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Abstract. Climate change and human actives are recognized as a topical issue that change long-term water
budget, flow-frequency, and storage-frequency characteristics of different river systems. Texas is characterized
by extreme hydrologic variability both spatially and temporally. Meanwhile, population and economic growth
and accompanying water resources development projects have greatly impacted river flows throughout Texas.
The relative effects of climate change, water resources development, water use, and other factors on long-term
changes in river flow, reservoir storage, evaporation, water use, and other components of the water budgets of
different river basins of Texas have been simulated in this research using the monthly version of the Water
Rights Analysis Package (WRAP) modelling system with input databases sets from the Texas Commission on
Environmental Quality (TCEQ) and Texas Water Development Board (TWDB). The results show that long-term
changes are minimal from analysis monthly precipitation depths. Evaporation rates vary greatly seasonally and
for much of the state appear to have a gradually upward trend. River/reservoir system water budgets and river flow
characteristics have changed significantly during the past 75 years in response to water resources development
and use.

1 Introduction

Texas is a large state located in the south-central United
States that is representative of both the drier western and wet-
ter eastern regions of the country. Climate, hydrology, geog-
raphy, economic development, and water management vary
dramatically across the 15 major river basins and 8 coastal
basins of Texas shown in Fig. 1. The flows in Texas rivers are
highly variable with daily, seasonal, and multiple-year fluctu-
ations reflecting the extremes of floods and droughts as well
as less severe variations. Mean annual precipitation ranges
from 20 cm at El Paso on the Rio Grande in west Texas to
142 cm in the Sabine River Basin on the eastern border. The
population of the state increased from 5.8 million people in
1930 to 25.4 million in 2010 and is projected to increase to
29.6 million in 2020, 46.3 million by 2060 and 51 million
by 2070 which is nearly twice the population (25.4 million
people) of the year 2010 (Texas Water Development Board,
2012).

Hydrology is extremely variable, subject to major floods
and severe droughts along with seasonal and continuous fluc-
tuations. The hydrologically most severe drought on record
for much of the state began gradually in 1950 and ended
in April 1957 with a major widespread flood event. Major
droughts during the 1910s and 1930s were also extended by
multiple-year dry periods over large areas. Droughts since
the 1950s have been much costlier than the earlier droughts
due to population and economic growth. More recent dry pe-
riods, for more than half of Texas, in 2011 experienced the
smallest annual precipitation since the beginning of official
precipitation records in 1895. On the other extreme, the year
2015 was one of the wettest on record throughout the year
and included multiple major floods.

Many studies have investigated the impacts of land use
changes, water resource management, and climate change on
stream flow. Zhang and Schilling (2006) analysed the trend
of increasing base flow in the Mississippi River attributed to
land use changes. Reductions in the flow of the Wei River
in China are attributable to a combination of multiple factors
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Figure 1. Major rivers and largest cities in Texas.

(Gao et al., 2013). Huang et al. (2015) and Gao et al. (2012)
analysed flow regime changes resulting from constructing
large dams on the Yangtze and Qingyi Rivers in China. This
paper explores river flows and related quantities with a fo-
cus on the response mechanisms to climate change, water re-
source development, and other factors on long-term changes
in hydrologic variables for the river systems of Texas (Wurbs
and Zhang, 2014).

2 Observed precipitation and reservoir evaporation
rates in Texas

Databases maintained by the Texas Water Development
Board (TWDB) contain the data of 1940–2014 monthly
precipitation and 1954–2014 monthly reservoir evaporation
rates that were used in studies at Texas A&M University
(TAMU) to explore variability and past long-term trends
(Wurbs and Zhang, 2014). The investigation included plots
and statistical analyses of the precipitation and evaporation
sequences for each of the 92 quadrangles. Plots of annual
depth versus two-month maximum and two-month minimum
depths precipitation for 1940–2014 and reservoir evaporation
rates for 1954–2014 are presented in Figs. 2 and 3. The area-
weighted 1940–2014 mean annual precipitation for the state
is 709 mm, with individual quads varying from 295 mm in
the extreme west increasing to 1430 mm in the southeast.
The 1954–2014 state-wide mean annual reservoir evapora-
tion rate is 1510 mm ranging from 1100 mm in east Texas
to 1800 mm in the west. Tables 1 and 2 provide a sum-
mary of slopes from 1940–2014 annual precipitation, min-
imum two-month precipitation during each year, maximum
two-month precipitation during each year. likewise, 1954–
2014 trend analyses were performed for reservoir evapora-
tion annual totals and annual two-month minima and max-
ima. As indicated in Table 1, a linear least squares regres-
sion line through the 75 years of annual state-wide precipita-
tion depths has a slope of −0.0766 mm year−1 (−0.0108 %

Figure 2. Statewide annual mean (top plot), two-month maximum
(middle plot), and two-month minimum (bottom plot) precipitation
during each year of 1940–2014.

Figure 3. Statewide annual mean (top plot), two-month maximum
(middle plot), and two-month minimum (bottom plot) reservoir
evaporation rates during each year of 1954–2014.

of 709 mm). The trend slopes for the total annual precip-
itation for the 92 individual quads are negative for 38 of
the quads and positive for the other 54 and average −0.363
percent of their respective means (Zhang, 2014). The same
analyses have been applied to monthly reservoir evaporation
rates. The trend slope for state-wide evaporation implies an
increase averaging 1.97 mm year−1 (Zhang, 2014). However,
long-term changes possibly implied by these metrics are very
small relative to the great continuous variability.

3 Observed river flows

Wurbs and Zhang (2014) analysed observed flows at many
selected U.S. Geological Survey (USGS) gauging stations
on major rivers with records of at least 70 years. All sites
exhibit drastic fluctuations including severe droughts and
floods as well as continuous variability. The data were down-
loaded from the USGS NWIS website using HEC-DSSVue.
Observed mean daily flows in cubic feet per second (cfs)
at a gauging station on the Brazos River near Waco are
plotted in Fig. 4 while annual volumes and annual mini-
mum monthly flow are plotted in Fig. 5. The dataset con-
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Table 1. Statistics for mean statewide precipitation and evaporation.

Precipitation Reservoir Evaporation

Quantity Mean Slope Slope Mean Slope Slope
(mm) (mm year−1) (% mean) (mm) (mm year−1) % mean

12-month total 709 −0.0766 −0.0108 1510 1.97 0.130
2-month minimum 53.6 −0.142 −0.265 114 0.777 0.417
2-month maximum 195 0.235 0.120 393 0.0440 0.0112

Table 2. Statistics for mean statewide precipitation and evaporation.

Precipitation Reservoir Evaporation

Average Number Number Average Number Number

Quantity 92 Quads Negative Positive 92 Quads Negative Positive

12-month total −0.363 38 54 0.138 24 58
2-month minimum −0.413 69 23 0.412 7 85
2-month maximum 0.0378 29 63 0.0262 39 53

Figure 4. Daily Gauged Flows of Brazos River at Waco during 1
October 1898–4 July 2016.

sists of the 117 years from January 1899 through Decem-
ber 2015. The 42 782 flows from the dataset range from 0
to 158 000 cfs and have a mean and standard deviation (SD)
of 2337 and 5835 cfs, respectively. The hydrographs at the
Waco gauge on the Brazos River have presented the possi-
bility that long-term changes in flow characteristics may dif-
fer significantly between daily and annual means. However,
long-term changes in observed monthly and annual flows at
most gauge sites appear to be relatively minimal.

4 IHA Analysis of Observed Daily Flows

Comparative analyses of statistical metrics of observed
gauged flows during historical periods prior to significant
water resource development versus during more recent pe-
riods reflecting development are performed for daily flows
at selected gauge sites. Indicators of Hydrologic Alter-
ation (IAH) software, developed by The Nature Conservancy

Figure 5. 1899–2015 Annual Mean Flow (blue solid line) and An-
nual Minimum Monthly Flow (red dots) of the Brazos River at Rich-
mond.

(TNC), calculate the characteristics of natural and altered
hydrologic regimes by separating one period-of-record into
two-time periods usually known as Pre-Impact and Post-
Impact periods. All of the observed daily flows exhibit the
great variability that characterizes stream flow throughout
Texas. Long-term trends in river flow characteristics espe-
cially in high flows and low flows are very dependent on both
location and the period-of-analysis adopted. Over the past
several decades, long-term trends of decreases in high flows
and increases of low flows have been evident at some gauges,
due to construction and operation of reservoir projects. At a
number of other sites both high flows and low flows have in-
creased due to discharged return flows and increased rainfall
runoff due to urbanization. Meanwhile, some sites exhibit no
evident long-term changes at all.
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Figure 6. Hydrologic Alteration factors for Colorado River near San Saba.

Table 3. River basin characteristics.

WAM Watershed Area Annual Naturalized Reservoirs
Basin Total Texas Precip Flow Outflow Number Storage Capacity Contents

(106 km2) (106 km2) (mm) (106 m3) (mm) (106 m3) (% Flow) (% cap)

Brazos 121 760 114 750 748 8942 77.9 716 4956 55.4 83.0
Canadian 123 560 33 320 495 268 8.1 47 1086 405 69.4
Colorado 107 430 106 910 622 3849 3.60 489 5738 149 74.3
Cypress 9200 7590 120 2068 272 91 1083 52.4 85.9
GSA 26 240 26 244 820 2740 104 241 934 34.1 79.8
Lavaca 5980 5980 1009 1062 177 21 207 19.5 92.6
Neches 25 740 25 740 1236 7680 298 203 4512 58.8 98.2
Nueces 43 250 43 250 630 800 18.5 125 1184 148 53.0
Red 242 040 62 930 649 12 455 198 237 4542 36.5 89.1
Rio Grande 471 940 127 910 408 1357 10.6 80 7359 542 37.0
Sabine 25 270 19 610 1213 8185 417 213 7728 94.4 97.6
San Jacinto 10 194 10 190 1185 2801 324 114 725 25.9 91.2
Sulphur 9760 9270 1184 3197 345 57 887 27.7 86.9
Trinity 46 400 46 400 1000 8182 177 686 9078 111 79.1
Col-Lavaca 2430 2430 1017 371 13.7 8 9 2.43 82.6
Lavaca-Guad 2590 2590 1006 489 201 0 0 0.0 0.0
Neches-Trin 1990 1990 1259 502 194 31 72 14.3 34.2
Nueces-RG 27 050 27 050 642 1423 714 65 140 9.84 34.5
SA-Nueces 6870 6870 890 697 101 9 2 0.29 76.8
Trinity-San J 640 640 1222 223 349 13 6 2.69 65.5
Entire State 681 660 709 67 290 98.7 3446 50 250 74.7 79.8
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Table 4. Frequency metrics for naturalized flows at basin outlets in m3 s−1.

WAM Standard Exceedance Frequency

Basin Mean Deviation 90 % 75 % 50 % 25 % 10 %

Major River Basins

Brazos 235 305 25.2 53.1 123 284 605
Canadian 8.50 18.5 0.31 0.75 2.44 8.27 20.0
Colorado 108 131 21.3 34.2 61.0 135 243
Cypress 65.5 83.9 0.71 6.72 30.4 95.3 182
GSA 85.5 107 10.9 26.6 49.1 106 201
Lavaca 33.6 58.0 1.31 3.84 10.4 35.2 97.8
Neches 242 274 20.3 46.7 133 354 621
Nueces 25.3 59.3 0.68 1.92 5.82 22.4 66.6
Red 395 427 59.4 112 247 544 880
Rio Grande 43.0 39.6 18.8 23.9 31.9 48.6 74.5
Sabine 257 264 27.0 60.1 161 386 625
San Jacinto 88.7 119 6.84 15.2 40.8 117 246
Sulphur 101 139 0.96 6.10 43.0 144 285
Trinity 236 294 12.1 43.2 119 323 625

Coastal Basins

Colorado-Lav 15.3 25.2 0.4 1.5 5.9 17.1 44.0
Lavaca-Guad 15.9 33.0 0.19 0.75 3.49 14.5 46.8
Neches-Trinity 45.1 55.2 2.14 9.51 26.9 61.8 103
Nueces-Rio G 11.7 38.6 0.00 0.00 0.00 3.7 31.0
San A-Nueces 22.1 72.9 0.26 0.56 1.79 11.4 48.7
Trinity-San Jac 7.07 11.0 0.39 0.90 2.65 8.64 19.4

Hydrologic Alteration (HA) factors are used in the RVA
analyses in the IHA program. If the HA factor is positive,
the frequency of values in the category (lowest third, mid-
dle third, highest third) has increased in the post-impact pe-
riod; in contrast, if the HA factor is negative, it means that
the frequency of values in the category has decreased in the
post-impact period (Conservancy, 2009). Hydrologic Alter-
ation factors at a gauging station on the Colorado River near
San Saba are plotted in Fig. 6. The gauge located on the up-
per Colorado River near San Saba (5.2 mi downstream from
San Saba River, 9.2 mi east of San Saba) has a daily recorded
flow for the period from 1915 to present. The J. B. Thomas,
E. V. Spence, and O. H. Ivie Reservoir are the three wa-
ter suppliers in this upper Colorado River basin. The unim-
pacted period for this gauge is from 1915 to 1969, and the
impacted period is from 1969 to 2017. The graph at this site
illustrates the extreme variability characteristic of river flows
throughout Texas on different periods. Figure 6 shows that
the changes of runoff in the Colorado River near San Saba
varies widely from month to month. The greatest Hydrologic
Alteration (HA) factors were the increase in magnitude of
baseflows, low-flow events, and monthly flows from April
to October. Monthly flows from January to March are es-
sentially unchanged for the impacted period. Although the
magnitude and duration are similar, both 1-day, 7-day, 30-

day, and 90-day minimum and maximum flow events tend to
show a gradual decline of post-impact period.

5 Hydrology and water management in Texas

The TCEQ WAMs combine historical natural river basin hy-
drology with specified scenarios of water resources develop-
ment, allocation, management, and use. Hydrologic period-
of-analysis sequences of naturalized, regulated, and unappro-
priated flows are generated (Wurbs, 2005, 2013, 2014). The
approximately 200 major reservoirs in Texas with water sup-
ply storage capacities of at least 6.17 million m3 (5000 acre-
feet) are all impounded by constructed dams. The WAMs
datasets are available for simulation of the 3446 permitted
reservoirs and other constructed water control facilities. The
WAM System was applied to explore changes in river flows
and the water budgets of the river basins. Simulation results
include naturalized river flows that represent natural hydrol-
ogy without human water development and use. Sequences
of regulated flows in WAM are computed by altering ho-
mogenous naturalized flows to reflect a specified scenario
of water resource development and use. Results reported by
Wurbs and Zhang (2014) are summarized as the following:
river basin characteristics are in Table 3 while frequency met-
rics for monthly naturalized flows are tabulated in 4 and 5.
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Table 5. Frequency metrics for regulated flows at basin outlets as a percent of naturalized flows.

Basin Standard Exceedance Frequency

WAM Mean Deviation 90 % 75 % 50 % 25 % 10 %

Major River Basins

Brazos 79.3 % 96.8 % 1.1 % 32.1 % 54.2 % 80.7 % 89.3 %
Canadian 59.0 % 75.0 % 47.4 % 46.1 % 55.6 % 48.9 % 50.1 %
Colorado 54.9 % 84.2 % 0.08 % 14.2 % 26.0 % 51.8 % 63.9 %
Cypress 87.9 % 97.6 % 7.0 % 1.0 % 64.1 % 91.1 % 96.3 %
GSA 92.9 % 98.3 % 72.1 % 78.6 % 85.9 % 93.3 % 96.4 %
Lavaca 93.7 % 97.9 % 99.5 % 90.9 % 81.5 % 92.0 % 97.0 %
Neches 89.4 % 101.2 % 4.0 % 31.4 % 76.9 % 92.8 % 96.5 %
Nueces 68.0 % 71.3 % 658.8 % 255.4 % 106.7 % 51.4 % 48.7 %
Red 90.3 % 97.3 % 70.2 % 72.0 % 85.1 % 94.5 % 93.4 %
Rio Grande 6.84 % 42.58 % 0.33 % 0.66 % 1.02 % 1.41 % 3.02 %
Sabine 93.3 % 101.5 % 53.5 % 61.4 % 84.8 % 95.8 % 99.5 %
San Jacinto 106.4 % 96.1 % 332.2 % 183.7 % 115.0 % 95.8 % 98.7 %
Sulphur 96.9 % 95.2 % 737.0 % 161.4 % 95.8 % 92.8 % 96.2 %
Trinity 82.0 % 86.7 % 247 % 91.6 % 67.7 % 76.2 % 81.4 %

Coastal Basins

Colorado-Lav 97.1 % 98.9 % 168.2 % 107.3 % 82.7 % 94.0 % 98.5 %
Lavaca-Guad 102.6 % 100.0 % 302.5 % 159.9 % 112.9 % 102.3 % 100.8 %
Neches-Trinity 91.4 % 96.3 % 112.6 % 79.2 % 86.4 % 89.2 % 93.2 %
Nueces-Rio G 105.9 % 99.1 % 0.83 m3 s−1 0.95 m3 s−1 1.03 m3 s−1 116.4 % 99.2 %
San A-Nueces 100.0 % 100.0 % 101.6 % 100.2 % 100.2 % 99.3 % 100.0 %
Trinity-San Jac 105.1 % 99.5 % 234.1 % 148.7 % 110.6 % 101.0 % 102.2 %

The state-wide river basin characteristics information pre-
sented in Table 3 was developed by compiling informa-
tion from the individual river basins derived from WAM
simulation results. The long-term mean naturalized flow of
67.3 billion m3 represents the total of all stream flows under
undeveloped conditions discharging into the Gulf of Mex-
ico or across state borders under natural conditions. The esti-
mated mean naturalized flow of 67.3 billion m3 is an annual
volume equivalent to covering the state to a depth of 98.7 mm
or 12.4 % of the mean annual precipitation of 709 mm year−1

falling on the state.
The frequency metrics in units of m3 s−1 are tabulated in

Tables 4 and 5 and provide a comparison of river flows for
current actual conditions of development versus natural un-
developed conditions. The impacts of development on river
flows vary greatly between the river basins and also between
different sites in the same river basin. The Brazos River Basin
is used as an example for interpreting Tables 4 and 5. The
mean and median (50 % exceedance) naturalized flows at the
Brazos River outlet are 235 and 123 m3 s−1 (Table 4). The
corresponding mean and median regulated flows are 210 and
8.7 m3 s−1, which are 79.3 and 54.2 % (Table 5) of the natu-
ralized flows.

6 Summary and conclusions

River basin hydrology in Texas, like elsewhere, is character-
ized by tremendous variability that includes continual short-
term fluctuations, seasonality, and the extremes of severe
multiple-year droughts and intense floods. Water resource
development and management are governed largely by needs
for dealing with the extremes of floods and droughts. Large
volumes of reservoir storage are essential. Numerous reser-
voirs have been constructed in Texas, most since the 1940s,
and are in operation today. Global warming has impacts on
hydrology and population growth causing increased water
use to be an important consideration in river system man-
agement over the past several decades.

The databases maintained by water agencies in Texas pro-
vide excellent opportunities to explore and facilitate an im-
proved understanding of flow characteristics and long-term
changes in flow characteristics. Long-term changes in pre-
cipitation during 1940–2014 are not evident, while reservoir
evaporation rates in areas of Texas appear to have gradu-
ally increased over the past several decades. The IHA soft-
ware program was to process daily hydrologic records to en-
able characterization of natural water conditions and facili-
tate evaluations of human-induced changes to flow regimes.
Changes in flow characteristics exhibit dramatic fluctuations
on all sites. Long-term trends of decreases in flows are ev-
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ident at some gauges; increases are evident at others. Some
exhibit both increases and decreases, and some sites exhibit
no evident long-term changes. Analysis results are sensitive
to the length of the period-of-analysis. Long-term changes in
daily flows may differ greatly from changes in monthly and
annual flows at the same site. Changes in low flow charac-
teristics are very different than changes in flood flows. Com-
pared with Climate Change, the impact contributed by hu-
man activity is relatively a greater influence on streamflow.

The WAM system provided water supply reliability and
flow frequency metrics that are fundamental to water re-
sources planning and administration of water rights permit
system. The naturalized flow results from WAM exhibit es-
sentially no long-term trends. Long-term changes in river
system water budgets and flow characteristics are quantified
by comparing WAM regulated versus naturalized flows. The
comparative evaluations of simulation flow can be used to
support effective water management between diverse types
of human water users and various aspects of environmental
requirements.

Data availability. The monthly WRAP input datasets for all
the river basins of the Texas are available at the TCEQ WAM
website: https://www.tceq.texas.gov/permitting/water_rights/wr_
technical-resources/wam.html (Texas Commission on Environmen-
tal Quality, 2015) observed stream flows from the USGS National
Water Information System (http://waterdata.usgs.gov/tx/nwis/nwis,
USGS National Water Information System, 2015).
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