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ABSTRACT

In the Midwest U.S. Corn Belt, the 1999 and 2000 summer seasons (15 June-15 September) expressed
contrasting spatial patterns and magnitudes of precipitation (1999: dry; 2000: normal to moist). Distinct
from the numerical modeling approach often used in studies of land surface—climate interactions, a
“synoptic climatological” (i.e., stratified composite) approach is applied to observation data (e.g., precipi-
tation, radar, and atmospheric reanalyses) to determine the relative influences of “top-down” synoptic
atmospheric circulation (Part I, this paper) and “bottom-up” land surface mesoscale conditions (Part IT) on
the predominantly convective precipitation variations. Because mesoscale modeling suggests that the free-
atmosphere wind speed (“background wind”) regulates the land surface—atmosphere mesoscale interaction,
each day’s spatial range of wind speed at 500 hPa [V(500)] over the Central Corn Belt (CCB) is classified
into one of five categories ranging from “weak flow” to “jet maximum.” Deep convective activity (i.e.,
presence/absence and morphological signature type) is determined for each afternoon and early evening
period from the Next Generation Weather Radar (NEXRAD) imagery. Frequencies of the resulting
background wind—convection joint occurrence types for the 1999 and 2000 summer seasons are examined
in the context of the statistics determined for summers in the longer period of 1996-2001, and also compose
categories for which NCEP-NCAR reanalysis (NNR) fields are averaged to yield synoptic composite
environments for the two study seasons. The latter composites are compared visually with high-resolution
(spatial) composites of precipitation to help identify the influence of top-down climate controls.

The analysis confirms that reduced (increased) organization of radar-indicated deep convection tends to
occur with weaker (stronger) background flow. The summers of 1999 and 2000 differ from one another in
terms of background flow and convective activity, but more so with respect to the six-summer averages,
indicating that a fuller explanation of the precipitation differences in the two summers must be sought in the
analysis of additional synoptic meteorological variables. The composite synoptic conditions on convection
(CV) days (no convection (NC) days) in 1999 and 2000 are generalized as follows: low pressure incoming
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from the west (high pressure or ridging), southerly (northerly) lower-tropospheric winds, positive (negative)
anomalies of moisture in the lower troposphere, rising (sinking) air in the midtroposphere, and a location
south of the upper-tropospheric jet maximum (absence of an upper-tropospheric jet or one located just
south of the area). Features resembling the “northerly low-level jets” identified in previous studies for the
Great Plains are present on some NC-day composites. On CV days the spatial synchronization of synoptic
features implying baroclinity increases with increasing background wind speed. The CV and NC composites
differ least on days of weaker flow, and there are small areas within the CCB having no obvious association
between precipitation elevated amounts and synoptic circulation features favoring the upward motion of air.
These spatial incongruities imply a contributory influence of “stationary” (i.e., climatic) land surface me-
soscale processes in convective activity, which are examined in Part II.

1. Introduction

a. Context

The humid lowlands of the Midwestern U.S. “Corn
Belt” (“CB”) encompass the southern and western
Great Lakes region (e.g., Sharratt et al. 2001), and com-
pose large parts of the following states: Illinois, Indiana,
Wisconsin, Ohio, Iowa, Missouri, and Michigan (Fig. 1).
The CB is important for domestic primary production
and the global economy (e.g., Hayes and Decker 1996):
agriculture dominantly is rain fed, and consists mostly
of maize (i.e., corn), with the secondary production be-
ing soybeans (e.g., Heim et al. 2003, their Figs. 2 and 3;
Hicke and Lobell 2004; Westcott et al. 2005). Accord-
ingly, warm-season climate variations significantly im-
pact agriculture in the CB (Shafer and Mjedle 1994;
Phillips et al. 1999; Changnon and Winstanley 2000;
Hu and Buyanovsky 2003). Over the past two decades,
climate variations there have ranged from extreme
drought (1988) to extreme wetness (1993; see Namias
1991; Mo et al. 1991; Betts et al. 1996; Trenberth and
Guillemot 1996; Oglesby et al. 2001). Although delete-
rious in their impacts on agriculture, such extreme re-
gional-scale climate anomalies, by definition, occur less
frequently than the spatially less extensive and lower-
magnitude interannual variations, which still influence
crop yields (Changnon 2004). However, relatively little
attention has been paid to understanding the climate
dynamics of these “typical” (i.e., more frequently oc-
curring) departures of warm-season precipitation from
longer-term normals in the Midwest (cf. Changnon and
Hollinger 2003).

Teleconnections linking sea—air interactions in the
tropical and subtropical Pacific Ocean (notably ENSO)
have been implicated in U.S.-wide climate variations
(e.g., Markowski and North 2003; Quan et al. 2006),
including those in the central United States (Montroy
et al. 1998; Englehart and Douglas 2002; Wannebo
and Rosenzweig 2003). However, both modeling and
observational studies suggest that remote forcing
alone is insufficient to maintain climate anomalies of a
particular sign through the growing season in interior

continental locations: local-regional-scale interactions
between the atmosphere and land surface variables
(vegetation, “surface wetness” and soil moisture, to-
pography) appear important (Koster and Suarez 1995,
2004; Pan et al. 1995; Giorgi et al. 1996; Xue et al. 1996;
Fennessy and Shukla 1999; Pielke et al. 1999; Pal and
Eltahir 2001; Tsvetsinskaya et al. 2001; Hong and Kal-
nay 2002; Dirmeyer 2003; Dirmeyer et al. 2003; Sud
et al. 2003; Zangvil et al. 2004). For example, the pre-
dictability of warm-season surface temperatures for the
central United States is improved when the previous
month’s precipitation or soil moisture is considered
(Huang and Van den Dool 1993; Durre et al. 2000; Mo
2003; Van den Dool et al. 2003; Alfaro et al. 2006). Such
improved predictability may also extend to summer-
time precipitation in the central United States (Dou-
ville 2003; Koster et al. 2003, 2004; Yang et al. 2004;
Kanae et al. 2006).

The warm-season precipitation maximum in the Mid-
west CB, like that of the Great Plains located farther
west, results primarily from convective activity (e.g.,
Richman and Lamb 1985; Winkler et al. 1988; Chang-
non 2001). Although deep convection inherently is a
mesoscale phenomenon, it takes place within synoptic-
scale atmospheric environments that permit upward
motion of air through a considerable depth (e.g., Portis
and Lamb 1988; Birmingham and Lamb 1994; Doran
and Zhong 2000). When convection occurs in environ-
ments lacking significant synoptically forced ascent, a
land surface influence often is inferred (e.g., Haragan
1978; Schaaf et al. 1988). In the central United States,
convective precipitation and its interannual variations
result from moisture both advected from the Gulf of
Mexico (e.g., Roads et al. 1994; Seneviratne et al. 2004)
and derived locally, or “recycled,” from land surface
evaporation (Burde et al. 1996; Bosilovich and Schu-
bert 2001; Brubaker et al. 2001; Hu and Feng 2001;
Zangyvil et al. 2001, 2004; Ruiz-Barradas and Nigam
2005). Precipitation fluctuations dominate daily and
subdaily time scales (Joseph et al. 2000), and com-
prise showers and thunderstorms often organized into
mesoscale convective systems (MCSs) and quasi-linear
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Fi1G. 1. Primary LULC types for the Midwest U.S. CB and adjacent areas, designated as follows: agriculture (yellow), forest (green),
urban (gray), rangeland (rust), water (dark blue), wetland (light blue), and barren land (red). The magenta quadrilateral encloses the
CCB, comprising mostly agricultural land. (Source: USGS online data archive.)

convective systems (QLCSs) by the larger-scale upper-
tropospheric dynamics (e.g., differential positive vortic-
ity advection, divergence), or along fronts (Zipser 1982;
Hane 1986; Parker and Johnson 2000; Trapp et al.
2005). The dynamical processes are associated with jet
stream maxima, short waves, surface cyclones, and
warm fronts (Maddox 1983; Weisman and Klemp 1984;
Fritsch et al. 1986; Moller et al. 1994; Schubert et al.
1998; Carbone et al. 2002; Ashley et al. 2003). At other

times, deep convection is unorganized spatially and
shows a closer association with the diurnal cycle of solar
heating at the earth’s surface (Tian et al. 2005). Accord-
ingly, scattered or isolated deep convection is likely
when the larger-scale atmospheric forcing is weak
through relaxed height and temperature gradients
(i.e., reduced baroclinity), which reduces vertical wind
shear (O’Neal 1996; Carleton et al. 2001; Hanesiak et
al. 2004). Atmospheric transient discontinuities, such as
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the outflow boundaries derived from recent showers
and thunderstorms, can generate or reignite convec-
tion, particularly where they intersect (e.g., Purdom
1976; Maddox et al. 1980; Wilson and Schreiber 1986;
Crook 1996).

Surface—atmosphere interactions are important for
convective cloud and precipitation development (Betts
2004) when the free atmosphere is coupled with the
planetary boundary layer (PBL; Weaver and Avissar
2001; Segal et al. 2002). Thus, land surface conditions of
soil moisture and vegetation, including those related to
land use and land cover (LULC), influence deep con-
vection (Carleton et al. 1994, 2001; Chen and Avissar
1994a; Brown and Arnold 1998; Pielke 2001; Weaver
and Avissar 2001; Cheng and Cotton 2004) given “fa-
vorable” ambient humidity (e.g., Pielke and Zeng 1989;
Rabin et al. 1990; Rabin and Martin 1996; Findell and
Eltahir 2003a,b) and associated synoptic—dynamic con-
ditions (Weaver 2004a,b). Averaged over the long
term, land surface variables tend to be interrelated at a
given location (e.g., Teuling and Troch 2005). Published
modeling studies of land surface—atmosphere interac-
tions are more numerous than those that are observa-
tionally based, and most of the latter have been con-
ducted for drier regions than the Midwest; notably, the
Great Plains (e.g., Santanello et al. 2005). These studies
suggest that the land surface contribution to deep con-
vection is most apparent when a lack of mixing in the
PBL permits expression of the spatial contrasts in soil
moisture and/or LULC type; for example, under “weak
flow” conditions in the free atmosphere (Segal et al.
1989; Rabin et al. 1990; Klink 1995; Wetzel et al. 1996;
Wang et al. 2000; Hanesiak et al. 2004). Then, weakly
sheared moist convection (Wetzel 1990) results from
enhanced convergence of low-level moisture, possibly
associated with nonclassical (i.e., non—sea breeze) me-
soscale circulations (NCMCs) that develop between ad-
jacent contrasting land surface types (Mahfouf et al.
1987; Segal et al. 1988; Segal and Arritt 1992; Dalu et al.
2000). There are hints of the importance of land surface
boundaries in convective initiation even in strongly
sheared environments (e.g., Doswell 1987; Wilson et al.
1992; Hane et al. 2002; Weaver and Avissar 2001;
Weaver 2004a), although the role of NCMCs continues
to be debated (cf. Doran and Zhong 2002; Weaver and
Avissar 2002).

b. The Midwest Central Corn Belt (CCB) study
region
The greater attention paid to convective activity, and

its associated physical mechanisms such as NCMCs, in
the Great Plains versus the Midwest CB (e.g., Barnston
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and Schickedanz 1984; McCorcle 1988; Pielke and Zeng
1989; Rabin et al. 1990; Shaw and Doran 2001; Weaver
and Avissar 2001; Weaver 2004a,b; McPherson et al.
2004) makes it tempting to assume that convective en-
vironments are directly transferable between the two
regions. However, there are important climatological
differences necessitating separate study of the Mid-
west for synoptic atmospheric and land surface influ-
ences on convection (Fig. 1). In the Midwest (Great
Plains), precipitation mean amounts are the greater
(lesser) and potential evapotranspiration values are
lower (higher). Also, higher mean values of boundary
layer humidity—denoted by the average surface dew-
point temperature—occur earlier in the warm season in
the Great Plains contrasted with the Midwest (Gaffen
and Ross 1999). The Midwest represents a transition
zone from thunderstorm precipitation that is domi-
nantly nocturnal to the west, and frequently associated
with MCSs, to one that peaks in the afternoon and early
evening hours located to the east (Easterling 1989; Hig-
gins et al. 1997, their Figs. 3 and 4; Zajac and Rutledge
2001, their Fig. 10b; Orville and Huffines 2001, their
Fig. 21).

The Midwest also comprises a distinct region in terms
of the synoptic atmospheric conditions promoting sum-
mertime convective activity, and the likely role of land
surface—atmosphere interactions: it is less influenced by
southerly low-level jets (LLJs) than the Great Plains
(cf. Pitchford and London 1962; Schubert et al. 1998;
Banta et al. 2002; Zaitao et al. 2004), and the lack of
orography over wide areas within the Central Corn Belt
(CCB:; Fig. 1) means that the topography is dominated
by boundaries between major LULC types, especially
croplands and remnant forest (Rabin and Martin 1996;
Travis 1997). These boundaries are the result of sub-
stantial land-cover alterations by humans over the past
150 yr (agriculture, removal of ecotones), and have
impacted near-surface climate (Copeland et al. 1996;
Bonan 2001; Baidya Roy et al. 2003). Arguably, these
land-cover changes have been more dramatic than
those in the Great Plains, except for areas converted
from pasture to irrigated agriculture (Pielke and Zeng
1989; Chase et al. 1999; Moore and Rojstaczer 2001;
Adegoke et al. 2003, 2007). The Midwest is an integral
part of the Mississippi River basin (e.g., Twine et al.
2004), the study of which is a continuing focus of the
Global Energy and Water Cycle Experiment
(GEWEX) Continental-Scale International Project
(GCIP; Coughlan and Avissar 1996; Oglesby et al. 2001;
Maurer and Lettenmaier 2003; Roads et al. 2003;
Sudradjat et al. 2003).

It is apparent that the CCB (Fig. 1) represents a
close-to-ideal region to determine from observation
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data, as distinct from numerical modeling, the relative
contributions of “top-down” synoptic atmospheric and
“bottom-up” mesoscale land surface conditions to sum-
mertime deep convection. An informative approach is
to compare synoptic atmospheric circulation and land
surface conditions for two warm seasons that are dis-
similar yet broadly representative of the climate varia-
tions typically experienced (Liu et al. 2004; Zangvil
et al. 2004). We undertake such an empirical analysis
for the “consecutive” summer seasons (15 June-15 Sep-
tember) of 1999 and 2000, respectively, dry and normal
to moist in the CCB. Moreover, we situate synoptically
these 2 yr within the six-summer period 1996-2001.
Summer 2000 is particularly appropriate for study be-
cause the National Oceanic and Atmospheric Admin-
istration (NOAA) seasonal climate forecast, issued in
spring 2000, projected an intensification of the dry con-
ditions from summer 1999 (Changnon 2002, 2004), and
a substantial number of farmers modified their crop
planting schedules in light of this forecast. In this paper
(Part I), we derive a stratified composite analysis from
daily averaged atmospheric reanalyses to yield the syn-
optic circulation features associated with deep convec-
tion—and its absence—in the CCB for the two sum-
mers. We intercompare composite maps of the synoptic
conditions and precipitation recorded at high spatial
resolutions, to identify the influence of the synoptic
circulation from the spatial coincidence or near coinci-
dence of precipitation maxima and those features ac-
companying and denoting widespread upward motion
of air. In Carleton et al. (2008, hereafter Part II) we
determine the coinfluence of land surface conditions,
specifically LULC boundaries, on the 1999 and 2000
summer composite precipitation maxima in the CCB
for representative background flow categories and sub-
areas lacking an obvious association with strongly rising
air in the free atmosphere.

2. Overview of the contrasting summers, 1999 and
2000

Summer-season totals of precipitation for 1999 and
2000 (Fig. 2) are derived using the “Surface Land Daily
Cooperative Summary of the Day” (DSI-3200) dataset
for the United States (NCDC 2003), described more
fully in section 4b. In the summer of 1999 (Fig. 2a), the
CCB (Fig. 1) experienced generally low precipitation
amounts while high totals occurred through much of
the northern (“Upper”) Midwest. By contrast, summer
2000 precipitation amounts (Fig. 2b) were higher in the
CCB and extending to the southward, across southern
Illinois and Indiana. A significant contribution to the
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Summer 1999- Total Precipitation
(15 June - 15 September)
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FI1G. 2. Summer-season (15 Jun-15 Sep) total precipitation
(mm) for the Midwest region: (a) 1999 and (b) 2000.

latter high values came from convective systems that
developed in eastern Missouri and southwest Illinois,
and propagated eastward, in the first 2-3 weeks of Au-
gust (Adegoke et al. 2006; Tuttle and Davis 2006). The
possible contributory influence of the land surface on
these high precipitation totals is examined in Part II
[section 4b(4)].

The between-summer differences in surface-recorded
precipitation (Fig. 2) for both the CCB and larger Mid-
west region, correspond to large differences in the
mean (15 June-15 September) circulation climates for
1999 and 2000: maps of summer-season atmospheric
average anomalies (Fig. 3), utilizing the National Cen-
ters for Environmental Prediction—National Center for
Atmospheric Research (NCEP-NCAR) reanalyses
(NNR; section 4a), confirm a strong synoptic influence
on precipitation when atmospheric data are averaged
temporally. For example, anomaly patterns of the out-
going longwave radiation (OLR; Figs. 3a,b) show posi-
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FIG. 3. Summer-season averaged (15 Jun-15 Sep) anomaly maps of selected NNR climate
variables, as follows: OLR (W m™~2; darker lines) and PW (kg m~2) for (a) 1999 and (b) 2000;
omega (hPa s™1) at 700 hPa [w(700), darker lines] and RH at 700 hPa [RH(700), %] for (c)
1999 and (d) 2000; geopotential height (m) at 500 hPa [Z(500), darker lines] and zonal wind
(ms™') at 500 hPa [u(500)] for (e) 1999 and (f) 2000; meridional component of the wind

(ms™') at 700 hPa [v(700), darker lines] and SLP (hPa) for (g) 1999 and (h) 2000.

tive (negative) values over much of the Midwest in the
summer of 1999 (2000), associated with the satellite
viewing more often the warmer land surface (colder
cloud tops). These OLR spatial patterns are consistent
with the NNR total cloud amount maps for the same
periods (not shown), and with the seasonally averaged
precipitable water (PW) anomalies (Figs. 3a,b) and
relative humidity (RH) mean anomalies for the lower-
to-midtroposphere (Fig. 3c): the summer of 1999 was
characterized by negative anomalies of atmospheric
moisture, which is mostly positive in 2000. These con-
trasting anomaly patterns of PW and RH(700) re-
semble the seasonally averaged anomalies of vertical
motion, or omega, such that in the summer of 1999
subsiding air at 700 hPa promoted drying (Fig. 3c),

whereas in the following summer, the Midwest was
dominated by ascent and potential moistening of the air
(Fig. 3d). Overall midtropospheric height anomalies
were positive and had associated weaker gradients in
1999 (Fig. 3e); in 2000, stronger gradients were located
between positive (negative) anomalies in western (east-
ern) parts of the Midwest larger region (Fig. 3f).
Certain summer-averaged tropospheric fields show
relatively little difference between 1999 and 2000. In
particular, the mid-to-upper-tropospheric zonal wind
(i.e., u component) over the CCB was broadly similar:
u(500) anomalies were close to zero in the summer of
1999, and only slightly stronger in 2000 (Figs. 3e.f). The
orientation and tighter gradients of Z(500) in the sum-
mer of 2000 (Fig. 3f) imply an enhanced meridional
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Fi1G. 3. (Continued)

component of the wind; specifically, stronger norther-
lies [e.g., v(700), cf. Figs. 3g,h]. In 1999, the Upper Mid-
west experienced light southerly anomalies, apparently
connected with the LLJ over the central and southern
plains. Many authors (e.g., Hu and Feng 2001; Kunkel
and Liang 2005) point out the importance of southerly
low-level airflow for summertime rainfall in the central
United States. Finally, sea level pressure (SLP) anoma-
lies were negative over most of the Midwest, including
the CCB, in both summers (Figs. 3g,h).

3. Research hypothesis, objectives, and approach

a. Hypothesis

To determine the relative influence of synoptic at-
mospheric circulation and land surface mesoscale con-
ditions on deep convection in the CCB for the contrast-
ing summers of 1999 and 2000, we formulated two sepa-

rate yet related research hypotheses. Hypothesis 1 is
evaluated in the present paper; hypothesis 2 derives
from the results of testing hypothesis 1, and is presented
and examined in Part II. Radar-indicated deep convec-
tion—a proxy for precipitation—tends to be more or-
ganized (scattered) for strong (weak) background flow,
and the latter variable is linked to the synoptic circula-
tion. Thus, a first-order stratification of the spatial ex-
tent and severity of convective storms involves the as-
sociated free-atmosphere wind speed (Yan and Anthes
1988; Chen and Avissar 1994b; Lynn et al. 1998; Connor
and Woodcock 2000). This is expressed by hypothesis 1,
as follows: The presence of radar-indicated deep
convection and its morphological type (“organization”)
for the CCB in a given summer varies by category of
vector wind in the mid- and upper troposphere, from
being isolated or scattered (i.e., unorganized) on days
having weaker flow, to being more organized on days of
stronger flow. These differences in convective activity
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should manifest, respectively, more barotropic (baro-
clinic) conditions, evident as increasing spatial synchro-
neity of synoptic features promoting or representing a
strong upward motion of air, with precipitation spatial
maxima, as the background wind increases. Moreover,
differences (i.e., magnitude and sign) between atmo-
spheric composites for convection versus no-convection
days of the same background flow category should in-
crease with increasing wind speed, implying a greater
influence of land surface conditions on deep convection
for the weaker flow contrasted with stronger flow days.

In Part II, the role of these land surface conditions in
the convective precipitation variations of the summers
of 1999 and 2000 is examined with respect to the longer
period of 1995-2001. Accordingly, in Part I we use a
broadly similar period (1996-2001) to provide climatic
context for the summers of 1999 and 2000 results of
background flow—convective activity associations for
the CCB. Both papers utilize a multiday composite ap-
proach, which generates spatial patterns by averaging
meteorological variables, or their anomalies, from a
longer base period, for multiple days or time periods
(Higgins et al. 1997; Schubert et al. 1998). As a funda-
mental technique of synoptic climatology (e.g., Carle-
ton 1999), compositing reduces the influence of an in-
dividual event and illuminates the dominant circulation
controls (e.g., Chen and Kpaeyeh 1993). The method is
most robust when categories are realistically associated
with the phenomenon under study (e.g., Walters and
Winkler 2001; Bentley and Stallins 2007); here, back-
ground flow and convective activity in the CCB. The
resulting spatial fields should be readily interpretable
by a synoptic analyst or forecaster (e.g., Walters 2001).

b. Objectives

Research hypothesis 1 comprises three objectives,
which we evaluate as follows:

1) For the summers of 1999 and 2000, daily convective
activity (e.g., occurrence, radar morphological type,
etc.) and vector wind speed at 500 hPa [V(500)] are
characterized for the CCB, and their mutual asso-
ciations are identified;

2) The results determined in objective 1 are situated
climatically by reference to the summer-season av-
erages of background flow and convective activity
for the longer period of 1996-2001;

3) Composite daily averaged NNR meteorological
anomaly fields and high-resolution precipitation
network observations, by V(500) and “convection”
(“CV”) versus “no convection” (“NC”) joint catego-
ries, are examined separately for 1999 and 2000.
Spatially close associations between the synoptic cir-
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TABLE 1. Classification of the daily averaged background wind
speed, given by the mean spatial ranges of V(500) over the CCB
for the summers of 1999 and 2000, and the corresponding catego-
ries of V(300) used to classify the 6 summer seasons 1996-2001.
Also shown are the mean spatial ranges of V(sfc) for each V(500)
category (i.e., 1999 and 2000).

V(500), ms™? V(300), ms™? V(sfc), ms™?

Spatial range Magnitude Spatial range

Category 1999 and 2000  range of values 1999 and 2000
WF 5-11 <12 1.0-4.0
W-MF 4-12 12-18 1.0-5.0
MF 11-17 18-25 1.0-3.5
MF-J 10-18 25-33 1.5-3.0
J 13-17 >33 1.0-3.5

culation and precipitation composites for a given
V(500) and convective activity pair that are physi-
cally reasonable (i.e., large values of negative omega
collocated with precipitation maxima) disclose the
dominant role of the top-down climatic control on
deep convection in a given study summer; spatial
disparities between the two sets of composites (i.e.,
synoptics, precipitation, etc.) identify likely areas of
mesoscale stationary (climatic) influence on deep
convection connected to the land surface (examined
in Part II).

c. Classificatory approach

1) DETERMINATION OF DAILY BACKGROUND
WIND SPEED

To fulfill objectives 1 and 2, we developed two
complementary and related measures for classifying
daily background flow over the CCB. Specifically for
the 1999 and 2000 study summers, and given that the
CCB’s major axis is oriented west—east—paralleling the
typical movement of weather systems in the Midwest—
the first measure involves the spatial range of vector
wind speed values in the midtroposphere (500 hPa), or
V(500) (Table 1). Each day’s V(500) was determined
visually as a temporal average of the individual 12-h
(i.e., 0000 and 1200 UTC) vector wind spatial ranges,
grouped ultimately into the following five nominal cat-
egories that represent a more-or-less consistent in-
crease in wind speed: weak flow (WF), weak-moderate
flow (W-MF), moderate flow (MF), moderate flow-jet
(MF-J), and jet (J). This final five-category classifica-
tion of V(500) was arrived at after experimenting with
a three-category classification having broader class in-
tervals (i.e., WF, MF, J); however, a sizeable proportion
of days straddled the stronger end of WF and weaker
end of MF, and the stronger end of MF and weaker end
of J. Accordingly, two “hybrid” categories (i.e., W-MF
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and MF-J) were added, each of which has a larger spa-
tial range (i.e., stronger west—east gradient) in V(500)
than its adjacent primary categories (Table 1), and the
classification of days was redone for both summer sea-
sons using the five categories. This procedure classified
all days in the 1999 and 2000 summers, except those
very few identified as “transitional.” Transitional days
have nonadjacent categories of V(500) for the consecu-
tive synoptic times spanning a 24-h period (i.e., 0000,
1200, and 0000 UTC); for example, J-» MF— WF. For
certain analyses (section 5a), transitional V(500) days
were included in the statistics by temporally averaging
the categories on consecutive maps (MF, in this ex-
ample); however, extra weight was given to the 0000
UTC map because it is closer to the time of maximum
convection due to surface heating. The V(500) data for
the two study summers (1999 and 2000) are combined
in Table 1, given the similarity of u-wind mean anomaly
values in the mid-to-upper troposphere (e.g., Figs. 3e,f).

The second measure of background flow for the CCB
is the upper-tropospheric (300 hPa) vector wind speed
near the jet stream level [V(300)], developed to classify
all 558 days in the six-summer period of 1996-2001
from the ready availability online of color-coded (by
wind speed range) 12-h (0000-1200 UTC) maps (avail-
able online at http://weather.unisys.com/archive/
eta_init/). The “transfer function” from V(500) to
V(300) involved visually classifying the V(300) magni-
tude range according to that day’s V(500) category
(e.g., WF and MF-J), for the 1999 and 2000 summers.
The mean-range classes of V(300) shown in Table 1 are
the most frequently associated with each V(500) cat-
egory. Because the V(300) data are at a higher altitude
than those used to develop the V(500) classification,
the wind is stronger, on average. Moreover, the differ-
ences between V(500) and V(300) increase with in-
creasing wind speed; they are small for category WF
and large for J, confirming equivalent barotropic con-
ditions in the midlatitude troposphere (Wallace and
Hobbs 1977, their chapter 8.6). There was no associa-
tion either between the average spatial ranges of wind
speed at the earth’s surface in the summers of 1999 and
2000 or for the categories of V(500) and V(300) (Table
1); relatively light surface winds occurred for both WF
and J.

2) DETERMINATION OF DAILY CONVECTIVE
ACTIVITY

Information on the presence or absence of deep con-
vection (i.e., CV and NC) in the CCB and its general-
ized morphological signature type for each afternoon
and evening combined period in the summers of 1996—
2001 (i.e., objectives 1 and 2) was also determined
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manually. The primary data source comprised Next
Generation Weather Radar (NEXRAD) composite im-
ages spanning the time of maximum surface heating
(e.g., Tian et al. 2005); that is, 1500-0000 UTC or 0900—
1800 CST. These images are collated from individual
National Weather Service (NWS) Weather Surveil-
lance Radar-1988 Doppler (WSR-88D; National
Weather Service 2001) station scans, and are available
hourly for most days in the six-summer period (more
information is available online at http://www4.ncdc.
noaa.gov/cgi-win/wwcgi.dll?WWNEXRAD~Images2).
Missing data for the typically small number of days
each summer (average = 4 out of 93 days) were filled in
using the individual station radar scans at high temporal
frequency (more information is available online at
http://www.ncdc.noaa.gov/nexradinv/); specifically,
those for Davenport, lowa (KDVN); Lincoln, Illinois
(KILX); Indianapolis, Indiana (KIND); and Cincinnati,
Ohio (KILN), which provide a west—east transect
through the CCB.

Deep convection was generally considered to occur
at radar echo intensities around 40 dBZ and higher, and
the ability to animate sequences of images online aided
in determining convection occurrence and its dominant
signature type. The NC days were evident from either
the complete absence of echoes or only scattered for
very low intensity echoes likely associated with virga.
For CV days, key descriptors of the echoes also were
recorded (e.g., Jirak et al. 2003), including the general-
ized intensity (two classes: light to moderate and mod-
erate to heavy), the areal coverage within the CCB
(three classes: isolated, scattered, and widespread), and
the dominant shape of “organized” echoes, particularly
MCSs and QLCSs (Trapp et al. 2005). In subjectively
classifying radar-indicated convection according to
these nominal descriptors, our aim was not to diagnose
physical processes occurring within organized signa-
tures or to attempt to develop mesoscale composites of
signature types, but to stratify each day’s convective
activity consistently as a basis for deriving synoptic at-
mospheric composites of the summers of 1999 and
2000.

Organized echoes involve five key types gleaned
from previous studies of radar echo features in the cen-
tral U.S. and Corn Belt region (Parker and Johnson
2000; Jirak et al. 2003), and from our perusal of a large
number of NEXRAD images for the CCB, as follows:
linear narrow (LN), linear wide (LW), MCS-oval (i.e.,
MCC), MCS-line echo wave pattern (MCS-LEWP),
and shield (SH). Convection organized linearly is char-
acterized by a dominant long major axis; narrow squall
lines (LN) tend to occur with weaker synoptic forcing
and a lack of vertical wind shear than those associated
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TABLE 2. NNR variables for which composite maps were generated on multiple nonadjacent days in summer seasons (15 Jun-15
Sep) of 1999 and 2000.

Variable Level(s) Units Temporal resolution Reliability*
T Sfc, 850, 700, 500 °C Daily avg B (sfc), A
SLP Sfc Pa Daily avg A
V4 1000, 850, 700, 500 m Daily avg A
Layer thickness 1000-500 m Daily avg A
v 700 ms! Daily avg A
u 500, 300 ms™! Daily avg A
A% 1000, 850, 700 ms! Daily avg B (1000), A
q 1000, 850, 700 gkg! Daily avg B
PW Sfc. kg m~2 Daily avg B
OLR TOA** W m 2 Daily avg C
o(= dpldr) Sfe, 700 Pas™! 6 h, daily avg B
SLI Sfe °C 6h B
BLI Sfc-500 °C 6h B

* Reliability classes according to Kalnay et al. (1996, their appendix A), where reanalysis A variables are strongly influenced by
observations, B variables are influenced by both observations and the model, and C variables are entirely model derived.

** Top-of-the-atmosphere value.

with wide squall lines (LW). The latter may accompany
cold fronts and jet stream maxima (Houze 2004). Ac-
cordingly, LN features tend to be shorter lived than
LW. Convection organized nonlinearly as an oval shape
(i.e., MCC) possesses a longer minor axis than that of
QLCSs. These features occur in environments of strong
warm-air advection, commonly involving a southerly
LLJ, where low-level convergence is enhanced along
meso- or synoptic-scale atmospheric boundaries that
accompany moderate-to-strong upper-level divergence
and vertical wind shear (Maddox 1980; Smull and
Augustine 1993). The MCS-LEWP signature is a meso-
scale wavelike feature that develops in response to con-
vergence of unstable air along quasi-linear boundaries
accompanying strong vertical wind shear. Two sub-
classes are the serial and progressive LEWP systems
(Davis and Trier 2002; Davis et al. 2004) involving, re-
spectively, systems generally exhibiting greater latitudi-
nal extent (for north-south-oriented features), and
those revealed as “comma-shaped” radar signatures
that propagate orthogonally to the near-surface atmo-
spheric boundary. The MCS-shield (SH) system tends
not to exhibit a “bowing” radar signature—which
would otherwise indicate greater intensity (Weisman
1993)—and is slower moving than the MCS-LEWP
type. The SH feature is associated with an upshear
slope to the convective updrafts, resulting in a wide
stratiform precipitation region immediately following
the dominant leading edge (Yu et al. 1999).

4. Synoptic circulation and precipitation data and
their analysis

Fulfillment of research objective 3, using the above-
described approaches, requires datasets at both synop-

tic and meso-spatial scales; respectively, the daily-
averaged NNR maps and point-location precipitation
once-daily reports.

a. NCEP-NCAR reanalyses (NNR)

The NNR composes the primary data source for the
composite meteorological fields (objective 3; Kalnay
et al. 1996; Kistler et al. 2001; also available online at
http://www.cdc.noaa.gov/). These data have been used
in previous studies depicting atmospheric signatures of
interannual climate variations for the central United
States (e.g., Hu and Feng 2001; Oglesby et al. 2001;
Sudradjat et al. 2003). The NNR spatial scale is com-
mensurate with circulation climate controls and their
variability (e.g., Dominguez and Kumar 2005), and can
capture features such as southerly LLJs (Anderson and
Arritt 2001; Byerle and Paegle 2003). For each summer
(i.e., 1999 and 2000) and each NNR variable, we com-
pute map composites of the daily averaged anomalies
from the long-term daily means stratified by V(500)
and the convective activity joint classes.

In Table 2, we consider some variables [e.g., geopoten-
tial height at 500-hPa Z(500), (300), and omega(700)]
to be “dynamic variables” because these pertain to
forcing of vertical motion fields, whereas others [e.g.,
surface lifted index (SLI) and the “surface omega”
T (sfc)] pertain more directly to the earth’s interactions
with the PBL (i.e., “thermodynamic variables”). Here,
we emphasize the dynamic variables as they portray
synoptic circulation associations with deep convection
and precipitation; thermodynamic variables are exam-
ined in Part II.

To minimize the influence of a run of days classified
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as the same V(500) category (i.e., temporal autocorre-
lation problem), we only use one date per sequence
when generating composites. For a run of 2 days, the
included day is the one deemed more representative of
the flow type; for a run of 3 days, the central day is used.
The same procedure is adopted for compositing the
precipitation data (sections 4b and 5b). The domain for
compositing NNR data (30°-50°N, 100°-77°W; Fig. 5)
encompasses the Midwest larger region (Fig. 1), and
with the CCB located just downstream (i.e., east) of the
grid center. The latter accommodates the general west—
east movement of synoptic systems that occurs in the
region, even in summer (Elliott 1949; Schubert et al.
1998; Carbone et al. 2002).

b. Station precipitation

Precipitation data at “subgrid scales” (Nykanen et al.
2001; Gutowski et al. 2003) are available within the
DSI-3200 dataset (NCDC 2003), and comprise obser-
vations from approximately 23 000 cooperative, auto-
mated, military, and first-order observing sites from
1948 to the present; the bulk of which are cooperative.
Personnel at NCDC have applied stringent quality con-
trol to the observations, including checks for internal
consistency and temporal homogeneity, and by com-
paring data with those at surrounding stations. The DSI
have been used extensively in climate studies and to
evaluate model simulations (e.g., Brown et al. 2003; Hu
and Feng 2003; Kunkel and Liang 2005), sometimes
with customized adjustments (e.g., Kunkel et al. 1998).

At most NOAA/NWS cooperative stations, precipi-
tation observations are taken either at 0700 or 1900 LT,
and represent the total amount for the preceding
24 h. For the study summers of 1999 and 2000, we
used those stations recording observations at 0700 LT
(+/=2 h) because this includes precipitation derived
from the heating maximum of the previous afternoon
and early evening (cf. Segal and Arritt 1992). Compos-
ites derived using the 1900 LT observations would not
include all the convective precipitation of that day, but
would include precipitation from the previous late eve-
ning; more than likely for a different background
flow category. Applying the aforementioned selection
rules, data from approximately 1300 stations were used
to compute composite maps of precipitation mean
amounts and their standardized anomalies—calculated
as spatial departures from the mean value of precipita-
tion for the larger Midwest region on all days in each
summer, according to joint V(500) and CV/NC cat-
egories. The precipitation observations were inter-
polated into 1° X 1° latitude—longitude grid cells by a
geographic information system (GIS) to reduce the spa-
tial aliasing typically associated with convective precipi-
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tation, and differences from the overall mean for each
grid cell were determined. This procedure permits the
spatial relationships of precipitation to be determined
for each V(500) category irrespective of differences in
station spatial density. Composites (i.e., multiday aver-
age) analysis of Midwest precipitation data at relatively
high spatial resolutions should reveal distinct subregional-
scale patterns (cf. Richman and Lamb 1985).

5. Results

a. Synoptic context of the 1999 and 2000 summer
seasons

1) BACKGROUND FLOW REGIMES, CONVECTIVE
ACTIVITY, AND THEIR COASSOCIATIONS

Frequencies of the five background flow categories
for the CCB (Fig. 1) in the study seasons of 1999 and
2000 are placed in context of summers in the period of
1996-2001 (Table 3). For the six summers combined
(Table 3a), the frequencies are broadly Gaussian: high-
est frequencies occur for the MF category, or V(300)
approximately 18-25 m s, with the two end categories
(i.e., WF and J) having the lowest frequencies. Sub-
tracting the multisummer V(500) category averages
from the normalized totals for the study seasons of
1999 and 2000 (Table 3b) shows that WF and jet were
enhanced relative to the middle categories (i.e., W-MF,
MF, and MF-J) in both years. Thus, in terms of back-
ground flow regime, the summers of 1999 and 2000
appear more similar to each other than does either one
to the multisummer averages. Clearly, a fuller explana-
tion for the anomalies in circulation climate and pre-
cipitation for the CCB between the summers of 1999
and 2000 (Figs. 2 and 3) requires variables additional to
an index of background wind speed.

Figure 4 stratifies convection occurrence (i.e., CV)
and nonoccurrence (i.e., NC) by V(500) category for
each of the two study summers. Comparing frequencies
within a given summer indicates that convection most
often was associated with WF in 1999, secondarily with
MF; convection occurred less frequently for the two
hybrid categories. In summer 2000, CV days were dis-
tributed more evenly across V(500) categories, having
the greatest frequency for the W-MF type; secondarily
for J and MF. The frequencies of NC days also differed
by the V(500) category for a given summer (Fig. 4); for
example, MF-J (in 1999) was the only category for
which the number of NC days appreciably exceeded the
CV days.

As a context for the results shown in Fig. 4, Table 4
gives frequencies of afternoon and evening deep con-
vection (CV) in, and its absence (NC) from, the CCB
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TABLE 3. Summer-season totals (per 93 days) and normalized frequencies (per 100 days, or %; italicized in parentheses) of back-
ground flow by (a) V(500) categories for 1996-2001 and departures of the (b) 1999 and (c) 2000 summer frequencies from the

all-summer means.

(a) Category of V(500)

Yr WF W-MF MF MEF-J J Transitional
1996 6 (6.5) 32(34.4) 29 (31.2) 15 (16.1) 11 (11.8) 0 (0)
1997 2(2.1) 30 (32.3) 34 (36.6) 20 (21.5) 7(7.5) 0 (0)
1998 7(7.5) 23 (24.7) 32 (34.4) 24 (25.8) 7(1.5) 0 (0)
1999 29 (31.2) 9(9.7) 21 (22.6) 12 (12.9) 21 (22.6) 1(1.1)
2000 15 (16.1) 20 (21.5) 22 (23.7) 11 (11.8) 23 (24.7) 22.1)
2001 8 (8.6) 25 (26.9) 27 (29.0) 26 (28.0) 7(7.5) 0(0)
(b)
Mean 1996-2001 11.1 (12.0) 232 (24.9) 27.5 (29.6) 18.0 (19.3) 12.7 (13.6) 0.5 (0.5)
Mean 1996-98, and 2001 5.7(6.2) 27.5(29.6) 30.5 (32.8) 213 (22.9) 8.0 (8.6) 0(0)
(c)
1999 minus mean 1996-2001  +17.9 (+19.2)  —142(=152) —65(=70) —6.0(—6.5) +83 (+9.0) +0.5 (+0.6)
2000 minus mean 1996-2001 +3.9 (+4.2) —-32(-3.4) —55(=59) —70(=75)  +103(+I111)  +15(+1.6)
for the summers of 1996-2001. An additional category
1999 (transitional) accommodates the relatively small num-
% ber of days in a typical summer (<4%) for which con-
vection in the CCB either occurred late in the evening
2T (i.e., NC — CV), or no-convection conditions replaced
L sl *NoConecton) - convection during the peak afternoon hours of heating
H " coneeten (i.e., CV — NCQ). For the six-summer period, the ratio
[ OTransitional . .
0] of CV to NC days is around 3:2. Expressing the sum-
£ mers of 1999 and 2000 normalized frequencies in each
51 i of the three categories as departures from the multi-
II I summer averages (Table 4) confirms that convection-
0 s t 5 5 3 day frequencies were reduced in 1999 and increased in
= & 3 2000 (Fig. 4), but with additional features also evident:
V{500) Categories s
2000
% TABLE 4. Summer-season totals (per 93 days) and normalized
frequencies (per 100 days, or %; italicized in parentheses) of CV,
20 NC, and transitional (CV — NC and NC — CV) days, determined
8 o comeeton] from manual interpretation of NEXRAD data for the CCB dur-
g 15  Sortisciion ing the summers of 1996-2001.
) O Transitional . ..
g o . Convective activity class
£ Yr cv NC Transitional
* 1996 54 (58.1) 32 (34.4) 7(7.5)
1997 48 (51.6) 43 (46.2) 2(2.2)
L E g 3 5 E 1998 59 (63.4) 31(33.3) 3(3.2)
2 £ = 1999 55 (59.1) 32 (34.4) 6 (6.5)
VIS00) Categories B 2000 62 (66.7) 30 (32.2) 1(1.1)
. . ~ 2001 58 (62.4) 33(35.5) 2(2.2)
FI.G.. 4. Frequencu?s of days in each summer (15 Jun-15 Sep) Mean 1996-2001 56.0 (60.2) 33.5 (36.0) 35 (3.8)
classified by categories of average vector wind speed at 500 hPa
Std dev 143 (478) 435 (4.68) 222 (2.38)
[V(500)]—refer to Table 1—and by CV vs NC occurrence for the 1999 mi 10 s 125
CCB (refer to Fig. 1): (a) 1999 and (b) 2000. Transitional days are minus mean ’ ’ ’
. . . R 1996-2001
defined as having nonadjacent categories of V(500) for at least 2000 mi +6.0 35 95
two of the three consecutive synoptic times (0000, 1200, and 0000 1 9912_1288 1mean ’ ’ ’

UTC) in a 24-h period.
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TABLE 5. Joint frequency distributions of background flow [V(500) category] and convective activity (i.e., CV and NC) for the
summers during 1996-2001, given as the total number of days for the six summer seasons (regular font) and the mean frequency per
summer (in italics), and departures of the 1999 and 2000 normalized frequencies from the all-summer means.

Background flow category

Activity WF W-MF MF MF-J J 2 (mean)

CvV 48 (8.0) 88 (14.7) 105 (17.5) 67 (11.2) 42 (7.0) 350 (58.3)
NC 18 (3.0) 52 (8.7) 61 (10.2) 43 (7.2) 34 (5.7) 208 (34.7)
1999 minus 19962001 WF W-MF MF MF-J J b

CV (diff) 20.7 (+12.7) 5.9(—88) 17.8 (+0.3) 49 (-63) 8.9 (+1.9) 582 (—0.1)
NC (diff) 7.1(+4.1) 4.1(—4.6) 31(=7.1) 82 (+1.0) 12.3 (+6.6) 34.8 (+0.1)
2000 minus 1996-2001 WF W-MF MF MF-J J >

CV (diff) 10.3 (+2.3) 15.1 (+0.4) 11.3 (-6.2) 9.4 (-1.8) 12.2 (+5.2) 58.3 (0.0)
NC (diff) 45(+1.5) 45(-42) 12.3 (+2.1) 22(-5.0) 112 (+5.5) 34.7 (0.0)

although the greater frequency of convection days in
the “moist” summer of 2000 exceeds the one standard
deviation value for the six-summer period, the percent
decrease in convection days for the “dry” summer of
1999 is well within the standard deviation for the mul-
tisummer period. Moreover, there is a small decrease in
NC days for the summer of 1999, which was not ex-
pected; interestingly, this summer had the second high-
est frequency of convective transitional days (Table 4).
These results indicate that the radar-determined pres-
ence or absence of afternoon and evening deep convec-
tion within the CCB is a useful stratification approach
and suggests additional years that might fruitfully be
analyzed (e.g., 1997). However, this measure alone
does not explain the large precipitation differences be-
tween summers, which should be analyzed for their
coassociations with the background wind.

In evaluating the six-summer average joint distribu-
tions of background flow [i.e., V(500) categories] and
deep convection for the CCB, we reclassified the rela-
tively few convective transition days (i.e., CV — NC
and NC — CV) into, respectively, NC and CV. The
summer-season mean results (Table 5) confirm Tables
3 and 4: convection is most likely with moderate flow
(MF) conditions (17.5 days per summer), and least
likely for both WF (8 days per summer) and jet (7 days
per summer) conditions. Although most NC days also
occur with MF (average of 10 days per summer), by far
the fewest NC days occur with WF (3 days). The latter
result may indicate a land surface influence on deep
convection when the background wind speed is slow, a
possibility that is explored further in section 5Se and in
Part II. Differences between the mean frequencies of
CV and NC days are smallest for the category of stron-
gest winds in the upper troposphere (i.e., J): convection
and no convection are almost equally as likely when
V(300) exceeds approximately 30 ms™'. The physical
reasons for this result are made clear in section 5b(2).

Differencing the individual summer (i.e., 1999 and
2000) joint frequencies of background wind and con-
vection presence or absence from the six-season mean
values (Table 5) confirms that convection was en-
hanced for both the slowest (i.e., WF) and fastest
(i.e., J) categories of V(500) in both years, yet reduced
for most of the intermediate categories. In the summer
of 1999, the biggest increase in convection relative to
the six-summer averages occurred with WF (i.e., +13
days), while the adjacent category (i.e., W-MF) showed
a decrease of almost 9 days (cf. Fig. 4). In the summer
of 2000, the biggest increase in convection occurred for
category J (i.e., + 5 days), although it was still enhanced
relative to the six-summer means for both WF and
W-MF. The NC-day frequencies similarly were en-
hanced for the extreme background flow categories
(i.e., WF and J) in both 1999 and 2000. As was also
noted from Tables 3 and 4, the summers of 1999 and
2000 were more similar to each other in terms of back-
ground flow and convection occurrence than they were
to the longer-term (1996-2001) summer averages of
these indices (Table 5). Again, reasons for the precipi-
tation differences in the CCB for these two summers in
terms of atmospheric circulation should be sought in
measures that go beyond a relatively simple index of
background wind speed (see section 5d), and should
also consider the convection morphological type.

2) RADAR SIGNATURE ASSOCIATIONS WITH
BACKGROUND FLOW

The daily level information on radar convective sig-
nature types [see section 3c(2)] reveals mean associa-
tions with background flow for the six summer seasons
(Table 6) and permits determination of differences for
the 1999 and 2000 summers (Table 7). For statistical
testing, and to maintain adequate cell frequencies
across V(500) categories, three logical groupings of
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TABLE 6. Joint frequency distributions of NEXRAD-indicated convective morphology signatures (three groups: unorganized, orga-
nized linear, and organized nonlinear) and background flow categories during the summers of 1996-2001. Cell values in regular font
are raw totals for the six summers; cell values in parentheses are seasonal means normalized to the mean number of convection days
per summer (= 58.3); italicized cell values are normalized frequencies per 100 days (i.e., %). The x* of raw totals = 20.64 (p < 0.01
level; significant at >99% confidence level; p(critical) = 20.09 for 8 degrees of freedom).

Background flow category

Signature group WF W-MF MF MF-J J =
Nonorganized 25(4.2)7.1 37(6.2) 10.6 44 (7.3) 12.6 24 (4.0) 6.9 14 (2.3) 4.0 144 (24.0) 41.1
Organized, linear 15 (2.5) 4.3 30 (5.0) 8.6 42 (7.0) 12.0 20(3.3) 5.7 25(42)71 132 (22.0) 37.7
Organized, nonlinear 8(1.3)2.3 21(3.5)6.0 19 (3.2) 5.4 23(3.8) 6.6 3(0.5)0.9 74 (12.3) 21.1
= 48 (8.0) 13.7 88 (14.7) 25.1 105 (17.5) 30.0 67 (11.1) 19.1 42 (7.0) 12.0 350 (58.3) 100

convection signature morphology types were formed,
as follows: 1) nonorganized: isolated, scattered, and
widespread; 2) organized quasi linear: LN and LW; and
3) organized nonlinear: MCC, MCS-LEWP, and SH.
On average (Table 6), nonorganized convection in the
CCB averaged 24 days per summer season (i.e., 41% of
CV days, or 26% of all days); organized linear convec-
tion occurred on 22 days (i.e., 38% of CV days, 24% of
all days), and organized nonlinear convection occurred
on 12 days (i.e., 21% of CV days, 13% of all days).
Moreover, the WF category is more likely to have as-
sociated nonorganized convection than organized con-
vection; for moderate flow (MF), nonorganized and or-
ganized linear radar signatures are about equally likely
to occur; and for the jet maximum (J), organized linear
convection is the most likely group. This result is rea-
sonable physically, as baroclinity increases with increas-
ing background wind speed (Weisman and Klemp 1984;
Rotunno et al. 1988; Johns and Doswell 1992; Parker
2004). The highest frequency of organized nonlinear
convection (almost 4 days per summer) occurs for the
MF-J category, although frequencies exceeding 3 days

also occur for this convection signature group on W-MF
and MF days. A chi-squared (x?) test of the cell raw
frequencies (Table 6) confirms statistical significance at
greater than the 0.01 level, thus also validating the
manual classification of convection signatures and
V(500) into the categories so developed. Increasing
by 1 the degrees of freedom in Table 6—to accommo-
date the one cell frequency less than 5—still gives
statistical significance at the >0.05 level (i.e., critical
value = 16.92). Moreover, including the NC-day fre-
quencies by the V(500) category into Table 6 (not
shown) gives statistical significance at better than the
0.02 level.

The question of radar signature-type differences of
the summers of 1999 and 2000 from the 6-yr totals and
averages (Table 6) is particularly relevant given the ear-
lier observation that the dry summer (1999) had a nor-
malized frequency of convection days close to the six-
summer average (Table 5), and only 3 days fewer than
the normal-to-moist summer of 2000. For WF days in
1999 (Table 7a), the frequency of nonorganized
convection exceeded by almost 9 days that having

TABLE 7. Joint frequency distributions of NEXRAD-indicated convective morphology signatures (three groups: unorganized, orga-
nized linear, and organized nonlinear) and background flow categories for the summers of (a) 1999 and (b) 2000 and their departures
from the six-summer seasonal means (Table 6). Cell values in regular font are raw totals; italicized cell values in parentheses are
normalized to the mean number of convection days for the six-summer period (= 58.3).

(a) 1999 Background flow category

Signature group WF W-MF MF MF-J J 2
Nonorganized 13 (12.9) +8.7 1(1.0) =52 9(89) +1.6 0(0.0) —4.0 2(2.0)-03 25(24.7) +0.7
Organized, linear 5(4.9) +2.4 3(3.0) —2.0 5(4.9) —2.1 2(2.0)-13 7(6.9) +2.7 22(21.7) =03
Organized, nonlinear 3(3.0) +1.7 2(2.0)-15 4(3.9) +0.7 3(3.0)-0.8 0(0.0) 0.5 12 (11.9) —04
p 21 (20.8) +12.8 6(5.9) —88 18 (17.8) +0.3 5(4.9) —6.2 9(8.9) +1.9 59(58.3) 0.0
(b) 2000 Background flow category

Signature group WF W-MF MF MF-J J =
Nonorganized 4(3.8) -04 4(3.8) 24 5(4.7) =26 2(1.9) -21 6(5.6) +3.3 21 (19.8) —4.2
Organized, linear 4(3.8)+13 6 (5.6) +0.6 4(3.8)—32 3(2.8) —0.5 6(5.6) +14 23 (21.6) —0.4
Organized, nonlinear 3(2.8) +1.5 6(5.6) +2.1 3(28) -04 5(4.7) +0.9 1(0.9) +0.4 18 (16.9) +4.6
) 11(10.3) +2.3 16 (15.1) +04  12(11.3) 62  10(94)—17  13(122)+52  62(583) 0.0
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F1G. 5. As in Fig. 2, but stratified by CV days and V(500) categories, as follows: (a) 1999 WF, (b) 1999 J, (c) 2000 W+W-MF, and
(d) 2000 J.

organized (i.e., linear and nonlinear) convection; for
category J, organized linear convection was above the
six-summer average by almost 3 days. Conversely, or-
ganized nonlinear convection signatures occurred less
frequently than the six-summer values for W-MF, MF-
J, and J. In the summer of 2000 (Table 7b), nonorga-
nized convection was below the six-summer average for
all categories of V(500) except J (i.e., + >3 days), while
the incidence of organized nonlinear convection mostly
increased: these departures (i.e., nonorganized convec-
tion and organized nonlinear convection) were greatest
for the W-MF category. Thus, the differences between
summers of 1999 and 2000 in the CCB are most appar-
ent in their respective frequencies of convection radar
signature and background wind joint types: the summer
of 1999 saw increases in nonorganized convection for
the slowest background wind categories and decreases
in organized convection for the stronger wind catego-

ries; the summer of 2000 saw more or less the opposite
pattern.

The above findings [sections 5a(1), (2)] have the fol-
lowing implications for the present observational analy-
sis of top-down and bottom-up climate controls in the
CCB for the summers of 1999 and 2000: 1) The two
study summers are confirmed to be different from one
another, but also with respect to the six-summer aver-
ages (1996-2001) of background flow frequencies and
radar-indicated deep convection; 2) the manual ap-
proach to classifying both background flow and the
combined afternoon and evening deep convection from
interpretation of radar morphological signature types,
statistically differentiates convective activity from a
lack of such activity at the daily level, and highlights
their coassociations; and 3) notwithstanding the impli-
cation in 2), additional synoptic meteorological vari-
ables (e.g., atmospheric moisture and vertical motion),
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FI1G. 6. Locations of composite maxima in the ©#(300) anomaly field (i.e., isotachs enclosing the strongest westerly wind component)
for the following V(500) categories determined for the CCB: WF/CV (dashed-line ellipses), MF/CV (chain-line ellipses), J/CV (solid-
thick line ellipses), J/NC (solid-thin line ellipses): (a) summer 1999 and (b) summer 2000.

along with consideration of the spatial variations in pre-
cipitation, are required to more fully explain the cli-
matic differences between the summers of 1999 and
2000.

b. Role of synoptic atmospheric conditions in deep
convection during the summers 1999 and 2000

1) PRECIPITATION COMPOSITED BY V(500)
CATEGORIES

Visual comparisons of spatial relationships between
radar-indicated afternoon and evening convection (i.e.,
CV) and precipitation (following morning observa-
tions) are shown (Fig. 5) for the categories of back-
ground wind speed (i.e., WF and J) that show marked
increases over the six-summer averages (Table 5); for
the summer of 2000, WF and W-MF are combined to
increase the sample size. In summer 1999, the spatial
dipole between the CCB (dry) and the Upper Midwest
(wet) was most closely associated with the WF category
(cf. Figs. 2a and 5a). However, the classification of daily
background flow pertains to the CCB; synoptic regimes
are not necessarily the same for the larger Midwest
region (e.g., Richman and Lamb 1985). This is con-
firmed by Fig. 6a, showing the positive anomaly com-
posite centers of u wind at 300 hPa [1(300)], or the jet
stream maxima, for primary V(500) categories in the
summer of 1999. Days classified as WF/CV for the CCB
had a jet maximum located in the Upper Midwest; thus,
the area of heaviest precipitation was located on the

jet’s southern side in that subarea (Fig. 5a), consistent
with dynamical theory and synoptic experience (Uccel-
lini and Johnson 1979; Cammas and Raymond 1989;
Bluestein 1993, his chapter 2.8). As V(500) increased in
the CCB (i.e., MF/CV and J/CV in Fig. 6a), the south-
ward movement of the jet meant that the areas of great-
est precipitation shifted into the study area (cf. Figs. 5b
and 6a).

In the summer of 2000, the V(500) category most
closely associated with the area of greatest precipitation
in southern Illinois and Indiana (Fig. 2b) is that classi-
fied for the CCB and extending just southward; that is,
the combined WF and W-MF categories (Fig. 5¢). On
jet maximum convection days (i.e., J/CV; Fig. 5d), the
areas of greatest precipitation were shifted well east-
ward into Ohio, associated dynamically with the area of
most positive ©(300) anomaly located just upstream
(i.e., westward) on these days (Fig. 6b).

2) COMPOSITE SYNOPTIC CIRCULATION FEATURES
ASSOCIATED WITH CONVECTION AND NO
CONVECTION

The results in section Sa suggested that determina-
tion of the synoptic conditions giving rise to the con-
trasting patterns of precipitation in the summers of
1999 and 2000, could be achieved with an analysis of
dynamic variables additional to the background wind
speed. Figures 7 and 8 schematically depict the NNR
composite circulation anomaly features that accompa-
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nied radar-indicated deep convection in (i.e., CV), and
its absence from (i.e., NC), the CCB in each summer for
the primary categories of V(500). Similar figures de-
rived for the hybrid V(500) categories represent essen-
tially intermediate patterns [e.g., as demonstrated for
W-MF (in 1999) in Part II]. In Figs. 7 and 8, different
colors pertain to different variables, with positive
(negative) anomalies designated as solid (dashed) rep-
resentative contours. Multiple contours in light blue
denote large anomalies of w(700); a thickening of the
vector wind axis at 850 hPa indicates average speeds
exceeding 9 m s~ !. For both summers, the synoptic cir-
culation anomaly associations of CV and NC composite
days in the CCB can be summarized as follows:

» Convection (no convection) mostly occurred with
southerly (northerly) flow in the low-to-midtropo-
sphere. The exception was on WF days, which had
southerly flow for both CV and NC composites. On
synoptic scales, the propensity for convection on WF
days seemed to be determined by the sign and mag-
nitude of the free-atmosphere vertical motion (Figs.
7a,b and 8a,b), consistent with the findings of Portis
and Lamb (1988) and Birmingham and Lamb (1994)
for the summer precipitation variations in the central
United States.

e Negative (700) and rising air [positive »(700) and
sinking air] was mostly associated with convection
(no convection). For CV days these anomalies ac-
companied low pressure located either to the west or
within the CCB; for NC, high pressure or ridging
occurred at the earth’s surface, aloft, or both (i.e.,
“warm-cored” high).

¢ At 850 hPa, a southerly wind maximum was a promi-
nent feature on CV days across all V(500) categories.
This wind maximum resembles the southerly LLJ of
the central United States (Bonner 1968; Mitchell et
al. 1995; Higgins et al. 1997; Schubert et al. 1998;
Anderson and Arritt 2001; Walters and Winkler
2001), and was located either just west of the CCB
(on WF days) or over the area (on MF, J days). Al-
though this LLJ-like feature was sometimes also
present in NC composites, it tended to be weaker or
discontinuous on those days compared with the cor-
responding CV composite (cf. Gale et al. 2002).
Moreover, some NC composites (e.g., MF/NC in 1999
and J/NC in 1999) showed lower-tropospheric wind
maxima consistent with the “northerly LLJs” identi-
fied in case studies and short-period climatologies,
mostly for the Great Plains (Arritt et al. 1997; White-
man et al. 1997; Bluestein and Banacos 2002).

« Centers of u(300) positive anomaly on CV days were
located either northwest of the CCB (i.e., WF) or
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over the study region (i.e., MF and J). On WF/NC
days there tended to be no such westerly wind maxi-
mum in the upper troposphere; when westerly wind
maxima were present in the NC composites, these
either were located well outside the study area (i.e.,
MEF/NC in 1999), or just to the south (i.e., MF/NC in
2000 and J/NC in 1999 and 2000). For the latter
(southward displaced) configuration, the CCB lay be-
neath the area of negative differential vorticity ad-
vection (Carlson 1991, his chapter 4; Moore and Van-
Knowe 1992) and associated subsidence of air.

» The synoptic-scale baroclinic features promoting up-
ward vertical motion, or negative «(700) [i.e., u(300)
positive anomaly, surface low pressure and upper
trough located to the west, 850-hPa southerly wind
maximum, and airmass fronts], were collocated in the
CCB on J/CV days (Figs. 7e and 8e). These features
were also present on MF/CV days in the summer of
2000, but were less synchronized spatially for this
V(500) category in the drier summer of 1999. Con-
versely, on J/NC composite days, subsiding air over
the CCB resulted from combinations of the follow-
ing factors: #(300) anomaly displaced south of the
area, the upper low or trough located to the east, and
ridging from the west or northwest in the SLP
anomaly field (Figs. 7f and 8f). Similar features were
also present on MF/NC days in the summer of 2000
(Fig. 8d).

Notwithstanding the above-mentioned broad simi-
larities of synoptic features in both summers on either
CV or NC days, there are some interesting differences
between years that hint at a contributory land surface
influence on deep convection. In the summer of 1999,
convection across the primary V(500) categories had
associated a consistent pattern of specific humidity in-
volving a moisture axis and associated centers of
SH(850) positive anomaly located northwest of the
CCB, but negative SH(850) over southern parts of the
study area (Figs. 7a,c,e). The latter feature coincided
with a relative lack of precipitation there, even on CV
days (e.g., Figs. 5a,b). Corresponding NC composites
(Figs. 7b,d,f) show that negative anomalies of SH(850)
either intensified or covered a greater area of the CCB
compared with CV days. In the summer of 2000 (Fig. 8),
by contrast, days classified as CV (NC) generally
showed larger differences in SH(850), especially for MF
and J days: positive anomaly centers and moisture axes
(negative anomalies) were located over or just west of
the CCB. Thus, Figs. 7 and 8 suggest that deep convec-
tion in the CCB was organized dynamically on J/CV
days in both summers, and on MF/CV days in the sum-
mer of 2000; that is, it occurred in the presence of
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favorable synoptic conditions. Conversely, convection
on WF days (i.e., WE/CV) occurred in the absence of
the full suite of favorable synoptic environments, im-
plying additional processes occurring more subtly. On
climatic time scales (i.e., the multiday composite over
three summer months), these involve the land surface
mesoscale influence (Part II). Thus, synoptic-scale fac-
tors favoring convection in the CCB (e.g., surface
trough, southerly flow near the earth’s surface and
moisture axis) were present on the WF/NC composite
of both years (Figs. 7b and 8b). However, in the sum-
mer of 2000 (i.e., WF/NC days), dynamical features un-
favorable for convection in the CCB included anoma-
lous northerly wind components [e.g., v(700) negative
anomaly| and strong subsidence of air associated with
midtropospheric height positive anomalies. Similarly,
days classified as WF/CV (i.e., in 1999) and MF/CV
(i.e., in 1999) had associated synoptic conditions in the
low-to-midtroposphere that were not highly favorable
for convection in the CCB [e.g., v(700) negative
anomaly axis; ridging near the earth’s surface and aloft;
negative anomalies of moisture at 850 hPa; Figs. 7a.c].
Accordingly, an investigation into other factors likely
contributing to convective precipitation on these com-
posite days, particularly subgrid-scale processes associ-
ated with land surface—atmosphere interactions, is war-
ranted (Part II).

3) ASSOCIATIONS BETWEEN SYNOPTIC COMPOSITE
FEATURES AND PRECIPITATION ANOMALIES BY
V(500)

Comparing the synoptic feature schematics for CV
days associated with the end categories of V(500) (Figs.
7a,e and 8a,e) and composite observed precipitation
(e.g., Fig. 5) yields further insights into the relationships
between synoptic circulation and precipitation in both
the larger Midwest and CCB for the summers of 1999
and 2000 (i.e., top-down climate control). On WF/CV
days in the summer of 1999 (Fig. 5a), the precipitation
positive departures in the Upper Midwest show a spa-
tial synchronization of synoptic features promoting
strong upward vertical motion, as follows: intersection
of a southerly LLJ and 850-hPa moisture axis over
northern Wisconsin and Minnesota, convergence of air
into surface low pressure, and location on the south side
of the u(300) positive anomaly. Specifically for the
CCB, the secondary maxima in precipitation over Illi-
nois (Fig. 5a) are separated from the high-precipitation
values in the Upper Midwest and are associated with
the following synoptic features not conducive to wide-
spread convection: high pressure and dry air in the
lower troposphere; only weak upward vertical motion
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FiG. 9. As in Fig. 5, but for MF/CV days, as follows: (a)
summer 2000 and (b) summer 1999.

in the midtroposphere. Conversely, on J/CV days in
both 1999 and 2000 (cf. Figs. 7e and 5b; 8e and 5d),
stronger precipitation positive anomalies are juxta-
posed with most or all of the features denoting baro-
clinity {i.e., the location near the exit portion of #(300)
positive anomaly on the south side of the upper-
tropospheric jet, the axis of southerly wind flow [i.e.,
positive v(700), LLJ], the moisture axis at 850 hPa, the
maximum in the upward vertical motion (negative
omega), the surface low pressure and trough axes, and
the midtropospheric trough located just upstream).
The lack of a spatial association between synoptic
features typically promoting upward vertical motion
and precipitation in the CCB is evident for certain
V(500) and convection joint classes in the two sum-
mers, further suggesting a land surface mesoscale con-
tribution (Part II). For example, on MF/CV days in
2000 (Fig. 9a) the swath of high precipitation amounts
in southern areas of Illinois and Indiana has no obvious
connection with the synoptic composite anomalies de-
noting baroclinity (Fig. 8c), which are juxtaposed spa-
tially to the northwest. On MF/CV days in 1999 (Fig.
9b), precipitation in parts of Missouri averaged more
than in the Upper Midwest, even though the composite
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synoptic conditions (Fig. 7c) do not appear to favor the
former location (e.g., upper ridge and dry lower tropo-
sphere). Interaction of the low-level, broad southwest-
erly flow with the Ozark Plateau may have been im-
portant for these precipitation higher values. Also not
readily explained by the synoptic composites for MF/
CV (i.e., in 1999) days, the increased precipitation in
central Michigan and eastern Ohio shows midtropo-
spheric ridging and SH(850) negative anomalies over
these areas (cf. Figs. 7c and 9b). Spatial incongruities of
synoptic circulation—precipitation composite patterns
such as these imply the presence of additional climatic
factors promoting deep convection; particularly, land
surface mesoscale conditions. These are examined in
Part II.

6. Summary and concluding remarks

This is Part I of a two-part observational study to
determine the relative influences of synoptic atmo-
spheric circulation (“top down”) and land surface me-
soscale (“bottom up”) conditions on convective precipi-
tation for the Midwest CCB in the contrasting summer
seasons of 1999 (dry) and 2000 (normal to moist), set
within the context of the six-summer period 1996-2001.
Our empirical approach contrasts with many studies of
land surface—climate interactions, especially for the
Great Plains, which emphasize numerical modeling. We
determined the stratified composite relationships
among NNR tropospheric variables representing the
synoptic circulation (e.g., geopotential height, SLP,
omega, and winds), radar-indicated deep convective
activity for the afternoon and evening hours (i.e., pres-
ence/absence and morphological signature type), and
once-daily (early morning) station totals of precipita-
tion. For both summers there is strong consistency (i.e.,
spatial patterns and magnitudes) between atmospheric
circulation anomalies and the precipitation when each
climate parameter is averaged temporally. Daily fre-
quencies of background wind speed and convective ac-
tivity differ between the two study summers, and also
with respect to the 1996-2001 summer-season means of
these indices. In the summer of 1999, radar echoes sig-
nifying nonorganized deep convection increased most
at the slowest background wind speeds, and organized
nonlinear convection type decreased in frequency at
the stronger wind speeds. The summer of 2000 mostly
saw the opposite pattern.

Despite large between-summer (i.e., 1999 and 2000)
differences in convective activity and associated pre-
cipitation for the CCB, broad similarities are evident
in the synoptic composite anomaly fields for days of
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deep convection (CV) stratified by background flow
strength, as follows: 1) radar-indicated convection on
WF and W-MF days was less organized than on J days;
2) precipitation on J days was heaviest and spatially
most homogeneous in the divergent region just down-
stream of the upper-tropospheric u-wind positive
anomaly [i.e., #(300)]; 3) the day following convec-
tion associated with a jet maximum (i.e., J/CV) was
classified typically as “jet maximum/no convection”
(“J/NC”) in the CCB, reflecting the well-known synop-
tic “cycle” in this region during summer (e.g., Schubert
et al. 1998; Bentley and Stallins 2007); and 4) synoptic
composite fields for CV and NC days were more similar
to each other on weaker flow days than they were on
strong flow days.

Schematic maps of tropospheric composite anomaly
features compiled for the V(500) categories separately
for the two study summers confirm the following syn-
optic associations with afternoon and evening radar-
indicated convection in the CCB and larger Midwest
region: low pressure incoming from the west, southerly
low-level wind maximum resembling an LLJ, positive
anomalies of specific humidity in the lower tropo-
sphere, ascending air in midtroposphere, and a location
south or southeast of the upper-tropospheric jet. Con-
versely on NC composite days, the associations com-
prise a high pressure center or ridging, lower-tropo-
spheric northerly winds and negative anomalies of
specific humidity, sinking air in midtroposphere, and
either no upper-tropospheric jet or one located south of
the area. From the associations demonstrated between
radar-indicated deep convection, surface-recorded pre-
cipitation, and synoptic circulation as background wind
speeds increase, we conclude that hypothesis 1 essen-
tially is confirmed for the CCB.

The NC composites for some V(500) categories show
wind maxima at 850 hPa reminiscent of northerly LLIJs
in the Great Plains. Moreover, some summer-averaged
high precipitation amounts (e.g., the Upper Midwest in
summer 1999) are juxtaposed with multiple features in-
dicating baroclinity; particularly, a southerly LLJ inter-
secting a moisture axis on the south side of the upper-
tropospheric jet. By contrast, other high-precipitation
areas—notably, those extending from southern Illinois
into Indiana in summer 2000—occurred on weaker flow
days for which the associated synoptic composite fea-
tures do not favor widespread or organized convection.
These Part I synoptic composites provide the top-down
framework within which the complementary role of
land surface mesoscale conditions in convective precipi-
tation for the CCB during the two summers is investi-
gated (Part II).
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