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The contribution of the large-scale atmospheric environment to precipitation and flooding duringHurricane Floydwas investigated
in this study. Through the vortex removal technique in the Weather Research and Forecasting (WRF) model, the vortex associated
with Hurricane Floyd (1999) was mostly removed in the model initial conditions and subsequent integration. Results show that the
environment-induced precipitation can account for as much as 22% of total precipitation in the innermost model domain covering
North Carolina coastal area and 7% in the focused hydrological study area. The high-resolution precipitation data from the WRF
model was then used for input in a hydrological model to simulate river runoff. Hydrological simulation results demonstrate that
without the tropical systems and their interactions with the large-scale synoptic environment the synoptic environment would
only contribute 10% to the total discharge at the Tarboro gauge station. This suggests that Hurricane Floyd and Hurricane Dennis
preceding it, along with the interactions between these tropical systems and the large-scale environment, have contributed to the
bulk (90%) of the record amount of flood water in the Tar-Pamlico River Basin.

1. Introduction

Hurricane Floyd in September 1999 caused disastrous flood-
ing along the US Atlantic Coast from South Carolina to Mas-
sachusetts. Flooding was particularly severe and prolonged
in eastern portions of the state of North Carolina, where the
combined effects of Hurricanes Dennis and Floyd resulted
in greater flood-flow loadings of water and contaminants
to Pamlico Sound, North Carolina, than any previously
recorded events [1]. Over 50 cm of rain fell in isolated areas
of North Carolina with widespread amounts exceeding 20 cm
stretching from the Carolina Piedmont into southeastern
New York [2]. Previous studies (e.g., [1, 3, 4]) indicated that
this severe flooding was not only caused by the combination
of Dennis and Floyd, but also due to the enhancement of
precipitation after interaction with a mid-latitude trough
during Floyd’s landfall. The effect of the previous rainfall
event, Hurricane Dennis, has been studied and quantified by
Tang et al. [5]. However, the quantitative relations between

the synoptic-scale environment, such as a trough/ridge sys-
tem, and its associated precipitation during Floyd’s landfall
are still unclear.

The large-scale atmospheric environment hundreds to
thousand kilometers away from a tropical cyclone (TC) may
play an important role in TC landfall. The intensity of the
troughs/ridges can affect the track, speed, intensity, and
duration of TCs (e.g., [3, 6–9]). These features may further
affect the rainfall amount and distribution. Many efforts have
been devoted to understanding how environmental features
affect TC and the resulting precipitation distribution (e.g.,
[3, 4, 10, 11]). These studies can be grouped, according to
focus, into three primary aspects.

The first one is the influence of extratropical transition
(ET). A significant number of TCs move into the mid-
latitude and transform into extratropical cyclones (usually
occurring in the 30–40∘N latitude band). This process is
generally referred to as ET. During ET, a cyclone frequently
acquires increased forwardmotion and sometimes intensifies
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substantially so that such systems pose a serious threat to
land and maritime activities. Atallah and Bosart [3] stated
that the transport of tropical air masses into the mid-
latitudes resulted in a large increase in the available potential
energy (APE) of the atmosphere. The approaching mid-
latitude trough provided a mechanism by which this APE
was converted to kinetic energy through thermally direct
circulations, resulting in a rather powerful extratropical
cyclone. Hurricane David in 1979 regained power over land
just prior to undergoing ET as it lifted the tropopause ahead
of the mid-latitude trough due to diabatic heating from
deep convection associated with the TC [12]. Atallah and
Bosart [3] diagnosed the dynamics associated with the ET
of Floyd and found that strong isentropic ascent can lead to
copious amounts of precipitation. The juxtaposition of the
relatively cool dry air of the mid-latitude trough and the
warm moist air associated with Floyd produced an intense,
troposphere-deep baroclinic zone. The circulation center of
Floyd then interacted with this baroclinic zone, producing
deep isentropic ascent and precipitation to the north of Floyd.
The conceptual model advanced by Harr and Elsberry [13]
and Harr et al. [14] indicates that strong ET tends to produce
significant precipitation to the northeast of the TC. These
features were favoredwhen themainmid-latitude troughwas
located northwest of the TC.

The second aspect is hurricane-trough interaction, a topic
of numerous investigations over the years (e.g., [6, 7, 15–19]).
In a study of interactions between TCs and upper-tropo-
spheric troughs, Hanley et al. [6] performed a composite of
trough interactions with 121 Atlantic TCs in an attempt to dif-
ferentiate between troughs that led to intensification and
those that led to decay. Trough interactions were classified
into four categories, that is, favorable superposition (TC
intensifies with an upper-tropospheric PV maximum within
400 km of the TC center), unfavorable superposition, favor-
able distant interaction (upper PV maximum between 400
and 1000 km from the TC center), and unfavorable distant
interaction. In the superposition case, there is an upper pos-
itive PV maximum within 400 km of the TC center. Within
400 km, flow is still cyclonic around the storm center in the
upper levels [20]. A distant interaction occurs when an upper
positive PV maximum is between 400 km and 1000 km from
the TC center. In this situation, flow is typically anticyclonic
in the upper levels. No trough interaction is considered to
occur when an upper PV maximum is at a distance greater
than 1000 km. They found 78% of TCs with a superposition
and 61% of TCs with a distant interaction deepened. In super-
position cases, the composite showed that a small-scale upper
PV anomaly approached the TC center and dissipated before
crossing the TC center, similar to the results of Molinari et al.
[16, 17]. Kimball and Evans [7] simulated idealized cases of
a hurricane interacting with four different types of upper-
level troughs in conditions of relatively weak environmental
vertical wind shear. Their simulation results show that the
hurricane interacting with the strongest trough (largest PV)
becomes the most intense while a weaker trough is advected
away by the storm and dissipates sooner. All hurricanes
interacting with troughs evolve to be larger and stronger,
but less intense than hurricanes intensifying in vertical wind
shear alone.

The third aspect is the distribution of precipitation before
and after landfall.Thedistribution of precipitation induced by
TCs varies in TC size and intensity (e.g., [1, 8, 21, 22]). TC size
has been found to be sensitive to environmental humidity;
Hill and Lackmann [21] performed four idealized high-
resolution numerical simulations to test the sensitivity of TC
size to environmental humidity. Their results indicated that
moist environments favor the development of larger TCs,
with progressively larger storms evident with each incremen-
tal relative humidity (RH). Although moister environment
did not show heavier eyewall precipitation or a more intense
cyclonic PV tower, more precipitation in outer rainbands
occurred in the high-humidity environment. Matyas [22]
studied 31 US hurricane landfalls. Her results showed that
hurricanes, which did not become extratropical, were the
most symmetrically shaped at the time of landfall, while
those within 2 days of becoming extratropical were the most
asymmetrical. Although the edges of the rain fields did not
precisely align with any of the measures of storm size, they
were most closely colocated with the radius of gale-force
winds in each quadrant.

When Hurricane Floyd (1999) transitioned into an extra-
tropical cyclone, it produced heavy rainfall farther away from
the circulation center but also on the left side of the track
[1, 3]. During ET, the environment surrounding the hurricane
becomes baroclinic and isentropic ascent occurs near the
steep thermal gradient between tropical and continental
air masses typically located north of the storm’s center,
enhancing precipitation in this region (e.g., [8, 23]). Besides
the interaction of Floyd with an upper-level trough, the
Appalachians and the coastal terrain played a secondary role
in the devastating flooding for this particular event (e.g., [4,
24]). Colle [4] studied high-resolution numerical simulations
of Floyd after interaction with the mid-latitude trough and
found that without evaporative effects from precipitation a
low-level front was 10%–20% weaker than the control and
Floyd’s central pressure was about 4 hPa weaker. Another
simulation without surface heat fluxes resulted in a 4-5 hPa
weaker cyclone, and 20%–30% less precipitation shifted 100–
150 km farther eastward than the control.

Despite extensive studies of the influences of a diverse
set of physical processes (trough-hurricane interaction, envi-
ronmental moisture, distribution of precipitation in different
situations, surface heat fluxes, and coastal terrain), quan-
titative analysis has rarely been conducted to understand
the role of the atmospheric environment in intensifying
precipitation carried by hurricanes such as Hurricane Floyd.
Specific questions include the following: how much of a role
did themidlatitute trough play in the entire life cycle of Floyd,
and what percentage of precipitation was exclusively due to
the mid-latitude trough? As being described in Tang et al.
[5], the hurricane-induced flooding in a coastal watershed is
caused by a combination of (1) the previous rainfall event,
through antecedent soil moisture and increases in ground
water level, (2) precipitation from the interaction of the syn-
optic environment (trough/ridge) and landfalling hurricane,
and (3) a storm surge from the ocean induced by strong
hurricane winds. The role of preexisting rainfall associated
with Hurricane Dennis in the total flooding during Floyd’s
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Figure 1: Triple-nested WRF model domains.

landfall has been studied by Tang et al. [5], and the results
indicated that total runoff would be reduced by 37% without
preexisting rainfall. In this study, we now try to separate the
rainfall contribution from Hurricane Floyd and its synoptic
environment and quantify the river discharge contributed by
the latter alone.

2. Models, Data, Methods, and Experiments

2.1.Models andData. In this study, twomodels are employed:
one is the Weather Research and Forecasting (WRF) model
[25, 26]. It features a fully compressible, Eulerian and nonhy-
drostatic control equation set.Themodel uses theArakawa-C
grid and the terrain-following, hydrostatic-pressure vertical
coordinate system with the top of the model being a constant
pressure surface. The time integration scheme is the third-
order Runge-Kutta scheme, and second through sixth-order
advection schemes are available for the spatial discretiza-
tion. WRF incorporates various physical processes including
microphysics, cumulus parameterization, planetary bound-
ary layer (PBL), surface layer, land-surface, and longwave and
shortwave radiations, with several options available for each
process. More details about theWRFmodel are referred to by
Wang et al. [26].

WRF version 3.1 is utilized to simulate Hurricane Floyd’s
landfall in North Carolina during September 15–18 1999.
Figure 1 shows the triple-nestedWRFmodel domains used in
this study. All domains have 301× 301 horizontal gridmeshes.
The innermost domain with a 2 km grid spacing lies within
an intermediate domain with a 6 km grid spacing, which is
nested in the outermost domain with an 18 km grid spacing.
It should be noted that the two nested domains are stationary
with the innermost high-resolution domain covering the
watershed area of interest, the Tar-Pamlico River Basin (Fig-
ure 2), which experienced heavy rainfall during the landfall
of Floyd. The outermost domain covers most of the US

continent and includes the area covered by the mid-latitude
trough/ridge. The model top was set at 100mb. Thirty-one
unevenly spaced full-sigma levels were used in the vertical,
with the maximum resolution in the boundary layer. Five-
minute averaged terrain and landuse data were interpolated
to the 18 km model grids. For the 6 and 2 km domains, 2-
minute and 30-second topography and landuse datasets were
interpolated to the grid in order to better resolve the inland
hills and valleys. The model simulated precipitation on the
innermost domain over the study watershed area is extracted
every 6 grid points with a resolution of 12 km (see the black
crosses in Figure 2(a)) to drive the hydrological model.

The other model is a hydrological model—the Annu-
alized Agricultural Nonpoint Source Pollution Model
(AnnAGNPS, [27]). AnnAGNPS is a geographic information
system- (GIS-) driven watershed hydrology and water quality
model developed by the United States Department of Agri-
culture (USDA). It is a batch process, continuous-simulation,
surface-runoff, pollutant loading model, which can simulate
loadings of daily river discharge, peak runoff, and nonpoint
source pollutants. It has been widely applied in the United
States and many other countries. The AnnAGNPS is selected
in the study to simulate the hydrograph of a subarea for
the upper reaches of the Tar-Pamlico River Basin located
above the USGS gage station at Tarboro. This watershed area
with its outlet at Tarboro covers an area of 5605 km2. As the
AnnAGNPS model is a distributed model, a digital elevation
model has been applied to the model and created 1035 irreg-
ular cells depending on the height and aspect of each cell
(Figure 2(b)). This study area was further divided into seven
subwatersheds as depicted in Figure 2. The elevation of the
study area varies from 7 to 240 meters above sea level. The
land use types in the study area are dominated by forest and
cropland. No large water body is present in the study area.
AnnAGNPS requires precipitation to be gridded over the
basin or to each cell. Precipitation either from observations at
the weather stations or from WRF model outputs is input to
the cells of the AnnAGNPS model by interpolation. Detailed
description regarding the AnnAGNPS model settings for
this watershed area is referred to by Tang et al. [5].

The North American Regional Reanalysis (NARR) data-
set is selected to provide initial and lateral boundary condi-
tions to the WRF model. It provides atmospheric variables
on 29 pressure levels with about 32 km grid resolution every
three hours. NARR data covers the time period from 1979 to
present. The surface and ground observation data are pro-
vided by North Carolina State Climate Office and NOAA
National Climate Data Center. The stream flow data at each
station depicted in Figure 2(b) are obtained fromUSGS (U. S.
Geological Survey). Digital data such as landuse, soil, and
digital elevation model (DEM) for the AnnAGNPS model is
from North Carolina State University library website.

2.2. Vortex Removal. Bogussing and/or removing a TC from
the initial conditions are conducted through the utility pro-
gram (tc em.exe). The bogussing program was ported from
MM5 for WRF in version 3.1 by Fredrick et al. [28]. In this
version of the scheme, one can either introduce a new vortex
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Figure 2: (a) Locations of weather stations (red triangle points) in Tar-Pamlico River Basin and AnnAGNPSmodel input precipitation points
(black crosses) extracted from the innermostWRFmodel domain every six grid points and (b) USGS stream flow gages (triangle points) and
corresponding areas in AnnAGNPS in Tar-Pamlico River Basin (each downstream gage area covers all upper gage areas).

or remove an existing vortex.The input to the scheme is a sin-
gle file containing fields on isobaric surfaces that have been
produced by theWRF preprocessing system (WPS). In order
to isolate the role of large-scale synoptic environment, the
vortex associated with Hurricane Floyd is removed by using
this technique.

According to Fredrick et al. [28], the vortex removal
scheme starts by searching for the vortex corresponding to
the storm in the first guess field. This is done by looking for
the maximum relative vorticity within a prescribed radial
distance from the best track location of the TC. A 400 km
searching radius is currently used in this study.The grid point
where the maximum vorticity is located serves as the center
of vortex to be removed. Once the vortex has been found, the

first-guess vorticity and divergence within 600 km radius of
the first guess storm are removed, and then the velocity is re-
calculated. The relationship of the vorticity is as follows:

∇
2

𝜓 = 𝜁, (1)

where 𝜓 is the stream function for the nondivergent wind
and 𝜁 is the relative vorticity. To define the nondivergent
wind associated with the first-guess storm, the vorticity is
set to 0 outside a radius of 600 km. The Dirichlet boundary
conditions stream function is defined to be 0 and the suc-
cessive overrelaxation (SOR) method is used to solve (1) for
the perturbation stream function on all pressure surfaces.
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Figure 3: Track (a) and intensity (b), including minimum sea level pressure and maximum 10m wind, of Hurricane Floyd according to the
best track data from NHC.

The nondivergent wind V
𝜓
is then calculated from the follow-

ing relationship:

V
𝜓
=
̂
𝑘 × ∇𝜓. (2)

Once the nondivergent wind is calculated, it is subtracted
from the first-guess wind fields. Removal of the divergent
wind from the first-guess storm is similar. After divergent
winds are removed, the geopotential height and temperature
anomalies from the first-guess field are also removed, with the
surface and sea level pressure perturbations being updated
accordingly. More detailed information regarding the vortex
removal technique is referred to by Fredrick et al. [28].

The configuration for removing the vortex associated
with Hurricane Floyd is set as follows: the center location
of Hurricane Floyd at 1500 UTC on September 15, 1999 is
at 27.1∘N and 77.7∘W according to the best track data from
the National Hurricane Center. The maximum observed sus-
tained wind speed was 59.16m s−1. The radius of maximum
wind is set to 90 km.

2.3. Experiment Design. In order to investigate the impact
of large-scale synoptic environment, two simulations were
conducted: the control (CTRL) simulation and synoptic envi-
ronment (ENV) simulation. All configurations were the same
except that the CTRL experiment has Hurricane Floyd while
the ENV experiment has the vortex associated with Hurri-
cane Floyd removed at the initial time.

Both simulations choose the explicit WSM 6-class micro-
physics scheme [29] which includes prognostic equations for
cloud ice andwater, snow, rain, and graupel processes suitable
for high-resolution simulations. The Mellor-Yamada Nakan-
ishi Niino (MYNN) level 2.5 planetary boundary layer (PBL)
scheme [30], the MYNN Monin-Obukhov similarity theory

surface scheme corresponding to MYNN-PBL scheme, the
Rapid Radiative Transfer Model (RRTM) longwave [31] radi-
ation scheme, and the Dudhia shortwave radiation scheme
[32] were chosen for all the three domains, whereas the Kain-
Fritsch cumulus scheme [33] was only specified for outermost
domain.

In order to match the period of daily rainfall observation
data, all 1200 UTC to 1200 UTC 24 hr periods will be
referenced by the date upon which the 24 hr period ends.
Thus, the accumulation from 1200UTCSeptember 15, to 1200
UTC September 16, 1999 will be simply known as the 24 hr
accumulation for September 16, 1999. The precipitation from
WRFmodel outputs of the CTRL and ENV experiments then
served as input data for the AnnAGNPS model to simulate
the discharge and total volume of runoff water carried at the
outlet of the watershed. Correspondingly, three AnnAGNPS
model runs were conducted, by using observational precipi-
tation data at weather observation stations, model simulated
precipitation at the model grids from the CTRL experiment,
and model simulated precipitation induced by Hurricane
Floyd only (obtained by subtracting precipitation of the ENV
run from that of the CTRL run under the assumption of
linear relationship during the interaction of atmospheric
environment and TC), respectively.

3. Results

The history of Floyd can be described from the best track
position (Figure 3) from theNationalHurricaneCenter. Early
stage of Hurricane Floyd started as a tropical wave off the
coast of Africa in early September 1999. It traveled across the
Atlantic until becoming a tropical depression on September
7, 1999, located at 14.6∘N and 45.6∘Wwith central pressure of
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Figure 4: Sea level pressure (contours every 8 hPa) and 10m wind (shaded colors and wind bars with 1 full bar = 5m s−1) from the CTRL
experiment in every 12 hours: (a) 00Z 15 Sept. 1999, (b) 12Z September 15, 1999, (c) 00Z September 16, 1999, (d) 12Z September 16, 1999, (e)
00Z September 17, 1999, and (f) 12Z September 17, 1999.
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1008 hPa and wind speed of 13m s−1 [34]. At 06Z September
8, it was upgraded to a tropical storm (TS) with central
pressure of 1005 hPa and wind speed up to 18m s−1. By the
time of 12Z September 10, approximately 370 km northeast
of the Leeward Islands, Floyd was upgraded into hurricane
status with central pressure of 989 hPa and wind speed up to
36m s−1.

As Floyd moved westward, it reached its maximum
strength on September 13, with a minimum central pressure
of 921 hPa and a maximum sustained wind up to 69m s−1,
making the storm a Category 4 on the Saffir-Simpson Scale.
When passing the Bahamas on September 14, Floyd began to
move northwest due to the influence of a large upper mid-
trough located in Ontario, Canada [34].

TheWRF simulations in this study cover the period from
00Z September 15, to 12Z September 17, and the results are
described as below. After 12Z September 17, Floyd moved
fromMaine toward the northeast and then east-northeast and
soon dissipated after September 18, which is out of interest for
this study.

3.1. Control Simulation and Synoptic Features of Hurricane
Floyd. Figure 4 displays the sea level pressure and 10m wind
for the outermost domain from the CTRL simulation every
12 hours from 00Z September 15, to 12Z September 17, 1999.
These plots clearly depict the trackHurricane Floyd fromnear
coastal Florida to Maine. Floyd continued to turn gradually
to the north during the time of 00Z to 12Z September 15,
(Figures 4(a) and 4(b)). The center of the hurricane was
moving parallel to the eastern Florida coast till 12Z September
15. Figure 4(c) is similar to the manual surface analysis map
fromColle ([4], see his Figure 1(a)) in the terms of the central
location of Floyd (about 200 km south ofNorthCarolina) and
the pressure field at 00Z September 16.The differences are the
former has a greater central pressure (980 versus 951 hPa) and
smaller maximumwind (25 versus 59m s−1).This is probably
due to the higher central pressure and lower maximum
wind from NARR data at the initial time 00Z September
15, as well as to the relatively low resolution (with a 18 km
grid spacing) of the outermost domain. Figure 5 depicts the
500 hPa potential vorticity and geopotential height from the
CTRL simulation in 12 h increments. The large upper mid-
latitude trough can be seen at 500 hPa from Figure 5(a) at
00Z September 15. At 00Z September 16 (Figure 5(c)), Floyd
began to interact with a broad baroclinic zone that extended
along the coast of the southeastern and mid-Atlantic states.
The 500 hPa geopotential height agrees well with the NCEP
analysis in Colle ([4], see his Figure 1(b)), with both Floyd
and the mid-latitude trough in very similar places.

Floyd made landfall at Bald Head Island, NC at 0630Z
September 16. Although the central pressure of Floyd grad-
ually weakened after September 13, the potential vorticity
of center at 500 hPa (Figure 5) increased from 3.5 PVU at
00Z September 15 to 4 PVU at 12Z September 15 and up
to 4.5 PVU at 00Z September 16, and 12Z September 16,
(1 PVU = 10−6Kkg−1m2 s−1). The trough to the northwest
gradually deepened and moved southeastward while Floyd
continued moving northward until the two systems merged

at 12Z September 16, (Figure 5(d)). By 00Z September 17,
(Figure 5(e)), the two systems completely merged with each
other, and Floyd had made extratropical transition (ET).
At 12Z September 17, Floyd had weakened to 984 hPa from
observation along the northern New England. The area of
PV greater than 1.5 PVU became larger, and the merged
extratropical cyclone moved toward the northeast, although
the maximum PV at the center of the extratropical cyclone
weakened to 3.5–4 PVU. The heaviest rainfall occurred dur-
ing this ET period of 12Z 16-12Z September 17. Although
the pressure field weakened, the PV field did increase after
landfall during ET due to the interaction of the trough and
Floyd. Colle [4] proved that the surface temperature gradient
to the north of the cyclone center had doubled in magnitude
from 12Z September 16 to 00Z September 17 although surface
pressure was slightly weakened. The combined effects of an
intensified baroclinic zone in this period are consistent with
the view point of Atallah and Bosart [3]. But this intensifica-
tion was not as strong as some other documented ET events
(e.g., [12, 23]) which featured both a pressure decrease and
a temperature gradient increase. Floyd further weakened to
992 hPa by 12Z September 18, and maintained this intensity
for the next 24 h [34].

3.2. Precipitation Distribution of Floyd from the Control Simu-
lation. The comparison of the model simulated precipitation
with the observation is shown in Figure 6. The precipitation
of the control run in the innermost domain (Figure 6(b))
is comparable to the NOAA observed result (Figure 6(a)).
The color scheme of NOAAmap has been modified for com-
parison purposes. The original map can be found in Pasch
et al.’s work [34]. It should be noted that the time period
of NOAA observed precipitation was accumulated from 14
September to September 19, 1999 while theWRFmodel result
only accounts for the period from 00Z 15 September to
12Z September 17. However, most rainfall in North Carolina
during this event occurred in the time frame. It is obvious
that the pattern of accumulated rainfall is very similar, except
that the highest rainfall area in theCTRL simulation is located
in South Carolina rather than North Carolina as observed
and that the area with rainfall over 380mm is smaller than
the observed one. After making landfall in South Carolina
and moving north to North Carolina, the heavy precipitation
fell from the coast to the central piedmont region up to the
Appalachian Mountains in the west as demonstrated. The
accumulated precipitation pattern of Floyd is highlighted by
a linear northeast and southwest axis.

To examine the accumulated precipitation from 12Z Sep-
tember 15 to 12Z September 17 at the watershed area, Figure 9
compares the simulated precipitations from the CTRL run in
all the three domains with observations at selected weather
stations. Distribution of these stations can be found in
Figure 2. Stations in the chart listed from left to right are in
the order from upper to lower watershed (which also means
from west to east). As two-way nesting was utilized for
domain nesting, there are no significant differences among
the simulated results for the three model domains. In the
upper watershed, the simulated precipitation is lower than
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Figure 5: 500 hPa potential vorticity (shaded in every 0.5 PVU, 1 PVU = 10−6K kg−1m2 s−1) and geopotential height (blue contours every
60m) from the CTRL experiment in every 12 hours: (a) 00Z September 15, 1999, (b) 12Z September 15, 1999, (c) 00Z September 16, 1999, (d)
12Z September 16, 1999, (e) 00Z September 17, 1999, and (f) 12Z September 17, 1999.



Advances in Meteorology 9

(a)

Total precipitation (mm)

38
∘N

37
∘N

36
∘N

35
∘N

34
∘N

81
∘W 80

∘W 79
∘W 78

∘W 77
∘W 76

∘W

25 75 125 180 255 380 510

(b)

Total precipitation (mm)

38
∘N

37
∘N

36
∘N

35
∘N

34
∘N

81
∘W 80

∘W 79
∘W 78

∘W 77
∘W 76

∘W

25 75 125 180 255 380 510

(c)

Figure 6: (a) Accumulated precipitation during Hurricane Floyd landfall from Sep, 14 to 19 1999 from NOAA observed precipitation map
(with modified color scheme) in which the yellow line indicates the track of Floyd, (b) accumulated precipitation from the CTRL simulation,
and (c) accumulated precipitation from the ENV simulation. Blue is 510mm; cyan is 380mm; gray is 255mm; Red is 180mm; orange is
125mm; yellow is 75mm and green is 25mm (modified color scheme from NOAA).

the observed for stations such as Roxboro 7 ESE, Rough-
ment, and Oxford AG, while the simulated precipitation is
higher than observed in some lower parts of the watershed.
Overall, the model simulated precipitations are close to the
observations, with the differences less than 30% for all the
stations except the Scotland Neck No. 2 station. And five out
of thirteen stations have differences between simulated and

observed precipitation less than 10% for domain 1. More
details regarding the comparison between the simulated pre-
cipitation from the CTRL run and the observed precipitation
for each weather station are listed in Table 1.

3.3. Comparison of Precipitation from TC Vortex Removal
with CTRL. Figure 7 shows sea level pressure and 10m wind
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Figure 7: The same as Figure 4 but for the ENV experiment.

from the ENV simulation in every 12 hours. Compared
with Figure 4, Floyd has been removed from pressure field,
although there is still a cyclonic circulation existing to the
south of the Carolinas. This might be due to the large size
of the vortex. Vortex removal may not cleanly eliminate

the effects from surrounding environment. However, this
remaining circulation did notmove northward like Floyd and
disappeared gradually (Figure 7). Thus, in the ENV run the
remaining circulation would have no significant impact on
the precipitation over the watershed of interest in this study.
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Figure 8: The same as Figure 5 but from the ENV experiment.
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Table 1:The observed and the CTRL experiment simulated total precipitations (in mm) on September 16 and 17, 1999 at the weather stations.
Differences in percentage between the simulated and observed precipitation are also given.

Station name Station ID Latitude Longitude
Observed total
precipitation

(mm)

Simulated total precipitation (mm)
Differences between simulated

and observed total
precipitations (%)

Domain 1 Domain 2 Domain 3 Domain 1 Domain 2 Domain 3
Arcola 310241 36.29 −77.98 224 225 244 251 1 9 12
Enfield 312827 36.17 −77.68 259 310 321 323 20 24 25
Greenville 313638 35.64 −77.40 314 318 307 312 1 −2 −1
Henderson 2 NNW 313969 36.35 −78.41 134 143 152 154 7 14 15
Louisburg 315123 36.10 −78.30 204 161 162 161 −22 −21 −21
Oxford AG 316510 36.31 −78.61 138 125 116 117 −10 −16 −15
Roxboro 7 ESE 317516 36.35 −78.89 123 92 90 91 −25 −27 −26
Rougemont 317499 36.22 −78.85 115 92 98 96 −20 −15 −16
Snow Hill 2 SW 318060 35.53 −77.68 387 385 404 386 −1 5 0
Scotland Neck No. 2 317725 36.14 −77.42 277 377 407 409 36 47 48
Williamston 1 E 319440 35.85 −77.03 326 292 308 308 −11 −6 −6
Wilson 3 SW 319476 35.70 −77.95 259 253 284 300 −2 10 16
Zebulon 3 SW 319923 35.78 −78.35 237 175 178 189 −26 −25 −20
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Figure 9: Comparison of WRF simulated precipitation in domains
1, 2, and 3 and observation at selected weather stations.

Figure 8 presents potential vorticity and geopotential
height every 12 hours at 500 hPa after removing the vortex
associated with Floyd at the initial time of 00Z September 15.
Without the Floyd vortex, the northwest trough is still located
in the same place and geopotential height did not change. At
12Z September 15, in Figure 8(b), the highest PV of 1.5 PVU
moved southeastward and was located in eastern Dakotas.
These are very similar to those in Figure 5(b) without remov-
ing the vortex. This trough continued moving southeastward
at 00Z September 16, and the PV fields are similar to where
the 1.5 PVU field was located at the boundary between Iowa
and Missouri. Until 12Z September 16, the differences of PV
field can be seen clearly with/without Floyd. The area of PV
larger than 1.5 PVU expanded and deepened as described in
Figures 5(a) and 5(d). However, the 1.5 PVU field without
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Figure 10: Percentages of the ENV experiment simulated precipita-
tion relative to the results of the CTRL experiment in domains 1, 2,
and 3 at the weather stations.

Floyd is just shifted to the southeast to Indiana andOhio with
a little expansion but not strengthening. This 1.5 PVU area
moves northeastward at 00Z September 17, and furthermoves
to the north at time 12Z September 17, without strengthening.

The accumulated precipitation from the ENV experiment
is shown in Figure 6(c). The environment-only-induced
precipitation ismostly distributed along the coastal region. In
the study area, there is only a small amount of environmental
precipitation while more precipitation is distributed down-
stream of Tar-Pamlico Sound. There is more precipitation
in the northeast than in the west and southwest. Figure 10
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Table 2: The ENV experiment simulated total precipitation (in mm) on September 16 and 17, 1999 at the weather stations from the three
model domains and their percentages relative to the CTRL experiment results.

Station name Station ID Simulated environmental precipitation (mm) Percentage relative to the CTRL experiment results (%)
Domain 1 Domain 2 Domain 3 Domain 1 Domain 2 Domain 3

Arcola 310241 11 8 8 5.00 3.24 3.38
Enfield 312827 21 16 14 6.63 5.05 4.19
Greenville 313638 29 54 34 9.04 17.63 10.79
Henderson 2 NNW 313969 15 5 3 10.55 3.32 1.76
Louisburg 315123 11 4 5 6.74 2.61 2.92
Oxford AG 316510 13 16 10 10.74 13.72 8.47
Roxboro 7 ESE 317516 3 2 4 2.72 2.55 3.91
Rougemont 317499 3 5 5 2.72 5.24 5.64
Snow Hill 2 SW 318060 21 16 22 5.41 4.03 5.57
Scotland Neck No. 2 317725 14 23 24 3.63 5.68 5.92
Williamston 1 E 319440 57 55 55 19.72 17.95 17.88
Wilson 3 SW 319476 17 8 4 6.84 2.66 1.17
Zebulon 3 SW 319923 14 20 25 7.88 11.25 13.29
Average 18 18 16 7.51 7.30 6.53
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Figure 11: Comparison among the runoff (in mm/day/unit area)
simulated by using observed precipitation at weather stations, the
runoff simulated by using the WRF output precipitation from the
CTRL experiment, and the USGS observed runoff at seven gage
stations in Tar-Pamlico River Basin.

demonstrates the environmental precipitation as a percentage
of the total precipitation (control run) in domains 1, 2, and 3 at
the weather stations. For these stations, the precipitation due
to the synoptic environment alone (without consideration of
the interaction between the synoptic environment andHurri-
cane Floyd) is relatively less than the total precipitations.Only
coastal stations ofGreenville andWilliamston 1 E are over 15%
of the total precipitation. Table 2 lists the precipitations from
the ENV experiment at the weather stations as well as their
comparisons with the results from the CTRL experiment. It is
indicated that on average only 7% of the total event precip-
itation is created by atmospheric environment in the study
area. However, over the innermost domain (domain 3), 22%
of the total precipitation is induced by the large-scale atmo-
spheric environment. Without the vortex of Floyd, the main

rainfall area was shifted eastward, with most of the synoptic
environment-induced precipitation being located along the
coast region (Figure 6(c)). This analysis confirms that the
interaction of Floydwith the synoptic environment is a signif-
icant factor leading to the heavy observed rainfall, consistent
with Colle [4] and Atallah and Bosart [3]. It should also be
pointed out that despite the direct contribution from the
synoptic environment to the precipitation over the watershed
of interest in this study the environment can also contribute
to the precipitation by interacting with the tropical system.

3.4. Comparison of Surface Runoffs. The model simulated
precipitation (Figures 6(a) and 6(c)) at about 40 points
from the WRF model grids (see Figure 2(a)) serves as input
data into AnnGNPS model to simulate the total runoff.
Figure 11 presents comparisons of three surface runoffs from
(1) AnnAGNPS simulated runoff from input precipitation
by WRF model output; (2) AnnAGNPS simulated runoff
from input precipitation at weather stations; and (3) USGS
measured runoff (unit is mm per day per unit area). The
simulation was conducted for seven USGS stations. Station
Tarboro (02083500, hereafter referred to as 3500) is the outlet
of thewatershed. Each station represents part of the subwater-
shed from the upper portion of the stream to downstream. It
can be seen that the runoffs simulated by using precipitations
fromWRFoutput are comparable to those simulated by using
observed precipitations at the weather stations. Both of them
are in good agreement with the USGS measurements. For
station 3500, the simulated surface runoff from WRF output
matches the USGS measured results better. For the upper
stream stations 1500 and 2506, simulated results using WRF
output precipitations also agree with USGS measured values
better than those using observed precipitations at the weather
stations. However, for some middle stations (2770 and 2950),
the simulated results tend to underestimate surface runoff. It
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Figure 12: Hydrographs comparison of AnnGNPS simulated river discharge with USGS measured ones in September 1999 at gages (a)
02081500, (b) 02081747, (c) 02082506, (d) 02082585, (e) 02082770, (f) 02082950, and (g) 02083500. WRF model simulated precipitation
was used to drive the hydrological model during September 16-17, whereas, for other time periods, observed precipitation from the weather
stations was used to drive the hydrological model.

should be noted that USGS stream flow data at station 2950
during Floyd were estimated values and might not be very
accurate. This might be due to the fact that the WRF output
gridded precipitation provides better resolution to capture

the detailed precipitation pattern; however, it still has model
errors against observed precipitation.

Figure 12 demonstrates the simulated daily discharge
hydrographs using precipitation from the CTRL simulation
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on September 16 and 17 (for the rest of days using observed
precipitation) at the above-mentioned seven USGS gages
after applying Muskingum stream routing [5]. The unit is
m3 s−1. The USGS measured river discharges in September
1999 were also shown (Hurricane Dennis on September 5,
and Floyd on September 16, 1999).The simulated results show
good agreement with the USGS measured discharges. For
upper stations (1500 and 1747), the simulated discharges are
very close to those measured by the USGS, as it is easier
to parameterize smaller subwatersheds at upper stream than
larger subwatershed at downstream. The stream flow due to
Hurricane Dennis can be clearly simulated at upper stream
stations. However, downstream hydrographs demonstrate
delay effects after rainfall so that discharge from Dennis can-
not be reflected at station 3500 and is only slightly reflected
at stations 2585 and 2950. These are still much better results
than data from Climate Station Set 2.

For the simulation by using the precipitation induced by
Hurricane Floyd only (the CTRL run precipitation minus the
ENV run precipitation), the total runoff is reduced by about
10% in the Tar-Pamlico River Basin (figure not shown here).
This is because the precipitation induced only by the synoptic
environment accounts for only 7% of the total precipitation
in the watershed area. And also the impact of the interaction
between the synoptic environment (e.g., the mid-latitude
trough) and Hurricane Floyd has already been included in
this simulation. Otherwise, the intensity and track of Hur-
ricane Floyd would have changed without the mid-latitude
trough.

4. Conclusions

In this study, large-scale synoptic environmental impacts on
river discharge in the Tar-Pamlico River Basin during Hur-
ricane Floyd in 1999 were investigated. The percentage of
environment-induced precipitation has been quantified with
the aid of the vortex removal technique. Precipitation during
the landfall of Hurricane Floyd was simulated by using the
WRF model with triple-nested domains and high-resolution
grids in the watershed area. TheWRF model reproduced the
narrow axis and intense band of heavy precipitation that
developed inland of the coast over North Carolina. The dis-
tribution pattern of the model simulated accumulated pre-
cipitation is consistent with the observed rainfall. Analysis in
this study also confirmed that Floyd did intensify shortly after
landfall during the interaction withmid-latitude trough.This
point has been stated by Atallah and Bosart [3] but contested
by Colle [4]. Another finding is that by using the high-resolu-
tion precipitation data from a dynamical numerical weather
prediction model for input in a hydrological model improves
the prediction of total runoff.This could extend lead time for
flood warnings to a couple of days or beyond.

During landfall, the environmental contribution to rain-
fall alone was as high as 22% in innermost domain, which
covers much of North Carolina, though it only contributed
7% of rainfall in the focused hydrological area. The synoptic-
scale environment alonewould contribute approximately 10%
to the total Tar-Pamlico River runoff as measured at the

Tarboro gage station. Thus, the simulated impact of syn-
optic-scale flow alone (without consideration of interaction
between the synoptic environment and the hurricane) on
the total precipitation is within the margin of model error
within the focusedwatershed area.Therefore, the results from
this study indicate that the bulk of the record-breaking river
runoff in the Tar-Pamlico River Basin during the landfall of
Hurricane Floyd was the result of Hurricane Floyd and
Hurricane Dennis and their interactions with the synoptic
environment.

Although the vortex removal technique is used in this
study to remove the vortex associated with Hurricane Floyd,
more sensitivity analyses are needed to further test this
method. Other vortex removal techniques, such as potential
vorticity inversion techniques, should be explored and com-
pared with the TC-removal procedure used in this study. On
the other hand, instead of removing the vortex associated
with Hurricane Floyd, an investigation by removing the
synoptic trough interacting with it to isolate the impacts of
the hurricane alone may be an interesting topic for future
study.
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