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Abstract
The objective of this study is to evaluate the effects of urbanization, an antecedent rainfall event
(ARE), and varying cyclone tracks on the streamflow—and thus the subsequent reservoir
status—during the floods caused by Hurricane Harvey in August–September 2017. Through a
hydrological modeling approach, we examined how these factors influenced the inflows, peak pool
elevations, and outflows of the two most important detention reservoirs in the Houston region,
the Addicks and Barker Reservoirs. A high-resolution rainfall reanalysis dataset for extreme storm
events, along with a suite of synthetic rainfall values from a variety of storm tracks, were adopted to
represent both the truth and the maximum possible rainfall during the Hurricane Harvey period.
The results showed the following: Urbanization only led to slight increases in peak inflows, not
necessarily to an increase in peak pool elevations, and the ARE contributed to the peak inflow and
pool elevation slightly. In contrast, if the cyclone had followed the most adverse track consistent
with earlier forecasts (all else being equal), the total volumetric flow into the two reservoirs would
have been significantly larger (37% and 49% respectively), thus increasing the peak pool elevations
by 1.06 and 1.37 m respectively. These results suggest that large uncertainties exist for flood
management at a watershed scale during hurricanes, because of the uncertainties in the cyclone
track. This would remain true even if storm-relative precipitation rates could be predicted perfectly.

1. Introduction

Hurricane Harvey, a category 4 hurricane that struck
Texas at the end of August 2017, claimed 106 lives
and caused $125 billion in losses (Blake and Zel-
insky 2018, Wang et al 2018). After making land-
fall along the middle of the Texas coast on August
26, 2017, Hurricane Harvey advanced northwest-
ward, stalled, and then moved back offshore at 0300
UTC on August 28 (Blake and Zelinsky 2018). The
highest total storm rainfall set a new record value
of 1539 mm near Nederland (Texas), while the total
rainfall ranged from 635 to 1300 mm in the Houston
metro area (Blake and Zelinsky 2018). This unpre-
cedented precipitation resulted in extreme flooding in

the Houston watersheds, including a 1000-year flood
event along the Buffalo Bayou (Nyaupane et al 2018).
Although Houston did not receive the greatest pre-
cipitation from the storm (compared to other loca-
tions), it suffered the largest economic losses during
this event.

Recent studies have assessed the probabilities
of Harvey’s rainfall, and the possible contribu-
tions of climate change to this extreme precipita-
tion (Emanuel 2017, Risser and Wehner 2017, van
Oldenborgh et al 2017, Kao et al 2019). However,
fewer studies have investigated the streamflow and
inundation areas caused by this precipitation (Zhang
et al 2018a, Wing et al 2019, Sebastian et al 2019).
Moreover, the effects of reservoirs on hydrological
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processes warrant exploration with regard to flood
management during hurricanes. For instance, while
the two detention reservoirs (Addicks and Barker)
are used for alleviating floods in downtown Hous-
ton, their flood waters inundated the upstream vicin-
ity during Hurricane Harvey (Lindner and Fitzgerald
2018).

Reservoir inflows can also be affected by factors
other than the accumulative precipitation brought on
by a storm. Land use change has long been recog-
nized as an important aspect impacting floods (Bron-
stert et al 2002, Defries and Eshleman 2004, Saghafian
et al 2008; Zhang et al 2018b), especially the effects
of urbanization, which have been extensively invest-
igated (Hollis 1975, Hollis and Luckett 1976, Olivera
and Defee 2007; Du et al 2012, Zhao et al 2016a).
Urban expansion can amplify floods by increasing
the precipitation amount from a hydrometeorolo-
gical perspective (Guo et al 2006, Yang et al 2019, Yin
et al 2020), but the most direct hydrological impact
from urbanization is the increase of runoff and peak
flow caused by the expansion of the impervious area
(Olivera and Defee 2007, Jacobson 2011, Zhao et al
2016a, Hodgkins et al 2019).

Antecedent rainfall events (AREs) are another key
factor affecting floods (Seeger et al 2004, Thomas
et al 2016, Berghuijs et al 2016, Schoener and Stone
2019), especially for rapid runoff and flash flood-
ing (Grillakis et al 2016). This justifies the import-
ance of continuous simulations (vs. single event sim-
ulations) for obtaining reliable initial conditions in
flood simulations (Berthet et al 2009, Pathiraja et al
2012). Grillakis et al (2016) suggested that the role
of AREs depends more on the magnitudes of floods
rather than the climate or region. Nonetheless, AREs
before flooding events could influence streamflow
regimes considerably by elevating the antecedent soil
moisture (Woldemeskel and Sharma 2016). About
three weeks before Hurricane Harvey, a severe storm
event occurred between August 2nd and August
8th with an accumulative rainfall of 242 mm in
the Addicks and Barker watersheds, which is about
28% of that from Harvey. Although the two reser-
voirs were already depleted before Hurricane Har-
vey, the high antecedent soil moisture conditions
still could have elevated the runoff generation during
Harvey.

In addition, from a spatial scale perspective, hur-
ricanes typically cover areas much larger than indi-
vidual watersheds, within which flood management
activities are typically carried out. For any specific
watershed, the flood severity can be worse or better
if the storm center takes a different route. Therefore,
the spatial distribution of the precipitation, which
depends on the cyclone tracks over land (Lonfat
et al 2004, Zawislak et al 2016), is crucial for water-
sheds of interest. Cyclone tracks are determined by
many hydrometeorological conditions (Dacre and
Gray 2009, Mukhopadhyay et al 2011), and there

are large uncertainties associated with such tracks
(Franklin et al 2003).

Considering the factors discussed above, three
questions about the Harvey floods were raised:

(a) How much did the expansion of the impervi-
ous area impact the extreme flooding around
the Addicks and Barker Reservoirs near Hous-
ton during Harvey?

(b) To what extent did AREs make a difference in
these extreme floods?

(c) How would the flooding situation have been
altered if Hurricane Harvey had followed a dif-
ferent track (assuming that the storm intensity,
structure, and storm location-relative precipit-
ation rates would have been unaffected)?

To address these questions, this study examined
the hydrological impacts from multiple factors—
urbanization, AREs, and cyclone tracks—on the
floods during Hurricane Harvey via a hydrological
modeling approach. Specifically, we evaluated the
effects of these factors and their associated uncer-
tainties by conducting a series of scenario-driven
hydrological model simulations. To provide more
new information for decision makers, some addi-
tional scenarios were tested to (1) evaluate the role of
inter-watershed flow from theCypresswatershed; and
(2) estimate the potential effects of changing reservoir
operation rules on moderating the flooding around
the reservoirs.

2. Study area andmethods

2.1. Study area
The Addicks and Barker Reservoirs, along with their
upstream drainage areas, were chosen as the study
areas in this research (figure 1(a)). Such detention
reservoirs are commonly used for flood control in
urban areas worldwide (Ngo et al 2016, 2018). Due to
the region’s flat terrain, flood waters from the Cypress
watershed can cross the boundary line between the
two watersheds and enter the Addicks watershed
when the rainfall magnitude is large (figure 1(a)).
Therefore, the inflow into the Addicks Reservoir
may consist of both local flood water and the inter-
watershed flow from the Cypress. However, it is diffi-
cult to measure or evaluate the amount of the inter-
watershed flow accurately (TWDB 2015, Lindner and
Fitzgerald 2018).

These three watersheds have experienced dra-
matic urbanization during past several decades.Many
homes constructed during this period are distrib-
uted near and even within the reservoirs, albeit above
the originally-estimated 100 year reservoir flood pool
levels. Although there had been almost no urban
area in these watersheds in the 1940s, by 2016, the
urban area covered about 48%, 43%, and 12% of
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Figure 1. (a) Study area in Texas (upper right inset), with arrows indicating the inter-watershed flow; (b) the precipitation
distribution for the study area during the Harvey event; and (c) the projected distribution of precipitation for the study area in a
scenario whereby Harvey had followed the track most adverse to the Addicks-Cypress watershed.

the Addicks, Barker, and Cypress watersheds, respect-
ively. During Hurricane Harvey, the water reached
unprecedented levels in the reservoirs and inund-
ated many homes (GHFMC 2017). However, to
what degree urbanization exacerbated the magnitude
of the flooding caused by Harvey has not been
quantified.

2.2. DHSVMmodeling
2.2.1. DHSVM
The Distributed Hydrology Soil Vegetation Model
(DHSVM, Wigmosta et al 1994) was used for
the hydrological simulations. DHSVM is a physics-
based distributed hydrological model with high spa-
tial and temporal resolutions. The model has been
updated to enable the simulation of hydrological
processes with urban land cover (Cuo et al 2008;
see supplementary material S.1.1 (available online at
stacks.iop.org/ERL/15/124012/mmedia)) and reser-
voir regulation (Zhao et al 2016b). Furthermore, the
reservoir release scheme was modified to better simu-
late the reservoir release processes of detention reser-
voirs (see supplementary material S.1.2). Addition-
ally, the DHSVM codes were modified to use an eight
direction (D8) flow model produced by ArcGIS. This
allows the routing module to perform better on flat
terrain.

2.2.2. Model inputs and forcing data
In this study, DHSVM was set up at a 30 m spa-
tial resolution and an hourly time step. The main
geospatial inputs include digital elevation models
(DEM), soil texture, land cover (see supplementary
material S.1.3), and meteorological forcings.

The meteorological forcings include precipita-
tion, temperature, wind speed, relative humidity and
downward shortwave and longwave radiation. First,
we used daily maximum and minimum temperat-
ure, wind speed and precipitation values from the
U.S. National Oceanic and Atmospheric Administra-
tion (NOAA) gauges to drive the Mountain Micro-
climate Simulation-Model (MTCLIM, Hungerford
1989), which is widely used as a pre-processor for
hydrologic modeling (Bohn et al 2013). This step
served two purposes: to generate additional forcing
terms needed by DHSVM (e.g. relative humidity and
radiation) and to downscale daily data to hourly to
match the DHSVM time step. As detailed in supple-
mentary material S.6.2, the uncertainties associated
with these disaggregated forcings (note: precipitation
is not from the MTCLIM) are negligible. To accur-
ately represent the high spatial and temporal vary-
ing rainfall, VIC downscaled precipitation was not
used as a DHSVM input. Instead, MetStorm analyses
(Parzybok et al 2015) were adopted to represent the
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rainfall ground truth during the Hurricane Harvey
period, and radar data were used for the other times
(when MetStorm data are unavailable). By integrat-
ing data collected from the precipitation gauges, dual-
polarimetric radar, and satellites, the MetStorm rain-
fall reanalysis is designed to provide high-resolution,
reliable rainfall data during extreme storm events. For
the remainder of the simulation period (2005–2017),
National Weather Service Stage IV Radar precipita-
tion data were used (Lin 2011).

In addition, a suite of synthetic rainfall scenarios
was produced based on alternative tracks that Hur-
ricane Harvey could have followed according to the
official National Hurricane Center (NHC) forecasts
made in real time (see supplementary material S.2
for details). Different values of parameter A corres-
pond to different possible tracks within the fore-
cast envelope; positive A corresponds to slower than
observed storm motion consistent with the NHC
forecasts. The hourly gridded precipitation fieldswere
displaced along with the storm to estimate the time-
evolving precipitation under the possible track scen-
arios. Slower stormmotion tends to increase themax-
imum storm-total precipitation while also changing
the location where that maximum occurs.

2.2.3. Model calibration, validation, and
inter-watershed flow estimation
Model calibration and validation for streamflow sim-
ulation are described in supplementarymaterial S.3.1,
and more discussions about the parameterization
uncertainty are provided in supplementary mater-
ial S.6.1. The inter-watershed flow was estimated
after the models for the Addicks and Cypress water-
sheds were calibrated jointly. Inter-watershed flows
were expected to account for some of the differences
between the simulated flows and the observed flows
at the Cypress mainstream gauge (gauge 08068740,
figure 1(a)), which is located downstream of the
area where inter-watershed flows occur. A simulated
flow rate of 1.00 × 105 m3 h−1 at this gauge was
selected as the threshold for determining whether
there was inter-watershed flow (above which there
were observable discrepancies between the simulated
and observed flows). This magnitude was close to
the peak discharge at a 20% exceedance probability,
1.13 × 105 m3 h−1, above which considerable inter-
watershed flows have occurred in the past (TWDB
Texas Water Development Board (TWDB) 2015).
Next, a scatter plot was obtained to show the relation-
ship between the inter-watershed flows from Cypress
and the simulated flows at the gauge. Finally, a lin-
ear regression was fitted between these two variables,
in order to estimate the inter-watershed flows based
on the simulated flows at gauge 08068740’s loca-
tion. This regressionmodel was evaluated by compar-
ing the simulated flow at gauge 08068740—with the
estimated inter-watershed flow removed—against the

observed flow. The results suggest that this method is
adequate to account for the inter-watershed flow from
Cypress to Addicks (see supplementary material fig-
ure S.3.2).

For the reservoir module, the Elevation-Storage
relationships were adopted originally from the US
ArmyCorps of Engineers (USACE2008a, 2008b), and
the parameters related to the release flow were cal-
ibrated against the observed outflows at the closest
downstream gauge locations. For validation, the sim-
ulated pool elevations and releases during flood
events were compared to their counterpart USGS
observations (figure 2). The simulated peak pool
elevation at the Addicks and Barker Reservoirs dur-
ing Harvey (33.21 m and 30.90 m) are close to the
observed records (33.23 m and 30.96 m).

2.3. Designed scenarios
DHSVM model scenarios were designed to exam-
ine the impacts from urbanization, AREs, and cyc-
lone tracks. To evaluate the urbanization effects, the
modeled results using LC2016 as a baseline (to rep-
resent the land cover during Hurricane Harvey) were
compared with the results from four different his-
torical land covers (LC1940, LC1970, LC1991, and
LC2001), each of which was at a lower urbaniza-
tion level compared to the baseline. To quantify the
impacts from the ARE, five scenarios were tested,
with a focus on the streamflow uncertainties associ-
ated with the timing of the ARE. In the first scen-
ario, the ARE during early August was removed. In
the other four scenarios, the ARE was shifted by ±10
or ±5 d compared to the real occurrence dates. For
the impacts from the cyclone tracks, Scenario P_Max,
which represents the largest total precipitation over
the area of interest (figure 1(c)), was tested to investig-
ate the worst possible floods in the watersheds within
the range of hypothetical tracks. To better understand
the impacts from the uncertain cyclone trajector-
ies, intermediate scenarios—D020, D040, D060, and
D080, with the values of A set to 0.2, 0.4, 0.6 and 0.8
respectively—were also examined.

3. Results

The DHSVMmodel results under the designed scen-
arios were compared with those from the baseline to
evaluate the impacts from different factors (table 1).
Specifically, the analyses focused on the maximum
hourly inflow (Qin, max), peak reservoir pool elevation
(Hmax), total inflow volume (V in, i.e. the sum of the
inflows from August 25 to September 16), and max-
imum hourly release (Qout, max).

3.1. Urbanization impacts
For the Addicks Reservoir, theQin, max values from the
scenarios using earlier land cover maps are slightly
smaller than those from the baseline (LC2016). For
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Figure 2. Performance of the simulated hourly reservoir pool elevation and release rate: (a) Addicks hourly elevation; (b) Barker
hourly elevation; (c) hourly flow at the gauge downstream of the gate for Addicks; (d) hourly flow at the gauge downstream of the
gate for Barker.

Table 1. Simulation results under the designed scenarios (results in scenarios other than the Baseline Scenario are shown as the change
values compared to those under the Baseline Scenario).

Maximum Hourly Maximum hourly
Inflow Rate Peak Reservoir Total Inflow Release Rate
(Qin, max)/ Pool Elevations Volume (Q out, max)/
(106 mc h−1) (Hmax)/m (V in)/10

8 mc (105 mc h−1)

Scenarios Addicks Barker Addicks Barker Addicks Barker Addicks Barker

Baseline 5.30 3.12 33.21 30.90 3.32 2.62 7.50 5.08

LC1940 −6.17% −2.94% 0.14 −0.10 1.87% −4.80% 2.20% −1.79%
LC1970 −6.27% −3.08% 0.13 −0.10 1.86% −4.67% 2.09% −3.25%
LC1992 −7.24% −9.00% 0.06 −0.19 0.69% −6.19% 0.89% −4.70%

Urbanizationa

LC2001 −4.40% −3.46% 0.04 −0.09 0.43% −3.32% 0.55% −3.04%

No_ARE −6.40% −6.75% −0.25 −0.22 −6.28% −6.10% −3.84% −5.02%
10b −1.47% −1.53% −0.06 −0.05 −1.55% −1.54% −0.98% −0.97%
5b −0.81% −0.68% −0.04 −0.03 −0.93% −0.78% −0.59% −2.00%
5 a 1.16% 1.48% 0.08 0.06 1.48% 1.57% 1.23% 0.00%

Antecedent
Rainfall Event
(ARE)b

10 a 2.32% 2.97% 0.32 0.30 3.49% 3.43% 4.99% 3.69%

D020 −10.96% −1.11% −0.26 0.01 −5.73% 0.82% −4.06% −1.43%
D040 0.35% −9.40% 0.11 0.15 6.83% 7.07% 1.70% 0.64%
D060 −0.59% 3.71% 0.71 0.87 25.88% 31.06% 6.00% 12.31%
D080 −15.94% 5.49% 0.99 1.35 34.95% 48.62% 6.00% 20.28%

Cyclone Trackc

P_Max −16.26% −0.42% 1.06 1.37 37.00% 48.70% 6.00% 20.56%
aLC1940, LC1970, LC1992, and LC2001 represents the land cover in 1940, 1970, 1992, and 2001, respectively.
b‘No_ARE’ indicates that the ARE was removed from the precipitation data; 10b, 5b, 5 a and 10 a indicate that the ARE was moved to 10

or 5 d before and 5 or 10 d after, respectively.
cD020 means that the precipitation under the cyclone track with A being 0.20; a similar notation is used for the other Cyclone Track

scenarios. P_Max means the possible maximum precipitation over the reservoir drainage areas: For the Addicks Reservoir, P_Max

represents the precipitation under the cyclone track with A being 0.81 (D081); for Barker Reservoir, P_Max represents the precipitation

under the cyclone track with A being 0.86 (D086).

5



Environ. Res. Lett. 15 (2020) 124012 X Li et al

example, the Qin, max has increased by 7% from 1940
to 2016, after 48% of the land in the Addicks water-
shed had been urbanized (from grass/crop/shrub
land). The differences in V in, Hmax, and Qout, max

among these urbanization scenarios are less pro-
nounced. For example, the Hmax decreased from
33.35 m under the LC1940 scenario to 33.21 m under
LC2016 (i.e. by 0.14 m). Similar results were found
for the Barker Reservoir. The Qin, max increased from
3.03× 106 m3 h−1 under LC 1940–3.12× 106 m3 h−1

under LC2016 (by 3%). TheHmax increased by 0.10m
under the Baseline Scenario (LC2016) compared to
that under LC1940.

3.2. Impacts from ARE
Without the ARE in early August, the Qin, max, V in,
Hmax, and Qout, max at the Addicks Reservoir would
have decreased by 3.39× 105m3 h−1 (6%), 2.08× 107

m3 (6%), 0.25m, and 2.88× 10m3 h−1 (4%) respect-
ively. As expected, theQin, max,V in andQout, max would
have decreased slightly if the ARE had occurred 5 d
or 10 d earlier (and would have shown the oppos-
ite trends if later). The Hmax would have decreased
slightly if the ARE had occurred earlier—by 0.06 m
and 0.04 m under Scenario 10b and Scenario 5b,
respectively. However, the range of the increment
would be slightly larger—0.08 m and 0.32 m—if the
ARE had occurred 5 d and 10 d later, respectively.
The changes inQout, max due to the timing of the ARE
range from−1% to 5%. Similar results were found at
the Barker Reservoir due to the timing changes of the
ARE.

3.3. Impacts from different cyclone tracks
Under the most adverse cyclone tracks (Scenario
P_Max), the V in into the Addicks and Barker Reser-
voirs would have increased by 1.23 × 108 m3 (37%)
and 1.23 × 108 m3 (49%), causing the Hmax to surge
by 1.06 m and 1.37 m, respectively. In addition, this
possiblemaximumrainfall would push theQout, max at
Addicks to its release capacity of 7.95 × 105 m3 h−1

(USACE 2012)—which is about 6% higher than the
Qout, max under the baseline. At Barker,Qout, max would
be 6.13× 105 m3 h−1 (an increment of 21%).

Under Scenarios D020 and D040, the increment
of Hmax is no more than 0.15 m at the Addicks
and Barker Reservoirs compared to that under the
Baseline Scenario. However, under D060, the Hmax

would have increased by 0.71 m and 0.87 m for
Addicks and Barker, respectively. Then, the Hmax

would have continued to increase until the value of
A reached 0.81 and 0.86 for these two reservoirs.
Although the chance for the cyclone to exactly fol-
low the most adverse track is small, there is still a
broad range of tracks that would have led to sub-
stantial increases in total inflows. Also, other possible
storm characteristics, such as different landfall loc-
ations and different intensities, might lead to even
greater inflows.

4. Discussion

The results from the most representative urbaniza-
tion, ARE, and cyclone track scenarios for the Barker
Reservoir were used to compare the impacts of these
three factors (figure 3). The differences between
the results under scenario LC1940 and the baseline
(LC2016) indicate that urbanization accelerated the
process of the reservoir reaching its peak elevation,
with a steeper rising limb in the hydrograph under
LC2016 (figure 3(a)). This is also the same for the
Addicks Reservoir (see supplementary material fig-
ure S4). Although the overall trend of these results
is consistent with previous studies on the effects of
urbanizations on flood peak flows (Jacobson 2011,
Zhao et al 2016a, Shao et al 2020), the percentage
increases of Qin, max (7% for Addicks and 3% for
Barker) during Hurricane Harvey are much smaller
than those in previous studies. Indeed, the urbaniz-
ation induced increases of Qin, max during the flood
produced by the ARE in early August were 59% and
215% for Addicks and Barker, respectively. Although
theQin, max in flood events with smaller magnitudes is
sensitive to some of the urban parameters, it is barely
affected by such parameters under extreme events
like Harvey (see supplementary material S.6.1). This
is because the total rainfall from Hurricane Harvey
was so large (843 mm over the Barker watershed and
851 mm over the Addicks watershed) that any soil
would have becomemostly saturated shortly after the
hurricane rainfall started in the region. As a result,
the peak runoff generated from different land covers
would become more similar.

Without the ARE, the V in would not change
noticeably compared to the baseline, except that
Qin, max (figure 3(a)) andHmax (figure 3(c)) would be
slightly lower. This agrees with the finding that floods
with large magnitudes tend to be less sensitive to ini-
tial soil moisture (Grillakis et al 2016). In addition,
the impacts of ARE on peak inflow and peak elevation
tend to bemore significant if the ARE occurs closer to
the storm event.

Under the most adverse cyclone tracks (Scen-
ario P_Max), there would be double peaks of the
inflow during the flood event (figure 3(a)). This is
because the cyclone under these tracks would pro-
duce two rainfall peaks at thewatersheds—one occur-
ring while the cyclone stalled, and the other occur-
ring when it made landfall a second time. Although
these two Qin, max values would be lower than the
one under the Baseline Scenario, the accumulative
inflow volumewould exceed that of the Baseline Scen-
ario after August 31 (figure 3(b)), thus leading to
a continuous increase of Hmax until September 3
(figure 3(c)). TheQout, max varies with theHmax under
the different scenarios.

Under the Scenario P_Max, Hmax would have
increased by 1.06 m and by 1.37 m for the Addicks
and Barker Reservoirs, respectively. This would
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Figure 3. (a) Hourly inflow processes, (b) accumulative inflow volume, (c) pool elevation dynamics, and (d) hourly release
processes of the Barker Reservoir during August 25 and September 4. The solid lines represent the results under the representative
scenarios for each factor, while the shaded areas indicate the range of uncertainty (based on all scenarios listed in table 1) for each
factor.

have led to much larger inundated areas. Accord-
ing to a rough estimation based on the DEM, the
inundated areas would increase by 19% and 18%
at Addicks and Barker. These increased percentages
are 23% and 27%, respectively, when the inund-
ated areas are estimated using the height-volume
curves from USACE. Most of the additional inunda-
tion would affect urbanized land rather than open
space. Another consequence of higher Hmax is a
higher risk of dam failure. During Harvey, a peak
reservoir storage of 268.41 × 106 m3 in Addicks was
recorded by a USGS gauge—which exceeded its max-
imum storage capacity (252.25× 106 m3, www.twdb.
texas.gov/surfacewater/rivers/reservoirs/addicks/inde
x.asp).Under Scenario P_Max, the reservoir stor-
age in Barker would also exceed its maximum stor-
age capacity (255.33 × 106 m3, www.twdb.texas.
gov/surfacewater/rivers/reservoirs/barker/index.asp),
peaking at 296.52 × 106 m3. Meanwhile, the Hmax

(34.41 m in Addicks and 32.35 m in Barker) would
approach or even exceed the level at the top of the
spillways (34.14–35.05 m for Addicks and 32.31 m
for Barker, GHFMC Greater Houston Flood Mitig-
ation Consortium (GHFMC) 2017). Even under the
D60 scenario, the reservoir storage in Barker would
also have exceeded its storage capacity (with a peak
value of 260.10× 106 m3).

We conducted additional simulations to evaluate
the role of the inter-watershed flow from the Cypress
watershed and potential effects of changing reservoir
operations on reducing the Hmax. Clear decreases in
Qin, max (−20%), V in (−26%), Hmax (−1.11 m), and
Qout, max (−17%) were found at the Addicks Reser-
voir when there was no inter-watershed flow. Induced
surcharge regulation is an operation option under
which stored flood water is discharged at high release
rates to control rising pool elevations, which is initi-
ated only when the pool elevations reach designated
thresholds (USACE 2012). Given the inflow, the exist-
ing reservoir storage capacity, and the discharge capa-
city, there are two options to reduce Hmax: (1) lower-
ing the thresholds to initiate the induced surcharge
regulation, and (2) increasing the release rate dur-
ing the induced surcharge regulation. However, the
results under both options suggest that the effects of
changing the reservoir operations to moderate the
floods around the reservoirs during Hurricane Har-
vey would be very limited (see supplementary mater-
ial S.5). Therefore, additional measures—such as new
reservoirs and diversions (Castro and Rifai 2019,
Weber 2019)—are essential for lowering the risks of
such extreme floods, which are projected to occur
more frequently in the future as the climate changes
(Emanuel 2017).
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This study used a hydrological modeling
approach to explore the impacts from the three afore-
mentioned factors on extreme floods at two Hous-
ton reservoirs during Hurricane Harvey. Although a
number of studies have investigated the impacts of
urbanization and ARE on streamflow during floods
(Jacobson 2011, Hodgkins et al 2019, Schoener and
Stone 2019), few have focused on the extreme floods
caused by hurricanes (Zhang et al 2018a; Sebastian
et al 2019). Although these two reservoirs were the
center of attention during Harvey (HCFCD 2017,
Lindner and Fitzgerald 2018), the peak elevations and
the release rates of reservoirs during flooding events
were not evaluated in previous research. Further-
more, to our best knowledge, this is the first study
addressing the impacts of the cyclone track on the
flooding caused by a hurricane at the watershed scale.
Additionally, we developed a practical approach for
estimating the time series of inter-watershed flow by
combining hydrologic modeling and gauge obser-
vations. This offers a universal approach applicable
to regions with low topographic gradients, where
inter-watershed flows readily occur in extreme floods
(Wang et al 2010).

Despite of their uncertainties, the calibrated para-
meters are able to replicate the surface runoff pro-
cesses and reservoir pool elevation dynamics. Further,
the simulation uncertainties associated with the met-
eorological forcings (other than precipitation) were
insignificant (see supplementary material S.6). It is
worth noting that some water overflowed from the
northern edge of the Addicks dam during Harvey,
which was not considered in the simulations. There-
fore, this model limitation might have led to a slight
overestimation of Hmax for the Addicks Reservoir
under the scenarios with higher peak pool elevations
(compared to the baseline). Since this study focused
on the one-way impacts from these factors on the
streamflow, the potential influences of urbanization
and soil moisture conditions on the amount of hur-
ricane precipitation (Nair et al 2019) were not con-
sidered.

5. Conclusions

This study adopted a modeling approach to evaluate
the effects of urbanization, AREs, and the varying cyc-
lone tracks on the floods over the Addicks and Barker
Reservoirs during Hurricane Harvey, as well as their
associated uncertainties. Both urbanization and the
ARE exacerbated the peak inflows, although not to a
significant extent. Urbanization shortened the flood
peak time, which would make decision-making more
challenging. Moreover, the results from the suite of
modified cyclone tracks suggest that the peak inflows
are very sensitive to storm trajectories and that the
flooding at the two reservoirs fromHurricane Harvey
easily could have been considerably more severe. An
importantmessage conveyed by this study is that large

uncertainties exist for flood management at a water-
shed scale during hurricanes due to the uncertainties
in the cyclone track, even if storm-relative precipita-
tion rates could be predicted perfectly.
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