA’s portion of the storage in Lake Whitney. (The
BRA only has the right to use about 8 percent of the modeled storage in the reservoir using Run
3 original capacity assumptions. The remaining storage is associated with hydropower
generation and does not have a Texas water right.) The lowest point in the storage trace is
28,391 acre-feet in November 2011. Storage volumes in March 1952 and September 2013 are

almost as low. Although the recent drought may be a little worse than the 1950s drought for

Lake Whitney, it is not much worse.
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Figure 11: Run 3 Storage Trace for Lake Whitney

Figure 12 is the Run 3 storage trace for Lake Aquilla. Lake Aquilla is located to the east of Lake
Whitney, on a tributary of the Brazos River that joins the main stem of the river just below Lake
Whitney. The storage trace for this reservoir shows that the drought of the 1950s is still the

drought of record for this reservoir, even though it is in the same general area as Lake Whitney.

Figure 13 shows the storage trace for Lake Proctor operating under Run 3 conditions. There are
several significant drawdown periods for this reservoir, with the lake going completely dry for

three months in 1954-1955, for 3 months in 2011, and 8 months in 2014-2015. It appears that

the more recent drought is the worst drought in the record.

Figure 14 is the Run 3 storage trace for Lake Belton. This storage trace is for the full storage in
the reservoir, including both the BRA storage and storage associated with CA No. 12-2936, held

by the U.S. Department of the Army. This storage trace clearly shows that the 1950s drought is

the worst drought in the simulation.
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Figure 12: Run 3 Storage Trace for Lake Aquilla
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Figure 13: Run 3 Storage Trace for Lake Proctor
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Figure 14: Run 3 Storage Trace for Lake Belton

Figure 15 is the Run 3 storage trace for Lake Stillhouse Hollow. For this reservoir, the worst

drought remains the drought of the 1950s. Under Run 3 conditions, the reservoir goes dry in 13

months between January 1952 and February 1957.

Figure 16 is the storage trace for Lake Georgetown operating under Run 3 conditions. Using
these assumptions, the reservoir goes dry for 5 months in 1951 and 1952, 8 months in 1956 and
1957, and 7 months in 2014 and 2015. Because there are more months that the reservoir is dry

in the 1950s, it appears that the 1950s is the worst drought in the analysis period.

Figure 17 is the Run 3 storage trace for Lake Granger. For this reservoir, the 1950s drought is

much worse that the recent drought. The reservoir goes empty for 6 months in the 1950s.

Figure 18 is the Run 3 storage trace for Lake Somerville. For this reservoir, the 1950s drought is

clearly the drought of record. The reservoir goes dry for 5 months in the 1950s.
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Figure 15: Run 3 Storage Trace for Lake Stillhouse Hollow
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Figure 16: Run 3 Storage Trace for Lake Georgetown
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Figure 17: Run 3 Storage Trace for Lake Granger
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Figure 18: Run 3 Storage Trace for Lake Somerville
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Figure 19 is the Run 3 storage trace for Lake Limestone. For this reservoir, the lowest storage

occurs in February 1957, so the 1950s drought is the worst drought in the record. However, the

storage is almost as low in December 1964.

Figure 20 is the Run 3 storage trace for the proposed Allens Creek Reservoir. The lowest

storage point in the reservoir is in March 1952, making the 1950s drought the drought of
record.
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Figure 19: Run 3 Storage Trace for Lake Limestone
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Figure 20: Run 3

w

torage Trace for Allens Creek Reservoir

Figure 21 shows the total volume of water in storage in the BRA System throughout the Run 3

simulation of all the reservoirs operated independently at their permitted diversions. Note that

there are three minimum storage points:

October 1952 is the lowest storage point, with a combined system storage of 780,899

acre-feet. This point occurs 66 months after the last point the system is completely full
in May 1947.

January 1957 has 784,936 acre-feet of water in storage. This point occurs 50 months
after the previous minima and 116 months after the last point the system is completely

full, and the system storage remains low throughout those months.

October 2014 has 783,504 acre-feet of water in storage. This point occurs 87 months

after the system was full in July 2007. It should be noted that the system is almost full in

May 2008, with only 2,126 acre-feet of empty storage. If this point is used, then the

drought period is 10 months shorter.
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Figure 21: Total BRA System Storage Run 3

Looking at the total storage in the BRA System, the worst drought for the system is the period
from May 1947 to January 1957. It is the longest period of drawdown and includes the lowest
point in the system storage. It is also interesting to note that the minimum storage of the
system as a whole is over 780,000 acre-feet. This implies that even though on an individual

reservoir basis there is very little unpermitted yield under Run 3 assumptions, for the system

there is additional yield available.

Figure 22 and Figure 23 divide the total system storage into three subsystems:
[ ]

PK-Granbury-Whitney which consists of the combined Run 3 storage of Lake Granbury,

Possum Kingdom Lake, and the BRA’s portion of the Lake Whitney storage.
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Figure 23: Comparison of System Storage Recent Drought
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e Ljttle River which consists of the five reservoirs — Lake Proctor, Lake Belton, Lake
Stillhouse Hollow, Lake Georgetown and Lake Granger -- - on tributaries of the Little

River.

* Rest of System which is the remaining four reservoirs — Lake Aquilla, Lake Limestone,

Lake Somerville and Allens Creek Reservoir.
Figure 22 shows several interesting characteristics of the 1950s drought:

* The drought for the Little River subsystem begins in 1947 and the system does not refill
until 1957. At its lowest point in early 1957, the Little River subsystem has about 74,000

acre-feet of water in storage.

* The worst period for the PK-Granbury-Whitney subsystem begins in 1951 and reaches
its lowest point in 1953. After that, this subsystem is relatively full for the remainder of
the 1950s drought. At its lowest point in April 1953, this subsystem has about 367,000

acre-feet of water in storage.

* The Rest of System begins its worst drought in 1950, several years after the Little River
subsystem enters drought conditions, but almost a year before the PK-Granbury-
Whitney subsystem. At its lowest point in early 1957, the Rest of System has about

54,000 acre-feet of water in storage.
Figure 23 shows the characteristics of the recent drought:

* The Little River subsystem is last full in September 2007, but almost fills in 2008, 2010
and 2012. At its lowest point in the recent drought, the subsystem has almost 300,000

acre-feet of water in storage.

* The worst period for the PK-Granbury-Whitney subsystem begins in 2010. At its lowest

point, this subsystem has 46,311 acre-feet of water in storage.

* The worst period for the Rest of System begins in July 2010. At its lowest point in

December 2011 this subsystem has about 204,000 acre-feet of water in storage. When
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the other two subsystems are at their lowest point at the beginning of 2015, these
reservoirs have already begun recovering from a low of about 400,000 acre-feet at the

end of 2014.

The Run 3 storage traces discussed in this section show that Possum Kingdom Lake, Lake
Granbury, Lake Proctor and possibly Lake Whitney have a new drought of record in the 2008-
2015 drought. For the eight remaining BRA System reservoirs, the worst drought remains the

1950s drought.

When examined as a whole, the minimum storage in the BRA System is similar in the 1950s
drought and the recent drought, although the 1950s drought appears to be of longer duration.
Dividing the BRA System reservoirs into three different subsystems shows that these different
subsystems react slightly differently to drought conditions. This indicates that, through system
operation, these reservoirs can be operated to create additional yield. This is discussed in

Section 3.4.

3.3 IMPACT ON INDIVIDUAL RESERVOIR YIELDS

Table 2 shows the firm yield of the BRA System of reservoirs assuming TCEQ Full Authorization
(Run 3) conditions (all rights diverting at their full authorization, original storage-area
characteristics and no return flows). The firm yield of the system is about 39,000 acre-feet per
year less than the total authorizations, with most of the reduction occurring at Possum

Kingdom Lake.

The yields in Table 2 are limited to the authorized diversion in the reservoir’s water right. There
is a small amount of additional yield under Run 3 conditions in Lake Whitney, Lake Belton, Lake
Limestone, and Allens Creek Reservoir that could be accessed either through the BRA’s System

Order or through the System Operation Permit, but it is not included in Table 2.
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Table 2: Firm Yields of BRA System Reservoirs, Full Authorization (Run 3) Conditions

Reservoir Al;:gor:::)id Firm Yield Critical Critical
(Ac-Ft/Year) (Ac-Ft/Year) Period Start Period End
Possum Kingdom 230,750 208,960 Oct-10 Mar-15
Granbury 64,712 64,712 May-12 Feb-15
Whitney 18,336 18,336 Mar-11 Nov-11
Aquilla 13,896 13,896 Jun-53 Mar-57
Proctor 19,658 15,430 Apr-12 Feb-15
Belton 100,257 100,257 Jun-47 Feb-57
Stillhouse Hollow 67,768 61,660 Jun-47 Feb-57
Georgetown 13,610 11,095 Jun-48 Feb-57
Granger 19,840 17,860 Jun-48 Feb-57
Somerville 48,000 45,630 Jul-50 Feb-57
Limestone 65,074 65,074 Jun-53 Feb-57
Allens Creek 99,650 99,650 Dec-50 Mar-52
Total 761,551 722,560 - -

Firm Yields are limited to the Authorized Diversion.

Critical Period Start is the month after the reservoir was last full at the beginning of the worst drought in the
simulation.

Critical Period End is the month with the greatest drawdown, which always occurs during the worst drought in the
simulation.

3.4 IMPACT ON SYSTEM YIELD

This section describes the impact of drought on the yield of the BRA System operating with the
System Operation Permit as described in the BRA’s Water Management Plan®* (WMP). The
modeling in the WMP used several variations of the TCEQ's Brazos WAM, modified to include
the System Operation Permit (Water Use Permit No. 5851). The appropriation models (also
referred to as the Firm Use Scenarios) were used as the basis for the appropriations found in

the System Operation Permit.

The appropriation modeling used for the permit has all the BRA customers diverting their full

contract amounts, plus projected future demands identified in the 2012 State Water Plan. The

3 Brazos River Authority: Water Management Plan for Water Use Permit No. 5851, May 2014.
4 Brazos River Authority: Technical Report in Support of the Water Management Plan for Water Use Permit
No. 5851, May 2014.
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modeling is described in detail in the Technical Report in Support of the Water Management

Plan.

In the Water Management Plan, the appropriation of water by the System Operation Permit
was analyzed under four demand scenarios. These scenarios were designed to determine the
impact of Allens Creek Reservoir and the proposed expansion at the Comanche Peak Nuclear
Power Plant (CPNPP) on the potential use of appropriations by the BRA under its other water
rights and the System Operation Permit. Four different demand levels are used in the
scenarios, referred to using the letters A through D. The demands change because of
assumptions about the CPNPP expansion and the presence of Allens Creek Reservoir. These
projects are addressed separately because of their significant impact on water supply. Demand
levels A and C do not have the CPNPP expansion. Demand levels B and D assume that the
CPNPP expansion is in place. Demand levels A and B do not have Allens Creek Reservoir, while
demand levels C and D assume that supplies are available from this source. Each of these
demand levels has a different associated maximum diversion under the System Operation
Permit, as well as the maximum yield of the system. These are summarized in Table 3. This
table also includes the WMP run name that is the basis of the yield and diversion amounts. The
maximum System Operation diversions were incorporated into Water Use Permit No. 5851, the

System Operation Permit.

Table 3: Demand Scenarios Used in Appropriation Modeling

Maximum
Demand WMPRun  CPNPP Allens SysOps System Yield
. Creek Diversion (acre-feet per
Level Name Expansion .
Reservoir  (acre-feet per year)
year)
A Firm 3 N N 381,068 947,660
B Firm 6 Y N 344,625 939,365
C Firm 9 N Y 516,955 1,090,660
D Firm 12 Y Y 482,035 1,086,365
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Evaluation of the impact of the more recent drought on the BRA System and the System
Operation Permit required extension of the hydrology of the Brazos WAM to include the more
recent drought. Extension of the hydrology is described in Section 2.0 of this report, with more
detailed information in Attachment 1. This hydrology was added to the existing appropriation
models. Running these models without modifications resulted in significant shortages for
demands on the main stem of the Brazos River during the more recent drought, from Possum
Kingdom to the Gulf of Mexico. There were no shortages or very small shortages for demands
located on tributaries or at tributary reservoirs. In fact, at the end of the recent drought there
was a significant amount of water in storage in tributary reservoirs, particularly in the Little

River subsystem.

On examining these results, it became apparent that the operating rules incorporated into the
original model, which were based on the characteristics of the 1950s drought, were not

appropriate for the recent drought. Specifically, in the 1950s drought:

e All the water in the Little River subsystem is used to meet demands at the reservoirs and
directly downstream of the reservoirs, upstream of the confluence of the Little River
with the main stem of the Brazos. Because of the length of the 1950s drought for this
subsystem, all the water in the Little River subsystem must be used to meet local

demands during the 1950s drought.

e Thereis more water in storage in the PK-Granbury-Whitney subsystem at the end of the
1950s drought than in other parts of the basin. The operating rules in the original model
take advantage of this to meet demands in the lower basin at the end of the 1950s

drought.

Figure 24 illustrates the application of these operating rules. This figure shows the 1950s

drought storage trace from the Demand Level C run (Firm 9), divided into the three subsystems
used for Figure 22 and Figure 23. Note that there are two low points in the 1950s drought, one
in 1952-1953 and the second in 1956 and the beginning of 1957. The storage for PK-Granbury-

Whitney and Rest of System are close to zero in the first low point, while in the second low
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point, the Little River subsystem and Rest of System are close to zero. About 200,000 acre-feet

of water is in storage in the PK-Granbury-Whitney subsystem at the end of the 1950s drought.

Figure 25 shows the results when these operating rules are applied to the more recent drought.
Toward the end of the drought, the PK-Granbury-Whitney subsystem goes dry, and there is not
enough water in the Rest of System to meet main stem demands. However, there is a
significant amount of water in the Little River subsystem. The operating rules developed for the
1950s drought do not make use of this storage because all the Little River water has been
reserved for local use. With these original operating rules, additional yield can be generated
through system operation, but not as much as when considering only the 1950s drought. Yield

runs with the existing operating rules are found in Table 4.

In actual operation, the BRA would take advantage of the water in storage in any part of its
system to meet demands in other parts of the system.> This concept forms the basis for
developing additional supply from system operation — water available in other parts of the
system during drought periods is used to meet demands elsewhere where supplies are less
plentiful, creating additional supplies. Figure 26 shows the subsystem storage traces for revised
operating rules that (a) use the Little River subsystem during drought, and (b) rely less on the
PK-Granbury-Whitney subsystem. These revised operating rules were incorporated into the
appropriation models and new yield runs were made based on the recent drought. Applying
the revised operating rules, the full diversion amount for all demand scenarios can be met
during the recent drought, as shown in Table 4. Model code for the new setups may be found

in Appendix B.

> In support of the concept of operating the BRA reservoirs as a system, and conforming with BRA’s
approved Water Management Plan, TCEQ has granted amendments to the BRA's existing reservoir water
rights allowing for more flexible operation in the system context, specifically by removing a restriction
that all system reservoirs must be at less than 30% for System Order use.
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Figure 24: Subsystem Storage Demand Level C Model using Original Drought Operating Rules
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Figure 25: Subsystem Storage Demand Level C Model using Original Drought Operating Rules
— Recent Drought
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Figure 26: Subsystem Storage Demand Level C Model using Revised Drought Operating Rules
— Recent Drought
Table 4 shows the impact of the recent drought on the gain in yield due to system operation.

The columns in Table 4 contain the following information:

e Demand Level is the letter associated with one of the four demand scenarios described

above.
e Description is the configuration associated with the demand level.

e Yield with Original Hydrology is the additional yield due to the System Operation Permit
using the original hydrology from 1940 through 1997. These values are from Table 2.13
of the Technical Report in Support of the Water Management Plan for Water Use Permit
No. 5851* and represent the uncommitted yield from the system after accounting for

existing contracts and commitments from the regional water plans.

e Yield with Extended Hydrology, Original Operating Rules is the yield from the System

Operation Permit using the original operating rules based on the 1950s drought. The
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uncommitted yield has been reduced until there are no longer any shortages. These
values are considerably lower than the original yields. However, in all scenarios the BRA
would still be able to meet existing contracts and the demands included from regional

water plans.

e Yield with Extended Hydrology, Revised Operating Rules applies the revised operating
rules that use less water from the PK-Granbury-Whitney subsystem and more water

from the Little River subsystem.

The yields in columns 3 and 5 of Table 4 are the same, showing that the yield with the revised
operating rules during the recent drought is the same as the yield determined with the old
operating rules during the 1950s drought. Since there is no reduction in yield, the
appropriation amount stays the same and the appropriation for the System Operation Permit

does not need to be reduced.

Table 4: Impact of Drought on Additional Yield Due to System Operation
(values in Acre-Feet per Year)

Yield with Yield with
Yield with Extended Extended
Demand _— -
Level Description Original Hydrology, Hydrology,
Hydrology Original Operating Revised Operating
Rules Rules
A Without CPNPP expansion or Allens Creek 246,650 123,150 246,650
B With CPNPP expansion, without Allens 175,650 41,650 175,650
Creek
c Without CPNPP expansion, with Allens 291,000 188,900 291,000
Creek
D With CPNPP expansion and Allens Creek 224,000 1,000 224,000

Applying the revised operating rules, there are some shortages during the 1950s drought.
These shortages vary from a few months in the scenarios without the CPNPP expansion
(Demand Scenarios A and C) and occur more frequently in the scenarios that include the CPNPP

expansion (Demand Scenarios B and D). At this time, a model setup has not been developed
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that meets demands in both droughts. Doing so will require a significant revision to the model

code.

The revised operating rules result in diversions and uses of stored water that exceed the
maximum annual use limits from the Water Management Plan for several reservoir reaches.
These maximum use limits are based on maximum diversions assigned to the System Operation
Permit based on the original operating rules. The maximum use limits were incorporated into
the original WMP for informational purposes only — they were not intended to describe the
maximum water available for use under the System Operation Permit.® The original operating
rules did not use the Little River subsystem to meet demands in the lower basin. As a result,
the maximum use by the System Operation Permit from Little River reservoirs is very low. For
example, for Lake Belton it is only 14,859 acre-feet per year. In the new drought, where there
is considerable water available in the Little River subsystem, Lake Belton can provide well over
100,000 acre-feet for system operation in some years. Without making use of this available

water, demands could not be met at the levels incorporated in the appropriation models.

At this time, the model code cannot limit diversions from a particular reservoir once the
diversion limit has been reached. The modeling relies on the reservoir system operation built
into the Water Rights Analysis Package (WRAP) code, which is based on the modeled storage of
the various system reservoirs. Using this structure, it is not possible to cut off diversions from
one of the BRA System reservoirs based on an annual diversion limit. The code could be
modified to apply these maximum annual use limits. However, doing so would require

significant modification to the model code and the overall WAM model structure.

The maximum use diversion reach limits for non-reservoir reaches have been incorporated into
the model so that run-of-the-river water appropriated by the System Operation Permit does

not exceed those limits.

® Because the maximum annual use limits for each reach were incorporated into the WMP as enforceable
operational limitations, BRA must comply with those limitations unless modified in a future revision of the
WMP or it is determined that the reach use limitations do not apply to stored water.
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4.0 SUMMARY AND RECOMMENDATIONS

This study is in response to Special Condition 5.C.7 of Water Use Permit No. 5851, the System

Operation Permit. The study addresses whether the recent drought:

e Isworse than the drought of the 1950s, and
e Decreases the amount of water available for appropriation by the System Operation

Permit.

Based on the results discussed in Sections 3.1 and 3.2, the recent drought is worse than the
drought of the 1950s for the following reaches, as defined in the BRA’s Water Management

Plan:

e Possum Kingdom Lake

e Possum Kingdom Lake Dam to Palo Pinto gage
e Palo Pinto gage to Dennis gage

e Dennis gage to Lake Granbury Dam

e Lake Granbury Dam to Glen Rose gage

e Glen Rose gage to Lake Whitney Dam

e Lake Proctor.

This affects four of the twelve BRA System reservoirs considered part of the System Operation

Permit:

e Possum Kingdom Lake
e Lake Granbury
e Lake Whitney

e Lake Proctor.

For all other reaches and reservoirs, the drought of the 1950s remains the worst drought in the
period between 1940 and 2015. The recent drought is the worst drought for only the western

part of the Brazos Basin. For most of the BRA System reservoirs and the locations with the
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largest present and future demands, the 1950s drought remains the worst drought in the

record.

Section 3.4 examines the yield of the BRA System. By taking advantage of the operational
flexibility of Permit No. 5851, the models used to support the appropriation for the System
Operation Permit show that the demands in the models can be fully met for all four demand
scenarios incorporated into the permit. Since the diversion amount is not reduced, the

maximum appropriation in the System Operation Permit does not need to be reduced.

This study illustrates the benefits of the System Operation Permit and system operation in
general. Figure 22 through Figure 26 illustrate the differences in the timing of critical drought
conditions. Even in the 1950s drought, in the PK-Granbury-Whitney subsystem the worst of the
drought is over well before the rest of the basin. The benefit of system operation is that it
allows the flexibility to take advantage of these differences in timing to increase the reliability
of a water supply, and this creates additional firm water supply. This concept is clearly
demonstrated in the BRA System. Even though the new drought has significantly reduced the
firm yield available from four reservoirs in the BRA System, the most significant being Possum
Kingdom Lake, the ability to operate as a system results in no net loss of yield for the system as

a whole.
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Figure A-1: Annual Naturalized flows for the Brazos River near South Bend Gage (USGS 08088000)
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Figure A-2: Annual Naturalized flows for the Brazos River near Palo Pinto Gage (USGS 08089000)

A-1



Appendix A: Annual Plots of Naturalized Flows F FREESE
Brazos River Authority A :NICHOLS

Brazos River near Glen Rose

5,000,000
4,500,000
4,000,000
B
8 3,500,000
(O]
5 3,000,000
&
= 2,500,000
o
2,000,000
O
3 /
S 1,500,000
<
1,000,000
| NAIT |
o (A (11T il (NI
o (o] [e)] o n 0 R < ~ o (] o [e)] o n o] — < ~ o o (o) [e)) o~ [Tp]
<l‘<l‘<f<rmmkakDLDI\I\I\I\OOOOOOChO\ChOOOO\—!\—!
()] ()] [e)] [e)] (o)) ()] [e)] [e)] (o)) ()] [e)] [e)] (o)) [e)] [e)] (o)) [e)] (o)} (o)} [e)] o o o o o o
i - - - i - — - i - — - i - — i i - i i o~ o (o] (o] o~ o
I BRGR30  ——5 per. Mov. Avg. (BRGR30)

Figure A-3: Annual Naturalized flows for the Brazos River near Glen Rose Gage (USGS 08091000)
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Figure A-4: Annual Naturalized flows for the Brazos River near Aquilla Gage (USGS 08093100)
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Figure A-5: Annual Naturalized flows for the Aquilla Creek near Aquilla Gage (USGS 08093500)
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Figure A-6: Annual Naturalized flows for the Leon River near Hasse Gage (USGS 08099500)
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Figure A-7: Annual Naturalized Flows for the Leon River at Gatesville Gage (USGS 08100500)

Leon River near Belton
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Figure A-8: Annual Naturalized Flows for the Leon River near Belton Gage (USGS 08102500)
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Lampasas River near Belton
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Figure A-9: Annual Naturalized flows for the Lampasas River near Belton Gage (USGS 08104100)
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Figure A-10: Annual Naturalized flows for the North Fork San Gabriel River near Georgetown Gage
(USGS 08104700)
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San Gabriel River at Laneport
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Figure A-11: Annual Naturalized flows for the San Gabriel River at Laneport Gage (USGS 08105700)
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Figure A-12: Annual Naturalized flows for the Little River at Cameron Gage (USGS 08106500)
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Brazos River near Bryan
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Figure A-13: Annual Naturalized flows for the Brazos River near Bryan Gage (USGS 08109000)
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Figure A-14: Annual Naturalized flows for the Yegua Creek near Somerville Gage (USGS 08110000)
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Figure A-15: Annual Naturalized flows for the Navasota River near Easterly Gage (USGS 08110500)

Brazos River at Richmond
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Figure A-16: Annual Naturalized flows for the Brazos River at Richmond Gage (USGS 08114000)
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Demand Level A — Revised Operation

**  Put in a small Type 3 right for using Proctor

WR516031 16000. MUN220120301 3 2 0.0000 BLNT2 LS MUNZ C5160 BE_ LS
WSBRABEL 445600. 0 3 -1

OR516031

**WSPRCTOR  59400. 1000

WSPRCTOR 59400. 10000

**  Shared demand with Stillhouse (Stillhouse-Georgetown pipeline)

WR516231 26000. PIPE20120301 1 2 0.0000 GGLTSTIT_SYS MUN C5162 GTSH_LS
**WSGRGTWN  37100. 31841
WSGRGTWN 37100. 37000

** System demand at Rosharon
*Kx

WRBRRO72 272000 MUN420120302 2 2 0.0000 ROST2 SYS YIELD SYSTEM SYSOPS
WSSMRVLE 160110. 500

OR516431 48033 1.0 1.0 0 0 0
WSBRAWHT 50000. 0 1
OR515731 0 2.0 1.0 0 0 0
**WSALLENS 145533. 0

**OR292531 0 1.0 1.0

WSLMSTNE 225400. 0

OR516531 67620 1.3 1.5 0 0 0
WSGRNBRY 155000. 0

OR515631 46500 1.5 1.0 0 0 0
WSPOSDOM 724739. 100

OR515531 218922 1.0 1.0 0 0 0
WSGRNGER 65500. 0

OR516331 19650 1.0 0.5 0 0 0
WSSTLHSE 235700. 0

OR516131 70710 0.1 0.5 0 0 0
WSBRABEL 445600. 0 3 -1
OR516031 137280 1.0 1.0 0 0 0
WSAQUILA 52400. 1000

OR515831 15720 1.0 1.0 0 0 0 10000
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Demand Level B — Revised Operation

**  Put in a small Type 3 right for using Proctor

WR516031 16000. MUN220120301 3
WSBRABEL 445600.

OR516031

WSPRCTOR 59400.

OR515931

**OR515931

*x downstream irr - System demand
WRW12421 540. IRR420120302 2
WSSMRVLE 160110.

OR516431 48033 1.0 1.0
WSBRAWHT 50000.

OR515731 0 2.0 1.0
WSLMSTNE 225400.

OR516531 67620 1.0 1.0
**WSGRNBRY 155000.

**0OR515631 46500 1. -1
WSPOSDOM 724739.

OR515531 218922 0.5 -1
**OR515531 218922 0. 1.0
WSPOSDOM 724739.

OR515531 218922 0.5 -1

**  Demands at Richmond

* Kx

o Limit to

* *

WRBRRI70 22270
TO -7

TO -7

TO -7

* %

* %

WRBRRI70 50.
WSSMRVLE 160110.
OR516431 48033
WSBRAWHT 50000.
OR515731 0
**WSALLENS 145533,
**OR292531 0
WSLMSTNE 225400.
OR516531 67620

** Rosharon

WRBRRO72
WSSMRVLE
OR516431
WSBRAWHT
OR515731

12720.
160110.
48033
50000.
0

**WSALLENS 145533.
**OR292531 0

WSLMSTNE
OR516531

**0OR516531

225400.
67620
67620

**WSGRNBRY 155000.

**OR515631

46500

WSPOSDOM 724739.

OR515531

**OR515531
WSAQUILA

OR515831

275000
218922

52400.

15720

22,270 ac-ft yr

XMONTH20120302 8

SUB
SUB
SUB

IRR420120302 2

MUN420120302 2

2

2

2

2

0.0000
0

4000

0.0000
500

o O O o

o

0.0000
500

0.0000
500
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** NRG backup.

WR532001 20120302
WSSMRVLE 160110.

OR516431 48033 1.0 1.0
WSBRAWHT 50000.

OR515731 0 2.0 1.0
**WSALLENS 145533.

**0OR292531 0 1.0 1.0
WSLMSTNE 225400.

OR516531 67620 1.0 1.0
**WSGRNBRY 155000.

**OR515631 46500 1.0 1.0
WSPOSDOM 724739.

OR515531 275000 0.5 0.1
**OR515531 218922 0.5 0.1

** Rest of NRG contract - set to

47,992

WR532001 83000 IND420120302
**WR532001 47992 IND420120302
WSSMRVLE 160110.

OR516431 48033 1.0 1.0
WSBRAWHT 50000.

OR515731 0 2.0 1.0
**WSALLENS 145533.

**OR292531 0 1.0 1.0
WSLMSTNE 225400.

OR516531 67620 1.0 0.5
**OR516531 67620 1.0 -1
**WSGRNBRY 155000.

**OR515631 46500 1.0 1.0
WSPOSDOM 724739.

OR515531 275000 0.5 -1
**OR515531 275000 0.5 0.1
**OR515531 218922 0.5 0.1

**  GCWA fixed demand

WRCON155 48080 20120302
WSSMRVLE 160110.

OR516431 48033 1.0 1.0
WSBRAWHT 50000.

OR515731 0 2.0 1.0
**WSALLENS 145533.

**OR292531 0 1.0 1.0
WSLMSTNE 225400.

OR516531 67620 1.0 1.0
**WSGRNBRY 155000.

**OR515631 46500 1.0 1.0
WSPOSDOM 724739.

OR515531 275000 0.5 -1
**OR515531 275000 0.5 0.1
**WSAQUILA 52400.

**OR515831 15720 1.0 1.0
**OR515531 218922 0.5 0.1
**  DOW backup. System

WRBRRO72 16000 IND420120302
WSSMRVLE 160110.

OR516431 48033 1.0 1.0
WSBRAWHT 50000.

OR515731 0 2.0 1.0
**WSALLENS 145533.

**OQR292531 0 1.0 1.0
WSLMSTNE 225400.

OR516531 67620 1.0 1.0
**WSGRNBRY 155000.

**OR515631 46500 1.0 1.0

WSPOSDOM 724739.

1.0000
500

0

0

0
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A :NICHOLS
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OR515531 275000 0.5 -1
**OR515531 218922 0.5 0
WSAQUILA 52400.

OR515831 15720 1.0 1.0

WRBRRO72 201000 MUN420120302
WSSMRVLE 160110.

OR516431 48033 1.0 2.0
WSBRAWHT 50000.
OR515731 0 2.0 1.0

**WSALLENS 145533.

**OR292531 0 1.0 1.

WSLMSTNE 225400.
OR516531 67620 2.5 2.5
**WSGRNBRY 155000.

**OR515631 46500 1.5 1.
WSPOSDOM 724739.
OR515531 275000 0.5 0.5
**OR515531 218922 0.5 1.
WSGRNGER 65500.
OR516331 19650 1.0 0.5
WSSTLHSE 235700.
OR516131 70710 0.5 -1
**OR516131 70710 1.0 0.

WSBRABEL 445600.

**OR516031 200000 1.0 1.
**OR516031 137280 1.0 0.
OR516031 137280 1.0 1.0
WSAQUILA 52400.

OR515831 15720 1.0 1.0

2

1000

0.0000
500

1000

B-4

0

E FREESE
A :NICHOLS
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10000
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Demand Level C — Revised Operation

WR516031 16000. MUN220120301 3 2 0.0000 BLNT2 LS MUN2 C5160 BE LS
WSBRABEL 445600. 0 3 -1

OR516031

**WSPRCTOR  59400. 1000

WSPRCTOR 59400. 10000

** System demand at Rosharon
*Kx

WRBRRO72 162000 MUN420120302 2 2 0.0000 ROST2 SYS FIXED SYSTEM SYSOPS
WSSMRVLE 160110. 500

OR516431 48033 1.0 1.0 0 0 0
WSBRAWHT 50000. 0 1
OR515731 0 2.0 1.0 0 0 0
WSALLENS 145533. 0

OR292531 0 1.0 1.0

WSLMSTNE 225400. 0

OR516531 67620 1.0 1.0 0 0 0
**WSGRNBRY 155000. 0

**OR515631 46500 1.0 1.0 0 0 0
WSPOSDOM 724739. 100

OR515531 218922 0.7 1.0 0 0 0
WRBRRO72 254000 MUN420120302 2 2 0.0000 ROST2 SYS YIELD SYSTEM SYSOPS
WSSMRVLE 160110. 500

OR516431 48033 1.0 1.0 0 0 0
WSBRAWHT 50000. 0 1
OR515731 0 2.0 1.0 0 0 0
WSALLENS 145533. 0

OR292531 0 2.0 1.0

WSLMSTNE 225400. 0

OR516531 67620 1.3 1.5 0 0 0
WSGRNBRY 155000. 0

OR515631 46500 1.5 1.0 0 0 0
WSPOSDOM 724739. 100

OR515531 218922 1.0 1.0 0 0 0
WSGRNGER 65500. 0

OR516331 19650 1.0 0.5 0 0 0
WSSTLHSE 235700. 0

OR516131 70710 0.1 0.5 0 0 0
WSBRABEL 445600. 0 3 -1
OR516031 137280 1.0 1.0 0 0 0
WSAQUILA 52400. 1000

OR515831 15720 1.0 1.0 0 0 0 11000

B-5
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Demand Level D — Revised Operation

WR516031 16000. MUN220120301 3 2 0.0000 BLNT2 LS MUN2 C5160 BE LS
WSBRABEL 445600 . 0 3 -1

OR516031

**WSPRCTOR  59400. 1000

WSPRCTOR  59400. 10000

WR516231 25000. PTPE20120301 1 2 0.0000 GGLTSTIT_SYS MUN  C5162 GTSH_LS
**WSGRGTWN 37100, 31841

WSGRGTWN ~ 37100. 36000

WR532001 83000 IND420120302 2 1 0.0000 RMOT2 SYS NRG2  C5157  WH DS
**{R532001 47992 IND420120302 2 1 0.0000 RMOT2 sys NRG2  C5157

wh_ds

WSSMRVLE 160110. 500

OR516431 48033 2.0 2.0 0 0 0

WSBRAWHT 50000. 0 1

OR515731 0 2.0 1.0 0 0 0

WSALLENS 145533. 0

OR292531 0 1.0 1.0

WSLMSTNE 225400. 0

OR516531 67620 2.0 2.0 0 0 0

**WSGRNBRY 155000. 0

**OR515631 46500 1.0 1.0 0 0 0

**SPOSDOM 724739. 0

**OR515531 218922 0.5 0.1 0 0 0

WRCON155 48080 20120302 2 2 0.0000 ROST2 SYS GCWA  C5164 SO DS
WSSMRVLE 160110. 500

OR516431 48033 2.0 2.0 0 0 0

WSBRAWHT 50000. 0 1

OR515731 0 2.0 1.0 0 0 0

**{SALLENS 145533. 0

**OR292531 0 1.0 1.0

WSLMSTNE 225400. 0

OR516531 67620 2.0 2.0 0 0 0

**[{SGRNBRY 155000 . 0

**OR515631 46500 1.0 1.0 0 0 0

**WSPOSDOM 724739. 0

**OR515531 218922 0.5 0.1 0 0 0

WRBRRO72 16000 IND420120302 2 2 0.0000 ROST2 SYS DOW  C5164 SO DS
WSSMRVLE 160110. 500

OR516431 48033 2.0 2.0 0 0 0

WSBRAWHT 50000. 0 1

OR515731 0 2.0 2.0 0 0 0

WSALLENS 145533. 0

OR292531 0 2.0 2.0

WSLMSTNE 225400. 0

OR516531 67620 2.0 2.0 0 0 0

**WSGRNBRY 155000. 0

**OR515631 46500 1.0 1.0 0 0 0

WSPOSDOM 724739. 0

OR515531 218922 0.1 0.1 0 0 0

WRBRRO72 197000  MUN420120302 2 2 0.0000 ROST2_SYS FIXED SYSTEM SYSOPS
WSSMRVLE 160110. 500

OR516431 48033 2.0 2.0 0 0 0

WSBRAWHT 50000 0 1

OR515731 0 2.0 1.0 0 0 0

WSALLENS 145533. 0

OR292531 0 2.0 1.0

WSLMSTNE 225400. 0

B-6
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OR516531 67620 2.0 2.0
**WSGRNBRY 155000.

**OR515631 46500 1.0 1.0
**WSPOSDOM 724739.

**OR515531 218922 1.0 1.0
WSGRNGER  65500.

OR516331 19650 0.5 0.5
WSSTLHSE 235700.

OR516131 70710 0.1 -1.0
WSBRABEL 445600.

OR516031 137280 2.0 1.0
WRBRRO72 152000 MUN420120302
**WRBRRO72 140000 MUN420120302
SYSOPS

**WRBRRO72 130000 MUN420120302
SYSOPS

**WRBRRO72 120000 MUN420120302
SYSOPS

**WRBRRO72 110000 MUN420120302
SYSOPS

**WRBRRO72 70000 MUN420120302
SYSOPS

**WRBRRO72 50000 MUN420120302
SYSOPS

WSSMRVLE 160110.

OR516431 48033 2.0 2.0
WSBRAWHT 50000.

OR515731 0 2.0 1.0
WSALLENS 145533.

OR292531 0 2.0 1.5
WSLMSTNE 225400.

OR516531 67620 2.0 2.0
WSGRNBRY 155000.

OR515631 46500 0.1 0.1
WSPOSDOM 724739.

OR515531 218922 0.1 -1.0
WSGRNGER 65500.

OR516331 19650 1.5 1.0
WSSTLHSE 235700.

OR516131 70710 -1.0 -1.0
WSBRABEL 445600.

OR516031 137280 2.0 1.0
WSAQUILA 52400.

OR515831 15720 1.5 1.5

2

2

2

O O OO oo
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0.0000
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APPENDIX C
Errata — June 14, 2017 Brazos River Basin Drought Study
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4055 International Plaza, Suite 200 * Fort Worth, Texas 76109 + 817-735-7300 * fax 817-735-7492 www.freese.com

TO: Jim Forte, Brazos River Authority

FROM: Jon S. Albright

SUBJECT: Errata—June 14, 2017 Brazos River Basin Drought Study
DATE: August 2, 2017

PROJECT: BRA03108 - Drought Study

On July 13, 2017, the Texas Commission on Environmental Quality (TCEQ) staff provided comments on the June 14,
2017 Brazos River Basin Drought Study prepared for the Brazos River Authority (BRA) and submitted to TCEQ
pursuant to the terms and conditions of BRA’s System Operation Permit, Water Use Permit No. 5851 (Drought
Study Report). Comments on the main document for the Drought Study Report are addressed here in this errata
sheet. Corrections to Attachment 1 of the Drought Study Report, Updated Naturalized Flow Report for the Brazos
River Basin (Naturalized Flow Report), addressing items identified in that same July 13" set of TCEQ staff
comments, have been made in an updated version of the Naturalized Flow Report. These corrections are
identified and detailed in a new Appendix J of the updated Naturalized Flow Report.

Responses to the TCEQ staff comments on the Drought Study Report are in italics below, and correspond to the
staff’s numbered comments.

1. The text on page 6 in the two bullets referencing return flows states “1998 through 2014”. Should this
be “1998 through 2015"?

The dates in the report are correct. When the workplan was developed for the extension of the naturalized
flows, return flow data were only available through 2014. By the time we developed the naturalized flow,
data for 2015 were available and were included in the study. This makes little if any difference in the
return flows selected for incorporation in the study.

2. The gage for Figure 6 is not listed in Table 1 but it does appear in Appendix A.

In the Drought Study Report, the gages included in the figures and tables were selected to illustrate trends
identified in the study. A specific set of gages was not selected. As a result, some tables and figures will
not include the same data.

3. Appendix A has two gages (Gatesville and Bryan) that do not appear in Table 1 or in the Annual
Naturalized Flows Figures.

See response #2.

4. Figures 2,3, 4,5, 7, and 8 are repeated in Appendix A.



Errata —June 14, 2017 Brazos River Basin Drought Study
August 2, 2017
Page 2 of 2

These figures were also included in the Appendix so that the reader could compare the gages without the
need to refer to the main text of the report.

5. Update the text in the first bullet under “Figure 23 shows the characteristics of the recent drought:”
on page 25. Figure 23 shows that the Little River subsystem is full or almost fills in 2008.

In Figure 23, the Little River System is almost but not quite full in 2008. Lake Georgetown does not fill
during this time. The first bullet under the description of characteristics of the recent drought at the
bottom of page 25 should read: “The Little River subsystem is last full in September 2007, but almost fills in
2008, 2010 and 2012. At its lowest point in the recent drought, the subsystem has almost 300,000 acre-
feet of water in storage.” This change has been incorporated into the report.
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1.0 INTRODUCTION

This report describes the extension of naturalized flows in the Brazos River Basin developed as
part of a study that examines the impact of recent droughts on water available to the Brazos
River Authority (BRA), referred to in this document as the “Drought Study.” The extension also
includes net evaporation rates and climatic triggers associated with environmental flows. The
existing naturalized flows and net evaporation rates were developed in 2001 for the Texas
Natural Resource Conservation Commission, predecessor agency to the Texas Commission on
Environmental Quality (TCEQ), for inclusion in the Brazos and San Jacinto-Brazos Water
Availability Model (Brazos WAM). The evaporation data were modified to correct some errors
in the data. The climatic data were developed when TCEQ’s adopted environmental flow
standards were added to the Brazos WAM. To our knowledge the flow data have not been
modified since 2001. The data covered the period from 1940 to 1997. The extended data

cover the period from 1998 to 2015.

This report is an update to the original Naturalized Flow Report?!, and includes much of the
same information included in the original report, updated and augmented as needed. The

extended flows do not include the San Jacinto-Brazos Coastal Basin.
The extended flows are not fully naturalized, having only been corrected for:

e Diversions by water rights authorized for more than 1,000 acre-feet per year,
e Reservoirs with current capacity of 10,000 acre-feet or more, and

e Return flows greater than 2 MGD.

Otherwise the flow extension uses the same methods employed in 2001. A special task in this
study examined the difference between fully naturalizing the flows and only approximately
naturalizing the flows in the extension period. The results of this effort are described in Section

6.0 of this report.

As part of this effort, a few changes were made to the 1940 to 1997 data. These changes

include:
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e Correcting evaporation weighting factors for Lake Cisco, Lake Alan Henry and Lake Leon

(none of which are BRA system reservoirs).

e Updating fill relationships for control points BOWA40 (Bosque River near Waco) and

YCS062 (Yegua Creek near Somerville).

e Using historical releases from Lake Proctor to fill missing gage data for control point

LEHSA5 (Leon River near Hasse).

e Moving diversions for water right 2938 (City of Temple) to control point LEBE49 (Leon

River near Belton) from LRLR53 (Little River near Little River).

e Correcting delivery factors for applying adjustments from control point YCSO62 at

control point BRHE68 (Brazos River near Hempstead.)

e Using naturalized flows for the Brazos River at SH 21 near Bryan gage multiplied by the
drainage area ratio to fill missing data for control point BRBR59 (Brazos River near

Bryan).

e Updating net evaporation input data for TWDB evaporation quadrangle 405 and
affected reservoirs. These corrections apply to the evaporation input into the model

and do not affect the naturalized flows.

These changes are discussed in the corresponding sections of this report. For the most part,
these changes should not have a significant impact on water availability. The exception is
moving the diversions by the City of Temple to LEBE49. This move eliminates a large number of

small negative incremental flows, which probably will affect availability in the watershed.

The estimates of naturalized flows are based on historical hydrologic records, adjusted to
remove the impact of human activities. Naturalized flows were estimated at the primary
control points listed in Table 1-1. Most of the primary control points are at U.S. Geological
Survey (USGS) streamflow gages, for which historical streamflow data are available.? Three of
the primary control points are not at USGS streamflow gages. Two are at USGS reservoir

gages: Buffalo Springs Lake near Lubbock and Lake Graham near Graham. The remaining
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primary control point represents the location at which water enters the Gulf of Mexico. Figure
1-1 shows the locations of the primary control points. There are 73 primary control points in

the Brazos River Basin.

When flow records are available, estimates of naturalized flow are based on historical flow data
adjusted to account for upstream diversions, return flows, changes in reservoir content, and
evaporative losses from reservoirs. Streamflow loss factors are included in the adjustments for

upstream activities. The procedures for flow naturalization are described in Section 1.1 below.

For many primary control points, records of historical streamflow are not available for parts of
the period covered by the study, which is 1940 through 2015. When historical streamflows are
not available, estimates of naturalized flow are based on relationships with other primary
control points that have flow data covering the period in question. The relationships used to fill

periods of missing data are described in Section 3.0 of this report.

Appendix B gives the naturalized flow data for the Brazos River Basin. Other appendices give
additional information on the development of naturalized flow data and show comparisons
with historical data. Appendix | consists of electronic files giving the naturalized flow data and

the information used to develop those data.

Table 1-1: Primary Control Points for the Brazos River Basins

. Contributing Incremental
Drainage . .
Drainage Drainage
Control Area
Point I.D Gage Name (Square Area Area
e 9 (Square (Square
Miles) Miles)

Period of Data Used
in Study

Miles)

Running Water Draw at 1/40-9/53 & 10/56-

RWPLO1 PIainviegw 08080700 1,291 382 382 4/60 & 3/61-9/78 &
10/02-12/15

WRSPO2 White River Reservoir near 08080910 3,069 689 307 4/64-9/76 & 7/79-

Spur 12/15
DUGIO3 Duck Creek near Girard 08080950 431 279 279 10/64-9/89
SEPEO4 Salt Fork Brazos River near 08081000 4,619 1,985 1,017 1/50-9/51 & 10/64-

Peacock 9/86
CRJAOS Croton Creek near Jayton 08081200 290 290 290 9/59-9/86

B .

srasop | SaltForkBrazosRivernear | ge505000 | 5,130 2,496 221 1/40-12/15

Aspermont
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Table 1-1 (Continued)
. Contributing Incremental
Drainage

Control USGS Area Drainage Drainage
Gage Name Number (Square Area Area
1 (Square (Square

Miles) Miles) Miles)

Period of Data Used
in Study

Point I.D.

Buffalo Springs Lake near

BSLUO7 Lubbock

08079550 5,588 236 236 12/66-9/77

pmiuog | Double Mountain Fork 08079600 1,466 244 244 12/61-12/15
Brazos River at Justiceburg

Double Mountain Fork
DMAS09 Brazos River near 08080500 8,796 1,864 1,384 1/40-12/15
Aspermont

North Croton Creek near

NCKN10 : 08082180 251 251 251 10/65-9/86
Knox City

BRSE11 Brazos River at Seymour 08082500 15,538 5,972 1,361 1/40-12/15

MSMN12 | Millers Creek near Munday | 08082700 104 104 104 7/63-12/15

CFRO13 Efs; Fork Brazos River near | 0583100 228 228 228 12/61-12/15

CFHA14 | Clear Fork Brazos Riverat 08083240 1,416 1,416 1,188 10/67-9/89
Hawley
Mul k

MuHa1s | Mulberry Creek near 08083245 205 205 205 10/67-9/89
Hawley

cFNu1e | Clear Fork Brazos Riverat 08084000 2,199 2,199 578 1/40-12/15
Nugent

castyy | California Creek near 08084800 478 478 478 10/62-12/15
Stamford

lear Fork Brazos Ri

crrg1g | Clear Fork Brazos River at 08085500 3,988 3,988 1,311 1/40-12/15
Fort Griffin
H Kk bel

HcALlg | Hubbard Creek below 08086212 613 613 613 10/66-12/15
Albany

BsBroo | D8 Sandy Creek above 08086290 280 280 280 2/62-12/15

Breckenridge

Hepray | Hubbard Creek near 08086500 1,089 1,089 196 5/55-9/86
Breckenridge

CFEL22 Clgar .Fork Brazos River at 08087300 5,697 5,697 620 7/28-9/51 & 10/61-
Eliasville 9/82
BRSB23 :;ng River near South 08088000 22,673 13,107 1,438 9/38-12/15
GHGH24 | Lake Graham near Graham 08088400 221 221 221 3/58-9/10235; 10/01-
CCIV25 Big Cedar Creek near Ivan 08088450 97 97 97 12/64-9/89
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Table 1-1 (Continued)

. Contributing Incremental
Drainage Drainage DIETLET-
Control USGS Area B B
Gage Name Area Area
Number (Square
Miles) (Square (Square
Miles) Miles)

Period of Data Used
in Study

Point I.D.

Brazos River at Morris
Sheppard Dam near 08088600,

SHGR26 Graford, Brazos River near 08088610 23,59 14,030 605 10/76-12/15
Graford

BRPP27 Brazos River near Palo Pinto 08089000 23,811 14,245 215 1/40-12/15

PPSA28 Palo Pinto Creek near Santo 08090500 573 573 573 5/51-9/76

BRDE29 Brazos River near Dennis 08090800 25,237 15,671 853 5/68-12/15

BRGR30 Brazos River near Glen Rose 08091000 25,818 16,252 581 1/40-12/15

PAGR31 Paluxy River at Glen Rose 08091500 410 410 410 6/47-12/15

12/47-2/87 & 10/92-
NRBL32 Nolan River at Blum 08092000 282 282 282 9/96 & 10/97-12/98,
10/05-12/15

BRAQ33 | Brazos River near Aquilla 08093100 27,244 17,678 734 1/40-12/15
Aquilla Creek near Aquilla 08093500 308 308 308 1/40-5/01
AQAQ34
Aquilla Creek above Aquilla 08093360 255 255 255 5/01-12/15
NBHI35 | North Bosque River at Hico | 08094800 359 359 359 1/62-9/98
NBCL3g | NNorth Bosque River near 08095000 968 968 609 1/40-12/15
Clifton
North Bosque River at 8/59-9/05, 8/07-
NBVM37 | ot e 08095200 1,146 1,146 178 /15
. 4 9/59-9/85 & Partial
MBMG3g | Middle Bosque River near 08095300 182 182 182 Records 10/85-2/95

McGregor & 10/07-12/15

9/59-9/85 & Partial
HGCR39 | Hog Creek near Crawford 08095400 78 78 78 Records 10/85-9/95
& 10/07-12/15

10/59-9/75, 4/76-

BOWA40 | Bosque River near Waco 08095600 1,656 1,656 250 12/81 & 4/82-6/82
BRWA41 | Brazos River at Waco 08096500 29,573 20,007 365 10/14-12/15
BRHB42 Brazos River near Highbank 08098290 30,436 20,870 863 10/65-12/15
LEDL43 Leon River near De Leon 08099100 479 479 479 9/60-9/86 & 10/96-

9/97 & 10/07-12/15
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Table 1-1 (Continued)

. Contributing Incremental
Drainage Drainage DIETLET-
Control USGS Area B B
Gage Name Area Area
Number (Square
Miles) (Square (Square
Miles) Miles)

Period of Data Used
in Study

Point I.D.

9/60-9/86 & 10/99-

SADL44 Sabana River near De Leon 08099300 264 264 264 12/15
LEHS45 Leon River near Hasse 08099500 1,261 1,261 518 1/39-12/15
LEHM46 | Leon River near Hamilton 08100000 1,891 1,891 630 o 60'121/3/71§‘ 10/07-
LEGT47 | Leon River at Gatesville 08100500 2,342 2,342 451 10/50-12/15
COPI148 | Cowhouse Creek at Pidcoke | 08101000 455 455 455 10/50-12/15
LEBE49 | Leon River near Belton 08102500 3,542 3,542 745 10/23-12/15
LAKESQ | L@mpasas River near 08103800 818 818 818 10/62-12/15
Kempner
LAYOs1 | L3mpasasRiverat 08104000 1,240 1,240 422 1/40-9/80
Youngsport
LABE52 | Lampasas River near Belton | 08104100 1,321 1,321 81 2/ 63'12/525& 4/99-
LRLR53 | Little River near Little River | 08104500 5,228 5,228 365 8/62-12/15

NGGEsg | North ForkSan Gabriel River | 0,5, 248 248 248 7/68-12/15
near Georgetown

sGGEss | South Fork San Gabriel River | 0, 6/5q, 133 133 133 12/67-12/15
at Georgetown

San Gabriel River at 1/40-9/73 & partial
AGE 1 4 4 24
GAGESE | - oorgetown 08105000 05 05 11/84-9/86
GALAs7 | S2n Gabriel River at 08105700 738 738 333 10/65-12/15
Laneport
LRCAS8 | Little River at Cameron 08106500 7,065 7,065 1,099 11/16-12/15
E:j:ﬂs RiveratSH21near | 108700 39,049 29,483 1,548 8/93-12/15
BRBR59
Brazos River near Bryan 08109000 39,515 29,949 2,014 7/26-9/93
myppgo | Middle Yegua Creek near 08109700 236 236 236 8/62-12/15
Dime Box
E Di
EYDB61 Bj)it Yegua Creek near Dime | 0 1501 244 244 244 8/62-12/15
ycsogy | Yesua Creeknear 08110000 1,009 1,009 529 1/40-8/91 & 10/08-
Somerville 12/15
DCLY63 Davidson Creek near Lyons 08110100 195 195 195 10/62-12/15
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Table 1-1 (Continued)
. Contributing Incremental
Drainage

Drainage Drainage
Control USGS Area € €
Gage Name Area Area
Number (Square
(Square (Square

Miles) Miles) Miles)

Period of Data Used
in Study

Point I.D.

Navasota River above

NAGREA | = ook 08110325 240 240 240 6/78-12/15
BGFR65 Big Creek near Freestone 08110430 97 97 97 7/78-12/15
NAEAGG | Navasota Rivernear 08110500 968 968 631 3/24-12/15
Easterly
NABR67 Navasota River near Bryan 08111000 1,454 1,454 486 1/51-9/94
BRHEGg | Drazos Rivernear 08111500 43,880 34,314 1,707 1/40-12/15
Hempstead
MCBL69 | Mill Creek near Bellville 08111700 376 376 376 8/ 63"%%'55/ 00-
BRRI70 | Brazos River at Richmond 08114000 45,007 35,441 751 1/40-12-15
BGNE71 | Big Creek near Needville 08115000 43 43 43 6/ 47'61/371§‘ 4/52-
BRRO72 Brazos River at Rosharon 08116650 45,339 35,773 289 4/67-91/571§ 5/84-
BRGM73 | Drazos Riverat Gulf of 45,497 35,931 158 None

Mexico
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1.1 SPECIFIC TECHNIQUES FOR NATURALIZATION OF FLOWS IN THE BRAZOS
RIVER BASIN

1.11 Naturalization of Flow Data

Naturalized flow data are based on historical flows, adjusted to remove the effects of human

activity. A general equation for naturalized flow is as follows:

Naturalized Flow = Historical Flow + Delivery Factor * (Upstream Diversions — Upstream
Return Flows + Changes in Upstream Reservoir Contents + Upstream Reservoir
Evaporation)

The elements of the equation are as follows:

Historical Flow — Flow recorded at USGS streamflow gages or estimated from reservoir

spills and releases.

Upstream Diversions — Upstream diversions as recorded in TCEQ records, BRA and other

water right holder records, or as estimated when records are missing.

Upstream Return Flows — Upstream return flows as recorded in TCEQ records or as
estimated when records are missing. Table E-1 lists significant municipal wastewater
discharges in the Brazos River Basin used in the naturalization process. Table E-2 lists
significant non-municipal wastewater discharges in the Brazos River Basin considered in
the naturalization. In the original naturalized flows (1940 to 1997), all wastewater
discharges as provided by TCEQ were included in the naturalization. However, when
data were missing estimates of historical discharges were not made for permits of less
than 1 MGD. In the extended flows (1998 to 2015), only return flows greater than 2

MGD were included in the naturalization.

Changes in Upstream Reservoir Contents — Changes in content for major upstream
reservoirs are based on USGS records, Texas Water Development Board (TWDB)
records, U.S. Army Corps of Engineers (USACE) records, and records kept by others, or
estimates of content changes if records are not available. Table E-3 summarizes the

method used for estimating content change for each major reservoir. In the original
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naturalized flows, content changes for reservoirs with less than 5,000 acre-feet of
permitted conservation storage were not used. (Lake Mexia, which currently has less
than 5,000 acre-feet of conservation storage, is permitted for 9,600 acre-feet of
storage.) For the extended flows, only reservoirs with current conservation storage
capacity greater than 10,000 acre-feet were included in the naturalization. In the
original naturalized flows, content changes were generally based on reported storage.
However, in recent years the USGS has been reporting reservoir water surface elevation
rather than storage. In these cases, reservoir storage was calculated from the reported

elevation using the latest volumetric survey information.

Upstream Reservoir Evaporation — Evaporation from upstream reservoirs was estimated
by multiplying the net reservoir evaporation rate by the reservoir surface area. Table E-
3 summarizes the method for estimating the reservoir surface area for each major
reservoir. Evaporation from reservoirs with less than 5,000 acre-feet of permitted
conservation storage was not used in the calculations. The impact of evaporation from

these smaller reservoirs on streamflows is minimal.

Delivery Factor - (1 - channel loss factor) applied to changes in flow. This factor is used
to account for changes in the amount of water lost between control points from losses
under natural conditions. Further discussion on reservoir loss factors may be found in

Section 2.0 of this report.

Many reservoirs in the Brazos River Basin make large releases for downstream use, transporting
the water by the bed and banks of natural streams. In some cases, these releases will pass and
be measured by downstream gages before being diverted from the stream. The releases
should not be treated as diversions in the computation of naturalized flows for the primary

control points between the reservoir and the point of use.

10
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1.1.2 Computation of Adjusted Net Reservoir Evaporation Rates

Adjusted net reservoir evaporation is the rate at which water is lost to evaporation from the
surface of a reservoir. It represents the net impact of evaporation and of rainfall directly on the

reservoir surface. The equation for adjusted net reservoir evaporation is as follows:

Adjusted Net Reservoir Evaporation = Gross Reservoir Evaporation — Rainfall + the Portion
of Rainfall That Would Have Run Off in the Absence of a Reservoir.

The sources of the data needed to determine reservoir evaporation rates are as follows:

Gross Reservoir Evaporation — Gross evaporation rates have been measured for some of
the study period at several of the large reservoirs, as shown in Table E-4. When pan
measurements at the reservoir are available they were used to estimate reservoir
evaporation. For those reservoirs where these data are unavailable, or for periods
when pan evaporation is unavailable, evaporation rates were derived using TWDB
guadrangle data. Monthly values for a specific location are derived by taking a weighted
average for up to 4 nearby quadrangles. Table E-5 summarizes the quadrangle factors
that were used to estimate gross reservoir evaporation when pan measurements are

missing or not available.

Precipitation — Precipitation records are available throughout the basin from the
National Oceanic and Atmospheric Administration, the USACE and TWDB. Precipitation
data by quadrangle are available from the TWDB for 1940 through 2016.3 As with pan
evaporation, local rainfall data recorded at a reservoir site were used where available.

When necessary, the TWDB quadrangle data were used to estimate precipitation.

The Portion of Rainfall That Would Have Run Off in the Absence of a Reservoir — Runoff
(expressed as inches) is generally obtained from a nearby USGS gage or gages. Table E-6
shows streamflow gages that were used to estimate quadrangle runoff for each

guadrangle.

11
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1.1.3 Area and Capacity

Available area and capacity data were employed to convert historical elevations from the USGS
and USACE to storage and surface area. Recent volumetric surveys by TWDB were employed

when available.

1.2 DATA SOURCES AND METHODS OF FILLING MISSING DATA

The estimates of naturalized flow are based on historical streamflow data as recorded by USGS
streamflow gages or, for reservoir primary control points, historical spills and releases from the
reservoir. To convert historical flows to naturalized flows, the measured flows are adjusted by
adding historical diversions, subtracting historical return flows, adding historical changes in
upstream reservoir contents, and adding historical net evaporation losses from upstream
reservoirs. These upstream changes were adjusted for channel losses as described in Section

2.0 below.

1.2.1 Historical Diversions

Historical diversions are based on self-reported data from water right holders maintained by
the TCEQ.* Data in the TCEQ electronic database were compared with data from other
sources, such as the TWDB or accounting plans, and corrected where appropriate. Since
historical diversions are added to historical streamflows in the naturalization process, the
assumption of no diversion results in a conservatively low estimate of naturalized flows. For
that reason, historical diversions were seldom estimated when records were missing.
Diversions were only estimated for rights with a clear record of consistent diversions and a few
years of missing information. In some cases, recorded diversions that greatly exceeded water
rights were assumed to be incorrect data and were not used in naturalization. The specific
adjustments to recorded diversions are discussed in the water use files included in the

electronic files in Appendix I.

There are some water rights in the Brazos River Basin that authorize release from reservoirs
and diversion downstream. In the naturalization process, it is the location of the diversion from

the stream that matters, and this is not generally reflected in TCEQ records. For example, most

12
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BRA reservoir rights are also authorized for use downstream. All municipal use from Lake Palo
Pinto was assumed to be diverted from Palo Pinto Creek downstream of the PPSA28 control
point. The amount released from BRA System reservoirs for downstream diversion, the amount
diverted directly from BRA reservoirs, and the location of the downstream diversions were
developed on the basis of information provided by the BRA®> and information in Freese and
Nichols’ files.® The amount diverted was based on the best available information, which
included records provided by downstream users, TCEQ contract diversion records, and
estimates based on BRA releases less channel losses. The water use files included in the

electronic files, Appendix |, show the basis for the diversions used.

1.2.2 Return Flows

Data on return flows of treated wastewater since the mid-1970s are available from the TCEQ.
Return flow data from earlier years are extremely limited. Even for the period with records
available, some months are missing and some records appear to be inconsistent. Missing
return flow data were estimated on the basis of use in other years and changes in population.
Estimates for the early years of the study (1940 through mid-1970’s) are less reliable than the
actual data available in recent years. Return flow data for stormwater discharges or once-
through cooling water discharges were not included in the naturalization process, since they do
not reflect artificial increases to natural flows. Reported consumptive use from industrial

recirculations is accounted for in the historical diversions.

In some cases, diversions from one part of the Brazos River Basin are released into the stream
elsewhere. If the diversion and the release are in the same primary control point watershed,
no adjustment is needed. However, if water is diverted in one primary control point watershed
and released in another, the release should appear as a return flow in the receiving watershed.
Examples of this operation include Alcoa’s diversions from the Little River released into East
Yegua Creek and NRG Texas Power’s diversions from the Brazos River released into Smithers

Lake on Dry Creek.

13
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Generally, irrigation diversions are assumed to have no return flow. Irrigation return flows in
the lower Brazos River Basin are discharged outside of the basin, primarily into the San Jacinto-

Brazos Coastal Basin.

1.2.3 Changes in Reservoir Content

Figure 1-2 shows the locations of reservoirs in the Brazos River Basin that were included in the
naturalization process. For the original naturalized flows (1940 to 1997), most of the data on
changes in reservoir content are USGS reservoir content data, which are available for most of
the major reservoirs in the Brazos River Basin. If USGS data were not available, data were
obtained from reservoir owners (if possible) or from data provided by the TWDB. In more
recent years the USGS has started reporting water surface elevation rather than reservoir
storage. As a result, the extended flows (1998 to 2015) rely on elevation data from the USGS or
the USACE, using area-capacity-elevation relationships to determine historical storage and
surface area. If more than one volumetric survey was available for a reservoir, the following
criteria were used to select a date to change between Area-Capacity-Elevation (ACE)
relationships: A date half-way between the two volumetric surveys was selected and the
estimated reservoir volume of nearby dates was compared for the two surveys. The date that
minimized the difference between the two volume estimates was selected as the date to switch
surveys. If no data were available, changes in reservoir contents were estimated on the basis of
reservoir operation studies. The reservoir operation study is an iterative water balance
spreadsheet model that uses runoff, demand, and net evaporation rate to determine the end of
month content, average area, evaporation and spills. Table E-3 gives specific information

regarding the source of content change data.

14
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1.2.4 Net Evaporation Losses from Reservoirs

Historical net evaporation losses from reservoirs were determined by multiplying the historical
reservoir surface area by the net reservoir evaporation rate. Surface areas were based on
reservoir contents or elevations and area-capacity-elevation relationships for the reservoirs.
The net reservoir evaporation rates for reservoirs were based on data from nearby evaporation
and rainfall gages where available’,®. For reservoirs without nearby evaporation gages, TWDB
data on reservoir evaporation rates were used®,?. Table 1-2 lists the reservoirs used in the

naturalization process.

Table 1-2: Major Reservoirs in the Brazos River Basin Used for Naturalization

Conservation Storage

Reservoir Dcr(:i‘r:;:)euz:‘ega (Ac-Ft) S.ur\l;ey Daht e; Uzed irlrnI;Irl:)ieg:t WR No.
(Square Miles) | Permitted SL:‘::: in Drought Study Study
White River 689 44,897 31,846 10/92 Yes CA 12-3693
Buffalo Springs 236 4,730 4,200 Original Yes CA 12-3706
Alan Henry 395 115,937 94,808 Jul-05 Yes P 12-4155
Davis -- 4,477 5,400 - No CA 12-3440
Sweetwater 104 10,000 12,200 1948 Yes CA 12-4130
Abilene 110 11,868 6,095 1943 No CA 12-4142
Kirby 44 8,500 7,620 1943 No CA 12-4150
Fort Phantom Hill 470 73,960 70,030 Nov-93 Yes CA 12-4151
Stamford 360 59,810 51,570 1999 Yes CA 12-4179
Cisco 26.0 45,000 26,000 1923 Yes CA 12-4211
Hubbard Creek 1,085 317,750 324,983 02/97 Yes CA 12-4213
Daniel 115 11,400 6,115 1980 No CA 12-4214
Millers Creek 228 30,696 27,888 07/93 Yes CA 12-3444
Graham 221 52,389 45,302 Apr-98 Yes CA 12-3458
Possum Kingdom 14,030 724,739 540,340 1994 and 2005 Yes CA 12-5155
Palo Pinto 461 44,100 27,215 Jun-07 Yes CA 12-4031
Mineral Wells 63 8,140 6,760 1970 No CA 12-4039
Squaw Creek 64 151,500 151,273 Dec-07 Yes CA 12-4097
Granbury 16113 | 155,000 | 129,011 | % (recalcula;(e;g)?: Yes CA 12-5156
Pat Cleburne 100 25,600 26,008 1998 and 2008 Yes CA 12-4106
Whitney 17,623 50,000 554,203 Jun-05 Yes CA 12-5157

16
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Table 1-2 (Continued)
Conservation Storage

(Ac-Ft) Survey Dates Used Included

Contributing

Reservoir Drainage Area . in Drought
. . Latest in Drought Study
(Square Miles) | Permitted Study
Survey

. 1995, 2002, 2008
Aquilla 252 52,400 43,279 and 2014 Yes CA 12-5158
1995 (recalculated), CA 12-4342,
Waco 1,652 104,100 189,773 2011 Yes P 5094
Tradinghouse 39 37,814 37,800 1973 Yes CA 12-4342
Lake Creek 17 8,500 - -- No CA 12-4345
Marlin City Lake 18 6,847 -- - No CA 12-4355
Leon 252 28,000 28,042 2015 Yes CA 12-3470

1993 (recalculated),
Proctor 1,259 59,400 54,762 | 2002 (recalculated), Yes CA 12-5159

2012
CA 12-5160,
Belton 3,531 457,600 435,214 1994, 2003 Yes CA 12-2936
stillhouse Hollow 1,313 235,700 | 227,858 | 12%° (reca'C“'a;gg)s’ Yes CA 12-5161
Georgetown 247 37,100 36,904 2005 Yes CA 12-5162

1995 (recalculated),
Granger 709 65,500 51,822 2002, 2008 & 2013 Yes CA 12-5163
Alcoa 6 14,750 14,600 01/57 Yes CA 12-5272
Sandow Surface - 7,529 - - No CA 12-5540

Lignite Mine

1995 (recalculated),
Somerville 1,007 160,110 150,293 | 2003 (recalculated), Yes CA 12-5164

2012
Mexia 196 9,600 4,687 1996, 2008 No CA 12-5287
Limestone 675 225,400 | 203,780 | 2902 (reca'c”'a;g‘i)z' Yes CA 12-5165
Twin Oaks 45 30,319 1981 Yes CA 12-5298
Camp Creek 40 8,400 8,350 1973 No CA 12-5301
Gibbons Creek 85 32,084 27,603 Mar-08 Yes CA 12-5311
Smithers 24 18,750 18,680 1973 Yes CA 12-5325
Eagle Nest Lake & 13 18,000 - - No CA-12-5492

Manor Lake

William Harris 0 10,200 - -- No CA-12 5328
Brazoria 0 21,973 - -- No CA-12 5328
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1.3 ADJUSTMENT FOR NEGATIVE NATURALIZED FLOWS

It is possible to compute negative monthly values for naturalized flows in the streamflow

naturalization process. There are several potential causes of these negative values:

e Incorrect data on historical streamflows or upstream adjustments (streamflows too low,
return flows too high, diversions too low, change in reservoir contents too low,
evaporation too low, etc.)

e Losses different from those assumed in the naturalization process

e Timing problems, in which the effect of an upstream change arrives at the control point

in a different month.

Most of the negative flows are relatively small, with larger values sometimes occurring
downstream from major reservoirs. In this study, months with negative naturalized flows were
reviewed carefully to correct any data problems that could be found. Corrections to data
included revisions made to electronic TCEQ diversion records based on review of the TCEQ
paper water use records and adjusting abnormally high or low values. Remaining negative

naturalized flows were set to zero. The following example describes this process.

In reference to the figure below, the following equations describe how adjustments are passed

to the downstream control point.

CP1
CP 2

«CP 3

The adjustments to the upstream control point (CP2) are computed.

Adjustment CP2 = Diversions CP2 — Return Flows CP2 + Evaporative Losses CP2 + Change
in Storage CP2 + Delivery Factor * (Diversions CP1 — Return Flows CP1 + Evaporative Losses
CP1 + Change in Storage CP1)
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A negative naturalized flow at the upstream control point (CP2) occurs when the adjustments
are a negative number with an absolute value greater than the historical flow at the control
point. If the adjustments are greater than the historical flow, the adjustments are changed to

equal the negative of the historical flow, resulting in zero naturalized flow.

If Adjustment CP2 < (- Historical Flow CP2), then Adjustment CP2 = (- Historical Flow CP2)
Natural Flow CP2 = Historical Flow CP2 + Adjustment CP2

The adjustments are passed to the downstream control point.

Adjustment CP3 = Diversions CP3 — Return Flows CP3 + Evaporative Losses CP3 + Change
in Storage CP3 + Delivery Factor * Adjustment CP2

1.4  SPRINGFLOWS AND THEIR EFFECT ON NATURALIZED FLOWS

The impact of groundwater development on streamflows in the Brazos River Basin has not been
documented. Inspection of historical records does not show any marked changes in flow that
may be attributed to changes in springflow. Therefore, no adjustments of gaged or naturalized
flows were made to remove or adjust for the effects of groundwater development in the Brazos

River Basin.

2.0 CHANNEL LOSSES

The channel losses used for the flow extension have not been modified from the original data
developed in 2001. Table 2-1 gives the delivery factor from each primary control point to the
next downstream control point. The delivery factor is the fraction of upstream flows that
reaches the downstream point and is equal to one minus the channel losses expressed as a
fraction. Because the gaged records already reflect channel losses that occurred historically,
channel losses in the flow naturalization and simulation are applied to changes in flow only, not

to total flow.

The delivery factors selected for this study represent long-term averages. Loss rates during

drought times have been shown to be substantially greater than those selected for this study
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and delivery factors, which are defined as 1.0 — loss rate, are substantially lower during
droughts.!! The gaged flows upon which the naturalized flows are based inherently include the
effects of channel losses. Accordingly, during the naturalization process, the delivery factors
were applied to changes in flow that were added to or subtracted from the gaged flows

(effluent discharges, historical diversions, changes in storage, etc.).

Between two control points, CP1 (upstream) and CP2 (downstream), the naturalized flows at

the downstream point (CP2) are computed as follows:

Naturalized Flow CP2 = Historical Flow CP2 + Diversions CP2 — Return Flows CP2 +
Evaporative Losses CP2 + Change in Storage CP2 + Delivery Factor Between CP1 and CP2
* (Diversions CP1 — Return Flows CP1 + Evaporative Losses CP1 + Change in Storage CP1).

Table 2-1: Control Points and Corresponding Delivery Factors

Segment

Upstream Downstream Delivery
Control Description Control Factor from

Point ID Point ID Nat Flow

Report

RWPLO1 Running Water Draw at Plainview WRSP02 0.05
WRSP02 White River SFPEO4 0.61769
DUGIO03 Duck Creek SFPEO4 0.80101
SFPEO4 Salt Fork Brazos River near Peacock SFAS06 0.84748
CRJAOS Croton Creek near Jayton SFASO6 0.88268
SFAS06 Salt Fork Brazos River near Aspermont BRSE11 0.53157
BSLUO7 Buffalo Springs Lake near Lubbock DMAS09 0.32574
DMJUO08 Double Mountain Fork near Justiceburg DMAS09 0.513
DMASQ9 Double Mountain Fork near Aspermont BRSE11 0.50862
NCKN10 North Croton Creek near Knox City BRSE11 0.62723
BRSE11 Brazos River at Seymour BRSB23 0.57884
MSMN12 Miller's Creek near Munday BRSB23 0.537792
CFRO13 Clear Fork Brazos River near Roby CFHA14 0.6628
CFHA14 Clear Fork Brazos River near Hawley CFNU16 0.8803
MUHA15 Mulberry Creek near Hawley CFNU16 0.89757
CFNU16 Clear Fork Brazos River at Nugent CFFG18 0.56482
CAST17 California Creek near Stamford CFFG18 0.67221
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Table 2-1 (Continued)

Upstream
Control
Point ID

Description

Segment
Downstream Delivery
Control Factor from
Point ID Nat Flow
Report

CFFG18 Clear Fork Brazos River at Fort Griffin CFEL22 0.68637
HCAL19 Hubbard Creek below Albany HCBR21 0.86321
BSBR20 Big Sandy Creek above Breckenridge HCBR21 0.90326
HCBR21 Hubbard Creek near Breckenridge CFEL22 0.84488
CFEL22 Clear Fork Brazos at Eliasville BRSB23 0.91272
BRSB23 Brazos River near South Bend SHGR26 0.98237
GHGH24 Lake Graham near Graham SHGR26 0.98333
CCIV25 Big Cedar Creek near lvan SHGR26 0.99139
SHGR26 Brazos River at Morris Sheppard Dam near Graford BRPP27 0.99487
BRPP27 Brazos River near Palo Pinto BRDE29 0.98032
PPSA28 Palo Pinto Creek near Santo BRDE29 0.95937
BRDE29 Brazos River near Dennis BRGR30 0.98
BRGR30 Brazos River near Glen Rose BRAQ33 0.97801
PAGR31 Paluxy River at Glen Rose BRAQ33 0.9777
NRBL32 Nolan River at Blum BRAQ33 0.98776
BRAQ33 Brazos River near Aquilla BRWA41 0.98733
AQAQ34 Aquilla Creek BRWA41 0.99269
NBHI35 North Bosque River at Hico NBCL36 0.78957
NBCL36 North Bosque River near Clifton NBVM37 0.93648
NBVM37 North Bosque River at Valley Mills BOWAA40 0.88857
MBMG38 Middle Bosque River at Valley Mills BOWA40 0.94499
HGCR39 Hog Creek near Crawford BOWA40 0.94601
BOWAA40 Bosque River near Waco BRWA41 0.9851
BRWAA41 Brazos River at Waco BRHB42 0.98619
BRHB42 Brazos River near Highbank BRBR59 0.98035
LEDL43 Leon River near DeLeon LEHSA45 0.80254
SADL44 Sabana River near DelLeon LEHS45 0.82774
LEHS45 Leon River near Hasse LEHM46 0.63
LEHM46 Leon River near Hamilton LEGT47 0.9751
LEGT47 Leon River at Gatesville LEBE49 0.97109
COPI48 Cowhouse Creek near Pidcoke LEBE49 0.99275
LEBE49 Leon River near Belton LRLR53 0.9939
LAKES0 Lampasas River near Kempner LAYO51 0.99121
LAYO51 Lampasas River at Youngsport LABE52 0.99217
LABE52 Lampasas River near Belton LRLR53 0.99477
LRLR53 Little River near Little River LRCA58 0.97831
NGGE54 North Fork San Gabriel River near Georgetown GAGES56 0.99854
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Table 2-1 (Continued)

Segment

Upstream Downstream Delivery
Control Description Control Factor from

Point ID Point ID Nat Flow

Report
SGGES55 South Fork San Gabriel River at Georgetown GAGES56 0.99887
GAGES56 San Gabriel River at Georgetown GALA57 0.99107
GALA57 San Gabriel River at Laneport LRCA58 0.98762
LRCAS58 Little River at Cameron BRBR59 0.96473
BRBR59 Brazos River near Bryan BRHE68 0.97315
MYDB60 Middle Yegua Creek near Dime Box YCS062 0.97764
EYDB61 East Yegua Creek near Dime Box YCSO62 0.98052
YCS062 Yegua Creek near Somerville BRHEG68 0.97487
DCLY63 Davidson Creek near Lyons BRHE68 0.97181
NAGR64 Navasota River above Groesbeck NAEA66 0.98678
BGFR65 Big Creek near Freestone NAEA66 0.99323
NAEA66 Navasota River near Easterly NABR67 0.99034
NABR67 Navasota River near Bryan BRHE68 0.95909
BRHE68 Brazos River near Hempstead BRRI70 0.97049
MCBL69 Mill Creek near Bellville BRRI70 0.98008
BRRI70 Brazos River at Richmond BRRO72 0.98969
BGNE71 Big Creek near Needville BRRO72 0.99036
BRRO72 Brazos River near Rosharon BRGM73 0.98344
BRGM73 Brazos River at Gulf of Mexico N/A --

3.0 FILLING NATURALIZED FLOWS

For the Drought Study, naturalized flow data were developed for January 1940 through
December 2015. As can be seen in Table 1-1, streamflow data are not available to cover the
entire period for many of the primary control points. To fill these missing data, statistical
relationships were established with other locations for which data were available. Table 3-1
shows the relationships used to fill missing data. In 2001 when the original naturalized flows
were developed, several different potential fill relationships were tried for most control points.
Appendix E of the 2001 Naturalized Flow Report lists all of the relationships tried for each
control point. In all but the few cases listed below, the fill relationships used in 2001 were

retained when the flow was extended. These relationships were verified where appropriate.
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Five new fill relationships were applied to the extended flow data, four of which were applied

to data before 1997, changing the naturalized flows developed in 2001. These new fills are

indicated by bold text in Table 3-1. These changes include:

AQAQ34 (Aquilla Creek near Aquilla). In June 2001, this gage was cancelled and
replaced with a new gage upstream, Aquilla Creek above Aquilla. The new gage is just
downstream of Lake Aquilla. For the extended flows, the flows at the new upstream
gage were naturalized and a drainage area ratio was used to calculate the flows at the

old downstream location. This fill only affects the extended flows after June 2001.

BOWAA40 (Bosque River near Waco). A new fill relationship was developed for the
extended flows using a multi-variable regression of the three upstream gages NBVM37,
MBMG38 and HGCR39. This relationship was used to fill the flows between October
2007 and December 2015. This same relationship was applied to several months of
missing data between 1975 and 1985 in the original flows, changing the original

naturalized flows for those months.

LEHS45 (Leon River near Hasse). USGS flow data are missing from October 1991 to
August 2007. However, this gage is located very close to Lake Proctor, and almost all of
the flow at the gage consists of releases from that reservoir. A statistical relationship
was developed between the monthly gated flows reported by the USACE and the
monthly historical USGS flows and applied to calculate the historical flows for the
missing months. The adjusted gated flows were used as historical flows at the Hasse
gage (i.e. naturalization corrections were applied to them). This changes the original
flows at this location from October 1991 to December 1997, and affects the extended

flows from January 1998 to August 2007.

BRBR59 (Brazos River near Bryan). The Bryan gage was cancelled in October 1993 and
replaced with a new gage, the Brazos River at SH21 near Bryan a few miles upstream. In
2001, the missing flows at the older downstream location were filled with other control

points. The flows at the new upstream gage were not considered. For this study, the
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flows at the new gage were naturalized and a drainage area ratio was applied to

estimate flows at the BRBR59 location. This change affects the original flows from 1993

to 1997 and all of the extended flows.

e YCSO62 (Yegua Creek near Somerville). For the extended flows, a new fill relationship

using the two upstream primary control points MYDB60 and EYDB61 was developed to

fill missing flows between January 1998 and September 2008. This same fill relationship

was applied to the missing flows from October 1991 to December 1997, changing the

original naturalized flows.

Another significant change to the fill data was considered but not applied in the Drought Study.

Like the Brazos River near Bryan gage, the Navasota River near Bryan gage was cancelled in

October 1994 and replaced with a new gage several miles upstream, the Navasota River at OSR

near Bryan. This gage could be naturalized and used to calculate flows at the old downstream

location. We recommend that future modifications to the naturalized flows in the Brazos Basin

consider making this change.

Control
Point

Table 3-1: Relationships Used to Fill Missing Data

Name

Data Missing

Fill Relationship Used

River at Justiceburg

RWPLO1 Running Water Draw at Plainview 10/53-9/56 & 5/60- RWPLO1 = 0.033 * SFASO6
2/61
10/78-9/02 RWPLO1 = 0.141 * WRSP02

WRSP02 White River Reservoir near Spur 1/40-8/63 WRSPO02 = 0.207 * SFASO6
10/76-6/79 Reservoir operation study

DUGIO3 | Duck Creek near Girard 1/40-9/64 & 10/89- | DUGIO3 = 0.138 * SFAS06
12/15

SFPEO4 Salt Fork Brazos River near 1/40-12/49 & 10/51- | SFPEO4 =0.701 * SFAS06

Peacock 9/64 & 10/86-12/15

CRJAOS Croton Creek near Jayton 1/40-9/59 & 10/86- CRJAO5 = 0.153 * SFAS06
12/15

BSLUO7 Buffalo Springs Lake near Lubbock 1/40-8/59 BSLUO7 =0.129 * DMAS09
12/61-12/66 & Reservoir operation study
10/77-12/15

DMJUOS Double Mountain Fork Brazos 1/40-11/61 DMJUOS8 = 0.201 * DMASO09
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Table 3-1 (Continued)

Control
Point

Data Missing

{NICHOLS

Fill Relationship Used

NCKN10 North Croton Creek near Knox City | 1/40-9/65 & 10/86- NCKN10 = 0.154 * SFAS0O6
12/15
MSMN12 Millers Creek near Munday 1/40-6/63 MSMN12 = 0.050 * [CFFG18 - (0.56482 * CFNU16)]
CFRO13 Clear Fork Brazos River near Roby 1/40-12/61 CFRO13 =0.061 * DMAS09
CFHA14 Clear Fork Brazos River at Hawley 1/40-9/67 & 10/89- CFHA14 = 0.464 * CFNU16
12/15
MUHA15 Mulberry Creek near Hawley 1/40-9/67 & 10/89- MUHA15 = 0.081 * CFNU16
12/15
CAST17 California Creek near Stamford 1/40-9/62 CAST17 =0.156 * CFFG18
HCAL19 Hubbard Creek below Albany 1/40-9/51 HCAL19 = 0.241 * CFEL22
10/51-4/55 HCAL19 =0.179 * [BRSB23 - (0.57884 * BRSE11) -
(0.62646 * CFFG18)]
5/55 - 9/66 HCAL19 = 0.600 * HCBR21
BSBR20 Big Sandy Creek above 1/40-9/51 BSBR20 =0.121 * [CFEL22 - (0.68637 * CFFG18)]
Breckenridge 10/51-4/55 BSBR20 = 0.067 * [BRSB23 - (0.57884 * BRSE11) -
(0.62646 * CFFG18)]
5/55 -2/62 BSBR20 =0.193 * HCBR21
HCBR21 Hubbard Creek near Breckenridge 1/40-9/51 HCBR21 =0.586 * [CFEL22 - (0.68637 * CFFG18)]
10/51-4/55 HCBR21 =0.285 * [BRSB23 - (0.57884 * BRSE11) -
(0.62646 * CFFG18)]
CFEL22 Clear Fork Brazos River at Eliasville 10/51-9/61 & 10/82- CFEL22 = 0.604 * [BRSB23 - (0.57884 * BRSE11)]
12/15
GHGH24 Lake Graham near Graham 5/62-9/63, 6/70- GHGH24 = 0.305 * [BRPP27 - (0.97733 * BRSB23)]
8/71,5/73-7/74,
8/77-12/78, 8/82-
9/84,7/89-12/89,
11/96-12/97
CCIV25 Big Cedar Creek near Ivan 1/40-11/64 & 10/89- CCIV25 =0.086 * [BRPP27 - (0.97733 * BRSB23)]
12/15
SHGR26 Brazos River at Morris Sheppard 1/40-9/76 SHGR26 = 0.991 * BRPP27
Dam near Graford, Brazos River
near Graford
PPSA28 Palo Pinto Creek near Santo 1/40-4/51 & 10/76- PPSA28 =0.172 * [BRGR30 - (0.96071 * BRPP27)]
12/15
BRDE29 Brazos River near Dennis 1/40-4/68 BRDE29 = 0.904 * BRGR30
PAGR31 Paluxy River at Glen Rose 1/40-5/47 PAGR31 =0.190 * [BRAQ33 - (0.97801 * BRGR30)]
NRBL32 Nolan River at Blum 1/40-11/47 & 3/87- NRBL32 =0.230 * [BRAQ33 - (0.97801 * BRGR30)]
9/92 & 10/96-9/97 &
1/99-9/05
AQAQ34 Aquilla Creek near Aquilla 6/01-12/15 AQAQ34 = 1.207843 * natural Aquilla abv Aquilla
NBHI35 North Bosque River at Hico 1/40-12/61, 1/99 to NBHI35 = 0.250 * NBCL36
12/15
NBVM37 North Bosque River at Valley Mills 1/40-7/59, 10/05- NBVM37 =1.186 * NBCL36

7/07
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Control
Point

Data Missing
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Fill Relationship Used

MBMG38 Middle Bosque River near 1/40-7/59 & 10/85- MBMG38 = 0.089 * [BRWAA41 - (0.98733 * BRAQ33)]
McGregor 9/07
HGCR39 Hog Creek near Crawford 1/40-8/59 & 10/85- HGCR39 = 0.045 * [BRWA41 - (0.98733 * BRAQ33)]
9/07
BOWA40 Bosque River near Waco 1/40-8/59 & 10/85- BOWAA40 = 0.609 * [BRWA41 - (0.98733 * BRAQ33)]
9/07
10/75-3/76 & 1/82- BOWAA40 = 1.0324 * NBVM37 + 2.3979 * MBMG38
2/82 & 6/82-9/85 & +0.3561 * HGCR39
10/07-12/15
BRHB42 Brazos River near Highbank 1/40-9/65 BRHB42 = 0.801 * BRWA41 + 0.191 * BRBR59
LEDL43 Leon River near De Leon 1/40-8/60 & 10/86- LEDL43 = 0.426 * LEHS45
9/91 & 1/98-9/07
10/91-9/96 & 10/97- LEDL43 =0.324 * LEHM46
12/97
SADL44 Sabana River near De Leon 1/40-8/60 & 10/86- SADL44 = 0.268 * LEHS45
9/91 & 1/98-9/99
10/91-12/97 SADL44 =0.209 * LEHMA46
LEHS45 Leon River near Hasse 10/91-8/07 Historical LEHS45 = 0.93 * USACE Proctor Gated
Flow
LEHM46 Leon River near Hamilton 1/40-9/50 LEHM46 = 1.086 * LEHS45
10/50-8/60, 1/98 to LEHMA46 = 0.493 * LEHS45 + 0.424 * LEGT47
9/07
LEGT47 Leon River at Gatesville 1/40-9/50 LEGT47 =0.588 * LEHS45 + 0.357 * LEBE49
COPI148 Cowhouse Creek at Pidcoke 1/40-9/50 COPI48 = 0.193 * [LEBE49 - (0.59655 * LEHS45)]
LAKES0 Lampasas River near Kempner 1/40-9/62 LAKE5S0 = 0.566 * LAYO51
LAYO51 Lampasas River at Youngsport 10/80-12/15 LAYO51 = 1.648 * LAKE50
LABES52 Lampasas River near Belton 1/40-1/63 LABE52 = 1.087 * LAYO51
10/89-5/99 LABE52 =0.290 * LRLR53
LRLR53 Little River near Little River 1/40-7/62 LRLR53 =1.158 * (LAYO51 + LEBE49)
NGGE54 North Fork San Gabriel River near 1/40-6/68 NGGE54 = 0.565 * GAGE56
Georgetown
SGGES55 South Fork San Gabriel River at 1/40-11/67 SGGES55 =0.358 * GAGE56
Georgetown
GAGE56 San Gabriel River at Georgetown 10/73-10/84 & GAGE56 =1.115 * (NGGE54 + SGGES5)
12/84-5/85 & 10/85-
12/85 & 2/86-3/86 &
5/86-6/86 & 9/86-
12/15
GALA57 San Gabriel River at Laneport 1/40-7/65 GALA57 =1.818 * GAGE56
BRBR59 Brazos River near Bryan 10/93-12/15 BRBR59 = 1.015806 * (natural Brazos at SH21 nr
Bryan)
MYDB60 Middle Yegua Creek near Dime 1/40-7/62 MYDB60 = 0.178 * YCSO062
Box
EYDB61 East Yegua Creek near Dime Box 1/40-7/62 EYDB61 = 0.186 * YCSO62
YCS062 Yegua Creek near Somerville 10/91-9/08 YCS062 = 2.2216 * (MYDB60 + EYDB61)
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Table 3-1 (Continued)

Con_trol Data Missing Fill Relationship Used
Point

DCLY63 Davidson Creek near Lyons 1/40-9/62 DCLY63 =0.204 * YCSO62

NAGR64 Navasota River above Groesbeck 1/40-5/78 NAGR64 = 0.265 * NAEA66

BGFR65 Big Creek near Freestone 1/40-6/78 BGFR65 = 0.099 * NAEA66

NABR67 Navasota River near Bryan 1/40-12/50 & 10/94- | NABR67 =1.228 * NAEA66
12/15

MCBL69 Mill Creek near Bellville 1/40-7/63 MCBL69 = 0.622 * YCSO62
10/93-12/96 MCBL69 = 2.633 * natural Cypress Cr at House-Hahl

Rd nr Cypress (San Jacinto Basin)

1/97-4/00 MCBL69 = 2.566 * DCLY63

BGNE71 Big Creek near Needville 1/40-5/47 & 7/50- BGNE71 = 0.297 * natural Braes Bayou at Houston
3/52 (San Jacinto Basin)

BRRO72 Brazos River at Rosharon 1/40-3/67 & 10/80- BRRO72 =1.036 * BRRI70
4/84

BRGM73 Brazos River at Gulf of Mexico 1/40-12/15 BRGM73 = 0.9834 * BRRO72 + (DA BRGM73 / DA

BGNE71) * BGNE71
BRRO72 and BGNE71 filled data is used when
historical flow is not available

4.0 MODEL NET EVAPORATION AND CLIMATIC DATA
4.1 MODEL NET EVAPORATION RATES

Section 1.1.2 above discusses net reservoir evaporation as applied in the flow naturalization
process. This section describes the development of net evaporation rates that were used as

model input. These data are input in the EVA file.

The TWDB has developed monthly precipitation and reservoir gross evaporation rates for the
entire state, by one-degree quadrangles of latitude and longitude for the 1940 to 2015 period.
The precipitation and gross evaporation data can be combined into net evaporation rates for
each one-degree quadrangle by subtracting the precipitation depths from the evaporation
depths. These net evaporation rates are entered directly into the EVA file for the quadrangles
included in the file (Table 4-1). These evaporation rates are used for smaller reservoirs in the

Brazos WAM. For control points corresponding to larger reservoirs that do not have local data,
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the net evaporation rate entered in the EVA file is calculated as the sum of weighted net
evaporation from the component quadrangles. The weighting factors may be found in Table E-

5 of Appendix E.

For both the simulation and the flow naturalization process, local evaporation and rainfall
estimates were used instead of quadrangle data for major reservoirs when they were available
(Table E-4 of Appendix E). When local data was missing, net evaporation was estimated using

the relationships shown in Table E-5.

The net reservoir evaporation rates used in the flow naturalization process as described in
Section 1.1.2 are slightly different than the net evaporation rates entered in the EVA file. The
procedure used to derive reservoir net evaporation rate for use in the flow naturalization
process begins the same as in the EVA files: rainfall for a given quadrangle is subtracted from

the gross evaporation for the quadrangle. However, instead of using historical monthly runoff

Table 4-1: Brazos WAM Control Points and Corresponding TWDB Quadrangles Used in the
Calculation of General Net Evaporation Rates for the EVA file

WAM Control TWDB
Point Quadrangle
366631 305
368131 306
370431 405
368931 406
341131 407
341331 408
344801 409
371431 506
372031 507
413331 508
220131 509
227031 510
225331 609
228731 610
406331 611
299231 710
375931 711
531531 712
401041 812
516841 813
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depths (i.e., monthly streamflow volume divided by drainage area) the WRAP model uses
naturalized flows to calculate the portion of rainfall that would have run off. The model
calculates the unit runoff based on the input naturalized flows and drainage area, as specified

in CP record field 9.

Several errors were discovered in the original Brazos WAM EVA file that were corrected during

the Drought Study. These corrections are listed below:

e The original Brazos WAM EVA file has different values for Quad 405. Within the original
EVA file, Quad 405 is simply a duplicate of Quad 305. This change affects the evaporative
loss calculation for Lake Buffalo Springs and other small reservoirs that use this
guadrangle.

e The evaporation weighting factors for Lakes Alan Henry, Leon and Cisco were updated to
be consistent with Table E-5. In the original Brazos WAM EVA file, the factors for Alan
Henry were repeated from Buffalo Springs, the factors for Cisco were repeated from
Stamford, and the factors for Leon were repeated from Marlin City Lake.

e The TWDB corrected a value for July 1966 in quadrangle 710 that changed the calculation
of net evaporation for that month for the reservoirs in Table E-5 involving that
guadrangle.

e The input evaporation for Eagle Nest Lake (CP 549231), Brazoria Reservoir (CP 532842),
and William Harris Reservoir (CP 532841) have been replaced using the weighting factors
in Table E-5. The method used to calculate these in the original EVA files is not available.
This only affects Eagle Nest Lake, since neither Brazoria nor William Harris are in the
current Brazos WAM.

4.2 MODEL CLIMATIC DATA

The preceding paragraphs of Section 4.0 focus on the development of the EVA file and net
evaporation rates for the flow naturalization process. The remainder of Section 4.0 discusses
climatic data input into the model as part of the Drought Study, specifically the development of
the HIS file. The hydrologic index series (HIS) file contains hydrologic index (HI) records. The HI

records and HIS file are not part of the flow naturalization process but are used within WRAP to

29



Updated Naturalized Flow Report for the Brazos River Basin F. FREESE

Brazos River Authority ‘NICHOLS

model environmental flow requirements specified as a function of the Palmer Hydrologic

Drought Index (PHDI).

The PHDI value present on the last day of the month of the preceding season, as reported by
the National Weather Service (NWS), and calculated for the geographic area as described in
subsection (b) of Title 30, Part 1, Chapter 298, Subchapter G, Rule §298.470, will determine the
hydrologic condition for the following season. The percentages of each climatic division within
each geographic area, as defined in §298.455 of Title 30 (relating to Definitions), are listed in

Table 4-2.

The PHDI criteria corresponding to specific hydrologic conditions (i.e., dry, average or wet) for

all measurement points on the Brazos River and its associated tributaries are listed in Table 4-3.

Table 4-2: Percentage of Climatic Division Within Each Brazos Basin Geographic Area

Climatic Division Percentage Located Percentage Located Percentage Located
in Upper Basin in Middle Basin in Lower Basin

High Plains 2.7% 0% 0%

Low Rolling Plains 64.7% 0% 0%

North Central 32.6% 100% 61.9%
East Texas 0% 0% 14.7%
Trans Pecos 0% 0% 0%

Edwards Plateau 0% 0% 5.7%
South Central 0% 0% 13.2%
Upper Coast 0% 0% 4.5%

Table 4-3: The PHDI for Calculating Hydrologic Conditions for all Measurement Points on the
Brazos River and Its Associated Tributaries

Geographic Area Dry Average Wet
Upper Basin Less than -1.78 -1.78t0 2.18 Greater than 2.18
Middle Basin Less than -1.95 -1.95t02.39 Greater than 2.39
Lower Basin Less than -1.73 -1.73t02.13 Greater than 2.13
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