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Executive Summary

The National Weather Service has developed a National Water Madebntinually forecast
flow throughout the river and stream network of the United Stétater has become like weather,
forecast everywherat local scale, all the timén Texas, flow forecasting is provided on about
190,000 miles of streams and rivelisided into about 100,000 forecast reachdswever, the
streamflow measurement dateadable to correct and validate the National Water Model are
sparse At present, the National Water Model uses data from about 550 US Geological Survey
stream gaging sites in Texdhere are27,000 Texas bridgdecated on stream reaches forecast
by theNationalWater Model. his projeciestablishes transect of radar streamflow measurement
sites on Interstate Highway 18X0) bridgesas a pilot implementation to examine the feasibility
of a broader streamflow measurement prograrormges maintainedyithe Texas Department of
TransportationTxDOT).

Each of the 20 sites is instrumented with an¥Qndirect measurement system, which uses radar

to measure both the water elevation and velocity without the instruments touching theasger.
velocity data are usefuh tidal zonessuch as those in the Beaumont Distnabere all the gage
siteson |10 arein the coastal zon&achgagesiteis poweredy a battery rechargeddom a solar
panel.Water level and velocity data are communicated every ithites through a cell phone
connectionEach bridge and radar site is documented using 360° photography and a virtual staff
gageis superimposed on the bridge at the gage site to allow better visualization of the water height.
The stream crossection is neasured by usintidar data and GPS surveying, supplemented for
sites with permanent watdan the coastal zonaising Acoustic DopplerCurrent Profiler
measurements.

The data are received and processed in a cloud data system maintained by the Kisters firm,
which water level and velocity are converted to streamflow dischiingeKisterBig Datasystem

also ingests the National Water Modlelw forecasts for all of Texas and converts these to an
estimate of water level in eastream reachlhe water levis measured at the TxDOT radar gages

and the USGS gages are compared with the levels estimated from the National WateAModel.
detailed 2D hydrodynamic model was created for the West Navidad Rivé0awhich has two
bridges, one on the main channetlanother in the floodplain. This model illustrated the flow
patterns in the floodplain and through the highway bridg&tarlland surface terrain data with

1m cells proved admirable to support the modeling study and to characterize the road elevation
prafile and stream crossection at all the gaging sites.

A statistical methodology for using the errors between observed and forecast water levels and
flows has been developed and applied to a test case in the Navidad river hiasimethodology

shows promisdor improving the flow forecastdor about 15 milesupstream and0 miles
downstream of the-10 gage transech geostatistical variogram showed that peak flows during
Tropical Storm Imelda were correlated up to a distance of 50 aldeg F10. Thel-10 transect

gage spacing about 20 miles west of Houston and 10 méast of Houston, so the coverage of



flows along +10 is adequate using this gage spacikglan for installing gages on additional
highway transects north ofll0 ispresentedOn September 120, 2019, Tropical Storm Imelda
occurred in Southeast Texasd the report concludes with a preliminary assessment of the lessons
learned during this large flood eveAn appendix summarizes the experience accumulated during
this project for installing radar gages ohd.



Chapter 1. Introduction

1.1. Motivation for the Project

The National Weather Service has developed a National Water Model that continually forecasts
flow in the river and stream network of the United Stétéws://water.noaa.gov/about/nyrihe
National Water Model operates as part of the
has become like weather, continually forecast everywla¢recal scaleall the time In Texas,

water flow forecasts are provided on about 190,000 miles of streams and rivers divided into
102,000 indvidual stream reache8s shown in Figure-L, there are 27,000 Texas bridges located

on 15,700 of these stream reaches, so the NationarWhaddel provides for the first time a
statewide method of assessing in teak the flow conditiongtthe Texas bridge system.
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Figure 1-1 Locations of approximately 27,000 Texas bridges overlying National Water Model
stream reaches


https://water.noaa.gov/about/nwm

The Center fowater and the Environment of the University of Texas at Austin led the engagement
of the US academic community in working with the National Weather Service to develop the
National Water Model. The prototypeational modelwas created at the Texas Advanced
Computer Center in Austin in 2012015, with the help of the National Center for Atmospheric
Research.This prototype was subsequently moved to the Weather and Climate Operational
Supercomputer System of the National Weather Service in Maryland, whegsdahfly operates.
Several upgrades to the National Water Model have subsequently been produced, most recently
Version 2.0, which became operatiomalune 2019This work is coordinated at a National Water
Center operated bthe National Oceanic and Atngpheric Administration(NOAA) on the
Tuscaloosa campus of the University of Alabarhis Center achieved an initial operating
capacityasa national center for flood forecasting on 1 October 2019.

Forecasts from the National Water ModelTexasare checkd against observatiofi®m about

550 US Geological Survey stream gagistgtions, as shown in Figure2l Since forecasts are

being made at more than 100,000 stream reaches, it follows thadbranblgach in about 200 is
actually being observed and meal It is clear by comparing Figures 1.1 and 1.2 that if the
Texas bridge network could be more fully utilized for stream measurement the National Water
Model forecasting would be more securely anchored to measured data, and thus more accurately
depict anl forecast flow conditions on the bridge and transportation network.



Tulsa
Q

@®

. Oklahoma

. City
O

. o . :
Albuquerque QA'“J“”’Z.. OKLAHOMA
O

Santa Fe
o

ARKANSAS

VIACHIT, UNTAINS ©
QUACHITA MOUNTAINS Little A

NEW MEXICO . . .

o
El'PasooJuarez ® i (.

Chihuahua
(o

3

Monterrey

Torreon gt
o Saltillo g =
>

o)
=0

Figure 1-2 Locations of 550 SGS Stream gaging statioinsTexas

1.2. Transect of Gages on I-10

In this project, a transect of 20 radar streamflow gages has been installed on Intéybtatey

10 (I-10) distributed from west of San Antonio across south Texas to the Lmis@der, as
shown in Figure 13. I-10 was chosen because it is a critical transportation conduit for Texas and
because it is regularly subjected to floodifrgom 204 to 2018, about 330 road closures have
been recorded oRrll0, half of which occurred during Hurricane Harvey, ai@ was closed again
in September 201Quring Tropical Storm Imeld&xDOT statewide road closure data show that
about threequarters of rad closures result from floodingigure 13 shows that gages were not
installed on410 in the Houston aréathis occurred because this area is alraalydensely gaged
by the local authoritiesn particular, the Harris County Flood Control Distridine of the 20
transect gages were installed in the Beaumont District, east of Houston, witefe@a$ a high
flood risk.
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Using the Interstate Highway system as a base for streamflow reeest is novelJsually gages

are placed at strategic locations on rivers and streams near the outlets of watersheds, and the
density of gages increases in the largesgijtas can be seen in Figure.JFew USGS gages are

placed on the Interstate Highwaystembecause access to the gages is difficult théfeen

viewed from a national perspective, ihéerstatehighwaysystemrunsWest to Easand North to

South to provide a national transportation netwbtéwever, this network could also be thought

of as a national transect system for streamflow measurement if it were more fully instrumented.

Normally at stream gaging sites the instruments measuyewater level, but TXDOT chose in

this project to utilize a more comprehensive radar stream gagingmesit called the RGO
developed by Sommer Messtechnik in Koblach, Austria, and marketed in the United States by
Hydrological Services Americdhe RQ30 measures water level by using a radar sensor pointing
straight down at the water. It hasadditiona velocity sensor that points out at an angle to the
water surface, where it measures the velocity using a Doppler radar effect from the movement of
ripples on the water surface. These are both considered indirect measurements since none of the
instrument#on is touching the wateffhe gage is mounted by being bolted to the side of the
bridge, is powered using a battery recharged by a solar panel, and communicates through the cell
phone networkThus the whole gage package is a standalone system thahatoejuire an
external power source or a gage house on the bank of the river.

1.3. Kisters Water Data System

Access to the TxDOT bridge sensor data and also to the USGS flow data is provided through a
TxDOT Water Data Viewedeveloped by the Kisters water datanagenent firm, as shown in

Figure 14. Kisters is the largest water data management firm in the world, whose data system is
used for the whole national hydrological network in the United Kingdom and several European
countries.The Kisters data system @&@so used by the City of Austin, Lower Colorado River
Authority, City of Houston,and the Harris County Flood Control Distritd record, archive and
display the data from their gaging networlksthis project, the Kisters data system not only records



and displays the TxDOT bridge sensor data, it also stores and displays the corresponding forecasts
from the National Water Model for all 102,000 stream reaches in TBeasdesusingthe web

viewer, water level, velocity and flow data can be accessedgmogatically using water data
services for inclusion in other applicatiofi$ie bridge sensors are alarmed so that if the water
rises to critical levels, messaging is sent out to the TXDOT emergency response system.
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Figure 1-4 KistersWater Data Viewer

1.4. Outline of the Report

Chaptes 2-3 of this report describe how the sites were selected and the equipment installed, and
how the sites were characterized using surveyidg, data and 360° photographghaptes 4 5
describe how the data are processedived, and accessed in the Kisters data system, and how
web access is provided to the data for each site, and for asxagole.Chaptels describes how

a statistical method was developed to adjust the National Water Model forecasts to account for
measued gage dat&haptes 6 and 7 were not part of the project scope but were added to provide
additional deta Chapter6 descriles adetaiked hydraulic model of one of the bridge sites, and
Chapter7 providesa brief review of Tropical Storm Imelda, wh impacted southeast Texas on

171 20 September 201€hapter8 provides concluding commenin appendix summarizes the
experience accumulated during this project for installing radar gages@n |



Chapter 2. Streamflow Gaging Sites

2.1. Selection of Sites

Given the focus om-10, the next step was to determine the locations of individual gaging sites.
The 20 siteswereinitially envisaged as being reasonably uniformly located along the highway on

the larger river stream systemBecause of concerns abougffic interruption during gage
installation and maintenance there was a desire to avoid siting gages on the main {A0dsubf |

in some instances that was unavoidable, and in such cases, gages were only installed on the main
lanes if there was a sigreint shoulder width availablMany gages are installed on the frontage

roads of 4110, which have the advantage of much lower traffic volume. A few gages are installed

on roads nearby10 so as to measure rivers that impab® without having to instatquipment

on 10 itself. There was some consideration given to collocating TxDOT radar sensors with USGS
gaging sites, and that was done at Site 120 on the Guadalupe River.

After initial site visits, we decided thatiige sites should be located whehe tgage can be
installed and accessed for maintenance without lane closumery casewe avoided lane
closures buait some sites TxDOT providedceash attenuator truck on the shoulder for an added
margin of safety.

The process teelect a site incluesthesesteps:
1 Desktop survey via Google Earth to identify possible bridge sites within large watersheds

1 Confer with the local TxDOT District to identify bridges within their district where they
have experienced flooding or bridges where they would gages installed.

T Compare the possible sites with TxDOT6s b
bridges scheduled for maintenance

1 Conduct an onsite reconnaissance of each site to ensure the conditions are favorable for
gage installation and to deteine if there are other gages (such as USGS or water control
district) on or near the bridge

1 Make final selection of gage sites

1 Prepare engineg plans of the gage installation for each bridge and submit to TxDOT
for permit and permission to install

1 Once permit has been approved, proceed with installation

2.2. Gage Installation

The process tmstall a radar gage includédsefollowing steps.



Prior to Installation:
1 Request traffic control for installation date at least seven days out
Make detailed measaiments on the size and style of the bridge rail.
Determine the type of mount necessary for the gage and prefabricate all fittings.

Program the data logger and radar using the designated standard settings files.

= =2 =4 =

Test each logger and sim card to confirns iproperly reporting to thi€istersCloud prior
to installation.

During Installation:

1 Confirm traffic control measures are in place.
Assemble and wire gage off the bridge and away from the roadway.
On the bridge, drilfour holes and install bolts foanounting brackets.

Take accurate measurements offthe bolts and adjust gage mounts to fit.

= =_ =/ =2

Install and secure gage on the battske sure no part of tigageextends over the bridge
rail and that the solar panel is angled to the Sotigossible

=

Make sure radar is pointed parallel to the direction of flow.
1 Install battery and activate system.

1 Exit the bridge and wait for the first successful report of data (no longet@hain) before
locking the shelter and removing traffic safety.

1 The installation team of two persons usually také&go 2.5hours to install the gage.

Figure 21 shows installed equipment at two sifBsere are three parts of the equipment: the solar
panel on top, the gage box beneath, and the radar sensoibatttme. These are connected by
each being bolted to a 20 galvanized pipe,
railings, as shown in Figure-2 This installation method proved to be secure and kept the
equipment in place even at thregesithat were overtopped by flooding during Tropical Storm
Imelda.
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Figure 21 Examples of installedageequipment
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Water Level Sensor Installation on Mounting Pipe

Figure 22 The mounting pipe and its attachment to the bridge and teqinpment
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Figure 23 shows the interior of the gage electronics box, which contains the battery, data logger
for recording sensor measurements, and cell phone communications equipment to transmit the data
to the Kisters Big Data system.

; ’| y‘ e

Figure 23 Interior of the gage electronics box

TxDOT considers the integrity of a bridge to be threatened if flood waters reach the low chord
elevation, as shown in Figured2

Figure 24 Lowchord elevatio (LCE)

At the time of equipment installation a series of vertical measurements are made using a tape
measure or a weighted tape from the bridge down to the water surfasteeamibedas shown in

11



Figure 25. These measurements are very important for later ahgakithe interconnection of
GPS surveyingdjdar, and stream bathymetry at the gage site.

i
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Figure 25 Elevationmeasurement®r Site 105, Hillebrandt Bayou

Gaging equipmensinstalled at 20 site locatisnasillustratedin Figure 26 where the TxDOT
District regions are colored so it can be seen in which districts the sites are locatiéstinghef

12



sites by road and river name is givarTable 21. The ste with yellow dotin Figure 2.6s where
the gage has been moved to Church Creek, a tributary of the San BernartdRiaese the bridge
on theSan Bernard river where the gage was originally installed is scheduled for replacement

N

Figure 26 Locations of streamflow sensors
Table 2-1 Locations of TxDOT bridge streamflow sensors.

Site | Location Site | Location

101 | Sabine River at-10 111 | East Bernard Creek atlD

102 | Adams Bayou at-10 112 | San Bernard at10 (moved to Church

Creek at{10)

103 | Bairds Bayou at-IL.O 113 | EastBernard River at US0

104 | Neches River at10 114 | West Navidad River at10

105 | Hillebrandt Bayou at TX1L24 115 | Peach Creek atl10

106 | Willow Marsh Bayou at-10 116 | Plum Creek at-1LO

107 | North Fork Taylor Bayou at10 | 117 | Geronimo Creek at10

108 | Turtle Bayou at+10 118 | Santa Clara Creek atlD

109 | Cedar Bayou at10 119 | Leon Creek at-1.O

110 | Bessies Creek atl0 120 | Guadalupe River at U87

13



Sites 101 through 109 are east of Houston and $sta@ambedbelow sea levelSites 110 through
120 are west of Houston and hateeambeadvell above sea level.

At Site 120, Guadalupe River at 83, the TXDOT R@B0 sensor is located next to a USGS
streamgage sensor as shown in Figuré&. 2 his is USGS gage 08167000, which has beets
current location since 2010, so it is a wgdiged and rated sit€he data measured at the TxDOT
and USGS sites can be visually compared in Figt8ard there is little visual difference between
them.It should be noted that the TXDOT transectnstalled specifically for flood warning and
assessment and is not intended as apuappose water resources gage suitable for all ranges of
flows. In particular, it is not intended for accurate measurement of low flows, which would require
repeated filel measurements of flow at various water levels not undertaken in this project.

Figure 27 Guadalupe River at U87 near Comfort, Texas
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USGS 881670888 Guadalupe Rv at Confort, TX
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Figure 28 Comparison of flow measurements from USGS and TxDOT sensors
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Chapter 3.  Site Characterization

3.1. Requirements for Computation of Discharge

The RQ30 sensor simultaneously measures water surface elevgtemg the local velocityy,
at a point on the stream water surface located obliquely in front of the sensor, as shown in Figure
3-1.

Local Velocity, V,
Measuring spot ﬂWater elevation (h)

discharge
(Q)

P %

Cross-Section A(h)

Medial Velocity, V,,

Figure 3-1 The RQ30 sensosimultaneously measures water surface elevation and surface
velocity

A line across the channel perpendicular to the sensor was surveyed at eachusiéed &mdompute
the crosssectional area of the stream chanmgh), for a given water surface elevati An
adjustment factolk, generallyon the order ok ~ 0.6, is used to compute the mean velo&ity,
from the surface velocityy,. This value was verified using Acoustic Doppler Current Profiler
(ADCP) measurements along the surveyed line, as deddaker in this chaptefhe discharge,

Q, is computed as the product of the mean velocity and theseotienal area, as shown in Figure
3-2. In the TXDOT applicationthe quantities shown in green in Figur ®ccur at thesensor
location. The resuiing water level and surface veloctgta are storedith the sensomn an on

site data logger and transmitted each 15 minutes via the cell phone network to the dfasters
data systemThe quantities shown in purple in Figur@ 2he crossection prafe and the kKactor
velocity calibration, require a ortame specification for the site and the data are then stored in the
Kisters cloud systenThe quantities shown in blue in Figur&3re the computations that occur
continuously in the Kisters clouslystemto produce the crossectional area for a given stream
depth, the mean velocity determined from the surface velocity, and then the dissbangputed

as the product of the cresectional area and the mean velocity.
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) One-time specification
% -\ [T at this measurement site

W () Continuous measurement
Profile Brres s o ] Internal calculation

A(h)

Water level, h
Discharge
Q=A(h) *V,
Local Velocity,
Vi
Mean Velocity,
Vo=V, "k
Calibration

factor, k = V,/V,

Figure 3-2 Procedure forcomputing the discharge

A complication for the sites east of Houston is that many of those river channels are impacted by
tidal fluctuations. This is apparent in the sinusoidal shape of the flow and water surface elevation
at certain sites (see Figure33for example), and confirmed with the surveying which showed
bottom of the channel is below mean sea level. The velocity sensor helps to distinguish between
river flow and tidal surge at each site, and to improve water surface elevation forecastingdIt sho

be noted that the USGS does not install strgages in the coastal zone because of the difficulty

in estimating flow strictly from water surface elevation.
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Figure 33 River fow under the influence of tide at Site 102: Adams Bayou
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A schematic ofhe sensor unit and the direction of its radar beam measuring surface water velocity
is shown in Figure 3. The angle of deflection from the horizontal of the radar beam®isab8

tan 58 = 1.6Q Hence, ifthesensor is 16m above the water, the pointeddcity sensing is 10m

in front of the gage, and if the sensor is 8m above the water, the point of velocity sensing is 5m in
front of the gageThere is some spreading of the radar beam as it travels from the sensor to the
water surfaceOn a very high bdge, where the sensor is more théxieet above the normal water

level, a special radar sensor is needed to avoid too wide a spreading of the radar beam before it
hits the waterThis high bridge sensor is used at Sites 101 on the Sabine River and i85 o
Neches River in this project.
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Figure 34 Geometry of the measurement beams

3.2. Describing the Stream Cross-Section

The computation of discharge at a gage site requires the specification of the stressaatross

The reference height used for thesssection can be measured from a locally established gage
datum, as is normal at USGS gaging sitéswever, the rationale for establishing a local gage
datum differs from one organization to another. In some instances, mean sea level or geodetic
datum isused.In other cases, a level &feet below the currestreambeds chosen as the datum

to allow for possible erosion of thetreambedater. To avoid all these localariationsand to
construct a system with consistent specifications at all sites, heights thieoMAVD geodetic

datum were used at all sites, so that the stream-seas$®n appears as shown in Figu® 8xcept

that in this project all distances are measurete@ not metersThe distance along the cress
section is measured from the left abutment of the bridge where left is interpreted as looking at the
bridge in the direction of flow from upstream to downstream.

It is critical that the location of the RGD ®nsor in (X,y,z) is measured accurately with a survey
quality GPS unit.

In this project a Trimble RO GPS surveynit was used at all siteghe rental agency, Allterra in
Austin, Texas, has in place an extensive network of differential GPS referesce/kitd enabled

the survey accuracy needed with minimal effort on our phars. proved to be remarkably accurate,

and in all locations where the survey instrument was well exposed to the sky, the location
measurement converged to a stable value in jfest &econds.
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Figure 35 Rivercrosssectio at the R@B0 measurement si&Sommer Messtechnik, 2018,
p.20)

3.3. Surveying the Road and Stream Cross-Section

One of the most interesting insights that emerged from this project resulted from the conjunction
of using lidar data and GPS surveying to measure stream-sexdgons, as illustrated for Site 114

on the Wet Navidad river at-L0 in Figure 36. Texas now has statewidarborne lidar
measurement of land surface terrain and most of these data have lvessgui@nd are accessible
from theTexas Natural Resource Information Sysigiinps://tnris.org/stratmap/elevatididar/).

Lidar(a term created from the phrddght Detection And Ranging) isramote sensing technique

in which pulses of laser light are emitted from a sensor, reflected from the land sani@dtkee
elevation of the surface determirfeaim the height of the aircraft and the time taken for the emitted
pulse to be reflected backttoe aircraft sensor.

Lidar data consist of point clouds, or the original poinitsaser reflectiorcollected by thdidar
instrument, and a bare earth Digital Elevation Mdd@tM), which is an interpolation onto a
regular grid mesh of the elevationspafints representing the land surface itself below vegetation.
The point clouds aralso classifiedby type of surface reflection (e.g., land, watergetation
roadways, etc.and points representing significant bridges are separately identified amgecemo
from the data before the bare earth DEM is calculated.

In this project, a profile line was drawn along the road edge at the bridgeltseetevation was
determined using thidar point cloud data, and also by using GPS surveying at intervals along
the road edge, usually 20 poimsceptin a few high traffic density sitesvhere 10 points were
measuredThe correspondingtreambegrofile was determined from the bare editlar DEM,
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and by using a weighted tapemeasure the vertical height diffexe between a reference line

along the bridge berm and the bottom ofgtreambedwWhere water and flow were present at the

site during surveying activities, distance to water surface elevation was me&urez height
adjustments are needed to allowtfue difference in height between the height of the sumthce

used for the GPS surveying and the height of the reference line along the bridge berm used for the
weighted tape measurements.

There was a remarkable cohesion between these two forms ofremastlidar and GPS
surveying, as shown in FigureG3In this figure, the black line is tHelar profile of the road and

the grey dots are the GPS elevations of individual points along the roadreddgerown line is

the lidar profile of the streambedand the orange dots the bed elevation as determined by a
weighted tapeThe gray line below the road profile is the profile of b chordof the bridge,
measured at one location on the bridge and then extended along the bridge in parallelteath the
profile. The red square shows the location of the radar sensor, determined using GPS surveying,
with the elevation being that of the bottom of the sensor box, which is offset by 1 ft from the top
of the sensor box where the base of the survey rosl rest

Site 114: West Navidad at I-10
LIDAR point 300

loud on road

290 f

285 \ =LIDAR Bed

280 | IDAR Road
275 / e SurveyBed
270 a _ f“ﬁ Survey Road
265 / Low Chord
260 A\ ~#-Sensor

0 200 400 600 800 1000 1200

Distance from Left Abutment (ft)

Elevation Above Geodetic Datum (ft)

Bare earth DEM

Figure 36 Lidar and survey data for Site 114: West Navidad Riverldt |

The final stream crossection(Figure 37) is determined from thé&dar crosssection adjusted
where necessary by the weightage measurements
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Site 114: West Navidad afLlD
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Figure 37 Final profilesfor West Navidadite

3.4. Bathymetry in Sites with Permanent Water

The procedure just described for the West Navidad River, was applied to all gage sites west of
Houston, which were found to be mostly dry when the surveying was done during Jul{¥@019.

two sites that had flowing water (Site 120 Guadalupe River and Site 118 Plum Creek), the depth

of water was only a foot or so and the depth to the bottom of the stream could still be measured
with a weighted tapeNormal lidar measurements do not penetrate waser,where there is
permanent water deptlijard at a j ust show a fAshel fo at the ws

All nine sites east of Houston oflLD are in thecoastalzone, meaning that they have standing
water in them all the time at approximately zero geodetic datawation, and varpg slightly as

tides changén the larger rivers such as the Neches and SaBatbymetrymeasurementssing

GPS and ADCRwvere done at all these nine sites by wading or by canoe where necessary, to
measure the true bottom profiendto the extent possible to measure the distribution of water
velocity across the crosection.This work was done by Barney Austin, AnnabktbCall, and

Tim Osting of Aqua Strategies as a subcontract to EarthViews.

After installation of the sensqrthe team went to each site to survey the channel-sexdon and

take flow and velocity measurements. For most chantiesteam was able to use an Acoustic
Doppler Current Profile (ADCP). We used the Sontek River M9, mounted on a boogie board and
with Trimble R-10 surveygrade GNSS (GPS). The ADCP was either dragged across using ropes
betweena person on each shore, or towed by boat. The team brought both a kayak and a small
johnboat to each site. The team followed the procedures recommended by tBefdsSGBw
estimation, consisting of at least three passes. The ADCP measures both the depth of water under
the unit, geereferenced using both the Trimble unit and bottoacking, as well as the velocity
profile. Surface velocity measurements are useketp calibrate the radar sensor, and velocity
measurements integrated across the channel provide a flow estifitatee 38 shows the
operation of the ADCP unif GPS receiver is mounted on the kayak directly above the ADCP.
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Figure 38 The M9 ADCP dtaiched to a kayak to collect flow and bathymetry

Where the channel was too small, or the water too shallow to deploy the ADCP;leelhBdntek

River Surveyor was used, which measures velocity using acoustics at a point 15cm in front of the
sensoy as sbwn in Figure 39. Crosssection profiles were measured from bank to bank. The
RTK-GPS Elevation Points (red) indicate elevation measurements taken with a Trimble R10
GNSS Figure 310 displays depth along the profile track from bank to bank with a fultczo

plot of the water velocity profile (ft/s) and bottom bathymetry. Individual cell velexihdicated

by color.
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 ADCP Bathymetric Cross Section 1 |
ADCP Bathymetric Cross Section 2 [
ADCP Bathymetric Cross Section 3 |
ADCP Bathymetric Cross Section 4 |
RTK-GPS Elevation Points
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~

Figure 3-10 Ste 105 Hillebrandt BayolADCP crosssection profilefrom SonTek
RiverSurveyosoftware

As shown in Figure-31asurface water velocity measuremana poinin the middle of the radar

beam helpedb provide assurance that the bridgeunted equipment was working properly. The

team anticipated having to estimate flow using a series of velocity and depth measurements across
the channel, but they did not encounter the physical conditions that would make this practical or
worthwhile.While out on sitea set of survey points werellazted with the Trimble unit, such as

road el evation, bridge abut ment el evati on, W
information helped georeference other data collected on site, as well as provide elevation
information for theEarthViewsimagery
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Figure 311 Spot velocity measurement taken in the field within the radar beam of the project
stream gage

Bathymetrydata from multiple ADCP or the Sontek River Survey transects at each site were
averaged to form a representative transect ferstte and georeferenced to a profile line drawn
between end points on the left and right banks of the MWaere necessary, this profile line was
extended laterally out across the floodplain to the bridge abutmentdlidsingata, and thédar

and bahymetry profile transects were combined to form a single esassion profile.This
involved some adjustment and data editing at the end pdilss.the bathymetryprofile was
transposedo the edge of the bridge to conform to tldar measurements ahe bridge and the
floodplain. The results are shown Figure 312 for Site 105 Hillebrandt Bayou where part (a)
shows the separalidar and bathymetry profiles, and part (b) the result once they were edited and
combined.
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Slte 105: Hillebrandt Bayou
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(b) Final profile for Hillebrandt Bayou
Figure 312 Crosssection profiledor Site 105Hillebrandt Bayou

3.5. 360° Photography of Bridges

In order to provide a visualization of each site, a 360° photographvey was conducted using a
camera that, when triggered, takes photographs continuously. These data are processed and
mounted into an ArcGIS web platform by EarthViews so a viewer can visually travel through the
site and under the bridge, as shown fer lthllebrandt Bayou site in Figure3. A #Avi rt ual
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gageo is constructed t otimewatbldve measuremeatsvagainsttao
background of the actual bridge for a virtual picture of expected condif\onexample of this

3D view of the bridge at Hillebrandt Bayou is showmtips://arcgis.earthviews.com/public/205
hillerbrandtbayou#22

(c) Virtual staff gageon Hillebrandt Bayou

Figure 313 EarthViews photography &ite 105 Hill ebrandt Bayou

Figure 314 shows a chart of the water level profile recorded on Hillebrandt Bayou during TS
Imelda and a comparison withe virtual staff gage at this site. In this instance, the peak water
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level was located just beneath the Idword elevation of the bridg&his is very useful for public
safety officials to be able to visualize the risk to the bridge of current floodticorsd

Tropical Storm Imelda at Hillebrandt Bayou
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Peak water level 19.7 feet
above stream bed
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Figure 314 Water level profile and the virtual staff gage

3.6. Story Map Displaying the Site Characterization Data

The development of the data describing each site is a lengthy process that imvaryetata
sourcesAll these data were compiled inéa single website and published as an ArcGIS StoryMap
at as shown in Figure-B. This proved to be a very effective way of retrieving this information
later when it was required for further steps in the site characterizaliese data include:

=a

GoogleEarthMap link

EarthViews virtual staff gage and tour

Gage charts for the last two wedlgter level, discharge, velocity; battery level)
Site survey details

Lidar point clboud andDEM

TxDOT bridge plans

Nearby Geodetic benchmark, where available

GPS coordiates of sensor

Elevation measurements made during gage installation

=4 =42 A A4 4 A4 A A -

Sensor calibration certificate
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1 Stream Cros$ection Elevation profiles

i Site Photos

UT-TxDOT Radar Gage Sites

TxDOT 5-9054-01 Bridge Streamflow
Measurement Project

This story map shows location, status and photos for each radar gage site
in the UT-TXDOT Streamflow Measurement System along the IH-10
corridor from the Sabine River near Beaumont TX, west to the Guadalupe
River near Comfort TX. For installed gages, links to charts of stage, flow
rate, velocity, and battery charge are provided.

All documents, photos, digital elevation models, and hydrologic analysis
related to gage installations can be found in this location on UT Box. See
individual gage tabs at right for stream-specific data files. Text in red
means information is missing.

SensorID - Stream Name - Highway

101- Sabine River at IH-10

102 - Adams Bayou at IH-10

103 - Bairds Bayou at IH-10

104 - Neches River at IH-10

105 - Hillebrandt Bayou at TX-124

106 - Willow Marsh Bayou at IH-10

107 - North Fork Taylor Bayou at TX-124

108 - Turtle Bayou at IH-10

109 - Cedar Bayou at IH-10

110 - Bessies Creek at IH-10

111 - Little/East Bernard Creek at IH-10

112-San Bernard River at IH-10 (being moved to Church Creek)
113 - East Navidad River at US-90

114 - West Navidad River at IH-10

115 - Peach Creek at IH-10

116 - Plum Creek at US-183

117 - Geronimo Creek at IH-10

118- Santa Clara Creek at IH-10

119 - Leon Creek at IH-10

120 - Guadalupe River at US-87

Figure 315 ArcGISstory nap of thesite characterization inforation https://arcg.is/OWgTS0
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Chapter 4. Data Processing and A ccess

4.1. Kisters Big Data System

The Kisters firm operates a clobdsed data system called the Kisters Big Data (KiBiD) system
i n Aachen, Ger many, KistdreNorthiAmendéasof wwhetaMatf Aldes iser s .
President, was the subcontractor to UT Austin for this study, and they in turn worked with the
KiBiD team in Germany to store the data and mount the web interfaces and services produced
during this projectThe functioning of the KiBiD system is illustrated in Figure 4t consists of

three basic layergsirst comes a Data Ingestion Layer that takes in data in various forms, both
observations and forecasts. Next comes a Data Processing Layer that stores @nus perf
validation checks on the data and transforms it into useful prodticislly, there is aData
Distribution Layer that publishes the information through web dashboards and sefviees.
KiBiD system is used globally for many purposes, dealing wittekateatherand energy data.

For example, precipitation data from many European countries is ingested into KiBIiD and
transmitted daily to the European Centre for Medium RakdgatherForecastindECMWF).

Gather .
X XD T XD T X2

Data Ingestion Layer Data Processing Layer Data Distribution Layer
/ Data Portal

eIatlonaI] Web Apps
Structured Advanced Dashboards
EnEl gv Data - visualization

Analytics reporting
Semi-
Data Weather .
R m bescritive Webservices

Predictive to enable:

Prescriptive
Unstructured Data - data mining

(Blg Data / NoSQL) - data science
Data in motion - data analysis

- raster data - data discovery
- data insights

- data-driven decisions

Connectors

- high-speed sensor

Backend Frontend

Figure 41 Functions of the Kisters Big Dasystem

In this project, Beam gage datar Texasfrom the USGS, Lower Colorado River AuthoriGity

of Austin,Harris County Flood Control Birict, and otherareingested continuously into KiBid.
The National Water Model forecasts are produced biNdtenal Weather Service in the form of
NetCDF files with one file per variable per forecast time step covering the continental US.

TheKistersBig Data System gathers thNational Water Modé shortrangeandmediumrange
forecasts as they are publishiedm NOAA. A defined study area which encompasses 102,000
stream segments in Texas is extracted from each forébastorecast discharge is then processed
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using discharge to water level ratings created using the Height Above Neaieage(HAND)

metlod. The final product is both water level and discharge forecasts for 102,000 stream reaches
in Texas.The dataarecompared with actual measured data collected by the sgagm. The

results areprepared and served througfisters Web Services and RESAPIs to frontend
applications like th&istersportal and ArcGIS Online for further analysis and validation.

4.2. Data Adjustments and Error Checking

At each measurement site, whether for TxDOT data or those coming from USGS and other
organizationsit is useful to make sure that the base water elevation for low flows is consistent
between the observations and the water depths being computed from the National Water Model
using rating curvesThis ensures that as flows and water levels rise duriragl fevents, the
observations and forecasts are starting from a common baseAleuslple offset is computed by
comparirg the monthly minimums of the threly moving averages on both the forecast and radar
level time seriesThe adjustment will adapt ifagje construction or other actions cause a change in
either datumThis is illustrated in Figure-2 for Site 116, where an adjustment is made on 1 July
2019.The red lines in this figure refer to water depths computed from the National Water Model
and theblue lines to water depths measured by the TXxDOT glgenear horizontal lines at the
bottom of the figure are the monthly minimum valueghoSequantities.
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Figure 42 Base water level adjustment at Site,JRl6m Creek

Another form of validity chedkg is to compare the observed water level at any time at a gage and
the corresponding level inferred from the National Water Mdelgure 43 shows a heat map of
these water level errors which identifies larger error concentrations in the big citiasd#uere

are many USGS gages there.
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Figure 43 Error heat map foforecast and observed water levels

4.3. TxDOT Water Data Viewer

A special dashboard for accessing TxDOT radar gage data and other observational datasets has
been configured by Kisters for thiproject, as shown in Figure-4 This dashboard
(https://nwm.kisters.de/wdyfequires a login and passwotkdisers can choose a particular gage

or set of gages ardkefineprecomputed charts of the data meastinede.In Figure 45 is shown

a chart for Hillebrandt Bayou in which the observed water level at the TXDOT gage (blue) is
compared to the modeled water level (green) derived from the time zero value of the National
Water Model short term discharge foreaasing a rating curve to transform discharge into water
level. It can be seen that the National Water Mo@gken line)had this gage being inundated
because th&orecast water levedxceeds the sensor elevation (orange liRejtunately, that did

not hgpen as the blue lirehows thebservedvater depth rose about two feet below the sensor
butdid not reach it.
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Figure 45 Chart in the Water Data Viewéor Hillebrandt Bayou during TS Imelda

4.4. TxDOT Bridge Portal

A second web interface to access streamflow data and forecasting for Texas is provided by the
TxDOT Bridge Porta(https://txdot.kisters.d&/as shown in Figure-8. (This requires a login and
passworg The Poral covers all the 102,000 reaches at which National Water Model forecasting
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is provided in Texas, and produces the SRamge (18 hours ahead) and MediRange (10 days
ahead) National Water Model forecasts for discharge and watenéveie there areaservations

to which the forecasts of these quantities can be compared, they are shown as well, as in Figure 4
7, which shows observed and forecast water levels for the Neches Rid) duiting the period

of falling water following Tropical Storm Imeld# is notable that the impact of tidal variation in

the Neches riveis apparent in the TXDOT data though not in the National Water Model forecasts
which are not yet connected to a coastal water model, although that work is in progress.
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Figure 47 Chart in the TXDOT Bridge Portal showing the TxDOT radar observations and the
National Water Model forecasts, for Neches RiverHl kfter TS Imelda

4.5. Water Data Services

Another way toaccess observed and forecast datthénKisters Big Data system is to use data
services.These are REST calls that produce output in htmlahdrformats, incluthg Excel,
csv, and plotted chart3.he first step is to obtain a listing ®kDOT sites at which data is available.
This is exeated using this web services request:

https://nwm.kisters.de/KiWIS/KiWIS?service=kisters&typereryServices&datasource=0&requ
est=getStationList&format=htmi&site _id=30284&addlinks=true

This requesproduces the listing of accessible time series for each site as shown in-Lable 4
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Table 4-1 Listing of Time Series data accessible at TXDOT radar gagg sites.

station_name

Adams Bayou 102
Bairds Bayou 103
Bessies Creek Old 1-10 Westbound Bridge 110
Cedar Bayou at I-10 109
East Navidad River at US-90 113
Geronimo Creek at Westbound 1-10 "7
Guadalupe River at Comfort 120
Hillebrandt Bayou at SH-124 105
Leon Creek at 1604 119
Little-East Bernard at Westbound I-10 Access Roab 111
Neches at [-10 104
North Fork Taylor Bayou 107
Peach Creek at Westbound 1-10 115
Plum Creek at 183 116
Sabine at [-10 Eastbound 101
San Bernard River at Westbound 1-10 Access Road 112
Santa Clara Creek Westbound [-10 118
Turtle Bayou at I-10 108
West Navidad at Westbound 1-10 114
Willow Marsh Bayou at 1-10 106

30498 3012180734
30499 30.0955379
30505 29.78240565
30503 29.82151422
30508 29.69758263
30511 29.59961211
30285 29.965285
30500 30.03612141
30302 29.590676
30506 29.76167567
30504 30.0944264
30501 29.90014164
30510 29.69264649
30308 29.654922
30497 3012730094
30507 29.74867864
30512 2952738549
30502 29.84058145
30509 296899574
30513 30.01472869

-93.76684348
-94.07677142
-95.98070323
-94.90970525
-96.83794853
-97.93917087
-98.897213

-94.14860619
-98.604403

-96.20532652
-94.090941

-94.26914465
-97.23149516
-97.599771

-93.70141505
-96.29685578
-98. 11777167
-94.65422483
-96.93826241
-94.18120659

station_no station_id station_latitude station_longitude timeseries_href
Timeseries List
Timeseries List
Timeseries List
Timeseries List
Timeseries List
Timeseries List
Timeseries List
Timeseries List
Timeseries List
Timeseries List
Timeseries List
Timeseries List

5= 3 Lnd
LN e Lo e e

Timeseries List

rimeseres List
Timeseries List
Timeseries List
Timeseries List
Timeseries List
Timeseries List

K KISTERS

If one of these lists is selected, such as that for Plum Creek as shown in -Laltihes 4ariables
accessible there are obtained as in Takewhere S stands for water level, Q for discharge and

V for velocity. The services can supply Lagalue (LV), most recent 1 Day (V1D), 1 Month

(VIM) or 1 Year (V1Y).

Table 4-2 Variables whose data are accessible at this site

ts_id station_no station_name stationparameter_name ts_name
5924010 116 P Crek al ManualObs
6026010 116 Faam Creek at ForecastLevelBelowBridge
5724010 116 fg“gm Creek at ganoit Day Max
5831010 116 P Creek at p 01.Original
5828010 116 P Crek al Forecast
6025010 116 Faam Creek at SensorElevation
5609010 116 P Craek al ganoiy Raw

5611010 116 Faam Creek at g Raw

6027010 116 ?\Stém Creek at 5 g(e;rr]rseoczgﬁrecasl—
5827010 116 Faam Creek at g Forecast
5608010 116 P Crek al Raw

5882010 116 P Creek al vy test

5610010 116 Pl EEEE Raw

183

Finally, if a link is clicked inone of the boxes in Table2} the result appears in html format as in
Af or mat

Table43.1 f t he
variable (csv)r in Excel format.

from to

w
2019-04- 2019-09- v
16T14:00:00.000Z 29T09:00:00.000Z =
2018-11- 2019-09- v
15T06:00:00.000Z 29T06:00:00.000Z =
2019-02- 2019-09-

08T15-30:00.000Z 28T18 00-00.0002 -

2019-04- 2019-09- v
16T14:00:00.000Z 29709:00:00.000Z =

2018-11- 2020-01- W
15T13:45:00.000Z 01706:00:00.000Z =
2018-11- 2019-09- v
15T14:00:00.0007 28718:00:00.000Z =

2018-11- 2018-00- W
15T13:45:00.000Z 287158:00:00.000Z =~

2019-02- 2019-10- v
01T06:00:00.000Z 01T06:00:00.000Z =

2019-04- 2018-00- W
16T14:00:00.000Z 29T09:00:00.000Z =~

2019-02- 2019-09- v
08T15:30:00.000Z 28T718:00:00.000Z =
2018-11- 2018-00- W
15T13:00:00.000Z 287158:00:00.000Z =~
2018-11- 2019-09- v
15T13:45:00.0007 28718:00:00.000Z =

= html o
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Table 4-3 Time series of water levels at Plum Creek.

&« c 8 nwm kisters.de/KiWIS/KiWIS?service=kisters@type=queryServices&datasource=08request=getTimeseriesValues§f

nat=htmI§its_id=5608010&addlinks=true&m... ¥ D.

i Apps M Gmail wa LCRA @ Mystic /4 Aventine &® Reports ~ Salesforc A Confluence ¥, Codedrop Statistics... 7 Relgase hist £ BugFiter @ WK1 A& Bugzilla
ts_id 5608010

station_name Plum Creek at 183

station_latitude 20.654922 Change to
station_longitude -97.599771 format=xlsx
parametertype_name S

ts_name Raw

ts_unitname foot

ts_unitsymbol ft

station_no 116

station_id 30308

rows 2975

Timestamp Value

2019-08-28T18:30:00.000Z 0.64
2019-08-28T18:45:00.000Z 0.64
2019-08-28T19:00:00.000Z 0.61
2019-08-28T19:15:00.000Z 0.61
2019-08-28T19:30:00.000Z 0.64
2019-08-28T19:45:00.000Z 0.64
2019-08-28T20:00:00.000Z 0.64

AN4AN N0 NOTAN-4E-AN AANT N &4

Figure 48 shows the water levelelocity and dischargeat Site 105 Hillebandt Bayou during
Tropical Storm Imelda in September 20T%e water level reached nearly 20 feet above the
streambegdand the velocity reached about 6 ft/second during the flood peakime series of
discharge for Hillebrandt Bayou during TS Imelddjeh reached a peak of about 5530 cfs on 19
Septemberlt should be noted that the computation of discharge relies on the accuracy of the k
factor in the RGBO gage which converts the surface velocity shown in FigtBdotthe mean
velocity across the stam crossection.The validity of this kfactor has not been independently
verified using field stream gaging at this sitbese charts were produced in Excel using the water
data services access method just described with xlIsx substituted for htmlapptopriate web
services call to the Kisters Big Data system.
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Chapter 5.  Statistical Analysis

5.1. Data Assimilation and Flow Routing

Besides the TxDOTadar gages providing observed information on water lexsdcity, and
discharge, it is desirable that these data be used conjunctively imeatith the National Water

Model forecasting system to produce an adjusted forecast at the observatibwsii be even

better if this forecast error could be redistributed across the neighboring stream reaches to produce
a corrected forecast across a zone upstream and downstreat ©his research was undertaken

in a task directed by DPaola Passalgoa and carried out by a graduate student, Leah Huling.
The research was done collaboratively withDirk Schwanenberg, the Director of Business Unit
Water at Kisters in Aachen, Germamys. Huling went to Germany and worked at the Kisters
office in Aacten for two months during Junguly 2019.This is the first year of her MS degree

and it is anticipated that this research will be continued during the second year of her degree, to be
completed in May 2020nce finalized, the resulting procedure couldrbplemented as part of
theKisters Big Data system

The task of improving the National Water Model discharge data with the streamflow recorded at
TxDOT radar gages was undertaken by using data assimilation. Simply put, data assimilation is a
mathematical mthod that combines theory (in this case, a flow routing model) with observations.
The type of data assitation used in this study was fedimensional variational data assimilation
(4D-Var DA). In broad strokes, 4War DA alters the upstream dischargematch sensor data
observed downstream. This concept is illustrated in Figure 5
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Figure 51 4D-Var data assimilation layout

The streamflow igouted downstream using a Muskingu@unge hydrological routing scheme,
similar to the routing scheme usedthg National Water Model.

The theory behind using the 4Aoar data assimilation approach to improve streamflow profiles
has been under development since 2012 by Dr.&ihwanenérg and his associates. The method
aims to minimize an objective function cairting a tradeo b e twa/factors (1) the amount

of upstream flow alteration introduced into the model, and (2) the difference between simulated
and observed streamflow at the sensor location (Reichle, 2008). This approach is different from
the assinlation methodology currently in use by the National Water Mouddlich employs
nudging data assimilaticat the gage location alone so tetieamflow is only altered downstream

from points of observation. The new variational approach instead forcesiafterastreamflow

in upstream branches in order to close the gap between the downstream simulated and observed
flow at the sensor location. Therefore, the variatidiaghassimilation of this study creates a larger
area of improved streamflow forecasamhexisting methods.

5.2. Proof of Concept Test Basin

The two National Water Model forecast configurations that are the focus of this study are the
Analysis and Assimilation (AnA) and the Sh&ange forecasts. The AnA configuration is areal

time analysis of avide array of current conditions, from observed streamflow to meteorological
data. As a result, the AnA product serves as a snapshot of current conditions in every stream reach
in the United States such as streamflow, velocity, etc. The-Blamige forecst cycles hourly and
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produces hourly forecasts of streamflow and hydrologic states out to 18 hours. ThR&tyat
forecast is initialized with a restart file from the AnA forecast. This essentially means the forecasts
have no memory of previously reledderecasts.

When assimilating observations into a-¥ar model,it is necessaryo determine a lockack
period. Generally, the look back period is the window of past observégng usedo inform

the model. In this instance, the loddack period isHhe portion of the shorange forecast
contributingto data assimilation. This concept is illustratedrigure 52. For example, say at 8
27-17 10:00,the goal isto run a data assimilation with nine hours dedicated to assimilation and
nine hours for the forecaddoing this, requiresetrieval ofthe shorrange forecast published at
8-27-17 1:00.By comparing this witlihe last nine hours of observed dischargmftbe gagethe
resultingdata assimilatiothenimprovesthe remainder of the forecast.

Sample short-range hydrograph
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Figure 52 Demonstration of a loekack period

For the test case, we used two USGS gage sites in the Navidad HUC8 basin. USGS flow data for
gages downstream ofll0 were employed for the concept application because the TXxDOT radar
gages had just been instaliedthis basin (the red dots in Figureband did not yet have a long
enough flow record for testing purpos@sie twoUSGSgage sites used in this study dne

upstream gage, site number 08164300, and the downstream gage, site number, 08164390, on the
Navidad River. These gages are showRkigure 53 andwill be referenced as Gage 1 and Gage

2, respectively.

41



i bosdary A o) 5 10 20 Miles

l_lllllnlll

‘.‘wum.(wn(n ey Woeithap! g scment P Conp GEBCD. USG5 200 195 1 04N Geolse 1 L ) adaes 1L
'_ - Imlqmll‘s\nq,.umﬂrym weth g contibaton, and e CI% Une
leﬁ 0T Commrst,

Figure 53 USGS gages and study area for testec

The storm used astest case was Hurricane Harvée National Water Modebutputs produced
from August 18 to September 10, 2017 were archived by the Renaissance Computing Institute
(RENCI) at the University of North Carolina at Chapel Hill.

5.3. Results from Data Assimilation

The National Water Model inflows upstream of Gage 1 were adjusted to correct the flow at Gage
1 to match the observed data. The flow was then routed down to Gage 2 using the Muskingum
Cunge schemeFigure 54 illustratesthe resultsusing a lookback window of 6hours (upper
graphs)and 12hours (lower graphs), witthe upstream flows on the left and the observed and
simulated flows at Gage 1 on the right. The gray lines indicate the expected values from the
National Water Model (nassimilation).
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Figure 54 Successful data assimilation at Gage 1

The altered flow of the sikour lookback window was then propagated downstream by
MuskingumCunge flow routing. Figure-5 follows the altered flow as it travels downstream,
moving fromthe upper left graph to the lower right window (Gage 2). The dashed vertical line
indicates the current time and the solid line repressinte-hour window into the futurelhe last

chart in the lower right of Figure-5 is a comparison of the computddw at Gage 2 (blue),
compared with the observed flow measured by the USGS (gleeah be seen that there is a
substantial discrepancy between these two lines, which results from the fact that the flows from all
the tributaries to the West Navidad niveetween the two gages have not been included in this
computation.
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Figure 55 Propagation of altered flow downstream the Navidad River
The lumped flow travels through the network and is still visible 30 miles down the channel at the

next USGSgagdtis consi dered that the Areacho of this
downstream as far as 30 mil@sis is visualized irFigure 56.

44



@® TxDOT bridge gage ;
[ Study Area
— =10

I 1-10 propagation zone 0 375 75 150 Miles

orpus

[Sources: Esri, HERE, Garmin, Imumap mcremeanQor';‘)“G&(O USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan,
MET], Esri China (Hong Kong), (¢) OpenStreetMap contributors, and the GIS User Community

Figure 56 Upstrearrdownstream propagation extent from test case

Although this work is just proof of concepthe approach looks promisinghe 4D-Var data
assimilation is valuable because it improves the streamflow upstream of the sensor location.
However, the improvement upstream and at the sensor location only exists in the lookback period,
which is then propaged downstream and into the futufeggure 57 illustrates his concept.
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Figure 57 Timeframes of improved flow upstream, at the sensor, and downstream
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Since we are operating outside of the National Water Model forecast system, there is currently no
way to changehe forecast at the point of observation (Figu® 3Jntil the TXDOT radar sensors

are directly assimilated into the NWM, we recommend installing sensors upstream of critical
bridges for corrected forecasts at those polternatively, theKisters Big Data System could

be used as a peptocessing system to reconcile the National Water Model forecasts and local
observations, and thus arrive at improved-teaé forecasts at the TxDOT bridges.

A limitation of the current methodology is thiéie data assimilation can only consider th&n
channel directly upstream of the lower gaay@d not the tributaries that come intcAih extension

is developa model that considers complex branching stream netwdhesMuskinguraCunge
flow routing hasbeen adaptetb handle the multiple inputs, aridrther study would involve
including this inthe data assiifation model. Thisvould create a much more robust model. The
comparison igllustrated in Figure 8.

Single Channel Network Branched Network

Study Area Boundary
—— Contributing stream segment
...... Missed stream segment

%,

Figure 58 Comparison of model inputs and outputs for single channel and branched networks

5.4. Correlation along the 1-10 Transect

Anotherobijective of this analysis was to inform the placement of future TxDOT radar sensors to
create a statewide network. In ordeimeestigate possible laterspatialcorrelation weanalyzed
theanalysis and assimilation streamfléav Tropical Storm Imelda in September 2(t®m the
National Water Model for stream reachdisectly intersectingl-10 between San Antonio and
Houston(Figure 59). This dataset was comprised of 147 stream segments.
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Figure 59 Partial extent of theedection of NHD stream segments for lateral correlation
analysis

To test for spatial correlation, variogramsre constructedvhich plot variabilityof measurement
against separation distance between the two points of méasyuee 510).

Sill —

Covariance

Nugget
At Correlated =——  e——— ncorrelated =—

Range

Distance

Figure 510Ideal variogran

Variograms typically shova region of positive correlatidior small separation distanéalowed
by a flat lineat large separation stanceswhichis the variance of the dataset andicates no
correlationbetween the stream reach&ke line inFigure 510is afitted modelof thecovariance
measured between all possible combinations of paired data.

In this study, the measurementsrev¢éaken as the instantaneous streamflow from\iigonal

Water Modelweighted by their mean annual flow, asyisteredin the National Hydrography
Dataset. The separation distance in this study was computed as the geodesic distance between the
coordinates associated withe intersection of-LO with each stream reacfihe instantaneous
streamflow was measured during pdélakvs of tropical storm Imelda. Figure Bl illustrates the

results of the analysis. The analysis indicates a correlation zabewb0 miles(where the black

line coincides with the red dashed line in Figw&l}
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Figure 511 Variogram of streamfl in streams directly intersecting thd 0 transect

By combiningthestatistical analysis from the data assimilation and the spatial correlation analysis,
we can extrapolate windows of correlation/propagation around each TxDOT radar gage @Figure 5

12). This indicates that during TS Imelda there was lateral flow correlation al@@grbm one
stream reach to the next out to a distance of about 50 mMHesearlier data assimilation study
indicates that each gage can influence assessment of flow forldbmiles upstream of a gage

and 30 miles downstreanihe gaps between the TxDOT radar gages are about 20 miles west of
Houston and about 10 miles east of HousTdns spacing, and the statistical correlation revealed

by these studies diminish the possibil y o f

Agapso

n

a

sensor

net wi

through the network undetected. Further analysis of the data from the TxDOT gages should be
conducted to confirm this preliminary analysis.
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5.5. Local Observation Networks

Besides the observations of the US Geological Survey and the TXxDOT transect, other observation
networks are operated by local authorities, such as that of the Jefferson County Draitvagge Dis
No. 6, as shown in Figure-B3. This network measures both rainfall and water level
comprehensively in Jefferson County around Beaumont and in portions of neighboring counties,
such as Chambers County. Just as it has already been demonstratdd fhatdae TxDOT and

USGS networks can be ingested into the Kisters Big Data system, the data from this system could
also be ingested and assimilated into KiBiD. Sufficient discussion has taken place to assure the
technical feasibility of this step. If & were to be achieved a more comprehensive application of
the data assimilation forecast error methodology for the Beaumont region could be achieved.

The Kisters data system is used by the City of Austin, Lower Colorado River Authority, Harris
County Flmd Control District, and the City of Houston. Data from these regions is already being
ingested into the Kisters Big Data system and could also be used for data assimilation and forecast
adjustment in those regions of Texas.
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Figure 513 Water level datanap from Jefferson County Drainage District No. 6
http://rainfall.dd6.org/maps.html

5.6. Correlation Zones and Additional Transects

In March 2019a request was made to tlesearchieam by TXxDOT to consider installing 30 more

stream gage sites during the summer of 2019. Ultimately, this did not prove to be feasible, but in
considering where those sites might be located, a concept arose to establish additional highway
transects roudi parallel to that on-LO, as shown in Figure-B4. Moving north, this would

include transects on US 190/290, on US 67/84, and2ih As has been demonstrated in the

concept study of data assimilation already completed, it is feasible to use downstream
measurements to perform flow corrections upstream of a gage site. Hence, the areas between the
gage transects can be considered Acorrelati ol
measurements made on transects bounding each zone.
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Figure 514 Additonal transects and correlation zones between them
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