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Abstract. Climate change has been a prominent subject in recent decades as it silently alters
our lives. Droughts have become more common, resulting in the decrease of the Lake Mead water
reservoir in the United States. To keep track of the situation, we’ll need to simulate the trend in el-
evation, surface area, and volume, which collectively define the water level. To combat the drought,
we'll need to develop drought criteria for Lake Mead, as well as feasible programs and techniques

for measuring the impact.

In this paper, we will finally develop a time series model to predict the water level and help people and

government to prepare in advance for the drought period.

Keywords: climate change, combat the drought, time series model, Lake Mead, water level, water

recycle technology.

1. Introduction

1.1 Background

Droughts, exacerbated by climate change, have
wreaked havoc on water reservoirs throughout the
world, particularly Lake Mead, for which the Bureau
of Reclamation has issued the first-ever water short-
age declaration.

The federal government declared a water short-
age on the Colorado River on Aug. 16, 2021, in re-
sponse to low water levels in Lake Mead. Beginning
in January 2022, the scarcity will restrict the quan-
tity of water Southern Nevada will be able to drain
from Lake Mead. Millions of people will be affected
in the coming years and decades by the Colorado
River shortage alone, researchers say, with some be-
ing forced to make painful water cuts.

Our modeling team has access to the surface area
and volume associated with water elevation, as well
as data on water elevation at Lake Mead at the end of
each month from 1935 through 2021, as well as the
maximum and lowest elevations by year.

1.2 Research Objectives

Our objective is to use this information to analyze
the drought’s effects on reservoirs, identify alternative
remedies to the water crisis, and provide a method for
measuring the plan’s effectiveness. In order to achieve
the research goals, we will utilize the mathematical
and statistical models including linear regression, time
series analysis and curve fitting methodologies.

1.3 Assumptions

Several assumptions will help us clarify and sim-
plify the model.
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First, we assume that the sea level is always the
same. We overlook the possibility of rising mean sea
level as a result of climate change.

Second, the amount of Lake Mead below mean
sealevel is assumed to be modest enough to be omit-
ted in the calculations.

Thirdly, we assume all the data available is accu-
rate and there are no outliers in the dataset.
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2. Study of the Inflow, Outflow, and Loss

2.1 Factors of Inflow

The continuous dryness in the upper Colorado
River basin, which generates over 96 percent of the
inflow, is one of the culprits. Water availability in the
Colorado River has been progressively decreased
since 2000, since it is more dependent on seasonal
precipitation. As a result, the ongoing drought will
continue to reduce the inflow to the River Mead.
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Figure 1. Groundwater flow

Some of the rain that falls on the ground seeps
into the earth and becomes groundwater. Water
may travel both vertically and horizontally when
it contacts the water table (below which the soil
is wet). Water flowing downward can collide with
more thick and water-resistant nonporous rock
and soil, causing it to flow horizontally, usually

Water source Water volume,

in cubic miles

Water volume,

Fresh groundwater 2,526,000 10,530,000
Groundwater 5,614,000 23,400,000
Total global water 332,500,000 1.366,000,000

in cubic kilometers

towards streams, the ocean, or deeper into the
ground.

2.2 Factors of Outflow

Water withdrawals, or water abstractions, are de-
fined as freshwater taken from ground or surface wa-
ter sources, either permanently or temporarily, and
conveyed to a place of use.

Percent of total water Percent of total freshwater

0.8% 30.1%

1.7%

Figure 2. Global Water Distribution Estimation

This can be one of the main reason of the water
outflow of Lake Mead. The water withdrawals can

include abstractions for public water supply, irri-
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gation, industrial processes and cooling of electric
power plants.

Another source of water outflow can be the for-
mation or dissipation of glaciers, snowfields, and
permafrost, which means the water cycle itself is
part of the reason of outflow. Even though the water
in ice and glaciers travels very slowly, they are part
of the water cycle. The weather is also influenced by
ice caps. White reflects more sunlight (heat) than
darker hues, and since ice is so white, sunlight is re-
flected back out to the sky, aiding in the formation
of weather patterns. Continue reading to learn about
the role of glaciers and ice caps in the water cycle.

2.3 Factor of Loss

The intensity of the drought is one aspect that
contributes to the loss; varying degrees of dryness
result in varied evaporation rates. The surface size
of Lake Mead is also a role in the loss. Lake Mead’s
evaporation rate would be lower if its surface area

was smaller, decreasing the amount of water lost.
However, we may disregard the extent of the loss in
the preservation of Lake Mead in this study since
only a tiny surface area could avoid evaporation loss.
Nonetheless, we want Lake Mead’s water level to rise
to help ease the drought. Because a bigger water sur-
face area has a larger water storage, the somewhat
higher loss associated with the larger water surface
area is inconsequential in this study.

3. Water Level Time Series Exploration

3.1 Definition of Drought Period

A drought is a period of time when an area or
region receives less rain than usual. Reduced soil
moisture or groundwater, reduced stream flow, ag-
ricultural damage, and a general water scarcity can
all result from a lack of appropriate precipitation,
whether rain or snow. Droughts, after hurricanes,
are the most expensive weather occurrences.

water level time series
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Figure 3. Lake Mead Water Level

Droughts, unlike other severe weather disasters
like hurricanes, tornadoes, and thunderstorms, are no-
toriously difficult to predict when they begin and end.
Because the early consequences of a drought might be
difficult to detect, it could take weeks or months to
confirm that a drought has begun. For the same rea-

son, the end of a drought is difficult to predict. A dry
spell might last weeks, months, or even years.

In this paper, we will define the drought period
as the continuous at least 14 days (two weeks) which
the water level of the lake is below the 25% position
over the recent years.
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water level time series difference
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Figure 4: Water Level Difference

3.2 Water Level Time Series

The plot shows that since 1940 the Lake Mead
keeps the water level above the 1100 level. There was
abig inflow before 1940 to keep the water level high.
During 1940 to 2020, the water level fluctuates a lot
but it shows a clear declining trend since 2000.

The below chart is displaying the water level
delta (difference) time series. Positive delta means
the inflow is larger than the outflow, causing an in-
crease of the water level (ignoring the effect of water
loss). Obviously the first 380 days the Lake Mead
was having frequent large water inflow but since the
400 days, it shows a small inflow and outflow change
comparing to the first 380 days. It can be one of the
sign the severe drought period is affecting the overall
water level.

4. Water Level Prediction

4.1 Stationary Time Series And ADF Test

The features of a stationary time series are inde-
pendent of the time at which the series is seen. As a
result, time series containing trends or seasonality
are not stationary, as the trend and seasonality will
alter the value of the time series at different points
in time. A white noise series, on the other hand, is
stationary — it should seem the same regardless of

when you examine it. Stationary series means the sta-
tistical features of a time series (or, more accurately,
the process that generates it) do not vary with time,
which is known as stationarity. Stationarity is signifi-
cant since it is required by many valuable analytical
tools, statistical tests, and models.

The testing procedure for the ADF test is the
same as for the Dickey-Fuller test but it is applied
to the model
Ay, =o+Bt+yy, ,+6,Ay,  ++6, Ay, ,, &,

where a is a constant, 3 is the coefficient on a time
trend and p is the lag order of the autoregressive process.

Imposing the constraints ¢ =0 and =0 cor-
responds to modelling a random walk and using the
constraint # =0 corresponds to modeling a random
walk with a drift. The unit root test is then carried out
under the null hypothesis y = 0 against the alternative
hypothesis of y <0. Once a value for the test statistic:

DF, =L
SE(y)

Is computed it can be compared to the critical
value of DF test.

The following is the ADF test results for water
level first order difference:
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ADF Statistic: -6.654371
p-value: @.BP66528
Critical Values:

1%: -3.437
Sk: -2.804
l@%: -2.568

The p value is nearly zero meaning that the dif-
ference series are stationary and we can build time
series model based on it.

4.2 ARIMA Model

We get a non-seasonal ARIMA model when we
mix differencing with autoregression and a mov-
ing average model. ARIMA stands for AutoRegres-
sive Integrated Moving Average (integration is the
inverse of differencing in this context). The entire
model may be written as follows:

[ ! !
Vi :C+¢1yt—1+”'+¢pyt—p+

+0,  +-+0¢,

tE,>
where y! is the differenced series (it may have been
differenced more than once). The “predictors” on
the right hand side include both lagged values of
y, and lagged errors. We call this model an
ARIMA(p, d, q) model, where:

« p: the order of autoregressive part;

« d: the order of integration part;

« q: the order of moving average part.

5. Prediction Model Results

S.1 Model Output

The following shows the ARIMA model param-

eter outputs form python results.

ARIMA Model Results

Dep. Variable: D.waterlevel  MNo. Observations: 1835
Model: ARIMA(L1E, 1, 1) Log Likelihood -3855.311
Method: css-mle  5.D. of innovations 4.568
Date: Mon, 15 Mov 2821 ATIC 6136.623
Time: 22:14:36 BIC 6286.921
Sample: 1 HQIC G161.815
coef std err z Pelz [B.@25 @8.975]
const B.8798 1.8608 B.53@ e.4a7 -1.198 2.957
ar.L1.D.waterlevel 1.1916 8.838 31.a5%8 e8.884a 1.116 1.267
ar.L2.D.waterlevel -8.4272 8.a51 -2.413 e.0ea -8.527 -8.328
ar.L3.D.waterlevel -8.1759 8.a51 -2.443 e.0el -8.276 -8.876
ar.L4.D.waterlevel 8.2458 8.a538 4,223 e.0ea B.132 a.368
ar.L5.D.waterlevel -8.11638 8.a63 -1.861 e.863 -8.248 a8.aa86
ar.L&.D.waterlevel 0.88389 8.863 8.141 @.338 -8.115% 8,132
ar.L7.D0.waterlevel -8.80833 8.863 -8.139 e8.839 -8.132 a8.115
ar.L&.D.waterlevel 8.1885 B.863 1.595 e.111 -8.823 a8.224
ar.L%.D.waterlevel -8.3389 B8.859 -5.732 e8.0e4d -8.455 -8.223
ar.Lle.D.waterlevel 8.4594 8.a37 12.846 e8.884a 6.308 a8.541
ma.L1l.D.waterlevel -8.6176 8.832 -19.231 e.0ead -8.681 -@.555
Roots
Real Imaginary Modulus Frequency
AR.1 1.a188 -3, 8866 ] 1.0138 -8.ea08
AR.2 B.8835 -3, 4994 1.6149 -8.e83819
AR.3 B.8835 +&.49947 1.06149 @.a819
AR.4 B.5147 -2.81977 1.68539 -8.1638
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AR.S 8.5147 +2.91977 1.8539 8.16882
AR.B -1.8835 -@. 88867 1.8885 -8.5a68
AR.LT -B.8862 -8.7465] 1.1542 -@.38281
AR.8 -8.58882 +8.7465] 1.1542 8.3881
AR.S -8.1217 -1.118857 1.1232 -8.2673
AR.18 -8.1217 +1.1166] 1.1232 B8.2673
MALL 1.61092 +2.828067] 1.6192 8.eq80

Figure 5. ARIMA Output

Here we used the ARIMA [10; 1,1] for the total ~ concentrated near zero, meaning that our model is
1039 model input. In order to check the validation  performing a good fit (Figure 6).
of the results, we plot the residual density, which is
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Figure 6. Residuals Density Plot
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Figure 7. Prediction and True Water Level
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5.2 Long-Term Time Series Prediction

The next step is that we want to predict the water
level till 2050. In general, in time series analysis, you
look for stationarity, which allows you to forecast
both short and long term outcomes (think for ex-
ample of an AR process that has along term expected
mean and variance because it is less persistent than
an ARIMA and tends to forget past shocks with an
exponential decay in the ACF). Particularly, if your
process is linear and you can only analyze the first

two moments, stationarity in mean and variance. As
a result, both short- and long-term stationary pro-
cesses are predictable. Remember, however, that
short-term predictions are usually associated with
lower MSE (prediction error): for example, one-
step-ahead predictions are less noisy than two-step-
ahead predictions: this is because conditional vari-
ance is compounded over time for each step ahead,
making your forecast noisier if you try to predict the
distant future.

Forecast vs Observed

—— Observed
—— Forecast

= lower bound

—— upper bound
2000
1500
1000
500

1940

1960 1980

2000 2020 2040

Figure 8. Water Level Prediction

Based on our ARIMA model, considering the
noise for long term forecasting, here the plot shows
the future prediction (the red line) as well as the pre-
diction 95% level confidence interval (the green lines).

Obviously it indicates that the further your pre-
diction is, the nosier the results will be. The predic-
tion of 2050 water level will have a big confidence
interval ranging from 400 to over 2000. In average,
for the incoming 30 years, the Lake Mead water level
will be around 1000 and has a slight increasing pat-
tern according to our model prediction.

6. Discussions

6.1 Water Drought Crisis

Water is a holy resource that is needed to feed
families, cultivate crops, protect animals and the
environment, and run agricultural companies. Un-

fortunately, drought conditions in the West are
worsening, and water allocations in places like the
Klamath River Basin and the Colorado River Basin
are at historic lows.

Drought has an urgent need to be mitigated and
a long-term strategy developed to assist conserva-
tion and economic growth, because drought affects
everyone, from farmers and ranchers to city inhabit-
ants and Tribes.

By collaborating with partners throughout
the federal government, providing aid to afflicted
areas, and researching long-term climate change
solutions to address this rising catastrophe, the In-
terior Department is helping the administration’s
whole-of-government approach to drought mitiga-
tion.
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6.2 How Our Model Can Help?

The long term prediction in the previous part of
paper has indicated the stable water level for the in-
coming decades. However, people are expecting a
faster economic growth and resources supply in the
future thus the government should prepare for the
increasing amount of water usage in the future.

Also, the model shows the possibility that the wa-
ter level in 2050 will drop to a very alarming level.
Other back up plans should be available in case of
such extreme drought periods happened.

6.3 Potential Solutions and Water Recycle Tech-
nology

The possible solutions and suggestions are just in
the water inflow, outflow and loss analysis. There are
three aspects we can prepare for the drought periods:
increase inflow, decrease the outflow and loss.

However, we here want to address the decrease
of water outflow which is also the most controllable
aspects that government can perform. The outflow
is mainly due to the water distribution, meaning that
an eflicient water distribution system would help a
lot to prevent lake drought.

Technology and reasonable distribution can help
decrease the usage of water and the water loss dur-
ing the distribution. Therefore, the water recycle is
kicked to improve the water usage system.

According to Katz, what’s new in water reuse/
recycling technology isn’t so much the technology
itself as it is how it’s being utilized. Many factors in-
fluence the choice of water reclamation technology,
according to the National Academies Press study.
The type of water reuse application, reclaimed water
quality goals, source water wastewater characteris-
tics, compatibility with existing conditions, process

flexibility, operating and maintenance requirements,
energy and chemical requirements, personnel and
staffing requirements, residual disposal options, and
environmental constraints are all important factors
to consider. Water rights, economics, institutional
concerns, and public confidence all influence treat-
ment design decisions.

A few major high-level industrial transformations
are now ongoing. What was formerly considered
trash is now being re-evaluated for its worth, with
the emphasis shifting to resource recovery.

Organic fuel, nutrients, and water are commonly
found in wastewater streams. The industry is working
to extract these valuable products more efficiently,
and new technologies are being developed to help.

7. Conclusion

In this paper, we first discussed about the factors
that can affect the Lake inflow, outflow and loss.
Then some statistical tests and model are implement-
ed to predict the Lake Mead future water level time
series. From the prediction results we foresee a pos-
sibility that the water level of Lake Mead will drop
drastically by the year of 2050 although the average
predictions show that the future water level will not
change too much for the decades. However, with the
growing economy development, resources usages
and population growth, the government should be
prepared for the stressed scenarios of lake long and
severe drought periods.

We proposed the drought period forecast and
meanwhile the potential solutions and preparation
for such drought periods are also summarized: use
the technology to improve the water recycle effi-
ciency, and as a result the water inflow and outflow
stream will be more efficient.
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