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ecent literature suggests that damage, loss of
life, and costs from flooding have risen in recent
decades (Ashley and Ashley 2008; Brissette et al.
2003). In a 2009 Journal of Climate article, Seager et al.
noted that regions of the southeastern United States
face increasing vulnerability to hydroclimatic extremes because of population growth and increasing
population density. In 2008, a majority of the population lived in urban areas, and by 2030 this number is
expected to reach 81%. The unsustainable, modified
water cycle will affect the ecosystem, infrastructure,
and societal activities, thereby requiring revolutionary designs, management, and policies. Burian and
Shepherd (2005) and Reynolds et al. (2008) represent
a sample of recent literature that has reconsidered
the impact of precipitation on urban drainage and
hydrological processes.
In September 2009, the metropolitan area of
Atlanta and surrounding areas in northern Georgia
experienced disastrous urban flooding that inundated
major transportation arteries, closed several major
school systems, submerged the popular Six Flags
theme park, and contributed to at least 10 deaths
as of October 2009 (Fig. 1). The United States Geological Survey (USGS) measured the largest flow ever
recorded on Sweetwater Creek near Austell, which
has a streamflow record dating back to August 1904.
Parts of Cobb and Douglas Counties were inundated
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to levels exceeding the estimated 500-yr flood. The
Yellow River stream gauges in Gwinnett, DeKalb, and
Rockdale Counties measured flows that submerged
the 100-yr floodplains but failed to reach the 200-yr
flood level, which has a 0.5% chance of occurring
in any given year (www.usgs.gov/newsroom/article.asp?ID=2316). The 100-yr flood level with a 1%
chance of occurrence in any given year is one of the
standards that the Federal Emergency Management
Agency (FEMA) uses to set flood insurance rates and
prevent flood plain development. The USGS recorded
100-yr f lood levels on the Chattahoochee River
at Vinings in Atlanta (Fig. 2), where stage heights

F IG . 1. (top) Flooding on U.S. Interstate 285 loop
around Atlanta and (bottom) Six Flags theme park.
(Images courtesy of the Atlanta Journal Constitution,
www.ajc.com).
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335 mm. The cooperative
observing station in Canton,
Georgia (the lead author’s
home town), recorded a total of 435.3 mm of rainfall
over the period. The normal
rainfall for September in
Atlanta is 103.8 mm, yet
totals for September 2009
(227.0 mm) were 219% above
normal at Hartsfield-Jackson
Atlanta International Airport. A climatological assessment by the NWS (www.srh.
noaa.gov/ffc/?n=09wetsep)
revea led that September
2009 was the fifth-wettest
in Atlanta’s history and the
fourth-wettest for Athens,
Georgia. There were other
FIG. 2. Discharge rates (ft3 sec 1) at Chattahoochee River near Vinings, Georgia record totals across North
(just northwest of Atlanta), from 29 Aug to 28 Oct (computed from http:// Georgia as well.
waterdata.usgs.gov).
The goal of this short
communication is to preswere the third-highest known at the Whitesburg ent a brief overview of the synoptic and mesoscale
and Fairburn gauges, after the December 1919 flood conditions leading to the historic Atlanta area floodthat almost wiped out the City of West Point farther ing, present multiple observational perspectives on
downstream, and the flood of April 1886. Interest- cumulative rainfall totals for the event, and consider
ingly, some rainfall totals were not
extraordinary, especially near the urban center, but excessive runoff caused
such large rises in stream stages that
a backwater effect occurred. This
backwater effect describes a situation where a flood wave can progress
upstream, causing flooding. In the
following sections, we offer possible
hypotheses for the apparent “localization” of extreme totals.
A more rigorous analysis beyond
the scope of this text is required to
quantify the level of soil saturation,
but it is reasonable to suggest that
flooding may have been exacerbated
by significant antecedent precipitation
earlier in the week, which contributed
moisture to the soil in advance of the
historic rainfall. Table 1 illustrates FIG. 3. RUC model analysis of 500-hPa height, temperature, and wind
8-day rainfall totals across the area. on 17 Sep 2009 (1200 UTC). The weak cutoff low feature over the
The NWS Automated Surface Ob- Arklatex region persisted for several days leading into the 20–21 Sep
serving System values are as high as ﬂood event. Image courtesy of the NWS Storm Prediction Center.
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hypotheses for the preferred regions
of enhanced rainfall totals around the
Atlanta area.

TABLE 1. 8-day rainfall totals across the area from 14 to 22 Sep 2009.
The National Weather Service and CoCoRaHS Network provided
the data. (NOTE : 1 inch = 25.4 mm)

Rainfall totals
THE SYNOPTIC AND HYDRO(mm)
Station
METEOROLOGICAL SETUP.
While it is important to note that this
Athens (ASOS)
221.4
type of flooding could occur under
other scenarios, we report on the
Cartersville (ASOS)
187.4
interesting synoptic and mesoscale
Columbus (ASOS)
81.7
meteorological conditions leading to
this particular event. A weak cut-off
Gainesville (ASOS)
260.8
low (COL) stalled over the southern
Plains and lower Mississippi Valley
NE Atlanta (ASOS)
335.0
in the days leading up to the events of
20–21 September 2009 (Fig. 3). In a
Peachtree City (ASOS)
128.2
2009 article in the Quarterly Journal of
Rome (ASOS)
148.8
the Royal Meteorological Society, Griffiths et al. described the structure and
West Atlanta (ASOS)
173.2
evolution of COLs. A few studies have
associated COLs with heavy rainfall
Canton (COOP, lead author’s hometown)
435.3
events in other parts of the world
(Griffiths et al. 2009 [Australia]; Llasat
Alpharetta (COOP)
232.1
et al. 2007 [Iberian Peninsula]; Stein
Doraville (COOP)
325.5
et al. 2000 [Europe]). While cut-off
lows do exist across the southeastern
Dacula 2.1 SSW
United States, f loods produced by
325.6
(CoCoRaHS, lead author’s current residence)
these events are not well documented.
In a review of flood events over Texas,
Carrollton (CoCoRaHS)
331.7
Nielsen-Gammon et al. (2005) document the role of a COL in producing
Kennesaw 5 SW (CoCoRaHS)
517.4
the July 2002 flood over south-central
Douglasville 4 S (CoCoRaHS)*
461.8
Texas. In a 2006 Weather and Forecasting article, Schumacher and Johnson found that tropical cyclones were * Rainfall likely underestimated due to gauge overﬁlling.
the most common producers of heavy
rainfall across the southeastern United States, and analysis of floods in the southeastern United States,
mesoscale convective systems (MCS) were the second- Gamble and Meentemeyer (1997) found that frontal
most common. In all other regions of the contiguous systems associated with synoptic features (upper-air
United States, they found that MCSs were the most disturbances), as opposed to fronts interacting with
common producers of heavy rainfall. Of the 24 heavy tropical cyclones, were the dominant mechanism for
rainfall events in the southeastern United States iden- anomalous heavy rain events in northern Georgia.
tified by Schumacher and Johnson (1999–2003), only
The primary role of the COL was as an antecedent
six of the events were “synoptic” in origin (a category rainfall source leading up to the flooding event of
that could include COLs as well as other synoptic- 20–21 September. Figure 4 is a 72-h gauge-adjusted
scale systems). This comparison is more complicated radar estimate (see later sections for more discussion
than it first appears, as MCSs may be embedded of this type of rainfall product) of rainfall over the pewithin a broad area of precipitation that is enhanced riod 16–19 September 2009. It is clear that significant
by a favorable synoptic-scale environment. It is not antecedent rainfall was present, and interestingly, the
clear how the September 2009 event would fit into map even reveals the “fingerprint” of the COL near
the Schumacher and Johnson classification. In their Louisiana and Arkansas.
AMERICAN METEOROLOGICAL SOCIETY
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FIG . 4. 72-h gauge-adjusted radar rainfall estimates over the period 2000
UTC 16 to 2000 UTC 19 Sep 2001 (ﬁgure generated using the analysis tool
at http://nmq.ou.edu).

supplied Atlantic moisture
to the region. Figure 6 is
an NWS assessment of precipitable water in the region,
compared to climatology, in
the days leading up to the
f lood event. It is apparent
that ample moisture was in
place. Further analysis has
suggested that mid- and upper-level moisture from the
remnants of Tropical Storm
Marty (Eastern Pacific) and
low-level moisture from the
remnants of Tropical Storm
Fred (Western At lantic)
may have contributed to the
moisture supply. The Tropical Weather Outlook issued
by the National Hurricane
Center on 20 September
2009 (2 p.m. EDT) stated the
following:
A SMALL AREA OF LOW

From Monday (14 September) to Friday (19
PRESSURE . . . ASSOCIATED WITH THE REMSeptember), rainfall amounts ranging from 25.4 to
NANTS OF FRED. . .IS LOCATED ABOUT 350
254 mm were recorded over northern Georgia, includMILES EAST-NORTHEAST OF THE NORTHing the Atlanta area (NWS,
Peachtree City). Figure 5
shows the surface analysis at
7 a.m. EST (1100 UTC) on 19
September. Though a surface
low-pressure system over the
lower Mississippi Valley area
weakened and lifted farther
north, a persistent southerly
flow associated with the cyclonic f low advected Gulf
moisture into the region for
several days. A review of
Hydrometeorological Prediction Center surface frontal maps and discussions
for September 2009 shows
that origins of the system
can be traced to as early as
8–9 September over Texas.
Anticyclonic flow around a FIG. 5. The surface analysis from 20 Sep 2009 at 7 a.m. (EST). Figure is coursurface high pressure system tesy of the National Weather Service (www.srh.noaa.gov/ffc) and was generalong the East Coast also ated at www.hpc.ncep.noaa.gov/dailywxmap/index.html. Pressure is in mb.
864 |
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WESTERN BAHAMAS AND IS MOVING WEST-NORTHWESTWARD
AT AROUND 10 MPH. TROPICAL
CYCLONE FORMATION IS NOT
EXPECTED DUE TO UNFAVORABLE UPPER-LEVEL WINDS.

The water vapor image (Fig. 7) from
0045 UTC on 21 September 2009 also
reveals a plume of mid- and highlevel moisture that may be partially
attributed to the remnants of Marty.
In a 2007 Geophysical Research Letters
article, Shepherd et al. discussed the
contributions of tropical systems to
cumulative rainfall in the southeastern United States.
FIG . 6. Climatological distribution of precipitable water based on
Regardless of the source, there was rawinsonde soundings taken at Peachtree City, Atlanta, and Athens,
ample moisture, moderate instabil- Georgia, between 1948 and 2003. The precipitable water value obity (surface-based CAPE values near served at 1200 UTC 21 Sep 2009 (2.05 in.) is also annotated.
1539 J kg 1 at Peachtree City
at 1200 UTC on 21 September), and a series of weak
upper-level impulses propagating into the Southeast.
These synoptic-scale factors
contributed to steady and,
at times, heavy rainfall rates
across northern Georgia.
Hydrologically, the region’s
soil and surface storage
(streams, lakes, and rivers)
were near capacity. Antecedent soil moisture is an important hydrological variable
in flood analysis because it
influences the partitioning of
rainfall between runoff and
infiltration. This scenario
set the stage for sustained,
intense rainfall and runoff
during 20–22 September to
exceed an apparent “critical”
threshold for catastrophic FIG. 7. Water vapor image for 21 Sep 2004 (0045 UTC). Green colors represent
flooding.
moister conditions and brown colors represent drier conditions.
MULTIPLE OBSERVATION PERSPECTIVES
ON THE EXTREME RAINFALL: TRADITIONAL AND NONTRADITIONAL. Multiple
observing systems were available to quantify the
magnitude of the storm. These resources include
AMERICAN METEOROLOGICAL SOCIETY

satellite-based estimates, multisensor precipitation
estimates (MPE; http://water.weather.gov), traditional NWS gauge networks (e.g., Table 1), and a
relatively new community volunteer network, the
Community Collaborative Rain, Hail, and Snow
JULY 2011
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this process as a near balance between
cell movement and storm propagation
and refers to these as “quasistationary convective events.” This process
is observed in many environments,
including tropical systems, frontal
systems, and areas of orographic lift.
Training echoes were observed with
the September 2009 North Georgia
flood, particularly in the areas mentioned above where individual cells
repeatedly moved over the same area
for 18 hours.
Space-based observations also
captured this extreme rainfall event.
Figure 9 is the cumulative daily rainfall (12–23 September) as measured
by the Tropical Rainfall Measuring
Mission (TRMM) Multisatellite PreFIG. 8. 24-h rainfall totals (in.) for the period 20 Sep (7 a.m. LT) to 21 cipitation Analysis (TMPA). TMPA
Sep (7 a.m. LT) over North Georgia (courtesy of CoCoRaHS Web is a 0.25-degree product based on the
multisatellite precipitation analysis
site). (NOTE : 1 inch = 25.4 mm)
described by Huffman et al. in a 2007
Journal of Hydrometeorology article.
Network (CoCoRaHS). CoCoRAHS (www.cocorahs. The daily product is composed of available microwave
org) is an informal precipitation observing network (e.g., TRMM microwave imager, Special Sensor Mithat was formed in the aftermath of a flash flood event crowave Imager [SSM/I], Advanced Microwave Scanin Ft. Collins, Colorado, that produced 304.8 mm of ning Radiometer [AMSR], and Advanced Microwave
rainfall in July 1997. Volunteer observers enter daily Sounding Unit [AMSU]) and calibrated infrared (IR)
rainfall totals to a centralized database, and it is im- estimates. TMPA is available for various time intermediately available for use by stakeholders and the vals ranging from 3-hourly to monthly.
public. It is interesting and informative to note the
particular merits of each of these resources for this
unprecedented event.
Figure 8 is the 24-h rainfall totals for the period
20 September (7 a.m. LT) to 21 September (7 a.m. LT)
over North Georgia as measured by CoCoRaHS volunteers. Overlapping measurements in the figure illustrate the density of coverage that CoCoRaHS is able
to provide. The heaviest cumulative rainfall totals are
clustered around Douglas and Carroll Counties in the
western Atlanta suburbs, and the northeastern suburb
of Gwinnett County, two regions that were hardest hit
by flood damage and fatalities. A CoCoRaHS observer
just south of Douglasville in Douglas County reported
an overnight rainfall in excess of 279.4 mm, but was
unable to empty the rain gauge before it overflowed and
may have missed several inches of precipitation accumulation during that time. It is not uncommon to have FIG. 9. Cumulative daily rainfall (mm) during 12–23 Sep
persistent rainfall over a particular area due to a phe- as measured by the Tropical Rainfall Measuring Mission
nomenon called “training.” Chappel (1986) describes (TRMM) Multisatellite Precipitation Analysis (TMPA).
866 |
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TMPA has recently been validated against groundbased gauges (Ebert et al. 2007; Su et al. 2008; Hand
and Shepherd 2009), and has proven to be quite viable
at the daily to monthly scale. It is clear that the heaviest rainfall totals (> 350 mm) over the period fell over
the metropolitan Atlanta area, including an area of
rainfall > 400 mm in the western suburbs.
Later, we also discuss the use of the NOAA’s Multisensor Precipitation Estimate (MPE). MPE (see the
2007 BAMS article by Vasiloff et al.) is a gauge-adjusted radar-estimated rainfall product constructed
on a roughly 4  4 km grid on an hourly basis. MPE
captures spatial variability of rainfall better than rain
gauges, has been validated by Habib et al. in a 2009
Journal of Hydrology article, and has been generated
by the River Forecast Centers. COMET has recently
published a training module on MPE (www.meted.
ucar.edu/hydro/precip_est/part2_analysis). A portion of the module focuses on the Atlanta event.
POSSIBLE MESOSCALE FORCING. The previous discussion clearly reveals that preferred regions
of North Georgia and the Atlanta area experienced
anomalous f looding, while other regions, under
similar large-scale meteorological conditions, did not.
This suggests that some type of meso-beta or mesogamma scale interactions must also be considered.
Orography. Parts of North Georgia and South Carolina
experienced pockets of heavy rainfall that were likely
orographically enhanced. Based on the Peachtree
City sounding (Fig. 10), the low-level flow was from
the southeast and oriented orthogonal to the terrain
while the midlevel flow was southwesterly and parallel to the terrain. This orientation would support
training and redevelopment in the mountainous
terrain. Global Forecast System (GFS) analysis also
revealed that the low-level jet was up to 5 standard deviations (SD) above normal (Fig. 11) into a region with
precipitable water values over 2 SD above climatological normal (Noel 2009, personal communication),
resulting in moisture flux of 3–4 SD above normal.
It is evident that mesoscale forcing, thermodynamic
setup, and the synoptic environment were optimized
for maximum precipitation potential.
Possible boundary interactions. Shem and Shepherd
(2008) and Niyogi et al. (2006) recently used
modeling and radar-based observational studies
to illustrate how urban land cover might enhance
preexisting convective storms. Shepherd et al. (2010)
AMERICAN METEOROLOGICAL SOCIETY

F IG . 10. Peachtree City sounding on 21 Sep 2009
(1200 UTC). Sounding acquired from the University
of Wyoming (http : //weather.uwyo.edu /upperair/
sounding.html).

and Shem and Shepherd (2008) discuss the mechanisms for this urban enhancement (enhanced convergence, destabilization due to urban heat island
warming, and increased sensible heat flux) for the
city of Atlanta. An examination of the MPE totals
for September (Fig. 12) further suggests that there
were preferred regions of enhanced precipitation.
The MPE-derived totals clearly indicate an arc of
enhanced rainfall totals from the northwest suburbs
(Douglas, western Cobb Counties) over to the northeast suburbs (Gwinnett County). The Peachtree City
soundings resolve a prevailing southeasterly-tosoutherly flow at low levels during much of the period. Shepherd et al. (2002) and Hand and Shepherd
(2009), building on work of Changnon et al. (1981),
developed a framework for describing where rainfall
might experience urban enhancement under specific
prevailing wind flows. Several studies (see Hand and
Shepherd 2009 or Mote et al. 2007) have indicated
that the preferred region for urban-enhanced precipitation is anywhere from 25 to 100 km downwind
of the central business district. Under the scenario
for the Atlanta f lood event, the aforementioned
northern Atlanta suburb counties would be located
in the “downwind” region part of the Atlanta land
cover boundary (Fig. 12). This is speculative at this
point. Operational forecast models do not currently
capture the complex interactions between the urban
land cover and the atmosphere, but aforementioned
literature suggests that continued research in this
area is needed.
JULY 2011
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pect increased areal coverage of impervious surfaces to alter the natural
hydrologic response. It is clear that an
approach similar to Reynolds et al.
(2008) (e.g., fully coupled atmospheric-hydrologic-land surface models) or
others may be required to fully capture the effects and feedbacks among
intense rainfall, impervious surface,
soil moisture, and conveyance systems at multiple scales.
Preliminary radar analysis (not
shown) resolves a merger between a
northwest-moving sea breeze front,
and outflow from an existing precipitation band was also observed during
the early evening of 20 September.
The NWS Peachtree City Office is
investigating whether the merger may
have played some role in the enhancement of lift and providing additional
moisture and condensation nuclei
for enhanced precipitation through
the night. We find this analysis to
be speculative at this point and only
reference the interaction to present the
reader with a complete set of processes
for future research or analysis.
CONCLUDING STATEMENTS.
We have described what appears to be
FIG. 11. 6-h forecasts from GFS valid at 0600 UTC on 21 Sep (from
the 0000 UTC run) of (top) low-level jet anomalies and (bottom) a rare Southeast flood episode associmoisture-ﬂux standardized anomalies. Graphics provided by NOAA/ ated with a unique mix of synoptic,
NWS/NCEP Hydrometeorological Prediction Center Development mesoscale, and tropical forcing. The
Training Branch (www.hpc.ncep.noaa.gov/training/SDs).
combination of this meteorological
setup coupled with hydrologic sensiLess speculative is the role that urban land cover tive watersheds led to a historic hydrometeorological
played in the hydrological response. Previous stud- event in the Atlanta area. The study clearly estabies have noted the role that the urban environment lished that several classic ingredients of an excessive
has on the hydrologic cycle, including runoff, infil- rainfall event were present, namely orography, tropitration, evapotranspiration, and precipitation (see cal moisture, training, and mesoscale boundaries.
Reynolds et al. 2008 for a review). Reynolds et al. Additionally, qualitative analysis indicates that it is
(2008) found that impervious surfaces in Houston plausible that some urban land cover interactions, as
distributed stormwater to conveyance systems with reported in the literature, could have influenced the
more volume over a shorter amount of time, which distribution of the heaviest rainfall around the city.
increases the risk of overwhelming the capacity of However, there is no conclusive evidence supporting
the system. It is likely that Atlanta experienced a this hypothesis at this time, but we are conducting
similar response as what is described in Reynolds a series of coupled atmosphere–land surface model
et al. (2008). Shem and Shepherd (2008) illustrated runs to reengineer the storm in order to ascertain
how impervious surfaces in the Atlanta area have how urban land cover and soil-moisture capacity
increased in recent decades, and it is plausible to ex- likely affected the hydroclimate and land surface
868 |
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hydrology for this event. These simulations will also allow us to conduct
sensitivity analyses by isolating different components (e.g., removing
mountains, representing urban land
cover, etc.) to quantify relative contributions to the cumulative totals and
distribution.
If IPCC projections are accurate,
the frequency and severity of extreme
hydroclimate events (e.g., droughts,
floods) will likely increase in response
to the acceleration in the water cycle.
In a 2004 Journal of Hydrometeorology
article, Groisman et al. argued that
heavy and very heavy rainfall events
have already increased in the twentieth century, and a 2007 Geophysical
Research Letters article by Brommer
et al. found that long-duration rainfall
events are becoming wetter. Therefore,
this timely analysis is relevant from
the perspective of meteorological
analysis as well as climate analysis.
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