Serial Discontinuity Concept Applied to the Hydrology of the Green River
by Maxwell Agnew

ABSTRACT
The natural flow regime of the Green River, frolarking Gorge Dam to the mouth of

the Colorado River, has been altered since danui@as November 1962. The pre-dammed
river system had extremely high late-spring toyeadmmer peak floods originating from
snowmelt and relatively low baseflows during sumnaetumn and winter (Muth et al 2000).
Different eras of dam operation have had diffeedfeécts on the natural flow regime. From
closure to 1992, dam managers released water baseldctricity demand, resulting in a highly
unnatural flow regime. Profound changes to thenaahydrograph included the loss of high
late-spring/early-summer peak floods and a chamdpgher than natural base flows. Many fish
species in the Green River system are endemicnpaviolved lifecycles dependent upon the
characteristics of the natural flow regime. Seleadive fish in the river system became
endangered, mainly as a result of Flaming Gorge Dpenations. From 1992 to 2005, Flaming
Gorge Dam was operated under the Biological Opinidrich provided flow and temperature
recommendations necessary for endangered fisheggowhile still meeting power generation
and irrigation demands. The overall goal of thel@gical Opinion was to create a flow regime
resembling, as close as possible, the natural fémime. Truly natural flow can never be
achieved because of hydraulic limitations of Flagn@®orge Dam, diversions for irrigation, and
the added hydrologic effects of other dams in tppds Colorado watershed (Muth et al 2000).
The serial discontinuity concept (SDC) was applethe hydrology of the Green River from
Flaming Gorge Dam to the Green River gaging sta@ginning in 1992, more natural flows
have been observed at the USGS stream-flow gageleesen, UT and the gage near the town
of Green River, UT. Since more natural flows hbeen observed, the hydrologic discontinuity
distance has decreased. The success of the Rialdgpinion flow recommendations will be
judged according to the long term population tremidhe endangered fish.

INTRODUCTION

In the West, reservoir storage and water distidousystems are engineering marvels.
For example, some historians would argue that tiler&do River Storage Project, and more
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specifically Hoover Dam, is on the same level &Rgramids of Giza, the Roman Coliseum,
and the Great Wall of China. In the golden-erdarh construction, nearly every major river in
the West was dammed or diverted to benefit huntanseé way or another. With protection
from floods, cheap and clean electricity, and hibzad supply of agricultural water, dams
seemed to be great investments. Taming the CaldRagkr and other western rivers made it
possible to settle and irrigate semi-desert ategtswould be inhospitable otherwise. For
example, the city of Las Vegas and the multi-millaollar agricultural business of Imperial
Valley would not exist without the Colorado Riveofage Project. However, the benefits
associated with development of western watersheel® not without environmental
consequences.

In the past four decades, concern over environmh&sgues related to dam operations has
become more pronounced. The environmental eftdadams can be severe because they
influence two primary factors that determine theral morphology of a river: water and
sediment (Grant et al. 2003). Changing the ovemnaliphology of a river can have profound
effects on the native biota of a watershed. Funtioee, dams can impact other important aspects
of the system including fish migration, inundatjmatterns, and the timing and magnitude of
peak flood pulses. In general, dams that alten#taral flow and temperature regime have
adverse effects on the native biota. Flaming G@rge is no exception; several native fish
species are currently threatened with extinctidrese species include the Colorado pikeminnow,
the bonnytail chub, the humpback chub and the bamdrsucker (Muth et al. 2000). Since these
unique fish species are found only in the ColoRder watershed, they have tremendous
intrinsic value. According to the U.S. Fish anddifie Service, efforts to save these particular
fish from extinction have resulted in the spendihgnore than eighty-one million dollars from
1989 to 2000. Many of these efforts have beendedwn the Green River system in Utah and
Colorado, because this river system is one ofdheremaining places where these endangered
fish are found (Muth et al. 2000). While many tast including nonnative plant and fish
species, might have led to a decline in the ndisrespecies, the major perturbation to the
natural system has been Flaming Gorge dam.

Since Flaming Gorge reservoir began to fill in 22$hd became fully operational in 1967,
there have been 2 major eras of dam operation2 98992, and 1992 to present day. In

general, Flaming Gorge Dam has been operated taderanaximum power revenue while
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maintaining a full reservoir and avoiding the us¢éhe bypass tubes and spillway (Muth et al.
2000). From 1962 to 1992, releases from the dame Wwghly unnatural. These unnatural
releases are blamed for the alteration or losatva fish habitat, resulting in a decline of their
populations. From 1992 to present, Flaming GorgmDas been managed in a way to restore
the natural flow regime as best as possible, wgtilemeeting power-generation and other
demands (Muth et al. 2000). The overall goal ¢gaistthg dam releases has been to improve
habitat and enhance populations of the endangesteeisf(Muth et al. 2000). The success of
efforts since 1992 will be determined by assesiirgong term population trends of the
endangered fish.

Quantitatively evaluating the recovery of the Gr&sver’s natural flow regime can be
assessed by comparing the natural hydrograph toutlient hydrograph. One concept, known
as serial discontinuity, facilitates this companisd@ he serial discontinuity concept explains how
rivers have an innate tendency to restore natoradidons, as distance downstream from dams
or other obstructions increases (Stanford and V28€d). In this context, the hydrologic
discontinuity distance is the distance downstreammfthe dam at which the river restores its
natural flow regime. Restoration of the naturalflregime is facilitated by the inputs of
unregulated tributaries that lessen the hydroleffiects of the dam. Evaluating the recovery of
the natural flow regime can be accomplished by @ng the hydrologic discontinuity distance
during 1962-1992 to the hydrologic discontinuitgtdnce from 1992 on. While efforts have
been made since 1992 to shrink the hydrologic digcoity distance, there are certain

limitations that prevent total restoration.

SOURCES AND DEPLETIONS OF THE GREEN'S WATER

At a length of 764 miles, the Green River occupi¢stal area of 44,700 square miles.
The sources of the Green River are the mountairegiens of western-central Wyoming, which
have maximum elevations of roughly 14,000 ft. Th@®eintainous regions include the Wind
River and Wasatch Mountain Ranges, which average 4% inches of precipitation each year.
The snowpack melts in late spring to early summeducing heavy runoff and peak flow rates
in the Green River watershed. The spring peak flakgseasily distinguishable on the natural
hydrograph at any gage in the watershed becauseo7@% total annual volume of the Green
River is derived from snowmelt (Muth et al. 200@urthermore, climate varies considerably in
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the Green River basin. For example, lower semi{auions, which make up the majority of the
basin, average less than 10 inches of precipit&@mh year (Muth et al. 2000).

The primary reason for the construction of resiesvin the watershed has been to meet
the demands of irrigation and power generatiortiniaged 1998 irrigation depletions in the
Upper Green and Yampa watersheds are 460,000 tzene-f.87,000 acre-ft, respectively (Muth
et al, 2000). Other depletions result from evaponaas well as municipal and industrial uses.
Total annual volumes passing though the USGS sfteargage near Green River, UT from
1906 to 1929 averaged 5,710,000 acre-ft and froB® 1® 1996, averaged 4,047,000 acre-ft.
This 29% decrease in total annual volume is larg&lained by climate change and to a lesser
extent, irrigation diversions and other depleti@vsith et al. 2000). The effects of irrigation and
other depletions on annual volumes are signifidaumtmuch less than the historical hydrologic
effects of Flaming Gorge Dam. Flaming Gorge Resierthe largest reservoir in the watershed,
is capable of storing roughly twice the annualanf] with a peak capacity of 3,749,000 acre-ft
(Muth et al. 2000).

When discussing flows of the Green River, it ipartant to know the locations of
relevant gages and the three different reaches.fdllowing map, Figure 1, shows the different
reaches used in this report and other Green Related documents. Flow in the Yampa River is
measured in Dinosaur National Monument, just upstréom its Confluence with the Green
he USGS gage rlodge Park, CO.

i R e of T TIRE

near Dee

Reach 1: Flaming Gorge Dam to the Yampa
River confluence. Streamflow data is measured
at the USGS gage near Greendale, UT, directly
below the dam. (river mile 345 to 410)

Reach 2: Yampa River Confluence to White
River Confluence. Streamflow data is measured
at the USGS gage near Jensen, UT. (river mile
246 to 345)

Reach 3: White River Confluence to Colorado
River. Streamflow data is measured at the USGS
gage near Green River, UT. (river mile O to 246)

Map from Bureau of Land Management - Vernal
Field Office 2006

Figure 1. Map showing the three study reaches of the GreeerRi
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THE NATURAL FLOW REGIME

Before Flaming Gorge Dam closure in 1962, the GiRwer was a wild river that
produced high spring flows and low base-flows. haligh there were dams in the Upper Green
basin during 1950 to 1962, they were relatively lsarad had little effect on the natural
hydrology. During this period of record, the onlytable reservoir in the Upper Green watershed
was Big Sandy reservoir, which has a maximum c#épa¢€ionly 383,000 acre-ft. In general,
smaller reservoirs have less potential to modig/rhtural flow pattern (Muth et al. 2000).

Therefore, the hydrograph from 1950 to 1962 (Fjg:l@sely resembles the natural hydrograph.

Daily Streamflow USGS Gage near Greendale, UT
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Figure 2. Daily Mean Stream Flow (1950-1962) at Greendale Géfje (USGS, 2006)

USGS stream-flow measurements taken over thegeficecord reveal the extreme
variability of the natural river hydrology. Peakiils at the Greendale gage are estimated to have
exceeded 20,000 cfs in 1899, 1918, and 1921. Flobtlss extreme magnitude no longer occur
probably as a result of climate change (Schmiddl98efore construction of Flaming Gorge
Dam, the mean annual peak flow was roughly 11,68€@icthe Greendale gage (Muth et al.
2000). The pre-dam peak flows occurred roughlynduthe first weeks of June. Prior to dam
closure, the river near the Greendale gage wageo\wy ice for 3 to 5 months per year. The last
year ice-cover was reported was 1958 (Schmidt 19&&-formation was a result of extremely
low temperatures and flows during winter monthssd3tiows at Greendale and other gages are

generally low once snowmelt runoff has ceased.
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The Yampa River drains the north-east portion db€alo and eventually joins the
Green River sixty-five miles below Flaming Gorgendal he Yampa is the largest tributary to
the Green and has the largest influence the Grésnigraph. On average, 48% of the flow at
the Green and Yampa confluence originates fronYtmapa River (Muth et al. 2000). Little
regulation occurs in the Yampa watershed and thewruhydrograph closely resembles the
natural hydrograph. Melting snowmelt provides extely high peak floods which generally
occur in late May (Muth et al. 2000). The 1982892 Yampa River hydrograph (Fig. 3) is
very similar to the unregulated Green River hydapir (Fig. 2).

Yampa River - Daily Streamflow USGS gage near Deerlodge Park, CO
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Figure 3. Yampa River Daily Mean Streamflow 1982-1992 at Dmage Park, CO Gage (USGS,
2006)

At the Jensen gage, flow from the Yampa Riveomlgined with flow from the Green
River. From 1947 to 1962, the mean annual peak fithe USGS gage near Jensen, UT was
roughly 24,000 cfs. Figure 4 shows peak flow$atiensen gage from 1947 to 1996, with the
contributions from the Green and Yampa rivers iatid. Prior to closure of Flaming Gorge
Dam in 1962, peak flows in the Green and Yampasiwere similar in magnitude and duration
(Muth et al. 2000). Figure 4 also shows the decagtar to year variability of peak flows. The
high level of variability of peak flows makes iffttult to compare pre- and post-dam flows to
illustrate the effects of Flaming Gorge (Muth et2000).

Pagé of 14



M.E. Agnew June 25, 2006

1200 +
OYampa River
1100 + MW Green River above Yampa -
1000 + [T
E apn + N Flaming Gange Ciam
ﬂE Completed
—  B00 + [T
: ' I I
o - —
- [ —
m —
d:l —
a —
[=]
=
=
=1
th u I ||
o -\.' o I:" sl :"' o :T" II"'

Figure 4. Peak flow rates at USGS gage near Jensen, UT:-192G (Muth et al. 2000)

Before Flaming Gorge Dam closure in 1962, annuakgl®ws at the USGS gage near
Green River, UT averaged 32,700 cfs. Peak floveeged 60,000 cfs in 1897, 1909, 1917, and
1921 (Schmidt 2004). The highest peak flow at@®een River gage was 68,000 cfs on June 27,
1917. The lowest peak of 6,459 cfs occurred on Wigy1934 (Muth et al 2000). Once again, a
drastic level of peak flow variability exists ingtimatural flow regime. At the Green River gage,
the natural flow regime produced relatively low &id@®wvs once the snowpack was finished
melting.

The Colorado pikeminnow, humpback chub, bonytailicand razorback sucker all have
developed life-cycles dependent upon the natural fegime of the Green River. In general,
these endemic species rely on large peak floodeette habitat outside the river channel. High
flows also scour out and reshape sediment depaositie the river channel, producing certain
conditions necessary for spawning (Muth et al 2000)e natural Green River system was a
harsh environment for fish. Only highly speciatlZesh could survive the extremely variable
conditions. Before the construction of Flaming GoRam, native fish were more prominent
throughout the watershed. The next section wipl@x exactly how the natural flows of the

Green have been changed as a result of FlamingeGag operations.
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DAM OPERATIONS 1962 to 1992

Flaming Gorge Dam releases are limited by physioaperties of the spillway, bypass
tubes, and power generation turbines. The maximalease during full power generation is
approximately 4,800 cfs. Two bypass tubes, whizimat produce electricity when in use, have
a maximum capacity of approximately 4,000 cfs. iBgiextremely large floods, water can flow
through the spillway tunnel at a rate of roughly(®® cfs. Since closure, the spillway has only
been used twice.

From 1962 to 1966, Flaming Gorge Dam held baakash water as possible in order to
fill the reservoir to the required height for povgameration. During this time, releases from the
dam were extremely low (see Fig. 5) (Muth et aD@0 From dam closure to 1978, peak
releases from the dam never passed power planticapa4,800 cfs. The magnitude of the
annual peak discharge of the Green River at thertalae gage decreased about 60% after
construction of Flaming Gorge Dam was finished (Bicth 1994). The 1955 to 1975 hydrograph
(Fig. 5) clearly shows the alteration of the Gr&ver’s natural flow regime at the Greendale
streamflow gage. Before 1962, the Green saw speadx flows averaging 11,600 cfs. After
1962, the daily discharge rarely passed full pogesreration capacity of 4,800 cfs.

Mean Daily Discharge Greendale, UT 1955-1975
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Figure 5. Daily Mean Streamflow (1967-1978) Greendale GageGS, 2006).

In order to meet electricity and irrigation demaram managers released uniform
monthly volumes. Figure 6, the mean monthly flawhe Greendale gage, further shows the
alteration of the natural flow regime. Unregulatiedv produced relatively low monthly flow

except during spring runoff. The greatest mean migrilow occurs during June in the
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unregulated flow regime. Mean monthly flow aftengletion of Flaming Gorge Dam is

uniform, a

Mean Monthly Flow [ma’.fs]

nd during certain months, much highentharegulated flow.
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Figure 6. Mean Monthly Discharge — Regulated vs. Unregulate@reendale Gage (Muth et al.

2000)

Figure 7 shows mean daily flow at the gage nermselg UT. The effects of Flaming

Gorge Dam on the natural flow regime further dowessn in reach 2 are less apparent, yet

significant

. From 1947 to 1962, the mean annuakgl®w at the Jensen gage was 24,000 cfs.

From 1963 to 2000, the mean annual peak flow waisced to 17,400 cfs (Muth et al. 2000).

While it might not be obvious on the Jensen hydapbr the changes to peak flow have been

25% (Schmidt 1994). Furthermore, average regulaéséflows are nearly double the average

unregulated baseflows.
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Figure 7. Mean Daily Streamflow Jensen Gage (1955-1975) (USX686)
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Comparing the unregulated and regulated mean myofih (Fig. 8) further shows the
alteration to the natural flow regime at the Jergage. Regulated flows are not uniform
throughout the year because of the natural flowasttaristics of the Yampa River. In other

words, the Yampa River acts as a restorer of thealelow regime at the Jensen gage.

Green River Near Jensen, Utah
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Figure 8. Mean Monthly Discharge-Regulated vs. Unregulateteasen Gage (Muth et al. 2000)

The following table summarizes the changes to ttaral flow regime at the 3 different
gages. Flaming Gorge Dam has resulted in a reduofimmean monthly flows from April to July
and an increase in mean monthly flows from Auglisiugh March (Muth et al. 2000). In
general, changes to the natural flow have beegriggtest in reach 1, and less apparent further
downstream. Tributaries with natural flow regim&sch as the Yampa, act as restorers of the

Green’s natural flow regime.

Percent Change in Mean Flow Due to Regulation

River Reach/Gage Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Beach 1/Greendale +80  +120 +246 +214 +143 =8 =30 -50 100 46 <16 +72
Reach 2/Jensen +52 +71  +140 +121 B2 6 -13 -17 35 32 +10 +54
Beach 3/Green Biver +31  £30 +80  +83  +53 <6 -10 -13 27 18 8 +34

Table 1. Percent change in Mean Flow at Greendale, JenseGr@aen River gages due to
Regulation (from Muth et al. 2000)
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DAM OPERATIONS 1992 TO PRESENT

Beginning in the 1980’s, extensive studies weracated to assess the environmental
impacts of Flaming Gorge Dam operations and inga#tithe decline of native fishes in the
Green River watershed. These studies resultdtein®92 Biological Opinion on Operation of
Flaming Gorge Dam, which concluded that historimdgperations jeopardized the continued
existence of humpback chub, Colorado pikeminnowl,razorback sucker (USFWS 1992). The
purpose of incorporating the Biological Opinionaaenendations was to restore the Green
River’s natural hydrology. The hope was that mawiral temperatures and flow patterns would
create and protect critical spawning and nursebytais for endangered fishes (Muth et al. 2000).
The Biological Opinion called for full power-placapacity releases of roughly 4800 cfs each
spring and target base flows of 1100 to 1800 af$He remainder of the year (Muth et al. 2000).

The natural flow regime in reach 1 (Flaming Gogam to the Yampa Confluence)
originally had average peak flows of 11,600 cfthatGreendale gage. Since peak releases rarely
exceeded 4800cfs, Biological Opinion operationsehaot restored the natural flow regime in
reach 1. However, the larger flows released duggndy summer have helped restore the natural
flow regime further downstream at the Jensen gage.

Figure 9 compares the daily mean streamflow agdémsen gage from 1994-2004 to a
pre-dam hydrograph from 1948-1958. It is importamote that these two hydrographs should
not be exactly identical, yet they should have kintiming and magnitudes of peak flow. The
magnitude of peak flows is ultimately related te timate and weather patterns, which are
extremely variable in the Green River watershechnt1947 to 1962, the mean annual peak at
the Jensen gage was 24,000 cfs. Since 1963, the amnual peak flow was reduced to 17,400
cfs (Muth et al. 2000). From 1992 to 2004, the maxamual peak flow was 16,350 cfs, despite
operating Flaming Gorge Dam to mimic the peak flholiowever, the reduction of peak flows
during the last decade is more likely due to climebnditions. Further comparison of the
Biological Opinion hydrograph to the 1948-1958 roghaph reveals that base flows have been
similar since 2000. From 1992 to 2000, base flowsavstill elevated as a result of dam

operations, despite the Biological Opinion flowasunendations.
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Mean Daily Stream Flow at Jensen, UT 1948-1958 vs 1994-2004
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Figure 9. Comparison of a Natural Hydrograph (1948-1958) idgjical Opinion Hydrograph
(1994-2004) (USGS, 2006)

The Biological Opinion flow and temperature recomutegions were based on the best
available scientific information. However, additadmesearch was needed to better define river
flow and temperature regimes that would benefitehéangered fishes. Further studies resulted
in the 2000 Flow and Temperature recommendati@tabkshing particular seasonal flow rates
to be achieved at different gauging stations frdamfing Gorge Dam to the Colorado
confluence (Flaming Gorge Final EIS 2005). The@Blbw and Temperature recommendations
specify spring peak releases from Flaming Gorge Babe 4600 cfs to greater than 8600 cfs,
while the 1992 Biological Opinion specified pealesses between 4000 and 4700 cfs. Releases
from Flaming Gorge Dam are to be coincident with peak and immediate post peak flows in
the Yampa. For reach 2, the Yampa confluenceg®thite River confluence, spring peaks are
to range from 8,300 cfs to 26,500 cfs, dependingyairologic conditions. Biological Opinion
flow recommendations for the same reach ranged 800 cfs to 18,000 cfs (Muth et al.
2000). In general, the 2000 Flow and Temperatwemenendations allow more variability in
the flow regime. Since the natural flow regime Ir@mendous year-to-year variability, the new
recommendations will facilitate more natural pelakvfmagnitudes.

The Bureau of Reclamation approved the 2000 Flaivlamperature recommendations,
which will be in effect during spring 2006. The oak goal of operations since 1992 has been to
restore the natural flow regime, while still contiimg all authorized purposes of the Colorado

River Storage Project (Muth et al. 2000). A comgami of the natural hydrograph and current
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hydrograph at the Jensen gage reveals that rexgntation efforts have resulted in a more

natural flow regime.

SERIAL DISCONTINUITY CONCEPT & GREEN RIVER HYDROLOG Y

The serial discontinuity concept (SDC) is a com¢kat explains how rivers have an
innate tendency to restore natural conditions éndbwnstream direction from dams because of
tributary inputs. In regards to the Green Rivéydrology, Table 1 of this document illustrates
this aspect of the Serial discontinuity conceptai@jes to the Green’s natural hydrology have
been greatest close to the dam and less appardmrfdownstream in reaches 2 and 3.

When this concept is applied to a dammed riveiiseontinuity distance is calculated.
This is the distance downstream from the dam athvtiie regulated river restores all of its
characteristics to natural conditions (Stanford @fatd 2001). The Green River’s hydrologic
discontinuity distance has changed as a resuliffefent flow operations since 1962. In theory,
the hydrologic discontinuity distance should haweatly decreased since 1992 because more
natural flow patterns have been released from #me. dWhile the Green River might have a
more natural hydrograph at certain gauging statithvese are many other aspects of the river that
are still highly unnatural. For example, years whatural flows have changed the sediment
distribution in the river. Furthermore, other fastgsuch as non-native vegetation, levee
construction, and invasive fish species have hadree=ffects on the watershed. It is important
to point out that the discontinuity distances,ggards to sediment distribution and other
parameters of the river system are not the sartteedsydrologic discontinuity distance and are
probably greater. The hope is that, with continnatliral flows released from Flaming Gorge,
discontinuity distance for all characteristicsod river will become smaller, resulting in better

habitat and increased populations of the endandestesks.
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