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Hurricanes are the major flood generating mechanism dominating the upper tail of the peak discharge distri-
bution over the Cape Fear River Basin (CFRB). In 2018, Hurricane Florence swamped CFRB as the ninth-most-
destructive hurricane ever hit the United States and set new records of peak discharges over the main river

Hydrometeo.rology . channel and three out of five of its major tributaries. In this study, we examined the hydrometeorology and
Cape Fear River Basin . . . . . .
WRE-Hydro hydrology of this flood via combined observation and numerical experiment analyses. Our results suggest that

the slow-motion in combination to the “L-shaped” path was the most distinctive feature of the hurricane that
incurred catastrophic and widespread rainfall and flooding over CFRB. The total rainfall from the storm played a
controlling role in the magnitude and spatial distribution of the flood peaks at basin scale. Above that, the spatial
heterogeneities of rainfall distribution and hydrologic characteristics was responsible for the distinctive flood
responses within the basin. The bi-peak shape of the flood hydrograph for the Deep River was due to the
combined effects of rainfall distribution, land cover, and topographic gradient. The exceptional unit peak
discharge over the Black River basin was associated with its drainage network structure, topographic gradient
and rainfall distribution. The floodplain downstream of the Cape Fear River temporarily stored flood water and
attenuated both the riverine floods from upstream and the compound flood over the coastal area. Furthermore,
numerical analyses found that re-infiltration accounted for 76% of the total infiltration on average. Re-
infiltration was superior to local infiltration over CFRB during Hurricane Florence.

1. Introduction (Huang et al., 2012; Li et al., 2020) as well as translation speed and

direction (Sturdevant-Rees et al., 2001), antecedent soil condition (Chen

Landfalling tropical cyclones are a major cause of inland floods over
the eastern United States (Smith et al., 2010; Villarini et al., 2014; Vil-
larini and Smith, 2010). From 1963 to 2012, the inland flooding and
associated mudslides induced by hurricanes accounted for 628 deaths
(Rappaport, 2014). For the past 3 decades, 43 inland flooding events
have caused an annual average of $8.2 billion in damage. Despite this
substantial human and economic loss, compared with coastal damages,
relatively little effort has been devoted to study tropical cyclone induced
inland flooding (Villarini et al., 2014). The limited number of published
researches have pointed out the influence of meteorological factors
including spatial rainfall distribution (Smith et al., 2010; Villarini et al.,
2011), short-term rainfall intensity (Smith et al., 2005), hurricane track

etal., 2015; Li et al., 2020), land surface characteristics such as land use/
cover (Lietal., 2020; Zhang et al., 2018), drainage network (Smith et al.,
2005; Sturdevant-Rees et al., 2001) and topography (Smith et al., 2005;
Sturdevant-Rees et al., 2001; Villarini et al., 2011) on the flood response.

The Cape Fear River Basin (CFRB) is located in the east-central North
Carolina, U.S. Hurricanes dominate the upper tail of peak discharge
distributions in the basin (Fig. 1a). The top ten maximum unit peak
discharges over the Cape Fear River and its five major tributaries were
all induced by hurricanes (Fig. 1b). Among them, Hurricane Florence
(Florence) stands out as the most powerful flood-generating event with
more widespread and significant influence than the others. During
Florence, peak discharge records were set over the Cape Fear River and
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Fig. 1. (a) Accumulative probability curve of annual peak discharges for the
Haw River at Bynum (02096960), the Deep River at Moncure (02102000), the
Little River at Manchester (02103000), the Black River at Tomahawk
(02106500), the Northeast Cape Fear River at Chinquapin (02108000) and the
Cape Fear River at Kelly (02105769). The circled symbols indicate that the peak
discharge ranks top three among the records and is induced by hurricane
events. “F” represents the peak discharge caused by Florence. Note that small
peak discharges associated with hurricanes are not labeled. The locations of the
gages are shown in Fig. 2b. (b) Annual unit peak discharges for the Cape Fear
River and its five major tributaries based on available observation data at the
six USGS gages in (a). The top ten peaks are marked out from the others with
separate colors.

three out of its five major tributaries. Three U.S. Geological Survey
(USGS) gages recorded peak discharges with return intervals equal to or
larger than a 500-year flood event (Table 1).

Recent studies have assessed the extremeness of Florence induced
rainfall (Kunkel and Champion, 2019) and the principal causes behind it
(Callaghan, 2020). The flood induced by Florence over the coastal area
has been investigated using numerical model (Gori et al., 2020) and
observational data (Griffin et al., 2020; Williams et al., 2020). In addi-
tion, Florence was also investigated to evaluate a newly proposed data
assimilation method (Gharamti et al., 2021), to explore the benefit of
applying crowsourced data (Hultquist and Cervone, 2020) in flood
mapping, and to demonstrate the importance of an accurate represen-
tation of ocean state (Zambon et al., 2021) in hurricane simulation.
Nevertheless, characteristics of the inland flooding and the controlling
mechanism behind it has not been investigated yet.

The primary objective of this study is to identify the hydrometeo-
rological and hydrological controls of the extreme inland flooding
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Table 1
Observed peak discharge and the recurrence interval over the Cape Fear River
and its five major tributaries during Florence.

River Number of Peak Ranking®  Recurrence
annual peak discharge interval (year) (
discharge in (m®/s) Feaster et al.,
record 2018)
Haw River 46 1470 3 -
Deep River 89 1826 2 -
Little River 28 493 1 500
Black River 68 1552 1 >500
Northeast 79 1169 1 >500
Cape Fear
River

Cape Fear 50 2172 1 67
River

a: With regards to historical peak discharges recorded at the corresponding
USGS gages shown in Fig. 1a.

caused by Florence. We analyzed the precipitation based on the Stage IV
Quantitative Precipitation Estimate (QPE) product (Lin, 2011) and
investigated the flood hydrology with streamflow observations. In
addition, we analyzed the results of a well calibrated Weather Research
and Forecasting Model Hydrological modeling extension package (WRF-
Hydro) model to gain an insight into the significance of the re-
infiltration process during Florence. The rest of the paper is organized
as follows. Section 2 describes the study region and method. Section 3
presents the precipitation analysis. In Section 4, flood response is
analyzed, and its controlling mechanism is discussed. The paper is closed
with a summary and conclusions in Section 5.

2. Study region and methodology
2.1. Cape Fear River basin

As the largest river basin contained entirely within the borders of
North Carolina, CFRB has a drainage area of 23,889 km?. Inside the
basin, the elevation ranges from 364 m in the headwater region to nearly
0 m over the coastal plain area. The CFRB contains five major sub-basins
(Fig. 2b), which are the Haw River and the Deep River basin upstream,
the Little River basin in the middle, and the Northeast Cape Fear River
and Black River basin downstream. The Haw River and Deep River basin
contains two USGS HUC-8 units-HUC 03030002 and HUC 03030003
(Fig. 2d) and features a rolling and hilly landscape. The Little River basin
is within the middle CFRB (HUC 03030003) and is characterized by
rolling terrain with little relief. The lower CFRB is composed of 3 USGS
HUC-8 units (HUC 03030005-07, Fig. 2d) and is drained by the main
stem of Cape Fear River, Black River, and Northeast Cape Fear River
from west to east, respectively. The topography in the lower part of
CFRB is characterized by low elevation and minimum topographic
gradient.

From 1996 to 2018, 13 hurricanes have made landfalls in the basin or
passed by within 120 km from it. Six hurricanes have caused significant
flood damages (Gori et al., 2020). A recent study suggests a regime shift
in coastal North Carolina towards increasingly high precipitation asso-
ciated with tropical cyclones (Paerl et al., 2019). In addition, CFRB is the
most industrialized watershed in North Carolina with large industries
and dozens of big cities sitting within its boundaries.

The CFRB involves intensive water management activities. There are
around 1,100 impoundments with dams spread over the basin, the
majority of which are in the upper part (Curtis Weaver et al., 2001).
Among them, the B. Everett Jordan Lake (Jordan Lake hereafter, Fig. 2b)
is the largest surface area impoundment covering an area of 56.4 km?.
Located 7 km upstream of the mouth of the Haw River, Jordan Lake Dam
is able to retain the runoff from the drainage area from a six-inch rainfall
(N. C. Department of Environmental Quality Division of Water Re-
sources, 2016). Along the Deep River and the mainstream of Cape Fear
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Fig. 2. (a) NOAA best track for Hurricane Florence with 6 h interval. The CFRB is outlined with a solid black line. (b) Topography, river network, Rain gages (COOP
HPDV2, USCRN, CoCoRaHS, USGS Rain Gages), NOAA tidal gage station (8658120), USGS Streamflow Gages and Jordan Lake Dam. The NOAA best track for
Hurricane Florence with 6 h interval is also presented with solid green circles. (c) Soil type over the CFRB. (d) Land-use type over the CFRB. USGS HUC 8 watersheds
are outlined with solid red lines with identification numbers labeled. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

River, there is also a series of small dams. Those dams are typically
operated on the basis of “run-of-river” mode in which outflows from
them are almost equal to inflows (Weaver and Carolina, 1997).

According to the 21 Category Modified International Geosphere-
Biosphere Programme (IGBP) Moderate Resolution Imaging Spectrom-
eter (MODIS) land cover product, there are 16 types of land cover over
the CFRB. The dominant land use types are cropland/natural vegetation
mosaic (32%), mixed forests (20%), deciduous broadleaf forest (18%).
Besides that, Croplands and Urban/Built-up account for 6.8% and 3.5%
over the whole basin, respectively. The soil types are mainly sandy loam
(33.6%), loamy sand (24.2%), sand (22.1%), silt loam (11.9%), and
loam (7.1%) according to the State Soil Geographic Database (Miller and
White, 1998).

2.2. Methodology

Our analysis was performed based on both observation and numer-
ical simulation. Observation data used are detailed in Table 2 and
Table 3, which include three QPE products, rain gage observations,
streamflow observations, and annual peak discharges. Numerical sim-
ulations were conducted using WRF-Hydro (Gochis et al., 2020), which
is detailed in Section 4.4.

It should be noted that the QPE products were evaluated against the
rain gage observations prior to formal analysis. A point-to-grid (rain
gage-to-QPE) comparison over storm total rainfall and hourly rainfall
intensity following previous studies (Canovas-Garcia et al., 2018;
Thiemig et al., 2012; Zambrano-Bigiarini et al., 2017) was carried out.
Here, storm total rainfall refers to the accumulated precipitation from
0000 UTC 14 to 0000 UTC 18 September 2018. The modified Kling-

Table 2
Overview of the data used in this study.
Variable Source Time Spatial No. Gages/
interval resolution Data Points
QPE rainfall NLDAS V2?2 Hourly 1/8 Degree -
Stage IV® Hourly 4 km -
MRMS*© Hourly 1 km -
Rain gage CoCoRaHS! Daily - 62/62
observations COOP HPD Hourly - 6/558
v2¢
USCRNf Hourly - 1/96
UsGs" 5/15-min =~ - 17/1564
Streamflow USGS 15-60- -
min
Annual peak USGS - 6

discharge

a: The precipitation field embedded in Phase 2 of the North American Land Data
Assimilation System (Mitchell et al., 2004; Xia et al., 2012).

b: The Stage IV multi-sensor rainfall estimation product produced by the Na-
tional Centers for Environmental Prediction (NCEP) in the United States (Lin,
2011).

c: The Multi-Radar Multi-Sensor system was developed at the National Severe
Storm Laboratory and the University of Oklahoma (Zhang et al., 2016).

e: The Community Collaborative Rain, Hail and Snow Network.

f: The Cooperative Observer Program Hourly Precipitation Data, Version 2.

g: The United States Climate Reference Network (USCRN, hourly).

h: The United States Geological Survey.
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Table 3
Name, drainage basin, identification number, and drainage area of USGS Gages.

Name Drainage basin USGS Gage Drainage area (km?)
Bynum Haw River 02096960 3302
Moncure Jordan Lake Dam 02098206 4380
Moncure Deep River 02102000 3714
Ramseur 02100500 904
Siler City 02101726 178
Manchester Little River 02103000 901
Tomahawk Black River 02106500 1751
Chinquapin Northeast Cape Fear River 02108000 1551
Lillington Cape Fear River 02102500 8972
Tar heel 02105500 12,567
Kelly 02105769 13,610

Gupta Efficiency (KGE, Eq.(1), Gupta et al., 2009; Zambrano-Bigiarini
et al,, 2017) was calculated to quantitatively measure the overall
agreement between estimates and rain gage observations.

The calculation of KGE (Eq.(1)) involves three independent compo-
nents: Pearson correlation coefficient (y, Eq.(2)), relative bias (@, Eq.(3))
and variability term (f, Eq.(4)), which can be used to assess the skill of
QPEs in reproducing the temporal variation, average intensity and dis-
tribution of the observed rainfall, respectively. The optimal value of KGE
is 1, with a higher value indicating better performance. y ranges from
0 to 1, with O representing the absence of linear correlation between
estimation and observation. a > 1 implies an overall overestimation
while @ <1 represents underestimation. Similarly, f can be used to
investigate whether the variability of estimation is larger or smaller than
observation.

KGE=1-\/(y =17+ (@—17 + (- 1) )
N
Kesimaion ~ Hosimaron) Kats — P
y= 2l H : ) (Xobs — Hops) - )
N e N
\/Z] (Xextimati(m - ﬂe.xzimal[rm) * Z] (Xubx - :uobs)
a= Hegtimation (3)
Hobs
ptome @

where N represents the total number of data points, Xesimarion and Xops
denote the rainfall estimation from QPE products and rain gage obser-
vation, respectively, posimaion @A Hops are the mean values of rainfall
estimation and observation, Gesimation and o.ps stand for the standard
deviations of estimation and observation, respectively.

3. Hydrometeorological analysis of Florence
3.1. QPE evaluation

Table 4 and Fig. 3 summarize the performance of the three QPE
products in reproducing the storm total rainfall (mm) and hourly rainfall
intensity (mm/h) during Florence.

All three QPEs can satisfactorily capture the storm total rainfall with
KGE larger than 0.7. Stage IV appears to be the “best” product with the

Table 4
Statistical performances of point-to-grid comparison between QPE and rain gage
observations.

QPE Product Storm total rainfall (mm) Hourly rainfall intensity (mm/h)

a p 4 KGE a p 4 KGE
NLDAS V2 0.91 0.83 08 075 099 084 0.77 071
Stage IV 0.85 1.07 0.91 0.82 0.88 1.13  0.85 0.77
MRMS 0.91 0.82 0.86 076 0.96 1.13 080 0.76
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highest KGE (0.82) and closest-to-one f and y. Besides, all three QPEs
underestimated the storm total rainfall with « less than 1. As shown in
Fig. 3a, a consistent underestimation is observed over Stage IV repro-
duced rainfall, while MRMS and NLDAS V2 both overestimate low
values (<220 mm) and underestimate high ones (>220 mm).

Similarly, the QPEs all tend to be able to provide reasonable hourly
rainfall intensity with satisfactory KGE values (larger than 0.7). Here,
Stage IV and MRMS present comparable skills with KGE 0.77 and 0.76,
respectively, which are better than NLDAS V2 (0.71). While Stage IV
shows better performance in capturing the temporal variation of rainfall
intensity with a higher y (0.85) value than that of MRMS (0.80), the
latter (« = 0.96) is superior to the former (« = 0.88) in reproducing the
average rainfall intensity. Based on the evaluation, we consider Stage IV
as the “best” QPE product for reproducing the rainfall over CFRB during
Florence. The following precipitation analysis and numerical simulation
are thus based on Stage IV.

3.2. Precipitation analysis

Florence made landfall as a Category 1 hurricane near Wrightsville
Beach, North Carolina around 1115 UTC 14 September 2018 (Fig. 4a). It
then moved towards the southwest along the coastal area and degraded
into a tropical storm by 0000 UTC 15 September. Another 12 h later, the
system turned westward and moved slowly across South Carolina for an
additional 24 h. By 1800 UTC 16 September, it degraded into a tropical
depression. From then on, the storm accelerated towards the north and
became extratropical by 1200 UTC on 17 September. Finally, it dissi-
pated around 1800 UTC the next day.

Florence was a slow-moving system prior to and immediately after
landfall. The forward speed ranged from 3.6-14.4 km/h during 14-16
September (Kunkel and Champion, 2019). This sluggish speed led to
torrential rainfall accumulation over the lower CFRB. In addition,
Florence followed a unique track. As shown in Fig. 4a, major hurricanes
impacting CFRB such as Fran (1996), Floyd (1999), and Matthew (2016)
followed a relatively constant direction before and after passing over
CFRB. By contrast, Florence showed an “L-shaped” path. As it tracked
along the path, its rainbands extended into different parts of CFRB from
the coastal plain to the headwater area as discussed right below and
summarized in Table S1. The combination of the slow storm motion and
the unique track was the distinctive hydrometeorological feature of
Florence that contributed to the widespread flood response over the
entire CFRB. Fig. 4b compares the storm total rainfall associated with
the four most disastrous hurricanes impacting CFRE. The storm total
rainfall induced by Florence is the highest among all four major hurri-
canes over not only the major basin but also each sub-basin. This
tremendous amount of rainfall laid the foundation for the widespread
and extreme flood, with which other hurricane events cannot compete.

In addition, with Stage IV QPE and rain gage observations, we pre-
sent the spatiotemporal evolution of the rainfall distribution and its
influence on rainfall intensity across the basin. Following the method of
Jiang et al. (2013), the rainfall fields associated with Florence at
different stages were categorized into the inner core region, the inner
rainband region, and the outer rainband region. The inner core region
includes eyewalls when the storm has a discernible eye. Immediately
adjacent to inner core region is the inner rainband, which extends out-
ward for about 100 km. The outer rainband locates approximately
150-200 km from the center of the storm and extends to the farthest
rainfall element.

The rainband of Florence approached CFRB around 0000 UTC on 14
September (Fig. 5a). As a result of its path, precipitation was initially
measured by a rain gage over the lower part of CFRB (Fig. 6b). Florence
was a Category 2 hurricane by that time, the eye of which was
approximately 100 km from the land. The inner core and inner rainband
were well developed and were mainly located over the right front
quadrant. This rainband distribution resulted in an asymmetric rainfall
structure. Eight hours later, a thin inner rainband reached the
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Fig. 3. Scatterplot for storm total rainfall (a) and hourly rainfall intensity (b) between rain gage observations (x-axis) and QPE estimations (y-axis). The 1:1 line
(black) and linear-regression lines are also shown. Statistical performances are shown in Table 4.
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downstream part of the lower CFRB (Fig. 5b). This rainband was
responsible for the first pulse of heavy rainfall (rainfall rate greater than
10 mm/h, Fig. 6a). At 1100 UTC 14 September, Florence made landfall
(Fig. 5¢) and started cresting across the lower CFRB. Meanwhile, the rain
area of Florence broadened. The inner core and inner rainband
controlled the rainfall over the lower CFRB until 1500 UTC 14
September when the inner core moved out of CFRB (Fig. 5d), marking
the end of the first pulse of rainfall (Fig. 6a-b). Since then, inner and
outer rainbands took over as the major rainfall agent for the lower CFRB.
By 0900 UTC 15 September, the largest rainfall rate from the storm
occurred due to strong convection from an inner rainband that extended
along the mainstem of the Cape Fear River (see Fig. 5e). Maximum
rainfall rates observed at USGS gage 02105769 (Fig. 6a) and COOP HPD
V2 gage USC00311881 (Fig. 6b) were 33.3 mm/h and 43.7 mm/h,
respectively. Florence degraded into a tropical storm (Fig. 5g) and lost
its distinguishable rainfall structure at 1800 UTC 16 September. After-
ward, the system accelerated northward and the lower CFRB became out
of reach from the rainbands, after which little rainfall was observed.
Thus, the period of rainfall was mainly from 0000 UTC 14 to 18,000 UTC
16 September for 67 h over the lower CFRB. During this period, 88% of
500 mm storm total rainfall over the reach between Tarheel (02105500)
and Kelly (02105769) along the Cape Fear River was dumped. 85% and
95% of the 411 mm and 512 mm storm total rainfall over the Black River
basin above Tomahawk (02106500) and Northeast Cape Fear River
basin above Chinquapin (02108000) were accumulated, respectively.

Over the middle CFRB where the Little River basin resides, the first
pulse of rainfall (Fig. 6¢-6d) commenced as an outer rainband arrived at
1500 UTC 14 September (Fig. 5d). From then on till 0800 UTC 17
September (Fig. 5h), rainfall over this area was controlled by the outer
rainband of Florence. Following the movement of the storm, the middle
CFRB fell in or out of the coverage of the rainband. Consequently, five
pulses of rainfall were observed at the rain gages (Fig. 6¢-d). During this
66-hour rainfall window, 97% of 269 mm storm total rainfall over the
Little River above Manchester (02103000) was accumulated. Mean
rainfall intensities were 4.0 mm/h at USGS 02102908 and 4.5 mm/h at
USC00313017, respectively. And the maximum rainfall intensities were
25.1 mm/h and 34.5 mm/h, respectively, which only lasted for one hour
during the last pulse.

Two pulses of rainfall were observed over the upper part of the basin
(Fig. 6e-f). The first one started from 1800 UTC 14 September and lasted
for 48 h until the degradation of Florence into tropical depression
(Fig. 5g). During this period, rainfall was light to moderate, the
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Fig. 5. Rainfall intensity (mm/h) over the CFRB dur-
ing Florence for 14 September 2018 at (a) 0000 UTC,
(b) 0800 UTC, (c) 1100 UTC, (d) 1500 UTC, for 15
September 2018 at (e) 0900 UTC, for 16 September
2018 at (f) 0600 UTC and (g) 1800 UTC, for 17
September 2018 at (h) 0800 UTC, at (i) 1000 UTC and
at (j) 1300 UTC. The black triangles represent rain
gages shown in Fig. 6. From upstream to downstream,
they are USGS gage 02096500, USGS gage 02098197,
USGS gage 02102908, USC00313017, USC00311881
and USGS gage 02105769, respectively. The NOAA
best track for Hurricane Florence with 6 h interval is
shown with a white line. The 6 USGS HUC 8 water-
sheds are outlined with solid grey lines.

37 37

35

35

33 33

—
0 100 200km
-81 -79 77

37

35

33

—
0 100 200km
-81 -79 =77

37

35

33

37

35

33

37

35

33

— —
0 100 200km 0 100 200km
-81 -79 77 -81 -79 -77
Rain (mm/h) s - —

10 20 30 40 50



D. Yin et al.

(9]
o

(2)02105769

mm/h)
8 5

Rainfall intensity (
s 8

0
Sep 14

Sep 15 Sep 16

Date

Sep 17 Sep 18

Sy}
o

(c)02102908

N
o

w
o

n
o

o

Rainfall intensity (mm/h)

0
Sep 14

Sep 15 Sep 16

Date

Sep 17 Sep 18

u
o

(€)02098197

I
o

W
o

n
o

o

Rainfall intensity (mm/h)

0

Sep 14 Sep 15 Sep 16

Date

Sep 17 Sep 18

Journal of Hydrology 603 (2021) 127139

(&)
o

(b)USC00311881

mm/h)
8 &

Rainfall intensity (
s 3

0
Sep 14

Sep 15 Sep 16

Date

Sep 17 Sep 18

[$))
o

(d)USC00313017

N
o

w
o

n
o

o

Rainfall intensity (mm/h)

0
Sep 14

Sep 15 Sep 16

Date

Sep 17 Sep 18

a1
o

(/02096500

n wW =
o o o

Rainfall intensity (mm/h)
o

0

Sep 14 Sep 15 Sep 16

Date

Sep 17 Sep 18

Fig. 6. Time series of rain gage observations with 1 h interval (a) USGS gage 02105769, (b) USC00311881, (c) USGS gage 02102908, (d) USC00313017, (e) USGS
gage 02,098,197 and (f) USGS gage 02096500. See Fig. 2b and Fig. 5 for gage locations.

accumulative rainfall over Haw River basin above Bynum (02096960)
and Deep River basin above Moncure (02102000) were 29 mm and 86
mm, respectively. Mean rainfall rates were 1.8 mm/h and 0.6 mm/h and
maximum rainfall rates 8.1 mm/h and 5.6 mm/h at USGS gage
02098197 (Fig. 6e) and 02096500 (Fig. 6f), respectively. Following the
first pulse of rainfall, the outer rainband associated with the hurricane
remnant passed over and induced rainfall for another 20 h till 1300 UTC
17 September (Fig. 5j). The second pulse of rainfall was much heavier
than the first one. The accumulated rainfall over the Haw River basin
above Bynum (02096960) and the Deep River basin above Moncure
(02102000) during this period were 89 mm and 137 mm, respectively.

The mean rainfall rates observed at USGS gage 02098197 (Fig. 6e) and
02096500 (Fig. 6f) were 5.8 mm/h and 4.6 mm/h, respectively. The
largest rainfall rate during this period occurred at 1000 UTC on 17
September (Fig. 5i) due to the intensive convection over a remnant
rainband. USGS gage 02098197 (Fig. 6e) and 02096500 (Fig. 6f)
observed maximum rainfall rates of 37.3 mm/h and 22.4 mm/h,
respectively.

4. Flood hydrology

In this section, we analyze the flood hydrology associated with

Table 5
Summary of flood response over the Cape Fear River basin during Florence.
Basin Station Effective Unit peak Lag time Runoff volume/ Runoff Rainfall Runoff/
Drainage Area * discharge (m3/s7! (hour) Peak discharge (h)  depth ® (mm) rainfall®
(km?) km~3) (mm)
Haw River Bynum (02096960) 3302 0.45 26.25 61.7 101 122 0.82
Deep River Moncure (02102000) 3714 0.49 23.75 103.7 183 225 0.81
Little River Manchester (02103000) 901 0.55 51 96.0 190 269 0.71
Black River Tomahawk (02106500) 1751 0.89 64 100.0 318 411 0.78
NE CFR Chinquapin (02108000) 1551 0.75 51.25 128.5 347 512 0.68
Jordan Lake Dam Moncure (02098206) 4380 0.07 - - 73 139 0.53
Mainstem of the Lillington (02102500) 4592 0.39 34 118.2 166 223 0.74
Cape Fear River Tar heel (02105500) 8187 0.30 61.75 151.9 164 255 0.64
Kelly (02105769) 9230 0.24 127.75 233.8 202 283 0.71
Moncure-Lillington 878 - - - 94 215 0.44
(02102000-02102500)
Lillington-Tar Heel 3595 - - - 161 296 0.54
(02102500-02105500)
Tar heel-Kelly 1043 - - - 500 503 ~1

(02105500-02105769)

a. The drainage area of Jordan Lake dam is subtracted from that of the gage downstream of it to eliminate the influence of flood control on flood response. b. The
observed discharge at USGS gage 02098206 is subtracted from the observations downstream of it to eliminate the influence of Jordan Lake Dam. c. The ratio between

runoff depth and rainfall (runoff-to-rainfall ratio).
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Florence based on rainfall and streamflow observations. Table 5 sum-
marizes the flood response to Florence in terms of unit peak discharge,
runoff depth, runoff-to-rainfall ratio, lag time and runoff volume-to-
peak discharge ratio (VP ratio hereafter). Unit peak discharge was
observed peak discharge divided by the drainage area. Unit peak
discharge and VP ratio can both be used to characterize flood response.
The unit peak discharge is influenced by rainfall forcing and land surface
characteristics. Lower values can be the result of either lower rainfall
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input or flood attenuation related to basin characteristics or both. By
contrast, the VP ratio reflects mainly the influence of basin features on
flood response. It can be used to quantify the relative magnitude of peak
discharge and total runoff volume. Smaller values imply higher peak
discharge tendency and quicker response of the basin. Runoff depth was
computed by integrating observed discharge over the period of 0000
UTC 14 September to 0000 UTC 12 October 2018 and dividing it by
drainage area. Basin averaged storm total rainfall was calculated from
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Fig. 7. Time series of areal rainfall rate and stream discharge for (a) Haw River at Bynum (02096960), (b) Deep River at Moncure (02102000), (c) Little River at
Manchester (02103000), (d) Black River at Tomahawk (02106500), (e) Northeast Cape Fear River at Chinquapin (02108000) and mainstem of the Cape Fear River at
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Stage IV QPE for the period of 0000 UTC 14 September to 0000 UTC 18
September. Lag time refers to the difference between the time of peak
discharge and that at which 50% of the total rainfall occurs (Smith et al.,
2000). Note that for gages downstream of Jordan Lake Dam along the
main stem of the Cape Fear River, the released discharge from the dam
was subtracted from the observation to exclude its effect on flood
response.

4.1. Storm total rainfall over sub-river basins

Storm total rainfall was the predominant control of runoff depth over
the major sub-basins. As is shown in Table 5, the runoff-to-rainfall ratio
decreases from the Haw River and Deep River basins in the hilly upper
CFRB to the Little River basin in the middle, and the Black River and
Northeast Cape Fear River basins over the coastal region. The highest
and lowest runoff-to-rainfall ratio are found in Haw River at Bynum
(02096960) and Northeast Cape Fear River at Chinquapin (02108000),
respectively. On the contrary, runoff depth increases from upstream to
downstream over the sub-river basins, indicating the dominance of the
storm total rainfall over the hydrologic characteristics in runoff pro-
duction in the sub-basins.

Along the main stem of the Cape Fear River, runoff was preferentially
generated over the high elevation upstream area and low elevation
coastal regions. From Moncure (02102000) at the Deep River to Lil-
lington (02102500) at the mainstem, both runoff depth and runoff-to-
rainfall ratio decrease. The decreasing trend is carried on further
downstream to Tar Heel (02105500). Then further downstream from
Tar Heel (02105500) to Kelly (02105769), runoff depth and runoff-to-
rainfall ratio increase again. This trend of runoff coefficient points out
the higher flooding potential over the upper and lower CFRB than that in
the middle part. As is shown in Table 5, the runoff-to-rainfall ratios over
the reach from Moncure (02102000) to Lillington (02102500) and from
Lillington (02102500) to Tar Heel (02105500) are 0.44 and 0.54,
respectively. In sharp contrast, the ratio reaches 1 for the drainage area
from Tar Heel (02105500) to Kelly (02105769).
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In addition, the VP ratios are generally lower over the sub-river ba-
sins in the upper CFRB (Table 5). However, the unit peak discharges tend
to follow the trend of storm total rainfall, being higher in lower CFRB.
This implies the dominance of storm total rainfall in controlling the peak
discharge amplitude in the sub-river basins. Further, storm total rainfall
instead of peak rainfall rates was the major controller of the peak
discharge distribution during Florence. Fig. 7 compares the time series
of basin averaged rainfall intensity with that of the streamflow. Despite
the multi-peak signature of the hyetographs, the flood hydrographs are
characterized by one major peak after or right before the end of rainfall.
This implies that rainfall intensity played a minimal role in influencing
the peak response compared to storm total rainfall during Florence.

4.2. Land cover, topographic gradient, and flood plain storage

In this part, the timing signature of flood response is analyzed with
lag time and VP ratio. As shown in Table 5, the lag times of the sub-
basins over the lower and middle CFRB are two times larger than
those of the Haw River and Deep River basin in the upper part. This
difference is attributable to the decrease of the topographic gradient
from hilly upstream to the flat coastal region in CFRB. In correspon-
dence, the VP ratio follows a similar trend with an exception found at
Moncure (02102000) over Deep River. The lag time at Moncure
(02102000) is shorter than that at Bynum (02096960) (Table 5), which
indicates the faster response of the Deep River basin than the Haw River
basin to rainfall forcing during Florence. However, the VP ratio of the
former is 68% higher than that of the latter, falling in the same
magnitude with the basins downstream. This inconsistency and
abnormal larger VP ratio at Moncure (02102000) is related to the bi-
peak shape of the flood hydrograph (Fig. 8a).

Fig. 8a shows the nested flood hydrograph for gages along the Deep
River. The initial rise of the flood hydrograph at Moncure (02102000) is
attributable to the first pulse of rainfall as mentioned in Section 3 and
shown in Fig. 7b. The major peak is mainly due to the downstream
advection from Ramseur (02100500) and Siler City (02101726) to

20001 (a) Major peak

—

15001

1000+

Initial Rise

500+

Discharge (ms/s

— 02101726
— 02100500
— 02102000

Fig. 8. (a) Nested flood hydrograph at
Moncure (02102000, blue), Siler City
(02101726, red) and Ramseur
(02100500), (b) the storm total rainfall,
(c) the land use type, and (d) topo-
graphic slope in degree over the Deep
River basin. The three gages are labeled
with black dots. The Deep River basin is
identified in Fig. 2d as HUC 03030003.
The legend of the land use type for (c) is
the same as Fig. 2d. (For interpretation

of the references to colour in this figure
legend, the reader is referred to the web

o ,
Sep15 Sep17 Sep19 Sep21 Sep 23
Date
(b)
36.0
35.8
35.6
Rain (mm)
B 400
3541 300
200
[

Slope ersion of this article.
0 (d) (degree) v )

Wlo-14
[11.43.0
[13.0-7.0.
[7.0-10.0
N 10.0-17.0

&

-80.00 -79.75 -79.50 -79.25



D. Yin et al.

Moncure. Meanwhile, the second peak is caused primarily by the
advection from runoff produced over the intervening drainage area
between Ramseur (02100500) and Moncure (02102000). As shown in
Fig. 8b, rainfall mainly accumulated over the southwest part of Deep
River basin during Florence. Here, the land cover is mainly forest
(Fig. 8c), and topographic gradient is low compared to that of Ramseur
(02100500) and Siler City (02101726) in upstream (Fig. 8d). Thus, the
velocity of both overland flow and channel flow should be much slower
than upstream due to the low topographic gradient and the attenuation
effect of forest. As a result, the flood wave contributed by this southwest
part of the basin should arrive at the Deep River mouth (Moncure
02102000) later than that from the upstream area, resulting in the bi-
peak shape of the flood hydrograph. It is thus reasonable to argue that
this bi-peak signature of the flood hydrograph, due to the combined
effect of rainfall distribution and spatial heterogeneity of land cover and
topography, should have decreased the amplitude of the flood but
increased the duration of it.

Fig. 9a shows the nested flood hydrograph from Moncure
(02102000) at the Deep River to Kelly (02105769) downstream of the
Cape Fear River. The timing difference in the initial rise of the flood
hydrograph suggests the control of storm motion from downstream to
upstream on flood response. Moreover, the similarity between flood
hydrographs at Moncure (02102000) and Lillington (02102500) gives
the idea that the bulk of the flood at the latter was contributed by Deep
River. Further downstream, the bi-peak feature disappeared and merged
into one at Tar Heel (02105500), with a significant difference found
between flood hydrographs at Tar Heel (02105500) and Lillington
(02102500). This indicates the contribution of the middle CFRB to the
Cape Fear River flood downstream.

Along the mainstem of the Cape Fear River from Lillington
(02102500) to Kelly (02105769), the unit peak discharges decrease with
the increasing VP ratios (Table 5). This decrease in peak discharge is due
to the flood plain attenuation effect. A 13% peak discharge attenuation
and a 35-h delay of peak timing are observed between Tar Heel
(02105500) and Kelly (02105769). This can be attributed to the flood-
plain storage effect. To analyze this, the net discharge hydrograph was
derived by subtracting the observed streamflow at Tar Heel (02105500)
from that at Kelly (02105769). As shown in Fig. 9b, during 2000 UTC 14
to 0400 UTC 21 September, a total volume of 177 million m® streamflow
from upstream was stored in the flood plain between Tar Heel
(02105500) and Kelly (02105769). This storage not only has attenuated
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the riverine flood from upstream but also has lessened the compound
flooding downstream around the Cape Fear River Estuary area.
Considering that the volume of the Cape Fear River Estuary is 253
million m® (Ensign et al., 2004), the water stored in the flood plain could
have flushed out at least 70% of the water in the terminal estuary. Fig. 9c
shows the observed total water level and its low-passed filtered
component with a cutting off frequency of 40-hour using a Butterworth
filter method. The filtered water level represents the component induced
by storm surge and riverine input. The storm surge-induced water level
peaked around 0430 UTC September 15 at 3.44 m above the mean sea
level. After that, the surge retreated. Later, as the river input increased,
its impact on the low-frequency water level became dominant. Starting
from 0400 UTC September 19, the filtered water level tended to increase
again and peaked at 3.44 m around 0142 UTC September 23. However,
if there was no timing delay associated with the downstream flood plain,
we could expect that the riverine freshwater could have entered the
Cape Fear River Estuary days earlier with a larger flood peak. This more
significant riverine input could interact with a then higher storm surge
to make the compound flooding more devastating. In other words, the
downstream flood plain has acted as a buffer between upstream riverine
flood and downstream storm surge, which largely attenuated both the
riverine flood from upstream but also the compound flooding in the
coastal area.

4.3. Drainage network, soil type, and rainfall distribution

As is shown in Fig. 1b, five of the top ten largest unit peak discharges
are associated with Florence. Among them, the maximum is found over
the Black River at Tomahawk (02106500). With a value of 0.89 m® s !
km 2 (Table 5), it is 19% larger than the second maximum (0.75 m3s!
km ™2 at 02108000, Table 5) and 35% larger than the previous record set
by Fran in 1996. To investigate the exceptional nature of this peak
discharge, we put it on the envelope cure developed for the coastal re-
gions below the Fall line in South Carolina, Georgia, and North Carolina
by Feaster et al. (2009). As is shown in Fig. 10, the unit peak discharge
over the Black River at Tomahawk (02106500) is just below the enve-
lope curve but well above the vast majority of data points of similar
basin sizes. Here, we investigate the controller of the exceptional unit
discharge by comparing it with that of the second maximum at the NE
Cape Fear River basin at Chinquapin (02108000).

It should be noted from Table 5 that both storm total rainfall and

Fig. 9. (a) Nested flood hydrograph at
Moncure (02102000, purple), Lillington
(02102500, red) Tar Heel (02105500,
blue) and Kelly (02105769, green), (b)
the net hydrograph derived by sub-
tracting the streamflow at Tar Heel
(02105500) from that at Kelly
(02105769), (c) Observed low pass
filtered (blue solid line) and original

input

3000 02102500 2000
(@) — 02105769 (b)
— 02105500
» 02102000 w
“E 2000 “g 1000
© © 20:00 Sep 14
= =)
) IS
S 1000 \ S 0t-—<sx-
£ AN %]
a a
\/>
01_— -1000
Sep 16 Sep 19 Sep22 Sep 25 Sep 28
Date
&1()
— 4
E
2,
-
g0
=
-2 — Filtered
Original
Sep 14 Sep 18 Sep 22 Sep 26 Sep 30 Oct 04
Date

04:00 Sep 21

Sep 16 Sep 19 Sep 22 Sep 25 Sep 28
Date

10

(grey dashed line) water level at NOAA
tidal gage station 8658120. The loca-
tions of gages and details of the drainage
network structure are shown in Fig. 2b.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this
article.)



D. Yin et al. Journal of Hydrology 603 (2021) 127139

1,000,000 = T T T T TTT] LI B N B T T T T TTT] T T T T T
a L 4
=
S | 100000 | -
vl E 3
« = 7
o — -
w
w L _
- _
o

> S

S | 1000 00 5% % ° %9 3
g = Of ooo 80 b=

E SN 3
= 5 ° 0% Fo % ]
= GO O oo

- o ¥
E 0 L% F o ° o
= 1,000 = % © $g2 O iad =
4 E SN 0% o % 6 3
i < o 4 o —
o :—OO o8 g o o0 © & n
s K.

< S <
§ 100 &= M =
= = ]
10 1 Lol 1 Lol I Lol I Lo
1 10 100 1,000 10,000

DRAINAGE AREA, IN SQUARE MILES

Fig. 10. Envelope curve of peak discharge for streams located below Fall Line in South Carolina, Georgia and North Carolina (Adapted from Fig. 25 in Feaster et al.,
2009). The Black River peak discharge during Florence is denoted by the red solid dot. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

runoff depth over Chinquapin (02108000) are higher than that over Chinquapin (02108000). In addition, the lag time at Chinquapin
Tomahawk (02106500). Whereas the drainage area gaged by the former (02108000) is 13 h shorter than that at Tomahawk (02106500). More-
(1551 kmz) is smaller than that by the latter (1751 kmz). This means that over, the runoff-to-rainfall ratio is 0.78 at Tomahawk (02106500),
the larger unit peak discharge at Tomahawk (02106500) was achieved which is 10% higher than that at Chinquapin (02108000). We attribute

with less runoff and rainfall over a larger drainage area than that at the distinct flood response between the two to their differences in
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(02108000) at NE Cape Fear River. The drainage areas are outlined with a solid black line. Locations of the gages are also shown.
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rainfall distribution, soil type and drainage network.

Fig. 11a shows the distribution of the storm total rainfall over the
two basins during Florence. For the Black River basin above Tomahawk
(02106500), large portions of rainfall accumulated over the east and
northeast part of it. There, the soil type is mainly loamy sand as shown in
Fig. 11c. Meanwhile, over the NE Cape Fear River basin above Chin-
quapin (02108000), most of the rainfall was dumped along the east half
of the drainage area. The soil type there is primarily sand. As the water
storage and hydraulic conductivity of sand are higher than that of loamy
sand, a larger amount of water loss to the former should be expected
than that to the latter. This difference in water loss can partly explain
difference in rainfall-to-runoff ratio of the two basins.

The difference between the two neighboring basins in timing and
magnitude of peak discharge is tied to the spatial distribution of rainfall
relative to the drainage network. It can be observed from Fig. 11a that a
considerable portion of rainfall in the Black River basin above Toma-
hawk (02106500) dropped over the headwater area with lower channel
order (larger channel roughness) and longer distance to the outlet. On
the contrary, the majority amount of rainfall accumulated near the
outlet of the Northeast Cape Fear River basin above Chinquapin
(02108000) where the stream order (channel roughness) is high (small).
In this case, a faster peak discharge response to rainfall should be ex-
pected at Chinquapin (02108000) than that at Tomahawk (02106500).
Meanwhile, as it can be observed from Fig. 11b, the width of the channel
over the most downstream part of the Northeast Cape Fear River basin
above Chinquapin (02108000) is much larger than in the Black River
basin above Tomahawk (02106500). Moreover, the topography of the
former is flatter than the latter. The larger channel width in combination
with low topographic gradient is thus the notable feature that explains
the smaller peak discharge at Chinquapin (02108000) than that at
Tomahawk (02106500).

4.4. Re-infiltration process

Re-infiltration refers to the infiltration of overland flow as it moves
downslope towards the channel, which is also known as the “run-on”
effect (Corradini et al., 2002, 1998; Nahar et al., 2004). Whereas local
infiltration is defined as the amount of water infiltrating into the soil
locally from the rainfall. Compared to the latter, re-infiltration normally
acts as a secondary process. However, during storm events, re-
infiltration can account for more than 50% of total infiltration (Zhang
et al., 2020). In addition, the re-infiltration process can significantly
decrease the discharge during both rising and falling limbs (Corradini
et al,, 1998). In this section, we quantify the magnitude of the re-
infiltration amount and its effect on streamflow during Florence using
WREF-Hydro.

Built upon the Noah land surface model with multi-parameterization
options (Noah-MP, Niu et al., 2011), WRF-Hydro enhances the physical
realism of the water cycle by integrating subsurface and overland flow
routing, base flow, and channel routing via corresponding modules.
Among those improvements, the lateral overland routing allows for the
consideration of re-infiltration in the model. In this study, a calibrated
WRF-Hydro model over the CFRB during Florence was applied. The
computational domain has a dimension of 2490 (west to east) x 3490
(north to south) with a 100 m horizontal resolution (Fig. 2b), which is 10
times finer than that of Noah-MP. The timestep of Noah-MP is one hour
while that of overland and channel routing is 10 s. The precipitation
forcing was regridded from the Stage IV multi-sensor rainfall estimation
product. Other forcing variables including air temperature, wind, short
and longwave radiation, humidity, and pressure were from Phase 2 of
the North American Land Data Assimilation System (Mitchell et al.,
2004; Xia et al., 2012).

Following Zhang et al. (2020), we calculated the total infiltration,
local infiltration, and re-infiltration according to the water balance
equation (Eq. (5)). Here, the water storage change refers to the variation
of subsurface water. Two numerical experiments were conducted. In the
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first experiment (Expl), lateral routing of surface runoff and the
accompanied re-infiltration were simulated. In the second experiment
(Exp2), while the lateral movement of the surface was modeled as well,
the re-infiltration process during the routing was not simulated. Total
infiltration can be calculated as the difference between precipitation
input (P, Eq. (5)) and the surface runoff (Runoff, Eq. (5)), which is equal
to the sum of simulated water storage change (Dels, Eq. (5)) and
evapotranspiration (ET, Eq. (5)) in Expl. Here, we ignored the amount
of surface water that accumulated in the lakes, which were not consid-
ered in the model. In the same way, local infiltration was derived by
subtracting the simulated runoff (Runoff) in Exp2 from the precipitation
(P). Then, the re-infiltration was calculated by subtracting local infil-
tration from total infiltration.

P = ET + Runoff + Dels 5)

Table 6 summarizes the simulated water budget with (Expl) and
without (Exp2) considering the re-infiltration process. As shown in
Table 6, runoff, ET, and Dels represent the accumulative amount during
the period of 0000 UTC 14 September to 0000 UTC 12 October 2018 and
divided by drainage area. The re-infiltration process is consistently
larger than the local infiltration and provides a superior contribution to
the infiltration process during Florence. For CFRB and its major sub-
basins, the re-infiltration amounts to 76% of the total infiltration on
average. In addition, the dominance of the re-infiltration is more pro-
nounced over the upper CFRB than the middle and lower parts. Over
Haw River basin above Bynum (02096960) and Deep River basin above
Moncure (02102000), the infiltration induced by the re-infiltration
process are 90% and 93%, respectively. Meanwhile over the Little
River basin above Manchester (02103000), Black River basin above
Tomahawk (02106500) and Northeast River basin above Chinquapin
(02108000), the refiltration account for 62%, 63%, and 75% of the total
infiltration, respectively. We attribute the less significant role of re-
infiltration over lower and middle CFRB than the upper part to the
larger amount of rainfall the former two parts received. With the
torrential precipitation lasting for days, the soil over lower and middle
CFRB can get saturated from local infiltration very quickly. Once the soil
became saturated, little soil deficit would be available for the re-
infiltration process to happen even though overland flow routed later-
ally. In this case, re-infiltration may take a less important part in total
infiltration. Moreover, the re-infiltration process has a significant in-
fluence on both the amplitude and timing of the peak discharge. Without
considering the re-infiltration effect, simulated peak discharges over the
major and sub-basins could arrive 6-17 h earlier, with the amplitudes
being 1.3-2.8 times of the observed ones. In this case, the re-infiltration
process has largely decreased the peak flood amplitude and delayed its
timing.

5. Summary and conclusion

Based on QPEs, rain gage and streamflow observations as well as
results from a numerical model, we investigated the flood response of
the CFRB during Florence and analyzed the hydrometeorological and
hydrologic controls behind it. The main results from this study are
summarized as follows:

1. Among Stage IV, NLDAS V2 and MRMS, Stage IV is the “best”
product in reproducing the storm total rainfall (mm, KGE = 0.82)
and hourly rainfall intensity (mm/h, KGE = 0.77) over the CFRB
during Florence.

2. Because of the slow-motion and “L-shaped” track, Florence induced
rainfall was much higher in amount than that caused by the other
major hurricanes affected CFRB. The resultant storm total rainfall
then controlled the runoff depth, unit peak discharge and the shape
of flood hydrograph at the basin scale.

3. Hydrologic characteristics exerted influence on flood response at the
sub-basin scale. The distinctive bi-peak shape of the flood
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Table 6

Simulated water budget with (Exp1) and without (Exp2) overland routing and the associated infiltration amount.

PeakDischargeTimingDifference®

(hour)

PeakFlow
(m%/s)

Re-infiltration

(mm)

Locallnfiltration

Runoff ET (mm) Dels (mm) Totallnfiltration
(mm) (mm)

(mm)
Expl

Area mean precipitation

(mm)

Station

Area

Expl-Exp2

Expl (Exp2)

Expl

Expl

(Exp2) (Exp2)

(Exp2)*

13
6

1247(3042)
2406(3148)

52
68

58
73

—15(-56)
—18(—62)

73(62)
91(77)

122 64(116)
225

Bynum (02096960)

Moncure

Haw River
Deep River

152(210)

(02102000)
Manchester
(02103000)
Tomahawk
(02106500)
Chinquapin

14

63 24 39 433(1237)

—19(—48)

82(62)

206(255)

269

Little River

17

23 40 1461(2055)

63

67(51) —4(-28)

348(388)

411

Black River

12

52 13 39 1826(2711)

—18(—42)

70(55)

460(499)

512

NE CFR

(02108000)

12

3783(5107)

29 89

82(68) 36(—39) 118

165(254)

283

Kelly (02105769)

Cape Fear

River

a: Expl represents the experiment in which the re-infiltration process is simulated. Exp2 represents the experiment in which only local infiltration is simulated.

b: Peak discharge timing difference indicates the timing difference of the peak discharge simulated in Exp1 and Exp2. Positive value means that the time for streamflow to peak in Exp1 is later than that in Exp2 and vice

versa.
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hydrograph at Moncure (02102000) in the Deep River basin was
partly due to the spatial heterogeneity of land cover and topographic
gradient. The exceptional unit peak discharge at Tomahawk
(02106500) was associated with the small width of its channel
network, relatively steep topographic gradient, and rainfall distri-
bution. In addition, the coastal flood plain has acted as a buffer be-
tween upstream riverine flood and downstream storm surge, which
caused a 13% peak discharge attenuation and a 35-h delay of peak
timing.

4. Numerical experiments suggest that re-infiltration was superior to
local infiltration over CFRB during Florence. For major and sub-river
basins, re-infiltration accounted for 76% of the total infiltration on
average. Without the re-infiltration effect, the peak discharge could
be 1.3-2.8 times of observed ones and arrive 6-17 h earlier.

In summary, the results achieved here show that the slow-motion in
combination to the “L-shaped” track was the most distinctive feature of
Florence that resulted in the catastrophic rainfall and flooding all over
the CFRB. At the basin scale, the flood response strongly depends on the
storm total rainfall instead of rainfall intensity. This finding aligns with
Hewlett et al. (1977), but differs from the case of Puerto Rico during
Hurricane Georges, where the flood response was highly controlled by
peak rainfall rates (Smith et al., 2005). Such difference should be due to
the faster response of Puerto Rico watershed than CFRB, which is tied to
their difference in topographic gradients. At sub-basin scales, in
consistent with what is reported by previous studies (Lininger and
Latrubesse, 2016; Sturdevant-Rees et al., 2001; Zhang et al., 2001), land
use, soil type, coastal flood plain storage as well as the river network
could exert secondary important influence on flood response. Re-
infiltration process, similar with that reported by Zhang et al. (2020),
was superior to local infiltration. However, due to the limited observa-
tion data availability, human activity’s effect (e.g., dams and reservoirs)
on the flood response was not covered in this study. In addition, the
influence of initial soil moisture on flood response, as reported by pre-
vious studies (Grillakis et al., 2016; Li et al., 2020; Nikolopoulos et al.,
2011; Uber et al., 2018), can also be significant. Our study points out the
important role that coastal flood plain played in attenuating the com-
pound flooding. Modeling efforts may be further refined by incorpo-
rating the coastal flood plain and its influence on compound flooding
potential during hurricane events through coupled hydrologic-
hydrodynamic simulations (Kumbier et al., 2018; Santiago-Collazo
et al., 2019; Yin et al., 2021).
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