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ABSTRACT

NASA Ames Research Center (ARC), located at théhswn end of San Francisco Bay, CA is at increaisgdof
flooding under future climate change scenarios. I8eal rise, accompanied with tidal action, storunges, and
local erosion, may cause inundation at current delieights. Also, possible changes in storm frequeaad
intensity, as well as land use changes, could canlsed flooding by fresh water. This analysis udes BASINS
(Better Assessment Science Integrating point & Igomt Sources) model to simulate hydrologic cowdisi at
NASA ARC during selected past El Nifio events andsjide future precipitation scenarios. The 199&88m
event caused flooding on the Center, while the 18¥@nd the 1992/93 events, which were similarretipitation
amount and frequency, did not. BASINS modeled thes&t heavy precipitation events and other futdoens
events under projected climate conditions to asfiesd risk at NASA ARC. These preliminary resultdl assist
master planners in adapting new procedures for NARKC future developments with awareness of anttegha
climate change effects.
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INTRODUCTION

The effects of climate change are expressed edfyenear coastal areas. According to the Intergovental
Panel on Climate Change (IPCC) Fourth AssessmepbiRe“present-day sea level change is of considera
interest because of its potential impact on hun@pufations located in coastal regions and on iga(@olomon et
al., 2007). Sea levels vary normally on a daily, rhbntand seasonal basis. The highest tides occwiriter and
summer, and during new and full moons. Sea levets se during El Nifio winters. Coastal floodingthe San
Francisco Bay occurs during winter storms, wheargfrwinds raise water levels, and high waves pahadctoast.
If this coincides with high tides as well, the riskdamage to coastal areas, including levees)csased greatly
(Luers,et al, 2006).

NASA Ames Research Center (ARC) is located at V,.422.05°W in the Stevens Creek watershed, at the
south end of San Francisco Bay, CA. This locateavés NASA ARC vulnerable to flooding from the effeof sea
level rise, changes in storm intensity and freqyeaod other precipitation patterns. Located an dhe are the
Moffett Federal Airfield, the Ames Research Certampus, the NASA Research Park, and wetlands alomg
northern boundary of ARC. NASA ARC daily operatianslude the fields of aeronautics, reentry physsimace
science, space research, technology developmanbpidogy, life sciences, human factors, eartresces, and
information systems. ARC is also home to the 20e@trifuge, the Columbia Supercomputer, a verticatiom
simulator and the world’s largest wind tunnel, withtest section measuring at 80 feet by 120 fe€8382 m to
36.576 m). These daily operations and assets dmutsteatly affected by sea level rise.
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NASA ARC is hydrologically divided into westerndn - — T
eastern drainage systems, as shown in Figure 1wbher A} R o Or e Syven

[777] Western Drainage System
accumulated in the western drainage area flows theo ¥ § Eﬂ.ﬁ:’:ﬁ”m
Storm Water Retention Pond (SWRP). The SWRP ha ' I Vs tem Dike arsh
holding capacity of 960 acre-ft (41,817,600 culeetfor [§ N e e ol il
1,184,142.56 cubic meters), and because it is arGupl i | ‘ —— Dirocton of Warer Flow

normal conditions. However, if the SWRP is going
overflow and cause inland flooding, permission das; |
granted from the Mid-Peninsular Regional Open Sp¢ [§
District (MROSD) to pump water into Stevens CreBkilip | §
Williams & Associates, LTDet al, 2005), which then flows | |
out into the bay. This western drainage pump cépasil0 |}
cfs (0.2832 cms). The water in the eastern drairagea
flows toward the Northern channel, where it is pechput
at a rate of 49 cfs (1.3875 cms) (Philip Williams .
Associates, LTDet al, 2005).

The 1997/98 winter storm season has been recafn
as a particularly strong El Nifio event as parthef El Nifio
Southern Oscillation (ENSO) (McPhaden, 2009). Eld\s
characterized by warmer than normal sea surfi|;
temperatures in the equatorial eastern Pacific lwhigngs
heavy rainfall to the study area (Pacific Marir ||
Environmental Laboratory, 2010). At least 19 stadidn i }
California had record breaking precipitation ameuri Figurel. Major hydrology features of NASA
February 1998. The flooding from this heavy preeifon Ames Research Center.
caused 35 counties to be declared as federal @isastas,

including Santa Clara County, the location of ARRDb$s, et
I Fotential Inundation by 2050 al" 1998)
—— T Between February"29", a series of storms resulted in
7 flooding on the NASA ARC campus. For the NASA ARC
area, the total February 1998 rainfall was 10.25és (26.035
cm). This is about 350% of average February rdirffalthis
area (Western Regional Climate Center, 2010). Wiita
rainfall and run off at such high levels relatiwertormal, the
capacity of the storm water retention pond was ued
exceeded. The NASA Disaster Assistance and Reseaen T
(DART) worked with the MROSD to counteract the effeof
the flood. Over 15,000 sand bags were used andgemey
pumps at Stevens Creek and the Northern ChanreeFgere
1) were operated to expel the water from the storater
retention pond into Stevens Creek. Normal pumpimggcity
is 1.2 million gallons per hour (4,542,494.14 ktgxer hour),
and at the height of the storm the pumping statiese
pumping almost three million gallons per hour (Bb235.4
liters per hour) (Dolci, 2009). It is thought thtte levees
between ARC and the bay prevented more serious glama
from occurring.

Historical records show that sea level along théf@nia
coast has been rising at a rate of about 8 in/cgIf20.32 cm
/century) (Cayanet al, 2009). According to the IPCC 2007
report on global climate change (Solomen.al, 2007), it is
projected for the Bay Area that the sea level \wvitrease
between 11 and 18 inches (27.94 cm to 45.72 cnthéyear

2050 and 2100 if levees f:

ASPRS 2011 Annual Conference
Milwaukee, Wisconsine¢ May 1-5, 2011



2050, and 22 to 35 inches (55.88 cm to 88.9 cmthbyyear 2100 (see Figure 2). These increasepuilNASA
ARC at a higher risk for damage resulting from @&nsand flooding, especially when combined with éffect of
ENSO (McPhaden, 1999).

The goal of this project is to assess flood rsNASA ARC under projected future climate scenarifss is
first done by simulating hydrological conditionsMASA ARC through hindcasting of previous El Nifionters.
These are the 1997/98 El Nifio storm event, whiafsed flooding on the Center, and the 1977/78 aad 892/93
El Nifio events, which were similar in precipitatiamount and frequency, but did not flood NASA ARRese
events will then be the basis to forecast hydraiagtonditions when parameters are changed untigefalimate
scenarios, such as temperature increase, preigpifaéquency and intensity changes, sea leve| aisd land cover
changes. Separately, these parameters will testahsitivities of the mean flow of water througle tiASA ARC
watershed, and together the parameters can beafmecast conditions under a projected futunmate scenario.

METHODOLOGY

Better Assessment Science Integrating Point & Nongint Sources (BASINS)

In response to the need for past and future piiojex of hydrologic effects of climate change at @R
hydrologic and watershed modeling and environmeatalysis was conducted using the Better Assessment
Integrating point and Non-point Sources (BASINS) dmlo package. BASINS is a software product of the
Environmental Protection Agency (EPA) and includesiata extractor, projector, project builder, Gapgic
Information Systems (GIS) interface, various GlSdthtools, a series of models, and custom datafrasesvhich
to download meteorological and hydrological dathe TGIS data and other databases are availablegth@web
data extraction tool. The model allows users ta@pea geographic area of interest and to downidath from the
EPA and United States Geological Survey (USGS}ingdo land cover, meteorology and hydrology.

BASINS implements the Hydrological Simulation gram— FORTRAN (HSPF) model by using historical time
series of rainfall, temperature, evaporation, amameters of land use patterns, soil charactesjsdied agricultural
practices to simulate the hydrological processas dlecur in a watershed. An HSPF simulation redulta time
series of runoff, streamflow rate, sediment loaag| other hydrological factors.

Meteorological Data

Historical meteorological data were collectedtfie months November through April for the 1977/7892/93,
and 1997/98 winter rain seasons. These data sets ved available for the Moffett Field meteorolagjictation
KNUQ, through the BASINS database, so they weraiobtl from other sources such as the NCDC (National
Climate Data Center), CIMIS (California Irrigatidianagement Information System), and the NSRDB (i
Solar Radiation Database).

The only data required to generate streamflow ftbenBASINS model are hourly precipitation and it
evapotranspiration. However, a full meteorologicita set will give more accurate model results. Ui f
meteorological data set within BASINS requires pprecipitation, temperature, wind speed, solatiaton,
potential evapotranspiration, dewpoint, and cloowec.

The meteorological data collected were formattsidgiWatershed Data Management (WDM) Utility toatee
data sets in the correct format for the HSPF hydyplmodel within BASINS. The data sets used in pirigject
included all of the variables in the full meteomiltal data set, except for cloud cover.

Potential evapotranspiration (PET) was not an mfasien available from the Moffett Field meteoroilog
station; the closest observation of PET was froemm@MIS data for San Jose, CA — a more urbanized #ran
NASA ARC. PET therefore had to be calculated witBIASINS. The Jenson method (Bordue and McGuinness,
1973) was used to calculate PET, and this requivednputs of daily minimum and maximum temperaues well
as daily solar radiation. Daily PET was generatad] then disaggregated into hourly PET for the irequHSPF
input.

Any missing or bad data points for temperatureyment, or wind speed had to be interpolated betwibe
nearest two observational points so that the dets would have a constant interval between poistsonstant
interval time series is necessary to create a cityréormatted WDM file. Any precipitation valuedahwas bad or
missing was regarded as no precipitation. Thisstas to satisfy the constant interval requirement.

Moffett Field precipitation data for the 1977/98da1992/93 years were available in daily and 6-hiomae
interval measurements. The HSPF model, howeveuinesihourly precipitation input. Within BASINS,dte is a
method to disaggregate precipitation data basedhdy and hourly precipitation of nearby statioRser this project,
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the aforementioned years had hourly precipitatomputed for Moffett Field by disaggregating dailyféett Field
precipitation data along with hourly San Jose, GAcjpitation data. The San Jose meteorologicalostas the
closest station to the Moffett Field location thas hourly precipitation data.

Geographic Information Systems Data

To gain an understanding of NASA ARC’s hydrolotgatures, GIS data layers specific to our studg avere
obtained. These data were used to compile mapsoaledrn more about the boundaries and hydrolcgsatufes at
ARC. Digital elevation models (DEM) at 3 meter resion and LIDAR (Light Detection and Ranging) imfoation
at 1 meter resolution were obtained from USGS SessnServer (http://seamless.usgs.gov) and USGS RiDA
viewer (http://lidar.cr.usgs.gov/Lidar_viewer). @thhigh resolution GIS data were obtained from NAS&ff and
the Santa Clara Valley Water District. Data forststudy area were downloaded, extracted and peajetct the
Universal Trans Mercator Zone 10 North map progacti

Some preliminary data-processing was executedjusia GIS, such as selecting data points for fietak,
calculating slope of the study area, and calculatirea and other inputs for the HSPF model. Boueslavere
digitized based on physical maps provided by NA®A eombined with the GIS layers to select the studyg. GIS
data such as the DEM and boundary polygons wem indBASINS in place of existing layers so that eald run
the model with more accurate and higher resolutimia. A DEM and a stream file were used to delenéae larger
watershed into a smaller watershed/basin that epaeses ARC. Several maps were produced using the
Environmental Systems Research Institute’s (ESRIppmg software: ArcGIS 9.3.1, ArcMap and ArcCagalo

This report has delineated a watershed that enasses the entire study area, and does not dissinpeitween
the eastern and western drainage systems. To 8mblis report will consider a total center punmgpacity of 59
cfs (1.6707 cms).

BASINS Climate Assessment Tool (CAT)

The BASINS CAT is used to assess the effectsiofate variability and change on watershed systéihis
tool allows users to create climate change scemana to answer several “what-if’ questions. ThelfGan make
single changes to a parameter, or iterate changgsaospecified interval. The parameters that cachanged are
temperature (which also requires a recalculatioRBT), precipitation, frequency of storm eventg] arensity of
storm events. These changes can be applied indilydo test sensitivity, or together to test ardte scenario.

On a technical note, the May 2010 release of BASMNhas a conflict between two install files thegvyents
HSPF from running within the CAT, which requiredwark-around. Other users of the May 2010 release of
BASINS will need to download a future update paekagget the CAT running.

Climate Scenarios

Precipitation by 2100 is expected to keep with skasonal Mediterranean patterns, with most pratipn
falling in the winter. However, models have not edle to produce statistically significant resabut whether
precipitation will increase or decrease in the gtatka. (Luerset al, 2006; Karlet al, 2009). On the other hand,
the intensity of precipitation events has increasg®% between 1958 and 2007 for the Southwestedritates
region, and models project that they will continaéncrease (Karét al, 2009).

Three scenarios were chosen from the Our Chan@imgate 2006 report (Luerst al, 2006). The lower
emissions scenario, B1, medium-high emissions sitens2, and higher emissions scenario, Alfi, dissca range
of demographic, economic, and technological changesvell as varying changes to greenhouse gasiemssin
years to come. Further details to these scenamshmwn in Table 1. Based on the aforementionegbgiions, this
report considers changes in temperature from ®t& {0°C to 5.56°C), changes in overall precipitatfrom 85%
of normal to 115% of normal, and changes in stort@risity up to 10% above normal.

Table 1.IPCC proiected emissions scenaric.

Emission Projected Emissions Projections | Economic/Technologic Population Growth
Scenario Warming Growth
Range (°F)

3-5.5 Decline by 2050 High economic growth Decline by 2050
5.5-8 Increase through 2100 ' Uneven growth Continuous growth
Alfi 8-10.5 Increase three-fold New and efficient Decline by 2050
through 2100 technologies; fossil-fuel
intensive
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Field Work

® NASA ARC Medallions.

Field work was conducted on July™and July 18, Al gt

2010 at NASA Ames Research Center. Data we [0 R o o e o
collected using a Garmin 60CSx GPS, a Garn ; 5 o |
GPSmap76, and a Silva Ranger Compass 515 which h
built in clinometer. The purpose of the field woslas to
verify the heights of the levees north of NASA AREing
the built in altimeter on the GPS. To calibrate GES,
several known benchmarks from National Geode
Survey (NGS) markers, which were placed by USC
were found, and then the GPS unit was used toresdib |3
the altimeter with the known elevation (see Figgire Rl
On the levees and along Stevens Creek Tr
specified locations were marked with the GPS utdts
record the latitude, longitude, and elevation. A& same
locations, levee heights were manually measured [
pulling a meter measuring tape down to the watgeec g #
and kept at the same angle of the slope of theslelVke
other end of the measuring tape was pulled up dcetfe
height of the observer. There, the observer used
clinometer to measure the angle of the levee from
horizon. Knowing the total length from water edge
observer eye (T), angle of depressiaj @nd length from §
levee top to observer's eye height (h), the heifhthe |l

levees £) could be calculated, as shown in Equations 1 = e '
3: Figure 3. Area of fieldwork at NASA ARC.

Images show (from top) levee heights being
Equation (1) y = Lsin(a) manually measured, a benchmark from NGS,
and a NASA ARC medallion.
Equation (2) L=T-y
Equation (3) y = h/sin(a)
Where:

x = levee height

a = angle of depression

L = length along slope of the levee

T = total length from water edge to observer eye

y = length along slope from levee edge to obsesveye height
h = height from levee top to observer’s eye heigtht6 cm

RESULTS

Hindcast

The observed precipitation and modeled streamftovthe years 1977/78, 1992/93, and 1997/98 arevsho
Figure 4. During the 1997/98 storm season, thene \8& rain days, and a total of 24.51 inches (1388m) of
precipitation fell. The flooding event during Feary 1998 had a peak daily average flow over thenddf
watershed area of about 254 cfs (7.1925 cms), la@dniean daily flow for the entire time period isoabl13 cfs
(0.3681 cms) (see Table 2).

The 1977/78 rain season had a total seasonalpfiegitin of 24.64 inches (62.59 cm), which is sanito the
1997/98 season. There were 71 rain days in thisoseavhich is 20 days less than the 1997/98 seddenmean
daily flow modeled for 1977/78 is about 8.6 cf2@B5 cms), and the maximum daily flow is 88.4 &$032 cms).
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Table2. Summary of observed precipitation and modeled streaflow for hindcasted vears

Rain Total Mean Hourly [ Max Hourly | Mean Max Daily | Min Daily
Season Season Precip (in) Precip (in) | Daily Flow | Flow (cfs) | Flow (cfs)

(Nov-Apr) | Precip (in)

- 24.64 71 0.0044659  0.338 8.6133 88.434 0.0085922
- 19.37 68 0.0043692  0.36 8.7864 84.816 0.005492
1997/98 24.51 91 0.005784 0.71 13.021 253.63 1.010767

The 1992/93 season had 68 rain days, which idasita the 1977/78 season. The total rainfall 892/93 was
19.37 inches (49.20 cm), which is about 4 inchés1@ cm) less than both the 1997/98 and 1977/78ydde
mean daily flow modeled for 1992/93 is 8.79 cf4B9 cms), which is similar to the flow modeled 1&77/78.
The maximum daily flow for 1992/93 however was ldast of all three study years at 84.82 cfs (2.4€1h8).
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Figure 4. (Left) Observed or interpolated precipitation aright) modeled mean daily flow for storm seasong)t
1977/78, (center) 1992/93, and (bottom) 1997/98.

Forecast

To create sensitivity analyses, several meteoitaéb@nd land cover changes were made to the thhaen
seasons of study. First, temperatures were inaldageip to 10°F to simulate temperature changethrqugh the
Alfi high emission scenario projected for 2100. dhprecipitation was both increased and decreageti5ko,
because global climate models do not have statiltisignificant results for changes in precipiatitrends for the
study area. Next, simulations in land use changer® \generated by taking 20% of each the agriculincerange
land areas within the study area, and convertifgtat urban built up land. Lastly, to simulate & $evel rise of 18
inches (45.72 cm) under levee failure, the 307r8sa€124.44 ha) that would be inundated withingtuely area by
2050 was converted from urban land into water dfegures 5 and 6 show how these land use chantedlhe
flow.

To create a range of future climate scenario, mbidoation of temperature increase from 0 to 10°FC(€
5.56°C) and precipitation change from 85% to 115%arymal was modeled using the BASINS CAT. The itssu
from this model run can be seen in Figure 7. Nelxdnges in storm intensity were generated by spegithat the
top 10% of rain events over 0.1 inches (0.254 cmlild have up to a 10% increase in precipitatiorun. This
can be seen in Figure 8.
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cover is changed by converting 20% of agriculture  COVEr IS changed to simulate a sea level rise of 18
g y g ° g by taking 307.5 acres from urban land and turning i

and range land into urban land for storm seasons into wetlands for storm seasons (top) 1977/78,
(top) 1977/78, (center) 1992/93, and (bottom) (center) 1992/93, and (bottom) 1997/98.
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Daily Mean Flow {¢fs) with
Change in Storm Intensity for 1977/78
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Figure 7. Modeled daily mean flow (cfs) when temperaturesiacreased from 0 to 10°F (0°C
to 5.56°C) and precipitation is changed from 85%216% of normal for (left) 1977/78, (center)

Daily Mean Flow {¢fs) with Change in
Overall Precipitation for 1977/78
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Figure 8. Modeled daily mean streamflow (cfs) when tempeestare increased from 0 to
10°F (0°C to 5.56°C) and storm intensities aredased by taking the top 10% of rain events
over 0.1 inches (0.254 cm) and amplifying up td&olincrease in precipitatiorolume

95%

The heights of the levees as calculated from nlamgémsurements were more accurate as comparec to th
DEM and the LiDAR data than the GPS readings (sgar& 9). The Garmin 60CSx had a constant altiteider
range of £ 23 ft (7 m). The Garmin GPSmap76 (nhawsi) had varying altitude error ranges that weremure
accurate than = 56 ft (17 m). In the latitudinabtldangitudinal directions, the Garmin 60CXs hadt.1(.30 m)
accuracy with nominal resolution, and the GarminS@8Rp76 had 10 ft. (3.05 m) accuracy with 1 ft. QOrB)
resolution.
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Measured Elevations
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7.0 7

Elevation (m)

-4.0

Field Points
Figure 9. Comparison of levee height measurements with giadmes from DEM and
LiDAR data

DISCUSSION AND CONCLUSIONS

Because this report does not distinguish betwkeemestern and eastern drainage areas, the purapityafor
the watershed area combines the western and easi@m capacities for a total of 59 cfs (1.6707 cms)

The BASINS CAT results show that as temperatuiadseased, the mean daily flow decreases. Thikldoe
due to increased evapotranspiration, as that Jeriéd recalculated when temperature is adjusted.eiwWh
precipitation increases, the mean daily flow alsoréases. The contour plots show that togetherchizanging
precipitation with increased temperatures has aradlvincreasing linear effect on the mean daibwil Original
assumptions were that there would be more of aipeseedback process with increased temperatdegxample
could be that increasing temperatures would allogvdtmosphere to hold more liquid water, which ddakd to
more availability of precipitation to fall, whictoald therefore lead to increased flow.

The BASINS CAT results also show that as the 1% bf storms with a rainfall volume more than 0(Q:254
cm) intensify up to 10% above normal, the flow sases. The increased storm intensity scenario riuieacrease
mean daily flow as much as the scenario where t\mexipitation is increased up to 15% above ndridawever,
this does not mean that more intense storms aseolea threat than overall increased precipitatibithere is a
comparison of overall precipitation increased bstju0%, and storm intensification increased by &%, the
storm intensification scenario has modeled streamthat is slightly increased (0.2% to 0.5%) fromatt of the
overall precipitation increase. And in generakiif increased storm event has the volume of pratigit such that
the SWRP is filled and starts to overflow, but fhemps cannot pump out water as fast as it is flgwm then
inland flooding can occur. This is what happenednduthe February 1998 flooding event. The storrd hgpeak
hourly rainfall of 0.71 inches (1.80 cm), and tb@ised the mean daily flow to be 254 cfs (7.1928)cfrhis inflow
rate is about 430% more than the pumps combinegwamp out of NASA ARC.

When modeling a change in land cover by conver#@®p of the present-day agriculture and range kamdl
turning it into urban land, the mean daily flow ieases. This could be due to the increase in ines\surfaces
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that are associated with urban land and an incrigaserface run-off. When simulating the 18" (45Gi) rise in
sea level by changing 307.5 acres (124.44 ha) lwdrutand into wetlands, the mean daily flow deaead his
decrease is most likely due to a decrease in surfacoff.

The Garmin GPS units used in the field work wereugate in the latitudinal and longitudinal directs, but
were inaccurate in the altitudinal direction evlough they were calibrated using known benchmarke. GPS
elevation data for this project is therefore ndidséo use for verifying levee heights. The clinasremeasurements,
however, were very close to DEM and LiDAR givenvalions.

Future Work

This report covers the work accomplished in thist fsummer of a two-summer project. Below are fdssi
directions this project could take during the nrextamer term.

It is suggested that the Terrestrial Observatioth Brediction System (TOPS) model be used to gimeoee
accurate and properly downscaled data set for yeology at ARC. The current limitation in using PS was
because at this time, it does not include a disteith hydrological model (i.e. grid cells are nohweected, which is
required to properly simulate hydrology at high tegdaresolution). Downscaled climate projectiondotad for
NASA ARC for use in the TOPS model will be providegd NASA Goddard Institute for Space Studies.

In use with the BASINS model, the watershed at A#RGuld be split into an eastern and western polimsed
on the drainage area delineations. In the BASIN8ehdhe pipes and drainage system of NASA ARC khba
included for more accurate flow direction and flamount results.

The effects of sea level rise on the hydrologNéSA ARC aren't fully understood with the BASINS ohel
output. Perhaps more resources could be acquireetter understand these effects.

Another year of interest to hindcast could be1882/83 El Nifio season, as it had 60 total rairsdayd 22.83
inches (57.99 cm) of total precipitation.

It would be advisable to team with the EnvironnaéiManagement Division at ARC, who are working witle
Army Corps of Engineers on a feasibility studyriorease the height of the levees. It is also recemd®d that final
results be given to NASA ARC master planners, wao then adapt new procedures for future developneith
awareness of anticipated climate change effecth@uenter.
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