
DEVELOPMENT OF HYDROLOGIC MODELING 

FRAMEWORK FOR THE BILL WILLIAMS RIVER 

WATERSHED AND ALAMO LAKE 

 

By 

Eylon Shamir, Theresa Modrick and Konstantine P. Georgakakos    

 

 

 

 

HRC Technical Note No. 97 
 

 

Hydrologic Research Center 

11440 West Bernardo Court, Suite 375 

San Diego, CA 92127 USA 

 

 

 

1 December 2017 

 



TABLE OF CONTENTS 

Acknowledgments ......................................................................................................................................... 3 

1. Introduction ........................................................................................................................................... 4 

1.1 Study area ........................................................................................................................................... 4 

2. Precipitation Analysis ................................................................................................................................ 7 

3 Streamflow Analysis ................................................................................................................................. 12 

4. Precipitation – Streamflow Association .................................................................................................. 18 

5. Precipitation Weather Generator ........................................................................................................... 21 

5.1 Point Process Module ....................................................................................................................... 22 

5.2 Spatial Disaggregation Module ......................................................................................................... 30 

6. WG Evaluation ......................................................................................................................................... 34 

7. SAC-SMA Model ...................................................................................................................................... 43 

8. Alamo Lake .............................................................................................................................................. 49 

9. Concluding Remarks ................................................................................................................................ 52 

References ................................................................................................................................................... 53 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

2 
 



ACKNOWLEDGMENTS  
 

Funding for this project was provided by the Bureau of Reclamation (BoR), Science and 

Technology Grant Program under a cooperative agreement between the Hydrologic Research 

Center and the BoR Lower Colorado Region (Agreement # R16AC00024). The authors wish to 

thank the project manager Dr. Eve Halper, BoR Phoenix Area Office for her technical and 

managerial assistance. Thanks are extended to Paul Miller and Craig Peterson from the Colorado 

River Forecast Center (CBRFC), National Weather Service for their assistance in providing the 

CBRFC data and hydrologic model setup. Alamo Lake historic water level data was received 

from Jason Lee and Jon Sweeten the US Army Corps of Engineers, Los Angeles District. Thanks 

are also extended to Santos Noe from Reclamation’s Boulder Canyon Operations Office, 

Boulder Nevada and Subhrendu Gangopadhyay from Reclamation’s Water Resources Planning 

and Operations Support Group, Denver for their advice and technical support.  The opinions 

expressed in this report are those of the authors and do not reflect those of the funding agency or 

the acknowledged individuals.   

 

  

 

 

 

 

 

 

 

This report should be cited as follows:  

 

Shamir, E., T. Modrick-Hansen and KP. Georgakakos 2017. Development of hydrologic 

Modeling Framework for the Bill Williams River Watershed. HRC Technical Note No. 97.  

Hydrologic Research Center, San Diego, CA, 1 December 2017.   

  

  

3 
 



1. INTRODUCTION   
 
In this report, we describe the technical development of the hydrologic modeling framework for 

the Bill Williams River Watershed and Alamo Lake.   The primary objective for the development 

of this framework is to use it as a tool to assess the hydrologic impact of projected climatic 

changes.  The modelling framework consists of three main modules: 1) a precipitation weather 

generator, 2) hydrologic model and, 3) Alamo lake model.  Following the description of the 

study area, in sections 2-4 we describe the analysis of the precipitation, of the streamflow and of 

the relationships between them, respectively.  Guided by this analysis we describe the 

development of the weather generator in Section 5 and its evaluation in Section 6.  In Section 7, 

we present the configuration and implementation of the hydrologic model over the Bill Williams 

River watershed. The model that was developed to simulate outflow from and water level at the 

Alamo Lake is described and evaluated in Section 8.  Section 9 includes conclusions and 

recommendations. 

   

 

1.1 STUDY AREA  
 
The Bill Williams River Watershed (BWRW) (5,393 mi2; 13,968 km2) in west-central Arizona, 

is a tributary of the Colorado River that drains into Lake Havasu just upstream of Parker Dam 

(Figure 1.1). Alamo Dam, 36 miles (58 km) upstream of the confluence with the Colorado River, 

was built in 1968 to form the Alamo Lake. Alamo Lake was created as a multi-purpose facility 

with a primary objective to control flooding downstream of the dam. Secondary objectives of the 

lake are water supply and conservation, recreation, and fish and wildlife enhancement.  At the 

site of the dam, the contributing drainage area is about 4770 mile2 (12,354 km2) from three 

mainly ephemeral tributaries that drain into Alamo Lake: Big Sandy River, Santa Maria River, 

and Burro Creek. No significant flood control structures exist in the drainage area of these 

tributaries. Although the flow into Alamo Lake from these tributaries is intermittent, the 

watershed has a few perennial segments in the Big Sandy River, the Bill Williams River 

(downstream of Alamo dam), Burro Creek, Kirkland Creek, Date Creek, the Santa Maria River, 

and Trout Creek.   The diverse physiography of the BWRW spans from high elevation forested 
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mountains to rugged desert terrain in the low elevations. Detailed hydrologic and geomorphic 

description of the watershed is provided in House et al. (1999). 

 

 

 
 
 
Figure 1.1: A map of the Bill Williams River Watershed 
 

 

Alamo Lake, operated by the U.S Army Corp of Engineers, has a maximum storage capacity of 

1,451,300-acre foot (~1.8 billion m3). The high flow events into Alamo Lake and the releases 

from its dam have a direct impact on the operation of the Lower Colorado River by the Bureau of 

Reclamation. Downstream of the Alamo Lake, the Lower Bill Williams River flows through a 

series of alternating narrow canyons and wider alluvial valley reaches. The flow record at the 
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USGS gauge, just below Alamo Dam (USGS09426000) demonstrates the impact of the dam on 

the flow at the Lower BWR (Figure 1.2). The peak discharge during the pre-dam era was 

estimated at 200,000 cfs (5,660 cms) in February 1891 (Patterson and Somers, 1966), while post-

dam maximum discharge have never exceed 7,000 cfs (~200 cms), which is the maximum 

possible release rate from the dam.  House et al. (1999) compared the pre and post dam 

exceedance probabilities of annual maximum daily streamflow using the Log Pearson 

extrapolation method. They found that the observed post dam maximum discharge corresponds 

with a recurrence interval of ~20 and ~3 years of the post and pre dam, respectively. The post 

dam annual maxima distribution is, of course, only given as a reference since the flow is 

controlled and dependent on the operation of the dam.    

 
 
 

 
 
 
 
Figure 1.2: Annual peak flow at the USGS09426000 gauge below the Alamo Dam.  Dam 

construction was completed in 1969  
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2. PRECIPITATION ANALYSIS 
 
The prevailing climate in the basin is characterized as arid with short mild winters and long hot 

summers.  The region experiences two wet seasons. During the summer months (June – 

September), moist airflows from the Gulf of Mexico cause local convective thunderstorms that 

produce late afternoon bursts of often highly intense local rainfall events.  The precipitation 

events in the winter (November –March) are commonly from frontal storms moving eastward 

from the Pacific Ocean.  These winter storms may last from a several hours to several days and 

can result in widespread precipitation over western Arizona with often snowfall at the higher 

elevations.  Although snowfall events occasionally occur at the higher elevations of the BWRW 

in most cases, it melts within a few days and not a major component of the runoff into Alamo 

Lake. Occasionally in late summer or fall (September-October), heavy rain associated with 

remnant tropical storms from Baja California may occur.  These events, although infrequent, 

often materialized to a wide spread intense rainfall events. 

  

The precipitation Weather Generator (WG) for this study was developed based on a 

comprehensive analysis of hourly Mean Areal Precipitation (MAP) (1 October 1980- 30 

September 2010) of eleven sub-basins in the BWRW received from the Colorado Basin River 

Forecast Center (CBRFC), National Weather Service (NWS) (Table 2.1). These sub-basins have 

been used by the CBRFC in their operational tasks (www.cbrfc.noaa.gov).  

 

Table 2.1:   CBRFC Sub-basins  
 
 Sub basins CBRFC Codes Area (mile2/km2) Elevation (m) centroid and (range) 
1 Alamo  alma3luh 287 / 743 992 (758 - 1908) 
2   alma3llh 451 / 1168 588 (363 - 758) 
3 Santa Maria  smba3huh 196 / 508 1654 (1515 - 2092) 
4  smba3hmh 413 / 1070 1369 (1212 - 1515) 
5  smba3hlh 516 / 1336 938 (470 - 1212) 
6 Wikiup  wkpa3luh 823 / 2132 1692 (1515 - 2405) 
7  wkpa3lmh 445 / 1153  1371 (1212 - 1515) 
8  wkpa3llh 850 / 2201 911 (434 - 1212)  
9 Burro Creek  bcba3huh 231 / 598 1654 (1515 - 2092) 
10  bcba3hmh 224 / 580 1369 (1212 - 1515) 
11  bcba3hlh 151 / 388 938 (620 - 1212) 
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Each of the three large river basins that drain into Alamo Lake (Figure 1.1) was divided into 

three sub-basins (upper, middle and lower). Additional two downstream sub-basins (upper and 

lower) just upstream of the lake were configured by CBRFC.  The historical MAP time series are 

quality-controlled datasets that were derived by CBRFC for the purpose of calibration of their 

hydrologic models.  The MAP derivation is based on the Mountain Mapper technique used by 

the NWS River Forecast System (Schaake et al., 2004).  It is thought that a WG that is based of 

analysis of time series that were used for the development of the hydrologic model generates 

likely-to-occur precipitation scenarios that can be used as input to the hydrologic model.       

 
 

 
Figure 2.1: Monthly mean areal precipitation over the entire BWRW (1980-2010). The 

vertical lines represent the inter-annual range of the mean +/- standard deviation 
and the red dots indicate the lower and upper tercile. 

 
 
 
The temporal variability of precipitation over the BWRW is examined and demonstrated in 

Figure 2.1. In this Figure, the 11 sub-basins MAPs were weighted based on their area and 

averaged into a single monthly time series.  There are two wet seasons (winter and summer) in 

the BWRW. The winter (November-March) peaks in January-February and the summer extends 

from July to September. April-June are relatively dry months.  Although the rainfall distribution 

in October looks similar to November, we decided to exclude it from the definition of the winter 
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period because, as mentioned above, the synoptic rainfall bearing conditions in the fall are often 

different than the ones of the winter. 
 
The cumulative distribution of the monthly mean areal precipitation over the entire BWRW, as 

shown in Figure 2.2, further demonstrates the large inter-annual variability in the basin. It is seen 

that for all the months, the lower tercile is basically dry and the threshold for the upper tercile in 

the wet months is about 30-60 mm/month. Thus, it can be stated that the main differences among 

the months are the distribution of precipitation of the upper tercile.    

 

 
Figure 2.2: The cumulative distribution of the monthly mean areal precipitation over the 

entire BWRW (1980-2010).  The lower and upper terciles are indicated by the 
dashed red line.  
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The differences between the winter and summer precipitation in the BWRW are assessed in 

Figure 2.3. The average winter and summer precipitation, as indicated by the dashed lines, are 

180 and 130 mm/season, respectively. The winter season is occasionally very wet with a 

maximum of 430 mm. However, the winter is more often drier than the average which implies a 

more skewed distribution (skewness coefficients are 0.95 and 0.52 for the winter and summer, 

respectively).  The higher variability of the winter precipitation can also be shown by comparing 

the coefficient of variations (0.6 and 0.4 for the winter and summer, respectively). We note that 

no cross correlation between the winter and summer seasons was detected, which indicates the 

seasons’ independency.     

  

 

 
Figure 2.3:  Summer and winter mean areal precipitation (mm/season) over the BWRW. The 

dashed horizontal lines are the inter-annual averages.    
 
 

The precipitation spatial distribution over the BWRW is examined for the water year (upper 

panel), winter (middle panel), and summer (lower panel) in Figure 2.4.  The median water year 

precipitation is about 200 mm in the lower part of the basin (ALMl) and almost 500 mm in the 
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upper basin of Burro Creek.  The orographic effect in each of the sub-basins is also clearly 

shown for both wet seasons (winter and summer) as precipitation increases from the lower to the 

upper basins.   

 

 
Figure 2.4: Boxplots of the total water year (1980-2010) in the 11 sub-basins for the water-

year, winter and summer. The red line is the median, the edges of the box are the 
25th and 75th percentiles, and the whiskers extend up to 1.5 the length of the box. 
Outliers are marked as red plusses. The lower case letter at the x-axis labels (l, m, 
and u) stands for lower, middle and upper basin, respectively.   
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The hourly and daily minimum correlation coefficients of the MAPs among the 11 sub-basins are 

listed in Table 2.2.   The values in this table clearly show the differences in spatial coherence 

between the summer and winter.  In addition, the substantial increase in the coefficient values 

from hourly to daily is also shown.   

 
 
Table 2.2:  Minimum inter-basin correlation coefficient among the 1980-2010 hourly and 

daily rainfall time series for the annual, summer and winter seasons. 
    

 Hourly Daily 
Annual 0.24 0.65 
Summer 0.00 0.43 
Winter 0.35 0.75 

 
 
 
 
  

3 STREAMFLOW ANALYSIS   
 
There are five active streamflow hydrometric stations in the BWRW (Table 3.1). The daily 

streamflow hydrographs from these five USGS stations are shown in Figures 3.1 and 3.2 for the 

water year of 2005 and 1993, respectively. These years had the highest flow events during the 

post-dam period.   

 

The inflow into Alamo Lake can be estimated from the summation of the Big Sandy and Santa 

Maria observed flow. The flow at the Big Sandy gauge is measured downstream of the Burro 

Creek gauge.  However, as discussed in Section 8, this summation underestimates the inflow into 

the lake.  The daily inflow into the lake (indicated in green) was estimated using lake’s water 

level and outflow from the lake as described in Section 8.   The outflow from the Alamo Dam is 

the observed flow at the USGS gauge below the dam (USGS09426000).   
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Table 3.1: USGS Streamflow gauges  
  
USGS ID Name Area 

 (mile2 / km2) 
Start Date Active  

[as of May  
2017] 

09424450 Big Sandy River, near Wikiup 2742 / 7102 1966-03-29  Yes 
09424447 Burro Creek at old US 93 Bridge, near Bagdad 611 / 1582 1980-07-25 Yes 
09424900 Santa Maria River, near Bagdad 1129 / 2924 1966-04-18 Yes 
09426000 Bill Williams River, below Alamo Dam 4633 / 12000 1939-12-01 Yes 
09426620 Bill Williams River, near Parker 5337 / 13823 1988-10-01 Yes 
 
 

 

Although the flow magnitudes in the gauges are different, the events occurred at the same time 

and were likely triggered by the same weather events.  In the upper panel of the Figure, the 

contributions from the three ephemeral tributaries upstream of Alamo Lake are shown.  The 

highest flow rate in both years was from the Big Sandy watershed, which also has the largest 

drainage area.  It is also seen that although the Santa Maria gauge drains area that is almost twice 

the drainage area of Burro Creek in both examples, the later measured larger flow rates.  

 
 
  

 
Figure 3.1: Observed daily Streamflow for Water Year 2005  
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Figure 3.2: Observed daily Streamflow for Water Year 1993  
 
 

 

The correspondence of the flow rates between the releases from Alamo Dam and the Bill 

Williams River inflow into Lake Havasu is demonstrated in the lower panel of Figures 3.1 and 

3.2. The flow at the lower BWR, which has a drainage area of ~630 mile2 (1632 km2) during 

high flow is clearly dominated by the releases from the Alamo Dam. By comparing the two 

panels of the Figures, the effectiveness of the flood mitigation purpose of Alamo Lake is 

demonstrated. For instance, during the largest event in 2005 in which the mean daily inflow into 

the lake was about 30,000 cfs (~850 cms) the maximum mean daily releases from the dam were 

less than 7,000 cfs (200 cms).   

 
The total seasonal (winter and summer) inflow into Alamo Lake is compared with the total 

seasonal outflow from the Lake in Figure 3.3.  The larger seasonal inflow and outflow from the 

Lake occurred during the winter.  Even the largest releases recorded for the summer are 

relatively small compared with the winter releases.  It is also noted that many of the winters were 

very dry with low inflows.   
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Figure 3.3: Summer (left) and winter (right), total estimated inflow (black) and outflow (red), 

into and from Alamo Lake.         
 
 

It is interesting to note that although the average summer precipitation is ~75% of the average 

winter precipitation, the average summer inflow into the Alamo Lake is only ~10% of the 

average winter inflow.  This large difference points to the necessity to consider the properties of 

the precipitation events and their interaction with land surface processes that control the 

generation of streamflow.  

 

A comparison between the annual and seasonal daily maxima series of precipitation and inflow 

into the lake is shown in Figure 3.4.   The largest seven extreme daily streamflow events were 

occurred in the winter while the 8th and the 9th events are summer events.  However, these 

summer events occurred in September 1983 and 2004 were late summer events and could have 

had a frontal synoptic characteristic that is typical of winter events. In summary, although 

summer events can produce large inflow events, the events are likely to have a short duration and 

therefore relatively small volumes. In addition, it is likely that the Alamo Lake water level 

during the summer is lower and therefore has larger free storage to absorb large volumes.   
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Figure 3.4: The seasonal (winter and summer) maxima series of daily inflow into Alamo 

Lake (left) and precipitation (right).   
  
  
The difference between the summer and winter inflow into Alamo Lake is further examined by 

looking at the duration of the streamflow events. A streamflow event is defined as days with 

flow greater than 70 cfs (~2 cms) and change in flow from day to day that is larger than 5%. This 

classification yield 76 and 108 summer and winter events, respectively.    

 

   

 
Figure 3.5: The cumulative distribution of summer and winter inflow events into Alamo 

Lake. The cumulative distributions of the events are for their duration, mean, 
maximum and duration between events.   
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In Figure 3.5 the cumulative distribution of the duration of the streamflow events, the average 

flow, the maximum daily and the duration between storms are plotted for the summer and winter.  

These distributions demonstrate the differences in streamflow characteristics between the 

seasons. Compared with summer, the winter streamflow events are longer with larger volume, 

higher daily maximum, and the duration between the streamflow events is shorter.  Although 

counter-intuitive, the shorter duration between winter streamflow events may be attributed to the 

longer events that have long lasting baseflow. Thus, although the average duration between 

winter storms is longer than the summer, the average duration between the streamflow events is 

shorter because of the seasonal differences in the streamflow characteristics.  
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4. PRECIPITATION – STREAMFLOW ASSOCIATION   
 
As precipitation is the main driver for streamflow it is expected that precipitation amount can 

explain a large part of the variability of streamflow. It is demonstrated in scatter plot of Figure 

4.1 that the monthly precipitation total over the BWRW is not always a good predictor of the 

monthly inflow into Alamo Lake. The scatter plots of the seasonal aggregation are in Figure 4.2. 

In the winter, the precipitation amount is highly correlated with the streamflow for mean areal 

precipitation that exceeded 200 mm/winter.  During the summer however, the streamflow is not 

well associated with seasonal precipitation.     

  

    
Figure 4.1: Monthly scatter plots of mean discharge rate of Alamo Lake inflow versus mean 

areal precipitation over the BWRW.  
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Figure 4.2: Seasonal scatter plots of mean discharge rate of Alamo Lake inflow versus mean 
areal precipitation over the BWRW.  

  
 
 
 
In Figures 4.3 and 4.4 the total seasonal streamflow were plotted as a function of other 

precipitation characteristics such as the average inter arrival time, the average duration of storms, 

the average total storm, and the maximum hourly precipitation.  These plots demonstrate that no 

one character is sufficient to explain the variability in the streamflow. This points to the need to 

simulate precipitation time series that maintain as many as possible temporal characteristics and 

the interaction of the precipitation with the land surface controls the generation of streamflow.   
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Figure 4.3: Seasonal scatter plots of mean discharge rate of Alamo Lake inflow versus mean 

areal precipitation over the BWRW.  
 
 
 

 
 

Figure 4.4: As of Figure 4.3 for the summer    
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5. PRECIPITATION WEATHER GENERATOR 
 
The purpose of the precipitation Weather Generator is to produce numerous equally likely 

(random) realistic scenarios of hourly precipitation sequences. An ensemble that includes 

sufficient number of realizations of these scenarios should maintain the spatio-temporal 

statistical characteristics of the observed record and represents the natural variability of events 

and their likelihood to occur.  Since observed data series are often too short in particular at the 

sub-daily time-scales, a WG that produces ensembles of likely-to-occur synthetic realizations is a 

tool to extend the record and can be used for planning and management studies. The WG 

described in this report produces hourly rainfall to be used as input for a hydrologic model for 

hydrologic and water resources risk assessment.  By modifying the WG to reflect the changes 

that were identified by the comparison between the historic and projected simulations from 

climate models, it is also possible to assess the impact of projected future precipitation changes 

on the hydrologic response and water resources availability.  The WG concept that is presented 

herein is based on previous work by Shamir et al., (2007, 2015) and Wang et al., (2007).   

  

The analyses of the BWRW precipitation and streamflow described in the previous chapters 

point to the importance of representing the temporal and spatial characteristics of the rainfall 

events.   In this Section, we describe the configuration and parameterization of the WG that was 

developed in order to produce likely to occur hourly MAPs for the 11 sub-basins of the BWRW.  

The WG development is comprised of two successive modules: First, a point process module 

that derives hourly time series that represent the MAP of the entire area of the BWRW. Second, 

a spatial disaggregation module to estimate hourly MAPs in the eleven sub basins (Figure 5.1).   
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Figure 5.1: A schematic outline of the WG components in the winter and summer. 
 
 
 

5.1 POINT PROCESS MODULE 
 

The point process hourly precipitation weather generator (WG) is based on concepts that were 

developed for the Upper Santa Cruz River Basin in southern Arizona. This WG was initially 

developed and used in Nelson (2010); Liu et al. (2012) Shamir et al. (2005, 2007a, b) and later 

revised in Shamir et al., 2015; Shamir (2014, 2017a and b) and Eden et al. 2016.  

 

The point process module is based on the assumption that precipitation storms tend to arrive in 

clusters as a response to transient synoptic scale atmospheric disturbance.  Each synoptic event 

may produce multiple hourly precipitation with possible multiple dry hours in between.   
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The definition of a storm is a key component that is required for the derivation of a sample of 

observed storms that can be used for the development of the WG parameters.  Herein we based 

our storm definition on the assumption that the distribution of the storms inter-arrival time 

constitutes a Poisson stochastic process and therefore the distribution of storms inter arrival 

times conform to exponential distribution (Restrepo-Posada and Eagleson, 1982). Thus, it is 

possible by selecting the minimum inter-arrival time between storms (i.e. the number of dry 

hours beyond which the occurrence of rainfall marks the beginning of a new event) to develop a 

statistical sample of storms with inter-arrival distribution that has a coefficient of variation of 

one, as in an exponential distribution.  

 

A plot of the coefficient of variation of the distribution of the inter arrival times as a function of 

the minimum inter-arrival time is shown in Figure 5.2 for the winter (upper panel) and summer 

(lower panel).    

 

 

 
 

Figure 5.2: The coefficient of variation of the inter arrival time distribution as a function of 
the prescribed minimum inter-arrival time.   
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It is important to select a minimum inter arrival time that will generate a sample of inter arrival 

time with durations that are in general longer than the duration of the storms themselves 

(Eagleson, 1978).  In this study the minimum inter arrival time were prescribed to 84 and 36 

hours for the winter and summer, respectively. Although these values yield CV that are slightly 

different than one, they were found to generate storms events that are mostly shorter than the 

inter arrival time.  When optimal values (at 1) were selected as the minimum inter arrival time, 

many of the storms’ duration are too long and appear unreasonable for the study region. 

   

The point process module was developed by sequentially sampling from the following 

distributions: seasonal onset and offset, inter arrival time of storms, duration of storms, the 

chance for hourly precipitation event to occur, and the magnitude of the hourly event. Each of 

this distribution was developed for three wetness categories (i.e. wet, medium, and dry) winter 

and summer. The wetness categories were represented by the terciles of the total observed 

seasonal (summer and winter) precipitation.      

 

Given the prescription of the minimum inter-arrival time, a storm event is defined as one that 

follows the previous storm by a period that is longer than the minimum inter arrival time. A 

storm event starts and ends with hourly precipitation events and it is possible during the storm to 

have dry hours.  A schematic example of two independent storms that are separated by a critical 

duration is shown in Figure 5.3.   
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Figure 5.3: A schematic example of hourly precipitation pulses that demonstrates the 

empirical definition of independent storms.  
 

 

Using the above definition of events, we derived a sample of 503 and 935 winter and summer 

events, respectively.  In Figure 5.4, the cumulative distributions of the storms inter-arrival time, 

storms duration and storms total volumes are plotted for the two wet seasons and for the three 

wetness categories. The differences in the cumulative distributions among the wetness categories 

are more pronounced in the winter mainly between the dry category and the medium and wet 

categories.  
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Figure 5.4: The cumulative distributions of the BWRW precipitation for storm inter arrival, 

storms duration and the total storm volume. The distributions were plotted for wet 
medium and dry winter (upper panels) and summer (lower panels).  

 

 

Following an exhaustive search of various statistical continuous distributions, we selected the 

Generalized Pareto (GP) to represent the storm Inter-arrival distribution and the Weibull 

distribution to represent both the storms duration and the hourly magnitude distributions.  For 

each distribution, the parameters for the optimal fit and 5% and 95% confidence intervals were 

estimated using a maximum likelihood procedure. The sampled parameters in the WG were 

selected for each season and wetness category from a normal distribution 𝑁𝑁(𝜇𝜇,𝜎𝜎2)  with 𝜇𝜇 

representing the optimal parameter values and with the variance estimated from the confidence 

intervals:  𝜎𝜎2 = �𝜇𝜇−𝐶𝐶.𝐼𝐼95
2

�
2
.   

 

The number of precipitation occurrences was found to be highly dependent on the duration of the 

storms (see Figure 5.5).  To accommodate this dependency, we sample the number of hourly 

precipitation occurrences from a linear regression with the duration of storms, which is first 

sampled from a Weibull distribution.     
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Figure 5.5: Scatter plots of number of hourly precipitation occurrences as a function of storms 

duration for the winter and summer wetness categories. The solid lines indicate 
linear regression fit for the wetness categories.  

 
 

 

The three parameters Generalized Pareto (GP) distribution is a continuous distribution of 

exceedance over a prescribed threshold. Herein, the prescribed minimum inter-arrival times are 

assigned as the GP threshold parameter, while the scale and shape parameters were estimated 

with their 95% confidence intervals using maximum likelihood procedure.   The distribution fit 

of the observed record with their 5% and 95% confidence intervals is shown in Figure 5.6. The 

fit of the two parameters Weibull distribution to the observed record of storms duration is shown 

in Figure 5.7.  
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Figure 5.6: Generalized Pareto distribution fit of the inter arrival time of storms for the three 

categories of winter and summer.  The dashed lines represent the 90% confidence 
intervals   

 

 

Figure 5.7: Weibull distribution fit of the storm duration for the three categories of winter and 
summer.  The dashed lines represent the 90% confidence intervals   
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The cumulative distribution of the observed hourly magnitude for the seasonal wetness 

categories are shown in Figure 5.8 (left panels).  Small differences were found between the dry 

and medium cumulative distributions of both seasons.  On the right panel of the Figure, the fitted 

Weibull distribution with their associated 5% and 95% confidence intervals are shown for the 

winter and summer are shown.    

  

 

 

 
 
 
Figure 5.8: Observed cumulative distributions of the wetness categories for the winter and 

summer (left panels).   Weibull distribution fit for wet winter and summer hourly 
precipitation magnitude (right panels).  The dashed lines represent the 90% 
confidence intervals   

 
 
 
 
The seasonal onset and offset are selected from a normal distribution with a mean and standard 

deviation as calculated from the historical record for the different wetness categories.  

The onsets were identified in the observed record as the duration since 1 June and 1 November 

for the summer and winter, respectively when the cumulative areal average precipitation over the 

entire basin exceeded 10mm. The offset of the seasons were selected as the last precipitation 

event prior to end of September and the end of March for the summer and winter, respectively.   

The distribution of the observed seasonal onset and offset are shown in Figure 5.9.    
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Figure 5.9: Box plot distributions of the winter and summer onset and offset for the three 

wetness categories    
 
 
 
 

5.2 SPATIAL DISAGGREGATION MODULE  
 
This section presents a spatial disaggregation model to estimate the MAP for the 11 sub-basins 

based on the point process simulation of the basin wide hourly average precipitation. The 

procedure consists of two main steps: Step 1, for every winter and summer wet hour, a wetness 

category in each of the sub-basins is independently assigned.   These wetness categories, which 

can also include an assignment of no-rain event, were sampled from a uniform random 

distribution with chances as derived from the observed record (Figure 5.10 ad 5.11 for winter 

and summer, respectively). These figures show the chance of a precipitation event in a sub-basin 

to be in a particular tercile, independently of the other sub-basins, as a function of the wetness 

category of the average master time series.  

 

The magnitude of the hourly precipitation in the sub-basins, if in the upper tercile, is assigned 

from a GP distribution with its threshold being the observed 67 percentile. Otherwise, the 
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precipitation magnitude is selected from a log normal distribution.  These distribution were 

derived independently for each sub basin.   

  

  
 

 
Figure 5.10: The winter precipitation distribution in tercile bins of the eleven sub basins given 

that the winter average hourly mean areal precipitation over the entire BWRW 
being in the 1st,2nd or 3rd terciles (upper, middle and lower panels).   
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Figure 5.11: Same as Figure 5.8 but for the summer  
 
 

 

 
Since a major concern in the BWRW is the large extreme events, we added a component that 

better simulates the chance for large and long lasting precipitation events.  This was carried by 

introducing a chance of 1/122 to have a winter wet category storm with hourly precipitation in all 

the sub-basins sampled from Generalized Pareto distribution.  These GP distributions were 

derived from the annual maxima series of the observed records for each sub-basin.  The 

threshold parameters of the GP distributions are assigned as the lowest value of the annual 

maxima series (Figure 5.12).    
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Figure 5.12: Generalized Pareto distribution with 5 and 95% confidence intervals fitted to the 

annual maxima series of the hourly precipitation of the eleven sub basins.    
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6. WG EVALUATION 
 
In this section, we evaluate the WG simulations using an ensemble that includes 100 realizations, 

each ensemble member (realization) includes 30 years of hourly MAP for the 11 sub-basins. The 

cumulative distributions of 30-years hourly winter precipitation (mm/hour) in the sub-basins are 

show in Figure 6.1. The cumulative distribution of the total winter precipitation of the observed 

(red) and 100 realizations are shown in Figures 6.2. The total seasonal precipitation was not 

accounted for in the derivation of the WG and therefore may be considered an independent 

evaluation measure.  The cumulative distributions of the count of number of hourly precipitation 

of winter events are shown in Figure 6.3.  The cumulative distribution of the winter annual 

maxima series is in Figure 6.4.  Similar plots for the summer are provided in Figures 6.5- 6.8.  

 

The WG simulations of the hourly precipitation show tight spread to match well the shape of the 

observed record distributions in the sub-basins (Figures 6.1 and 6.5 for winter and summer, 

respectively). Since the WG was designed to represent the inter- and intra-annual variability, 

when evaluated for the entire duration of the observed record, tight spread of the realizations and 

a good match of the shape of the observed distributions are considered favorable traits.  The 

lower right panel, which compares the distributions of the areal weighted averages over the 

entire Bill Williams watershed, offers an evaluation measure for the spatial module performance 

of the WG.   

 

The inter-annual variability of the ensemble is presented by the spread between the realizations 

in all other figures (Figures 6.2-6.4 for the winter and 6.6-6.8 for the summer). The distributions 

of the ensemble’s realizations overall encompass well the observed distributions.    

It is interesting to note that there is no formal methodology for evaluating the performance of a 

WG ensemble.  The spread of the ensemble realizations should represent the uncertainty that is 

associated with the observed record. The width of the ensemble spread should neither be too 

wide or too narrow. A narrow spread does not describe the uncertainty and variability in the data 

while a spread that is too wide may fail to capture the unique characteristics of the data. 

In all these distributions, it is seen that the WG simulations embraced the observed distribution 

which indicates that these distributions are being well simulated.  We note that the total seasonal 
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value is a measure that was not accounted for in the derivation of the WG and therefore may be 

considered as an independent evaluation measure.   

 

Figure 6.1:  The cumulative distributions of 30-years hourly winter precipitation (mm/hour) in 
the sub-basins. The WG simulated ensemble is in gray and the observed (1980-
2010) MAPs from CBRFC are in red.  
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Figure 6.2:  The cumulative inter annual distributions of the winter total precipitation in the 

sub-basins and the watershed average. The WG simulated ensemble (gray) and 
the observed record (red).  
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Figure 6.3:  The cumulative inter annual distributions of the winter number of hourly 

precipitation events in the sub-basins. The WG simulated ensemble (gray) and the 
observed record (red).  
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Figure 6.4:  The cumulative inter annual distributions of the winter hourly annual maxima 

series in the sub-basins. The WG simulated ensemble (gray) and the observed 
record (red). 
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Figure 6.5:  As Figure 6.1 but for the summer.   
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Figure 6.6:  As Figure 6.2 but for the summer.   
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Figure 6.7:  As Figure 6.3 but for the summer. 
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Figure 6.8:  As Figure 6.4 but for the summer. 
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7. SAC-SMA MODEL   
 
In this hydrologic framework, we implemented the CBRFC hydrologic model configuration for 

the BWRW. The CBRFC uses the NWS River Forecast System, which includes the following 

components: 1) the Sacramento Soil Moisture Accounting model (SAC-SMA) as hydrologic 

model that represents soil moisture characteristics and simulates runoff and streamflow in the 

channels (Burnash et al., 1973); the Snow17 model which keeps track of snow accumulation and 

ablation in the basins (Anderson, 1976) and; a unit hydrograph to route the channels’ streamflow 

into the sub basins outlets.   We note that the main objective of the CBRFC’s model is to alert 

and forecast for floods and high flow events with short lead-time. Therefore, their models are 

likely to be conservatively calibrated and overly sensitive in order to detect all high flows.  Since 

our study is geared towards long-term water-balance analysis, the CBRFC model configuration 

requires some additional tuning.      

 

 
Figure 7.1:  SAC-SMA model spatial configuration. The USGS gauges are indicated in black 

dots  
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In our implementation, the unit hydrograph was transformed to a two parameters linear 

kinematic routing model, with the parameters being the number of cascading linear reservoirs in 

the model and the coefficient of the linear reservoir. The coefficient of the linear reservoir is 

identical for all linear reservoirs and it is in units of seconds-1.  The CBRFC hydrologic model 

consists of 11 sub-basins as seen in Table 2.1.  The schematic of the model spatial configuration 

is in Figure 7.1.   

 

An initial simulation using the CBRFC parameter set was executed and followed by additional 

tuning of the parameters based on comparing the simulated flow to the observed daily flow at 

Big Sandy, Burro Creek and Santa Maria gauges.  For the tuning of the model, we assumed that 

the MAP and MAT input are quality controlled and carefully assembled.  This is a key 

assumption since the WG was developed to reflect the temporal and spatial statistical 

characteristics of the historic MAP and the hydrologic model is tuned to account for possible 

persistent errors that may exist in the model’s forcing.    

 

The October 2004 - January 2005 simulations of daily streamflow at the USGS gauges of Big 

Sandy, Burro Creek and Santa Maria are shown as an example in Figures 7.2-7.4.  It is seen that 

the simulations in all three locations underestimate the observed records in the beginning of the 

period (October –November) and perform fairly well at the second part of the period (January –

February). In order to simulate the flow in October November 2004, a period that follows a long 

dry spell with depleted soil moisture, a model parameters tuning is required to either reduce the 

percolation rate or set a percentage of the surface area as impervious.  These actions although 

may improve the model performance in October-November 2004 cause simulations of many 

additional unobserved flow events.  

 

The difficulties in simulating the daily discharge in Oct-Nov 2004 may be attributed to the 

following uncertainty sources: The input precipitation data as the MAPs may overly smoothed 

some of the intense and local rainfall events, the observed streamflow record does not catch low 

flow events, and the model complexity as a lump model is insufficient to describe the process 

variability in the basin. 
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Figure 7.2:  Big Sandy River observation and simulation of mean daily discharge   
 

 
Figure 7.3:  Burro Creek observation and simulation of mean daily discharge   
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Figure 7.4:  Santa Maria River observation and simulation of mean daily discharge   
 
 
 
 
In Figure 7.5, we compare the simulation to the hourly record of the Big Sandy River for the 

same period as the daily figures above.  The good performance during the Jan -Feb 2005 in 

simulation of the high flow events is apparent.  The simulation of Jan-Feb 1993 in the Big Sandy 

is clearly underestimating the event (Figure 7.6).  This is because the MAPs during this event are 

insufficient for the generation of such large peaks. On the other hand, this event is fairly well 

simulated in the Santa Maria River.      

 

 

46 
 



 
Figure 7.5:  Big Sandy River January 2005 observation and simulation of mean hourly 

discharge   
 

 
Figure 7.6:  Big Sandy and Santa Maria Rivers January-February 1993 observation and 

simulation of mean hourly discharge   
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The simulated winter and summer cumulative distributions of the daily inflow into the lake are 

compared to the calculated inflow in Figure 7.7. The selection of the calculated inflow as the 

reference for the observed inflow is explained in Section 8. For the winter, the calculated and 

simulated distributions match very well. On the other hand, for the summer the simulation 

overestimates the calculated record. The weak model performance during the summer period was 

also visually noticeable in the hydrographs.  Calibrating to match well the summer events 

requires to compromise the winter model performance.  The lack of performance during the 

summer is attributed to the inability to capture the characteristics of the short and local intense 

rainfall characteristics of the summer rainfall.  The use of MAP over large basins likely has a 

smoothing effect that misrepresents the convective characteristics of the summer rainfall events.  

Thus, a good simulation of summer events requires higher resolution model configuration with 

input data to represents the convective summer storm characteristics.   

 
 
 

 
Figure 7.7:  Winter and summer Cumulative distributions of the simulated inflow into the lake 

compared to the calculated inflow from lake level and observed outflow  
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8. ALAMO LAKE   
 
As mentioned above the primary purpose of Alamo Dam and Alamo Lake is to protect the lower 

Colorado River and the lower Bill Williams River from floods originating within the BWRW. 

Other considerations for the dam operation are to maintain the lake storage for recreation 

activities and water conservation, and to provide releases for environmental objectives.  We 

developed a lake model in order to simulate the releases from the dam and the changes in the 

lake’s water level and storage as a function of inflow into the lake.  The lake operation rules are 

based on ‘Rain on the ground’ approach. The lake’s physical dimensions and the relationships 

between water level, storage and surface area are from Kirby and Burnham (1998) and the 

following url: http://resreg.spl.usace.army.mil/pages/alamo.php.  The operational rules of releases from the 

dam as a function of the water level and season and the specification of the dam’s dimensions 

were taken from the Army Corp Operational Manual (2003). The lake water level as a function 

of storage for the different storage compartments of the lake is shown in Figure 8.1.  

 

 

 
Figure 8.1:  Alamo Lake water level as a function of storage     
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Notice that the flood control storage compartment can hold about 600,000 acre feet and at this 

water level the maximum release rate is 7000 cfs. This is a large storage capacity that can serve 

to store water during flood events in the Colorado River basin.  However, the maximum release 

rate may be too slow to quickly drain such a large volume in case of emergency.   Applying the 

maximum release rate, it takes more than 40 days to drain the volume of the flood control 

storage.  

 
The operation of the lake is geared to maintain the water level at or near  1125 feet (342.9 m) for 

as long as possible in order to maximize downstream benefits. This water level is considered 

optimal for the benefit of all purposes and is consistent with the objectives of the authorizing 

legislation. 

 

 
Figure 8.2:  Cumulative distribution of observed and calculated (black and red, respectively) 

daily inflow into Alamo Lake   
 

 

The actual operation of the dam is often deviates from the recommended rules. For example, 

during storm events that impact large areas of the Colorado River basin releases from Alamo 

dam are coordinated in order to modulate the flow on the Colorado River.  Releases from Alamo 

Lake are coordinated with the operation of Lake Havasu.  Lake Havasu, formed by Parker Dam, 

is commonly operated at about 90 percent of its capacity. This implies that significant releases 

from Alamo Dam may cause Parker Dam to spill. Other cases of deviation from the operational 
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rules may be subjective operational considerations such as dam maintenance and specific 

downstream demands.  

 

The inflow into the Alamo Lake can be estimated by either using the combined flow records 

from Big Sandy and the Santa Maria gauges, or by mass balance calculation using the water 

level and outflow records from the lake. Historical daily water level 1980-2016 for Alamo Lake 

was received from Army Corp of Engineers, Los Angeles District. The outflow from the lake is 

estimated by the USGS gauge that is just below the dam.    The two inflow records are compared 

in Figure 8.2.  It is clear that the lake inflow estimated by the USGS gauges is considerably 

lower than the inflow that is based on the mass balance calculation.   

 

 
Figure 8.3:  Observed and simulated lake water level and outflow in the upper and lower 

panels, respectively  
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The simulation of the lake outflow is shown below and compared to flow measured downstream 

of the dam. Although, as mentioned above that the lake’s operation often deviates from the rules,   

the simulated water level and outflow overall capture well the observed records. 

  

 
 

 

9. CONCLUDING REMARKS   
  

A modeling framework was developed for the BWRW to be used for a climate impact analysis 

study. This framework produces ensembles of likely to occur hourly precipitation scenarios 

which are used as input into hydrologic model that simulates flow in ten internal points over the 

watershed and inflow into Alamo Lake.  The simulated inflow into the lake is used as input for a 

lake model that simulates releases from the dam and tracks the lake level.   Hence, the above-

described framework provides a complete tool that can be used for hydrologic assessment and 

planning of the watershed. In a subsequent study, we intend to modify the precipitation weather 

generator to reflect the analyses of regional climate models projections.  The modified 

precipitation ensemble will be used to assess the impact of the climate projections given the 

existing lake operation rules.  This modelling framework can potentially be also used for 

planning purposes to test the impact of various lake management strategies.   

  

The study analysis revealed some caveats that we recommend to address in future studies.  The 

main issue is the weak performance of the hydrologic model during the summer.  In order to 

improve the summer simulation a higher resolution hydrologic model is required.  However, it is 

important to note that higher resolution hydrologic model should be accompanied with higher 

resolution observation network that is capable to delineate the summer precipitation 

characteristics.   
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