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A B S T R A C T

Study region: This study was carried out along the Blanco River in south-central Texas which
drains approximately 1100 km2.
Study focus: Unprecedented rainfall across the state of Texas in May 2015 produced flooding that
claimed at least 24 lives across the state. The most devastating single event over this period
occurred on 23–24 May along the Blanco River, where a fast moving floodwave resulted in eleven
fatalities in the town of Wimberley. The storm event resulted in the flood of record at the USGS
gauge in Wimberley which has collected data since the 1920s.
New hydrological insights: Meteorological observations, high-resolution rainfall estimates, and
physics-based distributed hydrological modeling provide the opportunity to examine the hy-
drometeorological mechanisms accompanying the extreme storm and subsequent flood.
Additionally, transpositions of the radar rain fields forced through the hydrologic model allow for
analysis of the effect of position of the centroid of the storm relative to the catchment on
floodwave propagation. Two major controls on the flood response are identified and analyzed:
the position of heavy storm cells over the headwaters with subsequent slow movement down-
stream and the extremely moist antecedent conditions prior to the onset of the event.

1. Introduction

The year of 2015 brought unprecedented rainfall to the state of Texas. Statewide precipitation records were set for calendar year
(1047mm), four month (March–June, 513mm), three month (April–June, 425mm), two month (April–May, 330mm), and one
month (May, 230mm) (NOAA, 2016). The abnormally wet spring ended a 5-year drought across the state. By mid-July 2015, no areas
in the state were classified in D1-D4 drought conditions, compared to 45% at the beginning of the year (United States Drought
Monitor, 2015). From January–June 2015 water supply reservoirs increased in capacity from 63% to 84% at monitored reservoirs
statewide (Texas Water Development Board, 2015). In addition to the unusually large amount of rainfall, spring 2015 will be
remembered for numerous severe weather outbreaks across the state, producing hail storms, tornadoes, and several impactful flood
events. Severe flooding occurred in several areas of the state including the major urban areas of Dallas, San Antonio, Austin, and
Houston.

While the unusually persistent statewide rainfall was rare, the occurrence of severe floods in Texas were not. The central portion
of Texas is particularly disposed to flash floods due to the combination of flood prone physiography and susceptibility to extreme
rainfall events (Ashley and Ashley, 2008). The region has produced some of the largest rainfall events and flood magnitudes in the
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United States and world (Baker, 1975; Smith et al., 2000). This region of Texas extending from San Antonio north through Dallas has
been dubbed “Flash Flood Alley” (FFA) and has been identified as one of the most dangerous areas in the United States for flash
flooding (Burnett, 2008; Zahran et al., 2008; Sharif et al., 2012; Sharif et al., 2014).

Much of the severe flash flooding along FFA occurs in the southern portion of the region along the Balcones Escarpment and Texas
Hill Country region (Fig. 1) (Smith et al., 2000; Ashley and Ashley, 2008). The Balcones Escarpment bounds FFA to the west and
separates the limestone terrain of the Edwards Plateau from the gently sloping clay terrain of the Blackland Praries. The landscape in
this area is characterized by very thin soils, exposed bedrock, and steep surfaces promoting runoff (Patton and Baker, 1976; Baker,
1977; Costa, 1987; Wilcox et al., 2007). It has traditionally been thought that high magnitude rainfall events occurring in this region
can be enhanced orographically from the Escarpment and Hill Country topography (Baker, 1975; Caracena and Fritsch, 1983; Caran
and Baker, 1986; Nielsen-Gammon et al., 2005; Burnett, 2008; Furl et al., 2015), although recent work by Nielsen et al. (2016)
suggests orographic effects are minor. Regardless, rainfall and runoff extremes delineating the Texas envelope curve primarily occur
along the Edwards Plateau/Balcones Escarpment area (Asquith and Slade, 1995).

On May 23–24, 2015, one of the most lethal flash floods in Texas history occurred along the Blanco River in the Texas Hill
Country. The event occurred over the holiday weekend of Memorial Day at this popular tourist destination for river recreation. Eleven
individuals perished in the vicinity of Wimberley, TX (personal communication − Wimberley City Manager) as the floodwave swept
away homes. Hundreds of high water rescues were conducted by emergency personnel in the aftermath of the flood. The flood
destroyed several hundred homes in the floodplain and caused severe infrastructure damage including two bridge washouts. The area
was declared a federal and state disaster area.

Several studies have been conducted over the last several years examining the physical controls of major flood events across the
Texas Hill Country (e.g. Vieux et al., 2004; Sharif et al., 2010a; Sharif et al., 2010b; Looper and Vieux, 2012; Elhassan et al., 2013;
Sharif et al., 2013; Chintalapudi et al., 2014; Furl et al., 2015). These studies combine remotely sensed precipitation products with
fully distributed, physics based hydrological (PBD) models. PBD hydrological models solve sets of partial differential equations across
a gridded mesh allowing for spatially explicit detail in describing the interaction between rainfall and land surface properties.

In addition to examining watershed processes or conducting post-event investigations, PBD models can be used for hydrologic
forecasting in an operational setting when forced with quantitative precipitation estimates (QPE) or quantitative precipitation
forecasts (QPF) (Looper and Vieux, 2012). QPEs have the benefit of using real time radar volume scans, but their maximum lead time
for flood prediction is equal to or less than the basin’s time of concentration. This can limit their utility in basins such as those found

Fig. 1. Study area map. The solid filled shape indicates the Blanco River watershed at its confluence with the San Marcos River. The solid grey area is the Edwards
Plateau and Llano uplift ecoregions comprising the “Texas Hill Country”. The cross hatched area is the Balcones Fault zone. The red dots are the cities of San Antonio,
San Marcos, and Austin. The black shaded region in the upper right hand corner area map represents the approximate delineation of “Flash Flood Alley”. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in the Texas Hill Country which are known to respond quickly to rainfall. QPFs provide greater lead times for flood forecasting at the
cost of accuracy (Sharif et al., 2006; Vivoni et al., 2007; Collier, 2007).

In the present study, we describe the succession of hydrometeorological events leading up to and resulting in the Blanco River
flood. We examine the synoptic scale (e.g., Wang et al., 2015) and mesoscale weather patterns leading to the development of
catastrophic rainfall and detail the structure, motion, and evolution of rainfall across the basin. The flood hydrology of the event is
examined through PBD hydrological modeling with the Gridded Surface Subsurface Hydrologic Analysis (GSSHA) model (Downer
and Ogden, 2004). Lastly, the effect of storm location and precipitation amount on peak flows are examined by model iterations
transposing rainfall fields across different areas of the basin. Implications for flash flood forecasting are discussed. Our analysis is
divided into separate sections discussing 1) Storm Properties, 2) Basin Rainfall, 3) Flood Hydrology, and 4) Rainfall Transpositions.
We begin with a description of the drainage basin, methods of analysis are reported as they are discussed throughout.

2. Area description

The Blanco River watershed encompasses approximately 1100 km2 at its confluence with the San Marcos River in south-central
Texas. The watershed is oriented in an east-southeast direction, and forms the northern headwaters of the larger Guadalupe River
system which flows to the Gulf of Mexico. The Colorado system bounds the watershed to the north and upper Guadalupe to its south
(Fig. 1).

The Blanco River extends approximately 75 km through the karst landscape of the eastern Edwards Plateau before flowing past
the Balcones Escarpment in the lower portion of the watershed. The surface geology west of the Balcones Escarpment mainly consists
of lower Cretaceous limestones resulting in a rugged surface. Soils in this area are thin (< 1m). East of the escarpment, surface
geology primarily consists of nonresistant Upper Cretaceous limestones resulting in flat terrain. There is significant surface water –
groundwater interaction throughout the main stem of the river. At normal to dry conditions, the Blanco contains long stretches of dry
stream bed and stagnant pools. Under extreme drought, the river flows for only about half its length. Much of the stream flow under
low flow conditions originates from the Pleasant Valley Spring and Jacobs Well Spring (Fig. 2). Flow entering sinks along the channel

Fig. 2. The Blanco River watershed with key hydrologic features (top). Generalized soils (bottom left), and land use maps (bottom right).
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have been dye traced to Barton Springs approximately 50 km north east (Grimshaw and Woodruff, 1986; Collins 2004; Smith et al.,
2014; Smith et al., 2015).

The Blanco River basin is sparsely populated with the small communities of Blanco and Wimberley (< 3000 persons each) located
along the river. Near the outlet, the larger sized city of San Marcos intersects a portion of the basin. Land use in the basin is primarily
fallow land along with areas cleared for ranching purposes. Vegetation in undeveloped areas of the watershed is a mix of oak, juniper,
mesquite, and grasses. Riparian areas are dominated by bald cypress, oak, elm, cedar, and conifers. Soil texture and land use maps are
shown in Fig. 2.

Climate in the study area is classified as subtropical humid with short mild winters and hot summers. The region is prone to
frequent droughts which can be severe and persist for months or years (e.g. Nielsen-Gammon and William, 2012). Spring and Fall are
the wettest seasons with average annual rainfall in the area of about 770mm (NOAA, 2016). The majority of rainfall can be attributed
to passage of continental fronts, mesoscale convective systems (MCSs) (e.g. Smith et al., 2000; Nielsen-Gammon et al., 2005), and
localized convective events during warmer months resulting in short-duration high intensity events. Occasionally, tropical dis-
turbances protrude far enough inland resulting in major precipitation events (Asquith and Slade, 1995).

3. Storm description

Aspects of the storm that produced flooding within the Blanco River are examined through analysis of synoptic and mesoscale
features leading to, and evolving during, the event. Rainfall generating the floodwave fell during the overnight and early morning
hours of 23 May – 24 May 2015. Approaching from a synoptic scale viewpoint, GOES water vapor image at 1745 UTC 23 May
(Supplementary Fig. A1), right at the onset of deep moist convection over south central Texas. Wang et al. (2015) outline a preferred
wave-train pattern across North America, resulting from a strengthened teleconnection with El Niño, that enhances positive water
vapor flux and upper-jet upward motion across the southern Great Plains. The translation of the mean longwave pattern to the
specific event of 23–24 May in the water vapor imagery (Supplementary Fig. A1) shows a longwave trough centered over the
southern Rockies, upper level jet streak (pink/red shading), and evident taps to moist air from the Pacific and Gulf of Mexico (gray/
white shading). An associated shortwave trough axis over the Mexican states of Sonora and Chihauhua is poised to move into West
Texas. All of these features support water vapor flux and/or general upward vertical motion across Texas.

In fact, the 300-hPa Rapid Refresh (RAP) upper air objective analysis for 0000 UTC 24 May 2015 (Fig. 3) shows the right entrance

Fig. 3. 300-hPa modified RAP analysis for 0000 UTC 24 May 2015 showing geopotential height (m, black), wind barbs (kts, black), isotachs (shaded above 30.9 ms−1,
blue), divergence (10−5 s−1, pink). Courtesy of NOAA/NWS/Storm Prediction Center (2016). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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region to a jet streak over the Texas Big Bend region, with strong divergence across that area and extending into south central Texas.
Supplementary Fig. A2 shows aligned kinks in the 500-hPa RAP analysis height field in northern Mexico and the Texas Big Bend
region, indicative of a weak shortwave trough that would pass from southwest to northeast across Texas in moderate to strong
southwesterly flow (note shaded 20.6ms−1 or greater winds). Continuing downward to 850 hPa, Supplementary Fig. A3 shows
strong moist advection from the Lower Rio Grande Valley throughout Texas (10–15ms−1 winds and dark green 14 °C dewpoint).
Similarly, Supplementary Fig. A4 depicts the surface pattern, with implied moist advection via southerly winds from the Gulf of
Mexico inland toward a low pressure in eastern New Mexico. These constituent patterns did not change appreciably during the event,
other than the mid-level shortwave trough progressing to the northeast across Texas. They match fairly close to the mesohigh-type
heavy rainfall pattern documented in Grice and Maddox (1983), placing the target area for subsequent heavy rainfall over south
central Texas.

In addition to the synoptic/pattern-based analysis by Grice and Maddox (1983), Doswell et al. (1996) present an ingredients-
based approach that is more focused on mesoscale aspects of heavy rain production. Examination of the precursor environment
through a proximity upper air sounding indicates key ingredients were in place for heavy rain. In Supplementary Fig. A5, a 0000 UTC
24 May 2015 RAP analysis sounding from Austin-Bergstrom International Airport (KAUS) has a precipitable water value of 49.8mm,
over two-standard deviations above the mean value for May in south central Texas. The warm cloud depth defined from the lifting
condensation level (LCL) to−10 °C level, after Schroeder et al. (2016) is between 4.5 and 5 km, while moderate CAPE of 1855 J kg−1

is well-distributed throughout the profile, along with the environmental lapse rate close to moist adiabatic, with a high relative
humidity throughout (mean of 91%). Individual cell storm motion could be assumed to be with the 0–6 km mean wind, 190° at
15.9ms−1, however, meso-beta scale (Orlanski, 1975) convective elements (MBEs, Corfidi et al., 1996) would be nearly orthogonal
and slower (260° at 7.2ms−1). Thus, the environment supported deep, moist convection and heavy rain, especially given the high
precipitable water and large warm cloud depth supporting collision-coalescence rain processes. While the moderate cell motion
would typically be a mitigating factor for heavy rain, the nearly orthogonal and slow MBE motion, and moderate shear could support
cell-training over localized areas, and hence heavy rainfall.

Mesoscale model (especially the High Resolution Rapid Refresh, Benjamin et al., 2016) runs indicated organized convection
18–24 h prior to the event in the form of a Mesoscale Convective System (MCS) developing over the Texas Big Bend region and
propagating east across south central Texas. Sequential NEXRAD radar reflectivity (Fig. 4) shows the models verified well from a
qualitative perspective. What the models did not forecast was the development and propagation of a meso-gamma (Orlanski, 1975)

Fig. 4. Level II NEXRAD reflectivity images (0.5° angle) from KEWX at the top of each hour from 1900 UTC 23 May 2015 to 0300 24 UTC May 2015 (left to right, top
to bottom). The Blanco River watershed is pictured.
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convective vortex, which propagated along the mean wind and merged with the northern bookend vortex of the MCS around 0100
UTC on 24 May 2015 (lower left panel of Fig. 4). This merger maintained heavy rainfall over the upstream, western end of the Blanco
River basin, followed by the MCS propagating eastward (and down basin), potentially providing additional flow as the main
floodwave also moved downstream. Flash flood guidance values generated by the National Weather Service West Gulf River Forecast
Center were well below normal (43mm in 1-h, 58mm in 3-h, and 76.2mm in 6-h) due to rainfall in the preceding two weeks that
resulted in increased soil moisture, and hence would result in initial flash flooding being observed at lower rainfall rates. However,
NEXRAD and estimated rainfall in excess of 220mm in the upper Blanco River basin, easily exceeded these values.

4. Rainfall

The synoptic and mesoscale setup resulted in widespread heavy rainfall across the Texas Hill Country. The event lasted ap-
proximately 15 h across the Blanco River watershed from 1900 UTC 23 May 2015–1000 UTC 24 May 2015 with a general west to east
flow across the Hill Country region. Fig. 4 shows raw Level II radar reflectivity (lowest angle) scans from the top of each hour (1900
UTC 23 May 2015–0300 UTC 24 May 2015) along with the Blanco River watershed. Rainfall producing the floodwave along the
Blanco River occurred primarily in the seven hour period between 1900 UTC 23 May 2015–0200 UTC 24 May.

Rainfall accumulations across the basin were examined using the NWS/NCEP stage IV QPE product (herein stage IV) (Lin and
Mitchell, 2005). The precipitation estimate is a quality controlled multi-sensor product (radar and gauges) produced by NCEP from
the NEXRAD Precipitation Processing System (Fulton et al., 1998) and the NWS River Forecast Center precipitation processing
(Nelson et al., 2015). Precipitation bins are 4 km×4 km and have an hourly time step. A basin-wide hyetograph derived from the
stage IV precipitation data are shown in Supplementary Fig. A6. The 1100 km2 watershed averaged about 165mm during the 15 h
maximum, with about 130mm of precipitation falling over the wettest 7 h. Fig. 5 displays accumulations for maximum 3, 6, 12 and
15 h totals.

A key feature of the storm was it remaining nearly stationary over the headwaters of the Blanco River. During the seven hour
period of maximum rainfall, strong radar echoes (> 50 dBZ) were present in the upper half of the basin upstream of the confluence of
the Blanco and Little Blanco Rivers. When the strongest cells moved off of the headwaters they followed the course of the river
downstream. Supplementary Fig. A6 displays a rainfall hyetograph for the area delineated at the confluence of the Blanco and Little
Blanco Rivers. This 615 km2 area (approximate upper half of the watershed) received event totals of approximately 220mm. This
area of the basin is characterized by steep channel beds and steep topography forming narrow valleys and channels. Downstream
areas heavily impacted by the floodwave received much less rainfall (25–75mm). The lack of extreme rainfall in the lower, popu-
lated, portion of the basin was a missing environmental cue to the potential of a flood wave coming downstream, and may have
slowed evacuation response, exacerbating the death toll from the event.

Rainfall return periods were calculated at 1, 3, 6, and 12 h intervals from the stage IV bin containing the highest accumulation for
each time period. Return periods were calculated following the methods of Asquith (1998) which employs a regionalization approach
for the state of Texas utilizing a generalized logistic (GLO) distribution. Asquith (1998) concluded the GLO distribution was more
appropriate than the generalized extreme value distribution for storm durations up to 24 h. The storm’s point annual nonexceedance
probability (F) is estimated by:

Fig. 5. Maximum rainfall accumulations developed from stage IV data for 3, 6, 12, and 15 h time periods.
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ξ, α, and К are parameters of the GLO distribution estimated from L-moments. ξ describes the location along the GLO distribution and
can be interpreted as a median depth for a given duration. α and К describe the scale and shape of the GLO distribution, respectively.
Xd refers to the precipitation depth for a given duration. К is dimensionless while ξ, α, and Xd have units of inches. Asquith (1998)
contains iso-maps of the state displaying К, ξ, and α values, which vary by duration and location.

Table 1 shows return periods for a point (T) at various durations using the stage IV bins. The maximum return period was
approximately 320 years at the 6 h duration. Return periods at a point would be somewhat higher than shown here since these are
derived from 4 km×4 km radar averages. Several point estimates (rain gauges) operating as part of the Community Collaborative
Rain, Hail & Snow Network (CoCoRaHS; www.cocorahs.org; Cifelli et al., 2005) captured 24 h accumulations from the event. The
maximum twenty four hour return period from CoCoRaHS was 270 years. If it is assumed this amount fell during a 12 h period (which
the radar data suggests), the return period is 380 years. No sub-daily rain gauges apart of a formal network are known to have
captured the event in the basin.

It should be noted that while the return periods imply very rare rainfall from the storm event, accumulations in excess of 250mm
are not particularly rare when the Texas Hill Country is considered as a whole. Examining just the previous five years, multiple storms
along the Balcones Escarpment can be identified exceeding this threshold (9 June 2010, 31 October 2013, 25 May 2013; Nielsen
et al., 2016) (7 September 2010; Furl et al., 2015) (30 October 2015).

5. Flood hydrology

5.1. Empirical record

Three USGS gauging stations and one Edwards Aquifer Authority (EAA) station were operating in the basin during the flood event
(Fig. 2). Full stage hydrographs were recorded at an EAA station located mid-basin (upmost gauging station; 675 km2) along with a
USGS gauging station at the outlet (USGS 08171350–1129 km2). Partial discharge hydrographs were collected by the two interior
USGS stations separated by a short distance in the lower portion of the basin (USGS 08171300 (Kyle) – 1067 km2; USGS 08171000
(Wimberley) – 920 km2). Both of the flow measuring gauges failed during the rising limb of the hydrograph. Fig. 6 shows the data
collected by the gauging stations.

The rainfall runoff data indicate a very rapid stream flow response with a steep, sharp crested hydrograph measured in the middle

Table 1
Recurrence Intervals for stage IV and CoCoRaHS precipitation measurements.

Rainfall measurement – Duration Precipitation (mm) Recurrence interval (year)

Stage IV bin max 1 h 63.8 10
Stage IV bin max 3 h 149.6 90
Stage IV bin max 6 h 245.1 320
Stage IV bin max 12 h 261.1 200
CoCoRaHS assumed 12 h 304.8 380
CoCoRaHS actual 24 h 304.8 270

Fig. 6. Stream flow (left) and stage (right) data collected during the event. Gauge locations are shown in Fig. 2.
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portion of the basin. At the EAA gauging location, the river rose over 8m in one hour. Lag times (defined here as time difference
between peak discharge and the time centroid of basin averaged rainfall) were calculated for the two locations with full stage
hydrographs. Rainfall for the seven hour maximum (1900 23 May–0200 24 May) were clipped to the drainage areas of the gauging
stations, and we assumed a uniform hourly rainfall rate when calculating the time centroid of the basin’s rainfall. Lag time at the
upstream gauge was estimated at 5.5 h (+/− 15min− gauge reporting increment) and 11.41 h at the watershed outlet (+/− 5min
–gauge reporting increment).

The USGS estimated peak flows at the Wimberley station (USGS 08171000) using indirect slope area techniques. Peak discharge
was estimated at 4955m3/s with a stage estimate of 13.7m making it the flood of record for this gauge with measurements dating
back to the 1920s. Flow recurrence intervals were calculated at this station using the methods outlined by the USGS PeakFQ program
(Flynn et al., 2006). PeakFQ provides statistical flood frequency analysis of annual-maximum peak flows following the log-Pearson
Type III frequency distribution. Parameters of the frequency distribution are estimated from the logarithmic sample moments (mean,
standard deviation, and coefficient of skewness) of the record of annual peak flows, with adjustments for low outliers, high outliers,
historic peaks, and generalized peak skew.

Supplementary Fig. A7 displays recurrence intervals for a given flow bracketed with 95% confidence intervals along with annual
peak flows. The recurrence intervals (x-axis) correspond to the inverse of the exceedance probabilities calculated in accordance with
the PeakFQ methodology (Flynn et al., 2006). The curve displayed in the top panel includes the May 2015 peak flow in the cal-
culations while the bottom panel omits the peak flow. When the May 2015 peak flow is included in the dataset, the recurrence
interval for the May 2015 flood is 178 years. When the curve is constructed without the May 2015 data point, the USGS indirect
estimate represents a recurrence interval of approximately 379 years. It’s worth noting, the probable maximum flood for a basin this
size in this region of Texas is estimated at 17,000m3 s−1 (Asquith and Slade, 1995).

5.2. GSSHA simulations

5.2.1. Model setup
The May 2015 flood event was simulated with the GSSHA model (Downer and Ogden, 2004), and hydrological processes si-

mulated included infiltration, landscape retention, 2-D overland flow, and 1-D stream routing. Evapotranspiration and deep aquifer
contributions were not included. Model preprocessing was conducted using ArcGIS and Aquaveo’s Watershed Modeling System
(EMRL, 2016). Watershed terrain was constructed from USGS 10m DEMs filled using the Cleandam algorithm distributed with the
GSSHA model. The USGS gauging station at San Marcos, TX (USGS 08171350) served as the outlet. Land use and land cover data
were extracted from the National Land Cover Dataset (Homer et al., 2015). Soils data were prepared from Natural Resources Con-
servation Service datasets (Soil Survey, 2013) along with maps from the EAA (Edwards Aquifer Authority, 2015) defining the Ed-
wards Aquifer recharge zone.

Infiltration calculations were conducted using Green and Ampt with redistribution (Ogden and Saghafian, 1997) and initial
saturated hydraulic conductivity values provided by Rawls et al. (1983). Grid cells were assigned to one of 4 land use classes for
retention and overland roughness parameterization. As discussed in the introduction, heavy rainfall in the months leading to the
event left very moist soils. Initial soil moistures were set at 0.3 (cm3/cm3) representing very moist conditions (up to 80% volumetric
water content).

Stream channels were modeled using irregular cross sections for the main channel and large tributaries. Channel and floodplain
geometry were extracted from a triangular irregular network constructed from the DEM. Flood plain geometry was extracted with the
channels allowing for control of floodplain simulation. Upland tributaries were modeled as a uniform trapezoidal profile. Reach
specific Manning’s n values were assigned based on field observations (∼125 river sites visited) and prior modeling experience in this
region of Texas (Sharif et al., 2010a; Sharif et al., 2010b; Sharif et al., 2013; Elhassan et al., 2013; Chintalapudi et al., 2014).

Routing was calculated using the diffusive wave equation in 1D for streams and 2D for overland flow. The model was run on a
150m grid with a 1min time step. Model performance was assessed using the commonly applied r2, Nash-Sutcliffe efficiency (NSE),
and percent bias (PBIAS) measures (Moriasi et al., 2007).

5.2.2. Model calibration and validation
Measured flow and stage IV precipitation data were collected for 6 storms for model calibration and validation. Flow performance

was examined at the Wimberley USGS gauge, and is the primary focus of our analysis since indirect flow estimates are available. The
GSSHA model was calibrated to a single storm event occurring 17–18 November 2004 with the remaining 5 events used to validate
the model. Calibration was performed manually with saturated hydraulic conductivity, channel geometry, channel roughness, and
overland roughness showing the most sensitivity. Table 2 shows calibrated surface parameters used in the final model run.

The calibration event produced peak flows of approximately one fifth of the May 2015 event at Wimberley. Although other storms
in the dataset produced peak flows greater than the calibration storm event, it was chosen due to the spatial organization of the
rainfall and antecedent conditions. The 17–18 November 2004 storm was centered in the upper portion of the basin straddling the
Little Blanco and Upper Blanco watersheds. The May 2015 event contained very similar aerial rainfall coverage across the upper
portion of the watershed. The two October events producing the highest peak flows were centered just upstream of the Wimberley
stream gauge. Visual observations and high water mapping at approximately 125 river locations after the May 2015 event indicated
complicated river hydraulics in the upper portion of the basin that would have significantly affected the floodwave. Essentially, flood
waters passed through a series of confining canyons and open flood plains between the towns of Blanco and Wimberley. River stage
from the May 2015 event varied by more than 8m in this section of the river depending on the surrounding channel geometry (Furl-
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unpublished data). In addition to the spatial location of the rainfall, the November 17–18 2004 event occurred at the tail end of
significant rainfall across the area. Rain gauges in the neighboring basin to the north recorded rainfall in excess of 100 − 150mm in
the days leading up to the validation event (LCRA, 2016).

Measured and simulated hydrographs at the Wimberley gauge along with model performance statistics are shown in Fig. 7 and
Table 3, respectively. The calibration event performed well with NSE and r2 values ≥0.9 and PBIAS near 10%. The model performed
well for the 22–24 November 2004 event, but overestimated volume for the remaining runs (31 October 2013; 30 October 2015;
08–09 September 2010; 25–26 May 2013. The two worst performing validation events (08–09 September 2010; 25–26 May 2013)
significantly overestimated flows and were fairly low flow events compared to the calibration run. Overestimations of these events
are likely related to antecedent soil moisture conditions which are discussed below.

5.2.3. May 2015 simulation
Results from the May 2015 event simulation are shown in Fig. 8. The modeled floodwave presents itself as a sharp crested peak

and appears similar to the stage hydrograph recorded at the EAA gauge upstream. Modeled peak flows at the Wimberley gauge and
basin outlet were 4780m3s−1 and 4072m3s−1, respectively. Simple percent error in peak flows between modeled values and the
USGS indirect estimate were less than 5%.

Runoff ratios were calculated for each of the 6 calibration/validation events at the Wimberley gauge in order to provide com-
parison with the May 2015 event (Table 4). The ratios were calculated from stage IV data clipped to the Wimberley gauge watershed
and measured flows from the gauging station. The runoff volume from the May 2015 event were calculated from the GSSHA output.

Table 2
GSSHA infiltration and overland flow parameters.

Soil texture/Land use Saturated hydraulic conductivity
(cm h−1)

Capillary head (cm) Effective porosity Manning’s roughness
coefficient

Retention (mm)

Recharge zone 10 23.6 0.417 – –
Clay 1.2 0.06 0.385 – –
Loam 0.01 1.3 0.434 – –
Fine loam 0.02 2.18 0.412 – –
Fine silt 0.01 0.68 0.486 – –
Fine sand 0.03 23.6 0.417 – –
Urban – – – 0.18 5
Forest – – – 0.25 5
Shrub – – – 0.2 5
Grassland/Agriculture – – – 0.3 5

Fig. 7. Calibration and validation hydrograph plots for the GSSHA model at the USGS gauge in Wimberley, Tx. X-axis indicates day-hour.
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In an attempt to standardize the calculations across events, runoff volumes were calculated from the start of the rainfall event to 12 h
past peak flows. Twelve hours past peak flows provided enough time for hydrographs to return to near baseflow. Runoff ratios ranged
an order of magnitude across the events with nearly 10% or less of the rainfall volume exiting the basin for three events (September
2010; May 2013; October 2015) and greater than 50% for three events (17–18 November 2004; 23–24 November 2004; May 2015).
The model was calibrated to one of the high runoff ratio events, and model performance was best for other events with increased
runoff ratios (23–24 November 2004 and October 2013). The runoff ratio for the May 2015 event was estimated at nearly 70%,
although this is likely an overestimation given the volume overestimations for some validation results. Model performance aside, the
wide-ranging runoff ratios suggests antecedent conditions combined with spatiotemporal variations in rainfall play a large role in
mediating stream response.

The October 2015 event occurred just months after the flood of record for the Wimberley gauge and produced the eight highest
peak flow (2010m3 s−1). The event was centered just upstream of the Wimberley gauge and the stage IV record indicated rainfall
volume and rate very close to the May 2015 event (Fig. 9). However, much less water exited the basin with a runoff ratio ap-
proximately one fifth of the May 2015 estimate. Soil moisture data were examined from a probe located between Wimberley and San
Marcos as part of the COSMOS monitoring network (Freeman Ranch site 57) (Zreda et al., 2012). Data were available for the four
most recent storm events (May 2013; October 2013; May 2015; October 2015), and 10 day antecedent soil moisture values are shown

Table 3
GSSHA model performance statistics.

Storm event r2 NSE PBIAS (%)

17–18 November 2004 0.91 0.90 10.2
23–24 November 2004 0.84 0.48 −3.40
September 2010 0.15 −210 1170
May 2013 0.35 −55 988
October 2013 0.61 0.24 106
October 2015 0.65 −4.2 340

Fig. 8. GSSHA simulation of the May 2015 event at Wimberley plotted with the available USGS gauge data from the location. X-axis indicates day-hour.

Table 4
Storm event runoff ratios.

Storm event Runoff:Rainfall

17–18 November 2004 0.52
23–24 November 2004 0.58
September 2010 0.05
May 2013 0.07
October 2013 0.35
October 2015 0.12
May 2015 0.69
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in Supplementary Fig. A8 . Mean 10 day volumetric soil moisture preceding the May 2015 event was approximately 60% higher than
the 10 day period leading up to the October 2013 and 2015 events, and nearly double the May 2013 event. Streamflow volume from
the May 2013 event was largely overestimated by the GSSHA model. The effect of soil moisture on model runs was investigated by
running the model under varying initial soil moisture conditions ranging from 0.1-0.3 cm3/cm3 representing volumetric soil moisture
percentages from 25 to 80% (data not shown). The various model representations produced only modest changes to runoff volume
and peak flow. The lack of streamflow response to changes in initial soil moisture conditions is a major shortcoming in the GSSHA
model setup. However, the model appears to perform reasonably well when antecedent soil moisture is high. Other researchers have
documented the varying ability for storm events to produce runoff in the region. In 2009, Smith et al. (2011) documented rainfall in
excess of 200mm with no appreciable flow response in downstream creeks in the Onion Creek drainage basin which borders the
Blanco to the north. These results highlight the importance of antecedent conditions and difficulties in building robust hydrologic
models that can respond to the soil condition extremes in addition to the heterogeneity of physical features across a basin and
channel.

6. Rainfall transpositions

There is much recent interest and research activity in the field of forecasting river flows using QPEs or QPFs (e.g. Liechti et al.,
2013), including the recent launch of the United States National Water Model (NOAA NWC, 2016) and opening of the National Water
Center. Several numerical weather prediction models are presently available providing near-term fine scale QPFs including the
Thunderstorm Identification, Tracking, Analysis and Nowcasting system (Dixon and Wiener, 1993), Tracking Radar Echoes by
Correlation (Tuttle and Foote, 1990), and the High Resolution Rapid Refresh model (Benjamin et al., 2016). Forecasting river flows
with QPFs has the benefit of providing advanced lead time and some models have the ability to create ensemble forecasts. However,
forecast skill is directly related to lead time, and significant errors can arise when attempting to predict rainfall over small, narrow
drainages (Vivoni et al., 2007; Sharif et al., 2006). This is particularly problematic in regions like the Texas Hill Country where flood
causing precipitation events are often highly localized. QPEs derived from radar and gauge networks have the ability to produce more
reliable estimates (e.g. Multi-Radar Multi-Sensor; Zhang et al., 2016), but the maximum theoretical lead time is equal to the basin’s
time of concentrations.

In this section of the paper, modest perturbations to the position of the storm centroid and intensity of rainfall are created to
examine the sensitivity of peak discharge, peak flow timing, and runoff ratios as measured through the GSSHA model simulations at
the Wimberley gauge. Rainfall input to the model was varied by displacing the original stage IV grid in 2 km increments up to 24 km.
These displacements were done radially in 5° increments. Supplementary Fig. A9 shows the stage IV grid clipped to approximately
25 km. In total, 864 (72 angular shifts * 12 displacements) GSSHA model runs were completed for the original storm. Additionally,
the same exercise was completed with a 0.8 and 1.2 multiplier (herein referred to as 0.8 and 1.2 storms) applied to the original
precipitation amounts. While the spatial shifts and factor adjustments are arbitrary, they fall well within reasonable ranges of errors
expected from QPFs and real time QPEs with no gauge adjustments (Cunha et al., 2013; Bauer et al., 2016).

For a given storm duration and total amount of rainfall over a catchment, the temporal and spatial distributions of the rainfall is
controlled by how the storm moved over the catchment. This will have a significant impact on the runoff response of the catchment
and the characteristics of the outlet hydrograph (Singh, 1998; Ogden et al., 1995; Roberts and Klingeman, 1970). A storm moving

Fig. 9. Rainfall hyetographs developed from stage IV precipitation data for the basin delineated at Wimberley, Tx. Nov 2004 E indicates the “early” November event
(17–18 November 2004) and Nov 2004 L indicates the “late” November event (23–24 November 2004).
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over a catchment in the upstream direction will result in a hydrograph with a longer base time, a rising limb with a gentler slope, and
a smaller peak flow.

6.1. Peak flows, runoff ratios, and peak timing

Peak flows from shifts of the original storm (herein referred to as 1.0 storm) ranged from 2082 to 4915m3 s−1. Peak discharge
from the 1.0 storm with no spatial shift was in the 90th percentile of all 1.0 peak flows. The highest peak discharges from the 1.0
storm typically occurred with 25–50 ° angular shifts and 4–8 km displacements (Fig. 10).

Moving the storm downstream results in attenuated peak flows. An example is provided in Supplementary Fig. A9b by moving the
storm along the 340 ° axis a distance of 16 km. In this scenario, we preserve total volume of rainfall above the Wimberley gauge
(< 1% difference), but move the epicenter off of the headlands to near the confluence of the rivers. Peak flow at the Wimberley gauge
in this scenario is 25% lower (3531m3 s−1) than the original storm. Runoff ratios remain nearly identical between the scenarios
which is not unexpected given the low hydraulic conductivity values of the soils and moist conditions. The effect is similar to having a
storm move in the upstream direction rather than downstream (e.g. Ogden et al., 1995). The physical mechanisms responsible for the
large difference in hydrograph shape likely results from the steep topography in the uplands and differences in the uplands stream
network. Seo (2012) demonstrated that efficient flow networks are much more sensitive to spatial characteristics of a storm.

Maximum flows in the catchment were very sensitive to distance displaced at other angles as well. At 10 km displacements (all
angles) flows ranged from 3994 to 4873, and at 20 km displacements the range increased to 2469–4418 (Fig. A10). Stated another
way, displacing the storm 20 km the flow recurrence intervals ranged from 34 to 226 years. This in part owes to the narrow shape of
the drainage, spatial structure of the storm, and other surface features such as channel morphology and spatial distribution of soils.
The timing of peak flows spanned over 5 h for the 1.0 storm with the median time very near the actual peak (+5min).

Fig. 10. Three dimensional surfaces of peak flow, runoff ratio, and peak timing versus angle and distance displaced. Plots are for the 1.0 storm. The bottom right panel
displays boxplots of values of the 0.8, 1.0, and 1.2 storms.

C. Furl et al. Journal of Hydrology: Regional Studies 15 (2018) 90–104

101



Peak flow response to the 0.8 and 1.2 multipliers showed a similar response in terms of storm configuration resulting in minimum
and maximum responses. However, there was a non-linear response to the linear adjustments made in the precipitation field. Twenty
percent changes in precipitation resulted in approximately 30% changes in median, minimum, and maximum peak flows for the 0.8
and 1.2 storms.

Runoff ratios for the 1.0 storm ranged from 0.61 to 0.74. Including the 0.8 and 1.2 datasets, runoff ratios ranged from 0.56–0.77.
While not as wide ranging as the runoff ratios recorded from the six additional storms assessed during model calibration and vali-
dation, a maximum difference of 21% highlights the importance of storm location, motion, precipitation amount and distributed soil
properties across the basin (Singh, 1998; Ogden et al., 1995; Roberts and Klingeman, 1970).

Visualization of flood forecasts is often performed by displaying an ensemble of hydrographs produced by model output forced by
various precipitation forecasts. Ideally, the observed peak discharge will be enveloped by the members creating the ensemble
forecast. Fig. 11 shows a hydrograph ensemble of GSSHA output for the undisplaced storms (0.8, 1.0, 1.2) along with the maximum
and minimum peak flows and peak timings for each of the three categories.

The ensemble shows a range of shapes from a single peak to a bimodal distribution. Peak flows in the ensemble had a maximum
difference of nearly 5000m3 s−1 peak timings had a range of over six hours. This exercise highlights the difficulty in creating useful
flood ensembles in small-medium sized basins from forecasted precipitation.

7. Conclusions

There are three principal conclusions from the work:

• While the synoptic characteristics of intense convective precipitation have been known for decades, and the mescoscale char-
acteristics since the mid-1990s, the advent of high resolution, rapid assimilation and model refresh (e.g., the HRRR), dual-
polarization of the WSR-88D network, and high spatial resolution and frequent reporting automated raingauges offers the pro-
spect of short-range, high quality QPF/QPE for input into hydrologic models. But as shown here, even small displacement of QPF/
QPE can result in significant differences in hydrograph of resulting flood waves.

• While rainfall amounts from the event were impressive, accumulations from the storm were not uncharacteristic for high mag-
nitude events across the Texas Hill Country. However, the rainfall was able to produce an uncharacteristically large and deadly
flood. The entire region had received record to near-record precipitation amounts in the months leading up to the flood. This led
to saturated soils and creeks, streams, and rivers primed for maximum rainfall runoff. Analysis of the additional storm events used
for hydrological model calibration and validation indicated a wide range of runoff ratios. Runoff ratios for the May 2015 event
estimated from the GSSHA model were much larger (≈0.7) than other storms examined.

• Rainfall from the event began directly over the headwaters of the basin and were able to remain stationary for many hours. When
the most intense rain cells began to move off the headwaters the entire mesoscale convective system moved slowly downstream.
Analysis of model iterations of the transposed rainfall fields suggests storm location and motion played a significant role in the
peak flows. When the intense headwater cells were started over the middle portion of the basin peak flows were greatly attenuated
while volume of runoff remained similar.

Fig. 11. Ensemble hydrograph plot of maximum and minimum values for peak stream flow and peak timing for the 0.8, 1.0, and 1.2 storm iterations.
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