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Abstract

A water budget analysis shows that under currenditions there is a 10% chance live
storage in Lakes Mead and Powell will be gone byual2013 and a 50% chance it will

be gone by 2021 if no changes in water allocatromfthe Colorado River system are
made. This startling result is driven by climateaege associated with global warming,
the effects of natural climate variability, and @h&rent operating status of the reservoir
system. Minimum power pool levels in both Lakesadleand Powell will be reached

under current conditions by 2017 with probabili§¥b. While these dates are subject to
some uncertainty, they all point to a major and edrate water supply problem on the
Colorado system. The solutions to this water sigerfaroblem must be ‘time dependent’

to match the time varying, human induced decreimsiegure river flow.



1. Introduction

A number of studies over the last 20 years havgestgd that there will be a decrease in
runoff over the Southwestern United States duddbal warming. The decrease will be
caused by increasing temperatures and evapo-trahepi and decreasing precipitation.
The statistical/empirical studieR¢velle and Waggonef983;Nash and Glick 1991,
1993; Hoerling and Eischeid2006], as well as climate model studies of tlst faw
years [e.g.Milly et al., 2005; Christensen et al.2004, Christensen and Lettenmajer
2006; Seager et al.2007] all show a decrease in runoff to the Color&lver (see
caveats on climate models below). The estimatasirafff reduction from these studies
are remarkably similar, and range between 10-30gmerover the next 30-50 years. The
IPCC Working Group Il concludes there will be a3@% run off reduction over some
dry regions at mid-latitudes during the next 50rgeaith very high confidenceAdger et
al., 2007]. Current naturalized flow in the ColoradwdR is on the order of 15 million
acre feet (maf) per year measured at Lees Ferry. (EJ, so these decreases will
ultimately result in a runoff reduction of 1.5-4n%af/yr from current levels, which we

assume leads to similar reductions in Colorado iHiegv.

The Colorado River is quite literally the life’sdald of today’s modern southwest society
and economy. Given the agreement about both siddiming of runoff reduction, it is
important to examine what it will mean to the peopf the southwest and, especially,

when they might expect water shortage problemspigear. In its recent report on



Colorado River Basin water management, the Natidcabdemy of ScienceNAS2007]
notes future potential problems with availabiliti water in the regions. It calls for a
comprehensive analysis of water needs and uség iregion, but provides no analysis of
the timing or magnitude of potential problenktoerling and Eischeid2006] suggest
water availability could soon fall below criticaéVels but offer no temporal details.
McCabe and Wolocg007] estimate climate changes will increase charof failure to
meet water allocation requirements of the Color@deenant, but their methods preclude

estimates of just when this might happen.

Our intent is to make a first estimate of when haa/ the human-induced reduced runoff
will impact people. We simplistically state theegtion as when will Lake Mead go

dry?’ assuming there are no changes in water managetnatégies and sector-specific
consumptive use. By ‘going dry’, we mean when litie storage (the reservoir space
from which water can be evacuated by gravity) irkdsaMead and Powell becomes
exhausted (Fig. 2 summarizes the various storagsléen the Lakes). As we shall see

below, the answer is both startling and alarming.

It is obvious that once long-term outflow exceeadtow the system is doomed to run dry.
One of our purposes in this work is to point owttburrently scheduled depletions (loss
of water from consumptive use), along with watessks due to evaporation/infiltration
and reduction in runoff due to climate change, hawghed the system into a negative net
inflow regime that is not sustainable. Another ms® is to demonstrate how natural

variability, i.e. the chance of getting strings dify years consistent with the historical



record, makes the system likely to run dry evern\pibsitive net inflow. When expected
changes due to global warming are included as wettently scheduled depletions are

simply not sustainable.

2. Methods

2.1 Water Balance Model

The method is a simple water balance approachkdegis track of water going into and
out of the major reservoirs in the Colorado Rivgst8m. The initial condition for our

study (Fig. 2) is the amount of water currentlylive storage in the Lake Mead/Lake
Powell system (25.7 maf above the dead pool asie#,J2007; USBR web page). We
consider the two reservoirs as a single storage aonsistent with the US Bureau of
Reclamation (USBR) plan to manage them jointhsBR2007]. We assume ‘perfect’

management so that the amount of storage in easérvar above dead pool is

manipulated to keep the storage levels approximdbed same in both reservoirs (see
caveats). The naturalized flow of the ColoradoeRiat Lee’s Ferry is 15 maf/yr over the
period 1906-2005 USBR web page,

http://www.usbr.gov/lc/region/g4000/NaturalFlow/oemt.htm| accessed 10 Jan 2008],

so we use this as a working number, although basetiee ring reconstructions it is
probably too highfJAS2007], and does not reflect the drought of theé $&ven years

(see caveats).



Today the Colorado system is, for all intents andppses, fully subscribed (see below)
so any additional consumptive use in the UpperBasinow contemplated (Fig. 3), or
reduced runoff into the River due to climate chamgest be covered by existing storage.
We consider human-induced reductions in runoff 6fté 30%, in accordance with
estimates from global climate models and statisinalysis, and take these reductions to
be linear in time over the next 50 years (i.e.oftislowly decreases until it reaches a
total reduction of, say, 10% below current levels 2057). We first do a simple
deterministic analysis that does not include thmmeacating factors of runoff variability,
evaporation, and infiltration, in order to moreasly isolate the effect of human induced
climate change on the reservoirs. We then do aghibstic analysis of the likelihood of
the reservoir storage becoming exhausted, usingenarlo simulations with a water
budget model, and allowing for evaporation andltnafiion as well as the stochastic

nature of the river flow itself.

We tested the water budget model by comparing théoresults obtained dyarding et

al. [1995], who modeled a “severe sustained droughiScefe on the Colorado River
using a sophisticated river network model basedaorenhanced version of USBR’s
Colorado River model, CRSS. The results (Fig. #wsthe simulated, combined storage
from Harding et al [1995] versus that from the water budget analysied here. The
differences are due principally to our neglectrof#ier storage units within the Colorado
System. At any rate, the agreement suggests thee adequate to address the large-

scale water budget issues considered here.



We tried three different methods to generate syraltiene series of Colorado River flow
consistent with the historical record (Appendix Ahcluding a simple first-order
autoregressive (AR-1) approximation, fractional &aan noise (fGn), and a new
Fourier-based technique described in the Apper@uerall, our results are robust with
respect to the method used, as the water budgsttefire large compared to differences
in detail of the synthetic flows. The plots showerdnare made using fGn, since the more
familiar index sequential method (ISM) does notrectly sample variability consistent
with the historical record (see Appendix A). Sytihdime series generated with fGn
also exhibit long term persistence, which has b&ewn to be important for correctly
simulating the statistics of hydrological procesgeg., Phatarfod[1989], Pelletier and

Turcotte[1997],Wang et al[2007],Koutsoyiannis and Montanaf2007]).

2.2 Future depletions

Future depletions are taken from published USBRedules (appendices C and D of
USBR, 2007) over the period 2008-2060. In Fig. &sthare compared to historical water

use (obtained from http://www.usbr.gov/Ic/region/g4000/uses.htmlaccessed 14

November 2007). Total scheduled depletions risenfrt3.5 maf/yr in 2008 to 14.1
maf/yr by 2030. We also include in the monte caglsults water loss due to evaporation
and changes due to infiltration (in 2006, evaporativas 0.894 and 0.516 maf/yr for
lakes Mead and Powell, respectively, while infiiiva was -0.312 and +0.005 maf/yr;
Nan Yoder, USBR, personal communication, 2007)héligh the amount of evaporation

and infiltration change with lake level, possiblpyiding a negative feedback as the lake



area shrinks, evaporation is also likely to incegasthe future as temperatures warm, and
infiltration is a second order quantity comparedhe other mechanisms included here.
Accordingly, in this work we have simply kept thalwe of evaporation/infiltration
constant at -1.7 maf/yr. As a sensitivity test, tnied scaling evaporation with Lake
surface area, and found it made little differer@eur results; human-induced reductions

in runoff overwhelm the Lake surface area-dependeahges in evaporation.

3. Results

In Section 3.1 we begin with deterministic estisaté when the live storage will be
depleted by global warming-driven runoff reducti@isne, without the outside impacts
of evaporation and natural variability in the rivilw. This approach is simplistic but
gives an immediate feel for the scope of the clexaitange problem and how it relates to
reservoir storage. In Section 3.2 we then extenel @malysis to more realistic,
probabilistic estimates of the same quantitiesabatving for the additional impacts of
natural climate variability on runoff, as well deeteffects of evaporation and infiltration.

A summary of the factors included in each calcalais shown in Table 1.

3.1 Deterministic Estimates

The above noted climate models and statisticaliasuprojected decreases in runoff that
can be used to compute the future decline in fieev in maf, year by year. We start by
assuming a current steady state where inflow tadkervoirs is equal to their discharge.

In reality the Lake Mead is currently being oveftd by about 1 maf (Lebonde and



Shields, 2004), so our assumption of steady stataghly conservative. We simply
integrate the annual reductions in runoff in tirmesuming the changes are temporally
linear and levels of consumption are constant, dtergnine how many years until the
existing live storage is gone. We find live staagill be depleted completely 23-40
years from now, or sometime in the span 2030 to7 2@F runoff reductions of 30-10%

over 50 years, respectively.

For further discussion, we take the median runedfuction, from the above studies, as
-0.06 maf per year. This corresponds to a 20%edeser in runoff (3.0 maf) 50 years
from now, and yields approximately 29 years left,calendar year 2036, before the
combined Mead/Powell system is at dead pool elenatiSensitivity studies showed the
dates vary by roughly 10 years around 2036 by asgutarger/smaller 50 year runoff

reduction rates or that the 20% runoff reductiofl happen soon/later than 2050. The
time to dead pool elevation is not very sensitivghe details and assumptions of the
runoff estimates. One can also vary the date dbBpgnon when one assumes the
warming impacts to set in. Recent studies shangtbbal warming impacts have been
operative in the Southwest for some decadgmrett, et al 2008], but we make the

conservative assumption they start in 2007. Pearhapst important are the initial

conditions at the reservoirs for start of the clattans; we used the current state as of

June, 2007. At this time the system had about 6086 total possible storage.

In addition to water, both reservoirs are importaources of hydroelectric power.

Together the two reservoirs can produce about D0gi@awatt-hours. What do the
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runoff reductions mean to the availability of thetter resource? As of June, 2007 there
was a total, between both reservoirs, of approxetgal5 maf of water above the
minimum power pool level, which is the reservoiewtion below which the power
generation turbines cannot safely operate (Fig. @arrying through the same type of
analysis as above showed that there is a 50% cliaagainimum power pool elevation
would be reached in around 2021; only 14 yearstimédfuture. At that point (or before),
there would be an abrupt drop in the abilitiesh#f teservoirs to generate hydroelectric

power.

3.2 Probabilistic Estimates

The previous results neglected the natural vartgbih River flow associated with
weather (wet/dry years) and short term climateality (e.g. El Nifio/La Nifia). Using
ten thousand realizations of river flow (statisicaconsistent with historic variability
from 1906-2005 and tree ring flow estimates ovagsrapimately the last 1250 years),
coupled with the deterministic linear runoff tremidscribed above, allowed us to
construct cumulative distribution functions (cdfsy the depletion of the current live
storage. Future depletions were taken from the US&tedules shown in Fig. 3, while

evaporation plus infiltration was taken fixed af/-inaf/year, as noted previously.

The results are given in Fig. 5 (left panel). Tlodids curve shows the likelihood of
reservoir storage levels falling to the dead pdeVation with no runoff reduction. In the
absence of curtailed water delivery, there is a S0fance the system will go dry by

2037. This is driven by the sum of depletions (~tvaf/yr by 2030) plus
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evaporation/infiltration (1.7 maf/yr) being largénan runoff into the system (15.05

maf/yr, the average over the period 1906-2005).

Included also in Fig. 5 (left) are the cases wlodireate change decreases runoff into the
River by 10% (crosses) and 20% (circles). The fviita of depleting both reservoirs’
live storage is 50% by 2028, if we account for natwariability and a 20% decrease in
runoff (which would be fully realized in 2057). @&hesults are rather insensitive to
changes in runoff reduction. The different methofiswodeling the natural variability all

give essentially the same results (Fig. 5, right).

All of these numbers are somewhat more pessimiban the deterministic analysis
because they include evaporation/infiltration adl @& allowing for natural variability in
the River flow. The answers, being expressed ababilistic format, allow the user to

determine the risk levels in any decision prockey tindertake.

The probabilistic analysis for minimum power poeNéls is shown in Fig. 6. There is a
50% chance the minimum power pool levels will balimed by about 2017, in the
absence of management responses. This resuthey iasensitive to changes in runoff,
at least in the near term. At any rate, the aasedidrops in power production would be
precipitous in time as turbine intakes went dry.sdems clear that the threat to power

production on the Colorado is both real and momaiment than most might expect.
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3.3 Sensitivity to net inflow

Are the results presented here inconsistent wiglripus results, modeling the severe late
1500s drought, that imply a more resilient watdiveey system Harding et al.,1995]?

In that work, even a severe historical drought tialg a slight impact on water deliveries

to Lower Basin states. Setting aside climate chdongeéhe moment, random weather

noise provides a variable amount of water inputhi® system, which can vary greatly

year-to-year. Water managers strive to deliveear rconstant quantity of water every
year, using reservoir storage capacity to smoothtlease short term variations. In this

section we analyze the system in terms ofriieinflow defined as long term mean flow

into the combined Lake Mead/Powell system minuslahg term mean of consumption

plus evaporation/infiltration.

If one considers the system as a whole, the nletmink negative. The USBR scheduled
delivery (Fig. 3) starts at 13.5 maf/lyr in 2008, ieth together with
evaporation/infiltration of 1.7 maf/yr and a meanl@ado River flow of 15.05 maf/yr
(average over 1906-2005) gives a net inflow of 50xaf/yr in 2008, dropping to -1.15
maf/yr by 2060 in the absence of climate changeeduction in runoff by 10 and 20%
from human-induced climate change would give néiow of -2.6 and -4.1 mafl/yr,
respectively, by 2057. The reservoirs would be knyg before these levels were
realized, assuming present consumption continuebamnged. Arguably more realistic

would be to use the average mean Colorado River fieer the last 50 years, which
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would put the current net inflow even more negatateout -0.7 maf/yr, near the current

overdraft of 1.0 maf/yr estimated for Lake Meadlponde and Shield2004].

Figure 7 (left) shows the cdf's of the system rmgndry as a function of fixed net inflow
(i.e., neglecting any time-evolving contributiorordn climate change). It is clear that
negative net inflow mandates the system running duy one might wonder how the
system can go dry with zero or positive net infldMatural variability generates long
periods of wet/dry years, so the system can goatigne extreme and spill under wet
conditions. These situations are equally likebnira statistical point of view when only
natural variability is operating. In the absenca ohanagement response to shortages, the
system undergoes a random walk constrained onlth&yimits of maximum reservoir
capacity (on the wet side) and completely exhausti@ége (on the dry side). The middle
panel of Fig. 7 shows the probability of filling going dry by year 2027 (20 yrs from
now) as a function of net inflow. With initial reseir storage approximately half the

capacity, the curves are nearly symmetric.

The cdfs shown in Fig. 7 (left) have a strong densi to net inflow; the system
becomes rapidly prone to exhausting storage asfie@v drops from +2 maf/yr (which
virtually guarantees reliable delivery) to -1 maf/which has a 50% chance of running
dry by 2027. So part of the reason our results seesmow a system more sensitive to
climate fluctuations than earlier workers is that system becomes more unstable as the

net inflow approaches zero, i.e., as the river befully subscribed. Yearly depletions
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to the upper and lower basins have risen steagibeghe 1940s (Fig. 3), resulting in an

increasingly unstable system.

Furthermore, Fig. 7 shows that trege of increasen sensitivity of the system becomes
much more rapid as the net inflow approaches Faoexample, consider the probability
of the system running dry by 2027 (middle panetktine). The chance is negligible for
a net inflow of +2 maf/yr or more, which was theseaefore about 1985. If the net
inflow is reduced to +1 maf/yr (approximately thdlow for the late 1980’s and early
1990's) the probability only rises to 9%. Howewviethie net inflow is further reduced to 0
maf/yr, the probability jumps to 25%; and as thé inlow drops to today’s value of

nearly -1 maf/yr, the probability of the systemming dry by 2027 increases to 50%.

We now add reductions in runoff due to climate g®ito the increasing sensitivity as
net inflow approaches zero. The combination acts iparticularly unfortunate way.
Even if current net inflow were at a somewhat sakie, such as +1 maf/yr, future
reductions in runoff combined with increasing déples (Fig. 3) yield net inflows that
drop to levels that render the system highly vidbér in just a few decades. This is
shown in Fig. 8, where the left panel illustratee tase with initial (year 2007) net
inflow of +1 maf/yr. In the absence of climate chanthere is a 20% chance the system
would run dry by 2040. However a human-induced cédua in runoff by 20%, a
medium value from the global model estimates, hasr@ng effect on the probability

curve, such that there is then a 45% chance dcytsiem going dry by 2040.
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In reality, we likely have a current net inflow eten -0.2 and -1 maf/yr depending what
base time period one wants to use for estimatingnn@olorado River flow. The middle
and right panels of Fig. 8 show that in this regiraey reduction in River flow due to
climate change has a strong effect on an alreadginaly reliable system, e.g. for a net
inflow of -1 maf, the probability that reservoirseaat dead pool by 2021 is 50%

(assuming a 20% reduction in runoff).

To further illustrate the evolving reliability ohé system, we combine historical and
projected future depletions (Fig. 3) with the retlut in runoff expected due to climate
change to estimate net inflow from 1960 to 206Mc8inet inflow is not intended to
reflect interannual variability, we have calculath@ depletions over the historical era
(1960-2004) from the least-squares best-fit lineands shown for the upper and lower
basins in Fig. 3, and taken water releases to Mexgmnstant at 1.5 maf/yr. Future
depletions are taken from the USBR schedules. Uiisgnet inflow, we compute the
probability the system will go dry (or fill) withi20 years from the start date, including a
20% reduction in runoff over 2007-2057 due to clienehange and (for consistency) a
constant starting reservoir level of 25 maf. Treutes are shown in the right panel of Fig.
7. From 1960 to 1980, there was virtually no chawicéhe system running dry within 20
years; by 2000, this chance rises to 20%, andnwstl 60% by 2020. In contrast, the
chances of the lakes refilling drop to under 2092697 and are essentially nil by 2030.
At any rate, the early 2000s were marked by a Bogmt transition, when, for the first

time, the chance of the system running dry excedlteedhance of the system filling up.
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4. Water shortage options

Of course, water managers and other decision makkrdo everything in their power to

see that Lakes Mead/Powell do not go dry. Cardéwastating scenarios laid out above
be ameliorated, at least for some years, and licae might this be done? Curtailing

consumptive use is one obvious answer. The cuU8BR strategy for the most severe
reservoir elevation reduction they consider, Lakealll level at 1025 feet (see Fig. 2), is
to withhold 0.6 maf of water per year, about 5% ake Mead annual releases (including
evaporation) (see USBR lower Colorado * Shortages) page). Will this be enough of

a reduction to solve the problem?

The magnitude of the problem is illustrated in Fg.which shows the cdfs of Lake
Mead/Powell reaching dead pool elevation under $imoplified management schemes
and three runoff scenarios. The management schamewt intended to be correct in the
complicated details of how water delivery is altetender shortage conditions. Instead,
they illustrate the overall sensitivities of systeatiability. The curves with crosses and
circles show the cdf’s for when the system goeswdrgn water deliveries are reduced by
10% and 25% of current demand, respectively. Thmesesumption reductions are
assumed to start when combined reservoir stordigebi@ow 15 maf. This is equivalent
to withholding 1.35 and 3.39 maf/yr, based on aurgemand. The 15 maf cutoff was
chosen as the point in time where the deliveries@be curtailed because it corresponds
to the time minimum power pool levels will be readhin the combined system (see

caveats). In the presence of no runoff reda¢tibe chances are 50% that the dead
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pool volumes will be reached in 2037, 2053 and stime after 2070 for 0, 10 and 25%
reduction in consumptive water delivery, respedyive If the human-induced runoff
reduction is 20% then the comparable set of yearsdch dead pool are 2028, 2034 and

2048, respectively.

The 10% reduction in water delivery delays for alfbyears the reservoirs reaching dead
pool elevations in the case of a 20% reductiorumoff, and about 10 years in the case of
a 10% in runoff reduction. So a 10% reductiomonsumptive delivery buys some time
but does not solve the problem. Inspection of Bighows the 25% reduction in water
deliveries makes a real difference in the sustdaibabf the reservoir storage. If we now
compare the above results to the 5% delivery realuah the USBR water shortage plan,
it is clear the 5% reduction will have little imgaan the sustainability of the Colorado

reservoir system in a shortage situation.

5. Caveats

There are a number of issues that potentially irmnfecresults obtained above. We point

these out here, although going into detail is belythie scope of the present paper.

» The upper basin of the Colorado has water allonatexjual to those of the lower
basin (7.5 maf/year). However, they are now usmgething over 4 maf/year of
water associated with those rights. Growth in et of the West suggests this
situation is changing and the upper basin is usimgge of this right (Fig. 3).

Indeed, the combined water use currently in botkinsais roughly 14-15
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maf/year (USBR water accounting website,
http://www.usbr.gov/lc/region/g4000/wtracct.html)ncluding evaporation and

infiltration. This is approximately the currentBssumed average flow of the
River. Is there water to satisfy increased usthéUpper Basin and if so, what

will its use do to the net water balance of theaay®

We implicitly assumed there would be annual reledsEm Lake Powell tuned to
maintain storage parity between it and Lake Meagl, tee ‘perfect’ management
scenario noted above. The Law of the River onuies a delivery of 75 maf
over a 10 year interval, so in principle, releafesn Lake Powell could be
curtailed for several years running, as long ay e made up in subsequent
years. The impact on Lake Mead of such action wdid devastating and, if
maintained for even two years in the current situmatwould preclude meeting
consumptive allocations in the Lower Basin. Outhods, essentially assuming a
single large reservoir, will not handle such aaian. We are interested here in
longer term, larger scale changes and so evem$likvell release or no release,
which are events of a few years duration, are posiclered explicitly. A more

sophisticated model would be required to exploigidsue.

Tree ring data suggest the long term flow of thdo€mlo experiences more
variability than has been observed over the lasturg [NAS 2007]. These data
also suggest prolonged droughts far worse and mxtensive than seen in the

last 100 years of flow record on the River are fidss Our attempt to estimate
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natural variability from the last 100 years alonigim miss such situations, unless
they are included in the methods we use to gensyetihetic flows. The results
given in the Appendix and Fig. A1 suggest the mashare robust to inclusion of
the entire paleo tree ring record, so lack of repnéativeness in our model of
natural variability does not seem to be a majotbjmm. Note also, the flow

reductions we have been seeing over the last 7aBsyare surprisingly close to
the global warming-driven reductions in flow esttethbyHoerling and Eischied

[2006]. They also are likely to occur by chancéléf the time according to our

FRRP statistical model of river flow (Appendix A).

We have assumed that 1.5 maf will continue to gaviexico annually per

existing treaty.

The average annual river flow we used (15 mafgigrated from the 1906-2005
record of naturalized flow. However, this masks libng term decreasing trend in
flow. It might be more realistic to use the averdpw over, say, the last 50
years, 14.48 maf, or over the last 500 years, d@&f/ Introduction of these lower
flow estimates into our analysis would consideradgged up all of the dead pool

dates cited abovéNeisheit and Harringtor2007].

We assumed that the climate model predicted changaset moisture flux
convergence would all end up in river flow. Bufaifsignificant fraction of that

moisture change were, say, sequestered in the s@ls our estimates of runoff to
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the river would be too high (cflroch et al.[2007]). This would allow more

pessimistic estimation of future water shortages.

The climate models which have produced estimatedeofeasing runoff have a
host of problems of their own in handling the wdiedget from coarse resolution
(little in the way of Rocky Mountains) to the vagieof ways they handle soil
processes and vegetation representations. Howavecent study of changes in
hydrology of the western U.S. over that last 50ryesfiows several of the models,
when run with observed anthropogenic forcings, adpce extremely well the
observed changes in river flow timing, snow packlide and increasing air
temperatures in the western United StaBsgijett et al.2008]. So these models,
while not perfect, have a message to tell; a messagported by their ability to

reproduce well the last 50 years of multivariatdrojogical observations.

The results shown above are based on initial cmmditcorresponding to the
current storage levels of Lakes Mead and Powellreatly about 50% of
capacity. If we rerun the simulations from fullgbanitial conditions, we find the
cdfs are shifted to latter times, as one would ekp@s a rule of thumb the dates
noted above for realization of dead pool levels @wshed 15-20 years into the

future.

We also note that the claim that the Coloradorssdient system that can quickly
recover from drought seems to depend on two factdreHarding et al [1995]

simulation of the severe sustained drought of &ite 1500s started with a pseudo-
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reservoir level of about 35 maf. Had that studyerbestarted with initial

conditions from today, 10 maf less water, the amswght have been different.
Secondly, not only does the system become lestblelas net inflow approaches
zero, but the rate of change of system reliabihtyreases strongly as well. This
means the system can quickly transition from alieegito a fragile system as

consumptive use of the river increases. This isthxée regime we are in today.

6. Conclusions

Twenty years of scientific research have shownflthe of the Colorado River is likely
to decline 10-30% over the next 30-50 yrs. It islidéng now and has been for some
years. We have shown that reduction in runoff ithie Colorado River will, within a
handful of years, reduce the live storage of watd¢he Colorado system to nothing and
seriously curtail the system’s hydropower productib no consumptive use changes are
made. For example, there is a 10% chance thastwage in Lakes Mead and Powell
will be gone by about 2013, and a 50% chance by2dzZurrent water allocations are
maintained. There is a 50% chance that minimumepgamol elevations will be reached

by 2017.

It seems clear there are a humber of managemeonspghat can forestall this disaster.
Many of these problems and potential solutions iereseen bysleickand associates at
the Pacific Institute 1-2 decades adyofrison et al, 1996], and others before them. The

new feature of the problem is that the ColoradoeRwill continue to lose water in the
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future, if the global climate models are correSolutions to today’s problems might not
be applicable into the future. The challenge isdesermine what combination of
agricultural, environmental uses, and personal wopsion is achievable in the future,

when 10-30% less water must serve substantiallemeople.

In the future we can count on some flow in the Cado, albeit 10-30% less in (say) 50
years than the current rate. We need to determomehow that reduced supply of water
will be used: Who will get some and who will n@®r call for action now goes beyond
the additional study called for MAS[2007], due to the magnitude and immediacy of the
problem. There is danger that litigation, assma with water right claims and
environmental issues, will compound and put off aatyonal decisions on this matter
until serious damage has been done to the divesess of the Colorado River. Much of
this litigation might be avoided if time dependevdter solutions are crafted to reflect
today’'sandtomorrow’s water realities. It is laudable thH#b#s in this direction are now
being made. We hope this work will spur solutioas time is short. The alternative to
reasoned solutions to the coming water crisismggr societal and economic disruption

in the desert southwest.
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Appendix 1. Generation of synthetic river flow tirperies

We construct pdf's of the likelihood of the Lakewddl/Mead system going dry using
thousands of synthetic time series of Colorado Rile®v. We explored three different
methods for generating these time series. The riwethod was simply a standard first-
order autoregressive (AR-1) model, with the lag-@rrelation taken from the

observations.

The second method was fractional Gaussian noise; [§6eKoutsoyiannis2002 for an
overview], which captures the low-frequency vatigpiof river flow and tendency for
strings of wet or dry years better than the AR-1hod. We used the R statistics package

“fArma” for this purpose (version 260.72, downloddeom http://cran.r-project.orgn

23 November 2007). Various estimation methods tedas Hurst coefficient between
0.6 and 0.8 for observed naturalized Colorado Rilesv, 1906-2005; we useld=0.7 to
generate the synthetic flows (Fig. Al, left pand&yery century-long synthetic time
series was set to have the same mean and starelaatiah as the observed flow, which

likely underestimates the true variability in ruhof

The third method we used was one of our own deyisirat we term the “Fourier
Reconstruction and Randomized Phase” (FRRP) meth@dsimilar to the fGn method,
but uses the observed power spectrum as the lmasss dynthetic reconstruction rather

than a fit to a theoretically derived power spectriWe start with the historical time
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series of water year total Colorado River flaft). We then transform the time series to

frequency space using a Fourier transform:
C(f) = j c(t)e*™ dt

whereC is a (complex-valued) amplitude in the frequenoyndin, and the frequencly,

is in cycles per water year. Sinct) is real, the properties of the Fourier transform
guarantee thaC(-f) = C(f)*, where “*’ denotes complex conjugat&ince we use a
discrete fast Fourier transform (FFT) to calcultieC(f)'s, we have a limited number of
[C(f), C(-f)] conjugate pairs in frequency space. For each pairchoose a random phase
@ between 7t andTt We then calculate a new amplitu@4f) = C(f)e'®, which has the
same modulus as the original amplitude but a diffephase. To preserve the property
that the transform of’ back to the time domain result in a real-valueacfion, we set
C'(-f) = C'(f)*. The final synthetic time series is then the iseetransform of th€’
amplitudes back to the time domain. Every synthi@tie series has, by construction, the
same power spectrum as the original time seriasjsanonsistent with spectra of 100-yr
segments of the historical flow of the Colorado @iveconstructed from tree-rings over

the period 762-2009eko et al, 2007; Fig. Al, right panel].

The three methods of estimating natural variabiitythe flow are compared in Fig. 5
(right) amongst themselves and with the index setijglemethod (ISM) currently in use
by the USBR Quarda et al, 1997] for a runoff reduction of 20%. The thraethods are

essentially equivalent, and more conservative thailSM approach. It is clear that the
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water balance, or lack thereof, is driving our teswnot the nature of the model used to

generate natural variability.

As a final note, we deliberately chose not to use ISM approach, even though it is
familiar to many and widely used in USBR simulaonBy continually sampling the
historical record in sequence, ISM always includey outliers than may be in the
historical record, yet fails to sample all the waility that is consistent with the observed
record but did not chance to occur in the pastyg¥is. This is illustrated in Fig. A2; the
spectra of 99 ISM realizations of Colorado Riveowl (solid black lines) show
simultaneously a far narrower range of variabithtgn spectra generated with fGn (95%
confidence interval shown by the dashed lines), yatdshow consistently more power
than would be expected at a frequency of ~0.07esygbar due to repeated sampling of
the same particular historical sequence. This tegsula statistical bias in the estimates of
natural variability. Both the fGN and FRRP can proel natural climate variability
outside the historical record, and simulate extreewents in ensembles of many

thousands of simulations in a consistent way.
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Probabilistic| Evaporation | Given  in | Climate Management| Deplete to| Results 10% 50%
estimates? | and terms of net| change strategies power shown in: | chance to| chance to|
infiltration inflow? included? | considered? | pool or deplete by| deplete by
included? dead pool year: year:
No No No Yes No Dead Section | N/A 2036
3.1 (start)
No No No Yes No Power Section | N/A 2021
3.1 (end)
Yes Yes No Yes No Dead Fig. 5 2014 2028
Yes Yes No Yes No Power Fig. 6 2010 2017
Yes Yes Yes No No Dead Fig. 7 2014 (1 2027 (1)
Yes Yes Yes Yes No Dead Fig. 8 2013 (1 2021 (1
Yes Yes No Yes Yes Dead Fig. 9 2025 (2 2048 (2

Table 1. Summary of factors included in the varigakulations. For simulations that

include climate change, the quoted years are 0% reduction in runoff over

the next 50 years. Notes: (1) For a net inflow bD-maf/yr. (2): For a cut in

requested water deliveries by 25%.
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Figure 1. Overview of the region of interest, whishhistorically separated into the
“upper basin” (crosshatch) and “lower basin” (gre&yplorado River flow from the upper

to lower basin is measured at Lees Ferry.
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Figure 2. Total reservoir storage in Lakes Mead Rodvell (million acre feet) as a
function of lake surface elevation above mean seell(ft). (We retain the units
commonly used in the operation of these reservaleda are fromCROSS[2007].)
Arrows indicate the maximum storage possible irhelaake, the amount present on 13
June 2007, the minimum needed to enable hydromlepbwer generation, and the
minimum below which no more water can be extradtedh the reservoir by gravity

(“dead pool”). “Live storage” is all current stg@above the dead pool elevation.
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/home/pierce/projects/lake_mead/obs_data/plot_hist_future_use_v3.R Fri Nov 16 13:19:17 2007

Figure 3. Historical water use (solid line) andeshhied future depletions (dashed line,
2008-2060) of the Colorado River system. Superpdsex$ for the upper and lower
basins show the best-fit least-squares linear toared the period 1960-2004. Note the

abrupt change in water availability for the Lowasin states.
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Figure 4. Reconstruction of combined Lake PowellMestorage (maf) during the

“sustained severe drought” episode of the late 43@in Harding et al [1995] (crosses)

and this study.
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/home/pierce/projects/lake_mead/plot_mead both_2008-01-18_fig3.R Fri Jan 18 12:24:34 2008

Figure 5. Cumulative distribution function (CDFhaosving the probability of Lake

Mead/Powell reservoir levels falling to dead pol@vation by the indicated year. Left:

the solid curve is for the case where only natuealability is affecting river flow; the

curves with crosses and circles are for cases wdlienate change produces a decrease in

runoff of 10 and 20%, respectively. Right: CDFsanid with four different methods of

simulating natural runoff variability for the caseth a 20% reduction in runoff. ISM:

index sequential method. AR-1: first-order autoesgive process. fGn: fractional

Gaussian noise. FRRP: Fourier Reconstruction amdiétaized Phase. See Appendix A

for details.
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Figure 6. As Fig. 5 (left), but for reservoir stgeadropping below the minimum

necessary for hydropower generation.
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Figure 7. Left: CDF’s of Lake Mead/Powell runningyas a function of net inflow into
the system, as indicated on the curves (in maf@iimate change is not explicitly
included. Middle: probability of the system goingydsolid line) or filling up (dashed
line) by 2027, for the given net inflow (maf/yr).li@ate change is not explicitly
included. Right: probability of the system going ar filling up within 20 years of the
indicated start year, given historical and futuepldtions and a 20% reduction in runoff

due to climate change.
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net inflow of +1 (left), 0 (middle), and -1 maf/fnight).
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Figure 9. Effects of management strategies oniliked of the Powell/Mead system

dropping to deal pool elevations. Solid curve: wlainrequested water deliveries are

supplied. Curves with crosses and circles: whenvelgs are cut 10 and 25%,

respectively, when total storage drops below 15. heft panel: for current conditions.

Middle and right panel: when runoff in the Coloradiver system drops 10% and 20%,

respectively, due to climate change.
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Figure Al. Left: Log of the standard deviation obl@ado River flow (1906-2005)
aggregated int&-year blocks, as a function of lagy the slope of this relationship should
equal the Hurst coefficiend. The dotted line has slope 0.7, for reference.hRig
spectrum of independent 100-yr chunks of the padeonstructed Colorado River flow
from Meko et al, 2007 (thin black lines) compared to spectrumthed synthetically
constructed flow using the Fourier method (thickdhl line, with grey area showing the

95% confidence interval).
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Figure A2. Solid black lines: spectra of 99 simiglias of Colorado River flow generated
with the ISM method applied to the historically ebsed time series. Dashed line: 95%

confidence interval of 1000 simulations of Colord&iger flow generated with fractional

Gaussian noise.
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