Predictions of Hydrologic Effects of East Coast
Hurricanes on a West Coast Watershed

Figure 1.

Pacific hurricane storm tracks – 1998.

Introduction
Historically, hurricanes generated in the northeastern Pacific Ocean off the coast of Central
America have not impacted the continental United States, but have traveled in a more westerly
path towards the Hawaiian Islands. Figure 1 shows storm tracks for hurricanes and tropical
storms generated in the eastern Pacific Ocean in 1998. None of those hurricanes reached
California, although several storms did track to the north into Mexico.
In contrast, hurricanes spawned in the tropical Atlantic Ocean can eventually track north and
reach the United States all along the Atlantic seaboard and the Gulf of Mexico. Figure 2 shows
the major U.S landfalling hurricanes from 1899-1996. Figure 3 shows the storm tracks of
Hurricanes Dennis and Floyd, both of which reached landfall in North Carolina in September
1999. The storm track of Hurricane Dennis was unusual in that the hurricane stalled off the coast
of North Carolina for several days before eventually making landfall. Hurricane Floyd, on the
other hand, followed a more typical track as it moved along the Atlantic seaboard. Interestingly,
both storms made landfall in nearly the same location in rural North Carolina. Because the
rainfall from Hurricane Dennis saturated the soil, and large amounts of rainfall fell from
Hurricane Floyd, the effects of Hurricane Floyd were devastating in terms of the extent of
flooding caused throughout North Carolina.
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Figure 2. Locations of landfalling hurricanes in the United States, 1899-1996, Saffir-Simpson Category 3 or higher.
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Storm tracks of hurricanes Dennis and Floyd, 1999.

Scope and Objectives
For this paper, the hydrologic effects of hurricanes striking the San Francisco Bay Area, CA are
investigated. Although this is a hypothetical analysis, the impetus for doing so is the possible
long-term effects of global warming of the Pacific Ocean water temperatures. Wigley (200)
discusses how global warming might influence the frequency precipitation and maximum wind
speeds in hurricanes. If water temperatures off the coast of California rise to temperatures
comparable to those in the Atlantic Ocean off the United States, then it is conceivable that
Pacific Ocean generated hurricanes could track further north. Such is assumed to be the case for
the analyses in this paper.
The objectives of this paper are therefore as follows:
•

Select a watershed in the San Francisco Bay area to simulate the hydrologic impacts of
hurricanes

•

Apply a hydrologic model to the watershed for a set of historical conditions to calibrate
and verify the model

•

Set up hurricane strike scenarios using precipitation data from Hurricanes Dennis and
Floyd, and compare to historical patterns within the selected watershed

•

Predict the runoff generated by the hurricanes, and compare to historically observed
runoff

•

Design a flood control reservoir to mitigate effects of flooding from both hurricanes and
historical storms of record.
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Watershed Selection
The watershed investigated is the San Francisquito Creek watershed, near Palo Alto, CA (Figure
4). The watershed above the gauging station near Stanford University has a drainage area of
96.8 km2, and is located in northern Santa Clara County, and in the southern portion of San
Mateo Country. The major stream within the watershed is San Francisquito Creek. Numerous
other tributary creeks exist, including Corte Madera Creek, Bear Creek, and Los Trancos Creek.
Searsville Lake, a small reservoir, is located in the center of the watershed.
The watershed extends up into the Santa Cruz Mountains to elevations of over 2200 feet above
sea level (msl). Brushy woodlands and some low-density residential development characterize
the upper portion of the watershed. The lower portion of the watershed consists of a flat valley
floor and is more extensively developed. Soils throughout the watershed are primarily clays and
silty-clays.
The climate is Mediterranean, with warm summers and mild winters. Rarely does it snow on the
valley floor. However, most years, the surrounding Santa Cruz Mountains are dusted with snow.
Precipitation is seasonal, typically from November into May. Precipitation is rare from June
through October.

Newark pan evaporation

Palo Alto precipitation station
San Francisquito Creek gage

Black Mountain precipitation station

Figure 4.
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Summary of Data Collected for Model Calibration and Verification
The following data were collected for use in the calibration and verification of the hydrologic
model:
•

Daily average streamflow data at San Francisquito Creek, 1931-1997;

•

Daily average precipitation and air temperature data at Palo Alto, CA, 1953-1997;

•

Daily average precipitation, air temperature, and pan evaporation data at Newark, CA.,
1948-1997 (air temperature and precipitation), and 1948-1978 (pan evaporation data);

•

Daily average precipitation data at Black Mountain, 1954-1995.

Based on the availability of overlapping data, two data sets were created:
•

1954-1959, for model calibration

•

1960-1965, for model validation

General Description of the Hydrologic Model
The hydrologic model used is the Sacramento Soil Moisture (SMA) Model, is a lumped
parameter model that predicts streamflow from a watershed (Burnash, 1996). A time series of
observed streamflow, potential evapotranspiration, and rainfall (either daily or six-hour averages)
are needed as input to the model. The time series of data is assumed to begin on 1 October of
any year, and remains continuous through the period of record. The essential part of running the
model, after setting up the time-series input data file using the calibration and verification data
described above is to create reasonable estimates of 16 lumped parameters needed to run the
model (described subsequently).
Results of Hydrologic Model Calibration and Verification
The Sacramento Model was first run five years of input data beginning 1 October 1954. The
model results for the first year were ignored, as the unknown initial conditions influenced results.
Parameters that were thought to be unimportant for the application were first set to very low
values. The tension and free water storage parameters were then varied to obtain increasing
correlation between observations and predictions. As the goodness-of-fit increases, the
correlation approaches 1.0. For poor comparisons, the correlation becomes small.
The correlation attained during the calibration period was 0.83. As shown in Figure 5, the peak
of the larger storms were well replicated in terms of timing and within about 20 percent in terms
of peak flow rates. The base flow conditions were simulated by adjusting the parameters that
contribute to base flow, including low flow impervious areas. Because this latter process
reduced the storm peaks, an iterative process was used to refine previous estimates. It is noted
that, at times, small base flow events were predicted when the base flow was essentially absent,
according to flow records. See March 1957, for example, in Figure 5. These small flow rates
could have been eliminated by adjusting the impermeable area associated with low flow.
However, it is possible the Searsville Lake, located within the central portion of the watershed,
prevented low flow rates from passing downstream.
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Comparison of observed and predicted streamflow rates using Black Mountain precipitation
(correlation coefficient = 0.83)
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Once the calibration was completed using the 1955-59 data, verification was performed using the
1960-1964 data set. Without changing values of any parameters, a correlation coefficient of 0.39
was obtained. In general the model under-predicted the peak flow rates during the calibration
period.
Precipitation From Hurricanes Dennis and Floyd
Precipitation from Hurricanes Dennis and Floyd for locations in coastal North Carolina was
gathered to use in the Sacramento model. Hurricane Dennis was a category 1 hurricane on the
Saffir-Simpson scale (Ahrens, 2000), and Floyd was a category 2 hurricane (category 5 is the
most intense). Figure 6 shows Hurricane Floyd rainfall totals based on WSR 88D radar
reflectivity data. The figure shows coastal North Carolina, and the rainfall totals over that region
during the passage of Hurricane Floyd from September 13 to September 16, 1999. The
maximum precipitation from the storm was centered over an area just onshore. Figure 7 shows
the hourly totals from Hurricane Floyd at the location of maximum rainfall. While Hurricane
Floyd has been characterized as a three-day storm, the nearly 20 inches of precipitation that fell
occurred over a period of only 35 hours.
Figure 8 shows the WSR 88D generated rainfall totals from Hurricane Dennis. In contrast to
Hurricane Floyd, the peak precipitation from Hurricane Dennis occurred offshore from coastal
North Carolina. The maximum offshore precipitation was 17.1 inches, not far below the total
from Hurricane Floyd. However, onshore the maximum precipitation was far less, about four to
five inches.
The precipitation pattern from Figures 7 and 8 are subsequently used in the model. Since only
storm-total precipitation data were available for Hurricane Dennis, the total precipitation was
allocated over a two-day period. As discussed subsequently, two alternative storm totals were
input into the model: the actual amount experienced in coastal North Carolina, and the maximum
storm total, assuming that the most intense rainfall from Hurricane Dennis moved onshore
(which actually did not happen). It is noted that the spatial extent of the maximum precipitation
from the hurricanes occurred over an area that exceeds the area of the San Francisquito Creek
watershed, so that no spatial rainfall variability was considered in the simulations.
Alternative Storm Scenarios Analyzed
Figure 9 shows the alternative storm scenarios analyzed. In all, seven different alternatives were
considered, including historical conditions without a hurricane. For the hurricane strikes,
combinations of hurricane scenarios were evaluated: Floyd only, Floyd-Dennis based on actual
rainfall totals in coastal North Carolina, and a modified Floyd-Dennis scenario based on the
maximum Hurricane Dennis precipitation. For all hurricane scenarios, the hurricanes were
assumed to strike before a wet year (1955-56) and also before a dry year (1958-59).
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Figure 6.

Figure 7.
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WSR 88D rainfall totals for hurricane Floyd.

Rainfall (inches/hr) from Floyd, coastal North Carolina.
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Figure 8.

WSR 88D rainfall totals: Hurricane Dennis.
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Figure 10 illustrates two of the rainfall patterns simulated: Hurricanes Floyd and Dennis striking
prior to a wet year (October 1955), and prior to a dry year (October 1958). Due to the closeness
in time of Hurricanes Dennis and Floyd (shown in pink) it is difficult to distinguish between the
two storms. The maximum daily precipitation from Hurricane Floyd was about 22 inches,
adjusted from Figure 7 by considering the relative differences between precipitation in Palo Alto
(near sea level) and at Black Mountain (at the top of the watershed). The daily historical
maximum precipitation of about 8 inches/day occurred during the wet year 1955-56.
To show the distribution of historical precipitation over its period of record (1954-97), Figure 11
was created. Note that the precipitation from the December 1955 storm was the maximum over
the period of record. Thus the hurricanes contributed much more rainfall than this historical
maximum.
Flow Rates Generated From Hurricanes Striking San Francisquito Creek
One set of simulation results of hurricanes striking San Francisquito Creek is shown in Figure
12. The scenario is for Dennis and Floyd striking in October 1955, prior to a wet year. Five
months of simulations are included (September 1955 to March 1956). Shown in the figure are
the daily flow rates (historical observed, and predicted flow rates under the influence of the
hurricanes) as well as soil moisture. The most obvious influence of the storm is the large peak
runoff generated by Hurricane Floyd (nearly 13250 cfs). The largest historical runoff was about
2650 cfs, and occurred in December 1955.
A second important feature identified in Figure 12 is the increase in the peak flow rate of the
December 1955 storm that results from the antecedent hurricanes. The peak flowrate doubled as
a result of the prior hurricane strikes. The increased runoff occurred due to an increase in soil
moisture from the hurricanes. Thus the hurricanes, should they strike prior to a wet year, not
only produce a large amount of runoff themselves, but also can set the stage for subsequent large
runoff events.
A final important feature of Figure 12 is the small amount of runoff generated by Hurricane
Dennis, which struck about ten days prior to Hurricane Floyd. Only about 270 cfs of runoff was
generated. This was because the soil moisture was very low at the time Hurricane Dennis struck.
Reservoir Design to Mitigate Potential Flood Impacts

Floods from San Francisquito Creek, and their impacts on the downstream residential and urban
areas have long been of concern to residents in the watershed. For example, flooding occurred as
a result of the December 1955 storm. Alternative flood control measures have been examined by
the City of Palo Alto and others; however, no mitigating measures have been implemented.
In this paper, a flood control reservoir is examined as a method to mitigate the effects of floods.
A preliminary design is generated based on linear reservoir routing of the flood wave through the
reservoir. Then Muskingum routing is used to route the reservoir release to the location further
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October 1955 Strike

October 1958 Strike

Figure 10. Precipitation from Dennis and Floyd compared with 1954-59 historical precipitation at
San Francisquito Creek watershed.

December 1955 Storm

Figure 11. Historical distribution of maximum precipitation rates, 1953-97.
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Figure 12. Flow rates generated from Dennis and Floyd striking October 1955.

downstream where the capacity of the channel to carry the flow is a minimum (about 2500 cfs,
daily average flow). Based on these considerations, the reservoir design considerations are as
follows:
•

Maintain the maximum daily discharge in the river channel below the reservoir at 2500
cfs or less (Figure 13 shows how 2500 cfs compares to historical flows; such a flow has a
return period of about 30 years).

•

Design the reservoir to draw down to 10 percent of capacity or less within 30 days in
order to provide storage capacity for large storms that might subsequently occur during a
wet year.

•

Design the reservoir to protect from hurricanes, rather than from historical events.

The linear reservoir design equations use the mass conservation equation and a linear
relationship between reservoir discharge and reservoir storage. The equations are shown in
Figure 14. The solution is obtained numerically so that the time series of inflows (I) to the
reservoir can be routed through the reservoir. The inflows, I, are the output of the Sacramento
model. The solutions are programmed in MATLAB, and the Sacramento Model output is first
exported to Excel, and then imported by MATLAB (Mathworks v5.3 1999).
Results of Routing Flood Flows
Figure 15 show the results of one simulation where hurricane generated runoff is routed through
a reservoir designed to limit the outflow to approximately 2500 cfs. This scenario is the
Hurricanes Dennis-Floyd scenario striking prior to the wet year of 1955-56. The inflow rates

Tetra Tech, Inc.

12

December 1955 Storm

Design Flow:
Maximum reservoir
release rate

Figure 13. Historical distribution of maximum flow rates,
1932-97.
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Figure 14. Reservoir design to mitigate flood potential from hurricanes Floyd and Dennis.
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Figure 15. Results of routing streamflows through reservoir:
Hurricanes Dennis – Floyd striking October 1955.

generated by the Sacramento model are shown, as well as the discharge from the reservoir. A
trial and error procedure is used to size the reservoir, by changing the coefficient k in the linear
reservoir equation until the maximum reservoir release rate was about 2500 cfs. The design
outflow line shown on that plot is 2500 cfs, and shows the reservoir has been sized to release no
more than the design flow during the passage of the runoff from the hurricanes. Subsequent to
the hurricanes, the reservoir releases from the large December 1955 storm is shown. The release
is about 1000 cfs, well below the design release.
Figure 16 shows the storage in the reservoir over the simulation period. The storage peaks at
42000 ac-ft during hurricane-generated runoff. A subsequent peak in storage of about 18000 acft occurred from the December 1955 storm. The horizontal line in the figure is the 10 percent
capacity line. Note that the reservoir empties to below the 10 percent line within 30 days, a
design requirement. By the time the December storm event occurs, the reservoir is nearly empty.
Since the design flow control point is really five miles downstream of the reservoir, the discharge
is also routed to that location using the Muskingum method, with a time step of one hour. The
results are shown in Figure 17 for a five-day period centered on the hurricane-generated runoff.
As the figure shows, the flow rates are only minimally attenuated from the reservoir outlet to the
location of concern five miles downstream. When the discharge from the reservoir is increasing,
the simultaneous flow rate at the downstream location is lower by a few percent. However,
when the discharge from the reservoir is decreasing, the flow rate downstream is a few percent
greater. Because the routing time is only about three hours, and the discharge from the reservoir
does not change dramatically over that time frame, the effects of routing do not significantly
attenuate the flow rate. Thus the reservoir discharge rate is effectively the design flow rate.
A summary of reservoir design sizes for four different scenarios is as follows:
•

No hurricanes; design to protect from December 1955 storm: 12000 ac-ft

•

Hurricane Floyd occurring prior to a wet year of 1955-56: 27000 ac-ft
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Figure 16. Reservoir storage for Dennis and Floyd scenario:
Hurricanes Dennis – Floyd striking October 1955.

Figure 17. Comparison of reservoir discharge and flow rate at critical
downstream location.
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•

Combination of Hurricanes Dennis and Floyd occurring prior to the wet year of 1955-56:
42000 ac-ft

•

Same as alternative directly above, but using the maximum precipitation generated by
Dennis: 57000 ac-ft.

The results of the hurricanes striking prior to the dry year of 1958-59 are not shown above and
are summarized as follows. Two major differences were observed. First, the runoff from
subsequent historical storms was not significantly influenced, since so little precipitation
historically occurred during that dry year after the hurricanes. Second, the peak runoff from the
hurricanes was greater, by about 20 percent, than the runoff generated during the 1955 strike
scenarios. This was because the year prior to 1958-59 was a wet year, and soil moisture was
higher than in October 1955.
Conclusions
Should storms of the intensity of Hurricanes Dennis and Floyd strike a west coast watershed
such as the San Francisquito Creek watershed, the hydrologic effects would be significant.
Depending on the scenario considered, maximum daily rainfall could exceed the historical
maximum by three to five times. The runoff generated by these storms would likewise be much
greater, and flood control reservoirs would need to be sized accordingly larger.
Several more subtle effects of the storms are also manifested as follows. Should the hurricanes
occur prior to a wet year, their effects on subsequent storms that year could be significant,
perhaps doubling the runoff. Thus, multiple flood-sized events could occur within a wet year.
Second, if the hurricanes strike following a wet year, but during a subsequent dry year, the
hurricane related runoff would be even greater, due to higher initial soil moisture levels.
However, subsequent storms during those dry years would not generate significant runoff
compared to flood flows.
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