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ABSTRACT

This study examines the geographic and temporal characteristics of the springtime transition to the summer
precipitation regime of isolated convection in the southeastern (SE) United States during 2009-12, using a
high-resolution surface radar-based precipitation dataset. Isolated convection refers herein to isolated ele-
ments or small clusters of precipitation in radar imagery less than 100 km in horizontal dimension. Though the
SE United States does not have a monsoon climate, it is useful to apply the established framework of monsoon
onset to study the timing and regional variation of the onset of the summer isolated convection regime.
Overall, isolated convection rain onset in the SE U.S. domain occurs in late May. Onset begins in south
Florida in mid-April, continuing nearly simultaneously across the southeastern coastal plain in early to mid-
May. In the northern domain, from Virginia to the Ohio Valley, onset generally occurs much later (mid-June
to early July) with more variable onset timing. The sharpness of onset timing is most evident in the coastal
plain and Florida. Results suggest the hypothesis, to be examined in a forthcoming study, that the timing of
isolated convection onset in the spring may be triggered by specific synoptic-scale events within gradual
seasonal changes in atmospheric conditions including extratropical cyclone tracks, convective instability, and
the westward migration of the North Atlantic subtropical high. This approach may offer a useful framework
for evaluating long-term changes in precipitation for subtropical regimes in an observational and modeling
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context.

1. Introduction

The southeastern (SE) United States experiences am-
ple precipitation year-round, about 100 mm month™! on
average since the late nineteenth century (NOAA/NCEI
2019). Embedded within the relatively flat annual cycle
of precipitation is a clear summer maximum in rain from
isolated convection (Rickenbach et al. 2015), typically
with the spatial and diurnal characteristics of airmass
thunderstorms. Isolated convection refers herein to
precipitation organized as isolated elements or small
clusters with associated radar pattern less than 100 km in
horizontal dimension (Rickenbach et al. 2015), that is,
less than mesoscale in size (Houze 1989). Accordingly,
isolated convection as defined here represents a similar
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but more general categorization than pulse thunder-
storms (Miller and Mote 2017), which are restricted to
groups of thunderstorms associated with severe weather
in a weakly forced synoptic environment. Superficially,
the seasonal cycle of isolated convection rain in the SE
United States resembles the annual precipitation evo-
lution of a monsoon. However, while the hallmark of a
classical monsoon is a well-defined wet and dry season,
the summer convective season in the SE United States
instead emerges from changing seasonal characteristics
of precipitation systems that occur all year. The annual
progression of precipitation regimes in the SE United
States include frontal rain and mesoscale convective
systems associated with extratropical cyclones that
occur year-round (Geerts 1998; Curtis 2006; Feng
et al. 2019), isolated thunderstorms in the warm season
(Wallace 1975; Winkler et al. 1988; Brooks and Stensrud
2000), and tropical cyclones in late summer and fall
(Larson et al. 2005; Zhou and Matyas 2017). These re-
gimes overlap considerably, influenced by a seasonal
evolution of interacting forcing mechanisms including
the position of the midlatitude jet stream and associated
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extratropical (ET) cyclone track (Zishka and Smith
1980; Nieto Ferreira et al. 2013), the annual cycle of
SSTs (Li et al. 2017), and the intensification and west-
ward migration of the North Atlantic subtropical high
(NASH) (Henderson and Vega 1996; Li et al. 2011; Zhu
and Liang 2013).

Although the summer convective season in the SE
United States is not a monsoon, it is useful to consider
established mechanisms of monsoon onset since both
regimes share certain aspects of seasonal evolution, in
particular the onset timing and regional variation. In the
Indian monsoon, precipitation advances northward in
late spring (Fasullo and Webster 2003; Noska and Misra
2016) associated with the poleward migration of the
ITCZ, and modulated by a seasonal large-scale ther-
mally direct land-ocean circulation (Ramage 1971).
Arrival of the precipitation associated with the migrat-
ing ITCZ marks the onset of the monsoon. Regional
variants of the classical monsoon, such as in Southeast
Asia and South America, emphasize the role of tropical—
extratropical interactions in the timing and geographic
pattern of monsoon onset. In Southeast Asia, the ex-
tension of a stalled extratropical frontal zone (the
mei-yu front) into the subtropics often inaugurates
the monsoon season, typically in May (Lau and Yang
1997; Yihui and Chan 2005). The establishment of the
South Atlantic convergence zone (SACZ), a stationary
extratropical frontal region extending into the tropi-
cal Amazon basin, is the key to triggering spring-
time monsoon onset in subtropical South America
(Garreaud 2000; Raia and Cavalcanti 2008; Nieto
Ferreira and Rickenbach 2011). In these regions,
monsoon onset is generally rapid and well defined,
resulting from the gradual increase in solar insola-
tion in conjunction with a rapid dynamical trigger.
Regional monsoon onset in South America is typically
defined by attainment and sustained exceedance of
a precipitation threshold appropriate to the annual
precipitation climatology (Marengo et al. 2001). In the
SE United States, isolated convection is driven by
thermodynamic instability common in the warm sea-
son, though large-scale circulations such as jet stream
trough and ridge patterns influence favorable condi-
tions (Byers and Braham 1948; Wallace 1975; Maddox
and Doswell 1982). Mesoscale convection generally
requires dynamical forcing often in association with
forced frontal ascent that may or may not be associ-
ated with thermodynamic instability (Harrold 1973;
Rasp et al. 2016). Radar analyses for the SE United
States suggest a summertime increase in heavy pre-
cipitation (Fabry et al. 2017) and radar echo fre-
quency (Carbone and Tuttle 2008) in the coastal
region with a strong afternoon diurnal maximum, a
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trend which Rickenbach et al. (2015) associate mainly
with isolated convection.

Rickenbach et al. (2015) applied a size-based criterion
to 4 years of instantaneous radar observations of con-
tiguous precipitation features in the SE United States,
as a simple proxy to distinguish between precipitation
features smaller than 100km in horizontal dimension
and those greater or equal to 100 km. The 100 km size
threshold corresponds to the minimum size of a meso-
scale convective system (MCS), which is a specific type
of mesoscale precipitation feature with a leading line of
convection and associated stratiform rain (Leary and
Houze 1979; Houze 1989). Rickenbach et al. (2015)
found a clear warm season maximum in rain from
isolated precipitation features (hereafter IPF), while
precipitation from mesoscale precipitation features
(hereafter MPF) was relatively constant from season
to season. Their approach established that the IPF
framework is useful to study diurnal to seasonal changes
in isolated convection. This objective framework is
designed to distinguish mesoscale from smaller-scale
precipitation features using a simple, easily reproduc-
ible approach, independently of ambient environmen-
tal conditions, time evolution of features, heavy rain
thresholds, associated severe weather, or combining
multiple datasets. Other studies objectively analyzed
rain systems to identify MCS in reflectivity maps (Geerts
1998; Haberlie and Ashley 2019; Feng et al. 2019), geo-
stationary infrared satellite images (Machado et al.
1998; Carvalho and Jones 2001), or combined radar and
passive microwave satellite measurements (Nesbitt et al.
2000; Rickenbach et al. 2011). These studies applied a
combination of size, shape, duration or intensity algo-
rithms to identify MCS based on criteria outlined in
Houze (1989) for the construction of regional climatol-
ogies and case studies. Carbone et al. (2002) examined
the propagation characteristics of radar-observed rain
features in the continental United States over several
years, and inferred the presence of MCS based on du-
ration and size in a time—distance depiction. The weakly
forced (pulse) thunderstorm climatology of Miller and
Mote (2017) used composite reflectivity maps to identify
heavy raining convective cells, tracked in time, and
sorted as to storm environment. In the framework of the
present study, phenomena such as pulse thunderstorms
and MCS are subsets of the broader categories of IPF
and MPF.

This paper builds upon the radar-based precipitation
analysis of Rickenbach et al. (2015), focusing on the
spring to summer transition of IPF rain in the SE United
States for 2009-12 to address the following questions.
Does the warm season onset of IPF precipitation in the
SE United States progress poleward like a classical
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F1G. 1. The SE U.S. study region. (left) Numbered 2° X 2° boxes covering the analysis domain, and (right) state
names (italicized) and geographic regions (plain font) discussed in the paper.

monsoon? Is IPF onset gradual over several weeks, or
rapid over several days similar to monsoon onset? What
are the regional characteristics of IPF onset timing? Are
these behaviors consistent year to year?

By applying monsoon concepts to examining the
onset of the summer precipitation regime, this paper
establishes a useful framework for a forthcoming study
of the large-scale mechanisms controlling the annual
cycle of the isolated convection season in the SE
United States. This approach may also aid in the
evaluation of long-term changes in regional precipita-
tion (past and future) of the SE United States and other
mixed subtropical regimes in the context of observa-
tional and high-resolution modeling studies.

2. Methodology

The precipitation data used in this study is derived
from the high-resolution radar-based National Mosaic
and Multi-Sensor Quantitative Precipitation Estimation
dataset (NMQ; Zhang et al. 2011), extracted from the
national mosaic for the SE United States. The NMQ
dataset was derived from the national network of Next
Generation Weather Radar (NEXRAD), assembled
on a 0.01° X 0.01° grid (roughly 1km X 1km), con-
structed and archived at the NOAA/National Centers
for Environmental Information (NCEI). The current
version of this precipitation dataset, the Multi-Radar
Multi-Sensor (MRMS) Reanalysis from NEXRAD

quantitative precipitation estimates (QPEs), is avail-
able at NOAA/NCEI (https://data.nodc.noaa.gov/cgi-
bin/iso?id=gov.noaa.ncdc:C01543). This dataset was
used in a 4-yr study (2009-12) of mesoscale and iso-
lated precipitation organization for the SE United
States (Rickenbach et al. 2015). As in that study, all
rain features less than 100 km in maximum dimension
were objectively identified in instantaneous images as
IPF, with the remainder as MPF using the 100 km size
threshold of an MCS (Houze 1989). A rain feature is
defined as a contiguous group of pixels with instan-
taneous rain rate greater than or equal to 0.5mmh ™!,
corresponding to light rain. Rickenbach et al. (2015)
show examples of IPF and MPF feature identification
results for both summer and winter precipitation events.

The IPF and MPF features are identified in instanta-
neous rain maps each hour for the 4-yr dataset spanning
2009-12. Precipitation is then summed at each pixel to
produce maps with daily values for IPF, MPF, and total
precipitation. High-resolution monthly maps of IPF
precipitation, averaged over the 4 years, are constructed
from the daily values. Pentad averages of daily precipi-
tation for the IPF and MPF categories are determined
within each of 34 (total) 2° X 2° box regions. From these
pentad values, time series of IPF precipitation for each
year and all years combined are produced for each box
and for all boxes combined. Shown in Fig. 1 is the array
of boxes (numbered 1-34) defining the SE U.S. do-
main used in the analysis, along with geographic regions
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TABLE 1. Lookup table of pentad dates during spring and summer.

Pentad number Date range
19 1-5 Apr
20 6-10 Apr
21 11-15 Apr
22 16-20 Apr
23 21-25 Apr
24 26-30 Apr
25 1-5 May
26 6-10 May
27 11-15 May
28 16-20 May
29 21-25 May
30 26-30 May
31 31 May—4 Jun
32 5-9 Jun
33 10-14 Jun
34 15-19 Jun
35 20-24 Jun
36 25-29 Jun
37 30 Jun—4 Jul
38 5-9 Jul

referenced in the paper including south Florida, the Gulf
Coast, the southern and southeastern coastal plain, the
Appalachian Mountain region, and the Ohio Valley.
Table 1 provides the dates of the 5-day period corre-
sponding to each pentad number from April to July, the
months spanning the onset season.

The determination of IPF rain onset pentad in each
2° X 2° box is based on the methodology of Marengo
et al. (2001), Liebmann and Marengo (2001), and Nieto
Ferreira and Rickenbach (2011) established for studies
of regional patterns of the South America monsoon
onset. Onset timing is determined at each box based on
IPF rain exceeding a threshold value and remaining
above it for a sufficient period. The choice of a single
threshold based on the regional average was demon-
strated in the aforementioned studies to tie the seasonal
evolution of onset in South America more directly to the
seasonal migration of the intertropical convergence
zone. The onset threshold value is defined to be the
2009-12 IPF average rain rate over the SE U.S. domain
(Fig. 1), which was 0.76mmday '. The sensitivity of
onset timing to variations in this threshold is discussed in
section 4. For each year, the time series of pentad-
averaged IPF rain values of a given box was searched
starting with the first value of the year. The first pentad
to have met the following two criteria were identified as
the onset pentad. First, the IPF rain value had to equal
or exceed the onset threshold. Second, five of the eight
subsequent pentad IPF rain values were required to be
greater than or equal to the threshold. This second cri-
terion ensured that IPF rain onset represented a sus-
tained increase rather than a transient peak in rainfall,
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accounting for the inherent variability of precipitation.
Each year, the onset pentads for each box are deter-
mined from the box-averaged time series. Similarly, the
2009-12 average time series is used to find the mean
onset pentads at each box. The overall onset pentad for
the entire SE U.S. domain is determined for each year,
and for all years combined, from time series averaged
over all boxes.

3. IPF rain onset evolution: 4-yr mean

Although IPF precipitation in the SE United States
is a relatively small fraction (22%) of the total, the
seasonal averages have a distinct annual cycle (Table 3).
The relative amount of IPF precipitation for the 2009-12
average progresses seasonally from a DJF minimum of
8% to a JJA maximum of 39%. The 2009-12 mean an-
nual cycle of pentad-averaged precipitation for the SE
United States (Fig. 2) demonstrates a clear summer
maximum in IPF precipitation embedded within a var-
iable but relatively trend-free annual variation in MPF
and total precipitation. Outside of the summer season,
MPF precipitation is particularly variable, consistent
with the association of MPF in winter almost exclu-
sively with the frontal zones of transient ET cyclones
(Rickenbach et al. 2015). The mean IPF precipitation
increases fairly steadily from about pentad 22 (mid-
April) to a maximum around pentad 42 (late July).
During the springtime increase, the IPF onset criteria
applied to this time series diagnosed an onset date of
pentad 27 (mid-May).

Shown in Fig. 3 are seasonal maps of the percentage
of the total precipitation in the IPF category, which
indicate the geographic variation of the seasonal pro-
gression of IPF relative to the total (IPF + MPF)
precipitation. In winter (DJF), IPF precipitation is
sparse, generally accounting for less than 10% of the
total for the entire domain, except for 20%—-40% IPF in
south Florida. This demonstrates that most precipita-
tion is organized on the mesoscale across most of the
SE United States in winter. By spring (MAM), the IPF
contribution to the total increases somewhat to 20%-30%
across the coastal plain and Appalachian Mountain
region, while in south Florida a clear maximum of
60%-70% IPF emerges. The summer months (JJA)
have a large increase in IPF percentage in those same
regions with values from 60% to 70% throughout the
Appalachian region as well as the southeastern and
southern coastal plain. The highest summertime values
of IPF rain fraction (70%-80%) are concentrated in
the mountains of western North Carolina, and in the
southern tip of Florida. There is a sharp contrast in IPF
rain fraction that exactly follows the Gulf Coast and
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2009-2012 Mean Total all boxes
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Rain Rate (mm day-?)

2009-2012 Mean IPF, all boxes

Rain Rate (mm day)
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1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73
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2009-2012 Mean MPF all boxes
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Rain Rate (mm day?)
O R, N W b U1 O N

FIG. 2. The 2009-12 averaged pentad-mean seasonal cycle of
(top) total rain, (middle) IPF rain, and (bottom) MPF rain for each
of the 4 years of the study. The IPF onset pentad is indicated in red.
Units are mm day !

coastal northeastern Florida, with much lower IPF
fraction offshore (20%-30%) compared to inland
(50%-70%), strongly suggesting that a contrast in
coastal conditions favors isolated convection onshore
and deters it offshore. In the fall (SON), IPF rain
percent drops to 10%-30% across most of the domain,
but remains similar to the summer values in the
Florida panhandle and in the warm surrounding ocean.
Figure 3 suggests that summer IPF precipitation is
particularly favored in the coastal plain, Appalachian
Mountain region, and south Florida. While IPF pre-
cipitation accounts for < 10% of the total in winter
north of Florida, it remains an important component
of rainfall year-round in south Florida with a summer
maximum that extends into fall. These trends are
broadly consistent with maps seasonal fraction of
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mesoscale convective system precipitation shown in
Feng et al. (2019).

The 2009-12 monthly averaged maps over the SE
United States of IPF rain for the onset transition months
of April, May, June, and July are shown in Fig. 4. In
April, prior to onset, IPF rain is sparse and weak with no
geographic pattern across the domain except for a small
region of enhanced IPF rain at the southern tip of

lorida. By May, IPF rain increases dramatically espe-
cially along the Gulf Coast, southeastern coastal plain,
and the Florida peninsula. In June, the coastal contrast
of land-based IPF is very clear and remains well defined
into July, while IPF rain gradually populates the interior
by July. This pattern is also evident in the pulse thun-
derstorm climatology of Miller and Mote (2017). The
highest values are in July along the Gulf Coast of
Florida. Note the general north to south gradient of IPF
rain by July, with less in the northern domain. The
monthly progression indicates a large increase from
April to May, consistent with the mid-May overall IPF
rain onset timing (Fig. 2).

How does the mean 2009-12 IPF onset timing, and
the magnitude of increase in IPF rain post- versus
preonset, vary regionally across the SE United States?
The onset pentad was determined at each of the
34 (total) 2° X 2° boxes as described in section 2. The
resulting geographic pattern of onset pentad is shown
in Fig. 5a. The range of onset dates in all boxes varied
from pentad 22 to 40, or mid-April to mid-July. Onset
began in the southern end of the Florida peninsula and
at one Gulf Coast box at pentad 22 (mid-April),
consistent with the monthly maps shown in Fig. 4.
For the southeast coastal plain and Gulf Coast, there
was a general tendency for boxes in those regions to
have consistent onset timing, with onset between
pentad 25-27 (the first half of May). The northwestern
domain in the Ohio Valley had the most geographi-
cally variable range of onset. The increase from pre-
to postonset IPF rain was measured by the the mean
IPF rain rate three months following minus the mean
IPF rain rate three months prior to the onset date for
each box (Fig. 5b). The greatest increase occurred in
the southern coastal plain, Gulf Coast, and southern
Florida. The northern boxes, in contrast, had relatively
small increases in postonset rain, coinciding with the
area of spatially variable onset date. These results
suggest that in the southeastern coastal plain and Gulf
Coast, IPF rain likely has a common onset mechanism
resulting in a consistently timed, large increase in early
to mid-May. In the northern domain however, onset
timing is highly variable with relatively small differ-
ence in post- versus preonset IPF rain, suggesting dif-
ferent mechanisms for IPF onset there.
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FIG. 3. The 2009-12 seasonal evolution of the percentage of total precipitation in the IPF category, where total is
the sum of MPF and IPF, for (a) winter (DJF), (b) spring (MAM), (c) summer (JJA), and (d) fall (SON). At the
edge of radar coverage offshore the IPF fraction contain spurious values due to geometric range effects.

The sensitivity of the onset threshold value on the
determination of onset pentad was evaluated across a
range of threshold values and geographic regions. The
rain threshold value of 0.76mmday ' (the “base”
threshold) was varied at regular intervals up to =70%
of the original value. For each threshold interval, the
onset pentad determined from the base threshold was
subtracted from the onset pentad determined from

each threshold interval. This analysis was performed
for the 2009-12 average time series, for the overall
domain and for four geographically diverse boxes, and
is summarized in Table 2. For the full domain time
series, changing the rain threshold up to 30% has no
little effect on the onset pentad, with a much greater
effect as the threshold is changed more than 50%.
A 70% increase in the rain threshold causes onset to
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FIG. 4. The 2009-12 monthly averaged IPF rain maps over the SE United States for (a) April, (b) May, (c) June, and
(d) July. Units are mm day %,

occur 7 pentads later than the base threshold, while a
70% decrease results in onset 15 pentads earlier.
Similar trends occur for the individual boxes, with less
sensitivity to threshold changes for the southern boxes
(25 and 33) where IPF onset is more abrupt and more
clearly defined. For box 2 in the northern domain,
where IPF rain is weak and more variable, thresh-
old increase at or above 30% prevents onset while

decreasing the threshold at or below 30% moves onset
3-5 months earlier.

Is the timing of onset in each box similar for each of
the four individual years, that is, do any regions have a
consistent onset pentad from year to year? Fig. S5c shows
the standard deviation of onset pentad over the 4 years
at each box. The lower the standard deviation the more
year-to-year consistency in the onset pentad. In general,
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FIG. 5. Onset-related metrics derived from the 2009-12 averaged IPF pentad time series for each analysis box in the SE United States,
including (a) onset pentad number; (b) the difference (post minus pre) between the three-month postonset averaged IPF rain rate and
the three-month preonset averaged IPF rain rate (mm day~!); and (c) the standard deviation of onset pentad number at each box over the
4 years, with missing box value indicating where only one year met onset criteria. Values are printed in each box and are shown in the
corresponding color bar.

the southern domain boxes (coastal plain and Florida) rain ranged by 30% with the highest value in 2010 and
have a more consistent timing of onset, with a standard lowest in 2011. The large IPF rain summer maximum
deviation between 2 and 3 pentads. Farther north, the seen in the 4-yr mean (Table 3) is also present each year
boxes from the Carolinas to the northwest domain have  (Fig. 7), with about a 6:1 difference from summer versus
less consistent onset timing from one year to the next winter on average. During 2010 the IPF rain was 25%
with standard deviation as high as 7-10 pentads. This above the summer mean, while the MPF precipitation in
suggests that in the southern domain onset is tied to a DJF (winter) of 2010 was about twice as much as each of
more consistently timed seasonal mechanism each year, the other years. The anomalously high winter MPF
while in the north onset mechanisms may be more var-  precipitation that year coincided with the strong El Nifio
iable from year to year. of the 2009-10 winter season, consistent with expec-
tations of above-average winter precipitation in the
southern United States during strong El Nifio years
(Ropelewski and Halpert 1986; Curtis 2006). The

This section examines and compares IPF rain onset pentad-averaged IPF annual cycle over the SE United
characteristics each year, to explore further the differ- States is generally similar for each year (Fig. 8) with
ences and similarities in the timing and regional varia- some differences in onset timing and in pre/postonset
tion of IPF onset from year to year. First, an overview variability. Onset dates each year are in May, with the
comparison of annual and seasonal precipitation (IPF, earliest in 2009 (pentad 25, early May) and the latest
MPF, and total) for the SE U.S. domain is shown in in 2011 (pentad 30, late May). The springtime onset is
Fig. 6. The total precipitation annual mean for the entire  particularly sharper in 2009 and 2010, with mean IPF
SE U.S. domain was within about 15% from year to rainincreasing dramatically at onset by a factor of 2-3
year, similarly for MPF precipitation. The IPF rain is above all previous values for the year, and a sustained
about one fifth of the total overall, and year-to-year IPF  increase each pentad through the summer months.

4. IPF rain onset evolution: Each year

TABLE 2. Sensitivity of onset pentad on onset rain threshold value for the 2009-12 mean IPF time series. Columns show the difference
between the onset pentad determined at threshold values up to 70% greater than or less than the base threshold value of 0.76 mm day !,
and the onset pentad determined from the base value (test value minus base value). Results shown for four different box time series and
for the all-domain time series.

70% 50% 30% 10% 0% —10% —-30% —=50% —=70%
All domain 7 2 0 0 0 0 —4 -5 —15
Box 33 5 5 5 5 0 0 0 0 -6
Box 25 10 2 2 0 0 -1 -3 -7 —-14
Box 13 15 11 11 0 0 0 0 -8 -8
Box 2 No onset No onset No onset 0 0 =7 -17 -17 —28
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FIG. 6. Annual averaged precipitation (mm day ") over the SE
U.S. domain for each of the 4 years. Shown are IPF (blue), MPF
(gray), and total (black) precipitation.

In contrast, the pre- and postonset IPF rain is more
variable for 2011 and 2012, with several values of IPF
rain exceeding the threshold from six to eight pentads
prior to onset in both years. Following onset in 2011,
IPF rain decreases to half the onset value for three
subsequent pentads before reaching high sustained
postonset levels. In 2012, IPF rain decreases notably
by pentad 36 (late June) over a month after onset,
related to the Gulf Coast landfall of Tropical Storm
Debby with associated mesoscale precipitation, to
be discussed in a forthcoming study of IPF onset
mechanisms.

Maps of the regional variation of IPF onset pentad
each year are presented in Fig. 9, along with the post-
minus preonset IPF rain difference, where ‘‘pre” is
averaged three months prior to and “post” is three
months following onset (similar to Fig. 5). The geo-
graphic onset pattern is similar for 2009 and 2010
(Figs. 9a,c), with the following general features. Both
years have a large region of simultaneous onset in the
southern coastal plain and southern Appalachia, at
pentad 25 (early May) in 2009 and pentad 28 (mid-
May) in 2010. For 2009, onset in south Florida peninsula
occurs two pentads following the coastal plain onset,
while in 2010 south Florida onset happens two
pentads prior. In both years, the spatial pattern of
onset in Virginia (northeastern domain) occurs much
later, in pentads 34-39 (mid-June to mid-July), com-
pared to the southern region. In general for a given
year, onset pentads across the northern domain are
much more variable than in the central and southern
regions. Several of the boxes in the Ohio Valley
(northwestern domain) do not meet the onset criteria
for the given year. The post- minus pre-IPF rain dif-
ference for 2009 and 2010 (Figs. 9b,d) are quite similar,
with much larger rain increases after onset in the
southern coastal plain and Florida compared to the
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TABLE 3. The 2009-12 seasonal and annual precipitation contri-
bution of IPF and MPF to the total, for the SE U.S. domain.

IPF MPF
DJF 8% 92%
MAM 16% 84%
JIA 39% 61%
SON 20% 80%
Annual 22% 78%

northern domain. In 2011 (Fig. 9¢), onset is clearly
later than for the other years across most of the do-
main. The southern coastal plain (southern Alabama
and Mississippi) boxes have coincident onset timing
in 2011, but about five pentads (25 days) later than in
2009 and 2010. The 2011 onset pentads are quite
spatially variable in Florida, the southeastern coastal
plain, and the northern domain, while onset crite-
ria were not met in the Ohio Valley (northwestern
domain). In contrast with the other years, the onset
timing in 2012 is highly variable across the entire
domain, except for a spatial grouping of onset at
pentad 25-26 (early to mid-May) in the Gulf Coast
region. Interestingly, the geographic pattern of the
mean post- minus pre-IPF rain difference were quite
similar each year. That is, all 4 years had larger post-
minus pre-IPF rain difference in the southern coastal
plain and Florida, with small differences in the northern
domain. However, the magnitude of the difference,
particularly in the southern domain, was less by about
a factor of 2 in 2011 and 2012 compared with 2009
and 2010.

To examine the geographic differences in onset
timing more closely, the IPF rain pentad annual time
series (Figs. 10-13) are compared each year for rep-
resentative individual boxes (refer to Fig. 1 for box
numbers). For south Florida (box 33, Fig. 10), onset
pentad timing was the most consistent year to year of
all the boxes in the SE U.S. domain, generally pentad
26 or 27 (mid-May) except pentad 30 (late May) in
2011. During 2009 and 2010, the annual time series for
box 33 shows a rapid increase at onset with very little
IPF rain prior to onset. For 2011 and 2012, onset is not
as sharp, with several rainy pentads prior to onset that
are followed by minima below the threshold value.
Following onset, IPF rain in both years is variable.
In fact, all years show ‘‘active” and ‘‘break’ IPF
rain periods during the summer months, each lasting
anywhere from two to seven pentads. In particular, an
IPF rain relative minimum occurs each year in the
south Florida box around pentad 39-41 (midlate July)
which will be investigated in forthcoming work for a
connection with the Caribbean midsummer drought
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FIG. 7. Three-month averaged seasonal cycle of (top) IPF rain
and (bottom) MPF precipitation for each of the 4 years of the study

as follows: 2009 (blue), 2010 (red), 2011 (gray), and 2012 (yellow).

Units are mm day .

associated with the NASH (Giannini et al. 2000;
Gamble et al. 2008). Shown in Fig. 11 are the time
series for each year in southern Georgia coastal plain
(box 25). In contrast to south Florida, this region has
less overall IPF rain, generally more variable and
episodic. In no year does the summer IPF rain remain
above the threshold value in each pentad follow-
ing onset. Of note, in 2010, there is an anomalous
heavy IPF rain event in the winter season at pentad 5
(21-25 January), associated with the warm sector of a
deepening extratropical cyclone traversing the mid-
Atlantic that developed into a Nor’easter off the
Carolina coast.

Farther north, in central North Carolina (box 13,
Fig. 12), IPF rain is weaker and more variable than the
southern boxes. Onset timing is also more variable,
ranging from pentad 22 (mid-April) in 2012 to pen-
tad 38 (early July) in 2009. During 2011 in box 13,
IPF onset was not attained, since there are enough
multipentad periods of low IPF rain when the onset
threshold value were not met. In fact IPF rain for box
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FIG. 9. Onset-related metrics for each year in each analysis box in the SE United
States. (left) Onset pentad number and (right) the difference (post minus pre) be-
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rain difference units are mm day ™ '. Values are printed in each box and are shown in

the corresponding color bar.
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FIG. 10. Pentad-averaged annual cycle of IPF rain (mm day ')
for box 33 (southern Florida peninsula), for each of the 4 years
of the study from (top) 2009 to (bottom) 2012. The IPF onset
pentad for the box is indicated in red if onset criteria were met
for a given year. Onset threshold value of 0.76 mmday ' is

shown as a dashed line.
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F1G. 11. As in Fig. 10, but for box 25 (south Georgia in the southern
coastal plain).

13 only exceeded the threshold value in 11 of the
73 pentads in that year. Finally, in the Ohio Valley
in the northwestern domain (box 2, Fig. 13), IPF rain
is sufficiently sparse and episodic that onset was
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FIG. 12. As in Fig. 10, but for box 13 (central North Carolina in the
southeastern coastal plain).

triggered only in 2 of the 4 years. For most years in box
2,IPF rain tends to occur in events lasting 1-3 pentads,
spread fairly evenly throughout the spring and sum-
mer period. Only 2010 shows a summer maximum
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FIG. 13. As in Fig. 10, but for box 2 (Ohio Valley in the north-
western domain).

clearly defined in time. In summary, for the north-
ern boxes the general trend was for less IPF rain,
more variable IPF rain, and less of a clear summer
maximum. The southern boxes had a more clearly
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defined onset, with more and sustained IPF rain in the
summer season.

5. Summary and conclusions

This study examines the geographic and temporal
characteristics of the spring-to-summer transition of the
isolated convection (IPF) rain regime in the SE United
States, using a methodology that is traditionally used for
determining monsoon onset. The IPF rain is extracted
from 4 years (2009-12) of a high-resolution surface radar
precipitation dataset, and combined with an objective
method of determining onset to evaluate the timing,
geographic progression, spatial variability, and year-to-
year changes of the onset of the summer IPF rain regime.
Pentad-averaged time series of IPF rain in thirty-four
2° X 2° boxes across the SE U.S. domain are constructed
from south Florida, the southern and southeastern coastal
plain, and northward to the Ohio Valley.

A clear summer (JJA) maximum in IPF rain occurs
each year, with a year-to-year variation of about 30% in
domain-averaged IPF rain. The overall IPF onset for the
four-year mean over the entire SE U.S. domain occurs at
pentad 27 (late May). In mid-April onset begins in south
Florida, then is established quickly and widely across the
southeastern coastal plain in early to mid-May. Farther
to the north, the timing of onset is spatially and tem-
porally variable. From year to year, the southern domain
(Florida and the coastal plain) has a more consistent
onset timing than other regions. Each year, onset for
the SE U.S. domain as a whole occurs in May, ranging
from pentad 25 (early May) in 2009 to pentad 30 (late
May) in 2011. The years 2009 and 2010 are quite similar
in the geographic pattern of onset timing, as well as the
sharp and marked increase of IPF rain at onset. In those
years, onset begins broadly across the southern and
southeastern coastal plain during early to mid-May.
Compared to the coastal plain, IPF rain onset in the
Florida panhandle occurs two pentads earlier in 2010
and two pentads later in 2009. In 2011, onset is estab-
lished simultaneously across the southern coastal plain
in early to mid-June, about five pentads later than in
2009 and 2010. The onset timing and pattern in 2012 for
the southern coastal plain is similar to 2009, but highly
variable in the rest of the SE U.S. domain.

Several aspects of onset are consistent each year. The
post- minus preonset IPF rain difference for the three-
month mean prior to and following onset (related to the
amplitude of the seasonal cycle) shows a remarkable
consistency, with the largest post- minus preonset dif-
ference in Florida, decreasing northward to the coastal
plain, and smallest differences in the northern domain.
Time series for the southern boxes generally show a
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sharper and more sudden IPF rain onset. In each year
the onset pentad is consistently later in the northern
domain, with onset dates from mid-June to early July.

In summary, though the IPF rain onset in the SE
United States shares some characteristics with the
framework of monsoon onset, there are important
contrasts. For the region as a whole, IPF onset occurs
each of the 4 years within the month of May, which
aligns with the seasonal consistency of regional onset
timing in the monsoon. However, unlike a monsoon, IPF
onset does not orderly progress poleward with time;
rather, it tends to occur earlier in southern Florida, then
simultaneously across a wide region of the coastal plain,
and with large time and space variability in the northern
part of the SE U.S. domain. There are year-to-year dif-
ferences in IPF onset timing, and regionally IPF rain
tends to rise and fall over several pentads, similar be-
havior as the interannual variability of monsoon onset
and the existence of intraseasonal variations with ‘active’
and ‘break’ periods during the monsoon season.

These results suggest the hypothesis that IPF onset
timing may be triggered by specific synoptic-scale events
within gradual seasonal changes in atmospheric condi-
tions including extratropical cyclone tracks, convective
instability, and the westward migration of the North
Atlantic subtropical high. This hypothesis will be eval-
uated in a forthcoming study of the mechanisms that
control the geographic and year-to-year variability of
isolated convection precipitation onset. The present
study is considered preliminary due to the limited four-
year analysis period. As a longer archive of MRMS
precipitation data become available we will extend the
analysis to up to 15 years to develop better statistics on
IPF onset and provide a more robust result. Ultimately,
this approach may offer a useful framework for evaluat-
ing long-term changes in precipitation (past and future)
for the SE United States and other mixed subtropical
regimes in an observational and modeling context.
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