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ABSTRACT

Recent research has identified predecessor rain events (PREs), which are mesoscale regions of heavy
rainfall that occur ~1000 km poleward and downshear of recurving tropical cyclones (TCs). PREs typically
occur 24-36 h prior to the arrival of the main rain shield associated with the TC, and frequently result in
damaging flooding. A distinguishing feature of a PRE is that it is enhanced by a broad region of deep tropical
moisture directly associated with the TC that is transported well poleward ahead of the TC. This study will
quantify the effects of the tropical moisture from one TC on a record-breaking rain and flood event over the
northern Great Plains and southern Great Lakes region on 18-19 August 2007.

In this event, which occurred ahead of TC Erin, a southerly stream of deep tropical moisture (precipitable
water values >50 mm) moved poleward and intersected a northwest-southeast-oriented quasi-stationary
baroclinic zone beneath the equatorward entrance region of an upper-level jet streak. A slow-moving me-
soscale convective system (MCS) developed and produced widespread heavy rainfall, with local amounts
exceeding 380 mm that resulted in historic flooding in Minnesota and Wisconsin. Observations and numerical
simulations using the Advanced Research Weather Research and Forecasting model (ARW-WRF) indicate
that low-level frontogenesis was maximized during the overnight hours of 19 August 2007 and provided the
forcing for vigorous ascent during the mature stage of the PRE. A control simulation, which included the poleward
transport of TC Erin-related moisture, reproduced the extreme rainfall amounts, although the simulated
rainfall was displaced from where it was observed. A sensitivity simulation in which the moisture associated
with TC Erin was removed (referred to as “NOPLUME”) shows reduced convective available potential
energy (CAPE) in the inflow region of the PRE and a less vigorous MCS. In all, there was an approximately
50% reduction in the maximum precipitation amount and a 25% reduction in the total precipitation from the
control simulation to the NOPLUME run. Or, considered in the context of rainfall enhancement by the Erin-
related moisture, there was a near doubling of the maximum amount and a 33% increase in the total rainfall.
The extent of these differences underscores the importance of moisture originating from TC Erin in trans-
forming a heavy rain event into a high-impact, record-breaking rain event.

1. Introduction
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a. Overview

On 18-19 August 2007, a slow-moving mesoscale
convective system (MCS) produced record rainfall over
portions of Minnesota and Wisconsin, which led to cat-
astrophic flash flooding. The rainfall from this MCS set
a new statewide, all-time record for 24-h rainfall accu-
mulation of 383.5 mm at Hokah, Minnesota. The Min-
nesota State Climatology Office (2010) estimated the
recurrence interval for 24-h rainfall of this magnitude to
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be over 2000 yr. In addition to this extreme local rainfall
amount, there was a widespread swath of rainfall totals
exceeding 50 mm that extended from western Minnesota
to southern Michigan (Fig. 1). Over the 3-day period 18-
20 August, 529.6 mm of rain fell at Houston, Minnesota.
This unprecedented rainfall over the relatively complex
terrain of the Mississippi River valley in Minnesota and
Wisconsin led to devastating flash floods (e.g., Binau
2009) that caused 8 fatalities, 32 injuries, and over $280
million in damage (NCDC 2007).

In a recent study, Galarneau et al. (2010, hereinafter
GBS10) argued that this case of extreme rainfall was a
prime example of a predecessor rain event (PRE). PREs
occur ahead of recurving tropical cyclones (TCs) when
deep tropical moisture, with precipitable water (PW)
values of more than 50 mm, is transported well pole-
ward of the TC and is forced to ascend when it encounters
a low-level baroclinic zone. The event of interest in the
present study occurred ahead of TC Erin, which made
landfall along the Texas coast on 16 August and slowly
recurved northward into Oklahoma by 19 August (Fig. 1).
A stream of tropical moisture (with PW exceeding 50 mm)
ahead of Erin arrived in the upper Midwest on 19 August,
and GBS10 hypothesized that this moisture enhanced
the rainfall production by the MCS over Minnesota and
Wisconsin, transforming a heavy rain event into a high-
impact, record-breaking event. The present study will
test this hypothesis and attempt to quantify the effects
of the tropical moisture on the rainfall amounts in the
Midwest.

b. Background on heavy rainfall from MCSs

In the warm season, MCSs produce a substantial
fraction of the rainfall in the vital agricultural areas of
the central United States (e.g., Fritsch et al. 1986), but
they are also responsible for a majority of flash-flood-
inducing extreme rainfall events (e.g., Schumacher and
Johnson 2006). Numerous past studies have documented
the synoptic and mesoscale conditions in which heavy-
rain-producing MCSs develop (e.g., Maddox et al.
1979; Chappell 1986; Doswell et al. 1996; Junker
et al. 1999; Schumacher and Johnson 2005). Doswell
etal. (1996) proposed an ingredients-based methodology
for understanding and forecasting heavy rainfall. Simply,
the rainfall total at a given point equals the average rain
rate multiplied by the duration of the rain. High rain rates
occur when moist air rises and condenses, and when a large
fraction of that condensation reaches the ground as rainfall.
The duration of rainfall is increased when the precipitat-
ing system moves slowly, and when it is organized such
that convective cells repeatedly pass over the same area. In
the warm season, these ingredients are often brought to-
gether by MCSs.
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F1G. 1. NCEP stage-1V gridded precipitation analysis (Lin and
Mitchell 2005) for the 24-h period 1200 UTC 18 Aug-1200 UTC
19 Aug 2007. Also shown is the National Hurricane Center best
track for Erin, with filled circles denoting positions at 0000 UTC
and open circles denoting positions at 1200 UTC. The gray dashed
rectangle indicates the location of the area-averaged rainfall
calculation.

One common location for heavy-rain-producing MCSs
is on the cool side of a surface baroclinic zone, when low-
level flow perpendicular to the baroclinic zone is forced to
ascend, and a linear, elevated MCS develops that is ori-
ented parallel to the boundary. In such situations, the upper-
level flow is typically parallel to the baroclinic zone, so
individual convective elements move along the boundary
but there is little motion across the boundary. These MCSs
are most common in the overnight hours (e.g., Maddox
et al. 1979; Schumacher and Johnson 2006), in part because
anocturnally enhanced low-level jet (LLJ) transports warm,
moist air into the region where the MCS develops, and
convergence and warm air advection are enhanced when
the LLJ is oriented perpendicular to the boundary. The
synoptic and mesoscale conditions leading to this scenario
were originally described by Maddox et al. (1979) in their
“frontal” type of flash flood. Later research by Trier and
Parsons (1993) and Augustine and Caracena (1994) dem-
onstrated the processes responsible for initiating and or-
ganizing elevated nocturnal MCSs, and Junker et al.
(1999) and Moore et al. (2003) synthesized the synoptic
and mesoscale environments conducive to these systems.
Schumacher and Johnson (2005) described the organi-
zation of these linear MCSs as training line/adjoining
stratiform (TL/AS), because of the repeated passage of
convective cells, known as ‘‘echo training,” which occurs
over locations on the cool side of the boundary.
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¢. Predecessor rain events

PREs are defined as coherent regions of heavy rainfall
occurring well in advance of recurving TCs (GBS10).
GBSI10 presented a climatology that summarized the key
characteristics of PREs through composite analysis of 28
PREs that occurred in the eastern United States during
1995-2008 and an observational case study of the TC Erin
PRE. Bosart and Carr (1978) presented what was likely
the first in-depth analysis of a PRE in their study of rainfall
ahead of TC Agnes (1972). Other more recent studies
have described PREs in other parts of the world: Wang
et al. (2009) discussed the enhancement of rainfall in Japan
ahead of western North Pacific TC Songda (2004), and
Stohl et al. (2008) described the transport of tropical mois-
ture all the way to the Norwegian coast at 60°N latitude
ahead of two TCs. The event analyzed by Stohl et al. (2008)
involved the process typically associated with PREs—a
broad region of increased water vapor ahead of a TC—as
well as an “‘atmospheric river” (e.g., Zhu and Newell
1998), which differs from most PREs in that it is a very
narrow band of increased water vapor.

GBS10 found that a majority of PREs occurred under
the equatorward entrance region of an anticyclonically
curved 200-hPa jet, downshear of a broad upper-level
trough and poleward of an upper-level closed anticyclone.
Within such a jet-entrance region, there is quasigeo-
strophic (QG) forcing for ascent that can contribute to
destabilization (e.g., Uccellini and Johnson 1979; Bosart
and Lackmann 1995). In the lower troposphere, strong
southerly flow was oriented perpendicular to a zonally
elongated baroclinic zone, which resulted in strong warm-
air advection and frontogenesis at the location of the PRE.
Deep tropical moisture was transported poleward ahead
of the recurving TC by the strong southerly low-level flow.
The forcing for ascent provided by the upper-level jet
streak and the low-level frontogenesis, combined with the
deep tropical moisture, brought together the necessary
ingredients for heavy rainfall (e.g., Doswell et al. 1996).

The purpose of this paper is to quantify the distant
effects of tropical moisture ahead of TC Erin on the heavy
rainfall in the Midwest on 18-19 August 2007. The re-
mainder of the article is organized as follows. In section 2
of this article, an overview of the event is presented, using
observations and model analyses. Section 3 describes a
numerical simulation of the event, and section 4 presents
a sensitivity simulation in which the plume of moisture
associated with Erin is removed. Section 5 presents the
conclusions.

2. Overview of the 18-19 August 2007 PRE

A brief analysis of the TC Erin PRE of 18-19 August
2007 is presented here, using observations and operational
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analyses. For a detailed analysis, the reader is referred to
GBSI10. As noted by Arndt et al. (2009) and GBS10, TC
Erin was a multifaceted high-impact weather event. Erin
made landfall along the Texas coast as a weak tropical
storm at 1030 UTC 16 August (Brennan et al. 2009; Fig. 1).
In addition to the PRE over the Midwest, TC Erin pro-
duced heavy rainfall in Texas during 17-19 August, briefly
reintensified to tropical storm strength over Oklahoma on
19 August, contributed to an extreme rainfall event in
southwestern Missouri on 19-20 August, and triggered a
severe weather outbreak over North Carolina and Virginia
on 21-22 August (e.g., Schumacher and Johnson 2009;
Arndt et al. 2009; GBS10).

The synoptic- and mesoscale pattern at the time of
the initiation of the PRE was similar to that shown in
the composite of PREs occurring under anticyclonically
curved jets shown by GBS10, and is summarized in the
schematic diagram in Fig. 2. An upper-level jet streak
was located over the northern United States and Canada,
with a midlevel anticyclone over the southeastern United
States (Fig. 2). The tropical moisture associated with Erin
was transported poleward to the upper Midwest by strong
southerly and southwesterly low-level winds throughout
the Great Plains (Fig. 3). The PW in most of the central
United States was more than two standard deviations
above the mean, and was more than four standard de-
viations above the mean near Erin itself (Fig. 3). The
preexisting moisture in Minnesota and Iowa was also
anomalous, with values more than two standard de-
viations above the mean at 0000 UTC 19 August 2007
(Fig. 3a), prior to the arrival of the Erin-related moisture
between 0000 and 1200 UTC (Figs. 3b,c). This warm,
moist air was forced to ascend when it encountered a
northwest-southeast-oriented low-level baroclinic zone
in the upper Midwest. The frontogenesis along this
baroclinic zone was a direct result of confluence be-
tween the southerly flow associated with the anticyclone
in the southeastern United States and the easterly flow
to the north (Figs. 2 and 4a). These processes led to the
initiation of an archetypical TL/AS MCS on the cool
side of the baroclinic zone in Minnesota and Wisconsin.'

Around 2000 UTC 18 August, deep convection initiated
on the western edge of a stratiform rain region (the rem-
nant of an MCS from the previous night) in southeastern
Minnesota. This convection began to organize into a
northwest—southeast-oriented line by 2200 UTC (Fig. 4a).
While this convection moved eastward, numerous con-
vective cells initiated on the poleward side of the surface

! Animations of reflectivity from radar observations and simu-
lations are available in the online supplement.
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FIG. 2. Schematic diagram showing the primary processes in the
TC Erin PRE, and generally representative of a typical PRE oc-
curring under an anticyclonically curved upper-level jet (based on
the findings of GBS10). The track of TC Erin and its remnants
is shown by the thick blue curve, with the position at 1200 UTC
17 Aug, 18 Aug, and 19 Aug 2007 shown by the TC symbols. The
700-hPa anticyclone, and its movement toward the west-northwest
during the event, is shown by the “H” symbols. The surface low
pressure center and baroclinic zone are shown by the red ““L”” and
red line, respectively, with the associated low-level frontogenesis
maximum outlined in the dashed black line. The 200-hPa isotachs
of approximately 30 and 50 m s~ ! are in gray shading. The 850-hPa
flow direction is shown by the black arrows, and some represen-
tative surface wind barbs are also shown. Areas of precipitable
water greater than 50 (55) mm are shaded in light green (darker
green), respectively, and the radar-indicated structure of the
extreme-rain-producing MCS is contoured at approximately 20,
40, and 50 dBZ.

front across southern Minnesota. By 0300 UTC, a narrow,
nearly continuous line of convection extended from
the Minnesota—South Dakota border eastward to Lake
Michigan (Fig. 4b). This MCS remained essentially sta-
tionary between approximately 0000 and 0800 UTC
(Fig. 4c), after which it began moving southward and
decreasing in intensity. During the time when it had
TL/AS structure, individual convective elements moved
toward the southeast along the line and new convection
repeatedly formed on the west end of the line. In terms
of the vector method for describing MCS motion (e.g.,
Doswell et al. 1996; Corfidi 2003), the cell motion and
propagation vectors were approximately equal in magni-
tude and in opposite directions, yielding an overall system
motion that was near zero.
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FIG. 3. PW (shaded in mm), 850-hPa wind vectors, and normal-
ized anomalies of PW (contoured every 1 standard deviation with
the zero contour removed) at (a) 0000, (b) 0600, and (c) 1200 UTC
19 Aug 2007. Fields shown are from the 1.0° GFS final analyses.
Normalized anomalies were computed using the 21-day running
long-term (1948-2008) mean and standard deviation, centered at
the time of the analysis, from the NCEP-National Center for At-
mospheric Research (NCAR) reanalysis (Kalnay et al. 1996), as in
Hart and Grumm (2001).
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FIG. 4. Composite radar reflectivity [from the Weather Services
International (WSI) NOWrad product] and Rapid Update Cycle
(RUC; Benjamin et al. 2004) analysis of 2-m AGL potential
temperature (red contours every 2 K), 10-m AGL winds (short
barb = 2.5 m s ', long barb = 5 m s™!, pennant = 25 ms™}),
and frontogenesis in the 1000-900-hPa layer [black contours
every 1.5 K (100 km)~' (3 h)~! above 1.5] at (a) 2200 UTC
18 Aug, (b) 0300 UTC 19 Aug, and (c) 0800 UTC 19 Aug 2007.
The location of the surface low-pressure center is marked with
an “L” in (a).
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FIG. 5. Location of model domains. The horizontal grid spacing is
27 km on domain 1,9 km on domain 2, and 3 km on domain 3. The
observed track of TC Erin (after 0000 UTC 18 Aug) and the ap-
proximate location of the PRE are shown within domain 3.

3. Numerical simulation
a. Model configuration

To simulate the TC Erin PRE, version 3.0.1.1 of the
Advanced Research Weather Research and Forecasting
model (ARW-WRF; Skamarock et al. 2008) was inte-
grated at convection-permitting grid spacing. In these
simulations, the model was initialized at 0000 UTC
18 August 2007, which is approximately 24 h prior to
the initiation of the PRE, and integrated for 42 h. This
initialization time was chosen for several reasons. First,
at 0000 UTC 18 August, the atmospheric moisture at-
tributable to Erin was easy to distinguish from other
moisture. Second, we wanted to capture the full process
of moisture transport and initiation of convection after
the model’s spinup period. Third, it was necessary to con-
sider both computational cost and the predictability of
the situation: earlier initialization times might provide
a more complete picture of the multiscale processes in
this event, but they might also produce poorer simula-
tions of the event. As will be discussed further below,
the 0000 UTC 18 August initialization time was found to
provide a good balance between lead time and simula-
tion quality.

The National Centers for Environmental Prediction
(NCEP) Global Forecast System (GFS) final analyses on
a 1.0° latitude X 1.0° longitude grid were used as initial and
lateral boundary conditions; the boundary conditions were
updated every 6 h. The simulations used two-way grid
nesting, with three grids at 27-, 9-, and 3-km horizontal
spacing (Fig. 5). These grids were designed to include the
Erin vortex, the poleward transport of moisture, and the
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TABLE 1. Design of ARW-WREF version 3.0.1.1 numerical model experiments. Multiple entries indicate different configurations for
domains 1, 2, and 3. See Fig. 5 for domain locations. Technical descriptions of the parameterizations are available online in Skamarock

et al. (2008).

Parameter

Setting

Horizontal grid spacing (km)
Vertical levels

Time step (s)

Initial and boundary conditions
Cumulus convection
Boundary layer

Surface layer

Microphysics

Land surface

Turbulence

Shortwave radiation
Longwave radiation
Diffusion

Scalar advection

27.0,9.0,3.0

48,48, 48

108, 36, 12

1.0° GFS

Kain (2004), Kain (2004), explicit
Mellor—Yamada-Janjic

Monin-Obukhov (Eta)

Thompson, with two-moment rain

Noah

2D Smagorinsky

Dudhia (1989)

Rapid radiative transfer

Sixth-order monotonic (Knievel et al. 2007)
Positive definite (Skamarock and Weisman 2009)

PRE MCS all on the innermost grid. A horizontal grid
spacing of ~3 km with explicitly predicted convection can
be expected to properly resolve convective systems, but
individual convective elements are not well resolved (e.g.,
Weisman et al. 1997; Bryan et al. 2003; Schwartz et al.
2009). The vertical grid consisted of 48 levels and was
stretched such that its finest grid spacing (approximately
100 m) was in the boundary layer and gradually became
coarser with height to a maximum grid spacing of about
700 m near the model top at the 50-hPa level. Most of
the parameterization schemes used in the simulations
(Table 1) are similar to those often used in real-time
applications of the ARW-WRF (e.g., Weisman et al.
2008). One relatively new parameterization that is used in
this study is based on a bulk cloud microphysics param-
eterization described by Thompson et al. (2008), but with
the prediction of the number concentration of raindrops
(G. Thompson 2009, personal communication).

b. Overview of control run

Before moving on to the details of the control simula-
tion, we must first establish that it provides a reasonable
simulation of the structure of the MCS and its rainfall in
Minnesota and Wisconsin. In the simulation, a northwest—
southeast-oriented line of convection develops along the
western edge of the stratiform rain region, much like
what was observed (Fig. 6a). New development causes
the line to expand westward and the MCS takes on the
TL/AS pattern of organization and motion as well (Figs.
6b,c). However, the simulated convective line develops
north and west of the location of the observed system
(cf. Figs. 6 and 4). The surface baroclinic zone and asso-
ciated frontogenesis are also displaced northward in the
simulation; the observed thermal gradient at 0300 UTC
was located along the Minnesota—Iowa border (Fig. 4b),

whereas the simulated gradient had moved northward
into southern Minnesota by this time (Fig. 6b). This
suggests that the primary reason for the error in the
position of convection is the error in the position of the
low-level forcing for ascent.

The overall distribution of simulated precipitation is
similar to observations (cf. Figs. 7 and 1), with a broad
swath of >50 mm and embedded areas exceeding 200 mm.
The maximum point total in the simulated PRE is 366 mm,
compared with the observed maximum of 384 mm. Con-
sistent with the simulation’s displacement error for the
MCS, however, is a northward and westward displace-
ment of the simulated rainfall swath. The most extreme
rainfall amounts in the model are located in west-central
Minnesota, in contrast to the observed location in south-
eastern Minnesota and western Wisconsin. The spatial
distribution and accumulations of rainfall associated with
the remnants of TC Erin itself are also similar between the
observations and simulation, but again the location is in-
correct, this time to the southwest (cf. Figs. 7 and 1).

The perception of the quality of this simulation may
vary depending on the perspective of the reader. As
guidance to be used for predicting the potential flood re-
sponse, it is probably not of much use, since the heaviest
rain would have fallen on much different terrain than
what happened in reality. This result is generally consis-
tent with those of other forecasts and simulations with
explicitly predicted convection, in that the model accu-
rately captured the timing and convective mode, but not
the exact location (e.g., Roebber et al. 2004; Kain et al.
2008; Weisman et al. 2008). However, because the sim-
ulation accurately represented the most important pro-
cesses in the PRE—the organization and motion of
convection, the widespread nature of the heavy rainfall,
and the extreme local rainfall amounts—it is well suited
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FIG. 6. Asin Fig. 4, but for output from the control simulation on
a portion of domain 3. Here, frontogenesis is averaged over the
bottom five model layers (approximately the lowest 600 m AGL)
and is contoured every 5 K (100 km) ' h™! above 5. Note that
frontogenesis in the model output is shown in units that are 3 times
greater than those in the RUC analyses in Fig. 4, and that the
simulated values are much larger. This is at least partially attrib-
utable to the higher spatial resolution, and the explicit represen-
tation of convective processes, in the model.
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F1G. 7. Asin Fig. 1, but for simulated rainfall on domain 3 of the

control simulation. The gray dashed rectangle indicates the loca-

tion of the area-average rainfall calculation. The approximate track
of the simulated Erin vortex is shown.

for use as a control for quantifying the precipitation
enhancement caused by tropical moisture transport
ahead of TC Erin.

c. Trajectories

One method for establishing the sources of moisture for
the MCS is by examining the trajectories of air parcels
in the model output. GBS10 diagnosed backward parcel
trajectories from GFS analyses and found that much of
the air at the location of the MCS originated within the
moisture plume brought onshore by Erin (see their Fig. 22).
To augment this finding, forward trajectories starting at
850 hPa in Oklahoma, at the leading edge of the Erin-
related moisture, were calculated from the output of
our simulation (Fig. 8a). These trajectories illustrate the
strong southerly low-level flow over the Great Plains on
18 August 2007, with the plume of high precipitable
water also surging northward ahead of Erin (Figs. 8a,b).
By 0600 UTC 19 August, many of these parcels have
already risen in deep updrafts and turned eastward aloft
(Figs. 8b and 9). Others have remained at low levels, with
some having turned to the east, and others to the west,
illustrating the strong deformation along the low-level baro-
clinic zone (Fig. 8b). These forward trajectories, in con-
junction with the backward trajectories presented by GBS10,
firmly establish that air originating in the Erin moisture
plume on 18 August arrived in Minnesota and Wisconsin
in time to participate in deep convection. What remains to
be established, however, is exactly how important that
moist air was in enhancing the convective rainfall.
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FIG. 8. (a) PW (mm) on domain 3 of the control simulation at the initialization time of 0000 UTC 18 Aug 2007, and
the starting locations for forward trajectories; all of these trajectories were started at 850 hPa. (b)As in (a), but for
0600 UTC 19 Aug 2007. The positions of the forward trajectories at this time are shown with closed triangles; the
arrows mark the trajectory positions every 6 h. The size of the arrowheads and triangles represent the pressure of the
parcel, with larger arrowheads representing lower pressures (higher heights), according to the scale in the lower right.
The location of the Erin vortex is shown by the <X’ in (a). Also shown in (a) are dashed lines enclosing the box where
the moisture reduction was applied for the NOPLUME simulation; see the text for details.

4. Sensitivity simulation
a. Method

To quantify the importance of Erin in the extreme
rainfall in the Midwest, we sought to design a numerical
sensitivity experiment in which the effects of Erin were
removed. Because the remnants of Erin did not pass over
the region where the extreme-rain-producing MCS oc-
curred, it was not necessary to remove the Erin vortex. In
fact, removing the vortex would be unlikely to have a sub-
stantial effect, because tropical moisture had already been
brought onshore by the initialization time of 0000 UTC
18 August. This contrasts with the case studied by Wang
et al. (2009), where the TC was very strong and both ki-
nematic and moisture effects were important, and the TC
needed to be removed to fully understand its importance.
Instead, we chose to modify only the water vapor field in
the initial conditions. The kinematic differences resulting
from this choice will be addressed in section 4c.

To accomplish this, a latitude-longitude box was de-
fined that separated the moisture owing to Erin from
other regions of high PW (Fig. 8a). Then, at all horizontal

and vertical grid points within this box where the relative
humidity was greater than or equal to 55% in the initial
conditions, the relative humidity was reduced to 55%. This
modification, therefore, only reduced the atmospheric wa-
ter vapor in places where it was already very moist; drier
locations and locations where the moisture was unrelated to
Erin were untouched. In the southern Plains and along the
Gulf Coast, this resulted in PW values being reduced from
50-65 to 3545 mm in most locations (Fig. 10), which is
close to the climatological PW for this region.

The modification was only made in the initial condi-
tions at 0000 UTC 18 August, approximately 24 h be-
fore the initiation of deep convection in Minnesota and
Wisconsin. After this time, the simulation proceeds with no
further modifications. As a result, this sensitivity experi-
ment allows for a direct comparison between the control
simulation (which was a reasonable replication of reality),
and what might have happened had Erin not transported
deep tropical moisture into the central United States.
Hereafter, this sensitivity simulation will be referred to
as “NOPLUME,” because the plume of tropical mois-
ture associated with Erin has been removed.
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There are some potential limitations to this method.
First, the use of a latitude-longitude box to apply the
water vapor reduction did result in some discontinuities
in the model’s moisture fields (e.g., in central Louisiana
in Fig. 10), but inspection of the model output at later
times indicates that this gradient was removed by mixing
within a few hours, and was not important to the sim-
ulated convection in the midwestern United States.
Second, reducing the amount of water vapor in the sen-
sitivity experiment also means that mass has been re-
moved from the model’s initial state. However, because
the moisture was removed prior to generating the initial
and boundary condition grid files for input into the
model, hydrostatic balance was restored in that proce-
dure prior to model integration. Dynamic balance is not
restored in this procedure, but the results of McTaggart-
Cowan et al. (2003) suggest that the effects of removing
moisture on the initial wind field are likely to be negli-
gible. One advantage to using a reduction in relative
humidity for this type of sensitivity experiment is that
the amount of water vapor remains tied to the temper-
ature, and the thermal profile remains unchanged; how-
ever, we have not attempted to adjust for any changes
in lapse rates that might have occurred in a drier envi-
ronment. Finally, because we have only removed mois-
ture and not the Erin vortex, our method does not account
for any distant dynamical (as opposed to strictly ther-
modynamical) effects that the vortex, and its associated
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FIG. 10. As in Fig. 8a, but for the initial conditions of the
NOPLUME simulation.

convection, may have caused. This issue will be addressed
further in section 4c.

b. Comparison with control

In Fig. 11, the initial conditions in the control and
NOPLUME simulations are compared with the observed
sounding at Fort Worth, Texas, at 0000 UTC 18 August
2007. The initial conditions in the control simulation
compare favorably with observations; both soundings
have PW values slightly greater than 55 mm, and most
unstable CAPE values exceeding 2000 J kg~ ' (Figs. 11a,b).
The sounding from NOPLUME still shows ample mois-
ture through the atmospheric column, with a surface dew-
point temperature of 19°C and PW of 38.7 mm (Fig. 11c),
but the values are greatly reduced from the anoma-
lously moist conditions caused by Erin. The most un-
stable CAPE in NOPLUME is also greatly reduced, to
less than 100 J kg~ ".

As discussed by GBS10, there were two primary re-
gions with high PW at 0000 UTC 18 August: the plume
of moisture associated with Erin in the southern plains,
and a northwest—southeast-oriented region across the
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Great Plains and Mississippi Valley (Figs. 2 and 8a).
Whereas the control simulation contains both of these
regions of enhanced moisture, the NOPLUME simula-
tion only has the latter (Fig. 10). In both simulations,
high values of PW are transported northeastward by the
strong low-level flow (Fig. 12). The PW increases and
becomes concentrated in Minnesota and Wisconsin by
0000 UTC 19 August on the warm side of the west—east-
oriented baroclinic zone (Figs. 12a,b,d,e). In the control
simulation, the Erin-related moisture has almost merged
with the ambient region of moisture by 0000 UTC (Fig.
12b), and the two PW maxima have merged by 0600 UTC
(Fig. 12c), consistent with the observations and opera-
tional analyses shown in GBS10 (their Figs. 19d and 20).
The NOPLUME simulation shows a maximum of PW in
Minnesota and Wisconsin at 0600 UTC 19 August (Fig.
12f), but the high values of PW are confined mainly to
that area; there is not a stream of high PW approaching it
from the south as there is in the control. There are also
some differences in the low-level flow between the two
runs, which will be addressed in more detail in section 4c.

The difference in moisture transport between the two
runs is also illustrated in hourly calculations of moisture
flux across two west—east planes: one from southern
Nebraska to northern Missouri and one from southern
South Dakota to western Wisconsin (Fig. 13; location
of planes is shown in Fig. 12a). The difference between
the control and NOPLUME runs is particularly large at
the southern location (Fig. 13b) after 2100 UTC 18 August,
when the Erin-related moisture moved northward through
the planes in the control run, but not in NOPLUME
(Figs. 12b,e). Across the northern plane (Fig. 13a), the
moisture flux is generally smaller during the time of the

peak intensity of the MCS, as is the difference between
the control and NOPLUME simulations. This is a result
of the later arrival of the Erin-related moisture farther
north, and because the water vapor field has a more diffuse
structure at later times and in the northern part of the
domain (Figs. 12¢,f). The difference between the two runs
is more pronounced in the boundary layer than at mid-
levels (Fig. 13), owing to both the higher water vapor mix-
ing ratios in the boundary layer and to the greater initial
reduction in boundary layer moisture that resulted from
more areas with 55% or greater RH in the boundary layer
than at midlevels at the initialization time.

Prior to the initiation of deep convection, the two
simulations were nearly identical in their representa-
tions of the baroclinic zone and associated rain shield in
the upper Midwest (cf. Figs. 6a and 14a). This agreement
provides some justification for our method of designing
the sensitivity experiment; it shows that the modification
of the initial moisture conditions in the southern plains
did not have spurious effects on the kinematic fields
farther north prior to the arrival of the Erin-related mois-
ture. As in the control simulation, deep convection initi-
ates in NOPLUME after about 2200 UTC, and it organizes
into a similar west—east-oriented line of training convective
cells (Fig. 14b). However, this line is displaced slightly
poleward of the line in the control simulation, and its
convection is less intense and has a smaller region of
stratiform precipitation associated with it. Between 0300
and 0800 UTC, the differences between the two simula-
tions become even better defined, as new convective cells
continue to develop on the western flank of the line in the
control run, but this does not occur in NOPLUME. As
a result, by 0800 UTC (Figs. 6¢c and 14c), there is still
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FIG. 12. PW (mm; shaded) and 850-hPa winds (short barb = 2.5 m s~ long barb = 5 m s™!, pennant = 25 m s~') on domain 3 of
(a),(b),(c) the control simulation and (d),(e),(f) the NOPLUME experiment. Times shown are (a),(d) 1200 UTC 18 Aug; (b),(e) 0000 UTC
19 Aug; and (c),(f) 0600 UTC 19 Aug 2007. The thick dashed lines in (a) show the locations of planes used for the calculations shown

in Fig. 13.

a training line of convection in central Minnesota in the
control, while the MCS has weakened and moved east-
ward into Wisconsin in the NOPLUME simulation. In
other words, the back-building process takes place in the
control run, but does not in NOPLUME.

Much of the reason for these differences in the main-
tenance of the MCS can be attributed to the poleward
transport of moisture associated with Erin. As the con-
vective line was initiating and organizing in both sim-
ulations at around 0000 UTC 19 August, there was a
frontal surface that sloped upward from south to north

(Figs. 15a,d). Air was being lifted as the strong south-
erly flow rose along the upward-sloping isentropes
of this frontogenetic baroclinic zone, similar to past
findings on the environments of elevated MCSs (e.g.,
Trier and Parsons 1993; Laing and Fritsch 2000; Moore
et al. 2003). There was also an ample supply of elevated
CAPE on the cool side of the surface front, and surface-
based CAPE on the warm side, in both simulations,
with values exceeding 2000 J kg~ ' (Figs. 15a,d). As time
progressed, more high-CAPE air in the boundary layer
approached the front from the south, with much of it
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FIG. 13. Moisture flux (m s~ ! kg kg 1), calculated each hour,
across (a) the northern plane and (b) the southern plane shown by
the thick dashed lines in Fig. 12. Solid lines show the control sim-
ulation and dashed lines show NOPLUME. Values have been av-
eraged along the full length of the plane. In both (a) and (b), the top
curves are calculated on a model level approximately 750 m MSL,
and the bottom curves are calculated on a level approximately
2.9 km MSL.

rising in deep convective updrafts and making up the
linear MCS (Figs. 15b,e). This is where the differences
between the two simulations—and the importance of
the tropical moisture—become especially clear. In the
control simulation, there is a seemingly unlimited supply
of high-CAPE air to the south of the front (Figs. 15b,c),
whereas the NOPLUME run has only a local source
of moisture and CAPE (Figs. 15¢,f). As a result, new
convection continues to initiate on the western side
of the MCS in the control, as moist air is transported
into the area and is lifted along the sloping frontal
surface. This allows the MCS as a whole to move
slowly, and for more rainfall to accumulate at loca-
tions along the convective line. On the other hand,
once the instability from nearby sources is released in
the NOPLUME simulation, the development of new
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FIG. 14. As in Fig. 6, but for the NOPLUME simulation.

convective cells ceases and the MCS weakens. These
results demonstrate that the lifting of warm, moist air
along the baroclinic zone would have led to deep
moist convection and a linear MCS regardless of
whether Erin brought tropical moisture poleward, but
that the tropical moisture plume provided an addi-
tional source of fuel for this MCS and allowed the
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FIG. 16. Asin Fig. 1, but for simulated rainfall on domain 3 of the
NOPLUME simulation. The gray dashed rectangle indicates the
location of the area-averaged rainfall calculation.

deep convection to persist and to build westward for
a longer period.

In total, this experiment reveals that the tropical mois-
ture brought poleward by Erin caused a near doubling
of the maximum rainfall amount from the MCS—the
maximum 24-h total in the NOPLUME run was 188 mm
compared with 366 mm in the control run and 384 in
observations (cf. Figs. 1, 7, 16). The total 24-h area-
averaged rainfall from the MCS was 19.6 mm in the
control run (Fig. 7) and 14.7 mm in the NOPLUME
run (Fig. 16), compared with 17.9 mm in the stage-IV
analysis (Fig. 16). This represents an approximately
25% reduction in total rainfall from the control run to
NOPLUME, or, in other terms, the Erin related mois-
ture led to a 33% enhancement of the total rainfall. The
greatest difference in the rainfall rate occurred during
the MCS’s mature stage between approximately 0000
and 1000 UTC 19 August (Fig. 17).

To place these results in context, the 188-mm peak
accumulation in NOPLUME would exceed the 100-yr
recurrence interval for 24-h precipitation in central
Minnesota (Hershfield 1961). This emphasizes the fact
that the synoptic and mesoscale environment was al-
ready very favorable for heavy rainfall. The additional
moisture brought poleward ahead of Erin, and its en-
hancement of the deep convection over the Midwest,
turned a notable rainfall event into an unprecedented
24-h rainfall event with an estimated recurrence interval
for this amount of over 2000 yr (Minnesota State Cli-
matology Office 2010).
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Figs. 1, 7, and 16. The solid line is from the stage-IV precipitation
analysis, the dashed line is from the control simulation, and the
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c¢. Kinematic influences

As noted previously, the Erin vortex was not removed
from the initial conditions, as the choice was made to
focus on the effects of the tropical moisture in our ex-
periments. However, because the near-surface circula-
tion associated with Erin dissipates within about 12 h of
the start of NOPLUME (not shown), and the overall
vortex weakens considerably, it is possible that differ-
ences in the kinematics, in addition to moisture, are re-
sponsible for some of the differences in the MCS rainfall
in the Midwest. For example, Lackmann (2002) showed
that diabatic heating from convection can enhance the
strength of LLJs in the warm sector of extratropical
cyclones. Warm-core vortices also produce strong anti-
cyclonic outflow aloft, which can increase the intensity
of upper-level jets and ultimately effect synoptic and
mesoscale vertical motions through quasigeostrophic forc-
ing for ascent.

An examination of the upper-level kinematic differ-
ences between the two simulations at 0300 UTC, when
the MCS is reaching its mature stage, shows that the most
pronounced differences are in the environment surround-
ing the vortex, with some distant effects as well (Fig. 18).
The most robust difference is in the 200-hPa winds on the
periphery of Erin in Oklahoma and Kansas; in the control
run, there is strong anticyclonic, divergent outflow aloft
that is not present in the NOPLUME simulation (Fig. 18a).
The 200-hPa winds are slightly stronger in NOPLUME
in Minnesota and Wisconsin; otherwise, the upper-
tropospheric flow in the vicinity of the MCS is very similar
between the two runs. At low levels, the greatest dif-
ferences are again near the Erin vortex itself, with strong
winds and a strong vortex in the control, and weaker
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winds with the weaker vortex in NOPLUME (Fig. 19).
The combination of greater cyclonic flow at low levels
and anticyclonic flow aloft in the control run is consis-
tent with the stronger warm core of the Erin vortex
shown in Fig. 18b. There are also some changes in the
strength and direction of the low-level jet (LLJ) in the
upper Midwest, especially later in the simulation (Fig. 19).
At 1800 UTC 18 August, the differences in the low-level
winds in the upper Midwest between the two runs are
small (Fig. 19a), but by 0300 UTC 19 August there is a
broad region in Iowa and Wisconsin where the LLJ is ap-
proximately 2 m s~ ' stronger in the control (Fig. 19b).
The LLJ in the NOPLUME simulation also has more of
a westerly component than does the control LLJ. This
can be seen as easterly vector differences in Kansas and
Nebraska in Fig. 19b, and by comparing the wind barbs
in Figs. 12c,f.

These results show that in addition to the transport
of moisture ahead of TC Erin, there were also some
changes to the flow that may have affected the MCS in
the Midwest. For example, the more southerly LLJ may
have promoted back-building convection in Minnesota
in the control run compared with NOPLUME. Because
these differences at low levels primarily developed later in
the simulation, they may also be a response to the stronger
MCS, and greater instability, in the control simulation
compared with NOPLUME. Fully attributing the cause
and effect of these kinematic differences, however, would
require additional numerical experiments that are be-
yond the scope of this study. Furthermore, the question
of how the synoptic- and mesoscale environment might
have evolved had Erin never existed in the first place re-
mains unanswered, but is a possible avenue of future re-
search using data from medium-range ensemble forecasts.

5. Conclusions

In this study, convection-permitting numerical sim-
ulations were used to quantify the enhancement of pre-
cipitation in a midlatitude convective system by the
transport of deep tropical moisture ahead of a recurving
TC. This high-impact predecessor rain event (PRE) ahead
of TC Erin brought record rainfall and deadly flooding in
Minnesota and Wisconsin. A control simulation provided
a reasonable replication of the observed event, with a sim-
ulated maximum rainfall amount of 366 mm, compared
with the observed maximum of 384 mm. The overall dis-
tribution of rainfall also compared favorably with obser-
vations, although the swath of heaviest precipitation was
displaced slightly to the north in the simulation relative
to observations. Furthermore, the organization and mo-
tion of the extreme-rain-producing MCS were very simi-
lar to what was observed, and were similar to previously
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FIG. 19. 900-hPa geopotential height from the control simulation (contoured every 30 m), wind speed difference
(shaded in m s~ 1), and vector wind difference (short barb = 2.5 m s !, long barb = 5 m s~ !, pennant = 25 m s )
between the control and NOPLUME sensitivity simulations at (a) 1800 UTC 18 Aug and (b) 0300 UTC 19 Aug 2007.

documented instances of elevated, linear convective sys-
tems that occur on the cool side of a surface boundary.

The effects of the tropical moisture were examined
using both parcel trajectories and a sensitivity experi-
ment. The trajectories revealed that air originating
within the Erin-related tropical moisture plume arrived
in the inflow region of the simulated MCS as it was or-
ganizing and intensifying. In the sensitivity experiment,
referred to as NOPLUME, the water vapor associated
with Erin was removed from the model’s initial condi-
tions. In this simulation, an MCS developed and initially
had similar characteristics to that in the control run. This
suggests that, even without any influence from Erin, the
synoptic- and mesoscale conditions were favorable for
a heavy-rain-producing linear MCS along the low-level
baroclinic zone. However, the MCS in the NOPLUME
simulation did not persist as long as the MCS in the
control run, nor did convection continue to build on the
MCS’s western flank. This was attributed to the limited
supply of moisture south of the baroclinic zone. In the
control run, both the ambient water vapor in the Mid-
west, plus the moisture from Erin, allowed high-CAPE
air to flow into the system for an extended period. In the
NOPLUME run, only the ambient moisture and CAPE
was available, and once this CAPE was released, the
MCS weakened and moved eastward.

In total, the maximum rainfall amount in NOPLUME
was approximately half of that in the control run, and

there was a 25% decrease in the area-integrated pre-
cipitation. Or, to address the question of how much
additional rain fell as a result of Erin-related moisture,
our results show that it caused a near doubling of the
maximum precipitation amount, and a 33% increase in
the area-integrated precipitation. This enhancement trans-
formed this event from a notable rainfall event to an un-
precedented one.

This study represents the beginning of an effort to
quantify the distant effects of recurving TCs on mid-
latitude precipitation systems in the United States. The
TC Erin PRE was an ideal candidate for this type of
analysis because the TC remnants did not pass over the
heavy rainfall area, allowing for a simpler separation of
the moisture sources. Other methods are currently being
used to better understand the physical and dynamical
processes relevant to, and the predictability of, PREs.
These methods include removing the TC from the ini-
tial conditions prior to landfall (e.g., Wang et al. 2009),
and using ensemble sensitivity techniques (e.g., Hakim
and Torn 2008) to analyze precipitation forecasts from
ensemble members that did and did not have PREs.
These efforts are aimed at improved understanding,
and ultimately forecasting, of these high-impact heavy
rain events.
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