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[11 We dynamically downscale the 20th Century Reanalysis (20CR) to a 10-km grid
resolution from 1901 to 2008 over the southeastern United States and the Gulf of Mexico
using the Regional Spectral Model. The downscaled data set, which we call the Florida
Climate Institute-Florida State University Land-Atmosphere Reanalysis for the
Southeastern United States at 10-km resolution (FLAReS1.0), will facilitate the study

of the effects of low-frequency climate variability and major historical climate events on
local hydrology and agriculture. To determine the suitability of the FLAReS1.0
downscaled data set for any subsequent applied climate studies, we compare the annual,
seasonal, and diurnal variability of temperature and precipitation in the model to various
observation data sets. In addition, we examine the model’s depiction of several
meteorological phenomena that affect the climate of the region, including extreme cold
waves, summer sea breezes and associated convective activity, tropical cyclone landfalls,
and midlatitude frontal systems. Our results show that temperature and precipitation
variability are well-represented by FLAReS1.0 on most time scales, although systematic
biases do exist in the data. FLAReS1.0 accurately portrays some of the major weather
phenomena in the region, but the severity of extreme weather events is generally
underestimated. The high resolution of FLAReS1.0 makes it more suitable for local climate

studies than the coarser 20CR.

Citation: DiNapoli, S. M., and V. Misra (2012), Reconstructing the 20th century high-resolution climate of the southeastern
United States, J. Geophys. Res., 117, D19113, doi:10.1029/2012JD018303.

1. Introduction

[2] There is presently a high demand among climate sci-
entists for long-term reanalyses of atmospheric state variables
[Bengtsson et al., 2007]. These long-term reanalyses provide
scientists with several decades of atmospheric data assimi-
lated on a uniform grid, using state of the art data analysis
techniques, which eases climate analysis. Several such reana-
lyses have been developed since the mid-1990s [Kalnay et al.,
1996; Kanamitsu et al., 2002; Uppala et al., 2005; Onogi
et al., 2007; Saha et al., 2010; Dee et al., 2011; Rienecker
et al., 2011]. But the 20th Century Reanalysis (20CR)
[Compo et al., 2011] is unique because it goes back to the late
19th century, which allows climate scientists to study the
impacts of major climate events prior to the widespread use
of upper-air observations. The larger data set also allows
scientists to study long-term trends in the climate record.
Furthermore 20CR is also unique in using consistently only
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one type of observed information to assimilate, namely, the
synoptic observations of surface pressure. This avoids intro-
duction of any artificial variability in the reanalysis from
changing observation systems, thus making 20CR ideal in
some ways for climate diagnostic analysis. 20CR has 2° grid
spacing and a 6-hourly time interval, which may be sufficient
for global-scale analysis, but is too coarse for use in regional
climate studies because of the inability to resolve mesoscale
features.

[3] In this paper, we dynamically downscale the 20CR to
create a 10-km data set over the southeastern United States.
The dynamical downscaling method involves integrating a
regional scale model using the global reanalysis data as
boundary conditions with scale selective bias correction
[Kanamaru and Kanamitsu, 2007a]. Many studies have shown
that some form of nudging in the interior of the regional
domain at the largest wavelengths toward the driving large
scale field is necessary to reduce the climate drift of the
regional climate model [von Storch et al., 2000; Castro et al.,
2005]. This nudging in RSM takes the form of scale selective
bias correction, which results in a much superior simulation
of the regional climate [Kanamitsu et al., 2010]. von Storch
et al. [2000] and Kanamitsu and Kanamaru [2007] claim
that when a global reanalysis is downscaled using a regional
climate model with some form of nudging in the interior of
the domain, the resulting output from the regional model has
qualities comparable to that of a regional reanalysis obtained
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Figure 1. Average annual accumulated precipitation in mm
from (a) FLAReS1.0, (b) 20CR, and (c) PRISM.

from a traditional data assimilation approach. The regional
model we use for downscaling is the Regional Spectral
Model (RSM), which was developed at the National Centers
for Environmental Prediction (NCEP) [Juang and Kanamitsu,
1994] with the most recent updates to it described in Kanamitsu
et al. [2010] and references therein.

[4] A similar project of dynamical downscaling the NCEP-
National Center for Atmospheric Research (NCAR) Reanal-
ysis to a 10-km grid resolution over the state of California
using the RSM is described in Kanamitsu and Kanamaru
[2007]. Their study shows that the downscaled reanalysis
(CaRD10) is able to accurately simulate local mesoscale
events and wind patterns. Although CaRD10 displays bias in
the temperature and precipitation data, the trends and the
variability are reasonably accurate across most timescales. In
addition, the CaRD10 data is in reasonable agreement with
the North American Regional Reanalysis [Mesinger et al.,
2006], and is capable of showing more detail due to its
higher resolution [Kanamaru and Kanamitsu, 2007b]. The
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success of CaRD10 was one of the primary motivations for
the Center for Ocean-Atmospheric Prediction Studies
(COAPS) Land-Atmosphere Regional Reanalysis for the
Southeast at 10-km resolution (CLARReS10) [Stefanova
et al., 2012]. CLARReS10 used the RSM to dynamically
downscale both the NCEP-DOE Reanalysis II and the
European Center for Medium-Range Weather Forecasts
(ECMWF) ERA40 reanalyses over the southeastern United
States. CLARReS10 shows a significant improvement in the
representation of the diurnal and seasonal cycles of rainfall
over the global reanalyses, especially over the state of Flor-
ida, which again is a result of the improved resolution of the
downscaled data and the relatively high fidelity of the RSM
[Stefanova et al., 2012; Misra et al., 2011].

[5] Our study is similar to the CLARReS10 project, but it
downscales the 20CR for the years 1901 through 2008. Our
data set, which we call the Florida Climate Institute-Florida
State University Land-Atmosphere Reanalysis for the South-
eastern United States at 10-km Resolution version 1.0
(FLAReS1.0), allows for the study of the effects of multi-
decadal climate variability on local hydrology and agriculture,
and it also allows for the investigation of major climate events
in the first half of the 20th century, which is otherwise not
possible with CLARReS10. In addition, FLAReS1.0 has a
larger domain than CLARReS10, encompassing the entire
region surrounding the Gulf of Mexico, and it utilizes an
updated version of the RSM (with updates primarily in the
scale selective bias correction [Kanamitsu et al., 2010]). In this
paper, we compare the downscaled reanalysis data against
several observation data sets to determine how well
FLAReS1.0 depicts regional climate processes. We also con-
trast FLAReS1.0 with CLARReS10.

2. Data and Methods

2.1. RSM Description and Model Configuration

[6(] The RSM is a primitive equation model that uses
boundary conditions from the global reanalysis, in this case
6-hourly analyses from the 20CR. A scale-selective bias
correction (SSBC) scheme spectrally nudges the perturba-
tions of the RSM from the 20CR in the interior of the domain,
which prevents unrealistic regional climate drift of the RSM
[von Storch et al., 2000; Kanamaru and Kanamitsu, 2007a].
In addition, the SSBC scheme reduces the sensitivity of the
RSM to the size and location of the regional domain
[Kanamaru and Kanamitsu, 2007a]. In the version used for
generating FLAReS1.0, RSM nudges the rotational compo-
nent of the wind toward the C20R for wavelengths greater
than or equal to 500 km and sets the area average temperature
perturbation of the regional domain to zero as part of its scale
selective bias correction following Kanamitsu et al. [2010].
The model domain extends from approximately 16.2°N to
37.8°N and from 99.4°W to 74.4°W, which encompasses the
southeastern United States, the Gulf of Mexico, and the north-
ern Caribbean Sea. The physics and parameterization schemes
are unchanged from the CLARReS10 runs [Stefanova et al.,
2012]. Specifically, we use the simplified Arakawa-Schubert
deep convection scheme [Hong and Pan, 1998], the shallow
convection scheme described by Tiedtke [1983], the cloud
parameterization scheme from Slingo [1987], and the NOAH
land surface scheme [Ek et al., 2003]. We prescribe daily sea
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Figure 2. Average annual precipitation bias (mm) of FLAReS1.0 computed relative to and PRISM for

the period (a) 1903-1949 and (b) 1950-1999.

surface temperatures from the UK Met Office HADISST
[Rayner et al., 2003], which is consistent with 20CR forcing.
[7] The RSM is run from 1901 through 2008, but in order
to reduce the computing time, we parallelize the process by
running the RSM simultaneously for three subset periods
(streams) with an overlapping period of 5 years to account for
any spin-up issues. These subsets contain the years 1901—
1939, 1935-1974, and 1970-2008. At the end of the five-
year overlap period, the subsets were found to be extremely
well correlated for most variables, with correlation coeffi-
cients greater than 0.95. Precipitation was a notable excep-
tion due to the often chaotic nature of convective storms. To
minimize discontinuities at the transition period, we merge
the data sets from the three streams at times when there is

little to no precipitation in the model domain during this
5 year overlap period.

2.2. Verification Data

[8] Our verification of the FLAReS1.0 downscaled reanal-
ysis focuses primarily on precipitation and temperature vari-
ability as they hold lot of significance for any ensuing
application studies. Moreover the long-term observed analysis
of temperature and precipitation are among the most easily
accessible in the climatological database [e.g., Mitchell and
Jones, 2005; Daly et al., 1994]. To validate annual means
and variability on seasonal to interannual time scales, we use
monthly temperature data from the Climate Research Unit
version 3.1 (CRU) time series [Mitchell and Jones, 2005]. This
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Figure 3. Fraction of the annual total precipitation falling in the months of (a) December—February
(DJF), (b) March-May (MAM), (c) June—-August (JJA), and (d) September—November (SON) from
FLAReS1.0. (e~h) The same as Figures 3a—3d but from PRISM.

data set covers all land areas within the FLAReS1.0 domain at
0.5° grid spacing, and is available for the entire 20th century.
For precipitation, we use the Parameter-elevation Regressions
on Independent Slopes Model (PRISM) [Daly et al., 1994]
monthly precipitation data, which only covers the continental
United States, but has 4-km grid spacing. The PRISM data set
also covers the entire 20th century.

[9] To validate day-to-day precipitation variability, we uti-
lize the National Oceanic and Atmospheric Administration
(NOAA) Climate Prediction Center (CPC) Daily U.S. Unified

Precipitation at 0.25° resolution [Higgins et al., 1996]. This
data set is available from 1948 to 2006 over the continental
United States. For daily temperature observations, we use data
from several observing stations in the southeastern United
States, which are obtained from the National Climatic Data
Center in Asheville, North Carolina. These stations include
Atlanta, GA; Charleston, SC; Jackson, MS; Jacksonville, FL;
Montgomery, AL; New Orleans, LA; Tallahassee, FL; Tampa,
FL; and Miami, FL. We also utilize hourly precipitation data
from the NCEP/Environmental Modeling Center (EMC) U.S.
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Figure 4. Fraction of days with at least 1 mm of precipitation in (a) DJF, (b) MAM, (c) JJA, and (d) SON
from FLAReS1.0. (e-h) The same as Figures 4a—4d but from the CPC Daily U.S. Unified Precipitation

data set.

gridded precipitation analysis at 4 km [Lin and Mitchell, 2005]
to verify diurnal variability. This data is derived from rain
gauges and radar estimates, and is only available from 2002
onwards.

3. Results

3.1. Precipitation

[10] We begin our verification of the FLAReS1.0 data by
calculating the average annual precipitation and comparing
it to the 20CR and PRISM data (Figure 1). We note a large
wet bias in FLAReS 1.0 over much of the northern part of the
domain, stretching from eastern Oklahoma to the Carolinas.
This bias is also present in the 20CR, but has a lesser mag-
nitude. In addition, the southern tip of Florida has an
extremely wet bias in FLAReS1.0, which is completely
absent in 20CR. The CLARReS-ERA downscaled reanalysis
[Stefanova et al., 2012] has similar biases in North Carolina

and South Florida, indicating the presence of a bias within the
RSM. Using the CRU precipitation data set instead of
PRISM yields similar results (not shown). Despite these
biases, FLAReS1.0 does well in projecting several spatial
precipitation patterns, including the local precipitation max-
imum over the north central Gulf Coast and the drying trend
toward central and western Texas. We also calculate the
average bias between FLAReS1.0 and PRISM before and
after 1950 (Figure 2). The bias patterns are similar during
these two periods, but they are slightly larger north of 32°N
in the pre-1950 period, likely the result of the parent 20CR
having fewer observations. However, it is reassuring to note
that the fidelity of the mean state of the downscaled reanal-
ysis is comparable in the two epochs.

[11] We next examine the seasonal cycle of precipitation
in FLAReS1.0, and whether it contributes to any of the
biases examined in the annual mean. Figure 3 shows the
fraction of climatological average seasonal (3-month)
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precipitation divided by the average annual total precipita-
tion in each season of the year for both FLAReS1.0 and the
PRISM data. Over most of the domain, the seasonal cycle is
very well represented by FLAReS1.0. The summer (winter)
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Figure 5. Fraction of days in JJA with at least (a) 5 mm, (b) 10 mm, (c) 15 mm, and (d) 20 mm of pre-
cipitation from FLAReS1.0. (e-h) The same as Figures 5a—5d but from the CPC Daily U.S. Unified Pre-
cipitation data set.
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maximum (minimum) in precipitation over Florida is clearly
reflected in the model. The summer maximum extends
northward toward Georgia and the Carolinas as in the
observations, but FLAReS1.0 overestimates it by as much as
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Figure 6. The timing (UTC) of the climatological diurnal precipitation maximum in JJA from
(a) FLAReS1.0 and (b) the NCEP/EMC hourly precipitation data.

15%. Similarly, a spring maximum in precipitation occurs in
Texas, Oklahoma, and Arkansas like the observations; this is
also overestimated in FLAReS1.0 with a corresponding
erroneous reduction in the fraction of precipitation in the
summer and fall seasons over these areas. Elsewhere, the
relative fractions of precipitation in each season are gener-
ally reasonable in FLAReS1.0 to within 5-10%. We there-
fore conclude that in the northern part of the domain,
increased rainfall in the spring and summer seasons con-
tributes toward the bias in the annual mean; however, in
Florida, the seasonal cycle is well-represented and therefore
is not the primary cause of the annual mean bias.

[12] To determine the cause of the FLAReS1.0 precipita-
tion bias over Florida, we check to see whether the bias is a
result of increased number of rainy days or increased fre-
quency of heavy precipitation events. We begin by calcu-
lating the fraction of rainy days exceeding 1 mm of rainfall
for each season of the year (Figure 4) for FLAReS1.0 and
the CPC daily U.S. unified precipitation data set. From this
figure, we see that the percentage of rainy days in southern
Florida is at least 10-20% higher in FLAReS1.0 than in the
observations in every season of the year. The precipitation
frequency is also too high in the spring and summer seasons
over the northern part of the domain, but elsewhere it is well
represented. In addition, we calculate the percentage of days
with greater than 5, 10, 15, and 20 mm of precipitation in the
summer months (Figure 5). South Florida is biased high in
FLAReS1.0 at all four thresholds, indicating that the pre-
cipitation excess there is caused by both an increase in rainy
days and an increase in heavy precipitation events. We
therefore believe that the convective schemes used in the
RSM are triggering precipitation in South Florida too fre-
quently, and the precipitation generated in the model is too
heavy in this region. In the Carolinas, there is also an
increase in heavy precipitation events, but farther west the
biases are reduced for the higher precipitation thresholds,
indicating that the seasonal excess there is caused by an
increase in the frequency of light precipitation events.

[13] The majority of summer rainfall in the southeastern
United States is convective in nature, and is favored to occur
during the peak heating hours of the day. In addition, local
sea breeze circulations can create a strong diurnal precipi-
tation signal near the coasts [Byers and Rodebush, 1948]. To
make sure these diurnal signals are accurately represented in
FLAReS1.0, we calculate the climatological hour of maxi-
mum precipitation during the summer months for both
FLAReS1.0 and the NCEP/EMC hourly precipitation data
(Figure 6). It may be noted that the NCEP/EMC precipita-
tion data is only available from 2002 onward, which restricts
us to compare the climatology of the diurnal variability of
precipitation. Near the Gulf Coast region, the diurnal maxi-
mum in the FLAReS1.0 data occurs as early as 1900 UTC
(3:00 P.M. EDT) near the coast, and as late as 0000 UTC
(8:00 P.M. EDT) farther inland. This is generally in good
agreement with the NCEP/EMC data and CLARReS-ERA
[Stefanova et al., 2012] (not shown), and the inland pro-
gression of the sea breeze circulation with time is clearly
evident in both data sets. Farther north, however, the diurnal
maximum occurs several hours earlier in FLAReS1.0 than in
the observations. In this area, CLARReS-R2 is much closer
to observations than either CLARReS-ERA or FLAReS1.0
(not shown). Figure 7 shows the diurnal precipitation cycle
for several point locations. FLAReS1.0 clearly displays the
diurnal cycle in all of the cases shown, but Atlanta,
Charleston, Montgomery, and to a lesser extent Jackson all
have the onset of convection occur earlier in FLAReS1.0 than
in the observations. In addition, the peak convective period at
these locations lasts several hours in the model, whereas it is
much shorter in the observations. The diurnal cycle is much
more accurately represented closer to the coastline, particu-
larly in Tallahassee and in Jacksonville, Florida.

3.2. Temperature

[14] The average temperatures for each season of the year
over the southeastern United States are shown in Figure 8 for
FLAReS1.0, 20CR, and CRU. Generally, both FLAReS1.0
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Figure 7. The fraction of JJA precipitation falling at each hour of the day for several major cities from
FLAReS1.0 (red) and the NCEP/EMC hourly precipitation data (blue).

and 20CR are in strong agreement with the observations on
the seasonal temperature cycle over the vast majority of the
region. Calculating model biases relative to the observations
(Figure 9) shows that there is a warm bias in FLAReS1.0
over parts of Texas, which persists throughout the year; this
bias expands eastward toward Mississippi and Alabama
during the summer months. A cold bias exists near the
northern edge of the domain in winter and spring, which is
also present in 20CR. In addition, both FLAReS1.0 and
20CR have a cold bias over the Carolinas throughout the
year. It is clear that some of the biases in 20CR are being
propagated into FLAReS1.0; however, other biases in
20CR, such as the extreme warm bias in Florida in the
winter months, are removed in FLAReS1.0 as a result of
better topographic and land-sea mask resolution.

[15] The occurrence of sub-freezing temperatures in the
winter season has a significant impact on agriculture in the
southeastern United States, especially in Florida [Miller and
Downton, 1993; Downton and Miller, 1993]. To determine
how well FLAReS1.0 simulates freeze events, we compare
the number of freezes in the model to the climatological
records for several cities in each winter from 1948—
49 through 1989-90 (Figure 10). The number of freeze
events in a given year is generally well correlated between
FLAReS1.0 and the observations; however several biases
exist in the time series. The model has a tendency to over-
estimate the number of freeze events prior to 1972 and to
underestimate the number of freezes thereafter. In the
observations there is a noticeable upward trend in the num-
ber of freezes per year at most locations, but this is not
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Figure 8. Climatological average seasonal temperature (°C) during (a) DJF, (b) MAM, (c) JJA, and
(d) SON from FLAReS1.0. (e-h) The same as Figures 8a—8d but from 20CR. (i-1) The same as

Figures 8a—8d but from CRU.

evident in FLAReS1.0. The upward trend in the observa-
tions may be caused by changes in land use, which cannot be
detected in FLAReS1.0 as it did not adopt a time varying land
use. The winters of 1976-77 and 1977-78 were particularly
severe, with record numbers of freezes being recorded in
several locations. FLAReS1.0 correctly shows an abnormally
large number of freezes in those winters, but tends to under-
estimate the extreme numbers. Miami (not shown) only
recorded freezes in January 1977, January 1985, and Decem-
ber 1989. In FLAReS1.0, sub-freezing temperatures only
occurred in the January 1977 event over Miami.

3.3. Case Studies

[16] In this subsection we analyze several significant
weather events using the FLAReS1.0 data. We begin by
studying the model’s depiction of the January 1985 cold
wave, which was one of the most severe Florida citrus freezes

in recent history [Miller, 1991]. 500-1000 hPa thickness
plots overlaid with 850 hPa wind vectors averaged over
20 Jan. 1985 (Figure 11a) clearly show a sharp thickness
gradient with northerly winds in excess of 20 ms ™', indicat-
ing the presence of strong cold advection over most of the
region. On 21 Jan (Figure 11b), the cold advection moves
into Florida, whereas the cold wave is at its peak in the
Tennessee Valley and the southern Appalachian Mountains.
Florida reaches its minimum thickness values on 22 Jan
(Figure 11c), at which point the cold advection begins to
weaken substantially. By 23 Jan (Figure 11d), the air mass
has begun to moderate, and cold advection has ceased over
most of the domain. In Figure 12 we plot the minimum
temperature in FLAReS1.0 over the four-day period.
FLAReS1.0 accurately shows subfreezing temperatures
extending into south Florida, but in general the temperatures
are biased too high. Observed minimum temperatures across
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Figure 9. Climatological average seasonal temperature bias (°C) between FLAReS1.0 and CRU during
(a) DJF, (b) MAM, (c) JJA, and (d) SON from FLAReS1.0. (e~h) The same as Figures 9a—-9d but showing

the bias between 20CR and CRU.

the region include —10°C in New Orleans, —22°C in Atlanta,
—14°C in Tallahassee, and —6°C in Tampa. We therefore
conclude that although FLAReS1.0 clearly shows the synoptic
conditions leading up to the cold wave, it underestimates the
severity. The CLARReS-ERA and CLARReS-R2 downscaled
reanalyses [Stefanova et al., 2012] depict the minimum tem-
peratures with much greater accuracy, likely a result of having
more observed data in the driving global reanalyses (not shown).

[17] S. Bastola and V. Misra (Sensitivity of hydrological
simulations of southeastern United States watersheds to
temporal aggregation of rainfall, submitted to Journal of

Hydrometeorology, 2012) showed from observations that
summer seasonal precipitation over the southeastern United
States and especially over Florida has a significant contri-
bution from diurnal variability, which includes the sea breeze
convection along the coastlines. We now analyze an indi-
vidual sea breeze event from 12 August 1991 in FLAReS1.0.
This particular event was studied by Wakimoto and Atkins
[1994] over central Florida as part of the Convection and
Precipitation/Electrification (CaPE) experiment. Figure 13
shows 10-m wind vectors, convergence, cloud cover, and
precipitation at two-hour intervals from 1600 UTC to
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Figure 10. The number of days in which the minimum temperature drops below 0°C in each winter from
1948 to 49 through 1989-90 for several major cities from FLAReS1.0 (red) and station climatological
observations (blue). The correlation coefficients between FLAReS1.0 and the station observations are

shown at the top-left of each panel.

0000 UTC to monitor the progression of the event. At
1800 UTC (Figure 13a), a sea breeze is developing along
the east coast in the presence of a weak to moderate
southwesterly ambient flow. A large area of weak diver-
gence is analyzed offshore. This is in agreement with the
findings of Stefanova et al. [2012] in their studies with
the CLARReS10 analysis. Meanwhile, a weaker area of
convergence is seen developing in the Tampa Bay area.
As the day progresses, the sea breeze front on the east
coast does not move much, while the west coast sea
breeze front propagates inland. Clouds and rain begin to

develop at 2000 and 2200 UTC (Figures 13b and 13c),
and by 0000 UTC (Figure 13d) a large portion of south-
central Florida is covered in rain as the opposing sea
breeze fronts begin to converge. This pattern is in
agreement with the diurnal maximum plotted in Figure 6,
and the relationship between the ambient wind and the
sea breeze front propagation agrees with theory
[Blanchard and Lopez, 1985]. The amount of precipita-
tion coverage in FLAReS1.0 during this event is in rea-
sonable agreement with observations from the CPC daily
U.S. unified precipitation data set (not shown). The 10-km

11 of 17



D19113

J7N
36N
35N
J4N
33N
32N
J1N
JON
29N
28N
27N T

DINAPOLI AND MISRA: 20TH CENTURY CLIMATE OF THE SOUTHEAST

26N £
25N

9EW 96% GAW 97W SOW BBW SEW BAW S2W BOW 7BW 76W

¢
37N

36N
35N
J4N
33N
32N
31N
JON
29N
28N
27N
26N £
25N

D19113

—_—
10 mis

5100 5160 5220 5280 5340 5400 5460 5520 5580 5640 5700

Figure 11. Daily average 500-1,000 mb thickness (m) overlaid with 850 mb wind vectors from
FLAReS1.0 on (a) 20, (b) 21, (c¢) 22, and (d) 23 January 1985.

grid spacing of FLAReS1.0 does not resolve the microscale
processes observed by Wakimoto and Atkins [1994] that lead
to the formation of clouds and rainfall.

[18] Tropical cyclones provide another major source of
precipitation in the southeastern United States. In addition,
they are often high-impact events that result in catastrophic
flooding and wind damage. To determine how accurately
FLAReS1.0 portrays these systems, we analyze wind, sea level
pressure, and precipitation data during the Labor Day Hurri-
cane of 1935. The Labor Day Hurricane struck the Florida
Keys late on 2 September 1935 as a category 5 storm before
proceeding north along the west coast of the Florida peninsula
and striking north Florida as a category 2 [McDonald, 1935].
FLAReS1.0 clearly shows a low pressure center and associated
counterclockwise circulation that very closely match the
actual track of the hurricane (Figures 14a—14d), but the
intensity and structure of the storm are poorly reflected.
The wind speeds and central pressure are greatly under-
estimated in FLAReS1.0, and the strongest winds are too far
removed from the center. This is a common issue in climate
simulations due to the low resolution of the climate models
[Manabe et al., 1970; Bengtsson et al., 1982, 1995; Tsutsui
and Kasahara, 1996]. In FLAReS1.0 although the spatial
resolution at 10 km is greatly improved compared to the global

climate models, it is limited by the coarse boundary conditions
of the 20CR, which fails to resolve minimum pressure and
maximum winds near the eyewall (not shown). FLAReS1.0
does however show a large shield of moderate to heavy rain
associated with the hurricane with even some spiral banding
features evident (Figures 14e—14h); this was also observed in
the RSM simulation of another related study by Camargo
et al. [2007]. The storm total precipitation in the model (not
shown) is generally close to 100 mm over most of the Florida
peninsula, with localized amounts exceeding 250 mm. Since
these values are close to what is to be expected from a land-
falling tropical cyclone, we can suggest from this case study
that FLAReS1.0 could be further explored to understand the
hydrologic impacts of tropical cyclones on the climate of the
region. However, FLAReS1.0 does not capture the intensity or
structure of individual storms.

[19] The final case study we analyze with FLAReS1.0 is
the frontal system that impacted the southeastern United
States on 13 March 1993. This storm was one of the most
severe frontal systems to ever strike the region, and is often
called the “storm of the century” or the “1993 superstorm.”
The system brought record-breaking snowfall to much of the
East Coast and caused damaging winds and tornadoes in
Florida [Kocin et al., 1995]. We trace the evolution of this
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Figure 12. Minimum temperature (°C) recorded in FLAReS1.0 during the 4-day period from 20 Jan.

1985 through 23 Jan. 1985.

system back to 1200 UTC on 12 March, when it was a
comparatively weak low off the Texas coast (Figures 15a
and 15d). At this point, the pressure and precipitation fields
in FLAReS1.0 are in strong agreement with the synoptic charts
in the analysis by Kocin et al. [1995]. Twelve hours later, the
system is deepening in the Gulf of Mexico, dropping to a
minimum pressure of approximately 995 hPa (Figure 15b), but
this is considerably weaker than the observed minimum pres-
sure of 984 hPa at this time. By 1200 UTC on 13 March, the
system has strengthened to a minimum pressure of 976 hPa
near the Georgia-South Carolina border (Figures 15¢ and 151).
This is slightly weaker than the observed pressure of 972 hPa,
but it is similar to the minimum pressure analyzed by
CLARReS10-ERA40 [Stefanova et al., 2012]. The precipi-
tation field shows a classic comma shape, with a squall line
near the east coast of Florida. This squall line actually moved
across the state between 0400 and 0700 UTC, so the timing is
a few hours late in the model. The model accurately generates
snowfall reaching the Gulf Coast of Mississippi, Alabama,
and extreme western Florida, as indicated by the location of
the 0°C isotherm, with heavier snow falling in northern
Georgia into the Carolinas. The storm total precipitation in
the model (not shown) is 40—-80 mm for most areas, with
localized amounts exceeding 150 mm. These amounts are
slightly higher than in CLARReS-ERA40 or the observa-
tions, but otherwise the effects of this storm are captured
remarkably well by FLAReS1.0.

4. Discussion and Conclusions

[20] We have performed dynamical downscaling on the
20CR global reanalysis available on a 2° grid to a 10-km

grid over the southeastern United States and the Gulf of
Mexico to create the FLAReS1.0 data set. Despite the
improved resolution, there are substantial biases in the pre-
cipitation climatology, especially in southern Florida and in
the Carolinas. We determined that these biases are generally
caused by increased precipitation frequency, particularly
during the summer months. The biases are systematic and
can easily be corrected to facilitate regional climate studies.
The seasonal precipitation cycle is portrayed reasonably well
in FLAReS1.0, with the spatial pattern closely matching the
observations, although some localized biases exist in the
magnitude of the seasonal peak. The climatological tem-
perature data in FLAReS1.0 is generally within a 1-2°C of
observations for all seasons of the year, and the seasonal
cycle is portrayed extremely well.

[21] Our study of several phenomenological events reveals
that the effects of frontal systems, tropical cyclones, and sea
breezes on the local climate are well-represented in FLAReS1.0,
but there are inaccuracies in the portrayal of individual
events. In particular, the intensity of extreme weather events,
such as frontal systems, Arctic outbreaks, and tropical
cyclones tends to be underestimated. FLAReS1.0 does
accurately portray the freeze climatology across the south-
eastern United States, but the severity of the most extreme
cold events is underestimated. We believe that the simulation
of the intensity and evolution of extreme weather events in
FLAReS1.0 is limited somewhat by the forcing of the
coarsely resolved 20CR global reanalysis and also by the
errors of the RSM.

[22] The temporal length of the FLAReS1.0 data set makes
it ideal for studying long-term variability, and the 10-km grid
spacing allows for the resolution of mesoscale variations
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Figure 13. Surface wind vectors, convergence (shading; 10~ s™"), cloud cover (gray hatching), and pre-
cipitation (green hatching) at (a) 1800, (b) 2000, (c) 2200, and (d) 0000 UTC during the 12 August 1991

sea breeze event in central Florida.
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ing at 1200 UTC on 2 September 1935. (e—h) The same as Figures 14a—14d but showing hourly precip-
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Figure 15. (a—c) Mean sea level pressure overlaid with surface wind vectors at 12-h intervals starting at
1200 UTC on 12 March 1993. (d—f) The same as Figures 15a—15c but showing hourly precipitation (mm;
shaded) and the location of the 0°C isotherm (thick red line).

like the sea breeze circulations, frontal boundaries, and
squall lines, which are all major components of the
regional climate. We believe that the FLAReS1.0 down-
scaling data can be exploited further for application studies
that require high resolution climate data to understand the
impact of low frequency variations of climate in the
southeastern United States.
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